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a b s t r a c t

Juglone as a natural production mainly extracted from green walnut husks of Juglans mandshurica has
been defined as the functional composition among a series of compounds. It showed powerful protective
effect in various diseases by inhibiting inflammation and tumor cells growth. However, studies on its
anti-inflammatory effect based on high-fat diet-induced hepatitis and neuroinflammation are still not
available. In this regard, we first investigated whether juglone suppresses high-fat diet-stimulated liver
injury, hypothalamus inflammation and underlying mechanisms by which they may recover them. SD
rats were orally treated with or without high-fat diet, 0.25 mg/kg or 1 mg/kg juglone for 70 days.
Subsequently, blood, hypothalamus and liver tissue were collected for different analysis. Also, the pri-
mary astrocytes were isolated and used to analyze the inhibitory effect of juglone in vitro. Analysis of
inflammatory cytokines declared that the inhibition of TNF-a, IL-1b and IL-6 could be carried by juglone
in response to high-fat diet rats. Meanwhile, TLR4 expression and NF-kappa activity also have been
confirmed to be the key link in the development of hepatitis and nerve inflammation. The activation was
significantly suppressed in treatment group as compared with model. These results indicated that
juglone prevents high-fat diet-induced liver injury and nerve inflammation in mice through inhibition of
inflammatory cytokine secretion, NF-kappa B activation and endotoxin production.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Obesity and type II diabetes as the major health problem for all
over the world are becoming a modern disease, linked to cancer,
high blood pressure, heart disease, hepatitis and other health
problems [1,2]. Globalization of unhealthy lifestyles like unhealthy
diets may show up in individuals as raised blood pressure,
increased blood glucose, elevated blood lipids, overweight and
obesity [3,4]. Both cancer and heart disease are conditions with
multiple causes such as genetics, smoking, obesity and diet [5].
According to the data of WHO showed that being overweight is
normal but the 2.5 million cases of obesity-related diabetes are
posing an enormous threat to health. Among the factors, the global
confluence of changing diets (especially for high-fat diet), increased
food marketing, access to technology and lifestyle changes has led
to an upsurge in global obesity, especially in developing countries
[6,7]. However, the key link of high-fat intake induced obesity is
associated with the action of gut microbiota changes [8]. Relation of
intergrowth and prey of good bacteria and maleficent bacteria in
animals’ body have effect for body health. A lot of researches have
illustrated that high-fat diet has ability to enhance maleficent
bacteria production [9]. Maleficent bacteria can cause mass toxin
(LPS), when maleficent bacteria of intestinal ecosystem take abso-
luteness vantage, can cause grave disease for body organ [9,10]. The
abundant endotoxin released from bacteria will penetrate intesti-
nal epithelium into blood to cause intestinal endotoxemia. No
doubt that intestinal endotoxemia is deemed to be a major reason
for nonalcoholic fatty liver disease (NAFLD) and neuroinflammation
of hypothalamus that is response to feeding behavior [11,12]
(Fig. 1A). Also, the related report indicated that hepatitis is
capable of stimulating the development and improvement of nerve
injury [13,14].

Of note, the persistent replication of inflammation is closely
related to the progression of infection and the occurrence of Toll
like receptor 4 (TLR4)mediated inflammatory response [15,16]. Lots
of researches indicated the important role of TLR4 in
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Fig. 1. The possible mechanism of juglone in high-fat diets-induced metabolic disorders and the experimental design. (A) High-fat diets improve alteration of intestinal flora and
further enhance increase of endotoxin level to cause metabolic disorders. The dotted box shows the possible mechanism of inhibitory effect of juglone on hepatitis and nerve injury.
(B) The experimental design we used in present study.
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lipopolysaccharide (LPS) inflammation [16]. The receptor for LPS, a
significant mediator of the inflammatory response to infection or
poison, plays a key role in the development of a number of human
diseases, including hepatitis, cancer and nerve injury [17]. LPS
could stimulate interaction between TLR4 and MyD88/TAK1, and
further activate NF-kB signaling pathways to activate inflammatory
response and inflammatory cytokines release [18]. Hence, how to
effectively suppress TLR4 mediated inflammatory signaling
pathway might be the key target for drug screening to recover LPS
induced inflammation. Although with the development of knowl-
edge in therapy and diagnosis, the efficient treatment method and
drugs remains not fully understood and explained.

Lately, juglone (Jug), a natural plant product extracted from
green walnut husks of Juglans mandshurica, a deciduous tree
widely cultivated in India, China and Indochina, has displayed po-
tential anti-mycobacterials activity and antitumor activity [19].
Juglone as an important source of naphthoquinone drugs, the fruits
have been widely used in folkloric statement of China for the pre-
caution of various human diseases, including cancer, stomach pain
and angiocardiopathy [19,20]. However, there are no related re-
ports about the anti-inflammatory effect of juglone and its mech-
anism. Hence, we used high-fat diet rats to investigate the anti-
inflammatory effect of juglone on hepatitis and nerve injury.

2. Materials and methods

2.1. Animals and drugs administration

The 6e8 weeks male SD rats weighing 150 ge180 g were ob-
tained from the Shanghai experimental animal center (Shanghai,
China) and kept in a temperature and humidity-controlled envi-
ronment (25 ± 2 �C, 50 ± 10% humidity) with a standard 12 h light
and 12 h dark cycle with food andwater in their cages. All processes
were in accordance with the Institutional Animal Care and Use
Committee of Guilin Medical University. Juglone (CAS: 481-39-0,
purity � 98%) were purchased from Chengdu Preferred Biological
Technology Co., LTD (Chengdu, China) and prepared in PBS or
DMSO. Research Diets D12492i 60 kcal% Fat was obtained from
Open Source Diets, Inc. (New Jersey, USA). All rats were randomly
divided into 4 groups: (1) Control; (2) High-fat diet group (HF); (3)
Low dose of 0.25mg/kg JugloneþHF (L-Jug); (4) High dose of 1mg/
kg Juglone þ HF (H-Jug). Rats were orally administrated with
different concentration of juglone. The detail procedures of ex-
periments have been illustrated in Fig. 1B.

2.2. ELISA measurement and biochemical analysis

After the last administration and extracting the eyeball blood,
inflammatory cytokines were investigated using ELISA kits in
accordance with the manufacturer's instructions (R&D system,
USA). Besides, serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were also analyzed using a Diagnostics ALT
and AST test kit from SigmaeAldrich (Cat. NoMAK052, MAK055, St.
Louis, Missouri, USA) and automatic biochemical analyzer (Hitachi
Auto Analyzer 7170, Japan). Also, the oral glucose tolerance test
(OGTT) (2 g/kg glucose) was conducted according to test methods
of Lorenzo et al. [21]. All of the other indicators listed in Table 1
were measured using Nanjing Jiancheng Bioengineering Institute
(Nanjing, Jiangsu, China) kits according to the production
specification.

2.3. Primary astrocytes culture and MTT analysis

The preparation of primary astrocytes were isolated and
cultured in accordance with Canki et al. [22]. method with some
modification. In brief, the 2e3 days neonatal rats were sterilized
using 75% alcohol. And then whole hypothalamus was absolutely
isolated and maintained in cold Hanks solution. The 0.25% lysine-
enzymatic digestion and tissue pieces were designed for culturing
astrocytes from newborn rats. Subsequently, all the cells were
centrifuged at 1000 rpm for 5 min to remove debris and impurities
and then were plated in 6-well plates. The MTT analysis is accor-
dance with Zhu et al. [23]. and studies the effect of time-dependent
and dose-dependent on cell viability.

2.4. H&E, red oil and immunohistochemical staining

The collections of live samples were subjected to H&E staining
and were examined for liver injury by light microscopy. In brief,
tissues were fixed with 2.5% glutaraldehyde in 0.1 mol/L phosphate
buffer (pH 7.4). After dehydration, thin sections were strictly eval-
uated under light microscopy. The red oil sections were performed
by Guilin Zhenda biotechnology, Co., LTD (Guilin, China). Hypo-
thalamus samples also were subjected to immunohistochemical
staining according to R&D introduction and performed by Guilin
Zhenda biotechnology, Co., LTD (Guilin, China).

2.5. Quantitative real-time PCR (qPCR)

Total RNA isolation system of Omega Bio-Tek, Inc. was used to
isolate total RNA of hypothalamus samples. Briefly,1 mg of total RNA
was reverse transcribed using the M-MLV-RT system. The system
was carried at 43 �C for 1 h and stopped by inhibition of the enzyme
at 70 �C for 10 min. qPCR were administrated using SYBR Green kits
(Bio-Rad) in ABI PRISM 7900HT detection systems (Applied Bio-
systems). Invitrogen Corporation produced all sequences of primers
for qPCR.

2.6. Western blot analysis

All the liver, hypothalamus tissues constitution homogenate and
three-passage of cells were administrated with or without 5, 10, 15,
20 umol/L juglone were carried on according to a standard proce-
dure as the protocol reported [12]. Same amount of total protein
were clapped into10% or 12% SDS-PAGE followed by immunoblot-
ting using the following antibodies (1:1000): rabbit anti- NF-kB,



Table 1
Effects of juglone on the general parameters in high fat-fed rats.

Event Control HF L-Jug H-Jug

Body weight gain (g) 220.2 ± 10.13 321.8 ± 8.31## 274.1 ± 9.11* 250 ± 10.19**

Fat(% of body weigh) 10.9 ± 1.02 22.1 ± 0.91## 15.3 ± 0.49* 13.0 ± 1.17**

Serum TC(mg/dL) 42.2 ± 1.05 70.1 ± 3.01## 66.3 ± 1.09 47.8 ± 2.04**

Serum TG(mg/dL) 123.3 ± 5.91 241.1 ± 12.04## 211.1 ± 10.02 144.3 ± 10.15**

Serum HDL(mg/dL) 13.1 ± 1.71 34.8 ± 1.99## 20.0 ± 2.42* 14.9 ± 3.11**

Serum LDL(mg/dL) 43.9 ± 2.15 25.7 ± 1.4## 30.7 ± 3.31 40.8 ± 2.21**

Serum glucose (mmol/L) 7.8 ± 1.16 11.4 ± 0.93 8.1 ± 2.01 7.9 ± 1.71
Serum insulin (ug/mL) 1.79 ± 0.61 3.05 ± 0.70## 2.28 ± 0.25* 1.81 ± 0.14**

Serum ALT (U/mL) 16.45 ± 2.12 34.71 ± 1.95## 25.19 ± 1.61* 19.49 ± 2.06**

Serum AST (U/mL) 67.83 ± 4.38 81.39 ± 4.12## 52.67 ± 3.49** 48.62 ± 4.05**

Serum SOD (U/mL) 56.55 ± 2.46 43.38 ± 5.81# 45.26 ± 2.17 55.23 ± 3.51*

Serum MDA (umol/L) 4.19 ± 1.05 5.57 ± 1.22# 3.36 ± 0.16** 3.94 ± 1.28*

Serum endotoxin (LPS) (EU/mL) 4.03 ± 0.15 48.71 ± 3.24## 36.22 ± 2.10* 21.92 ± 1.96**

Mean ± SEM. (n ¼ 10). #P < 0.05, ##P < 0.01 and ###P < 0.001 vs control rats. *P < 0.05, **P < 0.01 and ***P < 0.001 vs high fat-fed rats.
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TAK1, TLR4, IkBa, MyD88, (Cell Signaling Technology, Inc., USA).
Western blot bands were observed using GE Healthcare ECL
Western Blotting Analysis System and exposed to x-ray film of
Kodak.

2.7. Statistical analysis

The differences of index are evaluated by means ± SEM. Treated
tissue and the corresponding controls were compared using Graph
Pad PRISM (version 6.0; Graph Pad Software, USA) by a one-way
ANOVA with Dunn's least significant difference tests or Student's
t test. Differences between groups were considered significant at
p < 0.05. The bars indicate the means ± SEM. (n ¼ 10). #p < 0.05,
##p < 0.01, ###p < 0.001 vs. control group. *p < 0.05; **p < 0.01;
***p < 0.001 vs. HF.

3. Results

3.1. Juglone inhibited high-fat diet-induced liver injury in mice

Rats were treated with high-fat diet, followed by biochemical
and histological evaluation of the liver injury. As anticipated in
Table 1, serum levels of ALT and AST, both of which are well-
established markers of liver damage, were remarkably increased
in HF group mice. In addition, serum levels of TG, TC, HDL and MDA
were significantly enhanced in HF-fed rats, compared with control.
In contrast, low or high dose of juglone treatment rats were
reduced in these indicators. The SOD and LDL also could be
inhibited during the period of HF diet. Importantly, LPS as the
significant indicator of serum endotoxin to evaluate the levels of
endotoxemia illustrated that HF diet are capable of increasing LPS
level, the result was consist with the reported conclusion and
proven to improve liver injury and inflammatory responses.
Moreover, juglone has ability to decrease bodyweight in the long-
term HF-diet rats. And control rats are more resistant to the HF
rats, compare to all groups with AUC (Fig. 2A and B). In juglone
treated group, the extent of necrosis and adipose hollow space was
reduced obviously. Of note, the elevation of liver tissue TG and TC as
well as the hepatic necrosis area in model group were significantly
higher than those in treatment group (Fig. 2C and D). Histological
analysis also demonstrated that representative hepatic lipid accu-
mulation in HF group could be observed (Fig. 2E).

3.2. Effect of juglone on the mRNA and production of pro-
inflammatory cytokines in HF diet rats

Pro-inflammatory cytokines play a significant role in HF diet-
induced neuroinflammation of hypothalamus. A lot of researches
have given the fact that HF diet could cause a number of cytokines
release and inflammatory pathway activation. As expected, our
results in Fig. 3 have illustrated that the dynamic changes of main
pro-inflammatory cytokines in protein level between 1 week and
10 week in serum and tissues. We found that HF diet significantly
increase the pro-inflammatory cytokines levels and promote them
release. In contrast, juglone treatment could suppress the re-
sponses, compared to HF diet group. In addition, we also investi-
gated the protective effect of juglone on mRNA levels. The results
showed that both pro-inflammatory cytokines mRNA and major
maker of gliocytes-GFAP and CD11b were markedly enhanced and
activated with the increase of fed time.

3.3. Juglone prevented NF-kB signaling pathway in HF diet rats

In this study, to confirm whether juglone significantly inhibited
astrocytes activation via suppressing NF-kB signal pathway acti-
vation in HF diet-induced inflammatory responses, we observed
themajor members were involved in NF-kB signaling pathway such
as TLR4, MyD88, NF-kB and IkBa expression level. Interestingly,
GFAP as the major maker of astrocytes were significantly increased
in hypothalamus of HF-fed rats, compared with other groups
(Fig. 4A). The GFAP positive cells are higher than the groups in
juglone treatment. Also, the immunofluorescence results of hypo-
thalamus indicated that peNFekB was largely activated in HF diet
rats and inhibited by juglone administration (Fig. 4B). Besides, we
also investigated the IkBa expression, which is the key link indi-
cator in TLR4/NF-kB inflammatory signaling pathways. Our data
showed that HF diet has ability to increase the degradation of IkBa,
compared with juglone-administrated groups. In contrast, the
juglone may significantly suppress its level of degradation and
phosphorylation (Fig. 4C). Moreover, western blot analysis of as-
trocytes in hypothalamus demonstrated that HF diet administra-
tion could activate the expression of TLR4, MyD88 and TAK1,
compared with juglone groups. Meanwhile, juglone treatment
significantly inhibited the peNFekB and p-IkBa level. All the data in
this part illustrated that juglone significantly directly or indirectly
inhibited HF diet-induced hypothalamus inflammatory responses
via suppression of TLR4/NF-kB signaling pathways.

3.4. Effect of juglone on LPS-induced primary astrocytes
inflammatory responses

In this part, we used primary astrocytes to study the inhibitory
effect of juglone on LPS-induced astrocytes activation and inflam-
matory responses. First of all, we test the possible chronic toxicity
of juglone on astrocytes. MTT method was used to determine the
effect of juglone on time-dependent and dose-dependent in



Fig. 3. Juglone suppresses pro-inflammatory cytokines release and mRNA expression in hypothalamus. (A) The dynamic changes of TNF-a, IL-1b and IL-6 production in serum
between 1 week and 10 week. (B) The dynamic changes of TNF-a, IL-1b and IL-6 mRNA expression in hypothalamus tissues. Besides, GFAP and CD11b as the glials maker also have
been showed to evaluate glials activation. (CeE) TNF-a, IL-1b and IL-6 production of hypothalamus were analysis be ELISA method to compare the inhibitory of juglone on HFD-
induced hypothalamus inflammation.

Fig. 2. Inhibitory effect of juglone on hepatitis in high-fat diets rats. (A) Body weight of rats in the period of experiment. (B) Oral glucose tolerance test (OGTT) of different groups
from 0 min to 120 min; AUC: area under curve. (C, D) The analysis of TG and TC concentration in liver tissue of HFD rats. (E) Histological analysis of H&E, red oil staining and electron
microscopic image for liver tissue.
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juglone treated astrocytes. As expected in Fig. 4D and E, the data
from MTT showed that the highest dose of juglone (30 umol/L) we
used in this part has not obvious toxicity could be observed. And in
the dose-dependent of 24 h treatment, there is no apparent toxicity
could be detected. Also, the results in Fig. 4E indicated that HF diet
significantly increase TLR4/NF-kB signaling pathways activation in
western blot bands. In contrast, compared with model mice,
juglone treatment significantly reduces TLR4/NF-kB related in-
dicators expression and activation.

4. Discussion

Without a doubt, along with the improved living standard,
many nations now record more than 20 percent of their population



Fig. 4. Juglone inhibited astrocytes activation, NF-kB phosphorylation activation and LPS-induced primary astrocytes. (A) Immunohistochemistry analysis of brain tissue cross-
cutting shows the GFAP expression level in different treated groups; the GFAP positive astrocytes per sq. mm evaluation also has been showed below. (B) Immunofluorescence
analysis of hypothalamus tissues was used to investigate the inhibitory effect of juglone on NF-kB phosphorylation activation. (C) Immunofluorescence analysis of hypothalamus
tissues was used to investigate the inhibitory effect of juglone on IkBa phosphorylation expression in different kinds of administrated groups. Western blots method was used to
analyze the TLR4/NF-kB pathway related indicators expression in hypothalamus tissues. (D) The highest dose of 30 umol/L juglone we used to study the possible toxicity and time-
dependent manner on cell viability of primary astrocytes. The different concentration of juglone (24 h) was used to test the possible toxicity and dose-dependent manner on cell
viability of primary astrocytes in vitro. (E) Western blots method was used to analyze the TLR4/NF-kB pathway related indicators expression in 100 ng/ml LPS-induced primary
astrocytes.
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as clinically obese and well over half the population as overweight
[3,4]. Data fromWHO shows that at least one billion people around
the world are considered overweight or obese. So, trimming the fat
has become a global problem. In these reasons caused obesity,
high-fat diets as the major cause to take responsibility to devel-
opment obesity has been confirmed [8]. Hence, scientists around
the globe are now trying to figure out the reasonwhy high-fat diets
could lead to overweight and molecular mechanisms underlying
the condition. To our current knowledge, the report notes that
obesity may cause potentially fatal health problems including
stroke, diabetes, cardiovascular disease and even cancer [3,24e26].
Among these, the key link of high-fat intake induced obesity is
associatedwith the action of gutmicrobiota-activated endotoxemia
and metabolic syndrome. High fat in the animals’ diet leads to
obesity and may result in lipomas, lipemia, and hepatic lipidosis
(NAFLD). The recent report demonstrated that HFD-induced NAFLD
might enhance the development of neuroinflammation and further
promote the formation of nerve injury [27,28].

Juglone, a kind of a natural active product as a food and medi-
cine isolated fromwalnut husks of Juglans mandshurica, which was
used to be chemoprevention of traditional food in many countries
including China, India and Malaysia has been confirmed to perform
anti-tumor activity [20]. For a long time, researchers pay more
attention to its anti-cancer effect on various kinds of tumor. As an
important source of chemoprevention in folkloric statement of
many countries, we were wondering whether juglone has a pro-
tective ability to suppress endotoxemia and metabolic syndrome
induced nonalcoholic fatty liver disease and nerve injury in HFD
rats. Hence, in this regards, high fat diets, as an important and
certified contributors to the pathological process of obesity caused
by activate TLR4/NF-kB in vitro, was used to investigate whether
juglone perform potent anti-inflammatory action and underlying
mechanism between them.

A lot of reports have given fact that HFD-induced inflammation
by releasing a number of inflammatory cytokines such as IL-1b, IL-6
and TNF-a [29]. In our present study, juglone treatment for HFD rats
decreased the related indicators of hepatitis in serum and liver
tissues. As expected in Table 1, juglone has ability to suppress AST,
ALT, TG, TC and HDL increase during HFD period, compared with
other groups. Also, juglone treated group down regulated the



X. Peng et al. / Biochemical and Biophysical Research Communications 462 (2015) 245e250250
expression of TNF-a, IL-1b and IL-6 in serum and rat hypothalamus.
Of note, after the observation of major pro-inflammatory cytokines,
the inhibition of juglone for cytokines in response to the increase of
action time between 1 week and 10 week, which made us to study
the dynamic changes of cytokines in serum between juglone effect
and inflammatory responses. Our data showed that the expression
of cytokines in HFD rats is in a time-dependent manner. Mean-
while, we also investigated that the changes of mRNA level of GFAP
and CD11b in model rats. As anticipated, HFD could significantly
up-regulate the mRNA level of inflammatory cytokines and glial
makers.

Nuclear factor-kappa B (NF-kB), as the transcription factors that
play vital roles in inflammation, immunity, cell proliferation, dif-
ferentiation, and survival, has been determined to be the main
signaling pathway in the development of inflammatory disease
including hepatitis, nerve injury and lung injury, which is activated
via Toll-like receptor (TLR) 4 to carry on regulation of inflammation
[16e18]. As a matter of fact, NF-kB has been regarded as a central
link in the pathogenic processes of inflammatory responses, and it
may indicate a target point in treating inflammatory disease. In our
data, we try to illustrate whether TLR4/NF-kB pathway is response
to the inhibitory effect of juglone in HFD-induced hypothalamus
inflammation. Western blots and immunofluorescent assay were
used to determine, and the results declared that treatment of
juglone significantly blocked the up regulation of GFAP and TLR4.
Besides, juglone is capable of suppressing NF-kB activation and the
degradation of IkBa. These showed that the inhibition of juglone
effect on HFD induced hypothalamus inflammation might be
significantly involved in the TLR4/NF-kB signaling pathway. All of
the above results may provide the reason to explain the underlying
mechanism of juglone inhibitory effect in liver injury and astro-
cytes activation stimulated hypothalamus inflammation. Besides,
analysis of data indicated that TLR4/NF-kB signaling pathway as the
major inflammatory pathwaymay be directly or indirectly involved
in the development of HFD-induced inflammation.

Brief summary, we taken advantage of HFD rat model to
investigated whether juglone have a potential anti-inflammatory
ability to recover liver injury and hypothalamus inflammation,
and the underlying molecule mechanism by which it may sup-
press inflammatory responses. Accumulating evidences showed
that juglone significantly down regulated pro-inflammatory
expression such as TNF-a, IL-1b and IL-6. Interestingly, in part of
underlying mechanisms, NF-kB as the major link in the inflam-
mation related pathway has been determined that it could be
suppressed by juglone in development of hepatitis and nerve
injury. Hence, juglone may perform a novel potential role or
therapeutic in treating hepatitis or nerve injury, except for the
known inhibitory effect of juglone on various kinds of cancer.
Necessarily, in order to make the treatment more rigorous, in-
depth researches and discussion on large humanoid animals and
clinical investigations are confirmed to identify these findings,
acquired in mice models.
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