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Abstract

Exposure to subzero temperatures usually leads to vascular damage causing severe ischemic injury
known as frostbite, one of the prominent cold weather injuries that can lead to devastating
consequences such as amputation of the extremities. Although rate of amputation due to frostbite has
decreased recently due to thrombolytic therapy but this new regimen comes with a price as well which
include symptoms such as profuse gastrointestinal bleeding in patients. Thus, there is a need to
discover effective treatments with least side effects and more bioavailability rate. In current work,
aqueous extract of Pinus roxburghii leaves were checked against dry-ice induced frostbite on plantar
surfaces of albino Wistar rats (both genders, 150-200 g) by keeping heparin as control, followed by
the computational evaluation of its phytocompounds to prioritize potential antiinflammatory and anti-
thrombotic compounds against frostbite. Statistically analyzed results of molecular docking showed
that among all secondary metabolites of P.roxburghii, abietadiene was most suitable potential ligand
against antiplasmin and antithrombin 111, which modulated anticoagulant pathway and proved to be
a valuable anti-inflammatory and antithrombotic agent for wound healing. These results suggest the
wound healing potential of abietadiene especially in case of frost bite which further needs to be
validated experimentally.

1. INTRODUCTION

Cold weather injuries or CWIs may affect central nervous system (as in hypothermia) or the
peripheral regions of the body (in case of frostbite). The injuries that principally affect the peripheral
regions of the body are further classified into freezing and non-freezing cold injuries. Freezing cold
injuries are characterized by damage which occurs due to exposure to temperatures below freezing
point i.e. -0.55 °C 1. Whereas, non-freezing cold injuries are identified by a gradual decline in the
tissue temperature without direct freezing 2. Frostbite is a type of freezing cold injuries and occurs
after flesh is exposed to temperatures below freezing point for a considerable amount of time 3. Three
hallmark characteristics of a frostbite injury include tissue inflammation due to ice crystals formation
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in intracellular and extracellular compartments; dehydration in intracellular compartment and last but
certainly not the least ischemia, which occurs because of intravascular thrombosis. Predominantly,
extremities such as digits of hands and feet are affected, albeit, the injury can progress to nose, cheeks
and ears as well*. Serious cases of frostbite can lead to severe debilitating injuries which include
amputation of the affected part °. Researchers have found out that the administration of thrombolytic
therapy can substantially hamper the incidences of amputation if or when administered within 24
hours of frostbite injury 8. Therefore, severe cases of frost bite are now managed with the
administration of tissue plasminogen activator and this has shown potential to drastically reduce the
rate of amputation in patients . A newly conducted study has shown promising results of reduced
rates of amputation with a drug regimen of iloprost, alteplase and heparin 7. While lloprost is a
prostacyclin (PGl,) analogue®, Alteplase is a recombinant tissue plasminogen (t-PA) activator °, and
Heparin accomplishes thrombolysis by binding to antithrombin 111 and augmenting its actions 1°. All
of the aforementioned medications bring along their baggage of deleterious side effects and increase
the potency when used in conjunction with each other. lloprost, if given individually, exhibits mild
side effects such as flushes and headaches **, but probability of its hazardous side effects such as
profuse bleedingare increased if given in conjunction with anticoagulants as it then interferes with
the normal functioning of platelets *2. On the other hand, Tissue plasminogen activator (t-PA) or its
synthetic forms such as alteplase have been documented to upregulate matrix-metalloproteinases-9
(MMP-9) 314 These MMP-9s are involved in the degeneration of connective tissue such as collagen
and various other matrix proteins that constitute the blood-brain barrier >, This results in severe
side effects such as cerebral bleeding, swelling of the brain and neurotoxicity ’.Lastly, heparin has
its own set of adverse effects which include thrombocytopenia, allergic reactions, bleeding and raised
levels of transaminase 18,

Thrombosis is usually described as blood clotting inside a blood vessel induced by either an
irregularity in platelets or a protein that helps in the coagulation of blood °. This deformity promotes
vascular stenosis which results in decreased blood perfusion of the affected tissue 2. Thrombosis can
have a devastating medical effect and is the leading cause of myocardial infarction in majority of
developed countries 2. Acute management of any thrombus is essential as if thrombus is not removed
it will lead to tissue ischemia and necrosis of the tissue supplied by that particular vessel 22, Current
management of thrombosis encompasses antithrombotic medications which categorically target
proteins participating in coagulation pathways. 'Though various medications are available against
thrombosis but few of these drugs are incriminated with instigating profuse bleeding when
administered to the patient 2°.Also, gastrointestinal bleeding accounts for one of the major side effects
of these medications 2*. Thus, to increase the specificity and selectivity and also to minimize the
profound side effects of the earlier anticoagulants and their fabricated derivatives e.g. coumarins and
heparins, there is a need to increase the safety profile of such drugs which usually can be achieved by
targeting phytoconstituents of anti-inflammatory and anti-thrombotic plants 2°.

Comprehension and utilization of plants as nutritional and medicinal sources have been accomplished
through hits and misses. But little by little, humans have enabled themselves to dot the i’s and cross
the t’s 5. Presently, bioactive compounds of plants are gaining immense limelight because of their
better nutritional productiveness, safety and promising pharmacodynamics 2. Pure unrefined
medications derived from plants have been conventionally employed as anti-thrombotic drugs by
almost all indigenous people of our planet 2. Numerous phytochemicals and secondary metabolites
have been found in plants which play a role in the in vivo and in vitro degradation of clots 29,30.
Psychrophytes are defined as “Any plant that tolerates, or thrives in a cold climate, especially in arctic
or alpine conditions”. These plants thrive under climates where the average annual temperature
remains constantly below the freezing point of water i.e. 0 °C and thus have been extensively used
in folklore due to their far-reaching medicinal abilities 3*>%¢. Pinus roxburghii Sarg (Chir pine), is
considered as an eminent local species ¥’. It is distributed in the regions varying from 900 to 1800
meters above sea level %, In Pakistan, P.roxburghii is found in Azad Kashmir, Khyber Pakhtunkhwa
and some parts of Punjab 3. Five types of P.roxburghiioccur in Pakistan with total span of them being
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1928 thousand hectares of land “°. Outside of its conventional medicinal usage, numerous other
biomedical functions of P.roxburghii have been studied which include antioxidant 4!, anti-
inflammatory 42, antiparasitic *3, anticancer 4, antimicrobial °, antihyperlipidemic and antioxidant
properties %6 . In this study, we have studied all the phytocompounds of P.roxburghiiand evaluated
their antithrombotic potential by pitting them against modulators ofClotting cascade (Table 1).

Conventional screening methods employed for drug designing and drug discovery are very costly,
takes immense amount of time to perform and are not effective enough to discover avant-garde drugs
which could be used in therapeutics 4. Thus, in this study in silicomethods have been employed to
identify potential phytoconstituents responsible for wound healing activity of P.roxburghiiand to
determine their potential anti-thrombotic and anti-inflammatory properties.

2. METHODOLOGY

Plant collection, identification and extract preparation Plants were collected in triplicates from
Minimerg, Pakistan, and then stored at -80 °C to protect them from stress, followed by their
identification by the expert botanist atDepartment of Botany, The Government College University,
Lahore, Pakistan. Leaves and roots of identified plants were separated and washed with ethanol.
Aqueous extract of plants have been prepared by modifying the protocol of Asma et al. , (2016) and
Bashir et al. , 2018. Collected supernatants were left at room temperature for evaporation and extracts
were then stored at -80 °C. (Table 1).

Animal Models

Whole experiment has been performed in triplicate at the Institute of Molecular Biology and
Biotechnology (IMBB), The University of Lahore, Lahore, Punjab, Pakistan, after approval from the
ethical committee ethical approval(Approval No: USM/Animal Ethics approval/2009/[45] [140] on
albino Wistar rats (both genders) of 150-200 g in stainless steel restrainer boxes, at controlled
temperature (18-26°C) and humidity (40-60 %) with free access to food (poultry feed no. 1) and
water.Animals were grouped as vehicle (No induction of dry ice, heparin and plant extract), Negative
control (dry ice induced only), Positive control (Dry ice induced inflammation, followed by induction
of heparin as positive anti-inflammatory control) and Experimental groups (Dry ice induced
inflammation, followed by induction of plant extracts).

Screening of plant extracts as thrombolytic agents

Rats in negative control, positive control, and experimental groups were anesthetized with 0.4 cc
intraperitoneal Ketamine injection, followed by the application of dry ice for 30 seconds on plantar
surfaces of the hind paws of rats which instigated the formation of inflammation “8. With the use of
1 cc syringes, 0.6 cc of 1.0 mg/mL plant extracts (both leaf and root) were injected after one day of
dry ice application on the plantar surface of the rat hind foot in each experimental group, while 450
IU/Kg of Heparin (50001U/ml) was injected subcutaneously in hind paw of positive control
group.The rats' paw thickness was measured in centimeters using a pre-calibrated Vernier caliper for
ten consecutive days*®. During the trial, the animals were checked daily for changes and indicators of
toxicity. Paw thickness has been calculated by using following formula; Paw thickness before
application of dry-ice= A(cm) Every subsequent measurement was noted after subtracting value of A
After 10 days, rats (both treated and controlled) were sacrificed afterbeing anesthetized by Ketamine
injection to take skin samples from plantar surfaces of all the rats in formalin solutionfor preservation.
3-4 um thick histological crosssections were made after fixation which were then stained with
hematoxylin and eosin (H & E) and examined under microscope at 40X. In histological
examination,scoring system mentioned by Abramov ° was used for checking the extent of wound
healing.
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Compound identification and selection

For ligands selection, structural information about the bioactive compounds of leaves and root
extracts ofP.roxburghiiwas retrieved °>° followed by the evaluation of compounds for their
druglikeness based on Lipinski’s rule®®*’and ADMET propertiesthrough SwissADME server 8, 3D
structures of selected compounds were obtained from PubChem®. For receptors selection, FASTA
sequences of intermediary compounds which modulate the anticoagulant pathway were obtained from
Uniprotof Homo sapiens® and their 3D structures were obtained from Swiss-model . Best model
obtained was selected on the basis of GMQE (Global Model Quality Estimation), QMEAN
(Qualitative Model Energy Analysis), coverage and sequence identity ®. Models were
protonated,tethered, and unbound water molecules were deleted usingChimera 1.15%2. Then energies
of pdb structures of both ligands and receptors were minimized by Chiron 5,

All selected compounds were then docked with receptors using CB dock®. COACH server  and
SPPIDER ¢ were used to find interacting residues. Docked complexes were then correlated with
Ligplot®” to find the actual binding residues of ligand with receptor proteins.

Molecular Dynamics Simulations

Constrained ESP (RESP) charges were bred by employing Antechamber module of AMBER v.20 %
on best binding modes of all of the ligands. AMBER ff14SB force field was utilized for
parameterization of the proteins, whereas rest of the parameters were extracted from AMBER ff14SB
force field ®. LEAP module of AMBER v.20 was applied for ion additions and solvation of
complexes in which acetylcholinesterase enzymes and ligands were present. Water boxes subsisting
of small TIP3P (TIP3PBOX) were used to enclose protein-ligand complexes. 10 A° distance was set
between the solute surface and outer boundary of the solvent box. SANDER modules of AMBER
v.20 were used for the implementation of temperature and relaxation equilibration of the solvated
complexes. PMEMD.CUDA module of AMBER v.20 running at Turkish TR-Grid elnfrastructure
was adopted for molecular dynamic (MD) computations. Steps carried out consisted of solvation,
relaxation (500 steps), minimization (500 steps), heating (10ps), and MD simulation (300 ns). The
aforementioned steps were carried out under previously optimized protocols °,

Post-trajectory Analysis

CPTRAJ module of AMBER v.20 was adopted for analysis of hydrogen bond formation and root
mean square deviation (RMSD) values acquired after MD simulations ®8, Mass-weighted RMSD was
utilized in the current study and in order to comprehend the extent of deviation of structure from its
primary configuration, the input coordinate file received following minimization process, was
employed as a reference. Hydrogen bond arrangement of complexes was evaluated throughout the
trajectories. Chimera molecular modeling program was used for evaluating 300 ns binding profile in
the trajectory files %

Binding free energy analysis

MM-GBSA (Molecular Mechanics-Generalized Born Surface Area) and Molecular Mechanics
Poisson Boltzmann Surface Area (MM_PBSA) modules of AMBER v.20 were employed for
computations of binding energies of ligands in complex with acetyl cholinesterase enzyme . Poisson
Boltzmann and Generalized Born procedures were adopted for MM_PBSA calculations (igh = 5)
with salt concentration being 0.15 M. Fill ration and ionic strength values are calculated as 4.0 and
0.15 respectively. Interior dielectric constant was set at the default value of 1.0. Binding energy has
been expressed here as: AGbinding=EMM+AGsolv—TS.

Alteration in the free energy (AG binding) of every individual system were determined with the aid
of molecular mechanics’ energy (EMM) of the system in gaseous phase (AG gas) in addition to
entropy (S) and molecular mechanics’ energy (EMM) (AG solv) at a particularized temperature T.
Entropic contribution in a vacuum is denoted by TS. The equation used for calculations was:
AGbinding = AGAS + AGsolv.
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AGgas is obtained after addition of internal energy (Eint) with van der Waals energy (Evdw) and
electrostatic energy (Eelec). The abovementioned energies emanate as a result of dihedral, bond and
angle interactions. Eint determined zero when single trajectory approach was adopted. AGsolv is
obtained as sum total of non-electrostatic free energy of solvation (Gnonpol), dispersion energy
(Gdisperse), and electrostatic energy of solvation (Gpol).

3. RESULTS

3.1 Thrombolytic activity

Vehicle showed no paw thickness (zero-centimeter thickness to male and females respectively)
whileno reduction in paw thickness was observed in negative control group and injury increased with
the passage of time (Paw thickness before experiment was 1.3+0.01cm in female and 1.28+0.02 cm
in male). The change of injury in negative control group had been observed on the day one (3.3+0.04
cm in female and 3.1+0.06 in male), while reduction in paw thickness on day 10 was3.28+0.05 and
3.2+0.06 in female and male respectively. Positive control group showed significant reduction in the
thickness from day 3 to onwards till day 10 (Paw thickness before experiment was 1.3+0.04 cm in
female and 1.32+0.05 in male). However, the reduction of injury in positive control group on day one
after treatment was 0.8+0.02 cm in female and 0.7£0.01 in male. Furthermore, the reduction on day
10 in female and male was 0.3+0.09 and 0.2+0.08 respectively.Paw thickness before application of
extracts of P.roxburghii(GC Herb. 3754) was 1.32+0.02cm and 1.3£0.04, which significantly
(p<0.0001) reducedafter applying leave extract (from 2.76+0.05 cm and 2.8+0.02 on day 1 of
application of extracts to 0.7+0.01 cm and 1.05+0.02 on the 10" day) in female and male rats
respectively. Moreover, in the case of root extract, paw thickness before experiment was 1.32+0.06cm
in female and 1.3+0.02 in male. It showed reduction from 2.6 £0.01 and 2.9+0.01 cm on day 1 of
application of extracts to 1.18+0.01 cm and 1.1+0.01 in female and male rats respectively on the 10"
day (Table 1).

3.2 Histopathological Examination of Paw Skin

Histology reported according to wound healing histological criterion of Abramov *° at 40 X showed
that maleand female skin of vehicle showed no signs of acute or chronic inflammation. While male
skin showed mild re-epithelization and granulation tissue formation along with abundant collagen
deposition and thorough granulation tissue maturation, with mild neovascularization and female skin
showed dense reepithelization and partial granulation tissue formation was seen along with abundant
collagen deposition and moderate granulation tissue maturation, while neovascularization was
absent{Figure 1.(a, b)}.Histological examination of male and female rat skin of positive control
groups showed dense signs of acute inflammation, partial reepithelization and granulation tissue
formation along with limited collagen deposition and granulation tissue maturation, with absence of
chronic inflammation and neovascularization{Figure 1 (c, d)}.Histological examination of male rat
skin innegative controlgroup showed moderate signs of acute inflammation with absence of chronic
inflammation, while female rat skin showed signs of heavy acute and limited chronic inflammation.
Reepithelization, limited granulation tissue formation and maturation with collagen deposition and
neovascularization have been observed in skin of both male and female rats {Figure 1 (e,
f)}.Histological examination ofmale and female rat skin after application of leave and root extracts
of P.roxburghii showed no signs of acute inflammation but signs of mild chronic inflammation was
observed. After application of leave extracts, skin of male rat had dense reepithelization with no
granulation tissue formation along with moderate collagen deposition, fibroblast maturation and with
neovascularization of up to 5/HPF (High power field). Whereas, skin of female rats showed limited
reepithelization with partial granulation tissue formation along with mild collagen deposition and
fibroblast maturation, with absence of neovascularization{Figure 1 (g, h)}. After application of root
extracts only, intermediate reepithelization with partial granulation tissue formation was seen along
with moderate collagen deposition and fibroblast maturation, with neovascularization of up to 5/HPF
in skin of male rats. Whereas,signs of modest acute inflammation and mild chronic inflammation,
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with moderate reepithelization and granulation tissue formation was seen along with moderate collagen deposition and fibroblast maturation and
neovascularization of up to 6-10/HPF in skin of female rats {Figure 1 (i, j)}.

Table 1 Experimental data of thrombolytic effect of P.roxburghii extracts against coldinduced injury in albino rats indicated by changes in paw
thickness measured in centimeters for ten days

Paw thickness in cm/ Days

Before After
Groups  Extracts Gender application application After application plant extract/ Heparin**
of dry ice of dry
(A) ice**
Zero One Two Three Four Five Six Seven Eight Nine Ten
Vehicle Distilled F 1.3 0+0 0+0 0+0 0+0 0+0 0+0 0+0 0+0 00 00
control Water M 1.3 0+0 0+0 0+0 0+0 0+0 0+0 0+0 0+0 0+0 0+0
Negative N/A F 1.3 3.3+0.04 3.72+0.05 3.940.08 3.1+0.05 3.32+0.05 3.28+0.06 3.28+0.04 3.28+005 3.28+0.03 3.28+0.05
control M 1.28+0.02 3.1+0.06 2.8240.06 2.5+0.08 3.1240.04 3.36+0.08 3.42+0.09 3.38+0.03 3.4+0.05 3.4+0.06  3.2+0.06
Positive Heparin F 1.3+0.03 0.9+0.02 0.740.03  0.5+0.02 0.4+0.06 = 0.3+0.05  0.3+0.06  0.3+0.08 = 0.35+0.06 = 0.3+0.05  0.3+0.09
control M 1.32+0.04 0.840.01 0.6+¢0.01  0.3%0.04  0.+0.08 0.240.05 0.3+0.01  0.240.05 0.2+0.06  0.2+0.08 = 0.2+0.08
L F 1.32+0.02 2.76+0.05 2.2£0.03  1.7+0.3 2+0.01 2+0.01 2.1+0.01  1.9+0.02  15+0.01 1.1+0.01  0.7£0.01
P roxburghii R F 1.32+0.06 2.6+0.01 2.4+0.01 2.1+0.01 1.940.02 2+0.03 1.9+0.01 2.1+0.02  1.740.01 1.3+0.02 1.18+0.01
' L M 1.340.04 2.8+0.02 2.5+0.03  2.1+0.02 2+0.05 1.8+0.04  1.440.03  2.0+0.02  1.6+0.02  1.2#0.01  1.1+0.01
R M 1.3+0.02 2.9+0.01 2.5+0.02 2.4+0.05 2.1+0.03 2.05+0.02 1.440.04 1.7+0.04 1.3+0.01  1.1+0.03  1.05+0.02

Where; F: Female Albino wistar rats; M: Male Albino wistar rats; N/A: nothing was administered; L: extracts of leaves of P.roxburghii;R: extracts of
roots of P.roxburghii

A= Paw thickness before the start of experiment **= Values are mentioned after subtracting values of A
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Figure 1: Histopathology at 40X of (a) Male (b) Female vehicle. (c) Male and (d) female Positive control group. () Male (f) female Negative
control group. (g) Male and (h) female Experimental groups treated with leaf extract of P.roxburghii.(i) Male and (j) Female Experimental
group treated with root extract of P.roxburghii

3.3 Ligand Selection

Selected secondary metabolites of P.roxburghii found through literature were filtered through ADMET studies and Lipinski’s rule through SwissADME
server %8, Seven compounds have been selected with drug-likeness properties and thus were further subjected for interaction analysis with potential host
receptors(Table 2).

3.4 Virtual Screening

Secondary metabolites P.roxburghii including carene, copaene, abietadiene, humulene, italicene, juvabione, sandaracopimarinal and scalene were docked
against modulators of anticoagulant pathway i.e. o2-antiplasmin, antithrombin 111, plasminogen activation domain, plasminogen activation inhibitor 1,
plasminogen activation inhibitor 2, protein C, Urokinase Plasminogen activator and Urokinase Plasminogen activator surface protein. On the basis of
binding energies of best docked complexes with selected ligands (Table 3), abietadieneshowed best interaction with antithrombin I1I and a2-antiplasmin
(a2-AP). The binding energy of best model of abictadiene with a2AP was -6.2 kcal/mol while the binding energy best model ofAbietadiene with
antithrombin 111 was -8.1 kcal/mol (Figure 2).

Vol. 30 No.17 (2023): JPTCP (1968-1986) Page | 1975


https://jptcp.com/index.php/jptcp/issue/view/79

Phytocompound-Based Drug Discovery Approach To Explore The Frostbite Healing Potential Of Abietadiene Isolated From Pinus Roxburghii

Table 2: In silico analysis of selected secondary metabolites of P. roxburghii using SwissADME server 8

Properties/ Compounds and their values Abietadiene Copaene Humulene Italicene Juvabione Sandaracopimarinal Sclarene Carene
PHYSICOCHEMICAL PROPERTIES
Formula CaoHas CisHos CisHao CisHos Ci6H2503 CaoH300 CaoHs2 CioH16
Molecular Weight (g/mol) 308.75 230.56 234.59 228.54 294.60 286.45 272.47 136.23
Number of heavy atoms 20 15 15 15 19 21 20 10
Number of aromatic heavy atoms 0 0 0 0 0 0 0 0
Fractions Csp3 1 1 1 1 0.88 0.75 0.7 0.8
Number of rotatable bonds 1 1 0 0 7 2 4 0
Num. H-bond acceptors 0 0 0 0 3 1 0 0
Num. H-bond donors 0 0 0 0 0 0 0 0
Molar Refractivity 91.39 67.62 71.84 64.72 78.4 90.38 92.08 45.22
TPSA (A°) 0.00 0.00 0.00 0.00 43.37 17.07 0.00 2 0.00
LIPOPHILICITY
Log Po/w (iLOGP) 0 0 0 0 0 3.44 4 2.63
Log Po/w (XLOGP3) 8.08 5.52 7.11 5.15 3.63 5.48 7.5 4.38
Log Po/w (WLOGP) 9.9 7.05 8.12 6.95 6.53 5.32 6.31 3
Log Po/w (MLOGP) 6.99 5.8 5.8 5.8 2.81 4.65 5.72 4.29
Log Po/w (SILICOS-IT) 5.26 3.74 4.34 4.3 3.75 521 6.17 2.79
Consensus Log Po/w 6.05 4.42 5.07 4.44 3.34 4.82 5.94 3.42
WATER SOLUBILITY
Log S (ESOL) -6.78 -4.68 -5.77 -4.5 -3.49 -4.94 -5.99 -3.44
4.81e-03 mg/ml ; 2.08e-05 3.95e-04 mg/ml ; 1.68e-06 | 7.20e-03 mg/ml ; 3.15e-05| 9.50e-02 mg/ml ; 3.23e-04 2.79e-04 mg/ml ; 1.02e-06| 4.90e-02 mg/ml ; 3.60e-
Solubility 5.14e-05 mg/ml; 1.66e-07 mol/l mol/l mol/l mol/l mol/l 3.32e-03 mg/ml ; 1.16e-05 mol/l mol/l 04 mol/l
Class PS MS MS MS S MS MS S
Log S (Ali) -7.94 -5.28 -6.93 -4.9 -4.23 -5.6 -7.33 -4.1
1.21e-03 mg/ml ; 5.26e-06 2.76e-05 mg/ml ; 1.18e-07 | 2.91e-03 mg/ml ; 1.27e-05| 1.74e-02 mg/ml ; 5.90e-05 1.26e-05 mg/ml ; 4.64e-08| 1.09e-02 mg/ml ; 8.01e-
Solubility 3.58e-06 mg/ml; 1.16e-08 mol/I mol/l mol/l mol/l mol/l 7.26e-04 mg/ml ; 2.53e-06 mol/I mol/l 05 mol/I
Class PS MS PS MS MS MS PS MS
Log S (SILICOS-IT) -4.8 -3.09 -4.03 -3.97 -3.18 -4.57 -5.42 -2.23
1.88e-01 mg/ml ; 8.17e-04|  2.21e-02 mg/ml ; 9.44e-05 | 2.45e-02 mg/ml ; 1.07e-04| 1.94e-01 mg/ml ; 6.59-04 1.03e-03 mg/ml ; 3.78e-06 |  8.06e-01 mg/ml ; 5.92e-
Solubility 4.86e-03 mg/ml; 1.57e-05 mol/I mol/l mol/l mol/l mol/l 7.67e-03 mg/ml ; 2.68e-05 mol/I mol/l 03 mol/l
Class MS S MS S S MS MS S
PHARMACOKINETICS
Gl Absorption Low Low Low Low High High Low Low
BBB permeant No No No No No Yes No Yes
P-gp substrate Yes No No Yes No No No No
CYP1A2 inhibitor No Yes No Yes No No No No
CYP2C19 inhibitor No Yes No Yes No Yes Yes No
CYP2C9 inhibitor No No No No No Yes Yes Yes
CYP2D6 inhibitor No No No No No No No No
CYP3A4 inhibitor No No No No No No No No
Log Kp(skin permeation) -2.45 cm/s -3.79 cm/s -2.68 cm/s -4.04 cm/s -5.52 cm/s -4.16 cm/s -2.64 cm/s -4.02 cm/s

DRUGLIKENESS

Yes; 1 violation:

Yes; 1 violation:

Yes; 1 violation:

Yes; 1 violation:

Yes; 1 violation:

Lipinski Yes; 1 violation: MLOGP>4.15 MLOGP>4.15 MLOGP>4.15 MLOGP>4.15 Yes; 0 violation Yes; 1 violation: MLOGP>4.15 MLOGP>4.15 MLOGP>4.15
No; 1 violation: No; 1 violation: No; 1 violation: No; 2 violations: No; 1 violation:
Ghose No; 2 violations: WLOGP>5.6, #atoms>70 WLOGP>5.6 WLOGP>5.6 WLOGP>5.6 WLOGP>5.6, #atoms>70 Yes WLOGP>5.6 No; 1 violation: MW<160
Veber Yes Yes Yes Yes Yes Yes Yes Yes
No; 1 violation: No; 1 violation: No; 1 violation: No; 1 violation: No; 1 violation:
Egan No; 1 violation: WLOGP>5.88 WLOGP>5.88 WLOGP>5.88 WLOGP>5.88 WLOGP>5.88 Yes WLOGP>5.88 Yes
No; 2 violations: No; 2 violations: No; 2 violations: No; 2 violations:
XLOGP3>5, No; 2 violations: XLOGP3>5, No; 2 violations: XLOGP3>5, XLOGP3>5, MW<200,
Muegge No; 2 violations: XLOGP3>5, Heteroatoms <2 Heteroatoms<2 XLOGP3>5, Heteroatoms<2 Heteroatoms<2 Yes Heteroatoms<2 Heteroatoms<2 Heteroatoms<2
Bioavailability score 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
MEDICINAL CHEMISTRY
PAINS 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert
2 alerts: isolated_alkene,
Brenk 0 alert 0 alert 0 alert 0 alert 0 alert 2 alerts: aldehyde, isolated_alkene polyene 1 alert: isolated_alkene
No; 2 violations: No; 2 violations: MW<250, No; 2 violations: No; 1 violation: No; 1 violation: No; 2 violations:
Leadlikeness No; 1 violation: XLOGP3>3.5 MW<250, XLOGP3>3.5 XLOGP3>3.5 MW<250, XLOGP3>3.5 XLOGP3>3.5 No; 1 violation: XLOGP3>3.5 XLOGP3>3.5 MW<250, XLOGP3>3.5
Synthetic accessibility 5.22 5.03 4.16 5.98 4.29 4.73 421 3.84
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Poorly soluble= PS, Moderately soluble= MS, S= Soluble

Table 3: Docking of Secondary metabolites of Pinus roxburghii with modulators of
anticoagulant pathway

Ligand

Abietadiene

Copaene

Humulene

Italicene

Juvabione

Sandaracopimarinal

Sclarene

Carene

Receptor

a2-Antiplasmin

Antithrombin 111

Plasminogen Activation Domain
Plasminogen Activation Inhibitor 1
Plasminogen Activation Inhibitor 2
Protein C

Urokinase Plasminogen Activator
Urokinase Plasminogen Activator Protein
a2-Antiplasmin

Antithrombin 111

Plasminogen Activation Domain
Plasminogen Activation Inhibitor 1
Plasminogen Activation Inhibitor 2
Protein C

Urokinase Plasminogen Activator
Urokinase Plasminogen Activator Protein
o2-Antiplasmin

Antithrombin 111

Plasminogen Activation Domain
Plasminogen Activation Inhibitor 1
Plasminogen Activation Inhibitor 2
Protein C

Urokinase Plasminogen Activator
Urokinase Plasminogen Activator Protein
o2-Antiplasmin

Antithrombin 111

Plasminogen Activation Domain
Plasminogen Activation Inhibitor 1
Plasminogen Activation Inhibitor 2
Protein C

Urokinase Plasminogen Activator
Urokinase Plasminogen Activator Protein
a2-Antiplasmin

Antithrombin 111

Plasminogen Activation Domain
Plasminogen Activation Inhibitor 1
Plasminogen Activation Inhibitor 2
Protein C

Urokinase Plasminogen Activator
Urokinase Plasminogen Activator Protein
a2-Antiplasmin

Antithrombin 111

Plasminogen Activation Domain
Plasminogen Activation Inhibitor 1
Plasminogen Activation Inhibitor 2
Protein C

Urokinase Plasminogen Activator
Urokinase Plasminogen Activator Protein
o2-Antiplasmin

Antithrombin 111

Plasminogen Activation Domain
Plasminogen Activation Inhibitor 1
Plasminogen Activation Inhibitor 2
Protein C

Urokinase Plasminogen Activator

Urokinase Plasminogen Activator Protein
a2-Antiplasmin

Antithrombin 111

Plasminogen Activation Domain
Plasminogen Activation Inhibitor 1
Plasminogen Activation Inhibitor 2
Protein C

Urokinase Plasminogen Activator

Urokinase Protein  Plasminogen

Activator

Surface

Surface

Surface

Surface

Surface

Surface

Surface

Surface

Binding energy (kcal/mol)

-6.2
-8.1
-8.6
-8.5
-1.5
-1.4
-7.1
-8.2
-5.9
-7

-7.3
-7.3
-5.8
-5.9
-6.1
-6.8
-5.7
-7

-6.7
-1.4
-5.2
-5.7
-6

-6.2
-2.1
-2.8
-2.6
-2.8
-2.9
-2.7
-2.5
-2.6
5.7
-6.5
-6.2
-6.4
-1.4

-6.6
-6.6
-6.5
-1.5
-7.1
-8

-6.7
-6.6
-6.6
-8.2
-5.8
-7.9
-7

-8

-6.8
-6.4
-6.2

-7.1
-4.9
-5.6
-5.7
-6.1
-6

-5.4

-5.4
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Figure 2: Molecular Docking of Abietadiene with (a) a2-Antiplasmin(-6.2 kcal/mol) and (b)
Antithrombin 111 (-8.1 kcal/mol)

3.5 Interacting Residues
COACH and SPPIDER servers®-5 were used to find the active binding site residues of Antithrombin
III and o2- Antiplasmin (Table 4).

Table 4: Active binding site residues of a2- Antiplasmin and Antithrombin

S.No. Protein Active Binding Residues

T
1. a2- Antiplasmin 1,5,10,163,231,247,257,284,311,312,313,392,396,398
2. Antithrombin 111 29,30,185,186,236,237,340,341

Correlating the complex of abietadiene and a2- antiplasmin with Ligplotanalysis ¢’ confirmed binding
of abietadiene at one of the active binding site residues of a2- AP via H-bonding (residue no 1 which
is proline) {Figure 3 (A)}. Also, abietadiene interacts with antithrombin Ill at C30 which also lies
within the active site of protein {Figure 3 (B)}.
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&~
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1 ™ cag s
@
Pro31(A)
cr
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N d R >
c%al y b @ \:."y;xm»\y
b
i 3 o4

Figure 3°(a) Ligplot of abietadiene with a2-antiplasmin showing H-bonds between ligand and
residue no 1 and 2 of a2-antiplasmin (b) Ligplot of abietadiene with antithrombin 111 showing
H-bonds between ligand and residue no 28 and 30 of antithrombin 111

3.5 Molecular Dynamics Simulations

MD simulation was carried out with the ligand protein complex with the least binding energy attained
after performing molecular docking of each ligand. Interaction modes by 300 ns of complexes (Figure
4).MD simulations (green structures) and docking results (dark gray structures) of every molecule are
demonstrated for comparison. MD simulations indicated that although there may be alterations in
orientation of benzene rings present at the terminal ends of compounds, the trimethoxybenzene group
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remains inside the groove. Figure 5 also indicated that barring compound number 19 and 26, all other
compounds are bundled into the groove. Furthermore, it was also detected that 25, 21 and 22
compounds were drawn into the groove. In most cases, results obtained after MD simulations were
coherent to the results retrieved after docking. Nonetheless, few differences were detected when
bonding profiles and energy levels were evaluated.

RMSD calculation

Mass weighted RMSD analysis of 300 ns MD simulation of all complexes is depicted in figure 4.
Altogether, RMSD values of all complexes was found to be 2-4 A° and they attained an equilibrium
state. The complete set of compounds gave lesser RMSD values than those depicted in anticholinergic
drug of tacrine. Considering this perspective, we can state that compounds.

A
4
= Abietadiene Antithrombin Compiex
= Abietadiene Antiplasmin Compiex
3
<
% 5
1
0,
(0} 100 200 300
Time (ns)
B
15
5 3 pem : &
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12
11-
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(r_}_.) 8
3
= 6
o 5 E
4
3
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1
% 100 200 300 400
Residue Number

Figure 4: RMSF and RMSD values of Abietadiene-Antithrombin complex and Abietadiene
Antiplasmin complex RMSF calculation

Root mean square fluctuations (RMSF) are calculated to consider the average positions of an atom
and its values for Ca atoms (Figure 4). An average RMSF of 0.42nm has been evaluated for all atoms
in comparison with 0.37nm of the apo protein, thus,overall, a slight increase in RMSF has been
observed. Residues residing C-terminus of the complex, forming the coiled structure, have shown the
largest RMSF along with a region in domain 1A (near residue CYS342) around the region outlining
the domain near the domain 1B interface. Overall, the largest fluctuation has been shown by domain
2A. A region around VAL484 also depicts higher RMSF on domain 2A (coil). Whereas, ASP374 and
GLU375 (in ATP binding domain) show smaller RMSF of about 0.2nm. Some more rigid regions
have been observed around residue 136 lying in between Stalk and 1B domain (around PRO234 and
ASN388).
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MM/PBSA- MM/GBSA calculations

MM/PBSA calculations helped to unravel the MD simulations and energy changes within the
complex. All the polar, non-polar, Vander Waals, dispersion and electrostatic energies calculated
along with their standard errors, for 10 different compounds (Table 5). A strong interaction of
compounds(-AG) has been observed with AChE and molecules showing the lowest binding energies
as compared to others include 21 (-18.82 + 0.7 kcal/mol), 22 (-16.31 £ 1.5 kcal/mol) and 19 (-14.08
+ 1.3 kcal/mol), quite similar to docking results (with a slight variation in calculated binding energies,
though ranking remains the same).

Table 5:Energy Parameters of Abietadiene- Antiplasmin complex and Abietadiene-
Antithrombin complex

Energy Parameter | Abietadiene-Antiplasmin complex | Abietadiene-Antithrombin complex
MM-GBSA
Van der Waals Energy -50.44 -51.26
Electrostatic Energy -15.38 -18.00
Total Gas Phase Energy | 20.38 18.44
Net Energy of System -45.44 -50.82
MM-PBSA
Van der Waals Energy -50.44 -51.26
Electrostatic Energy -15.38 -18.00
Total Gas Phase Energy | 21.56 25.14
Net Energy of System -44.26 -44.12
DISCUSSION

Secondary metabolites present in crude extracts of medically relevant plants are renowned for their
beneficial roles #4. P.roxburghii, natively known as Chir pine, is an indigenous plant of Himalayan
region of Pakistan ¢°. All of its parts including wood, resins, gum, seeds, oil, needles and barks have
been employed in the management of numerous ailments™. Moreover, it is a valuable source of
xanthones, flavonoids and terpenoids .

Abietadiene is a diterpene resin acid present in P.roxburghii ®°2, It is more commonly recognized as
being an intermediate compound in the cyclical biosynthesis of abietic acid. The enzyme responsible
for this whole reaction goes by the name of abietadiene synthase "2. Although multiple studies have
been done on abietic acid and its multiple activities including anti-inflammatory activity by virtue of
its lipoxygenase inhibitory action "3, osteoprotective effect due to its ability to repress synthesis of
osteoclasts which in turn is due to abietic acid’s ability to suppress activation of nuclear factor-kappa
B ligand (RANKL)receptor . Still other biomedical functions include anticonvulsant 7,
antimicrobial ®, and 5a reductase inhibition activity which leads to its role in management of benign
prostatic hyperplasia '/, among others. But abietadiene has been away from the limelight and in this
study using in silico models, we have studied modulatory effect of abietadiene on anticoagulant
pathway with a view that if purified, it can be used in the management of cold-induced injuries
including frost-bite injuries.

Antithrombin I11, a protease inhibitor , able to inactivate its biological targets which include factor
lla, IXa, Xa, Xla and factor Xllathus managing the whole clotting cascade . Also, Human Alpha 2
antiplasmin (a2-antiplasmin aka a2-plasmin inhibitor aka a2AP) is the chief physiological inhibitor
of plasmin . 02AP belonging to the serine protease inhibitor family and accomplishes its task by
covalent binding to plasmin and creating inert covalent complexes 8. Various studies have reported
the enhanced tPA mediated thrombolysis via inhibition of 02A8%and thus can be a potential
target(Figure 5).

Plasmin-antiplasmin system plays a pivotal role he plasmin—antiplasmin system holds a key position
in blood fibrinolysis and coagulation 8. Two principal physiological activators of plasminogen exists
namely urokinase-type plasminogen activator (UPA) and tissue-type plasminogen activator (tPA);
whereas inhibition of plasminogen falls chiefly on the shoulders of antiplasmin and to some degree
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on generic protease inhibitor o2-macroglobulin (¢2M) (Figure 5)%. Human Alpha 2 antiplasmin (o2-
antiplasmin aka a2-plasmin inhibitor aka a2AP) is the chief physiological inhibitor of plasmin °.
a2 AP belonging to the serine protease inhibitor family, accomplishes its task by covalent binding to
plasmin and creating inert covalent complexes . It has a considerably long C-terminal domain with
a lysine residue occupying its terminal end and it is this lysine residue that serves as a secondary
binding site of free circulating plasmin whose lysine binding site mediates this binding. This biding
site is located in the kringle domain of plasmin 8. Attempts have been made to enhance tPA mediated
thrombolysis via inhibition of a2AP. Singh et al 8 managed to enhance tPA-mediated thrombolysis
through the usage of a neutralizing antibody that specifically targets a2 AP (a2AP-I) and induces an
efficient inhibition after.

CONCLUSION

Present study concluded that abietadiene from P.roxburghii, if extracted and purified can be used as
an adjuvant in the thrombolytic management of frostbite and can play a role in minimizing the
incidences of amputation that occur due to intravascular thrombosis. Further studies encompassing
the purified form of abietadiene can further enhance its chances of being used as an adjuvant therapy
in the management of severe frostbite injury on the spot and during evacuation to a tertiary care
hospital.
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Figure 5:Schematic representation for intrinsic clotting pathway and the inhibitory role of
Antithrombin III (A);Fibrinolytic pathway and the role of a2-antiplasmin in stabilizing the
clot by inhibiting Plasmin(B); 852
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SUPPLEMENTARY DATA: Abramov *
Table used for histological scoring of healing of wound

. Score

Variable 0 1 > 3
Acute inflammation None Scant Moderate Abundant
Chronic inflammation None Scant Moderate Abundant
Granulation tissue None Scant Moderate Abundant
amount
Granulation tissue/ fibroblast | Immature Mild maturation | Moderate Fully matured
maturation maturation

None Scant Moderate Abundant

. None Partial Complete but | Complete and mature
Collagen deposition ) .
immature or thin
Reepithelialization None Up to five vessels | 6—10 vessels per | More than 10 vessels
per HPF HPF per HPF
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