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Abbreviations 

ACTH (adrenocorticotropic hormone), B.W. (body 

weight), HPA (Hypthamamic– pituitary–adrenal axis), 

Kg (kilogram), mg (milligram), NaF (sodium fluoride), 

SER (smooth endoplasmic reticulum), ZG (zona 

glomerulosa), ZF (zona fasciculata), ZR (zona 

reticularis). 

 

1. INTRODUCTION 

Fluorosis is a disease caused by consumption of 

fluoride through water, food and use of fluoride 

containing products. Excessive intake of fluorides can 

lead to disturbances in enamel development and bone 

homeostasis, caused dental and skeletal fluorosis 

respectively (Shashi et al., 2008; Shashi and Bhardwaj, 

2011). Fluoride above the threshold value in body causes 

ultrastructural pathological, and physiological changes in 

adrenal gland (Shashi, 2003), steroidal hormones 

(Shashi and Kaushal, 2020) and gonadal hormones in 

rats (Shashi and Khan, 2016). 

 

 

Adrenal gland is a vital effector organ of stress. It is 

divided into two parts-the outer cortex and inner 

medulla. It is surrounded by a connective tissue layer 

called capsule. The adrenal cortex is subdivided into 3 

concentric biochemically and morphologically different 

zones of steroid synthesizing cells. The outer zona 

glomerulosa (ZG) synthesize mineralocorticoid, the 

middle zona fasciculata (ZF) synthesize glucocorticoid 

and inner zona reticularis (ZR) produces androgens 

(Wotus et al., 1998). Adrenal cortical hormones play 

important role in a number of physiological processes, 

electrolyte and fluid balance, cardiovascular 

homeostasis, and carbohydrate metabolism (Hart and 

Barton, 2011). The catecholamines released from the 

medullary part of adrenal gland and steroid hormones 

from the adrenal cortex contributes in fast and long term 

adaptation role in organism against any stressful 

conditions (Raber, 1998). Epinephrine is one of the 

catecholamine produced by adrenal medulla which 

stimulates the glycogenolysis in liver and increases the 

free fatty acid concentration in plasma. Norepinephrine 

is another catecholamine which increases systolic and 
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ABSTRACT 

The present study was designed to evaluate the curative effect of Curcumin on fluoride induced alterations in the 

adrenocorticotropic hormone (ACTH), steroid hormones, catecholamines and ultrastructural changes. Wistar 

albino rats were administered with 300 and 600 mg/kg b.w./day of sodium fluoride (NaF) daily for 40 days. The 

control group was given 1 ml of deionized water/kg b.w./day for the same period. The fluoride treated animals 

were post-treated with 200 mg/ kg b.w./ day of Curcumin for 20 days. After the treatment period, the rats were 

sacrificed, adrenal tissue was taken out and blood was collected so as to process further for plasma samples. The 

levels of fluoride, ACTH, aldosterone, cortisol, epinephrine and norepinephrine in plasma were measured by using 

diagnostic kits. There was significant (P<0.0001) increase in the plasma levels of ACTH, and catecholamines 

while aldosterone and cortisol levels were significantly (P<0.0001) declined after 40 days of fluoride exposure. 

The ultrastructural examination of the adrenal gland in fluoridated rats showed irregular shaped nucleus, vacuoles 

of variable sizes and scarce cytoplasmic organelles, swollen mitochondria with disrupted cristae, large lipid 

droplets, numerous ribosomes and dilated smooth endoplasmic reticulum (SER). The adrenal medulla showed 

degeneration, damaged mitochondria, irregular nucleus and depletion of secretory granules. All the changes 

caused by NaF toxicity were reversed by Curcumin. The results suggested that Curcumin was effective in 

alleviating the toxic effects of NaF on the hypothalamic– pituitary–adrenal (HPA) axis, catecholamines and 

ultrastructural changes. 

 

KEYWORDS: Adrenocorticotropic hormone, Aldosterone, Catecholamines, Cortisol, Fluorosis, Transmission 

electron microscopy. 
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diastolic blood pressure, also stimulates glycogenolysis, 

however, shows stronger activity to release free fatty 

acids (Brook and Marshall, 1996). Adrenal hormones 

also help to regain stress-disturbed homeostasis 

(McQuade and Young, 2000). 

 

From previous scientific literature, it has been revealed 

that various toxicants and endocrine disrupting chemicals 

such as aminoglutethimide, etomidate and Ketoconazole 

caused endocrine disruption and hence affects the 

adrenal gland function (Rosol et al., 2001; Hinson and 

Raven, 2006; Harvey, 2016). These toxicants can 

interfere with the endocrine system and disturb the 

production and secretion of hormones, metabolism 

and transport (De Falco et al., 2014; Giulivo et al., 

2016). Therefore, there is need to study more about 

adrenal gland and its role in endocrine homeostasis, an 

important topic to be considered for investigating the 

link between toxicants and activation/dysregulation of 

the hypothalamic- adrenal-axis in relation to adrenal 

gland function 

 

Efforts have been made by researchers regarding 

selection of various natural compounds which exhibit 

important biological activities and also possess effective 

response against toxicants-induced damage (Navabi et 

al., 2012; Shashi and Khan. 2017, Shashi and Kaushal, 

2020). Curcumin is a polyphenolic antioxidant, isolated 

from the rhizome of Curcuma longa L. It has been used 

as medicinal food all over the world from ancient times. 

Numerous studies have demonstrated that Curcumin has 

many beneficial effects, including anti-inflammatory, 

antioxidant, anti-mutagen, anti-infectious and anti-

tumoral properties (Schaff et al., 2009; Abdel-Aziz and 

Ahmed, 2011; Elsayed et al., 2016; Badawy, 2018). It 

also normalizes the hyperactivated HPA axis. However, 

not much is known about the effect of Curcumin as a 

valuable therapeutic target against NaF induced toxicity 

and associated hormonal disturbances. Therefore, present 

study aimed at evaluating the possible curative effect of 

Curcumin against NaF-induced hormonal impairments 

and ultrastructural alterations in rat adrenal gland. 

 

2. MATERIALS AND METHODS 

Sodium fluoride and Curcumin were purchased from 

Loba Chemie Pvt. Ltd, Mumbai, India. ELISA kits were 

procured from Elabscience, Hubei. 

 

2.1. Experimental design 

Young Wistar albino rats of both sexes weighing 150-

200 g were housed separately in polypropylene cages 

with stainless still grill tops and fed standard rat pellet 

diet (Hindustan Lever Limited, India) and water was 

given ad libitum. After one week of acclimatization, rats 

were randomly divided into six groups as mentioned in 

the previous study (Shashi and Tikka, 2021). Each group 

contained six rats. Briefly, group I was given deionized 

water orally for 40 days. The groups II and III were 

treated with 300 mg and 600 mg of NaF/kg b.w./day, 

respectively, for the same period. Group IV was treated 

with 200 mg/kg b.w./day of Curcumin for 20 days. 

However, groups V and VI were treated with 300 mg and 

600 mg of NaF/kg b.w./day, respectively, for 40 days 

and post-treated with 200 mg/kg b.w./day of Curcumin 

for 20 days. At the end of experimental period, the 

overnight fasting rats were sacrificed under anaesthesia. 

The adrenal tissues were removed, washed in 0.9% 

normal saline and processed further for transmission 

electron microscopy. The blood was taken from each rat 

and collected into EDTA vials to obtain plasma. 

 

2.2. Preparation of samples 

The blood samples from control and experimental rats 

were collected into EDTA vials, centrifuged at 3000 rpm 

for 15 minutes to separate plasma and immediately 

stored at -20 ºC for the determination of fluoride and 

hormones until further use. 

 

2.3. Plasma fluoride analysis 

The fluoride in plasma of control and experimental rats 

was extracted by using method of Inkielewicz et al. 

(2003). The level of fluoride in control and 

experimental rats was estimated with fluoride ion 

selective electrode (ELIT 8221) (Harwood, 1969). 

 

2.4. Hormone analysis 

Plasma samples from control and experimental rats were 

used for analyzing the hormonal content. Briefly, the 

plasma levels of ACTH, aldosterone, cortisol, 

epinephrine and norepinephrine of control and 

experimental rats were determined using diagnostic 

ELISA kits (Elabscience, Hubei) by following 

instructions given by the manufacturers on ELISA 

Reader (Rayto, RT-2100C microplate reader, Shenzhen, 

China). 

 

2.5. Transmission electron microscopy 

The adrenal tissues were fixed in 2.5% glutaraldehyde 

and 2% paraformaldehyde in 0.1 M sodium phosphate 

buffer (pH 7.4) for 4-6 hours at 4 °C by the method of 

Karnovsky (1965). After washing in buffer, tissues were 

post-fixed in 1% osmium tetraoxide for 1 hour, 

dehydrated in acetone, infiltrated and embedded in 

araldite CY 212 (TAAB, UK), cut with an 

ultramicrotome (Leica Ultracut UC7, Austria), and 

stained with aqueous toluidine blue under a light 

microscope for gross observation of the area and quality 

of the tissue fixation. The ultra-thin sections of grey-

silver colour interference (70-80 nm) were cut and 

mounted on 300 mesh-copper grids, stained with 8% 

uranyl acetate and lead citrate. All the studies were 

performed under a Tecnai G2 20 high resolution 

transmission electron microscope (Fei Company, The 

Netherlands) at an operating voltage of 200 kV. A CCD 

camera (Megaview III, Fei Company) using TIA 

software attached to the microscope for digitally 

acquired images at All India Institute of Medical 

Sciences, New Delhi, India. 
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2.6. Data analysis 

Results were expressed as mean ±SD. All analysis were 

performed using SPSS 20.0 statistical software (IBM). 

Data was analyzed using one-way analysis of variance 

(ANOVA) followed by Post hoc Tukey’s HSD and pair 

wise comparison by Bonferroni multiple comparison 

test. The results were considered significant at P<0.05. 

The relationships between concentration of plasma 

fluoride and hormones were determined by Pearson’s 

bivariate correlation and simple linear regression test. 

 

3. RESULTS 

3.1. Evaluation of Fluoride level 

The plasma fluoride levels were significantly (P<0.0001) 

raised in groups II and III when compared to control 

group I. However, post-treatment with 200 mg Curcumin 

showed significant fall in the level of plasma fluoride in 

group IV (P<0.01) and group V (P<0.05) in comparison 

to groups II and III, respectively (Table 1; Fig. 1). 

 

3.2. Curcumin administration displayed curative 

effects by relieving NaF induced hormonal changes: 

Hormone evaluation 

All the experimental groups were evaluated for their 

ability to secrete associated hormones by using their 

blood plasma samples. For this purpose, various 

corticotropic and steroidal hormone levels were assessed 

under all conditions including normal (control; group I), 

fluoridated (group II and III), Curcumin treated only 

(group IV), and NaF induced followed by post-treated 

with Curcumin (group V and VI). 

 

3.2.1. Corticotropic hormone secreted by pituitary 

gland 

3.2.1.1. Adrenocorticotropic hormone 

The results shown in Table 1 revealed that administration 

of NaF caused significant increase (P<0.0001) in the 

level of plasma ACTH in groups II and III as compared 

to group I (Fig. 2A). Pearson’s bivariate correlation and 

simple linear regression analysis demonstrated 

significant (P<0.0001) positive relationship between 

levels of fluoride and ACTH in plasma of rats (Pearson r 

= 0.968, R
2
 = 0.937, Y = 390.698+202.845X; Fig. 2B) 

after 40 days of fluoride exposure. Furthermore, after the 

post-treatment with Curcumin the level of plasma ACTH 

was significantly (P<0.0001) declined in group V and VI 

in comparison to group II and III, respectively (Fig. 2C). 

These results revealed the efficatory properties of 

Curcumin in fluoridated rats. 

 

3.2.2.Steroidal hormones secreted by adrenal cortex 

3.2.2.1. Aldosterone 

NaF treatment induced significant reduction (P<0.0001) 

in the plasma aldosterone level in fluoridated rats of 

groups II and III in comparison to the control group I 

(Table 1; Fig. 3A). Pearson’s bivariate correlation and 

simple linear regression analysis demonstrated a 

significant (P<0.0001) negative relationship between 

levels of plasma fluoride and aldosterone (Pearson r = -

0.938, R
2
 = 0.880, Y = 80.406-31.605X; Fig. 3B) after 

fluoride treatment for 40 days. However, post-treatment 

with Curcumin restored the plasma aldosterone in rat 

(Table 1; Fig. 3C) and hence showed curative effects. 
 

3.2.2.2. Cortisol 

The level of plasma cortisol in fluoridated groups 

exhibited significant (P<0.0001) decrease in comparison 

to the control (Table 1; Fig.4A). Pearson’s bivariate 

correlation and simple linear regression analysis revealed 

significant (P<0.0001) negative relationship between 

levels of fluoride and cortisol (Pearson r = -0.967, R
2
 = 

0.934, Y = 141.807– 52.802X; Fig. 4B) in rats exposed 

to fluoride for 40 days. However, post-treatment with 

Curcumin exhibited restoration in the plasma cortisol 

levels in rats (Table 1; Fig. 4C) and hence showed 

ameliorative effects. 
 

3.2.3. Catecholamines secreted by adrenal medulla 

The effect of Curcumin on plasma level of 

catecholamines i.e. epinephrine and norepinephrine in 

NaF intoxicated rats are shown in Table 1. The levels of 

epinephrine and norepinephrine were significantly 

(P<0.0001) increased in group II and III in comparison to 

group I (Table 1; Fig. 5A; Fig. 6A). Pearson’s bivariate 

correlation and simple linear regression analysis 

demonstrated a significant (P<0.0001) positive 

relationship between levels of plasma fluoride and 

epinephrine (Pearson r = 0.968, R
2
 = 0.937, Y = 

106.427+120.688X; Fig. 5B) and norepinephrine 

(Pearson r = 0.968, R
2
 = 0.937, Y = 4.911+4.648X; Fig. 

6B) after 40 days of fluoride exposure. However, after 

post-treatment with Curcumin, the level of plasma 

epinephrine was significantly decreased in group V 

(P<0.05) and VI (P<0.0001) in comparison to group II 

and III, respectively (Table 1; Fig. 5C). Moreover, 

similar results were seen in the level of norepinephrine 

which was significantly (P<0.0001) decreased in group 

V and VI as compared to respective groups II and III 

(Table 1; Fig. 6C). 
 

3.3. Transmission electron microscopy 

To analyze the ultrastructural changes in the rat’s adrenal 

gland under the effect of NaF induction and post-

treatment with Curcumin, transmission electron 

microscopy was performed. 

 

3.3.1. Adrenal cortex 

The transmission electron microscope examination of 

adrenal cortex of control rat revealed fine structure of 

ZG cells having nucleus with peripheral clumps of 

heterochromatin with numerous mitochondria having 

oval and spherical shapes. In addition, rounded droplets, 

free ribosomes and SER were also observed (Fig. 

7A).The ZF cells also contained euchromatic nucleus 

with peripheral clumps of heterochromatin, abundant 

lipid droplet, large and small mitochondria with cristae, 

and SER (Fig 7B).The ZR cell showed rounded 

mitochondria, lipid droplets, many free ribosomes, Golgi 

apparatus, and SER. The nucleus was spherical in shape 

having condensed heterochromatin on the periphery (Fig. 

7C). 
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The rat treated with 300 mg/kg b.w./day of NaF for 

40 days showed irregular nuclei with electron dense 

heterochromatin in ZG. Additionally, the massive 

cytoplasmic vacuolation, variable sized vacuoles, and 

numerous free ribosomes were visible. The widening of 

cellular junctions between the cells was also prominent 

(Fig.7D).The cell of ZF had nucleus with dilated 

perinuclear space. Some mitochondria were swollen 

while others were degenerated. The fused lipid droplets 

were noticed in the cells with dilated SER (Fig. 7E). The 

shrunken nuclei with irregular nuclear envelop, marked 

increase in lipid droplets, lysosomes and dilation of 

blood capillaries were observed (Fig. F).The ZR showed 

damaged mitochondria and have large lipid droplets. 

Aggregation of numerous free ribosomes and abundant 

dilated endoplasmic reticulum were recorded (Fig. 7G). 

 

In the rat treated with 600 mg/kg b.w./day of NaF, the 

adrenal gland showed dilated blood capillary lined by 

damaged fenestrated endothelium in the cells of ZG. 

The microvilli of the cells appeared into the pericapillary 

space. The intercellular space contained collagen fibres. 

The mitochondria of variable sizes were visible, some of 

them were swollen with destroyed cristae. The lipid 

droplets were also seen (Fig. 7H). The nucleus with 

irregular outline, swollen mitochondria with disruptive 

cristae was recorded. The cytoplasm was filled with 

ribosomes arranged in clusters and or rosette form with 

dilated profile of SER, numerous large lipid droplets 

coalesced together and also contained autophagic body in 

ZF (Fig. 7I). The ZR showed indented nucleus with 

increased amount of dilated endoplasmic reticulum. 

The mitochondria appeared vacuolated, numerous free 

lysosomes and large cytoplasmic vacuole were also 

observed (Fig. 7J). The cytoplasm of the cell was packed 

with multiple lysosomes and accumulation of many lipid 

droplets was also seen. The nucleus revealed 

indentations of nuclear envelop (Fig. 7K). 

 

The rat treated with 200 mg/kg b.w./day of Curcumin for 

20 days showed presence of ZG, ZF,ZR in the adrenal 

cortex and adrenal medulla similar to control group (Fig. 

8A, B, C). The rat treated with 300 mg/kg b.w./day of 

NaF for 40 days followed by post-treatment with 200 

mg/kg b.w./day of Curcumin showed rounded nucleus 

with prominent nuclei in ZG. Cristae reappeared in 

mitochondria and only comparatively few damaged 

mitochondria were present in comparison to fluoridated 

rats treated with 300 mg/kg b.w./day of NaF only (Fig. 

8D). The cells of ZF showed rounded nucleus with 

regular nuclear envelop. Mitochondria with vesicular 

cristae, few swollen mitochondria and less number of 

lipid droplets were present (Fig. 8E). The ZR cell 

exhibited rounded and prominent nucleus but with 

dilated perinuclear space. The lipid droplets were limited 

in number along with few dilated endoplasmic reticulum 

(Fig. 8F). The euchromatic nucleus with irregular nuclear 

envelop and prominent nucleolus, numerous 

mitochondria, few mitochondria with disrupted cristae 

and smooth endoplasmic reticulum were observed 

(Fig.8G). 

 

The rat treated with 600 mg/kg b.w./day of NaF for 40 

days followed by post-treatment with 200 mg/kg b.w./day 

of Curcumin for 20 days showed normal nuclei with 

clearly visible nucleolus and lipid droplets in ZG (Fig. 

8H). The ZF had normal euchromatic nucleus, numerous 

mitochondria where few mitochondria were normal and 

numerous lipid droplets (Fig. 8I). ZR showed normal 

nucleus with prominent nucleolus, large lipid droplets, 

and SER (Fig. 8J). The cells of ZR contained 

mitochondria with vesicular cristae and also exhibited 

damaged mitochondria (Fig. 8K). 

 

3.3.2. Adrenal medulla 

The adrenal medulla of control rat showed nuclei with 

moderate amount of chromatin. The electron dense 

granules were distributed in the cell. Lipid droplets of 

variable sizes were observed (Fig. 9A). In the rat treated 

with 300 mg/kg b.w./day of NaF the cytoplasm of 

chronic cells showed irregular shaped nucleus, edema in 

cytoplasm vacuolation, and depletion of the secretory 

granules (Fig. 9B). Apart of nucleus, vacuoles of variable 

sizes, scarce cytoplasmic organelles and abundant free 

ribosomes were observed (Fig. 9C). The cytoplasm 

showed vacuolization and mitochondria with destroyed 

cristae. The cell junctions between the membranes of 

catecholamine producing cells were noticed (Fig. 

9D).The adrenal medulla showed degeneration. The 

mitochondria revealed disrupted cristae, some were 

swollen and degenerated (Fig. 9E). In the rat treated with 

600 mg/kg b.w./day of NaF the chromaffin cells having 

shrunken pyknotic nuclei and one nucleus with marked 

extended chromatin was visible. The cells filled with 

vacuoles of different sizes fused together (Fig. 9F). The 

adrenal medulla exhibited numerous lipid droplets in 

chromaffin cells. The swollen vacuolated mitochondria 

with disrupted cristae were prominent (Fig. 9G). 

 

The rat treated with 200 mg/kg b.w./day of curcumin for 

20 days showed adrenal medulla similar to control group 

(Fig. 10A). The adrenal medulla cells from rat treated 

with 300 mg/kg b.w./day of NaF for 40 days followed by 

post-treatment with 200 mg/kg b.w./day of Curcumin 

revealed normal structure compared with NaF toxicity 

group. The chromaffin cells had irregular shaped nucleus 

with eccentric nucleolus and numerous dense granules 

(Fig. 10B). The cells contained rounded nucleus with 

prominent nucleolus, few dense granules and 

mitochondria (Fig. 10C). The adrenal medulla from rat 

treated with 600 mg/kg b.w./day of NaF for 40 days 

followed by post-treatment with 200 mg/kg b.w./day of 

Curcumin showed normal mitochondria whereas the 

cytoplasm was packed with numerous dense granules 

(Fig. 10 D). The cell had euchromatic nucleus with 

prominent eccentric nucleolus. The cytoplasm was filled 

with dense granules and degenerated mitochondria (Fig. 

10E). 
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Table 1: Mean levels of plasma fluoride, ACTH, aldosterone, cortisol, norepinephrine and epinephrine in 

control and experimental groups. 

Treatment group 
Plasma fluoride 

(µg/mL) 

ACTH 

(pg/mL) 

Aldosterone 

(pg/mL) 
Cortisol (ng/mL) 

Epinephrine 

(pg/mL) 

Norepinephrine 

(ng/mL) 

I Control -1 0.033±0.015 393.000±21.251 83.509±6.481 145.130±8.699 113.967±15.115 4.686±0.424 

II 300 mg NaF 0.834±0.048
a
 559.933±27.749

a
 46.374±5.077

a
 88.039±7.869

a
 195.777±17.565 

a
 9.338±0.483 

a
 

III 600 mg NaF 1.619±0.190
aa

 723.333±35.930
aa

 32.779±5.931
ab

 61.011±7.609
aa

 309.507±19.941
aa

 12.260±0.523
aa

 

IV Control-2 0.026±.0.009 388.525±21.645 84.651±6.356 143.875±8.887 105.458±12.019 4.370±0.410 

V 300 mg 

NaF+200 mg 

Curcumin 

0.624±0.076
#
 424.150±26.908

###
 61.792±6.989

#
 124.233±7.445

###
 148.895±17.548

##
 6.200±0.478

###
 

VI 600 mg 

NaF+200 mg 

Curcumin 

1.316±0.045
##

 524.417±33.467
###

 53.414±5.934
#
 114.542±6.686

###
 204.352±16.328

###
 8.082±0.526

###
 

Table 1 showed data expressed as Mean±SD. 
a
P<0.0001 Group II-III compared with control-1. 

aa
P<0.0001 Group II 

compared with group III except aldosterone 
ab

P<0.0001 Group II compared with group III. 
#
P<0.01, 

##
P<0.05, 

###
P<0.0001values were significantly different as compared to respective NaF treated groups II and III. 

 

 
Fig. 1: A. Mean levels of fluoride (µg/mL) in plasma of control and fluoridated rats. 

a
P<0.0001 Group 

II-III compared with control-1 
aa

P<0.0001 Group II compared with group. III. B. The levels of fluoride 

(µg/mL) in plasma of fluoridated rats post-treated with Curcumin. 
#
P<0.01, 

##
P<0.05 values were significantly 

different as compared to respective NaF treated groups. 
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Fig. 2: A. Mean levels of ACTH (pg/mL) in plasma of control and fluoride exposed rats. P<0.0001 Group II-III 

compared with control-1. 
aa

P<0.0001 Group II compared with group III. B. Scatterplot showing Pearson’s 

bivariate correlation and simple linear regression between levels of fluoride (μg/mL) and ACTH (pg/mL) in 

plasma of rats after 40 days of fluoride exposure. C. Mean levels of ACTH (pg/mL) in adrenal gland of 

fluoridated rats post-treated with Curcumin. 
###

P<0.0001 values were significantly different as compared to 

respective NaF treated group. 

 

 
Fig. 3: A. Mean levels of aldosterone (pg/mL) in plasma of control and fluoride treated rats for 40 days. 
a
P<0.0001 Group II-III compared with control-1. 

ab
P<0.01 Group II compared with group III . B. Scatterplot 
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showing Pearson’s bivariate correlation and simple linear regression between levels of plasma fluoride 

(μg/mL) and aldosterone (pg/mL) experimental rats after 40 days of fluoride intoxication. C. Mean levels of 

aldosterone (pg/mL) in plasma of fluoride treated rats after post-treatment with Curcumin. 
#
P<0.01 values were 

significantly different as compared to respective NaF treated groups. 

 

 
Fig. 4: A. Mean levels of cortisol (ng/mL) in plasma of control and fluoride intoxicated rat for 40 days. 
a
P<0.0001 Group II-III compared with control-1. 

aa
P<0.0001 Group II compared with group III . B. Scatterplot 

showing Pearson’s bivariate correlation and simple linear regression between levels of plasma fluoride (μg/mL) 

and cortisol (ng/mL) in experimental rats after 40 days of fluoride exposure. C. Mean levels of cortisol (ng/mL) 

in plasma of fluoride treated rats after post-treatment with Curcumin. 
###

P<0.0001 values were significantly 

different as compared to respective NaF treated groups. 
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Fig. 5: A. Mean levels of epinephrine (pg/mL) in plasma of control and fluoridated rat for 40 days. 

a
P<0.0001 

Group II-III compared with control-1. 
aa

P<0.0001 Group II compared with group III . B. Scatterplot showing 

Pearson’s bivariate correlation and simple linear regression between levels of plasma fluoride (μg/mL) and 

epinephrine (pg/mL) in experimental rats after 40 days of fluoride treatment. C. Mean levels of cortisol 

(ng/mL) in plasma of fluoride treated rats after post-treatment with Curcumin. 
##

P<0.05,
###

P<0.0001 values were 

significantly different as compared to respective NaF treated groups. 

 

 
Fig. 6: A. Mean levels of norepinephrine (ng/mL) in plasma of control and fluoride exposed rat for 40 days. 
a
P<0.0001 Group II-III compared with control-1. 

aa
P<0.0001 Group II compared with group III . B. Scatterplot 

showing Pearson’s bivariate correlation and simple linear regression between levels of plasma fluoride (μg/mL) 

and norepinephrine (ng/mL) in experimental rats after 40 days of fluoride treatment. C. Mean levels of 

norepinephrine (ng/mL) in plasma of fluoride treated rats after post-treatment with Curcumin. 
###

P<0.0001 

values were significantly different as compared to respective NaF treated groups. 
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Fig. 7: Transmission electron micrograph of rat adrenal cortex from control group A. Zona glomerulosa cell 

showing nucleus with peripheral clump of heterochromatin ( ), lipid droplet ( ), numerous mitochondria 

( ), free ribosome ( ) and smooth endoplasmic reticulum ( ). X2550. B. Zona fasciculata cell showing 

euchromatin nucleus with peripheral clumps of heterochromatin ( ), mitochondria ( ) and lipid drpolets 

( ) and smooth endoplasmic reticulum ( ). X2550. C. Zona reticularis showing rounded nucleus ( ), lipid 

droplets ( ), ribosomes ( ), golgi apparatus and smooth endoplasmic reticulum ( ). X2550. The adrenal cortex 

of rat treated with 300 mg NaF/kg b.w./day showing D. zona glomerulosa with irregular nucleus ( ) massive 

cytoplasmic vacuolations ( ), numerous free ribosomes ( ), widening of cellular junctions (  ).X2550. E. Zona 

fasciculata showing nucleus with perinuclear space ( ), large lipid droplets ( ), numerous mitochondria 

with destroyed cristae ( ) and dilated smooth endoplasmic reticulum ( ). X2550. F. Zona fasciculata revealing 

shrunken nucleus ( ), marked increase in lipid droplets ( ), lysosomes (  ) and dilated blood capillary 

( ).X1100. G. Zona reticularis revealing damaged mitochondria ( ), large lipid droplets ( ) dilated smooth 

endoplasmic reticulum ( ) and numerous free ribosomal aggregation ( ) in zona reticularis cell.X4000. The 

adrenal cortex of rat treated with 600 mg NaF/kg b.w./day showing H. Zona glomerulosa with blood 

capillary ( ), pericapillary space contained microvilli ( ), and collagen fibres swollen mitochondria with 

destroyed cristae (  ), lipid droplets ( ). X2550. I. Zona fasciculata cell showing nucleus with irregular outline 

( ), swollen mitochondria with destroyed cristae (  ), dilated profile of smooth endoplasmic reticulum ( ), 

some lipid droplets coalesced together (  ), ribosome arranged in clusters (  ) and autophagic body ( ). 

X2550. J. Zona reticularis having irregular nucleus (  ), increase amount of dilated smooth endoplasmic 

reticulum ( ), lysosomes ( ), large cytoplasmic vacuole ( ) and vacuolated mitochondria ( ). X2550. K. Zona 

reticularis having nucleus with indentation of nuclear envelop ( ) and multiple lysosomes and accumulation of 

lipid droplets X2550. 
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Fig. 9: Transmission electron micrograph of adrenal medulla of control rat showing A. normal nucleus ( ), 

electron dense granules ( ), lipid droplets (  ).X2550. The adrenal medulla of rat treated with 300 mg NaF/kg 

b.w./day showing B. Irregular shaped nucleus (  ), edema of cytoplasm and vacuolization (  ) and decreased in 

secretory granules (  ). X 2550. C. A part of nucleus (  ), vacuole of variable sizes ( ) and scarce cytoplasmic 

organelles and abundant free ribosomes (  ).X5000. D. Vacuole of variable sizes ( ), mitochondria with 

destroyed cristae ( ), cell junction between the cell membrane of catecholamine producing cells. ( ). X2550. 

E.Vacuolar degeneration ( ), swollen mitochondria with damaged cristae ( ). X5000. The adrenal medulla of 

rat treated with 600 mg NaF/kg b.w./day showing F. Chromatinolysis of nucleus (  ) shrunken pyknotic nucleus 

( ) and vacuoles ( ). X2550. G. Numerous lipid droplet ( ), vacuolated mitochondria ( ), swollen 

mitochondria with disrupted cristae ( ). X2550. 
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Fig. 10: Transmission electron micrograph of rat adrenal medulla treated with 200 mg/kg b.w./day of 

Curcumin showing A. nucleus with prominent nucleolus ( ) and dense granules ( ). X2550. The rat 

adrenal medulla treated with 300 mg NaF/kg b.w./day post-treated with 200 mg/kg b.w./day of Curcumin 

showing B. Irregular shape nucleus with eccentric nucleolus ( ) and numerous dense granules ( ). X2550. C. 

Rounded nucleus with prominent nucleolus ( ), few dense granules ( ) and mitochondria ( ). X2550. C The 

rat adrenal medulla treated with 600 mg NaF/kg b.w./day post-treated with 200 mg/kg b.w./day of Curcumin 

showing D. Damaged mitochondria ( ) and few normal mitochondria ( ) and dense granules ( ). X2550 E. 

Nucleus with prominent nuclei ( ) dense granules ( ) and degenerated mitochondria ( ) X2550. 

 

4. DISCUSSION 

The present study demonstrated elevation in plasma 

ACTH in fluoridated rats in comparison to control rats. 

Furthermore, Curcumin treatment confirmed its role as 

an effective therapeutic agent by significantly reducing 

plasma ACTH levels in fluorotic rats. These finding are 

in agreement with researchers who reported that 

treatment with various toxicants such as cadmium 

chloride, atrazine and monosodium glutamate leads to 

increase in the level of ACTH suggesting stimulation of 

the HPA (Caride et al., 2010; Abass et al., 2017; Abdo et 

al., 2018). 

 

The adrenal cortex plays important role in synthesis and 

secretion of steroid hormones, including 

mineralocorticoid and glucocorticoid. The HPA axis is 

responsible for the secretion of steroid hormone by 

adrenals. The hypothalamus secretes the corticotrophin- 

releasing hormone which binds to corticotropic receptor 

factor type 1 receptor in anterior pituitary and results into 

the formation and secretion of ACTH by anterior 

pituitary, which in turns is responsible for the induction 

of adrenal cortex to secrete glucocorticoids and 

mineralocorticoids (Buford et al., 2017; Minnetti et al., 

2020). The ACTH helps in the regulation of ZG function 

and angiotensin-II governs the regulation of aldosterone 

secretion. The ZG, however, is under the control of the 

angiotensin-II that binds to a specific receptor present on 

their cells (Morgan et al., 2001). 

 

The results of present study also displayed significantly 

(P<0.0001) inhibited aldosterone secretion under NaF 

intoxication which was further restored by Curcumin. 

ACTH administration in rats for 5 days showed decrease 

in plasma aldosterone concentration to 22% as compared 

to that of control rats. The co-administration of ACTH 

and vitamin E showed significant increase (P<0.005) in 

the plasma aldosterone (Suwa et al. 2000). The decrease 

in the aldosterone synthesis after ACTH treatment is due 

to decreased aldosterone synthase activity which is 

accompanied by the downregulation of CYP11B2 

mRNA (Holland and Carr, 1993; Lehoux et al., 1998). 

 

Recently, a significant (P<0.001) decrease in the level of 

aldosterone was seen in streptozotocin treated group of 

rats as compared to their untreated counterparts (Soliman 

and Noya, 2019). Similarly, other studies have also 

reported significantly increased plasma ACTH levels as 

well as significantly decreased aldosterone levels in 

ketoconazole treated rats (Deuschle et al., 2003; Khalil, 
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2015). These changes were mitigated by administering 

vitamin D3 in targeted rats. The ketoconazole induction 

resulted into the dilation and engorged sinusoids mainly 

in ZF and ZR. This finding showed that ketoconazole 

decreases the steroidogenesis and consequently increases 

the production of ACTH (Hinson et al., 1991). 

 

Cortisol is secreted by ZF cells of adrenal cortex. It 

activates the catabolism in muscle and fatty tissue, also 

stimulates the gluconeogenesis in liver and inhibits the 

cytokine synthesis (Liyanarachchi, 2017). In present 

study, a significant decrease in the level of plasma 

cortisol (P<0.0001) was recorded in fluoridated rats and 

after post-treatment with Curcumin, the plasma level of 

cortisol was increased. These results implicate that NaF 

intoxication caused damage to the ZF cells which 

resulted into impaired functioning and ultimately 

decreased synthesis as well as secretion of cortisol 

hormone. However, post-treatment with Curcumin 

neutralized the NaF induced ill-effects and restored 

normal functioning which resulted into increase in the 

cortisol levels. 

 

Although, glucocorticoids are very important calcium 

regulating hormones, they have gained a valuable 

attention in fluorosis research. Rao and Susheela (1979) 

investigated decline in the activity of delta 5-3-β 

hydroxysteroid dehydrogenase by suggesting impaired 

steroid synthesis in chronic fluoride toxicity. A 

significant reduction (P<0.05) in the level of cortisol was 

noticed in fluoride–toxicated rats while in exercise 

regimens, the cortisol levels were elevated at different 

temperatures (Basha and Sujitha, 2012). Similar decrease 

in the cortisol levels were observed in the tramadol 

treated group when compared to the control (Abdelaleem 

et al., 2017). The present findings are in accordance with 

Schaff et al. (2009) who observed that Curcumin showed 

a hormone suppressing activity, it significantly reduced 

the ACTH secreted by corticotropic AtT20 cells. 

Curcumin triggered the cortisol production by adrenal ZF 

cells and its stimulation also resulted into the increase in 

cortisol production in a concentration dependent manner, 

which continued for many hours. This increase in 

cortisol secretion was high during the 6 hours but 

persisted for up to 24 hours (Enyeart et al., 2008). 

 

In a study by Abel-Aziz (2010), it was revealed that 

treatment with nicotine showed deposition of lipid 

droplets and appearance of cytoplasmic vacuolation in 

the ZF cells which may be due to impairment in the 

synthesis and secretion of glucocorticoids. As the ZF is 

responsible for the synthesis and secretion of 

glucocorticoids, the toxicity of adrenal cortex plays a 

vital role in disruption of steroidogenesis. This may 

happen as a result of disturbance of cytochrome P450 

enzymes; which further resulted into inhibition of 

cholesterol biosynthesis (Eleshennawy and Aboelwafa, 

2011). 

 

Similarly, in a study by Soliman et al. (2015), the bile 

duct resection (BDR) group exhibited a significant 

decrease in the cortisol and aldosterone levels in 

association with significantly high elevated serum 

bilirubin and alkaline phosphatase levels. Present study 

demonstrated similar observations. 

 

Catecholamines play an important role in stress and their 

levels are increased under stressful conditions. They are 

produced by chromaffin cells of adrenal medulla 

(Carbone et al. 2019). Researchers have shown that NaF 

treatment resulted into increase in the level of 

epinephrine and norepinephrine in blood and 

hippocampus of rats (Bagmut et al. 2018; Kumar et al., 

2020). More recently, similar observations were recorded 

by Costa et al. (2021) who demonstrated that the chronic 

mild predictable stress group showed significant 

(P<0.05) higher levels of plasma epinephrine and 

norepinephrine as compared to control and environment 

rich group. In consistence with these findings, present 

study also demonstrated that NaF induced stress is one 

of the reason behind increased plasma epinephrine and 

norepinephrine levels in the fluorotic rats in comparison 

to control rats which were free from any stress causing 

stimulus like NaF. This increase could be associated with 

increase in catecholamine synthesis due to stress caused 

by intake of fluoride. The increased levels of 

catecholamine would have a stimulatory action on the 

sympathetic nervous system and might influence the 

hypothalamo-gonadal axis. Moreover, all such 

intoxicated stress induced ill- effects were improved 

under post- treatment with Curcumin which is not only a 

well-known anti-stress agent but also possess many other 

valuable properties (Abdel-Aziz and Ahmed, 2011; 

Elsayed et al., 2016; Badawy, 2018; Shashi and Tikka, 

2021). 

 

Previously, many researchers have found that there 

was significant increase in the levels of adrenaline and 

nor-adrenaline in fluorotic individuals (P<0.001) as 

compared to controls (Michael et al. 1996; Barot, 1998; 

Bagmut et al. 2018). This might be due to the stress in 

adrenal gland or accumulation of fluoride in the body 

which enhanced the secretion of these hormones 

 

Transmission electron microscopic examination of rat 

adrenal gland treated with fluoride during present 

experimental investigation revealed degenerated swollen 

and damaged mitochondria with disrupted cristae, 

vacuoles of variable sizes, numerous free ribosomes, 

microvilli, collagen fibres, widening of cellular 

junctions, shrunken nucleus with dilated perinuclear 

space fused lipid droplets, dilated SER, dilated 

capillaries and autophagic body. 

 

These results are in accordance with Saker and Sabry 

(2016) who reported deformed mitochondria with 

abnormal cristae, dilated SER, vacuolated cytoplasm, 

numerous lysosomes and increased amount of lipid 

droplets. El-Drieny et al. (2009) also reported that Di (2- 

ethylexyl) Phthalate treatment to rat stimulated the 
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degenerative changes in the form of cytoplasmic 

vacuolation, swollen damaged mitochondria, increased 

lipid droplets and pyknotic nuclei. Mohamed and Hagag 

(2011) investigated that adrenal cortex of animal treated 

with lead acetate showed increase in the vacuolation of 

different zones. These vacuolization in the cortex might 

be due to the lipid droplets accumulation resulted from 

failure of their release because of reduction in the use of 

cholesterol for the synthesis of aldosterone or because of 

dilation of SER and swollen mitochondria. The 

impairment of steroid synthesis might be due serious 

lesions noticed in the mitochondria and endoplasmic 

reticulum. These organelles play a vital role in 

steroidogenesis within cortex. The steroid synthesis 

occurred by the coordinated actions of cytochrome P450 

and enzyme 3ß-hydrosteroid dehydrogenase which are 

localized between the mitochondria and SER (Gurerrero 

et al., 2010).The damage caused in mitochondria and 

SER induced by fluoride might be due to oxidative stress 

which changes the structure and permeability of cell 

membranes (Blokhina et al., 2003). The increase in the 

lipid droplets and widening of cellular junctions under 

fluoride toxicity was observed in the present finding. 

These results coincide with the study by Badawy (2018) 

who reported the swollen mitochondria, accumulation of 

lipid droplets, irregular nuclei and widening of cellular 

junctions between the cells and irregular nuclei in fetal 

adrenal gland treated with betamethasone. 

 

Elshennawy and Aboelwafa (2011) observed that 

swelling and vacuolation of mitochondria in the ZF 

appeared from suppressing the conversion of cholesterol 

to pregnenolone. However, the mitochondria and SER 

plays a great role in the steroid synthesis; the damage 

noticed in them were sufficient to hinder the steroid 

production which showed further accumulation of 

cholesterol in the mitochondria. Similar finding were 

observed in the present study of fluoride induced toxicity 

in adrenal gland. The adrenal gland of fluoridated rats 

showed irregular and indented nucleus and increase in 

lysosomes. The finding are similar with Altayeb and 

Salem (2017) who demonstrated that stress caused 

changes in the nuclear envelops in the form of 

irregularities, indentations, these might be due to 

compression and condensed lipid droplets in 

adrenocortical cells. The ZF showed swelling of cells, 

vacuolation, pyknotic and shrunken nuclei, dilate SER 

and autophagic vacuoles containing degenerated 

mitochondria under nicotine induced toxicity (Khalaf et 

al., 2017). Similar to present study results, many other 

researchers reported similar findings under the effect of 

various toxicants and demonstrated swollen and 

damaged mitochondria, pyknotic nuclei and increase in 

lipid droplets and numerous free ribosomes (Abdel Aziz; 

2010; Abdelaleem et al, 2017; El-Tahawy and Abozaid, 

2019). 

 

After post-treatment with Curcumin all changes in 

adrenal gland by fluoride were restored. Other 

researcher observed similar findings and claimed that 

Curcumin attenuated the nicotine, betamethasone and 

streptozotocin toxicity in mice and rats (Abdel-Aziz, 

2010; Abdel-Aziz and Ahmed, 2011; Badawy et al., 

2018; Baimai et al., 2021). Collectively, present study in 

accordance with previously published reports proved 

clinical efficacy of Curcumin as a valuable therapeutic 

agent and finally it was suggested that Curcumin 

administration may be effective in alleviating the adverse 

effects of fluoride on adrenal endocrine functions. 

 

5. CONCLUSION 

In conclusion, the results suggest that adrenal gland of 

rats exposed to NaF toxicity changes the hormonal 

profile of corticotropic and adrenal hormones. The 

treatment with Curcumin showed the curative effects 

against fluoride induced stress on adrenal gland. This is 

affirmed by the reduced levels of ACTH by Curcumin 

post-treatment. The Curcumin treatment also restored the 

levels of plasma aldosterone, cortisol and 

catecholamines. Curcumin administration also resulted in 

improving the ultrastructural changes caused by NaF 

toxicity to the normal status. Overall results revealed 

that, Curcumin helps in ameliorating the NaF induced 

injury to adrenal gland of rat. 
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