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Shete et al.: Evaluation of Fenofibrate-Nicotinamide Cocrystals

The objectives of present investigation were to evaluate prepared cocrystals of fenofibrate and nicotinamide
for pre-compression characteristics, docking studies for target peroxisome proliferator-activated receptor
alpha, evaluate performance of cocrystals in tablet dosage form and to carry out in vivo antihyperlipidemic
activity. The cocrystals were prepared by antisolvent addition method. Docking studies of cocrystals and
pure fenofibrate against of target peroxisome proliferator-activated receptor alpha were carried out by
using PyRx (version 0.8) docking tool, AutoDock Vina as docking program. The prepared cocrystals were
evaluated for pre-compression properties like angle of repose, bulk density and Carr’s index. Cocrystals
were formulated in tablet dosage form and evaluated for official and unofficial quality control tests. The
antihyperlipidemic activity carried out in rats by using Triton X-100 induced hyperlipidemia model.
Cocrystals binds with peroxisome proliferator-activated receptor alpha with more binding affinity as
compared with fenofibrate. Cocrystal shows binding energy of -9.3 kcal/mol while fenofibrate shows -8.5
kcal/mol. The pre-compression properties were within the limits of United States Pharmacopeia guidelines.
The pure fenofibrate tablet showed 24.7 % drug release at the end of 90 min and cocrystal based tablet
showed 100 % at 45 min. There was no statistically significant difference in values for all biochemical
parameters in case of in vivo activity for cocrystals in comparison with pure fenofibrate. From the docking
studies we can conclude that cocrystals showed stronger more substantial formed stable complexes with
target peroxisome proliferator-activated receptor alpha, but no statistically significant difference in
pharmacodynamic studies.
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of chemical stability, moisture uptake, mechanical

Ingredients (APIs) has become a subject of considerable
interest for formulation experts in recent years. The
crystalline form of APIs is generally being preferred
in pharmaceutical industry for delivery because of the
inherent and thermodynamic stability of crystalline
APIL. However, crystalline API can exist in different
polymorphic form causing inadequate solubility
and dissolution characteristics resulting in limited
oral bioavailability especially poorly water soluble
compounds. Pharmaceutical cocrystals can be defined
as crystalline materials comprised of an API and one
or more unique co-crystal formers, which are solids
at room temperature. Cocrystals can be constructed
through several types of interaction, including
hydrogen bonding, p stacking and Vander Waals
forces. Cocrystals often rely on hydrogen-bonded
assemblies between neutral molecules of API and other
component. For nonionizable compounds cocrystals
enhance pharmaceutical properties by modification
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behavior, bulk characteristics, solubility, dissolution
rate and bioavailability!!l.

Cocrystals are more complex systems than single
component molecular systems; prediction of properties
with respect to various coformers becomes even
more challenging. It is also reported that some
physicochemical properties, like acid dissociation
constant (pKa) could guide cocrystal design. A more
abstract approach is to treat compounds as points in a
graph and cocrystals as edges. In this way Devogelaer
et al. built an undirected graph from existing cocrystals
collected from the Cambridge Structural Database
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(CSD) and treated cocrystal prediction as a link
prediction mission. Other types of methods can be
referred as ab initio approach, which is usually based
on molecular modeling and energy calculation, Barua
et al. also reported the use of molecular dynamics to
evaluate the hydrogen bonding tendency between
molecules and now Machine Learning (ML) approaches
have rapidly emerged as crucial tools for solid-state
chemistry and have been successfully applied in crystal
structure prediction, solvate formation prediction and
crystallization solvent!?,

Fenofibrate (FNO) (isopropyl ester of
2-[4-(4-chlorobenzoyl) phenoxy]-2-methylpropanoic
acid) is a widely used hypolipidemic drug. Its
pharmacologicalactivity consistsinreducingtriglyceride
and cholesterol concentration in plasma. Solubility and
permeability are the fundamental parameters controlling
the rate and extent of drug absorption. According to
the Biopharmaceutics Classification System (BCS),
FNO is a Class II drug having low solubility and high
permeability. Bioavailability of FNO solely depends
on dissolution rate in the gastrointestinal tract. The
absolute bioavailability of FNO cannot be determined
as the compound is virtually insoluble in aqueous media
suitable for injection; bioavailability is optimized
when taken with meals. The extent of absorption of
one marketed product Triglide (AUC) is comparable
between fed and fasted conditions. Food increases the
rate of absorption of Triglide approximately 55 %. This
drug is used mostly in lipid regulation as it decreases
low-Density Lipoprotein (LDL) and Very-Low Density
Lipoprotein (VLDL) levels and increases High-Density
Lipoprotein (HDL) level. The cocrystals of FNO
are reported with tartaric acid®, saccharin, succinic
acid, sucrose!”, Polyethylene Glycol (PEG) 4000 by
ball milling technique®, nicotinamide by different
techniques like cogrinding, slurry method, antisolvent
precipitation and screening by Hansen solubility
parameters!®-®!,

The molecular docking approach can be used to model
the interaction between a small molecule and a protein
at the atomic level, which allow us to characterize the
behavior of small molecules in the binding site of target
proteins as well as to elucidate fundamental biochemical
processes. In present investigation docking studies of
cocrystals are carried out. As FNO binds to Peroxisome
Proliferator-Activated Receptor Alpha (PPAR-0) and
reduces levels of triglycerides, for present investigation
so we have selected PPAR-a (Protein Data Bank (PDB)
Id: 2ZNN) for molecular docking study®..
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As reported in our previous publication cocrystals
prepared by antisolvent addition method showed
enhanced dissolution rate of FNO. The objectives
of present investigation were to evaluate prepared
cocrystals for  pre-compression characteristics,
incorporate the same in tablet dosage form, evaluate for
the performance, to carry out in vivo antihyperlipidemic
activity in animal models and molecular docking studies
of cocrystals.

MATERIALS AND METHODS

FNO was obtained as a gift sample from Alembic
pharma, Vadodara. Nicotinamide was procured from
Loba Chemie Pvt. Ltd. Mumbai. All other chemicals
were of analytical grade.

Molecular docking studies and proposed structures
of cocrystals:

In order to evaluate pharmacological activity of
cocrystals in the form of new chemical entity, we have
carried out in vitro screening of cocrystals by using
molecular docking and virtual screening. The molecular
docking was performed using PyRx (version 0.8)
docking tool which uses AutoDock Vina as docking
program. The thorough understanding of the structure
of API and cocrystal formers is required to correctly
locate the hydrogen bonding sites. To get better idea
about the binding affinity and interactions we docked
FNO, nicotinamide and predicted co-crystal structure.
Structures of FNO and nicotinamide were downloaded
from PubChem database in Spatial Data File (SDF)
file format. The proposed structures of cocrystals were
drawn using Chemsketch software and saved in MOL
format by using Open Babel GUT 3.1.111%12),

This format was converted into SDF format. FNO
binds to PPAR-0 and reduces levels of triglycerides,
for reported studies we have selected PPAR-a (PDB Id:
2ZNN) for molecular docking study. Further, this protein
is processed by using the make macromolecule module
provided in PyRx. All water molecules were removed,
polar hydrogens were added, also Kollman charges
were added to the protein and file was converted into
PDBQT file format. Three ligand molecules including
cocrystals in SDF format were uploaded in PyRx and
energy minimization is carried out by using steepest
descent method by using Merck Molecular Force
Field (MMFF)!"3, Then SDF files were converted into
PDBQT format. Grid box was set to (10.7743446385,
3.89377600387 and -5.46349952579) coordinates
based on the active amino acid residues involved in
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binding with co-crystallized ligand!'!.
Preparation of cocrystals:

The cocrystals of FNO and nicotinamide in 1:1
molar ratio were prepared by different techniques
like kneading, solvent drop grinding and antisolvent
addition and solution crystallization as mentioned in
our previous publication”*!,

Bulk characterization:

The prepared cocrystals were evaluated for angle of
repose, bulk density, tap density, Carr’s index and
Hausner’s ratiol'.

Formulation of tablet dosage form:

The tables were prepared by direct compression
technique by using Potassium bromide (KBr) press
for pure FNO and cocrystals of FNO prepared by
antisolvent addition method containing 40 mg of
the dose. Microcrystalline cellulose, croscarmellose
cellulose, talc and magnesium stearate were used as
diluent, disintegrant, glidant and lubricant respectively
to get final weight of 80 mg.

Evaluation of tablets:

The prepared tablets were evaluated for official and
unofficial tests like thickness, diameter, hardness,
weight variation, friability, drug content and in vitro
dissolution studies!'®.

In vitro dissolution studies of tablets:

In vitro dissolution studies of tablets of FNO were
performed using 8 station United States Pharmacopeia
(USP) type II DBK dissolution rate test apparatus
determined in 900 ml of 0.5 % Sodium Lauryl Sulfate
(SLS) solution. Dissolution medium was kept in a
thermostatically controlled water bath, maintained
at 37°+0.5° at rotation speed of 100 rpm. Samples
were withdrawn periodically and fresh equal volume
of dissolution media was introduced in vessels to
maintain the sink condition. Samples were filtered
through Whatman filter paper, diluted and analyzed
at 290 nm by using Shimadzu UV-1601 PharmaSpec,

spectrophotometer (Tokyo, Japan).
In vivo antihyperlipidemic activity:

Wistar albino male rats weighing 200-250 gm were
selected and housed in polypropylene cages in room
where the temperature was 27° for 12 h light and dark
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cycles were maintained (Protocol approval number-
IAEC/TKCP/2015/02).

Standardisation of hyperlipidemic dose of Triton
X-100:

To induce the hyperlipidemia rats were kept in fasting
for 18 h with excess of water and subjected to Triton
X-100 at the dose of 300, 400, 500, 600 and 700
mg/kg orally (p.o.) and the different lipoproteins
is evaluated at 24, 48 and 72 h. It was observed that
Triton X-100 in the dose 400 mg/kg p.o. can induces
maximum hyperlipidemia after 48 h. Hence 400 mg/kg
p.o. was considered as the ideal dose for induction of
hyperlipidemial'®’,

Evaluation of anti-hyperlipidemic activity:

Animals were divided into four groups containing 3
animals in each group. Animals were kept fasting for
18 h and injected Triton X-100 at a dose of 400 mg/
kg p.o. prepared in saline solution. According to
treatment protocol, the first dose of the drug treatment
was given immediately after Triton administration to
animals from group 2 to 5. Second and third dose was
administrated after 24 h and 44 h respectively. After 4
h of third dose the animals were used for the study of
various biochemical parameters. Blood was collected
by retro orbital plexus of the rat under anaesthesia and
centrifuged at 2000 rpm for 30 min to get serum and
analysed for biochemical parameter.

Biochemical estimation:

Blood sample were collected after 48 h of Triton
injection, blood was immediately centrifuged (2500 rpm
for 10 min) and serum is analysed for Total Cholesterol

(TC), Triglyceride (TG), HDL and LDL.
Statistical analysis:

All results are expressed as mean+Standard Error
of the Mean (SEM). The data is analysed using one
ways of Analysis of Variance (ANOVA). The statically
significance of the different of means is evaluated.

RESULTS AND DISCUSSION

The molecule of FNO structure consists of two aromatic
rings, two carbonyl ether and chlorine groups. FNO
molecule has three hydrogen bond acceptors, seven
rotatable bond count!'”. It can easily form cocrystals
with nicotinamide. The -CONH bonding is more robust
and strong about to be present in between -NH, from
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nicotinamide and C=0O from FNO. As the nicotinamide acid moiety, which forms the intermolecular hydrogen
possess aromatic -N- it has affinity for the carboxylic  bonding as docking results are shown in fig. 1-fig. 6.
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Fig. 1: Two-dimensional binding interactions of FNO
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Fig. 2: Two-dimensional binding interactions of FNO

Fig. 3: Three-dimensional image showing FNO in binding pocket
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Fig. 4: Two-dimensional binding interactions of FNO cocrystals

Fig. 5: Three-dimensional binding interactions of FNO cocrystals
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Fig. 6: Three-dimensional binding interactions of FNO cocrystals
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Molecular docking is a theoretical simulation method
used to study binding interactions between protein
and ligands. Based on docking study we observed that
complex between cocrystal with PPAR receptor has
less binding energy as compared to complex between
individual FNO and the receptor. Cocrystals binds with
PPAR-areceptor with more binding affinity as compared
with FNO. Cocrystal shows binding energy of -9.3 kcal/
mol while FNO shows -8.5 kcal/mol indicating more
binding affinity of cocrystals with receptor. The binding
interaction study confirms that cocrystal complex is
involved in sigma-pi stacked interaction with ALA333
and THR279. Amino acids LEU254, VAL255, ILE272,
CYS275, ILE339, VAL332, MET320 and PHE218
are associated with hydrophobic interaction while
THR283 is involved in Hydrogen bonding. FNO is
involved in sigma-pi stacked interaction with THR279,
VAL332 and TYR334. ILE241, LEU247, CYS275
and ILE339 are showing hydrophobic interaction with
ligand. FNO is not involved in any hydrogen bonding.
The cocrystals showed the bond length of hydrogen

bonds <5 A, which indicating stronger more substantial
formed stable complexes!'®). Binding interaction study
clearly indicates newly formed cocrystal entity is also
showing interaction with PPAR-a receptor exhibiting
more activity towards the receptor. Binding energy and
interactions are shown in Table 1.

The FNO showed good flow properties while the
prepared cocrystals showed excellent flow properties.
The pre-compression properties which were within
the limits of USP guidelines are shown in Table 2.
This indicates that the cocrystals improved the flow
property and compressibility of FNO this might be due
to change in crystal habits!'”!. The results of evaluation
parameters of tablets as shown in Table 3 found in the
limits specified in the USP.

Fig. 7 shows the results of in vitro dissolution profile
of prepared tablet (FNO cocrystals) and tablet of pure
FNO. The pure FNO tablet showed 24.7 % controlled
drug release at the end of 90 min and cocrystal tablet
showed 100 % at 45 min.

TABLE 1: TABLE SHOWING BINDING ENERGY AND BINDING INTERACTIONS

Binding Hydrogen bonds Sigma-pi stacked Alkyl hydrophobic/Pi-alkyl
Ligand name enerﬁ)l()k cal/ Residue Distance Residue Distance Residue Distance

Egﬁf;‘l’é‘)t(al -9.3 THR283 2.44 ALA333 3.99 LEU254, 4.62
THR279 3.56 VAL255, 3.66
ILE272, 4.8
CYS275, 4.92
ILE339, 4.8

VAL332, 4.79, 5.20
MET320, 3.79
PHE218 4.95
FNO -8.5 THR279, 4.33 ILE241, 3.77
VAL332 3.84, 3.68 LEU247, 5.29
TYR334 3.78 CYS275 5.28
ILE339 4.93

TABLE 2: MICROMERITIC PROPERTIES OF FNO AND PREPARED COCRYSTALS (MEANSEM)

Formulation code  Angle of repose

Bulk density (gm/

Tapped density

Carr’s index (%) Hausner’s ratio

cm?) (gm/cm?)
FNO 33.15:0.830 (Good)  0.4168:0.0012  0.4759:0.0016  12.42:0.123 (Good) 1.1320.02 (Good)
PM 32.22+0.723 (Good)  0.4089:0.0022 0.4623:0.024 1 '?goi%'; > 412:0.03 (Good)
30.62+0.812 9.907:0.125 1.10:0.022
e Excellont) 0.4202:0.0023  0.4664:0.0022 eetiont Exeationt
29.74:0.786 9.570+0.174 1.10540.029
D Ereetlont 0.4110:0.0016  0.4545:0.0012 Eecallont (Exentlont
28.92:0.789 7.9825+0.146 1.08:0.027
KN Execllont 0.4000:0.0019  0.4347:0.0022 Exeationt Excationt
28.65:0.810 3.507240.136 1.03:0.013
AN Eentiont) 0.4347:0.024  0.4505:0.0019 Ereationt roationt
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TABLE 3: EVALUATION PARAMETERS OF TABLETS (MEAN VALUES)

Formulation Diameter Hardness Thickness Weight Friability Disintegration Drug content
code variation time
Pure FNO 4mm 45kg/cm’  2-2.5mm 1.50 % 0.84 % 13 min 99.07 %
tablets
Cocrystal 4mm 4-4.5 kg/cm®  2-2.4mm 1.70 % 0.74 % 15 min 99.05 %
based tablets
140
120 I
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E
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Fig. 7: In vitro dissolution profile of prepared tablet (FNO cocrystals) and tablet of pure drug

Note: (—@—): Pure drug tablet and ( ): FNO-cocrystal tablet

This might be due to an important feature of cocrystals
is the increase of the saturation solubility also, maintain
super saturation level over a period of time without
any phase transformation or conversion to pure drug
and dissolution velocity which may further enhance
the bioavailability®. The cocrystals were prepared
by antisolvent addition method which produces small,
uniform and stable FNO cocrystals with markedly
enhanced dissolution rate because of large specific
surface area of small particles. Also cocrystallization
with nicotinamide shows volume expansion correlates
with the shortening and strengthening of hydrogen
bonds upon cocrystallization, analogous to water
freezing and which minimizes the energy and enhances
the rate of dissolution. The spring and parachute concept
of amorphous drugs was considered to better understand
the advantage of higher solubility of cocrystals?!l.
Dissociation of cocrystal within a few minutes of oral
administration gives amorphous or nanocrystalline drug
clusters, which are responsible for peak solubility in the
aqueous medium (spring). The transformation of such
metastable states to stable crystalline form in stages is
capable of releasing high drug concentration for several
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hours (parachute)???.

Triton acts as a surfactant and suppresses the action
of lipase to block the uptake of lipoproteins from
circulation by extra hepatic tissues, resulting into
increased blood lipid concentration. The biphasic nature
of Triton X-100 induced hyperlipidemia is helpful in
understanding the mode of action of hypolipidemc
agents. Drugs interfering with lipid biosynthesis
of uptake will be active in the synthesis phase and
metabolism will be active in the excretory phase. In
the present study, the FNO reduced the cholesterol
and triglyceride. FNO inhibits the biosynthesis of
cholesterol and triglyceride and therefore can be used
for the prevention of hyperlipidemia.

The results for antihyperlipidemic activity in animals
were expressed as meantSEM. The statistical
significance between mean was analyzed by using
One way ANOVA followed by Dunnet’s multiple
comparison posttest by using GraphPad software. As
shown in Table 4, it has been concluded that there was
no statistically significant difference in values for all
biochemical parameters for cocrystals in comparison
with pure FNO.
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TABLE 4: ANTIHYPERLIPIDEMIC ACTIVITY OF FNO IN TRITON X-100 INDUCED HYPERLIPIDEMIA

Treatment i‘:\:)ul;tt:rtgll Serum HDL Serum LDL Serum VLDL Serum TG
Normal 162.83+3.49 47.83x2.75 87.97+2.77 25.25+2.22 125+4.22
Control 213+7.59 58.08+2.67 126.05**+ 7.66 37.33+2.04 184.83+5.02
Pure FNO 144.67**+7.65 53.16+3.23 67.27*+4.18 21.0%+1.41 104.67**+5.76
Cocrystals 162**£2.55 51.33*+2.03 87.48*+2.49 25.55+1.74 125.83**+4.5

Note: Values are expressed as mean+SEM, n=3 in each group. **p<0.01, *p<0.01 compared with Triton control group

As per regulatory requirement for cocrystals, API
should be substantially dissociated from its cocrystal
form before the drug reaching the site and without
change in pharmacological activity and which has been
obeyed by prepared cocrystals!?.

From the docking studies we can conclude that
cocrystals showed stronger more substantial formed
stable complexes with target PPAR-a, but no statistically
significant difference in pharmacodynamic studies
and this might be due to dissociation of FNO from
its cocrystal before reaching the target and which is
regulatory requirement of filling cocrystal based NDA
and ANDAs. The further investigation of behavior
of cocrystals in blood sample is necessary. The use
of artificial intelligence and ML will be the future of
development of robust, scalable corystals of API to
give new life to old drugs.
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