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Abstract: Lemon balm and dandelion are commonly used medicinal herbs exhibiting numerous
pharmacological activities that are beneficial for human health. In this study, we explored the
protective effects of a 2:1 (w/w) mixture of lemon balm and dandelion extracts (MLD) on carbon
tetrachloride (CCl4)-induced acute liver injury in mice. CCl4 (0.5 mL/kg; i.p.) injection inhibited
body weight gain and increased relative liver weight. Pre-administration of MLD (50–200 mg/kg)
for 7 days prevented these CCl4-mediated changes. In addition, histopathological analysis revealed
that MLD synergistically alleviated CCl4-mediated hepatocyte degeneration and infiltration of
inflammatory cells. MLD decreased serum aspartate aminotransferase and alanine transferase
activities and reduced the number of liver cells that stained positive for cleaved caspase-3 and
cleaved poly(ADP-ribose) polymerase, suggesting that MLD protects against CCl4-induced hepatic
damage via the inhibition of apoptosis. Moreover, MLD attenuated CCl4-mediated lipid peroxidation
and protein nitrosylation by restoring impaired hepatic nuclear factor erythroid 2-related factor
2 mRNA levels and its dependent antioxidant activities. Furthermore, MLD synergistically decreased
mRNA and protein levels of tumor necrosis factor-α, interleukin-1β, and interleukin-6 in the liver.
Together, these results suggest that MLD has potential for preventing acute liver injury by inhibiting
apoptosis, oxidative stress, and inflammation.

Keywords: 2:1 (w/w) mixture of lemon balm and dandelion extracts (MLD); carbon tetrachloride
(CCl4); acute liver injury; antioxidant; anti-inflammation

1. Introduction

The production of reactive oxygen species (ROS) and reactive nitrogen species (RNS)
is indispensable for aerobic organisms and tightly regulated by a sophisticated system.
ROS under normal physiological conditions act as secondary messengers responsible for
the regulation of diverse cellular processes including cell proliferation, gene expression,
and antimicrobial defenses [1]. However, oxidative and nitrosative stress, caused by an
imbalance of redox homeostasis resulting in an excessive and chronic accumulation of
ROS/RNS, inhibits the function of various biomolecules and changes the permeability
of plasma and subcellular membranes, which in turn triggers cell death [2]. In addition,
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oxidative stress initiates a vicious cycle of tissue injury by causing the release of diverse
damage-associated molecular patterns from injured cells, activating neighboring immune
cells, producing proinflammatory cytokines, and accelerating inflammation-mediated
tissue injury [3]. Due to the high consumption of oxygen when metabolizing xenobiotic
or endogenous substances, the liver is one of the primary organs susceptible to oxidative
damage [4]. Hence, oxidative stress remains central to the onset and progression of liver
disease regardless of disease etiology, with effects seen in drug- and alcohol-induced liver
injury, nonalcoholic fatty liver disease, viral hepatitis, fibrosis, cirrhosis, and cancer [2,4].

Due to the critical role of oxidative stress in liver disease, herbs possessing antioxidant
and anti-inflammatory activities have garnered significant attention due to their poten-
tial to manage liver disease with fewer side effects [4]. Lemon balm (Melisa officinalis L.;
Lamiaceae family) is an fragrant herb that has been traditionally used for the treatment of
anxiety, depression, and heart disease, as well as an enhancer of cognitive function [5,6].
Numerous studies of lemon balm have revealed a wide array of pharmacological activities,
including antioxidant, anti-inflammation, anti-nociceptive, neuroprotective, hypoglycemic,
and hypolipidemic activities [5]. Furthermore, lemon balm extract has been reported to
restore impaired lipids metabolism in the liver [7]. In addition, throughout East Asia,
dandelion (Taraxacum officinale [L.] Weber ex F.H.Wigg; Asteraceae family) is known to
reduce inflammation in the liver and lung [8]. Modern scientific studies have sought to
validate many of these potential benefits, revealing a range of benefits that include diuretic,
antioxidative, anti-inflammatory, and anti-cancer activities [8]. Moreover, dandelion ex-
tract was shown to prevent a wide range of liver diseases induced by hepatotoxins (e.g.,
carbon tetrachloride (CCl4), acetaminophen, and alcohol) or diet in experimental animal
models [9–13] and sensitize the tumor necrosis factor (TNF)-related apoptosis-inducing
ligand-mediated cell death of hepatocellular carcinoma cells [14]. However, more studies
are needed on the hepatoprotective effect of the combination of two herbs.

As an effort to discover valuable hepatoprotective medicinal herbs, we previously
found that leaf extracts from lemon balm and dandelion significantly alleviated CCl4-
mediated acute liver injury. Of the diverse combination of ratios tested, a 2:1 (w/w) mixture
of lemon balm and dandelion extracts (MLD) exhibited the most potent hepatoprotective ef-
fect against CCl4 [15]. Therefore, the present study investigated the dose-dependent effects
of MLD on CCl4-induced acute liver injury, in comparison with silymarin, a representative
natural product used as protection against diverse stages of liver disease, and each herbal
extract alone. Furthermore, the effects of MLD on hepatocyte apoptosis, oxidative stress,
and inflammation were assessed to elucidate MLD’s response mechanism in CCl4-induced
acute liver injury.

2. Materials and Methods
2.1. Preparation of MLD and Reagents

Lemon balm leaf extract (LB) and dandelion leaf extract (DL) were supplied by Evear
Extraction (Coutures, France). LB and DL were dissolved in distilled water and mixed at a
ratio of 2:1 (w/w) for preparing MLD. Anti-cleaved poly(ADP-ribose) polymerase (PARP)
and anti-cleaved caspase-3 were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) and Cell Signaling Technology (Beverly, MA, USA), respectively. The antibody
used to direct nitrotyrosine was obtained from Millipore (Temecula, CA, USA), and the
anti-4-hydroxynonenal antibody from Abcam (Cambridge, UK). CCl4, olive oil, silymarin,
hematoxylin and eosin staining solution, and other reagents were supplied by Sigma-
Aldrich (St. Louis, MO, USA).

2.2. Animal Husbandry and Treatment

Eighty male SPF/VAF Outbred CrlOri:CD1 (ICR) mice (age 6 weeks; body weight,
29–32 g) were supplied by OrientBio (Seungnam, Korea) and maintained in standard
conditions (temperature, 20–25 ◦C; relative humidity 30–35%; light:dark cycle, 12:12 h;
food and water, ad libitum). After acclimatization for 7 days, the mice were divided into the
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following eight groups (n = 10 mice per group): vehicle, CCl4, CCl4 + silymarin, CCl4 + LB,
CCl4 + DL, CCl4 + MLD 200, CCl4 + MLD 100, and CCl4 + MLD 50. After herbal extract or
silymarin was dissolved in distilled water, 200 mg/kg silymarin, 100 mg/kg LB, 100 mg/kg
DL, or three doses of MLD (50, 100, or 200 mg/kg) were orally administered to ICR mice
once daily for 7 days (i.e., the first administration of herbal extract or silymarin = day 0).
To induce acute liver injury, CCl4 (0.5 mL/kg in olive oil; i.p.) was injected at 1 h after
treatment with herbal extracts or silymarin on day 6. Vehicle group were treated with equal
volumes of distilled water and olive oil. Concentrations of silymarin, herbal extracts, and
CCl4 were determined based on previous reports [15,16]. At 24 h after CCl4 treatment,
animals were anesthetized under 2–3% isoflurane and euthanized by cervical dislocation.

2.3. Body Weight Gain and Relative Liver Weight

Before measuring body weight using a balance (XB320M; Precisa Instrument, Zürich,
Switzerland), all mice were fasted for 12 h to minimize differences from feeding. Body weight
gain was calculated from the weight differences between days 7 and 0, and relative liver
weight was calculated as the proportion of the liver weight to body weight on day 7.

2.4. Histology and Immunohistochemistry

Paraffin-embedded sectioning of the liver followed by hematoxylin and eosin staining
was conducted as described previously [15,16]. A certified pathologist observed the stained
tissues under a light microscope (Eclipse 80i; Nikon, Tokyo, Japan), counted the number
of degenerated hepatocytes and infiltrated inflammatory cells, and assessed the modified
histological activity index (HAI) score as described previously [16,17]. In addition, hepatic
tissues were immunostained using specific primary antibodies with an appropriate avidin-
biotin-peroxidase complex and a peroxidase substrate kit (Vector Labs, Burlingame, CA,
USA) as described previously [16]. Hepatic parenchymal cells around the central vein
showing over 20% of immunoreactivity were counted as positive cells using an automated
image analyzer (iSolution FL ver 9.1; IMT i-solution Inc., Burnaby, BC, Canada).

2.5. Measurement of Serum Aspartate Aminotransferase (AST) and Alanine Aminotransferase
(ALT) Activities

Blood collected from the vena cava were centrifuged to obtain the serum. Serum AST
and ALT activities were measured using an automated blood analyzer (Dri-Chem NX500i;
Fuji Medical System, Tokyo, Japan).

2.6. Measurement of Lipid Peroxidation

Liver homogenates were prepared by homogenization in Tris buffer (0.01 M; pH 7.4)
followed by centrifugation at 12,000× g for 15 min. The resulting supernatants were reacted
with thiobarbituric acid at 100 ◦C for 90 min. Absorbance at 525 nm was monitored using
a spectrophotometer (OPTZEN POP; Mecasys, Daejeon, Korea). The concentration of
malondialdehyde was calculated by interpolating a standard curve and normalized to
protein concentration.

2.7. Real-Time Polymerase Chain Reaction (PCR)

Total RNA was isolated from hepatic tissues using TRIzol reagent (Invitrogen, Carls-
bad, CA, USA), and reverse-transcribed using an oligo (dT)16. Real-time PCR was con-
ducted, as described previously [18]. Primer sequences are listed in Table 1. The relative
quantification of specific genes was conducted using β-actin as an endogenous control, as
described previously [19].
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Table 1. Primer sequences for amplifying specific genes.

Gene
Name Forward Primer Backward Primer GenBank

ID
Amplicon
Size (bp)

Nrf2 5′-CGAGATATACGCAGGA
GAGGTAAGA-3′

5′-GCTCGACAATGTTCTC
CAGCTT-3′ AH006764.2 79

TNF-α 5′-GATCCGAGACGTGGAA
CTGG-3′

5′-AGTTCAGTAGACAGA
AGAGC-3′ AB039227.1 140

IL-1β 5′-ATGGCAACTGTTCCTGA
ACT-3′

5′-CAGGACAGGTATAGA
TTCTT-3′ NM_008361.3 563

IL-6 5′-TTCCATCCAGTTGCCTT
CTT-3′

5′-ATTTCCACGATTTCCCA
GAG-3′ DQ788722.1 170

β-actin 5′-GCTGAGAGGGAAATCG
TGCGT-3′

5′-GAAGCATTTGCGGTGC
ACGATG-3′ NM_007393.5 516

2.8. Determination of Glutathione Level, and Superoxide Dismutase (SOD) and Catalase Activities

Glutathione levels and SOD and catalase activities in the liver homogenates were
measured [18] and normalized to protein concentration.

2.9. Enzyme-Linked Immunosorbent Assay (ELISA)

Liver tissues were homogenized in radioimmunoprecipitation assay buffer using a
bead beater (TacoTM Prep; GeneReach Biotechnology, Taichung, Taiwan) and an ultrasonic
cell disruptor (KS-750; Madell Technology, Ontario, CA, USA), incubated on ice for 30 min,
and centrifuged at 20,000× g for 15 min. Protein level of TNF-α, interleukin (IL)-1β, and
IL-6 was read on an automated microplate reader (Sunrise; Tecan, Männedorf, Switzerland)
in accordance with the manufacturer’s instructions (MyBioSource, San Diego, CA, USA).

2.10. Statistical Analyses

All numerical values were presented as the mean± standard deviation (SD) of 10 mice.
One-way analysis of variance or Welch test was conducted to compare means among exper-
imental groups. Tukey honestly significant difference (for equal variances) or Dunnett’s T3
test (for unequal variances) was used as post-hoc analysis, with p values < 0.05 considered
as significance.

3. Results
3.1. MLD Synergistically Protects the Liver in CCl4-Treated Mice

To investigate the hepatoprotective effects of MLD, CCl4 (0.5 mL/kg in olive oil;
i.p.) was treated once into mice that had been administered with silymarin (200 mg/kg),
LB (100 mg/kg), DL (100 mg/kg), or MLD (200, 100, or 50 mg/kg) for 7 days. On
day 0, body weight of vehicle-treated group was 30.15 ± 0.84 g, and there were no
differences among experimental groups. Body weight on day 7 after treatment with
CCl4, CCl4 + silymarin, CCl4 + LB, CCl4 + DL, CCl4 + MLD 200, CCl4 + MLD 100, and
CCl4 + MLD 50 was 88.65 ± 4.49, 95.66 ± 4.80, 95.83 ± 6.02, 93.91 ± 4.75, 101.39 ± 5.17,
100.44 ± 3.26, and 101.15 ± 5.75% of vehicle-treated group, respectively. Compared to the
vehicle, CCl4 injection significantly decreased body weight gain (p < 0.01; Figure 1a), and
this was parallel with previous observation that CCl4 causes anorexia [15,20]. However,
MLD (50–200 mg/kg) significantly inhibited the CCl4-mediated reduction in body weight
gain (p < 0.01). In addition, three doses of MLD tended to further increase the body weight
gain compared to silymarin, LB, or DL. But body weight gains due to silymarin versus
100–200 mg/kg MLD, LB versus 200 mg/kg MLD, and DL versus 100 mg/kg MLD were
only statistically significant (p < 0.05; Figure 1a). Furthermore, CCl4-mediated increases in
relative liver weight were significantly attenuated by the three doses of MLD, silymarin,
LB, and DL (p < 0.01; Figure 1b). The magnitude of the MLD-mediated reduction in relative
liver weight was greater than that associated with silymarin or either of the herbal extracts
alone (p < 0.01; Figure 1b).
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Figure 1. Effects of mixture of lemon balm and dandelion extracts (MLD) on body weight gain and relative liver weight in
CCl4-treated mice. Mice were treated with silymarin (Sily), lemon balm leaf extract (LB), dandelion leaf extract (DL) or
one of three doses of MLD once daily for 7 days. On day 6, CCl4 was injected at 1 h after the final administration of herbal
drugs. Body weight gain (a) and relative liver weight (b) were measured. All values are expressed as mean ± SD of ten
mice. ** p < 0.01 between the vehicle and CCl4 groups; ## p < 0.01, # p < 0.05 versus CCl4-injected mice; ++ p < 0.01, + p < 0.05
between Sily- and MLD-treated mice; $$ p < 0.01, $ p < 0.05 between LB- and MLD-treated mice; && p < 0.01, & p < 0.05
between DL- and MLD-treated mice.

Histopathological analyses using hematoxylin and eosin-stained tissue sections in-
dicated that CCl4 increased modified HAI scores as a result of hepatocyte degeneration
and infiltration of inflammatory cells into the hepatic parenchyma (p < 0.01). These CCl4-
induced hepatic histopathological changes were significantly prevented by the adminis-
tration of 50–200 mg/kg MLD (p < 0.01; Figure 2a,b). These three different doses of MLD
yielded a greater reduction in CCl4-induced acute hepatic damage relative to silymarin or
either of the herbal extracts alone, though statistically significant differences in the number
of degenerated hepatocytes was only seen in the 200 mg/kg MLD-administered group
(p < 0.01; Figure 2b, upper). Although the magnitude of the decrease in the number of
degenerated hepatocytes seen in the 100 mg/kg MLD group was greater than that seen in
either the LB (p < 0.05) or DL (p < 0.05) groups, no differences were evident between the
100 mg/kg MLD and silymarin groups. Furthermore, the decrease in number of degener-
ated hepatocytes seen in the 50 mg/kg MLD group was not statistically different than that
seen in the silymarin, LB, or DL group (Figure 2b, upper). Finally, the magnitude of the
decreases in number of infiltrated inflammatory cells and modified HAI scores induced
by 50–200 mg/kg MLD was greater than that associated with silymarin or either of the
herbal extracts alone, with the exception of the comparison between LB and 50 mg/kg
MLD (p < 0.05, number of infiltrated inflammatory cells in the DL versus the 50 mg/kg
MLD group; p < 0.05, modified HAI score in the LB versus the 100 mg/kg MLD group, in
the silymarin versus the 50 mg/kg MLD group, and in the DL versus the 50 mg/kg MLD
group; p < 0.01, other comparisons; Figure 2b, middle and lower).

3.2. MLD Synergistically Attenuates Hepatocyte Apoptosis

To explore whether MLD protects the liver by reducing hepatocyte damage, we mea-
sured the activities of serum biomarkers related to hepatotoxicity. Administration of MLD
at three different doses, silymarin, LB, or DL significantly attenuated CCl4-mediated in-
creases in serum AST and ALT activities (p < 0.01). The effects seen in response to the
three doses of MLD were more potent than those seen in response to silymarin, LB, or DL
(p < 0.05, AST activity in the LB versus the 50 mg/kg MLD group; p < 0.01, other com-
parisons; Figure 3a). Next, we quantified the number of apoptotic cells via immunohisto-
chemical staining of hepatic tissues using antibodies against cleaved caspase-3 and cleaved
PARP. Compared to the vehicle, CCl4 injection significantly increased the numbers of
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cleaved caspase-3- and cleaved PARP-positive cells in hepatic tissue (p < 0.01; Figure 3b,c),
indicating that CCl4 provokes apoptosis in hepatocytes. By contrast, the three doses of
MLD, silymarin, LB, and DL all significantly inhibited the increases in number of cleaved
caspase-3- and cleaved PARP-positive cells (p < 0.05, number of cleaved PARP-positive
cells in the CCl4 versus the DL group; p < 0.01, other comparisons; Figure 3b,c). Moreover,
the magnitude of the inhibition by MLD was greater than that by silymarin or either of the
herbal extracts alone (p < 0.05, number of cleaved caspase-3-positive cells in the silymarin
versus the 100 mg/kg MLD group and in the LB versus the 50 or 100 mg/kg MLD group;
p < 0.05, number of cleaved PARP-positive cells in the LB or DL versus the 50 mg/kg MLD
group; p < 0.01, other comparisons; Figure 3c).
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Figure 3. MLD attenuates apoptosis of hepatocytes. (a) Effects of MLD on serum AST and ALT activities. (b) Hepatic tissues
were immunostained using cleaved caspase-3 or cleaved polymerase (PARP) antibodies. Scale bars, 200 µm. (c) Positive
cells in the hepatic parenchyma around the central vein were counted. All values are expressed as mean ± SD of ten mice.
** p < 0.01 between the vehicle and CCl4 groups; ## p < 0.01, # p < 0.05 versus CCl4-injected mice; ++ p < 0.01, + p < 0.05
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between DL- and MLD-treated mice. CV, central vein.

3.3. MLD Synergistically Alleviates CCl4-Mediated Oxidative Stress by Restoring
Antioxidant Activity

To investigate whether MLD prevents CCl4-induced hepatic apoptosis by reducing
oxidative stress, hepatic tissues were immunohistochemically stained using a nitrotyro-
sine (a marker of nitrosative stress) antibody. Compared to the vehicle, CCl4 significantly
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increased the number of nitrotyrosine-positive cells in the liver (p < 0.01; Figure 4a, left
and Figure 4b, upper). Although administration of silymarin or DL attenuated the CCl4-
mediated increases in number of nitrotyrosine-positive cells, these differences were not
statistically significant. However, all three doses of MLD and LB significantly decreased
the number of nitrotyrosine-positive cells, relative to CCl4 treatment (p < 0.01, CCl4 ver-
sus MLD; p < 0.05, CCl4 versus LB), and the magnitude of the reduction in number of
nitrotyrosine-positive cells by MLD was greater than that by silymarin or either of the
single herbal extracts alone (p < 0.01; Figure 4b, upper). Immunohistochemical staining of
4-hydroxynonenal and quantification of malondialdehyde were conducted to assess the
effects of MLD on hepatic lipid peroxidation. CCl4-mediated increases in lipid peroxidation
were significantly inhibited by the three different doses of MLD (p < 0.01; Figure 4a, right;
Figure 4b, lower; and Figure 4c). The inhibition of 4-hydroxynonenal-positive cells and
malondialdehyde by 100 or 200 mg/kg MLD was more potent than that seen in response
to silymarin or either of the herbal extracts alone (p < 0.01; Figure 4b, lower and Figure 4c).
Although the magnitude of the reduction in number of 4-hydroxynonenal-positive cells
induced by 50 mg/kg MLD was greater than that induced by DL (p < 0.01), the number of
4-hydroxynonenal-positive cells observed in the 50 mg/kg MLD group did not differ from
that in either the silymarin or LB group (Figure 4b, lower). In addition, 50 mg/kg MLD
synergistically decreased malondialdehyde levels in comparison to silymarin or either of
the herbal extracts alone (p < 0.05, LB versus 50 mg/kg MLD; p < 0.01, other comparisons;
Figure 4c).
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Figure 4. MLD alleviates CCl4-mediated oxidative stress. Hepatic tissues were immunostained
using anti-nitrotyrosine or anti-4-hydroxynonenal antibodies (a), and positive cells were counted
(b). Scale bars, 200 µm. (c) Lipid peroxidation. Malondialdehyde concentration was determined
using liver homogenates. All values are expressed as mean ± SD of ten mice. ** p < 0.01 between
the vehicle and CCl4 groups; ## p < 0.01, # p < 0.05 versus CCl4-injected mice; ++ p < 0.01 between
Sily- and MLD-treated mice; $$ p < 0.01, $ p < 0.05 between LB- and MLD-treated mice; && p < 0.01
between DL- and MLD-treated mice. CV, central vein.
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Next, we explored the effects of MLD on antioxidant activity in CCl4-treated mice.
Compared to the vehicle, CCl4 injection significantly reduced the mRNA levels of nuclear
factor erythroid 2-related factor 2 (Nrf2) (p < 0.01; Figure 5a), an important transcription
factor for antioxidant gene expression [21]. Administration of MLD, silymarin, LB, and
DL significantly reversed the reduction in levels of Nrf2 mRNA (p < 0.05, CCl4 versus DL;
p < 0.01, other comparisons). This restoration of Nrf2 mRNA by three different doses of
MLD was more potent than that by silymarin or either the herbal extracts alone (p < 0.01;
Figure 5a). Consistent with the reduction in Nrf2 mRNA levels, CCl4 also significantly
depleted glutathione (an endogenous antioxidant) levels and inhibited SOD and catalase
activities (p < 0.01; Figure 5b–d). All three doses of MLD significantly alleviated the
depletion of glutathione and the reduction of SOD and catalase activities (p < 0.01), with
the magnitude of these restorative effects greater than those seen in response to silymarin
or either of the herbal extracts alone (p < 0.05, glutathione levels in the silymarin versus the
50 mg/kg MLD group; p < 0.05, SOD activity in the silymarin versus the 100 mg/kg MLD
group and in the LB versus the 50 or 100 mg/kg MLD group; p < 0.05, catalase activity in
the DL versus 50 or 100 mg/kg MLD group; p < 0.01, other comparisons; Figure 5b–d),
except for glutathione levels, which did not differ significantly between the 50 mg/kg MLD
group and the LB group (Figure 5b).
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Figure 5. MLD increases antioxidant activities in CCl4-treated mice. Effects of MLD on Nrf2 mRNA levels (a), glutathione
levels (b), SOD activity (c), and catalase activity (d) in hepatic tissues. All values are expressed as mean ± SD of ten mice.
** p < 0.01 between the vehicle and CCl4 groups; ## p < 0.01, # p < 0.05 versus CCl4-injected mice; ++ p < 0.01, + p < 0.05
between Sily- and MLD-treated mice; $$ p < 0.01, $ p < 0.05 between LB- and MLD-treated mice; && p < 0.01, & p < 0.05
between DL- and MLD-treated mice.
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3.4. MLD Synergistically Decreases the Levels of Proinflammatory Cytokines in CCl4-Treated Mice

To explore whether MLD protects the liver by reducing CCl4-induced inflammation,
mRNA and protein levels of proinflammatory cytokines were measured using real-time
PCR and ELISA, respectively. CCl4 significantly increased the mRNA and protein levels
of TNF-α (p < 0.01; Figure 6a), IL-1β (p < 0.01; Figure 6b), and IL-6 (p < 0.01; Figure 6c)
compared to the vehicle. Administration of three different doses of MLD significantly
inhibited the increases in mRNA and protein levels of proinflammatory cytokines induced
by CCl4 (p < 0.01; Figure 6a–c). The magnitude of the inhibition in mRNA and protein levels
by MLD was greater than that achieved in response to silymarin or either of the herbal
extracts alone (p < 0.05, IL-1β protein levels in the silymarin or DL versus the 50 mg/kg
MLD group; p < 0.01, other comparisons; Figure 6a–c), with the exception of TNF-α protein
levels in the 50 mg/kg MLD and IL-1β protein levels in the 50–100 mg/kg MLD group,
which did not differ significantly from those in the LB group.
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Figure 6. MLD inhibits the production of proinflammatory cytokines in CCl4-treated mice. Levels of mRNA (left) and
proteins (right) of TNF-α (a), IL-1β (b), and IL-6 (c) in the liver were determined using real-time PCR and ELISA, respectively.
All values are expressed as mean ± SD of ten mice. ** p < 0.01 between the vehicle and CCl4 groups; ## p < 0.01, # p < 0.05
versus CCl4-injected mice; ++ p < 0.01, + p < 0.05 between Sily- and MLD-treated mice; $$ p < 0.01 between LB- and
MLD-treated mice; && p < 0.01, & p < 0.05 between DL- and MLD-treated mice.
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4. Discussion

Recent advances in pharmacognostics have revealed that a wide range of bioactive
compounds are present in medicinal herbs. Of these, phytochemical studies have iden-
tified numerous volatile compounds (e.g., geranial and neral), polyphenolic compounds
(e.g., rosmarinic acid, luteolin, and naringin), and terpenoids (e.g., ursolic acid) in lemon
balm [5]. Similarly, numerous polyphenolic compounds (e.g., chicoric acid, chlorogenic
acid, luteolin, and isorhamnetin), terpenoids (e.g., taraxacinic acids), and alkaloids (e.g.,
taraxacine and taraxafolin) have been isolated from the aerial parts of dandelion [8]. The
vast majority of antioxidant and anti-inflammatory activities of herbs are attributed to the
presence of polyphenols. Two such compounds, rosmarinic acid and chicoric acid are both
enriched in lemon balm and dandelion [6,22] and are effectively solubilized in MLD (e.g.,
34.07 ± 0.55 mg/g rosmarinic acid and 2.26 ± 0.01 mg/g chicoric acid) [23]. Because it has
been reported that the aforementioned polyphenolic compounds can attenuate oxidative
stress-mediated liver injury [24–29], not only the presence of these polyphenols but also
other unidentified compounds in MLD may collaboratively contribute to protect the liver
against CCl4-induced acute liver damage. Further studies are warranted to elucidate the
major bioactive compounds in MLD.

The results presented here indicated that MLD synergistically prevented CCl4-mediated
increases in hepatocyte degeneration characterized by ballooning, fatty vacuole formation,
and eosinophilic cell death. In addition, MLD significantly reduced the serum activities of
ALT and AST that were released from injured hepatocytes into the bloodstream, suggesting
that MLD protects hepatocytes from CCl4-mediated acute injury effectively. Although
centrilobular necrosis of hepatocytes has been identified as the predominant form of patho-
logical death induced by CCl4 [30], other types of programmed cell death (e.g., pyroptosis,
necroptosis, and apoptosis) are also associated with CCl4-induced liver injury [16,25,31,32].
Mitochondria, core subcellular organelles for the activation of the intrinsic apoptotic path-
way, are the primary organelles targeted by CCl4. Exposure to CCl4 has been shown to
downregulate mitochondrial membrane potential and promote the opening of transition
pores, leading to the release of Ca2+ and membrane proteins (e.g., cytochrome c) into the
cytoplasm, thereby facilitating the cleavage of initiator caspases through the activation
of the apoptosome complex [30,32]. In addition, it has been reported that CCl4 activates
the death receptor-dependent extrinsic apoptotic pathway by increasing the expression
of Fas, Fas ligand, and the Fas-associated death domain in the liver [33,34]. Cleavage of
executor caspases (e.g., caspase-3) caused by the activation of both apoptotic pathways
facilitates the disruption of the nuclear envelope, inactivation of DNA repair enzymes (e.g.,
PARP), and fragmentation of chromosomes [35]. Although the effects of MLD on other
types of cell death will require further study, the results presented here showing that MLD
decreased the number of cleaved caspase-3- and cleaved PARP-positive cells in the hepatic
tissues provide clear evidence that MLD-dependent hepatic protection from CCl4 can be
attributed to the inhibition of apoptosis.

CCl4 absorbed by hepatocytes is primarily metabolized by cytochrome P450 2E1,
producing trichloromethyl and trichloromethylperoxyl radicals in the process, which in
turn accelerates lipid peroxidation by extracting hydrogen from polyunsaturated fatty
acids [30]. Among the major oxidation products, 4-hyroxynonenal preferentially reacts
with thiol-containing redox signaling proteins, resulting in mitochondrial dysfunction
via the inactivation of mitochondrial ATPase [36]. In addition, CCl4 directly produces
ROS and RNS via the uncoupling of oxidative phosphorylation in the mitochondrial
membrane and induction of inducible nitric oxide synthase [30,37]. In parallel with our
previous report [16], we showed that hepatic lipid peroxidation (e.g., 4-hydroxynonenal
and malondialdehyde) and nitrotyrosine levels were increased in the CCl4-treated mice,
suggesting that CCl4 induces hepatic oxidative stress, which was synergistically attenuated
by MLD administration.

Nrf2 interacted with Keap1 is continuously degraded by the ubiquitin-proteasome
system. Oxidative stress allows Nrf2 to dissociate from Keap1 and translocate into the
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nucleus, where Nrf2 induces the transcription of diverse antioxidant genes, such as gluta-
mate cysteine ligase (an enzyme involved in the glutathione biogenesis), SOD, catalase,
and NAD(P)H: quinone oxidoreductase 1, which act as a defense against oxidative stress-
mediated cell injury [21]. Because genetic ablation of Nrf2 potentiates the severity of
liver injury in experimental animals [38–40], Nrf2 is regarded as a key transcription factor
coping with oxidative stress and inflammation in the liver. Consistent with previous re-
ports [41,42], the results presented here showed that CCl4 downregulated hepatic mRNA
levels of Nrf2, resulting in the depletion of hepatic glutathione, and reduced SOD and
catalase activities, which may facilitate liver injury via the disruption of the antioxidant
response. Moreover, our preliminary results using HepG2 cells (hepatocyte-surrogate cells)
indicate that MLD significantly transactivated antioxidant response element-harboring
reporter genes and induced the mRNA level of NAD(P)H: quinone oxidoreductase 1 in a
concentration-dependent manner [23]. Together, these results indicate that MLD synergisti-
cally restored impaired Nrf2 mRNA expression as well as antioxidant defense responses,
suggesting that MLD-mediated Nrf2 activation protects against CCl4-mediated liver injury
by alleviating oxidative stress.

Present results revealed that MLD significantly decreased the CCl4-mediated infil-
tration of inflammatory cells and the production of proinflammatory cytokines. Among
the proinflammatory cytokines produced, TNF-α is unique in terms of its rapid induction
and ability to induce cell death after CCl4 injection [30,43]. The targeted disruption of
TNF-α or TNF receptor I has been shown to attenuate hepatic injury and decrease ALT
activity induced by CCl4 [44], implying that TNF-α is the most important cytokine for
the progression of CCl4-mediated acute liver injury. In addition, TNF-α accelerates the
infiltration of inflammatory cells into the damaged lesions by upregulating the expression
of adhesion molecules [44]. The subsequent binding of TNF-α to receptors expressed by
these inflammatory cells and damaged hepatocytes activates diverse signaling cascades
including that of nuclear factor-κB (NF-κB) which further stimulate the production of
proinflammatory cytokines (e.g., IL-1β and IL-6) [30,45]. Moreover, the CCl4-mediated
release of damage-associated molecular patterns from injured hepatocytes activates py-
roptosis [25] and may promote the maturation and secretion of IL-1β. In parallel with a
previous report [46], our preliminary results also showed that MLD synergistically blocked
the increases in mRNA levels of Rel A, a major subunit of NF-κB, induced by CCl4 (data not
shown). Furthermore, it has been reported that the induction of Nrf2-dependent antioxi-
dant genes regulates the production of proinflammatory cytokines by inhibiting NF-κB [47].
More interestingly, Nrf2 inhibits the transcription of proinflammatory cytokines via direct
binding to the promoter [48]. Therefore, the downregulation of NF-κB as well as the
activation of Nrf2 by MLD may help to inhibit hepatic inflammation, thereby attenuating
inflammation-mediated hepatocyte injury in CCl4-treated mice.

As a process to develop novel functional food for preventing liver disease, we previ-
ously found that MLD (200 mg/kg) was the most potent hepatoprotective herbal mixture
against CCl4 when mice were given fixed doses of lemon balm and dandelion herbal
extracts at various combination ratios (e.g., 1:1, 1:2, 1:4, 1:6, 1:8, 2:1, 4:1, 6:1, and 8:1) [15]. In
the present study, the doses-dependent hepatoprotective effects of MLD were compared
to silymarin as well as to each single herbal extract alone. The hepatoprotective effects
of either 100 or 200 mg/kg of MLD were more potent than those of either herbal extract
(100 mg/kg each). Although the majority of biochemical and histopathological parameters
assessed in the 50 mg/kg MLD group improved significantly, the body weight gain, num-
ber of degenerated hepatocytes, inflammatory cell counts, modified HAI score, number
of 4-hydroxynonenal-positive cells, glutathione levels, hepatic TNF-α protein levels, and
hepatic IL-1β protein levels did not differ from those observed in response to single herbal
extracts alone. Moreover, the magnitude of MLD-mediated hepatic protection was greater
than that mediated by silymarin, with the exception of numbers of degenerated hepatocytes
and 4-hydroxynonenal-positive cells.
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5. Conclusions

In conclusion, the present results showed that MLD synergistically alleviated CCl4-
mediated acute liver injury by inhibiting apoptosis, oxidative stress, and proinflammatory
cytokine production. In addition, oxidative stress and inflammation are considered the
major etiology in the progression of chronic liver disease. If additional experiments for
verifying the beneficial effect of MLD on the chronic liver disease are conducted appropri-
ately, MLD may be a promising functional food for the treatment or prevention of oxidative
stress-mediated acute and chronic liver injury.
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