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Abstract
Purpose Gut microbiota are able to generatemetabolites that can alter the function of immune cells and play a major role in health
and disease. Understanding the changes in gut microbiome during infections including virus may help to use novel strategies in
the therapeutic interventions.
Methods We have reviewed recent reports on role of gut microbiome in lung infections and its possible importance in COVID-19.
Results Most of the studies provide an insight into the possible role of gut microbes during lung diseases including chronic
obstructive pulmonary disease (COPD), cystic fibrosis, lung cancer, and other respiratory problems such as allergy and asthma.
However, clinical evidence underlying gut-lung crosstalk during respiratory viral infections is limited.
Conclusion This review provides an overview of the role of the gut microbiome during respiratory viral infections mainly
focused on COVID-19 and possible evidence for its crosstalk targeting as new therapeutics.

Keywords Respiratory viral infections .Microbiome . COVID-19 . Gut-lung axis

Introduction

In December 2019, a series of cases of unsolved respiratory
viral pneumonia was occurred in Wuhan, China. Primarily,
most of the cases were considered to have linked with the
seafood market in Wuhan. Later, it was identified that human
to human transmission played a major role in the disease out-
break (Yuki et al. 2020). This disease was rapidly spread from
Wuhan to other places in China and the rest of the world. To
identify the causal organism of this disease, a huge number of
tests were conducted. Finally, the International Committee on
Taxonomy of Viruses (ICTV) named the causative virus as
SARS-CoV-2 and the disease name as COVID-19 (Cui et al.
2019). This disease has been affecting a huge number of peo-
ple in the worldwide, approximately more than 216 countries

and territories (Zhang et al. 2020c; Zheng 2020). As of 21st
October 2020, around 40,251,950 cases have been infected
and 1,116,131 deaths occurred worldwide according to the
World Health Organization (WHO, 2020).

Six species of corona viruses arewell known to cause diseases
in human, among them the Middle East Respiratory syndrome
Coronavirus (MERS-CoV) and Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV) are zoonotic diseases,
which caused severe respiratory illness and had higher fatality
rates (Ye et al. 2020). Now, the recent pandemic COVID-19 is
the seventh type of corona viruses. Phylogenetic study of its
single stranded RNA viral genome (29,903 nucleotides) has re-
vealed that the COVID-19 is almost similar (89.1% nucleotide)
with SARS-like coronaviruses that had previously found in bats
in China (Wu et al. 2020b). This information possibly explains
the behavior of the present novel COVID-19 in human infec-
tion. Moreover, the mutational profile shows the highest muta-
tion in the orf1ab gene especially the transitional mutation is
much more frequent than transversion (Gupta et al. 2020).
SARS-CoV-2 multifractal approach-based study concluded
that structure organization linked to large fluctuations in ge-
nome imparting virulence in the virus (Mandal et al. 2020).
Now, the current trend is the development of an effective vac-
cine and clinically efficient therapeutic treatment methods for
COVID-19. Until that, we are reliant on preventative methods,
such as social distancing and good hand hygiene to minimize
the infection rates (WHO, 2020). An alternative addition to
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inflammatory role (Belkaid and Hand 2014). Understanding
of the gut-lung axis in respiratory disease has been recognized
in recent years. Importantly, the existence of this mechanism
opens up new hopes for the development of therapeutic ap-
proaches to COVID-19 and other respiratory infections (Dhar
and Mohanty 2020).

Conclusions

In viral respiratory infections, alternations in the microbial com-
position of the airway and intestinal microbiota are observed,
commonly due to the major outgrowth of Proteobacteria and
Bacteroides. A microbiome-mediated cross-talk along the gut-
lung axis has been noted during lung infection specifically due
to alterations in the gut microbial species and metabolites.
However, clinical evidence-based mechanism by which the gut
impacts the lung environment and viral infection has not yet fully
understood. But, microbial metabolites such as SCFAs and pro-
biotic microbes influence the immune responses as well as in
preventing pathogen colonization. Interestingly, patients with re-
spiratory infections and diseases generally observed with gut
dysbiosis and related complications indicating gut-lung crosstalk.
In COVID-19 patients, this phenomenon can also be observed.
Therefore, improving gut microbiota with probiotics and other
beneficial bacteria plays a major role in therapeutic applications
and this could be further extended in the treatment of COVID-19
as a new therapeutic approach.
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Abstract

Understanding the mechanisms of kidney stone formation, development patterns and asso-

ciated pathological features are gaining importance due to an increase in the prevalence of

the disease and diversity in the presentation of the stone composition. Based on the micro-

structural characteristics of kidney stones, it may be possible to explain the differences in

the pathogenesis of pure and mixed types of stones. In this study, the microstructure and

distribution of mineral components of kidney stones of different mineralogy (pure and mixed

types) were analyzed. The intact stones removed from patients were investigated using syn-

chrotron radiation X-ray computed microtomography (SR-μCT) and the tomography slice

images were reconstructed representing the density and structure distribution at various ele-

vation planes. Infrared (IR) spectroscopes, X-ray diffraction (XRD) and scanning electron

microscopy (SEM) were used to confirm the bulk mineral composition in the thin section

stones. Observations revealed differences in the micro-morphology of the kidney stones

with similar composition in the internal 3-D structure. Calcium oxalate monohydrate stones

showed well-organised layering patterns, while uric acid stones showed lower absorption

signals with homogenous inner structure. Distinct mineral phases in the mixed types were

identified based on the differential absorption rates. The 3-D quantitative analysis of internal

porosity and spatial variation between nine different types of stones were compared. The

diversity among the microstructure of similar and different types of stones shows that the

stone formation is complex and may be governed by both physiological and micro-environ-

mental factors. These factors may predispose a few towards crystal aggregation and stone

growth, while, in others the crystals may not establish stable attachment and/or growth.
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S2 Table. Porosity value of pure and mixed types of kidney stones.

(DOCX)

S1 Fig. Micro-morphology of pure calcium oxalate monohydrate. (a & b) Different stones

obtained from same patient (KS 8 and KS 16). (c & d) Different stones obtained from same

patient (KS 1 and KS 2).

(TIF)

S2 Fig. The tomographic slice image of different sections of the calcium oxalate monohy-

drate stone showing mineral precipitation and accumulation of minerals at different eleva-

tion plane. (i–xx) Different sections of the stones showing mineral precipitation and

accumulation of minerals at different elevation plane. Arrows indicates the nucleus.

(TIF)

S3 Fig. Micro-tomography of mixed kidney stones. (a) COM-COD mixed showing uniform

micro-tomography and (b) COM-struvite-apatite mixed stones. Apatite showing compara-

tively denser structure (arrow).

(TIF)
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Abbreviations

ATRP atom transfer radical polymerization
BSA bovine serum albumin
CA cis-1,2-cyclohexanedicarboxylic acid
CC cytochrome C
CPT camptothecin
CUR curcumin
DDS drug delivery systems
DMTK dimethyl thioketal
Dox doxorubicin
DTT dithiothreitol
FA folic acid
FITC fluorescein isothiocyanate
GSH glutathione
HPMA N-(2-hydroxypropyl) methacrylamide
LCST lower critical solution temperature
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NBS O-nitrobenzyl thioether
NIPAM N-isopropyl acrylamide
NIR near infrared
PAA polyaspartamide
PBS phosphate-buffered saline
PEG polyethylene glycol
PSI polysuccinimide
PTX paclitaxel
RAFT reversible addition fragmentation chain transfer
ROP ring-opening polymerization
SCNPs shell-cross-linked nanoparticles
SS disulfide
US ultrasound
UV ultraviolet
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Abbreviation

ADR adriamycin
ATRP atom transfer radical polymerization
BSA bovine serum albumin
Ce6 chlorin e6
CPT camptothecin
CUR curcumin
DDS drug delivery systems
Dox doxorubicin
EPR enhanced permeation and retention
FA folic acid
HIF high-intensity focused
HMS hollow mesoporous silica
IC50 half-maximal inhibitory concentration
LCST lower critical solution temperature
MPC 2-methacryloyloxyethyl phosphorylcholine
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NEGDM 2-nitrophenyl ethylene glycol dimethacrylate
NIPAM N-isopropyl acrylamide
NIR near-infrared
pNIPAM poly(N-isopropylacrylamide)
PIC polyion complex
PTX paclitaxel
PVCL poly(vinyl caprolactum)
RAFT reversible addition fragmentation chain transfer
ROP ring opening polymerization
ROS reactive singlet oxygen
SP spiropyran
SPIONS superparamagnetic nanoparticles
US ultrasound
UV ultraviolet
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were used as an alternative to individual IONPs to provide enough magnetic moment; 
moreover, now, each and every single domain would be able to sustain their superpara-
magentism and collectively they would provide enough magnetic moment to generate 
the necessary heat for the therapeutic purposes. However, the size of the IONPs en-
capsulating the pNIPAM nanoparticle needs to be fine-tuned for maintaining adequate 
circulation time [68]. Cui et al. fabricated magnetic nanoparticles by co-precipitation 
and coated with mesoporous silica for controlled as well as targeted delivery to glioma 
cells. They have encapsulated both Dox and PTX into the system by a process of double 
emulsion solid-in-oil-in water evaporation. In order to provide tumor selectivity, these 
particles were conjugated with transferrin, as the latter is overexpressed in glioma (U-87)  
cell lines. The efficacy of the final nanoparticles was evaluated both in vivo and in vitro. 
For in vitro cytotoxicity, U-87 cells were treated with the final formulation followed by 
application of magnetic field. The authors reported that the cytotoxicity of the nanopar-
ticles increased when magnetic field was applied after nanoparticle injection, as com-
pared to free drugs and control samples. They found higher efficacy of the formulation 
in vivo in U-87 tumor bearing BALB/c nude mice [69].

8.4  Conclusions

In the past years, significant progress has been achieved in the development of exoge-
nous stimuli-responsive nanocarriers for drug delivery, diagnosis, and therapy. Block 
 copolymer-based smart nanocarriers contain specific chains, ligands, or functional 
groups that are responsive to exogenous stimuli (temperature, light, US, magnetic field) 
which can be exploited for drug delivery applications, especially for the delivery of 
chemotherapeutic drugs. The examples discussed in this chapter have demonstrated the 
current status of various exogenous stimuli-responsive block copolymer-based DDS, 
and it was observed that the combination of manipulating exogenous stimuli-responsive 
nanocarriers and regulating biological processes can achieve a better therapeutic effect. 
It is expected that there is still a whole field to be explored in terms of existing and new 
delivery platforms for potential use as nanomedicine formulation in clinical settings.
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Bioresponsive supramolecular hydrogels
for hemostasis, infection control
and accelerated dermal wound healing†
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Injectable, drug-releasing hydrogel scaffolds with multifunctional properties including hemostasis and

anti-bacterial activity are essential for successful wound healing; however, designing ideal materials is

still challenging. Herein, we demonstrate the fabrication of a biodegradable, temperature-pH dual

responsive supramolecular hydrogel (SHG) scaffold based on sodium alginate/poly(N-vinyl caprolactam)

(AG/PVCL) through free radical polymerization and the subsequent chemical and ionic cross-linking.

A natural therapeutic molecule, tannic acid (TA)-incorporated SHG (AG/PVCL-TA), was also fabricated

and its hemostatic and wound healing efficiency were studied. In the AG/PVCL-TA system, TA acts as a

therapeutic molecule and also substitutes as an effective gelation binder. Notably, the polyphenol-arm

structure and diverse bonding abilities of TA can hold polymer chains through multiple bonding and

co-ordinate cross-linking, which were vital in the formation of the mechanically robust AG/PVCL-TA.

The SHG formation was successfully balanced by varying the composition of SA, VCL, TA and cross-linkers. The

AG/PVCL-TA scaffold was capable of releasing a therapeutic dose of TA in a sustained manner under

physiological temperature-pH conditions. AG/PVCL-TA displayed excellent free radical scavenging, anti-

inflammatory, anti-bacterial, and cell proliferation activity towards the 3T3 fibroblast cell line. The wound healing

performance of AG/PVCL-TA was further confirmed in skin excision wound models, which demonstrated the

potential application of AG/PVCL-TA for skin regeneration and rapid wound healing.

1. Introduction

Skin is the major and most susceptible organ that protects the
human physique from hostile environments, microbial attacks,
and also functions to prevent dehydration. Common trauma
such as burns, wounds, and bruises and associated injuries

often result in acute or chronic wounds,1 are always a health
burden, and the loss of skin integrity often leads to disability or
even death.1,2 Since reconnection of injured tissues is vital in
restoring their structures and functions, biological procedures
initiate in re-establishing dermal functions after hemostasis.
Subsequently, wound healing proceeds through sequential,
correlated wound remodeling phases within weeks towards
restoring the complete anatomic functions.3,4 However, the
dysfunction of these sequential events results in pathologically
insufficient or excess wound healing, which is clinically
challenging.5,6 Therefore, the development of advanced wound
healing materials to prevent and treat several detrimental
wound healing outcomes is inevitable.

To date, a variety of wound healing materials composed of
temporary dressing (gauze, thin-films, foam hydrogels, hydro-
colloids, and membranes),7–12 and scaffold biomaterials13,14

(capable of hosting and support the growth of endogenous
cells) have been employed for healing different wound types.
However, many of these conventional materials have major
limitations, such as limited oxygen permeability and low hydration
towards wound environment, poor wound exudate management,
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5-FU 5-fluorouracil
ADR adriamycin
AIE aggregation-induced emission
ATRP atom transfer radical polymerization
BSO buthionine sulfoximine
CCL core-cross-linked
Ce6 chlorin e6
CP cisplatin
CPT camptothecin
CUR curcumin
DDS drug delivery systems
DLS dynamic light scattering
Dox Doxorubicin
DTT dithiothreitol
DTX docetaxel
EPR enhanced permeation and retention
ESR endogenous stimuli-responsive
FA folic acid
GPC gel permeation chromatography
GSH glutathione
HEMA 2-hydroxyethyl methacrylate
IBU ibuprofen
IC50 half-maximal inhibitory concentration
MDR multidrug resistance
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MTX methotrexate
NADPH nicotinamide adenine dinucleotide phosphate
NIR near-infrared
OPCL oxime-tethered polycaprolactone
PDI polydispersity index
PDT photodynamic therapy
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7.4  Conclusions

The tremendous advances in polymer chemistry and macromolecular engineering in 
the past decade have brought the accessibility of new functional, responsive polymeric 
architectures. Combined with the advances in polymer science, materials science, and 
the knowledge of biology, diverse stimuli-responsive block copolymer-based nanocar-
riers for controlled and targeted delivery applications can be realized. Generally, block 
copolymer-based smart nanocarriers containing specific chains, ligands, or functional 
groups that are responsive to endogenous stimuli such as pH, redox potential, and 
enzyme can be exploited for drug delivery applications, especially in cancer chemo-
therapy. The examples discussed in this chapter have demonstrated the current status 
of various ESR block copolymer-based DDSs. It is expected that there is still a whole 
field to be explored in terms of existing and new ideal delivery platforms for potential 
use as nanomedicine in clinical settings.
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furthermore goes about as a layer which 
is impermeable to any molecules,[4] this 
inherent nature has built up another 
chapter of innovative research because 
of its above said one of a kind proper-
ties. Consequently, more endeavours have 
been placed in logical analysis, especially 
in various fields and for other graphene-
based materials for commercial and scien-
tific applications.

Many methods can orchestrate 
graphene and mention few, they are, 
chemical vapor deposition, microme-
chanical method, an electrochemical 
method, chemical method, photocatalytic 
or thermal reduction, etc.[1] Wide varie-
ties of graphene are produced using these 
above-said techniques, and few exam-
ples include, graphene oxide (GO) and 
reduced graphene oxides (rGO), which are 
known for their essential utilizations, the 
surface functionalities on GO and rGO 
accept a fundamental part in their cata-
lytical activities. Graphene has some phys-
ical and substance properties which are 
novel, consequently can be utilized as a 

standard material for various applications,[5] such as nanoelec-
tronics,[6] composite elements,[7] energy technology (for exam-
ples, fuel cell, super capacitor, hydrogen storage),[8,9] sensors, 
and catalysis.[10] Typically graphene and other graphene derived 
compounds are applied in various types of capacitors, touch 
screens materials, power modules used in different appliances, 
in development and manufacturing of electrical gadgets, sen-
sors for identifying multiple compounds, batteries in wide 
variety of applications, conductive films which are transparent 
for various uses, in removal of toxic compounds, high recur-
rence circuits, and in electronic compounds. Graphene has 
been as of late utilized for forms other than hardware and 
chemistry, that is toward biomedical applications.[11a,b] One 
of the most promising applications for graphene in biomed-
ical technologies; as a perfect single-biomolecule recognition 
sensor stage to recognize particular target biomolecules with 
high affectability and selectivity, examination of blood and dif-
ferent samples containing specific biocompounds utilizing a 
graphene-based coordinated chip.[12] Because of their unique 
structures and exciting properties, graphene-based nanoma-
terials also have discovered applications in bioimaging, drug 
delivery, and photothermal therapies.

The initial reports on the biomedical uses of graphene 
ascended in 2008.[13,14] Henceforth, graphene and its substrates 

Graphene and its composite materials are very important in many disci-
plines of science and have been used enormously by researchers since 
their discovery in 2004. These are a new group of compounds, and are also 
wonderful model systems for quantum behavior studies. Their properties like 
exceptional conductivity, biocompatibility, surface area, mechanical strength, 
and thermal properties make them rising stars in the scientific community. 
Graphene and its composite compounds are utilized widely in different 
medical applications, for example, biosensing of biological compounds 
responsible for disease development, bioimaging of various cells, tissues, 
microorganisms, animal models, etc. In addition, they are used for enhancing 
and supporting the stem cell differentiation, i.e., regenerative medicine for 
regeneration studies of various human organs, tissue engineering in biology 
for the development of carrier materials, as well as in bone reformation. This 
review focuses on the modification procedure involved in the fabrication of 
graphene-based biomaterials for various applications and recent develop-
ments in research related to graphene and graphene-based materials in 
biosensing, optical sensing, gas sensing, drug, gene, protein delivery, tissue 
engineering, and bioimaging. In addition, the potential toxicological effects of 
graphene-based biomaterials are discussed.

Graphene-Based Materials

1. Introduction

Graphene, a carbon material, has opened up another period of 
the investigation because of its unique properties. Graphene is 
made up of carbon atoms, which is atomic crystal, and these 
carbon atoms are formed as a hexagonal lattice which pro-
vides a structural resemblance of a honeycomb. The carbon 
molecules present are sp2 hybridized.[1] Graphene is the most 
slender (thin) and the active molecule,[2] the charge bearers 
available on graphene are massless; it is incredibly conductive 
both electrically and thermally, has wonderful adaptable nature, 
with high surface territory and is moreover transparent[3] and 
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of 0.1 µm thickness aided an inflammatory response and 
formation of granuloma in the lung and pleural space.[343] Also 
few researchers have recently found that pure and highly dis-
persable GO with 1–2 nm in thickness did not show any inflam-
matory response or granuloma formation at the mesothelial 
membrane after intraperitoneal injections.[344]

Though there are no sufficient number of works available 
regarding the cytoxicity of graphene and braphene-based mate-
rials,[345] it is evident that different graphene and graphene-
based materials will have a varying toxicological profile. There 
will be different conditions and effects when once exposed and 
also various factors are to be addressed and carefully noted 
before deriving to a valid conclusion. Therefore, all param-
eters are needed to be clearly studied and critically discussed 
regarding the toxic behavior of GO.

5. Conclusions

Major milestones have been achieved when comparing to the 
previous decade when seen for the improvement in graphene-
based materials. Nowadays, graphene-based materials have been 
widely used in multiple applications in many fields of tissue 
engineering and regenerative pharmaceutical because of their 
capacity to give magnificent physical, chemical, and organic 
properties. The structural arrangement blesses graphene with 
a solid adsorbing limit with regard to use as gene/drug delivery 
vehicles. Graphene and its derivatives have excellent mechan-
ical and surface properties, which is a known fact and also act 
as biomaterials and thus help and play a major role in inducing 
the cardiomyogenic, neurogenic, osteogenic, and cartilaginous 
capacities of undifferentiated cells. Furthermore, the high elec-
trical conductivity of graphene and its composites is required 
to induce the development of cells of different lineages, for 
example, cardiomyocytes and neurons. Also the varying sur-
face, chemical and mechanical properties which are excellent, 
can be coupled together for various patterning applications and 
also for making complex graphene designs, which will pro-
ductively amplify their applications. In addition, not only gra-
phene and GO but the composites of graphene and graphene 
biomaterials with different derivatives that have properties like 
wettability or adaptability make them great choice to create 
smart compounds with multiuse. Subsequently, the graphene 
composites can turn out to be ecologically delicate or can have 
shape–memory or self-folding properties which can broaden 
their biomedical applications. For instance, GO blended with 
a phase changing material was used to make a thermorespon-
sive drug delivery framework. This framework enhances drug 
loading or stacking efficiency alongside photothermal impacts 
for photodynamic treatments. Likewise, joining graphene with 
polydopamine can make a self-folding apparatus. Besides, con-
solidating the self-collapsing graphene-based materials and 3D 
printing innovation will help build up the future era of printing 
systems to apply in tissue engineering. Although, graphene and 
all its other derivatives have been widely utilized for important 
biomedical applications, still there are few issues when it comes 
to the cytotoxic or genotoxic impacts of these nanomaterials. 
There is not a highest quality level to beat the biocompatibility 
issues related with graphene items in living frameworks. This 

requires building up graphene-based models to assess and con-
trol cellular behaviors in vitro. Surface change including protein 
or cytokine functionalization has pulled in a lot of thoughtful-
ness regarding to resolve the biocompatibility concerns. Addi-
tionally building up the testing model to comprehend the exact 
mechanism of graphene-based materials cytotoxicity is worth 
more profound examination, before graphene and all its other 
derivatives are utilized largely in clinics.

6. Perspectives

Though much research has been conducted using graphene 
and graphene-based materials, there are few aspects to be 
addressed. The toxicity of graphene and graphene-based bioma-
terials is a major concern and should be studied for well versed 
application in biological fields. As we discussed in this review, 
the research in graphene-related materials in biomedical 
application is in its infant stage, therefore more work should 
be carried out in developing novel and powerful tools for the 
diagnosis of different diseases. Even the sensitivity, specificity, 
and detection ranges should be improved and studies related to 
rapid and cost-effective modalities for detection of biomarkers 
should be developed. Reproducibility is another major concern 
and need to be addressed in the future.
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Chapter 14
Low-cost Paper Analytical Devices
for Environmental and Biomedical
Sensing Applications

H. Manisha, P. D. Priya Shwetha and K. S. Prasad

Abstract Over the last decade, the fabrication of analytical devices utilizing
microfluidic structures and lab-on-a-chip platforms has shown breakthrough
advancements, both for environmental and biological applications. The ASSURED
criteria (affordable, sensitive, specific, user-friendly, robust, equipment-free,
delivered), developed by the WHO for diagnostics devices, point towards the need
of paper-based analytical devices (PAD) for diagnostics. On the other hand,
cost-effective PADs owing the great advantage of affordable applicability in both
resource-rich and -limited settings are recently employed for on-site environmental
monitoring. In this book chapter, we will discuss about the brief history of paper
analytical devices, fabrications, need, and its environmental and biomedical
applications.

Keywords Paper analytical device � Point-of-care � Biomarkers
Pesticides � Organic pollutants � Sensing

1 Paper Analytical Devices

Microfluidic devices provide innovative solutions to logistical problems, affording
the advantages of high sensitivity, low cost, low reagent usage, small size, and
several established fabrication techniques (Sackmann et al. 2014). Plethora of these
devices has been used as a lab-on-chip type sensor for many biologically important
molecules (Cate et al. 2014; Tomazelli Coltro et al. 2014). Among the developed
microfluidic devices, PADs have tremendous amount of research attention due to
their simplicity, capillary-based pumping ability, and low cost and easiness in
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for H1 virus were found to be 2.7 � 103 (particle forming units) pfu/assay and
2.7 � 104 pfu/assay for H3. The as developed test was able to detect the viruses in
the clinical samples and infected cell lysates (Lei et al. 2015).

5 Conclusion

Since PADs are simple, cost effective, easy to handle and give on-site results, many
paper sensors are fabricated for wide range of applications worldwide. These
devices could be useful in rural areas and for developing countries where indi-
viduals find difficulty in bearing the cost of expensive instrumentation for diagnosis
purpose as well as environmental monitoring. Researchers have shown new
advantages that are obtained from paper-based hybrid microfluidic stages. Various
identification systems such as colorimetric, fluorescence, chemiluminescence, ECL,
and electrochemical location have been utilized as a part of microfluidic PADs
investigation. Electrochemical discovery is additionally attractive for paper-based
microfluidic devices, yet it is massive and costly. Albeit compact potentiostats are
industrially accessible, the cost is still genuinely high. Colorimetric identification is
exceptionally perfect with the way of ease to examine in resource-poor settings, yet
affectability and quantitation are regularly bargained. In the most recent decades,
advanced mobile phones have grown significantly. May the integration of tech-
nology and other electronic readers (e.g. glucometers) with PADs could give
awesome effects on social insurance and ecological observing. For reliable PADs, it
is essential to investigate the analytical performance under different test conditions
(e.g. temperature, humidity, ambient light, complexity of the sample matrixes),
perform stability studies (especially when sensitive reagents or materials are
involved in the device architecture), and carry out interference studies.
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a b s t r a c t

Carbon nanodots (CNDs) are smaller nanoparticles with amorphous or crystalline core structure
fabricated through easy synthesis procedures, and have advantage such as, bright luminescence, less
cytotoxicity, biocompatibility, and tunable emission properties. Moreover, CNDs are found applications
in environmental and biomedical sciences. Due to specific and sensitive nature, CNDs were used
as a probe for detection of various metal ions, biomoleules, drug molecules etc. Because of the
biocompatible nature, CNDs were used for bioimaging, targeted-drug delivery nano bio conjugates,
platforms for cell differentiation, as well as in tissue engineering. But, as research focused towards
the structural analysis, a doubt has been raised on the existence of CNDs. This review is focused on
evaluating the recent trends in CNDs research, including CNDs synthesis, understanding of their PL
properties, and also implications of organic impurities, and their influences on different applications
of CND.

© 2019 Elsevier B.V. All rights reserved.
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emissive traps, edges, passivating agents, doping and also pro-
posed as multi-chromophoric regions, cross link enhanced emis-
sion, quantum confinement effect etc. Even though, the low toxic-
ity of CNDs is supported by many research investigations, yet the
resistance to entry and aggregation of CNDs may prompt certain
physiological effects. Also, CNDs were suffered from photobleach-
ing due to cocktail of many structures, hence in this way; in
vivo applications may require more profound examination. The
prodrug and the nanocarriers combination are not completely
comprehended, and the creation of CNDs with controlled size
and properties are still a dream come true and it is the need
of the hour to address these issue. For instance, basic method-
ologies to control the life-span of CNDs are not compelling by
attenuating the temperature and aggregation of reactants. The
detailed studies towards the reaction conditions as well as struc-
tural analysis will be required, so that avoiding of fluorophores
could be achieved. The examination of properties, improvement
of a novel combination and surface modification process may
expand the biomedical utilizations of CNDs, which are of great
interest in biosensing, bioimaging, drug delivery and advanced
therapy. Fluorophore based CNDs were showed the similar prop-
erties like CNDs, which were identified at later stage of research,
hence the focus as well as revisiting the applications has become
necessity. Moreover, it is the need of the hour to decipher a
standardized method for synthesis of CNDs to avoid erroneous
conclusion with respect to the fluorescence of CNDs and to ad-
dress the need for advances in the right direction with respect
CNDs research. Finding new purification methods for CNDs are
challenging, however recent efforts focusing on the introduction
of multiple separation techniques could give significant improve-
ment and breakthroughs for the extraction of high purity CNDs
free from the so called fluorescent organic impurities. Hence, we
stress for the importance of a comprehensive universal protocol
for purification of CNDs to avoid the extraneous compounds.
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a b s t r a c t

Fluoride is a well-known compound for its usefulness in healing dental caries. Similarly, fluoride is also
known for its toxicity to various tissues in animals and humans. It causes skeletal fluorosis leading to
osteoporosis of the bones. We hypothesized that when bones are affected by fluoride, the skeletal
muscles are also likely to be affected by underlying molecular events involving myogenic differentiation.
Murine myoblasts C2C12 were cultured in differentiation media with or without NaF (1 ppm-5 ppm) for
four days. The effects of NaF on myoblasts and myotubes when exposed to low (1.5 ppm) and high
concentration (5 ppm) were assessed based on the proliferation, alteration in gene expression, ROS
production, and production of inflammatory cytokines. Changes based on morphology, multinucleated
myotube formation, expression of MyHC1 and signaling pathways were also investigated. Concentrations
of NaF tested had no effects on cell viability. NaF at low concentration (1.5 ppm) caused myoblast pro-
liferation and when subjected to myogenic differentiation it induced hypertrophy of the myotubes by
activating the IGF-1/AKT pathway. NaF at higher concentration (5 ppm), significantly inhibited myotube
formation, increased skeletal muscle catabolism, generated reactive oxygen species (ROS) and inflam-
matory cytokines (TNF-a and IL-6) in C2C12 cells. NaF also enhanced the production of muscle atrophy-
related genes, myostatin, and atrogin-1. The data suggest that NaF at low concentration can be used as
muscle enhancing factor (hypertrophy), and at higher concentration, it accelerates skeletal muscle at-
rophy by activating the ubiquitin-proteosome pathway.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Fluorine/Fluoride (Fl/F) is a highly electronegative and
extremely reactive compound, and its levels in drinking water
should not exceed 1.0mg/L (1 ppm- Parts per million) (WHO,
2008). However, high fluoride levels (˃3 ppm) are present in wa-
ter in fluorosis endemic areas and it has been reported that the
source of natural fluoride is rocks and granulites

(Dharmagunawardhane et al., 2016; Tsunogae et al., 2003). In
addition to fluoride in nature, the human population is also
exposed to fluoride mainly through drinking water, fluoride rich
natural foodstuffs; fluoride supplemented marketed food, fluori-
dated dentifrices, fluoride varnish including fluoride mouth wash.
Fluoride is also considered as an important beneficial element in
human health, since it has an anti-carieogenic effect and mainte-
nance of bone density. Therefore, the diet and drinking water
contributes to approximately 0.05mg/kg daily intake for an adult
individual. Such a dose (0.5mg/kg/day) can help reduce the rate of
dental caries in humans. Fluoride reportedly exerts both positive
and negative effects on human health (Edmunds and Smedley,
1996; Urbansky, 2002; Bailey et al., 2006; Nielsen, 2009).

Exposure to fluoride at low concentrations causes growth,
development and maintenance of the skeletal systems
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specific E3 ligases, such as atrogin-1and MuRF1 and increasing
intracellular ubiquitineproteosome pathway (McFarlane et al.,
2006; Lokireddy et al., 2012). In this case, we have also observed
the role of high concentrations of NaF (5 ppm) leading to the
expression of myostatin, upregulated muscle-specific E3 ubiquitin
ligases such as atrogin-1 and MuRF1, catabolic changes, and hence
atrophied myotubes. The rate of protein degradation was signifi-
cantly increased when compared with control myotubes (Fig. 6). An
increase in signaling of TGFb pathway and a decrease in IGF-I/PI3K/
Akt signaling pathway takes place during skeletal muscle wasting
(Glass, 2005; Tisdale, 2010; Sandri et al., 2004). In the current study,
our results indicated a time-dependent increase of total and
phosphorylated Akt at 5 ppm concentrations of NaF in differenti-
ating myotubes with progressive atrophy that is opposite of what
has been reported by Sandri et al., (2004) (Fig. 6A). Low levels of Akt
coincided with decreased protein synthesis and increase in the
activity of FoxO transcription factors which further induce the
expression of muscle-specific E3 ligases to enhance skeletal muscle
catabolism during cancer cachexia (Sandri et al., 2004; Waddell
et al., 2008).

NaF from past few decades is known for its toxic effects on
human populations at higher concentrations. There are conflicting
reports on the presence of fluoride (safe dose) in drinking water.
Ingested fluoride is readily absorbed and gets distributed in the
body; highest amount being retained in the bone and teeth (ASTDR,
2003). The occurrence of fluorosis is seen both in younger and aged
individuals, the severity of fluoride intake causes changes in the
musculoskeletal system such as deformity of the skeleton, degen-
eration of cartilage and skeletal muscle etc. Further investigations
(in vitro and in vivo) are required to find out the long-term exposure
of the safe dose, and exact role played by NaF on skeletal muscle
and NaF toxicity reversal mechanisms.

5. Conclusion

Findings from our study indicate that NaF at low concentration
can stimulate proliferation and differentiation of myoblasts and
require a very high concentration to induce cell death and
apoptosis in myoblasts. Furthermore at low concentration NaF
causes excessive proliferation of myoblasts and causes hypertrophy
of the myotubes during differentiation and can be possibly be used
as muscle enhancing factor. At higher concentrations, NaF causes
atrophy of the myotubes and can be understood as toxic for muscle
growth and development.
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Abstract
COPD is a chronic airway inflammatory disease characterized mainly by neutrophil airway infiltrations. The neutrophil 
airway inflammation is mainly mediated through a key player like the pro-inflammatory cytokine IL-17A which is involved 
in the modulation of p53-fibrinolytic system. This study was undertaken to examine the molecular changes for the expres-
sions of IL-17A and p53-fibrinolytic system in smokers with or without COPD. Blood and serum samples were collected 
from ten patients of smokers having COPD and ten samples from smokers without COPD and ten healthy control subjects. 
Western blot analyses were performed to evaluate the expressions of IL-17A, p53 and PAI-1. Apoptosis was assessed by 
immunoblot for cleaved caspase-3. In addition, FEV% was also determined of these patients. qRT-PCR was done to detect 
the gene expression study from the blood samples on p53-fibrinolytic components. A significant difference was found in 
the expression levels of IL-17A in smokers with COPD patient when compared to smokers without COPD and the control 
subjects. Similarly the smokers with COPD showed significant increase in the fibrinolytic component PAI-1 as well as in 
expression levels of p53 when compared to smokers without COPD and normal subjects. Increased cleaved caspase-3 may 
also promote apoptosis.The expression pattern of the IL-17A in chronic obstructive pulmonary distress syndrome samples 
was increased as compared of those of normal samples, and their main role in the regulation of and p53-fibrinolytic system 
makes these components as a predictive prominent component in smokers with COPD.

Keywords Chronic obstructive pulmonary disease (COPD) · Cigarette smoke · P53 · P-p53 · Urokinase plasminogen 
activator (uPA) · Urokinase plasminogen activator receptor (uPAR) · Plasminogen activator inhibitor-1 (PAI-I)

Introduction

Chronic obstructive pulmonary disease (COPD) is a prime 
public health issue that affects universal population of about 
200 million people and many more globally leading to mil-
lions of deaths every year [1, 2]. COPD is considered to 

be the fourth highest leading cause of death [1] and is also 
said that by 2030 COPD will become the third most cause 
of mortality among individuals over the world [3, 4].About 
3.49% prevalence of COPD is found in India among adults 
of age group more than 35 years [3]. COPD is a chronic 
inflammatory respiratory disorder in which cigarette smoke 
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a b s t r a c t

Mesenchymal stem cells (MSCs) constitute the diverse progenitor populations in almost every tissue and
are of immense importance in the field of regenerative medicine. CD34 is a cell surface glycoprotein iden-
tified first as a marker for the MSCs of hematopoietic origin. CD34 is now known to be expressed in cells
of diverse lineages (tissues of non-hematopoietic origin) such as ectoderm, mesoderm and endoderm and
is considered as a general marker for progenitor cells. Here, we present detailed protocols to obtain pure
populations of MSCs from three diverse lineages such as skeletal muscle, skin, and liver from mouse tis-
sues. We also present here the protocol for systems biology approach (proteomic analysis) of these puri-
fied cells. This proteomic approach can elucidate key signalling pathways and proteins utilized by these
CD34 positive cells in undifferentiated and differentiated conditions. Furthermore in-depth proteomic
analysis can also identify the altered proteome which is responsible for their function during non-
clinical and clinical conditions.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

Mesenchymal stem cells (MSCs) are derived exclusively from
mesenchyme, the embryonic connective tissue of mesodermal ori-
gin [1,2]. However, the name MSCs has also been interchangeably
used for stromal cells of mesodermal origin. Such stromal cells pri-
marily support the epithelial tubes, sacs or tissues. Diverse cell
types given rise by the mesenchyme include cartilage, smooth
muscle, pericytes, mesothelium, and fibroblasts. Bone marrow-
derived MSC (BM-MSC) is a classical example [3]. BM-MSCs are
currently also being used for treating serious problems like spinal
cord injury [4]. Other types of MSCs, which have gained impetus in
research and, up to a limited extent in clinical trials/applications
are adipose tissue-derived MSC [5,6], Wharton jelly MSCs from
cord blood [7], umbilical cord-derived MSCs [8] dental pulp MSC
[9], MSC from nasal polyps [10], skeletal muscle-derived MSCs
[11], amniotic fluid MSCs [12]. MSCs have been broadly identified

by cell surface marker expression profile and have been known for
simultaneous expression of the markers like CD34, CD44, CD105,
CD90, CD73 [13,14].

One of the important markers expressed on various kinds of
MSCs is CD34 [13,15]. CD34 is a transmembrane glycoprotein. Clin-
ically, CD34 is associated with the selection and enrichment of
MSCs from bone marrow commonly offered as a therapy for
leukaemia patients [16,17]. Due to these historical and clinical
associations, it is a common misconception that CD34+ cells in
non-hematopoietic samples represent hematopoietic contamina-
tion. Regarding the tissue distribution, cells expressing CD34 are
normally found in the umbilical cord and bone marrow as
hematopoietic cells, a subset of mesenchymal stem cells, endothe-
lial progenitor cells, endothelial cells of blood vessels but not lym-
phatic’s (except pleural lymphatics), mast cells, a sub-population
dendritic cells (which are factor XIIIa-negative) in the interstitium
and around the adnexa of dermis of skin, as well as cells in soft
tissue tumors like dermatofibrosarcoma protuberans (DFSP), gas-
trointestinal stromal tumor (GIST), solitary fibrous tumor (SFT),
hemangiopericytoma (HPC), and to some degree in Malignant
peripheral nerve sheath tumor MPNSTs, cells of haematological
malignancies [18,19] and leukemic stem cells [20]. Also,

http://dx.doi.org/10.1016/j.ymeth.2017.06.035
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3.9. Systems biology approach towards the possible applicability of
CD34+ cells from diverse lineages as a biomarker for progenitor cells

The isolated and sorted CD34+ and CD45� cells were expanded
and processed for proteomic studies.

3.9.1. Cell lysis and sample preparation for proteomics
Denaturation buffer, containing protease inhibitor cocktail

(500 ul), was added to the cells in the dish. Scrape the dish using
a cell scraper, mix the solution and keep it on the ice. Centrifuge
the solution at 20,000�g to remove cell debris. Store the solution
at 4 �C until further use.

Protein concentration was estimated from cellular extract using
the Bradford Assay kit according to the manufacturer’s instruc-
tions. Total cell extract (50 ug) was taken for protein reduction
by adding 5 lL of reduction solution and maintain the reaction at
37 �C for 1 h. Protein alkylation was performed by adding 10 lL
of the alkylating solution and maintained the reaction at room
temperature for one additional hour.

Total cell extract was loaded onto SDS-PAGE in a 12% precast gel
(to fractionate the complex protein mixtures) according to the
manufacturer’s instructions, and the gels were stained with silver
stain [42]. Each gel lane can be taken individually and can perform
in-gel trypsin digestion of the gel fragments. Wash the gel frag-
ments with 200 lL of 0.1 M ammonium bicarbonate (AB) and
50% acetonitrile (AN) solution 3 times. Discard the wash solution.
Further dry gel fragments in a speed vac.

Add trypsin 20 lL to the gel fragments to hydrate it for
15 min cover the band with approximately 100 lL of 0.1 M AB
solution. Carry out the digestion for overnight at 37 �C. Collect
the solution and save. Peptides extracted from the gel pieces
after washes (200 lL of 0.1 M AB and 50% AN solution) were
pooled and dried in a speed vac. Extracted peptide solutions
were transferred to the mass spectrometer. High-throughput
LC-MS/MS data was collected for each single fraction obtained
from pooled cell extract. Sample analysis method depends upon
mass spectrometer used (please see the mass spectrometer user
guide for sample analysis).

LC-MS/MS files can be processed through data bank search, pro-
tein inference, and quantitative analysis [43,44] (Fig.7).

4. Conclusion

In conclusion, CD34+ cells have found a broad range of applica-
tions in regenerative medicine, right from transplantation of CD34+

bone marrow stem cells to leukemic patients, spinal cord injury,
liver cirrhosis and peripheral vascular disease. However, in most
of the cases, the source of such CD34+ cells, for clinical applications,
have been from bone marrow. Considering the invasive procedure
in bone marrow collection, isolation of CD34+ cells from other
sources like skin, skeletal muscle and liver will be indeed advanta-
geous. Furthermore, these tissues may be a good source for the iso-
lation CD34+ progenitor cells which can be used in regenerative
therapies.

5. Discussion

CD34+/45� are unique cell types that have been classically
reported in hematopoietic lineage. However, we have identified
the presence of such cell types in tissues from all lineages of
non-hematopoietic origin such as liver, skin and adipose (unpub-
lished results). Although, CD34+/45� cells are present in the non-
hematopoietic lineages, functions or developmental pathways of
these cells are not elucidated. Hence, systems approach to charac-
terise CD34+/45� from all the non-hematopoietic lineages is likely

to provide strong clues regarding origin, migration of such cells
during embryonic developmental stages. Moreover, the data
obtained using systems approach would also be helpful in pathway
curation which can, in turn, provide clues for using such cells for
cell therapy applications.

6. Notes (trouble shooting)

1) All reagents and material used must be sterile
2) All tissue biopsies (skeletal muscle, skin and liver) should be

obtained under the relevant Institutional animal ethics com-
mittee guidelines.

3) Age of the mouse is critical; younger animals will yield supe-
rior and more proliferative cells. Skeletal muscle biopsies
must be collected freshly either from the both hind limbs
or hind limbs and forelimbs combined from the wild-type
mice (C57BL/6J). Skeletal muscle and liver biopsies collected
should be kept in PBS at 4 �C/ice till further processing.

4) Isolated mesenchymal stem cells from all the three tissues
can be expanded till passage 4 and stored in LN2 until fur-
ther use. Reduce repeated trypsinization of isolated cells;
use (0.05% trypsin-EDTA or TrypLE).

5) Isolated and sorted cells from skeletal muscle will require 7–
8 days to get up to 60–70% confluence and additional 1–
2 weeks for expansion and cryopreservation.

6) Isolated cells will be positive CD34, CD44, CD90, CD73,
CD105, CD146 and negative for CD45, CD31, CD56, CD14.

7) Always prepare fresh dithiothreitol (DTT) and acrylamide
solutions, storing these solutions and using them will cause
non-specific labelling.
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Of patients with multidrug-resistant tuberculosis (MDR TB), 
<50% complete treatment. Most treatment failures for pa-
tients with MDR TB are due to death during TB treatment. 
We sought to determine the proportion of deaths during MDR 
TB treatment attributable to TB itself. We used a structured 
verbal autopsy tool to interview family members of patients 
who died during MDR TB treatment in India during January–
December 2016. A committee triangulated information from 
verbal autopsy, death certificate, or other medical records 
available with the family members to ascertain the underly-
ing cause of death. For 66% of patient deaths (47/71), TB 
was the underlying cause of death. We assigned TB as the 
underlying cause of death for an additonal 6 patients who 
died of suicide and 2 of pulmonary embolism. Deaths during 
TB treatment signify program failure; accurately determin-
ing the cause of death is the first step to designing appropri-
ate, timely interventions to prevent premature deaths.

Mycobacterium tuberculosis resistant to >2 of the most 
potent TB drugs, isoniazid and rifampin, is classified 

as multidrug-resistant tuberculosis (MDR TB). Worldwide, 
an estimated 580,000 MDR TB cases emerge annually (1). 
Unfortunately, there are substantial gaps in MDR TB detec-
tion and treatment. Approximately 1 of 5 persons needing 
MDR TB treatment actually receive it, and among those 
who do receive treatment, less than half (48%) who start 

treatment finish successfully (1,2). These rates are driven 
by treatment failure, loss to follow-up, and premature 
death. In 2016, the proportion of deaths during MDR TB 
treatment in India was higher than the global average (20% 
vs. 14%) (3).

India follows the routine surveillance and reporting 
guidelines recommended by the World Health Organiza-
tion (WHO) and considers any death that occurs during 
TB treatment as a TB-related death. Several studies have 
used all-cause mortality as a surrogate marker of mortal-
ity attributable to TB (4–6). This method of attributing 
all-cause mortality can overestimate TB case-fatality rates. 
Accurately determining the cause of death is the first step to 
designing appropriate and timely interventions to prevent 
premature deaths.

In settings with no or poorly documented vital reg-
istration and medical certification of the cause of death, 
verbal autopsy can be an essential public health tool for 
obtaining a reasonable estimation of the cause structure of 
mortality (7). Verbal autopsy uses systematic retrospec-
tive inquiry of family members about the symptoms and 
signs of illness before death to help determine the puta-
tive medical cause of death (8). The demand for and use 
of verbal autopsy data has rapidly gained importance and 
has been used to set global health priorities (9,10). Ver-
bal autopsy data may improve surveillance and program 
monitoring and evaluation and could stimulate change in 
public health policy (11–13). In our study, we used the 
verbal autopsy method to determine the underlying causes 
of death for persons who died during MDR TB treatment 
(online Technical Appendix, https://wwwnc.cdc.gov/
EID/article/24/3/17-1718-Techapp1.pdf).

Methods

Study Design and Population
We conducted a cross-sectional study of patients who died 
during MDR TB treatment during January–December  
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TB patients consuming alcohol (26). These data reinforce 
the need for professional counseling and psychiatric care 
integration for MDR TB care (2). A recent study assessed 
the feasibility of integrated psychiatric and medical TB 
care and treatment and suggested the immediate need in 
India (27). Third, our finding that male sex was associ-
ated with deaths due to causes other than TB may be help-
ful in generating hypotheses for further research, such as 
risk-factor analysis in a larger, more representative cohort 
of patients throughout India. Finally, we acknowledge 
that many TB-related deaths may occur before the start 
of MDR treatment, after completion of MDR treatment, 
and among persons lost to follow-up. We are hopeful our 
findings will stimulate further research to document all 
potential TB-related deaths in the community and aid in 
monitoring India’s progress toward reducing TB deaths 
by 95% by 2035 (28).
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Vanillin derivative inhibits quorum sensing and
biofilm formation in Pseudomonas aeruginosa:
a study in a Caenorhabditis elegans infection model
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ABSTRACT
Vanillin and its derivative, (4-((E)-(4-hydroxy-2-methylphenylimino)
methyl)-2-methoxyphenol (MMP) were showed clear inhibition of
violacein and pyocyanin at sub-MICs indicating a possible quorum
quenching effect of both the compounds. MMP was able
to inhibit the biofilm formation in Pseudomonas aeruginosa PAO1
at 125lg/mL (p< 0.05), while vanillin at 250lg/mL (p< 0.05)
indicating that they act against quorum sensing regulated biofilm
formation. The inhibition of biofilm was confirmed by visualization
through fluorescence microscopy followed by docking analysis
of molecules against quorum sensing activator proteins.
Caenorhabditis elegans survival assay revealed that vanillin
and MMP were able to increase survival of C. elegans from
P. aeruginosa PAO1 infection. The study showed that the potent
features of the MMP and vanillin in inhibiting the quorum sensing
regulated virulence and biofilm, which was proved in C. elegans
infection model as well as molecular docking studies.
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2.5. Molecular docking

To understand the mechanism of interaction between quorum sensing genes and QSI
(vanillin and MMP), a molecular dock program was utilized. The docking affinity of MMP
with different protein complexes was compared to the docking score of vanillin (supple-
mentary material Table S2). This inference of the MMP is better than vanillin and might
inhibit the quorum sensing regulated biofilm properties through the inhibition of QS
gene expression. The docking interaction between the MMP with the LasI complex had
a stronger binding affinity of �7.8Kcal/mol towards the hydrogen bonding at SER66
(supplementary material Figure S7(A,B)) and CviR complex with –7.5 Kcal/mol binding
affinity towards the hydrogen bonding at ASP45 (supplementary material Figure S7(C,D)).

3. Conclusion

The significance of this study is the finding that MMP can effectively reduce P. aerugi-
nosa biofilm formation and virulence which was demonstrated in C. elegans model.
Vanillin as a natural or synthetic derived compound has been used as a food additive
and generally considered a safe material. Vanillin derivative compound (MMP) looks
promising as QS-antagonists for the development of novel non-antibiotic, anti-biofilm,
and anti-virulent agents.
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Sca1+ Progenitor Cells (Ex vivo) Exhibits Differential Proteomic
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Abstract
Stem cell antigen-1 (Sca-1) is a glycosyl-phosphatidylinositol-anchored membrane protein that is expressed in a sub-
population of muscle stem and progenitor cell types. Reportedly, Sca-1 regulates the myogenic property of myoblasts and
Sca-1−/− mice exhibited defective muscle regeneration. Although the role of Sca-1 in muscle development and maintenance
is well-acknowledged, molecular composition of muscle derived Sca-1+ cells is not characterized. Here, we applied a high-
resolution mass spectrometry-based workflow to characterize the proteomic landscape of mouse hindlimb skeletal muscle
derived Sca-1+ cells. Furthermore, we characterized the impact of the cellular microenvironments on the proteomes of Sca-
1+ cells. The proteome component of freshly isolated Sca-1+ cells (ex vivo) was compared with that of Sca-1+ cells expanded
in cell culture (in vitro). The analysis revealed significant differences in the protein abundances in the two conditions
reflective of their functional variations. The identified proteins were enriched in various biological pathways. Notably, we
identified proteins related to myotube differentiation, myotube cell development and myoblast fusion. We also identified a
panel of cell surface marker proteins that can be leveraged in future to enrich Sca-1+ cells using combinatorial strategies.
Comparative analysis implicated the activation of various pathways leading to increased protein synthesis under in vitro
condition. We report here the most comprehensive proteome map of Sca-1+ cells that provides insights into the molecular
networks operative in Sca-1+ cells. Importantly, through our work we generated the proteomic blueprint of protein abun-
dances significantly altered in Sca-1+ cells under ex vivo and in vitro conditions. The curated data can also be visualized at
https://yenepoya.res.in/database/Sca-1-Proteomics.
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Introduction

The stem cell antigen-1 (Sca-1), a member of Ly6 gene fam-
ily, is an 18-KDa glycosyl phosphatidylinositol-anchored
protein that is localized in the lipid rafts of plasma mem-
brane [1]. It is one of the most common markers of mouse

hematopoietic stem cells (HSCs) [2].The expression of Sca-
1 has also been identified in a variety of stem/progenitor
cells from various tissues and organs [3]. In muscles, Sca-
1 has been used as marker for mouse muscle-derived stem
cells (MDSCs) [4] and it’s expression was also reported on
the myogenic precursor cells [5]. The expression of Sca-1
has been reported on the muscle satellite cells and fibro/
adipogenic progenitors which participate in muscle regen-
eration [6, 7]. However, satellite cells remain heterogenous
for the expression of Sca-1 antigen [8]. MDSCs isolated
from the dystrophic mdx mice were shown to express Sca-
1 along with early myogenic progenitor [4]. These Sca-1+

MDSCs when injected into mdx mice, helped in the regen-
eration of new dystrophin positive muscle fibres [4].
Further, Sca-1+ cells isolated from muscles of new-born
mice enabled regeneration of muscle fibers when injected
into mdx mice, leading to speculations on their role in ther-
apeutic intervention in myopathies [9].Additionally,
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condition, Sca-1+ cells display increased protein synthesis.
This is reflected by increased expression of Mtor, its well-
characterized substrate Eif4ebp1andmultiple subunits of ribo-
somal protein. An important segment of our analysis is also
the identification of several cell surface markers that in future
may be used as additional or alternative markers to isolate
Sca-1+ cells. Designing such combinatorial strategies for the
isolation of Sca-1+ cells will provide higher validity to enrich-
ment scores for isolation of pure cell populations.
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ABSTRACT
Introduction: Cervical cancer is the fourth common malignancies 
in world and Human Papillomavirus (HPV) infection may lead to 
the development of the precancerous and cancerous lesions of 
the cervix. 

Aim: This study was conducted to evaluate the presence of 
HPV in women who were admitted with cervical abnormality or 
attending Gynaecology OPD for any reason.

Materials and Methods: In this study a complete clinical 
history and demographic details of 90 subjects were recorded 
of which total 50 tissue biopsies and 40 cytobrush samples 
were collected. Results of histopathology and Papanicolaou 
(PAP) smear for biopsies and cytobrushes respectively were 
recorded from the medical records. Further PCR was performed 
for the presence or absence of HPV in all samples.

Results: Various risk factors for the acquision of HPV infection 
were analysed in the present study. Out of 50 tissue biopsies, 15 
had cervical carcinoma, 2 had Cervical Intraepithelial Neoplasia-
II and 33 had chronic cervicitis. Whereas out of 40 cytobrushes, 
32 were Negative for Intraepithelial Lesions/Malignancy, 2 had 
Atypical Squamous Cells of Undetermined Significance, 3 had 
Inflammatory Smear with Reactive Atypia and 3 had Inflammatory 
Smear. PCR results confirmed only 11 HPV positives among 50 
tissue biopsies and 6 HPV positives among 40 cytobrush samples. 
The overall prevalence of HPV in our study was 18.8% only.

Conclusion: Present study shows that the occurrence of HPV 
is low as compared to the other studies done in other parts of 
India and in our region there is no awareness regarding HPV 
infection as well. Overall, these findings could have important 
implications for the preventions of cervical cancer.

INTRODUCTION
One of the most common sexually transmitted infections is caused 
by HPV [1] and approximately 122,844 new cervical cancer cases 
are diagnosed, out of which 67,477 deaths reported annually in 
India [2]. HPV plays an important causative role in cervical cancer 
but disease can only develop when there is persistent HPV infection 
of the cervical epithelium [3]. It has been shown in literature that 
oncogenic HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 
66, and 68) are present in up to 99.7% of cervical carcinomas [4].

Among eight HPV genes, two early genes i.e., E6 and E7 plays key 
role in tumor formation [5] i.e., both E6 and E7 genes interacts with 
the tumor suppressor genes i.e., p53 and hypophosphorylated Rb 
respectively [6]. These early oncogenes are invariably expressed in 
human cervical cancer, and their continued expression is required 
for maintenance of the cancerous state [7].

According to literature the sexual activity plays most important 
role in the acquisition of HPV infection therefore higher number 
of sexual partners increases the risk of HPV infection. Other risk 
factors includes infection with Herpes simplex virus and Chlamydia, 
impaired immune response, persistence of virus (HPV), smoking, 
extensive use of oral contraceptives and administration of steroid 
hormones [8,9]. The thorough understanding of the risk factors of 
this infection is required because this information will be helpful in 
implementation of future prevention strategies [8].

Cervical cancer can be prevented by early detection of abnormalities 
and subsequent treatment, it is important to establish cost-effective, 
sensitive, and accurate screening protocols within routine clinical 
practice [10]. Pap test is the standard method used for the screening 
of cervical cancer in India; however, organized screening programs 

are rare. Despite the availability of Pap testing, the incidence of 
invasive cervical cancer remains high, especially in rural India [11]. 
Though HPV vaccines have been launched recently; they prevent 
infection by the major types of HPV only.  However, cervical cancer 
may be caused by other genotypes of this virus as well. Hence we 
still need to rely on early detection of infection by screening methods 
and moreover there is no literature available regarding the circulating 
genotypes of HPV among women of our locality. Therefore, the 
present study has been planned to screen the women attending 
OBG OPD in our tertiary care hospital, with any gynaecological 
problem, for the presence of HPV- DNA, so as to understand the 
circulating genotypes of HPV among these patients.

MATERIALS AND METHODS
For this prospective study total 90 subjects were enrolled after 
obtaining ethical clearance from institutional ethics committee. The 
sample size was calculated using the “G-Power Software, version 
3.1.9.2” with the effective size of 10%. This study was conducted 
for a period of 11 months i.e., from November 2016 to September 
2017. Data and sample collection were done at the Department 
of OBG and sample processing was done at the Department of 
Microbiology, Yenepoya Medical College, Mangalore. Informed 
consent was obtained from all the enrolled participants.

inclusion criteria: All subjects who were married, non pregnant 
and had not undergone hysterectomy were included.

exclusion criteria: Women who were pregnant, unmarried and 
refused to sign the consent were excluded.

data collection: Cervical biopsies were collected from 50 subjects 
those who were admitted in OBG ward with cervical abnormalities 
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and cytobrush samples were collected from 40 subjects who came 
to OBG OPD and suspected to have HPV infection. Cytobrush 
samples were taken from the patients before Pap smear sampling 
during the routine examination.

Following the cervical punch biopsy, a small piece of tissue was 
sent for histopathology and another piece was stored in phosphate 
buffer saline at 2-4°C until DNA extraction for PCR. Cytobrush 
samples were collected using a Qiagen, Digene HC2 DNA collection 
device, Germany; which was after collection placed into Qiagen 
STM collection medium provided with the same collection kit and 
stored at - 20°C until DNA extraction, not more than four weeks.

Questionnaire based assessment of risk factors and awareness 
regarding hPV and hPV mediated malignancy: To evaluate 
different aspects of knowledge and awareness of HPV and HPV 
mediated malignancy, all the subjects were offered a structured 
questionnaire from an existing interview guide from a previous 
study [Table/Fig-1] [12]. All subjects answered the questionnaire 

science, USA) as shown [Table/Fig-4]. The amplification was carried 
out in the presence of negative and positive controls; DNA from 

Major issue Topic Question

Awareness and knowledge 
of Cervical Cancer

What do you know about cervical cancer?

What causes cervical cancer?

Who can have cervical cancer?

Do you think there is a possibility your daughter may 
have cervical cancer in the future? Why? Why not?

Do you know the risk factors of cervical cancer?

Have you ever had cervical Pap smear test done?

Awareness and knowledge 
of HPV and HPV vaccine

Have you heard about the human papillomavirus 
(HPV)? 

Where did you hear about it?

Who could get HPV?

Have you heard about the HPV vaccine?

Have you ever had an HPV test before?

[Table/Fig-1]: Questionnaire used for the assessment of Knowledge about HPV and 
HPV mediated malignancy.

voluntarily and independently. Descriptive analysis was performed 
on the information collected using Microsoft Excel.

dna extraction: The tissues were cut into approximately 25 mg 
pieces (not more than 25 mg) and chopped into fine pieces before 
starting the procedure for DNA extraction. DNA was extracted from 
cervical tissues and from the material collected by the cytobrushes 
using Qiagen DNA Mini kit (Qiagen GmbH, Hilden/Germany) 
according to kit literature and stored at -70°C until performing PCR 
for HPV DNA detection. In addition, DNA was extracted from a HPV 
negative endometrial tissue (negative control) and from a cervical 
cancer tissue sample which was positive for HPV (positive control) 
for this study. Both the samples were obtained from the patients who 
were admitted in our hospital during standardisation of the PCR.

hPV detection by Polymerase Chain reaction (PCr): DNA from 
each sample was amplified by PCR with the primer sets as given 
in [Table/Fig-2]. The oligonucleotide primers were procured from 
the EUROFINS Genomics Private India Limited, Bangalore. PCR 
was performed using the in-house PCR protocol in thermal cycler 
(applied biosystems, USA) that is routinely followed in our laboratory. 
A 25 μL reaction was assembled that contained 3 μL sample DNA, 
12.5 μL Ampliqon Red 2X Mastermix (Tris-HCL pH 8.5, Ammonium 
sulphate (NH4)2SO4, 0.2 unit/ μL ampliqon Taq DNA polymerase, 
0.4 mM deoxynucleotide triphosphate (dNTPs), 3 mM MgCl2, 
0.2% Tween 20), 1 μL of 10 pmol of each primers (forward and 
reverse) and 7.5 μL molecular grade water. The PCR condition [13] 
for each primer set is given in [Table/Fig-3]. The amplified products 
were analyzed on a 2% agarose gel, stained with ethidium bromide 
(0.5 μL/ ml) and visualized on a UV transilluminator and photos of 
the bands were recorded using gel documentation system (Major 

Primer Sequence Target band size (bp)

MY09
MY11

F5’-CGTCCMARRGGAWACTGATC-3’
R5’-GCMCAGGGWCATAAYAATGG-3’

L1 450

[Table/Fig-2]: Primers used for detection of common Human papillomavirus (6, 11, 
16, 18, 31 and 33).
F-Forward, R-Rverse, bp-Base pair

Primer 
name

hot 
Start

denaturation annealing extension
Final extension

40 cycles

MY09/
MY11

95 °C, 
5 min

94 °C, 1 min 55 °C, 1 min 72 
°C, 
30 s

72 °C, 5 min

[Table/Fig-3]: Polymerase chain reaction (PCR) conditions for primer sets.

[Table/Fig-4]: Agarose gel showing polymerase chain reaction on amplified product 
of HPV (6, 11, 16, 18, 31 and 33) common gene. 
L - 100 base pair (bp) DNA ladder (NEX-GEN, GENETICS), PC - Positive control (band size=450 
bp), NC - Negative control, 1 and 16 - Strong positive, 11 - Weekly positive and 2-10, 12-15, 17, 
18 – Negative for HPV

cervical cancer tissue sample positive for HPV was used as a 
positive control and a HPV negative endometrial tissue used as a 
negative control.

STATISTICAL ANALYSIS
The statistical analysis was performed using the Windows program; 
SPSS (version 22.0). Chi square test was used and variables were 
compared between HPV positivity and histopathological/cytological 
status of the patients. p-value less than 0.05 was considered 
significant.  Positive predictive value and negative predictive value 
was calculated wherever appropriate with the help of EPR-Val Test 
Pack 2 Web browser version.

RESULTS
Total 90 subjects were enrolled in the present study. A complete 
demographic data were collected from all the participants as shown 
in [Table/Fig-5]. Out of 90 cervical samples, 50 were tissue biopsies 
and 40 were cytobrushes.

Among 50 tissue biopsies, 15 had different types of cervical 
carcinoma (seven Non Keratinizing Squamous Cell Carcinoma, three 
Keratinizing Squamous Cell Carcinoma, two Adenocarcinoma and 
three Moderately Differentiating Squamous Cell Carcinoma) whereas 
two had Cervical Intraepithelial Neoplasia-II and 33 had chronic 
cervicitis. Among 40 cytobrush samples, PAP smear cytology 
shows 32 were Negative for Intraepithelial Lesions/Malignancy, two 
had ASCUS, three had Inflammatory Smear with Reactive Atypia 
and three had Inflammatory smear as shown in [Table/Fig-6].

PCR results confirmed 11/50 (22%; p-value = 0.0004) HPV 
positives among tissue biopsies whereas only 6/40 (15%; p-value 
= 0.08) HPV positives among cytobrush sample. The distribution 
of HPV DNA positive samples among study participants is shown 
in [Table/Fig-5,6]. The occurrence of HPV in present study among 
invasive carcinomas was high i.e., 7/15 as compared to women 
with chronic cervicitis (2/33), NILM (3/32), ASCUS (1/2), IS-RA (1/3) 
and Inflammatory smear (1/3) (χ2 = 16.1173; p-value = 0.002866). 
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The prevalence of HPV infection in the present study is low i.e., only 
18.8%.

The histopathological/cytological positive/negative results were 
compared with the PCR positive/negative results of both the biopsy 

cytologically (PAP smear) positive and 32/40 cytologically negative 
cytobrush samples were evaluated as given in [Table/Fig-7].

assessment of risk Factors for the acquision of hPV infection: 
Patient information sheet; approved by the institutional ethics 
committee was provided to all the participants at the beginning of 
the study. With regard to age at marriage 58/90 (64.4%) had sexual 
debut before or at the age of 20 years however, 32/90 (35.6%) got 
married after the age of 21 or above. 48/90 (53.3%) women had more 
than three children in which some of them had even 8-10 children. 
Only 2/90 (2.2 %) subjects had been using oral contraceptive during 
last two years before participating in the present study. With regard 
of sexual partner, 87/90 (96.7%) were monogamous and only 3/90 
(3.3%) had two or more than two partners. Upon assessment 
of questionnaire, it was observed in this study that even though 
literacy rate being 65.5%, 84/90 (93.3%) women are not aware 
of PAP smear screening for cervical cancer and therefore never 
had gone for PAP testing. Majority of women 62/90 (68.9%) used 
cotton cloth during menstruation whereas 28/90 (31.1%) women 
used sanitary pads. A 75/90 (83.3%) participants were free from 
any underlying conditions however, 15/90 (16.7%) participants had 
some underlying conditions like hypertension, diabetes etc.

DISCUSSION
In India, annually the incidence of cervical cancer is quite high [2] 
therefore, early screening of HPV and cervical cancer can be a 
better solution for this question. The major obstacles in India and 
in other developing countries for the low screening prevalence are 
either educational barriers or behavioral barriers [14]. Persistent 
high risk HPV infection increases the risk of cervical intraepithelial 
neoplasia or invasive cervical cancers. The distribution of HPV varies 
geographically however, HPV 16 found to be the commonest type 
followed by HPV 18 [15].

In the present study, 36/90 (40%) of the participants belonged to the 
40-50 years age group followed by 25/90 (27.8%) in 30-40 years 
age group whereas, a study from China had maximum number of 
participants in the age group of 31-40 years [16]. However, study 
done by Vince A et al., reported maximum number of subjects 
from the age group (20-40 years) which was not in accordance to 
the present study [4]. Age specific prevalence was increased from 
2.2% to 5.5% from age group 20-40 to 40-60 years, then again 
decreases to 3.3% from age group >60 years onwards. However, 
a population based survey from Bangladesh reported that the age 
specific prevalence was first decreased for 25-34 age group then 
increased for 35-44 age group and again decreased for age group 
above 45 years [17].

The occurrence of HPV in present study among invasive carcinomas 
was found to be high, being 46.7% as compared to women with 
chronic cervicitis and NILM being only 6.3% and 9.4%, respectively 
which is in accordance with a study from Pakistan [10]. In present 
study, the results of histopathological positive/negative and PCR 
positive/negative tissue biopsy samples were significantly correlated 
(p-value 0.0004) whereas; results of cytological positive/negative and 
PCR positive/negative for cytobrush samples were not significantly 
correlated (p-value 0.08). However, the overall prevalence of HPV in 
present study was low (18.8%), which is in accordance with a study 
from Bangladesh [17] in which the reported overall prevalence was 
7.7% only. However, a study by Chakravarty J et al., from East India 
reported the overall prevalence of HPV among HIV positive subjects 
was 26.85% which according to the author was the high prevalence 
as compared to the general population [18]. However, results from 
western countries were contradictory to the present study where 
HPV prevalence was found to be high [19,20]. 

Results of the present study showed that 66/90 (73.3%) of the study 
participants belonged to the below poverty line status (which was 
considered on the basis of having a ration card), yet most of them 

Total samples
 (n=90)

PCr 
positive 
samples

PCr 
negative 
samples

Positive 
predic-

tive 
value

nega-
tive pre-
dictive 
value

p-
value

Histological 
positive biopsy 
samples (n=17)

09 08

53% 94% 0.0004Histological 
negative biopsy 
samples (n=33)

02 31

Cytological 
positive 
cytobrush 
samples (n=08)

03 05

37.5% 90.6% 0.08Cytological 
negative 
cytobrush 
samples (n=32)

03 29

[Table/Fig-7]: Comparison of histopathological/cytological findings of tissue 
biopsies and cytobrush samples with PCR findings.

histology/Cytology of 
samples

number of sample (n=90) hPV dna positive

Invasive Cervical 
Cancers
NKSCC
KSCC
Adenocarcinoma
MDSCC

7
3
2 

 

15
3

4
2
1
-

CIN – II 2 2

Chronic Cervicitis 33 2

NILM 32 3

ASCUS 2 1

IS-RA 3 1

Inflammatory smear 3 1

TOTAL 90 17 (18.8 %)

[Table/Fig-6]: HPV-DNA prevalence in women with different cervical abnormalities.
NKSCC-Non Keratinizing Squamous Cell Carcinoma, KSCC-Keratinizing Squamous Cell 
Carcinoma, MDSCC-Moderately Differentiating Squamous Cell Carcinoma, CIN-II-Cervical 
Intraepithelial Neoplasia-II, NILM-Negative for Intraepithelial Lesion/Malignancy, ASCUS- Atypical 
Squamous Cells of Undetermined Significance, IS-RA-Inflammatory Smear with Reactive Atypia

Socio-demo-
graphic factors

n = 90 % hPV dna +

Age group 
(Years)
20-30
30-40
40-50
50-60
> 60

9
25
36
14
6

10
27.8
40
15.5
6.7

02
02
05
05
03

Religion
Hindu
Muslim
Christian

58
30
2

64.5
33.3
2.2

10
07
00

Socioeconomic 
status
Below poverty 
line
Above poverty 
line

66
24

73.3
26.7

13
04

Literacy
Educated
Uneducated

59
31

65.6
34.4

11
06

[Table/Fig-5]: Socio-demographic details of the participants.

and cytobrush samples. The positive and negative predictive values 
for HPV DNA from 17/50 histopathologically positive and 33/50 
histopathologically negative tissue biopsies were evaluated. Similarly, 
the positive and negative predictive values for HPV DNA from 8/40 
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were educated whereas, education rate among population from the 
North India was found to be low [21]. After the assessment of the 
questionnaire given to the study participants it was analysed that 
even though being educated (literate and illiterate subjects were 
classified according to the Arora CD et al., [22]) more than 90% of 
the women in Mangalore region are not aware of HPV infection or 
HPV mediated malignancies. However, according to Ganju SA et al. 
the awareness regarding cervical cancer from India, Nepal and Sri 
Lanka was found to be 66%, 58.8% and 57.7%, respectively [14].

PAP smear is a simple, cost-effective and sensitive tool for the detection 
of premalignant and malignant changes in the cervix. The efficiency, 
sensitivity and specificity of the Pap smear depends on frequency 
of cervical cancer screening programs for women, adequate sample 
collection, and the quality of laboratory analysis [23].

A study published from north India in accordance with the present 
study which reported that the PAP smear had sensitivity of 80% 
with the positive predictive value of 48.98% and negative predictive 
value of 88.24% [24]. As it is well known that infection with HPV in 
cervix is reversible so this could be the reason for the discordance 
between cytology and molecular detection may also be influenced 
by self-clearance of the virus during the interval between PAP test 
and molecular assay [10].

Although vaccines are available for two major high risk oncogenic 
HPVs and two low risk oncogenic HPVs i.e., type 16/18 and type 6/11 
respectively, the major problem in vaccinating women in developing 
countries is the lack of knowledge or awareness and the high cost 
of vaccination [25]. However, a study from North India by Hussain S 
et al., on the willingness of HPV vaccination after educating students 
about the risks of HPV infection and consequences related to this 
virus, it was found that the willingness was 70% among females 
compared to males and 64% among urban populations compared 
to rural populations [26].

LIMITATION
Present study mainly focused on those HPV types which are most 
commonly considered as highly oncogenic, however in the recent 
past years some low risk oncogenic types have been emerged as a 
causative agent of cervical cancers. Additionally, the major drawback 
is that as this is a cross-sectional study and no longitudinal data 
is available, therefore, major conclusions cannot be drawn about 
causality as mere presence of HPV does not mean that patient will 
die of cervical cancer because in many cases the abnormal cervical 
cell may returns to the normal state by the auto clearance of HPV 
from the body as a result of immune response. 

CONCLUSION
In Mangalore region, the prevalence of HPV is very low and 
there is absolute no awareness regarding HPV infection. Many 
epidemiological studies suggest that regular cervical screening in 
adult females is important in the reduction of HPV associated cervical 
malignancy. Though HPV vaccines have been launched recently; 
they prevent infection by the major types of HPV only.  However, 
cervical cancer may be caused by other genotypes of this virus 
as well. Hence, we still need to rely on early detection methods. 
Therefore, molecular testing for HPV infection should additionally 
be used in order to identify patients who are at high risk for the 
development of premalignant lesions. Combination of cytology 
and molecular testing may help to avoid unnecessary stress and 
intensive follow-ups. Overall, these findings could have important 
implications for the preventions of cervical cancer.
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Abstract
BACH1 encodes for a protein that belongs to RecQ DEAH

helicase family and interacts with the BRCT repeats of BRCA1.
The N-terminus of BACH1 functions in DNA metabolism as
DNA-dependent ATPase and helicase. The C-terminus consists of
BRCT domain, which interacts with BRCA1 and this interaction is
one of the major regulator of BACH1 function. BACH1 plays
important roles both in phosphorylated as well as dephosphorylat-
ed state and functions in coordination with multiple signaling mol-
ecules. The active helicase property of BACH1 is maintained by

its dephosphorylated state. Imbalance between these two states
enhances the development and progression of the diseased condi-
tion. Currently BACH1 is known as a tumor suppressor gene based
on the presence of its clinically relevant mutations in different
cancers. Through this review we have justified it to be named as
an oncogene. In this review, we have explained the mechanism of
how BACH1 in collaboration with BRCA1 or independently regu-
lates various pathways like cell cycle progression, DNA replica-
tion during both normal and stressed situation, recombination and
repair of damaged DNA, chromatin remodeling and epigenetic
modifications. Mutation and overexpression of BACH1 are signif-
icantly found in different cancer types. This review enlists the
molecular players which interact with BACH1 to regulate DNA
metabolic functions, thereby revealing its potential for cancer
therapeutics. We have identified the most mutated functional
domain of BACH1, the hot spot for tumorigenesis, justifying it as
a target molecule in different cancer types for therapeutics.
BACH1 has high potentials of transforming a normal cell into a
tumor cell if compromised under certain circumstances. Thus,
through this review, we justify BACH1 as an oncogene along with
the existing role of being a tumor suppressant.

Introduction to BACH1
BACH1/BRIP1 /FANCJ/hCHLR1 (BRCA1 associated C-termi-

nal helicase 1), which is the homolog of yeast Chl1p helicase, is a
phosphoprotein located on chromosome 17q22.1-3 It consists of
1249 amino acid residues with the protein size of 130 KDa, the
gene length of 180kb and contains 20 exons (Figure 1).1,4,5

BACH1 helicase is present in both active and inactive forms
depending on the phosphorylation status at the K52 position of the
protein. The dephosphorylated BACH1 leads to the activation of
helicase, which is involved in the timely progression of S-phase,
repair of DNA cross-links and secondary structures formed during
replication and replication induced stress.6,7 Thus phosphorylated-
dephosphorylated state of BACH1 plays a major role in cell cycle
regulation through activation of various pathways in BRCA1
dependent and independent manner.4 During replication stress, it
acts with DNA topoisomerase-2-binding protein TOPBP1 to load
replication protein A (RPA) onto the chromatin. Presence of RPA
is required for activation and control of replication checkpoints
and to undergo repair by homologous recombination.8,9 In the case
of management of DNA damage responses like interstrand
crosslinks (ICLs), the helicase activity of BACH1 and its interac-
tion with the mismatch repair protein MLH1 provides ICL resist-
ance.10

BACH1 also acts as a tumor suppressor in different cancer
types.7,11 It maintains chromosomal integrity and prevents genom-
ic instability by resolving the G-quadruplexes and processing
replication intermediates.12-14 It has the ability to recognize G-
quadruplexes mostly those formed upon replication and mediates
their stepwise unfolding and refolding to modulate epigenetic pro-
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gramming and chromatin remodeling also.12-15 BACH1 maintains
as well as preserves the chromatin structure and its epigenetic
information hence facilitating the smooth progression of the repli-
cation fork when it encounters altered/ damaged/ complex DNA
structures (Figure 2).11,12,14 As it is involved in regulating many
vital pathways, any aberration to it can cause multifactorial dis-
eases like cancer. BACH1/BRIP1 plays a role in hereditary breast
and ovarian cancer suppression as well as instrumental in progres-
sive bone marrow failure disorder, Fanconi anemia (FA).17

Germline mutations in the BACH1/FANCJ gene leads to chromo-
somal instability which results in bone marrow failure defects,
developmental abnormalities and sets up favorable conditions to
develop cancer.18 Clinical data analysis of BRIP1 mutations by
Seal et al. indicates that majority of the BRIP1 missense
mutants/variants are not linked with a risk of familial breast cancer,
whereas the truncated variant of BACH1 are more susceptible alle-
les of breast cancer running in the family.19 The biological expla-
nations for the differences in cancer risk for mutant variant and
truncated variant are unclear. Moreover, the group identified that,
biallelic BRIP1 mutations confers less risk of breast cancer com-
pared to the monoallelic truncated version.19 Mutations in BACH1
also lead to liver carcinogenesis, among patients with viral cirrho-
sis, due to impaired DNA mismatch repair pathway.20 In summary
to the above lines, the mutated version of BACH1 gene leads to the
development of oncogenicity (Figure 1).

BACH1 functionally and physically interact with a bunch of
proteins, like BRCA1, MUTLα, MLH1, PMS2, MMS19,
TOPBP1, TLS polymerase, BLM, RPA1, MRE11 and FANCD2
and plays a significant role in regulating the metabolic pathways in
combination with them.10,21,22 The BACH1 interactors play major
and minor roles in maintenance of genomic integrity, cell cycle
regulation, DNA damage detection and repair processes.11 The
interactors MUTLα, MLH1, PMS2 and RPA1 play important role
in mismatch repair.21,23,24 The BACH1 homolog, BRIP1 interacts
with the mismatch repair heterodimer complex, MUTLα, which is
composed of mismatch repair proteins MLH1 and PMS2. It also

interacts with MLH1 directly independent of BRCA1. The interac-
tion with the single-stranded DNA-binding protein RPA
(Replication Protein A) through its helicase domain enhances the
DNA unwinding activities at the difficult sites of replication.25 The
other interactors MMS19 and TOPBP1 maintains genomic integri-
ty with FANCD2 in Fanconi anemia DNA damage repair path-
way.24 The interaction of DNA helicase BACH1 with BLM, anoth-
er helicase, coordinated with DNA damage signaling protein mol-
ecules, structure-specific nucleases, polymerases, RPA, and
RAD51 imparts a delicate balance between homologous recombi-
nation (HR) and non-homologous end-joining (NHEJ) to repair
double strand breaks (DSBs) and maintain genomic stability.26

The most important event is the physical interaction of
BACH1 with BRCA1 which justifies the possible role of BACH1
in cancer development.7,11 This interaction is dependent on the
phosphorylation-dephosphorylation function of BACH1, as the
interaction increases in presence of phosphatase inhibitors, where-
as in the presence of λ phosphatase the interaction is lost,27 which
proves that the phosphorylated form of BACH1 interacts with
BRCA1. BRCA1 is localized to the site of DNA double strand
break by forming a complex with different interacting molecules
like RAP80, CTIP and FANCJ. The BRCA1-RAP80 complex
comes through Abraxas ubiquitinase and follows the non-homolo-
gous end-joining at the DSBs. The parallel pathway of homolo-
gous recombination repair is followed by the BRCA1–FANCJ-
CTIP complex. This complex is also regulated by heterochromatin
binding protein 1 (HP1) pathway in response to DNA damage for
its accumulation at the site of DNA double strand break which
mediates DNA repair. FANCJ interacts with HP1 in a BARD1
dependent manner and mediates homologous recombination.28 The
association of BRCA1 with BACH1 adds on to the functioning of
the G2/M checkpoint.29 The BRCA/BACH1 complex prevents
DNA breakage resulting in lowering of genomic instability.30

BACH1 status affect the recruitment of BRCA1 to double strand
breaks depending on the type of damage.31 Presence of change in
amino acid sequence in the BRCA1 binding domain of the protein

                                Review

Figure 1. Schematic representation of BACH1 gene with conserved domains and reported pathogenic mutations in different cancer
types. The BACH1 gene comprises of 20 exons of which exon 3&4 belongs to DNA polymerase domain (18-61aa residue), exon 5
nuclear localization signal (NLS; 158-175aa), exon7-19 HBB domain (245-881aa), exon9 DEAH box (393-396aa) and exon 19 &20
DNA helicase/BRCA1 interacting domain (888-1063aa) respectively. The large boxes represent exons and small colored thick lines rep-
resent verified pathogenic mutations in the respective exons in different cancers (data analyzed from cBioPortal.org).
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BACH1, in case of tumorigenesis, proves that recognition of
BRCT phosphoprotein by BACH1 is necessary for tumor suppres-
sion activity of BRCA1.32

BACH1 in cell cycle regulation and replication
The most fascinating characteristic of BACH1 is observed dur-

ing its regulation of the cell cycle through its helicase activity.33

Though the expression of BACH1 protein remains the same
throughout the cell cycle, its association with the chromatin
increases in S-phase only.6 The helicase activity of BACH1 is reg-
ulated by its phosphorylated-dephosphorylated state. The sequence
of steps explaining the functioning of BACH1 in the cell cycle is
represented in Figure 3. At G1-phase, BACH1 is phosphorylated
leading to the interaction with BRCA complex with low
ATPase/helicase activity. As a result, the movement of the replica-
tion complex slows down enhancing the proof reading of the poly-
merase. Adversely, during the slowdown of the fork, the nascent
leading and lagging strands tend to anneal to each other due to fork

regression or reversal to form secondary structures.34 The complex
of BACH1/BRCA along with the combination of BLM1, a helicase
with opposite polarity, resolves these difficult structural motifs
encountered by the replication forks during DNA replication. Once
the proofreading and resolving activity of the secondary structures
are over, the de-phosphorylation of BACH1 takes place. On de-
phosphorylation, the BACH1/BRCA complex breaks down, leav-
ing behind BACH1 at the fork generating the space for the replica-
tion machinery to start replication. Simultaneously dephosphory-
lated BACH1 regains the helicase activity to unwind the DNA for
timely progression through S-phase. The helicase and translocase
activities of BACH1 are also modulated by protein-protein interac-
tions.1 Replication protein A (RPA), comes with BACH1 to facili-
tate the removal of the DNA bound protein obstacles like the repli-
cation complex and increases the ability of BACH1 to unwind the
secondary structures.35,36 So BACH1 plays a major role in regulat-
ing the kinetics of replication in S-phase (Figure 3).6 BACH1 also
have a role during replication stress when there is a damage to
DNA or forks are blocked by blocking molecules. It resolves the
blocked forks so that they can progress into S-phase and complete
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Figure 2. BACH1- a multifaceted protein. The schematic representation depicts the multi-functional role of BACH1. The inner circle
(white) shows BACH1 and its interacting partners. The first ring represents various functions of BACH1 (half green ring) and altered
function of aberrant BACH1 (half red ring). The second ring (multicolor) represents the group of functions and its correlation with
different pathways where red represents DNA damage, blue represents mutation burden, yellow represents DNA damage repair and grey
represents BACH1 expression. The third ring (white) represents the various pathways and its alterations, arrow represents ↑ increase,
↓ decrease and ↕ stable functional effects. The outermost colored ring represents the collective outcome of normal and aberrant BACH1
function in cancer formation. Left outermost arc represent various cancers with significant BACH1 aberrations.
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the duplication of the genome within a defined period of time.37

BACH1 alone is unable to unwind partial duplex DNA structures
formed due to double-strand breaks, when the strands are bound by
DNA double-strand break interacting proteins or blocking mole-
cules.8,38 Similarly, as happens during replication, the presence of
RPA, stimulates BACH1/FANCJ for the displacement of the DNA
interacting proteins resulting in unwinding of complex struc-
tures.39 RPA also stimulates BLM1 to efficiently dislodge protein
bound to duplex DNA to alleviate replication stress imposed by
stalling of the replication forks.8,36,40 So, during the formation of
the secondary structures, these helicases, BACH1 and BLM1, dis-
place proteins bound near double-stranded ends and resolve sec-
ondary structure or damaged DNA to enable error-free and kineti-
cally efficient end-joining leading to the restoration of DNA repli-
cation.25

In conclusion, genomic integrity is maintained by the helicase
and the phosphorylation property of BACH1. During diseased
state with perturbed BRCA-BACH interaction due to dephospho-
rylation of BACH1, genomic instability develops by increased
helicase activity and faster progression through S-phase.
Accelerated S-phase leads to error-prone resolving of the second-
ary structures at the forks leading to genomic instability. BACH1
interacts with BRCA1, through the BRCT domain and contributes
to the DNA repair function of BRCA1.41 Loss in interaction also
happens due to mutation in the interacting domains of the genes
and so brings in less repair and helicase molecules at the damaged

sites. As a result, the secondary structures form during the replica-
tion fail to resolve, resulting in more breaks and more damage to
the DNA strands. High burden of damage leads to the activation of
alternate repair pathways other than homologous recombination
repair which results in accumulation of mutations followed by the
development of cancer.42,43

BACH1 in DNA repair
The repair function of BACH1 along with its helicase activity

maintains the genomic integrity. Unlike dephosphorylation of
BACH1 for the helicase activity, the repair property is regulated
through its acetylation. This acetylation of BACH1 dependent on
the BRCA1-BACH1 interaction.44 The BRCA1-BACH1 interac-
tion ensures to suppress the mutation prone end-joining and pro-
mote double-strand DNA repair via the activation of homologous
recombination.1,45,46 Phosphorylated BACH1, interacts with
BRCA1 and activates the G2/M checkpoint, results in stalled repli-
cation forks, which may signal for delayed entry into S phase
which is shown in Figure 3.6,27,29 On the other hand, delay in the
S-phase leads to increased secondary structures and breaks result-
ing to activation of the DNA damage checkpoint.6,47,48 This fine
balance of BRCA1 interaction with phospho-BACH1 promotes a
damage-free S-phase progression by activating the G2/M and dam-
age checkpoints and ensuring error free HR repair mechanism.44,45

                                Review

Figure 3. Mechanism of action of BACH1 through its dual states. At G1-phase of the cell cycle, phosphorylated BACH1 interacts with
BRCA - complex to form the BRCA-BACH complex. This complex have low ATPase/helicase activity which results in slowdown in the
S-phase progression enhancing the proof reading of the polymerase. The complex of BACH1/BRCA supports in resolving difficult
structural motifs (right side of the figure). With de-phosphorylation or defect in phosphorylation, the BACH1/BRCA complex breaks
down, leaving behind only BACH1 at the fork generating the space for the replication machinery to start replication.
Dephosphorylated BACH1 regains the helicase activity to unwind the DNA for timely progression through S-phase (left side). Active
helicase represented in dark green color, Inactive helicase-light green color and BRCT domain- blue color respectively. Arrow represents
↑ increase; ↓ decrease and ↕ stable functional effects. 
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Both BRCA1 and BACH1 are recruited to the site of damage
depending on the type of damage.9,11,31 Recruitment of BRCA1 to
laser-induced DSBs or Psoralen (Pso) Interstrand Crosslink (ICLs)
is dependent on BACH1 whereas the recruitment is independent
when the damage is caused by exposure to IR. Also, the recruit-
ment of BACH1 at the damage sites is dependent on the interactor
proteins to the site of damage. For laser-induced DSBs but not
Psoralen (Pso)-Interstrand Crosslink (ICLs), DNA double strand
break repair proteins, MRE11 and its associated nuclease activity
function with or in parallel to BRCA1 for efficient BACH1 recruit-
ment at the sites of damage.31 In absence of MRE11 exonuclease,
loading of another BRCA1 interactor, CTIP, to DSBs is also
delayed. CTIP is another protein associated with BRCA1 and mod-
ulates BRCA1s functions in DNA repair and/or cell cycle check-
point control.49 BRCA1 deficient cells also leads to less localiza-
tion of CTIP at damage sites. This indicates that at laser induced
damage sites, FANCJ/ BACH1 join hands with CTIP to remove
secondary structures and helps CTIP to efficiently repair DNA
ends with the help of repair protein MRE11 after interacting with
BRCA1.50,51 At the site of Pso-ICLs, BACH1 is also localized with
the help of another mismatch repair (MMR) protein MLH1.10,33 In
case of UV light induced DNA crosslink, both MLH1 and
upstream MMR protein MSH2 along with BACH1 is required,
hence preventing aberrant DNA damage response.52 So, BACH1
helps in the repair of damaged DNA through homologous recom-
bination. In any of the situations like, absence of BACH1, mutation
in the BACH1 or loss of BACH1-BRCA1 interaction, the repair of
damage through HR is perturbed. As a result, the alternate error-
prone repair pathways like non-homologous end-joining (NHEJ)
gets activated. The error-prone repair leads to mutations, which
promotes the development, progression, recurrence and metastasis
of cancer.

BACH1 in chromatin remodeling
Chromatin remodeling is another important event, which takes

place in and around the replication complex or the double-strand
DNA breaks aiding in genomic stability, unperturbed replication
and DNA repair.53,54 The proteins involved in maintaining genomic
integrity bind to replication forks and damaged sites through high-
ly organized signaling pathways.54,55 BACH1 belongs to the group
of human XPD-like helicases, which include XPD, RTEL1 and
CHLR1, which have a role in chromatin remodeling as well as
repair and regulates replication at difficult sites.56 Structural and
biochemical studies have proved that the XPD like helicases have
an affinity towards single stranded DNA and forked DNA and
plays a vital role in their arrangements.57-59 BACH1 has direct
interaction with BRCA1 through its BRCT domain, and also to the
DNA through histone H3. This justifies that these proteins may
have a role in the remodeling of chromatin along with repair, that
takes place in and around the region of DNA damage.60 Among the
XPD like helicases, BACH1 possesses a G-quadruplex specific
recognition site.13 The G- quadruplexes are proven as epigenetic
modulators and chromatin remodelers.15 The affinity between G4s
and BACH1/FANCJ helicase strongly justify the involvement of
FANCJ in chromatin remodeling through G4s.12,13,15 FANCJ most-
ly recognizes the replication linked transient G4s which plays role
in CpG island methylation maintenance as well as de novo CpG
methylation control.15 FANCJ binds to the G4s through G4-bind-
ing peptide sequence, RHAU18 which unwinds the branched DNA
structures by repeated rounds of stepwise G4-unfolding and refold-
ing.13 It specifically binds to the 5’ flaps and D-loops facilitating
the fork movement through replication barriers and helps in pro-

cessing of the replication intermediates. This results in suppression
of the heterochromatin spreading and proper maintenance of chro-
matin structure.13,14 BACH1 also coordinates the functioning of
polymerase REV1 and helicases WRN/BLM of opposite polarity
near G4 DNA motifs to maintain epigenetic stability.12 The
BACH1 sequence is significantly homologous to the DEAH heli-
case CHLR1.1 CHLR1, which belongs to FANCJ helicase family
also plays a role in heterochromatin organization.3,16 This helicase
affects epigenetic modification of the genetic content and chro-
matin organization in the mammalian nucleus. In absence of
CHLR1, defects in localization and organization of the chromatin
have been observed. Aberrant localization of pericentric hete-
rochromatin accompanied by perturbed centromere clustering hap-
pens in absence of CHLR1, the homolog of BACH1.16 Pericentric
heterochromatin is loaded with chromatin binding proteins like
heterochromatin-binding protein 1 (HP1) isoforms. Epigenetic
modifications like histone methylation at sites H3K9 and H4K20
also takes place at the pericentric heterochromatin.61,62 CHLR1
plays a role in the chromatin association of HP1 at the pericentric
regions but it does not affect the histone modifications resulting
into no alteration in the level of heterochromatin marker
H3K9me3. Interestingly at the telomere regions, the association of
both HP1 and histone modification is affected with depletion of
FANCJ helicase family. Therefore BACH1/FANCJ helicase family
certainly do play a role in targeting HP1 to the correct genomic
regions.16 Proper localization and binding of HP1 protein are
required for the global organization of heterochromatin and cen-
tromere clustering. Its presence at the constitutive heterochromatin
forms an obstacle for DNA replication providing a regulation to
it.63,64 Epigenetic modification like methylation is severely
impaired at the pericentric/heterochromatin regions in absence of
CHLR1, whereas the centromere/kinetochore regions are unaffect-
ed with the absence of these FANCJ like helicase. So,
BACH1/ChlR1/FANCJ plays a heterochromatin specific role in
epigenetic events.12,16 Heterochromatin organization and accessi-
bility to replication is regulated by BACH1 through HP1.28 FANCJ
helicases might function in facilitating DNA replication at difficult
sites, such as cohesion binding sites as well as condensed hete-
rochromatic sites, stalled replication forks with secondary struc-
tures or at the DNA double strand breaks, by participating in both
cohesion establishment and heterochromatin arrangement.12-14 The
BACH1 interactor BRCA1 is capable of functioning as a histone
deacetylase.65 So combination of epigenetic modifications like
deacetylation and methylation at the heterochromatin or difficult to
replicate regions lead to chromatin remodeling for accessibility of
the DNA for repair and replication.66,67 All these functions of
BACH1 lead to the conclusion that BACH1 has a role in hete-
rochromatin organization during replication, regulation and repair
of complex sites.

BACH1 - an important player in cancer biology
The very basic cause of cancer is the mutations in the genetic

material. While mutations in tumorigenesis is very well character-
ized, but very little is known about the development of mutations
that initiate tumorigenesis. In very simple terms cancer can devel-
op due to genetic mutations transmitted through generations or it
can be defined as a disease of ageing fueled by the accumulation
of somatic mutations.68,69 Mutations can develop by the variations
or differential expression of the DNA damage repair molecules.
Aberrations in the genetic material can also develop by the com-
promised proofreading activity of the replication machinery or
inability to resolve the secondary structures at the difficult to repli-
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cate site. In this era of cancer management, next generation
sequence testing (NGS) and multi-gene ‘panel’ germline mutation
testing in different cancers have identified the increase in muta-
tions.70,71 There is a rise in the number of mutations that leads to
variants of uncertain significance (VUS) and needs further charac-
terization. Characterizing these VUS will help to identify addition-
al genes associated with an increased risk of cancer. These muta-
tions which are till date insignificant are mostly present in the
genes which play a role in DNA damage repair or cell cycle regu-
lation pathways. Mutations in genes affecting these type of signal-

ing pathways can significantly affect the molecular pathogenesis of
diseases like cancer. The helicase BACH1, which has a significant
role in repair through homologous recombination, is instrumental
in the molecular pathogenesis of cancer in different tissue types
(Figure 2). Analysis from 2 different datasets, cBioPortal and
COSMIC, shows a significant number of mutations in BACH1
which are VUS. These VUS mutations significantly falls in the
HBB domain, which has a role in DNA damage repair and
BRCA1-BRCT interacting domain, which plays a role in helicase
by considering cBioPortal and COSMIC datasets respectively

                                Review

Figure 4. Mutation analysis of BACH1 variants of uncertain significance, predicting it’s mutational hot spots. A) SNP’s of BACH1 gene
were analyzed from cBioPortal. These mutations are variants of uncertain significance. The mutation position was mapped with the
domains of BACH1 respectively. X-axis represents BACH1 domains and Y-axis represents number of mutations. Different color code is
used to represent cancer types (Number of mutations= 611). B) SNP’s of BACH1 gene were analyzed from COSMIC. These mutations
are variants of uncertain significance. The mutation position was mapped with the domains of BACH1 respectively. X-axis represents
BACH1 domains and Y-axis represents number of mutations. Different color code is used to represent cancer types (Number of muta-
tions= 560).
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(Figure 4). This picture of distribution of mutation becomes clear
by analyzing the characterized mutation along with the VUS.
Furthermore, Analysis of mutations (SNPs) which are character-
ized and predicted including VUS conclude that the HBB domain
of BACH1 is the most susceptible site of mutation in different can-
cer types followed by the BRCT interacting domain, which is the
BRCA1 binding site (Figure 5). This conclusion justifies that
BACH1s repair activity significantly plays an independent role in
the tumor biology of different cancer types apart from the BRCA1
interaction. Mutational analysis reveals that the BRIP1 locus is

strongly associated with hepatocellular carcinoma (HCC) risk in
patients with hepatitis B virus (HBV) and/or hepatitis C virus
(HCV)-induced liver disease.20 The variants of BACH1 which are
linked with viral cirrhosis have mutations in the domains which
interacts with the DSB repair protein or DNA mismatch repair pro-
tein like MRE11 or MUTL α (Figure 2) [20]. Alternately, muta-
tions in the mismatch repair proteins like MLH1 and MSH2, which
regulate the localization of BACH1 at the DSBs has been recog-
nized as bladder cancer driver genes.72 SNPs in the BRIP1 gene
influences cervical cancer susceptibility by regulating the RHOA
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Figure 5. The bar graph represents the domain specific mutation in different cancers. A) SNP’s of BACH1 gene were analyzed from
cBioPortal. These mutations are of clinical and non-clinical conditions like pathogenic, non-pathogenic and variants of uncertain sig-
nificance. The mutation position was mapped with the domains of BACH1 respectively. X-axis represents BACH1 domains and Y-axis
represents number of mutations. Different color code is used to represent cancer types (Number of mutations= 611). B) SNP’s of
BACH1 gene were analyzed from COSMIC. These mutations are of clinical and non-clinical conditions like pathogenic, non-patho-
genic and variants of uncertain significance. The mutation position was mapped with the domains of BACH1 respectively. X-axis rep-
resents BACH1 domains and Y-axis represents number of mutations. Different color code is used to represent cancer types (Number of
mutations= 560).
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GTPase activity, which is a player in cell proliferation, adhe sion,
apoptosis, cell polarity, invasion and metastasis (Figure 2).73

Several somatic mutations are found in FANCJ which are associat-
ed with skin cancer also. Mutational analysis of the melanoma can-
didate genes and BRIP1 gene justifies the role of DNA damage
response as an important factor in melanoma etiology (Figure 2).74

Very recent case studies confirm the role of BRIP1 in colon cancer
also. Germline mutations in BRIP1 lead to its truncated variants,
which have an association with the colon cancer predisposition
(Figure 2).75 A brief analysis of the somatic mutations present in
different cancer obtained from different databases shows an
increase in BACH1 mutation and its overexpression, confirming
its involvement in different cancer type (Figure 6). Many evi-
dences confirm the significant role of BACH1 in the development
and progression of lung cancer and most of the gynecological can-
cers, which are explained, in the following paragraphs.

BACH1 in breast cancer
BRCA1 gene is well established for its role in breast cancer

(BC),76 but recent scientific developments show that BRCA1 inter-
actor genes like BRIP1 (BACH1/FANCJ), ATM, BRCC45, CTIP,
MERIT40, NBS1, RAD50 and TOPBP1 plays an important role as
modifiers of breast cancer risk.77 The meta-analysis study reveals
that the BACH1 polymorphism at the 919-serine position may
reduce the danger of breast cancer in the Caucasian populations,
mainly in postmenopausal females with a family history of breast
cancer and without BRCA1/2 mutations.78 Literature shows that
BRCA1 and TP53 are the major genetic players in case of Triple-

Negative Breast Cancer (TNBC). Though there is no significant
correlation between BRCA1 and TP53 expression in TNBCs but
their expression have a high prognostic significance.79

BRCA1+/TP53+ patients had better overall survival than BRCA1–
/TP53–TNBC patients.80 Further research would reveal the path-
ways and the associated players to provide the molecular explana-
tion behind their interactions and role in disease pathology. Low
expression of BRCA1 leads to loss of BRCA1 protein interaction
resulting in more free BACH1 repair protein. Efficient repair is
affected as BRCA1 interactor BACH1 cannot be loaded at the site
of DNA damage. Also less damage sensing leads to less efficient
homologous repair by BACH1 and the damage is repaired through
some other pathways like NHEJ, with compromised proofreading
activity developing mutations.81,82 Accumulation of mutations
leads to favorable condition for developing transformed tumor
cells which are resistant to chemotherapy-induced apoptosis. This
results in the recurrence of breast cancer, which would explain why
negative BRCA1 expression is associated with poorer prognosis.83

In case of TP53, the expression of the gene does not directly cor-
relates with the proper function of the gene. Missense mutation of
TP53 yields a highly stable mutant TP53 protein that can give high
TP53 expression, whereas TP53 proteins resulting from truncating
TP53 mutations are unstable and cannot be detected.84 The preva-
lence of TP53 mutation types varies among different breast cancer
subgroups. There is a high prevalence of missense mutations in
luminal tumors whereas the prevalence of truncated mutations are
there in basal tumors.85 Also truncated mutations are strongly asso-
ciated with poor survival and these mutations are not easy to be
detected. In other words, though the mutations in checkpoints are
undetected they can lead to an increase in DNA damage, which
will increase the activity of repair genes like BACH1. Increased

                                Review

Figure 6. Mutation and overexpression of BACH1 in different cancer types. The schematic bar graph represents the total percentage of
samples with mutated BACH1 and the total percentage of the sample with overexpressed BACH1 in different cancer types. X-axis rep-
resents the type of cancer and Y-axis represents the percentage(%) of BACH1 alteration. The data was extracted from COSMIC data
base.
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BACH1 transcript levels were found in tumors with an estrogen
receptor-negative, progesterone receptor-negative or HER-2-posi-
tive status. BRIP1/BACH1 overexpression is also detected in pri-
mary invasive breast carcinomas.86 The 2014 COSMIC data on
breast cancer and case studies reports overexpression of BACH1 is
18.75% of patient samples and the mutation rate is around 3.8%,
confirming the role of BACH1 in breast cancer biology (Figure 6).
The appearance of BACH1 and its target genes was correlated to an
increased risk of breast cancer reappearance in patients.87

Mutations in exon 20 of BRCA1 are identified in BC patient which
alter the stability of the BRCT domain at the binding site of
BACH1.88 The male breast cancer patients are generally identified
to be normal for BRCA1/2 gene but silent mutations are found on
BACH1 tumor suppressor gene and DNA helicase.89 Susceptibility
towards breast cancer also develops in carriers of the C47G poly-
morphism and Pro-Ser genotype of BACH1 in premenopausal
women.90 Deletion mutations in BRIP1 are also identified in early-
onset of breast cancer.91 In conclusion, these data from different
research group justifies that BRIP1/BACH1 is a genuine target
gene for breast cancer disease pathology. 

BACH1 in ovarian cancer
Cancer in ovary is the leading cause of cancer associated mor-

tality among woman.92 Reproductive factors such as high parity,
use of oral contraceptive, breastfeeding, removal of the uterus and
tubal ligation are few ways to protect against ovarian cancer,93

whereas infertility and endometriosis are the major risk factors.94

The mechanism for the development of this cancer at the molecu-
lar level is not well studied and understood, but inflammation-
related oxidative stress has been proposed as a unifying theory by
which these risk factors could cause genomic damage leading to
the development of tumorigenesis in the ovary.95 In other words,
the efficacy of the DNA damage repair pathway may play a major
role in ovarian carcinogenesis.96 The above statement is supported
by the COSMIC data, which shows that in a sample size of 266
patients the percentage of BACH1 overexpression, DNA damage
repair gene, is 65.75 and in 1268 patients the percentage of
BACH1 mutation is 3.84 (Figure 6). Several evidences link DNA
repair with ovarian cancer- most of the ovarian cancer susceptible
genes, like BRCA1 and BRCA2 have been identified to regulate
DNA repair. TP53 is another susceptible gene, which plays a role
in maintaining genomic integrity via several mechanisms includ-
ing induction of cell cycle arrest in response to DNA damage,
DNA repair and regulation of apoptosis.97 Statistical analysis from
a population-based North Carolina Ovarian Cancer Study
(NCOCS) support for strong associations between ovarian cancer
and polymorphisms in the repair genes. They identified two SNPs
in CHEK2, two SNPs in TP53, and one SNP each in BACH1 and
LIG4 repair genes. Few weak targets like NBS1, MSH6, RAD52,
XRCC5 and GADD45B are also identified by some other group.98

As BACH1 is a major player in HR repair pathway, it will be of
great diagnostics and prognostic value to find the exact role and the
underlying molecular mechanism of BACH1 in ovarian cancer,
which remains unclear. The bioinformatics data indicates that the
BACH1 SNP found in ovarian cancer patients is predicted to affect
splicing and also mi-RNA binding site.99 These findings reflects
that BRCA1-BACH1 interaction plays an important role in the eti-
ology of ovarian cancer.

BACH1 in lung cancer
Lung cancer is the most commonly diagnosed cancer and it is

one of the reasons for cancer death worldwide. Approximately 1.6
million case results in deaths per year.100 The molecular mecha-
nisms which play the role in malignancy are unknown. The impor-
tant genes which have a role in lung cancer are the cell cycle and
the repair genes like TP53, RB, BRD7, PCNA and NFKB1.101

BRIP1 is found to be overexpressed in lung cancer (COSMIC data,
2014, Figure 6). Homozygous deletions are observed in lung ade-
nocarcinoma in the BRIP1 gene (3%). Also, BRCAness, i.e. HR
defects in absence of any germline mutation in BRCA, is usually
seen in non-small cell lung cancer (NSCLC).102 High transcript
level expression of BRCA1 is a helpful tool for choosing NSCLC
patients for individualized chemotherapy, as it is the only inde-
pendent prognostic variable for NSCLC patients.103 The findings
of Zhang group highlights that the integrity of the FA-BRCA path-
way is a determinant of sensitivity/resistance to DNA crosslinking
agents in lung cancer cells and may represent a mechanism under-
lying the resistance to chemotherapy of DNA crosslinking
agents.104 Ubiquitous type of mutation having BRIP1 variants are
identified from tumor and blood sample obtained from NSCLC
patients.105 In lung cancer, germline mutations are observed in the
CHK1 gene which is involved in Fanconi anemia and BRCA1/2
signaling pathways.106 Methylation in FANCF promoter is a signif-
icant predictor for poor survival in adenocarcinoma of the lung, so
inactivation of FANC-BRCA pathways may result in the poorer sur-
vival rate of patients with lung cancer.107 These findings justify the
important role played by FANC/BACH1 in cancer metabolism of
lungs.

Concluding remarks and future perspective
Our current understanding indicates that BACH1 nuclear pro-

tein differentially participate in complex networks that regulate
cell growth, cell cycle, DNA replication, DNA repair, mitotic chro-
matin dynamics, and also epigenetic modifications at the specific
heterochromatin sites. BACH1 functions in the replication of the
difficult sites and during stress, damage and secondary structures,
because of its characteristics as a helicase, repair gene and as chro-
matin remodeler. Cancer mutation data (COSMIC) shows the
widespread mutation of this gene in different cancer types. The
overexpression of this gene in different cancer types clearly
explains the increase in damage in the process of tumorigenesis
and the proper repair activity is highly abrogated leading to accu-
mulation of mutations. High mutation burden provides a favorable
environment for the development, progression and recurrence of
tumor. Further analysis reveals that the HBB domain of BACH1 is
the most affected domain and the hot spot for characterized as well
as uncharacterized mutations, explaining its role in cancer biology.
Since the HBB domain has no link with BRCA1 interaction, so the
effect conferred by this domain in different cancer types is inde-
pendent of the BRCA1 function. The BRCA1 binding domain or
the DNA helicase comes as the second most affected region of
BACH1. The analysis of variants with uncertain significance also
shows HBB domain as the most susceptible sites in BACH1 which
justifies the emerging role of DNA repair through BACH1 in can-
cer biology. A deep insight into the functional aspect of the HBB
domain along with BRCA1 interaction will open new avenues in
the treatment of most of the deep-rooted cancers. Mutations or
defect in this gene affects major molecular pathways that regulates
and maintains the genomic integrity of the cells. With an aberration
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in the genetic integrity tumorigenesis develops. So,
BACH1/BRIP1/FANCJ/ChlR1 gene has high potentials of trans-
forming a normal cell into a tumor cell if compromised under cer-
tain circumstances, thus justified to be named as an oncogene.
Even-though BACH1 has a substantial role in cancer biology and
has a major role to play in different types of cancer, very few stud-
ies have been completed towards understanding the mechanism of
how the proteins interact among themselves. In few of the cancers,
BACH1 is analyzed as the major interactor protein of BRCA1, so,
a detailed analysis of the interaction study is required to identify its
role in tumorigenesis and metastasis. Current literature and our
ongoing studies indicate that BRCA1-BACH1 interaction is lost
due to diseased condition or a mutation at the interactor domain
results in downregulation of DNA proofreading activity leading to
more mutations, and hence increasing the risk of tumorigenesis.
So, to understand BACH1, it is essential to explore this protein, its
functional and interacting domains and critically evaluate its
involvement to physiology and identify the potential roles in
human pathologies, such as cancer.
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The budding yeast protein Chl1p is required 
for delaying progression through G1/S phase 
after DNA damage
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Abstract 

Background: The budding yeast protein Chl1p is a nuclear protein required for sister-chromatid cohesion, transcrip-
tional silencing, rDNA recombination, ageing and plays an instrumental role in chromatin remodeling. This helicase is 
known to preserve genome integrity and spindle length in S-phase. Here we show additional roles of Chl1p at G1/S 
phase of the cell cycle following DNA damage.

Results: G1 arrested cells when exposed to DNA damage are more sensitive and show bud emergence with faster 
kinetics in chl1 mutants compared to wild-type cells. Also, more damage to DNA is observed in chl1 cells. The viability 
falls synergistically in rad24chl1 cells. The regulation of Chl1p on budding kinetics in G1 phase falls in line with Rad9p/
Chk1p and shows a synergistic effect with Rad24p/Rad53p. rad9chl1 and chk1chl1 shows similar bud emergence as 
the single mutants chl1, rad9 and chk1. Whereas rad24chl1 and rad53chl1 shows faster bud emergence compared to 
the single mutants rad24, rad53 and chl1. In presence of MMS induced damage, synergistic with Rad24p indicates 
Chl1p’s role as a checkpoint at G1/S acting parallel to damage checkpoint pathway. The faster movement of DNA 
content through G1/S phase and difference in phosphorylation profile of Rad53p in wild type and chl1 cells confirms 
the checkpoint defect in chl1 mutant cells. Further, we have also confirmed that the checkpoint defect functions in 
parallel to the damage checkpoint pathway of Rad24p.

Conclusion: Chl1p shows Rad53p independent bud emergence and Rad53p dependent checkpoint activity in 
presence of damage. This confirms its requirement in two different pathways to maintain the G1/S arrest when cells 
are exposed to damaging agents. The bud emergence kinetics and DNA segregation were similar to wild type when 
given the same damage in nocodazole treated chl1 cells which establishes the absence of any role of Chl1p at the 
G2/M phase. The novelty of this paper lies in revealing the versatile role of Chl1p in checkpoints as well as repair 
towards regulating G1/S transition. Chl1p thus regulates the G1/S phase by affecting the G1 replication checkpoint 
pathway and shows an additive effect with Rad24p for Rad53p activation when damaging agents perturb the DNA. 
Apart from checkpoint activation, it also regulates the budding kinetics as a repair gene.

Keywords: Yeast, Chl1p, Checkpoint, Bud-emergence, DNA damage, G1/S phase, DNA repair
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Background
The helicase Chl1p is a nuclear protein required for sis-
ter-chromatid cohesion in mitosis and meiosis [1–3], 
transcriptional silencing, recombinant DNA (rDNA) 
recombination, ageing and plays an instrumental role 
in chromatin remodeling [1, 4–6]. It preserves genome 
integrity upon DNA damage in S-phase [7]. Chl1p 
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protects cells against DNA damage arising from endog-
enous or exogenous DNA insults which reveals the 
requirement of this protein in the repair of DNA dam-
age. The three highly related human homologs of Chl1p 
are BACH1, hChlR1 and hChlR2. hChlR1 and hChlR2 
are expressed only in proliferating human cell lines. Of 
these, hChlR1 shows in vitro DNA helicase activity and 
binds to both single- and double-stranded DNA [8, 9]. 
BACH1(Breast Cancer Associated C terminal Helicase 1) 
is a member of the DEAH helicase family and binds to 
the Rad9p homolog BRCA1, contributing towards DNA 
repair activity [10].

In the yeast Saccharomyces cerevisiae, three DNA 
damage-inducible checkpoints have been identified that 
operate in G1, S, and G2 phases of the cell cycle [11–16]. 
Two checkpoints activate prior to S-phase checkpoints 
in response to DNA damage—one at G1 and the other at 
G1/S [12, 13] and both of them are Rad9p dependent. At 
low levels of drug concentrations, DNA damage activates 
Rad53p only in S-phase and requires the formation of 
replication forks [17]. When the treatment with MMS is 
at higher concentrations or for longer periods, DNA dam-
age causes Rad53p activation outside S-phase, leading to 
G1/S or G2/M arrest [17–19]. Two genes, Mitosis Entry 
Checkpoint protein 1 (MEC1/ESR1/SAD3) and Mito-
sis Entry Checkpoint protein 2 (RAD53/MEC2/SPK1/
SAD1) appear important for the performance of all three 
checkpoints [14, 15, 20, 21]. In case of DNA breaks due 
to genotoxic agents, the two phosphoinositide 3 kinase-
related kinases (PI3KKs), Mec1 and Tel1, the replication 
factor-C (RFC) like complex consisting of RFC1-like pro-
tein Rad24p with four small RFC subunits (Rfc2– Rfc5), 
the proliferating cell nuclear antigen (PCNA)-like het-
erotrimeric ring consisting of Rad17, Ddc1 and Mec3 
proteins and the MRX complex of proteins, consisting of 
Mre11, Rad50 and Xrs2 acts as sensors and are recruited 
at the site of damage to activate the downstream kinases 
[22–27]. They transmit the signal to the adaptor/media-
tor molecule, Rad9p, which is activated by phospho-
rylation in a Mec1/Tel1-dependent fashion. RAD9 was 
the first DNA damage checkpoint gene identified in the 
yeast Saccharomyces cerevisiae and was found to play a 
role in ionizing radiation induced G2/M cell cycle arrest 
[28–33]. Throughout the cell cycle, it is required for 
activation of kinase Rad53p in response to DNA double 
stranded breaks. Another checkpoint kinase, Chk1p, in 
addition to Rad53p has an apparently minor role in bud-
ding yeast during M-phase and G2 phase only [34, 35]. Its 
activation is also dependent on Rad9p [36]. In addition 
to this, RAD9, RAD17, RAD24, and MEC3 are involved 
in G1 and G2 checkpoints [12–14]. Two independent 
mechanisms exists for the Rad9p activity- the Tudor/
BRCA1 C-terminus (BRCT) domains of Rad9p plays the 

role of Rad53p activation at G1/S phase and the Cyclin 
Dependent Kinase (CDK) consensus sites of Rad9p acti-
vates Rad53p at G2/M [37, 38]. Rad9p homologs 53BP1, 
MDC1 and BRCA1 also modulates the checkpoint path-
ways at two phases of the cell cycle. Activation of Rad53p 
at G1/S depends on the association of Rad9p with the 
modified chromatin surrounding the double strand 
breaks. This is mediated by the binding of Tudor/BRCT 
domain of Rad9p with di-methylated histone H3 and 
to phosphorylated histone H2A respectively [37]. Any 
mutation in the pocket fail to execute the G1 checkpoint 
delay, but the G2/M arrest induced by Nocodazole is well 
maintained in presence of the same mutations. Further-
more, the binding of Rad9p to histone H2A maintains 
the G1 checkpoint delay instead of the phosphorylation 
of H2A, when challenged with xenotoxic agents [14, 37]. 
Thus, the delay of S-phase following treatment with DNA 
damaging agents is an actively regulated response that 
requires functional RAD9 and RAD24 genes [12, 13].

In this paper, we have observed the same characteris-
tics in chl1 mutants. Like rad9, chl1 mutants also fail to 
execute the G1 arrest when treated with Methyl Meth-
ane Sulphonate (MMS). This study shows that Chl1p is 
essential for G1/S arrest in response to DNA damage and 
it acts in line with Rad9p. In presence of a pulse of dam-
age, the chl1 cells show faster kinetics of bud emergence 
when compared to the wild type cells indicative of a com-
promised checkpoint function. To understand the status 
of checkpoints at G1/S in presence of damage, alpha-fac-
tor treated G1 arrested cells were exposed to genotoxic 
agent MMS. We observed the bulk DNA accumulation 
along with compromised Rad53p phosphorylation in 
chl1 mutant cells at G1/S phase of the cell cycle, which 
are the hallmark characteristics of checkpoint proteins. 
The above mentioned observations confirm the early 
entry into S-phase for chl1 mutant cells is due to defect 
in checkpoints compared to wild-type cells. We also 
observed that apart from the checkpoint defect of Chl1p 
which is Rad53p dependent, it follows an additional path-
way to regulate the bud emergence at G1/S upon DNA 
damage as the bud emergence of rad53chl1 is additive to 
single mutants rad53 and chl1. All these findings confirm 
the dual role of this protein in controlling the G1 to S 
transition in the cell cycle on exposure to DNA damage.

Results
Chl1p is required for G1/S arrest after DNA damage 
by MMS
Exponentially growing mutant and wild-type cells were 
arrested in G1 by alpha-factor for 90  min, treated with 
0.2% MMS at the last 10 min of arrest and washed free of 
cell cycle block. MMS was quenched by 10% v/v sodium 
thiosulphate and released in a fresh medium. Thereafter, 
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at different time intervals, bud emergence was scored as 
a measure for functional G1/S arrest. The experiment is 
performed in triplicate with the same time points and 
nearly 150 cells were counted every time confirming 
the consistency of the faster bud emergence. The bud-
ding kinetics of chl1 cells is significantly faster than the 
wild type cells leading us to conclude that Chl1 mutant 
cells were deficient in G1/S arrest when their DNA was 
damaged with MMS, (Fig. 1A). There was no significant 
difference between the WT and chl1 cells in the kinet-
ics of bud emergence in absence of any MMS treat-
ment (Fig. 1A). Though the budding is slow in the initial 
time points for chl1, it catches up with WT in later time 
points, which is the normal behaviour of chl1 cells as 
shown in Fig. 1B. Budding cells are more in chl1 mutant 
cells compared to wild-type cells after 1 and 2 h of MMS 
treatment as shown by randomly taken representa-
tive fields (Fig.  1C). Thus, Chl1p is required for G1/S 
arrest in response to DNA damage at the G1 phase. The 
fast movement of chl1 mutants through G1 phase indi-
cates that the cells are spending less time for repair and 
may have compromised arrest at G1 due to a defective 
checkpoint. Faster bud emergence due to absence of 
a halt for repair will lead to increase fragmented DNA. 
4’,6-Diamidino-2-Phenylindole(DAPI) staining confirms 
the absence of integrity in the DNA of chl1 cells when 
exposed to MMS at G1 block (Fig.  1D). To confirm the 
defect in G1/S arrest and justifying the progression in cell 
cycle of the mutant cells with more damage as a result of 

compromised repair, we performed the sensitivity analy-
sis of chl1 cells towards the genotoxic agents. Mutant 
and wild-type cells were arrested in G1 using α-factor 
for 90 min and then treated with 0.2% MMS. Aliquots of 
cells exposed to 0.2% MMS in presence of alpha-factor 
block were taken at various time intervals. Cells were 
counted and plated on Yeast Extract Peptone Dextrose 
(YEPD) plates to determine viability. Figure  1E shows 
nearly 75% loss in the viability of chl1 cells after 30 min of 
0.2% MMS treatment at G1/S. The loss in cell viability of 
chl1 compared to wild-type cells in the presence of 0.2% 
MMS confirmed the accumulation of more damage due 
to compromised repair and checkpoint molecules.

Chl1p is not required at G2/M for MMS‑induced DNA 
damage repair
In presence of DNA damage caused by MMS, G2/M-
arrested wild-type cells delay nuclear division [18, 19]. To 
determine if Chl1p is required in this delay, mutant and 
wild-type cells were arrested at G2/M by nocodazole, 
treated with MMS, washed free of cell cycle block includ-
ing MMS and released into fresh medium. The percent-
age of cells, which had divided their nuclei, was scored at 
different time intervals to measure G2/M arrest. Figure 2 
shows that chl1 mutant cells were proficient for G2/M 
arrest as they delayed nuclear division when their DNA 
was damaged with MMS. Also, the control cells did not 
show any significant differences in the timings of nuclear 

Fig.1 Chl1p is required for G1/S after DNA damage by MMS. A G1-phase bud emergence kinetics of mutant and wild-type cells after MMS treatment. 
Wild-type (699) and mutant cell 699Dchl1 (chl1) were grown to exponential phase (~ 0.2  OD610nm) and arrested with 5 μg/ml α-factor for 90 min 
(G1 arrest) as described in materials and methods. After 80 min of α-factor treatment at 30 °C, each culture was divided into two. To one half 0.2% 
MMS was added and the other was maintained as a control. Cells were kept shaking for a further 10 min. After treatment, MMS was inactivated by 
the addition of one volume of 10% sodium thiosulfate solution, cells were spun down and the pellet was washed quickly with YEPD medium at RT. 
The cells were released in a fresh YEPD medium at 30 °C and aliquots were removed at regular times for scoring the percentage of budded cells. 
The graph represents the percentage of bud emergence in WT and chl1 cells at different time intervals after release from G1 arrest and 0.2% MMS 
treatment simultaneously. The black filled symbols are given for cells treated with MMS, the grey filled symbols indicates the absence of MMS. Data 
shown are averages of values obtained from three independent experiments and the deviations from the mean are shown as error bars. B Growth 
of WT and mutant cells on YEPD plates. Wild-type (699) and mutant cell 699Dchl1 (chl1), SL3 (rad24) and SL3Dchl1 (rad24chl1) were streaked for single 
colony on YEPD plates and incubated at 30 °C for (i) 30 h, (ii) 34 h and (iii) 60 h respectively. We could observe an initial growth difference between 
the WT and the mutant, chl1 that goes of after 60 h of incubation C Budding of mutant and wild-type cells after MMS treatment. The bright fields of WT 
and chl1 from (A) at 40X resolution shows the budded cells in wild-type (699) and chl1 (699DChl1) mutant cultures after 1 and 2 h of release from 
MMS treatment. The budded cells are indicated with arrows. D Chl1 cells have fragmented DNA at G1 phase when treated with MMS. 699 (wild-type) 
and 699Dchl1 (chl1) cells were arrested at G1 by treating the log phase cells with alpha-factor for 90 min. To these G1 blocked cells, 0.2% MMS 
was added to create a substantial damage. Cells were collected at different time points of MMS exposure for DAPI staining. 0’ was collected just 
after adding 0.2% MMS to the cells with alpha-factor (G1-blocked) followed by 10’, 20’ and 30’ of exposure to 0.2% MMS in presence of alpha-factor 
(G1-blocked damaged cells). Representative fields of DAPI staining of cells treated for 0’ and 30’ with 0.2%MMS is given for WT and chl1 mutant cells. 
The corresponding bright field and merged images are also given along with the DAPI field. E chl1 cells are sensitive towards killing by genotoxic agent 
in G1/S-phase. 699 (wild-type), 699Dchl1 (chl1), SL3 (rad24), SL3Dchl1 (rad24chl1), 699Δsgs1 (sgs1), 699Δsgs1Dchl1 (sgs1chl1) and SL21 (sgs1rad24) 
cells were arrested by alpha-factor in G1. To these G1 blocked cells, 0.2% MMS was added to create a substantial damage at G1. Cells were collected 
at different time points of MMS exposure for viability assay. 0’ was collected just after adding 0.2% MMS to the cells with alpha-factor (G1-blocked) 
followed by 10’, 20’ and 30’ of exposure to 0.2% MMS in presence of alpha-factor (G1-blocked damaged cells). Aliquots removed for cell viabilities at 
the indicated time points were washed off of both MMS and alpha-factor, resuspended in water, counted and plated after dilution on YEPD plates. 
The plates were incubated at 30 °C for 2–3 days and the viable colonies were counted

(See figure on next page.)
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Fig.1 (See legend on previous page.)
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division. Therefore, Chl1p is not required at the G2/M 
transition for MMS-induced DNA damage repair.

Chl1p plays a role in regulating the checkpoints at G1/S 
phase of the cell cycle
The observation that the chl1 null mutations arrested 
at G1/S shows sensitivity to genotoxic agents like MMS 
shows its link with the surveillance mechanism on the 
genetic stability of the cells. The faster movement of the 

cells towards bud formation in presence of damage can 
be an effect of perturbed checkpoint function. As the 
preliminary observations give a clue of compromised 
checkpoint function in chl1 mutant, we decided to con-
firm this by more direct experiments, as described below.

The checkpoint kinase proteins inhibit the cell cycle 
progression in presence of damage, allowing time for 
DNA repair to take place [16, 39]. However, when DNA 
is damaged in G1/S or S-phase checkpoint mutants such 
as mec1, rad9, rad17, rad24 and rad53, S-phase appears 
to progress faster because of inappropriate initiation of 
the origins, causing additional DNA synthesis, which can 
be detected by flow cytometry [16, 39]. To test whether 
Chl1p affects the G1/S phase checkpoint function, the 
progression of cell cycle at G1/S was observed by moni-
toring the DNA content through flow-cytometry in 
0.2%MMS treated G1 synchronized cells. Once the cells 
reaches G1 upon alpha-factor treatment for 90 min, the 
cells were exposed to 0.2%MMS without releasing from 
alpha-factor and the progression of DNA synthesis from 
G1 to S was monitored by flow cytometry. The chl1 cells 
came out from G1 arrest by 10  min of treatment with 
MMS in presence of alpha-factor whereas in case of wild 
type the entry in S-phase from G1 was not observed 
(Fig.  3A). Since the G1 to S-phase progression in chl1 
was faster compared to wild-type cells in the presence 
of high MMS damage, it suggests that the DNA dam-
age checkpoint pathway is perturbed in these cells. We 
also observed the faster movement of DNA from G1 to 
S phase in the known DNA damage checkpoint mutant 
rad24. Interestingly the double mutant rad24chl1 moved 
fastest confirming the synergistic role of both Chl1p and 
Rad24p as checkpoints in presence of damage suggest-
ing that they may follow two parallel pathways (Fig. 3A). 
The checkpoint mutant sgs1 were also included along 
with rad24 in the cell cycle progression studies as they 

Fig. 2 Chl1p is not required for G2/M arrest after DNA damage by 
MMS. Wild-type (699) and mutant cells 699Dchl1 (chl1) and SL3 
(rad24) were grown to exponential phase and arrested with 15 μg/
ml nocodazole for 3 h at 30 °C for G2/M arrest. The arrested cells 
were treated with 0.15% MMS during last half an hour of nocodazole 
arrest and kept shaking. After treatment, MMS was inactivated by 
the addition of one volume of 10% sodium thiosulfate solution. Cells 
were washed with YEPD medium and released in fresh medium at 
30 °C and aliquots were removed at regular intervals and stained 
with DAPI to score for the percentage of cells with divided nuclei. 
Data shown are average of values obtained from three independent 
experiments and error bars are standard deviations from the mean 
value. The filled symbols are given for cells treated with MMS, the 
empty symbols indicate the absence of MMS. Error bars are not 
shown for data points pertaining to minus MMS experiments to avoid 
cluttering

Fig. 3 Chl1p plays a role in regulating the checkpoints at G1/S phase of the cell cycle. A G1/S-phase progression of mutant and wild-type cells in the 
presence of MMS. Wild-type (699) and mutant cell 699Dchl1 (chl1), SL3 (rad24) and SL3Dchl1 (rad24chl1) were all synchronized with alpha-factor at 
30 °C and 0.2% MMS was added in presence of the G1 block. All the cultures were kept shaking at 30 °C. Aliquots were removed at various times for 
FACS analysis. The histogram plot at each time point are overlayed in the figure by using overlay software to understand the progression of the cells 
through cell cycle. The exponential cells were collected just before the addition of alpha-factor to the growing cells of 0.2  OD610nm. Arrows indicates 
G1 and G2 DNA contents. B chl1 cells are compromised in Rad53p phosphorylation in response to MMS treatment in G1/S-phase. Wild type, CHL1 (699) 
and 699Dchl1 (chl1) cells were arrested in G1 phase and exposed to 0.2% MMS at 30 °C. Rad53p phosphorylation was detected by western blot 
analysis of proteins extracted from aliquots of cells removed at indicated times, using antibodies directed against the Rad53 protein. C rad24chl1 
cells are more compromised in Rad53p phosphorylation compared to chl1 cells in response to MMS treatment in G1/S-phase. SL3 (rad24) and SL3Dchl1 
(rad24chl1) cells were arrested in G1 phase and exposed to 0.2% MMS at 30 °C along with the cells of B. Rad53p phosphorylation was detected by 
western blot analysis of proteins extracted from aliquots of cells removed at indicated times, using antibodies directed against the Rad53 protein. 
D Quantification of Rad53p expression in chl1 cells along with the double mutant rad24chl1 cells. The intensity of the phosphorylated bands of Rad53p 
in WT (CHL1), 699Dchl1 (chl1), SL3 (rad24) and SL3Dchl1 (rad24chl1) cells in western blots was quantified using Image J software. The values of the 
Rad53p phosphorylated band intensities taken together were normalized with corresponding intensities of beta-actin to normalize the protein 
loading at different time points. The 0 min is just after adding 0.2% MMS followed by 10, 20 and 30 min exposure to 0.2% MMS. The graph shows 
the average of data obtained from 3 repeated experiments

(See figure on next page.)
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have roles in replication checkpoint, like rad24 in dam-
age checkpoint pathways [40, 41]. In case of replication 
checkpoint, sgs1 cells showed progression like WT and 
Sgs1Chl1 mutant was not significantly different from sgs1 

(Additional file  1: Fig. S1). The slow progression of sgs1 
like WT is because of the absence of any role of Sgs1p 
at G1 and also the presence of a functional repair mech-
anism. Sgs1 mutants halt for repair like WT at G1 in 

Fig. 3 (See legend on previous page.)
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presence of damage. But in Chl1 mutants, due to defect 
in repair and checkpoint, it progresses faster in cell cycle 
in presence of damage. In case of sgs1chl1 and sgs1rad24 
the progression is similar to chl1 mutants and Rad24 
mutants respectively and Sgs1 mutation plays no additive 
role in them.

To confirm the effect of Chl1p on checkpoints at G1/S 
phase, Rad53p activation was compared between wild 
type and chl1 mutant cells by directly assaying for its 
phosphorylation in MMS-treated G1 arrested cells. Cells 
were synchronized with alpha-factor and treated with 
0.2%MMS once all the cells reached the G1 phase. Ali-
quots were withdrawn at indicated times. Figure 3B and 
D shows that chl1 cells had compromised Rad53p phos-
phorylation and which is significantly low by 10’ of 0.2% 
MMS exposure compared to the wild type at G1/S-phase. 
Thus, this confirms that Chl1p is required to activate the 
DNA damage checkpoint pathway when cells are treated 
with MMS in G1/S-phase.

To further confirm that Chl1p acts in parallel to the 
damage checkpoint pathway, we monitored Rad53p 
phosphorylation both in WT, single checkpoint mutants 
and checkpoint mutants along with chl1 at G1/S phase 
in presence of 0.2% MMS. The checkpoint mutant rad24 
was included in the Rad53p phosphorylation studies as 
it has a role in the damage checkpoint pathway [40, 41]. 
rad24 cells, as expected, showed lower levels of Rad53p 
phosphorylation (Fig.  3C, D). Interestingly Rad24Chl1 
mutant was even more compromised in phosphorylat-
ing Rad53p than rad24 and chl1 alone (Fig.  3C, D). We 
thus observed that the chl1 cells started coming out 
from G1 arrest faster like the rad24 checkpoint mutant 
cells in presence of 0.2% MMS treatment to G1 arrested 
cells in just 10  min. We also observed a compromised 
checkpoint activity of Rad53p in absence of Chl1p. The 
double mutant rad24chl1 was even faster in coming out 
from arrest with a broader peak and had further reduced 
Rad53p activity. So in this section, we confirmed the role 
of Chl1p, in addition to Rad24p, in regulating the check-
point pathway through Rad53p activation in G1/S.

Chl1p acts independently of the DNA damage checkpoint 
pathway
The sensitivity of chl1 cells and damage of DNA as 
shown by DAPI towards xenotoxic agents, faster move-
ment through the cell cycle in presence of damage at 
G1/S and compromised Rad53 activity proves the per-
turbed checkpoint functioning at G1 in chl1 mutant 
cells. Further cell cycle progression studies with dam-
age checkpoints and replication checkpoints confirm it 
to be additive to damage checkpoints rather than rep-
lication checkpoints. To confirm the pathway analysis 

of Chl1p’s checkpoint activity on the budding kinetics 
we performed the following experiments. The intra-S-
phase checkpoint proteins Sgs1 and Rad24 act in par-
allel in the DNA replication and damage checkpoint 
pathways, respectively to maintain the genomic integ-
rity. They maintain cell viability and activate Rad53p 
in the presence of damage through genotoxic agents 
[19, 42]. In the viability studies, the single mutants sgs1 
and rad24 were included along with chl1. The double 
mutants rad24chl1 and sgs1chl1 were also included 
to determine if chl1 showed any synergistic loss in 
viability with either of these two mutations at G1/S 
in 0.2% MMS. The results (Fig.  1E) show that there is 
a synergistic drop in cell viability in rad24chl1 dou-
ble mutants but not in sgs1chl1. The rad24sgs1 double 
mutant exhibited an expected fall in cell viability. This 
shows that Chl1 acts in addition to the Rad24 path-
way. To further confirm the pathway of Chl1p for G1- 
arrest we performed the bud emergence experiments 
with mutant genes, which regulates the effect of genetic 
insults on cell cycle kinetics, like rad9, rad24 and the 
corresponding double mutants at G1. Rad9 and Rad24 
epistasis group are required for efficient cell-cycle 
arrest after DNA damage in G1/S [12, 13] and G2/M 
[19, 43]. To determine if Chl1p is in Rad9p or Rad24p 
pathway at this phase of the cell cycle, experiments 
were carried out to monitor the kinetics of bud emer-
gence. WT, chl1, rad9, rad24, rad24chl1 and rad9chl1 
cells were arrested in G1 by alpha-factor, treated with 
0.2% MMS, washed free of cell cycle block and MMS, 
and released into fresh medium to score for bud emer-
gence. Figure  4A shows that the double mutant rad-
24chl1 emerged from the arrest faster than either of the 
single mutants chl1 and rad24 and the effect appeared 
to be additive with chl1 mutation. This confirms that 
Chl1p acts independently of Rad24p to arrest dam-
aged cells at G1/S phase. In absence of MMS we found 
no significant difference in the budding kinetics after 
release from G1 block between chl1, rad24 and rad-
24chl1 cells compared to WT (Fig. 4B). On contrary to 
rad24chl1 budding kinetics, Fig. 4C shows that the dou-
ble mutant rad9chl1 doesn’t emerge from the arrest any 
faster than either of the single mutants, rad9 and chl1. 
Thus, Chl1p acts through the Rad9 pathway. The bud 
emergence of the same strains also shows no significant 
difference compared to WT in absence of any DNA 
insult (Fig. 4D). Representative fields of budding cells of 
the single mutants rad24, rad9 and the double mutants 
rad24chl1, rad9chl1 also proves that chl1 mutant cells 
have more buds compared to wild-type cells after 2  h 
of MMS treatment and the number of buds in case of 
rad24chl1 is significantly more compared to rad24 and 
chl1 alone (Fig. 4E).
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Chl1p plays a dual role in the mode of arrest upon DNA 
damage in G1/S phase of the cell cycle
The pathway analysis (shown in Fig.  4), the sensitivity 
studies towards genotoxic agents (as shown in Fig. 1) and 
compromised Rad53p activity (Fig.  3) of chl1 mutants 
suggests that Chl1p has a role in regulating checkpoints 
and acts in a synergistic way to the DNA damage check-
point pathway. But, faster kinetics of bud emergence 
compared to the wild-type can also suggest that Chl1p 
could be involved in damage repair, and in absence of it 
the cells escape the time to repair the damage and hence 
moves faster towards budding.

Earlier we have shown that in S-phase, Chl1p plays 
a role in the repair pathway upon DNA damage [7]. As 
Chl1p acts as a repair protein in S-phase, we wanted to 
determine if Chl1p has some additional role at G1 phase 
in addition to regulating Rad53p checkpoint pathway in 
delaying bud emergence when exposed to damage. To 
reveal the additional roles of Chl1 we performed the bud 
emergence experiments with mutant genes rad53, chl1 
and the corresponding double mutants. WT, chl1, rad53 
and rad53chl1 cells were arrested in G1 by alpha-factor, 
treated with 0.2% MMS, washed free of cell cycle block 
and MMS, and released into fresh medium to score for 
bud emergence. Figure 5A shows that the single mutants 
are faster than the WT and the double mutant rad53chl1 
emerges significantly faster from G1 arrest than the sin-
gle mutants chl1 and rad53. Figure 5B shows no signifi-
cant difference in the budding kinetics of the same cells in 
absence of MMS. The randomly captured representative 
fields of budding cells of chl1, rad53 and rad53chl1 also 
confirm the same (Fig. 5C). The faster bud emergence of 

the single mutants from WT confirms the checkpoint 
defect in the single mutant. But the even faster move-
ment of the double mutant rad53chl1 interestingly sug-
gests that Chl1p may be following a parallel pathway for 
arresting cells at G1 along with Rad53p checkpoint arrest 
to maintain the genomic integrity on exposure to differ-
ent types of genomic insults. The increase of fragmented 
DNA in chl1 cells (Fig. 1D, Table 1) compared to WT also 
confirms the role of Chl1p in DNA repair. Literature sug-
gests that the Chk1 checkpoint pathway acts in parallel 
to the Rad53p checkpoint pathway in presence of damage 
at G2 and M phases [34, 35]. Also, this DNA checkpoint 
kinase phosphorylates after MMS treatment in a Rad9-
dependent and Rad53-independent manner [36]. As per 
our bud emergence data we can confirm that Chl1p fol-
lows a pathway in addition to Rad53p and Rad24p and 
goes along with Rad9p. So, Chl1p may regulate both the 
Rad53p and Chk1p checkpoint pathways at G1. To con-
firm this hypothesis we checked whether Chk1p has any 
role at G1 and is it linked with Chl1p. We studied the 
budding kinetics of single mutants chl1 and chk1 along 
with the double mutant chl1chk1 (Fig.  5D). Though the 
bud emergence of chl1 mutant’s was faster than the WT, 
there was no additional difference of bud emergence of 
chk1chl1 from chk1 and chl1. Also, the budding of chk1 
cells was similar to WT. All these observations prove 
that Chk1p doesn’t play a role in arresting at G1 in pres-
ence of damage and Chl1p doesn’t act through the Chk1p 
pathway. The budding kinetics of WT, chl1, chk1 and 
chl1chk1 were almost the same in absence of any damage 
(Fig.  5E). So, in this section we prove that Chl1p regu-
lates two pathways in G1 phase to delay bud emergence 

(See figure on next page.)
Fig. 4 Chl1p acts independently of the DNA damage checkpoint pathway. A G1-phase bud emergence kinetics of Chl1 mutant cells are additive 
to rad24 after MMS treatment. Wild-type (699) and mutant cells 699Dchl1 (chl1), SL3 (rad24), SL3Dchl1 (rad24chl1) were grown to exponential 
phase and arrested with 5 μg/ml α-factor for 90 min (G1 arrest) as described in materials and methods. After 80 min of α-factor treatment at 
30 °C, 0.2% MMS was added. Cells were kept shaking for a further 10 min. After treatment, MMS was inactivated by the addition of one volume 
of 10% sodium thiosulfate solution, cells were spun down and the pellet was washed quickly with YEPD medium at RT. The cells were released in 
a fresh YEPD medium at 30 °C and aliquots were removed at regular times for scoring the percentage of budded cells. The graph represents the 
percentage of bud emergence in WT, chl1, rad24 and rad24chl1 cells at different time intervals after release from G1 arrest and 0.2% MMS treatment 
simultaneously. Data shown are the average of values obtained from three independent experiments. B G1-phase bud emergence kinetics of cells 
in absence of MMS treatment. Wild-type (699) and mutant cells 699Dchl1 (chl1), SL3 (rad24), SL3Dchl1 (rad24chl1) were simultaneously grown with 
the A cells to exponential phase and arrested with 5 μg/ml α-factor for 90 min (G1 arrest). The cells were released in a fresh YEPD medium without 
any MMS treatment at 30 °C and aliquots were removed at regular times for scoring the percentage of budded cells. C G1-phase bud emergence 
kinetics of Chl1 mutant cells is in line with rad9 after MMS treatment. Wild-type (699) and mutant cells 699Dchl1 (chl1), SL19 (rad9), SL19Dchl1 (rad9chl1) 
were grown to exponential phase and follow through same experimental procedures as done in A. The graph represents the percentage of bud 
emergence in WT, chl1, rad9 and rad9chl1 cells at different time intervals after release from G1 arrest and 0.2% MMS treatment simultaneously. Data 
shown are average of values obtained from three independent experiments. D G1-phase bud emergence kinetics of cells in absence of MMS treatment. 
Wild-type (699) and mutant cells 699Dchl1 (chl1), SL19 (rad9), SL19Dchl1 (rad9chl1) were simultaneously grown with the C cells to exponential 
phase and arrested with 5 μg/ml α-factor for 90 min (G1 arrest). The cells were released in a fresh YEPD medium without any MMS treatment at 
30 °C and aliquots were removed at regular times for scoring the percentage of budded cells. E Additive and synergistic budding of mutant and 
wild-type cells after MMS treatment. The bright fields of WT and mutant cells from (A, B) at 40X resolution shows the budded cells in wild-type (699) 
and the mutant cells 699Dchl1 (chl1), SL3 (rad24), SL3Dchl1 (rad24chl1), SL19 (rad9), SL19Dchl1 (rad9 chl1) mutant cultures after 2 h release from 
MMS treatment. The budded cells are indicated with arrows
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Fig. 4 (See legend on previous page.)
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in presence of damage, one is through Rad53p by modu-
lating its phosphorylation and the other one is parallel to 
Rad53p but doesn’t follow the Chk1p checkpoint path-
way. So, the other pathway in which Chl1p has some role 
is the damage repair in G1 (role in repair in S phase is 
already known).

Discussion
The functioning of Rad9p as G1/S checkpoint is depend-
ent on its TUDOR and BRCT domains and is inde-
pendent of its auto-phosphorylation through CDK [44]. 
Rad53p activation in G1 and S phase depends on the 
association of Rad9p with the modified chromatin adja-
cent to Double Standard Break (DSBs). Rad9p-chroma-
tin association is mediated by the binding of TUDOR 
domains to histone di-methylated H3 and BRCT domains 
binding to phosphorylated histone H2A [37]. If the inter-
action is broken the activation of phosphorylated Rad53 
is compromised in presence of a genotoxic agent like 
MMS and Hydroxyurea (HU). The RAD9 BRCT mutant 
fails to perform the G1 checkpoint delay post DNA insult 
but it was proficient in checkpoint response upon DNA 
damage in nocodazole treated cells. So, the recruitment 
and retention of Rad9p at the damage sites through the 
BRCT domain play a vital role in the G1/S arrest. The 
interactor proteins of Rad9p at the BRCT domain are also 
instrumental in maintaining the arrest for proper repair 
of the damage. The human homolog of Chl1p is BACH1 
and that for Rad9p is BRCA1. In mammalian system, at 
G1-phase, BACH1 is phosphorylated leading to the inter-
action with BRCA complex through BRCT domain, with 
low Adenosine Triphosphatase (ATPase) /helicase activ-
ity. As a result, the movement of the replication complex 
slows down enhancing the proof reading activity of the 
polymerase. Adversely, during the slow down of the fork, 

the nascent leading and lagging strands tend to anneal to 
each other due to fork regression or reversal to form sec-
ondary structures [34]. The complex of BACH1/BRCA 
along with the combination of BLM1, a helicase with 
opposite polarity, resolves these difficult structural motifs 
encountered by the replication forks during DNA repli-
cation [45]. Once the proofreading and resolving activity 
of the secondary structures are over, the de-phospho-
rylation of BACH1 takes place. On de-phosphorylation, 
the BACH1/BRCA complex breaks down, leaving behind 
BACH1 at the fork generating the space for the replica-
tion machinery to start replication [45]. Simultaneously 
dephosphorylated BACH1 regains the helicase activ-
ity to unwind the DNA for timely progression through 
S-phase. So looking at the correlation and domain anal-
ogy of BACH1 and BRCA1 in mammalian system it can 
be concluded that Chl1p binds to Rad9p through the 
BRCT domain and allows Rad9p to sense the damage 
because of its repair and helicase activity. So, most prob-
ably the retention of Rad9p at the damage site is because 
of its BRCT interactor Chl1p. The recruited Rad9p acti-
vates the checkpoint Rad53p to bring in the cell cycle 
arrest and Chl1p gets the time to repair the damage.

In this paper, we show evidence that, like rad9, chl1 
mutants also fail to execute the G1 checkpoints and the 
delay in bud emergence is perturbed in G1-arrested cells 
when treated with MMS. In the presence of damage, 
Chl1p executes the G1/S phase arrest. In chl1 mutants, 
faster kinetics of bud emergence compared to the wild-
type, additionally, faster budding of rad53chl1 cells com-
pared to chl1 and rad53 suggests that Chl1p could be 
involved in repair, and in absence of it, the cells escape 
the time to repair the damage and hence moves faster 
towards budding with more accumulated damage and 
sensitive towards MMS. Compromised Rad53 activity 

Fig. 5 Chl1p plays role in dual mode of arrest upon DNA damage in the G1/S phase of the cell cycle. A Chl1p acts independently of Rad53p at 
G1/S after DNA damage. Wild-type (699) and mutant cells 699Dchl1 (chl1), SL7 (rad53) and SL7∆chl1 (rad53chl1) were grown to exponential phase 
and follow through same experimental procedures as done in 4A. The graph represents the percentage of bud emergence in WT, chl1, rad53 and 
rad53chl1 cells at different time intervals after release from G1 arrest and 0.2% MMS treatment simultaneously. Data shown are averages of values 
obtained from three independent experiments and the deviations from the mean are shown as error bars. B G1-phase bud emergence kinetics of cells 
in absence of MMS treatment. Wild-type (699) and mutant cells 699Dchl1 (chl1), SL7 (rad53) and SL7∆chl1 (rad53chl1) were simultaneously grown 
with Fig. 5A cells to exponential phase and arrested with 5 μg/ml α-factor for 90 min (G1 arrest). The cells were released in a fresh YEPD medium 
without any MMS treatment at 30 °C and aliquots were removed at regular times for scoring the percentage of budded cells. C Chk1p plays no role 
at G1/S after MMS treatment. Wild-type (699) and mutant cells 699Dchl1 (chl1), SL26 (chk1) and SL27 (chk1chl1) were grown to exponential phase 
and follow through the same experimental procedures as done in 4A. The graph represents the percentage of bud emergence in WT, chl1, chk1 and 
chk1chl1 cells at different time intervals after release from G1 arrest and 0.2% MMS treatment simultaneously. The bud emergence kinetics of chk1 
is similar to WT and chk1chl1 is similar to the bud emergence kinetics of chl1. Data shown are average of values obtained from three independent 
experiments. D G1-phase bud emergence kinetics of cells in absence of MMS treatment. Wild-type (699) and mutant cells 699Dchl1 (chl1), SL26 (chk1) 
and SL27 (chk1chl1) were simultaneously grown with the Fig. 5C cells to exponential phase and arrested with 5 μg/ml α-factor for 90 min (G1 arrest). 
The cells were released in a fresh YEPD medium without any MMS treatment at 30 °C and aliquots were removed at regular times for scoring the 
percentage of budded cells. E Budding of mutant and wild-type cells after MMS treatment. The bright fields of WT and mutant cells from (A and C) at 
40X resolution show the budded cells in different cultures after 2 h release from MMS treatment. The budded cells are indicated with arrows

(See figure on next page.)
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of chl1 cells at G1 in presence of MMS damage confirms 
its other role in regulating checkpoint pathway which 
also adds up in maintaining the budding kinetics at G1 

after DNA damage with 0.2% MMS. It plays the check-
point role parallel to the damage checkpoint pathway in 
G1 phase of the cell cycle as the Rad53p phosphorylation 

Fig. 5 (See legend on previous page.)
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of chl1 mutants is even more compromised in absence 
of rad24. The checkpoint role through Rad53p and not 
through Chk1p, and the repair function in addition to 
Rad53 phosphorylation of Chl1p regulates the G1 phase 
arrest when DNA is perturbed. So Chl1p plays a role 
in regulating checkpoint at G1/S phase, which leads to 

Rad53p activation through Rad9p and prevents bulk 
DNA synthesis. It regulates the repair function in addi-
tion, which is independent of Rad53p and in synchrony 
with Rad9p to regulate the budding kinetics following 
insult to the genetic material. So, in a nutshell Chl1p 
plays multiple roles throughout the G1 phase of the cell 
cycle as presented in the schematic representation of 
Chl1p involving pathways at G1 (Fig.  6). G2/M phase 
arrest is executed by the auto-phosphorylation of Rad9p 
and is independent of the BRCT domain [46]. Establish-
ment of sister chromatid cohesion occurs for the repair 

of double strand breaks at G2/M [47, 48]. Since Chl1p is 
required for the establishment of sister chromatid cohe-
sion [1], resistance of chl1 mutant towards faster budding 
kinetics and killing by MMS treatment at G2/M suggests 
that the repair of this damage is not critically dependent 
on the cohesion function of Chl1p.

Table 1 The MMS treated cells showing percentage of DNA 
damage at 0 and 30 min in wild type and mutant strains

Strains
 

MMS 
(Minutes’)

Cells with 
compact DNA 
(%)

Cells with 
fragmented 
DNA (%)

699 0’ 95.49 4.505

30’ 88.17 11.83

699chl1 0’ 92.86 7.14

30’ 27.39 72.61

Fig. 6 Roles of Chl1p at G1 phase of the cell cycle of budding yeast. The schematic representation depicts the multifunctional role of Chl1p at 
G1, once the DNA faces any insults with genotoxic agents. The wide curved grey arrow indicates the event regulated by Chl1p at early G1 phase 
and the blue curved one points towards the function played at G1/S. The black lines and the arrows indicate the known pathways. The blue lines 
and the arrows are the proposed associations explained in this paper with supporting observations. The black dotted line shows the plausible 
association between the two proteins, Rad9 and Chl1, which is already present in their human homologs (BRCA1 and BACH1 respectively)
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Conclusion
In summary, this paper brings to light additional role of 
cell cycle regulation by Chl1p in budding yeast. In pres-
ence of Chl1p, the repair and checkpoint functions are 
proficient in cells with double strand breaks, and so able 
to perform the G1/S delay in bud emergence. Chl1p leads 
to Rad53 activation, the major effector checkpoint kinase 
in presence of damage at 1. The Rad53p checkpoint acti-
vation by Chl1p at G1/S is independent of the Rad24p 
mediated damage checkpoint pathway. We also show that 
the role of Chl1p for bud emergence in G1 phase is in line 
with Rad9p and independent of Rad24p/ Rad53p. Sgs1p 
and Chk1p seem to play no role in G1 and the function 
of Chl1p doesn’t associate with them. The, double mutant 
rad9ch1 and chk1chl1 shows similar bud emergence as 
the single mutants chl1, rad9 and chk1 whereas the dou-
ble mutant rad24chl1 and rad53chl1 shows faster bud 
emergence than the single mutants. This budding kinet-
ics explains an additional role of Chl1p independent of 
Rad53p checkpoint activation. This paper supports a 
model in which Chl1p plays a critical role in regulating 
the G1/S transition along with Rad9p when cells are com-
promised with DNA damaging agents. Consistent with 
our data and the supporting experimental findings from 
other groups, we predict that the helicase Chl1p plays a 
role in modulating the chromatin structure of the dam-
aged DNA, aids Rad9p BRCT domain to access phos-
phorylated H2A S129 residue at the double strand break 
region followed by engagement of repair machinery. The 
repair process is further supported by the checkpoint 
activation through Chl1p. The checkpoint property fur-
ther activates downstream regulators and key checkpoint 
proteins and keeps the cells arrested at early G1 as well as 
G1/S transition to provide some time for proper repair of 
the perturbed DNA at DSBs or blocks.

As the mammalian homologs of Rad9p (BRCA1) and 
Chl1p (BACH1) interacts at the BRCT domain [10], 
helicase Chl1p is suspected to be the Rad9p interactor 
and presumed to play the role of repair and remodeling 
of the damaged DNA along with Rad9p at the damaged 
sites. The findings of this paper gives a clue that the asso-
ciation of Rad9p to the modified chromatin at the DSB’s 
helps to bring Chl1p repair protein through interaction 
with BRCT domain and repair damage by delaying G1 
to S transition. During damage, the interaction between 
BRCT domain of Rad9p and phospho-H2A brings in 
the repair protein Chl1p helicase to the proximity of 
the damaged sites. As Chl1p also acts as a chromatin-
remodeling factor [6], this in turn helps to remodel the 
chromatin bound Rad9p and initiate repair activity by 
arresting the cells at G1. The G1/S phase arrest is further 
supported by its Rad53p dependent checkpoint activity.

Materials and methods
Media and chemicals
All media, chemicals and enzymes have been described 
before [7, 12, 49]. DAPI, alpha-factor and goat anti-rat 
AP-conjugated antibody were from Sigma.  Goat anti-
mouse TRITC-conjugated antibody and NBT/BCIP was 
from Bangalore Genei Pvt. Ltd. Rad53 goat polyclonal 
antibody, raised against a carboxy terminus peptide of 
yeast Rad53p was from Abcam, and secondary HRP-con-
jugated anti-mouse antibody was from CST, USA. MMS 
was from Sigma.

Construction of single and double mutant strains
Gene disruptions and deletions of Chl1 are described 
in [50]. Construction of double mutants and PCR 
based deletion of CHL1 and BAR1 were carried out 
as described in [7, 51]. 699 and all the strains listed 
in Table  2 are in W303 background while the parent 
strains of the remaining were from G. Fink.

Cell synchronization, bud emergence and nuclear 
segregation
Cells were synchronized in G1 using alpha-factor as 
described in [52]. Briefly, log phase cells were arrested 
with 0.025 μg/ml α-factor for 90 min and treated with 
0.2% MMS in the last 10 min of arrest at 30  °C. MMS 
was quenched by 10% v/v sodium thiosulphate. Cells 
were washed free of cell cycle block (α-factor) and 
released into fresh medium. Thereafter, at different 
time intervals bud emergence post DNA damage was 
scored as a measure of G1/S arrest [53].

For G2/M arrest exponentially growing cells were 
treated with 15 μg/ml nocodazole for 3 h at 30 °C. The 
arrested cells were treated with 0.15% MMS during last 
half-hour of nocodazole arrest. After treatment, MMS 
was quenched with 10% sodium thiosulfate (v/v) and 
released from block. Nuclear stain was done with DAPI 
[54]. Around 150–200 cells were counted for nuclear 
morphologies, using a fluorescence microscope (Leica 
fitted with DC 300F camera).

Flow cytometry
The phases of the cell cycle were determined by flow 
cytometry according to the protocol described in 12. 
Briefly, exponentially growing 1–2 X  107 cells were 
arrested at G1 using alpha-factor. To the arrested cells 
0.2% MMS was added. Cells were collected at different 
time intervals in chilled 70% ethanol to do the cell cycle 
analysis. The cells fixed from each time point including 
the exponentials were spun down and fixed overnight in 
70% ethanol at 4˚C. Cells were washed and suspended 
in Tris–EDTA (pH 7.5) buffer for RNaseA treatment at 
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37 °C for 4 h. Propidium Iodide (50 μg/ml) staining was 
done overnight at 4  °C. Flow cytometry was done in 
FACS caliber (Becton Dickinson) with the sonicated sam-
ples (10 amps for 15 s).

Protein extractions and western blot analysis
For western blot analysis, protein extracts were prepared 
according to [7, 10] from cells synchronized at G1 and 
treated with 0.2% MMS. Proteins were separated on 8% 
SDS–PAGE containing an acrylamide to bis-acrylamide 
ratio of 80:1 and transferred to poly-vinylidene difluoride 
(PVDF) membrane (Millipore). Rad53 was detected 
using anti-Rad53 goat polyclonal antibody at 1:1000 dilu-
tion in TBS (50 mM Tris buffer pH 7.5, 150 mM NaCl) 
containing 0.5% BSA for 12–16  h. Secondary alkaline 
phosphatase-conjugated anti-goat antibody was incu-
bated with the membrane for 2 h at 1:2500 dilution.
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1; DSBs: Double Standard Break; HU: Hydroxy Urea; Mec: Mitosis Entry 
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Additional file 1: Fig. S1. Chl1p follows the replication checkpoint 
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Table 2 lists the strains used for this study

699 and all the strains listed are in W303 background

Strain Genotype Reference

699 MATa ade2-1 trp1-1 leu2-3, 112 his 3–11, 15 ura3 can1-100 [7]

699Dchl1 MATa ade2-1 trp1-1 leu2-3, 112 his 3–11, 15 ura3 can1-100 chl1::HIS3 [7]

US456 MATα leu2 his3 trp1 ade2 rad24::URA3 Uttam Surana

SL1 MATα leu2 his3 trp1 ade2 rad24::URA3 chl1::HIS3 This study, by crossing
US456 with 699Dchl1

SL3 MATa leu2 his3 trp1 ade2 rad24::URA3 By crossing US456 with 699Dchl1

SL4 MATa leu2 his3 trp1 ade2 rad24::URA3
chl1::HIS3

By crossing US456 with 699Dchl1

US355 MATα cdc13 rad9 leu2 ura3 Uttam Surana

SL9 MATa leu2 his3 trp1 ade2 ura3 rad9 By crossing US355 with 699

SL9DChl1 MATa leu2 his3 trp1 ade2 ura3 rad9 chl1::HIS3 This study, by disrupting CHL1 in SL9

US354 MATα leu2 his3 trp1 ade2 ura3 rad53-21 [7]

SL7 MATa leu2 his3 trp1 ade2 ura3 rad53-21 [7]

SL7Dchl1 MATa leu2 his3 trp1 ade2 ura3 rad53-21 chl1D::TRP1 This study, by deleting CHL1 in SL7

699Δsgs1 MATa ade2-1 trp1-1 leu2-3, 112 his 3-11,15 ura3 can1-100 sgs1Δ::LEU2 This study, by deleting
SGS1 in 699

699Δsgs1 Dchl1 MATa ade2-1 trp1-1 leu2-3, 112 his 311,15 ura3 can1-100 sgs1Δ::LEU2 chl1::HIS3 This study, by disrupting
CHL1 in 699Δsgs1

SL21 MATa ade2-1 trp1-1 his 3-11,15 ura3 can1-100 sgs1Δ::LEU2 rad24::URA3 This study, by crossing
SL1with 699Δsgs1

SL 26 MATa ade2-1 trp1-1 leu2-3, 112 his 3-11, 15 ura3 can1-100 Chk1::LEU2 This study, by deleting
CHK1 in 699

SL27 MATa ade2-1 trp1-1 leu2-3, 112 his 311, 15 ura3 can1-100 chl1::HIS3 Chk1::LEU2 This study, by deleting
CHK1 in 699Dchl1
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ABSTRACT: Parkinson’s disease (PD) is a progressive neurodegenerative disorder, whose treatment with modern therapeutics
leads to a plethora of side effects with prolonged usage. Therefore, the management of PD with complementary and alternative
medicine is often pursued. In the Ayurveda system of alternative medicine, Yashtimadhu choorna, a Medhya Rasayana (nootropic),
prepared from the dried roots of Glycyrrhiza glabra L. (licorice), is prescribed for the management of PD with a favorable outcome.
We pursued to understand the neuroprotective effects of Yashtimadhu choorna against a rotenone-induced cellular model of PD
using differentiated IMR-32 cells. Cotreatment with Yashtimadhu choorna extract rescued rotenone-induced apoptosis and
hyperphosphorylation of ERK-1/2. Quantitative proteomic analysis of six peptide fractions from independent biological replicates
acquired 1,561,169 mass spectra, which when searched resulted in 565,008 peptide-spectrum matches mapping to 30,554 unique
peptides that belonged to 4864 human proteins. Proteins commonly identified in biological replicates and >4 PSMs were considered
for further analysis, leading to a refined set of 3720 proteins. Rotenone treatment differentially altered 144 proteins (fold ≥1.25 or
≤0.8), involved in mitochondrial, endoplasmic reticulum, and autophagy functions. Cotreatment with Yashtimadhu choorna extract
rescued 84 proteins from the effect of rotenone and an additional regulation of 4 proteins. Network analysis highlighted the
interaction of proteins and pathways regulated by them, which can be targeted for neuroprotection. Validation of proteomics data
highlighted that Yashtimadhu confers neuroprotection by preventing mitochondrial oxidative stress and apoptosis. This discovery
will pave the way for understanding the molecular action of Ayurveda drugs and developing novel therapeutics for PD.

■ INTRODUCTION

Neurodegeneration is a progressive phenomenon at old ages,
which occurs as a result of neuronal loss or the inability of
neurons to transmit the signals. Parkinson’s disease (PD) is
one such age-related progressive neurodegenerative disorder
whose prevalence accounts for 3% of the population, above 65
years.1 PD is caused by loss of dopaminergic neurons from the
substantia nigra pars compacta (SNpc), resulting in loss of the
neurotransmitter dopamine, and leads to the development of
motor symptoms. The death of dopaminergic neurons is
caused as a result of mitochondrial dysfunction, endoplasmic
reticulum (ER) stress, neuroinflammation, and accumulation
of protein aggregates.2,3 The management of PD relies on the

alleviation of the symptoms, and levodopa is one of the most
commonly prescribed medicines, which is useful in the early
stages of the disease. However, with prolonged usage, the
efficacy of PD medications decline and is reported to cause
many side effects.4 Thus, there is a need for the use of a
sustainable alternative and complementary management
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strategy of PD, which is required not only to prevent
symptoms of PD but also to address the underlying molecular
aberrations and improve the quality of life.
The quest for sustainable management of the disease led to

the exploration of complementary and alternative medicines,
which employ the use of traditional medicines and other forms
of alternative treatments, including acupuncture, rhythmic
therapy, and Reiki.5 The Indian Ayurvedic medicinal system
classifies medicinal plants with nootropic properties as Medhya
Rasayana, which helps in improving memory and brain
functions.6−8 The nootropic formulations include Yashtimadhu
(Glycyrrhiza glabra, licorice), Mandukaparni (Centella asiatica,
Asiatic pennywort), Ashwagandha (Withania somnifera, Indian
ginseng), and Brahmi (Bacopa monnieri, water hyssop).9−11

Yashtimadhu choorna is prepared from the dried roots of G.
glabra L., commonly known as licorice (http://www.
theplantlist.org/; http://www.ayurveda.hu/api/API-Vol-1.
pdf). Several studies have reported its effectiveness as a
neuroprotectant, an antidepressant, an antioxidant, and a
memory enhancer.12−18 These studies highlight the neuro-

modulatory effects of Yashtimadhu; however, there exist
lacunae in understanding the regulation of protein networks
and the underlying molecular pathways.
PD is regarded as proteinopathy19,20 because of the

dysregulation of the protein dynamics, resulting in abnormal
accumulation of protein aggregates. Mass spectrometry (MS)-
based proteomics serves as an invaluable tool to study the
alteration of proteins that drive the pathogenesis in
experimental models of PD, and the counteracting neuro-
protective strategies, upon the introduction of a specific drug.
The experimental models of PD are generated using genetically
modified in vivo models such as α-synuclein (SNCA), parkin
(PRKN), leucine-rich repeat kinases (LRRKs), or use of
neurotoxins in vitro and in vivo.21 The commonly used
neurotoxic models of PD are generated using rotenone, MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), paraquat, and
6-hydroxydopamine.22 The establishment of an in vitro cellular
model of PD offers advantages in monitoring and under-
standing the cellular mechanisms that are responsible for
neurodegeneration. These proteins involved in the neuro-

Figure 1. PD model validation and Yashtimadhu neuroprotection. (A) Cytotoxicity analysis showing rotenone-induced cell death and prevention of
cell death by Yashtimadhu choorna extract cotreatment; (B) live−dead cell staining assay using propidium iodide (PI) (red) and HOECHST
(blue) nuclear counterstain; and (C) graphical representation of cell death with respect to untreated cell control. Rotenone treatment increases cell
death, encountered by Yashtimadhu choorna cotreatment, (D) immunoblot analysis of p-ERK-1/2 (T202/T204) and cleaved caspase-3 with β-
actin as the loading control across control (C), rotenone (R), rotenone + Yashtimadhu choorna cotreatment (RY), and Yashtimadhu choorna
extract (Y); (E) densitometry graph of cleaved caspase-3 activation, normalized with loading control; and (F) densitometry graph of p-ERK-1/2
activation, normalized with loading control, *, with respect to control (C) and # with respect to Yashtimadhu choorna cotreatment (RY). *,# p <
0.05, **,## p < 0.01, and ***,### p < 0.001. Labels: C-untreated cells, R-rotenone treatment, RYrotenone + Yashtimadhu choorna extract
cotreatment, and YYashtimadhu choorna extract treatment.
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degenerative mechanism can be targeted for efficient neuro-
protective interventions.23,24 The study of proteins altered
during the progression of a disease and its recovery helps in
discovering the proteins associated with a protective pathway
conferred by the drug.
In this study, we sought to evaluate the neuroprotective

effects of Yashtimadhu choorna extract in an in vitro PD model.
This model was generated using rotenone (a mitochondrial
complex-I inhibitor), which triggers oxidative stress and
induces apoptosis,25 effectively mimicking the cellular aberra-
tions reported in PD. Quantitative proteomics was employed
to identify proteins altered by rotenone and compared to their
restoration by Yashtimadhu choorna extract to understand the
molecular networks involved in neuroprotection.

■ RESULTS AND DISCUSSION
Yashtimadhu Choorna Extract Counteracts Rote-

none-Induced Apoptosis. We aimed to evaluate the
establishment of the rotenone-induced PD model and the
neuroprotection conferred by Yashtimadhu. To achieve this,
we used IMR-32 cells that were differentiated with retinoic
acid to yield dopaminergic neuron population.26−28

IMR-32 cells were differentiated with retinoic acid, which
was confirmed with tyrosine hydroxylase (TH) expression
(Supporting Information Figure S1A,B) and used to assess the
neuroprotection conferred by Yashtimadhu choorna extract in
a rotenone-induced PD model. Cytotoxicity assay was used to
test the effective treatment doses of rotenone and Yashtimadhu
choorna extract. Rotenone-induced time- and dose-dependent
cell death and the IC50 (50% cell death) value was observed at
a 100 nM concentration for 48 h, which was used for further
treatments (Supporting Information Figure S1C). At the same
time, treatment with Yashtimadhu choorna extract for 48 h
showed no cytotoxicity at all tested concentrations (Support-
ing Information Figure S1D). The cell death observed at the
IC50 rotenone concentration of 100 nM was prevented by
cotreatment of Yashtimadhu choorna extract at a 200 μg/mL
concentration, which was used for further treatments (Figure
1A). Cell death was also ascertained with the live−dead cell
staining assay (Figure 1B,C). Rotenone treatment increased
cell death (7.53-fold, p < 0.001), which was rescued by
Yashtimadhu choorna extract cotreatment (0.89-fold, p <
0.001), which is in agreement with the cytotoxicity analysis.
ERK-1/2 phosphorylation and cleaved-caspase-3 activation

are known to be induced by rotenone, which is also implicated
in neurodegeneration.29,30 Rotenone induced activation of
cleaved caspase-3 (2.22-fold, p < 0.05) and hyperphosphor-
ylation of ERK-1/2 (1.87-fold, p < 0.05) (Figure 1D−F).
Yashtimadhu choorna extract cotreatment encountered the
rotenone-induced caspase-3 activation (0.88-fold, p < 0.05)
and p-ERK-1/2 (0.58-fold, p < 0.01). These observations
confirm the neuroprotective effects of Yashtimadhu against
rotenone-induced stress by preventing p-ERK-1/2 activation
and subsequent apoptosis.
Quantitative Proteomics Highlights Differentially

Regulated Proteins. Quantitative proteomics was carried
out to identify the altered proteins with rotenone treatment
alone and restoration of those by cotreatment with
Yashtimadhu choorna extract. The data were acquired for
the biological duplicates, as technical triplicates each (Figure
2A). The workflow used for filtering proteins based on their
identification from the independent replicates is outlined in
Figure 2B. We obtained around 1.5 million tandem mass

spectrometry (MS/MS) spectra, which provided 565,008
PSMs upon searching the MS/MS data against the database
(human RefSeq109). These PSMs corresponded to 30,554
nonredundant peptides, identifying 4864 protein sequences
corresponding to 4783 genes. Proteins commonly identified in
both the biological replicates were considered, resulting in
3762 proteins. Also, proteins with PSMs < 4 were filtered out,
and a list of 3720 resultant proteins (corresponding to 3673
gene symbols) was used for subsequent analysis (Supporting
Information Table S1). The fold change (FC) of these 3720
proteins, along with their respective p-values and q-values, is
deposited in the PRIDE repository.
Principal component analysis (PCA) was carried out to

identify the variance across the four groups. The score plot
(Figure 3A) shows the clustering of the groups based on the
biological replicates. Rotenone treatment showed the maximal
variation in comparison with the untreated cell control group.
In contrast, the Yashtimadhu choorna extract cotreatment
group showed a minimum variance compared with the
untreated cells, indicating the restoration of altered protein
dynamics.
The FC of protein expression was calculated with respect to

the untreated cell control (C) and rotenone (R). A FC cutoff
of ≥1.25 for overexpression and ≤0.8 for the downregulation
of proteins was selected to be biologically significant, and an
adjusted p-value, that is, q ≤ 0.05, was selected for statistical
significance. A similar range of FCs has been previously
reported by studies using isobaric labeling.31−35 Rotenone
treatment highlighted 421 differentially regulated proteins (FC

Figure 2. Summary of proteomics analysis. (A) Schematic of
workflow employed for proteomics data acquisition. Labels: C-
untreated cells, R-rotenone treatment, RYrotenone + Yashtimadhu
choorna extract cotreatment, and YYashtimadhu choorna extract
treatment and (B) schematic of the workflow used for proteomics
data analysis.
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Figure 3. Differential regulation of proteins. (A) PCA score plot showing the variability between the groups and within the biological replicates,
(B) scatter plot showing rotenone-induced differential expression, and (C) Venn diagram showing the restoration of proteins with Yashtimadhu
choorna cotreatment. Labels: C-untreated cells, R-rotenone treatment, RYrotenone + Yashtimadhu choorna extract cotreatment, and Y
Yashtimadhu choorna extract treatment.

Figure 4. Rotenone-induced differential protein expression. (A) Volcano plot displaying the differentially altered proteins with rotenone treatment,
with respect to control group (R vs C), (B) chord plot showing the classification of differentially regulated proteins and their log 2FC, (C) heat
map showing the differential expression of the highly upregulated (FC ≥ 1.5) and downregulated (FC ≤ 0.67) proteins, with respect to that of the
control group. Labels: C-untreated cells and R-rotenone treatment.
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≥1.25 or ≤0.8), of which 144 were significantly altered (q ≤
0.05, with respect to untreated cell control, Figure 3B).
Yashtimadhu choorna extract cotreatment was found to
significantly regulate 88 proteins (q ≤ 0.05, with respect to
rotenone), which included restoration of 84 proteins that were
dysregulated by rotenone and an additional regulation of 4
proteins (Figure 3C).
Classification of Identified Proteins. Proteins were

classified based on their intracellular compartmentalization
and biological processes to understand the relevance of the
differentially regulated proteins in the context of PD. Proteins
were localized in the cytoplasm and nucleus, followed by
exosomes, mitochondria, lysosomes, and ER. The proteins
identified were also involved in processes such as cellular and
protein metabolism, energy pathways, and cell proliferation.
Additionally, proteins were also classified using publicly

available databases, such as MitoCarta, The Autophagy
database, and the E3-ligases databases. The proteins regulating
mitochondrial processes and energy pathways, ER function,
autophagy, metabolism of proteins and lipids, cell proliferation,
DNA repair, and replication were further shortlisted to

understand the effect of rotenone and rescue by Yashtimadhu
choorna extract cotreatment.

Rotenone Dysregulates Proteins Involved in Vital
Functions. The extent of cellular damage as a result of
rotenone was earlier ascertained with molecular assays, and the
proteomics data were used to gain deeper insights into
rotenone-induced cellular stress. Rotenone treatment resulted
in 30 overexpressed (≥1.25, q < 0.05) and 114 downregulated
(≤0.8, q < 0.05) proteins (Figure 4A). Mitochondrial
dysfunction, ER stress, and autophagy dysregulation drive
neuronal cell death, leading to the onset and progression of
PD.36−38 Rotenone treatment altered the proteins involved in
mitochondrial functions, ER functions, and autophagy. Altered
mitochondrial proteins include those involved in the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation
(OxPhos), among others (Figure 4B). The expression of these
classified proteins with respect to control is also depicted in the
chord diagram (Figure 4B). A heat map showing the
expression of the highly overexpressed (FC ≥1.5, q ≤ 0.05)
and downregulated ( FC ≤0.67, q ≤ 0.05) proteins with
rotenone treatment is given in Figure 4C.

Figure 5. Yashtimadhu choorna extract cotreatment restores differentially regulated proteins. (A) Volcano plot displaying the differentially altered
proteins with Yashtimadhu choorna extract cotreatment with rotenone, with respect to the rotenone group (RY vs R), (B) Sankey diagram showing
the classification of differentially regulated proteins, and (C) heat map showing the differential expression of the proteins classified across all four
groups, with respect to control. Labels: C-untreated cells, R-rotenone treatment, RYrotenone + Yashtimadhu choorna extract cotreatment, and
YYashtimadhu choorna extract treatment.
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OxPhos proteins such as ubiquinol-cytochrome c reductase
hinge protein (UQCRH), NADH: ubiquinone oxidoreductase
subunit-AB1 (NDUFAB1), and TCA cycle protein, dihydro-
lipoamide dehydrogenase were downregulated. Rotenone also
affected the expression of ER proteins such as signal
recognition particle 9 (SRP9), calumenin (CALU), eukaryotic
translation initiation factor 2B subunit delta (EIF2B4), and
autophagy proteins, 1-phosphatidylinositol 4,5-bisphosphate
phosphodiesterase eta-1 (PLCH1) and cathepsin D (CTSD).
The findings indicate mitochondrial dysfunction, autophagy
dysregulation, and ER stress, which, as a result of rotenone, is
reported to be a driving factor in neuronal apoptosis.25,39,40

Yashtimadhu Restores Proteins Involved in Cellular
Stress Response. We have compared the Yashtimadhu
choorna extract cotreatment group with the rotenone treat-
ment group for differentially regulated proteins, which have
been highlighted in a volcano plot (Figure 5A). The
differentially regulated proteins are involved in mitochondrial
functions, including the proteins in OxPhos and TCA cycle,
ER and autophagy functions, cell proliferation, DNA repair,
and DNA replication (Figure 5B). The proteins differentially
regulated with Yashtimadhu choorna extract cotreatment are
listed in Table 1 and heat map (Figure 5C).
Yashtimadhu Regulates Pathways Essential for

Neuronal Maintenance. Protein dynamics play a crucial
role in the regulation of several cellular pathways. From the
pathway enrichment analysis using the Enrichr and Reactome
tools, significant pathways were identified (p < 0.05) and were

narrowed down to essential pathways, such as essential
neuronal functions, metabolism of proteins, and metabolism
of lipids. The proteins involved in these pathways are
summarized in Table 2. Regulation of apoptosis, dopaminergic
synapse, superoxide removal, mitochondrial functions, main-
tenance of myelin, axonal transport, and postsynaptic differ-
entiation was enriched. In addition to this, the regulation of
lipid and protein metabolism was also enriched.

Yashtimadhu Prevents Mitochondrial Dysfunction.
Mitochondrial dysfunction is attributed to increased oxidative
stress and loss of mitochondrial membrane potential and
results in activation of the apoptotic cascade in neurons.41 The
mitochondrial OxPhos complex-III protein, cytochrome b-c1
complex subunit 6 (UQCRH), plays a vital role in ATP
synthesis and maintenance of mitochondrial membrane
potential. Gene expression analysis points to the reduction of
UQCRH in the SNpc dopaminergic neurons of PD patients,42

correlating with the observation from rotenone treatment,
which was increased with Yashtimadhu choorna cotreatment.
Yashtimadhu also restored ATP synthase inhibitory factor
subunit 1 (ATP5IF1) and superoxide dismutase-1 (SOD1),
which are reported to be downregulated with rotenone.43

SOD1 quenches the reactive oxygen species (ROS) and
maintaining redox balance, and ATP5IF1 inhibits mitochon-
drial ATP synthase, that is, complex-V and maintains the
mitochondrial membrane potential.44,45 The reduction in
ATP5IF1 is implicated in mitochondriopathies, while its
overexpression confers neuroprotection.45,46 Yashtimadhu

Table 1. Partial List of Proteins Regulated by Yashtimadhu with Their Respective FC and q-Valuesa

description accession gene symbol
rotenone,

FC
Yashtimadhu choorna extract

cotreatment, FC

Proteins Restored by Yashtimadhu
Proteins Overexpressed with Rotenone

pygopus homolog 2 NP_612157.1 PYGO2 5.09,* 0.96,#
X-ray radiation resistance-associated protein 1 isoform X10 XP_011543064.1 XRRA1 2.08,* 1.4,#
bromodomain-containing protein 9 isoform 1 NP_076413.3 BRD9 1.94,** 1.43,#
10 kDa heat shock protein, mitochondrial NP_002148.1 HSPE1 1.34,* 1.03,#
UDP-N-acetylhexosamine pyrophosphorylase-like protein 1 isoform
X1

XP_006717380.1 UAP1L1 1.39,* 0.99,#

1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase eta-1
isoform X5

XP_011510867.1 PLCH1 1.41,* 0.93,#

anillin isoform X1 XP_006715809.1 ANLN 1.41,* 1.13,#
ornithine aminotransferase, mitochondrial isoform 1 NP_001309897.1 OAT 1.38,* 1.31,#
tripartite motif-containing protein 65 isoform X1 XP_006721823.1 TRIM65 1.35,* 0.89,#
kallikrein-11 isoform X1 XP_011524671.1 KLK11 1.32,* 0.76,#

Proteins Downregulated with Rotenone
60S ribosomal protein L37 NP_000988.1 RPL37 0.67,* 0.89,#
superoxide dismutase 1 [Cu−Zn] NP_000445.1 SOD1 0.74,* 0.77,#
zinc finger Ran binding domain-containing protein 2 isoform 1 NP_976225.1 ZRANB2 0.76,* 0.85,#
histone H1.3 NP_005311.1 H1-3 0.76,*** 0.84,#
CD59 glycoprotein NP_001120699.1 CD59 0.76,*** 0.89,#
nucleolin NP_005372.2 NCL 0.77,* 0.83,#
CALU isoform c NP_001186600.1 CALU 0.77,** 0.88,#
Src substrate cortactin isoform a NP_005222.2 CTTN 0.78,*** 0.84,###
SH3 domain binding glutamic acid-rich-like protein NP_003013.1 SH3BGRL 0.79,** 0.86,#
ashwin isoform X1 XP_024308903.1 C2orf49 0.79,** 0.89,#

Proteins Additionally Regulated by Yashtimadhu
leucine-rich repeat-containing protein 14 NP_001258965.1 LRRC14 1.51,ns 0.97,#
pleckstrin homology-like domain family A member 3 NP_036528.1 PHLDA3 1.02,ns 0.72,#
neurabin-2 NP_115984.3 PPP1R9B 0.95,ns 1.24,#
CD63 antigen isoform A NP_001244318.1 CD63 0.86,ns 1.16,#
a*, significance with respect to control; #, significance with respect to rotenone. *,#, q ≤ 0.05; **,##, q ≤ 0.01; and ***,###, q ≤ 0.005.
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also countered rotenone-induced increase of chaperonin, that
is, heat shock protein-10 kDa (HSPE1) that helps in the
folding of mitochondrial proteins.47 Rotenone-mediated
increase of HSPE1 is reported to be involved in caspase-3
activation and neuron death.48,49 From these observations, it
can be inferred that Yashtimadhu prevented cleaved caspase-3-
mediated apoptosis by restoring the mitochondrial proteins
involved in redox balance, membrane potential, and regulation
of apoptosis.
Yashtimadhu Restores Proteins Involved in Lipid

Metabolism. The differentially expressed proteins with
Yashtimadhu choorna extract cotreatment were found to be
involved in the metabolism of phospholipid, sphingolipid,
cytidine diphosphate diacylglycerol (CDP-DAG), and choles-
terol metabolism. The proteins enriched were cytochrome 1-
acyl-sn-glycerol-3-phosphate acyltransferase 1 (AGPAT1),
P450 family 51 subfamily A member 1, that is, lanosterol 14-
alpha demethylase (CYP51A1), and prosaposin (PSAP).
AGPAT1 is a lysophosphatidic acid acyltransferase that
regulates phospholipid and triglyceride levels in the brain,
while CYP51A1 is involved in cholesterol metabolism.50,51

Dysregulated lipid metabolism is associated with the
cytoplasmic accumulations of SNCA with other proteins and
lipids, leading to the formation of protein aggregates, that is,
Lewy bodies in PD.52 Lipidomic analysis of PD brains has
demonstrated an increase in cholesterol metabolism and
dysregulation of glycerophospholipid (CDP-DAG),53 signify-
ing the classification of PD as a lipidopathy.19 The
perturbations of lipid metabolism as a result of rotenone
exposure in SHSY5Y cells have also been reported.54 The
restoration of the proteins regulating lipid metabolism
highlights the protective effect of Yashtimadhu.

Interplay between Protein Translation and Degrada-
tion Mechanisms by Yashtimadhu. In our analysis, we also
enriched the proteins involved in protein translation and
degradation. ER plays a central role in protein dynamics in the
cell, regulating the translation, protein folding, trafficking, and
unfolded protein response (UPR).55 Yashtimadhu restored ER
proteins involved in translation and protein folding such as
eukaryotic translation initiation factor (EIF4B) and transla-
tional regulator 60S ribosomal protein L37 (RPL37). Protein
folding is a major determinant of its function, and with the
accumulation of unfolded or misfolded proteins, oxidative
stress and ER stress are induced. The ER stress results in the
activation of UPR, which plays an essential role in PD.56,57 In
response to the accumulation of unfolded proteins, the UPR
regulates signals that activate the protein degradation path-
ways, that is, autophagy and ubiquitin-proteasomal system
(UPS).57,58

Autophagy is a bulk degradation mechanism that degrades
proteins and damaged cell organelles. Autophagy initiation is
controlled primarily by mammalian target of rapamycin
(mTOR) and 5′ AMP-activated protein kinase (AMPK),
which in turn regulates the phosphorylation of ULK1/2.59,60

UPS is involved in clearing protein aggregates, which is carried
out by the 26s proteasomal system and is reported to act in
close association with the autophagy mechanism.61,62 Proteins
that are tagged by the E3-ubiquitin ligases are selected for
degradation.63 Yashtimadhu regulated autophagy proteins such
as 1-phosphatidylinositol-4,5-bisphosphate phosphodiesterase
(PLCH1), clathrins (CTLA and CTLB), and high mobility
group box 1 (HMGB1). E3-ligase-associated proteins, such as
BTB/POZ domain-containing adapter for CUL3-mediated
RhoA degradation (TNFAIP1), galectin-3 binding protein
(LGALS3BP), and tripartite motif-containing 65 (TRIM65),
were also restored by Yashtimadhu.
The enrichment analysis identified selective protein

degradation pathways such as autophagy and neddylation.
Neddylation is a degradation process similar to ubiquitination
that involves the addition of a NEDD8, whose activation has
been proven to be protective in PD.64 Aggrephagy is a form of
selective autophagy process that takes over the degradation of
the accumulated proteins when the cellular UPS fails.65,66 The
dysregulation of the protein degradation mechanism leads to
the accumulation of protein aggregates, which induce
apoptosis as a result of oxidative and ER stress in PD. The
regulation of the proteins involved in the translation and
degradation processes makes Yashtimadhu an attractive
candidate for neuroprotection.

Regulation of Transcription Factors by Rotenone and
Yashtimadhu. We enriched the transcription factors (TFs)
that control the expression of the differentially altered proteins
to understand the regulation of expression at the level of
transcription (Supporting Information Tables S2 and S3). The

Table 2. Cellular Pathways Regulated by Yashtimadhu

pathway name proteins

Neuronal Processes
dopaminergic synapse CALM3
axon guidance SDC2; CLTB; CLTA; RPL37
transmission across chemical
synapses

PRKAR1A; CALM3

neurotransmitter receptors and
postsynaptic signal transmission

PRKAR1A; CALM3

long-term potentiation CALM3
agrin in postsynaptic
differentiation

CTTN

synaptic vesicle cycle CLTB; CLTA
regulation of mitotic cell cycle SKP1
regulation of cell cycle NASP SKP1
mitochondrial transcription SSB
ROS degradation SOD1
apoptotic DNA fragmentation HMGB2; HMGB1

Protein Metabolism
protein metabolism EIF4B; HSPE1; SRSF1; NACA; TBCA;

SERPINA3; SKP1; RPL37; KLK11
translation initiation complex
formation

EIF4B

cap-dependent translation
initiation

RPL37; EIF4B

eukaryotic translation elongation
and termination

RPL37

protein processing in the ER SKP1
protein folding TBCA
UPR HDGF
activation of chaperones by
IRE1α

HDGF

autophagy HMGB1; PLCH1, CTLA, CTLB
neddylation DCUN1D3

Lipid Metabolism
metabolism of lipids PSAP; CYP51A1; AGPAT1
sphingolipid and
glycosphingolipid metabolism

PSAP

phospholipid and
glycerophospholipid
metabolism

AGPAT1

CDP-diacylglycerol biosynthesis AGPAT1
cholesterol biosynthesis CYP51A1
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proteins altered by rotenone treatment were found to be
regulated by 169 TFs. Similarly, the proteins restored by
Yashtimadhu were found to be regulated by 149 TFs. A list of
the top enriched TFs and the proteins regulated by them is
displayed in Table 3, which includes specificity proteins-1 and
4 (SP1 and SP4), early growth response-1 (EGR1), nuclear
respiratory factor-1 (NRF1), and Kruppel-like factor 7
(KLF7), to name a few. Some of the enriched TFs were
previously reported to be dysregulated in PD pathogenesis,
such as EGR1,67,68 NRF1,69 and ELK1.70 These TFs were
found to regulate proteins involved in autophagy, energy
pathways, and metabolism of proteins and lipids. The findings
show that Yashtimadhu helps in the regulation of TFs, which
in turn restores the proteins impacted by rotenone.
Molecular Network Involved in the Neuroprotective

Functions of Yashtimadhu. The functional significance of
the proteins regulated by Yashtimadhu cotreatment and their
cellular functions were established, and the protein−protein
interaction (PPI) network was constructed with STRING

(confidence score ≥ 0.7). The PPI analysis showed the
interactions between 31 out of the 84 proteins differentially
regulated by Yashtimadhu (Supporting Information Table S4).
We manually curated the molecular pathways that are
governed by the 31 proteins and rebuilt the interaction
network, highlighting the PPI and their interconnected
pathways (Figure 6).
The pathways regulated by the PPI were maintenance of

neuronal functions, protein translation, cellular signaling
(receptor tyrosine kinases, G-protein signaling, PI3K-AKT,
and mTOR signaling), ROS degradation, RNA metabolism,
energy pathway, autophagy, and apoptosis regulation, while the
proteins regulating lipid mechanism formed a unique cluster.
The network provides a snapshot of the proteins and their
functions, modulating the neuroprotective of Yashtimadhu,
against the rotenone-induced in vitro model of PD.

Validation of Neuroprotection Conferred by Yashti-
madhu. The MS-based analysis highlighted the proteins and
pathways regulated by Yashtimadhu, which were predom-

Table 3. List of TFs Regulating the Rotenone- and Yashtimadhu-Induced Differentially Expressed Proteins

TF
no. of proteins, regulated by

rotenone
no. of proteins, regulated by

Yashtimadhu representative proteins

SP1 64 39 NCL; CTTN; HMGB1; TPM3; PSAP; NASP; EIF4B; SOD1;
HSPE1

KLF7 45 31 FUS; PTMS; PDCD5; CD59; CIRBP; GAA; EWSR1; UQCRH
SP4 39 21 HMGN2; HMGB2; SET; NUCKS1; CIRBP; ITGA3; CLTB
EGR1 37 20 NASP; EIF4B; SRSF1; FUS; MARCKSL1; OAT; NACA
NFYA 33 17 LRRC14; TAF15; PRKAR1A; C12orf57; CLTA; ZRANB2; XRRA1
GABPA 27 16 TGOLN2; C12orf57; RPL37; CHCHD2; BICD2; C2orf49; BRD9
NRF1 22 15 PSAP; SSB; SRSF1; MARCKSL1; TBCA; PAGE5; PDCD5; GAA
YY1 22 15 CAPRIN1; TMSB4X; PRKAR1A; SRSF3; UQCRH; MORF4L1
ELK1 22 12 MT2A; TGOLN2; CLTA; RRP15; RPL37; CHCHD2; TNFAIP1
HNF4A 21 13 TPM3; HSPE1; FUS; HPCAL1; CALM3; SH3BGRL; CD59; ITGA3

Figure 6. Molecular network of Yashtimadhu-mediated neuroprotection. The interaction network of Yashtimadhu-regulated proteins and
interlinking pathways.
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inantly involved in mitochondrial functions. As stated earlier,
mitochondria regulate several cellular functions such as energy
production (TCA and OxPhos), maintenance of cellular redox,
and apoptosis. We validated some of the proteins and pathways
regulated by Yashtimadhu, which are involved in mitochondrial
homeostasis.
We selected enzymes that are involved in the regulation of

cellular redox (SOD1), TCA cycle [pyruvate dehydrogenase
E1 subunit α 1 (PDHA1), citrate synthase (CS), and isocitrate
dehydrogenase 1 (IDH1)], and apoptosis [voltage-dependent
anion-selective channel protein 1 (VDAC1) and apoptosis-
inducing factor mitochondrial 1 (AIFM1)]. The abundance of
these proteins from the MS-based proteomics is given in
Figure 7A. Immunoblotting analysis correlated with the
proteomics analysis and showed a decrease in SOD1 with

rotenone, which was subsequently restored by Yashtimadhu.
PDHA1, AIFM1, and VDAC1 were also increased in rotenone
that was restored by Yashtimadhu (Figure 7B,C). CS and
IDH1 did not show significant changes in their expression
patterns across the treatment conditions. VDAC is located on
the mitochondrial outer membrane, forming channels for the
transport of metabolites. It also plays a prime role in apoptosis
by facilitating the release of proapoptotic proteins such as
cytochrome-C and AIFM1, initiating apoptosis.71 Rotenone-
mediated increase in VDAC and AIFM1 suggests activation of
apoptosis as a result of mitochondrial dysfunction, which is
prevented by Yashtimadhu.
Rotenone-induced reduction in SOD1 levels was reported

earlier, which also led to increased oxidative stress.43 Our
pathway analysis also pointed to the regulation of cellular ROS

Figure 7. Validation of proteins and pathways regulated by Yashtimadhu. (A) Heat map showing the FC abundances of selected proteins from MS
data, (B) immunoblotting analysis of proteins involved in mitochondrial health, (C) densitometry analysis showing the expression of the proteins,
(D) cellular ROS staining using DCFDA (green) and counterstain HOECHST (blue), and (E) graphical representation of ROS production in the
cells. *, significant with respect to control; #, significant with respect to rotenone. *,#, p ≤ 0.05; **,##, p ≤ 0.01. Labels: C-untreated cells, R-
rotenone treatment, RYrotenone + Yashtimadhu choorna extract cotreatment, and YYashtimadhu choorna extract treatment.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c03420
ACS Omega 2020, 5, 26611−26625

26619

Page  78

https://pubs.acs.org/doi/10.1021/acsomega.0c03420?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03420?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03420?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03420?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03420?ref=pdf


degradation. We used 2′,7′-DCFDA (2′,7′-dichlorofluorescein
diacetate) staining dye to observe the cellular ROS, which was
increased with rotenone decreased with Yashtimadhu choorna
extract cotreatment. Also, alteration in PDHA1 is implicated in
ER stress before induction of mitochondrial dysfunction,72 and
an increase in PDHA1 is also associated with increased ROS
production.73 Our observations of ROS correlated with the
reduced SOD1 levels with rotenone, indicating that the action
of Yashtimadhu is by modulating SOD1 and PDHA1 levels
and regulating cellular ROS degradation. The Yashtimadhu-
mediated reduction in cellular ROS prevents cell death by
preventing mitochondrial dysfunction and subsequent release
of apoptotic factors.

■ CONCLUSIONS

This study provides invaluable information on the neuro-
protective properties of Yashtimadhu choorna against
rotenone-induced PD model using quantitative proteomics.
Yashtimadhu restored functions that are dysregulated in PD,
such as mitochondrial function, ER health, protein, and lipid
metabolism. The findings of this study enabled us to
understand the proteins involved in rotenone-induced neuro-
toxicity that was counteracted by Yashtimadhu. Analysis of the
restored proteins enabled the identification of molecular
networks involved in the neuroprotective functions of
Yashtimadhu. Validation of the proteins and pathways
regulated by Yashtimadhu shows that it confers neuro-
protection by the restoration of cellular redox potential and
maintaining mitochondrial health, thereby preventing subse-
quent neuronal apoptosis. The identified proteins can be
developed as molecular targets for neuroprotection against PD.
Our study opens new avenues in understanding and

deciphering the molecular mechanisms of traditional medicine
in combating neurodegenerative disorders. This omics-aided
approach can be envisaged for molecularization of Indian
Ayurvedic formulation-based therapeutic interventions.

■ METHODS

Reagent Procurement. Rotenone (Cat# R8875), retinoic
acid (Cat# R2625), collagen (Cat# C9791), thiazolyl blue
tetrazolium bromide (MTT, Cat# M5655), bisBenzimide H
33342 (HOECHST, Cat# B2261), 2′,7′-dichlorodihydrofluor-
escein (DCFDA, Cat# D6883), iodoacetamide (Cat# I6125),
and DL-dithiothreitol (Cat# D9779) were procured from
Sigma-Aldrich, St. Louis, USA. Dulbecco’s modified Eagle
medium (DMEM) high glucose (Cat#12100046), fetal bovine
serum (FBS), and 100× antibiotic/antimycotic solution (Cat#
15240062) were purchased from Gibco. Pierce BCA protein
estimation assay kit (Cat# 23225), Pierce Peptide estimation
assay kit (Cat# 23275), and TMT 10plex kit (Cat# 90110)
were procured from Thermo Fisher Scientific USA. Antibodies
were purchased from Cell Signaling Technology, Danvers,
USA, and Sigma-Aldrich, St. Louis, USA. Nitrocellulose
membrane (Cat# 1620115) and Clarity ECL Substrate
(Cat# 170-5061) were purchased from BioRad Laboratories,
California, USA, and X-ray films from Carestream, USA.
TPCK-treated trypsin (Cat# LS003741) was from Worthing-
ton Biochemical Corporation, USA. Solid-phase extraction
disks, C-18 (Cat# 66883-U), and SCX (Cat# 66889-U) were
procured from Empore, USA.
Procurement of Yashtimadhu Choorna. Yashtimadhu

choorna (lot no.64) was procured from the SDP Remedies and

Research Centre, Puttur, Karnataka, India (http://
sdpayurveda.com/products/choorna/yastimadhu-choorna/), a
GMP-certified manufacturer of Ayurvedic formulations, and a
specimen is maintained at the center with the identification
number SDP/YM/001-2017. The industrial process includes
shade-net drying and vacuum drum drying of Yashtimadhu
roots, followed by pulverization of the dried roots and sieving,
resulting in the fine powder, with a yield of 90%. Yashtimadhu
choorna was procured, and the presence of lead molecules,
glabridin (specific for G. glabra), glycyrrhizic acid, and
licoricesaponin-G2 was confirmed using liquid chromatog-
raphy−MS/MS (LC−MS/MS) analysis using QTRAP-6500,
ABSCIEX. The compounds were identified based on the MS/
MS fragment spectra, matched to the theoretical spectra
generated using CFM-ID,74 and detailed in Supporting
Information Table S5.

Yashtimadhu Choorna Extract Preparation for Cell
Culture Analysis. Yashtimadhu choorna extract for cell
culture treatment was prepared using an aqueous (water)
extraction method. Yashtimadhu choorna, 1 g, was suspended
in 10 mL of Milli-Q water (concentration, 0.1 g/mL) and
incubated overnight at room temperature with continuous
rotation. The extraction mixture was then centrifuged at 5000g
for 10 min. The centrifugation was repeated for complete
aspiration of the supernatant and transferred to a fresh tube.
The aqueous extract was then dried using SpeedVac (Savant,
Thermo Fisher Scientific, USA) and stored at −20 °C until
further use. The dried extract was resuspended in serum-free
cell culture media before treatment.

Cell Culture and Treatments. IMR-32 cells (ATCC
CCL-127) were procured from National Centre for Cell
Science (NCCS), Pune, India. The cells were maintained in
DMEM-high glucose supplemented with 10% FBS and 1×
antibiotic/antimycotic solution and were incubated at 37 °C
with 5% CO2. Differentiation of cells was carried out in a
collagen-coated 6-well plate, wherein the cells were seeded at a
density of 3 × 104 cells/well. The cells were treated with 10
μM retinoic acid supplemented in 2% FBS-containing medium,
for 9 days, for yielding a dopaminergic population. Differ-
entiation was confirmed with TH expression (Supporting
Information Figure S1A,B).
For MTT assay, 5000 cells/well were seeded in a 96-well

plate and treated with different concentrations of rotenone
(0.25, 0.5, 1, 10, 100, 200, 500, 1000, and 10000 nM) and
Yashtimadhu choorna extract (50, 100, 200, 500, 1000, and
1500 μg/mL) for 48 h. MTT dye was added to the cells and
incubated for 4 h. The resultant formazan crystals were
dissolved using 50:50 of ethanol/dimethyl sulfoxide (DMSO)
solution and read at 570 nm and background subtraction at
650 nm. Cell viability was calculated and represented as a
percentage with respect to the untreated cells. The
concentrations of rotenone and Yashtimadhu were determined
from the results of the cytotoxicity assay. The differentiated
cells were treated with (i) 100 nM rotenone (dissolved in
DMSO), (ii) 200 μg/mL Yashtimadhu choorna extract, and
(iii) 100 nM rotenone + 200 μg/mL Yashtimadhu choorna
extract for 48 h, and untreated cells were taken as a control.

Cell Staining Assays. IMR-32 cells were seeded at 1 × 104

cells/well in 12-well plates, differentiated, and treated with
rotenone (100 nM), Yashtimadhu choorna extract (200 μg/
mL), 100 nM rotenone + Yashtimadhu choorna extract
cotreatment for 48 h. The untreated cells were taken as a
control. Post-treatment, the medium was aspirated, and the
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cells were washed with 1× phosphate-buffered saline (PBS)
and treated with 20 μg/mL of PI for dead cells and 5 μg/mL of
HOECHST as a counter nuclear stain in serum-free media for
15 min.75 For staining of the intracellular ROS productions,
the cells were stained with DCFDA post-treatment with
rotenone, Yashtimadhu alone, and Yashtimadhu choorna
extract cotreatment. The cells were washed with 1× PBS and
stained with 25 μM of DCFDA and 5 μg/mL of HOECHST in
serum-free media and stained for 15 min in the dark. Imaging
was done with Zoe Imager, BioRad. The images were
processed, and analysis of live−dead staining and ROS staining
was measured using the ImageJ tool, NIH, USA.76 Cell
viability was calculated with respect to untreated cells, and %
ROS was calculated with respect to nuclear counterstained
cells.
Immunoblotting Analysis. IMR-32 cells were seeded at 3

× 104 cells/well in collagen-coated 6-well plates and differ-
entiated with retinoic acid. Rotenone (100 nM), Yashtimadhu
choorna extract (200 μg/mL), and 100 nM of rotenone +
Yashtimadhu choorna extract cotreatment was done for 48 h,
while untreated cells were taken as a control. Post-treatment,
the medium was removed, and the cells were washed with ice-
cold 1× PBS. The cells were scraped and harvested in a lysis
buffer containing 4% sodium dodecyl sulfate (SDS) in 50 mM
triethylammonium bicarbonate (TEABC), with sodium
orthovanadate (1 mM), sodium pyrophosphatase (2.5 mM),
and beta-glycerophosphate (1 mM). The lysates were probe-
sonicated on ice using Q-Sonica (Cole-Parmer, India) and
heated at 95 °C on a dry bath for 10 min, followed by
centrifugation at 12,000g for 20 min. The supernatant was
aspirated into a new tube, and the protein concentration was
estimated using the BCA protein estimation assay kit.
Immunoblotting was performed as described previously.77

Briefly, an equal amount of protein was loaded across all
treatments, electrophoretically resolved, and transferred onto
the nitrocellulose membrane. The membranes were probed for
the following proteins, with their dilution factors used for
analysis, cleaved caspase-3 (1:1000), p-ERK1/2 (T202/Y204,
1:1000), TH (1:1000), SOD1 (1:1000), VDAC1 (1:1000),
AIFM1 (1:1000), PDHA1 (1:1000), CS (1:1000), and IDH1
(1:1000), while β-actin (HRP-conjugated, 1:50,000) was used
as a loading control. The blots were then incubated with the
respective secondary antibodies (1:3000 dilution) and washed
prior to imaging. Immunoreactive protein bands were
visualized with Clarity ECL Substrate and captured onto X-
ray films. The X-ray films were scanned, and densitometry
analysis was carried out with ImageJ software, NIH, USA.76

The area under the curve was used to calculate protein
expression, normalized with β-actin, and expressed as FC with
respect to control.
Proteomics Sample Preparation. IMR-32 cells were

seeded at 1 × 105 cells/plate in 10 cm collagen-coated plates
and differentiated with retinoic acid. Differentiated IMR-32
cells were treated with rotenone (100 nM), rotenone (100
nM) + Yashtimadhu choorna extract (200 μg/mL) cotreat-
ment, and Yashtimadhu choorna extract (200 μg/mL) alone.
The untreated cells were taken as a control. The cells were
treated as independent biological duplicates and harvested.
Briefly, the cells were washed thrice in ice-cold 1× PBS and
scraped-off with lysis buffer [4% SDS in 50 mM TEABC with
sodium pyrophosphate (2.5 mM), sodium orthovanadate (1
mM), and β-glycerophosphate (1 mM)], and the lysate was
prepared as mentioned above. Protein concentration was

estimated using the BCA assay, and the same was confirmed
visually resolving on a 10% SDS-polyacrylamide gel electro-
phoresis (PAGE) gel. Based on the protein concentrations, 300
μg of protein from each treatment was taken, reduced with
dithiothreitol, and alkylated with iodoacetamide. The proteins
were then precipitated with ice-cold acetone overnight at −20
°C. Precipitated proteins were reconstituted in 50 mM of
TEABC and digested with TPCK-trypsin overnight at a ratio
of 1:20 of enzyme/protein at 37 °C.32 Digestion efficiency was
evaluated by resolving the samples on 10% SDS-PAGE. The
peptides were dried overnight in SpeedVac and stored at −20
°C until labeling.

Tandem Mass Tag Labeling. Peptide samples were
reconstituted in 50 mM of TEABC, and their concentrations
were estimated with the Pierce Peptide estimation kit. The
peptide sample (50 μg) from each condition was used for
labeling, with labels from the TMT 10plex kit. Peptides from
the four different samples were labeled as follows: (i) untreated
cells (C), (ii) 100 nM rotenone (R), (iii) 100 nM rotenone +
200 μg/mL Yashtimadhu choorna extract (RY), and (iv) 200
μg/mL Yashtimadhu choorna extract (Y), with four labels from
the TMT 10plex kit, viz., 126 for C, 127N for R, 128C for RY,
and 129N for Y. Both the biological replicates were
independently labeled using the manufacturers’ protocol. The
TMT labels were reconstituted in anhydrous acetonitrile
(ACN) and vortexed for dissolution. The respective TMT tags
were added to both the replicates and incubated at room
temperature for 1 h and quenched by adding 8 μL of 5%
hydroxylamine. The samples were pooled and dried overnight
using SpeedVac. The dried samples were stored at −20 °C
until peptide fractionation.

Peptide Fractionation and Clean-Up. Peptide fractio-
nation was carried out using a strong cation exchange (SCX)
Stage Tip protocol as previously described.78 Briefly, the SCX
material was stacked onto 200 μL tips and activated with 100%
ACN, followed by equilibration with 2% trifluoroacetic acid
(TFA). Peptides were reconstituted in 2% TFA and loaded
onto the Stage Tips. The flow-through was passed twice,
followed by washing with 0.2% TFA. Elution was carried out
with different concentrations of ammonium acetate in ACN
(50, 75, 125, 200, and 300 mM) into five separate fractions,
and the sixth fraction was collected in 5% ammonium
hydroxide with 80% ACN. The six fractions were collected
in individual tubes and dried.
Peptide desalting was carried out with the C-18 Stage Tip

method, as described previously.79 The C-18 material was
stacked onto 200 μL tips, activated with 100% ACN, and
equilibrated with 0.1% formic acid. Fractionated peptide
samples were reconstituted in 0.1% formic acid and loaded
onto the C-18 material, and the flow-through was passed twice,
followed by washing with 0.1% formic acid and elution with
40% ACN in 0.1% formic acid. The dried fractions were stored
at −20 °C until MS analysis.

LC−MS/MS Analysis. LC−MS/MS analysis was carried
out using an Orbitrap Fusion Tribrid mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) coupled with an
Easy-nl C1200 nanoflow UHPLC (Thermo Scientific, Odense,
Denmark). The fractionated and dried peptides were
reconstituted using 0.1% formic acid and introduced into the
nanoViper trap column (75 μm × 2 cm and 3 μm, C18)
(Thermo Fisher Scientific). Peptides were resolved on an
EASY-Spray C18 Column (75 μm × 50 cm, 275 μm, 100 Å)
maintained at a temperature of 40 °C. A gradient of 5−35%

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c03420
ACS Omega 2020, 5, 26611−26625

26621

Page  80

http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03420?ref=pdf


solvent B (0.1% formic acid in 80% ACN) at a flow rate of 300
nL/min for 110 min was used for peptide resolution. A total
run time of 140 min, inclusive of the column conditioning and
sample loading, was used for the LC−MS/MS analysis.
The data-dependent acquisition was carried out within a

mass range of 400-1600 m/z in the Orbitrap mass analyzer at a
resolution of 120,000 at 200 m/z. Most intense precursor ions
were selected for MS/MS fragmentation at a top speed data-
dependent mode with a maximum cycle time of 3 s. Higher
collision energy dissociation (HCD) fragmentation mode with
a normalized collision energy of 35% was used in a scan range
of 400−1600 m/z at a resolution of 60,000 at 200 m/z using
the Orbitrap mass analyzer. Peptide charge states were set to
2−6, and a dynamic exclusion at 30 s, with a 10 ppm mass
window, was used. Data acquisition was carried out in
technical triplicates for both the biological replicates.
Database Search for Peptide and Protein Identifica-

tion. MS raw data files were processed using Proteome
Discoverer, version 2.2 (Thermo Fisher Scientific, Bremen,
Germany). The data were searched against the human protein
database RefSeq109 along with known contaminants (con-
taining 81,096 entries and 116 contaminants), using
SequestHT and MASCOT search algorithms. The search
parameters were used as follows: a minimum peptide length of
seven amino acids, with trypsin as the proteolytic enzyme and
one missed cleavage. Precursor and fragment level mass
tolerances were set at 10 ppm and 0.05 Da, respectively. TMT-
modification at the peptide N-terminus and lysine residues and
carbamidomethylation of cysteine were set as fixed mod-
ifications. Oxidation of methionine, protein N-terminal
acetylation, was set as a dynamic modification. The percolator
node in the consensus workflow was used to compute the false
discovery rate (FDR), applied at 1% at the peptide and PSM
level. Data normalization was carried out on the total peptide
amount using Proteome Discoverer.
Data Analysis. The results file from Proteome Discoverer

was used for further analysis. Perseus80 was used for PCA,
computing the FC, and its respective logarithmic value at base-
2 (log2 FC), which was used for calculating the p-value and
Benjamini−Hochberg FDR-corrected p-value, that is, the q-
value. Morpheus, Broad Institute (https://software.
broadinstitute.org/morpheus/), was used for generating heat
maps. Sankey diagram was generated using an online Sankey
generator (http://sankey-diagram-generator.acquireprocure.
com/). Proteins were classified and categorized based on
Gene Ontology analysis using FunRich81 and pathway analysis
using Enrichr (https://amp.pharm.mssm.edu/Enrichr/)82 and
Reactome83 online tools. The proteins identified were also
classified based on comparison with databases such as
MitoCarta, version 2.0,84 The Autophagy Database,85 and
the E3-ligases Database.63 PPI network analysis was carried out
with STRING.86

Data Records. The MS raw data and the Proteome
Discoverer-searched data were submitted to the ProteomeX-
c h a n g e Con s o r t i um (h t t p : / / p r o t e ome c e n t r a l .
proteomexchange.org) via the PRIDE repository87 with the
data set identifier PXD019672.
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■ ABBREVIATIONS

PD Parkinson’s disease
ERK-1/2 extra cellular signal-regulated kinase-1/2
ER endoplasmic reticulum
SNPc substantia nigra pars compacta
SNCA α-synuclein
PARK parkin
LRRK leucine-rich repeat kinases
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
cl_Cas3 cleaved caspase-3
TH tyrosine hydroxylase
SOD1 superoxide dismutase 1
PHDA1 pyruvate dehydrogenase E1 subunit α 1
CS citrate synthase
IDH1 isocitrate dehydrogenase 1
VDAC1 voltage-dependent anion-selective channel protein

1
AIFM1 apoptosis-inducing factor mitochondrial 1
OxPhos oxidative phosphorylation
TCA tricarboxylic acid
CDP-DAG cytidine diphosphate diacylglycerol
UPR unfolded protein response
ROS reactive oxygen species
DCFDA 2′,7′-dichlorodihydrofluorescein
TF transcription factors
FC fold change
FDR false discovery rate
TMT tandem mass tags
HCD higher collision energy dissociation
LC liquid chromatography
MS mass spectrometry
MS/MS tandem mass spectrometry
ACN acetonitrile
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Prevention of MEK-ERK-1/2 hyper-activation underlines the 
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A B S T R A C T   

Ethnopharmacological relevance: Yashtimadhu choorna (powder) is prepared from the dried root of Glycyrrhiza 
glabra L., commonly known as licorice. The Indian Ayurvedic system classifies Yashtimadhu as a Medhya 
Rasayana that can enhance brain function, improves memory, and possess neuroprotective functions, which can 
be used against neurodegenerative diseases like Parkinson’s disease (PD). 
Aim of the study: We aimed to decipher the neuroprotective effects of G. glabra L., i.e., Yashtimadhu, in a 
rotenone-induced PD model. 
Materials and methods: Retinoic acid-differentiated IMR-32 cells were treated with rotenone (PD model) and 
Yashtimadhu, and were assessed for cellular toxicity, live-dead staining, cell cycle, oxidative stress, protein 
abundance, and kinase phosphorylation. 
Results: Yashtimadhu conferred protection against rotenone-induced cytotoxicity, countered cell death, reduced 
expression of pro-apoptotic proteins (cleaved-caspases-9, and 3, cleaved-PARP, BAX, and BAK) and increased 
anti-apoptotic protein, BCL-2. Rotenone-induced cell cycle re-entry (G2/M transition), was negated by Yashti-
madhu and was confirmed with PCNA levels. Yashtimadhu countered rotenone-mediated activation of mito-
chondrial proteins involved in oxidative stress, cytochrome-C, PDHA1, and HSP60. Inhibition of rotenone- 
induced ERK-1/2 hyperphosphorylation prevented activation of apoptosis, which was confirmed with MEK- 
inhibitor, highlighted the action of Yashtimadhu via ERK-1/2 modulation. 
Conclusions: We provide the evidence for neuroprotection conferred by G. glabra L. (Yashtimadhu) and its 
mechanism via inhibiting MEK-ERK-1/2 hyper-phosphorylation, prevention of mitochondrial stress, and sub-
sequent prevention of apoptosis. The study highlights Yashtimadhu as a promising candidate with neuro-
protective effects, the potential of which can be harnessed for identifying novel therapeutic targets.   

1. Introduction 

Parkinson’s disease (PD) is an age-related progressive neurodegen-
erative motor disorder associated with selective loss of dopaminergic 
neurons from Substantia Nigra pars compacta (SNpc). PD is reported to 
affect 2–3% of the world elderly population (>65 years) of age (Poewe 
et al., 2017). The onset of Familial PD is generally due to genetic mu-
tations, while sporadic PD is attributed to environmental, biochemical, 

and molecular aspects that dysregulate neuron functions (Kalia and 
Lang, 2015; Zeng et al., 2018). The known molecular mechanisms that 
lead to the death of dopaminergic neurons are; protein aggregation 
(Lewy body formation), mitochondrial stress, oxidative stress, dopamine 
quinones, microglial activation, and subsequent neuroinflammation 
(Kalia and Lang, 2015; Poewe et al., 2017). Management of PD primarily 
includes levodopa, dopamine agonists, monoamine oxidase inhibitors, 
and deep-brain stimulation (Poewe et al., 2017; Ray Chaudhuri et al., 
2016). Prolonged usage of these PD medications has been reported to 
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cause several motor and non-motor side effects, eventually compro-
mising the quality of life of the patients (Chotibut et al., 2017; Kalinderi 
et al., 2019; Salat and Tolosa, 2013; Turcano et al., 2018). 

The use of traditional and complementary medicines has also been 
explored in search of sustainable therapeutics for the management of 
PD. The neuroprotective efficacy of several plant extracts was reported 
in several in vitro and in vivo models of PD (Hu et al., 2017; Ryu et al., 
2017; Silva et al., 2016). 

The Indian Ayurvedic system classifies plants with nootropic and 
neuroprotective properties as Medhya Rasayana, including Yashti-
madhu, Glycyrrhiza glabra L.; Mandukaparni, Centella asiatica, and 
Guduchi, Tinospora cordifolia (Sarokte and Rao, 2013). Yashtimadhu 
choorna (powder) is prepared from the dried root of Glycyrrhiza glabra L., 
commonly known as licorice (http://www.theplantlist.org/; https://m 
pns.science.kew.org; http://www.ayurveda.hu/api/API-Vol-1.pdf). 
The traditional uses of Yashtimadhu include several medicinal proper-
ties, such as gastro-protective effect (Asha et al., 2013; Nugroho et al., 
2016), hepatoprotective (Huo et al., 2011), nephroprotective 
(Mohamed, 2019), expectorant (Kuang et al., 2018), antiviral (Feng Yeh 
et al., 2013), immunomodulatory (El-Saber Batiha et al., 2020), and 
anti-angiogenic and antitumor properties (Sheela et al., 2006). 

Among its various benefits, Yashtimadhu is primarily known for its 
efficacy as a memory enhancer, neuroprotectant, and attenuating neu-
roinflammation (Cho et al., 2018; Cui et al., 2008; Sarokte and Rao, 
2013; Sheshagiri et al., 2015). The aqueous extract of Yashtimadhu has 
been reported to exhibit antioxidant properties and enhance learning 
and memory in the in vitro and in vivo models, respectively (Chakravarthi 
and Avadhani, 2013; Sharifzadeh et al., 2008; Upadhyay et al., 2020). A 
recent study has reported the administration of Yashtimadhu (licorice 
root formulation) as an adjuvant for the treatment of PD, resulting in 
alleviation of the PD symptoms (Petramfar et al., 2020). Although 
various research studies have widely reported the neuroprotective at-
tributes of Yashtimadhu, its mechanism of action remains largely 
unexplored. 

Dysregulation in the signaling events of kinases are reported to be 
involved in PD, which include extracellular signal-regulated kinase-1/2 
(ERK-1/2), c-Jun N-terminal kinase (JNK), P38 mitogen-activated pro-
tein kinase (P38-MAPK), phosphoinositide 3-kinase- protein kinase B 
(PI3K-AKT), and mammalian target of rapamycin (mTOR) (Gugliandolo 
et al., 2020; Ma et al., 2018; Sai et al., 2009; Wu et al., 2013). ERK-1/2 is 
a MAPK family member, which plays a pivotal role in memory and 

synaptic plasticity (Sweatt, 2004), regulating the cellular redox poten-
tial, caspase-activation, and cell cycle, which decide the neuronal 
cellular fate (Modi et al., 2012; Song et al., 2020; Tang et al., 2002). 

In this study, we sought to demonstrate the neuroprotective function 
of Yashtimadhu in the cellular model of PD generated using rotenone 
(Chia et al., 2020; Li et al., 2003). The neuroprotective function of 
Yashtimadhu was evaluated in terms of cytotoxicity, oxidative stress, 
apoptosis, cell cycle regulation, mitochondrial proteins, and dysregu-
lated signaling. Our study describes the regulation of the MEK-ERK-1/2 
pathway in the neuroprotective functions of Yashtimadhu against the 
rotenone-induced PD model. 

2. Materials and Methods 

2.1. Materials 

Rotenone, HOECHST-33342, Propidium iodide, Collagen, MTT (3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide), Retinoic 
acid, and 2′,7′-Dichlorofluorescein diacetate (DCFDA), were procured 
from Sigma-Aldrich, St. Louis, USA. BCA assay kit, Thermo Fisher Sci-
entific, Massachusetts, USA. MEK inhibitor U0126, Tocris Bioscience, 
Bristol, United Kingdom. DMEM high glucose media, fetal bovine serum 
(FBS), and 100X antibiotic/antimycotic solution, Gibco, ThermoFicher 
Scientific USA. Antibodies were procured from Cell Signaling Technol-
ogy, Danvers, USA, Santa-Cruz Biotechnology, USA, and Sigma-Aldrich, 
St. Louis, USA. Nitrocellulose membrane and Clarity ECL Substrate, 
BioRad Laboratories, California, USA, and X-ray films, Carestream, USA. 

2.2. Glycyrrhiza glabra L. powder (Yashtimadhu choorna) procurement 
and authentication 

Glycyrrhiza glabra L. in English is known as licorice/liquorice and is 
commonly known in India as Yashtimadhu (http://www.theplantlist. 
org/). The root powder of Yashtimadhu (Lot No.64) was procured 
from SDP Remedies and Research Centre, Puttur, Karnataka, India, a 
GMP-certified Ayurvedic product manufacturer (http://sdpayurveda. 
com/products/choorna/yastimadhu-choorna/). G. glabra L. root was 
collected and authenticated by Dr. Harikrishna Panaje, SDP Remedies 
and Research Centre, and a specimen is also maintained in the centre, 
with the identifier SDP/YM/001–2017. The industrial process included 
the following steps; the roots of G. glabra L. were washed, dried under 

Abbreviations 

PD Parkinson’s disease 
FBS Fetal Bovine Serum 
PBS Phosphate buffered saline; 
BCA Bicinchoninic acid 
ROS Reactive oxygen species 
DMSO dimethylsulfoxide 
PARP Poly-ADP-ribose-polymerase 
PCNA Proliferating cell nuclear antigen 
BCL-2 B-cell lymphoma-2 
BAX BCL2-associated-X protein 
BAK1 BCL2-antagonist/killer-1 
PDHA1 Pyruvate dehydrogenase-E1 alpha-1 
SOD1 Superoxide dismutase-1 
HSP60 Heat shock protein-60 
ERK-1/2 Extracellular-signal-regulated kinase-1/2 
ms milli second 
IDA Information dependent acquisition 
EMS Enhanced mass spectra 
EPI Enhanced product ion 

CAD Collisionally activated dissociation 
DP Declustering potential 
CE Collision energy 
TH tyrosine hydroxylase 
CFM-ID Competitive Fragmentation Modeling-ID 
RRHD Rapid Resolution High Definition 
m/z mass to charge ratio 
KEGG Kyoto Encyclopedia of Genes and Genomes 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium- 

bromide) 
DCFDA 2′,7′-Dichlorofluorescein diacetate (DCFDA) 
SNpc Substantia nigra pars compacta 
SNCA α-synuclein 
PRKN parkin 
LRRK leucine-rich repeat kinases 
JNK c-Jun N-terminal kinase 
P38-MAPK P38 mitogen-activated protein kinase 
PI3K phosphoinositide 3-kinase 
AKT protein kinase B 
mTOR mammalian target of rapamycin 
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine  
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shade-net, and followed by vacuum-drum drying. Dried roots were 
pulverized and sieved to obtain a fine powder of Yashtimadhu root, with 
a yield of about 90%. 

2.3. G. glabra L. (Yashtimadhu) extract preparation 

For cell culture treatment, 1 g of Yashtimadhu choorna was sus-
pended in 10 ml of MilliQ-water (0.1 g/ml) and incubated overnight at 
room temperature, with continuous rotation. The extraction mixture 
was centrifuged at 5000 rpm for 10 min, twice, and the supernatant 
containing the soluble fraction was collected in a fresh tube. The 
aqueous extract was dried using SpeedVac (Savant, Thermo Fisher Sci-
entific, USA), and the dried extract was stored at − 20 ◦C until further 
use. The yield from the aqueous extraction of 1 g of Yashtimadhu 
powder was found to be 54% w/w. The dried G. glabra L. extract, 
hereafter referred to as Yashtimadhu extract, was dissolved in serum- 
free media for cell culture treatment. 

2.4. LC-MS/MS analysis of Yashtimadhu extract 

QTRAP-6500, ABSCIEX, coupled with Agilent Infinity-II 1290 liquid 
chromatography system was used for LC-MS/MS analysis. About 10 μl of 
Yashtimadhu extract was resolved using the ZORBAX Eclipse plus C18 
(Agilent), Rapid Resolution High Definition column (RRHD, 2.1 × 150 
mm, 1.8 μm) analytical column using 0.1% formic acid in MilliQ water 
and 0.1% formic acid in 90% LC-MS grade acetonitrile as the solvents A 
and B, respectively with a flow rate of 300 μl/min. Untargeted mass 
spectrometry data acquisition was carried out with an information- 
dependent acquisition (IDA) method built with enhanced mass spectra 
(EMS) and enhanced product ion (EPI) scans, i.e., the EMS-IDA-EPI 
method (M et al., 2020; Subbannayya, 2018). Data were acquired in 
the low mass mode, within the mass range of 50–1000 Da, at a scan rate 
of 10,000 Da/s, with a dynamic fill time of 250 ms and a linear ion trap 
fill time of 10 ms. Top five intense precursor ions were selected using EPI 
(MS/MS) scan mode and fragmented with high energy collisionally 
activated dissociation (CAD). Data acquired in both positive and nega-
tive modes with an ion source voltage of 4500 V and − 4500 V respec-
tively, a declustering potential (DP) of 100 V and − 100 V, and collision 
energy (CE) of 40 V and − 40 V, respectively, and the ion source was 
maintained at a temperature of 450 ◦C. The data was acquired in trip-
licates and MZmine, version 2.31 (Pluskal et al., 2010) was used for the 
analysis of mass spectrometry data and visualization. The presence of 
the Yashtimadhu bioactive molecules such as glycyrrhizic acid, glabri-
din (specific for G. glabra), licoricesaponin-G2, and liquiritin apioside, 
was confirmed at MS/MS-level using the Competitive Fragmentation 
Modeling-ID, i.e., CFM-ID (Djoumbou-Feunang et al., 2019) fragmen-
tation patterns of the molecules. 

2.5. Cell culture and treatment 

IMR-32 cells (ATCC® CCL-127™) were procured from National 
Centre for Cell Science, Pune, India and maintained in DMEM-high 
glucose medium with 10% FBS, and 1X antibiotic/antimycotic solu-
tion, at 37 ◦C, 5% CO2. Differentiation was carried out with 3 × 104 cells 
that were seeded in collagen-coated plates and treated with 10 μM ret-
inoic acid in 2% FBS, for nine days. Differentiated IMR-32 cells served as 
a dopaminergic neuron model and validated by tyrosine hydroxylase 
(TH) expression and compared with undifferentiated IMR-32 cells 
(Ikram et al., 2016; Kotapalli et al., 2017) (Fig. S2). 

Differentiated cells were treated with 100 nM rotenone (dissolved in 
DMSO), 200 μg/ml of the Yashtimadhu extract, co-treatment of rote-
none (100 nM), and Yashtimadhu extract (200 μg/ml), for 48 h. The 
untreated cells were taken as control. ERK1/2-inhibitor, U0126, was 
added to the cells 30 min prior to treatment. 

2.6. Cell cytotoxicity assay 

IMR-32 cells were seeded at 5000 cells/well, in 96-well plate, and 
subjected to treatment with rotenone (0.25 nM-10 μM) for 24 h and 48 h, 
Yashtimadhu (50–1500 μg/ml) for 48 h, and co-treatment for 48 h. The 
final concentration of DMSO did not exceed 2%, whose effect was also 
evaluated. MTT-dye was incubated for 3–4 h, and formazan crystals 
were dissolved using 50:50:ethanol:DMSO, read at 560 nm, and 650 nm. 
Cell cytotoxicity is expressed as percentage cell viability with respect to 
untreated control. 

2.7. Live-dead cell staining assay 

For live-dead cell staining assay, IMR-32 cells were seeded in 12-well 
plate coated with 1X collagen at 1 × 104 cells/well. The cells were 
differentiated for 9 days using 10 μM retinoic acid and treated with the 
rotenone (100 nM), Yashtimadhu (200 μg/ml), rotenone (100 nM) +
Yashtimadhu (200 μg/ml) for 48 h, and untreated cells were taken as 
control. Treated cells were stained with 20 μg/ml of propidium iodide 
(PI) and Hoechst-33342 at 5 μg/ml, prepared in serum-free media, and 
incubated for 15 min (Bose et al., 2020). Cells were imaged in four 
different fields per well, using ZOE™ Fluorescent Cell Imager, BioRad 
Laboratories, California, USA. ImageJ, NIH (Schneider et al., 2012) 
software was used to calculate the ratio of PI to Hoechst-33342 stained 
cells. The percentage of cell death was calculated with respect to control 
and later converted to fold change. 

2.8. Assessment of reactive oxygen species (ROS) 

IMR-32 cells were seeded at 1 × 104 cells/well in collagen-coated 12- 
well plates and differentiated for 9 days with 10 μM retinoic acid and 
treated with the rotenone (100 nM), Yashtimadhu (200 μg/ml), rote-
none (100 nM) + Yashtimadhu (200 μg/ml) for 48 h, while untreated 
cells were taken as control. The cells were assessed for intracellular ROS 
using 25 μM DCFDA and 5 μg/ml of Hoechst-33342, in serum-free media 
was added to the cells and incubated for 15 min in the dark and imaged 
using ZOE™ Fluorescent Cell Imager (Bose et al., 2020). ImageJ tool was 
used for analyzing the DCFDA-positive cells, and results were expressed 
as percentage ROS with respect to control. 

2.9. Cell cycle analysis 

IMR-32 cells were seeded at 3 × 104 cells/well into the collagen- 
coated 6-well plate, differentiated with retinoic acid (10 μM) and 
treated with rotenone (100 nM), Yashtimadhu (200 μg/ml), rotenone 
(100 nM) + Yashtimadhu (200 μg/ml) for 48 h, while untreated cells 
were taken as control. The cells were washed with 1X PBS, trypsinized 
and further washed twice with 1X PBS and re-suspended in hypotonic 
buffer (2 μg/ml PI, 1 mg/ml trisodium citrate, 0.1% Triton-X 100, and 
100 μg/ml RNase), incubated in the dark for 30 min, and the red fluo-
rescence was measured using Guava® easyCyte Flow Cytometer, EMD 
Millipore, Massachusetts, USA. Cell cycle data analysis was carried out 
with FCS Express (version-6). 

2.10. Immunoblotting 

IMR-32 cells seeded in collagen-coated 6-well plates at 3 × 104 cells/ 
well and differentiated with 10 μM retinoic acid for nine days. Differ-
entiated cells were treated with rotenone (100 nM), Yashtimadhu (200 
μg/ml), and rotenone (100 nM) + Yashtimadhu (200 μg/ml) co- 
treatment, for 48 h, and untreated cells were taken as control. Post- 
treatment, cells were washed thrice with 1X PBS and harvested in cell 
lysis buffer [4% sodium dodecyl sulfate in 50 mM triethylammonium 
bicarbonate, with sodium orthovanadate (1 mM), sodium pyrophos-
phatase (2.5 mM), and beta-glycerophosphate (1 mM)]. Cells were lysed 
by sonication on ice, at an amplitude of 20% for 2 min of two cycles 
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using Q-Sonica (Cole-Parmer, India). The lysate was cleared by centri-
fugation at 12000×g for 20 min at 4 ◦C, and protein estimation was done 
by the BCA method by using BSA as standard. Following proteins were 
assessed: tyrosine hydroxylase for differentiation, cleaved-caspase-9 (cl- 
Cas-9), cleaved caspase-3 (cl-Cas-3), cleaved-Poly-ADP-ribose poly-
merase (PARP), proliferating cell nuclear antigen (PCNA), B-cell 
lymphoma-2 (BCL-2), BCL2-associated-X protein (BAX), BCL2- 
antagonist/killer-1 (BAK1), pyruvate dehydrogenase-E1 alpha-1 
(PDHA1), cytochrome-C, superoxide dismutase-1 (SOD1), heat-shock 
protein-60 (HSP60), total and phosphorylated extracellular-signal- 
regulated kinase-1/2 (ERK-1/2), and β-actin (loading control). The 
catalog numbers and the respective dilution factors of the antibodies 
used are given in Supplementary Table 2. 

Protein concentration was estimated with BCA assay, and immuno-
blotting was carried out as described previously (Modi et al., 2012). 
Briefly, an equal amount of protein from the four conditions was loaded 
onto SDS-PAGE and resolved. The resolution of proteins for assessing 
PCNA, cleaved-caspase-9, PDHA, HSP60, p-ERK1/2, t-ERK-1/2, and 
β-actin was carried out with 10% gel. Cleaved-caspase-3, BCL-2, BAK1, 
BAX, cytochrome-C were resolved in 13% gel, and cleaved-PARP using 
8% gel. The proteins were transferred onto nitrocellulose membrane; 
upon completion of the transfer, the membranes were blocked with 5% 
skimmed milk in 1X phosphate-buffered saline in 0.5% Tween-20 
(PBST), for 1 h. Membranes were incubated in primary antibodies 
with the respective dilutions (Supplementary Table 2), which were 
diluted in 3% BSA in 1X PBST overnight at 4 ◦C. Washing of membranes 
was carried out with 1X PBST. Membranes were further incubated with 
HRP-conjugated secondary antibodies in 3% BSA in 1X PBST for 2 h at 
room temperature. The immunoreactive bands were developed with 
Enhanced Chemiluminescence reagent and captured onto X-ray films. 
Densitometry analysis of band intensity was performed using ImageJ 
tool (NIH), normalized with loading-control and fold-change calculated 
with respect to untreated cells. 

2.11. Statistical analysis 

GraphPad Prism-5 was used for statistical analysis, and data were 
expressed as mean ± SEM from three independent experiments. One- 
way ANOVA with Bonferroni posthoc-test was used for comparison be-
tween groups, and a p-value <0.05 was considered to be significant. The 
test statistics are reported as the F-value along with the degrees of 
freedom between and within groups from the ANOVA table, and the p- 
value computed from the Bonferroni post-hoc test. 

3. Results 

3.1. LC-MS/MS analysis of Yashtimadhu powder 

Untargeted metabolomics using the tandem mass spectrometry (MS/ 
MS) approach was used for the identification of the signature metabo-
lites of Yashtimadhu. Data were acquired in both positive and negative 
modes, and the total ion chromatograms are given in Fig. S1A and B. 
MZmine tool was used for data alignment from the technical replicates 
of their respective polarities, and the precursor mass to charge ratio (m/ 
z), retention time, fragment masses were obtained. The m/z ratio was 
used for metabolite assignment using the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database, which resulted in putative identification 
of over 1600 metabolites from both the positive and negative modes. We 
identified mono-, di-, and tri-terpenoids, alkaloids, flavanols and fla-
vonoids, and betalains class of metabolites which includes; glycyrrhizin, 
limonene, ononin, apigenin, to name a few. 

To confirm the presence of the bioactive compounds of G. glabra L. 
and authentication of Yashtimadhu choorna, metabolite assignment was 
carried out at the MS/MS fragment level. The compound mapping was 
carried out with the precursor masses and the fragmentation patterns 
(MS/MS), which was compared with the fragments generated using 

CFM-ID. The precursor scan (MS1) and the fragment scan (MS/MS) of 
the signature compounds are given in Fig. S1 and Supplementary 
Table 1, for: Glycyrrhizic acid (Fig. S1C-D), Glabridin (Fig. S1E-F), 
Licoricesaponin G2 (Fig. S1G-H), and Liquiritin apioside (Fig. S1I-J). 
The abundance of these metabolites was calculated using the peak-area 
computed using MZmine software. The percentage abundance of the 
compounds were as follows; glycyrrhizin acid (0.234%), glabridin 
(0.025%), licoricesaponin G2 (0.226%) and liquiritin apioside 
(0.033%). 

3.2. Cytotoxicity of rotenone and Yashtimadhu extract 

IMR-32 cells were exposed to different concentrations of rotenone 
(0.25 nM–10 μM) for 24 h and 48 h, which showed time and 
concentration-dependent effect of rotenone, Fig. 1A and B. Yashtimadhu 
treatment (50 μg/ml to 1500 μg/ml) proved to be non-toxic at all tested 
concentrations, Fig. 1C. The IC50 was observed at 10 μM (p < 0.01) for 
24 h and 100 nM (p < 0.005) for 48 h. Based on the MTT assay, 100 nM 
rotenone and 200 μg/ml Yashtimadhu for 48 h was used for further 
experiments. Yashtimadhu co-treatment with rotenone protected the 
cells from rotenone-induced cytotoxicity (F (3, 8) = 25.90, p < 0.05), 
Fig. 1D. 

3.3. Rotenone and Yashtimadhu differentially regulate cell cycle 

Cell cycle analysis (Fig. 2) revealed that the differentiated control 
cells had a predominant population of G0/G1 (56.1%) and S-phase 
(38.8%). Yashtimadhu treatment also resulted in a majority of G0/G1 
(53.4%) and S-phase (45.1%); however, the G2/M-phase cells were 
much lesser (1.5%) than the control (5.0%). Rotenone treatment 
revealed a significant population of cells (F (3, 8) = 16.75, p < 0.05), in 
G2/M-phase (38.5%) and lesser in G0/G1 (40.3%) and S-phases 
(21.2%). The co-treatment with rotenone and Yashtimadhu, signifi-
cantly (F (3, 8) = 16.75, p < 0.05) reversed the cells from G2/M (5.8%) 
to the G0/G1 (57.7%) and S-phases (36.5%). The undifferentiated cells, 
however, showed a distinct profile compared to the differentiated cells 
(G0/G1- 56.9%, S-29%, and G2/M-14.1%). PCNA, an S-phase marker 
was reduced with rotenone to 0.43-folds compared to control (F (3, 8) =
9.36, p < 0.05), which was restored with Yashtimadhu co-treatment 
(0.99-folds, p < 0.05, compared to rotenone). The reduction of S- 
phase marker with rotenone suggests a transition to G2/M-phase, in 
agreement with the cell cycle data. 

3.4. Yashtimadhu counters rotenone-induced cell death and caspase 
activation 

In addition to the cell cytotoxicity analysis, we carried out a live- 
dead cell staining assay (Fig. 3A–B). Increased PI (red (in the web 
version)) staining of cells, i.e., a 9.14-fold increase in cell death 
compared to control (F (3, 8) = 30.57, p < 0.005) in rotenone treatment, 
indicating cell death which is decreased with Yashtimadhu co- 
treatment. 

We profiled the expression of cleaved-caspase-9, cleaved-caspase-3 
and cleaved-PARP (Fig. 3C–F). Rotenone induced caspase-9 cleavage 
(Asp330) to about 1.58-folds compared to control (F (3, 8) = 11.96, p <
0.05), thereby activating the caspase pathway, which was significantly 
decreased in co-treatment with Yashtimadhu, 1.03-fold (p < 0.05, 
compared to rotenone). Cleaved-caspase-9, in turn, activates the 
caspase-3 cleavage (Asp175), increased to 2.35-folds with rotenone, 
compared to control (F (3, 8) = 10.31, p < 0.05) and decreased with 
Yashtimadhu co-treatment, 1.04-folds (p < 0.05, compared to rotenone). 
Cleaved-PARP was also significantly increased to about 1.42-folds with 
rotenone treatment (F (3, 8) = 14.76, p < 0.05, compared to control) and 
reduced by Yashtimadhu 0.9-folds (p < 0.01, compared to rotenone). 
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3.5. Yashtimadhu counters rotenone-induced ROS and mitochondrial 
proteins 

Rotenone-mediated mitochondrial complex-I inhibition, increases 
ROS dramatically, resulting in cell death via caspases. Treatment with 
rotenone showed ROS induction (84.5%, F (3, 16) = 59.81, p < 0.0001), 
compared to control (12.7%) and Yashtimadhu (14.7%). Co-treatment 
with Yashtimadhu significantly reduced the ROS accumulation 
(48.4%, p < 0.0001, compared to rotenone), Fig. 4A–B. We also evalu-
ated the expression of several mitochondrial proteins such as BCL-2, 
PDHA1, SOD1, and Cytochrome-C, Fig. 4C–J. Interestingly, the anti- 
apoptotic protein BCL-2 was reduced with rotenone treatment to 0.43- 
folds, (F (3, 8) = 16.44, p < 0.01 compared to control) and increased 
with Yashtimadhu co-treatment to 0.8-folds (p < 0.05 compared to 
rotenone). The expression of Cytochrome-C and PDHA1 levels were 
increased with rotenone treatment at 3.78-folds (F (3, 8) = 91.01, p <
0.001) and 1.86-folds (F (3, 8) = 16.73, p < 0.05), respectively and 
reduced with Yashtimadhu co-treatment to 2.1-folds (p < 0.01 
compared to rotenone) and 0.86-folds (p < 0.01 compared to rotenone), 
respectively. The expression of SOD1 with rotenone treatment did not 
show a significant change. BAX and BAK1 are mitochondrial proteins, 
which play a major role in apoptosis. BAX, BAK1, and HSP60, a stress- 
induced protein were significantly induced in rotenone to 4.56 (F (3, 
8) = 181.7, p < 0.05), 1.44 (F (3, 8) = 22.19, p < 0.05) and 1.95 (F (3, 8) 
= 11.54, p < 0.001) folds respectively, compared to control, which was 
significantly reduced by Yashtimadhu co-treatment. 

3.6. Yashtimadhu prevents ERK-1/2 hyper-activation 

ERK-1/2 is implicated in the control of cell cycle and apoptosis; thus 
we evaluated its phosphorylation (Fig. 5). We observed hyper-activation 

of ERK-1/2 (Thr202/Tyr204), in rotenone treatment at 2.02-folds (F (5, 
12) = 11.60, p < 0.05, compared to control) and decreased with Yash-
timadhu co-treatment to 1.32-folds (p < 0.05, compared to rotenone). 
To further understand the role of Yashtimadhu on rotenone-induced 
activation of ERK-1/2, we used small-molecule MEK-inhibitor, U0126. 
ERK1/2 phosphorylation was successfully inhibited with 10 μM of 
U0126. Upon MEK-ERK-1/2 inhibition, the expression levels of cleaved- 
caspase-3 and cleaved-PARP were significantly reduced, correlating 
with Yashtimadhu mediated inactivation of ERK-1/2 and subsequent 
reduction of cleaved-caspase-3 and cleaved-PARP. This provides in-
sights into ERK-1/2 modulation and prevention of apoptosis by Yashti-
madhu as a central underlying scheme of neuroprotection. 

4. Discussion 

Parkinson’s disease progression is attributable to mitochondrial 
dysfunction and oxidative stress (Poewe et al., 2017). The prolonged 
usage of PD medications is reported to induce numerous side effects. 
(Chotibut et al., 2017; Kalinderi et al., 2019; Salat and Tolosa, 2013; 
Turcano et al., 2018). It necessitates the need for sustainable manage-
ment of PD, and therefore use of complementary and alternative tradi-
tional medicinal approaches has been explored as an additional option 
(Deolankar et al., 2020; Hu et al., 2017; Petramfar et al., 2020; Ryu 
et al., 2017). Several studies have reported the neuroprotective effects of 
Yashtimadhu (Karthikkeyan et al., 2020a; Petramfar et al., 2020; Sar-
okte and Rao, 2013; Sheshagiri et al., 2015), while little has been known 
about its mechanism of action. This work is aimed to decipher the mo-
lecular mechanism of the neuroprotective effects of Yashtimadhu using 
a rotenone-induced cellular model of PD (Li et al., 2003). 

Untargeted metabolomics of Yashtimadhu extract has been reported 
to contain a diverse class of metabolites, including alkaloids, terpenoids, 

Fig. 1. Rotenone exerts time and dose-dependent toxicity, Yashtimadhu prevents rotenone-induced cytotoxicity. Cytotoxicity analysis of IMR-32 cells with different 
concentrations of rotenone, at (A) 24 h, and (B) 48 h, showing time and concentration-dependent toxicity, (C) Yashtimadhu at tested concentrations is non-toxic, (D) 
Co-treatment of Yashtimadhu (200 μg/ml) and rotenone (100 nM), at 48 h, showing prevention of cell death. Untreated cells were taken as control. *p < 0.05, **p <
0.01, ***p < 0.001, compared to control and #p < 0.05, compared to rotenone. 
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and flavonoids, which were mapped at the precursor level (Kar-
thikkeyan et al., 2020b). We confirmed the presence and the abundances 
of the lead bioactive molecules, glycyrrhizic acid, glabridin, liquiritin 
apioside, and licoricesaponoin G2, assigned at MS/MS-level, which were 
similar to the abundances reported by other studies (Hayashi et al., 
2016; Tian et al., 2008a, b). 

Mitochondrial complex-I inhibition by rotenone causes loss of 
mitochondrial membrane potential and release of cytochrome-C (Con-
dello et al., 2011), which triggers caspase-mediated apoptosis. 
Procaspase-9 is the activator caspase, which promotes the cleaving of 
the effector procaspase-3, eventually activating cleavage of PARP-1, a 
DNA repair protein (Los et al., 2002). The rotenone-mediated induction 
of BAX and BAK1 reiterates the apoptotic signal and neurodegeneration, 
as previously reported (Condello et al., 2011; Wu et al., 2013). The 
reduction in anti-apoptotic protein BCL-2 with rotenone predisposes the 
cells to apoptosis (Liu et al., 2018). Yashtimadhu mediated the inhibi-
tion of rotenone-induced activation of caspase cascade and other 
pro-apoptotic proteins, induced the expression of anti-apoptotic protein, 
and thereby provided neuroprotection. 

Cell cycle analysis showed the cells from the control and Yashti-
madhu groups were distributed in G0/G1 and S-phases, attributable to 
the G1/S-arrest by retinoic acid (Hsu et al., 2000; Seewaldt et al., 1999). 
Rotenone promoted the transition of cells to G2/M-phase, confirmed 
with reduced PCNA expression, an S-phase marker protein. As evidenced 
by the G2/M transition, this cell cycle re-entry leads to mitotic catas-
trophe by activating the caspase-3 apoptotic pathway (Wang et al., 
2014). Decreased PCNA levels in dopaminergic neurons are reported to 
make the cells susceptible to oxidative damage and death (Li et al., 
2016). The attempt for cell cycle re-entry driven by the MEK-ERK1/2 
pathway leads to apoptosis under neurotoxic stress (Modi et al., 2012; 
Tang et al., 2002). Co-treatment with Yashtimadhu prevented the 
ERK-1/2 hyper-activation, preventing cell cycle re-entry and 
caspases-mediated cell death. 

Yashtimadhu restored cellular ROS and several mitochondrial pro-
teins, which were dysregulated by rotenone, highlighting its antioxidant 
potential. PDHA1 is the core enzyme in the pyruvate dehydrogenase 
complex, catalyzing the conversion of pyruvate to acetate. Rotenone- 
induced expression of PDHA1, which is known to be regulated by 

Fig. 2. Rotenone-induced cell cycle re-entry is countered by Yashtimadhu. Cell cycle analysis; (A) Differentiated and untreated cells control (C), (B) Rotenone (100 
nM), (C) Rotenone (100 nM) with Yashtimadhu (200 μg/ml) co-treatment, (D) Yashtimadhu alone (200 μg/ml), and (E) Undifferentiated cells (UD). (F) Graphical 
representation of cell population across different phases. (G) Immunoblot analysis of PCNA, and (H) Graphical representation. Differentiated and untreated cells were 
taken as control. *p < 0.05, **p < 0.01, compared to control and #p < 0.05, ##p < 0.01, compared to rotenone. 
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Receptor-interacting serine/threonine-protein kinase 3 (RIP3), 
increasing intracellular ROS (Li et al., 2003; Yang et al., 2018). The 
rotenone-mediated inhibition of complex-I and subsequent increase in 
cytochrome-C was reported in SHSY5Y cells (Condello et al., 2011) as an 
event of early mitochondrial activation during apoptosis (Chandra et al., 
2002). HSP60, a mitochondrial quality control, is reported to be 
increased in vitro and the SNpc of PD patients, leading to neuro-
degeneration (Noelker et al., 2014). 

Hyper-phosphorylation of ERK-1/2 is linked to neurodegeneration 
induced by rotenone in hippocampal neurons (Sai et al., 2009). 
Hyperactivation of MEK-ERK-1/2-induced mitotic catastrophe by 
regulating cell cycle, and activated apoptosis by positively regulating 
caspase-3 and the BCL-2 family pro-apoptotic proteins BAK and BAX 
(Tomiyama et al., 2010). We demonstrated the inhibition of 
caspase-mediated apoptosis using the small molecule MEK-inhibitor, 
U0126, which correlates with Yashtimadhu treatment. Together, these 
results suggest the role of Yashtimadhu as a neuroprotectant by inhib-
iting the rotenone-induced hyper-activation of the MEK-ERK-1/2 
pathway, thereby preventing cell cycle re-entry and downstream 
apoptotic events. 

5. Conclusions 

Mitochondrial stress is a hallmark of Parkinson’s disease, and we 
aimed to understand the neuroprotective efficacy of Glycyrrhiza glabra 
L., i.e., Yashtimadhu in the rotenone-induced stress model of PD. Our 
results suggest that rotenone elicits mitochondrial oxidative stress, cell 
cycle re-entry-mediated G2/M arrest, and subsequent activation of the 
caspase-3 apoptotic pathway via MEK-ERK-1/2 hyper-activation. 
Yashtimadhu co-treatment prevented cellular ROS and improved mito-
chondrial health. It also counteracted the mitotic catastrophe-mediated 
cell cycle re-entry and caspase activation by preventing the MEK-ERK-1/ 
2 pathway hyper-activation. The results suggest that Yashtimadhu is 
protecting the cells against neurotoxic stress. Our study also paves the 
way for further validating the potential of Yashtimadhu and its kinase 
regulation in contributing to neuroprotection strategy against PD. 
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Fig. 3. Rotenone induces neuronal apoptosis via caspase activation, prevented by Yashtimadhu. Cells were treated with rotenone (100 nM), Yashtimadhu (200 μg/ 
ml), their co-treatment, and untreated cells were taken as control. (A) Live/Dead cell staining assay indicating more cell death with rotenone, which is reduced by 
Yashtimadhu. Red channel (PI): Dead cells, Blue channel (HOECHST): nuclear counter-stain. (B) Graphical representation of fold change in % cell death, assessed by 
dead/live cell staining (red/blue). (C) Immunoblot analysis showing the expression of cleaved caspase-9, cleaved caspase-3 and cleaved-PARP proteins. Rotenone 
treatment-induced caspase-9 mediated apoptotic pathway, which is inhibited by Yashtimadhu treatment. Graphical representation of protein arbitrary units of the 
intensity of protein/β-actin expressed as fold-change with respect to control (D) Cleaved caspase-9 (E) Cleaved caspase-3 and (F) Cleaved-PARP. *p < 0.05, **p <
0.01, compared to control and #p < 0.05, ##p < 0.01, compared to rotenone. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 4. Yashtimadhu counters ROS production and rotenone-induced mitochondrial proteins. Cells were treated with rotenone (100 nM), Yashtimadhu (200 μg/ml), 
their co-treatment, and untreated cells were taken as control. (A) Rotenone induces ROS production as stained by DCFDA (green) and counterstain HOECHST (blue). 
Yashtimadhu co-treatment reduced the ROS levels, (B) Graphical representation of ROS production, (C) Immunoblot analysis showing the expression of BCL-2, 
PDHA1, SOD1, BAK, BAX, cytochrome-C, and HSP60. Yashtimadhu increased BCL-2 levels and countered rotenone-induced mitochondrial key proteins such as; 
PDHA1, BAK, BAX, cytochrome-C and HSP60. Graphical representation of protein fold change, (D) BCL-2, (E) PDHA1, (F) SOD1, (G) BAK, (H) BAX, and (I) Cy-
tochrome C, (J) HSP60. *p < 0.05, **p < 0.01, ***p < 0.001, compared to control and #p < 0.05, ##p < 0.01, ###p < 0.001, compared to rotenone. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Metabolomics and Network Pharmacology of Liquorice,

Indian Ayurvedic Medicine Yashtimadhu
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Abstract

Plant omics is an emerging field of systems science and offers the prospects of evidence-based evaluation of
traditional herbal medicines in human diseases. To this end, the powdered root of Yashtimadhu (Glycyrrhiza
glabra L.), commonly known as liquorice, is frequently used in Indian Ayurvedic medicine with an eye to
neuroprotection but its target proteins, mechanisms of action, and metabolites remain to be determined. Using a
metabolomics and network pharmacology approach, we identified 98,097 spectra from positive and negative
polarities that matched to *1600 known metabolites. These metabolites belong to terpenoids, alkaloids, and
flavonoids, including both novel and previously reported active metabolites such as glycyrrhizin, glabridin,
liquiritin, and other terpenoid saponins. Novel metabolites were also identified such as quercetin glucosides,
coumarin derivatives, beta-carotene, and asiatic acid, which were previously not reported in relation to liquo-
rice. Metabolite–protein interaction-based network pharmacology analyses enriched 107 human proteins, which
included dopamine, serotonin, and acetylcholine neurotransmitter receptors among other regulatory proteins.
Pathway analysis highlighted the regulation of signaling kinases, growth factor receptors, cell cycle, and in-
flammatory pathways. In vitro validation confirmed the regulation of cell cycle, MAPK1/3, PI3K/AKT path-
ways by liquorice. The present data-driven, metabolomics and network pharmacology study paves the way for
further translational clinical research on neuropharmacology of liquorice and other traditional medicines.

Keywords: liquorice, metabolomics, Ayurvedic medicine, Yashtimadhu, neuropharmacology, bioinformatics

Introduction

Traditional herbal medicines have been used in hu-
man diseases since time immemorial. Yet, their molec-

ular mechanisms of action are not adequately characterized
or remain unknown. There is a need for data-driven and
evidence-based evaluation of traditional medicines and their
systems scale effects.

Plant omics is an emerging field of systems science and
offers veritable prospects for discovery and translational
clinical research. In addition, the World Health Organization
(WHO) has launched the WHO Traditional Medicine strat-
egy 2014–2023 to strengthen and develop the role of tradi-
tional medicine practices in health. In the United States,
National Center for Complementary and Alternative Medi-

cine (NCCAM) and Food and Drug Administration (FDA)
are involved in the regulation of complementary and alter-
native medicinal (CAM) practices (Ventola, 2010), and in the
European Union, CAMBrella European research network is
involved in the regulation of CAM (Wiesener et al., 2012). In
India, the Ministry of AYUSH acts as the regulatory body
that regulates and promotes the use of Ayurvedic medicines.

The powdered root of Yashtimadhu (Glycyrrhiza glabra L.),
commonly known as liquorice, is frequently used in Indian
Ayurvedic medicine for human diseases, and in neurol-
ogy and psychiatry-related clinical contexts in particular
(Hosseinzadeh and Nassiri-Asl, 2015; Hwang et al., 2006;
Shen et al., 2013; Yu et al., 2008). On the contrary, liquorice
target proteins, mechanisms of action, and metabolites re-
main to be determined. Recently, we have shown that
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Yashtimadhu confers neuroprotection in rotenone-induced
in vitro model of Parkinson’s disease by restoration of dys-
regulated proteins, using quantitative proteomic approaches
(Karthikkeyan et al., 2020).

We report here a metabolomics and network pharmacol-
ogy approach to decipher the molecular correlates of liquo-
rice at the level of metabolome that paves the way for further
translational clinical research on neuropharmacology of
liquorice and other traditional medicines.

Materials and Methods

Material procurement

This study has been approved by the Institutional Scientific
Review Board (YRC SRB/028/2017).

Liquorice Ayurvedic preparation (Lot No. 64) was pro-
cured from SDP Remedies and Research Centre. The roots of
liquorice were collected by SDP Remedies and Research
Centre, and a specimen of it is maintained in the center with
the identifier SDP/YM/001-2017.

The industrial process includes the following steps: the
roots of liquorice were washed and dried under shade-net,
followed by vacuum-drum drying. The dried roots were fur-
ther pulverized and sieved to obtain a fine powder with a yield
of *90%. LC-MS grade solvents were used for extrac-
tion and mass spectrometry analysis; chromatographic grade
methanol, acetonitrile, and formic acid were procured from
Merck (Merck KGaA, Germany)

Metabolite extraction

Metabolite extraction was carried out with a 2:2:1 ratio of
methanol:acetonitrile:water in the ratios described by Lau
et al. (2015), with minor modifications. The solvent mixture
was added to 50 mg of liquorice root powder and incubated
for 1 min at room temperature. It was sonicated for 10 min
in an ultrasonic water bath and centrifuged at 12,000 g for
15 min at 4�C. The supernatant was collected and proceeded
for liquid chromatography–tandem mass spectrometry (LC-
MS/MS) analysis.

LC-MS/MS analysis

LC-MS/MS analysis of liquorice was carried out using
QTRAP-6500 mass spectrometer (AB SCIEX, USA), cou-
pled to Agilent Infinity II 1290 liquid chromatography sys-
tem (Agilent Technologies, Inc., Santa Clara, CA, USA).
ZORBAX Eclipse plus C18, RRHD (rapid resolution high
definition) reverse phase column (2.1 · 150 mm, 1.8 lm), was
used as the analytical column. Ten-microliter metabolite
extract was injected into the chromatography column, which
was resolved at a flow rate of 0.3 mL/min with a 20-min
gradient with solvent A (0.1% formic acid in MilliQ water)
and solvent B (0.1% formic acid in 90% acetonitrile). The
gradient used was t = 0–1 min, 2% B; t = 10, 30% B; t = 11,
60% B; t = 13–17, 95% B, t = 17.2–20, 2% B. Data acquisition
was carried out with the information-dependent acquisition
(IDA) method, built with the enhanced mass spectra (EMS)
and enhanced product ion (EPI), that is, EMS-IDA-EPI
method (Li et al., 2019; Song et al., 2012).

Data were acquired in low mass mode, with the mass range
of 50–1000 Da (mass windows for each scan; 50–102.87 Da
with 0.0053 s, 102.87–308.63 Da with 0.0206 s and 308.63–

1000 Da with 0.0691 s) were scanned at a rate of 10,000 Da/s
and with a dynamic fill time of 250 ms and a linear ion-trap
fill time of 10 ms and dynamic background subtraction. The
top five ions, based on their intensity from the EMS (MS1)
mode, were used for fragmentation in the EPI (MS/MS)
mode. The metabolite data were acquired in both positive and
negative polarities.

The source parameters were set as follows: a probe tem-
perature of 450�C, an ion source voltage of 4500 V for pos-
itive and -4500 V for negative modes, curtain gas at 30 psi,
gas I and gas II at 35 psi, each. The declustering potential was
set at 100 V for positive and -100 V for negative modes. The
compound parameters were set as follows: a collision energy
(CE) of 40 V in positive and -40 V in negative modes, with a
CE spread of –25 V, using high-energy collisionally activated
dissociation. The mass spectrometry data were acquired in two
different modes, positive and negative polarities separately.
The samples were run three times in each of the modes.

Data analysis

Metabolite data analysis for identification was carried out
with the MZmine 2.31 open-source framework (Pluskal et al.,
2010). QTRAP-6500 raw data files were converted to .mzML
format using MSConvert, Proteo Wizard (Chambers et al.,
2012).

Baseline correction was carried out with a base peak chro-
matogram with an asymmetric factor at a value of 0.001 U
and smoothening at a value of 500 U. Centroid mode mass
detection with a noise-level cutoff at 1.0E5 was used. The
chromatogram was reconstructed with a minimal time span
of 0.05 min and a minimum peak height of 1.0E5 was used at
an m/z tolerance of 5 parts per million (ppm). Local minima
search was used for chromatogram, deconvulsion and dei-
sotoping of peaks was carried out with isotopic peak grouper
algorithm, and adducts detection was carried out using
[M+H]+ and [M-H]- for the positive and negative modes,
respectively.

RANSAC was used for chromatogram alignment with
nonlinear modeling and peak finder algorithm for the gap
filling. Metabolite assignment was performed with the Kyoto
Encyclopedia of Genes and Genomes (KEGG) compounds
(www.genome.jp/kegg/compound/) as the back-end database
provided in MZmine online search option.

Metabolite mapping was carried out with the adducts
mentioned previously, based on the polarity being analyzed
at a precursor m/z error of 0.01 Da. For selected unassigned
spectra, the Human metabolomics Database (HMDB, www
.hmdb.ca/) version 4.0 (Wishart et al., 2018) was used for
metabolite identification at fragment level, using the infor-
mation from CFM-ID, that is, Competitive Fragmentation
Modeling-ID (Djoumbou-Feunang et al., 2019).

Bioinformatics analysis

Metabolite features from KEGG database identification
were analyzed for pathway enrichment, metabolite classes,
and roles using MBROLE (http://csbg.cnb.csic.es/mbrole2/)
version 2.0 (Lopez-Ibanez et al., 2016) and Metaboanalyst
(www. metaboanalyst.ca) version 4.0 (Xia and Wishart,
2016). Metabolite named for SMILES ID conversion was en-
abled with PubChem Identifier Exchange Service (www.pub
chem.ncbi.nlm.nih.gov/idexchange/idexchange.cgi). Protein
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interacting partners of metabolites were identified using
BindingDB (www.bindingdb.org), a protein–small molecule
interaction database based on experimental evidence (Gilson
et al., 2016). A metabolite similarity score of ‡0.85 was used
to identify the interacting target proteins and those hits with a
score of 1.0 are considered exact matches. UniProt IDs re-
trieved from BindingDB were converted to official gene
symbols using the biological Database network (https://
biodbnet-abcc.ncifcrf.gov/db/db2db.php) tool (Mudunuri
et al., 2009).

Protein interaction network, Gene Ontology classification,
and metabolite–protein joint pathway analysis was carried out
with PANTHER, STRINGdb, and Metaboanalyst, respectively
(Mi et al., 2017; Szklarczyk et al., 2019). Reactome pathway
database (www.reactome.org) was used for identifying the
pathways and reactions (Fabregat et al., 2018).

Cell culture

IMR32 cells were procured from Cell Line Repository,
National Centre for Cell Science (NCCS), Pune, India and
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
high glucose media with 10% fetal bovine serum (FBS). For
differentiation, cells were seeded onto collagen-coated plates
and treated with 10 lM retinoic acid in 2% FBS media for
7 days. Cell viability with different concentrations of liquo-
rice treatment (50, 100, 200, 500, 1000, and 1500 lg/mL) for
48 h was evaluated using MTT assay.

In brief, after liquorice treatment, cells were incubated
with MTT dye for 4 h and the formazan crystals were dis-
solved with DMSO:ethanol (50:50) and read at 570 nm and
background subtraction at 650 nm. Cell viability was ex-
pressed as a percentage of control cells. For cell cycle and
western blotting analysis, cells were then treated with li-
quorice extract at 200 lg/mL concentration with retinoic acid
for 48 h, whereas untreated cells in differentiation media
served as control.

Western blot analysis

Liquorice-treated cells were washed with phosphate-
buffered saline (PBS), scraped and collected with cell lysis
buffer containing sodium dodecyl sulfate (4%) in triethy-
lammonium bicarbonate (50 mM) with sodium ortho-
vanadate (1 mM), sodium pyrophosphatase (2.5 mM), and
beta-glycerophosphate (1 mM). The lysate was sonicated and
heated at 95�C and protein content was estimated with bi-
cinchoninic acid assay (BCA; Thermo).

An equal amount of proteins from each condition was re-
solved in SDS-PAGE and transferred onto nitrocellulose
membrane (BioRad), which was blocked and incubated with
respective primary and secondary antibodies. Blots were de-
veloped using ECL clarity substrate (BioRad) and imaged using
X-ray film (Carestream, Kodak). ImageJ software was used for
densitometry analysis. Antibodies against pERK (T202/Y204)
and pAKT (S473) were procured from Cell Signal Technology,
b-actin horseradish peroxidase-conjugated from Sigma, and
anti-rabbit secondary antibody from Merck Millipore.

Cell cycle analysis

Liquorice-treated cells were washed with 1 · PBS and
trypsinized with 0.1% trypsin–EDTA solution (Gibco). The

detached cells were further resuspended in hypotonic buffer,
prepared with propidium iodide (2 lg/mL), trisodium citrate
(1 mg/mL), Triton X-100 (1 lL/mL), and RNase (100 lg/mL)
and incubated in dark. The red fluorescence from propidium
iodide was measured using Guava easyCyte (Millipore). Data
analysis was carried out with ModFit software.

Statistical analysis

Cell culture experiments, western blotting, and cell cycle
analysis were carried out as independent biological tripli-
cates. GraphPad Prism was used for statistical analysis of
data from western blotting and cell cycle analysis. Statistical
significance of the data was tested using analysis of variance
for MTT assay and Student’s t-test was used for western blot-
ting and cell cycle analysis. The values are represented as
mean – standard error of the mean. For the bioinformatics and
in vitro analysis, p £ 0.05 is considered significant.

Data availability

The mass spectrometry data have been submitted to
MetaboLights (Haug et al., 2020), the metabolomics data
repository (www.ebi.ac.uk/metabolights/index) with the
study identifier MTBLS983.

Results

Mass spectrometry-based untargeted metabolomics of li-
quorice enabled the identification of 1595 nonredundant
metabolites at MS1 level corresponding to 788 metabolites
in positive and 807 in negative modes, whereas other meta-
bolic features were unassigned using the KEGG database.
To aid the assignment of select unassigned metabolite features
at MS/MS level, CFM-ID information from the HMDB data-
base was used. The protein interactors of liquorice were iden-
tified using the metabolite–protein binding database.

The mass spectrometry data of liquorice were compared
with previously published reports on liquorice metabolomics
(Supplementary Table S1) and several lead metabolites were
identified in this study, such as glycyrrhizic acid, ononin,
licorice saponin, coumarins, to name a few. A schematic of
the workflow applied for the study and representative total
ion chromatogram from the positive mode is given in
Figure 1. The identified metabolites from MZmine searched
data are presented in Supplementary Tables S2 and S3. The
list of unassigned features from positive and negative modes
is given in Supplementary Tables S4 and S5.

Intense liquorice metabolite features observed

Metabolite abundance was evaluated based on their peak
intensities. The top five m/z from both positive and negative
modes were unassigned; therefore, the metabolites were man-
ually matched to the m/z based on their precursor and frag-
ment masses using HMDB. The reconstructed representative
extracted ion chromatograms of these features are given in
Supplementary Figure S1. In positive mode, 839.52 m/z
(fragments, 469.2 and 487.2 m/z) was assigned to licorice
saponin G2, 983.52 m/z (fragments, 453.24 and 615.12 m/z)
was assigned to triglycerides.

In negative mode, glycyrrhizinate was one of the top
identifiers, with 821.16 m/z precursor (fragment, 351.00,
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701.76 and 494.04 m/z). Precursor mass 881.52 m/z (frag-
ments, 837.12 and 549.12 m/z) was assigned to two triterpe-
noid saponins with the same molecular formula and ppm
error, which are elastoside E and pitheduloside B. Precursor
mass 467.16 m/z (fragments, 448.9 and 367.32 m/z) was as-
signed to jangomolide, a steroid lactone and 778.2 m/z
(fragments, 628.2 and 496.4 m/z) was assigned to various
phospholipids. The list of top 20 metabolites from both as-
signed and unassigned metabolite features with their respec-
tive intensities and polarity is given in Table 1.

Signature metabolite identification

The most formulations that are used in traditional medicine
have a set of signature metabolites that are specific to them
based on species and geographical location. Several signature
metabolites previously reported in licorice roots were iden-
tified, which include glycyrrhizinate (821.16 m/z), glabridin
(324.82 m/z), isoflavone specific to G. glabra, liquiritin
apioside (551.2 m/z), and licorice saponin G2 (839.52 m/z).
Multiple putative identities were assigned for the precursor

FIG. 1. Liquorice (Yashtimadhu) global metabolome analysis. (A) Schematic representation of metabolite extraction from
liquorice root powder, followed by LC-MS/MS analysis using QTRAP-6500 and subsequent bioinformatics analysis.
(B) Representative total ion chromatogram of liquorice metabolite analysis, in positive mode. LC-MS/MS, liquid chro-
matography–tandem mass spectrometry.
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418.11 m/z (with fragments 330.21 and 312.24 m/z), which
were liquiritin, isoliquiritin, or barbaloin. Without targeted
methods with standards, the identification could not be fur-
ther assigned. Representative spectra of these signature
metabolites are given in Figure 2A–E and in Table 2.

Unassigned metabolic features

The unidentified metabolic features cannot be ruled out as
they might contain invaluable information regarding the mo-
lecular make-up of the formulation, which can be deduced by
their fragment information. The representative MS/MS spectra

and the extracted ion chromatogram of these intense/abundant
features from both positive and negative modes are given in
Supplementary Figure S1. It is noteworthy that the reporting of
the only assigned features may be equivalent to seeing the tip of
the iceberg, as there are a large number of unassigned features,
which may have the functions similar to the known features.

Metabolite classification based on chemical class
and cellular compartmentalization

The metabolites were classified based on their chemical
classes and subcellular localization. The identified metabolites

Table 1. List of Intense Metabolites Identified in Yashtimadhu

m/z, Da Retention time, minutes Metabolite identification Peak intensity Polarity

826.92 12.59 Cytidylyl molybdenum cofactor 5.83E+07 -
821.4 13.34 Glycyrrhizinate 6.50E+07 -
533.16 12.04 Dalpanin 6.77E+07 -
866.28 12.42 Anthemis glycoside A 6.79E+07 -
825.24 13.09 Pradimicin C 6.99E+07 -
593.16 8.2 Isoorientin 2’’-O-rhamnoside 7.59E+07 -
953.4 12.42 Deltorphin A 8.16E+07 -
823.44 13.09 Yiamoloside B 1.98E+08 -
566.28 11.17 3’-Deoxydihydrostreptomycin 1.99E+08 -
563.04 8.89 UDP-3-ketoglucose 2.00E+08 -
467.16 16.34 Jangomolide 7.07E+07 -
778.2 13.35 Phospholipids 4.32E+07 -
839.52 12.34 Licorice saponin G2 2.00E+08 +
549.36 9.95 Manzamine A 1.98E+08 +
550.2 11.85 Jadomycin B 1.99E+08 +
565.32 11.13 Bonafousine 1.99E+08 +
563.4 8.93 3-Hexaprenyl-4,5-dihydroxybenzoate 1.99E+08 +
549.24 7.76 Bruceantin 1.99E+08 +
566.28 11.08 Coelichelin 1.99E+08 +
566.16 11.12 Pelargonidin 3-O-beta-d-sambubioside 1.99E+08 +
456.24 17.56 20-Hydroxyleukotriene E4 2.00E+08 +
593.28 8.24 Pheophorbide a 2.00E+08 +
983.52 12.23 Triglycerides 2.00E+08 +
881.52 12.28 Elastoside E or pitheduloside B 2.00E+08 +
837.72 12.49 Unassigned feature 1.99E+08 -
562.92 8.96 Unassigned feature 1.81E+08 -
807.96 13.21 Unassigned feature 1.99E+08 -
576.96 9.69 Unassigned feature 2.00E+08 -
566.4 11.19 Unassigned feature 1.99E+08 -
456.36 17.52 Unassigned feature 2.00E+08 -
879.72 12.41 Unassigned feature 2.00E+08 -
562.92 8.96 Unassigned feature 2.00E+08 -
880.2 12.32 Unassigned feature 2.00E+08 +
879.96 12.32 Unassigned feature 2.00E+08 +
593.4 8.2 Unassigned feature 2.00E+08 +
456.12 17.53 Unassigned feature 2.00E+08 +
576.6 9.68 Unassigned feature 2.00E+08 +
577.2 9.68 Unassigned feature 2.00E+08 +
837.48 12.61 Unassigned feature 2.00E+08 +
808.44 13.11 Unassigned feature 1.99E+08 +

Table 2. Signature Metabolites of Liquorice

Signature metabolite Precursor, m/z Fragments, m/z Retention time, min Adduct Molecular formula

Glabridin 324.87 183.24; 266.16 14.00 [M-H]- C20H20O4
Licorice saponin G2 839.52 469.2; 487.2 12.55 [M+H]+ C42H62O17
Liquiritin apioside 551.2 257.04; 419.04; 135.04 11.94 [M+H]+ C26H30O13
Liquiritin 418.11 330.12; 312.24 10.06 [M-H]- C21H22O9
Glycyrrhizinate 821.16 351.0; 701.76; 494.04 13.34 [M-H]- C42H62O16
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mapped to various categories, including terpenoids, diterpe-
noids, triterpenoids, alkaloids, phenylpropanoids, flavanols,
anthocyanins, anthocyanidins, flavonoids, and betalains, to
name a few, are given in Figure 3A. A select class of me-
tabolite classification and a subset of metabolites mapped are
given in Supplementary Table S6.

Assessment of cellular compartmentalization of metabo-
lites showed enrichment of a significant number of metabo-
lites to the intracellular space, with p £ 0.05. The majority
of the metabolites were localized to the cytoplasm, followed
by the membrane, mitochondria, endoplasmic reticulum,

nucleus, peroxisome, Golgi apparatus, and lysosome rep-
resented in Figure 3B.

Metabolite pathway analysis

Metabolite pathway enrichment analysis was carried out
with MBROLE, using Arabidopsis thaliana as the reference
database, wherein various metabolites belonging to both pri-
mary and secondary metabolism have been described. Primary
metabolism included amino acid and nucleotide metabo-
lism, glycolysis/gluconeogenesis, oxidative phosphorylation,

A

B

C

D

E

FIG. 2. MS/MS spectra of select lead metabolites of liquorice. (A) Glabridin, (B) licorice saponin G2, (C) liquiritin
apioside, (D) liquiritin,and (E) glycyrrhizinate.
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and pentose pathway. Secondary metabolism enrichment with
p £ 0.05 were flavones and flavonoids, isoquinoline, terpenoid,
and polyketide alkaloid metabolism. Graphical representation
of the pathway enrichment analysis is given in Figure 3C and
Supplementary Table S7.

Target proteins of liquorice metabolites

Metabolites are not just the signatures of metabolism; they
also influence various biochemical pathways by interacting

with different proteins involved in these pathways. Phyto-
chemical metabolites and small molecules have been shown to
interact with proteins, and the BindingDB database was used
to predict the target proteins of liquorice metabolites. The
BindingDB online tool provides information on protein–
metabolite interaction, using the SMILES ID of the metabolite.
To enable the identification of protein targets of the metab-
olites, they were converted to their respective SMILES ID.

The metabolite–protein interaction is based on metabo-
lite structure and its potential or experimentally proven

FIG. 3. Metabolite classification. (A) Metabolite classification based on chemical class. (B) Pie chart representing the
classification of metabolite based on cellular location. (C) Bubble plot showing the metabolite pathway analysis based on %
metabolite coverage, wherein the shades of the bubble represent the p-value.
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interaction with a protein; a total of 107 protein interactors
were identified, of which 20 were identified with exact
structural matches (1.0 score) and 91 were identified with
similarity matches (‡0.85 score), given in Supplementary
Table S8. The proteins included several cell surface receptors
of neurotransmitters and growth factors and signaling ki-
nases. The categorization of these proteins based on their
functions and subcellular localization is given in Figure 4A.

Protein–metabolite interaction-based integrated pathway
analysis was carried out to predict the pathways in humans that
are induced or altered by liquorice metabolites. Of the target
proteins identified, receptors were found to be the dominant
class of proteins, followed by the proteins with enzymatic
activities such as hydrolases, isomerases, transferases, oxido-
reductases, and enzyme modulators, given in Supplementary
Table S9. Proteins with calcium-, chaperone-, transcription
factor- and nucleic acid-binding activities were also identi-
fied, which provide an overall idea on the effect of the me-
tabolites on cellular and molecular pathways.

Reactome pathway analysis showed enrichment of dopa-
minergic, serotonergic, neuropeptide, NMDA receptors, and
synaptic pathways, given in Figure 4B. Apart from these,
several exciting and central signaling pathways that of
mitogen-activated protein kinases ERK-1/2, that is, MAPK1/3
and p38 MAPK, RAS signaling, G-protein-coupled receptor
signaling (GPCR), PI3K/AKT, and cell cycle pathways were
also identified, which are represented in Figure 5A.

In vitro validation of liquorice on differentiated
IMR32 cells

To validate the findings from the predictive analysis of
liquorice protein targets, retinoic acid-differentiated IMR32
cells were used. Cells were treated with different concen-
trations of liquorice root extract from 50 to 1500 lg/mL
concentration for 48 h and evaluated cell viability using MTT
assay (Supplementary Fig. S2). Treatment with liquorice
root extract was nontoxic at all tested concentrations and
200 lg/mL concentration of treatment was selected to eval-
uate its impact on select cellular pathways such as MAPK1/
MAPK3 pathway, PI3K/AKT pathway, and cell cycle on
differentiated IMR32 cells given in Figure 5C–E.

The cell cycle analysis revealed that the G0/G1 population of
cells to be unchanged in control (56.5%) and liquorice (57%),
whereas a significant increase in S-phase cells ( p £ 0.05) and
decrease in G2/M phase ( p £ 0.05) with liquorice (S-33.74%;
G2/M-9.77%), compared with control (S-24.2%; G2/M-19.26).
The phosphorylation status of pERK-T202/Y204 ( p £ 0.05) and
pAKT-S473 ( p £ 0.05) were reduced with liquorice treatment,
compared with control, suggesting regulation of the MAPK1/
MAPK3 and PI3K/AKT pathway. The in vitro analysis con-
firms the regulation of the cell cycle and signaling pathway,
thereby validating the predictive regulation of protein targets of
liquorice.

Network pharmacology of liquorice metabolites
and their protein targets

To further understand the protein interacting partners of
liquorice metabolites, STRINGdb analysis was used to con-
struct the protein–protein interaction network. The protein
interaction network showed a prominent clustering of neu-
rotransmitter receptors, into three sets of clusters. In addition,

several important kinases that were intertwined in the net-
work are, signal transducer and activator of transcription-3
(STAT3), glycogen synthase kinase-3 (GSK3B), transform-
ing protein-p21 (HRAS), proto-oncogene tyrosine-protein
kinase (SRC), and cyclin-dependent kinases (CDK-1 and 2).
The interaction network also features growth factors such as
vascular endothelial growth factor-A (VEGFA), interleukin-1
(IL-1), fibroblast growth factor (FGF-1,2), epidermal growth
factor (EGF), and its receptor (EGFR). The protein–protein
interaction from STRINGdb is given in Figure 6. The
network-pharmacology analysis suggests neuromodulation
by interaction and regulating neurotransmitter receptors and
intracellular signaling and responses mediated by liquorice.

Discussion

Licorice root formulation is widely used since time imme-
morial while there is a need to decipher its molecular mecha-
nisms of action. Metabolic profiling of G. glabra has been
reported to differ based on location, and we sought to under-
stand the metabolome profile of the Indian origin liquorice, that
is, Yashtimadhu, using LC-MS/MS-based metabolomics and
network pharmacology. This study focuses on two different
aspects of metabolite profiling: (i) multiple solvent extraction
to capture as many diverse classes of metabolites as possible,
and (ii) an aqueous extraction to assess its biological effects on
cell culture, which is based on its traditional usage.

This study highlights the active compounds with neuro-
protective functions, including glycyrrhizic acid, liquiritin,
liquiritigenin, licorice saponin G2, ononin, and glabri-
din, which were previously reported (Zhou et al., 2013).
Glycyrrhizin is neuroprotective in the MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) model of Parkinson’s
disease (PD) (Santoro et al., 2016), whereas isoliquiritigenin
reportedly offers neuroprotection in a 6-hydroxydopamine
model (Hwang and Chun, 2012), and while glabridin crosses
the brain endothelial barrier (Hwang et al., 2006; Yu et al.,
2008). The metabolomics analysis also highlighted the pres-
ence of asiatic acid, barbaloin, quercetin derivatives, cou-
marins, jadomycin B, dalpanin, deltropin A, jangomolide
and, beta-carotene, to name a few.

This study explored the effect of liquorice metabolites on
the host system using bioinformatics approaches to identify
and predict proteins interacting with liquorice metabolites,
wherein enrichment of neurotransmitter receptors and syn-
aptic pathways were identified. These receptors included
dopamine, serotonin, adenosine, and acetylcholine. Several
signaling pathways were identified, including G-protein re-
ceptor signaling, MAPK1/3, PI3K/AKT, GSK-3b, and
p38MAPK.

Studies have also suggested the role of GSK-3b in neuro-
modulation and regulation of p38MAPK by isoliquiritigenin
from licorice (Chin et al., 2005; Hwang and Chun, 2012).
Based on the pathway enrichment analysis, the regulation of
cell cycle, phosphorylation of ERK-1/2 (MAPK1/3 pathway),
and AKT (PI3K/AKT pathway) were analyzed. The involve-
ment of the pathways, as mentioned previously, is reported to
be involved normal brain functions and known to be dysre-
gulated in neurodegeneration (Goncalves et al., 2011; Liu
et al., 2014; Sai et al., 2009; Seo et al., 2014).

The regulation of basal phosphorylation of ERK-1/2 and
AKT confirms the findings of the bioinformatics analysis.
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FIG. 4. Analysis of proteins interacting with liquorice metabolites. (A) Circular bar plot showing the classification of
human proteins based on molecular function, biological process, and cellular localization. (B) Table showing coverage of
different types of neurotransmitter receptors and the number of proteins identified in each type.
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Dysregulation of cell cycle and mitotic re-entry through the
ERK-1/2 pathway was reported to cause mitotic catastrophe
and cell death (Modi et al., 2012). The regulation of both
ERK-1/2 phosphorylation and cell cycle highlights the po-
tential neuroprotective functions of liquorice. To the best of
our knowledge, this is the first study exploring the metabo-
lomics of liquorice and its host protein interactions using
bioinformatics approaches.

This study used bioinformatics-based network pharmacology
in understanding the mechanism of action of liquorice metab-

olites, and some of the pathways are validated in vitro; however,
additional validation of the metabolite–protein interaction will
prove beneficial in ascertaining the specific protein targets. In
addition, the use of multiple fractionation methods of metabo-
lite extraction will enable better coverage of metabolite classes
present in traditional medicine. The characterization of the
fractions will provide insights into the mechanistic actions of
these metabolites and the pathways regulated by them.

The molecular components and protein interaction networks
described in the study relied on the molecular features mapped

FIG. 5. Effect of liquorice extract on the host system processes. (A) Bar graph showing pathway analysis of interacting
human proteins highlighting kinases, intracellular and inflammatory signaling, and cell cycle modulation. (B) Cell cycle
analysis of untreated control cells (C) and liquorice-treated cells (L) treated with differentiated IMR32 cells. (C) Graphical
representation of % cells in G0/G1, S, and G2/M phases. (D) Western blotting analysis of pERK (Thr202/Tyr204) and
pAKT (Ser473), with b-actin as loading control. (E) Graphical representation of densitometry analysis and fold change of
pERK and pAKT. *p £ 0.05 and **p £ 0.01.
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to known metabolites. There are a large number of metabolites
yet to be annotated. The usage of multiple databases in addi-
tion to KEGG and HMDB, such as METLIN, PubChem, and
LipidMaps (Fahy et al., 2007; Kim et al., 2019; Montenegro-
Burke et al., 2020) may aid in increased putative metabolite
identification; however, it may also lead to increased com-
plexity of the data. Metabolite identification can be improved
with species-specific databases that enable fragment-level
identification using standards and retention time information
for more efficient and confident metabolite identification.

Further work and implementation of standards/databases
will allow identification of these unannotated molecular
features to allow further unraveling of functional properties
of traditional medicine. Our findings offer a baseline on
which further discovery and translational investigations can
be conducted in the field of plant omics, and with an eye to
better understanding and evaluation of the neuropharmacol-
ogy of liquorice and other traditional medicines.
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EGFR ¼ epithelial growth factor receptor
EMS ¼ enhanced mass spectra

EPI ¼ enhanced product ion
FBS ¼ fetal bovine serum

FGFR ¼ fibroblast growth factor receptor
GPCR ¼ G-protein-coupled receptor

GSK3B ¼ glycogen synthase kinase 3 beta
HMDB ¼ human metabolome database

IDA ¼ information-dependent acquisition
KEGG ¼ Kyoto Encyclopedia for Genes

and Genomes
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MAPK1/3 ¼ extracellular response kinase 1/2

MPTP ¼ 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine

NMDA ¼ N-methyl-d-aspartate
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p38MAPK ¼ p38-mitogen-activated protein kinase
PI3K ¼ phosphoinositide 3-kinase
ppm ¼ parts per million

RRHD ¼ rapid resolution high definition
VEGFR ¼ vascular endothelial growth factor receptor
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Ligand Binding Domain of Estrogen
Receptor Alpha Preserve a
Conserved Structural Architecture
Similar to Bacterial Taxis Receptors
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It remains a mystery why estrogen hormone receptors (ERs), which are highly specific
toward its endogenous hormones, are responsive to chemically distinct exogenous
agents. Does it indicate that ERs are environmentally regulated? Here, we speculate
that ERs would have some common structural features with prokaryotic taxis receptor
responsive toward environmental signals. This study addresses the low specificity
and high responsiveness of ERs toward chemically distinct exogenous substances,
from an evolutionary point of view. Here, we compared the ligand binding domain
(LBD) of ER alpha (α) with the LBDs of prokaryotic taxis receptors to check if LBDs
share any structural similarity. Interestingly, a high degree of similarity in the domain
structural fold architecture of ERα and bacterial taxis receptors was observed. The
pharmacophore modeling focused on ligand molecules of both receptors suggest
that these ligands share common pharmacophore features. The molecular docking
studies suggest that the natural ligands of bacterial chemotaxis receptors exhibit strong
interaction with human ER as well. Although phylogenetic analysis proved that these
proteins are unrelated, they would have evolved independently, suggesting a possibility
of convergent molecular evolution. Nevertheless, a remarkable sequence divergence
was seen between these proteins even when they shared common domain structural
folds and common ligand-based pharmacophore features, suggesting that the protein
architecture remains conserved within the structure for a specific function irrespective of
sequence identity.

Keywords: estrogen receptor, ligand binding domain, taxis receptors, domain architecture, nuclear hormone
receptor

HIGHLIGHTS

- ER-LBD shares structural folds with bacterial
chemotaxis receptor LBD.

- Domain architecture is preserved by conserved structural folds,
irrespective of sequence identity.

- Ligands for ER and bacterial chemotaxis receptors share
common pharmacophore features.

- Ligands of bacterial chemotaxis receptors interacted with
human ER and vice versa.
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INTRODUCTION

At present, the evolution of nuclear hormone receptors (NRs)
is traced back up to protostomes such as plathelminths and
mollusks (Kohler et al., 2007; Vogeler et al., 2014; Baker
and Lathe, 2018; Wu and LoVerde, 2019). According to the
present perspective, Amphioxus, a prochodate deuterostome,
contains the most primitive estrogen receptor (ER) (Baker and
Chandsawangbhuwana, 2008; Lecroisey et al., 2012). However,
the full transcriptional function of the ER evolved hundreds of
millions of years later after the evolution of early deuterostomes
is reported (Kao et al., 2000; Baker and Chandsawangbhuwana,
2008; Callard et al., 2011). ERα is believed to be the most
primitive among all the NRs reported so far. Sequence analysis
indicates that the other NRs such as other ER subtypes,
progesterone receptors, androgen receptors, glucocorticoid
receptors, and minerocorticoid receptors evolved from ERα

through gene duplication and sequence divergence (Elliston and
Katzenellenbogen, 1988; Thornton, 2001; Guerriero, 2009; Baker
et al., 2015; Baker, 2019).

LBD OF ESTROGEN HORMONE
RECEPTORS ARE SPECIFIC TOWARD
ITS ENDOGENOUS LIGAND

All the known NRs discovered so far adopts common structural
and functional characteristics and consists of evolutionarily
conserved, structurally and functionally distinct three to six
basic domains (Lakshmanan and Shaheer, 2020). ERs are
made up of an N-terminal domain, central DNA binding
domain, C-terminal LBD, and two distinct, conformationally
active regions designated as activation function 1 (AF-1) and
activation function 2 (AF-2) (Lakshmanan and Sadasivan,
2014). DNA-binding domain (DBD) is the most conserved
among the domains, and the N-terminal domain is most
variable in sequence and length. ER signaling depends on the
ligand/hormone and begins with the binding of ligand to LBD
(Lakshmanan and Shaheer, 2020).

LBDs of nuclear hormones are specific toward its endogenous
ligand and normally do not cross-interact with other non-specific
endogenous hormones (Sasson and Notides, 1983; Klinge, 2001;
Razandi et al., 2004; Yang et al., 2004; Morissette et al., 2008).
On the other hand, they are responsive to metabolites and
precursors of steroid hormones and wide variety of chemically
distinct exogenous substances grouped as xenohormones. Both
ERα and ERβ exhibits similar affinities for the endogenous
hormones estradiol, estriol, and estrone (Sasson and Notides,
1983; Morissette et al., 2008).

WHY ERs ARE RESPONSIVE TO AN
ARRAY OF DIVERSE EXOGENOUS
SUBSTANCES?

Estrogen hormone receptors exhibits least substrate specificity
and strong binding affinities for most of the steroid/phenolic

and few of the non-phenolic/non-steroid agents classified as
xenoestrogens (Cauley, 2015; Gore et al., 2015; Shafei et al.,
2018; Pacyga et al., 2019; Rosenfeld and Cooke, 2019; Basak
et al., 2020; Lakshmanan and Shaheer, 2020; Park et al., 2020).
It is interesting to explore why a receptor that shows high
specificity to its endogenous ligand can be transactivated by other
hormone metabolites or chemically distinct exogenous agents.
The present study was initiated to address this question through
bioinformatics tools.

LBD Structural Architecture Is
Conserved Between ERs and Bacterial
Taxis Receptors Irrespective of
Sequence Divergence
Emergence of proteins with novel domain and/or domain
combinations, generated by either homologous or non-
homologous DNA repair or inserted into the genomes by
transposition, is an important evolutionary mechanism,
as it confers potentially diverse biological functions for
the organisms (Itoh et al., 2007; Peisajovich et al., 2010;
Forslund et al., 2019). Such domain accretion would have
paved way in the emergence of novel proteins with specialized
functions in the due course of eukaryotic evolution. While
ERs are highly specific toward their endogenous hormone,
they exhibit least substrate specificity and strong binding
affinities toward array of exogenous ligand. This prompted
us to speculate that LBD of ER alpha, the NR, would have
some similarity with prokaryotic receptors responsive toward
environmental signals (chemotaxis receptors). To prove this
speculation, we downloaded the amino acid sequences and
structures of LBDs of ERα and compared it with bacterial taxis
receptors and sequences from other lower life forms such as
protozoa and protostoma (Table 1) using Constraint-Based
Multiple Alignment Tool (COBALT) and sequence-independent
structural alignment (TM-align).

Analysis based on sequence similarity such as Basic Local
Alignment Search Tool (BLAST), BLAST-Like Alignment Tool
(BLAT), and CLUSTAL multiple sequence alignment tools are
not reliable in detecting the homology of distantly related
species if similarity of the protein sequence is <30% (Bhagwat
et al., 2012; Moreno-Hagelsieb and Hudy-Yuffa, 2014; Ward
and Moreno-Hagelsieb, 2014). Nevertheless, protein domain
composition is anticipated to be conserved throughout the course
of evolution due to functional constraints (Forslund et al.,
2019; Yu et al., 2019). The function of a particular protein,
to a great degree, is decided by the orderly arrangement of
protein sequence to specific domains that constitutes domain
architecture. Proteins with the same domain architecture may
probably have similar structures and hence related cellular
function (Koonin et al., 2002).

Constraint-based multiple alignment tool has advantage over
other protein multiple sequence alignment tools in that it
finds a set of pairwise constraints derived from conserved
domain database and protein motif database and sequence
similarity, using RPS-BLAST, BLASTP, and PHI-BLAST. Pair-
wise constraints were then integrated into a progressive multiple

Frontiers in Ecology and Evolution | www.frontiersin.org 2 July 2021 | Volume 9 | Article 681913

Page  110

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-681913 July 20, 2021 Time: 12:53 # 3

Lakshmanan Mangalath and Hassan Mohammed LBD’s Structural Architecture Remains Conserved

alignment (Papadopoulos and Agarwala, 2007). All the protein
sequences were downloaded from protein sequence database
from NCBI. Protein structural files were downloaded from
RCSB, protein databank, and COBALT and were used for
multiple sequence alignment and prediction of common domain
architecture. Molecular Evolutionary Genetics Analysis (MEGA)
version X was used for constructing phylogenetic trees based on
molecular evolution.

Interestingly, using COBALT, we found that LBDs of ER
showed high conservation in domain architecture with all the
selected sequences (Figure 1A and Supplementary Figure 1).
Furthermore, we selected only the first four proteins shown
in Table 1 and performed the COBALT alignment. All the
four sequences, that is, LBDs of ER, nuclear receptor of
Ciona sp., and two bacterial taxis receptors, exhibited high
degree of conservation in domain architecture (Figure 1B
and Supplementary Figure 2: first four sequence). As a
validation to our hypothesis, we randomly selected some protein
sequences (Supplementary Table 1) and repeated COBALT
multiple sequence alignment. The result (Supplementary
Figure 3) showed that the selected sequences have less
conservation and more gaps.

The phylogenetic tree built for all the six sequences with
mega gave an unrooted gene trees (Figure 1C) with clustering
of genes into two separate groups. Human ER was clustered
into a common clade with Ciona sp., and Mytilus sp. was
an outgroup from this clade. Two bacterial chemoreceptors
were clustered together. Tom40 of Amoeba was an outgroup

from the clade of bacterial receptors. Phylogenetic analysis
showed that ERs and bacterial chemotactic receptors are
evolutionarily unrelated.

Irrespective of their sequence and structural and functional
diversity, ERs and other bacterial chemoreceptors such as
taxis to serine and repellents (Tsr) and broad ligand-specific
(BLS) receptor of Pseudomonas putida used in this study have
certain common features such as a ligand binding domain
(LBD) and homodimerization of the LBDs to exert their
downstream signaling.

TM-align has advantage over other pairwise sequence
alignment tools, as it confers sequence-independent protein
structure comparison (Zhang and Skolnick, 2005). For any given
two protein structures of unidentified similarity, the program
uses heuristic dynamic programming iterations and initially
generates optimized amino acid-to-amino acid alignment based
on structural similarity. The tool then returns an optimal
superposition of the two structures with a TM-score that can
be used to scale the similarity. We performed TM-align to
find a sequence-independent alignment based on local backbone
similarity using heuristic dynamic programming iterations. The
structures of LBDs of the serine receptor (Tsr) (PDB ID: 3ATP)
of Escherichia coli with the LBD of ER-alpha (PDB ID: 1ERE)
and LBDs of the chemoreceptor (BLS) (PDB ID: 6S33) of
P. putida with the LBD of ER-alpha (PDB ID: 1ERE) were selected
for TM-align.

Structural alignments with TM-align confirmed similar
structural folds between LBDs of ER and LBDs of bacterial

TABLE 1 | Sequence ID and the function for the sequences selected for COBALT analysis.

Accession ID COBALT
query

Sequence
description

Organism Protein function Criteria for inclusion in the
study

pdb| 1GWQ| A 10001 Ligand binding
domain of ERα

(ERα-LBD)

Homo sapiens ERα is a nuclear hormone receptor that
functions as a ligand-dependent
transcription factor. Transactivation of the
receptor is dependent on the LBD, which
binds to its specific ligand to initiate the
dimerization and activation of the receptors.

For understanding the low
substrate specificity and strong
binding affinities of ER to diverse
array of exogenous ligand

pdb| 3ATP| A 10002 Ligand binding
domain of TSR
(Tsr-LBD)

Escherichia coli Serine chemoreceptor (Tsr) is involved in
transducing signals from a periplasmic
ligand-binding site to its cytoplasmic tip and
controls the activity of the CheA kinase. The
functional forms of Tsr are trimers of homo
dimers (TOD).

Like ERs, it has an LBD and
function in dimeric form.

pdb| 6S33| A 10003 Ligand binding
domain of the broad
ligand specific
chemoreceptor
(BLS-LBD)

Pseudomonas
putida

Transmembrane protein complex that
controls bacterial chemotaxis, broad
substrate specific. It functions similar to Tsr|
.

Like ERs, it has a LBD and function
in dimeric form.

NP_001087206.1 10004 Nuclear receptor Ciona intestinalis A thyroid hormone receptor playing a
prominent role in a role during development
and metamorphosis of Ciona intestinalis

To represent a primitive nuclear
receptor from protostoma

CAC5376483.1 10005 Nuclear receptor Mytilus coruscus Retinoic acid receptor of Mytilus coruscus To represent a primitive nuclear
receptor from protostoma

AKN09692.1 10006 Tom40 Amoeba proteus The translocase of the outer mitochondrial
membrane (TOM) 40 functions in sorting
imported protein.

Selected mainly to represent
protozoa. Like ER, it translocates
from cytoplasm to other organelle
(ER-Nucleus, Tom-Mitochondria)
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FIGURE 1 | Constraint-Based Multiple Alignment Tool results for the selected sequences. (A) Six sequences. (B) Selected four sequences. Here, the highly
conserved and least conserved regions are highlighted based on residues relative entropy threshold. Alignment columns with no gaps are colored in red or blue. Red
indicates highly conserved regions, and blue indicates less conserved regions. (C) The gene tree constructed with MEGA version X is represented. (D,E) TM-align
results: (D) structural alignment of human ER-α-LBD superposed on Tsr-LBD (E. coli); (E) structural alignment of human ER-α-LBD superposed on broad ligand
chemoreceptor, LBD (P. putida). Blue chain represents bacterial taxis receptors, and red chain represents human ER-alpha. Superposed full-atom structure of the
aligned region is represented as cartoon. (F,G) Pictorial representation of pharmacophore modeling results. (F) The pharmacophore of the reference ligand
17β-estradiol (left, violet) and the result of the ligand database screening (right) for the identification of matching pharmacophores. (G) The pharmacophore of the
reference ligand coumestrol (left, orange) and the result of the ligand database screening (right) for the identification of matching pharmacophores. Detailed color
codes are given in tabular form (H). (H) Tabular representation of pharmacophore modeling results.
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chemoreceptors (Figures 1D,E). The superposition of two
proteins using T-align showed a clear picture on the similarity of
Domain Structural architecture between Tsr and ER and between

BLS and ER, substantiating our hypothesis on preservation of
common fold architecture between the LBDs between bacterial
chemoreceptor and human ERα.

FIGURE 2 | (A) Table representing detailed glide scores of ligands against corresponding receptors. (B) Docking of human ER (PDB ID: 1ERE) with ligands of
bacterial chemotaxis receptors. (B.a) Binding of selected ligands in the receptor cavity of human ER (orange, PDB ID 1ERE). (B.b) Ligand interaction diagram of the
natural ER ligand 17β-estradiol with binding site residues of ER. (B.c) Ligand interaction diagrams of the top scoring bacterial chemotaxis ligands 3,4-dihydroxy
mandelic acid, (B.d) quinic acid, (B.e) protocatechuic acid, (B.f) salicylic acid, and (B.g) benzoic acid. (C) Docking of E. coli chemotaxis receptor Tsr (PDB ID: 3ATP)
with ligands of human ER. (C.a) Binding cavity in the AB chain interface of E. coli chemotaxis receptor Tsr (green) occupied with the reference ligand serine and ER
ligands. (C.b) The interaction of serine, (C.c) coumestrol, (C.d) bisphenol A, (C.e) estradiol, and (C.f) diadzeine. (D) Docking of bacterial chemotaxis receptor (PDB
ID 6S33) with ligands of human ER. (D.a). Ligand binding domain in the AB chain interface of P. putida chemotaxis receptor PcaY_PP (violet, PDB ID 6S33)
occupied with the reference ligand “quinic acid” and ER ligands. The interaction of (D.b) quinic acid, (D.c) naringenin, (D.d) bisphenol A, (D.e) coumestrol, and (D.f)
diethylstilbestrol.
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Ligands Specific for the Estrogen
Receptor and Bacterial Chemotaxis
Receptors Shares Common
Pharmacophore Features
Pharmacophore models provide description of optimal
supramolecular interactions that typically occur between
small-molecule ligands and their respective protein receptor. The
pharmacophores of ERs ligands and bacterial chemotaxis
receptor ligands were compared to understand if these
ligands shared any common pharmacophore features. Two
pharmacophore hypotheses were developed in which the
first hypothesis involves 17β-estradiol (human estrogen) as
the reference ligand and the second hypothesis was focused
on coumestrol (Phytoestrogen) as the reference ligand. The
hypotheses were developed using the “Develop pharmacophore
hypothesis” module of Maestro 11.0 Schrodinger suite. To
develop the hypotheses using the reference ligands, hydrogen
bond (HB) donors (D), HB acceptors (A), aromatic ring (R),
hydrophobic/non-polar groups (H), and positive/negative
ionizable groups were selected as the pharmacophore features.
Furthermore, the ligands to be screened for matching
pharmacophore features were subjected to “ligand-database
pharmacophore screening” using the same software.

Interestingly, pharmacophore modeling uncovered a set
of common features among the ligands specific for the ER
and bacterial chemotaxis receptors (Figures 1F–H). All the
bacterial chemotaxis receptor ligands possessed pharmacophore
features that are common for 17β-estradiol and coumestrol
(Figures 1F–H). The bacterial chemotaxis receptor ligands
such as salicylic acid, benzoic acid, and serine exhibited
matching pharmacophores with the phytoestrogen “coumestrol,”
a known ER agonist.

Natural Ligands of Bacterial Chemotaxis
Receptors Exhibited Favorable Binding
Affinity Toward Human Estrogen
Receptor and Vice Versa
Our finding that the structural architecture was conserved
between the LBD of ERs and bacterial Taxis receptors along
with the existence of common pharmacophore feature between
the ligands of both receptors prompted us to check for the
interactions of the ligands with both receptors. The molecular
docking studies were performed using Schrodinger suite 11.0.
The three dimensional structures of ER (PDB ID 1ERE), E. coli
chemotaxis receptor Tsr (PDB ID 3ATP), and P. putida PcaY_PP
LBD (PDB ID 6S33) were downloaded from Protein Data Bank.
The downloaded protein structures were processed and energy
minimized using the Protein Preparation Wizard. The protein
preparation involved assigning bond orders, adding hydrogens,
creating disulfide bonds, and creating zero-order bonds to metals.
The het states of the proteins were generated using “Epik” at
pH 7 ± 2.0, and restrained minimization was performed using
OPLS3 forcefield. Furthermore, a receptor grid was generated
from each structure by selecting the cocrystal ligand as the
centroid of the receptor. The ligand molecules (Figure 2) were

downloaded from NCBI-PubChem database and prepared for
docking with the LigPrep module. The ligand molecules were
structurally optimized at near neutral pH (7 ± 1) and subjected
to energy minimization using OPLS3 force field.

Furthermore, the prepared ligand sets were docked against
the receptor grid of the above-mentioned target proteins. Extra
precision (XP) flexible docking was performed using the GLIDE
module, and the affinity of the ligands toward the target proteins
were ascertained in terms of negative glide score (kcal/mol).
Fifty docking poses were collected for each ligand. The binding
poses were generated using Pymol software (free license). The
glide score is an indirect measure of binding free energy of the
ligand–receptor interaction. The more negative the glide score,
the stronger the interaction.

For the molecular docking studies against human ER,
17β-estradiol was used as the reference ligand, and other ER
ligands were used for validation of the experiment (Figure 2A).
Similarly, quinic acid was used as the standard reference
ligand for bacterial chemotaxis receptors, and other ligands
specific for bacterial receptor was used for cross-validation
of the experiment. The docking studies strongly support the
findings of structural similarity between human ER and bacterial
chemotaxis receptors that were presented in the structure
alignment section. When discussing the target specificity of ER
ligands against bacterial chemotaxis receptors, all the ligands
exhibited thermodynamically favorable interaction (Figure 2B).
Phytoestrogens such as coumestrol, diadzeine, and naringenin
exhibited stronger interaction with high binding affinity toward
bacterial chemotaxis receptors than the estradiol or synthetic ER
ligands (Figures 2C,D). On the other hand, the natural ligands of
bacterial chemotaxis receptors exhibited strong interaction with
human ER (Figures 2A,B). The favorable interactions of all ER
ligands toward bacterial receptors irrespective of their binding
strength and vice versa were the key findings of this experiment.

CONCLUSION AND PERSPECTIVE

We observed a remarkable similarity in the domain structural
fold architecture of ERα and bacterial taxis receptors. The
ligand molecules of both receptors also shared common
pharmacophore features. The natural ligands of bacterial
chemotaxis receptors exhibit favorable binding affinity with
human ER. This holds true for ER–ligand interaction with
bacterial receptors as well. However, phylogenetic analysis
proves that these proteins are unrelated. Together, these results
suggest that these receptors have evolved independently to
respond against certain environmental agents, pointing toward a
possibility of convergent molecular evolution. However, during
the course of evolution, even when these sequences exhibited
high divergence and acquired novel functions, the domain
structural fold remained greatly preserved. Domain structural
architecture for a particular acquired or specialized functions
maybe conserved across species in due course of evolution
even when the sequence composition varies. This hypothesis
also explains the non-specific binding of the nuclear hormones
toward an array of chemically distinct exogenous ligands and
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at the same time maintaining its high specificity toward the
respective hormones.
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Piperine sensitizes radiation-resistant cancer cells
towards radiation and promotes intrinsic pathway
of apoptosis
Koniyan Shaheer, HM Somashekarappa, and M. Divya Lakshmanan

Abstract: Piperine, a bioactive alkaloid, is known to have anticancer activities. Hence, in this study, the effectiveness of
piperine pretreatment as a strategy for radio-sensitizing colorectal adenocarcinoma cell line (HT-29) was analyzed.For this,
HT-29 cells were pretreated with piperine (12.5 and 25 μg/mL) and exposed to γ -radiation (1.25 Gy) and analyzed for
various effector pathways to elucidate the possible mode of action in comparison to individual treatments.The proliferation
efficiency of the cells was analyzed by trypan blue dye exclusion assay and MTT assay. The synergistic effects of the
combination treatment were analyzed with compuSyn software.Downstream signaling pathways leading to apoptosis were
studied using flowcytometry, immunofluorescence, and immunoblot assays. It was observed that combination treatment
arrested HT-29 cells at G2/M phase nearly 2.8 folds higher than radiation treatment alone, inducing the radio-resistant
cells to undergo apoptosis through mitochondria-dependent pathway. In addition, activation of caspase-3 and cleavage of
poly(ADP-ribose) polymerases-1, the key molecular events in apoptotic signaling,were significantly enhanced.Activation
of estrogen receptor beta (ERβ), a nuclear hormone transcription factor promoting tumor suppression represents a novel
clinical advance towards management and prevention of cancers. Interestingly, the expression of ERβ was increased in the
cells treated with piperine. In conclusion, piperine pretreatment enhances radio-sensitization in HT-29 cells by inducing
the cells to undergo apoptosis hence, can be used as a classic candidate for colon cancer sensitization towards radiotherapy.

Keywords: apoptosis, colon cancer, estrogen receptor, mitochondrial membrane potential, piperine, radiation sensitizer

Practical Application: Piperine induces enhanced radiosensitization of colon cancer cell line (HT-29) by interfering with
the cancer cell line proliferation, DNA damage, and apoptosis.

1. INTRODUCTION
Most of the current treatment strategies for cancer show

limited improvement as the patient develops resistance towards
chemotherapy and radiotherapy (Hu, Li, Gao, & Cho, 2016; Kyr-
giou et al.,2017).Hence,there is an urgent need to develop smarter
therapeutic strategies for advanced-stage, therapy-resistant cancers.
One approach to improve the efficacy and overcome the radiation
resistance is to induce radiosensitization in cancer cells.
Some natural compounds such as curcumin, quercetin, genis-

tein, (Nicholson et al., 1995) danshsensu, wortmannin, and so on,
are reported for inducing radiosensitization in cancer cells (Cao
et al., 2017; Javvadi, Segan, Tuttle, & Koumenis, 2008; Lagerweij
et al., 2016;Ortiz,Lopez,Burguillos,Edreira,& Pinero, 2004;Tang
et al., 2018). Natural products owing to their antioxidant and
immune-enhancing effects may have improved effects as biolog-
ical and radiation protectors for normal cells. Screening of more
natural compounds may facilitate the discovery of compounds that
sensitize the cancer therapy by interfering with cancer regulatory
pathway and render possible treatment strategies.

JFDS-2020-0962 Submitted 6/7/2020, Accepted 9/18/2020. Authors Shaheer
and Lakshmanan are with Molecular Biology Division, Yenepoya Research Centre,
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Radiation Technology (CARRT), USIC, Mangalore University, Mangalore, Kar-
nataka, 575018, India. Direct inquiries to author Lakshmanan (E-mail: divyalman-
galath@gmail.com).

Piperine is a major plant alkaloid, a phytochemical present in
Piper nigrum Linn (black pepper) and Piper longum Linn (long pep-
per). Black pepper is one of the most common spices consumed
by a large number of populations worldwide. Piperine has been
reported to enhance the activity of the anticancer drugs in vari-
ous drug-resistant cancer cells (Khan,Maryam,Mehmood,Zhang,
& Ma, 2015; Li, Krstin, Wang, & Wink, 2018; Manayi, Nabavi,
Setzer,& Jafari,2018;Syed et al.,2017), including colorectal cancer
cell line (Bolat et al., 2020). Several effector mechanism of piper-
ine against cancer cell line such as influencing redox homeostat-
sis, autophagy, cancer stem cell inhibition and endoplasmic retic-
ulum modulation has been postulated earlier (Rather & Bhagat,
2018). Radiosensitizing property of piperine is yet to be under-
stood properly.Given the need for effective therapies to treat colon
cancer,we aimed to investigate the effect of piperine pretreatment
on colon cancer cells to facilitate radiotherapy treatment and elu-
cidate its molecular mechanism.

2. MATERIALS AND METHODS
Piperine (≥97%), poly-L-Lysine, protease inhibitor cock

tail, and dimethyl sulphoxide (DMSO) were purchased from
Sigma Aldrich, Bangalore, India. Chemicals such as MTT
(3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide),
paraformaldehyde, bovine serum albumin (BSA), triton X 100,
propidium iodide, RNase A solution, Dulbecco’s Modified Ea-
gles Medium (DMEM), fetal bovine serum (FBS), penicillin
and streptomycin solution, L-glutamine, Trypan blue (0.4% so-
lution in Dulbecco’s phosphate-buffered saline) were purchased
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from Himedia, Mumabi, India. ERα (E115; ab32063) and ERβ

(ab3576) specific antibodies,Goat Anti-Rabbit IgG HandL (Alexa
Fluor-488; ab150077) were purchased from Abcam, Cambridge,
UK. JC-1 dye was from Calbiochem, Bangalore, India (Sigma).
Rabbit monoclonal antibodies β-actin (#4970), BAX (D2E11,
#5023), BCL-2 (124, #15071), Caspase 3 (#9662) poly(ADP-
ribose) polymerases-1: (PARP 1; #9541) and anti-rabbit-IgG
horseradish peroxidase-conjugated secondary antibody (#7074S)
were from Cell Signaling Technology (Danvers, MA, USA). En-
hanced Chemi-luminescence substrate (Immobilon Forte West-
ern HRP substrate, #WBLUF0100) was purchased from Milli-
pore,Bangalore, India.Other chemicals used whereof analytical or
molecular biology grade were procured from HiMedia, India.

2.1 Cell line and culture
Human colon cancer cell line- HT-29 (NCCS, Pune, India)

was grown in DMEM, supplemented with 10% FBS,1% penicillin
and streptomycin, and 2 mM L-glutamine. The cell culture was
maintained at 37 oC in a 5% CO2 humidified atmosphere.

2.2 Ionizing radiation treatment and dose optimization
Exponentially growing HT-29 cells were exposed to λ-

radiation with dose ranging from 1.25 to 10 Gy,using a Low Dose
gamma Irradiator-2000 (BRIT, Mumbai, India), which is a self-
shielded, irradiator with 60Co. The dose rate of the instrument at
the time exposure is 10.3 Gy/min.And the cells were incubated for
48 hr under normal culture conditions. After 48 hr of incubation,
MTT assay was performed. Absorbance was recorded at 570 nm
using the multimode reader (FLUOstar Omega, Mumbai, India).
The γ -radiation facility was availed at Centre for Application of
Radioisotopes and Radiation Technology (CARRT), Mangalore
University,Mangalore, Karnataka, India.

2.3 Piperine treatment and dose optimization by MTT assay
The dose optimization of piperine is studied using MTT assay

(Tolosa, Donato, & Gomez-Lechon, 2015). Briefly, HT-29 cells
were seeded and cultured in 96-well tissue culture plate (Falcon,
Corning, India) at a density of 5,000 cells/100 μL/well for 24 hr
under specified conditions mentioned earlier. Piperine was dis-
solved in DMSO and added into the culture at different concen-
trations 10 to 100 μg/mL in triplicate,where final concentration of
DMSO kept remain at 0.1% and further incubated for 48 hr under
normal cell culture conditions. DMSO at a final concentration of
0.1% alone was treated as vehicle control.

2.4 Morphological analysis
HT-29 cells were seeded at a cell density of 0.35 × 106 cells/mL

in 35 mm dishes. After 24 hr incubation, the cells were treated
with piperine for 2 hr and irradiated. Untreated and nonirradi-
ated cells were included as control.Cell morphology was examined
under magnification of 20× by using an inverted light microscope
(Zeiss Primo Vert,Mumbai, India).For fluorescent imaging,nuclei
were stained with propidium iodide (0.2 μg/mL) for 10 min. The
stained cells were then analyzed under a ZOE imager (Bio-Rad,
Mumbai, India).

2.5 Cytotoxicity assessment using Trypan blue dye
exclusion assay and MTT assay

HT-29 and A549 cells were seeded and cultured in T12.5
flasks, for 24 hr under specified conditions mentioned above.Cells
were treated with the piperine in two concentrations (12.5 and

25 μg/mL) and exposed to a single dose of γ -radiation at a dose
of 1.25 Gy. Cells (vehicle control) placed in the chamber but not
irradiated were considered as sham control. The effect of piperine
and radiation on HT-29 and A549 cell cytotoxicity assay was per-
formed using MTT assay at 48 hr of incubation after radiation as
described earlier (Tolosa et al., 2015). Trypan blue dye exclusion
assay was performed only in HT-29 cells. Percentage of cell via-
bility was calculated using the following formula (Stoddart, 2011).

Percentage of cell viability

= (No. of viable cells in control − No. viable cells in test)

No. of viable cells in control
× 100

2.6 Analysis of the synergistic effect of the combination
treatment using CompuSyn method

CompuSyn software (ComboSyn, Inc.,USA) was used to quan-
titatively depict the effect of the combination treatment. The data
from the cytotoxicity studies were taken to compute combination
index (CI) values,CI plot,dose–response curve,median effect plot,
and normalized isobologram.CI values were used to determine the
synergism (CI < 1), additive effect (CI = 1), and/or antagonism
(CI > 1) of the cotreatment (Chou, 2010; Chou & Talalay, 1984).

The combination index (CI) is calculated by using the formula :

CI = d1

DX1
+ d2

DX2

where Dx1 is the dose of test agent 1 (radiation) required to de-
crease × percentage proliferation alone, and d1 is the dose of test
agent 1 required to decrease × percentage proliferation in combi-
nation with d2.Dx2 is similarly the dose of test agent 2 (piperine)
required to decrease × percentage proliferation alone,and d2 is the
dose of test agent 2 required to decrease× percentage proliferation
in combination with d1.

2.7 Cell-cycle analysis
HT-29 cells were seeded in T-12.5 flasks at a density of

300,000cells/ flask and cultured for 24 hr. The cells were then
treated with selected dose of piperine for 2 hr. DMSO at a final
concentration of 0.1%, treated cells served as vehicle control/sham
control. The cells were then exposed to 1.25 Gy of λ-radiation
and incubated for 48 hr. Cells were trypsinized and washed with
1× PBS (pH 7.4) fixed with chilled 75% ethanol and incubated
overnight at −20 °C. Cells were washed twice with 1× PBS (pH
7.4) and incubated with RNase A solution (50 μg/mL) for 2 hr at
37 °C. The cells were labeled with propidium iodide (5 μg/mL)
for 10 min in dark.Cell-cycle analysis was performed using Guava
easycyte (Millipore).

2.8 Immunofluorescence staining
HT-29 Cells (0.35 × 106 cells/35mm dish) were seeded on

poly-L-Lysine coated glass coverslip placed in 35 mm culture
dishes.After 48 hr of combination treatment with piperine and λ-
radiation, cells were washed with 1× PBS (pH 7.4) and fixed with
4% paraformaldehyde and permeabilized with 0.1% Triton X-100
for 30 min at room temperature.Following blocking the cells were
incubated with ERα (1:200) and ERβ (1:500) specific antibodies
for overnight at 4 °C. The cells were then incubated with Goat
Anti-Rabbit IgG HandL (Alexa Fluor-488) secondary antibody
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(1:500) for 1 hr at room temperature in dark. Nuclei were coun-
terstained with propidium iodide (0.2 μg/mL) for 10 min. The
stained cells were then analyzed under a fluorescence microscope
(ZOE imager; Bio-Rad).

2.9 Analysis of mitochondrial membrane potential (MMP)
HT-29 cells (3.0 × 105 cells) were seeded in a T-12.5 flask

in a final volume of 3 mL and cultured for 24 h. A pretreatment
of piperine in two different concentrations, was given 2 hr be-
fore λ-radiation (1.25 Gy) treatment and incubated for 48 hr at
37 °C. Following 48 hr of post cotreatment, the cells were treated
with JC-1 dye at a final concentration of 2.5 μg/mL for 15 min.
H2O2 (500 μM) treated cells were taken as positive control. Af-
ter incubation cells were harvested and assessed for change in the
��m using Guava easycyte flow cytometer.

2.10 Immunoblot assay
Immunoblot of HT-29 cells pretreated with piperine (12.5 and

25 μg/mL), following λ- radiation (1.25 Gy) for 48 hr was per-
formed for monoclonal antibodies such as, BCL-2, Bax, PARP-
1 and Caspase 3 (1:1,000) and polyclonal antibody for ERβ

(1:500). The blot was incubated with anti-rabbit-IgG-horseradish
peroxidase-conjugated secondary antibody (1:10,000) for 1 hr at
room temperature. The blots were probed with β-actin to show
equal loading, and the bands were developed using enhanced
chemiluminiscence detection method using ECL as substrate.

2.11 Statistical analysis
All assays were repeated for three times and triplicate results are

shown. Data were analyzed using one way ANOVA or two-way
ANOVA. A P-value of <0.0001 was considered significant. Data
were represented as mean ± SD. All statistical analysis were done
using GraphPad PRISM version 7.0.

3. RESULTS AND DISCUSSION

3.1 Synergistic effect of piperine in conjunction with
radiation ameliorated the cytotoxic effects on colon
cancer cell line

Prior to testing the synergetic effect of λ-radiation and piper-
ine, the effective dose for each of the individual treatment were
established. Based on the optimization results, λ-radiation dose of
1.25 Gy which led to the inhibition of HT-29 cell proliferation
(15 to 25%) was chosen for further studies (Figure 1a). The effec-
tive dose of piperine was fixed at 12.5 μg/mL (IC25) and 25 μg/mL
(IC50; Figure 1b).
MTT assay which measures mitochondrial succinate dehydro-

genase activity was done to check the rate of cell proliferation
and we found that piperine treatment in conjunction with radi-
ation exhibited reduced cell proliferation compared to the radia-
tion only group (Figure 1c).To find out if piperine could sensitize
colon cancer cell to λ-radiation (IR) treatment, cells were treated
with piperine, 2 hr prior to radiation with 1.25 Gy λ-radiation
and compared the individual treatments (low-dose piperine or IR
only) to a combination of treatments (low-dose piperine and IR).
The cotreatment resulted in drastic cell growth inhibition com-
pared to each agent alone. Of note, the MTT assay that is used to
determine cell proliferation does not directly distinguish between
induction of cell death and prevention of cell division; we further,
checked the cytotoxicity by checking for cell viability using try-
pan blue dye exclusion assay. There was an increased cell death in
combination treatment (Figure 1d). This could be correlated with

MTT results,which concludes that the piperine pretreatment aug-
mented the effect of radiation treatment. The images of the cells
stained with nucleus staining dye propidium iodide (Figure 1f) also
showed considerable decrease in the cell number in the combina-
tion treatment. Anticancer effects of piperine have been studied
in several cancers both in vitro and in vivo, including liver, colon,
lung, prostate, and melanoma. Similar results were previously re-
ported where piperine (40 μg/mL) and resveratrol improved the
radiosensitivity (≈20%) of mouse colon carcinoma cell line CT26
and mouse melanoma cells towards λ-radiation (Tak, Lee, & Park,
2012). In addition to colon cancer cell line, we also checked the
effect of piperine as radiosensitizer on A549 cells and we found
that the combination treatment enhances the cytotoxicity in the
lung adenocarcinomas cell line (Figure 1e). But HT-29 was more
sensitive to the combination treatment than A549.Hence, further
studies were carried out with HT-29.
To know whether the observed increase in the cytotoxicity of

the combination treatment is synergistic or additive, we calcu-
late the CI values and generated CI plot and isobologram for the
equi-effective curve at two concentrations of piperine (12.5 and
25 μg/mL) against 1.25 Gy of λ-radiation using CompuSyn soft-
ware.A dose–response curve for individual test agents were plotted
as shown in the Figure 2a. Synergism is higher than an additive ef-
fect and antagonism is lower than an additive effect. As shown in
Figure 2b and e for CI values and plot;CI (<1.0) obtained for both
the concentrations of piperine (12.5 and 25 μg/mL) with the λ-
radiation clearly demonstrate a synergistic effect. Interestingly, all
the points (values derived from triplicate or quadruplicate exper-
iments) in the isobologram (Figure 2c and f) plotted for the two
concentrations of piperine (12.5 and 25 μg/mL) with 1.25 Gy of
λ-radiation, fell well within the allowed region defined for syn-
ergism. Taken together these results show that pretreatment with
piperine effectively sensitized colon cancer cells to the cytotoxic
effects of λ-radiation, compared to the individual treatment.

3.2 Piperine enhanced the radiation induced G2/M arrest
in colon cancer cells leading to mitochondria-mediated
intrinsic pathway of apoptosis

Since piperine treatment in conjunction with radiation brought
significant cytotoxicity in HT-29 cells,we were interested to know
whether the cotreatment effected different phases of cell-cycle
progression. Flow cytometric analysis with the DNA staining dye,
propidium iodide was carried out to investigate, wether piperine
is sensitizing HT-29 cells to radiation, through regulating cell-
cycle progression. Cells followed the characteristic cell-cycle dis-
tribution pattern (Figure 3a and b) with G1 phase having 70 ±
1.1% cells, S phase 13.5 ± 1.8% cells, and G2/M phase with
16.5 ± 0.72% cells.Cells treated with IC25 concentration of piper-
ine exhibited almost same cell-cycle distribution pattern similar
to sham control. Interestingly, cells treated with IC25 concentra-
tion of piperine along with 1.25 Gy, the percentage distribution
of cells in the G2/M phase (43.5± 0.7%) was enhanced signif-
icantly compare to that of individual agents. Since G2/M phase
is arrested during DNA damage our results indicate that piper-
ine may be potentiating the DNA damaging effects of radiation.
There are other supporting data which indiacte that piperine (75
to 150 μM) alone inhibited the proliferation of HT-29 cells by
causing G1 phase cell-cycle arrest and apoptosis caused by endo-
plasmic reticulum stress (Yaffe, Power Coombs, Doucette, Walsh,
& Hoskin, 2015).
G2/M arrest induces the intrinsic mitochondrial pathway

which is influenced by members of the BCL family bound to
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Figure 1–Piperine sensitized the colon cancer cells towards radiation. (a) Dose optimization of λ-radiation. Data represent mean of three repeats for each
treatment (mean ± SD). (b) Dose optimization of piperine. Dimethyl sulfoxide (DMSO) treated cells were used as vehicle control. Data represent mean of
three repeats for each treatment (mean ± SD compared). (c) Relative cell proliferation assay of the cotreatment by MTT assay in HT-29 cells. Data represent
mean ± SD, ****P < 0.0001. The experiments were repeated three times. (d) Cytotoxicity analysis of the cotreatment by Trypan blue dye exclusion assay in
HT-29 cells. Data represent mean± SD, ****P< 0.0001. The experiments were repeated three times. (e) Relative cell proliferation assay of the cotreatment by
MTT assay in A549 cells. (f) Representative microscopic images of the cells stained with propidium iodide showing reduction in the number of cells following
treatment.

the mitochondrial membrane, including BAX and BCL-2, which
act as pro- or antiapoptotic regulatory proteins, respectively
(Caltabiano et al., 2013). Furthermore, upregulation of BAX and
downregulation of BCL-2 is a key regulatory event during apop-
tosis in human cancer (Naseri et al., 2015). In piperine-treated
groups, BCL-2 (26 kDa), an anti-apoptotic molecule in upstream
events of intrinsic apoptosis signaling was found downregulated
and BAX (20 kDa), a pro-apoptotic protein (Wei et al., 2001)

was found upregulated after 48 hr of postradiation and piperine
treatment (Figure 4c [BCL-2 and BAX] and d). Piperine is
known to induce apoptosis through cell-cycle arrest, activation of
caspase-3 as well as modulating the BAX and BCL-2 expression
in cancer cells (Han, Liu,Yang,Cui,& Xu, 2017; Lin,Xu, Liao, Li,
& Pan, 2014). BAX is a key molecular player in intrinsic pathway
of apoptosis (Wei et al., 2001). Upon apoptotic stimulation,
BAX forms oligomers and translocates from the cytosol to the
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Figure 2–Determination of the synergistic effect of the treatment of piperine with ionizing radiation on cytotoxic effects. (a) Dose–response curve of piperine
(Pip) and λ-radiation (IR). IRPip12.5μg indicates combination of IR (λ-radiation and piperine 12.5 μg/mL). (b) Combination index (CI) plot and CI table
show that CI for the selected combination (IR+ Pip 12.5 μg/mL) is <1, indicating synergism. CI = 1 defines additive effect, CI < 1 defines synergism
(super additive), whereas and CI > 1 is antagonism (sub-additive). (c) Normalized isobologram of the combination (IR+ Pip 12.5 μg/mL), where Dx1 is the
dose of radiation required to decrease × percentage proliferation alone, and d1 is the dose of radiation required to decrease × percentage proliferation in
combination with d2. Dx2 is the dose of piperine required to decrease × percentage proliferation alone, and d2 is the dose of piperine required to decrease
x percentage proliferation in combination with d1. Each Point indicates each individual effect of the combination treatment conducted in quadruplicates. In
the isobologram, the intersection of the radial line with the isobole defines the additive dose combination and, a point below indicates synergism whereas a
point above indicates antagonism. (d) Dose–response curve of piperine (Pip) and λ-radiation (IR), IRPip25 μg indicates combination of IR (λ- radiation) and
piperine 25 μg/mL. (e) Combination index (CI) plot and CI table show that CI for the selected combination (IR+ Pip 12.5 μg/mL) is <1, indicating synergism.
(f) Normalized isobologram of the combination (IR+ Pip 25 μg/mL), where Dx1 is the dose of radiation required to decrease × percentage proliferation alone,
and d1 is the dose of radiation required to decrease x percentage proliferation in combination with d2. Dx2 is the dose of piperine required to decrease x
percentage proliferation alone, and d2 is the dose of piperine required to decrease × percentage proliferation in combination with d1. Each point indicates
each individual effect of the combination treatment conducted in triplicates. In the isobologram, the points below the isobole indicate synergism.
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Figure 3–Piperine pretreatment following radiation
induces G2/M arrest in colon cancer cells. (a)
Histogram representation of the cell-cycle distribution,
G1, S, and G2/M phases following cotreatment of
piperine and radiation on HT-29 cells. The cotreated
cells were subsequently analyzed by flow cytometry
using PI staining to determine the cell cycle. (b)
Quantification of the cells at different phases of the cell
cycle is presented by bar diagram as the mean ± SD, n
= 3. (c) Statistical significance of G2/M (P < 0.0001)
among various study groups; data source is from
two-way ANOVA multiple comparison analysis.

mitochondrial outer membrane (Jurgensmeier et al., 1998) and
increases the membrane’s permeability (Narita et al., 1998). Loss
of mitochondrial activity is one of the key initiator signaling
mechanism of cell death or apoptosis (Siddiqui, Ahamad, Jafri,
Afzal, & Arshad, 2017). The MMP, associated with the opening
of large pores in mitochondrial membranes, is a very important
event in apoptosis.We monitored the changes in MMP (��m) by
JC-1 staining. In the cells with intact mitochondrial membrane,
the dye accumulates within the mitochondria in its dimeric form
and stains the mitochondria bright red, but in cells undergoing
apoptosis, MMP collapses and the JC-1 remains in the cytoplasm
in a green fluorescent monomeric form. Although piperine
is known to induce mitochondrial dysfunction (Gunasekaran,
Elangovan,& Niranjali Devaraj, 2017; Siddiqui et al., 2017;Zhang
et al., 2015), its effect on cells treated with radiation is not known.
As shown in Figure 4a and b, treatment of HT-29 cells with
piperine and λ- radiation displays an increment in the population
of green-fluorescence cells compared to individual agents alone,
indicating that depolarization of mitochondrial membrane is
enhanced in the combination treatment. The mitochondrial
dysfunction may ultimately induce the cells to undergo apop-
tosis. The mitochondrial dysfunction results in the release of
cytochrome c, which initiates the activation of cascade of caspases
ultimately culminating in apoptosis.

The most prominent event involved in apoptosis signal cascade
is the activation of caspases belonging to the family of cysteinyl-
aspartate proteases which are naturally present in the cell as in-
active zymogens. Upon activation, initiator caspases facilitates the
programmed cell death through cleaving and activating the down-
stream effector caspases (Li & Yuan, 2008). Interestingly as shown
in Figure 4c and d cotreatment increased the cleaved caspase-3
(17 kDa) level, one of the most prominent effector caspase, sug-
gesting that piperine enhances IR induced apoptosis. Further we
also investigated cleavage of PARP-1, an important molecular fea-
ture in apoptotic signaling to analyze if combination treatment
enhanced the rate of apoptosis. PARP-1 helps cells to maintain
their viability by promoting DNA repair in response to environ-
mental stress (Satoh & Lindahl, 1992) and its cleavage into PARP
amino-terminal DNA binding domain (24 kDa) and carboxy-
terminal catalytic domain (89 kDa; Lazebnik, Kaufmann,Desnoy-
ers, Poirier, & Earnshaw, 1994; Nicholson et al., 1995) facilitates
cellular dis-assembly and serves as a molecular marker for cells
undergoing apoptosis (Oliver et al., 1998). Cleavage of PARP-1
by activated caspase-3 is implicated in many cancers (Bhaskara,
Panigrahi, Challa, & Babu, 2005; Do et al., 2013; Fofaria, Kim, &
Srivastava, 2014). Figure 4c (cleaved PARP-1) and in Figure 4d
shows the pattern of cleaved PARP-1 (89 kDa) among var-
ious treatments in HT-29 cells. The results demonstrate that
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Figure 4–Piperine pretreatment following IR induces mitochondria mediated apoptosis. (a) Flowcytometric analysis of the effect of cotreatment on mitochon-
drial membrane potential by JC-1 staining. Dot plot shows spectral shift from red to green upon treatment. H2O2 (500 μM) treated cells served as positive
control. JC-red represents cells with intact membrane potential and JC-green represents cells with collapsed membrane potential. (b) Bar diagram presents
the distribution of cell populations as the mean ± SD, n = 3. (c) Bar graphs showing fold change of BCL-2, BAX, cleaved caspase-3, and cleaved PARP-1
expression in HT-29 cells. (mean ± SD, ****P < 0.0001). (d) Representative Western blot showing the pattern of, BCL-2, BAX, cleaved caspase-3, and cleaved
PARP-1 expression in HT-29 cells. (e) Effect of combination treatment (piperine [Pip] and λ-IR) on HT-29 cellular morphology. Arrows indicates cell blebbing
and membrane bound apoptotic bodies

Vol. 0, Iss. 0, 2020 � Journal of Food Science 7

Page  123



Toxicology&
Chemical

FoodSafety

Piperine sensitizes cancer cells towards radiatioN…

Figure 5–Piperine treatment modulates ERβ

expression and apoptosis. (a) Representative
Western blot showing the pattern of, ERβ

expression in HT-29 cells. (b) Bar graphs showing
fold change of ERβ expression in HT-29 cells
(mean ± SD, ****P < 0.0001). (c)
Representative images of the immunofluorescence
analysis using anti-ERβ antibody showing nuclear
localization of ERβ in HT-29 cells. Goat
Anti-Rabbit IgG H and L (Alexa Fluor-488)
secondary antibody was used for probing. Nucleus
(red) was stained with propidium iodide. (d) Bar
diagram presents the relative expression of ERβ

positive cells as the mean ± SD, n = 3.

PARP-1 activity was dramatically increased (P < 0.0001) in the
combination treatment, indicating that piperine may sensitize the
cells to radiation and induces apoptosis.
Morphological analysis showed that piperine treatment in con-

junction with radiation enhanced the apoptotic cells significantly
when compared to cells treated with irradiated group. As shown
in Figure 4e, the vehicle control (A) exhibited an intact colony
features of colon cancer morphology, while cells with piperine
followed by λ-radiation (Figure 4e (E) and (F)) showed morpho-
logical changes that are characteristic of apoptosis, including disap-
pearance colony forming ability, cell shrinkage, and appearance of
cell blebbing and numerous apoptotic bodies. Our results suggest
that piperine pretreatment lowers the dose of radiation treatment
which is needed to suppress the growth of colon cancer cells.

3.3 Piperine treatment upregulated the expression of
estrogen receptor beta (ERβ), a nuclear
hormone-dependent transcription factor in HT-29 cells

Targeted activation of ERβ represents a novel clinical approach
for management and prevention of cancers (Bolli & Marino, 2011;
Williams, DiLeo, Niv, & Gustafsson, 2016) including colon can-
cer (Caiazza, Ryan, Doherty, Winter, & Sheahan, 2015; Maingi,
Tang, Liu, Ngenya, & Bao, 2020). ERβ is a potent tumor sup-

pressor and reduces cancer metastasis (Kyriakidis & Papaioannidou,
2016; Nguyen-Vu et al., 2016; Stettner et al., 2007). Estrogen sig-
naling pathways are regulated by a balance between the ERα and
ERβ in target organs (Couse, Lindzey, Grandien, Gustafsson, &
Korach, 1997). ERβ may have antiproliferative effects and there-
fore antagonistic to ERα function and regulates its expression in
tissues expressing these receptors (Weihua et al.,2000).The expres-
sion of ERβ was found to be lowered in many cancers including
colorectal carcinoma tissues (Castiglione et al., 2008; Kyriakidis &
Papaioannidou, 2016;Xie, Yu,& Luo, 2004).We have investigated
the expression of total ERs in HT-29 cells after 48 hr of piper-
ine and radiation treatment. We found that ERβ expression was
significantly enhanced in cells treated with both IR and piperine
(Figure 5a and b). Furthermore, immunofluorescence assay was
performed to validate the nuclear translocation of ERα/β, a key
event in genomic ER signaling pathway (Figure 5c and d). Ge-
nomic ER signaling involves ligand/hormone binding to the cy-
toplasmic ERs, receptor dimerization, translocation of ligand re-
ceptor complex to the cell nucleus and binding at specific DNA
sequence known as estrogen responsive elements (EREs) located
at the regulatory or promoter regions and which can induce
activation of gene expression and recruitment of co-activators
or, transcription factors lead to estrogen receptor-mediated
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biological activity (Fox, Andrade, & Shupnik, 2009; Marino, Gal-
luzzo,& Ascenzi,2006).Immunofluorescence experiments showed
ERβ translocation into the nucleus of the cells treated with piper-
ine alone and in the cotreatment group. Although ERα nu-
clear translocation was detected in untreated control, we could
not observe any detectable signals for ERα in treatment groups
(Figure S1). Taken together, our results suggest that piperine in
conjunction with γ -radiation arrest the HT-29 cell-cycle arrest at
G2/M phase leading to alteration in the BAX/BCL-2 ratio culmi-
nating in mitochondrial depolarization and subsequent activation
of effector caspase-3 and cleavage of its downstream target PARP-
1 aiming to apoptosis. Piperine also induced the expression and
nuclear translocation of tumor suppressor ER-β which may result
in tumor suppression.

4. CONCLUSION
Piperine pretreatment increases the effectiveness of radiation

treatment by increasing the sensitivity of cells to radiation induced
apoptosis. Hence, pretreatment with piperine could complement
radiotherapy via reducing the effective radiation dose and may also
control the emergence of radioresistant cancer cells.However, fur-
ther in vivo studies are warranted to fine-tune and establish this
hypothesis.
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Figure S1. Representative images of the immunofluorescence
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tion of ER alpha in HT-29 cells. Goat Anti-Rabbit IgG HandL
(Alexa Fluor 488) secondary antibody was used for probing. Nu-
cleus (red) was stained with propidium iodide.
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Background Lung cancer is a major constrain that increases mortality globally. 
Radiotherapy is one of the treatment modalities against lung cancer. A high dose of tar-
geted radiation is required to achieve the treatment efficacy of cell killing. After radio-
therapy, eventual tumor progression and therapy resistance are still a consequence of 
patient who undertakes nonsurgical radiation therapy. Piperine, a plant alkaloid, has 
been known to enhance the action of the anticancer drugs in various drug-resistant 
cancer cells. The aim of the current in vitro study was to study the effect of piperine on 
radiosensitizing property against A549 cells.
Methods In vitro radiosensitizing activity of piperine was elucidated on A549 cells 
using MTT (3-(4, 5-dimethylthiazol-2-yl)-25-diphenyltetrazolium bromide) assay. 
CompuSyn analysis was used to compute the combination index values to analyze the 
combinatory effect of piperine and radiation
Results and Conclusion We observed that piperine increased tumor cell killing in 
combination with the γ-radiation in vitro. However, further studies are warranted to 
understand the molecular mechanism of the radiosensitizing action of piperine.
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Introduction
The poor prognosis of patients with lung cancer is the major 
cause of cancer-related deaths.1 According to GLOBOCAN 
2018, lung cancer has the highest incidence rate and mor-
tality rate.2 Though the radiotherapy is a main treatment 
modality against lung cancer, gradual development of 
therapy resistance and cancer recurrence is a major con-
strain.3 Intensive attempts to improve the outcome of radio-
therapy treatment have been a remarkable challenge. One 
of the few achievable therapeutic strategies of lung cancer 
to increase the treatment efficacy demonstrated that the 
combination of radiosensitizer with radiation produces 
a significant decrease in mortality compared with irra-
diation group.4 Because these studies use a relatively low 

dose of radiation and demonstrated a reduced effect on 
the occurrence of caner metastases and secondary cancer, 
the improvement realized by the use of radiosensitizer in 
therapy probably due to radiosensitization.4-6 Thus, the dis-
covery of a potent radiosensitizer against lung cancer could 
improve the outcome of treatment of this disease.

A most important concern about radiotherapy is that it 
acquires resistance by activating several alternating signal-
ing pathways that elicit cancer and/or enhanced DNA repair 
pathways. Radiotherapy resistance, defined as a poor prog-
nosis in the effectiveness of radio therapy, is a major hin-
drance in cancer treatment. In such cases, combinatorial 
approach is an effective way to augment treatment efficacy. 
Combinatory approach often follows three main strategies: 
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(1) inhibition of possible alternative pathways, (2) target-
ing of the single pathway to accomplish downregulation or 
inhibition, or (3) targeting and downregulation or inhibition 
of two different pathways will lead to synergistic action on 
radiosensitization.7

Phytocompounds or natural based combinatorial 
approach may serve in the development of anticancer agents 
with minimal side effects and better efficacy.8-11 In addition, 
natural compounds because of their antioxidant and anti-in-
flammatory effects have better effects as radiation protectors 
for healthy cells.12 Some natural radiosensitizers are dansh-
ensu, curcumin, wortmannin, genistein, and quercetin.13-18 
Piper nigrum Linn commonly known as black pepper belongs 
to the spices widely consumed by a great number of people 
worldwide. Piperine is a bioactive compound and key alka-
loid, present in Piper nigrum Linn and Piper longum Linn 
(long pepper). It has been found that piperine enhances 
the action of the anticancer drugs in various drug-resistant 
cancer cells.19-23 Studies regarding the radiosensitizing effect 
of piperine on lung cancer are yet to be done. Combination 
index (CI) is a theorem of Chou-Talalay that defines quan-
titative explanation for additive effect (“CI” = 1), synergism 
(“CI” < 1), and antagonism (“CI” > 1) in drug combinations 
studies. This theory also explains algorithms for comput-
er-based model for synergistic and/or antagonistic mecha-
nism at any dose level and effect through isobologram and 
CI plot respectively.24 As there is a need to develop a potent 
therapy to treat lung cancer, our study aimed to explore the 
effect of piperine pretreatment and to improve radiotherapy 
treatment on lung cancer cells and interpret its mechanism 
of action.

Materials and Methods
The phytocompound piperine (>97%) and dimethyl sulf-
oxide (DMSO) were procured from Sigma-Aldrich, India. 
Cell culture reagents such as Dulbecco’s Modified Eagles 
Medium (DMEM), fetal bovine serum (FBS), penicillin and 
streptomycin solution, L-glutamine, Trypan blue dye, 3-(4, 
5-dimethylthiazol-2-yl)-25-diphenyltetrazolium bromide 
(MTT), and other chemicals (analytical or molecular biology 
grade) were procured from HiMedia, India.

Cell Culture
Human lung adenocarcinoma cell line-A549 (NCCS, Pune, 
India) was cultured in culture media (DMEM), supplemented 
with FBS (10%), penicillin, and streptomycin (1%) and 2 mM 
L-glutamine. The cells were maintained at 37°C in a 5% 
CO2 humidified atmospheric conditions.

Dose Optimization of Piperine on A549 Cells
Dose optimization of piperine was done using MTT 
assay.25,26 Briefly, A549 cells (3x103cells/well) were seeded 
into 96-well plate and incubated 24 hours at normal culture 
conditions. Piperine dissolved in DMSO was taken at concen-
trations of 10 to 100 µg/mL and was added into the culture 
plates and incubated for 48 hours and then MTT assay was 

performed. The optical density readings at 570 nm were 
taken using the multimode plate reader (FLUOstar Omega, 
Mumbai, India). The experiment was performed in tripli-
cates. The final DMSO concentration in the treatment was 
kept within 0.1%.

Dose Optimization of Ionizing Gamma Radiation on 
A549 Cells
A549 cells were exposed to ionizing gamma (γ)-radiation 
(IR) at a dose ranging from 1.25 to 10 Gy, using a low-dose 
gamma irradiator-2000 (BRIT, Mumbai, India), with 60 Co 
source as irradiator and 10.3 Gy/min deliverable dose rate. 
MTT cell proliferation assay was performed after 48 hours of 
incubation.25,26

Cytotoxicity Assessment Using MTT Cell Proliferation 
Assay
The two doses of piperine (low dose: 12.5 and high dose: 
25 µg/ mL) were added to A549 cells in individual flasks, 2 hours 
before to γ-radiation treatment (1.25 Gy) and incubated at 
normal culture condition for 48 hours as described previously.26 
Cells (vehicle control) kept in the chamber but not irradiated 
were considered as sham control. After 48 hours of incubation, 
the cytotoxic effect of piperine and γ-radiation on A549 cells was 
evaluated by MTT cell proliferation assay as mentioned earlier.25

CompuSyn Analysis to Check the Synergistic Effect of 
the Combination Treatment
CompuSyn software (ComboSyn, Inc., Paramus, NJ, 
United States) was used to quantitatively depict the mech-
anistic effect of the combination treatment. The data from 
the cytotoxicity studies were taken to compute CI values, 
CI plot, dose response curve, and normalized isobologram. 
CI values were used to analyze the synergism (“CI” < 1), 
additive effect (“CI” = 1) and/or antagonism (“CI” < 1) of the 
co-treatment.24,27

The CI is calculated by using the formula: 

Where Dx1 indicates, the dose of test agent 1 (γ-radiation) 
needed to decrease “x” percentage of proliferation alone, 
and d1 indicates the dose of test agent 1 needed to decrease 
“x” percentage of proliferation along with d2 treatment. 
Similarly, Dx2 indicates the dose of test agent 2 (piperine) 
needed to decrease “x” percentage of proliferation alone, and 
d2 indicates the dose of test agent 2 needed to decrease “x” 
percentage of proliferation along with d1.

Morphological Analysis
A549 cells at a cell density of 0.35 × 106 cells/mL were seeded 
into 35 mm dishes. After 24 hours of incubation, the cells were 
pretreated with piperine for 2 hours and then irradiated with 
γ-radiation. The cells that are untreated with piperine and 
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nonirradiated were taken as control. The changes in the cell 
morphology were observed using inverted light microscope 
(Zeiss Primo Vert, Mumbai, India) at a magnification of 40×.

Statistical Analysis
Data were represented as mean ± standard deviation. Data 
analysis was done using one-way analysis of variance using 
GraphPad PRISM version 7.0. A p-value < 0.0001 was scored 
significant.

Results
Effect of Piperine and Gamma Radiation on Cell 
Viability or Cell Proliferation
MTT cell proliferation assay is used to check the effect of 
piperine and γ-radiation on A549 cell proliferation or cell 
viability indirectly that measures mitochondrial succinate 
dehydrogenase activity spectrophotometrically. Inhibition 
of A549 cell proliferation against piperine was in a 

dose-dependent manner (►Fig.  1A) and A549 cells show 
high resistance toward γ-radiation of selected dose ranging 
from 1.25 to 10 Gy. Cell killing was less than 40% (33–37%) 
even at 10 Gy (►Fig. 1B).

Piperine Synergistically Enhances Radiation-Induced 
Cell Death on A549 Cells
To analyze piperine could sensitize A549 cells to γ-radiation 
treatment (IR), two doses of piperine (low dose: 12.5 and 
high dose: 25 µg/mL) were added to A549 cells in indi-
vidual flasks 2 hours before to γ-radiation treatment 
(1.25 Gy) and incubated at normal culture conditions for 
48 hours. We found that piperine treatment combined with 
γ-radiation exhibited enhanced inhibition of cell prolifera-
tion (~55%) compared with individual γ-radiation/piperine 
treatment alone (►Fig.  1C). Significant difference among 
various treatment groups in the observed cytotoxicity is 
given in ►Table 1. To study whether the radiosensitization 
finding of the combination treatment action is synergistic 

Fig. 1 Radiosensitization effect of piperine on A549 cells. (A) Optimization of piperine dose. Piperine was taken at different concentrations 10 to 100 µg/mL 
and 3-(4, 5-dimethylthiazol-2-yl)-25-diphenyltetrazolium bromide (MTT) assay was performed on A549 cells. DMSO treated cells were used as vehicle control. 
(B) Optimization of γ-radiation dose. (C) Relative cell proliferation inhibition analysis after combination treatment with piperine and γ-radiation by MTT assay on 
A549 cells. Data was represented as mean ± standard deviation. IR, ionizing gamma radiation; Pip, piperine.

Table 1 Multiple comparison analysis of MTT cell proliferation assay of combination experiment by post-ANOVA Bonferroni's 
multiple comparisons test

Comparisons among groups Significance Adjusted  
p-Value

Sham versus IR (γ) *** 0.0002

Sham versus Pip(12.5 µg/mL) *** 0.0007

Sham versus Pip(25 µg/mL) **** <0.0001

Sham versus IR(γ) +Pip (12.5 µg/mL) **** <0.0001

Sham versus IR(γ)+Pip (25 µg/mL) **** <0.0001

IR (γ) versus Pip(12.5 µg/mL) ns >0.9999

IR (γ) versus Pip(25 µg/mL) **** <0.0001

IR (γ) versus IR(γ) +Pip (12.5 µg/mL) ** 0.0066

IR (γ) versus IR(γ)+Pip (25 µg/mL) **** <0.0001

Pip(12.5 µg/mL) versus Pip (25 µg/mL) **** <0.0001

Pip(12.5 µg/mL) versus IR(γ) +Pip (12.5 µg/mL) ** 0.0019

Pip(12.5 µg/mL) versus IR(γ)+Pip (25 µg/mL) **** <0.0001

Pip(25 µg/mL) versus IR(γ) +Pip (12.5 µg/mL) **** <0.0001

Pip(25 µg/mL) versus IR(γ)+Pip (25 µg/mL) NS 0.0801

IR(γ) +Pip (12.5 µg/mL) versus IR(γ)+Pip (25 µg/mL) **** <0.0001

Abbreviations: ANOVA, analysis of variance; CI, confidence interval; IR(γ), ionizing gamma radiation; MTT, 3-(4, 5-dimethylthiazol-2-yl)-25-diphenylte
trazolium bromide; Pip, piperine.
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or additive, we computed the CI values and plotted CI plot 
isobologram for the two selected concentrations of pip-
erine (low dose: 12.5 and high dose: 25 µg/mL) against 
exposed 1.25 Gy of γ-radiation using freely available 
CompuSyn software. This study was designed to analyze 
the nature of the effects of combination treatment.

A dose response curve for piperine and γ-radiation was 
generated as given in ►Fig. 2A, D. Synergism effect is higher 
than an additive and antagonism effect. As represented in 
the CI plots (►Fig. 2B, E) and isobologram (►Fig. 2C, F), the 
calculated CI values were less than 1 for the combination 
treatments (IR + Pip 12.5 µg/mL and IR + Pip 25 µg/mL). This 
clearly demonstrates a synergistic effect. Surprisingly, all 
the values (values computed from triplicate experiments) in 
the isobologram (►Fig. 2C, F) generated for the two selected 
concentrations of piperine (low dose: 12.5 and high dose: 
25 µg/mL) with γ-radiation 1.25 Gy showed well within the 
stipulated region of synergism. CI points of each combina-
tion study are shown in ►Tables 2 and 3, respectively. Our 
findings from these results show that pretreatment with 
piperine efficiently sensitized A549 cells toward cell kill-
ing effects of γ-radiation, compared with a single regime 
treatment.

Cellular Morphological Analysis
Morphological assessment showed that piperine pretreat-
ment in combination with γ-radiation increased the cell 

death considerably when compared with A549 cells treated 
with piperine/γ-radiation alone (►Fig. 3).

As given in ►Fig.  3, the control (A) exhibited colony fea-
tures of A549 lung cancer morphology, while cells pretreated 
with piperine followed by γ-radiation (►Fig.  3E, F) showed 

Fig. 2 CompuSyn analysis to determine the synergistic effect of the piperine and γ-radiation on A549 cells. (A) Dose response curve of piperine 
(Pip) and IR (ionizing γ-radiation). IRPip1 indicates combination of IR (ionizing γ-radiation) and piperine 12.5 µg/mL. (B) Combination index (CI) 
plot and CI table depict that CI value for the chosen combination treatment (IR+ Pip 12.5 µg/mL) is <1. (C) Normalized isobologram of the com-
bination treatment (IR+ Pip 12.5 µg/mL). (D) Dose response curve of piperine (Pip) and ionizing γ-radiation (IR), IRPip2 indicates combination 
of IR (ionizing γ-radiation) and piperine 25 µg/mL. (E) CI plot and CI table show that CI value for the chosen combination treatment (ionizing 
γ-radiation (IR)+ Pip 12.5 µg/mL) is <1. (F) Normalized isobologram of the combination treatment (ionizing γ-radiation (IR)+ Pip 25 µg/mL).

Table 2  CI data for combination of IR+Pip 12.5 µg/mL

IR(γ) (Gy) Piperine (µg/mL) Effect CI

1.25 12.5 0.79 0.97832

1.25 12.5 0.75 0.84384

1.25 12.5 0.71 0.73908

1.25 12.5 0.67 0.65425

Abbreviations: CI, combination index; IR(γ), ionizing gamma radiation; 
Pip, piperine.

Table 3  CI data for combination of IR+Pip25 µg/mL

IR(γ) (Gy) Piperine (µg/mL) Effect CI

1.25 25.0 0.44 0.63135

1.25 25.0 0.45 0.64766

1.25 25.0 0.41 0.58435

1.25 25.0 0.47 0.68139

Abbreviations: CI, combination index; IR(γ), ionizing gamma radiation; 
Pip, piperine.
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characteristic features of apoptosis, including disappear-
ance colony formation and appearance of cell shrinkage. The 
low-dose radiation along with piperine treatment strategy 
results suggests that piperine pretreatment may improve the 
treatment strategy by decreasing the dose of radiation treat-
ment that is necessary to suppress the augmentation of lung 
cancer cells.

Discussion
Accumulating literature data on in vitro and in vivo activities 
of piperine show that piperine has immunomodulatory and 
antiallergic, anti-inflammatory, enhanced drug bioavailabil-
ity potential, antimutagenic on healthy cells.28,29 Cytotoxic 
effect is selective toward cancer cells.30-32 In the present 
study, we observe piperine as a new compound for reducing 
the lung cancer proliferation and reveal a novel radiosensiti-
zation method of lung cancer via increased inhibition of cell 
proliferation after piperine pretreatment prior to the radia-
tion treatment. Furthermore, we identify the role of piperine 
in tumor inhibition with radiation treatment being synergis-
tic in nature. Our results provide new strategic insight into 
the radiosensitization of lung cancer and suggest that piper-
ine may be an ideal tumor suppressor compound and can be 
used in radiosensitization in lung cancer treatment.

Programmed cell death or apoptosis is a target of anti-
tumor therapy. Chemo/radiotherapy and phytocompounds 
like piperine induce the generation reactive oxygen species 
(ROS) leading to DNA damage and cell cycle arrest. DNA dam-
age may lead to mitochondria-mediated intrinsic pathway of 
apoptosis.26,33 Accumulating evidence has suggested that mech-
anisms significance to radiosensitivity include programmed cell 
death or apoptosis through inhibition of cell proliferation with 

characteristic morphological changes, alteration of cell cycle, 
inducing DNA damage and inhibition of repair pathways, and 
alteration of tumor immune microenvironment.26,34,35 Studies 
have shown the targeting DNA damage response, double-strand 
break repair, and other molecular responses induced cell inacti-
vation by radiation could hold a great approach for radiosensi-
tization.36 The experimental data indicate that the combination 
treatments augmented the cell death compared with individual 
regime. To study whether the combination effect is synergis-
tic or addictive, CI analysis was performed. It clearly demon-
strates that the combinatorial effect is synergistic in nature for 
the selected dose of individual regime. The CI theorem is based 
on the physical, chemical, and mathematical principles of the 
mass-action law37,38 and the CI equation.37,39 Although the mech-
anisms of each drug are valuable to know, it is not essential to 
know the mechanism of each drug for studying the synergism 
or antagonism.37 The mechanism of synergistic action after the 
treatment with piperine and radiation may be due to enhanced 
DNA damage and cell cycle arrest through induction of ROS that 
may alter mitochondrial membrane potential leading to apop-
tosis as observed in our earlier studies with colon cancer cells26 
and other cancer cell line studies.40 These findings have unique 
significance, as piperine may have the potential to be developed 
as a radiosensitizing against lung cancer cells.

Conclusion
The in vitro radiosensitization potential of piperine was 
elucidated on A549 lung cancer cells in combination with 
γ-radiation. Compusyn analysis shows that the combina-
tion treatment is synergistic in nature. This investigation on 
piperine revealed a basic knowledge on combinatory effect 
of piperine and γ-radiation on A549 cells. More studies are 

Fig. 3 Morphological analysis of A549 cells after combination treatment with piperine (Pip) and ionizing γ-radiation (IR), where (A) Sham 
control, (B) IR, (C) Pip 12.5 µg/mL, (D) Pip 25 µg/mL, (E) IR+ Pip 12.5 µg/mL, and (F) IR+ Pip 25 µg/mL.
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warranted to understand the molecular mechanism of the 
radiosensitizing action of piperine.
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SHORT COMMUNICATION

Isoeugenol suppresses multiple quorum sensing
regulated phenotypes and biofilm formation of
Pseudomonas aeruginosa PAO1

Rajesh P. Shastry , Saptami Kanekar, Aleema Suzna Pandial and P. D. Rekha

Division of Microbiology and Biotechnology, Yenepoya Research Centre, Yenepoya (Deemed to be
University), Deralakatte, Mangalore, India

ABSTRACT
The potential strategy to prevent bacterial pathogenicity is dis-
abling quorum sensing circuits with structural mimicking mole-
cules. Here, we analyzed a synthetic molecule isoeugenol, for
inhibition of quorum sensing regulated phenotype and biofilm
formation. Isoeugenol was an effective inhibitor, i.e., more than
70% of virulence factors were inhibited including pyocyanin,
rhamnolipid, exopolysaccharide, swarming motility and biofilm
formation. Interestingly, these quorum sensing regulated pheno-
types in Pseudomonas aeruginosa PAO1 were inhibited without
affecting the planktonic cells. Moreover, the presence of isoeuge-
nol exhibited more than 70% inhibition of biofilm formation
through inhibition of the quorum sensing systems. Furthermore,
docking studies suggest that isoeugenol bound to the quorum
sensor regulators such as LasI, LasR PqsE and SidA with consider-
able binding interactions. Our results demonstrate the utility of
isoeugenol as a blocker of quorum sensing, which will be func-
tioning as an antivirulence compound.
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1. Introduction

P. aeruginosa is a ubiquitous pathogen important in burn units of hospitals, immuno-
compromised individuals, cystic fibrosis and in implanted medical devices (Scoffone
et al. 2019). To colonize and establish its pathogenicity, P. aeruginosa uses two major
LuxI/R homologue quorum-sensing systems, the Las and Rhl systems. The LasR and
RhlR regulators respond to 3-Oxo-C12-HSL and C4-HSL respectively (Chakraborty et al.
2018), which direct a large number of QS controlled virulence gene expression
(Steindler et al. 2009). Therefore, the strategy is to identify small molecule inhibitors to
control the expression of QS regulated virulence genes (Chakraborty et al. 2020;
Shastry and Rekha 2021).

Traditional medicinal preparations from essential oils are widely used in the treat-
ment of bacterial and fungal infections (Rajesh et al. 2015), many diseases related to
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digestive systems and toothaches, which exhibits a large spectrum of biological activ-
ity (Topal 2019). Indeed, essential oils from many medicinal plants and spices contain
isoeugenol (2-methoxy-4-propenyl-phenol) as a major component which have been
used as sweetener and additives in food products (Zhang et al. 2017). Some of these
essential oils and their individual chemical constituents are reported as quorum
quenchers (QQ). Isoeugenol is an isomer of eugenol, however, to the best of our
knowledge, it is not reported as anti-biofilm and anti-virulent agent against P. aerugi-
nosa. Moreover, previous studies with eugenol rich fractions (Packiavathy et al. 2012)
was conducted with crude extract rather than a purified compound. Therefore, in this
study synthetic molecule isoeugenol was used to challenge on inhibition of QS- regu-
lated virulence expression and biofilm formation in P. aeruginosa PAO1.

2. Results and discussion

Quorum sensing inhibition (QSI) by isoeugenol was initially screened using C. viola-
ceum as biosensor and as model organism. Furthermore, the anti-virulence and anti-
biofilm activity was established in human pathogen P. aeruginosa PAO1. Here, our
basic idea was to reduce the selective pressure on bacterial cells by targeting the QS
regulated phenotypes. This idea was extremely successful through treatment with iso-
eugenol which target selectively on expression of Las/Rhl QS system in P. aeruginosa.

2.1. Quorum quenching activity of isoeugenol

The effect of isoeugenol on C. violaceum quorum sensing was evaluated at different
concentrations of isoeugenol (Supplementary material Table S1). The results revealed
that at 400 mM, violacein production was inhibited more than 70% without any signifi-
cant affect on growth of the bacteria. At 200 mM, isoeugenol did not show significant
effect on the violacein production. Similarly, at 600mM violacein was inhibited but
50% bacterial growth was inhibited, suggesting that the optimum concentration for
QSI by isoeugenol is 400 mM (Supplementary material Figure S1). This phenomenon is
necessary to avoid selective pressure on the bacteria as well as to control the develop-
ment of drug resistance among the bacterial pathogens (Jiang et al. 2019).
Furthermore, UV absorbance analysis (350 to 800 nm) of violacein extracted from iso-
eugenol treated and control bacterial cells showed significant inhibition of violacin
production (Supplementary material Figure S2). Plant derived compounds provide
alternative medicine or potent target molecules for treating bacterial infections.
Isoeugenol, the active compound from clove (Merch�an Arenas et al. 2011) and cinna-
mon oil (Dighe et al. 2009), is used in the food industry as well as in therapeutics.

2.2. Effect of isoeugenol on P. aeruginosa PAO1 virulence factors

To understand antivirulence strategy of isoeugenol, we estimated different QS regu-
lated virulence phenotypes. P. aeruginosa has three well known QS systems (las, rhl
and pqs), in which las (LasI/LasR) and rhl (RhlI/RhlR) systems are homlogoues to LuxI/
LuxR respectively (Scutera et al. 2014). The growth curve analysis at different
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concentrations of isoeugenol showed specific concentration dependent effect on
growth of P. aeruginosa PAO1. As indicated by the growth curve in Figure S3
(Supplementary material), isoeugenol at concentrations � 400 mM did not significantly
inhibit kinetic planktonic cell growth of P. aeruginosa PAO1 when compared with the
control group. However, at concentration 600 mM, the cell density of planktonic P. aer-
uginosa PAO1 was inhibited. Therefore, isoeugenol at 400 mM was selected as the con-
centration for testing in the subsequent ant-virulence and anti-biofilm experiments.

The P. aeruginosa PAO1 virulence factors such as pyocyanin, rhamnolipid, exopoly-
saccahride and swarming are regulated by quorum sensing. The effect of isoeugenol
on P. aeruginosa PAO1 virulence factors expression was investigated. The results indi-
cated that the pyocyanin, rhamnolipid and exopolysaccharide production decreased
significantly by more than 60%, 70% and 65% (p< 0.05) respectively without affecting
the growth of planktonic cells (Supplementary material Figure S4). Furthermore, the
swarming motility evaluated in presence of isoeugenol revealed inhibition of dendrites
(at measured length) production at 400 mM (Supplementary material Figure S5). These
results suggest that isoeugenol reduces the virulence expression regulated by quorum
sensing pathway at 400 mM concentration. Our data shows significant inhibition of
pyocyanin, rhamnolipid, exopolysaccharide and swarming motility suggesting that iso-
eugenol inhibits rhl system.

2.3. Effect of isoeugenol on biofilm formation

The biofilm formation in P. aeruginosa is commonly used to test QS regulated pheno-
type inhibition (Rajesh and Rai 2016). P. aeruginosa produces two types of biofilm, one
is the pellicle (Pel exopolysaccharide dependent, air-liquid interface) and surface
attached (Psl exopolysaccharide) biofilms. The Psl exopolysaccharide mediated biofilm
formation is regulated by QS las system (Lidor et al. 2015). Therefore, we examined
the surface biofilm formation to estimate the effect/inhibition of QS regulated biofilm
with isoeugenol. The inhibition of biofilm was quantified as per conventional crystal
violet using 200, 400 and 600mM concentration. At 400 mM, isoeugenol treatment was
significantly effective and showed to inhibit more than 70% biofilm mode of growth
(Supplementary material Figure S6) suggesting that, this molecule actively down regu-
lates the las system. The results were comparable with QS inhibition assay, suggesting
that higher concentration of isoeugenol inhibits the planktonic cells along with biofilm
matrix. Moreover, this multiple QS system inhibition by isoeugenol makes it an ideal
molecule for a non lethal to planktonic cells treatment, which are targeted at decreas-
ing the virulence of the pathogen.

2.4. Molecular docking analysis

Docking analysis was performed to understand the interaction with isoeugenol and
quorum sensing activator proteins. The isoeugenol anti-QS activity was replicated in
the docking results. The docking results obtained for binding interaction of the mol-
ecule with protein are shown in Figure S7 (Supplementary material). The docking
score was varied from �4.8 to �6.4 kcal/mol (Supplementary material Table S2) and
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isoeugenol interaction showed higher binding affinity with LasI indicating efficient and
stable binding. Therefore, this result suggests that the inactivation of QS activator pro-
teins LasI and LasR can be attributed to the anti-QS activity and QS regulated anti-bio-
film activity of isoeugenol in P. aeruginosa.

3. Conclusion

This study aim to exploring interference with quorum sensing regulated virulence
expression, demonstrates that isoeugenol an analogue of the native P. aeruginosa
autoinducers significantly suppresses the production of pyocyanin, rhamnolipid, exo-
polysaccharide, swarming motility and biofilm formation. Our data indicate that isoeu-
genol could serve as one of the therapeutic molecules that significantly inhibit the QS
regulated virulence phenotypes including biofilm formation in Gram-nega-
tive pathogens.
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