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Abstract This study sought to investigate antioxidant and
antidiabetic effects of gallic acid (GA) and protocatechuic
acids (PCAs) based on their structure–function relationship.
Twenty micromolar of phenolic acid (GA and PCA) solutions
was prepared and their antioxidant properties determined.
Then, interaction of the phenolic acids with key enzymes
linked to type 2 diabetes (α-amylase, α-glucosidase) was sub-
sequently assessed. The results showed that both phenolic
acids significantly (P<0.05) decreased Fe2+-elevated pancreas
malondialdehyde (MDA) contents, chelated Fe2+, reduced
Fe3+ to Fe2+, and scavenged 1,1-diphenyl-2-picrylhydrazyl,
2,2-azinobis(3-ethylbenzothiazoline-6-sulfonate), and hy-
droxyl radicals and furthermore inhibit α-amylase and α-
glucosidase activities in a dose-dependent manner. However,
GA (IC50=1.22 μM) had significantly (P<0.05) higher inhib-
itory effect on the α-glucosidase activity than PCA (IC50=
1.76 μM). Conclusively, both GA and PCA are rich sources
of antioxidant and antidiabetic molecules. However, GA
showed better antioxidant and antidiabetic effects than PCA.
These effects may be due to additional hydroxyl group on its
aromatic ring structure.
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Introduction

Both epidemiological and experimental evidences have
shown an inverse relationship between the prevalence of sev-
eral degenerative diseases such as diabetes and cardiovascular
diseases and consumption of dietary phenolic acids (Pandey
and Rizvi 2009). Phenolic acids possess different mechanisms
for their action as antioxidants: the ability to scavenge free
radicals, delocalize/stabilize the resulting phenoxyl radical
within the structure, reduce oxygen concentration, decompose
primary products of oxidation to nonradical species, prevent
continued hydrogen abstraction from substrate, and chelate
metal ions such as iron that participates in Fenton reaction
and are capable of inducing lipid peroxidation in tissues
(Shahidi and Naczk 2004). They are the antioxidant compo-
nents of most fruits and vegetables and have been employed in
clinical and epidemiological research (Kelsey et al. 2010).

Type 2 diabetes is a metabolic disorder that results from the
inability of the body to either produce enough or properly
utilize insulin (World Health Organization Consultation
1999). It is characterized by high blood glucose level, which
can cause various types of secondary complication associated
with morbidity and mortality. α-Amylase and α-Glucosidase
degrade complex dietary carbohydrates into glucose.
Absorption of this glucose results in postprandial hyperglyce-
mia (Kim et al. 2000; Shim et al. 2003). Thus, inhibition of
these two key enzymes can be a useful point to regulate post-
prandial hyperglycemia in type 2 diabetes and checking asso-
ciated chronic complications (Kim et al. 2000; Ali et al. 2009).
Oxidative stress can be an underlying cause of type 2 diabetes
(Oberley 1988). It can act through development of insulin
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resistance, β-cell dysfunction, impaired glucose tolerance,
and mitochondrial dysfunction resulting in diabetic mellitus
(Marc et al. 2005; Kenneth et al. 2007).

Gallic acid (GA) is also known as 3,4,5-trihydroxybenzoic
acid. It is a commonly found phenolic acid in spices, fruits,
vegetables, tea, grapes, and wine (Dai and Russell 2010; Keith
and Christy 2010). It exerts antioxidant effects, anticancer,
antidiabetic, antihypertensive, antiinflammatory, and antimi-
crobial effects (Satish et al. 2011; Dongyan et al. 2014).
Protocatechuic acid (PCA), otherwise known as 3,4-
dihydroxybenzoic acid, is widely distributed in virtually all
plants and main component of human diet. They are present
in brown rice (bran and grain), onion, fruits, spices, vegeta-
bles, gooseberries, grapes, nuts, olive oil, and wine (Ali et al.
2009; Tanaka et al. 2011). Several studies have also indicated
that PCA exhibits antioxidant, antidiabetic, anticancer, anti-
fungal, antiviral, and antiinflammatory effects which may be
linked to its antioxidant properties (Kunle and Egharevba
2013; Sahil and Souravh 2014).

The antioxidant capacity of a phenolic compound is depen-
dent on some factors which are structure of the phenolic com-
pound, number of aromatic and hydroxyl groups in their struc-
ture, and the distribution of these groups in the structure
(Balasundram et al. 2006; Heo et al. 2007). Both phenolic
acids (GA and PCA) have their hydroxyl groups in meta po-
sition with respect to the carboxylic group, and this arrange-
ment may influence their biological activities. Information
about the possible mechanism of action of some phenolic
acids in relation to their antioxidant capacity and their health
benefits remain limited. For better understanding of these two
phenolic acids: GA and PCA, the structure–function relation-
ship of the phenolic acids needs to be assessed. Therefore, we
sought to investigate the antioxidant activities and antidiabetic
effects of these two phenolic acids found in food: gallic acid
and protocatechuic acid.

Materials and methods

Chemical and reagents

Chemicals such as gallic acid, protocatechuic acid, thiobarbi-
turic acid (TBA), 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,
2′-azinobis(3-ethylbenzthiazoline-6-sulphonic acid (ABTS),
and pancreatic α-amylase were purchase from Sigma-
Aldrich, Chemie GmH (Steinheim, Germany); acetic acid
was procured from BDH Chemical Ltd., (Poole, England).
Except otherwise stated, all other chemicals and reagents are
of analytical grade while the water was glass distilled. A
JENWAY UV–visible spectrophotometer (Model 6305;
Jenway, Barloworld Scientific, Dunmow, UK) was used to
measure absorbance throughout the experiment.

α-Amylase inhibition assay

Appropriate dilution of the phenolic acid (gallic acid and
protocatechuic acid) solution was mixed with 500 μL of
0.02 M sodium phosphate buffer (pH 6.9 with 0.006 M
NaCl) containing Hog pancreatic α-amylase (EC 3.2.1.1)
(0.5 mg/mL) and then incubated at 25 °C for 10 min. Then,
500 μL of 1 % starch solution in 0.02 M sodium phosphate
buffer (pH 6.9 with 0.006 M NaCl) was added to each tube.
The reaction mixtures were incubated at 25 °C for 10 min and
stopped with 1.0 mL of dinitrosalicylic acid color reagent
followed by incubation in a boiling water bath for 5 min and
cooled to room temperature. The reaction mixture was diluted
by adding 10 mL of distilled water and absorbance measured
at 540 nm (Worthington Biochemical Corp 1978).

α-Glucosidase inhibition assay

Appropriate dilutions of phenolic acid solution and 100 μL of
α-glucosidase solution (1.0 U/mL) in 0.1 M phosphate buffer
(pH 6.9) were incubated at 25 °C for 10 min. Then, 50 μL of
5 mM p-nitrophenyl-α-D-glucopyranoside solution in 0.1 M
phosphate buffer (pH 6.9) was added. The mixtures were in-
cubated at 25 °C for 5 min, before reading the absorbance at
405 nm in the spectrophotometer. The α-glucosidase inhibi-
tory activity was expressed as percentage inhibition
(Apostolidis et al. 2007).

Lipid peroxidation and thiobarbituric acid reactions

The rats were decapitated via cervical dislocation, and the
pancreatic tissue was rapidly dissected, placed on ice, and
weighed. This tissue was subsequently rinsed in cold saline
solution and later homogenized in phosphate buffer pH 7.4
(1:5w/v) with about 10 up and down strokes at approximately
1200 rev/min in a Teflon-glass homogenizer. The homogenate
was centrifuged for 10min at 3000×g to yield a pellet that was
discarded, and the supernatant was used for lipid peroxidation
assay (Belle et al. 2004). The lipid peroxidation assay was
carried out using a modified method of Ohkawa et al.
(1979). Briefly, 100 μL of the tissue supernatant was mixed
with a reaction mixture containing 30 μL of 0.1 M Tris–HCl
buffer (pH 7.4), gallic acid or protocatechuic acid solution,
and 30 μL of 250 μM freshly prepared FeSO4. The volume
was made up to 300 μL with distilled water before incubation
at 37 °C for 1 h. Subsequently, 300 μL of 8.1 % sodium
dodecyl sulphate (SDS), 500 μL of acetic acid/HCl buffer
(pH 3.4), and 500 μL of 0.8% TBAwere added to the reacting
mixture. This mixture was incubated at 100 °C for 1 h, and
thiobarbituric acid reactive species (TBARS) produced
were measured at 532 nm using a spectrophotometer.
Malondialdehyde (MDA) was used as standard, and TBARS
produced was reported as MDA equivalent.
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Reducing power determination

The reducing power of gallic acid and protocatechuic acid
solutions was determined by assessing the ability of the ex-
tracts to reduce a FeCl3 solution as described by Oyaizu
(1986). A 2.5 mL aliquot was mixed with 2.5 mL, 200 mM
sodium phosphate buffer (pH 6.6), and 2.5 mL, 1% potassium
ferricyanide. The mixture was incubated at 50 °C for 20 min,
and then, 2.5 mL, 10 % TCAwas added. This was then cen-
trifuged at 650×g for 10 min; 5 mL of the supernatant was
mixed with an equal volume of water and 1 mL, 0.1 % ferric
chloride. The absorbance was measured at 700 nm in the UV–
visible spectrophotometer (Model 6305; Jenway, Barloworld
Scientific, Dunmow, UK), and reducing power was thereafter
calculated as ascorbic acid equivalent (AAE).

Total antioxidant capacity

The total antioxidant capacity of the phenolic acids was deter-
mined as their scavenging ability on 2,2′-azinobis(3-

ethylbenzothiazoline-6-sulfonate) radical (ABTS+) as de-
scribed by Re et al. (1999). The ABTS+ was generated by
reacting an ABTS aqueous solution (7 mM) with K2S2O8

(2.45 mM, final concentration) in the dark for 16 h and
adjusting the absorbance at 734 nm to 0.700 with ethanol.
Appropriate dilution of phenolic acids (0.2 mL) was added
to 2.0 mL ABTS+ cation solution, and the absorbance was
measured at 734 nm after 15 min. The trolox equivalent anti-
oxidant capacity (TEAC) was subsequently calculated.

DPPH free radical scavenging ability

The free radical scavenging ability of the phenolic acids
against DPPH free radical was evaluated as described by
Gyamfi et al. (1996). Briefly, appropriate dilution of the ex-
tracts (1 mL) was mixed with 1 mL, 0.4 mM methanolic
solution containing DPPH radicals; the mixture was left in
the dark for 30 min, and the absorbance was taken at
516 nm. The DPPH free radical scavenging ability was sub-
sequently calculated as percentage of the control.
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Fig. 1 Inhibition of α-amylase activity by gallic and protocatechuic
acids. Values represent mean±standard deviation (n=6)
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Fig. 2 Inhibition of α-glucosidase activity by gallic and protocatechuic
acids. Values represent mean±standard deviation (n=6)

Table 1 Total antioxidant capacity and concentration of sample
causing 50 % enzyme inhibition (IC50) value of α-amylase and α-
glucosidase inhibitory activity of gallic and protocatechuic acids

Sample Total antioxidant capacity
(mmol TEAC/100 g)

IC50(μg/ml)

α-amylase α-glucosidase

Gallic acid 0.12±0.01a 1.09a 1.22a

Protocatechuic
acid

0.09±0.02b 1.12a 1.76b

Values represent mean±standard deviation (n=6)

Values with the same alphabet along the same column are not significant-
ly different (P>0.05)
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Fig. 3 Inhibition of Fe2+-induced lipid peroxidation in rat pancrease by
gallic and protocatechuic acids. Values represent mean±standard
deviation (n=6)
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Fenton reaction (inhibition of degradation of deoxyribose)

The method of Halliwell and Gutteridge (1981) was used to
determine the preventive ability of the phenolic acids against
Fe2+/H2O2 induced decomposition of deoxyribose. The phe-
nolic acids (0–100 μL) were added to a reaction mixture con-
taining 120 μL of 20 mM deoxyribose, 400 μL of 0.1 M
phosphate buffer, 40 μL of 500 μm of FeSO4, and the volume
were made up to 800 μL with distilled water. The reaction
mixture was incubated at 37 °C for 30 min, and the reaction
was then stopped by the addition of 0.5 mL of 2.8 % trichlo-
roacetic acid. This was followed by addition of 0.4 mL of
0.6% thiobarbituric acid solution. The tubes were subsequent-
ly incubated in boiling water for 20 min. The absorbance was
measured at 532 nm in a spectrophotometer. The percentage
(%) OH radical scavenging ability was subsequently
calculated.

Determination of Fe2+ chelating ability

The Fe2+ chelating ability of the phenolic acids was deter-
mined using a modified method of Minotti and Aust (1987)
with a slight modification by Puntel et al. 2005. Freshly pre-
pared 500 μM FeSO4 (150 μL) was added to a reaction mix-
ture containing 168 μL 0.1 M Tris–HCl (pH 7.4), 218 μL
saline, and the phenolic acids. The reaction mixture was incu-
bated for 5 min, before the addition of 13 μL of 0.25 % 1,10-
phenanthroline (w/v). The absorbance was subsequently mea-
sured at 510 nm in a spectrophotometer. The Fe(II) chelating
ability was subsequently calculated.

Data analysis

The results of replicate experiments (n=6) were pooled and
expressed as mean±standard deviation (SD). The means were
analyzed using one-way analysis of variance (ANOVA), and
Duncan test was used for the post hoc treatment. Significance
was accepted at P≤0.05.

Results

The ability of the phenolic acids (gallic and protocatechuic
acids) to inhibit α-amylase and α-glucosidase activity
in vitro was investigated, and the result is presented in

Figs. 1 and 2, respectively. The result revealed that both phe-
nolic acids inhibited α-amylase and α-glucosidase activities
in a dose-dependent manner. As shown in Table 1, the IC50

(concentration of sample causing 50 % enzyme inhibition)
value revealed that gallic acid (IC50=1.22 μM) had signifi-
cantly (P<0.05) higher inhibitory effect on α-glucosidase ac-
tivities than protocatechuic acid (IC50=1.76 μM), however,
no significant (P>0.05) difference when observed in the α-
amylase inhibitory activities of gallic acid (IC50=1.09 μM)
and protocatechuic acid (IC50=1.12 μM). Furthermore,
the protective ability of the phenolic acids (gallic and
protocatechuic acids) against Fe2+-induced lipid peroxidation
in rat pancreas is presented in Fig. 3. The result revealed that
incubation of the rat pancreas tissue homogenate in the pres-
ence of 250μMFe2+ caused a significant (P<0.05) increase in
MDA content (116.67 %). The phenolic acids were able to
significantly (P<0.05) decrease the elevated MDA content in
a dose-dependent manner (0–1.25 μM). However, the EC50

(concentration of sample that caused decrease in 50 % MDA
production) value revealed that gallic acid (IC50=0.30 μM)
had significantly (P<0.05) higher inhibition of Fe2+-induced
MDA production in the rat pancreas homogenates than
protocatechuic acid (IC50=0.98 μM) in a dose-dependent
manner. In addition, the total antioxidant capacity of the phe-
nolic acids reported as TEAC was presented in Table 2. The
result showed that both phenolic acids (GA and PCA) are
strong antioxidant molecules capable of scavenging ABTS
radicals in vitro. However, gallic acid (0.12 mmol
TEAC/100 g) had significantly (P<0.05) higher total antiox-
idant capacity than protocatechuic acid (0.09 mmol
TEAC/100 g). In a similar manner, the DPPH radical

Table 2 EC50 of gallic and
protocatechuic acids (μM) for
DPPH* and OH* scavenging
abilities, Fe2+ chelating ability
and prevention of Fe2+-induced
lipid peroxidation

Sample DPPH OH* Fe2+ Chelation Prevention of Fe2+ induced
lipid peroxidation

Gallic acid 5.73a 0.27a 0.75a 0.30a

Protocatechuic acid 8.29b 0.35b 1.33b 0.98b

Values with the same alphabet along the same column are not significantly different (P>0.05)
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Fig 4 DPPH radical scavenging ability of gallic and protocatechuic acids
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scavenging ability of the phenolic acids was presented in
Fig. 4. The DPPH radical scavenging capacity is expressed
as 50 % radical quenching concentration of the samples (me-
dian effective dose, ED50).

Gallic acid (ED50=5.73 μM) had significantly higher
(P<0.05) DPPH radical scavenging ability when compared
with protocatechuic acid (ED50=8.29 μM) (Table 2).
Furthermore, the hydroxyl radical (OH*) scavenging ability
of the phenolic acids was also determined, and the result pre-
sented in Fig. 5. Both phenolic acids scavenged OH* concen-
tration dependently (0–1.74 μM); however, gallic acid
(ED50=0.27 μM) had a significantly (P<0.05) higher hydrox-
yl radical (OH*) scavenging than protocatechuic acid (ED50=
0.35 μM) (Table 2). The result of the Fe2+ chelating ability of
the phenolic acids was reported in Fig. 6. Judging by the EC50

(effective concentration that will chelate 50 % of Fe2+). Both
phenolic acids chelated Fe2+ in a dose-dependent manner (0–
2.00 μM). Moreover, gallic acid (EC50=0.75 μM) showed
significantly (P<0.05) higher Fe2+ chelating ability than
protocatechuic acid (EC50=1.33 μM).

Discussion

This present study was convened to assess and compare the
antioxidant and antidiabetic effects of GA and PCA through
the inhibition of key enzymes relevant to type 2 diabetes (α-
amylase and α-glucosidase) as well as FeSO4-induced oxida-
tive stress in isolated rat pancreas homogenates in vitro.
Inhibition of these starch-hydrolyzing enzymes (α-amylase
and α-glucosidase) has been accepted as an effective modern
therapeutic toward the management of diabetes and its related
complications (Shim et al. 2003) as this moderates the blood
glucose level by slowing down catabolism of glucose into
starch. From this study, both phenolic acids (GA and PCA)
showed concentration-dependent inhibition of α-amylase and
α-glucosidase activities in vitro. However, GA exhibited a

stronger inhibition of α-glucosidase activity than PCA. This
can be attributed to the additional hydroxyl (OH) group on the
structure of GA. GA is a trihydroxylated phenol containing a
pyrogallol moiety while PCA is a dihydroxylated phenol mol-
ecule containing a catechol moiety (Tanaka et al. 2011;
Amorati and Valgimigli 2012). The inhibition of α-amylase
and α-glucosidase activities by GA and PCA may therefore
point the attention of the phenolic acids as cheap dietary or
nutraceutical sources in the management of type 2 diabetes
and its complication. The observed inhibition of α-amylase
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and α-glucosidase by these phenolic acids (GA and PCA) is
consistent with earlier study on some phenolic compounds
(Lee et al. 2002). Earlier in vivo animal models have also
indicated that phenolic may be employable in preventing dia-
betes (Oberley 1988).

The inhibition of MDA production in rat pancreas tissue
homogenate under the influence of Fe2+ as pro-oxidant shown
by these phenolic acids (GA and PCA) supports the fact that
the phenolic acids are strong antioxidant compounds
(Table 1). Fe2+ may participate in Fenton reaction thereby
leading to the production of reactive oxygen species (ROS)
and subsequently causing damage to membrane biomolecules
(lipids and proteins) and ultimately cell death (Puntel et al.
2005). It has been established that the phenolic groups in
polyphenols can accept electron thereby forming a phenoxyl
radical which, in turn, disrupts chain oxidation reaction in
cellular components (Rice-Evans et al. 1997). Phenolic com-
pounds have the ability to delocalize phenoxide ion thereby
making them good radical scavengers and antioxidant com-
pounds (Waterman and Mole 1994). The antioxidant capacity
of a phenolic compound may depend on some factors includ-
ing the structure of the phenolic compounds, number of aro-
matic and hydroxyl groups in their structure, and the distribu-
tion of these groups in the structure (Balasundram et al. 2006;
Heo et al. 2007; Lindsay 1996; Yuan et al. 2005).

In order to compare the antioxidant properties of GA and
PCA, the radicals (DPPH, ABTS, and OH) scavenging and
Fe2+ chelating abilities were evaluated. DPPH is a free radical,
and it accepts hydrogen or electron to become a stable mole-
cule (Osawa et al. 1995). Activity involving radical scaveng-
ing takes into consideration the tendency of hydrogen or elec-
tron donation (Hu et al. 2000). Higher ABTS and DPPH rad-
ical scavenging abilities shown by GA in comparison to PCA
can be attributed to the dihydroxylation and trihydroxylation
of PCA and GA, respectively, with the presence of a methy-
lene group (–CH2–) on the para, ortho, and meta positions in
their structure which may enhance their radical scavenging
properties against ABTS and DPPH (Rice-Evans et al. 1996;
Sroka and Cisowski 2003).

The possible mechanism through which the phenolic acids
(GA and PCA) protect the pancreas could be by Fe2+ chelation
(Oboh and Rocha 2007) and the scavenging of OH* (Puntel
et al. 2005; Oboh and Rocha 2007). In a weakly polar envi-
ronment, antioxidative properties of phenolic acids are
reciprocally proportional to the size of dissociation of
the O–H bond (Oboh and Rocha 2007; Gulcin 2012).
The mechanism of O–H bond breaking in a phenolic ring
involves hydrogen atom transfer to a superoxide radical
(Gulcin 2012). The presence of an additional “OH”
group and presence of a methylene group (–CH2–) on
the GA structure could be an explanation for the higher
OH radical scavenging ability shown by GAwhen compared
with PCA (Fig. 7).

The presence of the functional group “COOH” and the
arrangement of the OH groups in the meta, para, and ortho
positions on structure of these phenolic acids (GA and PCA)
may have contributed to their antioxidant and antidiabetic
activities (Lindsay 1996; Yuan et al. 2005). This structure–
function relationship may therefore account for the observed
higher antioxidant and antidiabetic effects of GAwhen com-
pared with PCA.

Conclusion

This study revealed the structural components of GA and PCA
linked to their antioxidant and antidiabetic effects. The anti-
oxidant activities of GA and PCA as well as their inhibition on
key enzymes linked to diabetes (α-amylase andα-glucosidase
activities) could be part of the mechanism by which the phe-
nolic acids manage and/or prevent type 2 diabetes. However,
gallic acid showed higher antioxidant and antidiabetic poten-
tials than protocatechuic acid. Further in vivo experiments and
clinical trials are recommended.
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