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Abstract

Context: Glutathione reductase (GR, NADPH:oxidized glutathione oxidoreductase, E.C 1.6.4.2) is a flavoprotein that
catalyzes the NADPH-dependent reduction of oxidized glutathione (GSSG). GR is a crucial enzyme in the antioxidant
system by maintaining reduced glutathione (GSH). Glucose 6-phosphate dehydrogenase (G6PD, glucose 6-phosphate
(G6P):NADP* oxidoreductase, EC 1.1.1.49) is the key regulatory enzyme of the pentose phosphate pathway and
maintains NADPH for reductive reactions.

Objective: Rosmarinic acid (RA; a-O-caffeoyl-3,4-dihydroxyphenyl lactic acid) is an ester of caffeic acid (CA) and 3,4-
dihydroxyphenyllactic acid. It has a number of interesting biological activities. The inhibiting activities of the RA on
GR and G6PD are investigated here for the first time.

Materials and methods: GR and G6PD were purified from tissues, then the effects of RA are investigated.

Results: This study reports that RA, which was isolated from Echium vulgare L. (Boraginaceae), inhibits purified GR and
G6PD in a concentration-dependent manner. Kinetic characterizations and inhibition constants are investigated.

Discussion and conclusion: Because of their importance in the antioxidative defense system, investigation of the
inhibitors of these enzymes is important for drug development.

Keywords: Enzyme inhibition, kinetics, natural product, purification

Introduction

Rosmarinic acid (RA) is an ester of caffeic acid (CA)
and 3,4-dihydroxyphenyllactic acid. It has medicinal
uses (e.g. antioxidant, anti-inflammatory, astringent,
antimutagen, antibacterial, and antiviral) and is mainly
found in species of the Boraginaceae and Lamiaceae.
The genus Echium vulgare L. (Boraginaceae) contains
pyrrolizidine alkaloids, flavonoids, phenol carboxylic
acids, sterones, and naphthoquinones (Pardo et al., 2000;
Mitkov et al., 2002). Notably, E. vulgare L. has a high con-
centration of RA. We have isolated four compounds; RA,
3-(3",4’-dihydroxyphenyl)-(2R)-lactic acid, kaempferol
3-O-neohesperidoside, and uridine, from E. vulgare.
These isolated four compounds have been identified by

using 'H NMR, *C NMR, COSY, HMQC, HMBC, and ESI
MS (Kuruiiziim-Uz et al., 2004).

Glutathione reductase (GR) is an ubiquitous enzyme
that catalyzes the NADPH-dependent reduction of oxi-
dized glutathione (GSSG) to reduced glutathione (Rana
etal., 2002). GR is a homodimeric flavoenzyme of known
geometry. In consideration of the amino acids at the
catalytic cite, cysteine, histidine, and tyrosine are critical
amino acids for the reaction of GR (Untucht-Grau et al.,
1981; Deonarain et al., 1989; Arscott et al., 2000). GR is
known to be sensitive to chemical modification of the
redox-active thiol groups. The redox properties of this
enzyme can be inhibited or activated by several chemi-
cals, drugs, or natural substrates (Bauer et al., 2006).
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Glucose 6-phosphate dehydrogenase (G6PD) is the
first and rate-limiting enzyme of the pentose phosphate
pathway and the principal intracellular source of the
reduced form of NADPH (Leopold et al., 2007). Increase
in G6PD gene expression has been associated with
increasing GSH levels and resistance to oxidative stress
(Wakao et al., 2008). Particular amino acids in substrate
and coenzyme-binding site of G6PD have been investi-
gated; cysteine, histidine, arginine, and lysine residues
are involved in NADP* binding and essential for catalysis
of G6PD (Bautista et al., 1995; Wenderoth et al., 1997;
Vought et al., 2000).

Reactive oxygen species (ROS) and various electro-
philes are involved in the etiology of many diseases
varying from cancer to cardiovascular and pulmonary
disorders. The human body is protected against damag-
ing effects of these compounds by antioxidative system.
GR and G6PD are crucial enzymes in the antioxidative
system and alterations in the activities of these enzymes
may affect cellular defense system. The aim of the pres-
ent study was to investigate the effects of RA on bovine
kidney cortex, liver and yeast GR, and sheep brain cortex
G6PD. We have found that RA inhibits these enzymes in
a concentration-dependent manner.

Materials and methods

Materials

Sheep brain, bovine kidney and liver obtained from
a local slaughterhouse was kept in ice and processed
within 2-3h of death.

Glucose 6-phosphate (G6P), nicotinamide adenine
dinucleotide phosphate (NADP*), NADPH, GSSG, Tris
[Tris(hydroxymethyl)aminomethane], DEAE Sepharose
Fast Flow and Type VI Baker’s yeast GR were obtained
from Sigma Chemical Co., St. Louis, MO. The 2/5'-
ADP-Sepharose 4B was obtained from Pharmacia Fine
Chemicals, Uppsala, Sweden. bovine serum albumin (BSA)
was obtained from British Drug Houses Ltd., England.

All other chemicals were of analytical grade and were
obtained from Sigma Chemical Co.

Purification of G6PD

We have previously described a purification method for
G6PD from bovine lens and sheep kidney cortex (Ulusu
et al., 1999; Ulusu & Tandogan, 2006). We have used the
same method for the purification of G6PD from sheep
brain cortex. We have preferred to purify the enzyme by
2/,5"-ADP-Sepharose 4B affinity and DEAE Sepharose
Fast Flow ion-exchange chromatography columns in
two purification step orders. The purified enzyme was
~9400-fold and has a specific activity of 50 U/mg protein
(Sengezer & Ulusu, 2007).

Purification of GR

Bovine kidney cortex and liver GR is purified by chroma-
tography consisting of two steps after ultracentrifugation
by Beckman L7-80 ultracentrifuge and heat denaturation:

2/,5"-ADP Sepharose 4B affinity and DEAE Sepharose Fast
Flow anion exchange chromatography (Ulusu & Tandogan,
2007; Tandogan & Ulusu, 2010). Bovine liver GRwas purified
28,028-fold with a final yield of 43%. Bovine kidney cortex
GRwas purified 34,806-fold with a final yield of 85%.

Assay of G6PD

Enzyme activities were determined spectrophotometri-
cally using an Ultrospec 2100 pro(UV/visible) spectro-
photometer, by monitoring the NADPH production at
340nm and at 37°C (g,,,=6.22 per mM/cm). The assay
mixture contained 10mM MgCl,, 0.2mM NADP*, and
0.6mM G6P in 100mM Tris/HCI buffer, pH 8.0 (Betke
etal., 1967). Assays were carried out in triplicates and the
activities were followed for 60 sec. The reaction was linear
during this time period.

One unit (U) of activity is the amount of enzyme
required to reduce 1 pmol of NADP* per min under the
assay conditions. Specific activity is defined as units per
mg of protein.

Assay of GR

GR activity was determined according to a modified
version of Stall’s method (Acan & Tezcan, 1989). The
incubation mixture contained 100mM sodium phos-
phate buffer, pH 7.4; 1mM GSSG; and 0.2mM NADPH.
Decrease in the absorbance of NADPH at 340nm was
monitored spectrophotometrically at 37°C. Assays were
carried out in triplicates.

A unit of activity (U) was defined as the amount of
enzyme that catalyzes the oxidation of 1 pmol of NADPH
in 1min under these conditions. Specific activity is
defined as units per mg of protein.

Protein determination

Protein concentrations in column fractions were deter-
mined by measuring the absorbance at 280 nm and protein
concentrations of the purification steps were determined
as described by Bradford (1976) using BSA as standard.

Inhibition studies

Activities are measured by adding different concentrations
of RA in the assay mixture given above for GR and G6PD
measurement. Assays of GR and G6PD in the presence of
RA performed in the system without enzyme-inhibitor
pre-incubation in which the reactions are initiated by
adding enzyme to a substrate-inhibitor mixture.

Plant material

In this study, RA was isolated from E. vulgare, which was
collected from Tortum-Erzurum, Turkey (alt. 1730 m). A
voucher specimen, identified by Dr. Yusuf Kaya, has been
deposited in Department of Biology (ATA 9732), Atatiirk
University, Erzurum, Turkey.

Extraction and isolation
For isolation of RA, dried and powdered flowering aerial
parts of E. vulgare (340 g) were used. Flowered parts of the
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plants were extracted with methanol (MeOH) (3x3.5L,
45°C) and the combined extracts were evaporated to yield
29.9 gresidue. The MeOH extractwas dissolvedin H,0 and
partitioned with CHCI, (8.4g). Aqueous phase (20 g) was
fractionated on a silica gel column eluting with a gradient
solvent system (CHCI,-MeOH) and from this chromatog-
raphy five main fractions were obtained. The fraction V
was further chromatographed over reverse-phase silica
gel and Sephadex LH-20 columns using MeOH led to the
isolation of compound 1 (73mg) (Kuruiizim-Uz et al.,
2004). The molecular formula of compound 1 was estab-
lished as C ;H, O, on the basis of NMR data and the peak

187716

of [M+H]* at m/z=360 in ESI MS.

Statistical analysis of kinetic data

The data are analyzed and the kinetic constants are cal-
culated with following equations (Segel, 1975) by means
of a nonlinear curve-fitting program of the Statistica.

Results

As aresult of the serial chromatographic separations, RA
were isolated and its structure elucidated based on spec-
troscopic data ("H NMR, '*C NMR, COSY, HMQC, HMBC,
and ESI MS). The NMR data of compound 1 were found
similar to previously reported data (Lu & Foo, 1999)
(Figure 1).

In vitro effects of rosmarinic acid 589

In this study, we have investigated the in vitro effects
of RA on GR from bovine kidney cortex, liver, and yeast.
We have purified GR from bovine liver and kidney cortex
and then analyzed the effect of RA on the purified enzyme
(Ulusu & Tandogan, 2007; Tandogan & Ulusu, 2010). Baker’s
yeast GR is obtained from Sigma and the specific activity of
the enzyme is 1.25U/mg. To investigate the in vitro effect
of RA on the activity of G6PD, we primarily have purified
G6PD from sheep brain cortex (Sengezer & Ulusu, 2007).

Inhibition of bovine kidney cortex GR by RA

In the inhibition of bovine kidney cortex GR by RA,
we used RA at different concentrations (0-1mM) as
an inhibitor. It is found that RA inhibits the GR in a
concentration-dependent manner and the obtained IC
value of RA is 0.2+0.003 mM.

Kinetics of RA inhibition of bovine kidney cortex GR
Kinetic studies on the inhibition of bovine kidney cortex
GR by RA have been investigated by using Lineweaver-
Burk double reciprocal plot and initial velocity data is
analyzed.

When GSSG is varied substrate, at constant and
unsaturating NADPH concentration (0.1 mM), different
fixed concentrations of RA (0.1-0.4mM) are added into
the assay mixture and initial velocities are measured. It
is seen that RA acts as a non-competitive inhibitor with
respect to GSSG (Figure 2) and from “Statistica Program”
0.158 £0.009 mM).

0 K is calculated as (K,
HO S When NADPH is varied substrate, at constant and
0 unsaturating GSSG concentration (0.7mM), different
fixed concentrations of RA (0.1-0.6 mM) are added into
HO COOH the assay mixture. It is shown that RA acts as a non-
competitive inhibitor with respect to NADPH, and K is
calculated as 0.443+0.03 mM (Figure 3).
HO
OH Inhibition of bovine liver GR by RA
In the inhibition of bovine liver GR by RA, we used RA
Figure 1. Structure of rosmarinic acid. at different concentrations (0-1mM) as an inhibitor.
¢ 0.1 mm NADPH
4 0.1 mMRA 0.025 A
s 0.2 mMRA
x 0.3 mMMRA 2 0021
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Figure 2. Inhibition kinetics of bovine kidney cortex glutathione reductase (GR). Lineweaver-Burk double reciprocal plot of initial velocity
against oxidized glutathione (GSSG) as varied substrate and rosmarinic acid (RA) (0.1-0.4mM) as inhibitor at different fixed NADPH

(0.1 mM) concentrations.
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It is found that RA inhibits the GR in a concentration-
dependent manner and the obtained IC, value of RA is
0.104+0.02mM.

Kinetics of RA inhibition of bovine liver GR

Kinetic studies on the inhibition of bovine liver GR by
RA have been investigated by using Lineweaver-Burk
double reciprocal plot and initial velocity data is
analyzed.

When GSSG is varied substrate, at constant and
unsaturating NADPH concentration (0.1 mM), different
fixed concentrations of RA (0.1-0.4mM) are added into
the assay mixture and initial velocities are measured. It
is seen that RA acts as a non-competitive inhibitor with
respect to GSSG (Figure 4) and from “Statistica Program”
K is calculated as (K, 0.124+0.009 mM).

When NADPH is varied substrate, at constant and
unsaturating GSSG concentration (0.7mM), differ-
ent fixed concentrations of RA (0.1-0.6mM) are added
into the assay mixture. It is shown that RA acts as a

non-competitive inhibitor with respect to NADPH, and
K is calculated as 0.556 +0.03 mM (Figure 5).

Inhibition of yeast GR by RA

We have investigated the in vitro effects of RA on
Baker’s yeast GR by using different (0-1mM) concen-
trations as an inhibitor. The obtained IC, value of RA is
0.112+0.01 mM.

Kinetics of RA inhibition of yeast GR
Kinetic studies on the inhibition of Baker’s yeast GR by RA
have been investigated by using Lineweaver-Burk double
reciprocal plot and initial velocity data is analyzed.
When GSSG is varied substrate, at constant and
unsaturating NADPH concentration (0.1 mM), different
fixed concentrations of RA (0.1-0.4mM) are added into
the assay mixture and initial velocities are measured. It
is seen that RA acts as an uncompetitive inhibitor with
respect to GSSG (Figure 6) and from “Statistica Program”
K is calculated as (K 0.229+0.01 mM).

iGSSG

P
fon)
o)
o

4 0.7 mM GSSG .
© 0.1 mMMRA
= 0.2 mMRA 0.006 -
+ 0.4 MMRA >
% 0.6 MMRA <
E
3 0.004 - :
E x
=
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30 20 10 o 10 20 30

1/(NADPH), mM-!

Figure 3. Inhibition kinetics of bovine kidney cortex glutathione reductase (GR). Lineweaver-Burk double reciprocal plot of initial velocity
against NADPH as varied substrate and rosmarinic acid (RA) (0.1-0.6mM) as inhibitor at different fixed oxidized glutathione (GSSG)

(0.7mM) concentrations.

20.1 mM NADPH
0.1 mMRA
0.2 mMRA 0.02 1
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Figure 4. Inhibition kinetics of bovine liver glutathione reductase (GR). Inhibition kinetics of Lineweaver-Burk double reciprocal plot of
initial velocity against oxidized glutathione (GSSG) as varied substrate and rosmarinic acid (RA) (0.1-0.4 mM) as inhibitor at different fixed

NADPH (0.1 mM) concentrations.
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When NADPH is varied substrate, at constant and
unsaturating GSSG concentration (0.7mM), different
fixed concentrations of RA (0.1-0.6 mM) are added into
the assay mixture. It is shown that RA acts as an uncom-
petitive inhibitor with respect to NADPH, and K is calcu-
lated as K, ..., 0.527+0.04 mM (Figure 7).

Inhibition of sheep brain cortex G6PD

In the inhibition of sheep brain cortex G6PD by RA,
we used RA at different concentrations (0-3mM) as an
inhibitor. It is found that RA inhibits sheep brain cortex
G6PD in a concentration-dependent manner and the
obtained IC, value of RA is 1.50+0.0005 mM.

Kinetics of RA inhibition of sheep brain cortex G6PD
Kinetic studies on the inhibition of sheep brain cor-
tex G6PD by RA have been investigated by using
Lineweaver-Burk double reciprocal plot and initial
velocity data is analyzed.

When G6P is varied substrate, at constant and unsatu-
rating NADP* concentration (0.1 mM), different fixed
concentrations of RA (0-2mM) are added into the assay
mixture and initial velocities are measured. It is seen that
RA acts as a competitive inhibitor with respect to G6P
(Figure 8) and from “Statistica Program” K is calculated
as (K, 1.12+0.002mM).

When NADP- is varied substrate, at constant and
unsaturating G6P concentration (0.4mM), different
fixed concentrations of RA (0-2mM) are added into the
assay mixture. It is shown that RA acts as a competitive
inhibitor with respect to NADP*, and K is calculated as
0.67+0.003 mM (Figure 9).

Discussion

RA has antioxidant, anti-inflammatory, astringent, anti-
mutagen, antibacterial, and antiviral properties and it
is rapidly eliminated from the blood circulation after

In vitro effects of rosmarinic acid 591

intravenous application and shows a very low toxicity
(LD,, in mice of 561 mg/kg after intravenous application)
(Parnham & Kesselring, 1985). Phenolic compounds like
RA can provide protection against cancer and it con-
tributes to the antioxidant activity of plants used in the
cosmetic industry (D’Amelio, 1999). The studies on the
activity of RA confirm that caffeoyl esters show the high-
est antioxidant activity. RA has been reported to exhibit
antioxidant properties and is protective against peroxi-
dative damage (Liu et al., 1992). It prevents the oxidation
of LDL, which is compatible with anti-inflammatory and
anti-atherosclerotic role in pathophysiological condi-
tions (Cartron et al., 2001). However, RA inhibits amylase
activity, the extent of amylase inhibition correlated with
increased concentration of RA (McCue & Shetty, 2004)
Similarly, in a concentration-dependent manner, aldose
reductase, phospholipase A(2) from different sources,
and carboxypeptidase A are inhibited with RA (Kusano
et al.,, 1998; da Silva et al., 2009; Koukoulitsa et al., 2010).
Overdoses of protocatechuic acid, which is a phenolic
antioxidant, can disturb the detoxification of other elec-
trophilic toxicants (Nakamura et al., 2001).

In this study, we have found the in vitro effects of RA
on GR and G6PD in a concentration-dependent man-
ner. According to our results; RA inhibits both of these
antioxidant enzymes in high concentration. Our results
indicate that RA inhibition may be due to the interac-
tion of RA with sensitive SH groups present in G6PD.
G6PD activity is thought to depend on the intactness of
SH groups; inhibitory effect of RA may be due to binding
thiol groups in the enzyme. In consideration of the amino
acid residue in the substrate and NADP*-binding site or
catalytic site, cysteine residues were found, which play
an essential role for the activation of GGPD (Wenderoth
etal., 1997).

RA inhibits bovine kidney cortex and liver GR non-
competitively with respect to both GSSG and NADPH.
While a non-competitive inhibitor may bind to a non-
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Figure 5. Inhibition kinetics of bovine liver glutathione reductase (GR). Lineweaver-Burk double reciprocal plot of initial velocity against
NADPH as varied substrate and rosmarinic acid (RA) (0.1-0.6 mM) as inhibitor at different fixed oxidized glutathione (GSSG) (0.7 mM)

concentrations.
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Figure 6. Inhibition kinetics of yeast glutathione reductase (GR). Lineweaver-Burk double reciprocal plot of initial velocity against
oxidized glutathione (GSSG) as varied substrate and rosmarinic acid (RA) (0.1-0.4mM) as inhibitor at different fixed NADPH (0.1 mM)

concentrations.
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Figure 7. Inhibition kinetics of yeast glutathione reductase (GR). Lineweaver-Burk double reciprocal plot of initial velocity against
NADPH as varied substrate and rosmarinic acid (RA) (0.1-0.6 mM) as inhibitor at different fixed oxidized glutathione (GSSG) (0.7 mM)

concentrations.
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Figure 8. Inhibition kinetics of sheep brain cortex glucose 6-phosphate dehydrogenase (G6PD). Lineweaver-Burk double reciprocal plot
of initial velocity against glucose 6-phosphate (G6P) as varied substrate and rosmarinic acid (RA) (0-2mM) as inhibitor at different fixed
NADP* (0.1 mM) concentrations.
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Figure 9. Inhibition kinetics of sheep brain cortex glucose-6-phosphate dehydrogenase (G6PD). Lineweaver-Burk double reciprocal plot
of initial velocity against NADP* as varied substrate and rosmarinic acid (RA) (0-2mM) as inhibitor at different fixed glucose 6-phosphate

(G6P) (0.4 mM) concentrations.

substrate site on an enzyme and distort it to the point of
non-functionality, an uncompetitive inhibitor binds only
to the enzyme-substrate complex (Segel, 1975). Yeast GR
isinhibited uncompetitive with respect to both GSSG and
NADPH. RA may bind to yeast GR substrate complex and
leads to uncompetitive inhibition. Differences in amino
acid composition in catalytic site of enzymes may be the
cause of different inhibitory effects between bovine tissue
and yeast GR. It has been shown that comparison with
Escherichia coli and human GR sequences reveals 49.8%
amino acid identity (Collinson & Dawes, 1995). Despite
that the overall structure and amino acid homology in GR
enzymes, the sequence of amino aid residues around the
active site in yeast GR shows diversity. For instance, GR
from the cyanobacterium Anabaena PCC 7120 contains
a pyridine nucleotide-binding motif differing from that
of the enzyme from other sources and an insertion of 10
amino acid residues. Enzyme might show different coen-
zyme specificity than GR from other sources (Danielson
etal., 1999).

Notably, although RA has antioxidant properties, high
concentrations of RA inhibit both G6PD and GR activity.
GR inhibition may influence total intracellular GSH lev-
els and lowers cellular defense against oxidative stress.
Because of G6PD is an important enzyme in many reduc-
tive biosynthesis and GSH regeneration, its inhibition by
RA may induce oxidative damage that causes hemolytic
anemia in G6PD-deficient individuals.

Inhibition of G6PD and GR activities has many
key physiological and biochemical importance for
all of the organisms because of the crucial roles in
pathways and antioxidant impacts. However, both of
these enzymes are involved in antioxidant system and
inhibition of these enzymes may be cascade effect in
increasing oxidative stress. And, as a result, inhibi-
tion of these enzymes may be harmful to the organism
because of the failure in antioxidant defense mecha-
nism. Inhibition of G6PD and GR may be beneficial
if these enzymes are overexpressed from causative of
a disease. Pharmacodynamics, toxicology, and clinic
studies should be done for explaining the fate and

© 2011 Informa Healthcare USA, Inc.

the pathophysiological effects of this natural product
in organisms. Also, one point should not be forgotten
that G6PD deficiency is the most common enzymo-
pathy. Further investigations must be done for various
diseases and disorders by new inhibitors or activators
for new drug proposals. Finding or developing a new
enzyme inhibitor will be helpful in future drug discov-
ery for various diseases.
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