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ABSTRACT 
 

The growing use of multi-walled carbon nanotubes (MWCNTs) in industry and medicine has 

raised concerns about their potential toxicity to human and animal health, particularly their 

ability to cause oxidative stress, inflammation, and fibrosis. Mesenchymal stem cells (MSCs) 

and their exosomes have emerged as promising therapeutic agents due to their effective 

immunomodulatory, anti-inflammatory, and antioxidant properties. Herein, we investigate 

the effects of MSCs and MSC-derived exosomes against MWCNTs-induced pulmonary 

toxicity in albino rats. Thirty-two male rats (4 weeks old) were divided into four groups: (1) 

a control group receiving normal saline, (2) an MWCNTs-exposed group administered 

MWCNTs (1 mg/kg BW, intraperitoneally (IP), twice at the first and third weeks), (3) an 

MWCNTs + MSCs + exosomes-treated group receiving MWCNTs (1 mg/kg BW, IP) 

followed by MSCs (2.5 × 10⁶ cells/kg BW, IP) and exosomes (100 µg MSC-EV protein/kg 

BW, IP) weekly for three weeks, and (4) an MSCs + exosomes-only group receiving the same 

MSC and exosome doses without MWCNT exposure. MWCNTs exposure resulted in a 

significant increase in bronchiolar epithelial thickness, goblet cell hyperplasia, elevated 

fibrosis levels (Masson's trichrome staining), and increased oxidative stress markers, 

including malondialdehyde (MDA). These effects were mitigated by MSCs and exosomes 

through reducing epithelial thickening and goblet cell hyperplasia, decreasing fibrosis, and 

restoring antioxidant markers such as glutathione (GSH). Histopathological analysis 

confirmed lung regeneration by decreasing inflammation, degeneration, and fibrosis. These 

findings highlight the therapeutic potential of MSC-based therapy and the value of digital 

pathology tools like ImageJ in nanotoxicology research. 
 

 

Keywords: Image J, MWCNTs, MSC-derived Exosomes, Morphometric Analysis, Pulmonary 
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INTRODUCTION 

A novel way to histological research 

has been   made   possible  by  digital  
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Pathology and image analysis, enabling 

morphometric evaluation on whole slide 

imaging (WSI) through specialized 

computational tools (Dero Ulers et al., 2013; 

Hamilton et al., 2014; Griffin and Treanor, 

2017; Aeffner et al., 2019; Liu and 

Pantanowitz, 2019; Jahn et al., 2020; Nam et 

al., 2020; Pallua et al., 2020). One of these 
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tools is ImageJ, a tool that uses Java and 

open-source software and is free. ImageJ 

has gained widespread use in biological 

research and was developed by the National 

Institutes of Health (NIH). It allows for 

morphometric analysis of stained 

histological sections through the use of 

plug-ins and macros that can be 

downloaded (Girish & Vijayalakshmi, 

2024). Rich online resources 

(https://imagej.net/ij) facilitate diverse 

applications, such as nuclear morphology 

assessment, cell counting, area measure-

ment, tumor heterogeneity analysis, and 

quantitative immunohistochemistry (Hami-

lton et al., 2014; Nast et al., 2015; 

Madabhushi and Lee, 2016; Aeffner et al., 

2017). Combined Masson's trichrome 

staining with morphometry is a practical 

way to measure collagen fibers and assess 

epidermal thickness, hyperkeratosis, and 

parakeratosis (Flotte et al., 1989; Miot et 

al., 2007; Hong et al., 2020). 
 

Carbon nanotubes (CNTs) are nano-

materials made of carbon and made up of 

hollow tubes. They can be classified into 

single-walled (SWCNTs) and multi-walled 

(MWCNTs) and have diameters ranging 

from 0.8–2 nm and 10–11 nm, respectively 

(Abu Gazia & El-Magd, 2018; Öner et al., 

2018). Because of their unique physico-

chemical properties and biocompatibility, 

CNTs are widely applied in medicine and 

industry (Ali et al., 2020). The use of these 

devices for delivering chemotherapeutic 

agents targeting cancer cells has been 

investigated, along with gene therapy 

vectors (Cifuentes-Rius et al., 2017) and 

vaccine delivery platforms that enhance 

antibody responses (Witkowska et al., 

2022). Despite their benefits, prolonged 

exposure to CNTs raises concerns regarding 

potential toxicity, including oxidative 

stress-induced cytotoxicity, genotoxicity, 

and inflammatory responses (Madannejad 

et al., 2019). 

 

Multiple studies have established that CNTs 

exhibit detrimental effects on animal 

tissues, which cause their accumulation in 

the liver, kidneys, lungs, and brain after 

exposure, according to Mercer et al. (2013). 

 

 MWCNTs serve as a causative factor 

behind several forms of toxicity, including 

allergies and pulmonary toxicity, as well as 

hepatotoxicity, fibrosis, neurotoxicity, and 

nephrotoxicity (Talkar et al., 2018). The 

research demonstrates that exposure 

conditions play a crucial role in causing 

neurotoxic damage in mice, while also 

causing kidney damage related to oxidative 

stress (Abu Gazia & El-Magd, 2019; 

Zamani et al., 2021; Sallam et al., 2022). 

MWCNTs reach vulnerable lung tissue 

through their small dimensions because 

they access alveolar spaces as well as 

interstitial tissue and pleural regions, 

causing inflammation along with interstitial 

fibrosis and bronchiolar and alveolar 

hypertrophy and granuloma formation 

(Wynn, 2011; Czarny et al., 2014; Kobler et 

al., 2015; Jacobsen et al., 2016; Poulsen et 

al., 2016). The use of CNTs for intra-

peritoneal administration creates multiple 

toxicology-related concerns because it has 

the potential to cause cancer, together with 

other unknown negative effects (Madani et 

al., 2013; Visalli et al., 2019).  

 

The leading medical field of cell therapy 

presents MSCs as one of its most significant 

prospects, according to research done by 

Aijaz et al. (2018). The preliminary 

discovery of MSCs occurred through 

Friedenstein et al. (1966), who established 

that these cells can develop into cells of 

mesodermal, endodermal, and 

neuroectodermal origin (Kopen et al., 1999; 

Petersen et al., 1999; Pittenger et al., 1999). 

Recently discovered MSC properties 

demonstrate immunomodulation capacity 

through the control of interleukin-10 (IL-

10) and tumor necrosis factor (TNF) 

inhibition and actively prevent inflamm-

ation and assist neutrophil cell death 

(Aggarwal & Pittenger, 2005; Raffaghello 

et al., 2007). Recent research has validated 

exosomes derived from MSCs (MSC-Exos) 

as therapeutic agents, because they present 

stability and immune regulation benefits, 

https://imagej.net/ij
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together with regenerative properties, 

without any risk of tumor development 

(Mathivanan et al., 2011; Zhang et al., 

2022). The cellular communication medium 

that exosomes represent measures between 

40 and 150 nm in diameter to support 

disease treatments (Ma et al., 2020; Wang 

et al., 2020). The therapeutic effectiveness 

of MSC-Exos has verified benefits for 

medical conditions that affect the lungs, 

myocardium, kidneys, nerves, skin, and 

processes of aging, according to Ebrahim et 

al. (2018). The research study utilized 

ImageJ software to examine how MWCNTs 

cause harm to biological systems by 

inducing bronchiolar epithelium and goblet 

cell hyperplasia, together with fibrosis in 

lung tissue. Special staining approaches 

will reveal how MSCs, together with their 

exosomes, affect therapy to determine their 

protective abilities against MWCNT-

induced cell and tissue harm. 

 

MATERIALS AND METHODS 
 

1. Materials  

Unfunctionalized MWCNTs (dry powder, 

95.07% by weight (96.96% atomic 

percentage) were purchased from the 

Egyptian Petroleum Research Institute 

(EPRI), Cairo, Egypt.  

 

2. Characterization and preparation of 

MWCNTs 

Scanning (SEM) and transmission (TEM) 

electron microscopy were used to determine 

MWCNTs shape, length, and mean 

diameter. Before injection, the test material 

was weighed and then dispersed in distilled 

water. Immediately prior to administration, 

the suspensions were sonicated for 10 min 

at a power setting of 3 using the Branson 

Sonifier 250 (Branson Ultrasonics Corp., 

USA). 

 

2.1. High-resolution transmission 

electron microscopy (HRTEM) and 

field emission scanning electron 

microscopy (FESEM) 

To evaluate the surface morphology and 

particle size of the prepared sample, CNTs 

was investigated by high-resolution 

transmission electron microscopy 

(HRTEM) using (JEM. 100 CX11, Electron 

Microscope Unit, Assiut University). 

Additionally, scanning electron microscopy 

(SEM) analysis was performed with a field 

emission scanning electron microscope 

(FESEM) using a Philips-XL30 device (The 

Netherlands) equipped with energy-

dispersive X-ray (EDX) microanalysis 

hardware. 

 

2.2. X-ray diffraction (XRD) 

X-ray diffraction (XRD) patterns were 

determined using a Panalytical (Empyrean) 

X-ray diffractometer system at 40 kV and 

35 mA with monochromatized Cu Kα 

radiation (λ = 1.5406 Å) and a scanning 

speed of 2 per min (step size = 0.050 and 

step time = 1.5 s). The scanning range (2 

scale) was within 5-80. 

 

2.3. Mesenchymal stem cells and 

exosomes: 

3.1. Isolation of Mesenchymal stem cells 

from Wharton Jelly (Isolation of WJ-

MSCs): 

Isolation of MSCs was established using the 

explant method as previously described 

(Almaeen et al., 2025) 

 

MSCs were isolated from five umbilical 

cords obtained from healthy cesarean 

deliveries with informed consent. 

Wharton’s jelly was dissected, scraped, and 

cultured in flasks. After a 2-hour adhesion 

period, a complete medium (Dulbecco's 

Modified Eagle's Medium DMEM + 20% 

fetal bovine serum (FBS), 100 µL 

penicillin, 100 µL streptomycin, 20 µL 

fungizone) was added. Cultures were 

maintained at 37 °C in a CO₂ incubator, 

with medium changes every 3 days. Tissue 

remnants were removed after 5–6 days. At 

90% confluence, cells were harvested using 

0.05% trypsin-EDTA (Euroclone, Italy). 
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Morphological assessment was performed, 

and MSCs identity was confirmed based on 

the International Society for Cellular 

Therapy (ISCT) criteria: 1. Plastic adherent 

2. Fibroblast morphology 3. Surface 

expression: positive for CD105, CD73, and 

CD90, and negative for CD45, CD34, 

CD14, CD11b, CD79alpha, CD19, and 

HLA-DR molecules 4. MSC differentiate to 

osteoblasts, adipose cells. 

 

3.2. Characterization of human 

umbilical cord mesenchymal stem cells 

(hUC-MSCs) via flow cytometry 

analysis: 

The adherent cells were detached and 

stained with phycoerythrin (PE)- or 

fluorescein isothiocyanate (FITC)- 

conjugated antibodies for cell surface 

antigen phenotype. Labeled cells were 

analyzed by the CytoFLEX, which utilizes 

cytexpert (Beckham Coulter Software) for 

CytoFLEX analysis. 

 

3.3. Isolation of Exosomes from 

Mesenchymal stem cell culture: 

Exosomes isolation was done using a 

differential, sequential centrifugation 

technique, according to (Gupta et al., 2018). 

 

3.4. Quantitation of exosome 

concentration: 

Protein content is used for measuring 

exosome content. Trichloroacetic acid is 

used to precipitate exosomes. then kept 

suspended in a buffer of known volume. 

The Bradford test is used to evaluate protein 

content. A concentration of 20–30 ug/ml of 

exosomes was suspended for injection in 

sterile saline. 

 

4. Chemicals 

Chemicals used for the estimation of 

oxidant/antioxidant biomarkers were 

purchased from Loba-chemie Co. 

(Mumbai, Maharashtra, India) and Carl 

Roth-Germany.  

 

5. Experimental design: 

protocol was approved by the Institutional 

Animal Care and Use Committee of Beni-

Suef University (BSU-IACUC, approval 

no. 022-312). Thirty-two (32) male albino 

rats (4 weeks old, 110.0 ± 10 g) were 

obtained from the Animal House, Faculty of 

Pharmacy, Nahda University, Egypt. 

Animals were housed under controlled 

conditions (25°C, standard humidity) with 

free access to food and water and 

acclimatized for one week prior to the 

experiment. Rats were randomly divided 

into four equal groups (n=8): Group 1 

(Control): Received intraperitoneal (IP) 

injections of saline (0.5 ml/rat) once 

weekly. Group 2 (MWCNTs): Received IP 

injections of MWCNTs at a dose of 1 mg/kg 

body weight (0.5 ml/rat) during the 1st and 

3rd weeks (Sakamoto et al., 2018). Group 3 

(MWCNTs + MSCs + Exosomes): 

Received the same MWCNTs dose as G2, 

along with weekly IP injections of MSCs 

and exosomes during the 2nd, 3rd and 4th 

weeks. MSCs were administered at 2.5 

million cells/kg BW (0.5 ml/rat), and 

exosomes at 100 µg protein/kg BW (0.5 

ml/rat). Group 4 (MSCs + Exosomes): 

Treated similarly to G3, but without 

MWCNT exposure. Before injection, 

MWCNTs were sonicated for 10 minutes 

using the Branson Sonifier 250 (Branson 

Ultrasonics Corp., USA) at a power setting 

of 3. An illustration of the experimental 

groups and protocol is provided in Figure 1. 

 

6. Sampling 

At the end of the experiment (day 30), rats 

were euthanized by cervical dislocation. 

After dissection, lung tissues were 

immediately removed, weighed, and 

washed with phosphate-buffered saline 

(PBS) to remove blood. Lung specimens 

were divided into 3 parts. The first part was 

preserved in 10% formalin (for 

histopathology). The second part was kept 

at 80 °C (for real-time PCR). The third part 

was homogenized with PBS, centrifuged 

(10,000 g/15 min/4 °C), and the supernatant 

was kept at 20 °C (for tissue biochemical 

assay). 
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7. Methodology 

7.1. Estimation of oxidant/antioxidant 

biomarkers  

By using spectrophotometric technical 

methods, we determine oxidative stress 

biomarkers in lung tissue homogenates. To 

determine levels of reduced glutathione 

(GSH), we used a previously reported 

method by Ellman (1959) with the 

modification of protein precipitation using 

trichloroacetic acid (TCA), as described by 

Sedlak and Lindsay (1968). Malondi-

aldehyde (MDA) levels were measured 

following the method of Jensen et al. 

(1997), while the total thiol concentrations 

were evaluated using the Ellman (1959) 

method. Protein thiols were quantified by 

subtracting NP-SH concentrations from 

total sulfhydryl (T-SH) content, following 

the approach summed up by Sedlak and 

Lindsay (1968). 

 

 
Fig. 1: Illustration of experimental design and animals grouping. 

 

7.2. Histological Analyses 

The tissues were fixed in 10% buffered 

formalin for 24 hours. Representative tissue 

sections were placed in histopathological 

cassettes. The tissue was gradually 

dehydrated through a series of ethyl alcohol 

solutions with increasing concentrations 

until reaching pure, water-free alcohol. 

Subsequently, the tissue was cleared in 

xylene, embedded in paraffin, and blocked. 

Tissue blocks were cut into 3–5 µm-thick 

sections using a rotary microtome, placed 

on slides, and stained with hematoxylin and 

eosin stain (H&E), following routine 

protocols as outlined by Bancroft & Layton 

(2019). The stained sections were examined 

under a light microscope, and a digital 

camera (DM2500 M; Leica, Germany) was 

used to examine and photograph the lesions. 
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7.2. A. Masson's Trichrome Staining 

 The tissue sections were prepared for 

Masson’s trichrome staining through 

removal of paraffin and then hydration 

before being refixed with Bouin's solution, 

according to Royce et al. (2013). Muscle 

fibers received Biebrich scarlet-acid 

fuchsin stain together with cytoplasm, 

whereas Weigert's iron hematoxylin served 

for staining nuclear structures. The tissue 

differentiating agent comprising phosphor-

molybdic-phosphotungstic acid was applied 

before aniline blue stained the collagen 

fibers. The process of final differentiation 

included treatment with 1% acetic acid until 

completion, before the steps of clearing and 

mounting (Suvarna, Layton, & Bancroft, 

2019). 

  

7.2.B. Periodic acid–Schiff (PAS) 

staining 

The tissue section dewaxing process 

commenced through xylene treatment, 

before sections moved through gradually 

increasing concentrations of ethanol for 

rehydration. During the reaction process, 

periodic acid oxidized the sections, while 

water provided extensive rinses. Clinical 

use of Schiff reagent for the following 

treatment step was followed by a tap water 

rinse and then dehydration of the samples. 

The clearing process for dehydrated 

sections followed the protocol described in 

Suvarna, Layton & Bancroft (2019). 

 

7.3. Morphometrical Image analysis 

Lung sections were examined and 

photographed using a digital camera 

(DM2500 M; Leica, Germany) and a 

freeware version of ImageJ 1.53k, 

downloaded from the National Institutes of 

Health website (https://imagej.net/ij). 

Parameters selected for morphometric 

analysis included area, area fraction, 

minimum and maximum gray values, 

perimeter, length, and integrated density. 

These parameters were measured within a 

standard measuring frame of a known area, 

using 50 captured images per slide at 200x 

magnification under 20x lens. The slides 

were routinely stained with hematoxylin-

eosin (HE) and additionally stained with 

Masson's trichrome and PAS. Before 

conducting the measurements, the scale was 

calibrated to micrometers using the set scale 

function in ImageJ, as described by (El-

Nahass et al., 2017). 

 

7.3.A. Quantification of Fibrosis in 

Bronchial Tissue& Area Percentages 

Masson’s trichrome-stained sections were 

used to estimate equivalent fibrosis in the 

bronchial tissue using Image J software. 

The images were first converted to 

grayscale, and the HSB (brightness, 

saturation and hue) stack splitter was used 

to split the colored image into three slices, 

which were brightness, saturation and hue 

as shown in (Fig.2). The hue stacks were 

used to determine the fibrotic area. The 

fibrotic areas were binarized with a red 

threshold to include all the fibrotic areas. 

Based on a morphological analysis of 

sections at 200x magnification, the fibrotic 

area was quantified as a percentage of the 

total bronchial tissue area. This 

methodology is based on previously used 

procedures to study dermal collagen 

content, as described by El-Nahass et al. 

(2017). 

 

7.3.B. Measurement of the thickness of 

bronchiolar epithelium 

Bronchial epithelial thickness was assessed 

using (H&E) stained sections and 

determined by initiating a perpendicular 

line (blue line) from the basement 

membrane to the surface of the epithelial 

layer at several different points, according 

to (Royce et al., 2013b) as shown in (Fig.3). 

These measurements were taken in 

micrometers, and the wall thickness was 

corrected for variation within each sector of 

the bronchi by averaging values obtained 

from several regions. 

 
 

https://imagej.net/ij
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Fig. 2: Representative Masson-trichrome-stained sections (A-D) showing the image was 

converted to grayscale, and the HSB (A; original capture, B; brightness, C; saturation 

and D hue).

7.3.C. Goblet Cells Hyperplasia 

Integrated Density Area Percentages 

Goblet cells were identified in PAS-stained 

lung sections by their magenta coloration 

due to mucin content. To quantify 

hyperplasia, images were converted to Hue-

Saturation-Brightness (HSB) color space, 

separating them into three grayscale 

channels representing brightness, saturation 

and hue color space, as shown in Fig (4). 

The saturation stack was chosen, as it 

highlights the magenta-stained areas. A 

threshold was applied to detect positive 

regions, which were then masked in red 

binary. By using ImageJ, the area 

percentage and integrated density were 

measured with the corresponding options 

enabled, as described by El-Nahass et al. 

(2017). The area percentage was calculated 

relative to the total bronchial area, while the 

integrated density reflected the staining 

intensity, providing quantitative insight into 

the extent and severity of goblet cell 

hyperplasia.  

 

8. Statistical Analysis 

The data were analyzed using IBM SPSS 

version 26 statistical software to reveal 

significant differences between groups. A 

one-way analysis of variance (one-way 

ANOVA) was used, followed by a Tukey 

post-hoc test. The differences were 

considered statistically significant at 

P˂0.05. The results were provided as mean 

± standard deviation (SD).  

 

 
Fig. 3: Epithelial thickness was measured from 

the luminal surface of the epithelium to 

the basement membrane (blue line). 

 



 

Assiut Veterinary Medical Journal                                                   Assiut Vet. Med. J. Vol. 71 No. 186 July 2025, 47-71 

 

54 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

Fig. 4: Representative PAS-stained sections (A-D) showing the image was converted to 

grayscale, and the HSB (A; original capture, B; brightness, C; saturation and D hue). 

 
RESULTS 
3.1. Characterization of MWCNTs  

The study uses electron microscope images 

to analyze carbon nanotubes (CNTs) for 

their structural integrity and quality. The 

TEM image shows a network of entangled, 

multi-walled nanotubes with a tubular 

morphology, indicating high structural 

integrity effective (Alosime, 2023) (Figure 

5, A). The SEM image shows a complex 

network of intertwined carbon nanotubes 

with varying diameters, forming a dense 

mesh-like architecture. The EDX analysis 

reveals a composition dominated by carbon, 

with trace elements present (Figure 5, B). 

The carbon content is 95.07%, indicating 

successful synthesis of high-purity CNTs. 

The presence of oxygen suggests minor 

surface oxidation or functionalization 

(Figure 5, C1, C2). 

 

The XRD pattern of carbon nanotubes 

shows three characteristic peaks, 

confirming the successful synthesis of 

multi-walled carbon nanotubes 

(MWCNTs). The most prominent peak is at 

26° (2θ), representing the interlayer spacing 

between concentric graphitic layers. A 

broader peak at 43° (2θ) reflects the 

hexagonal arrangement of carbon atoms 

within the tube walls. The overall peak 

pattern, intensities, and positions are 

consistent with typical MWCNT structures 

(Fig.5). 

 

3.2. Characterization of Mesenchymal 

stem cells: 

3.2.1. Morphology of hUC-MSCs: 

The obtained images via the inverted 

microscope showed small rounded cells at 

the beginning of culturing. With time, the 

cells expanded and became spindle-shaped 

cells exhibiting the fibroblast-like 

morphology and capability to form colonies 

(Fig 6 a& b). 

 

3.2.2. Characterization of hUC-MSCs 

via flow cytometry analysis: 

Figure (7) revealed that the cultured hUC-

MSCs were expressed the surface markers 

CD34 and 45 negatively. 
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Fig. 5: Morphology and dimensional features of MWCNTs as revealed by transmission electron 

microscope (A) (Alosime, 2023b), scanning electron microscope (B and (C1, C2) EDX of 

MWCNTs and XRD of CNTs (D). 
 

 

 

 

 

 

 

 

 

 

 
Fig. 6: (a&b): Morphology of the cultured hUC-MSCs a) small rounded cells at the second day, and b) 

spindle-shaped cells at the tenth day. 

 

3.3. Histopathological findings 

Histopathological analysis of lung tissues 

from the four experimental groups (G1–G4) 

revealed varying degrees of pathological 

changes, including lymphoid hyperplasia 

(peribronchiolar nodosa), epithelial 

hyperplasia, necrosis, degeneration, and 

alveolar wall thickening. 

 

The control group (G1) exhibited normal 

pulmonary architecture, with well-

preserved alveolar and bronchiolar 

structures. Mild pathological alterations 

were noted, including minimal 

peribronchiolar nodosa (+), epithelial 

hyperplasia (+), necrosis/degeneration (+), 

and mild alveolar wall thickening (+) (Fig. 

8A). 
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Fig. 7: The cultured hUC-MSCs were labeled with CD34 and CD45 antibodies against human antigens 

and showing negative expression.  

 

In contrast, the MWCNT-exposed group 

(G2) displayed marked histopathological 

damage. Prominent peribronchiolar nodosa 

(++/+++) was observed, indicating 

extensive mononuclear cell infiltration and 

lymphoid hyperplasia. Epithelial 

hyperplasia was moderate to severe 

(++/+++), reflecting a strong proliferative 

response. Necrosis and degeneration were 

also elevated (++/+++), accompanied by 

marked vascular congestion and edema 

(Fig. 8B1). Alveolar wall thickening was 

moderate to severe (++/+++), suggesting 

significant parenchymal remodeling (Fig. 

8B2). Numerous large, pale, foamy 

macrophages were present within alveolar 

spaces, either scattered or clustered (black 

arrow) (Fig. 8B3). 

 

Group G3, which received MSC-exosome 

therapy following MWCNT exposure, 

showed moderate peribronchiolar nodosa 

(++), indicating a partial reduction in 

inflammation (Fig. 8C1). Epithelial 

hyperplasia was reduced to mild to 

moderate levels (+/++), while necrosis and 

degeneration were also decreased to mild 

levels (+). However, alveolar wall 

thickening remained severe (+++), 

indicating persistent structural remodeling 

(Fig. 8C2). Foamy macrophages were still 

evident in alveolar spaces (Fig. 8C2, inset). 

 

The MSC-exosome-only group (G4) 

exhibited histological improvements 

comparable to, or slightly better than those 

in G3. Peribronchiolar nodosa was mild to 

moderate (+/++), with epithelial 

hyperplasia also reduced (+/++). Necrosis 

and degeneration were moderate (++), and 

alveolar wall thickening was likewise 

moderate (++), suggesting partial 

protection against fibrotic changes (Fig. 

8D1, D2). 

 

Lymphocytic aggregates of variable grades 

were observed across all groups, including 

the control group, where they appeared at 

low levels. These aggregates were 

predominantly located in perivascular or 

peribronchiolar regions and mainly 

composed of lymphocytes with hyper-

chromatic nuclei and scant cytoplasm. 
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Table 1: The four histopathological parameters that were estimated in the lung.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
Fig. 8: Representative photomicrographs of rat lung sections stained with H&E. (A) control group, (B) 

MWCNT exposed group, (C) MWCNT+MSCs +Exosomes group, (D) MSCs +Exosomes 

treated group. Arrows and labels were explained in the main text.  Scale bars, 200µm (A, B1, 

B2, C1), 50µm  (B2), 100 µm (C2, D1, D2). 

Item Peribronchiolar nodosa  Epithelium 

Hyperplasia 

Necrosis 

/degeneration 

thickness of 

alveolar walls 

G1 + (Mild) + (Mild) + Mild + Mild  

G2 ++/+++ 

(Moderate to severe) 

++/+++ 

(Moderate to severe) 

++/+++ 

(Moderate to 

severe) 

++/+++ 

(Moderate to 

severe) 

G3 ++ (Moderate) +/++ (Mild to Moderate) + (Mild)  (>+++) Very 

Severe 

G4 +/++ (Mild to Moderate) +/++ (Mild to Moderate) ++ (Moderate) ++ (Moderate) 
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3.4   Area Percentages of Fibrosis 

Estimated with Masson's Trichrome stain 

All measurements were tabulated in Table 

(2). Estimation of pulmonary fibrosis (the 

area percent of collagen fibers and collagen 

deposition in the lungs) was carried out, and 

the average area percentages of fibrosis in 

various groups were 8.47±3.34, 13.58± 

4.37, 8.71±4.13, and 9.96±3.93 85 in the 

G1, G2, G3, and G4 groups, respectively. 
 

Table 2: Morphometric comparison of the area percentages of fibrosis, hyperplasia of the lining 

epithelium and goblet cells hyperplasia integrated density area percentages in the lung 

in different groups (Mean ± SD). 
 Lung 

Goblet Cells Hyperplasia Integrated 

Density Area Percentages 

bronchial Lining 

epithelium thickness 
Fibrosis % Group 

1.8029 ± 1.34344 10.83 ±3.35 8.47±3.34 G1 

1.0301 ± 0.71482 19.83 ± 7.23 *** 13.58 ± 4.37 *** G2 

0.6113 ± 0.48890 * 14.13 ± 4.91 *** 8.71 ± 4.13  G3 

1.1907 ± 1.02982 14.52 ± 4.85 *** 9.96±3.93 G4 

*Stars indicate significance in comparison with the control 

 

Hue area measurements revealed varying 

degrees of fibrosis and hyperplasia across 

groups (Fig.9). The MWCNT-exposed 

group (G2) showed a significant increase in 

hue area (13.58 ± 4.38) compared to control 

(G1: 8.48±3.35, P<0.001), indicating 

MWCNT-induced brochial tissue changes. 

Co-treatment with MSC-exosomes (G3) 

significantly reduced hue area (8.72 ± 4.14) 

compared to G2 (P=0.013), suggesting 

therapeutic effects. The MSC-exosome-

only group (G4) had a moderate hue area 

(9.97±3.93). No significant differences 

were found between G3 & G1 (P=1.000) or 

G4 & G1 (P=0.722), supporting the 

protective role of MSC-exosome therapy in 

restoring tissue conditions to near-normal 

levels (Fig. 10A). 

 

3.5. Bronchial lining epithelium 

thickness  

All measurements were tabulated in Table 

(2). The average of the lining epithelium of 

the bronchiole thickness or length in 

different groups was 10.83±3.35, 19.83± 

7.23, 14.13±4.91, and 14.52±4.85 in the G1, 

G2, G3, and G4, respectively. 

 

Bronchial epithelial length varied 

significantly among groups. The control 

group (G1) had the shortest mean length 

(10.84±3.35), indicating normal histology. 

MWCNT exposure (G2) resulted in marked 

epithelial hyperplasia (19.84±7.24, 

P<0.000 vs. G1). Co-treatment with MSC-

exosomes (G3: 14.13±4.92) significantly 

reduced hyperplasia compared to G2 

(P<0.000) and showed no significant 

difference from the MSC-exosome only 

group (G4: 14.53 ± 4.85, P=0.965). Both 

G3 and G4 had significantly higher values 

than G1 (P<0.000), suggesting mild 

hyperplasia in treated groups. These 

findings confirm that MWCNTs induce 

epithelial hyperplasia, while MSC-exosome 

therapy mitigates this effect, restoring 

epithelial thickness closer to normal (Fig. 

10B). 

 

3.6. Goblet Cells Hyperplasia Integrated 

Density Area Percentages 

Assessment of goblet cell hyperplasia using 

PAS staining revealed notable variations 

among the experimental groups. The 

highest mean staining intensity was 

observed in the control group (G1: 1.8029 ± 

1.34344), followed by the MSCs  

+Exosomes-only group (G4: 1.1907 ± 

1.02982), the MWCNT-treated group (G2: 

1.0301 ± 0.71482), and the lowest intensity 

in the MWCNT + MSCs +Exosomes group 

(G3: 0.6113 ± 0.48890). The marked 

reduction in PAS staining intensity in G3 

suggests a mitigative effect of MSCs +  

Exosomes on MWCNT-induced goblet cell 

hyperplasia. 
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Fig. 9: Representative photomicrographs of rat lung sections stained with Masson's trichome 

(magnification 200x). Scale bars,100 µm: Lung sections showing different levels of histopathologic 

fibrosis proliferation around the bronchioles and blood vessels in different groups with blue color. 

(A-D), corresponding hue stacks used for measuring fibrosis area percentages. Area percentages of 

fibrosis were 4.516%, 23.544%, 6.033%, and 8.92%, respectively, in G1(A), G2 (B), G3 (C) and 

G4 (D). 

 

Statistical analysis using Tukey’s HSD post 

hoc test demonstrated a significant 

reduction in PAS intensity between the 

control (G1) and G3 (P=0.004). Although a 

reduction was observed between G1 and G2 

(P=0.076), it did not reach statistical 

significance. Comparisons between G2 and 

G3 (P=0.675), and between G2 and G4 

(P=0.380), showed no significant 

differences, indicating that the co-

administration of MSCs+Exosomes with 

MWCNTs may be more effective in 

reducing goblet cell hyperplasia than either 

treatment alone (Figure 10C).  

 

3.7. Oxidant and antioxidant biomarkers 

(Effect of MWCNTs and/or MSCs and 

exosomes on Lung Antioxidants and 

Oxidative Stress Markers) 

 

In lung tissue homogenate, the MDA 

concentration was significantly elevated in 

the MWCNTs group (G2), compared to the 

control (G1) (P=0.000) and the MSCs 

associated with the exosomes group (G3) 

(P=0.003). However, the injection of MSCs 

associated with exosomes significantly 

reduced their concentration in group (G3) 

compared to the MWCNTs group (G2) 

(P=0.000). As for GSH levels, there were 
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no statistically significant differences 

between groups (P>0.05). Nevertheless, the 

MWCNTs group (G2) showed a slight 

numerical decrease compared to the Control 

(G1) and treatment groups (G3 and G4), 

suggesting a mild depletion trend in 

response to oxidative stress that did not 

reach significance. Total and protein thiols 

levels exhibited a consistent pattern across 

groups, with a marked and statistically 

significant depletion in G3 compared to all 

other groups. total thiols and protein thiols 

were significantly reduced in G3 relative to 

G1  (P=0.001), G2  (P=0.000), and G4 

(P=0.000), indicating extensive oxidative 

consumption. (Fig.11). 

 

 

Fig. 10: Morphometric analysis of area percentages of fibrosis % (A), bronchial epithelial thickness (B), 

and goblet cells hyperplasia area percentages (C). (*P<0.05, **P<0.001, ***P<0.0001 and ns (Not 

significant). G1: control group; G2: MWCNTs intoxicated group; G3: MWCNTs intoxicated +MSCs 

and derived its Exosomes (toxic + treated group); G4: MSCs and its derived Exosomes treated group. 

Fig. 11: Influence of MSCs associated with exosomes on ROS and MWCNTs-induced oxidative 

damage (as revealed by determination of MDA, GSH, total thiols, and protein thiols) in the lung 

of different experimental groups. Data were presented as mean ± SD, with significant differences 

at P˂0.05. (*P<0.05, **P<0.001 and ***P<0.0001) and ns (Not significant) (n=6). 

 
 

DISCUSSION  
 

Carbon nanotubes find extensive use in 

industrial applications, despite growing 

healthcare concerns about their potential 

adverse effects on human health. The 

scientific literature has shown that CNTs 

produce cytotoxic, immunotoxic, 

neurotoxic, and genotoxic effects (Sallam et 

al., 2022) and pulmonary toxicity effects 

(El-Gazzar et al., 2018) in different tissues 

and cells. Research focuses predominantly 
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on identifying CNT-induced toxicity 

mechanisms, because the current medical 

care methods for prevention and treatment 

still lack effectiveness. The combination of 

tissue engineering with MSCs from 

different sources creates an advanced 

therapeutic approach, because MSCs 

possess both flexibility and easy access for 

medical use (Harting et al., 2009; 

Hoogduijn et al., 2013; Kabir et al., 2020). 

MSC-derived exosomes function as 

intercellular communicators to perform 

therapeutic and diagnostic role finding 

applications mainly in cancer treatments 

and regenerative medicine processes, 

because they serve as effective delivery 

vehicles for targeted drugs and genetic 

materials (Hong et al., 2019). 

In the present investigation, we clearly 

demonstrated that the MWCNTs induced 

pulmonary toxic effects, as evidenced by 

decreased antioxidant status, increased 

oxidative stress markers, inflammatory 

reactions, in addition to significant lung 

tissue damage. These changes were marked 

by degeneration, necrosis, marked fibrosis 

(assessed via Masson’s trichrome staining 

and morphometric analysis), hyperplastic 

changes in the lining epithelium, and goblet 

cell hyperplasia in the bronchiolar 

epithelium. This study used histological 

evaluation, coupled with morphometric 

analysis and ImageJ tools, to properly 

evaluate the toxicity level and the 

counteracting from MSCs and exosomes 

treatments. 
 

With morphometric analysis of lung 

sections, Masson’s trichrome staining 

revealed significantly increased collagen 

fiber deposition in the MWCNT group (G2) 

compared to both the control (G1) and 

treatment groups (G3). Consistent with 

these findings, previous reports showed that 

CNTs can cause lung inflammation and 

fibrosis by upregulating TNF-α production, 

leading to increased deposition of 

extracellular matrix (ECM) in alveolar 

septa, with lesions persisting post-exposure. 

(Muller et al., 2005; Porter et al., 2012; 

Dong et al., 2014). 

We found an increased number of free 

macrophages in the lungs of this group 

(G2). They are a major source of long, rigid 

CNT-associated reactive oxidants 

(Johnston et al., 2010; Donaldson et al., 

2011). Macrophages serve an important 

role in immunological control, immune 

response, pulmonary host defense, and the 

clearing of injured cells and inhaled 

particles after lung injury (Lin et al., 2019). 

In addition, there was a marked increase in 

the bronchial lining epithelium thickness in 

the MWCNTs group compared to other 

groups. This may be due to a response 

associated with foreign body reactions and 

chronic irritation from the deposition of 

MWCNTs (Umeda et al., 2013). In their 

study, Umeda et al. (2013) also observed 

goblet cell hyperplasia in the nasal cavity 

and nasopharynx in rats exposed to 1 and 5 

mg/m³ MWCNTs. This condition is 

distinguished by an increase in mucus 

production, which appears to facilitate the 

elimination of MWCNT deposits. Although 

the hyperplasia diminishes when the 

exposure disappears, the persistent mucus 

discharge shows the irritant and 

inflammatory effects of MWCNT fibers on 

the respiratory epithelium. This is 

consistent with our results that indicated 

increased goblet cell hyperplasia in the 

bronchial epithelium of the MWCNTs 

group. 
 

Morphometric analysis showed that fibrosis 

was significantly reduced in the (G3) group 

compared to group (G2), suggesting a 

protective effect of the treatment. This 

reduction suggests an ameliorative effect of 

MSCs and exosomes. (MWCNTs) 

upregulate NLRP3, Caspase-1, and IL-1β, 

triggering inflammatory and fibrotic 

responses through NF-κB signaling and 

ROS release (He et al., 2016; Zhong et al., 

2016; Keshavan et al., 2021). In contrast, 

MSCs and their extracellular vesicles 

(hucMSC-EVs) counteract these effects by 

suppressing these inflammatory pathways 

and reducing fibrosis-related markers such 

as Collagen I, III, fibronectin, and α-SMA 

(El Agha et al., 2017; Hou et al., 2023b). 
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Wan et al. (2022) reported that bone 

marrow-derived MSC-EVs (BMMSC-EVs) 

reduce fibroblast proliferation by 

suppressing FZD6 expression via miR-29b-

3p. Similarly, Zhou et al. (2022) found that 

miR-186 in BMMSC-EVs downregulates 

SOX4 and DKK1, thereby preventing 

fibroblast activation and alleviating 

idiopathic pulmonary fibrosis (IPF). In 

addition to targeting fibroblasts, MSC-EVs 

modulate inflammation, a critical factor in 

fibrosis. 

  

The histopathological and morphometric 

analysis revealed a significant decrease in 

goblet cell hyperplasia and epithelial 

thickness in the G3 group compared to G2, 

confirming the ameliorative effects of 

MSCs and exosomes. Previous studies have 

corroborated these findings, demonstrating 

that treatment with MSCs and exosomes 

markedly reduces bronchial epithelium 

thickness and goblet cell hyperplasia in 

lung tissues. align with earlier studies, such 

as Lee et al. (2011), who demonstrated that 

MSCs alleviate airway remodeling 

including goblet cell hyperplasia and 

collagen deposition. Similarly, Nemeth et 

al. (2010) reported reduced Th2 

inflammation following MSC therapy in 

allergic airway disease. 

 

Increased ROS levels were also observed in 

the lungs of MWCNT-treated rats, 

consistent with earlier reports that ROS are 

by-products of oxygen metabolism and 

central to cell signalling, but harmful at 

excessive levels (Muthu et al., 2013). 

MWCNT exposure raised MDA levels, 

indicating lipid peroxidation and oxidative 

tissue damage, while decreasing glutathione 

(GSH), an essential antioxidant 

(Elmoslemany et al., 2021; Mohamed et al., 

2021). Elevated MDA levels and reduced 

GSH were associated with disrupted redox 

balance, damaging the phospholipid-rich 

membranes (El-Magd et al., 2016; 

Abdelhady et al., 2017; Mohamed et al., 

2019). Similar effects have been reported in 

the brain (Visalli et al., 2017; Adedara et 

al., 2020), kidneys (Abu Gazia and El-

Magd, 2018), and spleen (Sallam et al., 

2022). 

In contrast, total thiols and protein thiols 

levels increased in the MWCNTs group. 

According to Pichardo et al. (2012), who 

investigated that oxidative stress is 

indicated by decreased endogenous 

antioxidant levels, but oxidative stress can 

be interpreted as a reaction to elevated 

amounts of the same antioxidant. For 

example, it was demonstrated that 24-hour 

exposure to CNT in Caco-2 cells enhanced 

catalase and SOD activity, possibly as a 

compensatory defines and decreased GSH 

levels.  

 

MSCs are known to withstand oxidative 

stress and can mitigate ROS-related tissue 

injury in various disease models (Stavely 

and Nurgali, 2020). In the present study, 

MSCs and MSC-exosomes significantly 

reduced MDA and increased GSH levels in 

the treated group compared to the untreated 

MWCNT group. Their antioxidant effects 

are attributed to their protein and miRNA 

content. Wang et al. (2020) reported that 

MSC-EVs improve calcium influx, 

decrease pro-inflammatory molecules, and 

reduce ROS. Additionally, Zheng et al. 

(2021) demonstrated that exosomes, 

especially those enriched with miR-22-3p, 

increased SOD and GSH activity while 

decreasing MDA in alveolar macrophages 

(NR8383 cells). 

 

CONCLUSION 

 

In conclusion, this study demonstrated that 

MSCs and exosomes significantly 

alleviated the toxic effects of MWCNTs in 

albino rats by reducing lung fibrosis, 

oxidative stress, epithelial hyperplasia, and 

goblet cell proliferation. Histological and 

morphometric analyses using H&E and 

Masson’s trichrome stains, along with 

ImageJ software, provided precise 

quantification of tissue alterations, offering 

strong evidence for the therapeutic potential 

of MSCs and their exosomes in managing 

MWCNTs-induced lung damage. 
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List of abbreviations 

 MWCNTs Multi-walled carbon nanotubes 

MSCs Mesenchymal stem cells 

MDA Malondialdehyde  

GSH Glutathione 

WSI Whole slide imaging  

 NIH National Institutes of Health 

CNTs Carbon nanotubes  

SWCNTs Single-walled carbon nanotubes 

IL-10  Interleukin-10  

TNF Tumor Necrosis Factor 

 (MSC-Exos) Exosomes derived from MSCs 

EPRI Egyptian Petroleum Research Institute  

SEM  Scanning electron microscopy 

TEM transmission electron microscopy 

 HRTEM High-resolution transmission electron microscopy 

FESEM field emission scanning electron microscopy 

 EDX Energy-dispersive X-ray 

 XRD X-ray diffraction 

WJ-MSCs Mesenchymal stem cells from Wharton Jelly 

DMEM Dulbecco's Modified Eagle's Medium 

FBS Fetal bovine serum 

 ISCT International Society for Cellular Therapy 

CD Cluster of Differentiation 

hUC-MSC Human umbilical cord mesenchymal stem cells 

PE  Phycoerythrin 

FITC Fluorescein isothiocyanate 

BSU-IACUC Institutional Animal Care and Use Committee of Beni-Suef University 

IP Intraperitoneal  

PBS phosphate-buffered saline 

 H&E Hematoxylin and eosin stain 

PAS Periodic acid–Schiff  

 hucMSC-EVs Human umbilical MSCs and their extracellular vesicles 

IPF Idiopathic pulmonary fibrosis 

Th2 T helper cell type 2 

ROS Reactive Oxygen Species 

SOD Superoxide dismutase  

IL-1β Interleukin-1 beta 

NF-κB Nuclear Factor kappa-light-chain-enhancer of activated B cells 

NLRP3 

 

Nucleotide-binding oligomerization domain-like receptor, pyrin 

domain-containing 3 inflammasome pathways 

α-SMA Alpha-smooth muscle actin 

FZD6 Frizzled Class Receptor 6 

miR-29b-3p MicroRNA-29b-3p 

SOX4 SRY-Box Transcription Factor 4 

DKK1 Dickkopf WNT Signaling Pathway Inhibitor 1 
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أثار الاستخدام المتزايد للأنابيب النانوية الكربونية متعددة الجدران في الصناعة والطب مخاوف بشأن سُمّيتها المحتملة على  

وفي هذا السياق، تم في الدراسة   قدرتها على إحداث الإجهاد التأكسدي والالتهاب والتليّف.  خاصةصحة الإنسان والحيوان،  

الحالية تقييم تأثير الخلايا الجذعية المتوسطة/ الميزنكيمية وإكسوسوماتها ضد السُمية الرئوية الناتجة عن التعرض لأنابيب  

 .النانوية الكربونية متعددة الجدران في ذكور الجرذان البيضاء

عوا إلى أربعة   4جرذاً ذكرًا بعمر  32شملت الدراسة    : مجموعاتأسابيع، وُزِّّ

 مجموعة ضابطة تلقت محلولًا ملحيًا عاديًا. ( 1

كجم من وزن الجسم عن طريق الحقن داخل  /جمم  1( مجموعة تعرضت لأنابيب النانوية الكربونية متعددة الجدران بجرعة  2

  مرتين خلال الأسبوعين الأول والثالث.(IP) الصفاق 

 مجموعة تعرضت لأنابيب النانوية الكربونية متعددة الجدران بالإضافة إلى الخلايا الجذعية الميزنكيمية والإكسوسومات، (   3

×  2.5الانابيب النانوية الكربونية متعددة الجدران بالجرعة نفسها تلاها حقن أسبوعيا بالخلايا الجذعية )الجرذان  حيث تلقت 

 الجذعية/كجم( لمدة ثلاثة أسابيع. ميكروجرام من بروتين مشتقات الخلايا  100( والإكسوسومات )كجم/خلية  10⁶

وبذات  (  4 الجدران  متعددة  الكربونية  النانوية  التعرض لأنابيب  دون  فقط  والإكسوسومات  الجذعية  الخلايا  تلقت  مجموعة 

 الجرعات. 

إلى زيادة ملحوظة في سُمك الظهارة القصيبية، وتضخم خلايا الكأس،  لأنابيب النانوية الكربونية متعددة الجدران  أدى التعرض  

ثلاث ماسون  لصبغه  )وفقًا  التليف  مستويات  مثل يوارتفاع  التأكسدي  الإجهاد  مؤشرات  وزيادة  الالوان(،  ة 

وقد ساهمت المعالجة بالخلايا الجذعية والإكسوسومات في التخفيف من هذه التأثيرات من خلال    . (MDA)المالونديالديهيد

 .التليف، واستعادة مؤشرات مضادات الأكسدة مثل الجلوتاثيونتقليل سُمك الظهارة وتضخم خلايا الكأس، وخفض 

تبُرز هذه النتائج الفعالية العلاجية للخلايا الجذعية الميزنكيمية، وأهمية أدوات علم الامراض الرقمي في أبحاث سمّية النانو 

 . ImageJ  مثل

.  
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