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ABSTRACT
Background: Uncontrolled type 2 diabetes mellitus can have devastating consequences. The role of functional
foods in controlling and even preventing diabetes mellitus is prominent, and adjunct therapies can help control

some of the consequences of diabetes.

Objective: This study aimed to investigate whether gallic acid (as a functional food) and cold atmospheric plasma
(as an adjunct therapy) influence the levels of some antioxidant enzymes, inflammatory factors, and the levels of

an oxidizing agent and blood glucose.

Methods: In this study, 30 healthy individuals, as the control group, and 30 individuals with type 2 diabetes
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mellitus were selected. Samples of people with diabetes were examined before and after treatment with gallic
acid and cold atmospheric plasma (cold argon plasma jet for 10 minutes). Levels of inflammatory factors
(interleukin 2, 13 and NF-kB), antioxidants (glutathione reductase, paraoxonase, and lipoprotein lipase) as well as
hydrogen peroxide and blood glucose, were assessed in untreated and treated diabetic groups and the control

group according to kit instructions.

Results: A comparison of the results of the levels of inflammatory factors, antioxidants, blood glucose, and
hydrogen peroxide showed a significant difference (P value < 0.05) between the diabetic and control groups.
Treatment of diabetic subjects with plasma and gallic acid showed a significant increase (P value < 0.05) in

glutathione reductase, paraoxonase, and NF-kB levels compared to the untreated diabetic group.

Conclusion: The results showed that concomitant use of gallic acid with plasma therapy, could be effective on NF-
KB, glutathione reductase, and paraoxonase levels, yet the data suggest little or no effect. The results of the study
showed that cold plasma treatment along with gallic acid supplementation can have a synergistic effect on the

regulation of oxidative stress and inflammatory cytokine secretion in the patients with type 2 Diabetes mellitus.
Keywords: Diabetes mellitus, Cold plasma, Inflammatory factors, Gallic acid
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INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder caused
by a lack of insulin secretion or improper functioning
of insulin in the body. In this disease, blood sugar
levels rise, and the function of the body's organs is
impaired. DM is divided into two main and important
types: type 1 DM, which is caused by insufficient
insulin secretion by the B-cells of the islets of
Langerhans (in the pancreas), and type 2 DM, known
as insulin-resistant diabetes, which is caused by
improper functioning of insulin in the body [1]. Today,
it may not be possible to prevent type 1 DM (due to
genetic and autoimmune factors islet B-cell
destruction), but it is possible to prevent type 2 DM
[2]. In today’s world, the prevalence of type 2 DM is
much higher than type 1 DM. The World Health
Organization (WHO) estimates that by 2025, more
than 250 million people worldwide will have type 2
DM [3]. In addition to genetic risk, factors such as
lifestyle, obesity, and weight gain are involved in
developing type 2 DM [4-5]. Apart from the role of
genetics in the development of diabetes, other risk
factors for diabetes can be controlled. Lack of control
and management of DM leads to its proliferation.
Cardiovascular disease, retinopathy, nephropathy,
neuropathy, etc. are consequences of uncontrolled
diabetes. Reactive oxygen species (ROS), oxidative
stress and inflammatory factors caused by
uncontrolled diabetes are involved in these
pathologies.

Antioxidants are one of the most important
biological molecules that protect the body against the
dangers of endogenous and exogenous oxidants [6].
Singlet oxygen, superoxide anions, and hydrogen
peroxide (H,0,) are some of the well-known oxidants.
Antioxidants  help  prevent the dangerous

consequences of DM [7]. In recent decades, many
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studies have shown that through the consumption of
functional foods in some fruits and foods, DM can be
controlled and even prevented. Green tea and coffee
are among the functional foods that are nutritionally
important [8-9]. One of the most important
functional compounds in green tea, which is also
found in some plants and fruits such as pomegranate,
is gallic acid (Figure 1). Chemically, gallic acid is a
trihydroxybenzoic acid and is classified in the family
of phenolic acids [10]. It has been shown that
pomegranate reduces serum fasting glucose levels
due to its functional compounds, such as gallic acid.
Gallic acid has been widely used as a nutritional
supplement and an additive. The anti-inflammatory,
antioxidant, and anti-diabetic properties of gallic acid
have been discussed in many studies. Studies have
reported that gallic acid can be considered one of the
most potent antioxidants in humans [11-12]. Another
study showed that gallic acid could play an important
role in improving glucose tolerance and triglyceride
concentrations in obese mice [13]. The protective
effects of gallic acid in type 2 diabetic rats can be due
to decreased blood glucose, decreased lipid
peroxides in the liver, increased plasma insulin, and
hepatic antioxidant systems [14].

In recent years, research has identified a link
between the physical sciences and the medical
sciences. Plasma medicine is one of the most widely
used medical sciences today. There are several types
of plasma, and in modern medicine, high-
temperature plasmas have been used to sterilize
medical devices, and cold atmospheric pressure
plasmas (CAP) have been used to treat some living
tissues, such as the skin. Plasmas emit
electromagnetic radiation, such as visible light and
ultraviolet (UV) rays. It can be said that plasma has

been used as an adjunct in the control and treatment
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of some diseases. In recent years, studies have been
conducted on the effects of CAP and its role in the
control and treatment of diseases [15-18]. Almost all
studies have focused on dermatology and the
treatment of skin diseases. Some of the
consequences of uncontrolled diabetes are skin
injuries and wounds, and plasma can be effective in
treating this disease [19-20]. It has been reported that
plasma therapy can have beneficial and positive
effects on antioxidant enzymes [21]. In two previous

studies, we also showed that plasma can affect the

O

HO
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activity of antioxidant enzymes as well as the
concentration of some minerals [22-23]. In this study,
the effect of gallic acid as a functional food and the
effect of CAP as an adjunct therapy on some
inflammatory factors (such as interleukin-2 (IL-2),
interleukin-13 (IL-13), nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB)),
paraoxonase (PON), lipoprotein lipase (LPL),
glutathione reductase (GR), glucose, and H,0, were

studied.

OH

OH

OH

Figure 1. Chemical structure of gallic acid

METHODS

Gallic acid, as a trans isomer, was purchased from
Sigma (Sigma-Aldrich, St. Louis, USA). Human glucose
(with an intra- and inter-assay CV < 8% and < 10%,
respectively) and enzyme-linked immunosorbent
assay (ELISA) kits were purchased from My BioSource
Inc. (San Diego, CA 92195-3308, USA). The H,0, assay
kit was bought from Zell Bio (Zell Bio GmbH, Ulm,
Germany). The colorimetric method was used to
study changes in H,0; levels. The study of GR, PON,
and LPL changes was also investigated by colorimetric
technique. ELISA method was used to assay changes
in levels of IL-2, IL-13, and NF-kB. A Human ELISA
assay kit was purchased from MyBioSource Inc. (San

Diego, CA 92195-3308, USA) to study changes in NF-

kB. Assay kits for IL-2 and IL-13 were purchased from

Diaclone (25020 Besancon Cedex, France).

Plasma Irradiation: The samples were treated for 600
seconds by an atmospheric pressure plasma jet (APPJ)
device at a 10 mm distance from the jet nozzle (Figure
2). APPJ device consists of a Pyrex tube (L: 150 mm,
ID: 4 mm, OD: 6 mm) as a dielectric barrier, a copper
rode (L: 30 mm, D: 1 mm) inserted in one end of the
tube as the high voltage electrode, and a copper wire
wrapped around the other end of the tube as a
ground electrode. The argon plasma jet was
generated by utilizing a 10 kHz pulsed DC power
supply with an amplitude up to 10.0 kV and argon gas

with a purity of 99.999% at a 3 | min~! flow rate.
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Figure 2. Samples exposed to atmospheric pressure plasma jet (APPJ)

Participants: In this investigation, 30 healthy control
subjects and 30 volunteers with type 2 DM were
chosen among the people referred to Vali-Asr medical
laboratory in Tehran, Iran. Based on the WHO criteria,
individuals with glycated hemoglobin (HbAlc) > 6.5%
or fasting plasma glucose > 126 mg/dL were
considered as diabetic. Blood samples were taken
from all participants in the study. Serum isolated from
samples of people with diabetes were divided into
four groups. Changes in the levels of biochemical
variables, described above, were determined in
untreated diabetic serum samples (Group 1) and after
samples treatment with CAP (Group 2). Then, the
same subjects were treated with Gallic acid (at a dose

of 40 mg/kg per day) for three months. After three

months, blood samples were taken from them.
Biochemical variables were measured in their serum
samples (Group 3). After treating the samples with
cold plasma, biochemical variables were examined
(Group 4). That s, in group 4, the effects of both gallic
acid and cold plasma on the samples were
investigated. Written consent was obtained from all
participants. During this research, the persons with
type 2 DM also took their main medication. A protocol
of the study was accepted by the Ethics Board of
Shahid Beheshti University, on June 20, 2020, with ID

Approval: IR.SBU.REC.1399.050.

Sampling and General Features: Blood samples were

taken from all study subjects following twelve hours


http://www.ffhdj.com/

Bioactive Compounds in Health and Disease 2021; 4(8): 167-179 BCHD

of overnight fasting. Then, the blood samples were
centrifuged (250 g for 10 min) and the serums were
separated from centrifuged specimens. The sera were
used to assess the biochemical variables and
antioxidant enzymes described earlier. After one day,
samples were exposed to CAP and examined for a

second time.

Statistical Analysis: The statistical analysis was
carried out with the SPSS software (version 23, IBM,
USA) for Windows. All outcomes have been reported
as mean * standard deviation. The Kolmogorov-
Smirnov test was used to analyze the normal
distribution of data received from this study, and an
independent-sample T-test was used to compare the
data obtained from the general characteristics of all

individuals. To compare the mean of data obtained

Table 1. Anthropometric data

n=30
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from the study groups, the one-way ANOVA test was
performed with a 0.05 significant level (P value <
0.05). Tukey post hoc was used (Tukey-HSD test) was
applied.

RESULTS

Anthropometric  Parameters:  As previously
mentioned, in this observational study, 30 subjects
with type 2 DM and 30 healthy, control subjects were
randomly selected. In both groups, 50% were male
(n=15), and 50% were female (n=15). All participants
were between 50 and 65 years old. Height, weight,
and body mass index (BMI) were recorded in all
participants in the study (Table 1). As shown in Table
1, there was a significant difference (P value < 0.05) in

the mean BMI between controls and diabetics.

Group Control
Parameters
Weight (Kg) 85.445.5
Height (Cm)
BMI (Kg/m?) 30.1+3.0

166.3+5.8

Diabetic
n=30
82.8+5.0 0.06
168.2+6.1 0.23
29.3+2.3 0.02

Data are given as mean + SD. P value < 0.05 is significant.

BMI, Body mass index

Biochemical Parameters: In the serum sample of the
control group and diabetics, some important
variables were measured. These biochemical
variables included blood glucose, antioxidant
enzymes (GR, PON, and LPL), an oxidizing agent
(H,0,), and inflammatory agents (IL-2, IL-13, and NF-
kB). Changes in the levels of biochemical variables
were investigated in the serum samples of the control
group and the serum samples of subjects with type 2

DM (groups 1 to 4). A comparison of the results of

inflammatory factors (IL-2, IL-13, and NF-kB) between
the control group and the four diabetic groups is
shown in Figure 3 and Figure 4. A comparison of the
results of other biochemical variables such as glucose,
H,0,, and antioxidant parameters (GR, PON, and LPL)
is shown in Table 2. As shown in Figures 3 and 4 as
well as Table 2, there was a statistically significant
difference (P value < 0.05) in the results of groups 1
to 4 compared to the control group. As shown in

Figures 3 and 4 as well as Table 2, the results of the
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concentration of inflammatory agents in diabetic
patients treated with gallic acid (as a functional food)

as well as treated serum samples of these patients
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with CAP did not show a significant difference

compared to the untreated diabetic group.

Table 2. Comparison between the levels of biochemical parameters in the control group with other groups

Biochemical
parameters
Control Group 1
(n=30) (n=30)
GR (mU/ml) 25.9+2.1 14.4+1.6
PON (U/ml) 183.2+6.8 107.2+4.9
LPL (pg/ml) 1403.5+45.9  876.5+45.9
Glucose (pg/ml) 211.4+20.1 445.9422.4
H.0; (uM/ml) 237.6+18.6 353.3+25.4

Data are given as mean = SD.

15.7+1.5 16.63+1.60

111.2+4.9

888.9+45.7

443.3119.8  442.93+22.4

340.8+15.1  342.33+25.4

Groups
Group 2 Group 3 Group 4 P value
(n=30) (n=30) (n=30)

17.32+1.59 <0.001
115.2+4.9 117.23+4.9 <0.001
889.5+45.9 891.03+44.1 <0.001
441.9+22.4 <0.001

338.3+25.4 <0.001

Group1l: Diabetic. Group 2: Diabetic + plasma. Group 3: Diabetic + Gallic acid. Group 4: Diabetic + Gallic acid + plasma.

GR, glutathione reductase; PON, paraoxonase; LPL, lipoprotein lipase

The levels of changes in biochemical variables
between serum samples of the diabetic group were
investigated with the following conditions: untreated
with gallic acid and plasma, treated with gallic acid,
treated with plasma, and treated with plasma and
gallic acid. To evaluate the impact of plasma and the
effect of both plasma and gallic acid on the
biochemical variables, a comparison of the results
was done between the groups. Multiple comparisons
were made by the Tukey HSD Post Hoc test (Table 3).
A significant difference was observed in the
comparison of biochemical variables in the group
treated with both gallic acid and plasma with the
untreated samples. There was no significant

difference between the results of inflammatory

factors, blood glucose, and H,0; in the CAP-treated
diabetic group compared to the untreated diabetic
group. When comparing the results of inflammatory
factors, blood glucose, antioxidants, as well as H,0;in
the treated diabetic group with gallic acid with the
untreated samples, except for PON and LPL, no
significant difference was observed. Comparison of
GR, PON, and NF-kB between the diabetic group
treated with gallic acid and plasma with the untreated
diabetic group showed a significant difference. When
comparing other variables between the diabetic
group treated with both plasma and gallic acid and
the untreated diabetic group, no significant

difference was observed.
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Figure 3. Changes in the IL-2 and IL-3 levels in the control and diabetic groups (in different conditions). * Significances
of data comparing diabetic samples vs. the control group (P value < 0.05). Group 1: diabetic. Group 2: diabetic +
plasma. Group 3: diabetic + gallic acid and Group 4: diabetic + gallic acid + plasma.
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Figure 4. Changes in the serum NF-kB levels in the control and diabetic groups (in different conditions). *

Significances of data comparing diabetic samples vs. the control group (P value < 0.05). Group 1: diabetic. Group 2:

diabetic + plasma. Group 3: diabetic + gallic acid and Group 4: diabetic + gallic acid + plasma.
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Table 3. Multiple comparisons between the levels of biochemical parameters between the groups

Group GR PON LPL IL-2 IL-13 NF-kB Glucose H,0,
(mU/ml)  (U/ml)  (pg/ml) (pg/ml) (pg/ml)  (mg/ml)  (ug/ml)  (LM/mI)

Groupl  Group 2 0.008 0.022 0.88 0.49 0.49 0.26 0.98 0.20
Group 3 0.0002 < 0.0001 0.83 0.58 0.58 0.43 0.98 0.54

Group4 <0.0001 <0.0001 0.76 0.27 0.24 0.01 0.96 0.12

Group2  Group 1l 0.008 0.022 0.88 0.49 0.49 0.26 0.98 0.20
Group 3 0.19 0.013 0.99 0.99 0.99 0.99 0.99 0.99

Group 4 0.0090 0.001 0.99 0.99 0.99 0.73 0.99 0.98

Group3  Group 1 0.0002 < 0.0001 0.83 0.58 0.58 0.43 0.98 0.54
Group 2 0.19 0.013 0.99 0.99 0.99 0.99 0.99 0.99

Group 4 0.44 0.57 0.99 0.97 0.97 0.58 0.99 0.98

Group 4 Group 1 <0.0001 <0.0001 0.76 0.27 0.24 0.01 0.96 0.12
Group 2 0.009 0.001 0.99 0.99 0.99 0.73 0.99 0.98

Group 3 0.44 0.57 0.99 0.97 0.97 0.58 0.99 0.98

P value

P value < 0.05 is significant. Group1: Diabetic. Group 2: Diabetic + plasma. Group 3: Diabetic + Gallic acid and group

4: Diabetic + Gallic acid + plasma. GR, glutathione reductase; PON, paraoxonase; LPL, lipoprotein lipase; IL-2,

Interluekine-2; IL-13, Interluekine-13; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells

DISCUSSION
Our aim in this evaluation was the serum sample of
people with diabetes under the influence of gallic acid
and cold plasma. In this study, we evaluated the
synergistic effect of gallic acid and cold plasma on
oxidative stress and inflammation in diabetic patients.
In our previous study, we reported the effect of cold
plasma on antioxidant enzymes and minerals [23]. The
result revealed that some antioxidant enzymes (such
as GR, PON, and LPL), inflammatory factors (including
IL-2, IL-13, and NF-kB), and biochemical factors (such
as glucose and H,0,) were also present in people with
diabetes and the samples were compared with healthy
individuals.

A diet based on functional foods has been studied

in the management of type 2 DM as a novel dietary

approach [24]. The anti-diabetic effects of gallic acid
were investigated in several studies. Gallic acid is
known as an adaptable scavenger with the capability
of rapidly detoxifying reactive nitrogen and oxygen
species via electron transfer [25]. Scholarly literature,
has reported that after the administration of natural
foods containing gallic acid to experimental animals,
antioxidant effects were observed in different tissues
such as the stomach and lung [26-27]. The antioxidant
property of gallic acid has been reported in a diabetic
rat model [28].

In addition, gallic acid has been observed to
exhibit anti-inflammatory effects via suppression of
pro-inflammatory cytokines and chemokines [29]. It is
well-known that a common pathway of severe

inflammation is triggered by NF-kB activation [30]. It
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can be considered that gallic acid may suppress NF-kB
activation as a consequence of blocking TNFa-induced
activation of NF-kB.

The anti-hyperlipidemic and anti-diabetic
properties of gallic acid on diabetic rats were
investigated by Yigitturk et al [28]. According to the
results, the treatment of diabetic rats with gallic acid
leads to an increase in the concentration of antioxidant
enzymes, including SOD and CAT. A decrease in lipid
hydroperoxides was also observed in treated rats
compared to untreated rats. Moreover, in several
studies, the increased levels of GR, PON, and LPL
activities due to supplementation of gallic acid were
reported, which is in line with our results [31-33].

In a review article, Yang et al. found that gallic
acid has a protective effect against oxidative stress.
Gallic acid exerts this effect with its antioxidant,
immune system modulating, and cellular protective
properties (34).

The effect of gallic acid on insulin concentration
and plasma glucose in diabetic rats was studied by
Gandbhi et al [35]. They stated that the administration
of gallic acid (20 mg/kg) to diabetic rats resulted in
significant (P value < 0.05) restoration of changes in the
level of insulin resistance to normalcy when compared
with diabetic control rats. Also, they reported that
gallic acid (20 mg/kg) supplemented diabetic rats
showed a significant (P value < 0.05) clearance of
glucose level compared to diabetic control rats.

On the other hand, a study by Rezaeinezhad et al.
showed that plasma treatment can detoxify the
oxidative stress in diabetic mice through modification
of glycated enzymes [22]. Moreover, they reported
that plasma can regulate inflammatory cytokine
secretion, improve insulin performance, and decrease
the blood glucose level of diabetic mice. Thus, the

results of our study, including the regulation of
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oxidative stress (decrease in H,0, content and increase
in activity of antioxidant enzymes), the decrease of
inflammatory cytokines, and the decrease of glucose
level were inconsistent with the results of the
Rezaeinezhad et al. study.

In the present study, the results of treated
samples with gallic acid and treated samples with gallic
acid under plasma exposure were significant. It can be
said that the use of cold plasma in addition to gallic
acid treatment intensifies the activity of the
antioxidant enzyme and thereby leads to more of a
decrease in H,0; content. Also, the results showed that
utilizing both treatments improved the regulation of
inflammatory cytokines.

In our previous articles and studies on the effects
of lasers and plasma on oxidative stress, inflammation,
and minerals [22-23, 36-37], we have seen changes in
the levels of oxidants as well as H202 (a type of free
radical). Furthermore, we know that both of them are
involved in oxidation and reduction changes (redox
process). In other words, oxidants and free radicals are
involved in electron loss and capture, and probably
because of this, electron beams that hit electrons can
cause them to move. This displacement can affect
electron capture and loss in the in vivo environment
and during the redox process. In this study, this effect
of CAP was considered and more studies are needed to
accurately follow the effect of CAP according to the

theory of redox process.

CONCLUSION

DM and the lack of control and management of this
disease are associated with irreversible consequences.
With the increase of blood glucose, inflammatory and
oxidant factors also increase in the blood. These
factors have deleterious effects and play a role in the

pathology of DM. In conclusion, the results of the study
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showed that cold plasma treatment along with gallic
acid supplementation can have a synergistic effect on
the regulation of oxidative stress and inflammatory

cytokine secretion in type 2 DM.

List of abbreviations: CAP: cold atmospheric plasma,
APPJ: atmospheric pressure plasma jet, DM: diabetes
mellitus, WHO: World Health Organization, HbAlc:
glycated hemoglobin, ROS: Reactive oxygen species,
H,0,: hydrogen peroxide, IL-2: interleukin 2, IL-13:
interleukin 13, GR: glutathione reductase, ELISA:
enzyme-linked immunosorbent assay, NF-kB: nuclear
factor kappa-light-chain-enhancer of activated B cells,

PON: paraoxonase, LPL: lipoprotein lipase
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