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A B S T R A C T   

The adrenal glands have striking morpho-biochemical features that render them vulnerable to the effects of 
toxins. Aims: This study was conducted to explore the therapeutic utility of extracellular vesicles derived from 
bone marrow mesenchymal stem cells (BMSC-EVs) against fluoride-induced adrenal toxicity. Materials and 
methods: The work included isolation and further identification of BMSC-EVs by transmission electron micro-
scopy and flow cytometric analysis. Adrenal toxicity in rats was induced by oral administration of 300 ppm of 
sodium fluoride (NaF) in drinking water for 60 days followed by a single dose injection of BMSC-EVs. The effects 
of BMSC-EVs against NaF was evaluated by adrenal oxidant/antioxidant biomarkers, hormonal assay of plasma 
adrenocorticotrophic hormone (ACTH) and corticosterone (CORT) and mRNA gene expression quantitation for 
adrenal cortical steroidogenic pathway-encoding genes. Histopathological examination of the adrenal tissue was 
performed. Key findings: BMSC-EVs were effectively isolated and characterized. NaF exposure decreased adrenal 
superoxide dismutase and catalase activities, increased adrenal malondialdehyde levels, elevated plasma ACTH, 
diminished CORT concentrations and downregulated the adrenal cortical steroidogenic pathway-encoding genes. 
In addition, NaF-induced marked adrenal histopathological lesions. Significance: BMSC-EVs treatment repaired 
damaged adrenal tissue and recovered its function greatly following NaF consumption. BMSC-EVs reversed the 
toxic effects of NaF and reprogramed injured adrenal cells by activating regenerative processes.   

1. Introduction 

The adrenal gland, in particular the cortex, is necessary for regula-
tion of physiologically adaptive response to stressors and maintenance 
of body homeostasis [1]. The adrenal cortex is the most susceptible 
endocrinal organ to toxic insults. This can be explained by adrenal 
anatomical and biochemical characteristics, such as hypervascularity, 
lipophilicity due to rich cholesterol and steroid content allowing accu-
mulation of lipid soluble xenobiotics as well as high content of unsatu-
rated fatty acids and cytochrome P450 (CYP-450) enzymes system in 
adrenal cortex favoring damage by lipid peroxidation and oxidative 
stress. In addition, exposure to toxic compounds and drugs is considered 

a stressful event and activates hypothalamo–pituitary–adrenocortical 
(HPA) axis to increase adrenocorticotrophic hormone (ACTH) release. 
Overproduction of adrenocorticotropic (ACTH) hormone leads to 
structural and functional alteration of adrenal gland and its response to 
stressors [2–5]. 

Adrenocortical toxicity in humans can result in seriously diminished 
cortisol and aldosterone release. Along with the role glucocorticoid in 
overcoming overwhelming inflammation considered to be the most 
important action of glucocorticoids in the stress response [2]. Fluoride is 
still unavoidable environmental pollutant negatively influencing human 
health [6]. 

Fluoride ranked the 13th most abundant element in the Earth’s crust. 
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Contaminated drinking water is the main source of human exposure to 
fluoride. According to the World Health Organization (WHO), approx-
imately 200 million persons all over the world are drinking water with 
fluorine concentration above 1.5 mg/L [7]. Other sources include 
toothpastes, foods, water, coal, pesticides, bottled teas and fluorinated 
pharmaceuticals [8]. Albeit, fluoride is an essential trace element that 
plays a vital role in maintaining stability to teeth and bones, fluorosis/ 
chronic exposure to fluoride more than 1 ppm causes hazardous health 
effects [9,10]. Many research studies focused on the toxic effects of 
fluoride in body organs such as skeleton, brain, GIT, kidney, liver. Up to 
date, the effects of fluoride on endocrine tissues has not been satisfac-
torily discovered, in particular steroid-producing tissues as adrenals 
[11–13]. 

Mesenchymal stem cells (MSCs) transplantation is considered as a 
promising tool for regenerative medicine. However, the weak engraft-
ment and low survival rates are major problems that hinder its clinical 
applications [14]. In addition, allo-immune responses, tumorigenicity 
and pulmonary embolism are other possible complications in the clinical 
practice [15–19]. 

The mechanism of action of MSCs is not fully understood, it is sug-
gested that MSCs secrete cytokines and trophic factors as well as 
extracellular vesicles (EVs) that may partially play a role in their ther-
apeutic potentials. EVs simulate the phenotypes of the cells of origin as 
well as EVs could control stemness, renewal and differentiation of stem 
cells and their subpopulations [20–23]. 

EVs are a heterogeneous group of membrane-bound vesicles loaded 
with different bioactive molecules, including RNAs, DNAs, proteins, and 
lipids. EVs are classified into three main categories; exosomes, micro-
vesicles (MVs), and apoptotic bodies. They regulate a wide range of 
biological activities either directly or indirectly. The active interaction 
of EVs with other cells controls various normal physiological and 
pathological conditions, such as malignancy, infection, and neurode-
generative diseases. EVs are currently considered as a novel way for 
intercellular communication, allowing cells to exchange proteins, lipids 
and genetic material [24–27]. 

We hypothesized that EVs derived from bone marrow mesenchymal 
stem cells (BMSC-EVs) can repair adrenal gland injury in rats after 
fluoride exposure. Accordingly, in this work to explore the potential 
alleviating effects of BMSC-EVs on fluoride induced rat adrenal gland 
toxicity, we studied the effects of BMSC-EVs on adrenal oxidant/anti-
oxidant status, plasma concentrations of adrenocorticotrophic hormone 
(ACTH) and corticosterone (CORT) hormones, adrenocortical steroido-
genic pathway-encoding genes; melanocortin 2 receptor accessory pro-
tein 2 (MRAP2), steroidogenic acute regulatory protein (StAR) and 11β- 
hydroxysteroid dehydrogenase-type 1 (11β-HSD1) and the associated 
histopathological lesions. To authors’ knowledge, this is the first work 
exploring the therapeutic utility of BMSC-EVs against fluoride-induced 
adrenal toxicity. 

2. Materials and methods 

Preparation, isolation and identification of rat BM-MSCs and MSCs 
derived EVs were conducted in the Stem Cell Unit of Biochemistry and 
Molecular Biology at the Medical Biochemistry Department, Faculty of 
Medicine, Kasr Al-Ainy University, Egypt. 

2.1. Preparation and isolation of BM-MSCs 

Rats BM-MSCs were isolated from the femurs and tibias of six-week- 
old female albino rats and their body weights ranged from 150 to 200 g 
(Laboratory Experimental Animal House Unit of Al-Azhar University 
(Girls), Cairo, Egypt). In accordance with Local Ethical Committee for 
the experimental use of laboratory animals and the National Institutes of 
Health Guidelines. In brief, the rats were sacrificed by cervical dislo-
cation and the bone marrows were flushed out with sterile phosphate 
buffered saline (PBS). After centrifugation, cells were resuspended in 

alpha-Minimum Essential Medium (MEM) supplemented with 10% 
selected fetal bovine serum and 80 μg/mL gentamicin and plated at a 
density of 1 × 106 nucleated cells/cm2. Non-adherent cells were 
removed after 72 h by media change. When foci reached confluence, 
adherent cells were detached with 0.25% trypsin, 2.65 mM EDTA, 
centrifuged and sub-cultured at 7.000 cells/cm2. After two subcultures, 
adherent cells were used for isolation of BMSC-EVs [28]. 

2.2. Preparation and isolation of EVs derived from rat-BM-MSCs 

In brief, EVs were separated from the supernatants of second and 
third passages of MSCs. Centrifugation at 2000 ×g for 20 min was done 
to remove the debris. Centrifugation at 100,000 ×g for 1 h at 4 ◦C was 
done for the cell-free supernatant by using ultracentrifuge of Beckman 
Coulter Optima L-90 K (AQ11). The pellet was washed by serum-free 
medium and by N-2-Hydroxy Ethyl Piperazine-N′-2-Ethane Sulfonic 
acid (HEPES) 25 mM (Sigma Aldrich, USA), then an ultracentrifugation 
was employed for the second pellet under the same conditions. In 
addition, MSCs were tested by flow cytometry using specific surface 
markers (CD90, CD45, HLA-DR and CD34) [29]. 

2.2.1. Identification and detection of rat-BMSC-EVs 
BMSC-EVs were labeled with fluorescent cell tracer PKH26 (Sigma, 

USA, MINI26) and injected into the caudal vein of NaF treated rats 
(group III). We used fluorescence microscope to examine the adrenal 
tissue to visualize homing of PKH26 stained EVs [30]. In addition, 
BMSC-EVs were tested by flow cytometry using specific surface markers 
(CD73, CD44, CD29 and CD63) [29]. 

2.3. Transmission electron microscopy (TEM) characterization for rat- 
BMSC-EVs 

EVs were fixed with 2.5% glutaraldehyde for 2 h, after being washed, 
EVs were ultra-centrifuged and suspended in 100 μL human serum al-
bumin (HSA). A total of 20 μL of EVs was loaded onto a formvar/carbon- 
coated grid, negatively stained with 3% aqueous phosphor-tungstic acid 
for 1 min and observed by TEM (HITACHI, H-7650, Japan), which 
showed their spheroid morphology and confirmed their nano-size [31]. 

2.4. Animals 

The study included 21 female albino rats (150 to 200 g), their age 
ranged from six to eight weeks. The animals were bred and maintained 
in air-conditioned animal houses with specific pathogen-free conditions, 
and were subjected to 12 h light and dark cycles, and allowed free access 
to food and the tap water was supplied ad libitum. For acclimation 
purpose, the rats were handled manually for one week before the 
experiment to allow biological stabilization. 

All animals received humane care in compliance with the Animal 
Care Guidelines of the National Institutes of Health (NIH), and the 
Research Ethics Committee of the Faculty of Medicine, Al-Azhar Uni-
versity, Cairo, Egypt, approved the design of the experiment. 

2.4.1. Experimental design 
Animals were randomly assigned into three groups of seven rats 

each: control, NaF and NaF+ BMSC-EVs groups. 
Group I (negative control): Normal healthy rats. 
Group II (NaF): Treated with 300 ppm of NaF in drinking water ad 

libitum for 60 days [6,32,33]. This route of exposure was selected to 
simulate human exposure to fluorinated water. 

Group III (NaF+ BMSC-EVs): Treated with NaF as in group II then 
intravenously injected through the caudal vein with a single dose of 
BMSC-EVs (the dose was adjusted to 100 μg protein/suspended in 0.2 
mL PBS) [34]. After 30 days, these rats were sacrificed. BMSC-EVs pellet 
protein content was quantified by Bradford method (BioRad, Hercules, 
CA, USA). 
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2.5. Samples collection 

After finishing the treatment protocol, the rats were fasted overnight, 
then rats were anesthetized intraperitoneally with pentobarbital (60 
mg/kg) [35] for blood samples collection from the retro-orbital venous 
plexus. Blood samples from each rat were collected in EDTA-containing 
tubes and plasma was separated after centrifugation at 3000 rpm for 15 
min at 4 ◦C. The separated plasma was kept at − 80 ◦C until analysis. 
After blood collection, the rats were killed by cervical dislocation; the 
adrenal glands of each rat were excised immediately for biochemical 
analyses and histological/histochemical analyses. 

2.6. Biochemical analyses 

2.6.1. Oxidant/antioxidant biomarkers assays 
For biochemical estimations, 0.5 mg of each adrenal tissue samples 

were taken, ground with liquid nitrogen in a mortar. The ground tissues 
were then treated with 4.5 mL of PBS. The mixtures were homogenized 
on ice using an Ultra-Turrax homogenizer for 15 min. Homogenates 
were used for determination of the antioxidant [superoxide dismutase 
(SOD) and catalase (CAT)] enzymatic activities. Assay of (SOD) and 
(CAT) activities using commercially available kits according to manu-
facturer’s recommendations (Thermofisher scientific, Cat No. EIASODC 
for SOD and Cat. No. EIACATC for CAT). Results were expressed as 
millimole per minute per milligram tissue (mmol/min/mg tissue). Ad-
renal malondialdehyde (MDA); lipid peroxidation biomarker, was 
assessed by the commercial kits supplied by Abcam (Cat. No. ab118970) 
according to manufacturer’s recommendations. Results were expressed 
as nanomole per milligram tissue (nmol/mg tissue). All assays were 
conducted at room temperature in triplicate. 

2.6.2. Hormonal assays 
We assessed plasma concentrations of ACTH and CORT hormones by 

chemiluminescence based immunoassay using Siemens DPC Immu-
lite®1000 (Siemens Medical Solutions Diagnostics, Los Angeles, CA, 
United States). 

2.6.3. Assessment of genes expression by real time polymerase chain 
reaction (PCR) 

We studied melanocortin 2 receptor accessory protein 2 (MRAP2), 
steroidogenic acute regulatory protein (StAR) and 11β-hydroxysteroid 
dehydrogenase-type 1 (11β-HSD1) in the rats’ adrenal glands by real 
time PCR (qRT-PCR) using StepOnePlus™ real time PCR system 
(Applied Biosystems, USA). Total RNA was extracted from the tissue 
using RNeasy Mini Kit (Qiagen, USA, Cat No./ID: 74104). The extracted 
RNA was quantified by spectrophotometry (JENWAY, USA) at 260/280 
nm. Primers sequences used in the qPCR measurements for GAPDH, 
MRAP2, 11β-HSD and StAR are listed in Table 1. PCR primers were got 
from GenBank RNA sequences cited at the following website: http:// 
www.ncbi.nlm.nih.gov/tools/primer-blast For the selection of the 
ideal primer pair, the considered factors included melting temperature 
(Tm: 60–65 ◦C) and applicant length of about 90–200 bp. 

2.6.4. Real-time quantitative PCR using SYBR green 
Expression of MRAP2, StAR and 11β-HSD1 genes were quantified 

with the StepOnePlus ™ Real-Time PCR system software version 3.1 
(Applied Biosystems, CA, USA). Optimization of the annealing temper-
ature was conducted for the PCR protocol and for the primer sets. All 
cDNAs were prepared for all gene markers, glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), and for non-template negative control. We 
used fixed concentrations (10.5 mg) of protein contents in the adrenal 
tissues. The fixed content of proteins was obtained from 30 to 36 mg 
tissue. RNA extraction yields 100 μg of RNA. Elution of RNA was done by 
100 μL nuclease free water. The concentration of RNA was 100 μg/100 
μL = 1.0 μg RNA/μL water. We used 5 μL RNA (contains 5 μg RNA) in 
reverse transcriptase reaction which yields fixed constant 

concentrations of cDNA. We used 3 μL cDNA that (contains 100 ng cDNA 
as recommended by the manufacturer) in SYBR green master mix. Five 
microliters of total RNA were used to generate cDNA using 20 pmol 
antisense primer and 0.8 μL AMV reverse transcriptase at 37 ◦C for 60 
min. The relative abundance of mRNA species was evaluated using the 
SYBR® Green method (Applied Biosystems, CA, United States). 
Annealing temperature of 60 ◦C was optimized for all primer sets. Real 
time PCR was performed in 25 μL reaction volume consisting of Mater 
Mix of SYBR Green, 3 μL of cDNA, 900 nmol/L of every primer. 
Amplification conditions were conducted according to the manufacturer 
specifications: 2 min at 50 ◦C, 10 min at 95 ◦C, 40 repeated cycles with 
15 s denaturation and 10 min of annealing/extension at 60 ◦C. This 
method is a well standardized routine technique in quantitative real 
time PCR. 

2.6.4.1. Calculation of relative quantification (relative expression). We 
calculated relative gene expressions of all assessed genes using the 
comparative Cycle threshold (Ct) method [36]. PCR data results show Ct 
values of the target genes and the housekeeping gene (GAPDH). A 
negative control sample was that no template cDNA used. Data were 
calculated using StepOnePlus™ real time PCR system (Applied Bio-
systems, CA, USA). All values were normalized to GAPDH housekeeping 
gene and expressed as fold changes relative to the background levels 
found in the control samples. 

2.7. Histological analyses 

The adrenal specimens were fixed in 10% buffered formalin solution 
for 24 ~ 48 h, dehydrated in escalating grades of ethanol and embedded 
in paraffin. Serial sections of 3 ~ 5 μm thickness were cut a by rotary 
microtome (LEICA RM 2125; UK) and subjected to the followings: 

2.7.1 Fluorescence detection (to detect PKH26-labeled BMSC-EVs) 
by fluorescent microscope in unstained paraffin sections [30]. 

2.7.2 Hematoxylin and eosin (H&E) stain for histological assessment 
[37]. 

2.7.3 Periodic Acid Schiff (PAS) stain is used to detect poly-
saccharides e.g., glycogen [38]. 

2.7.4 Mallory trichrome stain for collagen fibers detection [39]. 

2.8. Immunohistochemical analysis 

Immunohistochemichal staining for proliferating cell nuclear anti-
gen (PCNA): The adrenal specimens for immunostaining required 

Table 1 
Oligonucleotide primers sequences used in the quantitative polymerase chain 
reaction (PCR) measurements for the GAPDH, MRAP2, 11β-HSD1 and StAR.  

Gene Primers sequences GenBank® accession 
number 

GAPDH Forward: 5′- 
AGTGCCAGCCTCGTCTCATA-3′

NM_017008.4 

Reverse: 5′- ACCAGCTTCCCATTCTCAGC- 
3′

11β- 
HSD1 

Forward: 5′- 
TGAAATCCATCACGCAGGCT-3′

NM_017080.2 

Reverse: 5′- 
ATAACTGCCGTCCAACAGGG-3′

MRAP2 Forward: 5′- 
AGCTGAAAGCCAACAAGCAC-3′

NM_001135834.1 

Reverse: 5′- 
GGTAGGCTTGGGGACTATGC-3′

StAR Forward: 3′- 
CGTCGGAGCTCTCTACTTGG-5′

NM_031558.3 

Reverse: 3′- 
CCCAAGGCCTTTTGCATAGC-5′

Abbreviations; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 11β-HSD1, 
11β-hydroxysteroid dehydrogenase-type 1; MRAP2, Melanocortin 2 receptor 
accessory protein 2; StAR, Steroidogenic acute regulatory protein. 
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pretreatment, this was achieved by boiling for 10 min in 10 Mm, pH 6 
citrate buffer for antigen retrieval and leaving the sections to cool in 
room temperature for 20 min. Then, the sections were incubated for 1 h 
with the primary antibodies (rabbit polyclonal antibody; Lab Vision 
Corporation Laboratories, diluted 1:100, catalogue number PA5- 
27214). The usual of avidin-biotin peroxidase method was conducted 
by using diamino-benzidin (DAB) for positive detection and Mayer’s 
hematoxylin for counterstaining. Negative controls were prepared with 
exclusion of the primary antibody [40]. 

2.9. Histo-morphometric measurements 

We used Image-Pro Plus program (version 6.0; Media Cybernetics 
Inc., Bethesda, Maryland, USA) for histo-morphometric assessment, in 
the Pathology Department, Faculty of Medicine, Cairo University. Five 
randomly selected high-power microscopic fields were inspected for 
counting the numbers of PCNA positive cells. Also, the area percentage 
of Mallory trichrome-stained collagen fibers, PAS polysaccharide sub-
stances were examine at ×20 and, the mean thickness of the whole 
adrenal cortex and the thickness of each zona of the adrenal cortex were 
examined at × 10 magnification, and the results were expressed as mean 
area % of collagen/μm2 and PAS polysaccharide substances. 

2.10. Statistical analysis 

Continuous variables were presented as mean ± standard deviation 
(SD). We used Shapiro–Wilk test to assess the normality of the contin-
uous variables. Bartlett’s test was used to check the equality of variance. 
According to the equality of variance, we used ordinary one one-way 
analysis of variance (ANOVA) or Welch’s ANOVA test detect statistical 
differences between groups. Post-hoc tests (Bonferroni test if equal 
variances were assumed; Tamhane T2 test if equal variances were not 
assumed) were performed for multiple comparisons between the 
experimental groups. Differences were considered significant at a P <
0.05. All statistical comparisons were two-tailed and performed using 
Graphpad Prism, Version 8.0 Software (GraphPad Software; SanDiego, 
CA, USA). 

3. Results 

3.1. Identification of rat-BMSC-EVs 

To assess the therapeutic role of rat-BMSC-EVs against NaF-induced 
rat adrenal gland toxicity, the isolated rBMSCs derived-EVs were 
examined under TEM. Their spheroid morphology with approximately 
50 to 1000 nm size were shown (Fig. 1a, b). BMSC-EVs were then 
recognized by detecting surface markers including CD73, CD44, CD29 
and CD63 (> 90% of EVs were positive) by the flow cytometry analysis 
(Fig. 1c, d). PKH26-labeled EVs appeared as red fluorescent cells before 
injection to NaF treated rats (Fig. 1e) and within the adrenal tissue after 
single dose of BMSC-EVs (Fig. 1f). 

3.2. BMSC-EVs restored adrenal oxidant/antioxidant balance following 
NaF treatment 

We assessed SOD and CAT enzymatic activities as well MDA levels in 
adrenal tissues to verify the alleviating effect of BMSC-EVs against 
oxidative stress of NaF-induced adrenal toxicity. We found that adrenal 
SOD and CAT activities significantly diminished in NaF treated rats 
compared with control rats (698.20 ± 20.75 vs 1189.0 ± 16.47 mmol/ 
min/mg tissue, P < 0.001 and 70.28 ± 5.49 vs 121.50 ± 9.42 mmol/ 
min/mg tissue, P < 0.001, respectively). While adrenal MDA levels 
significantly elevated in NaF treated rats compared to control rats (4.23 
± 0.48 vs 1.58 ± 0.38 nmol/mg tissue, P < 0.001). BMSC-EVs caused 
significant increase in adrenal SOD and CAT activities with significant 
decrease in adrenal MDA levels compared with NaF treated rats (846.8 

± 10.60 Vs 698.20 ± 20.75 mmol/min/mg tissue, P < 0.001, 86.20 ±
6.73 vs 70.28 ± 5.49 nmol/mg tissue, P = 0.02 and 2.23 ± 0.21 vs 4.23 
± 0.48 nmol/mg tissue, P < 0.001, respectively) (Fig. 2a). 

3.3. BMSC-EVs failed to diminish plasma ACTH but elevated CORT 
concentration following NaF treatment 

Plasma ACTH concentration significantly elevated in NaF treated 
group and BMSC-EVs treated rats compared with control group (3.36 ±
0.76 vs 1.72 ± 0.87 ng/mL, P = 0.020 and 2.98 ± 0.11 vs 1.72 ± 0.87 
ng/mL, P = 0.024, respectively). However, plasma CORT concentration 
significantly diminished in NaF treated group compared with control 
rats. BMSC-EVs treatment significantly elevated plasma CORT concen-
tration following fluoride exposure (22.39 ± 0.31 vs 19.38 ± 0.79 μg/ 
dL, P < 0.001, respectively) (Fig. 2b). 

3.4. BMSC-EVs upregulated StAR and 11β-HSD1 mRNA expression but 
not MRAP2 following NaF treatment 

BMSC-EVs significantly upregulated the expression levels of StAR 
and 11β-HSD1 (0.90 ± 0.05 vs 0.78 ± 0.03-fold change, P = 0.014 and 
0.96 ± 0.077 vs 0.60 ± 0.046-fold change, P = 0.004, respectively) 
compared with NaF treated groups. NaF treatment significantly down-
regulated the expression levels of MRAP2, StAR, and 11β-HSD1 
compared with control rats (P < 0.001 for each) (Fig. 2c). 

3.5. BMSC-EVs reversed rat adrenal histological lesions induced by NaF 
treatment 

Examination of H&E-stained sections from the control rats’ adrenal 
gland revealed the thick connective tissue covering capsule. The pa-
renchyma of the gland was formed of outer cortex and inner medulla. 
The cortex included from outside to inside, rounded or arched clusters of 
zona glomerulosa (ZG) cells under the capsule. Then followed by large, 
polyhedral frothy or pale vacuolated acidophilic cells with vesicular 
rounded nuclei arranged in columns and longitudinal cords of one or 
two cells of the zona fasciculate (ZF) with blood sinusoids in between. 
Finally, branched anastomosing cords of zona reticularis (ZR) cells with 
blood sinusoids in between the cords. The cells of this zone were small, 
deeply stained and closely packed. The medulla consisted of anasto-
mosing cords of secretory cells grouped around wide blood sinusoids. 
These cells were large polyhedral with basophilic cytoplasm (Fig. 3a–c). 
NaF treatment apparently decreased the cortical thickness with loss of 
architecture and orientation of ZG, ZF and ZR. ZG cells appeared 
vacuolated with small darkly stained nuclei. ZF cells appeared darkly 
stained with deeply stained nuclei. ZR cells could be demonstrated with 
vacuolated cytoplasm and small deeply stained nuclei. The anasto-
mosing cords of the medulla appeared widely separated with multiple 
dilated and congested blood sinusoids in between. Some cells of the 
medulla were shrunken (Fig. 3d–h). BMSC-EVs treatment showed more 
or less a picture similar to that of the control group (Fig. 3i, j). 

3.6. BMSC-EVs increased the adrenocortical thickness following NaF 
treatment 

BMSC-EVs treatment significantly increased the whole adrenocor-
tical thickness with its three layers compared with NaF treated rats (P <
0.001) (Fig. 3k). 

3.7. BMSC-EVs restored carbohydrate depletion induced by NaF in rat 
adrenal tissues 

In order to assess the distribution of carbohydrate contents in adrenal 
tissues, we stained sections of adrenal gland in all groups by PAS stain. In 
the control group, adrenal gland showed a strong positive reaction of 
carbohydrate distribution in the capsule, cortex, and medulla (Fig. 4a, 
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Fig. 1. Identification of BMSC-EVs. a, b Identification of BMSC-EVs by TEM show the spheroid shaped vesicles at the diameter of around (50 to 1000 nm). c, d The 
cytofluorimetric analysis of BMSCs and BMSC-EVs. c BMSC-EVs were positive for CD73, CD44, CD29 and CD63. d BMSCs were positive for CD90, and negative for 
CD45, HLA-DR and CD34. e, f 2. BMSC-EVs homing. e BMSC-EVs labeled with PKH26 red fluorescent dye in vitro (arrows). ×1000. f BMSC-EVs labeled with PKH26 
red fluorescent dye in vivo (arrows). ×1000. 
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b), while in NaF group, a weak reaction of carbohydrate distribution in 
the capsule, cortex, and medulla was shown (Fig. 4c, d). BMSC-EVs 
treatment showed marked increase in positivity of PAS stain (Fig. 4e). 
Morphometric analysis of adrenal glands showed that the mean area 
percent of adrenal PAS significantly decreased in NaF group compared 
with control group (14.02 ± 0.01 vs 24.16 ± 0.10, P < 0.001) while 
BMSC-EVs treatment significantly increased the mean area percent of 
adrenal PAS compared with NaF group (21.17 ± 0.12 vs 14.02 ± 0.01, P 
< 0.001) (Fig. 4f). 

3.8. BMSC-EVs reduced NaF-induced adrenal fibrosis in rats 

In order to assess the degree of collagen deposition in adrenal tissues, 
we stained sections of adrenal gland in all groups by Mallory’s trichrome 
stain. In the control group, adrenal gland showed collagen fibers depo-
sition in capsule and parenchyma of glands (Fig. 5a) while in NaF group, 
a severe collagen connective tissue fibers deposition in capsule and 
parenchyma of glands was shown (Fig. 5b). BMSC-EVs treatment caused 
mild to moderate decreasing in collagen connective tissue fibers distri-
bution (Fig. 5c). Morphometric analysis of adrenal glands showed that 

the mean area percent of adrenal collagen fibers disposition significantly 
increased in NaF group compared with control group (19.19 ± 0.11 vs 
2.15 ± 0.32 μm2, P < 0.001) while BMSC-EVs treatment significantly 
decreased the mean area percent of adrenal collagen fibers deposition 
compared with NaF group (8.21 ± 0.22 vs 19.19 ± 0.11 μm2, P < 0.001) 
(Fig. 5d). 

3.9. BMSC-EVs reversed the antiproliferative effect of NaF in rat adrenal 
tissue 

In order to assess the degree of cellular proliferation of adrenal tis-
sues, we stained sections of adrenal gland in all groups by PCNA 
immunohistochemical stain. In the control group, adrenal gland showed 
a positive immunoreaction in the nuclei of most of the parenchymal cells 
(Fig. 5e). While in NaF group, an apparent decrease in the number of 
positive cells was shown (Fig. 5f). BMSC-EVs treatment showed many 
immune-stained parenchymal cells for PCNA (Fig. 5g). Morphometric 
analysis of adrenal glands showed that the mean number of adrenal 
PCNA immune-positive nuclei significantly decreased in NaF group 
compared with control group (20.05 ± 0.06 vs 62.31 ± 1.32 cells, P <

Fig. 2. Scatter dot plots showing the effects of BMSC-EVs on biochemical parameters in the rat sodium fluoride (NaF)-induced adrenal toxicity model. a oxidant/ 
antioxidant biomarkers, A-one-way ANOVA test followed by post hoc Bonferroni’s multiple comparisons test. b plasma ACTH and CORT concentrations, Welch’s 
ANOVA followed by post hoc Tamhane’s T2 multiple comparisons test and one-way ANOVA test followed by post hoc Bonferroni’s multiple comparisons test, 
respectively. c adrenocortical steroidogenic pathway-encoding genes, statistical analyses for MRAP2 and StAR results were performed by one-way ANOVA test 
followed by post hoc Bonferroni’s multiple comparisons test while statistical analysis for 11β-HSD1 results was performed by Welch’s ANOVA followed by post hoc 
Tamhane’s T2 multiple comparisons test. Horizontal lines represent the mean and error bars represent the standard deviation. n = 7 but two rats expired in NaF 
group. ns, a non-significant difference*P < 0.05, **P < 0.001 and ***P < 0.001. Control group (circles), NaF group (squares) and BMSC-EVs group (triangles). 
Abbreviations; SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde; ACTH, adrenocorticotrophic hormone; CORT, corticosterone; MRAP2, melano-
cortin 2 receptor accessory protein 2; StAR, steroidogenic acute regulatory protein; 11β-HSD1, 11β-hydroxysteroid dehydrogenase-type 1. 
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0.001) while BMSC-EVs treatment significantly increased mean number 
of adrenal PCNA immune-positive nuclei compared with NaF group 
(45.92 ± 0.19 cells vs 20.05 ± 0.06, P < 0.001) (Fig. 5h). 

4. Discussion 

The adrenals have striking morpho-biochemical characteristics that 
render them vulnerable to the effects of toxins and chemicals. Being 
endocrine glands, any functional alteration by either internal or external 
trigger will negatively influence the gland itself along with other body 
organs [5]. 

We found that exposure to 300 ppm of NaF in drinking water for 60 
days in rats induced functional and morphological adrenal gland 
changes; NaF exposure decreased adrenal SOD and CAT activities with 
increased adrenal MDA levels, elevated plasma ACTH but diminished 
CORT concentrations, downregulated the adrenocortical steroidogenic 
pathway-encoding genes. In addition to degenerative structural adrenal 
changes, marked adrenal collagen depositions, strong antiproliferative 
changes as well as adrenal carbohydrates depletion. BMSC-EVs treat-
ment repaired damaged adrenal tissue and recovered its function greatly 
following NaF consumption. 

Fluoride negatively affects health via metabolic disarrangements by 
interfering with different cellular aspects including, but not limited to, 
gene expression, hormonal secretion, and oxidative stress [41]. 

Under normal circumstances, a balance between reactive oxygen 
species (ROS) production and ROS elimination exists; yet, oxidative 
stress denotes an imbalance due to an overproduction of ROS [42]. Our 
results showed that fluoride consumption decreased antioxidant bio-
markers (SOD and CAT enzymatic activities) in rats’ adrenal tissues with 
increased oxidative stress biomarker (MDA) levels. The present findings 
complement these former studies that verified the oxidative stress 
damage as a key mechanism of fluoride induced toxicity of various organ 
[33,43,44]. EVs restored adrenal oxidant/antioxidant balance following 
fluoride consumption. In corroboration, Keshtkar and coworkers [45], 
stated that a reduction of oxidative stress is the core therapeutic benefit 
of MSC-derived EVs in recovery of many organ injuries. In support, 
Bodart-Santos and colleagues [46], showed that the protective effect 
MSC-EVs against neuronal damage in Alzheimer’s disease through in-
hibition of oxidative stress-induced injury of hippocampal neurons. 

Adrenal gland is one of the steroid-producing tissues. During 

steroidogenesis, the movement of cholesterol from the outer to the inner 
mitochondrial membrane is considered as the rate-limiting event which 
is mediated by StAR protein [47]. While 11β-HSD1 is the principle 
enzyme that triggers the intracellular conversion of cortisone to physi-
ologically active CORT in rats [48,49]. CORT is the primary adrenal 
corticosteroid in experimental rats [50]. Our findings revealed that 
BMSC-EVs significantly upregulated the expression levels of StAR and 
11β-HSD1 following fluoride consumption with subsequent elevation of 
plasma CORT. 

In general, melanocortin receptor accessory proteins (MRAP) are 
essential for melanocortin receptor type 2 (MC2R) or ACTH receptors to 
be successfully expressed on the adrenocortical cell surface, to form a 
high affinity binding pocket for ACTH [51,52]. MC2R/ACTH receptor is 
an exceptional among melanocortin receptors since it is only stimulated 
by ACTH in adrenocortical cells. MRAP2 is critical for trafficking and 
function of ACTH receptor [53]. Heavy fluoride exposure can result in 
gene expression changes [54]. Pituitary glands release ACTH in stressful 
conditions, which in turn prompts increased synthesis of corticosteroids 
in adrenal cortex [55,56]. However, our findings displayed that fluoride 
strongly elevated plasma concentration of ACTH but diminished CORT. 
Das and Susheela reported that the chronic exposure to fluoride was 
associated with a decline in cortisol/CORT concentrations in human and 
animal studies [57]. Histologically, fluoride caused degenerative 
changes and fibrosis in adrenal cortex, with its three layers, specifically 
ZF with the resultant decline of glucocorticoids secretion. Also, the 
elevated ACTH can be elucidated by the feedback inhibition of HPA axis 
by the decreased CORT [58] as well as the decreased the adrenal MRAP2 
gene expression following NaF consumption. 

The deleterious effects of NaF on adrenal gland structure could be 
attributed to fluoride induced oxidative stress injury. Consistently, 
Ghosh et al. [58] linked fluoride-induced testicular structural damage to 
ROS act. 

Our results showed that NaF is associated carbohydrate depletion as 
documented by PAS stained adrenal sections. Adrenal gland insuffi-
ciency is associated with disturbance of carbohydrates metabolism 
[59,60]. 

In our study, EVs reversed adrenal collagenous fibers deposition 
provoked by fluoride. In corroboration, Grange et al. [61] revealed the 
ability of EVs to revert fibrosis of progress in renal tissue in diabetic 
mice. 

Fig. 3. Hematoxylin and eosin (H&E) stained sections of adrenals of the study groups: 
a Control group showing the thick C.T capsule (arrow), underlying arches of zona glomerulosa (G), columns of zona fasciculata (F), branching cords of zona 
reticularis (R) and highly vascular medulla (M). H&E, × 100. b Control group showing the thick C.T capsule (black arrow), arched clusters of closely packed cells 
with spherical densely stained nuclei (green arrow) of zona glomerulosa cells (G), large, frothy appearance of acidophilic cells (orange arrow) arranged in longi-
tudinal cords of the zona fasciculate (F) with blood sinusoids in between (S) and branched anastomosing cords of zona reticularis (R) with blood sinusoids in between 
the cords. The cells of this zone were small, deeply stained and closely packed. H&E, × 200. c control group showing the longitudinal cords of zona fasciculata (F). 
Also, the medulla (M) can be seen with basophilic polyhedral cells and vesicular nuclei arranged in anastomosing cords with blood sinusoids in between H&E, ×200. 
d NaF treated group showing apparent decrease in cortical thickness with loss of architecture of the zona glomerulosa (G). zona fasciculata (F) and zona reticularis 
(R) can be seen. Notice, vascular congestion in both zona reticularis and medulla (S) and thick capsule (arrow). H&E, × 100. e NaF treated group showing loss of 
architecture and orientation of the zona glomerulosa (G), zona fasciculata (F) and zona reticularis (R). the zona fasciculata cells (arrow) appear darkly stained with 
deeply stained nuclei. Notice, multiple congested blood sinusoids (S). H&E, × 100. f NaF treated group showing zona glomerulosa cells appear vacuolated with small 
darkly stained nuclei (black arrows), some zona fasciculate cells appear darkly stained with small darkly stained nuclei (white arrows). Dilated blood sinusoids (S) 
can be seen. Notice congested blood vessels (V). H&E, × 200. g NaF treated group multiple dilated blood sinusoids (S). Some cells near zona reticularis appear with 
vacuolated cytoplasm and darkly stained nuclei (arrow). H&E, × 200. h NaF treated group showing zona reticularis cells (R) with vacuolated cytoplasm and small 
deeply stained nuclei (black arrow). The anastomosing cords of the medulla (M) appear widely separated with multiple dilated and congested blood sinusoids (S) in 
between. Some cells of the medulla appear shrunken (white arrow). H&E, × 200. i BMSC-EVs treated group, the histological structure as nearly as the control group. 
H&E, × 200. j BMSC-EVs treated group, the histological structure as nearly as the control group. Notice, small dilated blood sinusoid (S) in the medulla (M). H&E, ×
200. 
k Scatter dot plots showing the effects of BMSC-EVs on the adrenal cortex and its three layers in the rat sodium fluoride (NaF)-induced adrenal toxicity model, 
statistical analyses for the whole adrenal cortical thickness, ZG and ZR morphometric results were performed by one-way ANOVA test followed by post hoc Bon-
ferroni’s multiple comparisons test while statistical analysis for ZF morphometric results was performed by Welch’s ANOVA followed by post hoc Tamhane’s T2 
multiple comparisons test. Horizontal lines represent the mean and error bars represent the standard deviation. n = 7 but two rats expired in NaF group. Control 
group (circles), NaF group (squares) and BMSC-EVs group (triangles). Abbreviations; ZG, zona glomerulosa; ZF, zona fasciculata; ZR, zona reticularis. ***P < 0.001. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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PCNA is a Key intranuclear polypeptide that plays a fundamental role 
in DNA replication, excision and repair. Its synthesis and expression are 
related to cell proliferation [62]. We found that fluoride had an anti-
proliferative effect on adrenal tissue as evidenced by low expression of 
PCNA. A single IV injection of EVs effectively increased proliferation of 

adrenal tissue following NaF consumption in rats. Likewise, MSC-EVs 
showed proliferative potentials in many tissue injuries, both in vivo 
and in vitro studies [63–65]. 

In contrast to our results, prior studies reported that adrenal glands 
are the least affected endocrine organs by the toxicity of fluoride 

Fig. 4. Periodic Acid Schiff (PAS) stained sections of adrenals of the study groups: 
a Control group showing a strong positive reaction of distribution of carbohydrate in the capsule (arrow) and zona glomerulosa (G), zona fasciculata (F). PAS, × 400. 
b Control group showing a strong positive reaction of PAS in zona reticularis cells (R) and the medulla (M). PAS, × 400. c NaF treated group showing a weak reaction 
of PAS in the capsule (arrow) and zona glomerulosa (G), zona fasciculata (F). PAS, × 400. d NaF treated group showing a weak reaction of PAS in the medulla (M) 
PAS, × 400. e BMSC-EVs treated group showing a strong PAS reaction (arrows). PAS, × 400. f Effects of BMSC-EVs on area percent of PAS of the adrenals in the rat 
sodium fluoride (NaF)-induced adrenal toxicity model. Data are mean ± standard deviation, n = 7 but two rats expired in NaF group. Bars not sharing the common 
superscript letters differ significantly at P < 0.001 by Welch’s ANOVA followed by post hoc Tamhane’s T2 multiple comparisons test. 
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[12,66,67]. We can clarify these conflicting reports by the longer 
duration and the higher dose of fluoride in our study in comparison with 
these studies. 

In conclusion, fluoride interfered with steroid biosynthesis and 
negatively influenced adrenals structures. BMSC-EVs mitigated the toxic 
effects of NaF and reprogramed injured adrenal cells by activating 
regenerative processes, thus restoring the functional and histological 
structure. Application of BMSC-EVs, a cell-free therapy, as a regenera-
tion medicine opens novel perspectives for patients with corticosteroids 
deficiency disorders in the clinical practices. 
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Fig. 5. Mallory trichrome and proliferating cell nuclear antigen (PCNA) stained sections of adrenals of the study groups. 
a Control group showing collagen fibers deposition in capsule and parenchyma of the adrenals (arrows). Mallory trichrome stain, × 200. b NaF treated group showing 
a marked collagen fibers deposition in capsule and parenchyma of the adrenals (arrows). Mallory trichrome stain, × 200. c BMSC-EVs treated group showing mild 
collagen fibers deposition (arrow). Mallory trichrome stain, × 200. d Effects of BMSC-EVs on area percent of collagen fibers deposition of the adrenals in the rat 
sodium fluoride (NaF)-induced adrenal toxicity model. Data are mean ± standard deviation, n = 7 but two rats expired in NaF group. Bars not sharing the common 
superscript letters differ significantly at P < 0.001 by one-way ANOVA test followed by post hoc Bonferroni’s multiple comparisons test. e Control group showing a 
positive immunostaining (a brown nuclear reaction) in most of the parenchymal cells of the adrenals (arrow) (Avidine biotin peroxidase stain with H× counter stain 
× 400). f NaF treated group showing few immunopositive parenchymal cells of the adrenals (arrow) for PCNA (Avidine biotin peroxidase stain with H× counter stain 
× 400). g BMSC-EVs treated group showing a positive immunostaining in most of the parenchymal cells of the adrenals (arrow) (Avidine biotin peroxidase stain with 
H× counter stain × 400). h Effects of BMSC-EVs on the mean number of adrenal PCNA immunostaining of the adrenals in the rat sodium fluoride (NaF)-induced 
adrenal toxicity model. Data are mean ± standard deviation, n = 7 but two rats expired in NaF group. Bars not sharing the common superscript letters differ 
significantly at P < 0.001 by Welch’s ANOVA followed by post hoc Tamhane’s T2 multiple comparisons test. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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