AAPS PharmSciTech, Vol. 14, No. 3, September 2013 (© 2013)
DOI: 10.1208/s12249-013-9991-8

Research Article

The Gallic Acid-Phospholipid Complex Improved the Antioxidant Potential
of Gallic Acid by Enhancing Its Bioavailability

Sauvik Bhattacharyya,' Sk Milan Ahammed,' Bishnu Pada Saha,' and Pulok K. Mukherjee'”

Received 22 March 2013; accepted 28 May 2013; published online 26 June 2013

Abstract. Gallic acid (GA) is well known for its antioxidant and hepatoprotective activity, though its
effectiveness is restricted due to rapid metabolism and elimination. To overcome these problems, gallic
acid—phospholipid complex was prepared and the effect of phospholipid complexation was investigated on
carbon tetrachloride (CCl,)-induced oxidative damage in rat liver. The complex significantly reduced the
hepatic marker enzymes in rat serum and restored the antioxidant enzyme levels with respect to CCl,-
induced group (P<0.05 and P<0.01). Also, the complex improved the pharmacokinetics of GA by
increasing the relative bioavailability and elimination half-life. The study therefore suggests that phos-
pholipid complexation has enhanced the therapeutic efficacy of GA which may be due to its improved

absorption and increased bioavailability in rat serum.
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complex.

INTRODUCTION

Gallic acid (GA) is a naturally occurring polyphenol
present in tea leaves, strawberries, pineapples, bananas, amla,
red and white wines, gallnuts, sumac, witch hazel, oak bark,
and apple peels—some of the natural products which are rich
in GA (1). There are several reports of this beneficial phyto-
chemical for its potential antioxidant activity studied in animal
models (2-7). Other biological activities of GA studied in
animal models are anticancer (1), antihyperglycemic (5),
hepatoprotective (6), and antiviral (7) activity.

Carbon tetrachloride (CCly) causes hepatocellular degen-
eration and centrilobular necrosis (8,9) and impairs different
enzymatic systems (10). It is metabolized in the liver by cyto-
chrome P-450 to produce trichloromethyl radicals. These rad-
icals initiate a cascade of free radical reaction causing an
increase of lipid peroxidation and reduction of antioxidant
enzyme activity (11). GA is a potent antioxidant which is able
to scavenge these free radicals and provide hepatoprotective
effect by reducing the levels of serum liver marker enzymes
and lipid peroxidation in rat liver as well as improve the
antioxidant marker enzymes in rat liver homogenate (2,3).

Despite these health benefits, the usage of GA is restrict-
ed due to its poor absorption, low bioavailability, and rapid
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elimination from the body studied both in human and animal
(12,13). GA metabolizes rapidly to its major metabolite 4-O-
methylgallic acid and pyrogallol which are converted to pyro-
gallol-1-O-p-D-glucuronide, 4-O-methylgallic acid-3-O-sul-
fate, 2-O-methylpyrogallol-1-O-p-D-glucuronide, 2-O-
methylpyrogallol, and 4-O-methylgallic acid (14-17). It is
quite evident that rapid metabolism is a factor for low bio-
availability and faster elimination of GA. Also, these metab-
olites possess inferior antioxidant potential compared to the
parent molecule (17). Therefore, to get desirable therapeutic
activity, it is required to improve the bioavailability and re-
duce the elimination of GA. Complexation with hydrogenated
soy phosphatidylcholine (HSPC), which is an important carri-
er of drug molecule, can improve the bioavailability and elim-
ination-related problems. The recent studies in our laboratory
with andrographolide, ellagic acid, and naringenin demon-
strated that complexation with phospholipid improves the
bioavailability and enhances the bioactivity of these phy-
tochemicals (18-20) which is may be due to sustained-
release delivery of the complex (21). So, the aim of this
work was to develop GA-HSPC complex, to evaluate the
effect of complexation on hepatoprotective and in vivo
antioxidant activity of the complex in CCly-intoxicated rats,
and to study how the level of GA in rat plasma is improved
along with the main pharmacokinetic parameters due to com-
plex formation.

MATERIALS AND METHODS

Chemicals

HSPC was purchased from Lipoid, Germany. GA
(CAS number 149-91-7), glutathione reductase, and alpha
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alumina powder were purchased from Sigma Chemical, St.
Louis, MO. Ethylenediaminetetraacetic acid (EDTA),
thiobarbituric acid, trichloroacetic acid, sodium dodecyl
sulfate, n-hexane, dichloromethane, and other chemicals
were obtained from S.D. Fine Chem., Biosar, India.
Glutathione, nitro blue tetrazolium, 5,5’-dithiobis(2-
nitrobenzoic acid), phenazine methosulfate, 1-chloro-2,4-
dinitrobenzene (CDNB), nicotinamide adenine dinucleo-
tide phosphate in reduced form (NADPH), and nicotin-
amide adenine dinucleotide in reduced form (NADH)
were purchased from SRL Chemicals, Mumbai, India.
Acetonitrile and orthophosphoric acid of high-perfor-
mance liquid chromatography (HPLC) grade and potassi-
um bromide (KBr) spectroscopy grade were procured
from Merck (Mumbai, India).

Preparation of Gallic Acid-Phospholipid Complex

Complex of GA with phospholipids was prepared by
a method based on an earlier reported method (22). In
short, 1 mol of gallic acid was refluxed with 1 mol of
HSPC in 20 mL of dichloromethane till all the gallic acid
was dissolved. The volume of the resulting solution was
reduced to 2-3 mL and 10 mL of n-hexane was added to
the above solution with continuous stirring. As a result,
GA-HSPC complex gets precipitated. The complex was
then filtered and dried under vacuum to remove traces
of solvent. Resultant GA-HSPC complex (yield of the
complex 87.5% w/w) was kept in an amber-colored glass
bottle flushed with nitrogen and stored at room tempera-
ture (20-25°C).

HPLC Analysis of Gallic Acid

The HPLC technique developed and validated by
Santagati et al. is adopted for the analysis of gallic of GA
(23). The HPLC system (Shimadzu, Japan) was used for the
analysis, consisting of binary HPLC pump, a photodiode array
detector, and a Rheodyne 77251 injector equipped with a 20-
pL loop. Separation was achieved using Luna C18(2) 100A,
250x4.6 mm, filled with 5 pm particles (Phenomenex,
Torrance).

A reference stock solution of gallic acid was prepared at a
concentration of 1.0 mg/mL by transferring 10 mg of gallic acid
to a 10-mL volumetric flask and dissolving in mobile phase.
Calibration standard solutions with different concentrations
were prepared by appropriate dilutions from the stock using
mobile phase as diluent.

HPLC assay was performed using isocratic conditions by
external standard method. The mobile phase was acetonitrile
and 1% orthophosphoric acid in deionized water (10:90, v/v).
All the samples were filtered through a 0.45-um nylon mem-
brane prior to injection and ultrasonically degassed prior to
use. Twenty microliters of the sample was injected with the
flow rate of 1 mL/min. The detection was performed at a
wavelength of 254 nm.

Entrapment Efficiency and Drug Content

The entrapment efficiency (EE) of the complex was
performed by the HPLC technique explained above. The EE
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and drug content of GA-HSPC were calculated according to
the following equations:

EE = Amountof Drugin the complex/Amount of initial drug used (1)
x 100%

Drugcontent = Amountof druginthe complex / Amountof complex (2)
x 100%.

Characterization of the Complex

Infrared Spectroscopy

The infrared absorption spectra of the samples were
taken with a Bruker Alpha FT-infrared (IR) spectrometer
(Bruker, Germany). The spectra were recorded in the
region of 4,000 to 400 cm '. KBr pellets were prepared
by mixing 10 mg of sample with 1 g KBr using a glass
pestle and mortar.

Scanning Electron Microscopy

The sample was sprinkled on a double-sided carbon tape
and placed on a brass stub. The surface was coated with a thin
layer of palladium (about 30 um) in an auto fine coater (Jeol
JFC1600, Japan). Then, it is placed in the sample chamber of a
scanning electron microscope (Jeol JSM 5200, Japan) and the
morphology of the complex was observed.

Differential Thermal Analysis

Thermograms of GA, HSPC, GA-HSPC complex, and
physical mixture of GA and HSPC were recorded using a
differential scanning calorimeter (Pyris Diamond TG/DTA,
PerkinElmer, Singapore). The thermal behavior was studied
by heating 2.0+0.2 mg of each individual sample in a covered
sample pan under nitrogen gas flow (150 mL/min). The in-
vestigations were carried out over the temperature range of
25-350°C with a heating rate of 10°C min '. Alpha alumina
powder was used as reference.

Evaluation of Gallic Acid-Phospholipid Complex
In Vivo Antioxidant Activity

Animals. Male albino rats (Wistar strain) weighing
180-220 g, age about 2-3 months, were used for this
study. Animals were housed in groups of six in colony
cages at an ambient temperature of 20-25°C and 45-55%
relative humidity with 12 h light/dark cycles. They had
free access to pellet chow (Brook Bond, Lipton India)
and water ad libitum. The experiment was performed with
the ethical guidelines as provided by the Committee for
the Purpose of Control and Supervision of Experiments
on Animals.

Dosing. The adult male Wistar rats were divided into six
groups of six animals each. The animals of control group and CCl,
control group received only distilled water with Tween 20 (1%
v/v) p.o. for 7 days via gastric intubation. GAS50 group was treated
with GA in distilled water with Tween 20 (1% v/v) at a dose level
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of 50 mg/kg body weight, per day p.o., for 7 days. GA-HSPC50
group was treated with GA-HSPC complex suspension in Tween
20 (1% v/v) at doses of 50 mg/kg equivalent to pure GA, per day
p.o., for 7 days. GA+HSPCS50 group received physical mixture of
GA and HSPCin 1:1 molar ratio suspended in Tween 20 (1% v/v)
at doses of 50 mg/kg equivalent to pure GA, per day p.o., for
7 days. HSPC250 group received pure HSPC in Tween 20 (1%
v/v) at doses of 250 mg/kg/day p.o. (since 50 mg/kg dose of GA-
HSPC is equivalent to 250 mg/kg dose of pure HSPC approxi-
mately). On the seventh day, a single dose of equal mixture of
carbon tetrachloride and olive oil was given (50% v/v, 1 mL/kg
i.p.) to all animals except the control group.

On the eighth day, exactly after 24 h of CCl, injection, all
the animals were sacrificed by cervical dislocation under
diethyl ether-induced anesthesia. The blood was aspirated
from the left ventricle and centrifuged to collect the plasma.
The rat liver was dissected out, washed with ice-cold saline,
and the homogenate was prepared in 0.1 M phosphate-buff-
ered saline (pH 7.4).

Liver Marker Enzyme Estimation. Serum glutamate oxa-
loacetate transaminase (SGOT) and serum glutamate pyru-
vate transaminase (SGPT), serum alkaline phosphatase
(ALP), and total bilirubin were determined.

SGOT and SGPT were determined by the method of
Reitman and Frankel (24). Each substrate (0.5 mL) [«-L-ala-
nine (200 mM) for SGOT or L-aspartate (200 mM) with 2 mM
a-ketoglutarate for SGPT] was incubated for 5 min at 37°C.
Serum (0.1 mL) was added and the volume was adjusted to
1 mL with sodium phosphate buffer (pH 7.4; 0.1 M). The
reaction mixture was incubated for 30 and 60 min for SGPT
and SGOT, respectively. 2,4-Dinitrophenyl hydrazine (0.5 mL;
1 mM) was added to the reaction mixture and left for 30 min at
room temperature. Finally, the color as developed by the
addition of 5 mL sodium hydroxide (NaOH) (0.4 N) and the
product formed was read at 505 nm.

ALP was determined by the method of Kind and King
(25). One milliliter of the substrate was incubated in 1 mL of
sodium bicarbonate buffer for 3 min at 37°C. One hundred
microliters of serum was added, vortexed well, and incubated
again for 15 min at 37°C. After incubation, 0.8 mL of 0.5 N
NaOH, 1.2 mL of sodium bicarbonate (NaHCO;) (0.5 N),
1 mL aminoantipyrine (0.6%), and 1 mL potassium ferricya-
nide were added and mixed well, and the absorbance was
measured at 520 nm.

Total bilirubin in plasma was determined by the method
of Malloy and Evelyn (26). Briefly, 5 mL of sulfanilic acid
solution (4 mmol/L) mixed with 0.1 mL of sodium nitrite
solution (144 mmol/L) and 0.25 mL serum was added to this
mixture. The mixture was incubated for 10 min at 37°C. The
absorbance was recorded at 670 nm.

In Vivo Antioxidant Marker Enzyme Estimation. The rat
liver homogenate was centrifuged and the supernatant was
used for the assay of oxidative stress biomarkers which is
explained below.

Reduced glutathione (GSH) in rat liver homogenate was
estimated using the method of Ellman (27). Briefly, equal quan-
tity of homogenate and 10% trichloroacetic acid was mixed and
centrifuged to separate the proteins. To 0.01 mL of this super-
natant, 2 mL of phosphate buffer (pH 8.4), 0.5 mL of 5,5'-
dithiobis(2-nitrobenzoic acid), and 0.4 mL double-distilled wa-
ter were added. Mixture was vortexed and the absorbance read
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at 412 nm within 15 min. The concentration of reduced glutathi-
one was expressed as micrograms per milligram of protein.

Glutathione peroxidase (GPx) in rat liver homogenate
was estimated using the method of Paglia and Valentine
(28). The reaction mixture consisted of 400 pL 0.25 M potas-
sium phosphate buffer (pH 7.0), 200 pL supernatant, 100 pL
reduced GSH (10 mM), 100 nL. NADPH (2.5 mM), and
100 pL glutathione reductase (6 U/mL). Reaction was started
by adding 100 pL hydrogen peroxide (12 mM) and absorbance
was measured at 340 nm at 1 min intervals for 5 min. Data
were expressed as units per milligram of protein.

Glutathione S-transferase (GST) in rat liver homogenate
was estimated using the method of Habig and Pubst (29). The
reaction mixture consisted of 2.75 mL of sodium phosphate
buffer (0.1 M; pH 7.4), 0.1 mL reduced glutathione (1 mM),
and 0.1 mL supernatant in a total volume of 3.0 mL. Reaction
was started by adding 0.1 mL CDNB (100 mM) and absor-
bance measured at 340 nm at 1 min intervals for 5 min. Data
were expressed as units per milligram of protein.

Glutathione reductase (GRD) in rat liver homogenate
was estimated using the method of Dubler and Anderson
(30). The assay system consisted of 1.65 mL sodium phosphate
buffer (0.1 M; pH 7.4), 0.1 mL EDTA (0.5 mM), 0.05 mL
oxidized glutathione (1 mM), 0.1 mL NADPH (0.1 mM),
and 0.05 mL supernatant in a total mixture of 2 mL. The
enzyme activity was quantified by measuring the disappear-
ance of NADPH at 340 nm at 30 s intervals for 3 min. The
activity was expressed as units per milligram protein.

Superoxide dismutase (SOD) in rat liver homogenate was
estimated using the method of Kakkar et al. (31). The assay
mixture contained 0.1 mL of supernatant, 1.2 mL of sodium
pyrophosphate buffer (pH 8.3; 0.052 M), 0.1 mL of phenazine
methosulfate (186 pm), 0.3 mL of nitro blue tetrazolium (300 pM)
and 0.2 mL of NADH (750 uM). Reaction was started by addition
of NADH. After incubation at 30°C for 90 s, the reaction was
stopped by the addition of 0.1 mL of glacial acetic acid. Reaction
mixture was stirred vigorously with 4.0 mL of n-butanol. Color
intensity of the chromogen in the butanol layer was measured
spectrophotometrically at 560 nm.

Catalase (CAT) in rat liver homogenate was estimated
using the method of Beers and Seizer (32). In brief, 0.1 mL of
supernatant was added to cuvette containing 1.9 mL of 50 mM
phosphate buffer (pH 7.0). Reaction was started by addition of
1.0 mL of freshly prepared 30 mM H,O,. The rate of decom-
position of H,O, was measured spectrophotometrically at
240 nm.

Thiobarbituric acid reactive substances (TBARS) in rat
liver homogenate were estimated using the method of
Ohkawa et al. (33). In brief, 1.5 mL of acetic acid (20%; pH
3.5), 1.5 mL of thiobarbituric acid (0.8%), and 0.2 mL of
sodium dodecyl sulfate (8.1%) were added to 0.1 mL of su-
pernatant and heated at 100°C for 60 min. Mixture was cooled
and 5 mL of n-butanol-pyridine (15:1) mixture and 1 mL of
distilled water were added and vortexed vigorously. After
centrifugation at 1,200xg for 10 min, the organic layer was
separated and absorbance was measured at 532 nm using a
spectrophotometer.

Total protein in rat liver homogenate was estimated using
the method of Lowry et al. (34). Tissue homogenate (0.01 mL)
(2.5%) was diluted to 1.2 mL and mixed with 6 mL of solution
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A (1 mL copper sulfate (1% )+1 mL sodium potassium tartrate
(2%)+98 mL 2% sodium carbonate in 0.1 N sodium hydrox-
ide). The mixture was incubated at room temperature for
10 min and 0.3 mL of solution B (phosphomolybdate—
phosphotungstate reagent) was added, mixed immediately,
and kept at room temperature for 30 min. Absorbance was
taken at 750 nm.

HPLC Method for Determination of GA in Rat Plasma

Apparatus and Chromatography

Apparatus and chromatography were the same as de-
scribed previously.

Preparation of Stock Solution and Calibration Curves

Stock solutions of standard gallic acid were prepared at a
concentration of 1.0 mg/mL of methanol and stored at 4°C till
analysis. The stock solutions at different concentrations were
spiked into blank plasma to obtain final concentrations in the
range of 0.5-50 pg/mL. Quality control (QC) samples were
prepared at low, medium, and high concentration levels of 0.5,
5, and 50 pg/mL.
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Extraction of Gallic Acid from Plasma and Preparation
of Sample

The different aliquots containing 50 pL of plasma and
200 pL of acetonitrile were mixed and vortexed for 1 min and
centrifuged at 800xg for 10 min. One hundred microliters of the
supernatant was transferred to a second tube, evaporated, and
reconstituted with 100 pL of mobile phase. After mixing, a 20-
uL aliquot was injected into the HPLC system for analysis.

Validation of the Extraction and Quantification Method

Validation of the HPLC method was done based on the
guideline of the recommended International Conference on
Harmonization. Calibration curves were obtained after deter-
mining the peak areas of standard plasma spiked with various
concentrations of gallic acid and plotting the peak areas against
corresponding concentration of gallic acid. Intra-day accuracy
and precision were evaluated from replicate analysis (n=6) of
QC samples at different concentrations on the same day. Inter-
day accuracy and precision were also assessed from the analysis
of the same QC samples on three consecutive days in replicates
(n=6). QC samples were analyzed against the calibration curve.
The standard deviation and relative standard deviation were
calculated from the QC samples and used to estimate the intra-
and inter-day precision. Accuracy was assessed by comparison
of the calculated mean concentrations with the known concen-
trations. The extraction recoveries of GA were tested at three
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Fig. 2. The scanning electron microscope image of GA-HSPC complex

QC levels by comparing the peak areas from extracted tissues
samples with those found by direct injection of standard solu-
tions at the same concentration.

The QC samples stored at —20°C for 24 h and percent loss
of the analyte after three cycles were determined by compar-
ing the concentrations with those obtained before freezing.
They were also analyzed for short-term (24 h, 25°C) and long-
term stability (14 days, —20°C).

Study of Pharmacokinetic Parameters

Male albino Wistar rats were divided into two main
groups. First group was administered a single dose of GA in
distilled water with Tween 20 (1% v/v) at a dose of 150 mg/kg
p.o. via gastric intubation and the other group GA-HSPC in
distilled water with Tween 20 (1% v/v) at a dose equivalent to
150 mg/kg of GA p.o. The animals of each group were
subdivided in subgroups (n=6) for each different time points
(0.5,1.0,1.5,2.0,2.5, 3.0, 3.5, 4.0, 6.0, 8.0, 10.0, 12.0 h). Blood
samples (0.5 mL) were collected from the retro-orbital plexus
of rats into microcentrifuge tubes containing EDTA at each time
points. Blood was centrifuged at 800xg for 10 min and plasma
was separated and kept at —20°C prior to analysis.

The main pharmacokinetic parameters of GA-HSPC com-
plex were obtained with the help of a computer-designed pro-
gram “WINNONLIN-4.1” and the parameters were compared
to that of free gallic acid. Maximum concentration (Cp,.x) and
time to reach maximum concentration (7p,.x) are the values
obtained directly from concentration-time curve. Area under
the concentration-time curve (AUCy_, and AUCy_y,), elimi-
nation half-life (¢,,¢l), elimination rate constant (K;), clearance,
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and volume of distribution were determined. Relative bioavail-
ability (F) was calculated as a ratio of the plasma AUC (0-
infinity) of the pure gallic acid and its complex.

Statistical Analysis

All data were expressed as data were expressed as
mean =+ standard error of the means (SEM) except en-
trapment efficiency, drug content, and pharmacokinetic
parameters where data were expressed as mean =+ stan-
dard deviation (SD). For antioxidant activity, the statisti-
cal analysis was carried out by one-way analysis of
variance followed by Tukey’s post hoc test using GraphPad
Prism software 4.01 (San Diego, CA). For serum concentration
study, data were analyzed by Student’s “¢” test. The differences
between means were considered to be significant when
the P value was <0.05.

RESULT AND DISCUSSION

EE and Drug Content

The EE of the formulation was calculated as 91.95+2.1%
w/w. The GA content in the GA-HSPC complex was found to
be 16.35+1.3% wiw.

Characterization of the Complex

Infrared Spectroscopy

The formation of the complex can be confirmed by the
FTIR spectroscopy comparing the spectrum of the complex
with pure GA. The FTIR spectrum of gallic acid showed
broad aromatic and carboxylic O-H stretching at 3,285.89
and 3,386.32 cm ' also, it showed the occurrence of
characteristic intense band of C=0O ketonic double bond
stretching at 1,706.05 cm ' and C-O stretching at 1,244.49
and 1,339.69 cm™!. The C=C aromatic double bond
stretching can be observed at 1,618.74, 1,540.69, and
1,460.30 cm ™. The out of the plane aromatic bending can be
observed at 1,025.14, 865.91, and 700.14 cm™'. But in the case
of the FTIR spectrum of GA-phospholipid complex,
disappearance or shifting of these bands was observed. The
aromatic O-H stretching disappeared due to the formation of
the HSPC complex.

Table I. Effect of GA and Its HSPC Complex on SGOT, SGPT, ALP, Total Bilirubin, and Total Protein Levels in CCly-Induced Toxicity in Rats

GA-HSPC50 GA+HSPC50
(GA-HSPC (physical mixture HSPC250
CCly-control GAS0 complex=50 of GA and HSPC~50 (HSPC 250

Parameters Control (CCl4 1 mL/kg) (GA 50 mg/kg) mg/kg GA) mg/kg GA) mg/kg)
SGOT (IU/L) 7643127 136.40+7.8% 108.35+3.5™ 88.31+1.5" % 111.96+2.8" 132.64+6.7%
SGPT (IU/L) 53224284 % 9821+1.20% 79.25+3.76"" 63374334 # 81.59+2.98" 95.21+1.29**
ALP (units/L)  124.03+4.81°"#  210.7+7.37* 164.33+3.06™ 136.23+3.56"%  159.33+4.56™ 205.7+6.47%
Total bilirubin 0.53+0.02"" 0.94+0.03% 0.70+0.01"" 0.59£0.01""# 0.65+0.01"" 0.87+0.03"

(mg/dL)

Values are mean + SEM of six animals

#P<0.05, **P<0.01 significant with respect to CCl,-treated group; * P<0.05, ** P<0.01 significant with respect to GAS0 group
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Table II. Effect of GA and Its HSPC Complex on the Enzymes of Liver Glutathione System of CCly-Induced Rats
GA-HSPC50  GA+HSPC50
(GA-HSPC (physical mixture HSPC250
CCly- control GAS0 complex= 50 of GA and HSPC=50  (HSPC 250
Parameters Control (CCly 1 mL/kg) (GA 50 mg/kg) mg/kg GA) mg/kg GA) mg/kg)
GSH (pg/mg) of protein 5174043 1.910+0.27" 3.54+0.32" 4.810+021""  3.590+0.29" 2.12+0.18%
GPx (units/mg) of protein ~ 13.35+1.04""  3.72+0.42" 837+0.76" 11.76+0.74"*  9.10+0.93"™ 4.52+0.37%
GST (units/mg) of protein ~ 97.24+5317* 44,5942 37" 73.71+3.06™ 8813546 78.20£3.2" 47.91+2.71%
GRD (units/mg) of protein ~ 19.21+1.11"" 7.82+0.73" 13.61+0.95" 17.78+1.017  14.82+1.88™ 8.72+1.12"

Values are mean + SEM of six animals
#P<0.05, **P<0.01 significant with respect to CCl,-treated group; * P<0

Differential Thermal Analysis

Differential thermal analysis (DTA) is a fast and reliable
method to identify drug—excipient interaction. An interaction
is concluded by elimination of endothermic peak(s), appear-
ance of new peak(s), change in peak shape and its onset, peak
temperature/melting point, and relative area or enthalpy (35).
Figure 1 shows DTA thermograms of pure GA (a), HSPC (b),
GA-HSPC complex (c), and physical mixture of GA and
HSPC (d). HSPC (Fig. 1b) showed two major peaks at
100.07°C and 177.74°C and two minor peaks at 226.86°C and
264.84°C. The first one (100.07°C) may have appeared due to
the hot movement of the phospholipid polar head group. The
second peak (177.74°C) may be appeared because of phase
transition from gel to liquid crystalline state. The physical mix-
ture of GA and HSPC showed similar thermogram (Fig. 1d) as
HSPC having two major peaks at 108.25.07°C and 177.19°C and
one minor peak at 229.76°C. The pure GA (Fig. 1a) showed a
sharp endothermic peak at 249.21°C and one small peak at
87.99°C. On the other hand, GA-HSPC complex (Fig. 1c)
showed two small peaks at 51.62°C and 62.66°C and a sharp
peak at 192.76°C which appeared due to phase transition. So, it
is evident that the original peaks of the GA and HSPC
disappeared from the thermogram of the complex and the phase
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transition temperature of the complex has shifted to higher
temperature than that of HSPC thus confirming the formation
of the complex.

Scanning Electron Microscopy

The scanning electron microscopic view (Fig. 2) indicated
the presence of spheroid structures of the complex.

Estimation of Liver Marker Enzymes

CCly-induced hepatic damage caused a significant rise in
marker enzymes like SGOT, SGPT, and ALP as well as in
serum bilirubin level. Pretreatment with GA at a dose 50 mg/
kg as well as GA-HSPC complex (equivalent to 50 mg/kg of
pure GA) and physical mixture of GA and HSPC (equivalent
to 50 mg/kg of pure GA) gave a significant reduction (*P<
0.05 and **P<0.01) in the serum liver marker enzyme levels
when compared with CCly group. But pure HSPC at a dose of
250 mg/kg failed to produce a significant change in the serum
marker enzyme levels when compared with the CCl, group. It
was also observed that GA-HSPC complex group produced
significant reduction of liver marker enzyme levels when

£ Control

X3 Control-CCl4 1ml/kg i.p.

[0 GA 50mg/kg

GA-HSPC complex = 50mg/kg

E GA+HSPC mixture~ 50mg/kg
# 2 HSPC 250mg/kg
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v &
[¥) o
NG
Groups

Fig. 3. Effect of pure GA and GA-HSPC complex on catalase (units per milligram protein),

TBARS (10" nM/mg protein), and SOD (10~

units/mg protein). Values are mean + SEM

of six animals. "P<0.05, “*P<0.01 significant with respect to CCl,-treated group. *P<0.05,
#P<0.01 significant with respect to GAS50 group
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Fig. 4. Effect of complexation on serum concentration of gallic acid in
rats. Values are mean = SEM (n=6/group/time point). ~“P<0.001
(significant with respect to pure gallic acid-treated group)

compared to GA30 group (*P<0.05 and "P<0.01), but the
GA+HSPC physical mixture group could not produce any
significant changes in comparison to the GA50 group. The
results have been shown in Table I.

In Vivo Antioxidant Activity

CClg-intoxicated rats showed significantly (**P<0.01) re-
duced level of GSH, GPx, GST, and GRD in the rat liver homog-
enate with respect to control group. The groups pretreated with
pure GA, GA-HSPC complex, and GA+HSPC physical mixture
showed significant (*P<0.05, **P<0.01) improvement in the
levels of these enzymes, but pure HSPC at a dose of 250 mg/kg
failed to produce significant improvement with respect to CCly-
intoxicated group. Also, GA-HSPC complex group showed sig-
nificant enhancement of GSH and GPx levels (**P<0.05) with
respect to pure GA group, whereas GA+HSPC physical mixture
group failed to produce significant changes (Table II).

CCly intoxication increases TBARS level in rat liver.
Pretreatment with pure GA (50 mg/kg), GA-HSPC complex
(equivalent to 50 mg/kg of pure GA), as well as GA+HSPC
physical mixture (equivalent to 50 mg/kg of pure GA) showed
significant (*P<0.05 and **P<0.01) decrease in TBARS
levels in liver homogenate, whereas the HSPC group could
not produce any significant change in TBARS levels when
compared to CCly-induced rats (Fig. 3).

A significant reduction of SOD and CAT level occurred
in CCly-induced animals as compared to normal (**P<0.01).
Pretreatment with GA (50 mg/kg) as well as GA-HSPC
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complex (equivalent to 50 mg/kg of pure GA) as well as
GA+HSPC physical mixture (equivalent to 50 mg/kg of pure
GA) showed significant (**P<0.01) increase in SOD and CAT
levels, but group pretreated with HSPC (250 mg/kg) failed to
produce any significant improvement with respect to CCly-
induced group. Also, GA-HSPC complex group showed sig-
nificant enhancement of SOD and CAT levels (**P<0.05),
whereas GA+HSPC physical mixture group failed to
produce significant changes when compared with pure GA

group (Fig. 3).
HPLC Method Validation

A good linear precision relationship between the concentra-
tions (0.5-50 pg/mL) and peak areas was obtained with the cor-
relation coefficient (r) of 0.9986. The limit of detection and limit of
quantification were estimated to be 53 and 185 ng/mL, respective-
ly. The intra- and inter-day precisions of GA were within 4.0%.
The intra-and inter-day accuracy ranged from 97.12% to 102.73%.
The result showed good extraction efficiency. Mean absolute
recoveries of GA from rat plasma were in the range of 93.1-
94.3% at three QC levels. GA was found to be stable after three
cycles of freeze and thaw and the variation of GA content was
within 7%. GA is also found stable during short-term (24 h) and
long-term (14 days) stability experiments and the variation of
analyte content was found within 7% and 15%, respectively.

Pharmacokinetic Parameters

Figure 4 shows the level of GA in rat serum when applied
in pure and complex form. The main pharmacokinetic param-
eters of GA (pure and complex form) are depicted in
Table III. Cax Was increased from 2.5 to 5.57 pg/mL in case
of the complex, so did the Ty,,x. The elimination half-life of
GA was increased when it was in the complex form with
phospholipids and eventually the clearance of the molecule
in complex form was also lowered. The AUC 0 to infinity for
the GA-HSPC complex was 13.33 units, whereas that of pure
GA was 3.09 units. Thus, the GA-HSPC complex has a rela-
tive bioavailability of 4.31 compared to that of pure GA. The
results indicate that the relative bioavailability of the GA-
HSPC complex is 4.31-fold compared to the normal GA.

Gallic acid, a naturally occurring plant phenol, was found to
be hepatoprotective and antioxidant in CCly-induced toxicity in
rats (2-4). Our previous works on hesperitin (21), quercetin
(22), and curcumin (35) show that the hepatoprotective activity

Table III. Main Pharmacokinetic Parameters of Pure GA (150 mg/kg, p.o.) and GA-HSPC Complex (equivalent to 150 mg/kg of pure GA, p.o.) in

Rats (n=6)
Pharmacokinetic parameters Pure GA GA-HSPC complex

Crnax (ng mL™") 2.5+0.18 5.57+0.48

Tinax (h) 1.08+0.2 2.08+0.2

Area under concentration-time curve (AUCy_,) (ng mL ™" h) 2.82+0.2 12.45+0.93

Area under concentration—time curve (AUCy_,) (1g mL ™" h) 3.09+0.21 13.33+0.87
Elimination half-life (¢,,el) (h) 0.98+0.07 2.12+0.18
Elimination rate constant (K.;) (h " 0.71+0.03 0.33+0.01
Clearance (cl) (L h™") 32.39+2.8 7.5+0.69

Volume of distribution (V) (L) 45.55+5.7 22.93+0.31

Values are means + SD
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of these phytomolecules was improved by the phospholipid
complexation in a dose-dependent manner. Silipide (a
silybin—phospholipid complex) was found to improve the
hepatoprotection of silybin both in human and animal models
(36,37). In the present study, GA-HSPC complex showed better
efficacy in comparison with pure molecule-treated group as well
as group receiving physical mixture of GA and HSPC. There is
no significant difference in the activity of GA-treated group and
GA+HSPC physical mixture-treated group. Moreover, pure
HSPC-treated group failed to show significant improvement
when compared to the CCly control group. This phenomenon
denotes that HSPC itself did not contribute in hepatoprotective
action against CCl, intoxication, but improves the activity of GA
when complexed with it. The previous works by other re-
searchers showed that the in vitro DPPH free radical scavenging
activity of phospholipid complexes of quercetin, catechin, and
gallic acid showed quite similar results like their parent mole-
cules. But when investigated in vivo, the phospholipid com-
plexes of phytomolecules show improvements in antioxidant
activity (38-40). So, it is important to find out the exact mecha-
nism by which phospholipid complexes show improved antiox-
idant activity when tested in vivo.

In general, the bioavailability of GA is very low. In one
experiment conducted in healthy human volunteers, the maximum
concentration of GA in plasma was 1.83+0.16 umol/L after intake
of 50 mg GA (12). In another experiment, after oral administration
of 50, 100, and 150 mg/kg grape seed extract containing 91 mg GA/g
of extract in male Sprague-Dawley rats, the Cy,,, of GA was 309.8
+102.6, 239.6+39.2, and 323.4+76.9 ng/mL (13). In the present
study, the C.x of GA was 2.5+0.18 pg/mL after 150 mg/kg oral
dose of pure GA, which is quite comparable to previous works. But,
the Cpax of GA for administration of GA-HSPC complex in same
dose was found to be 5.57+0.48 pg/mL. Not only that the complex
increased the bioavailability, but also reduced the rate of elimina-
tion of GA. The improved pharmacokinetics may be the reason for
enhancement of in vivo antioxidant activity of GA imparted by the
complex. These findings are well supported by the previous works
in our laboratory on androgapholide (18), ellagic acid (19),
hesperetin (21), and curcumin (35) as well as the works of other
researchers [with silybin (41) and ginkgolides A and B (42)] where
similar effects of phospholipid complexation on pharmacokinetics
of those phytomolecules were observed. The improvement of the
pharmacokinetics may be attributed due to sustained-release action
of the complex which maintained the minimum effective concen-
tration of the drug for a longer period of time. The phospholipid
complexes of hesperetin (21), catechin (39) and gallic acid (43) had
shown sustained-release properties when tested in vitro.

The sustained-release formulations without a carrier system
like phospholipid are seldom designed for improving the oral
bioavailability of drugs. Some sustained-release formulations of
gallic acid like gallic acid-loaded cellulose acetate electrospun
nanofibers (44) and gallic acid-loaded electrospun poly(L-lactic
acid) fiber (45) were developed and investigated for their in vitro
release properties, but sufficient data on the effect of pharmaco-
kinetic parameters are not available. Due to the nontoxic nature
of phospholipids, the phospholipid delivery systems are favored
than other delivery systems which utilize polymer. Moreover, the
easier method of preparation is an advantage over other phos-
pholipid formulations like liposomes. Additionally, the ability of
phospholipids to increase absorption of phytochemicals could
make the complexes popular nutritional supplements.

Bhattacharyya et al.

CONCLUSION

It is obvious from the present study that the GA-HSPC
complex can be utilized as effective dietary supplement which
improves the bioavailability of gallic acid by enhancing its
absorption and reducing its clearance, prolonging its duration
of action. The improved pharmacokinetics of the complex
may be the reason of enhanced hepatoprotective and in vivo
antioxidant efficacy of gallic acid in CCly-intoxicated rats.
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