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ABSTRACT

BACKGROUND/OBJECTIVES: Oxidative stress is caused by an imbalance between harmful 
free radicals and antioxidants. Long-term oxidative stress can lead to an “exhausted” status 
of antioxidant defense system triggering development of metabolic syndrome and chronic 
inflammation. Green perilla (Perilla frutescens) is commonly used in Asian cuisines and 
traditional medicine in southeast Asia. Green perilla possesses numerous beneficial effects 
including anti-inflammatory and antioxidant functions. To investigate the potentials of green 
perilla leaf extract (PE) on oxidative stress, we induced oxidative stress by high-fat diet (HFD) 
in aging mice.
MATERIALS/METHODS: C57BL/6J male mice were fed HFD continuously for 53 weeks. 
Then, mice were divided into three groups for 12 weeks: a normal diet fed reference group 
(NDcon), high-fat diet fed group (HDcon), and high-fat diet PE treated group (HDPE, 400 
mg/kg of body weight). Biochemical analyses of serum and liver tissues were performed to 
assess metabolic and inflammatory damage and oxidative status. Hepatic gene expression of 
oxidative stress and inflammation related enzymes were evaluated by quantitative real-time 
polymerase chain reaction (qRT-PCR).
RESULTS: PE improved hepatopathology. PE also improved the lipid profiles and antioxidant 
enzymes, including hepatic glutathione peroxidase (GPx) and superoxide dismutase (SOD) 
and catalase (CAT) in serum and liver. Hepatic gene expressions of antioxidant and anti-
inflammatory related enzymes, such as SOD-1, CAT, interleukin 4 (IL-4) and nuclear factor 
erythroid 2-related factor (Nrf2) were significantly enhanced by PE. PE also reduced the 
levels of hydrogen peroxide (H2O2) and malondialdehyde (MDA) in the serum and liver; 
moreover, PE suppressed hepatic gene expression involved in pro-inflammatory response; 
Cyclooxygenase-2 (COX-2), nitric oxide synthase (NOS), interleukin 1 beta (IL-1β), and 
interleukin 6 (IL-6).
CONCLUSIONS: This research opens opportunities for further investigations of PE as a 
functional food and possible anti-aging agent due to its attenuative effects against oxidative 
stress, resulting from HFD and aging in the future.
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INTRODUCTION

Aging is a time-dependent reduction of functional capacity in living organisms and is 
characterized by a steady loss of biological integrity, resulting in impaired function and 
increased mortality. The process of aging is based on four hallmarks, including; genomic 
instability, telomere attrition, epigenetic alterations and loss of proteostasis [1]. These 
‘hallmarks’ can be caused by the generation of reactive oxygen and nitrogen species (ROS 
and RNS). ROS and RNS could lead to protein unfolding, lipid breakdown or peroxidation, 
and DNA damage [2]. In addition, ROS and RNS also cause a dysregulation of the immune 
response and development of metabolic syndrome resulting in chronic inflammation and 
oxidative stress [3].

Oxidative stress is a natural biological phenomenon that plays a significant role in aging 
[4]. It is a state of excess free radicals due to an imbalance between their production and 
accumulation in cells and tissues but also the inability of detoxification of free radicals [5]. 
Antioxidative defenses in vivo protect cellular macromolecules from the detrimental effects 
of these ROS that accumulate with age. The antioxidative defense system includes enzymatic 
antioxidants (i.e., superoxide dismutase [SOD], glutathione peroxidase [GPx], and catalase 
[CAT]), nonenzymatic antioxidants (i.e., glutathione [GSH] and thioredoxin), and dietary 
antioxidants (i.e., vitamin C, vitamin E, and selenium) [6]. The oxidative stress theory 
of aging is a theory that accounts for the role of varieties of ROS in controlling aging [7]. 
According to this theory, aging is a state of chronic oxidative stress that reduces the levels 
of antioxidant enzymes such as CAT, SOD and GPx [8] causing an “exhausted” state of the 
antioxidant defense system. Therefore, we hypothesized that lifestyle habits that reduce 
pro-oxidant ROS, boost antioxidant defenses or a mix of both approaches will ameliorate 
oxidative stress.

Many studies have proved that lifestyle plays an important role in maintaining the health 
of individuals throughout their lifespan. For example, high-fat diet (HFD) consumption 
has been reported to be a significant health risk factor. The consumption of HFD showed 
increased oxidative stress and dysfunctional mitochondria in many organs such as liver, 
kidney, skeletal muscle and heart [9-12]. Also, previous studies have shown that HFD can 
induce obesity and promote inflammation, leading to development of metabolic syndrome by 
increasing fasting blood glucose, dyslipidemia, and liver damage [13]. Many previous studies 
have indirectly connected HFD consumption to oxidative stress exists [14,15]. However, 
there are a few studies regarding the direct association among HFD consumption, aging and 
oxidative stress. Thus, this study aimed to investigate the direct role of HFD on the induction 
of oxidative stress in aging mice.

Green perilla (Perilla frutescens) is an annual medicinal herb belonging to the mint family 
(Lamiaceae). It is commonly cultivated and used in Asian cuisines in countries such as South 
Korea, Thailand, Japan, and China [16]. Perilla seeds and leaves are used in traditional 
Asian medicine to treat cold and coughs, headaches, abdominal fullness and bloating, and 
food poisoning from fish and crabs [17-19]. Previous research has shown perilla to exhibit a 
number of beneficial health effects, including anti-inflammatory [20], antiallergic [21] and 
glucosidase inhibitory activities [22], suggesting that perilla leaf could serve as an antioxidant 
booster to combat oxidative stress damages. Studies have demonstrated that perilla seeds 
and leaves contain phenolic and flavonoid antioxidant compounds such as catechins, caffeic 
acid, rosmarinic acid, apigenin and luteolin [23]. Rosmarinic acid in particular is reportedly a 
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major polyphenol in perilla leaves and has been shown to exhibit several biological functions, 
including antioxidant activity [17,22-24].

There exist studies on perilla leaf and its antioxidant properties, however, the preventive 
effects of perilla on oxidative stress against aging and long term HFD intake are not fully 
investigated. In this study, we investigated whether green perilla leaf extract (PE) can exhibit 
inhibitory and protective effects against oxidative stress and damage resulting from increased 
lipid peroxidation induced by a HFD in aging mice via the improvements of the ROS 
scavenging activity, anti-inflammatory and antioxidant system.

MATERIALS AND METHODS

PE and freeze-drying
Perilla leaves were acquired from Wanju County, South Korea, washed and dried. The dried 
leaves (1.8 kg) were extracted with 70% ethanol and reflux extraction (5 L × 3 times). After 
filtration using a funnel, the total filtrate was concentrated on a rotary evaporator at 55°C 
to produce a condensed extract (482 g) and lyophilized at −125°C and 5 mTorr for 48 h using 
a freeze dryer (Ilshin Valve, Siheug, Korea). The dry weight of the final product was 304 g. 
Our study utilized 70% ethanol for extraction similar to the extraction conditions in our 
referenced study for the characterization of perilla leaves. The presence of water increases 
the polarity of the extraction agent (the dielectric constant of water is about 80 while ethanol 
is 25.2) and is used to swell the plant material, which increases the contact surface between 
the plant matrix and the solvent. As the proportion of organic solvent in aqueous solutions 
increases, the content of phenolic compounds decreases [25].

Antioxidant assay of DPPH radical scavenging activity of perilla extract in vitro 

In this study, quercetin was used as reference to investigate the radical-scavenging activity of 
1,1-diphenyl-2-picryl-hydrazyl (DPPH). Briefly, 0.2 g of plant extract and quercetin were each 
dissolved in 20 mL of reagent grade methanol in their respective flasks and stirred for 30 min 
using an automatic stirrer. The mixture was centrifuged at 6,000 rpm and 4°C for 10 min and 
the collected supernatant was used for the assay. Free-radical activity was then assessed by 
DPPH using a modified version of a method described by Bektas et al. [26]. A DPPH solution 
with a concentration of 0.1 mM was prepared and 0.5 mL of the solution was added to 1.5 mL 
of each supernatant solution at various concentrations (6.25, 12.5, 25, 50, and 0.01 mg/mL). 
The mixtures were vortexed and left to stand at room temperature for 30 min, after which the 
absorbance was measured at 517 nm using a spectrophotometer. The DPPH radical scavenging 
activity was calculated using the formula:

DPPH radical scavenging effect (% inhibition) = {[(A0-A1)/A0]×100}

where A0 is the absorbance of the control reaction (i.e., without DPPH) and A1 is the 
absorbance of samples with DPPH present. Tests were conducted in duplicate and the average 
value was taken.

Assay of ABTS•+scavenging activity of perilla extract
ABTS•+ [2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid scavenging activity)] assay 
measures the antioxidant activity of lipid soluble and water-soluble antioxidants, and can 
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be used for natural source extracts such as plant extracts. ABTS•+working solution was 
produced by reacting 38.43 mg ABTS (final concentration 7 mM) and 6.90 mg potassium 
persulfate (final concentration 2.55 mM) and 10 mL distilled H2O in a 15 mL tube and the 
mixture was left to incubate at room temperature in the dark for 12 h. The dark blue-green 
ABTS•+ solution was diluted with 100% ethanol till it gave an absorbance of 0.70 ± 0.02 at 734 
nm. ABTS•+ adjusted solution (180 μL) and 100% ethanol (20 μL) was blank and absorbance 
at 734 nm corresponding to blank (E1) was recorded using a 96 well plate microplate. Then 
test sample (20 μL) at different concentrations 6.25, 12.5, 25, and 50 mg/mL was mixed with 
ABTS•+ adjusted solution (180 μL) per well in triplicates. The reaction mixtures were allowed 
to incubate in room temperature for 2 min (E2). The ABTS•+ scavenge % was calculated as:

ABTS•+ scavenge% = (E1-E2/E1)×100

The ABTS•+ scavenge % was plotted against the antioxidant extract concentration and the 
values were calculated.

Animals and diets
Four-week-old male C57BL/6J mice were purchased from Central Lab Animal Inc. (Seoul, 
South Korea), and the diets were purchased from Duyeolbiotech, (South Korea). Details 
of the diet compositions are listed in Table 1. After one week of adaptation, animals were 
divided equally into two groups. One group was fed a normal diet of 10% kcal fat (ND) and 
the other a 60% high-fat diet (HD) for 53 weeks before the start of the experiment. After 
which they were further divided into 3 groups of n = 8. The ND control group (NDcon), high-
fat diet control group (HDcon), and the high-fat diet PE treated group (HDPE) given 400 mg 
mg/kg of bodyweight concentration of PE by oral gavage every morning daily for the whole 
experimental duration at 0.1 mL volume. Control groups (NDcon and HDcon) were given 
same volume of distilled water at the same frequency. The animals were then fed a normal 
diet and HFDs for another 12 weeks respectively. Fig. 1 details a graphical representation of 
the experimental model. The mice were housed in a temperature-regulated animal room with 
a 12-h light/dark cycle. PE in powdered form was diluted in water and administered orally 
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Table 1. Composition of experimental diets
Ingredient (g) NDcon HDcon
Casein, lactic 18.96 25.84
L-Cystine 0.28 0.39
Corn starch 29.86 -
Maltodextrin 3.32 16.15
Sucrose 33.17 8.89
Cellulose 4.74 6.46
Soybean oil 2.37 3.23
Lard 1.90 31.66
Mineral 0.95 1.29
Dicalcium phosphate 1.23 1.68
Calcium carbonate 0.52 0.71
Potassium citrate 1.56 2.13
Vitamin mix 0.95 1.29
Choline bitartrate 0.19 0.26
FD&C blue dye - 0.01
Total 100 100
Kcal 385 524
Kcal/g 3.8 5.2
Normal diet (ND group) is a modified diet containing 4% fat (10% fat calories) content. High-fat diet (HD group) 
is a modified high fat diet with 35% fat (60% fat calories).
NDcon, normal diet fed reference group; HDcon, high-fat diet fed group.
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daily to the treatment group and an equal volume of distilled water was administered orally 
to the control groups. The feed intake was measured twice a week and body weights were 
recorded weekly. The Animal and Use Committee of Jeonbuk National University approved 
the experimental protocol (CBNU 2020-026).

Serum and tissue sample collection
The mice were sacrificed after 12 h of fasting at the end of the experimental period. The mice 
were exposed to ether as anesthesia for 10 sec, and then blood for serum extraction was taken 
using capillary tubes via the retro-orbital vein leading to death by exsanguination. After 
which following ethical procedures liver tissue was harvested and dissected. Collected blood 
samples were left to stand for 30 min at room temperature. Serum was then separated by 
centrifugation at 1,500 g and 4°C for 15 min and stored at −72°C until analysis. Liver tissues 
were also collected and frozen in liquid nitrogen, and stored at −72°C for later analysis.

Fasting blood glucose concentrations
Fasting blood glucose was measured after fasting overnight before sacrifice. Blood glucose was 
measured using a commercial Roche Accu-Chek Performa blood-glucose meter and test strips 
(Roche Diabetes Care GmbH, Mannheim, Germany) and blood from the tail veins of the mice.

Lipid profiles in liver and serum
Total triglyceride (TG) and total cholesterol (TC), HDL cholesterol, aspartate 
aminotransferase (AST) and alanine aminotransferase (ALT) parameters were measured via 
an enzymatic process with commercially available detection kits. For biochemical analysis 
of hepatic lipid profiles such as TG and TC, and other lipid profiles, hepatic liver tissue 
homogenates were prepared; 0.1 g of liver tissue was weighed in a fresh 1.5 mL Eppendorf 
tube and 0.3 mL 1X PBS added. The tissues were chopped up finely and then homogenized 
with a sonicator. A 0.5 mL of Chloroform: Methanol (2:1) mixture was added and vortexed 
for 30 seconds. The mixture was then centrifuged at 8,000 rpm/15 min/4°C. The clear liquid 
bottom layer was then transferred to a fresh Eppendorf tube and kept overnight in a fume 
hood to vaporize the organic solvent. The resulting yellowish paste at the bottom of the 
tube was then dissolved with 0.2 mL 1% triton X (diluted with PBS) to the paste and mixed 
thoroughly till it completely dissolved. The dissolved mix was vortexed for 10 seconds and 
then used immediately for analysis of TG, TC and other lipid profile tests. LDL values were 
calculated using Friedewald’s equation.
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4 weeks old mice

Starting point
53 weeks 12 weeks

Ending point

Normal diet (ND)
10% fat/Kcal

NDcon (normal diet)

HDcon (high-fat diet)

HDPE (high-fat diet + perilla extract)
400 mg/kg bodyweight

High-fat diet (HD)
60% fat/Kcal

Fig. 1. Graphical experimental model design in C57BL/6J mice. 
NDcon, normal diet fed reference group; HDcon, high-fat diet fed group; HDPE, high-fat diet PE treated group 
(400 mg/kg of body weight).
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Histology analyses
Same section of liver from each mice was harvested after dissection and washed with PBS then 
fixed in 10% formalin. Then each section was taken and processed for paraffin embedding. 
Preparation of paraffin sections of liver tissue samples as well as hematoxylin and eosin 
phloxine (H&E) staining was outsourced to KP&T (Cheongju, Korea). The stained areas were 
viewed later using an Axiophot Zeiss Z1 microscope (Carl Zeiss, Gottingen, Germany) at 100× 
magnification at Jeonbuk National University’s Center for University-Wide Research Facilities.

Biochemical analyses
Commercially available ELISA kits were used to carry out the biochemical analyses of serum 
tumor necrosis factor alpha (TNF-α) levels in serum and the oxidative-stress state in serum 
and livers. Commercial SOD, CAT, GPx, hydrogen peroxide (H2O2) and malondialdehyde 
(MDA) kits were purchased from an Abcam Biotechnology (Cambridge, UK) and utilized 
according to the stated protocols in the kit manuals.

Total mRNA isolation and qRT-PCR
To assess the expression of genes associated with oxidative stress, inflammation and 
antioxidant enzymes, quantitative real-time polymerase chain reaction (qRT-PCR) 
amplification was performed using liver tissues. Total RNA isolation was carried out 
using a Trizol reagent and concentration purity was checked with a BioDrop μLITE 
spectrophotometer (Biodrop, United Kingdom). One microgram of the isolated RNA was 
then reverse transcribed into cDNA using Takara PrimeScript RT Master Mix (Tokyo, Japan). 
The degree of RNA expression was then quantified by qRT-PCR using an SYBR Green 
Realtime PCR Master Mix and a 7500 Real-Time PCR system (Applied Biosystems, Foster 
City, CA, USA) following the manufacturer’s protocol. The sequences of primers used in this 
procedure are shown in Table 2.

Statistical analysis
Results are shown as the mean ± SE. Statistical analysis of all data was carried out using one-
way analysis of variance and independent t-test using SPSS 17.0 (SPSS Inc., Chicago, IL, USA). 
Differences between the means were evaluated using Duncan’s multiple-range test with a P 
value < 0.05 considered statistically significant. Different superscripts or letters on the values 
indicate a significant difference between groups.

RESULTS

DPPH scavenging activity of PE
The DPPH radical scavenging activity of PE and quercetin decreased dose-dependently (6.25, 
12.5, 25, and 50 mg/mL). The PE scavenging capacity decreased dose-dependently. The 
scavenging values ranged from 66.2% to 50.7% for perilla and 101 to 97.1% for quercetin 
(Fig. 2A). Quercetin produced higher DPPH radical scavenging activity in all concentrations 
compared with perilla.

Assay of ABTS•+ scavenging activity of PE
The ABTS•+ scavenging activity in percentage of PE was compared to a well- known 
antioxidant, L-ascorbic acid [27]. The ABTS•+ scavenging activity was dose-dependently 
reduced. PE gave results with scavenging values ranging from 92.49% to 33.91% for the first 
three highest concentrations; 50, 25 and 12.5 mg/mL (Fig. 2B).
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Table 2. Quantitative polymerase chain reaction primer sequences
Gene name Primers Sequence (5′-3′)
Nrf2 Forward GCCTCCAAAGGATGTCAATCA

Reverse GCCTCACCTCTGCTGCAAGTA
Prdx Forward GTTTGTCAGTGAACTGGAAGG

Reverse CACCCAAGAAACAAGGAGGAT
GSTA2 Forward TGTCCTTCCCATAGAGGTCAT

Reverse TGCTTCACTACTTCAATGCCC
NQO1 Forward TGGCGTAGTTGAATGATGTCTT

Reverse TTCGGTATTACGATCCTCCCT
SOD1 Forward CAGGACCTCATTTTAATCCTCAC

Reverse TGCCCAGGTCTCCAACAT
CAT Forward CCTTCAAGTTGGTTAATGCAGA

Reverse CAAGTTTTTGATGCCCTGGT
GPx1 Forward TTTCCCGTGCAATCAGTTC

Reverse TCGGACGTACTTGAGGGAAT
HO-1 Forward CACAGATGGCGTCACTTCGTC

Reverse GTGAGGACCCACTGGAGGAG
COX-2 Forward CCACTTCAAGGGAGTCTGGA

Reverse AGTCATCTGCTACGGGAGGA
IL-1β Forward GACCTTCCAGGATGAGGACA

Reverse AGCTCATATGGGTCCGACAG
NOS Forward CAGCTGGGCTGTACAAACCTT

Reverse CATTGGAAGTGAAGCGTTTCG
IL-6 Forward AACGATGATGCACTTGCAGA

Reverse GAGCATTGGAAATTGGGGTA
IL-10 Forward TACCTGGTAGAAGTGATGCC

Reverse CATCATGTATGCTTCTATGC
IL-4 Forward ATCATCGGCATTTTGAACGAGGTC

Reverse ACCTTGGAAGCCCTACAGACGA
B-actin Forward AGCCTTCCTTCTTGGGTATGG

Reverse CACTTGCGGTGCACGATGGAG
Nrf2, nuclear factor erythroid 2-related factor 2; Prdx, peroxiredoxin; GSTA2, glutathione S-transferase alpha 
2; NQO1, NAD(P)H Quinone Dehydrogenase 1; SOD1, superoxide dismutase 1; CAT, catalase; GPx1, glutathione 
peroxidase 1; HO-1, heme oxygenase 1; COX-2, cyclooxygenase-2; IL-1β, interleukin 1 beta; NOS, nitric oxide 
synthase; IL-6, interleukin 6; IL-10, interleukin 10; IL-4, interleukin 4; β-actin, beta actin.
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Fig. 2. Radical Scavenging activity of PE. (A) DPPH radical scavenging activities of PE and quercetin at various concentrations (6.25, 12.5, 25 and 50 mg/mL). The 
bar graphs of respective concentrations with different upper scripts differs significantly from each other when compared based on ANOVA Duncan’s multiple 
comparison test. Data is represented as mean ± SE. Each sample carried out in triplicates. (B) ABTS+ radical scavenging activities of PE and ascorbic acid at 
various concentrations (6.25, 12.5, 25 and 50 mg/mL). The bar graphs of respective concentrations with different upper scripts differs significantly from each 
other when compared based on ANOVA Duncan’s multiple comparison test. Data is represented as mean ± SE. Each sample carried out in triplicates.
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Effect of PE on body weight, liver weight, and feed intake
For body weight changes (Table 3), our findings revealed significant reduction in the NDcon 
group (29.13 ± 0.96 g) and HDPE group (54.67 ± 4.9 g) compared with the HDcon group 
(61.07 ± 1.03 g). There was no significant difference in feed intake between groups. The liver 
weight was significantly reduced in the NDcon (2.78 ± 0.27 g) and HDPE group (1.12 ± 0.04 g) 
compared with the HDcon group (1.72 ± 0.24 g).

Effect of PE on fasting blood glucose and serum TNF-α
To test whether PE could improve glucose tolerance, we measured fasting blood 
glucose levels. Compared with the NDcon group (93.25 ± 3.15 mg/dL), HDcon group 
had significantly higher fasting blood-glucose levels (135.75 ± 4.77 mg/dL). However, 
supplementation of PE significantly reduced fasting blood-glucose concentration in the 
HDPE group (109.25 ± 4.52 mg/dL) (Table 4). In addition, serum TNF-α levels in the NDcon 
(52.20 ± 1.54) and HDPE group (51.60 ± 1.05 pg/mL) was significantly lower than HDcon 
group (61.90 ± 4.81 pg/mL) (Table 4).

Effect of PE on hepatic histology, serum and liver lipid profiles
H&E staining of liver tissues in the HDcon groups revealed lipid accumulation and 
ballooning of hepatocytes, indicating the development of steatosis (Fig. 3). However, 
treatment with PE showed a noticeably reduced steatosis and resulted in a morphology 
similar to that of NDcon group.
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Table 3. Effect of PE on anthropometric parameters: body and tissue weight.
Parameters NDcon HDcon HDPE
Initial bodyweight (g) 32.05 ± 1.04c 57.07 ± 0.42a 52.88 ± 1.69b

Final bodyweight (g) 29.13 ± 0.96b 61.07 ± 1.03a 54.67 ± 4.9a

Feed intake (g/day) 2.92 ± 0.26a 3.14 ± 0.13a 3.09 ± 0.1a

Liver weight (g) 1.12 ± 0.04b 2.78 ± 0.27a 1.72 ± 0.24b

Liver to bodyweight ratio 26.17 ± 1.01b 35.28 ± 0.91a 24.56 ± 1.06a

The experimental details are as described in the text. Results are given as mean ± SE (n = 8).
NDcon, normal diet fed reference group; HDcon, high-fat diet fed group; HDPE, high-fat diet PE treated group 
(400 mg/kg of body weight).
Alphabet upper scripts differ significantly from each other when compared based on ANOVA Duncan’s multiple 
comparison test. P < 0.05.

Table 4. Effect of PE on serum chemistry and lipid profiles
Parameters NDcon HDcon HDPE
Fasting blood glucose (mg/dL) 93.25 ± 3.15c 135.75 ± 4.77a 109.25 ± 4.52b

Total serum cholesterol (mg/dL) 81.2 ± 10.31c 189.55 ± 9.10a 138.62 ± 12.95b

Serum high-density lipoprotein cholesterol (mg/dL) 32.74 ± 3.09b 41.58 ± 3.03a 48.97 ± 1.16a

Total serum triglyceride (mg/dL) 70.58 ± 2.52b 95.15 ± 5.98a 71.53 ± 5.15b

Low density lipoprotein cholesterol (mg/dL) 34.34 ± 1.64c 128.94 ± 1.34a 75.34 ± 2.53b

Aspartate aminotransferase (IU/L) 63.33 ± 4.23b 95.00 ± 6.46a 86.79 ± 4.89a

Alanine aminotransferase (IU/L) 33.00 ± 8.70b 64.07 ± 9.97a 30.14 ± 3.80b

Serum tumour necrosis factor alpha (pg/mL) 52.20 ± 1.54b 61.90 ± 4.81a 51.60 ± 1.05b

Serum catalase activity (mU/mL) 66.25 ± 3.43a 65.41 ± 2.54a 69.79 ± 2.76a

Total serum superoxide dismutase activity (%) 85.26 ± 3.83a 89.57 ± 4.27a* 95.60 ± 2.52a*

Serum glutathione peroxidase activity (U/mL) 2.52 ± 0.12b 2.71 ± 0.11b 3.43 ± 0.20a

Serum malondialdehyde (μM) 270.8 ± 33.77b 423.6 ± 39.62a 330.15 ± 37.39ab

The experimental details are as described in the text. Results are given as mean ± SE (n = 8).
NDcon, normal diet fed reference group; HDcon, high-fat diet fed group; HDPE, high-fat diet PE treated group 
(400 mg/kg of body weight).
Alphabet upper scripts differ significantly from each other when compared based on ANOVA Duncan’s multiple 
comparison test. P < 0.05.
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Analysis of serum lipid profiles revealed that PE significantly reduced TG and TC levels 
compared with the HDcon group (P < 0.05). Serum TG and TC levels in the NDcon group 
(70.58 ± 2.52 and 81.2 ± 10.31 mg/dL) and HDPE group (71.53 ± 5.15 and 138.62 ± 12.95 mg/dL) 
was significantly lower than HDcon group (95.15 ± 5.98 and 189.55 ± 9.10 mg/dL). In addition, 
serum HDL cholesterol levels were slightly increased in HDPE group (48.97 ± 1.16 mg/dL) 
compared to HDcon (41.58 ± 3.03 mg/dL) groups, while those were significantly higher than 
NDcon (32.74 ± 3.09 mg/dL).

As the liver plays an important role in regulating lipid metabolism, hepatic TG and TC levels 
and histopathology were analyzed. Hepatic TG and TC levels of the HDPE group decreased 
by 19.8% and 18.4% respectively compared with HDcon group. Hepatic TG level of HDcon 
group (56.36 ± 3.45 mg/g) was significantly higher than NDcon (36.06 ± 6.99 mg/g) and 
HDPE (45.19 ± 7.83 mg/g) groups. Also, PE supplementation (24.63 ± 3.87 mg/g) significantly 
decreased the total hepatic TC levels compared to HDcon group (30.17 ± 2.81 mg/g) (Fig. 4).

Effect of PE on oxidative stress markers in serum and liver
The activities of the antioxidant enzymes SOD, CAT and GPx as well as MDA and H2O2 levels 
in serum and liver tissues are shown in Table 4 and Fig. 4 respectively. Significantly increased 
activity in the antioxidant enzymes SOD, CAT and hepatic GPx were observed in liver and serum 
in the NDcon and HDPE group when compared with HDcon mice. MDA levels in serum and 
liver showed significant reductions in the HDPE group compared with HDcon mice, falling 
from 423.6 ± 39.62 to 330.15 ± 37.39 µM and from 758 ± 131.75 to 419.75 ± 22.61 µM respectively. 
The liver H2O2 levels in the NDcon and HDPE group (56.33 ± 5.01 and 69.74 ± 1.70 pmoL) were 
significantly reduced in the comparison with the HDcon group (80.55 ± 1.05 pmoL).
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NDcon HDcon HDPE

Fig. 3. Effect of PE on liver histology. Hematoxylin and eosin staining of liver paraffin-embedded sections. Scale bars = 100 µm. 
NDcon, a normal diet fed reference group, HDcon: high-fat diet fed group; HDPE, high-fat diet PE treated group (400 mg/kg of body weight).
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Effect of PE on mRNA expression in oxidative stress related proteins and 
inflammatory cytokines in liver
To determine the oxidative-stress states of the control and PE supplemented groups, we 
measured the mRNA expression levels of oxidative stress and inflammation–related genes 
and enzymes. The mRNA expression levels of CAT, Nrf2, Peroxiredoxin (prdx), and NAD(P)
H Quinone Dehydrogenase 1 (NQO1) in the HDPE group were significantly higher (P < 0.05) 
compared with the HDcon group, with increases of 87%, 63%, 40%, and 154%, respectively. 
In addition, hepatic inflammatory markers, such as COX-2, NOS, interleukin (IL)-1β, showed 
significant decrease in the HDPE group compared with the HDcon group. IL-6 reported a 
significant decrease as well from 0.16 to 0.015. On the other hand, anti-inflammatory IL-10 
and IL-4 were increased significantly in the HDPE group compared with HDcon group (Fig. 5).
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DISCUSSION

The usage of herbs, plants, and nutraceuticals has been applied for the management of various 
diseases such as respiratory conditions, hypertension and obesity [28,29]. A previous study 
investigated the phenolic and flavonoid contents in perilla leaves extracted with 60–100% 
ethanol.; and this study showed that all extractions contain various antioxidant compounds, 
but the amounts of each antioxidant compounds were differed based on ethanol concentrations 
[30]. Although the amounts of antioxidant compounds in our PE extracted samples were 
not measured, we presumed that our samples contain similar concentrations of antioxidant 
compounds with 70% ethanol extracted samples in previous study [30]. Our findings showed 
PE possessed antioxidant free-radical-scavenging capacity. This result is consistent with 
previous studies [31] indicating that PE possess high levels of metabolite content that have 
potential antioxidant activities against DPPH and ABTS radicals. Thus, our observations suggest 
the potentials of PE as an antioxidant and a radical scavenger in practical applications.

The effects of antioxidant PE [17] on age and HFD induced oxidative stress in aging obese mice 
were examined in this study. Our study administered PE to mice at a dose of 400 mg/kg body 
weight which according to Nair and Jacob [32] is equivalent to 1,946 mg per day for a 60 kg 
typical body weight in human dosage. Previous clinical investigations on the protective effects 
of a variety of natural products against obesity and its comorbidities at that concentration have 
reported no adverse effects [33]. In our findings, PE significantly reduced serum ALT and AST 
levels, which are common biomarkers for liver toxicity and pathology [34]. According to the 
result, the mice exhibited no adverse effects to PE supplementation at the administered dosage.
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In this study we hypothesized that advanced age in combination with long-term consumption 
of HFD will induce chronic oxidative stress and depleted antioxidant defenses, leading 
to the damages in cells and tissues. Accumulation of oxidative stress promotes several 
pathophysiological events in the liver, including detrimental influences on hepatocytes, DNA, 
lipids, and proteins, and ultimately disruption of cellular homeostasis [35,36]. In this study, 
H&E staining of liver tissue showed that HFD caused disordered lobule structure, micro-
steatosis, and excessive lipid droplet accumulation, whereas PE supplementation improved 
liver steatosis and pathology, indicating that PE may be able to ameliorate liver damage by 
long-term HFD intake. Excessive TG accumulation in liver tissues and cells impairs cellular 
antioxidative capacity and results in overproduction of ROS and hepatic oxidative stress 
injury directly by attacking lipids, proteins, and nucleic acids [37]. Our findings reported 
the HFD elevated hepatic and serum TG, TC and LDL levels and glucose tolerance, while PE 
supplementation significantly attenuated these elevations. Thus, our results demonstrated 
that PE ameliorates hyperlipidiema and glucose tolerance in HFD-induced obese in aged 
mice. Our findings support that the previous study that showed PE lowered TG, TC, and low-
density lipoprotein-cholesterol levels exhibiting hypolipidemic activity [38].

ROS can also indirectly activate several pro-inflammatory signaling pathways such as the 
TNF-α pathway to induce cellular injury. Previous studies have reported that dysregulation 
of pro inflammatory cytokines and chemokines such as TNF-α and IL-6 are significant 
culprits in the development of chronic inflammation and the immunosenescence process. 
The immunosenescence process increases the levels of TNF-α and IL-6 and their receptor 
expression in aged cells [39]. According to a previous study [40] aging and oxidative factors 
combined with long term HFD consumption increased synthesis of endotoxins such as 
lipopolysaccharide, increasing the production of proinflammatory cytokines. Consistent with 
previous findings [41], we found that PE supplementation significantly lowered serum TNF-α 
levels. We also discovered that pro-inflammatory hepatic IL-1β and IL-6 gene expression levels 
significantly decreased, while anti-inflammatory IL-10 and IL-4 hepatic gene expression were 
significantly increased. Another pathway altered by oxidative stress is the redox signaling 
pathways which also causes activation of pro-inflammatory genes like COX-2 and NOS [42]. 
COX-2 overexpression plays a role in the aging process and development of a number of age-
related illnesses [43]. In chronic inflammatory conditions, NOS produces large quantities of 
harmful NO. Our study proved that hepatic COX-2 and NOS gene expressions were significantly 
reduced by PE administration, suggesting anti-inflammatory capacities of PE.

SOD, CAT and GPx enzyme activities increased by PE supplementations in HFD-induced 
obese in aged mice. We hypothesized that these increased activities attenuate the 
accumulation of reactive free radicals based on the previous studies [44]. In addition, 
reduction of harmful oxidative end products such as MDA and H2O2 presents an alternative 
mechanism for ameliorating oxidative stress damage [45]. Our results showed that MDA and 
H2O2 levels in the HDPE group were lower in comparison with the HD control group. From 
our findings in this study, we hypothesized that the increased antioxidant enzymes SOD, CAT 
and GPx levels decreasethe accumulation of free-radicals. To confirm our results and possible 
mechanism pathway, we focused on Nrf2 signalling pathway, which plays a well-established 
and vital role in protection against antioxidant and oxidative stress damage [46-48]. In 
our study, hepatic mRNA expression of Nrf2, CAT and peroxiredoxin (Prdx) in HDPE was 
significantly upregulated by PE supplementation compared to the HDcon group. While PE 
supplementation did not significantly affect the expression of hepatic SOD-1, HO-1, GPx-1 
and GSTA2, all four were increased compared to the HDcon group. Inhibition of the activities 
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of antioxidant enzymes such as SOD, GPx plays a role in the development of oxidative 
stress. However, their activities are enhanced after supplementation of an antioxidant [49]. 
Our findings suggest that PE is an antioxidant that protects against oxidative damage by 
scavenging ROS and upregulating of related enzyme expressions.

There are two major limitations in this study that could be addressed in future research. 
First, the study focused on diet related control groups, lacking an age related control group 
that would have been evidence on the actual effect of perilla against oxidative stress on aging 
alone. Second, this study did not investigate the possible involvements of nonenzymatic 
antioxidants such as reduced glutathione (GSH). The oxidative stress of tissue generally 
involves the GSH system. However, previous studies [50,51] reported that PE increased GSH 
levels in vivo and in vitro against tert-butyl hydroperoxide-induced oxidative hepatotoxicity, 
suggesting that PE could also improve non-enzymatic antioxidants system in HFD-induced 
obese in aged mice

In conclusion, perilla supplementation increased antioxidant enzyme expression, reduced 
inflammatory markers, ROS levels and oxidative stress products and damage associated with 
aging and HFD. Thus, our study provides the preclinical evidences that green perilla has an 
anti-aging, anti-inflammatory and anti-oxidative-stress effects against oxidative stress related 
damages resulting from aging and HFD. However, future studies should incorporate various 
doses and target models to confirm the effects of perilla as a functional food or nutraceutical 
product for the treatment of oxidative stress.

REFERENCES

 1. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell 
2013;153:1194-217. 
PUBMED | CROSSREF

 2. Said MA, Aiman IA. Oxidative stress versus antioxidants. Am J Biosci Bioeng 2014;2:60-71.

 3. Camps J, García-Heredia A. Introduction: oxidation and inflammation, a molecular link between non-
communicable diseases. Adv Exp Med Biol 2014;824:1-4. 
PUBMED | CROSSREF

 4. Liguori I, Russo G, Curcio F, Bulli G, Aran L, Della-Morte D, Gargiulo G, Testa G, Cacciatore F, Bonaduce 
D, et al. Oxidative stress, aging, and diseases. Clin Interv Aging 2018;13:757-72. 
PUBMED | CROSSREF

 5. Pizzino G, Irrera N, Cucinotta M, Pallio G, Mannino F, Arcoraci V, Squadrito F, Altavilla D, Bitto A. 
Oxidative stress: harms and benefits for human health. Oxid Med Cell Longev 2017;2017:8416763. 
PUBMED | CROSSREF

 6. Kelly DS, Betim CC, Talita CC, Giovana AG, Laura MM, Rizzato PJ. Antioxidant activity of aqueous extract 
of passion fruit (Passiflora edulis) leaves: in vitro and in vivo study. Food Res Int 2013;53:882-90. 
CROSSREF

 7. Sohal RS, Weindruch R. Oxidative stress, caloric restriction, and aging. Science 1996;273:59-63. 
PUBMED | CROSSREF

 8. Blokhina O, Virolainen E, Fagerstedt KV. Antioxidants, oxidative damage and oxygen deprivation stress: a 
review. Ann Bot 2003;91:179-94. 
PUBMED | CROSSREF

 9. Kartha GK, Moshal KS, Sen U, Joshua IG, Tyagi N, Steed MM, Tyagi SC. Renal mitochondrial damage and 
protein modification in type-2 diabetes. Acta Diabetol 2008;45:75-81. 
PUBMED | CROSSREF

 10. Bruce KD, Cagampang FR, Argenton M, Zhang J, Ethirajan PL, Burdge GC, Bateman AC, Clough GF, Poston 
L, Hanson MA, et al. Maternal high-fat feeding primes steatohepatitis in adult mice offspring, involving 
mitochondrial dysfunction and altered lipogenesis gene expression. Hepatology 2009;50:1796-808. 
PUBMED | CROSSREF

https://doi.org/10.4162/nrp.2022.16.5.549

Perilla extract ameliorates oxidative stress

http://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.1016/j.cell.2013.05.039
http://www.ncbi.nlm.nih.gov/pubmed/25038988
https://doi.org/10.1007/978-3-319-07320-0_1
http://www.ncbi.nlm.nih.gov/pubmed/29731617
https://doi.org/10.2147/CIA.S158513
http://www.ncbi.nlm.nih.gov/pubmed/28819546
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1016/j.foodres.2012.12.043
http://www.ncbi.nlm.nih.gov/pubmed/8658196
https://doi.org/10.1126/science.273.5271.59
http://www.ncbi.nlm.nih.gov/pubmed/12509339
https://doi.org/10.1093/aob/mcf118
http://www.ncbi.nlm.nih.gov/pubmed/18292963
https://doi.org/10.1007/s00592-008-0025-z
http://www.ncbi.nlm.nih.gov/pubmed/19816994
https://doi.org/10.1002/hep.23205


562https://e-nrp.org

 11. Yokota T, Kinugawa S, Hirabayashi K, Matsushima S, Inoue N, Ohta Y, Hamaguchi S, Sobirin MA, Ono 
T, Suga T, et al. Oxidative stress in skeletal muscle impairs mitochondrial respiration and limits exercise 
capacity in type 2 diabetic mice. Am J Physiol Heart Circ Physiol 2009;297:H1069-77. 
PUBMED | CROSSREF

 12. Ballal K, Wilson CR, Harmancey R, Taegtmeyer H. Obesogenic high fat western diet induces oxidative 
stress and apoptosis in rat heart. Mol Cell Biochem 2010;344:221-30. 
PUBMED | CROSSREF

 13. Moreno-Fernández S, Garcés-Rimón M, Vera G, Astier J, Landrier JF, Miguel M. High fat/high glucose diet 
induces metabolic syndrome in an experimental rat model. Nutrients 2018;10:1502. 
PUBMED | CROSSREF

 14. Ceriello A. Oxidative stress and diabetes-associated complications. Endocr Pract 2006;12 Suppl 1:60-2. 
PUBMED | CROSSREF

 15. Giugliano D, Ceriello A, Paolisso G. Diabetes mellitus, hypertension, and cardiovascular disease: which 
role for oxidative stress? Metabolism 1995;44:363-8. 
PUBMED | CROSSREF

 16. Jun HI, Kim BT, Song GS, Kim YS. Structural characterization of phenolic antioxidants from purple 
perilla (Perilla frutescens var. acuta) leaves. Food Chem 2014;148:367-72. 
PUBMED | CROSSREF

 17. Hong E, Park KH, Kim GH. Phenolic-enriched fractions from Perilla frutescens var. acuta: determinating 
rosmarinic acid and antioxidant activity. J Food Biochem 2011;35:1637-45. 
CROSSREF

 18. Tian SL. Perilla frutescens detoxifies the toxicity of fish and crab. Zhong Hua Yang Sheng Bao Jian 
2012;9:71.

 19. The State Pharmacopoeia Commission of P. R. China. Pharmacopoeia of the People’s Republic of China 
(PPRC). Beijing: Chinese Medical Science Press; 2015. p.338-40.

 20. Huang BP, Lin CH, Chen YC, Kao SH. Anti-inflammatory effects of Perilla frutescens leaf extract on 
lipopolysaccharide-stimulated RAW264.7 cells. Mol Med Rep 2014;10:1077-83. 
PUBMED | CROSSREF

 21. Heo JC, Nam DY, Seo MS, Lee SH. Alleviation of atopic dermatitis-related symptoms by Perilla frutescens 
Britton. Int J Mol Med 2011;28:733-7.
PUBMED

 22. Zhu F, Asada T, Sato A, Koi Y, Nishiwaki H, Tamura H. Rosmarinic acid extract for antioxidant, 
antiallergic, and α-glucosidase inhibitory activities, isolated by supramolecular technique and solvent 
extraction from Perilla leaves. J Agric Food Chem 2014;62:885-92. 
PUBMED | CROSSREF

 23. Peng Y, Ye J, Kong J. Determination of phenolic compounds in Perilla frutescens L. by capillary 
electrophoresis with electrochemical detection. J Agric Food Chem 2005;53:8141-7. 
PUBMED | CROSSREF

 24. Osakabe N, Yasuda A, Natsume M, Sanbongi C, Kato Y, Osawa T, Yoshikawa T. Rosmarinic acid, a major 
polyphenolic component of Perilla frutescens, reduces lipopolysaccharide (LPS)-induced liver injury in 
D-galactosamine (D-GalN)-sensitized mice. Free Radic Biol Med 2002;33:798-806. 
PUBMED | CROSSREF

 25. Do QD, Angkawijaya AE, Tran-Nguyen PL, Huynh LH, Soetaredjo FE, Ismadji S, Ju YH. Effect of extraction 
solvent on total phenol content, total flavonoid content, and antioxidant activity of Limnophila aromatica. J 
Food Drug Anal 2014;22:296-302. 
PUBMED | CROSSREF

 26. Bektas T, Dimitra D, Atalay S, Munevver S, Moschos P. Antimicrobial and antioxidant activities of the 
essential oil and various extracts of Salvia tomentosa Miller (Lamiaceae). Food Chem 2005;90:333-40. 
CROSSREF

 27. Zheleva-Dimitrova D, Nedialkov P, Kitanov G. Radical scavenging and antioxidant activities of methanolic 
extracts from Hypericum species growing in Bulgaria. Pharmacogn Mag 2010;6:74-8. 
PUBMED | CROSSREF

 28. Ekor M. The growing use of herbal medicines: issues relating to adverse reactions and challenges in 
monitoring safety. Front Pharmacol 2014;4:177. 
PUBMED | CROSSREF

 29. Pichiah PB, Cha YS. Salicornia herbacea prevents weight gain and hepatic lipid accumulation in obese ICR 
mice fed a high-fat diet. J Sci Food Agric 2015;95:3150-9. 
PUBMED | CROSSREF

https://doi.org/10.4162/nrp.2022.16.5.549

Perilla extract ameliorates oxidative stress

http://www.ncbi.nlm.nih.gov/pubmed/19617406
https://doi.org/10.1152/ajpheart.00267.2009
http://www.ncbi.nlm.nih.gov/pubmed/20676734
https://doi.org/10.1007/s11010-010-0546-y
http://www.ncbi.nlm.nih.gov/pubmed/30322196
https://doi.org/10.3390/nu10101502
http://www.ncbi.nlm.nih.gov/pubmed/16627383
https://doi.org/10.4158/EP.12.S1.60
http://www.ncbi.nlm.nih.gov/pubmed/7885282
https://doi.org/10.1016/0026-0495(95)90167-1
http://www.ncbi.nlm.nih.gov/pubmed/24262570
https://doi.org/10.1016/j.foodchem.2013.10.028
https://doi.org/10.1111/j.1745-4514.2010.00481.x
http://www.ncbi.nlm.nih.gov/pubmed/24898576
https://doi.org/10.3892/mmr.2014.2298
http://www.ncbi.nlm.nih.gov/pubmed/21811759
http://www.ncbi.nlm.nih.gov/pubmed/24400891
https://doi.org/10.1021/jf404318j
http://www.ncbi.nlm.nih.gov/pubmed/16218656
https://doi.org/10.1021/jf051360e
http://www.ncbi.nlm.nih.gov/pubmed/12208367
https://doi.org/10.1016/S0891-5849(02)00970-X
http://www.ncbi.nlm.nih.gov/pubmed/28911418
https://doi.org/10.1016/j.jfda.2013.11.001
https://doi.org/10.1016/j.foodchem.2003.09.013
http://www.ncbi.nlm.nih.gov/pubmed/20668569
https://doi.org/10.4103/0973-1296.62889
http://www.ncbi.nlm.nih.gov/pubmed/24454289
https://doi.org/10.3389/fphar.2013.00177
http://www.ncbi.nlm.nih.gov/pubmed/25523516
https://doi.org/10.1002/jsfa.7054


563https://e-nrp.org

 30. Hong E, Kim GH. Comparison of extraction conditions for phenolic, flavonoid content and 
determination of rosmarinic acid from Perilla frutescens var. acuta. Int J Food Sci Technol 2010;45:1353-9. 
CROSSREF

 31. Lee YH, Kim B, Kim S, Kim MS, Kim H, Hwang SR, Kim K, Lee JH. Characterization of metabolite 
profiles from the leaves of green perilla (Perilla frutescens) by ultra high performance liquid chromatography 
coupled with electrospray ionization quadrupole time-of-flight mass spectrometry and screening for their 
antioxidant properties. J Food Drug Anal 2017;25:776-88. 
PUBMED | CROSSREF

 32. Nair AB, Jacob S. A simple practice guide for dose conversion between animals and human. J Basic Clin 
Pharm 2016;7:27-31. 
PUBMED | CROSSREF

 33. Ebrahimzadeh Attari V, Ostadrahimi A, Asghari Jafarabadi M, Mehralizadeh S, Mahluji S. Changes of 
serum adipocytokines and body weight following Zingiber officinale supplementation in obese women: a 
RCT. Eur J Nutr 2016;55:2129-36. 
PUBMED | CROSSREF

 34. Webster GF, Webster TG, Grimes LR. Laboratory tests in patients treated with isotretinoin: occurrence of 
liver and muscle abnormalities and failure of AST and ALT to predict liver abnormality. Dermatol Online J 
2017;23:13030/qt7rv7j80p.
PUBMED

 35. Furukawa S, Fujita T, Shimabukuro M, Iwaki M, Yamada Y, Nakajima Y, Nakayama O, Makishima M, 
Matsuda M, Shimomura I. Increased oxidative stress in obesity and its impact on metabolic syndrome. J 
Clin Invest 2004;114:1752-61. 
PUBMED | CROSSREF

 36. Raval J, Lyman S, Nitta T, Mohuczy D, Lemasters JJ, Kim JS, Behrns KE. Basal reactive oxygen species 
determine the susceptibility to apoptosis in cirrhotic hepatocytes. Free Radic Biol Med 2006;41:1645-54. 
PUBMED | CROSSREF

 37. Cichoż-Lach H, Michalak A. Oxidative stress as a crucial factor in liver diseases. World J Gastroenterol 
2014;20:8082-91. 
PUBMED | CROSSREF

 38. Kim MJ, Kim HK. Perilla leaf extract ameliorates obesity and dyslipidemia induced by high-fat diet. 
Phytother Res 2009;23:1685-90. 
PUBMED | CROSSREF

 39. Bruunsgaard H, Ladelund S, Pedersen AN, Schroll M, Jørgensen T, Pedersen BK. Predicting death from 
tumour necrosis factor-alpha and interleukin-6 in 80-year-old people. Clin Exp Immunol 2003;132:24-31. 
PUBMED | CROSSREF

 40. Thomas SS, Cha YS, Kim KA. Effect of vegetable oils with different fatty acid composition on high-fat 
diet-induced obesity and colon inflammation. Nutr Res Pract 2020;14:425-37. 
PUBMED | CROSSREF

 41. Thomas SS, Cha YS, Kim KA. Perilla oil alleviates high-fat diet-induced inflammation in the colon of mice 
by suppressing nuclear factor-kappa B activation. J Med Food 2020;23:818-26. 
PUBMED | CROSSREF

 42. Chung HY, Lee EK, Choi YJ, Kim JM, Kim DH, Zou Y, Kim CH, Lee J, Kim HS, Kim ND, et al. Molecular 
inflammation as an underlying mechanism of the aging process and age-related diseases. J Dent Res 
2011;90:830-40. 
PUBMED | CROSSREF

 43. Kim J, Vaish V, Feng M, Field K, Chatzistamou I, Shim M. Transgenic expression of cyclooxygenase-2 
(COX2) causes premature aging phenotypes in mice. Aging (Albany NY) 2016;8:2392-406. 
PUBMED | CROSSREF

 44. Pandareesh MD, Chauhan V, Chauhan A. Walnut supplementation in the diet reduces oxidative damage 
and improves antioxidant status in transgenic mouse model of Alzheimer’s disease. J Alzheimers Dis 
2018;64:1295-305. 
PUBMED | CROSSREF

 45. Mehta SK, Gowder SJ. Members of Antioxidant Machinery and Their Functions. Basic Principles and 
Clinical Significance of Oxidative Stress. London: IntechOpen Ltd.; 2015. p.59-85.

 46. Ma Q. Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol Toxicol 2013;53:401-26. 
PUBMED | CROSSREF

 47. Espinosa-Diez C, Miguel V, Mennerich D, Kietzmann T, Sánchez-Pérez P, Cadenas S, Lamas S. 
Antioxidant responses and cellular adjustments to oxidative stress. Redox Biol 2015;6:183-97. 
PUBMED | CROSSREF

https://doi.org/10.4162/nrp.2022.16.5.549

Perilla extract ameliorates oxidative stress

https://doi.org/10.1111/j.1365-2621.2010.02250.x
http://www.ncbi.nlm.nih.gov/pubmed/28987353
https://doi.org/10.1016/j.jfda.2016.09.003
http://www.ncbi.nlm.nih.gov/pubmed/27057123
https://doi.org/10.4103/0976-0105.177703
http://www.ncbi.nlm.nih.gov/pubmed/26318445
https://doi.org/10.1007/s00394-015-1027-6
http://www.ncbi.nlm.nih.gov/pubmed/28537864
http://www.ncbi.nlm.nih.gov/pubmed/15599400
https://doi.org/10.1172/JCI21625
http://www.ncbi.nlm.nih.gov/pubmed/17145552
https://doi.org/10.1016/j.freeradbiomed.2006.07.023
http://www.ncbi.nlm.nih.gov/pubmed/25009380
https://doi.org/10.3748/wjg.v20.i25.8082
http://www.ncbi.nlm.nih.gov/pubmed/19444921
https://doi.org/10.1002/ptr.2811
http://www.ncbi.nlm.nih.gov/pubmed/12653832
https://doi.org/10.1046/j.1365-2249.2003.02137.x
http://www.ncbi.nlm.nih.gov/pubmed/33029284
https://doi.org/10.4162/nrp.2020.14.5.425
http://www.ncbi.nlm.nih.gov/pubmed/32552354
https://doi.org/10.1089/jmf.2019.4675
http://www.ncbi.nlm.nih.gov/pubmed/21447699
https://doi.org/10.1177/0022034510387794
http://www.ncbi.nlm.nih.gov/pubmed/27750221
https://doi.org/10.18632/aging.101060
http://www.ncbi.nlm.nih.gov/pubmed/30040727
https://doi.org/10.3233/JAD-180361
http://www.ncbi.nlm.nih.gov/pubmed/23294312
https://doi.org/10.1146/annurev-pharmtox-011112-140320
http://www.ncbi.nlm.nih.gov/pubmed/26233704
https://doi.org/10.1016/j.redox.2015.07.008


564https://e-nrp.org

 48. Bryan HK, Olayanju A, Goldring CE, Park BK. The Nrf2 cell defence pathway: Keap1-dependent and 
-independent mechanisms of regulation. Biochem Pharmacol 2013;85:705-17. 
PUBMED | CROSSREF

 49. Kharaeva Z, Gostova E, De Luca C, Raskovic D, Korkina L. Clinical and biochemical effects of coenzyme 
Q(10), vitamin E, and selenium supplementation to psoriasis patients. Nutrition 2009;25:295-302. 
PUBMED | CROSSREF

 50. Yang SY, Hong CO, Lee H, Park SY, Park BG, Lee KW. Protective effect of extracts of Perilla frutescens 
treated with sucrose on tert-butyl hydroperoxide-induced oxidative hepatotoxicity in vitro and in vivo. Food 
Chem 2012;133:337-43. 
PUBMED | CROSSREF

 51. Kim MK, Lee HS, Kim EJ, Won NH, Chi YM, Kim BC, Lee KW. Protective effect of aqueous extract of 
Perilla frutescens on tert-butyl hydroperoxide-induced oxidative hepatotoxicity in rats. Food Chem 
Toxicol 2007;45:1738-44. 
PUBMED | CROSSREF

https://doi.org/10.4162/nrp.2022.16.5.549

Perilla extract ameliorates oxidative stress

http://www.ncbi.nlm.nih.gov/pubmed/23219527
https://doi.org/10.1016/j.bcp.2012.11.016
http://www.ncbi.nlm.nih.gov/pubmed/19041224
https://doi.org/10.1016/j.nut.2008.08.015
http://www.ncbi.nlm.nih.gov/pubmed/25683404
https://doi.org/10.1016/j.foodchem.2012.01.037
http://www.ncbi.nlm.nih.gov/pubmed/17467864
https://doi.org/10.1016/j.fct.2007.03.009

	Green perilla leaf extract ameliorates long-term oxidative stress induced by a high-fat diet in aging mice
	INTRODUCTION
	MATERIALS AND METHODS
	Antioxidant assay of DPPH radical scavenging activity of perilla extract in vitro

	Assay of ABTS•+scavenging activity of perilla extract
	Animals and diets
	Serum and tissue sample collection
	Fasting blood glucose concentrations
	Lipid profiles in liver and serum
	Histology analyses
	Biochemical analyses
	Total mRNA isolation and qRT-PCR
	Statistical analysis

	RESULTS
	Assay of ABTS•+ scavenging activity of PE
	Effect of PE on body weight, liver weight, and feed intake
	Effect of PE on fasting blood glucose and serum TNF-α
	Effect of PE on hepatic histology, serum and liver lipid profiles
	Effect of PE on oxidative stress markers in serum and liver
	Effect of PE on mRNA expression in oxidative stress related proteins and inflammatory cytokines in liver

	DISCUSSION
	REFERENCES


