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Research Article

AN ETHNOBOTANICAL SURVEY OF PLANTS USED BY THE PEOPLE OF THE

HMAR TRIBE OF DIMA HASAO DISTRICT, ASSAM, NORTH EAST INDIA

INTRODUCTION

The term ethno derives from the Greek word ethnos,

which means nation, tribe, or race. The qualities and

functions of the plants in their environment are well

known to the native population. People depend on

forest resources for a variety of things, such as food,

medicine, wood, and non-timber forest products

(Pushpangadan 1995). Different plant parts are used to

solve health-related issues from some ancient days and

the ethnic people living in remote areas are still

practicing many of such uses (Abu-Rabia 2005,

Pattanayak 2021a, Pradhan et al. 2021). Documentation

of such uses, validation of their reported efficacies,

and efforts to use them in mankind is a continuous

process (Patel et al. 2022, Paul and Sujatha 2022). It

has been observed that the treatment cost of modern

medicine is becoming very high and due to various

reasons, even the availability of laboratory derived

effective antimicrobial medicines is decreasing rapidly

(Pattanayak 2022a, Srinivas et al. 2023, Mondal et al.

2023). So, the importance of evaluation and use of

cheap herb-derived medicines is increasing.

 In many parts of the developing world, traditional

medicine has maintained its appeal, and its usage is

expanding quickly in developed nations. According to

the World Health Organization, traditional medicine

and healing methods represent the major source of

care for almost 80% of people worldwide.

Approximately 6500 plant species are utilized as DIY
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ABSTRACT: The present ethnobotanical study was undertaken to assess the uses of the local plants of

Dima Hasao district, diversity, and conservation concerns of medicinal plants used in the traditional

herbal care system of Hmar tribes in Dima Hasao district of Assam in northeastern India. Since ancient

times, Hmar tribes have used local plants as medicines to treat many human diseases. Such information

has a lot of potential for developing new medications and managing future healthcare.
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(do it yourself) treatments in Asia (Karki and Williams

1999). Plants have long been used by humans as a

source of medicine and for many other purposes.

India is a large country with many different

landscapes, weather, plant communities, and human

populations. Small-town and rural-area residents, on

the one hand, and tribal residents of far-flung villages

make up the bulk of India's ethnobotanical samples.

More than 130 of India's 427 tribal clans are based in

the region's eight northeastern states. Assam is home

to 14 distinct hill tribes or 12.8% of India's total tribal

population. Among these are the Khasi, Jaintia, Garo,

Naga, and a scattering of Mizo and related peoples.

The Lushais, Pawis, Paithes, Raltes, Pang, Hmars,

Kukis, Lakhers, and others are all members of the

Mizo people. An indigenous people known as the

Lushai migrated to India around the turn of the

nineteenth century. The Lushai tribe accounts for the

vast majority of Mizos (the Lushai hills are a southern

extension of the Himalayas, hence the name of the

region). They have learned a great deal over time

about how to employ plants and plant products to treat

a wide range of illnesses. They put a lot of faith in the

treatments of their indigenous folklore medicine and

use only their herbal therapy. Even though there is a

plethora of published information from throughout

India detailing how various indigenous communities

employ various medicinal herbs (Abu-Rabia 2005,

Albert and Gosai 2006).

Explor Anim Med Res. ISSN 2277-470X (Print), ISSN 2319-247X (Online)

Vol. 13, Ethnomed. Spl., 2023 Website: www.animalmedicalresearch.org

DOI : 10.52635/eamr/13(S)141-147



Exploratory Animal And Medical Research, Volume 13, Ethnomedicine Special Issue, September, 2023

142

STUDY AREA

Dima Hasao district is the third largest after

KarbiAnglong and Sonitpur district in Assam. Towards

the north-east, it shares a border with Karbi Anglong

district and Nagaland; to the east, it borders Manipur; to

the north, Hojai district; to the west, Meghalaya; and to

the south, it shares a border with the Cachar district. The

quiet, peaceful towns provide a haven for the locals,

who live in homes as charming and unique as the

region itself. Kachari, Zeme Naga, Hmar, Kuki, Biate,

and Hrangkhol are some of the local peoples (Fig. 1).

plants have been collected and listed with their correct

names, vernacular names, parts used, and uses.

During a field survey, it was discovered that the

Hmar population frequently suffers from many diseases,

like piles, high blood pressure, cancer, dysentery, high

blood sugar, jaundice, skin conditions, asthma,

rheumatism, and more. Out of the 61 plants found,

one plant is used to treat piles and cancer, three plants

are used to treat blood sugar, five plants are used to

treat skin conditions, two plants are used to treat

asthma and rheumatism, eight plants are used to treat

diarrhea, etc. It has been noted that they use most of

the medicinal plants directly or get extracts of their

succulent parts. But during validation of such ancient

wisdom, this point is not given proper importance and

generally only extracts of the dry plant parts are

considered for all related research, though the succulent

parts of the plants contain the highest number and

quantity of phytoconstituents (Pattanayak et al. 2016,

Pattanayak 2020).

The Hmar tribe uses four different species from the

major families Solanaceae and Euphorbiaceae as

medicine. It is interesting to note that different diseases

have been treated using 48% of leaf samples, 16% of

seeds, and 7% of bark. The Hmar tribe consumes 22

species of 15 family vegetables and 22 species of 17

family fruits. Alagesaboopathi (2009), Hossan et al.

(2012) and Ojha et al. (2020) noted various important

ethnomedicinal uses of plants of different tribal

communities.

It is stressed that the flora should be encouraged to

grow these ethnobotanical plants on a wide scale to

optimize the economic situation. There are some reports

of the use of such plants directly as some effective

Fig. 1. Map Showing the study area Dima Hasao

district, Assam, India.

THE FIELD SURVEY

From January 2020 to November 2021 researchers

visited a variety of communities in the Mahur

subdistrict of Assam's Dima Hasao district. The Hmar

people were interviewed to compile basic information

about native flora and their usage. These plants were

gathered with the help of neighborhood experts and

afterward photographed and identified in the herbarium.

Saron, Suongbung, Garden, Khawlzang, Daudung,

Gaidain Raji, Baozen, Chotorongmailai, Zoar, and

Mahur market were the locations that were analyzed.

RESULTS AND DISCUSSION

There has been research done on the significant

ethnobotanical plants used by the Hmar tribe in the

Dima Hasao district. During the present observation

and interaction with villagers, the herbal medicines

practitioners, and other traditional healers of Hmar

tribes, Dima Hasao. 22 species of vegetables, 22

species of edible fruits, and 61 species of medicinal

Fig. 2. Plant parts contributing no. of medicinal

plant species.
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medicines to control many important diseases after

their cultivation and encapsulation for global use

(Pattanayak 2018, 2021b, 2022b) Thus, these

ethnobotanical plants may supply crude pharmaceuticals

of economic importance for which they may become a

very good economic source of the tribal people.

Table 1. List of  ethnomedicinal plants by the Hmar tribes of Dima Hasao, Assam, India.

Plant name (Family) Vernacular name Parts Purpose of use Mode of use

used
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Plant name (Family) Vernacular name Parts Purpose of use Mode of use

used
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Plant name (Family) Vernacular name Parts Purpose of use Mode of use

used
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Plant name (Family) Vernacular name Parts Purpose of use Mode of use

used

CONCLUSION

This study has uncovered important details on the

edible plants, vegetables, and fruit that the Hmar tribe

in the area uses for ethnomedicine. It is vital that locals

are made aware of the medical benefits of these native

plants and properly networked, as well as formulate

plans to safeguard and conserve these species. To have

such a reliable system, input from diverse societal

sectors, professions, and strata will be necessary.

However, because ethnic or tribal people used to sell

these plants on the market for high rates, many of the

ethnomedicinal plants are now becoming scarce. The

overuse of many useful therapeutic plants in nature

demonstrates how uncommonly they are found in rural

areas. To preserve the genetic resources of the plants

and their long-term uses, an immediate effort must be

made to safeguard these ethnomedicinal plants by mass

propagation and the cessation of overexploitation of

local medicinal plants from other regions of the Dima

Hasao district. Additionally, comparable research must

be started in other tribes as well.
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Introduction 

Tripura (22°56'– 24°32' N; 91°09'–92°20' E) is the 

second smallest state in North-eastern India.  It is located 

at the biogeographical convergence of the Indo-Burma 

zone (Rao, 1994) and constitutes a part of the IUCN 

recognized Indo-Burma biodiversity hotspot 

(Mittermeier et al., 2004). The environment of Tripura 

was greatly influenced by its undulating topography, 

high terrain and rainfall (Kar & Datta, 2015).  

During the field surveys (Feb.  2022 to March 2023) 

in Tripura state, specimens of an interesting Compo-

sitae/Asteraceae were gathered from Suryamaninagar of 

West Tripura and Bishalgarh of Sipahijala districts. On 

careful observation, coupled with scrutiny of pertinent 

literature (Deb, 1981‒1983; Bunwong & Chantaranothai, 

2010; Das, 2014), the specimens were identified as of 

Pseudelephantopus  Rohr, a genus of Compositae so far 

not been recorded from Tripura state by Deb 

(1981‒1983) or later workers on its flora.  

The genus Pseudelephantopus Rohr (Asteraceae: 

Vernonioideae:  Vernonieae)  is native to the New World, 

from Mexica to tropical America,  with two accepted 

species, namely P. spicatus (B.Juss. ex Aubl.) Rohr ex 

C.F.Baker and P. spiralis (Less.) Cronquist (POWO, 2023). 

The present collection is identified as of P. spicatus which 

is the only species known from India, as an introduction.  

Hitherto it was reported from Assam, Uttar Pradesh and 

West Bengal. Therefore, the present discovery of the 

genus constitutes a new generic record for Tripura state, 

India. The voucher specimen is deposited in the herb-

arium of the Department of Botany, Tripura University. 

 

Taxonomic treatment 

Pseudelephantopus spicatus (B.Juss. ex Aubl.) Rohr ex 

C.F.Baker, Trans. Acad. Sci. St. Louis 12(5): 56. 1902; 

N.M. Dutta & D.Mitra, Indian Forester 87(5): 308. 

1961. Elephantopus spicatus B. Juss. ex Aubl., Hist. 

Pl. Guiane 2: 808. 1775. (Plate 1). 

Description:  Perennial herb, 12–65 cm high. Stem 

erect, branched, puberulous. Leaves rosulate or spiral at 

base, sub-sessile; basal leaves spatulate; distal ones 

elliptic, 5–18×1.5–6.5 cm, abaxially hirtellous, especially 

on veins, densely glandular, adaxially scabrous, or sub-

glabrous, glandular; lateral veins 7–12 pairs; petioles up 

to 2 cm long; base attenuate, margin entire or remotely 

serrate, apex obtuse or shortly acute; upper leaves much 

shorter, linear-lanceolate, 4–12×0.2–1.5 cm, attenuate at 

ends; petioles 1.5–1.8 cm long. Inflorescence of several 

spicate-glomerate leafy branches, 1‒7 head, supported 

by narrowly linear foliaceous bracts. Capitula tubular or 

oblong, 1.2–1.9 cm long; receptacle flat, 0.8–1.6 mm in 

diam., glabrous;  phyllaries 8, light or dark green, 5–12 

mm long, entire or filiferous, pilose, eglandular; the outer 

ones lanceolate, apex acute; the inner ones obovate-

lanceolate or oblong, apex acute. Florets 4, salverform, 

white, zygomorphic, glabrous; corolla tube 4.5–9.5 mm 

long, 5-lobed; lobes lanceolate, 2.2–3.5 mm long. Stamens 

5; anthers 1.2–2.5 mm long, apical appendages acute, 

bases acute. Ovary unilocular, style white, 5.4–9.5 mm 

long, pubescent, lobes 2. Achnes linear oblong, 5.5– 6.2 

cm long pappus of 8-10, persistent; 2 of these twice-

folded at apex (plicate), 2.2–7 mm long. 

Flowering and fruiting: February–June. 
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Plate 1. Pseudelephantopus spicatus: A‒Habit in its habitat; B‒Flowering twig; C‒Capitulum; D,  E ‒Dimorphic bracts; F‒Single 

floret; G‒Androecium; H‒Style with re-curved stylar branches; I & J‒Pappus; K‒V.S. of ovary. [inverted with the placenta 

up] 
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Distribution: China, Philippines, Jamaica, Mexico, 

Malay Archipelago, Thailand, Taiwan, Africa and India: 

Assam, Tripura [present record], Uttar Pradesh and West 

Bengal. 

Specimen examined: INDIA, Tripura: West Tripura 

distr., Suryamaninagar (23°45.00'50.40" N; 91°15'38.20" 

E; 24 m AMSL; 12.02.2022, Bhattacharya & Datta TUH-

4307;  Sipahijala distr., Bishalgarh: 23°33'57.8" N; 

91°25'22.9" E;  33 m AMSL: 23.03.2022, Bhattacharya & 

Datta TUH-4359.  

Note: The genus Pseudelphantopus has superficial 

semblance to Elephantopus of the same family wherein 

the capitual are usually terminal and more than 10, not 

spicate and the achenes bear pappus of many straight, 

scabrid-barbellate and basally widened awns. On the 

other, P. spiralis, the second species known of 

Pseudelphantopus is distinct being a stoloniferous herb, 

with achenes being resin-dotted, bearing single series of 

pappus of 5‒10 bristle of more or less equal length 

(WFO, 2023). 
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Abstract 

Datura metel L. is an important medicinal plants of Tripura. There are four 

floral morpho-types found throughout India. The floral biology of four 

morpho-types of D. metel collected from different places of Tripura state 

have been investigated based on their morphological and palynological 

study. Initiation of the floral bud, anthesis, pollen viability, pollen 

germination, and pollen production are the topics covered in the present 

study. The present study includes photographic representations and UPGMA 

dendrogram for quick identification, as well as a detailed explanation of four 

morpho-types of the species.   
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Introduction 

Datura is an important genus of the Solanaceae family and comprises 

approximately 15 species. In India, five species of Datura, Datura metel L., D. 

stramonium L., D. ferox L., D. innoxia Mill. and D. quercifolia Kunth were 

recorded. As the name "Datur" is derived from the Indian word for the seed 

capsule "Dhatura", the term "Dhatura" commonly refers to Datura metel (1). 

However, any species belonging to the entire genus may also be referred to 

as "Dhatura" (2). Datura metel is a perennial herbaceous plant that can grow 

to a height of 1.5 metres. The leaves of the plant are dark green, glabrous, 

simple, alternate, broadly ovate, and shallowly lobed. Flowers are huge, 

solitary, trumpet-shaped, and have a sweet aroma that is typically savoured 

in the mornings and nights. Colour of the flowers vary from white to yellow 

and light to dark purple and pollination is through insects. Different colours 

of corolla and sweet fragrances of D. metel attract the insects. The fruit is a 

capsule and it is covered by tiny spines. The plant is typically found growing 

in waste areas and along roadsides. This plant tolerates mediocre soil but 

prefers rich, moist soil. Since 16th century, the use of the genus Datura has 

been established in traditional medicine, associated with its psychotropic, 

anticholinergic, and anti-inflammatory effects (3). Night-blooming Datura 

species, such as D. innoxia, D. metel, D. stramonium and D. wrightii are grown 

for their attractive, funnel-shaped and scented blooms (4).  

             Studies of reproductive biology or floral biology are essential for the 

successful cultivation, conservation and genetic improvement of plants (5-7). 

Knowledge of the floral structure and breeding systems is important for the 

controlled pollination and crossing of any species. Inflorescence structure 

influences the foraging efficiency of insects, the degree of outcrossing and 

other aspects of plant reproductive success (8). There has been no previous 
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record of published studies on reproductive biology, 

including the floral structure, floral morphs and 

development of D. metel. 
 

Materials and Methods 

Six populations of D. metel  were selected for the present 

investigation in the natural conditions. The selected places 

were Damdamia (N 23°53 '48.9" and E 091°18'27.6"), 

Mohanpur (N 23°58'15.0" and E 091°22'20.5"); Khowai (N 24°

04 '03.5"and E 091°36'15.2"); Bishalgarh (N 23°33 '57.8" and  

E 091°25'22.9");  Dhalai (N 24°11 '48.7" and E 091°49'42.5") 

and  Udaipur (N 23°33 '02.2"and E 091°27'48.9"). 

         As per the field investigation, the species exhibited four 

different floral morphs (morphs 1, 2, 3, and 4) that could be 

distinguished by the colour of the corolla and shape of the 

capsules. The first morph type (morph 1) had an entirely 

purple corolla; the second morph (morph 2) displayed a 

completely purplish white corolla; the third morph (morph 

3) had white corolla; and the fourth morph (morph 4) had 

yellow corolla. The shape of fruit capsules is an important 

character of Datura for proper identifications. Here, round to 

ovoid shape capsule were present in morph 1, oval shape 

capsule in morph 2, broad-ovoid capsule in morph 3 and 

ovoid-ellipsoid capsule in morph 4.  The samples were 

collected when they were in full bloom and images of the 

flowers were taken with a Nikon (D5600) camera, and some 

fresh specimens were collected from the field for further 

taxonomic authentication. Morphological and 

morphometric analysis were performed using a stereo 

microscope (Stimi508, Carl ZEISS), binocular microscope 

(OLYMPUS CX23), and a scanning electron microscope 

(Sigma 300, Carl ZEISS) at the Central Instrument Centre, 

Tripura University, India. Various important characteristics 

of four floral morphs of D. metel L., UPGMA dendrograms 

(Fig. 4) were created based on the floral morphometric 

properties. The processed specimens (9) were placed in the 

Tripura University Herbarium (TUH). 

           Five healthy plants were chosen from each population 

and the phenological characters were observed periodically 

in the natural habitat. Habit of the plant, the time of 

anthesis, floral bud initiation and blooming were noted 

during systematic observational study. Morphological and 

morphometric studies of flowers were carried out using a 

hand lens and a dissecting microscope. The process and the 

pollinating agents of the flowers were noticed and 

documented (Plate 1 and 2). The morphology and 

morphometric analysis of acetolysed pollen, mounted in 

glycerine jelly was performed under oil-immersion (10, 11). 

In-vitro pollen germination and pollen tube germination was 

carried out following the standard methods (12, 13). 

Acetocarmine (2%) and 2, 3, 5-triphenyl tetrazolium chloride 

(TTC; 1%) solutions were used to examine pollen fertility 

and pollen viability respectively (14, 15). The pollen 

germination study was conducted using various 

concentrations of sucrose solution (2%, 5%, 10%, 15%, 20%, 

25%, 30%, 35%, and 40%) and 10% sucrose solution 

combined with various concentrations of boric acid. Stigmas 

of various ages were fixed in Carnoy's fixative for 3 to 4 

hours, stained with aniline blue-lactophenol, and then 

examined under a microscope to determine the stigma 

receptivity (16). The stigmas with the developing pollen 

grains were regarded to be receptive and the pollen-ovule 

ratio was determined using Dafni’s method (17). 

Plate 1: 1a)Flower,1e)Stigma, 1i)Fruit,2a) Seeds and 2e) Pollen  of Morph 
1; 1b)Flower, 1f)Stigma, 1j)Fruit, 2b) Seeds and 2f) Pollen  of Morph 2; 1c)
Flower,1g)Stigma, 1k) Fruit,2c) Seeds and 2g) Pollen  of Morph 3 and 1d)
Flower,1h)Stigma, 1l) Fruit,2d) Seeds and 2h) Pollen  of  Morph 4 of 
Datura metel . 

Plate 2: 3a) Muntzing’s mixture, 3b) 2% Aceto-carmine, 3c) Lactophenol 
cotton blue, 3d) TTC  pollen viability slides of Datura metel L.; 3e) Pollen 
germination in 10 % sucrose of Datura metel L., 3f) Pollen germination in 
10 % sucrose with 500 ppm Boric acid solution of Datura metel 
L.;4a),4b),4c),4d) and 4e) Different pollinators of Datura metel L. 
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Results  

Floral Phenology 

All of the plant phenotypes were observed from April 2019 

to October 2020, and then again from May 2021 to April 

2022. The blooming period of all the plants ere lasted for 2-

3 months; however in D. metel it was throughout the year, 

but its prime flowering time was from the end of March to 

the middle of December. It took 18-20 days for vegetative 

shoots to produce floral buds, however, it took only 12–15 

days for the buds to bloom. The ovary produces ripe fruits 

after 15–25 days of pollination. It was discovered that on 

rainy days, the process of anthesis, when the flower 

emerges from its bud, is delayed by an hour. Between 4 

and 5 O'clock, anthesis occurred, and between 5 and             

6 O'clock, the bloom unfolds. The average lifespan of a 

flower was 37.1 ± 0.75 hours with a range of 35 - 40 hours. 

Floral Morphology 

Inflorescence is solitary, in fork of branches; pedicel 5-6 

mm in length, pedicel indumentums densely hairy. Calyx 

60-90 mm in length, 34-55 mm in width, calyx 

indumentums densely hairy, purple or green in colour, 

calyx teeth 5, 10-16 mm in length, unequal, apex 

acuminate. Corolla infundibuliform, lobes 5-10, purple/

yellow/white/purplish white in colour, 150-200 mm in 

length, 60-130 mm in width. Lobes 20-26 mm in length, 

apex acuminate. Stamens 5-7, filament 100-150 mm in 

length, hairy at adnate region, anther 13- 15 mm in length, 

0.2-3.2 mm in width, yellowish white in colour, anther 

indumentums sparsely hairy. Ovary ovoid, carpel 2, 4-8 

mm in length, 3-6 mm in width, style 118-150 mm in 

length, stigma 3-4 mm in length, 2-3 mm in width. 

Pollinating agents 

There were a total 10 genera of floral visitors out of which 

Apis sp., Alphitobius diapernus, and Tapinoma 

melanoceophelum were the significant floral visitors. 

Pollination activity was most conveniently operated 

during 6 am to 12 pm, and it slowly declined later. It was 

found that Apis sp. regularly visited the flowers during the 

day time for pollination. It has been recorded that 

Alphitobius diapernus visited during the pollination one to 

three flowers per spell. The duration of the visit was 10 to 

30 seconds per flower. Tetragonula sp. were significant 

fIoral visitor in Morph 1, 2 & 3; Alphitobius diapernus were 

in Morph 2 & 4 and Camponotus compressus were in Morph 

1, 2 & 3.  Bees would visit one to six blooms at a time, 

staying for four to sixty seconds each time. The pollination 

method, which was determined to be most useful, 

involved Apis sp. visiting the flowers to gather pollen and 

nectar. They frequently move from one flower to another, 

which may facilitate pollen transport. After the flowers are 

opened, the visitors to the blooms begin their activities. 

During cloudy days, there is less insect activity. Flowers 

with morph 1 and morph 2 had the highest frequency of 

floral visitors, whereas flowers with morph 4 (entirely 

yellow) had the lowest frequency (Table 2). 

Stigma receptivity 

In D. metel, the stigma became receptive between 15 and 

17 hours before flowering, and the flowers bloomed 

between 17 and 18 hours. During the second day of 

blossoming, the stigma was still open. The stigma was 

glossy and yellowish when in the receptive condition and 

turned blackish red when the receptivity is lost. In D. metel, 

the stigma receptivity lasted anywhere from a few hours to 

a few days. The time of day and the existence or absence 

of stigmatic exudates may have an impact on the 

susceptibility to stigma. Environmental elements like 

temperature and humidity have an impact on the 

receptivity period.  Typically, the stigma's receptive period 

lasted until the third day of flowering on overcast and wet 

days. Also correlated with the shift in blossom colour is 

stigma receptivity. According to the findings, the stigma of 

morph 1 was more receptive than those of the other three 

morphs. 

Pollen Viability 

Pollen viability is the ability to successfully complete 
fertilisation on a suitable, receptive stigma and carry out the 
post-pollination activities. Pollen viability also known as 
pollen stainability as it depends on the staining method (18). 
In order to discriminate between viable and nonviable pollen 
grains as well as fertile and sterile pollen grains, all of the 
colours used in this experiment demonstrated good colour 
contrast. 

     A high likelihood of fertilisation may be ensured by the 
pollens of D. metel, which demonstrated great viability and 
fertility rates. The pollens of morph 2 showed higher 
percentages i.e. 95% than the other floral morphs in all tests 
for viability and fertility (Fig. 1). 

Parameters Morph 1 Morph 2 Morph 3 Morph 4 

Calyx size 60 mm (<70mm) 69 mm (<70mm) 78mm (<100mm) 82mm (<100mm) 

Calyx teeth no. 5 (2+1+2) 5 (2+3) 5 (2+1+1+1) 5 (2+1+1+1) 

Corolla size 177mm(<200mm) 182mm(<200mm) 192mm(<200mm) 203mm (>200mm) 

Stamen size 13 to 14 mm 15mm 15mm 14mm 

Pollen 
size 

  
P 

50.71  ± 0.91 
  

44.70 ± 0.63 
  

47.66 ± 0.85 
  

47.41 ± 1.08 
  

E 48.60 ± 1.14 
  

47.92 ± 0.52 
  

43.23 ± 0.95 
  

43.43 ± 0.43 
  

Style length 119 mm 126mm 124mm 148mm 

Ovule number (Mean±SE) 205.4  ±  1.99 210.6  ±  2.85 208.8 ± 2.03 197.6 ± 1.46 

Fruit size (Mean±SE) 43.8 ± 0.95 
  

52.8 ± 1.37 
  

50.3  ± 1.00 
  

39.1 ± 0.86 
  

Seed weight (Mean±SE) 0.0167 ± 0.00 0.0182 ± 0.00 0.0189 ± 0.00 0.0160± 0.00 

Table 1. Comparison of different essential characters of four floral of morphs of Datura metel L. 
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Pollen germination 

In this study, the pollen grains displayed the highest rates 

of germination (81.18% by D. metel morphs 1 respectively) 

and pollen tube formation (705.433±61.376 µm, 785.42± 

18.95 µm by the morphs 1, 2 respectively) in 10% sucrose 

solution. The maximum pollen germination rate (80.01 

±1.16) by morph 1 in D. metel and the largest pollen tube 

development (814.37± 25.67 µm) by morph 3 were seen in 

500 ppm Boric acid +10% sugar solution, which was one of 

several concentrations of boric acid and 10% sucrose 

solution (Fig. 2, 3).  

Pollen: ovule ratio 

According to Shivanna et al. (19), the pollen: ovule ratio is 

a more reliable indicator of reproductive success than the 

total amount of pollen in each flower or plant. During the 

present investigation estimated pollen: ovule ratio was 

found to be 8259.72 ± 153.50 in morph 1, 1994.25 ± 73.64 in 

morph 2, 2820.21 ± 175.922 in Morph-3 and 5251.4 ± 

535.751 in morph 4 (Table 3). According to Cruden (20), 

xenogamous flowers had pollen: ovule ratios that ranged 

from 2108 to 19523. According to Cruden's findings and 

Sl. 
no. 

Name of floral visitors Family Visiting time 
Frequency of visitation 

Morph 1 Morph 2 Morph 3 Morph 4 

1. Tetragonula sp. Apidae Day ( 8 am to 11am) ++ ++ ++ -- 

2. Alphitobius diapernus Tenebrionidae 
Evening (5 pm) to  Night (1 
am), Day (7 am to 10 am) -- ++ -- ++ 

3. Forficula auricularisa Forficulidae Day ( 2pm to 4pm) ++ -- ++ ++ 
4. Maladera sp. Scarabaeidae Day ( 9 am to 11am) ++ ++ ++ -- 

5. Eunconocephalus 
thunbergi 

Tettigoniidae Evening ( 5pm  to 7pm) ++ ++ -- -- 

6. Apis sp. Apidae Day (6am to 11 am and 3pm to  
5pm) 

++ ++ ++ ++ 

7. 
Tapinoma 

melanoceophelum Formicidae 
Night (9 pm ) to  Day 

 (10 am) 
-- ++ -- ++ 

8. Camponotus compressus Formicidae Night (7 pm to 1am) ++ ++ ++ -- 

9. Aulacophora nigripennis Chrysomelidae Day ( 6 am to 12pm) ++ -- ++ ++ 
10. Megacopta sp. Plastuspididae Day (4 am to 11am) -- -- ++ ++ 

Table 2. Floral visitors of four floral morphs of Datura metel L. 

Figure 2: Extent of pollen germination in four floral morphs of 
Datura metel in different concentration of sucrose solution. 

Figure 3: Extent of pollen germination in four floral morphs of Datura 
metel in different concentrations of boric acid along with 10 % sucrose 
solution. 

Figure 1: Pollen viability of four floral morphs of Datura metel. 

Figure 4: UPGMA dendrogram based on floral morphometric 
characters by Comparison of different essential characters of four 
floral of morphs of Datura metel . 
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the pollen-to-ovule ratio statistics for D. metel, the species 

is obligately xenogemous. Xenogamous flowers had 

pollen: ovule ratios that ranged from 2108 to 19523. 

According to Cruden's findings and the pollen-ovule ratio 

statistics for D.metel, the species is obligately 

xenogemous. 

Reproductive Success 

Morph 2 was able to produce the largest number of 

inflorescence per plant of 53 to 101 (mean ± SD, 53.4 ± 

2.30, n = 50) and lowest in morph 4 varied between 34 and 

84 (mean ± SD, 34.4 ± 4.602, n = 50), respectively. Whereas 

fruit set/inflorescence showed highest and lowest values 

in morph 4 (mean ± SD, 125.82 ± 4.91, n = 50) and morph 2 

(mean ± SD = 108.212 ± 1.09, n = 50). The D. metel plant has 

the absolute/maximum reproductive potential (Rm) to 

produce 11320.6 ± 378.97, 10703.6 ± 579.82, 10857.8 ± 

699.07 and 7242.6 ± 1013.99 seeds, respectively (Table 4). 

Morph 1 showed the highest value of maximum 

reproductive potential (Rm) and Ecological reproductive 

potential (Re) i.e. 11320.6 ± 378.97 and 11270.4 ± 400.92 

(Table 4). This could be as a result of some significant 

ecological constraints. 

 

Discussion 

The four investigated floral morphs of D. metel of the family 

Solanaceae were characterized by some important floral 

morphological features which can serve as marker characters 

for the identified different morphs of this species (Plate. 1, 2). In 

previous studies morph 1 was considered as D. metel (21). But 

the present study clears the doubts abouts floral morphotypes 

of D. metel. It was observed that all studied floral morphs of D. 

metel showed that the initiation timing of floral buds takes 18 

to 20 days to develop from vegetative shoots. Whereas, floral 

buds take 12-15 days to bloom. After pollination, the ovary 

takes 15-25 days to produce a mature fruit and the period of 

anthesis was 4.00 to 5.00 pm and the flower opens from 5.30 to 

6.30 pm. In Table 1, there are comparisons of different essential 

characters (calyx size, calyx teeth, corolla size, pollen size, 

stamen size, style length, ovule no., fruit size and seeds weigth) 

of four floral morphs of D. metel. A total of 10 genera of floral 

pollinators were recorded. The important floral pollinators 

were Apis sp., Alphitobius diapernus and Tapinoma 

melanoceophelum. From 6 am to 12 pm, there was a spike in 

the pollinator’s activity. In the late afternoon and at night, there 

were fewer floral pollinators. The Apis sp. frequently visited the 

flowers during the day, whereas Thrips did so both during the 

day and at night. Almost one to three flowers were visited in a 

single spell by A. diapernus (Table 2). Flowers begin to bloom 

between 17.00 and 18.00 hours before the stigma became 

receptive. One to three flowers were visited in a single spell 

by Alphitobius diapernus (Table 2). Flowers begin to bloom 

between 17.00 and 18.00 hours before the stigma becomes 

receptive. During the second day of blossoming, the stigma is 

still open. The stigma is glossy and yellowish when in the 

receptive condition and turns blackish red when the receptivity 

is lost. All the dyes used in the experiment for pollen viability of 

four morphs of D. metel (Fig. 1) showed good colour to 

differentiate between fertile and sterile pollens viz., larger 

percentages of Muntzing’s mixture (95.83% in morph 2), 

Acetocarmine (95.60 % in morph 4) and Lactophenol cotton 

blue (95.60% in morph 2). In the TTC test the percentage of 

viable pollen was 93.71% in morph 1 (Fig. 1). Saha & Datta (22) 

also found similar results in their experiments, emphasizing 

that pollen grain viability assessment through the staining 

method seemed to express the germination potential, but not 

its occurrence. It may be explained by the fact that this 

technique overestimates the percentage of pollen tubes 

formed. Pollen viability is considered as an important 

parameter of pollen quality (23). Pollen size and viability are 

good markers of the course of microsporogenesis. The effect of 

sucrose on in vitro pollen germination of D. metel showed that 

the four morphs of this species required comparatively low 

sucrose concentration (10%) for their optimal germination (Fig. 

2). It was also observed that to some extent boric acid also 

influences the percentages of pollen germination. However, 

Floral Attribute 
Values  (Mean ± SE) 

Morph 1 Morph 2 Morph 3 Morph 4 

Number of Pollen per anther 339582.8 ± 9304.23 75390.2 ±  2211.45 115087±7857.53 
77107 ±3144.16 

  

Number of Pollen per flower 1697914  ±  46521.14 376951 ±  11057.24 
587437 ± 32219.6 

  
1034388 ± 99804.3 

Number of ovule per flower 205.4  ±  1.99 210.6   ± 2.85 
208.8 ± 2.03 

  
197.6 ± 1.46 

Pollen / Ovule Ratio 
8259.72 ±  153.50 

  
1794.25 ±  73.64 

  
2820.21 ± 175.92 

  
5251.40 ± 535.75 

  

Assessment The high P/O ratio along with high pollen production attributes to its high seed set. 

Table 3. Pollen production and pollen: ovule ration in four floral morphs of Datura metel L. 

Floral attributes Morph 1(Mean±SE) Morph 2(Mean±SE) Morph 3(Mean±SE) Morph 4(Mean±SE) 

Inflorescences / plant 
53.4 ± 2.30 

  
48.7 ± 1.90 

  
45 ± 2.93 

  
34.4 ± 4.60 

  

Fruit set 
124.97 ± 9.21 

  
108.21 ± 1.09 

  
113.59 ± 5.99 

  
125.82 ± 4.91 

  

Seeds per fruit 
202.5 ± 5.15 

  
191.5 ± 2.50 

  
179.5 ± 5.43 

  
125 ± 5.51 

Absolute / maximum 
reproductive potential (Rm) 

11320.6 ± 378.97 
  
  

10703.6 ± 579.82 
  
  

10857.8 ± 699.07 
  
  

7242.6 ± 1013.99 
  
  

Ecological/realized 
reproductive potential (Re) 

11270.4 ±  400.92 
  

10650.6 ± 572.28 
  

10776.2 ± 701.02 
  

7104 ± 1020.75 
  

Table 4. Absolute and Ecological Reproductive Potential 
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the best result was obtained in 10% sucrose solution 

supplemented with 500 ppm boric acid (Fig. 2, 3). Lower 

concentrations than 300 ppm were shown to be toxic and to 

have the lowest germination rates in the four morphs of D. 

metel. Similarly, concentrations of boric acid, higher than 300 

ppm showed larger pollen tubes and maximum germination 

percentages. Boron may increase the uptake of sucrose and 

induce germination because it is known to interact with sugar 

to form a sugar-borate complex, which is more easily 

transported than non-borate sugar molecules (19). Saha & 

Datta (24) and Kar & Datta (25) have also recorded similar 

results.  The pollen: ovule ratio is 2108 to 19523. According to 

Cruden's findings and the pollen-ovule ratio statistics for D. 

metel, the species is represented  obligately xenogemous. The 

present study represented the values of ecological 

reproductive potential (Re) i.e. 11320.6 ± 378.97 and 11270.4 ± 

400.92 (Table 4). This could be as a result of some significant 

ecological constraints. 

 

Conclusion 

This article is the first to include full information on the 

floral biology and phenological investigations on floral 

morphotypes of D. metel L. This species has night 

blooming flowers and the floral opening occurs between 

05:00 h to 06:00 h. Funnel shaped with different coloured 

corolla and are the main attractive structure to pollinating 

insects. The shape of fruit capsules is an important 

character to properly identify the four morphs of D. metel. 

The field experiment indicated classification D. metel as 

xenogamous flower according to the P/O ratio. The 

different concentrations of sucrose (2%, 5%, 10%, 15%, 

20%, 25%, 30%, 35%) and boric acid (100ppm, 200ppm, 

300ppm, 400ppm, 500ppm) used in the study of in vitro 

pollen germination. This study has to be expanded to 

include more Datura species in order to find cross-

promoters for future crosses that will result in hybrids with 

the potential to be useful in agriculture, pharmacological, 

and ornamentation. This present work discusses that the 

floral biology and phenological studies of D. metel is 

valuable for understanding the reproductive biology and 

pollination ecology of other Datura species in addition to 

its critical implications for the preservation and 

management of this important plant. 
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Abstract The de novo programming technique is used 
to design an optimal system when the objectives and con-
straints are linear. It was initially introduced with crisp 
parameters. Later, de novo programming with fuzzy param-
eters has been studied to make it more flexible. But the fuzzy 
set has its limitations too. On the other hand, type-2 fuzzy 
sets are capable of embracing even those uncertainties that 
have not been covered or addressed by fuzzy sets. So the 
general de novo programming problem with interval type-2 
fuzzy parameters has been introduced and studied here to 
make the system more reliable by removing the shortcom-
ings of the human thinking process. This makes de novo 
programming better for modelling real-life problems than a 
fuzzy (type-1 fuzzy) logic-based system. The solution pro-
cedures for the proposed problem have been illustrated by a 
solid transportation problem.

Keywords De novo programming · Interval type-2 fuzzy 
set · Defuzzification · Multi-objective optimization · Min–
max goal programming
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1 Introduction

The De Novo Programming concept was first proposed by 
Zeleny [1], to design an optimal system by extending exist-
ing resources if necessary instead of finding an optimum in 
a given system with fixed resources. This method was first 
designed for single-criteria decision making [1, 2], later, it 
was extended to multi-criteria decision making, containing 
the maximizing type of objectives only [3–5]. In real-life 
situations, the decision-maker often has to consider several 
objectives, like high quality of product, maximization of 
profit, employment stability, minimizing cost, etc., due to 
some social and other requirements. So the concept of the 
general de Novo programming problem (GDNPP) involving 
both maximizing and minimizing types of objectives came 
into the literature [6–8]. In GDNPP, the objectives are often 
conflicting in nature too. In multi-objective optimisations, 
due to the conflicting nature of the objectives, the decision-
maker has to settle for some sort of compromise or trade-
off solution. The main target of multi-objective de Novo 
programming (MODNP) is to obtain a trade-off free solu-
tion and full utilization of scarce resources. Thus, through 
MODNP, the decision maker can optimize the objectives 
simultaneously or obtain objective values that are close to 
their respective optimum values under a given budgetary 
provision using path ratios [9]. One salient feature of de 
Novo programming formulation is the introduction of budget 
constraints. Combining this budget constraint with the given 
structural and technological constraints, we can get a single 
constraint. The set of basic feasible solutions to the single 
constraint problem and that of the given problem are the 
same. A budget is expended to harness resources. With the 
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increase in budget allocation, more and more resources can 
be made available to the system, and thereby the feasible 
region of the solution gets extended. In the extended feasible 
region, one may find a point that simultaneously optimizes 
all the objectives. But no general method exists for the solu-
tion of GDNPP involving both maximizing and minimizing 
types of objectives [6–8].

In real-world problems, it is only rarely possible to deter-
mine the coefficients of the variables appearing in the de 
Novo programme or other linear and non-linear programmes 
with accuracy. So the decision-maker has to deal with inac-
curate data, which adversely affects the solution obtained. 
Fuzzy sets address the uncertainty inherent in the human 
thinking process to some extent. In fuzzy sets, for each mem-
ber of the universe of discourse or primary domain, a real 
number in [0, 1] is assigned as a membership grade of the 
element. But such an assignment of a unique or crisp mem-
bership grade may not always be possible. So there are some 
uncertainties that remain unaddressed. This is a limitation 
of fuzzy sets. On the other hand, in type-2 fuzzy sets intro-
duced by Zadeh [10] the membership functions are them-
selves fuzzy and hence are able to incorporate the uncertain-
ties not being tackled by fuzzy sets. Thus, to encompass the 
uncertainty of a system more aptly in such situations, type-2 
fuzzy sets (T2FSs) are preferred. T2FSs allow us to handle 
linguistic uncertainties as well as numerical uncertainties. 
A system described by a higher type (e.g., type-2) of fuzzy 
sets is regarded as one way to increase the fuzziness of the 
system [11]. Also according to Hisdal, increased fuzziness 
in a description means increased ability to handle inexact 
information in a logical manner [12]. Therefore, to make 
the construction of GDNPP more efficient and realistic in 
real-world applications, type-2 fuzziness in the parameters 
of GDNPP has been proposed in this paper.

But it is very difficult to manipulate T2FSs in numeri-
cal applications. However, the problem can be considerably 
simplified if the secondary membership grades of the T2FS 
are all taken as one. The resulting T2FS is called the interval 
type-2 fuzzy set (IT2FS), and it has the capacity to reflect 
uncertainties more than that of a fuzzy set or type-1 fuzzy set 
(T1FS). It has been shown that IT2FSs can outperform their 
T1FS counterparts in a variety of fields, including data and 
image processing and decision-making [13]. In the proposed 
model of GDNPP, the parameters of costs, technological 
coefficients, and unit prices of the resources used are all 
taken as IT2FS.

Again, to get the output of a decision process involving 
IT2FSs as parameters in crisp form (which is needed in 
practical applications), type reduction is a standard process 
adopted for the purpose. Using type reduction, a T2FS is 
first converted into a T1FS, and it is then defuzzified to get a 
crisp value. In both processes, the centroid of the respective 

fuzzy sets is calculated, which is capable of capturing more 
about their uncertainties and thereby avoiding the chance of 
information loss. The defuzzified value is thus representative 
of the fuzziness involved in the corresponding parameter. 
The type reduction and consequent defuzzification of the 
interval type-2 fuzzy parameters have been accomplished 
by the KM Alorithm method [11, 13] and a new defuzzi-
fication method proposed in this paper. Thus, the GDNPP 
with interval type-2 fuzzy parameters (IT2FPs) has been 
converted to a crisp programme that retains the uncertainties 
of the original problem. It is then solved by the Min-max GP 
approach [14] in one-step.

2  Literature Survey

In the case of group decision-making problems, Wan et. al. 
[15–17] developed new methods and also illustrated them 
with suitable examples. In the realm of multi-objective fuzzy 
linear programming, Dong and Wan [18, 19] developed 
new methods using trapezoidal fuzzy numbers. Further, a 
new two-state method for fuzzy multi-objective linear pro-
grammes was developed by Dong and Wan in [20] and the 
method was applied to solve the engineering portfolio selec-
tion problem.

Li and Lee [6] first introduced a two-phase fuzzy approach 
based on the ideal and negative ideal values of the objectives 
to solve a crisply defined GDNPP. Chen and Hsieh [7] intro-
duced an innovative fuzzy approach for the solution of a multi-
stage GDNPP using the fuzzy dynamic programming concept. 
Umarusman [8] employed the min-max goal programming 
(GP) technique for the solution of GDNPP in two steps and 
examined the closeness of the optimal objective values to the 
ideal values of the objectives. Chakraborty and Bhattacharya 
in [21, 22] further studied GDNPP and proposed a method 
for the solution of the problem in one step by fuzzy-fying the 
objectives using Zimmermann’s technique [23]. Zhaung et. 
al. [24] introduce the Meta-GP approach for solving GDNPP. 
Banik and Bhattacharya [25] further introduced a modified 
approach of min-max GP for solving GDNPP in one-step. 
Shi [26] applied MODNP to formulate and solve problems 
of system design that involved multiple decision-makers and 
a possible debt. Saeedi et al. [27] utilized de Novo program-
ming techniques to determine the capacity of a closed-loop 
supply chain network when a queueing system is established 
at each recovery centre in the reverse flow. Helena Brozova 
[28] introduced optimal design of production systems with a 
generalized de Novo programming approach incorporating two 
more constraints, viz., requirement and balance constraints, 
other than the usual budget constraints. Also, Babic and Pavic 
[29], Huang et al. [30], and Chen and Tzeng [31] have con-
tributed de novo programming literature with their studies. 
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Miao, D.Y. et al. [32] considered the interval fuzzy de Novo 
programming method for planning water resources systems 
under uncertainty. Zhang et. al [33] introduced the concept of 
inexact de Novo programming and used this concept to solve 
MODNP with inexact numbers as coefficients of objectives 
and constraints. Banik and Bhattacharya [34] introduced a one-
step approach for solving GDNPP involving fuzzy parameters.

3  General De Novo Programming Problem

In this section, we will discuss the basic concept of the de 
Novo programming problem suggested by Zeleny [1]. The 
GDNPP with crisp parameters can be represented as

whe re  C1 = [ckj]r×n  ;  C2 = [c(l+r)j]s×n  ;  A = [aij]m×n  ; 
bT = [b1, b2, ..., bm];

xT = [x1, x2, ..., xn]  ;  ZT = [z1, z2, ..., zr]  ;  a n d 
WT = [w1,w2, ...,ws].

Here, x is the vector of decision variables for products; b 
is the vector of the resource components ( bi ); pi is the cost 
per unit of ith resources, which are known; i = 1, 2, 3, ...,m ; 
and B is the total available budget to harness the resources. 
The parameter vj =

∑m

i=1
piaij then denotes the per-unit cost 

of producing the jth product. The de novo programme (1) can 
be re-written as,

The problem has been reduced to an equivalent problem con-
taining only one constraint involving n arguments. It can be 
proved that every solution of the system (1) is also a solution 
of the system (2) and conversely, Zeleny [1]. Thus, with this 
restructuring, the generality of the system is not disturbed. In 
this paper, we have proposed type-2 fuzziness in the above 
system and designed a problem in which all the parameters, 
ckj, c(l+r)j, pi, aij,B , are interval type-2 fuzzy numbers.

(1)

Max Z = C1x

Min W = C2x

Subject to

Ax ≤ b

m∑
i=1

pibi ≤ B; x ≥ 0

(2)

Max Z = C1x

Min W = C2x

Subject to

n∑
j=1

vjxj ≤ B

xj ≥ 0, j = 1, 2, .., n

4  Type‑2 Fuzzy Sets and its Defuzzification

Type-2 fuzzy sets were introduced by Zadeh [10] to provide 
additional design degrees of freedom for making the sys-
tem more realistic, especially in situations where uncertainty 
manifests in many forms.

Definition 1 [10] A type-2 fuzzy set Ã in the universe of 
discourse X can be represented by a type-2 membership 
function 𝜇Ã shown as follows:

where, Jx = {u ∈ [0, 1] ∶ 𝜇Ã(x, u) > 0}.
The T2FS Ã defined above can also be represented as 

follows:

where Jx ⊆ [0, 1] and ∫ ∫  denotes the union over all admis-
sible values of x ∈ X and u ∈ Jx.

For the above definition one may refer to [35, 36].

4.1  Interval Type‑2 Fuzzy Sets

Type-2 fuzzy sets are difficult to understand, and their type 
reduction, i.e., reduction from a T2FS to a T1FS, and conse-
quent defuzzification procedures are also complicated. But 
as a particular case of T2FS, if we restrict the secondary 
membership function 𝜇Ã(x, u) values to either zero or one, 
i.e., to interval type set {0, 1} , the resulting T2FSs are called 
IT2FSs: [35–37]. IT2FSs are the most widely used T2FSs 
because of their simplicity in handling and, at the same time, 
their capacity to capture uncertainties better than a T1FS.

Definition 2 Let Ã be a T2FS in the universe of discourse 
X , which is represented by a type-2 membership function 
𝜇Ã . If 𝜇Ã(x, u) = 1,∀ x ∈ X, u ∈ Jx ⊆ [0, 1] then Ã is called 
an interval type-2 fuzzy set (IT2FS). An IT2FS Ã can be 
considered as a special case of T2FS, where the secondary 
membership function is the constant function 1 which is 
represented as follows:

where Jx ⊆ [0, 1].

Ã ={((x, u),𝜇Ã(x, u)) | ∀ x ∈ X,

u ∈Jx ⊆ [0, 1]; 0 ≤ 𝜇Ã(x, u) ≤ 1}

Ã = ∫x∈X ∫u∈Jx

𝜇Ã(x, u)∕(x, u),

Ã = ∫x∈X ∫u∈Jx

1∕(x, u)



 S. Banik, D. Bhattacharya 

1 3

One can represent an IT2FS in a 2D plane graphically. 
The graph will look like a bounded region enclosed between 
two curves u = uL

x
 and u = uU

x
 of lower and upper primary 

membership values of u at each x ∈ X. The bounded region 
is called the Footprint of Uncertainty (FOU) [35].

Utilizing this concept, the notion of trapezoidal and 
triangular fuzzy numbers can easily be generalized in the 
realm of IT2FSs. In this paper, we considered the interval 
type-2 trapezoidal fuzzy set (IT2TrFS) for our study, which 
includes the interval type-2 triangular fuzzy set as a special 
case.

Definition 3 [38] An interval type-2 trapezoidal fuzzy set 
[IT2TrFS] Ã over the universe of discourse R (the set of all 
real numbers) can be represented by

where AU (resp. AL ) denotes the upper membership func-
tion (UMF) (resp. the lower membership function (LMF)) 
of the IT2TrFS Ã. Here h1(AU), h2(A

U) respectively denote 
the upper membership function values at the point x = bU 
and x = cU . Similarly, h1(AL), h2(A

L) respectively denote 
the lower membership function values at x = bL and x = cL.

Definition 4 [39] Fuzzy numbers are a special kind of 
fuzzy sets that are bounded, convex and its universe of dis-
course is the set of real numbers R. Trapezoidal fuzzy num-
bers are the most widely used fuzzy numbers.

The general arithmetic operation between Interval Type-2 
Trapezoidal Fuzzy Numbers (IT2TrFNs) and its multiplica-
tion by real number has been studied in [40].

4.2  Type Reduction and Defuzzification

The process of type reduction of an IT2FS and subsequent 
defuzzification of the type-reduced T1FS have been accom-
plished here by two schemes. 

 (i) In the first scheme, type reduction and defuzzification 
of IT2FS have been accomplished using the Karnik–
Mendel Iterative Procedure (KMIP). This method is 
based on the centroid calculation of the given IT2FS.

 (ii) In the second scheme, a new method of type reduc-
tion for an IT2TrFS has been proposed, followed by 
defuzzification based on centroid calculation.

Ã =(AU ,AL)

=
(
(aU , bU , cU , dU;h1(A

U), h2(A
U))

, (aL, bL, cL, dL;h1(A
L), h2(A

L))
)

4.2.1  Karnik–Mendel Algorithm Method

The widely adopted method for type-reducing an interval 
type-2 fuzzy set (IT2FS) is the Karnik-Mendel Iterative 
Procedure (KMIP) [11]. The result of type reduction of 
an interval type-2 fuzzy set is an interval set (which is a 
particular case of type-1 fuzzy set) called the centroid of 
the considered IT2FS with a defuzzified value located at 
the midpoint of the interval set. The iterative procedure for 
finding the end points of the interval is accomplished by the 
efficient KM Algorithm.

Now we discuss the centroid computation technique of an 
IT2FS with the KM Algorithm.

Let xi(i = 1, 2, ...,N) represent a discretization of the uni-
verse of discourse X of an IT2FS Ã . The centroid of IT2FS 
Ã , i.e., cÃ = [cl, cr] can be computed as the optimal solution 
of the following interval weighted average problems [11]:

where, 𝜇
Ã
(xi), �̄�Ã(xi) receptively denotes the lower and upper 

membership functions of the given IT2FS. Again cl and cr 
can be expressed as follows

where L and R called switch points with xL ≤ cl ≤ xL+1 and 
xR ≤ cr ≤ xR+1. The determination of L and R can be per-
formed by using the KM algorithms [11, 36, 37] which are 
summarized in Table 1. In this Table the defuzzified value 
of the IT2FS Ã is then given by xc =

cl+cr

2
.

A Matlab program (Matlab 2015a) has been developed 
based on the KM Algorithm and it is utilized in this paper 
for defuzzification of IT2FSs in the numerical example.

cl = min
𝜃i

⎡
⎢⎢⎢⎢⎣

n∑
i=1

xi𝜃i

n∑
i=1

𝜃i

⎤
⎥⎥⎥⎥⎦
, cr = max

𝜃i

⎡
⎢⎢⎢⎢⎣

n∑
i=1

xi𝜃i

n∑
i=1

𝜃i

⎤
⎥⎥⎥⎥⎦
, ∀ 𝜃i

∈ [𝜇
Ã
(xi), �̄�Ã(xi)]

cl =

L∑
i=1

xi�̄�Ã(xi) +
N∑

i=L+1

xi𝜇Ã
(xi)

∑L

i=1
�̄�Ã(xi) +

N∑
i=L+1

𝜇
Ã
(xi)

;

cr =

R∑
i=1

xi𝜇Ã
(xi) +

N∑
i=R+1

xi�̄�Ã(xi)

R∑
i=1

�̄�Ã(xi) +
N∑

i=R+1

𝜇
Ã
(xi)
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4.2.2  Proposed Method of Type Reduction 
and Defuzzification for IT2TrFN

Let us consider a IT2TrFN Ã =
[
(rL

1
, r

L

2
, r

L

3
, r

L

4
;h

L

1
, h

L

2
),

(rU
1
, r

U

2
, r

U

3
, r

U

4
;h

U

1
, h

U

2
)
]
 w h e r e ,  hL

j
, hU

j
∈ [0, 1] a n d 

rL
i
, rU

i
∈ R, i = 1, 2, 3, 4; j = 1, 2. We propose here three 

types of reduction schemes and subsequent centroid based 
defuzzification method of the considered IT2TrFN Ã . On the 
FOU of Ã . we can consider two obvious T1FNs viz. the 
L M F,  i . e .  (rL

1
, rL

2
, rL

3
, rL

4
;hL

1
, hL

2
)  a n d  U M F,  i . e . 

(rU
1
, rU

2
, rU

3
, rU

4
;hU

1
, hU

2
) . The membership functions of these 

two type reduced T1FNs are respectively denoted by �A(x) 
and 𝜇Ā(x) . Hence,

Apart from the above mentioned two type reduced T1FNs, 
we can construct infinite number of intermediate T1FNs 
also. Next we discuss the process of obtaining a typical 
intermediate reduced T1TrFN 

[
r1, r2, r3, r4;h1, h2

]
 between 

(3)�A(x) =

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

hL
1
(x−rL

1
)

rL
2
−rL

1

if rL
1
≤ x ≤ rL

2

hL
1
+

(hL
2
−hL

1
)(x−rL

2
)

rL
3
−rL

2

if rL
2
≤ x ≤ rL

3

hL
2
−

hL
2
(x−rL

3
)

rL
4
−rL

3

if rL
3
≤ x ≤ rL

4

0 otherwise

(4)𝜇Ā(x) =

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

hU
1
(x−rU

1
)

rU
2
−rU

1

if rU
1
≤ x ≤ rU

2

hU
1
+

(hU
2
−hU

1
)(x−rU

2
)

rU
3
−rU

2

if rU
2
≤ x ≤ rU

3

hU
2
−

hU
2
(x−rU

3
)

rU
4
−rU

3

if rU
3
≤ x ≤ rU

4

0 otherwise

LMF and UMF whose membership functions are given in 
(3) and (4) respectively. Let us denote the membership func-
tion of an intermediate T1TrFN by �A(x) . The values of ri ’s 
and hj ’s are to be determined from the parameters of the 
given IT2TrFN Ã.

The values of ri ’s and hj ’s are calculated as follows. We 

take ri =
rL
i
+rU

i

2
, i = 1, 2, 3, 4 and hj = ordinate dividing the 

membership values of LMF and UMF at r
U
2
+rL

2

2
 (resp. r

U
3
+rL

3

2
 ) 

in the ratio k ∶ 1, k > 0 for j = 1 (resp. j = 2 ), i.e. h1 =
A+kB

1+k
 

and h2 =
C+kD

1+k
.

Here, A and B are respectively the LMF and UMF val-
ues at r

U
2
+rL

2

2
 ; C and D are respectively the LMF and UMF 

values at r
U
3
+rL

3

2
.

As k → 0 , then �A(x) → �A(x) and as k → ∞ then 
𝜇A(x) → 𝜇Ā(x) . Thus varying k between 0 and ∞ we can 
scan the entire FOU. In particular choosing k = 1 we 
get the mid way T1TrFS. In our numerical calculation 
h1 =

A+B

2
 and h2 =

C+D

2
 have been taken, i.e., the mid way 

T1TrFS between LMF and UMF has been considered 
which corresponds to k = 1 . The explicit expressions of 
A, B; C, D are given below:

(5)

A =
h
L

1
(rL

2
+rU

2
−2rL

1
)

2(rL
2
−rL

1
)

B =
2h

U

1
r
U

3
−rU

2
(hU

1
+hU

2
)+rL

2
(hU

2
−hU

1
)

2(rU
3
−rU

2
)

C =
r
U

3
(hU

1
+hU

2
)+rL

3
((hU

2
−hU

1
)−2hU

2
r
U

2

2(rU
3
−rU

2
)

D =
h
L

2
(2rL

4
−rL

3
−rU

3
)

2(rL
4
−rL

3
)

⎫
⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭

.

Table 1  KM algorithm to 
compute centroid end points of 
an IT2FS

Step KM algorithm for c
l

KM algorithm for c
r

1. Initializing 𝜃i = [𝜇
Ã
(xi) + �̄�Ã(xi)]∕2 ,   i = 1, 2, ...,N

2.

Compute 

c̄ = c(𝜃
1
, 𝜃

2
, ..., 𝜃N ) =

N∑
i=1

xi𝜃i

N∑
i=1

𝜃i

3. Find k(1 ≤ k ≤ N − 1) such that xk ≤ c̃ ≤ xk+1.

4.

Compute 

cl(k) =

k∑
i=1

xi�̄�Ã(xi) +
N∑

i=k+1

xi𝜇Ã
(xi)

∑k

i=1
�̄�Ã(xi) +

N∑
i=k+1

𝜇
Ã
(xi)

Compute 

cr(k) =

k∑
i=1

xi𝜇Ã
(xi) +

N∑
i=k+1

xi�̄�Ã(xi)

k∑
i=1

𝜇
Ã
(xi) +

N∑
i=k+1

�̄�Ã(xi)

5. Check if cl(k) = c̄ . If yes stop and set cl(k) = cl Check if cr(k) = c̄ . If yes stop and set cr(k) = cr

and k = L. If no go to step 6 and k = L. If no go to step 6
6. Set c̄ = cl(k) and go to step 3 Set c̄ = cr(k) and go to step 3
7. xc =

cl+cr

2
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The bold line graph in Fig. 1 depicts the mid way T1TrFN 
(r1, r2, r3, r4;h1, h2) . Its membership function is given by:

Where, h1 =
A+B

2
; h2 =

C+D

2
 ; A, B, C, D are given in Eq. 

(5).
In the same way one can obtain the lower and upper 

quartile T1TrFNs between the LMF and UMF by putting 
k =

1

3
 and k = 3 respectively.

These T1TrFNs are then defuzzified by centroid method. 
Now the centroid based defuzzification of the T1FNs Eq. 
(3), (4), (6) are respectively given by, x� , x� , x� .

(6)�A(x) =

⎧
⎪⎪⎨⎪⎪⎩

h1(x−r1)

r2−r1
if r1 ≤ x ≤ r2

h1 +
(h2−h1)(x−r2)

r3−r2
if r2 ≤ x ≤ r3

h2 −
h2(x−r3)

r4−r3
if r3 ≤ x ≤ r4

0 otherwise

(7)

x� =

∫ rL
4

rL
1

x�A(x)dx

∫ rL
4

rL
1

�A(x)dx

=
hL
1
(rL

3
− rL

1
)(rL

3
+ rL

1
+ rL

2
) + hL

2
(rL

4
− rL

2
)(rL

4
+ rL

2
+ rL

3
)

3[hL
1
(rL

3
− rL

1
) + hL

2
(rL

4
− rL

2
)]

The values of x� and x� can easily be computed directly from 
the LMF and UMF respectively of the given IT2TrFNs using 
Matlab. The value of x� is also computed from the param-
eters of Ã and using the relation ri =

rL
i
+rU

i

2
, i = 1, 2, 3, 4.

5  Interval Type‑2 Fuzzy De Novo Programming

To make the decision-making process using de novo pro-
gramming more flexible and responsive in reflecting the 
uncertainties inherent in the process, we introduce the fol-
lowing model of a general de novo programming problem 
with all parameters as interval type-2 fuzzy sets.

(8)

x𝛽 =

∫ rU
4

rU
1

x𝜇Ā(x)dx

∫ rU
4

rU
1

𝜇Ā(x)dx

=
hU
1
(rU

3
− rU

1
)(rU

3
+ rU

1
+ rU

2
) + hU

2
(rU

4
− rU

2
)(rU

4
+ rU

2
+ rU

3
)

3[hU
1
(rU

3
− rU

1
) + hU

2
(rU

4
− rU

2
)]

(9)

x� =
∫ r4
r1

x�A(x)dx

∫ r4
r1

�A(x)dx

=
h1(r3 − r1)(r3 + r1 + r2) + h2(r4 − r2)(r4 + r2 + r3)

3[h1(r3 − r1) + h2(r4 − r2)]

Fig. 1  Interval type-2 trapezoi-
dal fuzzy set
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where parameters ̃̃Ckj,
̃̃C(l+r)j, ̃̃p, ̃̃aij,

̃̃B are interval type-2 
fuzzy sets [IT2FSs] and ̃̃Zk and ̃̃Wl are the corresponding 
type-2 fuzzy objectives.

The objectives and the constraints in the proposed 
model (10) are all well defined, since it is known that addi-
tion and multiplication of two IT2FSs is again an IT2FS. 
The same is true for multiplication of an IT2FS by a real 
number [40, 41].

In the discussion that follows, we consider the param-
eters as IT2TrFSs, i.e., type-2 fuzzy sets of the form 
[(rl

1
, rl

2
, rl

3
, rl

4
;hl

1
, hl

2
), (ru

1
, ru

2
, ru

3
, ru

4
;hu

1
, hu

2
)].

It is very difficult to perform manipulation with type-2 
fuzzy sets. One alternative way to get rid of this difficulty 
is type reduction. So the first step of solving the model (10) 
would be the type reduction of the coefficients. Through 
this process, the IT2TrFSs are converted into their type-1 
counterparts. Finally, these type-reduced sets are defuzzi-
fied to give a single value that represents the entire impreci-
sion of the environment. This has been done in this paper 
by our proposed type reduction and defuzzification method 
(explained in Sect. 4.2). After type reduction and defuzzifi-
cation, the corresponding crisp model of the interval type-2 
fuzzy de novo programme (10) is given by:

where, | ̃̃Ckj|, | ̃̃Cl+r|, | ̃̃vj|, | ̃̃B| are the defuzzified value of 
̃̃Ckj,

̃̃Cl+r, ̃̃vj,
̃̃B respectively obtained by the proposed defuzzi-

fication method. || ̃̃Zk|| and || ̃̃Wl
|| represent the crisp versions of 

̃̃Zk and ̃̃Wl respectively. Therefore the model (11) although 
crisp is a representative of all the fuzziness of model (10).

(10)

Max ̃̃Zk =

n�
j=1

̃̃Ckjxj; k = 1, 2, ..., r.

Min ̃̃Wl =

n�
j=1

̃̃C(l+r)jxj; l = 1, 2, ..., s.

Subject to
n�
j=1

̃̃vjxj ≤ ̃̃B

̃̃vj =

m�
i=1

̃̃pi ̃̃aij

xj ≥ 0, j = 1, 2, ..., n

⎫
⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭

(11)

Max �� ̃̃Zk�� =
n�
j=1

� ̃̃Ckj�xj k = 1, 2, 3, ..., r.

Min �� ̃̃Wl
�� =

n�
j=1

� ̃̃C(l+r)j�xj l = 1, 2, 3, ..., s.

Subject to,
n�
j=1

� ̃̃vj�xj ≤ � ̃̃B�
xj ≥ 0

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭

5.1  Ideal and Pessimistic Value of Objective

To solve the crisp de Novo programming problem (11) 
using Min-max GP technique, we need the concept of 
ideal value and pessimistic value of the objective, which 
we recall first. The ideal value of an objective in a multi-
objective linear programming problem (MOLPP) is its 
optimal (maximum or minimum) value subject to the given 
constraints when considered as a single-objective optimi-
zation. In a de Novo programme, these values can be easily 
evaluated by following the technique as detailed below:

For this, we first find the basic feasible solutions of the 
system (11). Setting (n − 1) variables to zero in the single 
constraint of the model (11) and finding the value of the 
remaining variable, we can find a basic feasible solution. 
Thus the n basic feasible solutions (BFSs) of the system 
(11) are,

where, | ̃̃B|, | ̃̃vj|,  j = 1, 2, ..., n have the meaning as stated 
above.

Substituting these basic feasible solutions one by one in all 
objectives and calculating their values we can find the opti-
mum values of each of the objectives.

Thus the ideal point is, I∗ = (Z∗
1
, Z∗

2
..., Z∗

r
, W∗

1
, ...,W∗

s
)

The pessimistic values for the objective functions are deter-
mined by the Luhandjula’s comparison technique [42].

The determination of the pessimistic expectations of the 
objectives functions is explained by taking the following 

(
| ̃̃B|
| ̃̃v1|

, 0, ..., 0); (0,
| ̃̃B|
| ̃̃v2|

, 0, ..., 0); ...; (0, 0, ...,
| ̃̃B|
| ̃̃vn|

)
;

Let Z∗
k
= Max || ̃̃Zk||

= Max

(
| ̃̃Ck1| | ̃̃B|

̃̃v1
,
| ̃̃Ck2| | ̃̃B|

̃̃v2
, ...,

| ̃̃Ckn| | ̃̃B|
̃̃vn

)
, k

= 1, 2, ..., r

W∗
l
= Min || ̃̃Wl

||
= Min

(| ̃̃C(l+r)1| | ̃̃B|
̃̃v1

,
| ̃̃C(l+r)2| | ̃̃B|

̃̃v1
, ...,

| ̃̃C(l+r)n| | ̃̃B|
̃̃vn

)
l

= 1, 2, ..., s.

Table 2  Calculation of pessimistic values of the objectives

Solution Objectives

Z
1

Z
2

W
1

x
∗
1

Z
1
(x∗

1
) = Z∗

1
Z
2
(x∗

1
) W

1
(x∗

1
)

x
∗
2

Z
1
(x∗

2
) Z

2
(x∗

2
) = Z∗

2
W

1
(x∗

2
)

x
∗
3

Z
1
(x∗

3
) Z

2
(x∗

3
) W

1
(x∗

3
) = W∗

3
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multi-objective linear programming problem involving two 
maximizing objectives Z1, Z2 and one minimizing objec-
tive W1 . The computation is displayed in Table 2. Further let 
x∗
1
, x∗

2
, x∗

3
 are three basic feasible solutions of the problem such 

that

 
We calculate the pessimistic value of the objectives using 

Luhandjula’s comparison technique as follows:

where 𝜖1, 𝜖2, 𝜖3 > 0 are chosen by decision maker. Then the 
vector �̂ = (Ẑ1, Ẑ2, Ŵ1) is taken as the vector of pessimistic 
expectation of the objective functions. The above calculation 
for finding pessimistic expectations could easily be extended 
to the more involved cases.

Let the pessimistic values of the objectives in Eq. (11) be 
represented by,

  �̂ = (Ẑ1, Ẑ2, ..., Ẑr, Ŵ1, Ŵ2, ...., Ŵs).
Now our aim is to solve this crisp model (11) using min-max 

GP technique introduced by Flavell [14]. In the min-max GP 
approach, the maximum of the deviations of the objectives from 
their targeted values is minimized. Hence, objectives attain val-
ues that are close to their targeted values or aspiration level. It is 
an established method for the solution of MOLPP.

In min-max GP approaches, different types of goals must 
be denominated in the same unit; this requires normalization 
of the units of the different goals. This can be done by deter-
mining two fixed values for each objective, e.g., the optimistic 
(ideal) value and a pessimistic value. Ideal values will serve as 
the aspiration levels of the respective objectives. While the dif-
ference between the ideal and pessimistic values will be used 
to normalize the deviation variable. The process is detailed 
in Sect. 5.2.

5.2  Solution of GDNPP Using Min–Max GP

Goal Programming (GP) is one of the most important methods 
in the Multi-Objective Decision Making (MODM) system. 

Z∗
1
=Max Z1 = Z1(x

∗
1
);Z∗

2
= Max Z2 = Z2(x

∗
2
),W∗

1

=Min W1 = W1(x
∗
3
).

Ẑ1 =

{
Min{Z∗

1
, Z1(x

∗
2
), Z1(x

∗
3
)} if Min{Z∗

1
, Z1(x

∗
2
), Z1(x

∗
3
)} ≠ Z

∗
1

Min{Z∗
1
, Z1(x

∗
2
), Z1(x

∗
3
)} − �1 if Min{Z∗

1
, Z1(x

∗
2
), Z1(x

∗
3
)} = Z

∗
1

Ẑ2 =

{
Min{Z2(x

∗
1
), Z∗

2
, Z2(x

∗
3
)} if Min{Z2(x

∗
1
), Z∗

2
, Z2(x

∗
3
)} ≠ Z

∗
2

Min{Z2(x
∗
1
), Z∗

2
, Z2(x

∗
3
)} − �2 if Min{Z2(x

∗
1
), Z∗

2
, Z2(x

∗
3
)} = Z

∗
2

Ŵ1 =

{
Max{W1(x

∗
1
),W1(x

∗
2
),W∗

1
} if Max{W1(x

∗
1
),W1(x

∗
2
),W∗

1
} ≠ W

∗
1

Max{W1(x
∗
1
),W1(x

∗
2
),W∗

1
} + �3 if Max{W1(x

∗
1
),W1(x

∗
2
),W∗

1
} = W

∗
1

The term GP was first introduced by Charnes and Cooper [43]. 
There are several variants of goal programming. For our pre-
sent purpose the min-max GP technique [14] has been used 
for the solution GDNPP.

We now proceed to solve the GDNPP (Eq. 11) using min-
max GP technique. For this we first define the followings:

�k (or �l) = specified aspiration level for the objective 
max || ̃̃Zk|| (or min || ̃̃Wl

||),

nk(or pk) = negative (or positive) deviation from the aspira-
tion level of the maximizing objective || ̃̃Zk||,

nl(or pl) = negative (or positive) deviation from the aspira-
tion level of the minimizing objective || ̃̃Wl

||,
�k (or �k) = non-negative weights attached to the negative 

(or positive) deviations nk (or pk),
�l (or �l) = non-negative weights attached to the negative 

(or positive) deviations nl (or pl)
Then the mathematical model of min-max GP for the prob-

lem (11) is given by,

where, d is the maximum of the weighted deviations between 
the achievement of the objectives and their respective aspira-
tional levels, all the weights attached to deviation variables 
are non-negative and their sum is taken as unity, i.e.

(12)

Min d

Subject to,
�� ̃̃Zk�� + nk − pk = 𝜔k�� ̃̃Wl

�� + nl − pl = 𝜔l

𝛼knk + 𝛽kpk ≤ d

𝛼lnl + 𝛽lpl ≤ d
n�
j=1

� ̃̃vj�xj ≤ � ̃̃B�
xj ≥ 0, k = 1, 2, ..., r; l = 1, 2, ..., s;j = 1, 2, ..., n

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭

r∑
k=1

(�k + �k) +

s∑
l=1

(�l + �l) = 1.
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In the proposed model, �k = Z∗
k
 , and �l = W∗

l
 have been 

taken. Since the ideal values have been used as aspiration 
levels for the objectives, so || ̃̃Zk|| ≤ Z∗

k
 , and || ̃̃Wl

|| ≥ W∗
l
 . Hence 

we must have pk = 0 and nl = 0 . In this case, we have the 
goal constraint: || ̃̃Zk|| + nk = Z∗

k
 and || ̃̃Wl

|| − pl = W∗
l
 . To 

restrict goal deviations to a single unit, we adopt the nor-
malization procedure. This is achieved by dividing the devia-
tion variables nk and pl respectively by tk = Z∗

k
− Ẑk and 

tl = Ŵl −W∗
l
, k = 1, 2, ..., r;l = 1, 2, ..., s,  a n d  s e t 

d̄ = max{
d

tk
,
d

tl
}.

Therefore, the proposed modified min-max GP model 
of the GDNPP can be written as follows:

k = 1, 2, ...r; l = 1, 2, ..., s; t
k
= Z

∗
k
− Ẑ

k
, t

l
= Ŵ

l
−W

∗
l
, || ̃̃Zk|| = f

k
(x) 

for the kth maximizing objective and || ̃̃Wl
|| = fl(x) for the lth 

minimizing objective. Here d̄ is the maximum normalized 
weighted deviation between the achievement of the goals 
and their aspiration levels. This crisp linear program (13) 
can now be solved using Lingo. The advantage of this 
approach is that the interval type 2 fuzzy de Novo program-
ming problem (10) can be solved in a single phase [25, 34].

Now we illustrate the proposed method of solving 
GDNPP with IT2TrFNs as parameters with the help of a 
real-life problem.

6  Application of Proposed Method to Solve a Solid 
Transportation Problem in De Novo Set Up

In this model the following notations and assumptions are 
used.

Notations

t, i, j, k → are the indices denoting the terminal num-
ber, source point, destination point and the vehicle type 
respectively.

(13)

Min d̄

Subject to
�� ̃̃Zk�� + nk = Z∗

k

𝛼k
nk

tk
≤ d̄

�� ̃̃Wl
�� − pl = W∗

l

𝛽l
pl

tl
≤ d̄

n�
j=1

� ̃̃vj�xj ≤ � ̃̃B�
xj ≥ 0

⎫
⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭

̃̃Cijk, ̃̃𝜌ij,
̃̃𝜁ijk → are respectively the unit transportation 

costs, processing charges and fixed charges, all these 
parameters are IT2TrFNs.
̃̃e0
tik
, ̃̃e1

ijk
→ are type-2 fuzzy amount of carbon emission for 

an empty vehicle and a loaded one respectively.
̃̃ai → is the fuzzy amount available at source i.
̃̃bj → is the fuzzy demand placed at destination j.
̃̃ek → is the fuzzy capacity for the vehicle k.
�ti and 𝛿ij → are distances (crisp) between the terminal t 
to source i and source i to destination j respectively. Here 
terminal t provide the empty vehicles.
xijk → is the unknown quantity that is to be transported 
from source i to destination j using the k type vehicle.

Assumptions The following assumptions are made for 
developing the mathematical model of the solid transporta-
tion problem. We assume that there are u terminal points, m 
source points, n destinations, and r different types of vehi-
cles are available.

The  p rob lem i s  an  unba lanced  p rob lem 
i.e.

m∑
i=1

̃̃ai ≠
n∑
j=1

̃̃bj ≠
r∑

k=1

̃̃ek

Carbon emissions depends on distance travelled by the 
vehicle, load and vehicle type.
The fuzzy membership functions for the system param-
eters are defined based on the previous statistical infor-
mation and following the expert?s opinion about the 
parameters.
All the vehicles are considered as fully loaded according 
to their capacity, partially loaded case is not considered 
here.

6.1  Mathematical Model Formulation

Here a solid transportation problem in type-2 fuzzy envi-
ronment is considered along with the harmful factor of 
carbon-dioxide emissions. For the considered problem two 
objectives are set: maximizing the profit and minimizing 
CO2 emissions from transportation operations. The math-
ematical formulation of the model is defined as follows.

It is worthy to mention here that from the unit cost of trans-
portation if we subtract processing charge and fixed charge 
of per unit of transportation, what remains is the net profit 
per unit of transportation.

(14)max ̃̃Z =

m∑
i=1

n∑
j=1

r∑
k=1

( ̃̃Cijk − ̃̃𝜌ij −
̃̃𝜁ijk)xijk



 S. Banik, D. Bhattacharya 

1 3

Subject to,

where, Pi,Qj,Rk respectively denote per unit cost for arrang-
ing the amount available at the source i, for satisfying the 
demand at destination j and using k vehicle type.

Here ̃̃Z  and ̃̃W  are the profit maximizing and carbon 
emission minimizing objective functions respectively. 
Constraint (16) is the source constraint, which implies that 
total amount of transported goods ( 

n∑
j=1

r∑
k=1

xijk, i = 1, 2, ...,m) 

is less or equal to the amount available at the source ( ̃̃ai ). 
Similarly (17) and (18) are the demand and conveyance 
constraint respectively. (19) is budget constraint and ̃̃B is 
the total given budget. The remaining constraints are the 
non negativity restrictions for the transportation system.

The solid transportation problem defined in Sect. 6.1 has 
mnr variables xijk , ( m + n + r ) technological constraints and 
one budget constraints.

To solve the above solid transportation problem in type-2 
fuzzy environment, firstly we defuzzify all the type-2 fuzzy 
parameters using the methods discussed in Sect. 4. After 
this defuzzification, the model is into converted into a crisp 
model. Then the system is converted into a single constraint 
problem as explained in Sect. 3.Thus the above problem 
becomes,

(15)min ̃̃W =

m∑
i=1

n∑
j=1

r∑
k=1

u∑
t=1

(𝛿ti ̃̃e
0
tik
+ 𝛿ij ̃̃e

1
ijk
xijk)

(16)
n∑
j=1

r∑
k=1

xijk ≤ ̃̃ai (i = 1, 2, ...,m)

(17)
m∑
i=1

r∑
k=1

xijk ≥ ̃̃bj (j = 1, 2, ..., n)

(18)
m∑
i=1

n∑
j=1

xijk ≤ ̃̃ek (k = 1, 2, ..., r)

(19)
∑
i

̃̃aiPi +
∑
j

̃̃bjQj +
∑
k

̃̃ekRk ≤ ̃̃B

(20)xijk ≥ 0 ∀ i, j, k

(21)�ti ≥ 0

(22)𝛿ij ≥ 0

The problem (23) is a crisp problem involving single con-
straints. Here v = pA , where A is the (m + n + r) × mnr 
matrix of the coefficients of the variables xijk in the techno-
logical constraints, p is the row vector of the unit cost of the 
resources of order 1 × (m + n + r) and v . is a row vector of 
order 1 × mnr having components v1, v2, ..., vmnr.

It should be mentioned here that in the above construction 
the variables xijk , have been arranged in lexicographic order.

6.2  Solution Methodology

This crisp model (23) will be solved by min-max approach 
(as discussed in Sect. 5.2). The defuzzified model encom-
passes all the fuzziness of the given type-2 fuzzy parameters.

6.3  Application of Developed Model

Here a real-life numerical example is presented to illustrate 
the proposed model and its method of solution.

Ramkrishna Roadways, a well-known utility transport 
agency in Tripura, India, deals in freight transportation using 
different types of vehicles. Tripura is a north-eastern hilly 
state of India, surrounded by Bangladesh on three sides. Due 
to the undulating land relief, vehicles like trucks, dumpers, 
mini trucks, auto-rickshaws, etc. are the main mode of trans-
portation of goods in the state. The agency mainly operates 
vehicles from its two branch offices, situated at Agartala, 
the capital of Tripura, and Dharmanagar, a northern city of 
the state of Tripura. From the available data of this agency, 
the fluctuating unit transportation cost, fixed charges, article 
processing or handling cost, and safety cost are represented 
as type-2 fuzzy numbers with the help of experts’ or expe-
rienced businessmen’s opinions. Also from the available 
data of the Bright Automobile Exhaust Testing Centre in 
Agartala, the Tripura State Pollution Control Board, and the 
vehicle supplying agency, the fluctuating carbon emissions 
due to empty and loaded vehicles are also represented as 
type-2 fuzzy numbers. For simplicity, we have considered 

(23)

max |�̃Z| =
m∑
i=1

n∑
j=1

r∑
k=1

(
|�̃Cijk| − |�̃𝜌ij| − |�̃𝜁 ijk|

)
xijk

min | �̃W| =
m∑
i=1

n∑
j=1

r∑
k=1

u∑
t=1

(
𝛿ti|�̃e0tik| + 𝛿ij|�̃e1ijk|xijk

)

Subject to, |�̃v1|x111 + |�̃v2|x112 + ... + |�̃vr|x11r
+|�̃vr+1|x121 + ... + |�̃v2r|x12r + ... + |�̃vnr|x1nr
+|�̃vnr+1|x211 + ... + |�̃v2nr|x2nr + ... + |�̃vmnr|xmnr ≤ |�̃B|
xijk ≥ 0 ∀ i, j, k

𝛿ti ≥ 0

𝛿ij ≥ 0
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two origins ( m = 2 ) and three destinations ( n = 3 ). From 
their origins, the vehicles operate to deliver to three dis-
tinct demand points or destinations. For the transportation 
of goods, four types of vehicles ( k = 4 ) are used. Also, there 
are two terminals ( t = 2 ) available, from where the empty 
vehicles are sent to the source points.

Here it should be mentioned that the type-2 fuzzy param-
eters used in the example have been constructed on the basis 
of different experts’ opinions. Generally, imprecise values of 
the system parameters are assumed on the basis of experts’ 
opinions when sufficient past data on the system is not 
available. In such situations, type-2 fuzzy parameter val-
ues are more appropriate than type-1 fuzzy values because 
the type-2 fuzzy set gives a second-order approximation of 
uncertainty, whereas the type-1 fuzzy set is of the first order.

Also, it has been observed that experts’ opinions on each 
parameter vary, and each expert’s opinion on a particular 
parameter can be taken in the form of a trapezoidal fuzzy 
number. Hence, by collecting the opinions of all the experts’ 
on a particular parameter, we get an IT2TrFN. So the collec-
tion of all experts’ opinions provides us with type-2 fuzzy 
sets for all the parameters. The infimum and the supremum 
of all these membership values for a particular parameter 
form, respectively, the LMF and UMF of the corresponding 
IT2TrFN. We have taken the midway membership value as 
the representative of the type-2 fuzzy set of parameters.

In Tables 3, 4, 5, 6, we have placed the T2TrFNs which 
has been converted to type-reduced T1TrFNs by our pro-
posed method as mid-way T1FNs in the FOU. These 
T1FNs are then defuzzified using the relation (9). With this 

Table 3  Input for source, 
demand and conveyance ̃̃a

1
̃̃a
2

(27,29,34,37;0.8,0.9) (24,26,29,36;0.6,0.9)
̃̃b
1

̃̃b
2

̃̃b
3

(15,18,19,24;0.4,0.8) (12,19,24,29;0.4,0.6) (18,20,20,20;0.3,0.5)
̃̃e
1

̃̃e
2

̃̃e
3

̃̃e
4

(16,17,19,20;0.5,0.7) (15,17,18,19;0.5,0.6) (14,15,17,18;0.3,0.4) (16,18,19,21;0.4,0.6)

Table 4  Input for 
transportation cost

i/k 1 2 3 4 j

Fuzzy unit transportation cost ( ̃̃Cijk)

1 (17,19,20,21;0.5,0.7) (23,24,26,28;0.7,0.9) (19,21,24,26;0.4,0.7) (21,23,24,28;0.4,0.5) 1
(14,18,19,24;0.6,0.7) (16,18,22,25;0.2,0.6) (12,16,18,22;0.6,0.7) (21,23,25,28;0.3,0.5) 2
(20,24,27,28;0.2,0.8) (18,21,22,28;0.3,0.5) (20,23,25,30;0.4,0.5) (20,21,23,29;0.7,0.9) 3

2 (21,23,26,27;0.6,0.8) (18,20,21,23;0.3,0.6) (20,24,26,27;0.5,0.8) (18,24,27,29;0.8,0.9) 1
(15,17,19,21;0.7,0.8) (17,20,23,26;0.4,0.8) (20,24,25,29;0.5,0.7) (18,23,26,27;0.4,0.8) 2
(19,22,26,29;0.6,0.9) (19,22,23,29;0.5,0.6) (21,24,25,28;0.6,0.7) (20,23,24,27;0.3,0.5) 3

Table 5  Input for processing 
and fixed charges

i/k 1 2 3 4 j

Fuzzy unit processing charge ( ̃̃𝜌ijk)
1 (5,6,7,9;0.5,0.6) (3,4,5,8;0.3,0.5) (4,5,7,8;0.6,0.7) (2,3,4,6;0.4,0.8) 1

(4,5,6,8;0.5,0.6) (6,8,9,11;0.3,0.4) (2,3,4,6;0.6,0.7) (2,3,5,7;0.7,0.9) 2
(3,4,5,6;0.2,0.6) (1,4,5,7;0.4,0.5) (3,4,5,6;0.3,0.4) (3,4,5,6;0.6,0.8) 3

2 (2,3,6,7;0.4,0.7) (3,4,7,8;0.5,0.8) (2,4,6,7;0.3,0.9) (8,9,10,11;0.2,0.7) 1
(5,6,7,8;0.7,0.8) (7,9,10,12;0.5,0.6) (2,4,6,8;0.4,0.5) (1,2,3,5;0.4,0.5) 2
(2,4,6,7;0.6,0.9) (2,3,4,6;0.5,0.7) (1,2,3,4;0.2,0.3) (3,4,6,7;0.5,0.7) 3

Fuzzy unit of fixed charge ( ̃̃𝜁ijk)
1 (2.0,2.5,4,5;0.5,0.7) (2,2.5,3,3.5;0.6,0.7) (2.5,3,3.5,4;0.1,0.3) (0.5,1.5,3.0,4;0.3,0.4) 1

(1.0,2,2.5,4;0.7,0.8) (0.5,1,2,3.5;0.3,0.5) (1.5,2,3.5,4;0.5,0.7) (2,2.5,3.5,4.5;0.3,0.8) 2
(2.5,3,3.5,4;0.6,0.8) (2.0,2.5,3,4;0.3,0.7) (1.0,1.5,2,4;0.4,0.5) (1.5,2.0,3.0,4;0.7,0.9) 3

2 (1.0,1.5,2,3;0.2,0.3) (1.5,2,2.5,4;0.4,0.6) (1,2,2.5,3.5;0.5,0.7) (2.0,2.5,3,3.5;0.4,0.6) 1
(2.5,3,3.5,5;0.5,0.9) (2,2.5,3.5,5;0.2,0.4) (1.0,2.0,3,5;0.4,0.6) (1.5,2.5,4.0,5;0.4,0.7) 2
(1.0,2,5.0,6;0.2,0.3) (1.5,2.0,4,6;0.5,0.6) (2.5,3.0,4,5;0.6,0.7) (1.0,1.5,3.0,5;0.2,0.3) 3
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defuzzified value, the problem is converted into a crisp prob-
lem, which is then solved by the min-max approach.

H e r e ,  t h e  a v a i l a b l e  g i v e n  b u d g e t , 
̃̃B = (145000, 155000, 163000, 172000;0.5, 0.9)  .  A l s o 
P1 = Rs.12, P2 = Rs.15 ; Q

1
= Rs.8, Q

2
= Rs.10, Q

3
= 12 ; 

and R1 = 2500, R2 = 2000, R3 = 2700, R4 = 2200.
Hence the row vector p of the unit costs of the resources 

is given by,
p = [Pi Qj Rk] = [12 15 8 10 12 2500 2000 2700 2200].

In the present case of solid transportation problem 
having m = 2, n = 3, r = 4 , the matrix A formed by the 
coefficients of the variables xijk in the technological con-
straints is an (m + n + r) × mnr = ( 9 × 24 ) matrix formed 
by 0 and 1. Using the two matrices A and p , the row vec-
tor v = pA , a ( 1 × 24 ) matrix is formed. For example, 
The first column of matrix A , say A1 is given by (A1)

T 
=
[
1 0 1 0 0 1 0 0 0

]
.

Hence, v1 = 
[
12 × 1 + 15 × 0 + 8 × 1 + 10 × 0 + 12 × 0

+2500 × 1 + 2000 × 0 + 2700 × 0 + 2200 × 0
]
 =  2520 . 

Similarly, the other vj has been calculated.

Thus applying Zeleny’s method the problem is reduced 
in a single constraint problem given by vx ≤ | ̃̃B|.

In our numerical problem, v = (v� )1×24, � = 1, 2, ..., 24; where, 
 v

1
= 2520, v

2
= 2020, v

3
= 2720, v

4
= 2220, v

5
= 2522,

v
6
= 2022, v

7
= 2722, v

8
= 2222, v

9
= 2524, v

10
= 2024,

v
11

= 2724, v
12

= 2224, v
13

= 2523, v
14

= 2023, v
15

= 2723,

v
16

= 2223, v
17

= 2525, v
18

= 2025, v
19

= 2725, v
20

= 2225,

v
21

= 2527, v
22

= 2027 v
23

= 2727, v
24

= 2227.

Table 3 represents the type-2 fuzzy resources, demands, 
and conveyance capacities. Table 4 represents transportation 
costs. The cost of processing and the fixed charge are given 
in Table 5. Also, Table 6 represents the amount of carbon 
emissions for an empty vehicle and a loaded one. The data 
has been collected from the available data of the Tripura 
State Pollution Control Board.

The distances between the two terminals to origins 
and then origins to destinations are approximately con-
sidered as, �11 = 1.2, �21 = 0.8, �12 = 1.3, �22 = 0.9 and 
̄𝛿
11

= 2.8, ̄𝛿
12

= 3.1, ̄𝛿
13

= 2.7, ̄𝛿
21

= 2.5, ̄𝛿
22

= 2.5, ̄𝛿
23

= 2.5, 
unit by changing the scale of measure for simplicity, 
respectively.

Table 6  Input for emission parameters of the objective functions

t/i 1 2 k

Carbon emission from empty vehicle ( ̃̃e0
tik
)

1 (0.02,0.04,0.05,0.07;0.7,0.8) (0.05,0.06,0.08,0.09;0.2,0.5) – 1
(0.01,0.03,0.04,0.06;0.5,0.7) (0.02,0.03,0.05,0.07;0.2,0.6) – 2
(0.02,0.03,0.05,0.08;0.4,0.7) (0.03,0.04,0.06,0.09;0.5,0.9) – 3
(0.03,0.04,0.06,0.07;0.5,0.9) (0.02,0.03,0.06,0.08;0.3,0.6) – 4

2 (0.02,0.05,0.06,0.09;0.3,0.8) (0.03,0.05,0.06,0.09;0.4,0.7) – 1
(0.01,0.04,0.05,0.07;0.3,0.5) (0.02,0.04,0.06,0.09;0.2,0.6) – 2
(0.03,0.05,0.07,0.09;0.5,0.7) (0.03,0.04,0.07,0.08;0.3,0.6) – 3
(0.01,0.02,0.04,0.05;0.2,0.4) (0.02,0.05,0.08,0.09;0.3,0.7) – 4

 i/j 1 2 3 k

Carbon emission from fully loaded vehicle ( ̃̃e1
ijk
)

1 (1.0,1.5,1.9,2.8;0.4,0.8) (1.6,2.9,3.4,6;0.4,0.7) (1.1,4.1,6.1,6.8;0.4,0.7) 1
(1.2,1.9,2.7,3.2;0.2,0.7) (4.5,8.5,9.0,10;0.4,0.8) (5.0,8.0,9.0,9.5;0.2,0.5) 2
(1.3,1.8,2.8,3.5;0.5,0.8) (1.4,2.4,3.1,4.8;0.1,0.5) (1.4,2.3,2.9,5.4;0.4,0.9) 3
(2.1,2.6,3.2,4.1;0.3,0.6) (1.9,4.0,8.0,9.5;0.1,0.4) (2.7,4.1,5.7,8.9;0.4,0.9) 4

2 (2.0,2.5,3.0,4.0;0.2,0.6) (3.0,3.6,5.0,5.9;0.2,0.9) (2.8,3.4,5.3,6.7;0.3,0.8) 1
(1.1,2.5,3.0,3.5;0.3,0.6) (4.5,5.9,6.7,7.1;0.2,0.8) (2.4,2.9,5.2,8.1;0.1,0.4) 2
(3.5,5.0,6.0,8.6;0.2,0.4) (1.3,2.3,3.3,4.3;0.1,0.3) (2.3,3.6,4.9,7.8;0.2,0.7) 3
(2.9,3.8,5.0,8.2;0.2,0.5) (1.6,2.8,3.9,5.2;0.1,0.6) (2.2,4.4,5.6,7.8;0.2,0.6) 4

Table 7  Optimal solution 
of the problem using KM 
algorithm and proposed method

Ideal solution KM algorithm Proposed method

Maximum profit 1075.49 828.5309 1074.468
Minimum carbon emission 329.1719 661.773 654.7523
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For comparative analysis, the optimal solution of the 
given problem using KM Algorithm method and proposed 
method has been presented in Table 7.

7   Conclusion

In this paper, the general De Novo programming problem 
with interval type-2 fuzzy parameters has been introduced. 
For type reduction and subsequent defuzzification of the 
interval type-2 fuzzy parameters, a new method has been 
proposed. We have obtained equivalent crisp numbers for 
each type-2 fuzzy parameter. After that, using the Min-max 
goal programming technique, the problem was solved in one 
phase. In the proposed defuzzification method, the centroid 
of the given IT2TrFSs has been computed, and thereby the 
resulting crisp model captures all the fuzziness of the initial 
problem. Thus, it is a good method for applying de Novo 
programmes in optimal system design where fuzziness of 
higher order is involved. The advantage of this model is 
that it can reflect the inherent uncertainties in determining 
the coefficients more efficiently than crisp or type-1 fuzzy 
numbers. This makes the problem more flexible and can be 
efficiently used in designing optimal systems for real-life 
problems. As an application of the proposed defuzzifica-
tion methodology, a multi-objective solid transportation 
problem with real-life data in the form of trapezoidal type-2 
fuzzy variable has been formulated and solved. Here the two 
objectives are chosen as profit maximization and minimum 
carbon emissions from the vehicle used in transportation. A 
comparative solution has been shown in Table 7.
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Abstract
The	 anti-	apoptotic	 proteins,	 Bcl-	2	 and	 Survivin,	 are	 consistently	 overexpressed	 in	
numerous	human	malignancies,	notably	 in	colorectal	cancer.	2,4-	Di-	tert-	butylphenol	
(2,4-	DTBP)	is	a	naturally	occurring	phenolic	compound	known	for	its	diverse	biological	
activities,	including	anti-	cancer	properties.	The	mechanism	behind	2,4-	DTBP-	induced	
inhibition	of	cell	proliferation	and	apoptosis	in	human	colorectal	cancer	cells,	specifi-
cally	regarding	Bcl-	2	and	Survivin,	remains	to	be	elucidated.	In	this	study,	we	employed	
both in silico and in vitro methodologies to underpin this interaction at the molecu-
lar	level.	Molecular	docking	demonstrated	a	substantial	binding	affinity	of	2,4-	DTBP	
towards	Bcl-	2	(ΔG = −9.8 kcal/mol)	and	Survivin	(ΔG = −5.6 kcal/mol),	suggesting	a	po-
tential	 inhibitory	 effect.	 Further,	 molecular	 dynamic	 simulations	 complemented	 by	
MM-	GBSA	calculations	confirmed	the	significant	binding	of	2,4-	DTBP	with	Bcl-	2	(dG-
bind = −54.85 ± 6.79 kcal/mol)	and	Survivin	 (dGbind = −32.36 ± 1.29 kcal/mol).	 In	vitro	
assays	using	HCT116	colorectal	cancer	cells	revealed	that	2,4-	DTBP	inhibited	prolifera-
tion	and	promoted	apoptosis	in	both	a	dose-		and	time-	dependent	manner.	Fluorescence	
imaging	and	scanning	electron	microscopy	illustrated	the	classical	features	associated	
with	apoptosis	upon	2,4-	DTBP	exposure.	Cell	cycle	analysis	through	flow	cytometry	
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1  |  INTRODUC TION

Colorectal	cancer	(CRC)	has	emerged	as	a	leading	oncological	chal-
lenge,	marking	its	presence	as	one	of	the	most	prevalent	gastroin-
testinal	cancers	that	significantly	contributes	to	global	morbidity	and	
mortality.1,2	Recent	data	from	GLOBOCAN	2020	elucidate	a	worry-
ing	trend,	placing	CRC	at	the	third	spot	in	terms	of	cancer	incidence,	
encompassing	10%	of	all	new	cancer	diagnoses,	while	it	stands	sec-
ond	in	causing	9.4%	of	global	cancer-	related	fatalities,	irrespective	of	
demographic divisions such as age and gender.3	The	disease	exhibits	
significant	variability,	influenced	by	both	genetic	and	environmental	
factors.4	Numerous	studies	have	demonstrated	that	dietary	patterns	
and	inflammation	induced	by	various	factors	can	contribute	to	the	
development	of	CRC.5,6	Despite	the	leaps	in	oncological	diagnostic	
technologies,	 the	 late-	stage	diagnosis	of	CRC	remains	a	persistent	
issue,	leading	to	complex	clinical	manifestations.7

With	 an	 increasing	 understanding	 of	 the	 cellular	 and	molecular	
mechanisms	underpinning	CRC,	apoptotic	pathways,	specifically	the	
targeting	of	antiapoptotic	proteins	such	as	Bcl-	2	and	Survivin,	have	
garnered immense attention in therapeutic research.8,9	These	proteins	
often	showcase	elevated	expression	levels	in	chemo-	resistant	cancer	
cell	subtypes,	creating	a	formidable	barrier	against	the	apoptotic	po-
tential	 of	many	 chemotherapeutics.10,11	Delving	 into	 the	 specificity	
of	their	expression,	Bcl-	2	is	found	to	be	predominantly	expressed	in	
intestinal	stem	cells	 (ISCs)	across	both	human	and	rodent	models.12 
Prior	studies	highlight	the	pivotal	 role	of	Bcl-	2	 in	safeguarding	 ISCs	
from	 radiation-	mediated	 injuries;	 intriguingly,	 the	 pharmacological	
inhibition	of	Bcl-	2	manifests	retardation	in	the	proliferation	of	malig-
nant cells, accentuating its potential as a chemopreventive target.12 
Parallelly,	Survivin,	identified	as	the	most	compact	member	of	the	in-
hibitor	of	apoptosis	protein	(IAP)	family,	presents	an	overexpression	
pattern	across	an	array	of	cancers,	including	CRC,	with	its	presence	
being	minimal	in	mature,	differentiated	tissues.13 Given these unique 
expression	profiles,	both	Bcl-	2	and	Survivin	have	emerged	as	 com-
pelling	targets	for	the	development	of	innovative	CRC	therapeutics.

Nevertheless,	 the	 clinical	 management	 of	 CRC	 is	 riddled	 with	
challenges, most prominently due to inherent drug resistance 

mechanisms	and	a	myriad	of	other	molecular	complexities.14	In	this	
therapeutic	quest,	nature's	vast	arsenal	of	molecules	has	often	been	
the	 starting	 point	 for	 the	 identification	 of	 efficacious	 drug	 candi-
dates, mainly attributed to their innate pharmacological properties 
and	 favourable	 safety	 profiles.15	 In	 this	 vast	 natural	 repository,	
2,4-	ditert-	butylphenol	(2,4-	DTBP),	a	lipophilic	phytocompound,16–19 
stands	out	with	 its	plethora	of	biological	 activities	 that	 span	 from	
antioxidant,20,21	 anti-	inflammatory22 and antimicrobial23–27 to no-
table	anti-	cancer	properties.28	However,	a	distinct	knowledge	gap	
persists	in	understanding	how	2,4-	DTBP	modulates	the	activities	of	
Bcl-	2	and	Survivin,	especially	 in	 the	context	of	CRC	cell	prolifera-
tion	and	apoptotic	responses.	In	addressing	this	lacuna,	the	present	
study	 embarks	 on	 a	 groundbreaking	 journey,	 employing	 rigorous	
methodologies	 to	 elucidate	 the	 molecular	 interplay	 between	 2,4-	
DTBP	and	these	pivotal	antiapoptotic	proteins	in	CRC.	With	a	focus	
on uncharted territories, our research promises not only to contrib-
ute	novel	insights	into	CRC	therapeutics	but	also	to	redefine	the	po-
tential	of	naturally	derived	compounds	in	oncological	applications.

2  |  MATERIAL S AND METHODOLOGY

2.1  |  Molecular docking

In	 order	 to	 delve	 into	 the	 binding	 capabilities	 of	 2,4-	DTBP	 with	
target	proteins	Survivin	(PDB	ID:	1F3H)	and	Bcl-	2	(PDB	ID:	6GL8),	
we	 utilized	 molecular	 docking	 methodologies.	 The	 computational	
process	 was	 carried	 out	 using	 Autodock	 version	 4.2.1,	 a	 widely	
accepted	 software	 known	 for	 its	 precision	 and	 robustness	 in	 pre-
dicting	ligand-	protein	interactions.29	To	ensuring	the	reliability	and	
reproducibility	of	the	results,	three	independent	docking	runs	were	
performed.	Each	run	generated	a	total	of	50	solution	poses,	operat-
ing	within	a	population	size	of	500.	The	key	parameters	set	for	the	
docking	experiments	were	2,500,000	evaluations	and	a	maximum	of	
27,000	generations,	ensuring	 thorough	sampling	of	 the	conforma-
tional	space.	The	other	software	settings	were	maintained	at	their	
default	values	to	maintain	the	standard	protocol.	Subsequent	to	the	
docking	procedure,	 root	mean	square	deviation	 (RMSD)	clustering	

highlighted a G1 phase arrest and apoptosis assay demonstrated increased apoptotic 
cell	population.	Notably,	western	blotting	results	indicated	a	decreased	expression	of	
Bcl-	2	and	Survivin	post-	treatment.	Considering	the	cytoprotective	roles	of	Bcl-	2	and	
Survivin	through	the	inhibition	of	mitochondrial	dysfunction,	our	findings	of	disrupted	
mitochondrial	 bioenergetics,	 characterized	 by	 reduced	 ATP	 production	 and	 oxygen	
consumption,	further	accentuate	the	functional	impairment	of	these	proteins.	Overall,	
the	integration	of	in	silico	and	in	vitro	data	suggests	that	2,4-	DTBP	holds	promise	as	a	
therapeutic	agent	targeting	Bcl-	2	and	Survivin	in	colorectal	cancer.

K E Y W O R D S
2,4-	Di-	tert-	butylphenol	(PubChem	CID:	71315956),	apoptosis,	Bcl-	2,	colorectal	cancer,	
mitochondrial stress, Survivin
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    |  3 of 17SAHA et al.

was	employed	to	 interpret	and	group	the	obtained	docking	poses.	
The	poses	were	re-	clustered	employing	three	distinct	clustering	tol-
erances,	viz.,	0.5 Å,	1 Å	and	2 Å.	This	strategy	aids	in	pinpointing	the	
most	 favourable	 ligand	pose	cluster,	gauged	by	 the	 lowest	energy	
score	and	maximum	population.

The	binding	pocket	for	Survivin	was	ascertained	from	prior	 lit-
erature.30	Key	 residues	 involved	 in	 ligand	binding	 include	LEU-	96,	
PHE-	93,	VAL-	89,	LEU-	98,	PHE-	101,	LEU-	104,	LYS-	15,	PHE-	86,	LEU-	
102,	LEU-	6,	TYR-	10,	LEU-	14,	PHE-	13,	ARG-	18,	LEU-	87	and	ILE-	74.	
Accordingly,	 a	 grid	 box	 encapsulating	 this	 binding	 pocket	was	 de-
fined	 with	 centre	 coordinates	 X = 31.4487,	 Y = 2.1169,	 Z = 16.214	
and	spanning	dimensions	of	X:30, Y:25, Z:24. Conversely, the binding 
cavity	for	Bcl-	2	was	derived	from	the	structural	database	 (https:// 
www.	rcsb.	org/	struc	ture/	6GL8).31	 The	 residues	 forming	 this	 cav-
ity	 were	 delineated	 based	 on	 a	 3 Å	 radius	 encompassing	 the	 co-	
crystallized	 ligand.	 The	 resultant	 grid	 box	 for	 Bcl-	2	 docking	 was	
positioned at X = 14.09,	Y = 15.47,	Z = 15.48,	with	dimensions	set	at	
X:3.53, Y:0.58, Z:12.41.	This	rigorous	and	comprehensive	methodol-
ogy	was	essential	for	revealing	the	intricate	details	of	how	2,4-	DTBP	
interacts	with	both	Survivin	and	Bcl-	2,	shedding	light	on	its	potential	
therapeutic implications.

2.2  |  Molecular dynamics simulations

Molecular	dynamics	(MD)	simulations	are	carried	out	for	the	com-
plexes	between	Bcl-	2	and	Survivin	with	2,4-	DTBP	using	Desmond	
2020.1	 from	 Schrödinger,	 LLC.	 The	 simulation	 set-	up	 utilized	
the	reliable	OPLS-	2005	force	field,	 renowned	for	 its	accuracy	 in	
modelling biological systems.31,32	 An	 explicit	 solvent	model	was	
employed,	 and	 TIP3P	 water	 molecules	 filled	 a	 salvation	 box	 of	
dimensions	 10 Å × 10 Å × 10 Å.33	 The	 physiological	 ionic	 environ-
ment	was	mimicked	using	a	0.15 M	NaCl	 solution,	with	Na+ ions	
neutralizing	any	net	charge.	To	ensure	system	stability	and	opti-
mal	conformational	 sampling,	an	NVT	ensemble	equilibrated	 the	
protein–ligand	complexes	for	10 ns.	This	was	followed	by	a	12-	ns	
NPT	 ensemble	 equilibration	 and	 minimization.	 The	 simulations	
incorporated	 the	 Nose-	Hoover	 chain	 coupling	 scheme	 for	 tem-
perature regulation34	and	utilized	the	Martyna–Tuckerman–Klein	
chain	 coupling	 approach	 for	 pressure	 control.35	 Key	 parameters	
like	the	electrostatic	interactions	were	computed	using	the	parti-
cle	mesh	Ewald	method.36	For	accuracy	 in	capturing	dynamic	 in-
teractions,	bonded	forces	were	calculated	at	every	2-	fs	time	step	
by	the	RESPA	integrator.	The	overall	simulation	was	conducted	for	
a	substantial	duration	of	100 ns,	and	essential	parameters	such	as	
RMSD,	Rg,	RMSF,	H-	bonds,	salt	bridges	and	SASA	were	tracked	to	
monitor system stability and interactions.

2.3  |  Cell lines and reagents

Since	HCT116	cells	have	been	used	in	a	range	of	biological	investiga-
tions,	 including	 colorectal	 cancer	 proliferation,	 therapeutic	 research	

and	drug	screening,	we	used	this	colorectal	cancer	cell	line	for	our	re-
search	along	with	a	normal	human	fibroblast	cell	line,	GM00637.	We	got	
the	colorectal	cancer	cell	line	(human;	HCT116)	from	NCCS,	India,	and	
normal	human	fibroblast	cell	line	(GM00637)	from	Jadavpur	University,	
West	Bengal,	India.	Normal	and	cancer	cells	were	cultured	in	DMEM	
(HiMedia)	 with	 FBS	 (10%)	 (HiMedia)	 and	 2%	 antibiotic	 (Penstrep;	
HiMedia)	in	a	CO2	incubator	(Esco	Scientific;	at	37°C	in	a	5%	CO2 envi-
ronment).	SRL	Pvt.	Ltd.,	India	supplied	the	crystal	violet.	The	drugs	2,4-	
DTBP	(Sigma-	Aldrich;	Product	No.:	137731)	and	5-	fluorouracil	(5-	FU)	
(Sigma-	Aldrich;	Product	No.:	F6627)	were	used	in	this	study.

2.4  |  MTT assay

The	 proliferation	 of	 HCT116	 and	 GM00637	 cells	 after	 treatment	
with	2,4-	DTBP	was	determined	by	MTT	assay,	as	we	described	ear-
lier.37	Cells	were	 treated	with	or	without	2,4-	DTBP	and	5-	FU	and	
incubated	 for	 24 h.	 A	 0.5 mg/mL	 concentration	 of	 MTT	 solution	
(100 μL/well)	was	added	following	incubation.	At	570 nm,	the	absorb-
ance	was	recorded	using	a	plate	reader	(Thermo	Scientific,	USA).

2.5  |  Clonogenic assay

A	total	of	3 × 103	HCT116	cells	in	each	well	of	a	six-	well	plate	were	
seeded,	and	the	clonogenicity	assay	was	performed	according	to	the	
standard protocol.38	2,4-	DTBP-	treated	and	vehicle-	controlled	colo-
nies	were	stained	for	30 min	with	0.5%	crystal	violet	(SRL	Pvt.	Ltd.,	
India)	and	washed	with	double	distilled	water.	Images	of	each	well	
were	taken,	and	ImageJ	software	was	used	to	count	the	colonies.

2.6  |  Cell migration assay

A	uniform	monolayer	of	HCT116	 cells	 in	35 mm	culture	plates	was	
scratched	with	a	10 μL	microtip,	 treated	with/without	the	 IC50 con-
centration	of	2,4-	DTBP	and	kept	in	the	incubator	for	24 h.	The	bright	
field	images	(0	and	24 h)	of	the	same	treated	and	vehicle-	controlled	
scratched	area	were	taken	by	an	inverted	microscope	(ZEISS	Axio).39

2.7  |  AO/PI and DAPI fluorescent staining assay

The	AO/EB	(AO:EB = 1:1)	and	DAPI	fluorescent	staining	procedures	
were	 performed	 to	 investigate	 the	 2,4-	DTBP-	induced	 chromatin	
condensation	 in	 HCT116	 colorectal	 cancer	 cells	 according	 to	 the	
standard protocols.40,41

2.8  |  DNA fragmentation assay

The	nuclear	DNA	damage	caused	by	2,4-	DTBP	was	studied	using	a	
DNA	fragmentation	assay.42	DNA	isolated	from	the	vehicle-	controlled	
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and	2,4-	DTBP-	treated	HCT116	cells	was	electrophoresed	on	a	1.5%	
agarose	gel	to	separate	the	bands.	The	ChemiDoc™	MP	imaging	sys-
tem	(Bio-	Rad,	USA)	was	used	to	capture	images	of	the	gel.

2.9  |  Scanning electron microscopic (SEM) study

HCT116	 cells	 cultured	 on	 glass	 coverslips	 were	 treated	 with	
or	 without	 the	 IC50	 dose	 of	 2,4-	DTBP	 for	 3 h.	 Following	 treat-
ment,	 the	cells	were	washed	 in	PBS	and	 fixed	at	 room	tempera-
ture	for	30 min	in	2.5%	glutaraldehyde	(HiMedia;	diluted	in	PBS).	
Postfixation,	the	cells	were	rinsed	three	times	for	10 min	with	PBS.	
For	 lipid	 fixing,	 1%	osmium	 tetroxide	 (OSO4)	was	 applied	 to	 the	
fixed	cells	for	1 h.43	After	washing,	graded	ethanol	was	used	to	dry	
the	cells	(20%,	30%,	40%,	50%,	60%,	70%,	80%	and	90%,	once	for	
each	and	twice	in	100%	for	10 min	each).	After	being	dehydrated	
with graded alcohol, the cells were then placed in tetramethylsi-
lane	[Si(CH3)4]	overnight	to	complete	the	drying	process.	The	next	
day,	 the	 samples	were	prepared	 for	 imaging	by	SEM	 (Carl	ZEISS	
Sigma	300	VP).

2.10  |  Annexin V/PI flow cytometric assay

Treated	(IC50	concentration	of	2,4-	DTBP)	and	untreated	(vehicle-	
controlled)	 HCT116	 cells	 were	 fixed	 at	 room	 temperature	 for	
10–15 min	with	 formaldehyde	 (4%).	After	 fixation,	 the	cells	were	
kept	on	 ice	 for	5–10 min.	 The	 cells	were	 incubated	 for	10 min	 in	
a	 solution	 containing	 5 mg/mL	 BSA	 in	 PBS	 after	 they	 had	 been	
washed	and	resuspended	in	the	same	solution.	The	exposed	phos-
phatidylserine	residues	of	cells	were	tracked	using	FITC-	Annexin	
V	 staining	 using	 the	 protocol	 outlined	 in	 the	 ‘Apoptosis	 kit’	
(Molecular	Probes).	Flow	cytometry	was	used	 to	 figure	out	how	
many	cells	were	positive	for	Annexin	V	and	PI	alone	or	together.	
For	 dot	 blot	 analysis,	 Cell	Quest	 Pro	 software	 (BD	BioSciences,	
USA)	was	used.44

2.11  |  Cell- cycle assay

HCT116	cells	(50 × 103	cells/35 mm	culture	plate)	were	seeded,	and	
the	following	day,	cells	were	treated	with	or	without	the	IC50 con-
centration	of	2,4-	DTBP	for	24 h,	trypsinized,	and	washed	three	times	
with	 cold	 PBS.	 After	 discarding	 the	 PBS,	 70%	 ethanol	was	 added	
drop	by	drop	with	moderate	vortexing	of	the	tube	containing	the	cell	
palate	to	fix	the	cells	and	stored	overnight	at	4°C.	The	alcohol	was	
discarded	from	each	vial	after	centrifugation	(3000 rpm)	for	15 min	
at	4°C.	Following	a	PBS	wash,	cells	were	stained	for	30 min	 in	the	
dark	with	a	PI/RNAase	 solution.	FACS	Celesta	 (Becton-	Dickinson,	
Franklin	 Lakes,	NJ)	was	used	 to	detect	 cell	 cycle	distribution,	 and	
FCS	Express	software	was	used	to	evaluate	the	resulting	data.	The	
intensity	 of	 the	 labelled	 cells'	 fluorescence	 is	 proportional	 to	 the	
amount	of	DNA	they	have.45

2.12  |  Western blot analysis

The	western	blot	 study	was	performed	according	 to	 the	 standard	
protocol.45	 SDS-	PAGE	 separated	 equal	 amounts	 of	 protein	 from	
2,4-	DTBP-	treated	 and	 vehicle-	controlled	 HCT116	 cells,	 which	
were	 transferred	 to	 a	 nitrocellulose	membrane,	 and	 subsequently	
processed to detect the target protein. Primary antibodies against 
Bcl-	2	 (CST	 15071;	 Cell	 Signaling	 Technology,	 USA),	 Survivin	 (CST	
2808;	Cell	Signaling	Technology,	USA),	Caspase-	3	(BB-	AB0243;	Bio	
Bharati	Life	Science	Pvt.	Ltd.,	 India)	and	α-	tubulin	 (CST	2144;	Cell	
Signaling	Technology,	USA;	used	as	a	loading	control)	were	used	to	
incubate	the	membranes.	A	secondary	antibody	coupled	with	horse-
radish	peroxidase	(Abcam,	USA)	was	used	to	incubate	the	blots	for	
2 h	at	room	temperature.	The	bands	representing	the	individual	pro-
teins	were	seen	using	a	ChemiDoc	XRS	System.

2.13  |  Cellular bioenergetics study

After	counting	the	HCT116	cells	with	a	TC-	10	cell	counter	(Bio-	Rad,	
Hercules,	CA,	USA),	1 × 104 cells were seeded in each well and in-
cubated	for	24 h	in	a	CO2	incubator.	Following	attachment,	the	cells	
were	treated	with/without	the	IC50	concentration	of	2,4-	DTBP	for	
3 h.	The	same	treatment	was	repeated	three	times.	The	bioenerget-
ics	 study	was	performed	by	an	Agilent	Seahorse	extracellular	 flux	
analyzer	(XFe24;	Seahorse	Bioscience,	Billerica,	MA,	USA)	according	
to the standard protocol.44,46

2.14  |  ProTox study

The	OSIRIS	Property	Explorer	was	used	to	analyse	pharmaceutically	
essential	 aspects	 of	 a	 natural	 chemical	 (2,4-	DTBP)	 swiftly;	 it	 pre-
dicts	all-	natural	compounds'	Absorption,	Distribution,	Metabolism	
and	 Elimination	 (ADME)	 properties	 (https://	www.	chemi	nfo.	org/	
Chemi	stry/	Chemi	nform	atics/		Prope	rty_	explo	rer/	index.	html).	
ProTox-	II	 (https://	tox-		new.	chari	te.	de/	protox_	II/	),	 a	 free	 in	 silico	
toxicity	prediction	web	server,	projected	2,4-	DTBP's	 toxicity	pro-
file.	The	PubChem	Name	of	the	drug	was	entered	into	the	ProTox-	II	
graphical	 user	 interface	 for	 toxicity	 computation	 using	 machine	
learning	 algorithms-	based	models	 that	 comprised	 acute	 (oral)	 and	
organ	 (liver)	 toxicities,	 toxicological	 endpoints,	 pathways	 and	 tar-
gets.	 The	 webserver's	 prediction	 types,	 training/test	 set	 com-
pounds,	 cross-	validation,	 descriptors,	 and	 techniques	 were	 used	
without	modification.47,48

2.15  |  Statistical analysis

Graphs	 were	 made	 using	 GraphPad	 Prism-	8.2.1	 (GraphPad	
Prism,	 RRID:	 SCR_002798)	 as	well	 as	 Excel	 software	 (Microsoft	
Excel-	2019).	 Experiments	 were	 conducted	 three	 times,	 and	 the	
results	of	 these	experiments	were	 reported	as	 the	mean ± SD	of	
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three	 data	 sets.	A	 two-	tailed	 paired	 t-	test	was	 performed	when	
the	number	of	groups	was	two	to	calculate	the	p-	value	using	the	
SPSS	 (IBM	 SPSS	 Statistics	 25)	 software,	 which	 reflects	 the	 sig-
nificance	 of	 differences	 between	 distinct	 sets	 of	 experimental	
data. p < 0.05,	p < 0.01	and	p < 0.001	are	denoted	by	*,	**	and	***,	
respectively.

3  |  RESULTS AND ANALYSIS

3.1  |  Molecular Docking

In	molecular	docking	analysis,	the	X-	ray	crystal	structures	of	proteins	
Bcl-	2	 and	 Survivin	 have	 interacted	 with	 2,4-	DTBP.	 During	 docking	
analysis,	the	highest	population	of	ligand	2,4-	DTBP	poses	with	Bcl-	2	
belongs	to	the	0.25 Å	RMSD	cluster	having	the	lowest	binding	energy	
ΔG = −9.8 kcal/mol	has	been	considered	for	further	analysis.	Out	of	50,	
31	generated	ligand	pose	populations	fall	within	this	cluster,	ranging	
from	9.1	to	9.8 kcal/mol	binding	energies.	The	complex	with	the	low-
est	binding	energy	exhibited	pi–pi	stacking	with	Phe104	and	Phe112	

residues	 of	 the	 binding	 cavity	 of	 Bcl-	2,	 while	 Ala149	 was	 involved	
in	 pi–alkyl	 interaction	with	 the	 ligand	 (Figure 1A).	Met115,	Val133,	
Arg146,	Glu152	and	Phe153	residues	are	involved	in	van	der	Waal's	
interaction	(Figure 1A).	Survivin	interaction	with	2,4-	DTBP	exhibited	
the lowest binding energy ΔG = −5.6 kcal/mol	 and	 formed	a	pi–alkyl	
interaction	with	Phe86	 residue	 (Figure 1B).	 This	 complex	 is	 further	
analysed	for	molecular	dynamics	simulation	studies	in	order	to	analyse	
the	complex's	stability.	The	negative	score	of	docking	output	signifies	
the	free	energy	of	binding	(ΔG).	The	more	negative	ΔG indicates more 
efficient	binding	of	the	ligand	with	the	respective	proteins.

3.2  |  Molecular dynamics simulation

To	assess	 the	convergence	and	stability	of	Bcl-	2 + 2,4-	DTBP	and	
Survivin+2,4-	DTBP,	molecular	dynamics	 and	 simulation	 (MD)	 in-
vestigations	 were	 performed.	 Comparing	 the	 root	 mean	 square	
deviation	 (RMSD)	 values	 for	 simulations	 of	 100 ns	 revealed	 sta-
ble	 conformation.	 The	 Cα-	backbone	 of	 Bcl-	2	 that	 was	 bound	
to	 2,4-	DTBP-	ligand	 displayed	 an	 RMSD	 of	 1.9 Å	 (Figure 2A).	

F I G U R E  1 Molecular	docking	study:	
Surface	view	of	the	best	pose	of	(A)	
Bcl-	2 + 2,4-	Di-	tert-	butylphenol	and	
(B)	Survivin+2,4-	Di-	tert-	butylphenol	
complexes	displaying	the	surface	view	on	
the	left	panel	and	2D	interaction	profile	of	
the ligand with binding cavity residues.
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6 of 17  |     SAHA et al.

While	 the	 ligand	RMSD	of	 2,4-	DTBP-	ligand	 is	 depicted	 as	 2.0 Å	
(Figure 2A).	 Stable	 RMSD	 plots	 during	 simulation	 indicate	 con-
vergence	and	stability.	So,	 it	can	be	hypothesized	that	2,4-	DTBP	
bound	to	Bcl-	2	is	quite	stable	due	to	the	ligand's	high	affinity.	The	
plot	 for	 root	mean	 square	 fluctuations	 (RMSF)	 indicates	 the	 re-
sidual	fluctuations	due	to	conformational	variations	into	different	
secondary	structures.	Here,	 the	RMSF	plot	displayed	six	distinct	
loops	formed	due	to	fluctuating	residues,	while	high	fluctuations	
were	 observed	 among	 1–5,	 23–35	 and	 60–67	 residual	 positions	
(Figure 2B).	The	highest	fluctuating	peak	comprised	of	4.5 Å	coined	
as α-	loop,	β-	loop	3.2 Å	and	γ-	loop	3.1 Å,	respectively	(Figure 2B).	
Other	three	loops	formed	between	79–84	residues	(δ-	loop),	106–
112	residues	(ε-	loop)	and	134–143	residues	(Φ-	loops)	(Figure 2B).	
Rest	small	spikes	conformed	into	α-	helices.	Therefore,	the	protein	
Bcl-	2	 has	 significant	 flexibility	 to	 conform	 to	 specific	 secondary	

structures	in	order	to	accommodate	the	ligand.	The	radius	of	gyra-
tion	(Rg)	quantifies	the	protein's	compactness.	Bcl-	2	Cα-	backbone	
bound	 to	 2,4-	DTBP-	ligand	 demonstrated	 a	 decrease	 in	 radius	
of	gyration	 (Rg)	 from	22.3	to	22.01 Å	 (Figure 2C).	A	significantly	
decreasing	gyration	 (Rg)	 indicates	 that	 the	 ligand-	bound	protein	
is	 in	a	highly	compact	orientation.	The	high	number	of	hydrogen	
bonds	between	the	protein	and	 ligand	is	 indicative	of	strong	en-
gagement	 and	 high	 complex	 stability.	 During	 the	 100 ns	 simula-
tion,	the	number	of	hydrogen	bonds	between	Bcl-	2	and	2,4-	DTBP	
was	 significant	 (Figure 2D).	 Bcl-	2	 and	 2,4-	DTBP-	ligand	 exhibit	
an	average	number	of	consistent	hydrogen	bonds	 (average	three	
numbers)	(Figure 2D).	Salt	bridges	are	generated	between	nearby	
oppositely charged residues and serve a crucial role in protein sta-
bility.49	The	average	number	of	salt	bridges	formed	between	Bcl-	2	
and	 2,4-	DTBP-	ligand	 in	 this	 study	 (Figure 2E).	 Similar	 patterns	

F I G U R E  2 Molecular	dynamics	
simulation	analysis	of	100 ns	trajectories	
and	radial	distribution	function	of	Bcl-	2	
bound	with	2,4-	DTBP	complex:	(A)	
Cα-	backbone	of	Bcl-	2 + 2,4-	DTBP-	ligand,	
(B)	RMSF	of	Cα-	backbone	of	Bcl-	2	bound	
with	2,4-	DTBP-	ligand,	(C)	Radius	of	
gyration	(Rg)	of	Cα-	backbone	of	Bcl-	2	
bound	with	2,4-	DTBP	(D)	Formation	
of	hydrogen	bonds	in	Bcl-	2	bound	with	
2,4-	DTBP	complex,	(E)	Numbers	of	salt	
bridge	formation	between	and	2,4-	DTBP,	
(F)	Solvent	accessible	surface	area	of	
Bcl-	2	bound	with	2,4-	DTBP	complex	and	
(G)	Radial	distribution	function	(RDF)	
indicating the distance g[r]	of	2,4-	DTBP	
-	ligand	from	binding	cavity	residues	of	
Bcl-	2.
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    |  7 of 17SAHA et al.

were	observed	 in	both	 ligand-	bound	and	unbound	states	of	 sol-
vent	 accessible	 surface	 area	 (SASA)	 after	 Rg	 analysis.	 Figure 2F 
clearly	shows	that	in	the	unbound	state	of	the	2,4-	DTBP-	ligand	to	
the	 receptor,	 the	protein	Bcl-	2	displayed	a	 large	solvent	accessi-
ble	surface	area	(Figure 2F,	red).	The	SASA	value	decreased	when	
attached	to	the	2,4-	DTBP-	ligand	compared	to	the	unbound	con-
dition	 (Figure 2F,	black).	Overall,	 the	Rg	 study	 shows	 that	when	
ligands	bind	to	proteins,	they	become	more	compact	and	less	flex-
ible.	The	interaction	between	the	ligand	and	active	site	amino	acid	
residues	centre	of	mass	is	analysed	by	studying	the	radial	density	
function	 (RDF).	 RDF	 finds	 the	 probability	 of	 distances	 between	
two	particles	from	their	centres.	In	this	study,	the	distance	of	the	
ligand	2,4-	DTBP	 from	 the	key	binding	 residues	of	Bcl-	2	was	de-
tected	 after	 a	 pro-	simulation	 study,	 as	 shown	 in	 Figure 2G.	 The	
significance	g[r]	values	indicated	in	the	plot	signify	good	interac-
tion	of	the	2,4-	DTBP-	ligand	with	the	residues,	where	the	highest	
probability	of	finding	the	 ligand	near	the	residues	was	measured	
to	be	4.5 Å	(Figure 2G).

The	 RMSD	 of	 Cα-	backbone	 of	 Survivin	 bound	 to	
2,4-	DTBP-	ligand	 exhibited	 a	 deviation	 of	 2.1 Å	 (Figure 3A).	 The	
ligand	RMSD	of	2,4-	DTBP-	ligand	is	depicted	as	5.2 Å	(Figure 3A).	
Stable	 RMSD	 plots	 during	 simulation	 indicate	 convergence	 and	
stability.	Therefore,	it	can	be	hypothesized	that	2,4-	DTBP	bound	
to	 Survivin	 is	 quite	 stable	 due	 to	 the	 ligand's	 high	 affinity.	 The	

plot	 for	 root	mean	 square	 fluctuations	 (RMSF)	 indicates	 the	 re-
sidual	fluctuations	due	to	conformational	variations	into	different	
secondary	 structures.	 Here,	 the	 RMSF	 plot	 displayed	 1	 distinct	
loop	and	2	helices	formed	due	to	fluctuating	residues,	while	high	
fluctuations	 were	 observed	 among	 the	 15–20	 (H1-	helix),	 38–56	
(L1-	loop)	 and	 115–125	 (H2-	helix)	 residual	 positions	 (Figure 3B).	
The	highest	fluctuating	peak	comprised	5.8 Å	for	L1	loop,	3.8 Å	for	
H1	helix	and	6 Å	for	H2	helix,	respectively	(Figure 3B).	Rest	small	
spikes	 conformed	 into	α-	helices.	 Therefore,	 the	protein	 Survivin	
has	significant	 flexibility	 to	conform	to	specific	secondary	struc-
tures	in	order	to	accommodate	the	ligand.	The	radius	of	gyration	
(Rg)	quantifies	the	protein's	compactness.	Survivin	Cα-	backbone	
bound	 to	2,4-	DTBP-	ligand	demonstrated	a	decrease	 in	 radius	of	
gyration	 (Rg)	 from	18.85	 to	 18.4 Å	 (Figure 3C).	 Significantly	 de-
creasing	gyration	(Rg)	indicates	that	the	ligand-	bound	protein	is	in	
a	highly	compact	orientation.	The	high	number	of	hydrogen	bonds	
between	 the	 protein	 and	 ligand	 is	 indicative	 of	 strong	 engage-
ment	and	high	complex	stability.	During	the	100 ns	simulation,	the	
number	of	hydrogen	bonds	between	Survivin	and	2,4-	DTBP	was	
significant	(Figure 3D).	Survivin	and	2,4-	DTBP-	ligand	exhibit	an	av-
erage	number	of	consistent	hydrogen	bonds	(Average	1	numbers)	
(Figure 3D).	Similar	patterns	were	observed	in	both	ligand-	bound	
and	unbound	states	of	solvent	accessible	surface	area	(SASA)	after	
Rg analysis. Figure 3E	clearly	shows	that	in	the	unbound	state	of	

F I G U R E  3 Molecular	dynamics	
simulation	analysis	of	100 ns	trajectories	
and	radial	distribution	function	of	
Survivin	bound	with	2,4-	DTBP	complex:	
(A)	Cα-	backbone	of	Survivin+2,4-	DTBP-	
ligand,	(B)	RMSF	of	Cα-	backbone	of	
Survivin	bound	with	2,4-	DTBP-	ligand,	(C)	
radius	of	gyration	(Rg)	of	Cα-	backbone	
of	Survivin	bound	with	2,4-	DTBP,	(D)	
formation	of	hydrogen	bonds	in	Survivin	
bound	with	2,4-	DTBP	complex,	(E)	solvent	
accessible	surface	area	of	Survivin	bound	
with	2,4-	DTBP	complex	and	(F)	radial	
distribution	function	(RDF)	indicating	the	
distance g[r]	of	2,4-	DTBP-	ligand	from	
binding	cavity	residues	of	Survivin.
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8 of 17  |     SAHA et al.

2,4-	DTBP-	ligand	to	the	receptor,	the	protein	Survivin	displayed	a	
large	 solvent	 accessible	 surface	 area	 (Figure 3E,	 red).	 The	 SASA	
value	decreased	when	attached	to	the	2,4-	DTBP-	ligand	compared	
to	the	unbound	condition	(Figure 3E,	black).	Overall,	the	Rg	study	
shows that when ligands bind to proteins, they become more com-
pact	and	less	flexible.

Usually,	water	 bridges	 play	 a	 significant	 role	 in	 the	 presence	
of	water	as	a	solvent	to	hold	the	ligand	in	proper	proximity	to	the	
binding	residues	of	proteins,	as	confirmed	by	the	RDF	study.	In	the	
2,4-	DTBP–Survivin	 interaction,	 the	 ligand	distance	 from	 the	key	
residues	of	Survivin	exhibited	much	 lesser	 (Figure 3F)	compared	
to	 Bcl-	2.	 The	 lesser	 distance	 indicates	 less	 interaction,	 which	
might	be	due	to	the	absence	of	salt	bridges	between	Survivin	and	
2,4-	DTBP.

3.3  |  Molecular mechanics generalized born 
surface area (MM- GBSA) calculations

Using	 the	 MD	 simulation	 trajectory,	 the	 binding	 free	 energy	 and	
other	contributing	energy	in	the	form	of	MM-	GBSA	are	determined	
for	the	Bcl-	2 + 2,4-	DTBP	and	Survivin+2,4-	DTBP	complexes.	The	re-
sults	(Table 1)	suggested	that	the	maximum	contribution	to	ΔGbind in 
the	stability	of	the	simulated	complexes	was	due	to	ΔGbindCoulomb, 
ΔGbindvdW,	ΔGbindHbond	and	ΔGbindLipo, while ΔGbindCovalent 
and ΔGbindSolvGB	 contributed	 to	 the	 instability	 of	 the	 corre-
sponding	 complexes.	 Bcl-	2 + 2,4-	DTBP	 complex	 has	 comparatively	
higher	binding	free	energies	dGbind = −54.85 ± 6.79 kcal/mol	higher	
than Survivin+2,4-	DTBP	 complex	 dGbind = −32.36 ± 1.29 kcal/mol	
(Table 1).	 These	 results	 demonstrated	 that	 Bcl-	2 + 2,4-	DTBP	 and	
Survivin+2,4-	DTBP	have	the	potential	to	form	stable	protein-	ligand	
complexes	with	a	high	affinity	for	binding	to	the	protein,	efficacy	in	
binding	to	the	target	protein	and	the	ability	to	efficiently	attach	to	
the target protein.

3.4  |  Time series analysis of Bcl- 2+2,4- DTBP and 
Survivin+2,4- DTBP complex

Time	series	analysis	of	MD	simulation	frames	of	Bcl-	2 + 2,4-	DTBP	
from	the	beginning	of	simulation	(0 ns),	20,	40,	60,	80	and	100 ns	

was recorded and represented in Figure 4.	At	the	beginning	of	the	
simulation,	 the	 ligand	 2,4-	DTBP	 exhibited	 a	 linear	 arrangement	
(Figure 4A,	arrow),	while	at	20 ns,	2,4-	DTBP	moved	and	bent	a	lit-
tle	from	its	initial	pose.	These	angular	movements	were	observed	
through	 the	 simulation	 to	 orient	 the	 ligand	2,4-	DTBP	 for	 better	
accommodation	within	 the	 binding	 pocket	 (Figure 4A).	 Time	 se-
ries	analysis	of	MD	simulation	frames	of	Survivin+2,4-	DTBP	from	
the	beginning	of	simulation	 (0 ns),	20,	40,	60,	80	and	100 ns	was	
recorded and represented in Figure 4B.	At	the	beginning	of	simu-
lation,	 the	 ligand	2,4-	DTBP	exhibited	a	 linear	 tilted	arrangement	
(Figure 4B,	 arrow),	while	 at	 20 ns	 2,4-	DTBP	moved	outward	 lin-
early	 from	 its	 initial	 pose.	 At	 40–100 ns,	 the	 pose	 of	 the	 ligand	
is	arranged	to	occupy	different	dimensions.	These	angular	move-
ments were observed through the simulation to orient the ligand 
2,4-	DTBP	 for	 better	 accommodation	 within	 the	 binding	 pocket	
(Figure 4B).

3.5  |  2,4- DTBP- induced cytotoxicity

The	antiproliferative	effect	of	2,4-	DTBP	in	HCT116	(human	colorec-
tal	cancer)	cells	and	GM00637	(human	normal	fibroblast)	cells	was	
determined	by	exposing	both	cell	lines	to	a	series	of	2,4-	DTBP	con-
centrations	 for	24 h	 (Figure 5A,B).	HCT116	cells	were	also	 treated	
with	 the	 conventional	 anti-	cancer	 drug	 5-	FU	 (used	 as	 a	 positive	
control).	An	 in	vitro	cytotoxicity	assay	 (MTT)	was	used	for	24 h	 to	
measure	the	percentage	of	cell	viability	with	or	without	(vehicle	con-
trol)	 the	 drugs.	 The	 estimated	 IC50	 value	 of	 2,4-	DTBP	 in	HCT116	
cells	was	 57.044 ± 0.32 μM.	However,	 it	 showed	 lower	 toxicity	 on	
the	GM00637	cells	(90.84 μM ± 4.28 μM)	compared	to	the	colorectal	
cancer	cells.	5-	FU	exhibited	a	higher	IC50	(>100 μM)	than	2,4-	DTBP	
in	colorectal	cancer	cells	(Figure 5A).

3.6  |  2,4- DTBP inhibited the clonogenic potential

Using	 a	 clonogenic	 test,	we	 validated	 the	 impact	 of	 2,4-	DTBP	 on	
the	ability	of	each	HCT116	cell	 to	 form	colonies.	When	2,4-	DTBP	
was	used	at	the	IC50	concentration	for	24 h,	the	number	of	colonies	
was	significantly	reduced	in	the	experimental	group	compared	to	the	
untreated	vehicle	control	group	(Figure 5C).

3.7  |  2,4- DTBP inhibited the cell migration

The	 impact	 of	 2,4-	DTBP	 on	 cell	 migration	 was	 evaluated	 by	 a	
migration	 assay.	Once	 a	 scratch	was	made	 using	 a	 10 μL micro-
tip	 into	 a	monolayer	 of	 HCT116	 cells,	 the	 cells	 were	 incubated	
with	the	IC50	concentration	of	2,4-	DTBP	for	24 h,	and	images	of	
the	scratched	site	were	captured	between	0	and	24 h.	Comparing	
the	gap	size	of	treated	and	untreated	(vehicle-	controlled)	wounds	
(0	 and	 24 h),	 it	 was	 revealed	 that	 the	 gap	 size	 of	 the	 untreated	
scratch	 reduced	 after	 24 h,	whereas,	 in	 case	 of	 treated	 scratch,	

TA B L E  1 Binding	free	energy	components	for	the	Bcl-	2 + 2,4-	
DTBP	and	Survivin+2,4-	DTBP	complex	calculated	by	MM-	GBSA.

Energies (kcal/mol) Bcl- 2 + 2,4- DTBP Survivin+2,4- DTBP

ΔGbind −54.85 ± 6.79 −32.36 ± 1.29

ΔGbindLipo −16.18 ± 1.04 −12.02 ± 2.94

ΔGbindvdW −46.19 ± 2.18 −26.91 ± 2.28

ΔGbindCoulomb −25.27 ± 6.20 −15.71 ± 2.10

ΔGbindHbond −1.93 ± 0.34 −1.53 ± 2.34

ΔGbindSolvGB 32.34 ± 3.34 41.56 ± 1.14

ΔGbindCovalent 5.83 ± 4.51 7.31 ± 2.21
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    |  9 of 17SAHA et al.

2,4-	DTBP	 prevented	 the	 cell	 migration	 after	 24 h	 of	 treatment	
(Figure 5D).	So,	 the	 results	suggest	 that	2,4-	DTBP	 is	a	potential	
anti-	migrating	agent.

3.8  |  2,4- DTBP- induced morphological changes 
indicating apoptosis

The	acridine	orange/ethidium	bromide	(AO/EB)	(AO:EB = 1:1)	fluo-
rescent	staining	procedure	was	used	to	find	out	if	alterations	caused	
by	apoptosis	took	place	in	the	nucleus	of	HCT116	colorectal	cancer	
cells.	Results	were	seen	after	24 h	of	incubation.	After	24 h,	the	ma-
jority	of	the	HCT116	cells	in	the	vehicle-	controlled	group	fluoresce	
a	light-	green	colour	due	to	AO	nuclear	staining	(Figure 6A),	but	cells	
treated	with	the	IC50	concentration	of	2,4-	DTBP	for	24 h	fluoresce	
a	 yellow-	green	 or	 orange-	coloured	 condensed	 chromatin,	 which	

represents	early	and	late	apoptosis,	respectively	(Figure 6A).40	DAPI	
(4′,6-	diamidino-	2-	phenylindole)	may	also	be	used	to	detect	apopto-
sis	by	observing	nuclear	alterations	as	it	binds	specifically	and	firmly	
to	the	minor	groove	of	the	adenine-	thymine	sections	of	DNA.	The	
distinct	nuclear	morphology	of	apoptotic	cells,	such	as	chromosome	
condensation	 and	 disintegration,	 aids	 in	 the	 detection	 of	 DAPI-	
stained apoptotic cells.41	 In	 response	 to	 2,4-	DTBP	 (treated	 with	
the	IC50	concentration	for	24 h)	treatment,	chromatin	condensation	
in	HCT116	cells	was	observed	using	DAPI	staining,	which	is	a	hall-
mark	of	apoptosis,	whereas	vehicle-	controlled	cells	had	a	uniformly	
blue-	stained	nucleus	(Figure 6B).	Plasma	membrane	blebbing	is	also	
a	morphological	sign	of	cells	going	through	late-	stage	apoptosis.	A	
bleb is an unusual bulge in a cell's plasma membrane brought on 
by	localized	cytoskeleton-	to-	plasma	membrane	dissociation.	An	ap-
optotic	cell's	plasma	membrane	is	severely	degraded	and	lacks	the	
integrity needed to maintain crucial transmembrane gradients.50,51 

F I G U R E  4 Time	series	analysis	of	
Bcl-	2 + 2,4-	DTBP	and	Survivin+2,4-	DTBP	
complex:	Time	series	analysis	of	the	MD	
trajectory in order to understand the 
behaviour	of	the	(A)	Bcl-	2 + 2,4-	DTBP	
complex	and	(B)	Survivin+2,4-	DTBP	
complex.
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10 of 17  |     SAHA et al.

Under	 a	 scanning	 electron	 microscope,	 treated	 HCT116	 colorec-
tal	cancer	cells	 (with	the	 IC50	concentration	of	2,4-	DTBP)	showed	
prominent membrane blebbing that indicates late apoptosis, 
whereas	the	vehicle-	controlled	cells	did	not	show	any	such	feature	
(Figure 6C).	Fragmentation	of	DNA	is	another	characteristic	of	late-	
stage apoptotic cells.52,53	To	see	whether	2,4-	DTBP	may	cause	DNA	
fragmentation	and	consequently	apoptosis,	HCT116	cells	exposed	
to	2,4-	DTBP	(IC50	concentration	for	24 h),	tested	for	DNA	laddering	
and	observed	using	agarose	gel	electrophoresis,	which	exhibited	a	
DNA	fragmentation	profile	(Figure 6D)	characteristic	of	apoptosis.	
However,	 untreated	 (vehicle-	controlled)	 cells	 showed	 no	 signs	 of	
nucleic	acid	fragmentation.

3.9  |  2,4- DTBP- induced apoptosis detected by 
annexin V/PI double staining

After	observing	the	apoptotic	morphology	from	the	aforementioned	
assays,	we	further	examined	the	potential	of	2,4-	DTBP	in	inducing	

apoptosis	 in	HCT116	 colorectal	 cancer	 cells	 by	 using	 a	 flowcyto-
metric	assay	with	Annexin	V	and	PI.	An	increase	in	the	Annexin	V	
and	PI	both	positive	cells	from	3.1%	(±0.17%)	to	19.27%	(±1.62%)	
was	observed	after	3 h	of	2,4-	DTBP	treatment	with	 the	 IC50 con-
centration	for	24 h	 (Figure 7A).	So,	ultimately,	 the	flow	cytometric	
assay	results	confirm	the	potential	of	2,4-	DTBP	to	induce	apoptosis	
in	HCT116	cells.

3.10  |  2,4- DTBP- induced cell cycle arrest

Disruption	of	normal	cell	cycle	progression	is	the	most	often	recog-
nized	event	in	the	emergence	of	cancer.	Cell	cycle	arrest	is	a	mech-
anism through which some phytochemicals have been shown to 
prevent	 the	 development	 of	 cancer	 cells.54	 To	 better	 comprehend	
the	mechanism	of	action	of	2,4-	DTBP	on	HCT116	cells,	the	cell	cycle	
distribution	 of	 HCT116	 cells	 was	 assessed	 using	 flow	 cytometry.	
Comparing	untreated	(vehicle-	controlled)	cells	to	those	treated	with	
the	 IC50	 concentration	 for	24 h,	we	 found	 that	most	of	 the	 treated	

F I G U R E  5 Cytotoxic,	anti-	clonogenic	
and	anti-	migrating	potential	of	2,4-	DTBP.	
(A,	B)	Cell	viability	assay	(MTT	assay).	
(A)	The	bar	graph	demonstrates	the	
percentage	of	viability	of	HCT116	colon	
cancer	cells	at	different	concentrations	
of	2,4-	DTBP	and	the	positive	control,	
5-	FU.	(B)	The	bar	graph	demonstrates	
the	percentage	of	viability	of	human	
fibroblast	cells	(GM00637)	at	different	
concentrations	of	2,4-	DTBP.	(C)	HCT116	
cells	treated	with	(IC50)	or	without	(vehicle	
control)	2,4-	DTBP.	The	treated	group	of	
cells	shows	significant	anti-	clonogenic	
potential	compared	to	the	vehicle-	
controlled	group	of	cells.	(D)	Scratched	
areas	of	untreated	(vehicle-	controlled)	
and	2,4-	DTBP-	treated	HCT116	colon	
cancer	cells	at	0	and	24 h,	indicating	
inhibition	of	migration	of	HCT116	cells	
upon	treatment.	Data	are	presented	as	
mean ± SD	(A,	B	and	C	graphs).	*p < 0.05,	
**p < 0.01	and	***p < 0.001	vs.	vehicle	
control,	which	was	determined	by	a	two-	
tailed paired t-	test.
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    |  11 of 17SAHA et al.

cells underwent an arrest in the cell cycle's G1 phase compared to the 
untreated	group.	This	data	suggest	that	the	reduction	in	cell	prolifera-
tion	and	viability	of	2,4-	DTBP-	treated	HCT116	cells	may	have	been	
caused	by	the	triggering	of	cell	cycle	arrest	at	distinct	stages	of	the	
cell	cycle	(Figure 7B).

3.11  |  2,4- DTBP- induced alteration of 
protein expression

Results	of	western	blot	showed	that	 in	treated	 (IC50 concentration 
for	24 h)	HCT116	cells,	anti-	apoptotic	proteins	Survivin	and	Bcl-	2	had	
lower	 levels	 of	 expression	 compared	 to	 vehicle	 control.	 2,4-	DTBP	

also	 activated	 the	 pro-	Caspase-	3	 into	 active	 Caspase-	3.	 Here,	 α-	
tubulin	is	used	as	a	loading	control	(Figure 7C).

3.12  |  2,4- DTBP- induced mitochondrial stress

Mitochondria	play	a	key	role	in	deciding	whether	a	cell	will	con-
tinue	to	live	or	die	(apoptosis).55	Therefore,	we	concentrated	on	
cellular	 bioenergetics	 to	 comprehend	 the	 survival	 strategies	 of	
treated	 (IC50	 concentration	 of	 2,4-	DTBP	 for	 3 h)	 and	 untreated	
HCT116	 colorectal	 cancer	 cells.	 An	 investigation	 of	 metabolic	
activity	 was	 done	 by	 the	 Agilent	 Seahorse	 extracellular	 flux	
analyzer	 (XFe24).	 The	 Extracellular	 Flux	 Analyzer	 is	 capable	 of	

F I G U R E  6 Apoptotic	morphological	changes	induced	by	2,4-	DTBP	in	HCT116	cells.	(A)	Acridine	orange/Ethidium	bromide	(AO/EB)	
fluorescent	staining	shows	a	group	of	untreated	(vehicle-	controlled),	uniformly	green-	stained	live	HCT116	colon	cancer	cells	and	a	group	
of	2,4-	DTBP-	treated	HCT116	cells	with	yellow-	green	(early	apoptosis)	or	orange	(late	apoptosis)	coloured	condensed	chromatin.	(B)	DAPI	
fluorescent	staining	represents	an	untreated	(vehicle-	controlled)	uniformly	blue-	stained	live	cell	population	and	a	group	of	2,4-	DTBP-	treated	
HCT116	cells	with	a	condensed	nucleus,	indicating	apoptosis.	(C)	Scanning	electron	microscopic	images	show	normal	morphology	of	the	
vehicle-	controlled	(untreated)	HCT116	cells,	whereas,	2,4-	DTBP-	treated	HCT116	cells	show	prominent	membrane	blebbing,	indicating	
apoptosis.	(D)	Represents	the	agarose	gel	image	of	a	DNA	fragmentation	assay.	Lane:	1	represents	the	DNA	ladder	(100 bp),	Lane:	2	
represents	the	isolated	DNA	of	untreated	HCT116	cells	and	Lane:	3	represents	the	isolated	DNA	of	HCT116	cells	treated	with	2,4-	DTBP.
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12 of 17  |     SAHA et al.

measuring	 both	 the	 oxygen	 consumption	 rate	 (OCR),	 an	 indica-
tor	of	mitochondrial	respiration	and	the	extracellular	acidification	
rate	(ECAR),	an	indicator	of	net	proton	loss	during	glycolysis,	in	a	
living cell at the same time.56 Many bioenergetic characteristics 
can	be	determined	by	monitoring	the	ECAR	and	OCR	in	response	
to	2,4-	DTBP.56,57	The	ECAR	and	OCR	readings	in	each	well	were	
normalized	to	the	total	protein	concentration	(BCA	protein	assay,	
Pierce).	A	percentage	of	basal	OCR	is	used	for	the	ATP	synthesis	
of	 the	 cells.58	 The	 cell	 mitostress	 assay	 showed	 reduced	 ECAR	
(Figure 8A),	 mitochondrial	 OCR	 (Figure 8B),	 basal	 mitochon-
drial	 respiration	 (Figure 8C),	 maximal	 mitochondrial	 respira-
tion	 (Figure 8C)	 and	 mitochondrial	 ATP	 production	 (Figure 8C)	
in	 2,4-	DTBP-	treated	 HCT116	 cells	 than	 in	 untreated	 vehicle-	
controlled cells.

3.13  |  In silico prediction of ADME and toxicity of 
2,4- DTBP

The	 ligand	 structure	 was	 retrieved	 from	 the	 PubChem	 data-
base.	 OSIRIS	 Property	 Explorer	 assessed	 the	 recruited	 natural	

chemical	based	on	its	ADME	properties	and	toxicity	profile.	The	
synthesized	 compound	 was	 run	 through	 a	 drug-	likeness	 filter.	
The	filter's	requirements	were	molecular	weight	 in	the	range	of	
160–480,	 number	of	 hydrogen	bond	donors	 in	 the	 field	of	0–7	
and	obeying	Lipinski's	rule	indicating	drug-	like	properties	of	2,4-	
DTBP	(Table 2).

Regarding	 acute	 oral	 toxicity,	 based	 on	 the	 ProTox	 results,	
Compound	 2,4-	DTBP	 had	 an	 LD50	 value	 of	 700 mg/kg	 BW.59	 Its	
predicted	toxicity	score	 is	4	 (toxicity	class:	4).60 So, it is much less 
toxic	 in	 nature.	 It	 shows	 activity	 on	 Tox21-	Stress	 response	 path-
ways,	that	 is,	on	Mitochondrial	Membrane	Potential	 (MMP),	which	
signifies	induction	of	mitostress	(Figure 9).

4  |  DISCUSSION

In	maintaining	the	delicate	equilibrium	of	cellular	homeostasis,	espe-
cially	within	the	colorectal	region,	the	balance	between	proliferation	
and apoptosis is pivotal.61	Disruption	of	this	balance	can	be	a	driv-
ing	 force	 behind	 the	 evolution	 and	 progression	 of	 colorectal	 can-
cer	(CRC).61	The	presence	of	Survivin	in	CRC	is	strongly	associated	

F I G U R E  7 Detection	of	apoptosis	by	annexin	V-	FITC/PI	flow	cytometric	assay.	(A)	The	effect	of	2,4-	DTBP	on	apoptosis	induction	was	
determined	by	Annexin	V-	FITC/PI	flow	cytometric	assay.	The	bar	graph	represents	the	%	of	apoptotic	cells	in	the	experimental	groups	
compared	to	vehicle-	controlled	groups	(an	average	of	three	sets).	In	this	representative	experimental	group,	20.1%	of	treated	cells	showed	
late	apoptosis	(Annexin	V+,	PI+),	compared	to	the	vehicle-	controlled	(untreated)	cells	(3.0%	of	cells	showed	late	apoptosis).	Cells	were	
classified	as	healthy	cells	(Annexin	V−,	PI−),	early	apoptotic	cells	(Annexin	V+,	PI−),	late	apoptotic	cells	(Annexin	V+,	PI+)	and	damaged	cells	
(Annexin	V−,	PI+).	The	error	bar	demonstrates	the	mean ± SD	of	three	independent	experiments;	**p < 0.01	vs.	vehicle	control.	(B)	Induction	
of	cell	cycle	arrest	in	HCT116	cells	by	2,4-	DTBP.	The	bar	graph	represents	the	percentage	of	each	phase	of	the	cell	cycle	arrest	in	HCT116	
cells,	treated	with	or	without	2,4-	DTBP.	The	percentage	of	each	phase	of	the	cell	cycle	was	obtained	using	FCS	Express	software.	(C)	
Western	blot	results	show	the	expression	of	anti-	apoptotic	Bcl-	2	and	Survivin	proteins	along	with	Caspase-	3.	α-	tubulin	represents	a	loading	
control.
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with	the	expression	of	Bcl-	2,	though	they	exert	different	and	non-	
overlapping	 anti-	apoptosis	 mechanisms.62,63	 The	 membrane	 pro-
tein	Bcl-	2,	primarily	located	on	the	mitochondrial	outer	membrane,	
effectively	 prevents	 the	 release	 of	 cytochrome	 c,	 thus	 hindering	
apoptosis initiation.64	In	contrast,	Survivin	blocks	apoptosis	by	tar-
geting	 the	 terminal	 effector	 caspase-	3.65	 By	 inhibiting	 both	 Bcl-	2	
and Survivin, there is an observed enhancement in radiosensitivity 
and	chemoresistance	in	tumour	cells,	ultimately	amplifying	the	ther-
apeutic response against CRC.62	Given	the	reliance	of	CRC	tumours	
on	these	anti-	apoptotic	proteins	throughout	the	disease's	different	
stages, these proteins present themselves as potential therapeutic 
targets.61	As	a	result,	a	number	of	research	groups	have	developed	
several	inhibitors	targeting	Bcl-	2	and	Survivin,	however,	compounds	
concurrently targeting both proteins remain scarce.66–68	Therefore,	
the	 present	 study	 primarily	 focused	 on	 examining	 the	 inhibitory	
capacities	of	2,4-	DTBP	against	both	Bcl-	2	and	Survivin.	Molecular	
docking	and	molecular	dynamics	simulations	firmly	established	the	
significant	binding	potential	of	2,4-	DTBP	with	survivin	and	Bcl-	2.	To	
strengthen	this	molecular	evidence,	a	series	of	in	vitro	assays	were	
conducted.

Through	cytotoxicity	assays,	 it	was	ascertained	 that	2,4-	DTBP	
could	limit	HCT116	colorectal	cancer	cell	proliferation	in	both	time-		
and	 dose-	dependent	 fashions,	 demonstrating	 its	 heightened	 effi-
cacy	compared	to	5-	FU,	the	conventional	control.	The	capability	of	
2,4-	DTBP	to	impair	the	cell	migration	and	colony-	forming	ability	of	

HCT116	cells	was	corroborated	further	by	the	cell	migration	assay	
and the clonogenic assay, respectively.

Morphological	 assessments	of	2,4-	DTBP-	treated	HCT116	cells	
showcased	 classical	 apoptotic	 features	 such	 as	 nuclear	 shrinkage,	
chromatin	 condensation	 and	membrane	 blebbing.	 These	 observa-
tions	were	further	fortified	by	DNA	fragmentation	patterns	consis-
tent with apoptosis.

The	apoptosis-	inducing	potential	of	2,4-	DTBP	 in	HCT116	cells	
was	further	confirmed	by	using	Annexin	V	and	propidium	iodide	(PI)	
staining	(flowcytometric	assay),	which	revealed	a	significant	increase	
in apoptotic cells.

Furthermore,	cell	cycle	analysis	identified	a	predominant	arrest	at	
the	G1	phase,	pointing	towards	the	influence	of	2,4-	DTBP	on	CRC	cell	
cycle	dynamics.	A	comprehensive	western	blot	analysis	elucidated	the	
decline	 in	Bcl-	2	and	Survivin	 levels	post-	2,4-	DTBP	treatment,	along-
side	 the	activation	of	pro-	Caspase-	3,	 suggesting	 the	 involvement	of	
mitochondrial	 pathway	 of	 apoptosis.	 This	 pathway's	 functionality	 is	
closely	intertwined	with	mitochondrial	ATP	production	and	membrane	
stability.	Assessments	of	mitochondrial	bioenergetics	 in	treated	cells	
revealed	decreased	OCR	and	ECAR,	indicative	of	attenuated	mitochon-
drial respiration and net proton loss during glycolysis, respectively, po-
tentially	leading	to	mitochondrial	stress.	In	light	of	its	potent	anti-	CRC	
activities,	2,4-	DTBP's	toxicity	profile	was	investigated	in	silico,	reveal-
ing	its	non-	toxic	nature	across	several	crucial	parameters,	marking	it	as	
a	promising	candidate	for	future	CRC	therapeutic	applications.

F I G U R E  8 Cell	Mitostress	assay.	(A)	The	extracellular	acidification	rate	(ECAR)	of	untreated	(vehicle-	controlled)	and	2,4-	DTBP-	treated	
HCT116	cells,	(B)	mitochondrial	oxygen	consumption	rate	(OCR),	(C)	basal	respiration,	maximal	respiration	and	ATP	production.
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14 of 17  |     SAHA et al.

F I G U R E  9 In	silico	evaluation	of	the	toxicity	of	2,4-	DTBP.	(A)	Oral	toxicity	prediction	results;	(B)	Toxicity	Model	Report;	(C)	The	toxicity	
radar	chart.	Evaluation	processed	by	ProTox-	II	server	(https://	tox-		new.	chari	te.	de/	protox_	II/	).
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5  |  CONCLUSION AND FUTURE 
DIREC TIONS

The	compound	2,4-	DTBP	stands	out	in	this	research	for	its	remark-
able	 inhibitory	 potential	 against	 both	Bcl-	2	 and	 Survivin.	 Through	
rigorous	molecular	docking	and	in	vitro	assays,	2,4-	DTBP	illustrated	
not	just	commendable	binding	efficacy	but	also	an	ability	to	impede	
CRC	cell	proliferation	significantly.	Its	consequential	impact	on	cell	
cycle dynamics, primarily inducing an arrest at the G1 phase, and its 
role in triggering apoptosis via the mitochondrial pathway, accen-
tuate	its	therapeutic	prospects.	Given	that	Survivin	and	Bcl-	2	con-
stitute	 two	 pivotal	 pro-	survival	mechanisms	 fostering	 therapeutic	
resistance	in	cancer	cells,	our	revelation	that	2,4-	DTBP	concurrently	
downregulates both proteins becomes particularly consequential. 
This	discovery	positions	2,4-	DTBP	as	a	potential	agent	to	enhance	
drug sensitivity in CRC cases that inherently resist or develop resist-
ance to cancer therapeutics.

Furthermore,	with	the	burgeoning	interest	in	proteolysis-	targeting	
chimaeras	(PROTACs)	in	the	realm	of	precision	therapeutics,	the	future	
might	 see	 an	 amalgamation	 of	 PROTAC	principles	with	 compounds	
like	2,4-	DTBP.	By	leveraging	PROTACs'	inherent	capacity	for	selective	
protein	degradation,	we	can	potentially	refine	the	specificity	and	po-
tency	of	agents	like	2,4-	DTBP,	furthering	their	therapeutic	response	
against	CRC.	In	addition,	chemical	modification	of	the	compound	may	
generate	derivatives	with	higher	efficacy.	Ultimately,	this	study	uncov-
ers	the	promising	role	of	2,4-	DTBP	as	a	potent	therapeutic	contender	
for	CRC	management,	alluding	to	a	future	where	precision	and	effi-
cacy	in	treatment	paradigms	for	CRC	are	further	enhanced.
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VMHdm/cSF-1 neuronal circuits regulate skeletal
muscle PGC1-a via the sympathoadrenal drive

Takuya Yoshida 1,2,7, Mina Fujitani 3,4, Scotlynn Farmer 1, Ami Harada 1,5, Zhen Shi 1,6, Jenny J. Lee 3,
Arely Tinajero 3, Ashish K. Singha 1, Teppei Fujikawa 1,3,*

ABSTRACT

Objective: To adapt to metabolically challenging environments, the central nervous system (CNS) orchestrates metabolism of peripheral organs
including skeletal muscle. The organ-communication between the CNS and skeletal muscle has been investigated, yet our understanding of the
neuronal pathway from the CNS to skeletal muscle is still limited. Neurons in the dorsomedial and central parts of the ventromedial hypothalamic
nucleus (VMHdm/c) expressing steroidogenic factor-1 (VMHdm/cSF-1 neurons) are key for metabolic adaptations to exercise, including increased
basal metabolic rate and skeletal muscle mass in mice. However, the mechanisms by which VMHdm/cSF-1 neurons regulate skeletal muscle
function remain unclear. Here, we show that VMHdm/cSF-1 neurons increase the sympathoadrenal activity and regulate skeletal muscle
peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1a) in mice via multiple downstream nodes.
Methods: Optogenetics was used to specifically manipulate VMHdm/cSF-1 neurons combined with genetically-engineered mice and surgical
manipulation of the sympathoadrenal activity.
Results: Optogenetic activation of VMHdm/cSF-1 neurons dramatically elevates mRNA levels of skeletal muscle Pgc-1a, which regulates a
spectrum of skeletal muscle function including protein synthesis and metabolism. Mechanistically, the sympathoadrenal drive coupled with b2
adrenergic receptor (b2AdR) is essential for VMHdm/cSF-1 neurons-mediated increases in skeletal muscle PGC1-a. Specifically, both adrenal-
ectomy and b2AdR knockout block augmented skeletal muscle PGC1-a by VMHdm/cSF-1 neuronal activation. Optogenetic functional mapping
reveals that downstream nodes of VMHdm/cSF-1 neurons are functionally redundant to increase circulating epinephrine and skeletal muscle
PGC1-a.
Conclusions: Collectively, we propose that VMHdm/cSF-1 neurons-skeletal muscle pathway, VMHdm/cSF-1 neurons/multiple downstream
nodes/the adrenal gland/skeletal muscle b2AdR, underlies augmented skeletal muscle function for metabolic adaptations.

� 2023 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Hypothalamus; VMH; Sympathetic nervous system; Skeletal muscle

1. INTRODUCTION

The central nervous system (CNS) orchestrates the whole-body meta-
bolism [1,2]. Within the CNS, the hypothalamus plays a dominant role in
the regulation of metabolic homeostasis in response to dynamic chal-
lenges such as hypoglycemia [3], cold-exposure [4], and exercise [5].
Our previous work articulates that neurons in the dorsomedial and
central parts of ventromedial hypothalamic nucleus (VMHdm/c neurons)
substantially contribute to metabolic adaptations to exercise training
including augmented skeletal muscle mass and basal metabolic rate in
mice [6]. Knockdown of steroidogenic factor-1 (SF-1) [7,8] in VMHdm/c
neurons hampers exercise-induced mRNA expression of peroxisome
proliferator-activated receptor gamma coactivator 1 alpha (Pgc-1a) in
skeletal muscle [6]. PGC-1a is a key transcriptional regulator that

controls a broad range of genes related to glucose and fat metabolism,
mitochondrial function, angiogenesis, and protein synthesis [9,10].
Loss- or gain-of-function of PGC-1a in skeletal muscle dramatically
changes skeletal muscle physiology as well as whole-body metabolism
[11,12]. These data suggest that VMHdm/c neurons expressing SF-1
(VMHdm/cSF-1 neurons) mediate metabolic responses of skeletal
muscle to exercise, thereby contributing to metabolic benefits of ex-
ercise. However, the mechanisms by which VMHdm/cSF-1 neurons
mediate exercise-induced augmented skeletal muscle PGC-1a
expression remains unclear. In particular, the pathway from VMHdm/
cSF-1 neurons to skeletal muscle has yet to be unraveled.
PGC-1a expression in skeletal muscle is augmented by a variety of
physiological stimuli [9,13]. For example, ex vivo muscle contraction is
sufficient to increase mRNA levels of Pgc-1a by activation of calcium
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signaling pathways [14,15]. Notably, the adrenergic activation such as
epinephrine, norepinephrine, and b-2 adrenergic receptors (b2AdR)
agonist can dramatically increase mRNA levels of Pgc-1a in skeletal
muscle [16,17]. In contrast, blocking the adrenergic signaling by a
systemic injection of b2AdR antagonist significantly hampers exercise-
induced Pgc-1amRNA in skeletal muscle [18]. Numerous studies have
indicated that VMH neurons affect the sympathetic nervous system
(SNS) activity [19,20]. Knockdown of SF-1 in VMHdm/c neurons
suppresses exercise-induced epinephrine release [6]. These data
indicate that VMHdm/cSF-1 neurons regulate skeletal muscle PGC-1a
via the SNS. However, the functional neurocircuits underlying VMHdm/
cSF-1 neuronal regulation of the SNS are still unclear. A genetic labeling
study using Sf-1-Cre mice, which express Cre-recombinase in
VMHdm/c in adults, portraits that VMHdm/c neurons highly innervate to
several areas that regulate the SNS activity, including the anterior bed
nucleus of the stria terminalis (aBNST), preoptic area (POA), anterior
hypothalamus area (AH), paraventricular hypothalamic nucleus (PVH),
and periaqueductal gray (PAG) [21]. Although studies using opto-
genetics have identified that distinct downstream sites of VMHdm/cSF-1

neurons regulate blood glucose [22], defensive behaviors [23], and
food intake [24], the vital downstream node of VMHdm/cSF-1 neurons
regulating the SNS is unknown.
In this study, we used optogenetics and genetically-engineered mice to
determine the key downstream nodes of VMHdm/cSF-1 neurons that
regulate skeletal muscle PGC-1a via the SNS. We found that
epinephrine release by the sympathoadrenal activity coupled with
b2AdR is essential for VMHdm/cSF-1 neuronal-induced skeletal muscle
PGC-1a. Furthermore, our results demonstrated that VMHdm/cSF-1

neurons regulate the SNS through functionally redundant circuits with
the PVH and PAG acting as the main downstream nodes.

2. MATERIAL AND METHODS

2.1. Genetically-engineered mice
Sf-1-Cre mice were obtained from the Jackson Laboratory (US; Strain#
012462, RRID:IMSR_JAX:012462). Abrb2 KO mice (RRI-
D:IMSR_JAX:031496) were derived from b-null mice [25], which was
kindly provided by Dr. Bradford Lowell (Harvard Medical School). The
sequences of genotyping primers are followings; for Sf-1-Cre,
aggaagcagccctggaac, aggcaaattttggtgtacgg, agaaactgctccgctttcc with
expected bands sizes of 627 bp for internal control and 236 bp for Sf-1-
Cre; for Abrb2 knockout (KO), cacgagactagtgagacgtg, accaagaa-
taaggcccgagt, ccgggaatagacaaagacca with expected bands sizes of
225 bp for the wild-type allele and 410 bp for the knockout allele. Sf-1-
Cre and Abrb2 KO mice were bred to generate Sf-1-Cre::Abrb2KO/KO and
Sf-1-Cre::Abrb2WT/WT mice. Sf-1-Cre mice were on a C57BL/J6
background and other mice are on a mixed background (C57BL/J6 and
FVB.129). We used 3-6 month-old male mice whose body weights were
above approximately 25e30 g. Mice were housed at room temperature
(22e24) with a 12 h light/dark cycle (lights on at 6am, and 7am during
daylight saving time) and fed a normal chow diet (2016 Teklad global
16% protein rodent diets, Envigo, US). Mice were maintained in groups
and singly housed after adeno-associated virus (AAV) injections and
optic fiber probes insertions. Animal care was according to established
NIH guidelines, and all procedures were approved by the Institutional
Animal Care and Use Committee of the University of Texas South-
western Medical Center and University of Texas Health San Antonio.

2.2. AAV injections and optic fiber probe insertions
Recombinant AAVs were purchased from the Vector Core at the Uni-
versity of North Carolina at Chapel Hill, US or Addgene Inc (US). rAAV5-

EF1a-DIO-mCherry (3.3 � 1012 VM/mL), rAAV5-EF1a-DIO-
channelrhodopsin2(ChR2)(H134R)-mCherry (3.4 � 1012 VM/mL), and
rAAV5-EF1a-DIO-ChR2(H134R)-EYFP (3.2 � 1012 VM/mL) were
unilaterally administered into the right side of the VMH of mice using a
UMP3 UltraMicroPump (WPI, US) with 10 mL NanoFil microsyringe
(WPI) and 35G NanoFil beveled needle (WPI; Catalog# NF35BV-2). The
volume of AAVs was 500e1000 nL at the rate 50e100 nL per minute,
and the needle was left for another 5 min after the injection was
finished. The face of beveled needle was placed towards the center of
the brain. The coordinates of VMH-microinjection were
AP; �1.4 L þ0.5, and D �5.5 (from Bregma). The optic fiber probe
was inserted as following coordinates; the VMH (AP; �1.4, L þ0.5,
and D �5.0), aBNST (AP; 0.3, L þ0.5, and D �3.75), POA (AP; 0.4,
L þ0.25, and D �4.5), AH (AP; �0.9, L þ0.5, and D �4.75), PVH/AH
(AP; �0.8, L þ0.25, and D �4.5), and PAG (AP; �4.3, L þ0.2, and
D �2.0). The configuration of the probe for the VMH stimulation was
400 mm Core, 0.5NA, Ø2.5 mm ceramic ferrule, and 6 mm length
(RWD Life science Inc, US and Doric Lenses, Canada) for the LED input.
The configuration of probe for other sites and the VMH (S Figure 4) was
200 mm Core diameter, 0.39NA, Ø2.5 mm Ceramic Ferrule diameter,
and with varied length varied (3e6 mm depending on the place) (RWD
Life science Inc, US and Doric Lenses, Canada). The fiber probe was
secured by adhesion bond (Loctite 454, Loctite Inc, US). Mice were
allowed to recover for at least three weeks after the AAV injections to
fully express recombinant proteins.

2.3. Optogenetics
The light emitting diode (LED) driver (Thorlabs, US; DC4104) with fiber-
coupled LED (Thorlabs; Catalog# M470F3) was used for the VMH
stimulation, and the laser unit (Opto engine LLC, US; Catalog# MDL-III-
470) was used for the terminal of VMHdm/cSF-1 neuronal stimulations.
The power of tips was set to w1 mW/mm2 for the VMH stimulation
and w10 mW/mm2 for the terminal stimulations. The customed
transistoretransistor logic generator was built based on the design by
the University of Colorado Optogenetics and Neural Engineering Core.
Rotary joint patch cable (Thorlabs; Catalog# RJPSF4 for LED and
RJPFF4 for the laser) was used to connect either fiber-coupled LED or
the laser unit. The quick-release interconnect (Thorlabs; Catalog#
ADAF2) was used to connect the rotary joint patch cable to the fiber
probe attached to mouse head. The stimulation was set to; 5 ms
duration, 20 Hz, 2 s activation and 2 s rest cycle, 30 min (Figure 1B)
otherwise specified.

2.4. Chemogenetics
Gi-Designer Receptors Exclusively Activated by Designer Drugs
(DREADDs)-AAV (Gi-DREADD), rAAV8-hSyn-DIO-hM4D(Gi)-mCherry
(Addgene Inc, Catalog# 44362-AAV8, 3.2 � 1012 VM/mL), was used
for inhibition of VMHdm/cSF-1 neuronal activity induced by opto-
genetics. rAAV8-hSyn-DIO-hM4D(Gi)-mCherry and rAAV5-EF1a-DIO-
ChR2(H134R)-EYFP (250 nL each, total 500 nL) were injected into the
right side of the VMH of Sf-1-Cre mice as described above. Control for
rAAV5-EF1a-DIO-ChR2(H134R)-EYFP was rAAV5-EF1a-DIO-EYFP. The
optic cannula was inserted the VMH, PVH/AH or PAG as described
above. Clozapine-N-Oxide (CNO, catlog# HB6149, Hello Bio Inc, NJ,
USA) was injected intraperitoneally (i.p.) 10 min before optogenetic
stimulation begun (2.5 mg/kg per BW). Sterile saline was used as
vehicle and control.

2.5. Adrenalectomy (ADX)
Skin and muscle incisions (approximately 1 cm) were made close to
the abdominal area where kidney was located. Both the adrenal glands
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were removed by tying with sterile suture. The sham operation was
performed as same as ADX surgery except for removing the adrenal
glands. The corticosterone water (75 mg/mL, vehicle was sterile 1%
ethanol/0.9% NaCl water) was provided with ADX mice, and vehicle
was provided with sham mice.

2.6. Immunohistochemistry and Fos counting
Mouse brains were prepared as previously described [26,27]. Anti-
cFos (Sigma, US; Catalog# F7799, batch #0000102540,

RRID:AB_259739) and secondary fluorescent antibodies (Thermofisher
Inc, US; Catalog# A-21202, Lot#WF320931, and RRID:AB_141607; A-
21203, Lot#WD319534, and RRID:AB_141633; A10523, Lot#, and
RRID:AB_1500679) were used. Dilution rates for antibodies were
1:1000 for first antibody and 1:200 for second antibodies. Images
were captured by fluorescence microscopies (Keyence US, US; Model:
BZ-X710, Leica Inc, US; Model DM6 B). Exposure of captured images
was adjusted, and each area (aBNST, POA, AH, PVH, VMH, and PAG)
was clipped by Photoshop based on the mouse brain atlas [28].

Figure 1: Optogenetic activation of VMHdm/cSF-1 neurons increases mRNA levels of skeletal muscle Pgc1-a (A) Schematic figure of targeting site of VMHdm/cSF-1 neurons.
(B) Experimental design and stimulus setting of optogenetics. (C) Representative figures of Fos expression pattern in the hypothalamus of mice expressing ChR2 in SF-1 expression
neurons in VMHdm/c (VMHdm/cSF-1::ChR2) after VMHdm/cSF-1 neurons stimulation. (D) Blood glucose, (E) plasma glucagon, (F) plasma insulin in mice after VMHdm/cSF-1 neuronal
stimulation. Control group is composed of mice expressing mCherry in VMHdm/cSF-1 neurons (VMHdm/cSF-1::mCherry) (G) mRNA expression levels of Pgc1-a isoform in skeletal
muscle of VMHdm/cSF-1::ChR2 mice after optogenetic stimulation. (H) Plasma norepinephrine and (I) epinephrine in VMHdm/cSF-1::ChR2 mice after optogenetic stimulation. Values
are mean � S.E.M. ***p < 0.001, *p < 0.05.
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Clipped images were exported to Fiji, and the number of cells
expressing Fos was counted by particle measurement function
(Figure 5B).

2.7. Assessment of glucose, catecholamines, and hormone levels
in the blood
Blood glucose was measured by a glucose meter as previously
described [6,27,29]. Plasma catecholamines and hormones levels
were measured as previously described [6,27]. Briefly, the plasma
catecholamines were analyzed by the Vanderbilt Hormone Assay &

Analytical Services Core. Plasma Glucagon (Mercodia Inc, US;
Catalog#10-1281-01), insulin (Crystal Chem Inc, US; Catalog# 90080),
and corticosterone (Cayman Chemical, US; Catalog #501320) levels
were determined by commercially available ELISA kits.

2.8. Assessment of mRNA
mRNA levels in the tibialis anterior (TA) muscle were determined as
previously described [30]. The sequences of the deoxy-oligonucleotides
primers are: Ppargc1a total (50 tgatgtgaatgacttggatacagaca, and 50
gctcattgttgtactggttggatatg), Ppargc1a-1 (50 ggacatgtgcagccaagactct,

Figure 2: Adrenalectomy (ADX) completely blocks VMHdm/cSF-1 neurons-induced blood glucose and skeletal muscle Pgc1-a expression (A) Schematic of ADX
experimental design. (B) Blood corticosterone levels before and after ADX in mice. (C) Blood corticosterone levels in ADX mice with and without corticosterone supplementation. (D)
Representative figures of Fos expression pattern in the hypothalamus of ADX mice expressing ChR2 in SF-1 expression neurons in VMHdm/c (VMHdm/cSF-1::ChR2-ADX) and the
number of Fos positive cells in the VMH of VMHdm/cSF-1::ChR2-ADX and sham VMHdm/cSF-1::ChR2 (VMHdm/cSF-1::ChR2-sham). (E) Blood glucose, (F) plasma glucagon, and (G)
mRNA expression levels of Pgc1-a isoform in skeletal muscle of VMHdm/cSF-1::ChR2-ADX after optogenetic stimulation. Values are mean � S.E.M. ****p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05.
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and 50 cacttcaatccacccagaaagct), Ppargc1a-2 (50 ccaccagaatgagtga-
catgga, and 50 gttcagcaagatctgggcaaa), Ppargc1a-3 (50 aagtgag-
taaccggaggcattc, and 50 ttcaggaagatctgggcaaaga), Ppargc1a-4 (50
tcacaccaaacccacagaaa, and 50 ctggaagatatggcacat), and 18S (50
catgcagaacccacgacagta and 50 cctcacgcagcttgttgtcta).

2.9. Data analysis and statistical design
The data are represented as means� S.E.M. GraphPad PRISM version
9 (GraphPad, US) was used for the statistical analyses and P < 0.05
was considered as a statistically significant difference. A detailed
analysis was described in Supplemental Table 1. The sample size was
decided based on previous publications [6,26,27,29e34], and no
power analysis was used. Experiments were biologically replicated in
Figures 1e4. Experiments for qPCR were technically replicated. We
did not carry out replicate experiments for data shown in Figures 4CeH
and 5. Figures were generated by PRISM version 9, Illustrator 2021-
23, and Photoshop 2021-23 (Adobe Inc, US).

3. RESULTS

3.1. Optogenetic VMHdm/cSF-1 neuronal activation induces skeletal
muscle Pgc-1a mRNA expression
To determine the neuronal mechanism by which VMHdm/cSF-1

neurons regulate skeletal muscle function via the SNS, we

generated mice expressing ChR2(H134R) [35] specifically in
VMHdm/cSF-1 neurons by microinjection of AAV bearing Cre-
dependent ChR2 fused with fluorescent reporters (AAV-DIO-ChR2)
into Sf-1 Cre mice [36] (VMHdm/cSF-1::ChR2, Figure 1A). We used
AAV containing Cre-dependent mCherry for control (VMHdm/cSF-
1::mCherry). We used the following stimulation configurations; 5 ms
duration, 20 Hz, 2 s activation/2 s resting cycle for 30 min
(Figure 1B). We confirmed that our optogenetic configuration
significantly induced Fos protein expression, a neuronal activation
marker, in the stimulated side of the VMHdm/c, but not in the non-
stimulated side (Figure 1C). Similar to previous studies [22,37,38],
VMHdm/cSF-1 neuronal activation increased blood glucose
(Figure 1D). In addition, we observed that VMHdm/cSF-1 neuronal
activation induced increases in plasma glucagon without changing
plasma insulin levels (Figure 1E and F). Next, we determined
whether VMHdm/cSF-1 neuronal activation can induce transcriptional
changes in skeletal muscle. PGC-1a is a key transcriptional regu-
lator for a spectrum of genes governing glucose and fat metabolism,
oxidative capacity, protein synthesis and degradation, and vascu-
larization [9,10,13]. Importantly, Pgc-1a mRNA induction can be
used as a readout of exercise-related skeletal muscle transcriptional
changes because a single exercise training dramatically increases
mRNA levels of Pgc-1a [6,13]. PGC-1a has several isoforms such
as PGC1a-1, -2, -3 and -4 [39]. We found that 30 min of VMHdm/

Figure 3: Ablation of b2AdR hampers VMHdm/cSF-1 neurons-induced skeletal muscle Pgc1-a (A) Schematic of experimental design. (B) Representative figures of Fos
expression pattern in the hypothalamus of VMHdm/cSF-1::ChR2 mice lacking b2AdR (VMHdm/cSF-1::ChR2-b2AdRKO), and the number of Fos positive cells in the VMH of VMHdm/cSF-
1::ChR2- b2AdRKO and wild-type control (WT) (VMHdm/cSF-1::ChR2-WT). (C) Blood glucose and (D) plasma glucagon levels in VMHdm/cSF-1::ChR2-b2AdRKO mice after optogenetic
stimulation. (E) Plasma epinephrine levels in VMHdm/cSF-1::ChR2-b2AdRKO mice with and without optogenetic stimulation. (F) mRNA expression levels of Pgc1-a isoform in skeletal
muscle of ChR2- b2AdRKO mice after optogenetic stimulation. Values are mean � S.E.M. ****p < 0.0001, **p < 0.01, *p < 0.05.
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cSF-1 neuronal activation is sufficient to induce Pgc-1a-2, -3, and -4
mRNA levels in TA skeletal muscle (Figure 1G). We then measured
plasma catecholamines levels after VMHdm/cSF-1 neuronal activa-
tion. Interestingly, plasma epinephrine levels were significantly
increased by VMHdm/cSF-1 neuronal activation, but norepinephrine
levels in VMHdm/cSF-1 neuronal activated mice were not signifi-
cantly different from control group (Figure 1H and I). The increased
epinephrine likely caused suppression of insulin secretion while
mice showed hyperglycemia. Previous studies have shown that
optogenetic VMHdm/cSF-1 neuronal activation elicits behavioral
changes such as freeze and burst activity (combination of freeze,

jump, and run) [23,40]. In line with that, we found that VMHdm/cSF-1

neuronal activation induced freeze or burst activity (17 cases of
freeze (55%), 14 cases of burst activity (45%); total 31 trials).
However, we did not observe any differences of skeletal muscle
Pgc-1a mRNA levels between mice showed freeze and burst activity
(S Figure 1), suggesting that the burst activity is unlikely to
contribute to VMHdm/cSF-1 neurons-induced Pgc-1a expression.
Collectively, these data indicate that VMHdm/cSF-1 neurons regulate
skeletal muscle function via sympathoadrenal activity, as the ad-
renal gland is the only organ able to secret epinephrine into
circulation.

Figure 4: Downstream nodes of VMHdm/cSF-1 neurons are functionally redundant to regulate the sympathoadrenal activity. (A) Schematic figure of experimental design.
(B) Blood glucose levels in VMHdm/cSF-1::ChR2 mice before and after the terminal stimulation of the anterior bed nucleus of the stria terminalis (aBNST), preoptic area (POA),
anterior hypothalamus area (AH), paraventricular hypothalamic nucleus (PVH) and AH, and periaqueductal gray (PAG). Control group is VMHdm/cSF-1::mCherry mice after the VMH
stimulation. (C) Plasma epinephrine levels in VMHdm/cSF-1::ChR2 mice after the terminal stimulation of aBNST, POA, AH, PVH/AH, and PAG. (D) mRNA expression levels of Pgc1-a-
Total, (E) Pgc1-a-1, (F) Pgc1-a-2, (G) Pgc1-a-3, and (H) Pgc1-a-4, skeletal muscle of VMHdm/cSF-1::ChR2 mice after the terminal stimulation of aBNST, POA, AH, PVH/AH, and
PAG. Values are mean � S.E.M. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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3.2. The adrenal gland is essential for VMHdm/cSF-1 neuronal
regulation of skeletal muscle
Next, to determine whether epinephrine release from the adrenal
gland is required for VMHdm/cSF-1 neurons-induced skeletal muscle
Pgc-1a, we surgically removed the adrenal gland, and then stimu-
lated VMHdm/cSF-1 neurons. Sham surgery were used as surgical
controls. As we expected, the ADX eliminated blood corticosterone
(Figure 2B). ADX mice were supplied with corticosterone in the
drinking water to maintain the physiological levels of blood cortico-
sterone (Figure 2C). We carried out optogenetic stimulation five days
after ADX. ADX appeared not to affect Fos induction in the VMH
(Figure 2D), suggesting ADX does not affect the ability of VMHdm/cSF-
1 neuronal activation. Indeed, plasma glucagon levels were signifi-
cantly higher in ADX mice after VMHdm/cSF-1 neuronal activation
(Figure 2E). The removal of the adrenal medulla in rats blocks hy-
perglycemia induced by microinjection of a cholinergic agonist into
the VMH [41]. In line with the report, VMHdm/cSF-1 neuronal acti-
vation could not increase blood glucose levels in ADX mice at all
(Figure 2F). Stunningly, ADX also completely blocked the effects of
VMHdm/cSF-1 neuronal activation on skeletal muscle Pgc-1a
expression (Figure 2G), suggesting that the sympathoadrenal drive,
specifically the epinephrine release, is essential for VMHdm/cSF-1

neuronal regulation of skeletal muscle function. In addition, these
data suggest that glucagon release unlikely contributes to VMHdm/
cSF-1 neuronal-induced blood glucose levels.

3.3. b2AdR is required for VMHdm/cSF-1 neuronal-induced skeletal
muscle Pgc-1a
We assessed the contribution of b2AdR in VMHdm/cSF-1 neuronal-
induced skeletal muscle Pgc-1a expression. b2AdR is the major
form of adrenergic receptors in skeletal muscle [42]. b2AdR agonist
injection increases skeletal muscle Pgc-1a-2, -3, and -4 mRNA levels
[16], suggesting that the sympathetic input coupled with b2AdR is key
for skeletal muscle physiology. We tested whether b2AdR global KO
can diminish VMHdm/cSF-1 neuronal-induced skeletal muscle Pgc-1a
expression (Figure 3A). We first determined whether b2AdR KO affects
the ability of ChR2 to activate VMHdm/cSF-1 neurons. Optogenetic
stimulation induced equal levels of Fos expression in the VMH of wild-
type and b2AdR KO mice (VMHdm/cSF-1::ChR2-WT and VMHdm/cSF-
1::ChR2-b2AdRKO, Figure 3B), suggesting b2AdR KO does not affect
the capacity for optogenetic activation of VMHdm/cSF-1 neurons. Blood
glucose and plasma glucagon in VMHdm/cSF-1::ChR2-b2AdRKO were
significantly higher than that of control group (VMHdm/cSF-1::mCherry-
b2AdRKO) (Figure 3C and D). In addition, optogenetic stimulation of

Figure 5: The terminal activation of VMHdm/cSF-1 neurons evokes Fos expression in the proximal terminal sites. (A) Schematic figure of experimental design. (B)
Schematic of Fos expression counts in the nucleus. The brain maps of optic fiber insertion sites of (C), aBNST, (F) POA (I), AH (L), PVH/AH, (O), VMH, and (R) PAG. Representative
figures of Fos expression at the terminal sites or soma of VMHdm/cSF-1 neurons; (D) aBNST, (G) POA, (J) AH, (M) PVH/AH, (P), VMHdm/c, and (S) PAG. The number of Fos
expression cells at the aBNST, POA, AH, PVH/AH, and PAG of VMHdm/cSF-1::ChR2 mice after the terminal stimulation of (E) aBNST, (H) POA, (K) AH, (N) PVH/AH, (Q) VMHdm/c and
(T) PAG. Values are mean � S.E.M. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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VMHdm/cSF-1 neurons significantly increased plasma epinephrine in
b2AdR KO compared to non-stimulation control (Figure 3E). VMHdm/
cSF-1::ChR2-b2AdRKO showed significantly lower mRNA levels of
skeletal muscle Pgc-1a-2, -3, and -4 compared to VMHdm/cSF-
1::ChR2-WT (Figure 3F). Collectively, these results demonstrate that
b2AdR is essential for VMHdm/cSF-1 neuronal-induced skeletal muscle
transcriptional regulation, but not blood glucose levels.

3.4. Redundant functionality of downstream nodes of VMHdm/cSF-1

neurons
VMHdm/cSF-1 neurons project to a broad range of the CNS sites that
regulate the SNS including presympathetic nodes [21]. Among these
areas, we examined the contributions of the aBNST, POA, AH, PVH/AH,
and PAG to VMHdm/cSF-1 neuronal-induced augmentations in plasma
epinephrine, and skeletal muscle Pgc-1a expression. As the PVH and
AH are located in close proximity to each other (the AH is located at
ventral side of the PVH), thus the light source can reach to both areas
based on the theoretical irradiance value calculation (https://web.
stanford.edu/group/dlab/cgi-bin/graph/chart.php), it is possible that
the PVH stimulation also affects the AH. Therefore, going forward, we
will refer to optogenetic stimulation in this region as the PVH/AH
stimulation instead of the PVH stimulation. We injected AAV-DIO-ChR2
into the VMH of Sf-1 Cre mice followed by the insertion of the optic
fiber probe into each area (Figure 4A). Intriguingly, all terminal stim-
ulations of VMHdm/cSF-1 neurons significantly increased blood glucose
(Figure 4B). While stimulation in each area also increased plasma
epinephrine (mean values � SEM; 1919 � 324, 3869 � 922,
3782 � 594, 2759 � 188, 5145 � 841, and 6311 � 836 pg/mL for
mCherry, aBNST, POA, AH, PVH/AH, and PAG, respectively), the most
striking differences were observed after terminal stimulation of
VMHdm/cSF-1 neurons in the PVH/AH and PAG (Figure 4C). We found
that Pgc-1a total mRNA expression levels were significantly increased
in the terminal stimulation of the POA and PVH/AH (Figure 4D). Pgc-1a-
1 mRNA expression levels were significantly increased in the terminal
stimulation in the AH and PVH/AH (Figure 4E). Pgc-1a-2 and -3 mRNA
expression levels were significantly increased in the terminal stimu-
lation in the PVH/AH and PAG (Figure 4G). Finally, Pgc-1a-4 mRNA
expression levels were significantly increased in the terminal stimu-
lation in the PVH/AH. Of note, although the terminal stimulation in the
aBNST, POA, and AH did not statistically increase RNA levels of skeletal
muscle Pgc-1a-2, -3, and -4, the mean values were higher than those
in the control group. Collectively, we conclude that VMHdm/cSF-1

neuronal projections to the PVH/AH and PAG have greater contributions
to the regulation of skeletal muscle Pgc-1a mRNA expression and
plasma epinephrine. However, other projection sites likely contribute
as well, indicating that VMHdm/cSF-1 neurons use neurocircuits that
are functionally redundant to regulate the sympathoadrenal activity.
A previous study found that VMHdm/cSF-1 neurons project to down-
stream sites collaterally [23]. For example, VMHdm/cSF-1 neurons
projecting to the PAG also send axons to the AH [40]. Each VMHdm/cSF-
1 neuron likely projects to multiple sites, especially to the areas that are
topographically adjacent, such as aBNST and POA or the AH and PVH.
In other words, when the terminal activation of VMHdm/cSF-1 neurons
at one downstream area occurs, back-propagated neuronal activation
could happen in other non-stimulated areas. To determine whether it is
the case, we assessed Fos expression after the terminal activation of
VMHdm/cSF-1 neurons in the aBNST, POA, AH, PVH/AH, and PAG as
well as the soma stimulation of VMHdm/cSF-1 neurons (Figure 5A and
B). We compared the stimulated side (right hemisphere) and the non-
stimulated side (left hemisphere). As shown (Figure 1C), the opto-
genetic stimulation of the soma of VMHdm/cSF-1 neurons (Figure 5O

and P, SFigure 2E) significantly increased Fos expression in the
stimulated side of the VMH (Figure 5Q). Mice received the control AAV
did not show any difference between stimulated and non-stimulated
sides after the VMH stimulation (S Figure 3). Intriguingly, the soma
activation of VMHdm/cSF-1 neurons significantly increased Fos
expression only in the PVH and AH (Figure 5Q). We did not find distal
neuronal propagations by the terminal activation in the POA, PVH/AH,
AH, and PAG (Figure 5H, K, N, Q, and T, S Figure 2AeF). The terminal
stimulation in the aBNST increased Fos expression in distal site PAG
(Figure 5E). However, it is unclear that Fos expression in the PAG was
induced by the distal propagation as Fos expression in the VMH was
not changed after aBNST stimulation (Figure 5E). We frequently
observed Fos-expression in the sites proximal to the stimulated site.
For instance, the aBNST stimulation induced Fos-expression in the
POA (Figure 5E). Likewise, the AH stimulation induced Fos-expression
in the PVH (Figure 5K), and the PVH/AH stimulation induced Fos-
expression in the POA and VMH (Figure 5N). Fos expression in the
stimulated hemisphere of AH was significantly higher of all the stim-
ulation sites (Figure 5E, H, K, N, Q, and T), suggesting that these Fos-
inductions in the AH may be the secondary rather than direct propa-
gated activation.
To further investigate the redundant roles of downstream sites of
VMHdm/cSF-1 neurons regulating the SNS, we stimulated the terminal
of VMHdm/cSF-1 neurons in the PVH/AH or PAG while suppressing the
soma of VMHdm/cSF-1 neurons to eliminate back-propagations, at
least, between the PVH/AH and PAG. We selected these two sites as
our data (Figure 4) showed that stimulation of those two sites led to the
most prominent the SNS activation. We confirmed that Gi-DREADD
hampers hyperglycemia, skeletal muscle Pgc-1a mRNA expression,
and Fos activation induced by optogenetics (S Figure 4). The terminal
stimulation of PVH/AH or PAG still induced hyperglycemia (S Figure 5A)
and skeletal muscle Pgc-1a mRNA expression (S Figure 5B and C)
while Gi-DREADD inhibited VMHdm/cSF-1 neurons. However, Gi-
DREADD significantly suppressed Pgc-1a mRNA expression
compared to control injection group (S Figure 5B and C). Gi-DREADD
suppressed Fos activation in the VMH by the terminal stimulation of
PVH/AH or PAG of VMHdm/cSF-1 neurons (S Figure 5D and F). As
described above, we observed prominent Fos activation in the AH by
any conditions, further confirming that these Fos expression in the AH
may not be reflected to direct activation of VMHdm/cSF-1 neurons. The
terminal stimulation of PVH/AH with Gi-DREADD did not induce Fos in
the PAG, while the terminal stimulation of PAG with Gi-DREADD did not
induce Fos in the VMH (S Figure 6D and E). In these conditions, the
readouts of the SNS activity (glucose and skeletal Pgc-1a mRNA
expression) were still increased (S Figure 6AeC), suggesting that at
least these two distal projection sites of VMHdm/cSF-1 neurons, PVH/AH
and PAG projections, are functionally redundant. Collectively, Fos
expression data indicated that each single VMHdm/cSF-1 neuronal axon
projects many downstream sites collaterally, strengthening the idea of
functionally redundant VMHdm/cSF-1 neuronal circuits that regulate the
SNS.

4. DISCUSSION

Here we demonstrate that VMHdm/cSF-1 neuronal circuits regulate
skeletal muscle Pgc-1a mRNA via the sympathoadrenal-released
epinephrine coupled with b2AdR. Our data further predict that
VMHdm/cSF-1 neurons collaterally project multiple presympathetic
nodes in the CNS that possess redundant functions to regulate the
sympathoadrenal activation. The VMH facilitates glucose uptake in
skeletal muscle and brown adipose tissue (BAT) and fatty acid
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mobilization from white adipose tissues (WAT) by direct sympathetic
innervation rather than the sympathoadrenal drive [43e47]. Intrigu-
ingly, these studies have demonstrated that direct sympathetic
innervation is key for VMH-induced glucose uptake and lipolysis in BAT
and skeletal muscle rather than the sympathoadrenal activity
[43,44,46,47]. Contrary to these previous findings, results in this study
highlight the importance of the sympathoadrenal activity for VMHdm/
cSF-1 neurons-induced skeletal muscle Pgc-1a expression. Because
VMH neurons are genetically heterogenous [48,49], it is possible that
VMHdm/cSF-1 neurons regulate skeletal muscle function primarily via
sympathoadrenal activity, while other subtypes of neurons in the VMH
mediate skeletal muscle glucose uptake via the direct sympathetic
innervation. Optogenetic activation of leptin receptors-expressing
neurons in the VMHdm/c does not affect blood glucose, plasma
glucagon, and plasma insulin levels [22], supporting the notion that
functional segregation may exist within the VMHdm/c neuronal sub-
groups. Further studies are warranted to reveal the mechanistic dif-
ferences among the genetically distinctive neuronal groups within the
VMHdm/c that regulate skeletal muscle function.
PGC-1a is one of the key molecules regulating a wide range of
skeletal muscle physiology [50]. PGC-1a-1 is “classic” PGC-1a, and
regulates mitochondrial function, glucose and fat metabolism [14,39].
PGC-1a-4 regulates the protein synthesis [14,39]. The physiological
role of PGC-1a-2 and -3 are still not clear. It is predicted that they
contribute to angiogenesis, epithelial function, chromosomal main-
tenance, and cholesterol metabolism [16]. PGC-1a-1 is derived from
the proximal promoter region of PGC-1a locus, and PGC-1a-2, -3,
and -4 are derived from the distal promoter region [10]. Intriguingly,
running wheel activity and treadmill exercise activate the distal pro-
moter region but not the proximal promoter region [18,51]. Further-
more, b2AdR agonist also only initiates the transcription of PGC-1a
exclusively at the proximal promoter region [18,51], leading to
increased mRNA levels of PGC-1a-2, -3, and -4, but not PGC-1a-1
[16]. These data indicate the importance of the CNS/the
SNS/skeletal muscle b2AdR axis for the regulation of skeletal
muscle PGC-1a in response to exercise. Our data demonstrate that
VMHdm/cSF-1 neurons can regulate PGC-1a-2, -3, and -4, but
not �1, further strengthening the idea that these neurons are
important for exercise-induced augmentation of skeletal muscle
function.
VMHdm/cSF-1 neuronal activation increases circulating epinephrine,
and ADX completely blocks VMHdm/cSF-1 neuronal-induced skeletal
muscle Pgc-1a expression (Figure 2), suggesting that epinephrine
secretion from the adrenal grand is essential for VMHdm/cSF-1

neuronal regulation of skeletal muscle function. Because the adrenal
gland secretes many endocrine hormones, we must consider the
contribution of non-catecholamines hormones to VMHdm/cSF-1

neuronal-induced skeletal muscle Pgc-1a expression. For instance,
optogenetic activation of VMHdm/cSF-1 neurons increases blood
corticosterone [22]. Thus, it is possible that the surge of corticosterone
from the adrenal gland also contributes to VMHdm/cSF-1 neuronal-
induced skeletal muscle Pgc-1a. Corticosterone supplement
(Figure 2B) can only provide physiologically stable corticosterone levels
but can not imitate endogenous dynamics of corticosterone releases.
However, dexamethasone (DEX) treatments suppress PGC-1a in
skeletal muscle cell lines [52], and in the testis of in vivo mouse model
[53]. Glucocorticoid receptors (GRs) are expressed in skeletal muscle,
and skeletal muscle-specific GR-KO mice show increased lean mass
[54], which is in line with the fact that DEX can induce atrophy [55].
Therefore, we conclude that corticosterone unlikely contributes to the
induction of skeletal muscle PGC-1a after VMHdm/cSF-1 neuronal

activation. However, further studies are necessary to determine that
epinephrine is the only factor in the adrenal gland that contributes to
VMHdm/cSF-1 neuronal-induced skeletal muscle Pgc-1a.
A large body of literature has concluded that b2AdR signaling is key to
the regulation of skeletal muscle PGC-1a expression [42], and ulti-
mately orchestrating protein synthesis/degradation, glucose and fat
metabolism, and angiogenesis [9,10,51]. Our study extends these
findings to show that the sympathoadrenal activity coupled with b2AdR
is essential for VMHdm/cSF-1 neuronal-induced skeletal muscle Pgc-
1a expression (Figure 3). b2AdR is expressed throughout the body
[18], and even within the skeletal muscle, b2AdR is expressed in a
variety of cell types including skeletal muscle cells, smooth muscle
cells (blood vessels), and endothelial cells [42,56]. In addition, recent
studies highlight the key role of b2AdR at the neuromuscular junctions
(NMJs) to regulate acetylcholine and acetylcholine receptors [57,58].
As we used global b2 AdR KO mice, we can not formally exclude the
possibility that b2AdR in the non-skeletal muscle organs are actually
essential. Further studies using tissue specific b2AdR manipulation
(e.g., deletion of b2AdR in specifically skeletal or smooth muscle cells)
are necessary to decipher the precise targets of VMHdm/cSF-1 neurons
and the sympathoadrenal axis.
The terminal activation of VMHdm/cSF-1 neurons in the PVH/AH and
PAG significantly increases blood epinephrine and skeletal muscle
Pgc-1a-2 and -3 mRNA (Figure 4). Because the PVH and PAG directly
project to the sympathoadrenal preganglionic neurons in the inter-
mediolateral nucleus of the spinal cord [59e62], it is predicted that
activation of these areas can have more profound effects on the
sympathoadrenal activity. By comparing the results of the PVH/AH and
AH stimulation (Figure 4), it is likely that VMHdm/cSF-1 neurons pro-
jecting to the PVH substantially contribute to the regulation of the SNS
activity than that to the AH. Because ADX completely diminishes
augmented blood glucose by VMHdm/cSF-1 neuronal stimulation
(Figure 2), epinephrine release by the SNS activation is likely required
for the augmented blood glucose levels. Interestingly, the terminal
activation in all sites we investigated significantly increased blood
glucose (Figure 4). Taken together, blood glucose data (Figure 4)
indicate that all sites we investigated can activate the sympathoadrenal
activity, although the degree of the sympathoadrenal activation may
vary. In fact, the mean value of blood epinephrine, skeletal muscle
Pgc-1 mRNA levels in all the sites are higher than control group
(Figure 4), suggesting that all sites we investigated contribute to
VMHdm/cSF-1-neuronal regulation of the sympathoadrenal activity at
some extent of degree. Collectively, these data suggest that the
downstream sites of VMHdm/cSF-1 neurons have redundant functions
regarding the augmented sympathoadrenal activity.
The Fos expression data (Figure 5) indicate that VMHdm/cSF-1 neuronal
axon projections are collaterals rather than one-to-one projections [63]
as terminal stimulations can induce back-propagated activation in the
proximal projected sites of VMHdm/cSF-1 neuronal (Figure 5). A pre-
vious study using the retrograde tracing method supports this notion as
they found that most of VMHdm/cSF-1 neurons project to the AH also
collaterally send the axon to the PAG [23]. The VMH regulate essential
physiological function for survival and high-energy demand situations
including counterregulatory actions to hypoglycemia [3], defensive
behavior [23,40], and exercise [5,64]. These survival functions have to
be executed coordinately at the whole-body level. Considering that
collateral VMHdm/cSF-1 neuronal circuits are functionally redundant,
we propose that similar to monoaminergic neurons [65], VMHdm/cSF-1

neurons play a “broadcast” role in the regulation of physiological
functions at the whole-body level during emergency or high-energy
demand situations. Further studies will be necessary to delineate the
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degree of contributions of each VMHdm/cSF-1 neuronal downstream
node to the regulation of metabolism.

4.1. Limitation of this study
As many previous studies have noted, optogenetic stimulation induces
firing patterns that are dissimilar to endogenous firing patterns in many
neurons [66]. Therefore, we can not exclude the possibility that our
data demonstrate the maximum capability of VMHdm/cSF-1 neurons on
the regulation of skeletal muscle rather physiological roles of VMHdm/
cSF-1 neurons. We also used a fixed optogenetic configuration
throughout the terminal activations, despite the fact that each site we
investigated has a different density of VMHdm/cSF-1 neuronal axon and
terminals [21]. It is virtually possible that different terminal sites
require different firing pattern to execute their function properly. Future
studies to use fine-tuning configuration are necessary to test this
possibility.
As we mentioned above, the inherent limitations of the ADX studies
have to be considered. Although we supplied the corticosterone to
maintain its physiological levels, the surgical removal of the adrenal
gland can compromise many physiological functions directly and
indirectly. For instance, we observed that the basal levels of skeletal
muscle Pgc-1a were decreased in ADX mice (56%, 51%, 96%, 95%,
and 72% mean reductions in Pgc-1a total, Pgc-1a-1, Pgc-1a-2, Pgc-
1a-3, and Pgc-1a-4 respectively compared to sham control, in
Figure 2G). To exclude the possibility that ADX affects the sensitivity of
adrenergic receptors, we investigated whether b2AdR agonist can
induce skeletal muscle Pgc-1a in ADX mice. b2AdR agonist signifi-
cantly induced skeletal muscle Pgc-1a, and there were no significant
differences between sham and ADX mice (SFigure 6). Thus, ADX un-
likely affects the sensitivity of adrenergic receptors in skeletal muscle
in our experimental design. Nonetheless, we have to interpret ADX
studies with careful consideration, and future experiments using so-
phisticated techniques (e.g., genetic-ablation of epinephrine only from
the adrenal medulla) will be warranted to further confirm the role of
epinephrine releases from the adrenal medulla in the regulation of
skeletal muscle physiology.
Fos protein expression is used as the readout of neuronal activity.
However, there are limitations we have to consider. First, we can not
distinguish whether Fos activation is direct consequences of VMHdm/
cSF-1 neuronal activation or indirect consequences of physiological
changes induced by VMHdm/cSF-1 neuronal activation. For instance, it
is well appreciated that stressors can increase Fos expressions.
VMHdm/cSF-1 neuronal activation clearly induce fight or flight type of
endocrine responses (e.g., increased epinephrine, corticosterone,
glucagon, and glucose in the blood), that potentially can increase Fos
expression indirectly.

5. CONCLUSION

The CNS-skeletal muscle interactions are important to maintain
metabolic homeostasis. The skeletal muscle plays a critical role in the
regulation of metabolic homeostasis as it substantially contributes to
basal energy expenditure and glucose disposal after meal [13,67]. A
large body of studies has built the foundation of neuroanatomy
regarding metabolic homeostasis [62]. In the last decade, optogenetic
tools have revealed detailed functional neurocircuits regulating meta-
bolism including food intake and glucose metabolism [1,68,69]. This
study using optogenetics demonstrates that VMHdm/cSF-1 neurons
regulate skeletal muscle PGC1-a via epinephrine released from the
adrenal gland coupled with b2AdR. In addition, our data suggest that

VMHdm/cSF-1 neuronal circuits regulating the sympathoadrenal activity
are functionally redundant, yet varied contributions from each down-
stream node to the regulation of the SNS likely exist (SFigure 7). Our
study advances the understanding of brain-skeletal muscle commu-
nications and implies the significant contributions of VMHdm/cSF-1

neurons/sympathoadrenal axis to beneficial effects of exercise on
skeletal muscle.
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Abstract

This research investigates the molecular interaction between vitamin C (ascorbic acid) and glutathione peroxidase (GPX), a 
key enzyme in the antioxidant defense system. Oxidative stress-induced damage, caused by an imbalance in reactive oxygen 
species (ROS) production, is implicated in various health issues. Vitamin C, a potent antioxidant, is known for its ability to 
neutralize free radicals and support overall cellular health. Despite numerous studies on the protective effects of vitamin C, 
the molecular details of its interaction with GPX remain unclear. In this study, we employ computational methods, including 
molecular docking and dynamics simulations, to predict and visualize the molecular-level interaction between vitamin C and 
GPX. Our results reveal a favorable binding affinity, supported by negative free energy values, suggesting strong interactions. 
Detailed analyses of various parameters provide insights into the structural flexibility of the ligand, vibrational dynamics, 
and clustering characteristics. Overall, this study enhances our understanding of the molecular mechanisms underlying the 
beneficial effects of vitamin C in combating oxidative stress, with potential implications for therapeutic interventions.
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Introduction

Antioxidants are compounds that play a crucial role in 
protecting cells from the damaging effects of oxidative stress 
[1-5]. Oxidative stress occurs when there is an imbalance 
between the production of reactive oxygen species (ROS) 
and the body’s ability to neutralize them. ROS, including 
free radicals, can cause damage to cellular structures such 
as proteins, lipids, and DNA, contributing to various health 
issues and the aging process [6]. Antioxidants work by 
neutralizing ROS, preventing them from causing harm to 
cells. They do this by donating electrons or hydrogen atoms, 
stabilizing the free radicals and reducing their reactivity. 
There are several types of antioxidants, including enzymes 
produced by the body and antioxidants obtained from the 
diet [3,4,7-9].

Vitamin C, also known as ascorbic acid (C6H8O6), is a 
water-soluble vitamin that is well-known for its antioxidant 
properties that can donate electrons (e−) to neutralize free 
radicals and reactive oxygen species like singlet oxygen (1O2), 
like superoxide (O2

•−), hydroxyl radical (OH•) etc. By doing 
so, it helps prevent cellular damage caused by oxidative 
stress [10,11]. Vitamin C works both in the aqueous (water-
soluble) and lipid (fat-soluble) phases of cells, making it 
effective in various cellular compartments. Vitamin C can 
regenerate other antioxidants, such as vitamin E. After 
vitamin E donates electrons (e−) to neutralize free radicals, 
it becomes a radical itself. Vitamin C can help regenerate 
vitamin E, allowing it to continue its antioxidant function. 
This interplay between vitamins C and E enhances the 
overall antioxidant defense in the body [12]. Vitamin C has 
the ability to chelate (bind to and remove) metal ions, such 
as iron and copper, which can contribute to the generation 
of free radicals. By chelating these ions, vitamin C helps 
prevent the formation of additional reactive oxygen species 
[13,14]. Vitamin C is essential for the synthesis of collagen, a 
structural protein that is crucial for the health of connective 
tissues, skin, blood vessels, and bones, and collagen provides 
structural support and helps prevent oxidative damage to 
tissues [15,16]. Vitamin C supports the immune system 
by enhancing the function of white blood cells, which play 
a key role in immune response. During times of infection 
or inflammation, the demand for vitamin C may increase, 
highlighting its importance in maintaining a healthy immune 
system [17].

Vitamin C has been the subject of numerous research 
studies investigating its effects on oxidative stress and various 
health conditions. Researchers often explore the potential 
benefits of vitamin C due to its well-known antioxidant 
properties [18]. Some studies have investigated the effects 
of vitamin C supplementation on exercise-induced oxidative 
stress. Intense physical activity can lead to increased 

production of free radicals, and researchers have explored 
whether vitamin C can help mitigate the oxidative stress 
associated with exercise [19]. In different research studies of 
arsenic induced myocardial damage also vitamin C has used 
as a positive control for its protective effects against oxidative 
damage of cardiac tissue [3,4,20,21]. Glutathione peroxidase 
(GPX) is an enzyme that plays a key role in the enzymatic 
antioxidant defense system. It is involved in the reduction of 
hydrogen peroxide and organic hydroperoxides, which are 
harmful byproducts of cellular metabolism. The level of this 
enzyme is reduced due to oxidative stress but it is increased 
in presence of vitamin C to reduce oxidative damage [3,4,21]. 
Though there are so many studies conducted on the activity 
of GPX in presence of vitamin C, but the process of molecular 
interaction of them is not cleared till now as per the literature 
study. So, the present study is designed to explore how does 
vitamin C is molecularly interacted with GPX.

Methods and Materials

Complement experimental approaches with 
computational methods such as molecular docking and 
molecular dynamics simulations are used to predict and 
visualize the interaction at the molecular level of vitamin C 
and GPX enzyme. For the smooth conduction of the study, 
we employed highly configured computer system with 
Autodock4, a freely available software tool for academic 
users, to conduct molecular docking. In performing these 
docking procedures, we specifically selected glutathione 
peroxidase enzyme as proteins from organs documented to 
be influenced by oxidative stress and ascorbic acid (vitamin 
C) as a ligand. The Figure 1 shows the name and the structure 
of the collected structural protein from RCSB Protein Data 
Bank and Figure 2 shows the ligand name and its structure 
obtained from PubChem. The steps involved in detailing the 
molecular docking processes [22] with some modifications 
are shown below:

Figure 1: Structure of Glutathione peroxidase (PDB ID 
7FC2) in our study [23].
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Figure 2: Structure of Ascorbic acid (Vitamin C) (PubChem CID 54670067) in our study NCBI [24].

1. The PDB and SDF files for the protein (macromolecule) 
and ligand were acquired from the Protein Data Bank 
and PubChem respectively.

2. Preparing the protein PDB files involved addressing the 
presence of additional waters. The files were loaded into 
the ADT GUI, where water molecules were identified as 
HOH* from a string and subsequently removed following 
a warning.

3. Macromolecular file preparation included the addition 
of polar hydrogens without bond order. Subsequently, 
charges were introduced using ADT, with default 
Kollman charges being applied (ADT automatically adds 
Kollman charges for a peptide).

4. In the concluding step of protein preparation, parameters 
were incorporated, and the files were saved as a 7fc2.
pdbqt.

5. Ligand is then converted into PBD format by using 
OpenBable2.3.2a software.

6. Ligand, ascorbic acid is then loaded in the running ADT 
and parameters are prepared as per the direction and 
are saved as VitC.pdbqt.

7. Setting up the grid and generating the grid parameter 
file is crucial. To calculate docking interaction energy, a 
3D box (grid) is created, enclosing the protein molecule. 
The grid volume must be sufficiently spacious to permit 
unrestricted rotation of the ligand, even in its most 
extended conformation. The parameters essential for 
constructing this grid are stored in the grid parameter 
file, named molecule.gpf.

8. Now a new file is created by naming 7fc2.gpf and saved 
in the docking folder.

9. Following this, Autogrid4 was executed to generate a 
map for each atom type in the ligand and produce the 
corresponding macromolecular file with the extension 
7fc2.glg during the Run.

10. Creating the Docking Parameter File involved reading 
the macromolecular pdbqs and ligand.out.pdbq files. 
AutoDock offers various search methods, including the 

annealing method, the genetic algorithm, local search, 
and the hybrid genetic algorithm with local search. The 
chosen algorithm for the analysis was the Lamarckian 
genetic algorithm, where offspring can inherit the local 
search adaptations of their parents. The docking task is 
initiated from the ‘Run’ command.

11. The .dlg files are then accessed through a terminal, and 
the final docked energy, Gibbs free energy, and inhibition 
constant for each run are recorded. For the most valuable 
result we have determined 500 numbers of runs.

Result and Discussion

The total charge on a molecule is the sum of the charges 
on its constituent atoms, taking into account the number of 
electrons and protons. In this study we have found that the 
overall electric charge associated with the ligand molecule 
which is vitamin C is -3.001 e. A negative charge indicates 
an excess of electrons compared to protons, suggesting 
that the ligand is anionic (it has gained electrons) [25]. A 
rotatable bond is a single bond (sigma bond) between two 
non-terminal heavy atoms. Heavy atoms are those that are 
not hydrogen. Rotatable bonds represent the connections in 
a molecule that can rotate freely around their axis, allowing 
for different conformations or spatial arrangements of the 
atoms. The more rotatable bonds a molecule has, the more 
potential conformations it can access [26]. In Table 1, we 
have found that its value is 9 torsions generally indicates 
a moderate to high level of structural flexibility. Number 
of atoms in ligand is it is providing information about the 
molecular composition of a ligand. In chemistry, a ligand is 
a molecule or ion that can form a coordination complex by 
binding to a central metal atom. The ligand usually donates 
electrons to the metal, forming a coordination bond [27]. 
Table 1 indicates that the ligand under consideration consists 
of 17 atoms. These atoms could be a combination of different 
elements, and their arrangement and connectivity determine 
the structure of the ligand. Non-hydrogen atoms in ligand 
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provide the information about the molecular composition of 
a ligand, specifically indicating the number of non-hydrogen 
atoms in the ligand [28]. The non-hydrogen atoms in 
ligand of this experiment shows that it’s value is 13 (Table 
1). These non-hydrogen atoms could be a combination of 
different elements, and their arrangement and connectivity 
determine the structure of the ligand. Knowing the count 
of non-hydrogen atoms is essential for understanding the 
size, complexity, and potential reactivity of the ligand [28]. 
In Table 1, the number of vibrational degrees of freedom of 
ligand is 45,” it indicates that the ligand molecule has a total of 
45 distinct ways in which its atoms can undergo vibrational 
motion. This is a significant amount of vibrational flexibility 
and suggests that the ligand is likely to have a complex and 
dynamic structure [29]. Torsional degrees of freedom refer 
to the ability of parts of a molecule to rotate around single 
bonds. Each single bond connecting two non-terminal atoms 
introduces a torsional degree of freedom, representing a 
way in which the atoms on either side of the bond can rotate 
relative to each other [30]. In this experiment the number 
of torsional degrees of freedom is found 9 in Table 1 which 
indicates that the molecule has nine torsional or rotational 
degrees of freedom. So, the molecule is relatively flexible, 
and its structure can vary due to rotations around these 
specific bonds. This flexibility can have implications for 
the molecule’s behavior in different environments or when 
interacting with other molecules. 

Total charge on ligand -3.001 e
Number of Rotatable Bonds in 

Small Molecule 9 torsions

Number of atoms in ligand 17
Number of non-hydrogen atoms in 

ligand 13

Number of vibrational degrees of 
freedom of ligand 45

Number of torsional degrees of 
freedom 9

Estimated Free Energy of Binding -2.74 kcal/mol

Information entropy for clustering 0.36 (rmstol = 2.00 
Angstrom)

Estimated loss of torsional free 
energy upon binding +2.6847 kcal/mol

Table 1: Information of different parameters of the molecular 
docking.

A negative free energy of binding indicates that the 
binding process is energetically favorable. In other words, 
the binding of the ligand to the target is predicted to release 
energy. Gibbs Free Energy and Binding Energy are crucial 
parameters studied using AutoDock, as discussed earlier. The 

output results, represented by Δ𝐺, provide essential insights
into a closed system. AutoDock furnishes the minimum value 
of Gibbs free energy (Δ𝐺) for each conformer of the ligand
when docked to the protein. Additionally, it facilitates the 
calculation of the equilibrium binding constant (𝐾) in each
case, with these two parameters linked by the straightforward 
relation Δ𝐺 = −𝑅𝑇 ln𝐾 [31]. In Table 1 we have found that the 
estimated free energy of binding is -2.74 kcal/mol refers to 
a calculated value that represents the change in free energy 
associated with the binding of the vitamin C to the target 
protein glutathione peroxidase in a biological system suggest 
stronger binding interactions. Here in Figure 3 we can see 
the interaction of vitamin C with protein in the same way.

Figure 3: Interaction of ligand (Vitamin C) with protein 
(7FC2) [GPX6] during molecular docking.

“Entropy for clustering” likely refers to the entropy 
associated with the clustering of molecular conformations 
generated during the docking process. Molecular docking 
is a computational method used to predict the preferred 
orientation of one molecule (the ligand) when it binds 
to another molecule (the target or receptor) [32]. The 
combination of an entropy value of 0.36 and an RMSD 
tolerance of 2.00 Angstroms of Table 1 of this study suggests 
that the clustering process is yielding relatively homogeneous 
conformations, and the structural diversity within each 
cluster is limited to deviations within the specified RMSD 
tolerance.

A positive value indicates an increase in energy [33]. 
In this experiment the value of loss of torsional free energy 
upon binding is +2.6847 kcal/mol (Table 1) suggests that the 
binding process is associated with an increase in the energy 
required for the torsional rotation of certain bonds within 
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the molecules. The positive value here indicates that the 
binding process is associated with a higher energy cost for 
the torsional rotations within the molecules.

“CLUSTERING HISTOGRAM” Table 2 section describes 
the characteristics of a specific cluster of conformations 
at Cluster Rank 35 in the molecular docking simulation. 
The lowest binding energy Figure 4, mean binding energy, 
and the number of conformations in the cluster provide 
insights into the energetics and diversity of conformations 
within this particular cluster. Lower binding energies and a 
higher number of conformations generally indicate a more 

favorable and diverse set of docking poses in the cluster 
which is located in the Figure 5.

Cluster Rank 35 1
Lowest Binding Energy -4.04

Run 378
Mean Binding Energy -2.74

Num in Clus 216

Table 2: Clustering Histogram of the molecular docking.

Figure 4: Binding energy of Vitamin C with GPX.

Figure 5: Favorable and diverse set of docking between vitamin C and GPX.

In summary, the presented results provide a 
comprehensive overview of various parameters and aspects 
related to the molecular docking of vitamin C with the target 
protein (GPX6). Here the negative charge on the ligand 
suggests that the ligand (vitamin C) is anionic, indicating an 
excess of electrons compared to protons. This information 
is crucial for understanding the overall charge distribution 
in the ligand. The presence of 9 rotatable bonds indicates 
a moderate to high level of structural flexibility for the 
ligand. This flexibility can be important for the ligand to 

adapt to the binding site of the target protein, allowing for 
different conformations. The ligand is composed of 17 atoms, 
providing insight into its molecular size and complexity. 
The arrangement and types of atoms influence the ligand’s 
interactions with the target. The information about 13 non-
hydrogen atoms gives a more specific view of the ligand’s 
composition, excluding hydrogen atoms. This is crucial for 
understanding the core structure of the ligand. The high 
number of vibrational degrees of freedom (45) indicates a 
significant degree of vibrational flexibility in the ligand. This 
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can influence its behavior in different chemical environments. 
The presence of 9 torsional degrees of freedom suggests 
that the ligand is relatively flexible, and its structure can 
vary due to rotations around specific bonds. The negative 
value indicates that the binding of the ligand to the protein 
is energetically favorable. A lower value suggests a stronger 
binding interaction. The entropy value of 0.36, with an RMSD 
tolerance of 2.00 Angstroms, suggests that the clustering 
process has yielded relatively homogeneous conformations. 
This information is vital for understanding the diversity and 
reliability of the docking results. Estimated Loss of Torsional 
Free Energy upon Binding (+2.6847 kcal/mol) which is a 
positive value suggests an increase in the energy required 
for the torsional rotation of bonds upon binding. This 
information provides insights into the structural changes 
associated with the binding process. The information 
presented in the clustering histogram provides details about 
a specific cluster at rank 35. The lowest binding energy, mean 
binding energy, and the number of conformations in the 
cluster give a detailed view of the energetics and diversity 
within this cluster.

Conclusion

The current comprehensive computational study 
sheds light on the molecular interaction between vitamin C 
(ascorbic acid) and glutathione peroxidase (GPX), a crucial 
enzyme in the antioxidant defense system. The negative 
free energy values obtained from molecular docking signify 
a favorable binding affinity, indicating strong interactions 
between vitamin C and GPX. The detailed analyses of various 
parameters, including the ligand’s structural flexibility, 
vibrational dynamics, and clustering characteristics, enhance 
our understanding of this interaction at the molecular level.

Vitamin C’s ability to neutralize free radicals and 
support cellular health is well-established, and our study 
provides molecular insights into its interaction with GPX. 
The presented results offer a nuanced understanding of the 
structural features and dynamics associated with the binding 
process. Furthermore, the study highlights the potential 
implications of this interaction for therapeutic interventions 
aimed at combating oxidative stress-induced damage, a 
factor implicated in various health issues.

This research contributes valuable information to 
the existing body of knowledge regarding the molecular 
mechanisms underlying the protective effects of vitamin 
C. The findings not only advance our understanding of 
the antioxidant defense system but also pave the way 
for future studies and therapeutic developments in the 
realm of oxidative stress-related conditions. Overall, our 
computational study serves as a significant step forward in 
unraveling the intricate details of the molecular interplay 

between vitamin C and GPX.
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Introduction
Coronavirus disease 2019 (COVID-19) is an infectious dis-
ease caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), a single-stranded positive-sense RNA 
virus that is very contagious and has quickly spread globally; 
this disease results in severe mortality and has no specific 
cure.1 The effective management of COVID-19 is still not 
in control and is not feasible with the recurrent mutations of 
SARS-CoV-2, even after applying continuous vaccination 
drives and treatment with drugs that are available in the mar-
ket.2 To discover a potential and appropriate drug for COV-
ID-19, scientists have been working hard; however, to date, 
no effective methods for the prevention and therapeutic man-
agement of COVID-19 infection have been reported. Owing to 
the scarcity and unavailability of effective vaccines, antiviral 
drugs, effective prophylactic therapies, and remedies are still 
required to prevent SARS-CoV-2 infection; thus, the burden of 
the COVID-19 pandemic shined a light on the need to develop 
alternative preventive and treatment options.

Nowadays, the World Health Organization focuses on de-
veloping effective treatments and welcomes innovative ther-
apies giving more emphasis to traditional medicines as tradi-

tional medicinal plants are the largest reservoir of biologically 
active secondary metabolites, which play an important role 
in curing different diseases including diseases caused by vi-
ruses from ancient times.3 Ayurveda, Unani, and Siddha are 
the most ancient indigenous systems of medicine of human 
civilization used to treat various disorders for many centuries 
using a variety of medicinal plants with their preventive, cu-
rative, and rehabilitative properties.

Costus, from the family Costaceae and order Zingiberales, 
is a large genus comprising over ∼150 species that has a long 
ethno-medicinal account in India and has been used in tradi-
tional systems of medicine—Ayurveda, Unani, and Siddha—
since ancient times. According to the Ayurvedic Pharmaco-
poeia of India (2008),4 Costus is referred to as “kebuka” and 
has properties like rasa, guna, virya, vipaka, and karma; it is 
used in formulations like krmighna, kvatha, and curna against 
agnimandya, slipada, arsa, grahani, jvara, kamala, kasa, kus-
tha, raktavikara, krimiroga, and kaphaja, among others.

Costus speciosus (C. speciosus) Koen. ex Retz. is a per-
ennial herb with a tuberous horizontal rhizome and spirally 
arranged simple leaves with bisexual flowers.5 It exhibits 
multiple cytotypes, occurs worldwide,6 and grows wild in 
shady places of mixed deciduous forests in India.7 Rhizomes 

Abstract
The latest pandemic of coronavirus disease 2019 (COVID-19), caused by the infection of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), has brought upon the world an unparalleled challenge. Since its inception, scientists 
and researchers have come together to develop various forms of vaccines and efficient therapeutic agents. In addition, 
plant products have been considered safe, cost-effective, and reliable molecules capable of neutralizing various microor-
ganisms, including viruses. In this review, research articles on natural products related to antiviral effects were searched 
from various databases, such as the Web of Science, Google Scholar, Medline, Scopus, and PubMed, until August 2021, 
using English keywords. Moreover, the effectiveness of a locally available plant called Costus speciosus and its natural 
extracts on SARS-CoV-2 is discussed, while also providing insight into the cellular and molecular pathways of its active 
components that are involved in viral suppression. However, the lack of information regarding the safety profile and dos-
age for diverse diseases is one of the limitations of Costus speciosus as a natural medicine that can also interfere with 
COVID-19 pathogenesis by inhibiting SARS-CoV-2 replication and entry into host cells. We also highlight the use of plants 
as possible therapeutic agents in the prevention and management of COVID-19.
Keywords: SARS-CoV-2; COVID-19; Pandemic; Secondary metabolism; Antiviral agents; Natural products.
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contain high amounts of diosgenin.8 The active ingredients 
include diosgenin, dioscin, β-sitosterol, glucoside, gracillin, 
saponin, quinine, α-tocopherol, tricontanoic acids, curcumin, 
tricontanol, aliphatic hydroxyl ketones, triterpenes, abscisic 
acid, starch mucilage, oxa-acids, fatty acids, corticosteroids, 
and tigogenin. Traditionally, the plant has been used as an 
astringent, depurative, purgative, febrifuge, expectorant, 
and muscle relaxant. In addition, it has been used for the 
treatment of pneumonia, rheumatism, urinary diseases, fe-
ver, jaundice, mental disorders, fever, and dysentery (Fig. 
1).9 The phytochemicals presented in C. speciosus possess 
a number of activities, such as antiviral, antibacterial, anti-
fungal, antioxidant, immunomodulatory activity, antipyretic, 
antidiabetic, adaptogenic, anthelmintic, antistress, hepato-
protective, anti-inflammatory, and many other biological ac-
tivities,9 demonstrating its potential for the prevention and 
therapeutic usefulness in the treatment of COVID-19.

In this current scenario, as there is no registered medicine 
to treat COVID-19,1 C. speciosus could be a promising anti-
viral component to prevent and cure SARS-CoV-2 infection 
without any harmful side effects. This review compiles all of 
the information regarding the potential of C. speciosus as an 
effective therapeutic agent to fulfill the global demand to pre-
vent or treat COVID-19 and can serve as a guide for further 
research for the early development of new drugs and clinical 
applications to combat this deadly disease.

Distribution
The plant C. speciosus is widely distributed in the humid tropi-
cal and subtropical regions on both sides of the equatorial 
plane.5,10 It is exclusively distributed throughout the globe, es-
pecially in the tropical regions of Asia, Africa, and the Ameri-
cas.11,12 C. speciosus is region-specific and native to the Ma-
lay Peninsula of Southeast Asia,13 India, Indonesia, Sri Lanka, 
and Malaysia; however, it has been naturalized in some other 
tropical areas, including Hawaii.11 Within India, it grows from 
the central and eastern Himalayas to southern India and is 
also located in the Andaman and Nicobar Islands.14 C. spe-
ciosus is generally distributed below an altitude of 1,500 m in 
tropical forests throughout the Indian subcontinent,15 mostly 
in moist, warm, and hot evergreen forests. The geospatial 
distribution in the country ranges throughout to the foothills 
of the Himalayas from Himachal Pradesh to Assam; the Vin-
dhya Satpura Hills in central India; the Eastern Ghats of An-
dra Pradesh; the Western Ghats of Maharashtra, Karnataka, 
Tamil Nadu, Kerala, Meghalaya, Bihar, and Khasi; as well as 
the Jaintia Hills, Uttaranchal, Orissa, MP, North Bengal, West 
Bengal, and Himalayan tracts,11 excluding the arid and semi-
arid areas of Punjab, Haryana, Rajasthan, Gujarat, and the 
Peninsular India (Table 1).9–28 This plant thrives well on rich 
moist soil in shady localities under deciduous forests; hence, 
it is located wildly in the soggy wet-lands, particularly in the 
streams and river banks.16 It grows well in a climate with high 
humidity16 and is found in road-side ditches and low-lying ar-
eas10 in the marshy and shady places17 of forest plantation. In 
many regions, this plant is also cultivated for its ethno-medic-
inal and ornamental purposes.9,11,16

Morphology of C. speciosus
C. speciosus Smith belongs to the family Costaceae and 

is an ornamental, perennial, rhizomatous, erect, succulent, 
herbaceous, and monocotyledonous plant; it grows up to 
2.7 m in height, arising from a horizontal rhizome.9 Tuber-
ous rhizomes clothed with sheaths are found in the lower 
parts, whereas the upwards parts are leafy.29 The upper sur-
face of the rhizome is marked with circular nodal scars with 
remnants of leaf bases; on the other hand, the lower and 
lateral surfaces exhibit small circular scars of roots or a few 
wiry fractured yellowish-brown rootlets.30 The stem is sub-
woody at the base.14 The leaves are simple, dark green in 
color, elliptical to oblong or oblong to lanceolate, thick, sub-
sessile, and silky pubescent beneath, and spirally arranged 
on the stems; the leaf sheaths are coriaceous. The flowers 
are bisexual, large, and white, and they occur in cone-like 
terminal dense spikes, with bright red bracts and a lip with 
a yellowish throat.31 The flowers look like crape paper; thus, 
the common name of the plant is “Crape ginger.” Flower-
ing generally occurs during the months of July to October.32 
The attractive red cone-shaped bracts remain attached to 
the inflorescence, even after the flowers fade away. The 
fruits are capsular, globosely trigonous, and red in color. 
The seeds are black, with white aril. The style is filiform, the 
stigma generally has a semilunar ciliated depression, and 
the ovary is generally three-celled. The ovules are many and 
superposed.5,9,18,33 A detailed overview of all of the probable 
mechanistic details of C. speciosus as well as salient find-
ings is also provided in Table 2.11,12,15,17,19–23,34–50

Various pharmacological activities of C. spe-
ciosus
Anti-inflammatory activity
The term inflammation is classically defined as a complex 
biological response in which areas become reddened, hot, 
swollen, and often painful, especially as a reaction to injury 
or infection per se.51 It is well known that SARS-CoV-2 repli-
cation triggers the inflammatory response in the host cellular 
milleu.52 Acute lung injury during SARS-CoV-2 infection is 
due to aggressive inflammation initiated by viral replication 
and allied factors.53 When inflammation is overwhelming, it 
may lead to serious unfavorable outcomes or even death, as 
seen during the COVID-19 pandemic.54 Inflammation also 
plays a key role in the development and severity of COVID-19 
when it occurs with other diseases (i.e., comorbidity).55 Thus, 
controlling or preventing the inflammatory response may be 
an effective way of preventing the life-threatening condition 
in patients with COVID-19. One of the keys to successfully 
manage the disease is to effectively control the inflammation 
rapidly with the appropriate anti-inflammatory drugs.56

Clinical evidence has shown that during COVID, un-
controlled inflammation turns into hyperinflammation and 
becomes chronic, which inhibits the adaptive immune re-
sponses and ultimately causes multiple organ dysfunction. 
Such dysregulated inflammation results in a “cytokine storm” 
that is manifested due to the release of high levels of pro-
inflammatory cytokines, such as interleukin (IL) 1β, IL6, 
granulocyte colony-stimulating factor, interferon gamma-
induced protein 10, monocyte chemoattractant protein 1, 
macrophage inflammatory protein-1 alpha, tumor necrosis 
factor-alpha, IL10, IL7, and IL2, as well as chemokines by 
respiratory epithelial cells, dendritic cells, and macrophag-
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es.57 According to recent reports, cytokine storm and se-
vere inflammation are highly correlated for the progression 
of SARS-CoV-2 infection.58 It has been observed that lung 
epithelial cells play a crucial role in the release of several 
pro-inflammatory cytokines, including IL6 and IL8.59 Vari-
ous inflammatory markers such as high levels of C-reactive 
protein, ferritin, and D-dimers as well as the neutrophil-to-
lymphocyte ratio and serum levels of several inflammatory 
cytokines and chemokines are associated with the disease 
severity and death of COVID-19 patients.60 In addition, it has 
been observed that aberrant pathogenic T cells and inflam-
matory monocytes are rapidly activated, producing a huge 
number of cytokines and inducing an inflammatory storm.61

Nonsteroidal anti-inflammatory drugs (such as aspi-
rin, ibuprofen, celecoxib, and indomethacin) are widely 
prescribed for the relief of pain and inflammation during 
COVID-19.62 These drugs alleviate inflammation through 
effectively blocking the production of prostaglandins via in-
hibition of cyclooxygenase enzymes.63 Anti-inflammatory 
therapeutics, such as colchicine, are used to treat COVID-
19-associated excessive inflammation64 that acts by inter-
acting with the Nod-like receptor protein 3 inflammasome 
protein complex, suppressing the release of the cytokines 
IL1β, IL18, and IL6.65 Colchicine also can bind to free tubu-
lin dimers and block microtubule polymerization; therefore, it 
interrupts inflammatory cell activities and cytokine release.66 
Moreover, colchicine is used to control the white blood cell-
mediated inflammatory activities, thus inhibiting the produc-
tion of superoxides and the release of numerous cytokines 
and pyrogens from the white blood cells.67 Quercetin and 
Ivermectin also have been suggested as anti-inflammatory 
drugs for the treatment of COVID-19 because they work by 
reducing the production of tumor necrosis factor-alpha, IL1, 
and IL6 as well as suppressing lipopolysaccharide-induced 
translocation of nuclear factor kappa-light-chain-enhancer of 
activated B cells.68 The signaling pathway of the anti-inflam-
matory effects occurs through the inhibition of enzymes like 
cyclooxygenases and lipoxygenases, which are responsible 
for eicosanoid generation. This in turn reduces the concen-
trations of inflammatory mediators such as prostaglandins 
and leukotrienes. Also, they prevent the activation of nuclear 
factor kappa-light-chain-enhancer of activated B cell target 
genes, such as those for the cytokines IL1α, IL1β, IL6, IL8, 
and tumor necrosis factor-alpha, which are considered po-
tential markers for inflammation.58 Experimental studies in-
dicate that C. speciosus has potent anti-inflammatory effects 
due to the presence of the active compounds costunolide 
and diosgenin, which have been isolated from the plant.12 
The flavonoids and terpenoids present in the ethanolic leaf 
extract of C. speciosus also exhibit anti-inflammatory proper-
ties.34 To investigate the traditional uses of C. speciosus for 
the treatment of inflammation, numerous experimental stud-
ies have been conducted. The ethanolic extract of the C. spe-
ciosus rhizome has shown anti-inflammatory properties in 
carrageenen-induced edema formation in rats.35 In addition, 
the methanolic extract of the C. speciosus aerial parts has 
demonstrated anti-inflammatory activities in adult albino rats 
and Swiss albino mice.36 Likewise, the methanolic extract 
of C. speciosus leaves has shown anti-inflammatory activity 
by inhibiting the heat-induced hemolysis of red blood cells.19 
The denaturation of proteins is one of the main causes of 
inflammatory disease. In-vitro studies have demonstrated 

that the ethanolic extract of C. speciosus leaves inhibits 
protein denaturation in inflammatory disease by controlling 
auto-antigen production.37 Moreover, the methanolic extract 
of C. speciosus seeds has shown significant anti-inflamma-
tory activity by inhibiting hypotonic lysis of the erythrocyte 
membrane in a red blood cell membrane stabilization study. 
It also has been noticed that the methanolic extract exhibits 
anti-inflammatory activity by blocking cyclooxygenase activ-
ity followed by the inhibition of prostaglandin synthesis.38 
Despite enormous efforts for the development of new drugs 
for the treatment of COVID-19, to date, no clinical trial has 
shown a validated significant effect. Therefore, there is still a 
lack of specific efficacious clinically proven drugs, vaccines, 
as well as other antiviral medications and therapies to con-
trol the virus that causes COVID-19.69 Based on the above-
mentioned antiviral, anti-inflammatory, and immunoregula-
tory activity, C. speciosus might be a promising safe, natural 
candidate for the treatment and prevention of COVID-19 in 
the future.

Adaptogenic activity
Adaptogens are classical stress-protective compounds that 
help organisms to acclimatize under different forms of stress 
as well as to increase adaptability, resilience, and hence sur-
vival by activating certain adaptive signaling pathways of the 
cellular and organismal defense systems.70 Adaptogens also 
stimulate the cellular defense mechanisms and increase non-
specific resistance and adaptation to stress by expressing 
stress-activated proteins and activating the extra- and intra-
cellular signaling pathways. Likewise, adaptogens coordinate 
to alleviate stress-induced mental and behavioral disorders.71 
C. speciosus rhizome extracts act as an effective adaptogenic 
agent when administered in stress-induced experimental al-
bino rats. The extract showed antistress and adaptogenic 
activity in brain neurotransmitter profiles and in monoamine 
oxidase enzyme levels by normalizing norepinephrine, dopa-
mine, 5-hydroxy tryptamine, and 5-hydroxy indole acetic acid 
against cold immobilization.39 This plant extract also has been 
used in the formulation of an effective antistress and antide-
pressant drug against central nervous system disorders,12 
since the extract significantly reduced the stress-induced in-
crease of 5-hydroxy tryptamine and 5-hydroxy indole acetic 
acid levels in brain tissues by preventing the alarm reaction, 
which causes a significant increase in 5-hydroxy indole acetic 
acid and 5-hydroxy tryptamine levels.40

Adaptogens play a potentially significant role at all stages 
of viral infections. They can decrease the duration of the 
acute phase of illness by affecting the neuroendocrine-im-
mune system. Adaptogens likely combat infection through 
their specific and nonspecific antiviral properties, attenuate 
escalating inflammation through their potent anti-inflamma-
tory effects, repair oxidative stress-induced injuries in com-
promised cells and tissues, and provide baseline support 
through their immunomodulatory, immunostimulatory, and 
anti-oxidant effects. In COVID-19 patients, the effects of 
adaptogens mainly occur during their convalescence. Adap-
togens are primarily preferred for the treatment of viral infec-
tions as they modulate innate and adaptive immunity as well 
as anti-inflammatory activity, detoxify and repair the oxida-
tive stress-induced damage in the cells, and direct antiviral 
effects by inhibiting viral docking or replication; thus, they 
can improve the quality of life of patients during convales-
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cence. Recent data from clinical experimental studies have 
shown that melatonin, a novel therapeutic agent against 
SARS-CoV-2, helps to bolster the immune system, which 
is activated by adaptogens through the melatonin signaling 
pathway.72 Melatonin as an adaptive hormone73 also plays 
an important role in the regulation of homeostasis,74 which 
in turn can be activated using novel C. speciosus plant ex-
tracts.

Safe and nontoxic psychotropic medications that do not 
aggravate the psychiatric condition are a prerequisite for the 
treatment of COVID-19 patients.75 Therefore, considering 
the urgent need to find a specific pharmacotherapy for COV-
ID-19 patients, the rhizomic extract of C. speciosus may be 
recommended as an easily available, affordable, nontoxic, 
and safe adaptogenic agent for the treatment of COVID-19 
patients.

Antidiabetic activity
Diabetes mellitus is a chronic metabolic disorder caused ei-
ther by the failure of requisite insulin production due to the 
loss of beta cells present in the pancreas (as in type 1 diabe-
tes), or when the sensitivity of those cells is diminished due 
to insulin resistance (as in type 2 diabetes).76 Hyperglycemia 
occurs when an excessive amount of glucose circulates in 
the blood plasma; on the other hand, hypoglycemia ensues 
when the blood glucose level decreases. Both hyperglyce-
mia and hypoglycemia may disrupt an already malfunction-
ing innate immune system in patients with diabetes, increas-
ing their susceptibility to infections.77 Uncontrolled diabetes 
is associated with macro- and microvascular complications 
affecting the health and survival of patients.78

C. speciosus has been demonstrated to have immense 
antidiabetic properties as it regulates the secretion of insu-
lin from pre-existing beta cells of the islets of Langerhans.11 
This appears through induction of the expression of the insu-
lin gene in pancreatic cells and insulin receptor-A in hepatic 
cells, and increasing the serum insulin levels consequently 
increases glucose uptake through induction of glucose trans-
porter 2 gene expression. The hypoglycemic effect of various 
active constituents is exerted through potentiation of insulin 
synthesis and release from the existing beta cells as well as 
increasing the tissue sensitivity of insulin to glucose uptake. 
The leaves and rhizomes of C. speciosus have shown an-
tidiabetic activity due to the presence of phytochemical fla-
vonoids37 and diosgenin, a steroidal saponin.20 Additionally, 
costunolide, extracted from C. speciosus, significantly re-
duced the plasma glucose level when administered to strep-
tozotocin-induced diabetic male Wistar rats at different dos-
es41 by inhibiting the expression of nitric oxide synthase.79 
Similarly, the administration of aqueous and methanolic rhi-
zome extracts showed a reduction in the blood glucose level 
in streptozotocin-induced diabetic rats. The ethanolic extract 
of C. speciosus leaves was found to significantly reduce the 
blood glucose level when administered orally to diabetic 
experimental animal models.21 The ethanolic extract of C. 
speciosus rhizomes also showed a significant antidiabetic 
effect in alloxan-induced diabetic rats.42 In diabetic rats, the 
hexane crude extract of C. specious rhizomes was effective 
in bringing down and normalizing the serum glucose level.22 
The in-vitro antidiabetic potential of C. speciosus was also 
assessed by a starch–iodine color assay.43

Most of the available clinical studies have shown that 

diabetes mellitus is one of the most common and prevalent 
comorbidities in COVID-19 patients that is causing consider-
able morbidity and mortality rates globally.80 Therefore, as 
C. speciosus is a potent antidiabetogenic agent, it should be 
considered as one of the first lines of defense. Patients with 
diabetes tend to have more severe disease vulnerability with 
poor glycemic control, which has a negative impact on the 
immunological system and may lead to a high risk of infec-
tions and serious life-threatening chronic complications with 
worse outcomes when they test positive for COVID-19.81 
In-vitro animal studies have shown that when angiotensin-
converting enzyme 2 (ACE2), the main receptor responsible 
for COVID-19, binds with SARS-CoV-2, this biological mech-
anism reduces adequate insulin secretion by damaging the 
function of the beta cells of pancreatic islets.82 On the other 
hand, infection secondary to diabetic complications is also 
accompanied by a huge production of cytokines, causing cy-
tokine storms, which may induce insulin resistance.83 Both 
altered insulin secretion and insulin resistance are respon-
sible for uncontrolled blood sugar levels, which are gener-
ally noticed in patients infected with SARS-CoV-2; therefore, 
acute and chronic diabetes significantly affect both the in-
nate and the adaptive immune system84 and are linked to 
poor white blood cell function, including impaired phagocyto-
sis by neutrophils, neutrophil chemotaxis, macrophage and 
monocyte function, and innate cell-mediated immunity.85 Pa-
tients with diabetes (type 1 or type 2) have been identified as 
being at an increased risk for respiratory tract infections and 
serious illness from COVID-19 relative to the healthy general 
population86 because there is a defect in the innate immu-
nity, which aggravates phagocytosis, neutrophil chemotaxis, 
and/or cell-mediated immunity.87

The mortality rate of COVID-19 patients with diabetes was 
significantly higher (∼42.3%) than that of COVID-19 patients 
without diabetes.78 Numerous recent studies have indicated 
that SARS-COV-2 infection can lead to multi-organ injuries 
with a worsening clinical status and composite adverse out-
comes in individuals with pre-existing diabetes.88 In light of 
the currently available data, people with diabetes are at risk 
for developing severe and critical forms of COVID-19 and 
seem to be more susceptible and vulnerable; thus, they need 
special care.89 However, it is very obvious that patients with 
diabetes need to continuously control and regularly moni-
tor their blood glucose levels, which requires careful clini-
cal management, with extra precautions and special atten-
tion to prevent COVID-19. Therefore, it is urgently needed 
to develop novel antidiabetic medications, which will play a 
distinctive role in protecting people from infection and could 
reduce the risk of morbidity and mortality in patients with un-
controlled glycemia. Antidiabetic drugs (e.g., insulin, dipep-
tidyl peptidase 4 inhibitors, sodium-glucose cotransporter 2 
inhibitors, glucagon-like peptide 1 receptor agonists, thiazo-
lidinediones, metformin, sulfonylureas, pioglitazone, liraglu-
tide, hydroxychloroquine, etc.) have been used in COVID-19 
patients to manage their diabetes;90 however, they show 
various complications for lowering persistent high blood glu-
cose levels. Therefore, in order to protect these patients, the 
administration of a drug formulated from naturally occurring 
C. speciosus may be prescribed as a future preventative 
therapy for patients with diabetes, as good glycemic control 
is the key to reduce the probability of contracting COVID-19 
and will help to overcome the detrimental adverse effects 
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of this disease. Due to its low cost, widespread availability, 
and good tolerability, C. speciosus plant extract is definitely 
a potential candidate and an appropriate add-on drug that 
could safely be prescribed as a sustainable, nontoxic, effec-
tive herbal antidiabetic drug therapy for treating and control-
ling the insulin levels of diabetic patients in order to decrease 
complications due to COVID-19.33

Antimicrobial activity
Co-infections, also known as dual-infections, secondary in-
fections, or superinfections caused by multiple pathogens of 
viral, bacterial, or fungal origin, are a common complication 
causing severe illness among COVID-19 patients and result 
in a major risk of unfavorable outcomes, which may prolong 
the acute phase of COVID-19 and are also associated with 
increased rates of morbidity and mortality.91 Published clini-
cal data show that COVID-19 patients are vulnerable to co-
infections caused by bacterial and/or fungal pathogens.92 
These bacterial and/or fungal secondary infections by mul-
tiple pathogens interfere with the immune status, which is a 
big threat to patients during COVID-19.93

Opportunistic infections by other microorganisms de-
velop in patients diagnosed with COVID-19 during or after 
the initial infection with a virus, and they are associated with 
worse adverse outcomes than that of either infection on its 
own.94 Sometimes, due to the combined effects of the micro-
bial pathogens, patients may be exposed to severe disease 
conditions leading to fatal clinical complications. The most 
common bacteria reported during co-infections in COVID-19 
patients mainly include Staphylococcus aureus, Streptococ-
cus pneumoniae, Haemophilus influenzae, Pseudomonas 
aeruginosa, Klebsiella pneumonia, Acinetobacter bauman-
nii, and Mycoplasma pneumonia.95 Secondary fungal co-
infections (e.g., candidiasis, aspergillosis, cryptococcosis, 
pneumocystosis, and histoplasmosis) also have been identi-
fied in patients with COVID-19,96 including Aspergillus fla-
vus, Aspergillus fumigates, Candida glabrata, and Candida 
albicans, among others.97 Mucormycosis, also known as the 
black fungus, is another serious fungal infection that produc-
es life-threatening complications detected among COVID-19 
patients.98

To overcome severe disease, various antibacterial, anti-
fungal, and antiviral drugs are administered to COVID-19 pa-
tients.96 The use of antimicrobial drugs is one of the principal 
methods in medicine that is widely employed to help reduce 
and prevent different infectious diseases, either bacterial 
or fungal.99 The most frequently prescribed antibiotics that 
are used to prevent the occurrence of secondary bacterial 
infections in COVID-19 patients include ceftriaxone/cefo-
taxime, ampicillin/amoxicillin, quinolones, imipenem, ceftri-
axone, fluoroquinolone, azithromycin, quercetin, rapamycin, 
doxycycline, fluoroquinolones, macrolides, cephalosporins, 
azithromycin, moxifloxacin, ceftriaxone, vancomycin, and 
cefepime.100 Meanwhile, the drugs used to treat fungal infec-
tions in COVID-19 patients include amphotericin B, itracona-
zole, caspofungin, fluconazole, and voriconazole.101

Some of the alternative antiviral drugs that are used in 
the management of COVID-19 target specific steps within 
the life cycle of SARS-CoV-2, such as darunavir, atazanavir, 
saquinavir (protease inhibitors); umifenovir (fusion inhibitor); 
remdesivir, favipiravir (inhibitors of viral RNA polymerase/
RNA synthesis); lopinavir/ritonavir (inhibitors of viral protein 

synthesis); ivermectin (inhibitor of viral replication); hydroxy-
chloroquine, chloroquine (viral entry inhibitors); oseltamivir 
(viral release inhibitor); nitazoxanide (imunomodulator); 
ribavirin, sofosbuvir (nucleotide reverse transcriptase inhibi-
tor); emtricitabine, and azvudine (nucleoside reverse tran-
scriptase inhibitor).102 As viral-bacterial-fungal co-infections 
are one of the largest medical concerns resulting in increased 
mortality rates, it is imperative to pay attention to these co-
infections in critical patients positive for COVID-19.95 In most 
cases, patients are treated with broad-spectrum antimicro-
bial drugs with unknown efficacy103 for the suspected bacte-
rial or fungal co-infections,104 but they are not very effective 
for the treatment of COVID-19 and also suppress the im-
mune system.101 Based on the recent clinical data, serious 
adverse side effects have been reported in patients when 
treated with the above-mentioned antimicrobial drugs,92 
since no specific drug has been approved and shown to be 
effective until now;93 whereas a newer drug development re-
gime is time consuming107 for the prevention and treatment 
of human coronavirus infections.108 Therefore, immediate ef-
forts and effective treatment strategies are needed to reduce 
the risk of transmission and to manage future pandemics.102 
This critical reality demands urgency for a special focus on 
developing novel, effective, and safe antimicrobial drugs 
with more promising clinical development to combat inva-
sive microbes.

From the thorough phytochemical studies and investiga-
tions of the available literature on C. speciosus, it has been 
clearly found that the C. speciosus plant extract possesses 
plethoric secondary metabolites (e.g., flavonoids, phenols, 
tannins, alkaloids, steroids, terpenoids, etc.), which act as 
an effective antimicrobial substance against a wide range 
of microorganisms.34 Hexane and ethanolic extracts of C. 
speciosus leaves and rhizomes exhibit promising antibac-
terial and antifungal activities against various pathogenic 
microorganisms.44 Moreover, the aqueous extract shows 
antibacterial activity against S. aureus,45 which is one of the 
causative agents for co-infection in COVID-19. In addition, it 
has been noted that the epoxidation of diosgenin extracted 
from the rhizome of Costus shows antifungal activity46 and 
that components of the essential oil (e.g., α-humulene and 
zerumbone) extracted from the rhizomes of C. speciosus 
possess considerable antibacterial activity.47

It also has been noticed that sometimes the use of syn-
thetic antibiotic drugs increases the risk of death during sec-
ondary infections in COVID-19 patients.109 Furthermore, an-
tibiotic overuse is associated with subsequent harm, which 
leads to resistance against the microorganisms,110 and 
these antibiotic-resistant infections are a significant threat to 
COVID-19 patients. On the other hand, it is very challenging 
to distinguish between severe COVID-19 and bacterial and 
fungal secondary infections.103

Therefore, the experimental results suggest that since the 
C. speciosus plant extract acts as an effective antimicrobial 
agent, it possibly could be used as a safe and effective anti-
microbial medicine17 for invasive secondary bacterial and/or 
fungal co-infections, which are more life-threatening than the 
initial viral infection during COVID-19.

Anthelmintic activity
Anthelmintics are a class of generic drugs that are used to de-
stroy parasitic worms without causing any significant harm to 
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the host cell. Some reports of substantial anthelmintic activity 
of the methanolic and aqueous extracts of the aerial parts of 
C. speciosus against earthworms are present in the existing 
literature as they have been used widely for the primary evalu-
ation of anthelmintic compounds in vitro because they mimic 
intestinal worms in their reaction to helminthiasis,48 suggest-
ing that the plant can be used as a promising anthelmintic 
agent to cure the disease.15 There are plethoric anthelmintic 
medicines, viz. niclosamide, ivermectin, and nitazoxanides, 
in the market that are employed to symptomatically treat and 
cure COVID-19 patients.111 It has been reported that potential 
helminth co-infections exacerbate the immune systems sus-
ceptible to newer contagions.112 It also has been noted that 
helminth parasites have symbiotically adapted to their specific 
hosts during the long evolutionary process, thus resulting in 
chronic diseases of the host; however, the mortality rate is 
low. There are several modulations in the host surface that 
are brought about by these parasites; the immune system is 
one of them. In general, the parasites induce a hyporespon-
sive state of the host’s immune system, and, in situations like 
the COVID-19 pandemic, such attributes may worsen the 
situation per se. Therefore, the current situation demands the 
launch of newer therapeutic drugs and treatment options that 
are widely and easily available as well as affordable, effective, 
and safe, without causing any systemic side effects. As the C. 
speciosus plant extract has potent anthelmintic activity, it may 
be a potent addition to prevent SARS-CoV-2 viral replication 
and may be recommended for symptomatic treatment for fur-
ther clinical evaluation and development of new drugs to cure 
and treat COVID-19.

Estrogenic activity
Estrogen, a primary female sex hormone that actively regu-
lates the cellular and molecular processes, is involved in the 
development of the female reproductive system along with 
the maintenance of secondary sexual characteristics. Both 
ethanolic and methanolic extracts of C. speciosus rhizomes 
have been shown to exert an effective estrogenic effect in 
animal models.23,49 Additionally, uterine stimulant properties 
were observed when rhizome extracts of C. specious were 
administered on spontaneous phasic uterine contractions, 
which were mainly due to nonestrogenic effects with a conse-
quent increase in uterotonic contractions indued via calcium 
entry on L- type calcium channels and sarcoplasmic reticulum 
calcium release.49 There are several reports explaining that 
the saponins present in the C. speciosus extract induced a 
profound estrogenic activity in sprayed rats, significantly in-
creased uterine weight and uterine glycogen concentration, 
and produced proliferative changes in the uterus.50

Recently, estrogenic activity has been linked with the re-
pair of infected respiratory tissues, which provide protection 
from developing a severe infection by SARS-CoV-2 in fe-
males and thus act as a strong immune-regulatory agent in 
both the innate and adaptive immune systems.113 It has been 
well speculated that the SARS-CoV-2 spike protein binds to 
ACE2 receptors and that estrogens play an important role 
in the interactions between the SARS-CoV-2 spike protein 
and the human ACE2 receptor that protects the human lung 
during infection caused by SARS-CoV-2.114 Derivatives of 
estrogen molecules (17β-diol and S-equol) modulate the 
ACE2-dependent membrane fusion protein and reduce the 
entry of the SARS-CoV-2 spike protein into lung cells. Es-

trogen also affects cardiac ACE2 levels and activity through 
its receptors estrogen receptor alpha and G protein-coupled 
estrogen receptor, by regulating ACE2 shedding via disinte-
grin and metalloprotease 17 and transmembrane serine pro-
tease 2. This linear correlation of ACE2 gene transcripts with 
estrogen receptor alpha and G protein-coupled estrogen 
receptor mRNAs is associated with higher values of ACE2 
gene expression.115 Estrogens stimulate the immune system 
by modulating the function of B cells and thus improve T-
helper 2 cell activity. They stimulate the nasal immune sys-
tem by increasing the activity of phagocytes, dendritic cells, 
and natural killer cells.116 Estrogens are elevated during C. 
speciosus administration, which also exhibits anti-inflamma-
tory and immuno-modulatory effects against COVID-19, thus 
reducing SARS-CoV-2 infectivity through modulation of pro-
inflammatory signaling pathways.117

These observations strongly indicate the potential protec-
tive effect of C. speciosus via modulating estrogenic activity; 
therefore, it could be recommended for future therapeutic 
strategies against COVID-19 (Fig. 2).

Antipyretic activity
Cumulatively, antipyretics are a group of drugs that reduce 
fever during pyrexia or conditions leading to an increase in 
the core body temperature. The ethanolic rhizome extract 
of C. speciosus has been shown to exhibit an antipyretic 
effect in yeast-induced pyrexia in an animal model by act-
ing through inhibition of the production of prostaglandins 
in the hypothalamus.35 An uncontrolled increase in body 
temperature leading to fever is one of the most common 
initial symptoms of COVID-19 in approximately 80% of pa-
tients,118 so it is considered that there is a close connection 
between pyrexia and the onset of the disease. Under these 
circumstances, it is mandatory to control and reduce fever 
with artificial antipyretics, which is beneficial for COVID-19 
patients.119 Recent COVID-19 treatment guidelines by the 
World Health Organization have recommended the use of 
antipyretics24 as a first line of defense. Several synthetic an-
tipyretics (e.g., ibuprofen, paracetamol, among others) are 
readily available in the market as over-the-counter medica-
tions; however, consuming them may lead to severe irre-
versible side effects.120 Therefore, the administration of C. 
speciosus extract or its derivatives for its natural antipyretic 
activity may be an effective option as a safe and nontoxic 
herbal antipyretic medicine for the symptomatic treatment of 
COVID-19 patients.

Conclusions
The therapeutic potential of C. speciosus extract or its de-
rivatives against COVID-19 is significant, given their diverse 
modes of action and their ability to impact different cellular 
and molecular pathways that are related to the pathophysi-
ology of the disease. The present review emphasizes the 
need for comprehensive studies to entirely understand the 
efficacy, safety, and mechanism of action of these natural 
compounds derived from C. speciosus. As the global scien-
tific community continues to search for effective treatments 
for COVID-19, natural products offer a valuable resource for 
discovering novel antiviral agents.
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In conclusion, the role of C. speciosus in combating COV-
ID-19 is an area of great interest and potential. Continued re-
search and clinical trials are essential to validate the efficacy 
of these compounds and to potentially integrate them into 
the broader strategy for managing and treating COVID-19. 
The exploration of natural products not only offers hope for 
new therapeutic options but also highlights the importance 
of biodiversity and natural resources in addressing global 
health challenges.
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Abstract

Background: Athletes, engaging in vigorous exercise, confront elevated reactive oxygen species (ROS) and inflammation. 
Dietary antioxidants, abundant in diverse foods, offer protection. Resveratrol, a potent polyphenol from grapes and berries, 
explores its anti-inflammatory potential and mechanism through in-silico analysis in athletes.
Method: Initial steps involved IL-6 data retrieval (PDB ID 1alu), receptor preparation, and ligand selection (Resveratrol, CID 
445154). IL-6 receptor binding site identification utilized literature and PyMol. Molecular docking was facilitated by AutoDock, 
validated through re-docking and overlay methods. Lead molecule selection in in silico virtual screening was based on binding 
energy (-5 to -15 kcal/mol). The evaluation concluded with interaction assessment and binding affinity calculation.
Result and Discussion: The study utilized IL-6 from the Protein Data Bank. Resveratrol was prepared for molecular docking. 
Docking outcomes showed optimal fit and interaction of resveratrol with IL-6, forming three bonds and exhibiting a low binding 
energy of -5.2 kcal/mol. The research addressed exercise-induced inflammation, emphasizing IL-6's role. Bioinformatics and 
molecular docking provided insights into IL-6 binding. Resveratrol demonstrated a potential inhibitory effect on IL-6 action, 
presenting a promising avenue for anti-inflammatory intervention in athletes.
Conclusion: Exploring resveratrol's anti-inflammatory potential on IL-6, our study used molecular docking, suggesting its 
protective effects in athletes. Ongoing research is vital for validation and broader implications.
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Graphical Abstract

Abbreviations: PDB: Protein Data Bank; ROS: Reactive 
Oxygen Species.

Introduction

Vigorous participation in intense physical activity 
makes athletes more susceptible to heightened levels of 
circulating reactive oxygen species (ROS) in the body and is 
contingent on the mode, intensity, and duration of exercise 
[1]. A solitary session of intense exercise is sufficient to 
generate substantial amounts of ROS, leading to increased 
levels of inflammatory markers. Inflammation is considered 
as a complex biological response of body tissues to harmful 
stimuli, such as pathogens, damaged cells, or irritants. 
It is a protective mechanism that involves immune cells, 
blood vessels, and molecular mediators. The purpose of 
inflammation is to eliminate the initial cause of cell injury, 
clear out damaged cells and tissues, and initiate tissue 
repair. Exercise, especially intense or prolonged physical 
activity, can cause micro-damage to muscle fibers, leading 
to inflammation. While this is a natural part of the muscle 
repair and strengthening process, excessive inflammation 
can delay recovery, leading to prolonged soreness and 

reduced muscle function and proper management helps in 
faster recovery and repair of these tissues. While exercising, 
active muscle fibers exhibit oxygen consumption rates 200 
times higher than during periods of rest, resulting in the 
production of inflammatory markers [2,3]. Various potential 
explanations exist for the diverse outcomes observed in 
relation to exercise and its effects on proinflammatory and 
inflammation-responsive cytokines and there has been 
reported an elevation in interleukin-6 (IL-6) concentration 
of 50-folds after the end of a marathon run in the participants 
[4]. Earlier findings have shown a connection between dietary 
interventions, such as the consumption of antioxidant-rich 
foods, and decreased levels of inflammatory mediators in 
athletes, both during periods of rest and after exercise [5]. 
This discovery motivated scientists to explore alternative 
foods that enhance athletes’ oxidative stress and diminish 
their inflammatory markers.

Antioxidants, abundant in diverse foods, act as vital 
defenders against oxidative stress caused by free radicals 
[6-8]. Fruits like berries and citrus, alongside vegetables 
such as spinach and kale, are rich sources. Nuts, seeds, 
and oils, coupled with beverages like green tea, offer 
additional avenues to bolster antioxidant intake [9]. Various 
plant products, vitamins and antioxidants show different 
mitigating roles of various complications [10-12]. For 
athletes, the anti-inflammatory effects of antioxidants hold 
particular significance. Strenuous physical activity elevates 
oxidative stress, leading to inflammation. Antioxidants play 
a crucial role in mitigating this inflammatory response, 
supporting athletes in recovery and injury prevention 
[13]. By incorporating antioxidant-rich foods, athletes may 
experience reduced inflammatory markers, promoting overall 
health. Beyond their anti-inflammatory impact, antioxidants 
contribute to cardiovascular well-being, fostering heart 
health through improved blood flow and oxidative damage 
reduction [14]. This dual benefit is especially pertinent for 
athletes aiming to optimize performance and recovery. 
While a balanced diet is the primary means of antioxidant 
intake, targeted consumption of these compounds emerges 
as a strategic approach for athletes seeking to enhance their 
athletic capabilities and mitigate the inflammatory effects 
associated with intense training.

Resveratrol, a potent polyphenol, is found in certain 
foods like grapes, red wine, and berries. Known for its 
antioxidant properties, resveratrol has gained attention 
for potential health benefits [15]. It demonstrates anti-
inflammatory effects, contributing to cardiovascular health 
by improving blood flow and reducing oxidative stress. 
Additionally, studies suggest its potential in supporting 
longevity and cognitive function [16]. While available in 
supplement form, obtaining resveratrol through a balanced 
diet remains ideal for maximizing its positive impact on 
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overall health. Moreover, numerous interventions have 
utilized these dietary components to explore their influence 
on inflammatory markers. To date, there has been no research 
investigating the anti-inflammatory potential of resveratrol 
and it mechanism of interaction in athletes. Hence, the 
present study seeks to assess the impact of resveratrol on 
IL-6 in athletes through an in-silico analysis, exploring its 
mechanism of action.

Materials and Methods

Sequence Retrieval 

The sequence and structure of IL-6 were obtained from 
the Protein Data Bank (PDB) with the PDB ID 1alu. The 
receptor protein was readied by eliminating the ligand and 
water from the active site and introducing polar hydrogens 
[17].

Compound Preparation

3D conformer of resveratrol (C14H12O3), PubChem CID 
445154 was downloaded and used as a ligand in this study.

Identification of Binding Site

Exploring scientific literature, researching articles, and 
utilizing databases are common methods for identifying 
the ligand binding site of the human IL-6 protein. The IL-6 
receptor binding site was discerned through the utilization 
of PyMol, protein visualization software [18].

Molecular docking

Following the methodology established in our previous 
work i.e. Bhattacharjee S, et al. [19] molecular docking was 
undertaken using IL-6 (PDB ID 1alu). The macromolecular 
file preparation involved adding polar hydrogens and 
introducing charges via ADT with default Kollman charges, 
automatically incorporating Kollman charges for a peptide. 
Protein parameters were integrated, saving files as 1alu.
pdbqt. The ligand, resveratrol (PubChem CID 445154), was 
converted to PBD format using Open Babel 2.3.2a, loaded 
into ADT, and configured as instructed, resulting in ligand.
pdbqt. Creating a grid with sufficient space for unrestricted 
ligand rotation Wang S, et al. [18], parameters were stored in 
molecule.gpf, and a new file, 1alu.gpf, was saved. Autogrid4 
generated maps, producing 1alu.glg during the Run. Docking 
Parameter File creation involved reading macromolecular 
pdbqs and ligand.out.pdbq files. AutoDock, using the 
Lamarckian genetic algorithm, initiated the docking task. 
Terminal access to .dlg files recorded final docked energy, 
Gibbs free energy, and inhibition constant for each of the 500 
runs, ensuring optimal results.

Validation of Docking Approach

The diverse docking parameters were confirmed through 
individual re-docking of a crystallized ligand molecule 
against the IL-6 receptor. Validation of the molecular docking 
simulation technique was conducted using the overlay 
method and chemical similarity assessment [20].

Computer-Based Screening

After validating the docking approach, an in silico virtual 
screening was carried out through molecular docking 
simulations.

Evaluation of Virtual Screening Results

After conducting molecular docking simulations, lead 
molecules were selected based on the lowest binding 
energy within the specified range of -5 to -15 kcal/mol. The 
assessment of results emphasized hydrophilic and lipophilic 
interactions among binding residues within the active ligand 
binding site of the protein and the ligand. The calculation 
of the ligand’s binding affinity for a specific target was 
performed as illustrated in the following equation: 

[ ]Ki e G RT= ∆

Here, ΔG represents the change in free energy upon 
binding, R denotes the gas constant, and T signifies the 
temperature in Kelvin.

Results

Chosen and Prepped Macromolecule

The human IL-6 (PDB ID: 1alu), obtained from the Protein 
Data Bank, comprises a single protein chain consisting of 
157 amino acids. The three-dimensional structure model of 
IL-6 is depicted in Figure 1. After the end of the processing 
of the protein molecule, it was saved in *pdbqt format using 
AutoDock software.

 

Figure 1: Three-dimensional (3D) structure model of IL-6 
(1-alu) acquired from the RCSB Protein Data Bank. 
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The Ligand Primed For Molecular Docking

The ligand molecule contained three rotatable bonds, 
all of which were maintained in their rotatable state. 

Subsequently, the prepared ligand was stored in *pdbqt 
format. In Figure 2 it is shown that the resveratrol molecule 
contains 12 atoms of hydrogen with 3 atoms of oxygen.

Figure 2: 2D and 3D Structure of Resveratrol (PubChem CID 445154). 

Protein x-D y-D z-D x center y center z center
1-alu 122.89 102.65 43.69 40.096 40.079 40.038

Table 1: Coordinates utilized for the preparation of the grid box.

Protein Ligand Interacting residues Types of Bonds Binding energy (kcal/mol)

1-alu Resveratrol
Glu A:23 van der Walls

-5.2Leu A:19 Pi-Sigma
Lys A:27 Pi-Alkyl

Table 2: Docking Outcomes of the Ligand Bound to the Human IL-6 Receptor.

Figure 3: Interaction of IL-6 with resveratrol
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Figure 4: Types of bonds formed with their distance in 
IL-6 protein with resveratrol.

Figure 5: Interaction of the amino acids and their number 
with resveratrol.

Figure 6: The binding mode and chemical interactions of 
the ligand (Resveratrol) attached to the amino acids of the 
IL-6 receptor.

Discussion

Heavy exercise has long been associated with numerous 
health benefits, including improved cardiovascular health 
and enhanced physical fitness. However, recent research 
has shed light on a potential downside to intense physical 
activity - the increased levels of Interleukin-6 (IL-6) among 
sports persons. IL-6 is a cytokine that plays a crucial role 
in the body’s inflammatory response [21]. While moderate 
exercise is known to have anti-inflammatory effects, heavy 
exercise can lead to an upsurge in IL-6 levels, contributing 
to inflammatory problems [22]. The paradox of exercise-
induced inflammation lies in the delicate balance between 
the positive effects of moderate exercise and the potential 
drawbacks of excessive physical exertion [23]. High levels 
of IL-6 can trigger an inflammatory response that may 
manifest as muscle soreness, joint pain, and even systemic 
inflammation [24]. This has significant implications for 
athletes and fitness enthusiasts, as chronic inflammation is 
associated with various health issues, including an increased 
risk of chronic diseases [25,26]. When there is an excessive 
increase in cytokine production, it leads to a phenomenon 
known as a cytokine storm. This heightened inflammatory 
reaction may contribute to the development of multiple 
organ dysfunction syndrome as well as inflammatory 
response syndrome [27,28]. In response to this emerging 
challenge, the scientific community has turned to innovative 
approaches, particularly bioinformatic applications, to 
unravel the complex interplay between exercise, IL-6, and 
inflammation. Bioinformatics leverages computational tools 
and techniques to analyze vast amounts of biological data, 
facilitating a deeper understanding of molecular pathways 
and interactions [29,30]. Researchers are now using 
bioinformatics to explore the intricate mechanisms through 
which heavy exercise influences IL-6 levels and subsequent 
inflammatory responses [29,31]. This multidisciplinary 
approach enables the identification of potential targets 
for intervention, paving the way for the development of 
anti-inflammatory drugs tailored to mitigate the negative 
consequences of intense physical activity.

The integration of bioinformatics in sports medicine 
and pharmaceutical research represents a promising avenue 
for precision medicine [32]. The preeminent computational 
method for probing protein active sites and ligand 
conformation within the targeted protein’s active pocket 
is molecular docking. The scrutinized docked complexes, 
stemming from these studies, were evaluated for binding 
affinities (Kcal/mol), molecular interactions, and bonding 
interactions. The lowest binding energy value serves as a key 
indicator of the ideal conformational position of the ligand 
within the active region of the targeted protein IL-6 [33]. By 
deciphering the molecular intricacies of exercise-induced 
inflammation, scientists aim to develop personalized 
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interventions that optimize the health benefits of exercise 
while minimizing the associated inflammatory risks. This 
holistic approach not only benefits athletes striving for 
peak performance but also contributes to our broader 
understanding of the intricate relationship between physical 
activity, inflammation, and overall health. As we delve 
deeper into the realms of bioinformatics, the quest for anti-
inflammatory drugs tailored to the needs of sports persons 
takes on a more informed and targeted trajectory.

In our study we have found that, resveratrol exhibited 
a perfect fit within the IL-6 binding site, demonstrating the 
lowest binding energy of -5.2 kcal/mol in the results after 
(Table 2). According to Figures 5, 6 and Table 2, resveratrol 
forms 3 bonds namely, van der Waals, Pi-sigma and Pi-Alkyl 
bonds with Glu A:23, Leu A:19 and Lys A:27 respectively. 
So, it could be possible mechanisms for the inhibition of 
IL-6 action the ligand compound. A study has shown that 
quercetin could demonstrably bind to the IL-6R by partially 
(30%-35%) blocking IL-6 binding. It has been reported that 
the lys and glu residues provoke a complete loss of ligand 
binding to the IL-6R. Hence, the interplay among quercetin, 
catechin, gallic acid, and IL-6R is expected to impede IL-6 
ligand binding to the receptor through modifications in 
receptor affinity or protein conformation. According to Chu 
M, et al. [34,35] found that resveratrol is potentially effective 
in diminishing or regulating elevated IL-6 levels linked to 
physical activity. However, its impact on IL-6 changes related 
to factors like age might be limited. The data presented 
suggests that resveratrol exhibits anti-inflammatory and 
protective effects during exercise by reducing IL-6 levels. 
Nevertheless, further studies in the future are necessary 
to validate this hypothesis. The results of the current study 
propose that disrupting interactions within IL-6 signaling 
pathways or the IL-6R could interrupt the signaling associated 
with inflammatory diseases triggered by increased IL-6 
expression. Additionally, this study shares similarity with 
the findings of Ezaouine A, et al. [29].This mechanism could 
provide a potential therapeutic approach for addressing 
inflammatory bowel diseases.

Conclusion

Our study delved into the potential anti-inflammatory 
impact of resveratrol on IL-6 in athletes through in-silico 
analysis. Molecular docking revealed resveratrol’s optimal 
fit within the IL-6 binding site, forming three key bonds. 
Resveratrol may mitigate IL-6 levels during exercise, 
suggesting protective effects. Ongoing investigations are 
crucial for validating and expanding on these insights, 
contributing to bioinformatics in sports medicine for 
inflammation management in intense physical activity.
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A study on 
Consumer 

buying 
intention towards Green 

Beauty 
Cosmetics: An exploration of factors 

Abstract 

behaviour to shift towards environmentally friendly purchases. A detailed literature research on green Environmental deterioration is a critical issue for contemporary society since it influences Consumer 
purchasing behaviour was done in order to comprehend the decision-making process for buying gen 
products. An innovation in the marketing industry is the creation of eco-friendly products. Many 
people are turning away from chemical-based cosmetics in favour of ecological ones. Because they 

beauty products are neither healthful nor safe for anyone, male or female. For this reason, several contain toxic ingredients like triphenyl phosphate and petroleum, chemical--based cosmetics 

cosmetic items are also prohibited. In order to reduce the negative effects on health and the 

Vol.5, No.5; Dee 

environment, it is crucial to adopt green buying behaviour (GPB), as opposed to conventit 

purchasing practises. Different businesses are now demonstrating increased concern for their we 

managenent, pesticide use, and packaging materials. The reason for responsible environmentl 

behaviour has become so popular is because it has long-terrm advantages for both the person and for 

all countries. Organisations are now incorporating ecological principles into their daily operations. 
including trash management. 

Abhishek Kumar Aparna Bhardwajt: Nirmalya Debnath, 

Therefore, the altered attitude has had a significant impact on several industries, particularly 
cOnsumer beauty items; the manufacturing and cosmetics sector has also taken the lead in 
impiementing ethical production techniques to minimise the effects on the environment. 

Sharmili Chakraborty***, 

Businesses are forced by this ethical activity to comprehend the intentions behind their ethical 
purchases, and it also supports their long-term market viability. There isn't much discussion of tnsu recent literature, particularly when it comes to the uses of green cosmetics. As a result, in oIO advance the literature in this area, this work aims to develop a predictive sustainable model by conducting an empirical study to look at the relationships between various variables, including 

intention for eco-friendly cosmetics. 

attitude, social norms, perceived behaviour control. environmental consciousness, consciousness, appearance consciouSness, exposure to green advertising, and Consumer purchase 

behayiour in the future in regard to green products or cosmetics. **postdoctoral Fellow, Magadh University, Bodh Gaya, Bihar 

As a result, this research report has shed light on the subject and attempted to ascertain 
Consume buying habit regarding green cosmetics as well as the purchasing patterns of customers in Tripur The study concentrated on how consumers choose products based on how they view green beaut products. Exploratory factor analysis (BF A) was used to examine the data from 412 

respondents. T resuts support the notion thai lndian consumers are aware of green cosmetics, have a 
posij 

th¹ company to develop policies and marketing plans that take into account how consumes 

attitude towards them, and intend to make environmentally conscious purchases. The survey 
will he about green cosmetic products. This study is helpful for anyone who plans to investigate 
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health 
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