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ABSTRACT 

 

     Adrenaline at high pharmacological doses may lead to oxidative damages in diverse 

organs including gut. In this study, we attempt to elucidate the potentially protective effects 

of melatonin on gastrointestinal (GI) tissue damages induced by adrenaline. Rats were 

injected (s.c.) with different doses (0.125, 0.25 and 0.50 mg/kg) of adrenaline bitartrate (AD) 

for 15 days with or without melatonin (2.5, 5 and 10 mg/kg; orally). The results showed that 

adrenaline caused massive histological and ultra-structural GI injuries and melatonin (20 

mg/kg) effectively protected these injuries. The protective mechanisms are related to the 

antioxidant and anti-inflammatory activities of melatonin indicated by increased glutathione 

levels and antioxidant enzymes as well as decreased oxidative stress markers and pro-

inflammatory cytokines in GI tissues. The signal pathways of melatonin include up-

regulating expression of Nrf2, SIRT1 and Bcl2, while down-regulating NFκB, TNFα and 

Bax. Melatonin also targeted mitochondrial energy homeostasis and biogenesis by up-

regulating expression of PGC1α, AMPKα and SOD2 and reduced leakage of cytochrome c.  

The SIRT1-NFκB and PGC1α-AMPKα signal transduction pathways seem to play the central 

roles involving in melatonin’s protective effects on gastric damages induced by the high 

doses of adrenaline. 

 

Keywords: adrenaline, oxidative stress, tissue damage, antioxidant, gastrointestinal tract, 

melatonin. 

___________________________________________________________________________ 

 

1. INTRODUCTION 

 

     Prolonged high level of catecholamines induced by a constant stress causes hormonal 

disruptions in mammals (1). Adrenaline (epinephrine), one of the catecholamines, has been 

extensively used as emergency medication (3-6). However, chronic use of or, exposure to 

high pharmacological doses of adrenaline lead to oxidative tissue damage (7-10) due to its 

redox property and ability to undergo rapid auto-oxidation (11). Several studies have 

documented its hepatotoxic (8), cardiotoxic (7) and DNA damaging activities (12). It also 

potentiates cellular apoptosis (13) and initiates carcinogenesis (14, 15). Raugstad et al. (16) 

mailto:debasish63@gmail.com
mailto:dbphys@caluniv.ac.in


 

Melatonin Research (Melatonin Res.)                              http://www.melatonin-research.net 

Melatonin Res. 2020, Vol 3 (4) 482-502; doi: 10.32794/mr11250074                                                 483 
 

originally reported mucosal erosive effect in GI tract with adrenaline treatment in rats. Since 

then, only one recent in vitro study confirmed this observation which showed a disruption of 

endogenous melatonergic system and cellular antioxidant defence system caused by 

adrenaline treatment (9). Thus, it became necessary to explore the molecular events 

underlying the deleterious effects of adrenaline on GI tract.  

     Melatonin, an important chronobiological molecule and a potent antioxidant, exerts 

diverse biological roles in mammalian physiology (17, 18). Among the extra-pineal sources 

of melatonin in mammals, the gut resident enterochromaffin cells produce 400 times higher 

melatonin than that in the pineal gland (19). The rate-limiting enzymes for melatonin 

synthesis including arylalkylamine-N-acetyltransferse (AANAT) and hydroxyindole-O-

methyltransferase (HIOMT) are confirmed to be present in the mammalian GI tract (9, 20). 

This molecule plays defensive role against varied gastric injuries due to its potent antioxidant 

capacity (17, 21, 22). Some studies have indicated that adrenaline associated GI damage may 

involve alteration of endogenous melatonergic system (9, 23). However, the protective effects 

of melatonin against adrenaline induced oxidative GI injuries are not available till date. 

     Thus, the present study is perhaps the first attempt to explore the underlying molecular 

mechanisms regarding the potentially protective effects of melatonin on adrenaline induced 

GI damages. This study is carried out in intact animals (rats). The results from this study 

hopefully will provide valuable information for clinical use of melatonin for this purpose. 

 

2. MATERIALS AND METHODS 

 

2.1. Chemicals and reagents. 

 

     1-Chloro-2,4-dinitrobenzene (CDNB), BCIP (5-bromo-4-chloro-3 indole phosphate), NBT 

(Nitro blue tetrazolium), trichloroacetic acid (TCA), phenylmethyl sulphonyl fluoride 

(PMSF), sodium azide (NaN3), 5-methylphenazinium methyl sulphate (PMS), 5, 5´-dithiobis 

(2-nitrobenzoate) (DTNB), o-phenylenediamine (OPD) and ethylene diamine tetra acetic acid 

(EDTA) were purchased from Sisco Research Laboratories (SRL), Mumbai, India. All other 

chemicals and reagents of the highest available purity grade were procured from Sigma-

Aldrich Co., St. Louis, MO, USA.  

 

2.2. Animals. 

  

     Male Wistar rats, weighing 180 ± 20 g, were procured from Saha Enterprise (Kolkata, 

West Bengal, India; Regd. No. 1828/PO/BT/S15/ CPCSEA) and acclimatized for 5 days 

under controlled laboratory conditions (light:dark=12h/12h and temperature 20-26ºC). 

Standard diet and water were accessed by animals ad libitum. Daily food consumption was 

checked for all animals during the entire experimental period to ensure that all animals were 

healthy. This animal study was approved by Institutional Animal Ethical Committee (IAEC), 

Department of Physiology, University of Calcutta; Approval Number: IAEC-V/DB-1(Palash 

Pal)/2019 dated 07.08.2019]. Handling and care of animals werein accordance with the 

guidelines of the Committee for the Purpose of Control and Supervision of Experiments on 

Animals (CPCSEA), Ministry of Environment and Forest, Govt. of India.  

 

2.3. Adrenaline treatment. 

 

     Male Wistar rats (n=24), were randomly divided into 4 groups. Control group were 

injected (s.c.) with vehicle, while rats in the other groups were injected (s.c.) with 0.125 
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(AD1), 0.25 (AD2) and 0.50 (AD3) mg/kg of adrenaline bitartrate (AD), respectively for 15 

days at 12:30 h.  

 

2.4. Melatonin and adrenaline co-treatment.  

 

     Male Wistar rats (n=48) were divided into 8 groups. Control group were injected (s.c.) 

with vehicle, while rats in the second group was injected (s.c.) with 0.25 mg/kg of AD. The 

3rd – 5th groups were orally (gavage) given different doses of melatonin (2.5, 5.0, 10.0 mg/kg, 

respectively). Rats in the 6th- 8th groups were given different doses of melatonin daily (2.5, 

5.0, 10.0 mg/ kg, respectively) 30 min prior to AD injection. The treatment was carried out 

for 15 consecutive days. Melatonin solution (40 mg/mL) was prepared daily in ethanol and 

saline (0.9%) mixture (1:9) in amber container to avoid its light induced degradation. 

Animals were treated with melatonin at 12:00 h corresponding to the highest concentration of 

daily melatonin in the stomach (24), as melatonin levels in the different gastrointestinal 

tissues is known to have no significant diurnal variation (24). AD treatment was performed at 

12:30 h.  

 

2.5. Collection and preparation of samples. 

 

     Animals were fasted overnight and sacrificed on the next day at 12:00 h (after 24 hours of 

last melatonin administration) by cervical dislocation with mild ether anaesthesia. The 

abdominal cavity was immediately opened and the desired regions of the gastrointestinal 

tissue (i.e. stomach, duodenum and colon) were extirpated and thoroughly washed in ice cold 

PBS (pH 7.4) to remove food/faecal matters completely. A small portion of different tissues 

was immediately fixed in paraformaldehyde for histological studies. Rest of the tissues were 

collected separately and stored at -80 °C until further analysis. Tissues were homogenized 

(10%) in homogenizing buffer [100 mM Tris-HCl buffer (pH 7.2–7.4), containing 0.1 mM 

PMSF, 250 mM sucrose and 1% leupeptin hemisulfate] and centrifuged at 1500 x g for 10 

min at 4°C. The supernatant was collected as the source of crude enzyme and stored at -80°C 

for biochemical and Western blot analysis. In order to collect mitochondria, the tissue 

homogenates were subjected to an initial centrifugation at 5000 x g for10 min and the 

supernatant was further centrifuged at 12000 x g for 15 min at 4 ᵒC. Pellets were re-

suspended in an appropriate buffer and subjected to western blot analysis. 

 

2.6. Measurement of melatonin concentration in GI tissues. 

 

     Concentration of melatonin in the gastrointestinal tissue homogenates were measured 

following the manufacturer’s instructions of a rat MT (Melatonin) ELISA kit (ER1169; 

Wuhan Fine Biotech Co., Ltd., Wuhan, China). 

 

2.7. Western blot analysis. 

 

     Levels of targeted proteins (Table 1) in the tissue homogenates and mitochondrial samples 

were evaluated by Western blot (9, 25). In brief, 60 mg protein were loaded in each well and 

subjected to SDS–PAGE (12%) with the method of Laemmli (26). The dilution used for 

primary and secondary antibodies were 1:2000 and 1:3000, respectively. Bax/Bcl2 ratios 

were also calculated. Sixty microgram protein was loaded in each well for immuno-detection. 

Following completion of the run, the gel was transferred to nitrocellulose membrane (Pall 

Corporation, USA) and the immuno-blot was incubated in blocking solution (5% bovine 

serum albumin) for 1 h. Then the immuno-blots were washed thrice in TBS-T and incubated 
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with specific primary antibody (1:2000 dilution) for overnight at 4°C. Following wash 

(thrice), the blot was incubated with secondary antibody (Goat anti-rabbit IgG ALP 

conjugate; 1:3000 dilution) for 2 h at 4°C, washed thrice and then finally incubated in 

BCIP/NBT substrate. Band intensity of each immuno-blot was normalized by the intensity of 

β-actin (NIH, Bethesda, MD, USA) and quantified through densitometric analysis using 

ImageJ software and expressed in relative densitometric units (9). Details of antibodies are 

mentioned in Table-1. 

 

Table 1. Details of the primary and secondary antibodies used in the present study. 

 

Antibody Abbreviation Product No. Company 

Arylalkylamine N-acetyl transferase AANAT ab3506 Abcam 

Nuclear factor kappa beta NFκB ab16502 Abcam 

Melatonin receptor 1a MT1a orb234902 Biorbyt 

Nuclear factor erythroid 2-related factor 2 Nrf-2 ab31163 Abcam 

Peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha 
PGC-1α ab54481 Abcam 

Sirtuin 1 SIRT 1 sc-15404 Santa-Cruz 

Bax Bax ab53154 Abcam 

Bcl2 Bcl2 ab196495 Abcam 

Cytochrome C Cyt C orb251517 Biorbyt 

Caspase 9 Caspase 9 ab52298 Abcam 

Caspase 3 Caspase 3 ab4051 Abcam 

5՛AMP-activated protein kinase alpha AMPKα ab133448 Abcam 

Superoxide dismutase 2 SOD 2 ab135334 Abcam 

Goat anti-rabbit IgG AP 
Goat anti-

rabbit IgG AP 
ab97048 Abcam 

Beta- actin β-actin sc-130657 Santa-Cruz 

 

2.8. Measurements of oxidative stress markers. 

 

     Tissue level of lipid peroxidation (LPO) was estimated in the form of TBARS 

(thiobarbituric acid reactive substances) (27). Protein carbonyl (PCO) content was measured 

by DNPH assay with the method of Levine et al. (28). GSH level was estimated based on the 

method described by Ellman (29). Briefly, 100 μL of sample were added to 100 μL of 

perchloric acid (5%) and centrifuged at 800 × g for 10 min at 4°C. Then, 2 mL of reaction 

mixture [containing (100 μL) supernatant, 1.88 ml of 0.1 mol/l potassium phosphate buffer 

(pH 8.0) and 0.02 mL 4% DTNB] were added to each solution and were incubated at RT for 

3 min. Finally, the absorbance was recorded at 412 nm for 5 min at a regular interval of 60 s. 

The level of GSH was calculated from the standard graph prepared with GSH and was 

expressed as µM/mg protein. 

 

2.9. Activities of antioxidant enzymes. 

 

     Superoxide dismutase (SOD) activity was determined according to the method described 

by Ewing and Janero (30). Activities of catalase (CAT) and glutathione peroxidase (GPx) 

were estimated following the method of Aebi (31) and Castro et al. (32), respectively. 

Glutathione S-transferase (GST) and glutathione reductase (GR) activities were determined 
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by the method of Habig et al. (33), and Pinto and Bartley (34), respectively. The detailed 

assay methods of different enzymatic and non-enzymatic antioxidants are described below. 

 

2.9.1. Superoxide dismutase (SOD). 

 

     The activity of SOD was determined according to the method described by Ewing and 

Janero (30). The absorbance was recorded at 560 nm using a micro-plate reader (Bio-Rad, 

USA). Briefly, 25 μL sample was added to 200 μL of 50 mM phosphate buffer (pH 7.4), 

containing 0.1 mM EDTA, 62 μM NBT, and 98 μM NADH into a microtiter well. The 

reaction was initiated by the addition of 25 μL of 33 μM PMS in 50 mM phosphate buffer 

containing 0.1 mM EDTA (pH 7.4). Enzyme activity was expressed as U/mg protein. The 

serial dilutions of substrates (NADH and PMS) were used for the validation of the assay. 

Negligible alterations in the absorbance of the test samples were noted. 

 

2.9.2. Catalase (CAT). 

 

     The method described by Aebi (31) was used to measure the activity of CAT in the tissue 

homogenates. Briefly, 40 μL of sample was added to H2O2 phosphate buffer (2 mM) and 

absorbance was recorded at 240 nm for 90 sec at 15 sec intervals using an UV-Vis 

spectrophotometer. Enzyme activity was expressed as U/mg protein.  

 

2.9.3. Glutathione peroxidase (GPx). 

 

     GPx activity was estimated by the method described by Castro et al. (32). Briefly, 100 μL 

enzyme of sample was mixed with 1 mL of OPD in phosphate citrate buffer (pH 5.0). Then 

0.9 mL of H2O2 (0.013%) was added to each solution and incubated at room temperature for 

30 min. The absorbance was determined at 492 nm and enzyme activity was expressed in 

U/mg protein. In order to validate the assay, serial dilutions of the substrate (OPD) were used. 

 

2.9.4. Glutathione S-transferase (GST). 

 

     The method of Habig et al. (33) was used to estimate the activity of GST in the tissues, 

where 1-chloro-2, 4-dinitrobenzene (CDNB, 1 mM/L) and GSH (2.4 mM/L) were used as 

substrate. The absorbance was recorded at 340 nm for 5 min at a regular interval of 60 s. GST 

activity was expressed as U/mg protein. Serial dilutions of GSH and CDNB (substrates) were 

used to measure their optimum concentrations for the highest activity of GST. 

 

2.9.5. Glutathione reductase (GR). 

 

     Activity of GR was estimated by the method of Pinto and Bartley (34) based on the 

glutathione dependent oxidation of NADPH. Briefly, 50 μL of tissue homogenate were mixed 

with 950 μL reaction mixture [containing 0.15 mM NADPH, 0.5 mM glutathione, 3 mM 

MgCl2 in 50 mM Tris (pH 7.5)] and the change in absorbance was recorded at 340 nm. In 

order to validate the assay, NADPH was oxidized in absence of glutathione as the 

background. 

 

2.10. Tissue levels of pro- and anti-inflammatory cytokines. 

 

     Levels of pro-inflammatory (IL-1β, IL-6 and TNFα) and anti-inflammatory (IL-10) 

cytokines in the tissues were estimated following the manufacturer’s (RayBiotech, Norcross, 
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GA) instructions. In brief, 100 μL samples were added to each well and incubated for 2.5 h at 

room temperature (RT), then, the solution was discarded and wells were washed 4 times in 

washing buffer. Then, 100 μL of biotinylated antibody were added to each well and again 

incubated for 1 h at RT. After discarding the solution, wells were again washed in the same 

manner. 100 μL of streptavidin solution were added to each well and incubated for 45 min at 

RT. Again, the solution was discarded and the wells were washed, then 100 μL of TMB 

substrate reagent were added to each well and incubated for 30 min at RT under complete 

dark condition. Finally, 50 μL of stop solution was added to each well and the reading was 

immediately recorded at 450 nm. All reagents were prepared strictly following the 

manufacturer’s instructions. 

 

2.11. Histology and scanning electron microscopy (SEM). 

 

     Paraformaldehyde (4%) fixed gastrointestinal tissues were embedded in paraffin and 

sliced to 5μm thick sections which were further deparaffinised and stained with 

Haematoxylin-Eosin (HE) to identify tissue morphology (35, 36). Similar deparaffinised 

slides were used to stain the cell nuclei with 4՛, 6՛- diamino-2-phenylindole (DAPI; 1µg/ml) 

for the morphological assessment of the apoptotic cells following the method of Mohankumar 

et al. (37). Stomach, duodenum and colon tissue sections were subjected to SEM analysis 

following the technique of Cheema and Scofield (38) with some modifications (39) and 

observed under a scanning electron microscope (SEM; Zeiss Evo 18 model EDS8100) 

available at CRNN, University of Calcutta, India. 

 

2.12. Estimation of protein. 

 

     The concentration of protein in the tissue homogenate was estimated following the method 

of Lowry et al. (40). 

 

2.13. Statistical analysis. 

 

     Data of each variable was expressed as mean ± standard error of mean (SEM) (n=6). 

Shapiro–Wilks test was used to find out whether the data sets were normally distributed or 

not. Since all the data sets passed the normality test (p<0.01), one-way analysis of variance 

(ANOVA) followed by a post-hoc Duncan’s multiple range test (DMRT) was performed to 

evaluate the significance in the mean values of different parameters between the treated 

groups, p<0.05 as threshold of significance (41). In case of Western Blot analysis, the band 

intensities of the proteins were normalized by the intensity of β-actin (internal control) and 

expressed as relative densitometric values (RDV) using ImageJ software. Statistical analysis 

and data presentation were carried out using Statistical Package for the Social Sciences 

(SPSS), Inc., Statistics version 21.0 and GraphPad Prism version 6.03 (GraphPad Software).  

 

3. RESULTS 

 

3.1. Effects of melatonin on AD induced alterations in the levels of oxidative stress 

markers in GI tissues. 

 

     In the first set of experiment, AD treatment significantly (p<0.001) increased the levels of 

LPO and PCO in a dose dependent manner, but decreased the levels of GSH in the stomach, 

duodenum and colon tissues when compared to control, where maximum damage was noted 

in the rats treated with AD at a dose of 0.25 mg/kg (Figure 1);- hence, this dose was selected 
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for further study. Oral administration of melatonin (5 mg/kg) significantly (p<0.001) reduced 

the levels of LPO, PCO and increased GSH content in all gastrointestinal tissues selected in 

AD+M group compared to AD alone group (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Effects of adrenaline treatment on the levels of oxidative damage in GI tissues. 

     Diagrammatic representation of the levels of (A) lipid peroxidation (LPO), (B) protein 

carbonyl content (PCO) and (C) reduced glutathione (GSH). Con: control, AD1: adrenaline 

0.125, AD2: 0.25 and AD3: 0.5 mg/kg, respectively. Different letters on the error bars 

indicated significant difference vs each other (p<0.001; n=6/group). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Effects of melatonin on the adrenaline induced alterations in the levels of 

different oxidative stress markers in the GI tissue. 

     Diagrammatic representation of the levels of (A) lipid peroxidation (LPO), (B) protein 

carbonyl content (PCO) and (C) reduced glutathione (GSH).M1: melatonin 2.5, M2: 5 and 

M3: 10 mg/kg., respectively. AD: adrenaline 0.25 mg/kg. Different letters on the error bars 

indicated significant difference vs each other (p<0.001; n=6/group). 

 

3.2. Effects of melatonin on AD induced morphological and ultra-structural alterations 

in GI tissues. 

 

     GI tissues had normal cellular architectures in control and melatonin alone groups (Figure 

3). However, AD (0.25 mg/kg) treatment distorted the gastric mucosae and lamina propria in 
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the stomach tissue and caused desquamation of the villi tips, accumulation of neutrophils and 

damage in the lamina propria layer, thus reducing the thickness of the mucosa layer of the 

villi in duodenum and colon (Figure 3). Melatonin (5 mg/kg) pre-treatment preserved the 

gastric mucosal cells with morphological alterations caused by AD. Moreover, no sign of 

neutrophil accumulation or, desquamation of the villi or, damage in the lamina propria layer 

was noted following melatonin pre-treatment. 

 

Fig. 3. Effects of melatonin on the morphological alterations induced by AD. 

     Representative images of HE staining of the stomach, duodenum and colon tissues of rats. 

All the tissues exhibited normal cellular architecture in the control and melatonin treated 

groups. AD treatment caused profound cellular distortions (red arrows) in the mucosa and 

lamina propria along with desquamation of the epithelial lining. Melatonin pre-treatment 

prevented these alterations in the concerned tissues (green arrows). Con: control, M: 

melatonin 5 mg/kg, AD: adrenaline 0.25 mg/kg. AD + M: adrenaline + melatonin. 

 

     The GI tissues exhibited normal sub-cellular structures in the control and melatonin alone 

groups under the SEM observation (Figure 4). However, AD (0.25 mg/kg) treatment caused 

stomach mucosal injury, and apical cellular erosion of the microvilli in the duodenum and 

colon tissues (Figure 4). Moreover, breakage of the villi tip was widely present in the 

duodenum and mucosal surface in the colon tissues, leading to loss of tissue integrity. 

Melatonin treatment protected the AD induced GI tissue damages and there was no erosion in 

the lamina propria as well as villus tip; thus, epithelial cells were found to be almost intact in 

all three GI tissues with melatonin pretreatment (Figure 4). The results are consistent with 

DAPI staining which showed apoptotic changes in GI tissues - treated with AD. These 

changes included enhancement in the fluorescence along with frequent chromatin 

condensation in the nuclei of the epithelial cell distributed at the tip of the microvilli and 

lamina propria and partially denuded epithelium of villi. All changes were also prevented by 

melatonin pre-treatment (Figure. 5). 
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Fig. 4. Effects of melatonin on the ultrastructure of GI tissue treated with AD. 

     Representative images of scanning electron microscopic (SEM) study of the stomach, 

duodenum and colon tissues of rats. All the tissues exhibited normal cellular architecture in 

the control and melatonin treated groups. AD treatment caused structural damages (red 

arrows) in the mucosa and lamina propria of the gastrointestinal tissues. Melatonin pre-

treatment prevented these alterations (green arrows) in the concerned tissues. Con: control, 

M: melatonin 5 mg/kg, AD: adrenaline 0.25 mg/kg. AD + M: adrenaline + melatonin (0.25 

mg/kg). 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Effects of melatonin on apoptosis in GI tissues caused by the AD oxidative stress.  

     Representative fluorescence photomicrographs of DAPI staining of the stomach, 

duodenum and colon tissues of rats treated with melatonin and adrenaline. In the control or 

melatonin alone group, there was no sign of apoptosis-specific morphological changes. AD 

treatment caused partial denudation of the epithelial lining of the villi and enhanced 

fluorescence in the nuclei of the epithelial cell distributed at the tip of the microvilli and 

lamina propria (red arrows). Melatonin pre-treatment prevented these apoptotic changes in 

the concerned tissues (green arrows). Con: control, M: melatonin 5 mg/kg, AD: adrenaline 

0.25 mg/kg, AD + M: adrenaline + melatonin. 
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3.3. Effects of exogenous melatonin on endogenous melatonin synthesis in the GI tissues 

under AD-induced oxidative stress. 

 

     Concentrations of melatonin and relative abundance of AANAT and MT1 (Figure 6) in 

stomach, duodenum and colon tissues were significantly (p<0.001) decreased in AD (0.25 

mg/kg) treatment but increased in melatonin alone group compared to control. However, 

melatonin (5 mg/kg) pre-treatment significantly (p<0.001) preserved the levels of melatonin 

which was depleted by AD treatment. In addition, the expression of AANAT and MT1 was up-

regulated in GI tissues of AD+M group compared to AD (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Effects of exogenous melatonin on the endogenous melatonergic system in GI 

tissues under AD induced oxidative stress.  

     Diagrammatic representation of the (A) melatonin tissue levels, and immunoblots and 

alterations in the relative densities of (B) arylalkylamine N-acetyl transferase (AANAT) and 

(C) melatonin receptor 1 (MT1) proteins. Different letters on the error bars indicated 

significant differences vs each other (p<0.001; n=6/group), M: melatonin 5 mg/kg, AD: 

adrenaline 0.25 mg/kg, AD + M: adrenaline + melatonin. 

 

3.4 Effects of melatonin on antioxidant enzymes of GI tissues under AD-induced 

oxidative stress. 

 

     Activities of SOD and GR in the stomach, duodenum and colon tissues were significantly 

(p<0.001) decreased, while activities of CAT, GPx and GST were significantly (p<0.001) 

increased in AD group compared to control (Figure 7).  Melatonin alone did not change these 

parameters significantly. However, melatonin co-treatment with AD significantly (p<0.001) 

preserved the activities of SOD, GR, CAT, GPx and GST which were depleted by AD 

treatment (Figure 7). 

 

3.5. Effects of melatonin on the levels of different cytokines under AD induced stress.  

      

     Levels of pro-inflammatory cytokines (IL-1β, IL-6 and TNFα) in stomach, duodenum and 

colon tissues were significantly (p<0.001) increased in AD (0.25 mg/kg) group, while level of 

anti-inflammatory cytokine (IL-10) was decreased compared to control (Fig. 8). However, 

exogenous melatonin (5 mg/kg) significantly (p<0.001) reduced the pro-inflammatory 

cytokines and enhanced anti-inflammatory cytokine IL-10 in AD+M group compared to AD 

group (Figure. 8). 
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Fig. 7. Effects of melatonin on the activities of antioxidant enzymes in GI tissues under 

the AD induced oxidative stress.  

     Diagrammatic representation of the activities of (A) superoxide dismutase (SOD), (B) 

catalase (CAT), (C) glutathione peroxide (GPx), (D) glutathione reductase (GR) and (E) 

glutathione-S-transferase (GST). Different letters on the error bars indicated significant 

differences vs each other (p<0.001; n=6/group). Con: control, M: melatonin 5 mg/kg, AD: 

adrenaline 0.25 mg/kg, AD + M: adrenaline + melatonin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Effects of melatonin on the cytokines in GI tissues under AD induced oxidative 

stress. 

     Diagrammatic representation of the tissue levels of (A) IL-1β, (B) IL-6, (C) tumour 

necrosis factor alpha (TNFα) and (D) IL-10. Different letters on the error bars indicated 

significant differences vs each other (p<0.001; n=6/group) Con: control, M: melatonin 5 

mg/kg, AD: adrenaline 0.25 mg/kg, AD + M: adrenaline + melatonin. 

 

3.6. Effects of melatonin on NFκB, Nrf2, Caspase 9, Caspase 3, Bcl-2 and Bax proteins 

in GI tissues under AD induced oxidative stress. 

 

     AD (0.25 mg/kg ) treatment caused significant (p<0.001) increase in the levels of NFκB, 

caspases (caspase 3 and 9) and Bax proteins, but decreased Nrf2 and Bcl2 levels in the 

stomach, duodenum and colon tissues when compared to control (Fig. 9), thus an increase in 
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the Bax/Bcl2 ratio was observed (Figure 9). However, melatonin (5 mg/kg) treatment 

significantly (p<0.001) reduced the levels of NFκB, caspases (caspase 3 and 9), Bax and 

Bax/Bcl2 ratio, but increased the levels of Nrf2 and Bcl2in all tissues treated by AD (Figure 

9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Effects of melatonin on the expression of the elements involved in apoptotic 

pathway in GI tissues under AD induced oxidative stress.  

     Diagrammatic representation of the immunoblots and alterations in the relative densities 

of (A) NFκB, (B) Bax, (C) Bcl2, (D) Bax/Bcl2 ratio, (E) Nuclear factor erythroid 2-related 

factor 2 (Nrf2), (F) Caspase 9 and (G) Caspase 3. Different letters on the error bars 

indicated significant differences vs each other (p<0.001; n=6/group) Con: control, M: 

melatonin 5 mg/kg, AD: adrenaline 0.25 mg/kg, AD + M: adrenaline + melatonin. 

 

3.7. Effect of melatonin on cellular energy homeostasis, cytochrome c (Cyt C) leakage, 

and regulation of SOD2, PGC1α, AMPKα and SIRT1 and proteins under AD induced 

oxidative stress. 

 

     Mitochondrial levels of Cyt C, SOD2, PGC1α, AMPKα, and SIRT1 in the stomach, 

duodenum and colon tissues were significantly reduced and cytosolic level of Cyt C was 

increased in AD (0.25 mg/kg) group compared to control (p<0.001). Melatonin (5 mg/kg) 

pre-treatment significantly reversed these alterations induced by AD stress (p<0.001) (Figure 
10). 
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Fig. 10. Effects of melatonin on the expression of the elements involved in mitochondrial 

homeostasis in GI tissues under AD induced oxidative stress. 

     (A) Cyt C in cytosol, (B) Cyt C in mitochondria, (C) mitochondrial superoxide dismutase 2 

(SOD 2), (D)Peroxisome proliferator-activated receptor gamma co-activator 1-alpha 

(PGC1α), (E) 5՛AMP-activated protein kinase alpha (AMPKα), and (F) Sirtuin 1 (SIRT1) 

Different small letters on the error bars indicated significant differences vs each other 

(p<0.001; n=6). Cyt C: cytochrome C, Mito: mitochondria, Con: control, M: melatonin 5 

mg/kg, AD: adrenaline 0.25 mg/kg, AD + M: adrenaline + melatonin. 

 

4. DISCUSSION  

 

     Increased levels of LPO in GI tissues might be a consequence of oxidative injury caused 

by high dose of adrenaline (42). Several animal studies have confirmed these similar 

observations (8, 9, 13, 43, 44). The PCO is a common marker of protein oxidative damage (8, 

9, 45, 46). The increased tissue levels of PCO indicate structural and functional damage of 

proteins linked to the auto-oxidation of adrenaline. AD can also reduce glutathione (GSH) 

levels, a potent antioxidant (47) and this further suggests that adrenaline can exhaust 

endogenous GSH pool, probably by generating large quantity of ROS. The high level of ROS 

caused by AD has been reported in the intestinal (9) and cardiac (8) tissues of rat. 

Interestingly, melatonin pre-treatment reduced LPO and PCO levels and increased GSH 

levels in the rats treated with adrenaline. The results show that melatonin has the capacity to 
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protect against the GI tissues from adrenaline induced oxidative stress (8, 9). In the current 

study, it is observed that the significant distortions are present in the mucosa and epithelial 

lining of GI tissues after AD administration. The observations are consistent with the 

previous report which also showed mucosal erosion caused by adrenaline (16). In this study, 

we first report that melatonin administration (5 mg/kg) effectively protected the GI tissues 

from the oxidative damages induced by adrenaline.  

     Little is known regarding the response of the endogenous melatonergic system to 

adrenaline stress in GI tissues. Our results showed that the melatonergic system including its 

synthetic enzyme- AANAT, melatonin and melatonin receptor 1 (MT1) are ubiquitously 

present in GI tissues. Adrenaline treatment down-regulated the expression of AANAT and 

MT1 and led to declined melatonin levels in these tissues. In addition to its auto-oxidation 

mediated indirect blocking of the melatonergic system (9), adrenaline might also directly 

interact with AANAT and MT1 genes to induce DNA damage (10, 12, 48). However, pre-

treatment of melatonin efficiently increased the expressions of AANAT and MT1and enhanced 

the melatonin levels in stomach, duodenum and colon tissues indicating restoration of 

endogenous melatonergic system which was impeded by adrenaline.  

Adrenaline is known to impact the activities of antioxidant enzymes in GI tissue (42). This is 

confirmed in the present study with increased activities of CAT, GPx and GST, and 

decreased activities of SOD and GR with adrenaline treatment. These alterations might be the 

response of the GI tissues to the increasing ROS induced by adrenaline auto-oxidation (8, 9, 

46) as also noted in other tissues (9, 44). Melatonin protected oxidative tissue damages via 

modulation of antioxidant enzyme activities (21, 49). 

     Adrenaline is capable of influencing immune responses, especially inflammatory reactions 

(13, 50). The elevated levels of proinflammatory cytokines of IL1β, IL6 and TNFα and 

reduced level of anti-inflammatory cytokine IL10 observed in the study indicated a 

progressive inflammation in the GI tissues caused by adrenaline. The observation is similar to 

those reported in the plasma as well as other diverse tissues of rat (13, 50, 51). Since 

induction of TNFα involves NFκB, therefore, the levels of NFκB and other apoptosis 

associated caspases were also investigated. NFκB level is considered as a key mediator in the 

progression of oxidative stress (52, 53). A parallel increase in the levels of TNFα, NFκB, 

caspase 9 and caspase 3 indicates the initial up-regulation of NFκB by adrenaline (9) that 

triggers expression of TNFα (9, 54) and then, followed by up-regulations of caspase 9, 

caspase 3 and apoptosis (13). The enhanced NFκB expression and reduced melatonin level 

might also account for the enhancement of the pro-inflammatory mediators (49). The 

increased expression of Bax protein and decreased Bcl2 levels resulted in an elevation of 

Bax/Bcl2 ratio, which indicated adrenaline induced intracellular apoptotic pathway (55) in 

the GI tissues similar to human coronary artery epithelial cells (13, 51). Our results showed 

that melatonin has the capacity to reduce the pro-inflammatory mediators, TNFα, NFκB, 

caspase 9, caspase 3 and Bax, and increase IL10 and Bcl2 levels. All of these may contribute 

to the anti-inflammatory, anti-apoptotic and immunomodulatory functions of melatonin 

against adrenaline induced GI tissue damages. 

     Nuclear factor erythroid 2-related factor 2 (Nrf2), an important transcription factor 

involved in protecting cells from oxidative stress was downregulated, while NFκB levels 

were upregulated in GI tissues following the adrenaline treatment. This supported the 

rationale that Nrf2 is the upstream element of NFκB related inflammatory responses (54, 56). 

The interaction of Nrf2 with response element in the promoter region of antioxidant genes 

up-regulates these antioxidant enzymes under adrenaline induced oxidative stress (54, 56). 

Melatonin pre-treatment increased Nrf2 levels and suppressed NFκB associated inflammatory 

cascades (54, 56). Additionally, adrenaline also downregulated silent information regulator 1 

(SIRT1), a potent cellular energy sensor, whereas melatonin reversed the negative effect of 
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adrenaline as observed in our study and also by others (57). The upregulation of SIRT1 by 

melatonin may also account for the decrease in NFκB level, since SIRT1 is known to directly 

inhibit NFκB by deacetylating its RelA/p65 subunit (57, 58).  

     PGC1α and AMPKα are the master regulators of mitochondrial biogenesis and energy 

homeostasis, respectively (59). Their expressions are down-regulated by adrenaline in GI 

tissues, indicating the impairments of mitochondrial biogenesis and energy metabolism. 

However, we have observed that these disturbances caused by adrenaline are also rescued by 

melatonin which is consistent with the previous findings (59, 60). Judging from the increase 

in MT1 and PGC1α expressions it seems that the upregulation of PGC1α is mediated by 

MT1, another pathway of melatonin protecting tissues from oxidative damages. 

SOD2 protein in the GI tissues may also involve MT1 under adrenaline induced oxidative 

stress (9, 21). It should be known that upregulation of SIRT1 by melatonin might be another 

possible mechanism to increase SOD2 levels (61). Since cytochrome c leakage is an indicator 

of mitochondrial membrane potential collapse (62), increase in cytosolic cytochrome c and 

concomitant decrease in the mitochondrial cytochrome c following adrenaline administration 

suggested opening of mitochondrial permeability pore and cell apoptosis (62). The increased 

cytochrome c leakage is also responsible for activation of caspase 9 and caspase 3 in the GI 

tissues as visualized in hepatoma Hepa cells (63, 64). However, melatonin prevented 

cytochrome C leakage, playing a critical role in the restoration of mitochondrial membrane 

potential (63, 64). 

     In light of the important evidence gathered in this study, it appears that protective effects 

of melatonin on adrenaline induced oxidative stress in GI tissues were primarily via 

upregulation of the endogenous melatonergic system, and other intracellular signalling 

pathways. These include modulation of caspase 9 and 3 mediated cellular apoptotic pathway, 

NFκB-SIRT1 and Bax-Bcl2 dependent pathways. In addition, melatonin preserves cellular 

energy homeostasis and mitochondrial biogenesis through PGC1α-AMPKα pathway. These 

described mechanisms of melatonin to protect against GI damages induced by the adrenaline 

toxicity are illustrated in the Figure 11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Pathways involved in the protective roles of melatonin against adrenaline 

induced damages in the gastrointestinal tract. 

     Green arrows indicated adrenaline auto-oxidation induced activation of different 

intracellular signalling pathways. Red stop symbols indicated protective effects of melatonin 

through inhibition of the intracellular signalling pathways triggered by adrenaline. Red 
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arrow indicated decrease in the level of MT1. Black arrow indicated leakage of Cyt C from 

the mitochondria to the cytosol. AANAT- Arylalkylamine N-acetyl transferase; MT1- 

Melatonin receptor 1; NFκB- Nuclear factor kappa beta; Nrf2- Nuclear factor erythroid 2-

related factor 2; TNFα- Tumor necrosis factor alpha; PGC1α- Peroxisome proliferator-

activated receptor gamma coactivator 1-alpha; SIRT1- Sirtuin 1; Cyt C- Cytochrome C; 

AMPKα- 5՛AMP-activated protein kinase alpha; SOD2- Superoxide dismutase 2. 

 

ABBREVIATIONS 

 

AANAT- Arylalkylamine N-acetyl transferase  

AMPKα- 5՛AMP-activated protein kinase alpha 

CAT- Catalase 

GPx- glutathione peroxidise 

GR- Glutathione reductase 

GSH- Reduced glutathione 

GST- Glutatione-S-transferase 

LPO- Lipid peroxidation 

MT1- Melatonin receptor 1 

NFκB- Nuclear factor kappa beta 

Nrf2- Nuclear factor erythroid 2-related factor 2 

PCO- Protein carbonyl content 

PGC1α- Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

SIRT1- Sirtuin 1 

Cyt C- Cytochrome C 

SOD- Superoxide dismutase 

TNFα- Tumor necrosis factor alpha 
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