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Abstract: Several in vitro studies have shown the potential hepatoprotective properties of eckol,
a natural phlorotannin derived from the brown alga. However, the in vivo hepatoprotective
potential of eckol has not been determined. In this study, we performed an in vivo study to
investigate the protective effect of eckol and its possible mechanisms on the carbon tetrachloride
(CCl4)-induced acute liver injury model in mice. Results revealed that eckol pre-treatment at the
dose of 0.5 and 1.0 mg/kg/day for 7 days significantly suppressed the CCl4-induced increases of
alanine transaminase (ALT) and aspartate aminotransferase (AST) levels in serum and meliorated
morphological liver injury. Terminal deoxynucleotidyl transferase-mediated dUTP nick end
labelling (TUNEL) analysis showed that the number of positive apoptotic hepatocytes in the
eckol-treated group was lower than that in the CCl4 model group. Western blotting analysis also
demonstrated the enhanced expression of bcl-2 and suppressed expression of cleaved caspase-3 by
eckol. The CCl4-induced oxidative stress in liver was significantly ameliorated by eckol, which was
characterized by reduced malondialdehyde (MDA) formations, and enhanced superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px) activities and glutathione (GSH) content. Moreover, the
CCl4-induced elevations of pro-inflammatory cytokines tumor necrosis factor (TNF)-α, interleukin
(IL)-1β and IL-6 were markedly suppressed in the eckol-treated group. However, eckol enhanced
the level of IL-10, a potent anti-inflammatory cytokine, and recruited CD11c+ dendritic cells into
the liver tissues of CCl4-treated mice. These results indicated that eckol has the protective effect on
CCl4-induced acute liver injury via multiple mechanisms including anti-apoptosis, anti-oxidation,
anti-inflammation and immune regulation.
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1. Introduction

As a trimer of phloroglucinol derived from the brown alga (e.g., Ecklonia stolonifera,
Eisenia bicyclis, Ecklonia cava) [1–5], eckol (Figure 1) has been demonstrated to possess some
pharmacological activities, such as anti-oxidative [2], anti-inflammatory [3,4], antithrombotic and
profibrinolytic [5], radioprotective [6] properties, etc. In particular, several in vitro studies [7–10]
have shown the potential hepatoprotective properties of eckol. In fact, as a main source of eckol,
Ecklonia stolonifera has long been reported to be the only one with promising hepatoprotective
activity among 18 studied seaweed variants [11]. Then, eckol was identified as one of principal
constituents of Ecklonia stolonifera with hepatoprotective and antioxidant activities on tacrine-induced
hepatotoxicity [7]. Ecklonia stolonifera-derived eckol has been found to exhibit protective effects
on doxorubicin-induced hepatotoxicity in primary rat hepatocytes with EC50 values of 8.3 µg/mL,
which were comparable to the well-known hepatoprotective agent silymarin (EC50 = 8.0 µg/mL), a
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polyphenolic flavonoid from milk thistle [8]. The antioxidant activity of eckol via suppressing the
production of intracellular reactive oxygen species and enhancing glutathione levels contributed
to its hepatoprotective effect in human hepatic HepG2 cells, a cell line which maintained most
specialized functions like normal hepatocytes [9,10]. Kang et al. [4] investigated the anti-inflammatory
activity of phlorotannins from Eisenia bicyclis on HepG2 cells stimulated by lipopolysaccharide (LPS).
Among the four studied phlorotannins, only eckol was found to exhibit significant inhibition of
LPS-induced inflammatory responses without any cytotoxicity, as indicated by decreased production
of pro-inflammatory cytokines including interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-α
and downregulated expression of inflammatory molecules such as cyclooxygenase (COX)-2 and
inducible nitric oxide synthase (iNOS). Moreover, the ability of eckol to safeguard mitochondrial
function in oxidative stress-damaged hepatocytes has been demonstrated in Chang liver cells [12].
Together, these previous in vitro data suggested eckol might be used as a novel natural therapeutic or
preventive hepatoprotective agent. However, the in vivo hepatoprotective potential of eckol has not
been determined.
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Figure 1. Structures of eckol.

Acute liver injury occurring within a short period is a common pathology of various liver diseases
caused by toxins, drugs, alcohol, and pathogen infection, etc. Several cellular and molecular cascades of
events, including oxidative stress, inflammation, hepatocyte apoptosis and necrosis, immune responses,
etc. have been considered to contribute to the pathogenesis and progression of this disorder [13,14].
It is well-known that carbon tetrachloride (CCl4)-induced acute liver injury model shares a similar
molecular mechanism with acute chemical liver injury in humans [15]. Especially, oxidative stress,
inflammation response, and apoptosis have been recognized as the most important pathomechanisms
during the progress of CCl4-induced acute liver injury [16]. Within the liver, CCl4 as a hepatotoxicant
is metabolized by the cytochrome P450 enzyme to a highly reactive trichloromethyl free radical
(•CCl3) and/or trichloromethyl peroxyl radical (•OOCCl3), which sequentially attacks hepatic tissue,
leading to liver lipid peroxidation and oxidative damage [16]. In addition, CCl4 exposure could
trigger the production of inflammatory cytokines and chemokines, stimulating the recruitment of
inflammatory cells [16]. Moreover, as another crucial event involved in the acute liver injury induced
by CCl4, apoptosis is a programmed cell death leading to morphological changes and death in the
hepatocytes [17]. Accordingly, antioxidant, anti-inflammatory and anti-apoptosis therapies have been
shown to have desirable effects for prevention or treatment of liver diseases in animal models, and to
be clinically effective in preventing the disease progress or improving the outcome of patients [18,19].
Therefore, in view of the uncovered anti-oxidant [9,10,12] and anti-inflammatory [3] activities of eckol
in hepatocytes, in this study, the CCl4-induced murine model was chosen to investigate the in vivo
protective effect of eckol and its possible mechanisms on acute liver injury.
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2. Results and Discussion

2.1. Eckol Ameliorates Acute Liver Injury Induced by CCl4 Exposure

The hepatoprotective effects of eckol pre-treatment (at the dose of 0.5 and 1.0 mg/kg/day
for 7 days) on CCl4-induced acute liver injury were firstly assessed using serum levels of alanine
transaminase (ALT) and aspartate aminotransferase (AST), together with the liver histology. As the
commonly-used biochemical markers of liver injury in the clinics, the serum ALT and AST levels are
elevated when the permeability of the hepatocellular membrane increases and the structural integrity
of hepatocytes is damaged [20]. As shown in Table 1, CCl4 exposure dramatically enhanced the serum
activities of both transferases (p < 0.01 vs. normal control group). However, these CCl4-induced
increases of ALT and AST levels in serum were significantly blocked in low-, high-dose eckol and
bifendate treated mice (p < 0.05 or p < 0.01, vs. CCl4 model group), suggesting that eckol has protective
activity against CCl4-induced impairment of liver function. The effects of eckol (1.0 mg/kg) were
comparable to bifendate (200 mg/kg), a positive control which is a synthetic intermediate of schisandrin
C with antioxidant, anti-apoptosis and anti-inflammatory properties, which has been demonstrated to
protect against liver injury induced by drugs and CCl4 in animals, and is widely used for the treatment
of hepatitis and other liver diseases in clinical practice [21].

Table 1. Effect of eckol on the serum levels of transaminases ALT and AST in CCl4-treated mice (n = 10,
mean ± SD).

Groups Doses ALT(U/L) AST(U/L)

Normal control - 9.86 ± 2.74 18.65 ± 7.21
CCl4 model - 129.37 ± 38.91 ## 117.22 ± 15.78 ##

Eckol
0.5 mg/kg 75.58 ± 23.45 ** 86.79 ± 26.38 *
1.0 mg/kg 49.43 ± 16.03 ** 63.21 ± 18.89 **

Bifendate 200 mg/kg 50.34 ± 18.35 ** 61.05 ± 28.61 **

## p < 0.01 vs. normal control group; * p < 0.05, ** p < 0.01 vs. CCl4 model group.

Histological analysis showed that CCl4 exposure induced severe damage in the liver parenchyma,
which was manifested as scattered areas of necrosis, obvious hepatocyte edema, loss of cellular
boundaries and destruction of hepatic architecture (Figure 2). Bifendate could significantly relieve
the liver injury, and the hepatocyte structure was basically normal in the bifendate-treated group.
Compared with the CCl4 model group, the pre-treatment of eckol meliorated morphological liver
injury, as indicated by milder necrosis and well-preserved hepatic structure. Likewise, as shown in
Table 2, pre-treatment of low-, high-dose eckol, or bifendate, resulted in normalization of hepatic
architecture and significant reductions in the histological scores (p < 0.01, vs. CCl4 model group).

Table 2. Effect of eckol on the histological alterations in CCl4-treated mice (n = 10, mean ± SD).

Groups Doses Necrosis Microvesicular Steatosis Tumefaction Inflammatory Infiltration

Normal control - − - 0 0
CCl4 model - + 1.7 ± 0.5 1.8 ± 0.4 1.9 ± 0.6

Eckol
0.5 mg/kg − 1.0 ± 0.7 ** 1.2 ± 0.6 ** 1.0 ± 0.7 **
1.0 mg/kg − 0.8 ± 0.7 ** 0.8 ± 0.7 ** 0.6 ± 0.5 **

Bifendate 200 mg/kg − 0.9 ± 0.8 ** 0.8 ± 0.7 ** 0.8 ± 0.7 **

* p < 0.05, ** p < 0.01 vs. CCl4 model group.
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Figure 2. Effects of eckol on CCl4-induced liver histopathological changes. Representative
hematoxylin-eosin (HE)-stained sections of liver sections. Symbols: brackets (]): areas with necrosis;
black arrow: tumefaction and microvesicular steatosis; asterisks (*): inflammatory infiltration. Scale
bar = 100 µm.

2.2. Eckol Protects Hepatocytes from CCl4-Mediated Apoptosis

As the first cellular response to liver toxic damage, hepatocyte apoptosis is one of the key
contributing factors for the development of acute liver injury and is also a significant feature in
CCl4-induced liver injury [17,22,23]. The results from terminal deoxynucleotidyl transferase-mediated
dUTP nick end labelling (TUNEL) assay confirmed that CCl4 challenge induced massive hepatocyte
apoptosis; importantly, pre-treatment with low-, high-dose eckol, or bifendate greatly reduced the
number of TUNEL-positive apoptotic hepatocytes (Figure 3A).

To confirm the protective effect of eckol on hepatocyte apoptosis induced by CCl4 challenge, we
further detected the expression levels of two key apoptosis-associated molecules (caspase-3 and bcl-2)
in liver tissue by Western blotting (Figure 3B). In line with the results from the TUNEL assay, the
significantly upregulated protein level of pro-apoptotic cleaved caspase-3 following CCl4 challenge
was obviously decreased, while the downregulated protein level of anti-apoptosis gene bcl-2 following
CCl4 challenge was increased by bifendate (p < 0.01, vs. CCl4 model group) and eckol at the dose of
0.5 and 1.0 mg/kg (p < 0.05 or p < 0.01, vs. CCl4 model group).

The anti-apoptosis activity of eckol has been reported in gamma-ray radiation-induced V79-4
lung fibroblast cells [24], and in mouse intestinal cells damaged by a single whole-body irradiation
in vivo [25,26]. Here, we also found the protective effect of eckol on hepatocyte apoptosis induced by
CCl4. Considering the important role of hepatocyte apoptosis in CCl4-induced liver injury [17,22,23],
it is reasonable to assume that eckol could function as an anti-apoptotic agent with a subsequent
hepato-protective effect.



Mar. Drugs 2018, 16, 300 5 of 12
Mar. Drugs 2018, 16, x FOR PEER REVIEW  5 of 12 

 

 

Figure 3. Effects of eckol on CCl4-induced hepatocyte apoptosis (A,B). (A) TUNEL analysis was used 

to detect cell apoptosis. Scale bar = 100μm. (B) The protein expressions of cleaved caspase-3 and bcl-2 

Figure 3. Effects of eckol on CCl4-induced hepatocyte apoptosis (A,B). (A) TUNEL analysis was used
to detect cell apoptosis. Scale bar = 100 µm. (B) The protein expressions of cleaved caspase-3 and
bcl-2 were detected by western blotting. Data were represented as mean ± SD (n = 10). An analysis of
the variance using the one way analysis of variance (ANOVA) followed by least significant difference
(LSD) test was conducted to examine the difference. ## p < 0.01 vs. normal control group; * p < 0.05,
** p < 0.01 vs. CCl4 model group.
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2.3. Eckol Relieves CCl4-Induced Hepatic Oxidative Stress

As the central organ of metabolism and detoxification, the liver is more vulnerable to oxidative
stress caused by metabolites and toxins in the body [27]. Sustained oxidative stress provokes the
alteration of biological molecules including lipid, DNA and proteins, modulates biological pathways
of gene transcription, protein expression and hepatocyte apoptosis, often finally leading to oxidative
damage of the liver, therefore, has been regarded as a crucial factor in the initiation and development of
hepatic disorder, regardless of the etiology [27,28]. As the imbalance between productions of reactive
oxygen species or reactive nitrogen species and their elimination by antioxidant defense, oxidative
stress could be evaluated by some indices, including malondiadehyde (MDA) (a reactive intermediate
generated from lipid peroxidation), glutathione (GSH) (a non-enzymatic antioxidant), superoxide
dismutase (SOD) and glutathione peroxidase (GSH-Px) (two antioxidant enzymes).

Polyphenols mainly derived from plants are known natural compounds with potent antioxidant
activity [2,28]. As electron-rich compounds, polyphenols are prone to enter into efficient
electron-donation reactions in the presence of oxidizing agents, producing phenoxyl radical species
as intermediates, which are further stabilized by resonance delocalization of unpaired electron to the
ortho and para positions of the ring, or by hydrogen bonding with an adjacent hydroxyl group [2].
In this study, it is not surprising to find the attenuation of CCl4-induced hepatic oxidative stress
by the pretreatment with eckol, which has a polyphenolic structure [2]. As shown in Table 3, CCl4
exposure significantly elevated the level of MDA, a commonly known marker of oxidative stress,
depleted the endogenous antioxidant GSH, and suppressed the activities of endogenous antioxidants
including SOD and GSH-Px in liver tissues (p < 0.01, vs. normal control group). Importantly, eckol
pre-treatment at 0.5 and 1.0 mg/kg for 7 consecutive days dose-dependently ameliorated all of these
alterations of hepatic oxidative stress induced by CCl4 (p < 0.05 or p < 0.01, vs. CCl4 model group).
These data suggested that the anti-oxidative activity of eckol might, at least partly, be responsible for
its hepatoprotective effect.

Table 3. Effect of eckol on the levels of hepatic MDA, GSH, SOD and GSH-Px in CCl4-treated mice.
(n = 10, mean ± SD).

Groups Doses MDA
(nmol/mg prot)

GSH
(nmol/mg prot)

SOD
(U/mg prot)

GSH-Px
(U/mg prot)

Normal control - 2.46 ± 0.62 119.32 ± 34.35 143.69 ± 30.81 101.49 ± 16.38
CCl4 model - 4.55 ± 0.73 ## 61.38 ± 29.91 ## 91.52 ± 26.37 ## 50.26 ± 13.87 ##

Eckol
0.5 mg/kg 3.62 ± 1.09 * 88.59 ± 28.32 * 112.36 ± 37.72 76.56 ± 20.97 **
1.0 mg/kg 2.86 ± 0.74 ** 93.78 ± 25.50 * 139.79 ± 45.52 ** 92.67 ± 29.38 **

Bifendate 200 mg/kg 3.73 ± 0.96 * 85.39 ± 26.69 106.89 ± 38.21 74.55 ± 32.73 *

## p < 0.01 vs. normal control group; * p < 0.05, ** p < 0.01 vs. CCl4 model group.

2.4. Eckol Regulates the Levels of Cytokines in Livers of CCl4-Treated Mice

As an essential component of immune response, inflammation is another crucial event associated
with liver diseases [27]. One of key pathological characteristics of hepatic inflammation is the
infiltration of immune/inflammatory cells into the liver, which is primarily responsible for fighting
against pathogenic invasion and maintaining healthy tissue, however, in turn can lead to severe cellular
injury when out of control [27]. The anti-inflammatory property of eckol has been reported in human
HepG2 cells stimulated by LPS [3]. A recent study [4] also showed that eckol attenuated the expression
of inflammatory cytokines such as TNF-α, IL-1β, IL-6 and IL-8 in human epidermal keratinocytes
stimulated with the airborne particulate matter with a diameter of <10 µm.

Here, we studied the effect of eckol on the inflammation-related cytokines in the livers of
CCl4-treated mice. As shown in Figure 4, the CCl4 model group exhibited significantly higher
levels of cytokines (TNF-α, IL-1β, IL-6 and IL-10) in the liver (p < 0.01, vs. normal control group).
Additionally, CCl4-induced elevations of pro-inflammatory cytokines TNF-α, IL-1β and IL-6 were



Mar. Drugs 2018, 16, 300 7 of 12

markedly suppressed in the eckol-treated group (p < 0.01, vs. CCl4 model group). However, eckol
further notably enhanced the level of IL-10 (p < 0.01, vs. CCl4 model group), a potent anti-inflammatory
cytokine which plays a critical role in natural defense against detrimental immune/inflammatory
responses [29], which was different from the positive control bifendate.
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Figure 4. Effects of eckol on the levels of cytokines in livers of CCl4-treated mice. Data were represented
as mean ± SD (n = 10). An analysis of the variance using the one-way analysis of variance (ANOVA)
followed by least significant difference (LSD) test was conducted to examine the difference. ## p < 0.01
vs. normal control group; * p < 0.05, ** p < 0.01 vs. CCl4 model group.

2.5. Eckol Recruites Dendritic Cells into the Liver Tissues

The above finding, that eckol exhibited the activity of upregulating endogenous production of the
anti-inflammatory cytokine IL-10, attracted our attention. In fact, exogenous administration of IL-10
has long been demonstrated to protect the liver from toxic damage caused by a number of insults [29].
It has been well-accepted that most of the inflammatory liver diseases are immune-mediated [30].
Importantly, one of the main sources of IL-10 production in liver is CD11c+ dendritic cells, which are
potent antigen-presenting cells that play a key role in the regulation of immune and inflammatory
responses [31]. Generally, dendritic cells localized in healthy livers display a predominant tolerogenic
phenotype, which is characterized by a low ability to endocytose antigens and to stimulate
T lymphocytes, together with the higher production of immune- inhibitory mediators such as
IL-10 [30,32]. Coincidentally, a previous study [33] had reported the in vitro immunomodulatory
effects of eckol on the dendritic cells, one of which was that eckol could protect dendritic cells against
apoptosis in a concentration dependent manner.

In order to understand whether the protective effect of eckol against acute hepatic injury was
related to dendritic cells, we performed the immunohistochemical staining for CD11c, a commonly
used and classical dendritic cell-specific marker [34]. As shown in Figure 5, in the eckol-treated groups,
more liver cells expressing CD11c were identified to infiltrate into the portal area and parenchyma
of the liver, suggesting the dendritic cell recruitment activity of eckol might be responsible for the
enhanced production of anti-inflammatory IL-10 in liver tissues, and therefore, might be a part of
mechanisms underlying the protective effect of eckol against acute hepatic injury induced by CCl4.
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3. Materials and Methods

3.1. Chemicals

CCl4 was purchased from Jiangsu Qiangsheng Chemical Co., Ltd (Jiangsu, China). Eckol was
provided from Rongbao Environmental Technology Co., Ltd (Wuhan, China). Bifendate was obtained
from Beijing Union Pharmaceutical Factory (Beijing, China).

3.2. Animal and Treatment

Male Kunming mice weighting 20 ± 2 g were obtained from the Laboratory Animal Center of
Hubei Province (Wuhan, China). The study protocol was approved by the Institutional Animal Care
and Use Committee at Wuhan University of Science and Technology (approval number 2018039).
After an acclimation period of 1 week, mice were randomly divided into 5 groups (n = 10 in each
group) as following: (1) normal control; (2) CCl4 model group; (3) CCl4 + eckol 0.5 mg/kg/day group;
(4) CCl4 + eckol 1.0 mg/kg/day group; and (5) CCl4 + bifendate group. Before the CCl4 challenge,
mice in 3 and 4 groups were orally pre-treated with eckol at the doses of 0.5 and 1.0 mg/kg/day,
respectively, for 7 consecutive days. As the positive control, bifendate was dissolved in distilled
water, and orally administrated to mice in 5 group at dose of 200 mg/kg/day for 7 days. In order to
induce acute liver injury, mice in 2–5 groups were intraperitoneally injected with 0.5% CCl4 dissolved
in olive oil at the dose of 10 mL/kg at 2 h after the last pretreatment administration. The mice in
the normal control group were administrated with an equal volume of vehicle (intraperitoneally
injected with olive oil + orally administrated with distilled water). At 24 h after CCl4 administration,
all animals were sacrificed after collection of blood samples from the eyeballs. Liver samples were
immediately harvested.

3.3. Measurement of Serum AST and ALT

The collected blood samples were centrifuged at 3000 rpm for 15 min at 4 ◦C to separate the serums.
The levels of serum ALT and AST were measured using enzymatic colorimetric methods according to
their respective kit protocols (Nanjing Jiancheng Bio-Engineering Co., Ltd., Nanjing, China).
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3.4. Histological Examination

Parts of each liver sample was kept in 10% neutral buffered formaldehyde solution for 24 h, then
dehydrated in a graded series of alcohol and finally in xylene. Liver samples were further processed
using the paraffin slice technique and the tissue was cut into 4–6 µm thickness. The sectioned tissue
was stained with hematoxylin-eosin (HE) for histological examination of liver injury. The degree of
liver injury was evaluated using a histological scoring system introduced by Corrêa-Ferreira et al [35].
This scoring system comprises three histological features: microvesicular steatosis grade (<5%, score 0;
5–33%, score 1; 33–66%, score 2; >66%, score 3); tumefaction grade (none, score 0; few, score 1; many,
score 2); inflammatory grade (slight, score 0; moderate, score 1; marked, score 2; very marked, score 3).

3.5. Detection of Apoptotic Hepatocytes

The apoptotic cells in liver sections were detected using a commercial the terminal
deoxynucleotidyl transferase mediated dUTP nick end labelling (TUNEL) staining kit according
to the manufacturer’s instruction (Roche, Indianapolis, IN, USA). The sections were co-stained with
the nuclei marker 4,6-diamidino-2-phenylindole (DAPI) (Servicebio, Wuhan, China).

3.6. Western Blotting

The liver tissues were homogenized, then centrifugated at 14,000 rpm for 20 min. The
protein concentration in the supernatants was measured using the bicinchoninic acid assay kit
(Nanjing Jiancheng Bio-Engineering Co., Ltd., Nanjing, China). The proteins were separated by
10% SDS-PAGE, then transferred to a nitrocellulose membrane by electroblotting. After blocking with
TBS-T (20 mM Tris-HCl, 0.1% Tween 20, and 137 mM NaCl) containing 5% non-fat dry milk for 1 h
at room temperature, the membrane was incubated with primary antibodies of cleaved caspase-3
(Cell Signaling Technology, Boston, MA, USA), bcl-2, and β-actin (Santa Cruz, Dallas, TX, USA) for 2 h,
and then incubated with a secondary antibody horseradish peroxidase-conjugated anti-rabbit IgG/
anti-mouse IgG (Santa Cruz, Dallas, TX, USA) for 2 h at room temperature. Finally, the membrane
was treated with the reagents in an electrogenerated chemiluminescence (ECL) chemiluminescence
detection kit (Advansta, Menlo Park, CA, USA) then scanned. The relative amount of caspase-3 and
bcl-2 was corrected with the amount of β-actin in the same sample.

3.7. Measurement of Parameters Related to Oxidative Stress in the Liver

Partial hepatic tissues were homogenized on ice. The liver homogenates were subjected
to measure the level of MDA and GSH, the activities of SOD and GSH-Px according to their
respective manufacturer’s instructions (Nanjing Jiancheng Bio-Engineering Co., Ltd., Nanjing, China).
The protein contents in liver homogenates were measured using the bicinchoninic acid assay kit
(Nanjing Jiancheng Bio-Engineering Co., Ltd., Nanjing, China).

3.8. Measurement of TNF-a, IL-1β, IL-6 and IL-10 Levels

The levels of TNF-a, IL-1β, IL-6 and IL-10 in the liver homogenates were detected using ELISA
kits according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA).

3.9. Immunohistochemistry

The paraffin liver sections (4 µm thick) were dewaxed, rehydrated, then followed by quenching
of the endogenous peroxidase activity, blocking with 3% defatted dry milk, and incubating with the
rabbit anti-CD11c antibody (Servicebio, Wuhan, China) at a dilution of 1:400 overnight at 4 ◦C. After
washing, the slides were treated with the biotinylated goat anti-rabbit secondary antibody (Servicebio,
Wuhan, China) for 2 h at room temperature. Immune complexes were visualized by incubation with
3,3′-diaminobenzidine tetrachloride (DAB). Then, sections were counter-stained with hematoxylin,
dehydrated, coverslipped, and viewed under a microscope.
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3.10. Statistical Analysis

All data were represented as mean ± SD. The results were subjected to an analysis of the variance
using the one-way analysis of variance (ANOVA) followed by least significant difference (LSD) test to
analyze the difference. p < 0.05 were considered statistically significant.

4. Conclusions

In summary, in the present study, we demonstrated that eckol, a marine phlorotannin, has the
protective effect on CCl4-induced acute liver injury, which was indicated by the decreased levels
of serum ALT and AST, as well as the improved liver histology resulting from eckol pretreatment.
Moreover, the results of our study implicated that multiple mechanisms might be involved in the
in vivo hepatoprotective effect of eckol: (1) anti-apoptosis; (2) anti-oxidation; (3) anti-inflammation;
(4) the recruitment of CD11c+ cells. The first three mechanisms are in conformity with previously
published in vitro data on the biological activities of eckol [2–4,9,10,12,24], and are comparable to those
observed in the bifendate group. However, the last demonstrates for the first time that the potential
immunomodulatory roles of eckol in recruiting dendritic cells into the liver tissues and thus promoting
anti-inflammatory IL-10 production, which were not observed in bifendate group, might also underlie
the protective effect of eckol against acute liver injury induced by CCl4.

Author Contributions: Conceptualization, J.W.; Methodology, J.W. and J.L.; Investigation, S.L., M.Z., Y.C. and
T.Z.; Resources, J.W.; Data Curation, S.L., M.Z. and J.L.; Writing-Original Draft Preparation, S.L.; Writing-Review
& Editing, J.W.; Visualization, M.Z. and Y.C.; Supervision, J.W. and J.L.; Project Administration, J.W. and J.L.;
Funding Acquisition, J.W.

Funding: This research was funded by National Natural Science Foundation of China (81602108).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kang, H.S.; Chung, H.Y.; Jung, J.H.; Son, B.W.; Choi, J.S. A new phlorotannin from the brown alga Ecklonia
stolonifera. Chem. Pharm. Bull. (Tokyo) 2003, 51, 1012–1014. [CrossRef] [PubMed]

2. Kang, K.A.; Lee, K.H.; Chae, S.; Zhang, R.; Jung, M.S.; Lee, Y.; Kim, S.Y.; Kim, H.S.; Joo, H.G.; Park, J.W.; et al.
Eckol isolated from Ecklonia cava attenuates oxidative stress induced cell damage in lung fibroblast cells.
FEBS Lett. 2005, 579, 6295–6304. [CrossRef] [PubMed]

3. Kang, Y.M.; Eom, S.H.; Kim, Y.M. Protective effect of phlorotannins from Eisenia bicyclis against
lipopolysaccharide-stimulated inflammation in HepG2 cells. Environ. Toxicol. Pharmacol. 2013, 35, 395–401.
[CrossRef] [PubMed]

4. Lee, J.W.; Seok, J.K.; Boo, Y.C. Ecklonia cava extract and dieckol attenuate cellular lipid peroxidation in
keratinocytes exposed to PM10. Evid. Based Complement. Alternat. Med. 2018, 2018, 8248323. [CrossRef]
[PubMed]

5. Kim, T.H.; Ku, S.K.; Bae, J.S. Antithrombotic and profibrinolytic activities of eckol and dieckol. J. Cell Biochem.
2012, 113, 2877–2883. [CrossRef] [PubMed]

6. Park, E.; Ahn, G.N.; Lee, N.H.; Kim, J.M.; Yun, J.S.; Hyun, J.W.; Jeon, Y.J.; Wie, M.B.; Lee, Y.J.; Park, J.W.;
et al. Radioprotective properties of eckol against ionizing radiation in mice. FEBS Lett. 2008, 582, 925–930.
[CrossRef] [PubMed]

7. Lee, M.S.; Shin, T.; Utsuki, T.; Choi, J.S.; Byun, D.S.; Kim, H.R. Isolation and identification of phlorotannins
from Ecklonia stolonifera with antioxidant and hepatoprotective properties in tacrine-treated HepG2 cells.
J. Agric. Food Chem. 2012, 60, 5340–5349. [CrossRef] [PubMed]

8. Jung, H.A.; Kim, J.I.; Choung, S.Y.; Choi, J.S. Protective effect of the edible brown alga Ecklonia stolonifera
on doxorubicin-induced hepatotoxicity in primary rat hepatocytes. J. Pharm. Pharmacol. 2014, 66, 1180–1188.
[PubMed]

9. Jun, Y.J.; Lee, M.; Shin, T.; Yoon, N.; Kim, J.H.; Kim, H.R. Eckol enhances heme oxygenase-1 expression
through activation of Nrf2/JNK pathway in HepG2 cells. Molecules 2014, 19, 15638–15652. [CrossRef]
[PubMed]

http://dx.doi.org/10.1248/cpb.51.1012
http://www.ncbi.nlm.nih.gov/pubmed/12913249
http://dx.doi.org/10.1016/j.febslet.2005.10.008
http://www.ncbi.nlm.nih.gov/pubmed/16253238
http://dx.doi.org/10.1016/j.etap.2013.01.009
http://www.ncbi.nlm.nih.gov/pubmed/23454824
http://dx.doi.org/10.1155/2018/8248323
http://www.ncbi.nlm.nih.gov/pubmed/29692858
http://dx.doi.org/10.1002/jcb.24163
http://www.ncbi.nlm.nih.gov/pubmed/22511271
http://dx.doi.org/10.1016/j.febslet.2008.02.031
http://www.ncbi.nlm.nih.gov/pubmed/18294966
http://dx.doi.org/10.1021/jf300157w
http://www.ncbi.nlm.nih.gov/pubmed/22587607
http://www.ncbi.nlm.nih.gov/pubmed/24628384
http://dx.doi.org/10.3390/molecules191015638
http://www.ncbi.nlm.nih.gov/pubmed/25268719


Mar. Drugs 2018, 16, 300 11 of 12

10. Kim, S.M.; Kang, K.; Jeon, J.S.; Jho, E.H.; Kim, C.Y.; Nho, C.W.; Um, B.H. Isolation of phlorotannins from
Eisenia bicyclis and their hepatoprotective effect against oxidative stress induced by tert-butyl hyperoxide.
Appl. Biochem. Biotechnol. 2011, 165, 1296–1307. [CrossRef] [PubMed]

11. Kim, Y.C.; An, R.B.; Yoon, N.Y.; Nam, T.J.; Choi, J.S. Hepatoprotective constituents of the edible brown alga
Ecklonia stolonifera on tacrine-induced cytotoxicity in Hep G2 cells. Arch. Pharm. Res. 2005, 28, 1376–1380.
[CrossRef] [PubMed]

12. Kim, A.D.; Kang, K.A.; Piao, M.J.; Kim, K.C.; Zheng, J.; Yao, C.W.; Cha, J.W.; Hyun, C.L.; Kang, H.K.;
Lee, N.H.; et al. Cytoprotective effect of eckol against oxidative stress-induced mitochondrial dysfunction:
Involvement of the FoxO3a/AMPK pathway. J. Cell Biochem. 2014, 115, 1403–1411. [CrossRef] [PubMed]

13. Zhang, D.G.; Zhang, C.; Wang, J.X.; Wang, B.W.; Wang, H.; Zhang, Z.H.; Chen, Y.H.; Lu, Y.; Tao, L.; Wang, J.Q.;
Chen, X.; Xu, D.X. Obeticholic acid protects against carbon tetrachloride-induced acute liver injury and
inflammation. Toxicol. Appl. Pharmacol. 2017, 314, 39–47. [CrossRef] [PubMed]

14. Lin, D.; Sun, Z.; Jin, Z.; Lei, L.; Liu, Y.; Hu, B.; Wang, B.; Shen, Y.; Wang, Y. Matrix remodeling associated 7
deficiency alleviates carbon tetrachloride-induced acute liver Injury in mice. Front Immunol. 2018, 9, 773.
[CrossRef] [PubMed]

15. Peng, X.; Dai, C.; Liu, Q.; Li, J.; Qiu, J. Curcumin attenuates on carbon tetrachloride-induced acute liver
injury in mice via modulation of the Nrf2/HO-1 and TGF-β1/Smad3 pathway. Molecules 2018, 23, 215.
[CrossRef] [PubMed]

16. Chen, Q.; Zhan, Q.; Li, Y.; Sun, S.; Zhao, L.; Zhang, H.; Zhang, G. Schisandra lignan extract protects against
carbon tetrachloride-induced liver injury in mice by inhibiting oxidative stress and regulating the NF-κB and
JNK signaling pathways. Evid. Based Complement. Alternat. Med. 2017, 2017, 5140297. [CrossRef] [PubMed]

17. Alam, M.F.; Safhi, M.M.; Anwer, T.; Siddiqui, R.; Khan, G.; Moni, S.S. Therapeutic potential of Vanillylacetone
against CCl4 induced hepatotoxicity by suppressing the serum marker, oxidative stress, inflammatory
cytokines and apoptosis in Swiss albino mice. Exp. Mol. Pathol. 2018, 105, 81–88. [CrossRef] [PubMed]

18. Li, S.; Tan, H.Y.; Wang, N.; Zhang, Z.J.; Lao, L.; Wong, C.W.; Feng, Y. The role of oxidative stress and
antioxidants in liver diseases. Int. J. Mol. Sci. 2015, 16, 26087–26124. [CrossRef] [PubMed]

19. Del Campo, J.A.; Gallego, P.; Grande, L. Role of inflammatory response in liver diseases: Therapeutic
strategies. World J. Hepatol. 2018, 10, 1–7. [CrossRef] [PubMed]

20. McGill, M.R. The past and present of serum aminotransferases and the future of liver injury biomarkers.
EXCLI J. 2016, 15, 817–828. [PubMed]

21. Jiang, W.; Tan, Y.; Cai, M.; Zhao, T.; Mao, F.; Zhang, X.; Xu, W.; Yan, Z.; Qian, H.; Yan, Y. Human umbilical
cord MSC-derived exosomes suppress the development of CCl4-induced liver injury through antioxidant
effect. Stem Cells Int. 2018, 2018, 6079642. [CrossRef] [PubMed]

22. Wu, H.; Qiu, Y.; Shu, Z.; Zhang, X.; Li, R.; Liu, S.; Chen, L.; Liu, H.; Chen, N. Protective effect of Trillium
tschonoskii saponin on CCl4-induced acute liver injury of rats through apoptosis inhibition. Can. J.
Physiol. Pharmacol. 2016, 94, 1291–1297. [CrossRef] [PubMed]

23. Liu, H.; Wang, Z.; Nowicki, M.J. Caspase-12 mediates carbon tetrachloride- induced hepatocyte apoptosis in
mice. World J. Gastroenterol. 2014, 20, 18189–18198. [CrossRef] [PubMed]

24. Zhang, R.; Kang, K.A.; Piao, M.J.; Ko, D.O.; Wang, Z.H.; Lee, I.K.; Kim, B.J.; Jeong, I.Y.; Shin, T.; Park, J.W.; et al.
Eckol protects V79-4 lung fibroblast cells against gamma-ray radiation-induced apoptosis via the scavenging
of reactive oxygen species and inhibiting of the c-Jun NH(2)-terminal kinase pathway. Eur. J. Pharmacol.
2008, 591, 114–123. [CrossRef] [PubMed]

25. Park, E.; Lee, N.H.; Joo, H.G.; Jee, Y. Modulation of apoptosis of eckol against ionizing radiation in mice.
Biochem. Biophys. Res. Commun. 2008, 372, 792–797. [CrossRef] [PubMed]

26. Moon, C.; Kim, S.H.; Kim, J.C.; Hyun, J.W.; Lee, N.H.; Park, J.W.; Shin, T. Protective effect of phlorotannin
components phloroglucinol and eckol on radiation-induced intestinal injury in mice. Phytother Res. 2008, 22,
238–242. [CrossRef] [PubMed]

27. Li, S.; Hong, M.; Tan, H.Y.; Wang, N.; Feng, Y. Insights into the role and interdependence of oxidative stress
and inflammation in liver diseases. Oxid. Med. Cell Longev. 2016, 2016, 4234061. [CrossRef] [PubMed]

28. Hussain, T.; Tan, B.; Yin, Y.; Blachier, F.; Tossou, M.C.; Rahu, N. Oxidative stress and inflammation: What
polyphenols can do for us? Oxid. Med. Cell Longev. 2016, 2016, 7432797. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12010-011-9347-3
http://www.ncbi.nlm.nih.gov/pubmed/21892616
http://dx.doi.org/10.1007/BF02977904
http://www.ncbi.nlm.nih.gov/pubmed/16392671
http://dx.doi.org/10.1002/jcb.24790
http://www.ncbi.nlm.nih.gov/pubmed/24700636
http://dx.doi.org/10.1016/j.taap.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27865854
http://dx.doi.org/10.3389/fimmu.2018.00773
http://www.ncbi.nlm.nih.gov/pubmed/29720975
http://dx.doi.org/10.3390/molecules23010215
http://www.ncbi.nlm.nih.gov/pubmed/29351226
http://dx.doi.org/10.1155/2017/5140297
http://www.ncbi.nlm.nih.gov/pubmed/28246539
http://dx.doi.org/10.1016/j.yexmp.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29909158
http://dx.doi.org/10.3390/ijms161125942
http://www.ncbi.nlm.nih.gov/pubmed/26540040
http://dx.doi.org/10.4254/wjh.v10.i1.1
http://www.ncbi.nlm.nih.gov/pubmed/29399273
http://www.ncbi.nlm.nih.gov/pubmed/28337112
http://dx.doi.org/10.1155/2018/6079642
http://www.ncbi.nlm.nih.gov/pubmed/29686713
http://dx.doi.org/10.1139/cjpp-2016-0228
http://www.ncbi.nlm.nih.gov/pubmed/27598942
http://dx.doi.org/10.3748/wjg.v20.i48.18189
http://www.ncbi.nlm.nih.gov/pubmed/25561786
http://dx.doi.org/10.1016/j.ejphar.2008.06.086
http://www.ncbi.nlm.nih.gov/pubmed/18625217
http://dx.doi.org/10.1016/j.bbrc.2008.05.140
http://www.ncbi.nlm.nih.gov/pubmed/18522802
http://dx.doi.org/10.1002/ptr.2298
http://www.ncbi.nlm.nih.gov/pubmed/17886227
http://dx.doi.org/10.1155/2016/4234061
http://www.ncbi.nlm.nih.gov/pubmed/28070230
http://dx.doi.org/10.1155/2016/7432797
http://www.ncbi.nlm.nih.gov/pubmed/27738491


Mar. Drugs 2018, 16, 300 12 of 12

29. Yao, Y.; Wang, L.; Jin, P.; Li, N.; Meng, Y.; Wang, C.; Xu, M.; Zhang, Y.; Bian, J.; Deng, X. Methane alleviates
carbon tetrachloride induced liver injury in mice: Anti-inflammatory action demonstrated by increased
PI3K/Akt/GSK-3β- mediated IL-10 expression. J. Mol. Histol. 2017, 48, 301–310. [CrossRef] [PubMed]

30. Kunitani, H.; Shimizu, Y.; Murata, H.; Higuchi, K.; Watanabe, A. Phenotypic analysis of circulating and
intrahepatic dendritic cell subsets in patients with chronicliver diseases. J. Hepatol. 2002, 36, 734–741.
[CrossRef]

31. Lukacs-Kornek, V.; Schuppan, D. Dendritic cells in liver injury and fibrosis: Shortcomings and promises.
J. Hepatol. 2013, 59, 1124–1126. [CrossRef] [PubMed]

32. Thomson, A.W.; Knolle, P.A. Antigen-presenting cell function in the tolerogenic liver environment.
Nat. Rev. Immunol. 2010, 10, 753–766. [CrossRef] [PubMed]

33. Kim, M.H.; Joo, H.G. Immunomodulatory effects of eckol, a pure compound of ecklonia cava, on dendritic
cells. Immune Netw. 2006, 6, 199–203. [CrossRef]

34. Barcala Tabarrozzi, A.E.; Andreone, L.; Deckers, J.; Castro, C.N.; Gimeno, M.L.; Ariolfo, L.; Berguer, P.M.;
Antunica-Noguerol, M.; Liberman, A.C.; Vettorazzi, S.; et al. GR-independent down-modulation on GM-CSF
bone marrow-derived dendritic cells by the selective glucocorticoid receptor modulator Compound A.
Sci. Rep. 2016, 6, 36646. [CrossRef] [PubMed]

35. Corrêa-Ferreira, M.L.; Verdan, M.H.; Dos Reis Lívero, F.A.; Galuppo, L.F.; Telles, J.E.; Alves Stefanello, M.É.;
Acco, A.; Petkowicz, C.L. Inulin-type fructan and infusion of Artemisia vulgaris protect the liver against
carbontetrachloride-induced liver injury. Phytomedicine 2017, 24, 68–76. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10735-017-9728-1
http://www.ncbi.nlm.nih.gov/pubmed/28597201
http://dx.doi.org/10.1016/S0168-8278(02)00062-4
http://dx.doi.org/10.1016/j.jhep.2013.05.033
http://www.ncbi.nlm.nih.gov/pubmed/23727306
http://dx.doi.org/10.1038/nri2858
http://www.ncbi.nlm.nih.gov/pubmed/20972472
http://dx.doi.org/10.4110/in.2006.6.4.199
http://dx.doi.org/10.1038/srep36646
http://www.ncbi.nlm.nih.gov/pubmed/27857212
http://dx.doi.org/10.1016/j.phymed.2016.11.017
http://www.ncbi.nlm.nih.gov/pubmed/28160864
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Eckol Ameliorates Acute Liver Injury Induced by CCl4 Exposure 
	Eckol Protects Hepatocytes from CCl4-Mediated Apoptosis 
	Eckol Relieves CCl4-Induced Hepatic Oxidative Stress 
	Eckol Regulates the Levels of Cytokines in Livers of CCl4-Treated Mice 
	Eckol Recruites Dendritic Cells into the Liver Tissues 

	Materials and Methods 
	Chemicals 
	Animal and Treatment 
	Measurement of Serum AST and ALT 
	Histological Examination 
	Detection of Apoptotic Hepatocytes 
	Western Blotting 
	Measurement of Parameters Related to Oxidative Stress in the Liver 
	Measurement of TNF-a, IL-1, IL-6 and IL-10 Levels 
	Immunohistochemistry 
	Statistical Analysis 

	Conclusions 
	References

