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Introduction

Abstract

Macrotyloma uniflorum Lam. (Verdc.) known as horse gram is an underutilized and
unexplored legume distributed throughout Asia and Africa. Its seeds are rich in an-
tioxidant phenolic acids, ferulic acid being the most potent one. The present study
evaluates the protective effects of a hydroalcoholic extract of the seeds of Macrotylo-
ma uniflorum (MUSE) and ferulic acid in hyperlipidemia and cardiac abnormalities
associated with the metabolic syndrome in rats. Isolation and quantification of ferulic
acid from MUSE was carried out by HPTLC and HPLC respectively. Abnormalities
associated with the metabolic syndrome were induced in rats by administering them
fructose (25% w/v) in drinking water for 45 days. MUSE (200mg/kg and 400mg/
kg), ferulic acid (80mg/kg) and the standard drug gemfibrozil (60mg/kg) were ad-
ministered to rats along with fructose. MUSE and ferulic acid treatments elicited
significant cardioprotective activity by attenuating the fructose-elevated activities of
the marker enzymes AST, LDH and CK-MB in serum and by restoring the fructose
depleted activities of these enzymes in heart. Both treatments attenuated significant-
ly the fructose elevated malondialdehyde levels, and restored the fructose depleted
glutathione levels and activities of the antioxidant enzymes superoxide dismutase,
catalase, glutathione peroxidase and glutathione reductase in heart. A significant al-
teration in lipid profile, notable decrease in cardiac hypertrophy, left ventricular hy-
pertrophy, heart collagen and blood glucose levels, and improved glucose tolerance
was observed in the treatment groups when compared with the fructose fed animals.
The present findings suggest that MUSE may be useful as an adjuvant for the man-
agement of hyperlipidemia and cardiac abnormalities associated with the metabolic
syndrome. The potent antioxidant activity of its phenolic phytoconstituents, particu-
larly ferulic acid, may be a major factor towards this activity.

accumulation and presence of insulin-resistance have both been
associated with a number of dyslipidemia features like elevat-

It has been globally recognized that cardiovascular dis-
ease (CVD) has become a ubiquitous cause of morbidity and a
leading contributor to mortality in most countries. The National
Heart, Lung, and Blood Institute (NHLBI), a division of the Na-
tional Institutes of Health, USA has identified Syndrome X or
the Metabolic syndrome as a leading risk factor for CVDI!. Met-
abolic syndrome, also known as syndrome X, insulin resistance
syndrome, or dysmetabolic syndrome is a cluster of metabolic
risk factors that come together in a single individual™®. These
metabolic factors include insulin resistance, hypertension, cho-
lesterol abnormalities, central obesity and an increased risk for
blood clotting®®. People with metabolic syndrome have 50-60 %
higher cardiovascular risk than those without it.

Dyslipidemia is an integral part of the metabolic syn-
drome which includes hyper triglyceridemia and a low HDL lev-
el. Individuals with the metabolic syndrome, particularly those
with abdominal obesity exhibit a highly atherogenic lipid pro-
file, which may account for their high risk of CVD. Central fat

ed plasma triglyceride levels, increased VLDL and intermedi-
ate-density lipoprotein (IDL) levels, presence of small but dense
LDL particles and decreased HDL levels. These abnormalities
of lipoprotein metabolism are more likely to occur together than
separately and constitute essential features of the metabolic syn-
dromel®.

Type 2 diabetes mellitus (T2DM) or noninsulin depen-
dent diabetes mellitus is the most common form of diabetes in
which the body has adequate insulin, but the cells have become
resistant to it, accounting for 90% — 95% of the diabetic cas-
es. Risk of CVD is 200% higher in diabetic population than in
non-diabetic individuals. Progression of T2DM can lead to di-
abetic cardiomyopathy, which has been defined as diabetes-as-
sociated ventricular dysfunction that occurs independently of
coronary artery disease and hypertension. In addition, diabetic
cardiomyopathy may be characterized by diastolic dysfunction,
which becomes more apparent in the presence of hypertension
or myocardial ischemial®.
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Recently, much attention has been focused on plant
foods that may be beneficial in preventing the metabolic syn-
drome and possibly reducing the risk of diabetes and cardio-
vascular diseasell. Dietary patterns high in fruit, vegetable and
cereal content were generally found to be associated with lower
prevalence of the metabolic syndromel®.

Horse gram [Macrotyloma uniflorum Lam. (Verdc.)],
previously [Dolichos biflorus] belonging to the family Fabaceae
is a lesser known drought resistant food legume grown through-
out Asia, Africa and Australia and primarily utilized as a feed
to animals and horses. In India it is known as the “poor man’s
pulse” and used as a staple food. The seeds/beans are ovoid, red-
dish brown in colour, 4-6 mm long and 3-5 mm broad. They
contain varying amounts of carbohydrates, proteins, amino ac-
ids, lipids, phenolic compounds (3,4- dihydroxy benzoic acid,
vanillic acid, caffeic acid, p-coumaric acid, ferulic acid, chloro-
genic acid, syringic acid and sinapic acid), flavonoids (quercetin,
kaempferol and myricetin), anthocyanidins (cyanidin, petudin,
delphinidin and malvidin), tannins, saponins, fatty acids (hexa-
noic acid and hexadecanoic acid), phytosterols (stigmasterol and
B-sitosterol) and minerals like iron, calcium and molybdenum(”.
Phenolic acids obtained from M. uniflorum are considered to be
potent antioxidants which act by scavenging free radicals and re-
active oxygen species®l. The seeds of Macrotyloma uniflorum are
used in traditional medicine as bitter, thermogenic, astringent,
anthelmintic, diaphoretic, diuretic, expectorant, ophthalmic and
tonic. The seeds are also useful for haemorroids, tumors, bron-
chitis, splenomegaly, kidney stones and in asthmal.

Fructose has been implicated as a contributor to nearly
all of the classic manifestations of the metabolic syndrome!'®!!],
In Sprague-Dawley rats, feeding a high-fructose diet induces an
increase in blood pressure associated with hyperinsulinemia and
hyperlipidemia, a pathologic status resembling human type 2 di-
abetes. Hence, in this model, rats were given fructose in drinking
water to induce cardiac abnormalities associated with the meta-
bolic syndrome.

An anti-hypercholesterolemic effect of Macrotyloma
uniflorum extract on high fat diet-induced hypercholesterolemia
in Sprague-Dawley rats has been reported!'?. Ferulic acid has
also been shown to possess potent anti-diabetic, anti-cholester-
olemic and cardioprotective activities!'*'¥. Horse gram contains
ferulic acid as one of its phenolic components. This study was
thus undertaken to quantify ferulic acid in MUSE and to eval-
uate the protective effect of MUSE and ferulic acid in fructose
induced hyperlipidemia and cardiac abnormalities in rats.

Materials and Methods

Plant material

The raw seeds of Macrotyloma uniflorum were pur-
chased from the grain market, Mumbai, India on order and
authenticated at the Blatter Herbarium, St. Xavier’s College,
Mumbai after matching with the existing specimen (specimen
no. AD-6). The seeds were air dried under shade, powdered me-
chanically and stored in air tight containers. The powder was ex-
tracted using a mixture of ethanol: water (80:20) v/v in a Soxhlet
apparatus. This extract was dried and stored in a refrigerator for
further use.
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Isolation of ferulic acid by preparative HPTLC

After successful development of TLC, preparative
High Performance Thin Layer Chromatography (HPTLC) of the
hydroalcoholic extract of the seeds of Macrotyloma uniflorum
(MUSE) was carried out on the CAMAG HPTLC system for
isolation and identification of ferulic acid. The absorbance value
of different bands in the crude extract after TLC separation was
studied using the Desaga Scanner for the most possible wave-
length absorption of ferulic acid. Prior to MUSE application,
HPTLC plates (HPTLC Silica gel 60 F254, Merck) of 10 x 10
cm were activated at 110°C for 30min. MUSE (100 mg) was dis-
solved in 10 ml of methanol and 100 pL of this solution was ap-
plied as a single band of 180mm length on the activated HPTLC
plates using a Linomat V applicator (CAMAG, Switzerland).
The plates were then developed with 10ml of the solvent system
comprising toluene: ethyl acetate: formic acid (6.8:2.3:0.9) in
a twin trough chromatographic chamber and examined at 320
nm!"*), After development, the constituent at R 0.72 was marked
and scraped out from the plate. The scraped material was mixed
with methanol and eluted from silica gel by centrifugation at
3000 rpm. The supernatant was evaporated on a water bath to
get ferulic acid. Further confirmation of the isolated constituent
was done by using UV—Visible, IR and NMR spectroscopies for
major functional groups.

Quantification of ferulic acid using HPLC

Chemicals and Reagents

HPLC grade methanol, acetonitrile and analytical grade
formic acid were procured from Merck® India Ltd. (Mumbai).
All the solvents and solutions were filtered through a membrane
filter (Millipore filter paper, 0.45 um pore size) and degassed
before use. Standard ferulic acid was procured from Sigma-Al-
drich Pvt. Ltd., MO, USA.

Instrumentation and Materials

Analysis was performed on Jasco HPLC system with
Jasco PU-2080 Plus Quaternary Gradient HPLC Pump and
in-built Jasco MD-2010 Plus PDA multi wavelength detector.
Chromatographic software Chrompass was used for data collec-
tion and processing. The analytical column was LC-GC Qualisil
BDS C 18 (5 pm, 250 mm x 4.6 mm).

Chromatographic Conditions

Chromatographic separation of ferulic acid was carried
out using an isocratic mobile phase comprising water: acetoni-
trile (80:20) v/v, adjusted with formic acid to a pH of 3.5I'°. A
well resolved and sharp peak with a retention time (Rt) of 7.8
min was obtained. The flow rate was maintained at 1.0 mL/min
and the detection carried out at 320 nm.

Preparation of standards

A stock solution (1000 pg/ml) was prepared by dissolv-
ing 10 mg of ferulic acid in 10 ml of methanol.This solution was
further diluted with the mobile phase to give a stock solution of
100 pug/mL. Further dilutions were made as required with the
mobile phase.
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Preparation of calibration curve

The calibration curve was prepared by injecting vari-
ous concentrations (10 — 50 pg/mL) of the standard ferulric acid
solution.

Quantification of ferulic acid in MUSE

MUSE (100 mg) was dissolved in 10 ml methanol to
yield a solution of 10 mg/mL. This solution (20 uL) was in-
jected and the elution was carried out using the mobile phase
mentioned earlier. The amount of ferulic acid in MUSE was cal-
culated from the calibration curve.

Drugs and chemicals

Epinephrine, 5, 5'-Dithiobis (2-nitrobenzoic acid) -
(DTNB) and trichloro acetic acid (TCA) were purchased from
Sigma Chemical Co., St Louis, MO, USA. Thiobarbituric acid
(TBA), reduced glutathione, oxidized glutathione and nicotin-
amide adenine dinucleotide phosphate (NADPH) were obtained
from Himedia Laboratories, Mumbai, India. All other chemicals
were obtained from local sources and were of analytical grade.

Animals

Albino Sprague Dawley rats (120-150 g) of either sex
were used. They were housed in clean polypropylene cages un-
der standard conditions of humidity (50 + 5%), temperature (25
+2°C) and light (12 h light/12 h dark cycle) and fed with a stan-
dard diet (Amrut laboratory animal feed, Pune, India) and water
ad libitum. All animals were handled with humane care. Exper-
imental protocols were reviewed and approved by the Institu-
tional Animal Ethics Committee (Animal House Registration
No0.25/1999/CPCSEA) and conform to the Indian National Sci-
ence Academy Guidelines for the Use and Care of Experimental
Animals in Research.

Preparation of test solutions and drinking water

Fructose solution (25 % w/v in distilled water) was pre-
pared every day and given as drinking water to animals of all test
groups. The dry extract of Macrotyloma uniflorum seed extract
(MUSE) was dissolved in distilled water and the aqueous solu-
tion was used for administration. Ferulic acid was suspended in
an aqueous solution of 1% carboxymethyl cellulose (C.M.C)
and administered orally.

Experimental procedure

Animals, after acclimatization (6 —7 days) in the animal
quarters, were randomly divided into 5 groups of 12 animals
each (Groups I to V) and an additional group, viz., Group VI
comprising of 6 animals only. All animals were treated in the
following way:

Group I (Normal control): Rats received distilled water for 45
days

Group II (Fructose control): Rats received fructose (25 % w/v)
in drinking water for 45 days

Group III (MUSE 200): Rats received fructose (25 % w/v) in
drinking water and MUSE (200 mg/kg, p.o.) once daily for 45
days

Group IV (MUSE 400): Rats received fructose (25 % w/v) in
drinking water and MUSE (400 mg/kg, p.o.) once daily for 45
days
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Group V: Rats received fructose (25 % w/v) in drinking water
and ferulic acid (80 mg/kg, p.o.) once daily for 45 days
Group VI (Standard): Rats received fructose (25 % w/v) in
drinking water and Gemfibrozil (60 mg/kg, p.o.) once daily for
45 days

All animals were given normal chow diet and drinking
water ad libitum. Body weight was observed at the beginning
and once weekly till the end of the study. Oral glucose tolerance
test was performed in animals of groups I to V on the last day of
treatment, the 45" day and blood glucose was measured using an
automated digital glucometer (Accu-Chek Advantage, Roche,
USA). All animals were fasted overnight after the last treatment
and sacrificed by cervical dislocation. Blood was collected by
cardiac puncture, a drop was used for glucose measurement and
the remaining was allowed to clot for 30 min at room tempera-
ture. Serum was separated by centrifugation at 2500 rpm at 30°C
for 15 min and used for the estimation of total cholesterol (TC),
triglycerides (TG), high density lipoprotein (HDL) and marker
enzymes viz., AST, LDH and CK-MB. The hearts of the animals
from groups I to V were dissected immediately, washed with ice-
cold saline and weighed. The left ventricles were separated and
weighed. A part of the left ventricular tissue was removed and
estimated for hydroxyproline to determine its collagen content.
Hearts were homogenized with phosphate buffer (pH- 7) and an
aliquot was used for the estimation of lipid peroxidation (LPO).
The homogenates were centrifuged at 7000 x g for 10 min at
4°C and the supernatants were used for the assays of AST, LDH,
CK-MB, reduced glutathione (GSH), superoxide dismutase
(SOD), catalase(CAT), glutathione peroxidase (GPx) and gluta-
thione reductase (GR). Hearts of the remaining 6 animals from
groups I to V were also dissected, washed with ice-cold saline,
fixed in 10% buffered formalin and used for histological studies.

Low density lipoprotein (LDL) and very low density lipoprotein
(VLDL) were calculated as per Friedevald’s equation as follows:

VLDL = Total serum triglycerides/5

LDL = Total serum cholesterol — VLDL — HDL

The atherogenic index (AI) was calculated using the following
formula AI = (TC-HDL) / HDL.

Cardiac hypertrophy index (ratio of heart weight to body weight)
& left ventricular hypertrophy index (ratio of left ventricular
weight-to-heart weight) were measured from heart, body and
left ventricle.

Oral glucose tolerance test

Animals received glucose solution (1.5 g/kg) orally 30
minutes after their respective treatments. Blood glucose levels
were determined at 0, 30, 90 and 120 min after glucose adminis-
tration.

Determination of collagen

Measurement of the hydroxyproline content is used as
an index for collagen turnover. The L-hydroxyproline of the left
ventricle was estimated by the method of Bergman and Lox-
leyl'. A part of the left ventricular tissue (250 mg) of each an-
imal was dried at 60°C for 24h and 100 mg was was hydrolyzed
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with 6N HCI at 110°C for 4h and neutralized with 10N NaOH.
To 2 ml of this solution, 1 ml of the oxidant solution [1 ml of 7
% w/v aqueous Chloramine T solution and 4ml of acetate citrate
buffer (pH-6)] was added and the color was developed by adding
13 ml of the Ehrlich reagent. The absorbance of the color was
measured at 558 nm against reagent blank. The concentration of
hydroxyproline was determined by extrapolating from the stan-
dard curve and was expressed as mg /g tissue.

Total cholesterol, Triglyceride and HDL estimation

Total cholesterol (TC) levels were determined in the se-
rum of experimental animals by the CHOD-PAP method using
kits supplied by Erba (Mumbai, India).

HDL levels were determined in the serum of experimental ani-
mals by the Phosphotungstic Acid method using kits supplied by
Erba (Mumbai, India).

Trigycerides (TG) levels were determined in the serum of exper-
imental animals by the GPO-Tinder Method method using kits
supplied by Erba (Mumbai, India).

The above results were expressed as mg/dL.

Marker enzyme assays

The marker enzymes AST, LDH, CK-MB were assayed
in serum and homogenised tissue using standard kits supplied by
Erba (Mumbai, India). The results were expressed as IU/L.

Lipid peroxidation

The quantitative estimation of LPO was performed by
determining the concentration of thiobarbituric acid reactive
substances (TBARS) in the liver using the method of Buege and
Aust!"®, The amount of malondialdehyde (MDA) formed was
quantified by reaction with TBA and used as an index of lipid
peroxidation. The results were expressed as nanomole of MDA
per gram of wet tissue using molar extinction coefficient of the
chromophore (1.56 x 10°/M/cm) and 1,1,3,3-tetracthoxypro-
pane as standard.

Glutathione estimation

GSH level was estimated in the liver homogenate using
DTNB by the method of Ellman!'®! . The absorbance was read at
412 nm and the results were expressed as pmol/gm of wet liver.

Antioxidant enzyme assays in heart homogenate

SOD was assayed by the method of Sun and Zigman
in which the activity of SOD was inversely proportional to the
concentration of its oxidation product adrenochrome, which was
measured spectrophotometrically at 320 nm?”. One unit of SOD
activity is defined as enzyme concentration required to inhibit
the rate of auto-oxidation of epinephrine by 50% in 1 min at pH
10.

CAT was estimated by the method of Clairborne, which
is a quantitative spectroscopic method developed for following
the breakdown of H,0, at 240 nm in unit time for routine studies
of CAT kinetics??!.

GPx estimation was carried out using the method of Rotruck et
al which makes use of the following reaction:
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H,0, +2GSH — 2H,0 + GSSG (oxidized glutathione).

GPx in the tissue homogenate oxidizes glutathione and
simultaneously, H,O, is reduced to water. This reaction is ar-
rested at 10 minute using trichloroacetic acid and the remaining
glutathione is reacted with freshly prepared DTNB solution to
result in a coloured compound, which is measured spectro pho-
tometrically at 420 nm. Sodium azide inhibits catalase activity.
GR activity was determined by using the method of Mohandas et
al in which the following reaction is implicated®*]:

NADPH + H" + GSSG — NADP+ + 2GSH

In the presence of GR, oxidized glutathione undergoes
reduction and simultaneously, NADPH is oxidized to NADP".
Enzyme activity is quantified at room temperature by measuring
the disappearance of NADPH/min at 340 nm spectro photomet-
rically.

Histopathological Studies

Hearts stored in 10% buffered formalin were embedded
in paraffin, sections cut at 5 um and stained with hematoxylin
and eosin. These sections were then examined under a light mi-
croscope for histo-architectural changes.

Statistical analysis

The results of cardio protective and antioxidant activi-
ties are expressed as mean = SEM from 6 animals in each group.
Results were statistically analyzed using one-way ANOVA fol-
lowed by Bonferroni’s Multiple Comparison test; P < 0.05 was
considered significant. GraphPad Version 5.00 of Graph Pad
Software Inc., San Diego, USA was the software used for statis-
tical analysis.

Results

Quantification of ferulic acid in MUSE by HPLC

Figures la & 1b are HPLC chromatograms for stan-
dard ferulic acid and MUSE respectively. From the calibration
curve (Figure 2), the amount of ferulic acid present in MUSE
was 0.4655% w/w.

Figure 1a: HPLC chromatogram for standard ferulic acid at 320 nm
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Figure 1b: HPLC chromatogram for MUSE at 320 nm -
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Figure 2: Calibration curve of standard ferulic acid by HPLC

Effect on oral glucose tolerance test (Figure 3)

Animals given only fructose in drinking water were
found to have impaired glucose tolerance with high glucose
levels after glucose load when compared with the Normal con-
trol animals. Oral administration of MUSE daily to fructose fed
rats significantly improved the impaired glucose tolerance when
compared with the fructose control group of rats. MUSE 400
exhibited a better effect than MUSE 200 and was comparable
with ferulic acid.

Figure 3: Effect of MUSE and ferulic acid on oral glucose tolerance test in
fructose treated rats
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Ferulic acid 10 9.4 6278.3333
Ferulic acid 20 9.5 12746. 3333
Ferulic acid 30 9.4 19401.6666
Ferulic acid 40 9.4 27014.0000
Ferulic acid 50 9.3 33945.3333
MUSE 10,000 9.0 5952.0000

Effect on heart parameters and blood glucose (Table 1)

Administration of fructose for 45 days in drinking wa-
ter to rats caused a significant increase in cardiac hypertrophy in-
dex (CHI), left ventricular hypertrophy index (LVHI) and blood
glucose in the fructose control group when compared with the
Normal control group of rats. At the end of the 45 day treatment,
CHI, LVHI and blood glucose levels of ferulic acid, MUSE 200
and MUSE 400 treatment groups were found to be significantly
lower than that of the fructose administered group of animals.
Ferulic acid treatment showed a better effect than MUSE 200
treatment and was comparable to MUSE 400.

Table 1: Effect of MUSE and ferulic acid on heart parameters and blood glucose
in fructose treated rats

Effect on lipid profile (Figures 4 & 5)

Fructose administration in drinking water to rats for
45 days significantly increased the levels of TC, TG, LDL and
VLDL and the atherogenic index, and decreased the HDL lev-
els in blood. Oral administration of MUSE, ferulic acid and the
reference standard gemfibrozil to fructose fed rats for 45 days
significantly attenuated the fructose elevated levels of TC, TG,
LDL and VLDL and the atherosclerotic index, and elevated the
fructose depleted HDL levels when compared with the fructose
control group of animals. MUSE 400 showed a better effect than
MUSE 200 and was comparable to ferulic acid treatment. Gem-
fibrozil treatment elicited the lowest TC, TG, LDL and VLDL
levels and the highest HDL levels amongst all treatment groups.

Figure 4: Effect of MUSE and ferulic acid on lipid profile in fructose treated rats

350 a
=1

M

H
+
H
H

s

ATC(mgdL)
ATG(mgMdL)
+, JHDL(mgidL)

GROUPS CHI (mg/g) LVHI(g/g) Glucose (mg/
dL)

Normal 3.257+0.039 0.4273+0.0023 89.35+5.10

Fructose control 4.06+0.05a 0.5508+0.0041a 148.4+3.9
a

MUSE 200 | 3.746+0.011%%* | 0.4988+0.0043*** | 119.7+4.1%***

(200mg/kg)

MUSE 400 | 3.629+0.007*** | 0.4697+0.0040*** | 106.6+3.4%**

(400mg/kg)

Ferulic acid | 3.35440.038*** | 0.4485+0.0020%** | 99.4+43 5%**

(80mg/kg)

All values are expressed as Mean £ SEM, N=6 in each group

One-way Anova followed by Bonferroni’s Multiple Comparison test is applied
for statistical analysis

P values: a p<0.001 when Fructose control group is compared with Normal group
**% p<0.001 when treatment groups are compared with Fructose control group
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Figure 5: Effect of MUSE and ferulic acid on the atherogenic index (Al) in

fructose treated rats
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All values are expressed as Mean + SEM, N=6 in each group

One-way Anova followed by Bonferroni’s Multiple Comparison test is applied
for statistical analysis

P values : a p<0.001 when Fructose control group is compared with Normal

group
**%p<0.001 when treatment groups compared with Fructose control group

Effect on collagen, serum marker enzymes and heart marker
enzymes

The hydroxyproline, thus, collagen levels of the fruc-
tose administered rats were found to be significantly higher than
those of the Normal group rats. MUSE 200, MUSE 400 and fe-
rulic acid treatments brought about a significant depletion of the
elevated collagen levels when compared with the fructose con-
trol rats (Figure 6). MUSE 400 and ferulic acid produced better
effects than MUSE 200.

Figure 6: Effect of MUSE and ferulic acid on ventricular collagen in fructose

treated rats

45

a
prs
3.5 ol s
3
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2
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1
0s
0 T T T T
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mg/g of collagen

Normal Fructose control

Treatment Groups

All values are expressed as Mean + SEM, N=6 in each group

One-way Anova followed by Bonferroni’s Multiple Comparison test is applied
for statistical analysis

P values :a p<0.001 when Fructose control group is compared with Normal group
**% p<0.001, **p<0.01 when treatment groups are compared with Fructose con-
trol group

Activities of the marker enzymes AST, LDH and CK-
MB were noted to be significantly elevated in the sera of the
fructose control group of rats. MUSE (200 & 400mg/kg) and
ferulic acid treatments elicited significant cardioprotective activ-
ity by attenuating the fructose — elevated activities of AST LDH
and CK-MB in serum (Figure 7). MUSE 400 was as effective as
ferulic acid in its cardioprotective activity.
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Figure 7: Effect of MUSE and ferulic acid on serum AST, LDH and CK-MB in

fructose treated rats
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All values are expressed as Mean £ SEM, N=6 in each group

One-way Anova followed by Bonferroni’s Multiple Comparison test is applied
for statistical analysis.

P values :a p<0.001 when Fructose control group is compared with Normal group
**% p<0.001 when treatment groups are compared with Fructose control group.

Marker enzyme activities of AST, LDH and CK-MB
were assayed in the cardiac tissue and found to be significantly
depleted in the fructose fed rats when compared with the Nor-
mal rats. MUSE 200, MUSE 400 and ferulic acid treatment for
45 days caused a significant restoration in the activities of AST,
LDH and CK-MB depleted due to fructose administration. (Fig-
ure 8)

Figure 8: Effect of MUSE and ferulic acid on heart AST, LDH and CK-MB in

fructose treated rats
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All values are expressed as Mean + SEM, N=6 in each group

One-way Anova followed by Bonferroni’s Multiple Comparison test is applied
for statistical analysis.

P values: a p<0.001 when Fructose control group is compared with Normal group
*** p<0.001, **p<0.01 when treatment groups compared with Fructose control

group.

Effect on LPO, GSH and antioxidant enzymes

The effects of MUSE and ferulic acid on LPO, GSH
and antioxidant enzymes are summarized in Tables 2 and 3.
MDA, the lipid peroxidation marker was significantly elevated
in the fructose fed group of rats when compared with the Normal
group. Treatment with MUSE (200 mg/kg and 400 mg/kg) and
ferulic acid prevented significantly the increased formation of
MDA.
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Table 2: Effect of MUSE and ferulic acid on heart GSH, GPx and GR in fructose

treated rats

Groups GSH pmol/g wet | GPx Unit/mg | GR Unit/mg pro-
tissue protein tein

Normal group 3.238+0.173 14.6+0.7 246.9£9.7

Fructose control | 1.099+0.289a 5.395+0.558a 173.8+5.8a

group

MUSE 200 1.737+0.108** 9.369+0.597*** | 223.8+8.9**

(200 mg/kg)

MUSE 400 2.025+0.095%** | 10.24+0.38%** 233.6+12.6%**

(400 mg/kg)

Ferulic acid 2.772+0.134%** | 11.01£0.48%** 234.2410.8%**

(80 mg/kg)

All values are expressed as Mean + SEM, N=6 in each group
One-way Anova followed by Bonferroni’s Multiple Comparison test is applied
for statistical analysis

P values :
group

a p<0.001 when Fructose control group is compared with Normal

: **% p<0.001, **p<0.01 when treatment groups compared with Fructose con-

trol group

Table 3: Effect of MUSE and ferulic acid on heart LPO, SOD and CAT in fruc-

tose treated rats

Groups LPO nmol | SOD U/mg pro- | CAT U/mg pro-
MDA/g wet tis- | tein tein
sue
Normal group 24.86+1.20 20.06+1.14 34.50+2.59
Fructose control | 42.61+1.19a 12.23£1.01a 17.59+1.29a
group
MUSE 200 | 31.12+1.72%* 18.45+0.68* 28.04+1.40%*
(200mg/kg/day)
MUSE 400 | 29.95+2.57*** 19.29+0.81%*** 29.84+0.97***
(400mg/kg/day)
Ferulic|2883tl.67%** 19.65+0.47*** 30.2941.24%**
acid(80mg/kg)

All values are expressed as Mean + SEM, N=6 in each group

One-way Anova followed by Bonferroni’s Multiple Comparison test is applied

for statistical analysis

P values :a p<0.001 when Fructose control group is compared with Normal group
¥¥¥ p<0.001, **p<0.01 when treatment groups compared with Fructose con-

trol group

Significant decline in GSH was observed in the fruc-
tose control group of rats when compared with the Normal group
of rats. MUSE (200 mg/kg and 400 mg/kg) and ferulic acid treat-
ments significantly restored the declined GSH levels.

SOD, CAT, GPx and GR activities in the heart homog-
enate of the fructose control group of animals were found to be
significantly depleted when compared with those in the normal
animals. MUSE at both doses and ferulic acid treatment restored
significantly the antioxidant enzyme activities depleted due to
the fructose provided in drinking water, thus exhibiting a strong
antioxidant activity.

Histopathological studies

Histopathological studies on heart tissue of Normal
control group rats revealed a normal histoarchitecture with intact
cardiac muscle fibres and blood vessels without sign of separa-
tion, edema or any other abnormality (Figure 9a). Heart tissues
of fructose fed rats showed myocardial degeneration, mononu-
clear infiltration and separation of cardiac muscle fibres, vacuo-
lation and congestion (Figure 9b). Treatment with MUSE (200
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mg/kg and 400 mg/kg) showed a dose dependent decrease in the
level of congestion, edema and infiltration of inflammatory cells
when compared with the fructose control group of rats (Figures
9¢ & d). MUSE 400 mg/kg administration showed maximum
protection which was comparable with ferulic acid treatment.
The ferulic acid group showed less severity of lesions like myo-
cardial degeneration and vacuolation when compared with the
fructose control group of rats (Figure 9¢).

Figure 9a: Histopathological image of normal heart

White arrow shows normal myocardial fibres

Figure 9b: Histopathological image of fructose fed heart

\

Black arrow shows severe myofibrillar loss; White arrow shows cytoplasmic
vacuolization

Figure 9c: Histopathological image of MUSE 200 heart

Black arrow shows minimal separation of myocardial fibres; White arrow shows
myofibrillar loss

Figure 9d: Histopathological image of MUSE 400 heart

—>

White arrow shows moderate degree of vacuolization of myocardial fibres. No
myocardial loss.
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Figure 9e: Histopathological image of ferulic acid heart

—

White arrow shows moderate degree of cytoplasmic vacuolisation of myocardial
fibres without any evidence of myocardial cell loss (similar to MUSE 400 group)

Discussion

Fructose has been reported to induce hypertriglyceri-
demia associated with insulin resistance in rats causing hyper-
glycemia seen in Type 2 diabetes, hyperinsulinemia and hyper-
tension?*,

After absorption in GIT, fructose is transported via por-
tal circulation to the liver, where it enters hepatocytes via the
glucose transporter GLUT- 5 independently of insulin and is rap-
idly metabolised. Fructose is metabolised into “glycerol-3-phos-
phate” and “acetyl CoA”. These two intermediate metabolites
are then used as substrates for glyceride synthesis, contributing
to VLDL and TG production in liver. The exposure of liver to
such large quantities of fructose leads to rapid stimulation of
lipogenesis and TG accumulation which in turn contributes to
reduced insulin sensitivity and hepatic insulin resistance/glucose
intolerancel 26,

Fructose itself can create oxidative stress by its metab-
olism™”!. Possible mechanisms for direct induction of oxidative
stress can be depletion of ATP due to increased catabolism of
fructose, down regulation of HMP shunt by fructose, increased
aldehyde formation and decreased generation of reducing equiv-
alents. Fructose also causes increased production of H,O,. An
increase in production of H,O, and hydroxyl radicals in ham-
ster pancreatic cells incubated with fructose in the presence of
a metal ion catalyst has been reported®]. Increase in produc-
tion of reactive free radicals and oxidative stress contributes to
development of insulin resistance and hence hyperlipidemia. A
number of studies on fructose fed rats have been reported sug-
gesting an anti-hyperlipidemic effect of drugs having inhibitory
effects on oxidative stress and generation of free radicalsi?3%.,
In our study, fructose administration exhibited an elevation in
plasma levels of triglycerides, total cholesterol, LDL and a de-
crease in the level of plasma HDL. These findings are consonant
with the lipogenic mechanism of fructose. Treating fructose fed
rats with MUSE and ferulic acid for 45 days decreased the fruc-
tose-elevated levels of TG, TC, VLDL and LDL and elevated the
fructose-decreased levels of HDL. Treatment with MUSE and
ferulic acid also decreased the Atherosclerotic Index elevated by
fructose feeding to rats.

Gemfibrozil is a current drug from the fibrate class of
lipid modifying agents. Since, it is used successfully in the treat-
ment of hypercholesterolemia, hypo alphalipoproteinemia (low
plasma HDL) and hypertriglyceridemia clinically, it was used as
a reference standard in the present study for evaluation of the an-
ti-hyperlipidemic activity of MUSE and ferulic acid associated
with the metabolic syndrome.
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According to the Randle’s glucose-fatty acid cycle, in-
creased supply of plasma triglycerides leads to increased free
fatty acid (FFA) availability and their oxidation that can impair
insulin action and glucose metabolism and utilization, leading to
development of hyperglycemial®!l. Oral administration of MUSE
to rats fed with fructose-rich diet substantially prevented hyper-
glycemia and hyperlipidemia. Blood glucose levels were higher
in fructose fed animals than in Normal control animals. Treatment
with MUSE and ferulic acid decreased the blood glucose levels
significantly when compared with fructose-rich treatment. Simi-
larly, impaired glucose tolerance observed in fructose fed rats was
also improved significantly by MUSE and ferulic acid treatments.

Myocardium contains an abundant concentration of
marker enzymes — AST, LDH & CK-MB which serve as a sensi-
tive index to assess the degree of myocardial necrosis. Fructose
fed rats exhibited increased activities of the marker enzymes in
serum accompanied by their concomitant reduction in heart, in-
dicating the onset of myocardial necrosis.

Mitochondrial dysfunction is closely related to ROS
formation and has been considered to play a critical role in the
development of diabetic cardiomyopathy®?. Free radicals gen-
erated due to hyperglycemia are known to initiate LPO of mem-
brane bound PUFAs, leading to damage of the structural and
functional integrity of the myocardium. The myocardium once
impaired, releases its marker enzymes into the blood. Hence, the
activities of AST, LDH and CK-MB were found to be decreased
in the heart homogenate of fructose fed rats when compared with
normal rats, which is indicative of cellular injury possibly due to
lipid peroxide formation. Attenuation of the serum AST, LDH
and CK-MB activities and their elevation in heart by MUSE and
ferulic acid oral treatment indicates a cardioprotective effect of
MUSE and ferulic acid.

The collagen levels, cardiac hypertrophy index (CHI)
and left ventricular hypertrophy (LVHI) index in fructose fed
rats were found to be significantly higher than in the normal rats.
In cardiac hypertrophy, connective tissue formation and thus, an
increase in collagen content in the heart is observed™. Mod-
ification of the structure and properties of collagen due to ex-
tensive cross linking has been reported in aging and in various
pathological conditions including diabetes!*l. The protein cross
linking that occurs in diabetes in vivo could be fructose induced.
Sakai et al have reported that fructose enhanced the reactive ox-
ygen or oxygen radical generation and the associated degener-
ation of proteins and lipids by peroxidation reactions through
free radical formation®!. Malondialdehyde, an end product of
lipid peroxidation can react with the free amino groups of colla-
gen and stimulate cross-linking®®, These data indicate that ox-
idative stress from hyperglycemia-induced ROS is involved in
the pathogenesis of diabetic cardiomyopathy. Ferulic acid and
MUSE treatment showed significant decrease in collagen con-
tent of heart when compared with hearts of fructose fed rats.
These effects may be attributed to the antioxidant potential of
ferulic acid and other active phyto-constituents of MUSE.

Lipid peroxidation has been identified as one of the
basic deteriorative reactions in cellular mechanisms during
free radical induced myocardial injury. The increased levels of
MDA indicate excessive formation of free radicals by fructose
and activation of the lipid peroxidative process, resulting in ir-
reversible damage to heart in animals. MUSE and ferulic acid
treatment significantly decreased the MDA levels by preventing
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formation of lipid peroxides from fatty acids.

It is worthwhile to note that the contractile function of
the heart dictates its high metabolic demand, and the mitochon-
drial respiratory chain is the primary energy-releasing system
in these cells. Through this respiratory chain, a series of oxida-
tion—reduction reactions continually takes place in cardiomyo-
cytes. Therefore, an efficient antioxidant system including GSH
and the antioxidant enzymes SOD, CAT, GPx and GR would be
critical to myocardium. However, as discussed above, hypergly-
cemia can impair and decrease antioxidant capacity in the heart,
making it more vulnerable to ROS induced damage.

Myocardial GSH was significantly lower in fructose
fed rats compared to normal rats. MUSE and ferulic acid showed
a significant increase in GSH when compared with only fructose
fed rats. Decreased GSH levels in fructose treated rats may be
due to its enhanced utilization for augmenting the activities of
GPx and GR. Fructose depleted glutathione levels were signifi-
cantly restored by MUSE and ferulic acid oral administration.
In the present study, SOD activity decreased significantly in the
fructose fed group of animals may be due to an excessive for-
mation of superoxide anions. The activities of H,O, scavenging
enzymes CAT and GPx also decreased significantly in fructose
fed animals. The excessive superoxide anions formed lead to
inactivation of SOD. In the absence of adequate SOD activi-
ty, superoxide anions are not dismuted into H,0,, which is the
substrate for CAT and GPx. This probably results in an inacti-
vation of these enzymes. Administration of MUSE and ferulic
acid effectively prevented the decrease in SOD and CAT activ-
ities, which may be largely correlated to the scavenging of free
radicals by MUSE and ferulic acid, resulting in prevention of
depletion of these enzymes.

GR is an antioxidant enzyme involved in reduction of
GSSG (an end product of GPx reaction) to GSH. In fructose fed
rats there was a marked reduction in GPx activity, leading to
reduced availability of substrate for GR, resulting in decreased
activity of GR. Treatment of MUSE and ferulic acid to fructose
fed rats restored the activity of GR, thus accelerating the conver-
sion of GSSG to GSH.

Cardiac abnormalities induced by the metabolic Syn-
drome were further assessed using histomorphology of the heart.
Rat hearts from fructose treated animals revealed cytoplasmic
vacuole formation, leukocyte infiltration and myofibrillar loss,
which is a typical finding in fructose induced cardiomyopathy.
These changes were significantly reduced in animals which re-
ceived MUSE and ferulic acid.

Phenolic compounds act by scavenging free radicals
and quenching the lipid peroxides. The hydroxyl and phenoxy
groups of phenolic compounds donate their electron to free radi-
cals and neutralize them, forming phenolic radicals and quinone
methide intermediates, which are excreted via bile*”. Reports
have suggested that ferulic acid has the greatest antioxidant ac-
tivity among the phenolic acids of horse gram and is an efficient
scavenger of different free radicals, including superoxide anion
(02-), hydroxyl radical (OHe¢), nitric oxide (NO¢) and peroxyl
radical (ROO*)®. Toda et al have reported ferulic acid to scav-
enge the superoxide anion radical and inhibit the ensuing LPO,
this effect being similar to SODB?). It has been approved in cer-
tain countries as food additive to prevent lipid peroxidation!“?.,
The acute oral LD, of ferulic acid in male and female F344 rats
is reported to be 2445 mg/kg and 2133 mg/kg. respectively™!, It,
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thus, presents very low toxicity.

The antioxidant potential of ferulic acid can usually
be attributed to its structural characteristics (Figure 10a). Fe-
rulic acid because of its phenolic nucleus and unsaturated side
chain can readily form a resonance-stabilized phenoxy radical,
which accounts for its potent antioxidant activity. Any reactive
radical colliding with ferulic acid easily abstracts a hydrogen
atom to oxidize it to a phenoxy radical. This radical is highly
resonance-stabilized as the unpaired electron may be present
not only on the oxygen but it can also be delocalized across the
entire molecule (Figure 10b). Additional stabilization of the
phenoxy radical is provided by the extended conjugation in the
unsaturated side chain. This resonance stabilization accounts for
the effective antioxidant property of ferulic acid. Moreover, this
phenoxy radical is unable to initate or propagate a radical chain
reaction, and its most probable fate is a collision and condensa-
tion with another ferulate radical to yield the dimer curcumin.
Such coupling may lead to a host of products, all of which still
contain phenolic hydroxyl groups capable of radical scavenging.
The presence of a second phenolic hydroxyl group substantially
enhances the radical scavenging activity due to additional reso-
nance stabilization and o-quinone formation. Ferulic acid is also
known to inhibit cytochrome P450, the free-radical generator
and thus known to decrease lipid peroxidation™?.

Figure 10a: Structure of ferulic acid
o oH

OH

Figure 10b: Resonance stabilization of ferulic acid radical
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Conclusion

In conclusion, the Macrotyloma uniflorum seed extract
provides protection against hyperlipidemia and cardiac abnor-
malities associated with the Metabolic Syndrome. The potent
antioxidant activity of its phenolic phyto constituents, particu-
larly ferulic acid, may be a major factor contributing for this
activity. The future of this edible bean lies in a thorough mecha-
nistic investigation of these effects.
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