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A B S T R A C T

There is an urgent need for effective treatments to reduce the large and growing burden of acute kidney injury
(AKI) and its consequences. Inflammation is believed to play a vital role in the pathophysiology of AKI.
Macrophage autophagy is considered protective against inflammation. Previous study discovered that ursolic
acid (UA), a natural pentacyclic triterpene carboxylic acid found in many plants as apples, bilberries, cranberries
and so on, promoted cancer cell autophagy. In the present study, we aimed to explore the effect of UA on
ameliorating AKI and the role of macrophage autophagy in the context of inflammation. The data from in vivo
experiments showed that pretreatment of mice with UA significantly suppressed xylene-induced ear oedema as
well as protected against LPS-induced AKI. Related mechanisms were further studied through in vitro experi-
ment. As expected, UA decreased inflammatory factors TNF-α, IL-6 and IL-1β secretion in macrophages in re-
sponse to lipopolysaccharide (LPS) stimulation. Furthermore, UA blocked LPS-induced TLR4/MyD88 pathway.
More importantly, enhanced autophagy of macrophages by UA through increasing the expression of both LC3B
and Beclin-1 led to alter macrophage function. What is more, similar to UA, autophagy inhibitor 3-MA obviously
decreased inflammation factors releases hinting the vital role of autophagy in regulating inflammation. In all,
above study suggested that UA is a potential anti-inflammatory natural compound for treating AKI by inducing
autophagy.

1. Introduction

In the past decade, autophagy has represented an emerging new
factor in human diseases as cancer [1], cardiomyopathy [2], and neu-
rodegenerative disorders [3]. Recent studies have demonstrated that
autophagy is rapidly induced in kidneys during AKI to protect tubular
cells from injury and even death [4]. Macrophage autophagy plays a
protective role against atherosclerosis [5] and liver fibrosis [6]. Mac-
rophage autophagy is proposed as a potential strategy for AKI while
related mechanisms are remains unclear.

Toll-Like Receptor 4 (TLR4) is one member of TLR family and is
activated by bacterial LPS, which leads to the development of AKI [7].
Activated TLR4 signal pathway initiates the immune response and its
activation by bacterial endotoxin is responsible for various chronic and

acute inflammatory disorders [8]. MyD88 is the downstream of TLR4.
Studies on MyD88-deficient mice clearly demonstrated that MyD88 is
essential in response to inflammation [9]. Also there are other data
showing that MyD88 is indispensable in responses to LPS [10]. As re-
lated research continues, the role of MyD88 in the pathological pro-
cesses of inflammation attracts more and more attentions.

Ursolic acid (UA) is a lipophilic pentacyclic triterpenoid found in a
wide variety plants, and possesses a wide range of biological functions,
such as anti-inflammation [11], anti-oxidation [12], and anti-fibrosis
[13]. These beneficial properties are of apparent value in preventing
AKI, although the underlying molecular mechanisms remain largely
unknown. This study is to investigate the protective effect of UA on AKI
and related mechanisms was also explored both in vivo and in vitro.
Specially, the role of autophagy involved in this process was revealed.
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Our findings may offer a new mechanism for UA on treating in-
flammatory disorder, which benefits the development of ideal drugs.

2. Materials and methods reagents

2.1. Materials and reagents

UA (purity > 98%) was purchased from Chengdu Herbpurify Co.
Ltd. (Chendu, China); LPS (Escherichia coli serotype 055:B5, LPS) was
purchased from Sigma Aldrich (St. Louis, MO, USA); Antibodies for

Fig. 1. UA prevented renal injury in LPS-AKI in vivo. Mice were pretreated with UA (100mg kg−1, i.g.) or positive control drug DEX (5mg kg−1, i.p.) for 1 h before
LPS (10mg kg−1, i.p.) injection. After 24 h, the kidney tissues and the blood samples were collected from mice. Renal function was assessed by HE staining (A and B)
and plasma creatinine and BUN level (C and D); Besides, inflammatory cytokines TNF-α (E), IL-6 (F) and IL-1β (G) in serum were determined using ELISA kits;
Macrophages infiltration in kidneys tissues was detected by immunohistochemistry with F4/80 antibody (H). UA, ursolic acid; DEX, dexamethasone.
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TLR4 and MyD88 were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); Antibodies for LC3B, Beclin-1 and GAPDH were pur-
chased from Cell Signaling Technology (Beverly, MA, USA); The anti-
SQSTM1/p62 antibody was purchased from Abcam (Cambridge, UK);
The BCA protein kits were purchased from Thermo Fisher (Suwanee,
GA, USA); HE Staining Kit was obtained from Nanjing Jiancheng
Bioengineering Research Institute (Nanjing, China); F4/80 antibody
was purchased from Bio-Rad (Hercules, CA); ELISA kits for TNF-α, IL-
1β, and IL-6 were from Neobioscience (Shenzhen, China). SiRNA for
TLR4 and MyD88 were purchased from Gene Pharma Company
(Shanghai, China). The BCA protein kits were purchased from Thermo
Fisher (Suwanee, GA, USA).

2.2. Blood parameters

Before the mice were killed, blood samples were collected from the
orbit. Then serum TNF-α, IL-6 and IL-1β were investigated by com-
mercial kits.

2.3. Cell culture

RAW 264.7 line cells (ATCC, Rockville, USA) and isolated primary
peritoneal macrophages were cultured in DMEM with 10% FBS, peni-
cillin (100 U/mL) and streptomycin (100 μg/mL) in a humidified in-
cubator with 5% CO2 at 37 °C.

Fig. 2. UA modulated autophagy pathway and suppressed inflammation during AKI. Primary peritoneal macrophages were isolated from control mice, AKI mice, UA-
treated mice and DEX-treated mice, TLR4 and MyD88 were detected by western blotting (A); Also LC3B, p62, and Beclin-1 protein expressions were detected by
western blotting (B); Additionally, mice were pretreated with UA (100mg kg−1, i.g.) for 1 h before being administered xylene (30 μL) for 1 h, ear weight was
measured (C); The ear tissue samples were stained with H&E (D) (HE, original magnification, 400×). Cont, left ear of mice not treated with xylene; UA, ursolic acid;
DEX, dexamethasone.
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2.4. MTT assay

RAW264.7 cells were seeded into 96-well plates at a density of
1× 105 cells per well overnight. Then, cells were treated with UA (10-6,
10-5, 10-4 M) for 24 h. The next step is to choose MTT assay to de-
termine the cytotoxicity according to previous report [14].

2.5. SiRNA transfection

SiRNAs targeting both TLR4 and MyD88 genes were used to silence
gene expression. Related experiments were performed according to
previous report [15].

2.6. Elisa

RAW264.7 cells were treated with UA for 1 h and were then in-
cubated with LPS for 24 h. After the medium was collected, the secre-
tion levels of TNF-α, IL-6 and IL-1β were determined using ELISA kits
according to the manufacturer’s instructions.

2.7. Animal experiments and ethical statement

BALB/C mice (male, 6–8weeks old, 18–22 g) were purchased from
Changzhou Cavens Laboratory Animal Co., Ltd. (Changzhou, Jiangsu
Province, China). All mice were housed in cages (≤8 mice per cage)
and given food and water under standard conditions (SPF) with air
filtration (22 ± 2 °C, 12 h light/12 h dark). All animal procedures
follow the NIH guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80–23, revised 1978).

For the xylene-induced mice ear oedema model [16], UA
(100mg kg−1) was administered orally (by gavage). After 1 h, 30 μL
xylene was applied to the anterior and posterior surfaces of the right
ears. The left ears served as controls without treatment. An hour later,
the mice were sacrificed by cervical dislocation, and two ear punches

(7 mm, i.d.) were collected and weighed immediately. The oedema was
evaluated by comparing the increase in the weight of the left ear punch
with the increase in the weight of the right ear punch. Then ear tissues
were collected and fixed in 10% formaldehyde for more than 24 h at
room temperature. After being dehydrated in gradient concentrations of
alcohol, tissues were embedded in paraffin. Lastly, sections were
stained with haematoxylin and eosin (H&E) and immunohistochemistry
and then imaged under a light microscope.

For the AKI model [17], mice were randomly divided into four
groups: a control group, LPS group (10mg kg-1, i.p.), UA (100mg kg-1,
i.g.) group and a positive control DEX (5mg kg-1, i.g.) group. Before the
LPS injection, mice were pretreated with UA for 1 h. After 24 h, serum
samples were collected by orbital puncture while they were under
diethyl-ether anaesthesia, and the cytokines (TNF-α, IL-6, and IL-1β)
were examined using ELISA kits. The serum levels of urea nitrogen
(BUN) and creatinine were determined on a Roche Module P800
(Roche, Shanghai, China). Furthermore, the kidney tissues were har-
vested and fixed in 10% formaldehyde and then embedded in paraffin
and sliced after been dehydrated in gradient concentrations of alcohol.
The sections were stained with H&E and immunohistochemistry and
then imaged under a light microscope.

2.8. Western blotting

Treated RAW cells line or primary peritoneal macrophages from
experimental mice were washed twice with ice-cold PBS and lysed with
RIPA buffer supplemented with a protease cocktail and phosphatase
inhibitors. Cell lysates were separated using 8–12% SDS-PAGE and then
transferred onto PVDF membranes. After membranes were blocked
with 5% non-fat milk in TBST (20mM Tris-HCl, 500mM NaCl, and
0.1% Tween 20) at room temperature for 1 h, membranes were in-
cubated with targeted primary antibodies and corresponding secondary
antibodies. Lastly, the protein-antibody complexes were detected by
ECL Advanced Western Blot detection Kit. Quantity One software (Bio-

Fig. 3. UA suppressed LPS-induced pro-inflammatory cytokine release in vitro. Firstly, RAW264.7 cells were pretreated with different doses of UA (10-7, 10-6, 10-5, 10-
4 M) for 24 h, cell viability was detected by MTT assay (A); RAW264.7 cells were pretreated with UA (10-5 M) for 1 h before being stimulated with LPS (50 μg/ml) for
another 24 h, the pro-inflammatory cytokines TNF-α (B), IL-6 (C) and IL-1β (D) were determined using ELISA Kit. UA, ursolic acid.
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Rad) was used to quantitate the intensity of bands.

2.9. Isolation of mouse peritoneal macrophages

Mouse peritoneal macrophages were prepared as previously de-
scribed [7] with some modifications. Briefly, after mice from UA, Dex
and LPS-treated groups were sacrificed, they were soaked in 75% al-
cohol for 1–2min, transferred to the ultra-clean platform and then in-
jected with 3ml of 0.05% EDTA-PBS in the peritoneum to collect
thioglycollate-elicited peritoneal macrophages. The collected cells were
centrifuged at 160g, 4 °C for 5min, and the cell pellet was washed with
PBS and centrifuged again. The cell pellet was suspended in 10% FBS-
DMEM medium and cultured in a culture dish. After incubation for 3 h,
the cells were washed with PBS to remove unattached cells. Finally, the
adherent cells were monolayer macrophages.

2.10. Immunohistochemistry

Immunohistochemistry was carried out as described previously in
paraffin–embedded tissue sections 5mm thick [18]. Primary antibody
was rat polyclonal anti–F4/80 (1:100). Sections were used for im-
munohistochemical staining with antibody. Color reaction was devel-
oped with diaminobenidine.

2.11. Data analysis

All results are presented as the means ± SEM. For statistical ana-
lysis, the significance of the intergroup differences was analysed by one-
way analysis of variance (one-way ANOVA) with Dunnett's multiple

comparisons test using GraphPad Prism 6.0 software. The significant
difference was defined as P < 0.05.

3. Results

3.1. UA prevents renal injury in LPS-AKI by regulating TLR4/MyD88 and
autophagy in vivo

Tubular injury is an important feature of AKI that may eventually
lead to tubulointerstitial fibrosis [19]. In LPS-induced AKI model, H&E
staining assay was used to explore the histologic tubular injury. Com-
pared with the normal kidney tubules in the control group, loss brush
border or vacuolization could be obviously observed in model group. As
expected, both UA and DEX (dexamethasone, positive drug) sig-
nificantly attenuated these phenomena (Fig. 1A). To better observe the
injury level of tubular injury visually, evidence of cell injury specially
vacuolization was scored on a semiquantitative zero to three scale, and
results were added to yield the tubular injury score (Fig. 1B). Compared
with model group, both UA and DEX obviously decreased tubular injury
score. Furthermore, renal function was assessed by plasma creatinine
and blood urea nitrogen. Consistent with the result from H&E staining
assay, both UA and DEX had obviously protect effect on AKI (Fig. 1C
and D). Macrophages are one of the innate leukocytes accumulated in
the kidney and promote inflammation in acute phase of AKI [20]. F4/
80-positive macrophages were observed in kidney tissue in AKI group
while both UA and DEX decreased the F4/80-positive macrophages
infiltration (Fig. 1H). Consistent with this result, LPS-induced in-
flammatory cytokines TNF-α, IL-6 and IL-1β were also obviously re-
duced by UA and DEX pretreatment (Fig. 1E, F and G). Furthermore,

Fig. 4. UA reduced LPS-induced cytokines releases by blocking TLR4/MyD88 signal pathway both in RAW cell line. RAW264.7 cells were pretreated with UA (10-
5 M) for 1 h before being stimulated with LPS (50 μg/ml) for another 24 h. Protein expressions of TLR4 and MyD88 were detected by western blotting (A); Cells were
transfected with siRNAs for TLR4 (B) and MyD88 (C) successfully and then stimulated with LPS for 24 h, cytokines TNF-α (D), IL-6 (E), and IL-1β (F) were determined
using ELISA kit. NC-siRNA, negative control siRNA. UA, ursolic acid.
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primary macrophages were isolated from experimental mice including
control mice, AKI mice, UA-treated mice and DEX-treated mice, au-
tophagy characteristic proteins LC3B, p62, Beclin-1 and inflammatory
proteins TLR4, MyD88 were detected. As shown in Fig. 2A and B, UA
modulated autophagy pathway and suppressed TLR4, MyD88 expres-
sion in macrophages during AKI. In addition, in a xylene-induced ear
oedema mouse model, a significant inhibitory effect of UA on ear
weight was observed (Fig. 2C). Meanwhile, ear section H&E staining
data showed that UA significantly suppressed the xylene-induced ear
oedema (Fig. 2D).

3.2. UA suppresses LPS-induced TNF-α, IL-6 and IL-1β expression in vitro

According to the results in vivo, related mechanisms were subse-
quently explored in vitro. Firstly, cytotoxic effect of UA on RAW264.7
was tested by MTT assay. As shown in Fig. 3A, UA had no cytotoxicity
to cells until its dose was up to 1×10-4M. To minimize the cytotoxicity
of UA on cell viability, 1× 10-5M was chosen optional dose for the
following study. When cells were stimulated by LPS, pro-inflammatory
cytokines TNF-α, IL-6, and IL-1β were significantly increased while pre-
treatment of UA before cells were stimulated by LPS obviously

decreased cytokines releases (Fig. 3B–D).

3.3. UA inhibits LPS-activated cytokines releases by TLR4/MyD88 pathway
in vitro

Classically speaking, TLR4 stimulated by LPS induces the releases of
critical proinflammatory cytokines. There are two pathways located the
downstream of TLR4 during the pro-inflammatory process: MyD88-
dependent and -independent pathways [21]. The data based on Fig. 4A
showed that in RAW264.7 cell line, LPS activated TLR4/MyD88
pathway while UA obviously blocked this pathway. Furthermore, si-
lence of TLR4 and MyD88 (Fig. 4B–C) significantly decreased in-
flammatory factors releases (Fig. 4D–F). These findings indicated that
UA exerted its anti-inflammatory effect mainly through TLR4/MyD88
pathway.

3.4. UA-induced autophagy regulates inflammatory cytokine release

A renoprotective role of autophagy in AKI has been demonstrated by
genetic inhibition and pharmacological studies [22]. Autophagy can
interact with many vital processes such as inflammation, programmed

Fig. 5. UA inhibited inflammation by enhancing macrophage autophagy. RAW264.7 cells were pretreated with UA (10-5 M) or 3-MA (1mM) for 1 h before being
stimulated with LPS (50 μg/ml) for another 24 h, LC3B, p62, and Beclin-1 protein expressions were detected by western blotting (A); TLR4 and MyD88 were detected
by western blotting (B); Cytokines TNF-α (C), IL-6 (D), and IL-1β (E) were determined using ELISA kit. UA, ursolic acid.
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cell death, and adaptive immune [23]. As shown in Fig. 5A, no sig-
nificant difference could be observed between LPS exposure group and
control group in the expression ratio of LC3II/I and levels of p62 as well
as Beclin-1 while obvious changes could be observed in UA-treated
group. Meanwhile, these changed could be observed remarkably re-
versed in 3-MA co-treatment group indicating the occurance of autop-
hagy. In the following study, autophagy inhibitor 3-MA obviously de-
creased TLR4 and MyD88 expressions (Fig. 5B) hinting that autophagy
induced by UA regulated TLR4/MyD88 pathway. Meanwhile 3-MA
reversed inflammation factors TNF-α, IL-6 and IL-1β releases
(Fig. 5C–E) implied its regulation on cytokines mediated by blocking
TLR4/MyD88 pathway.

4. Discussion

LPS-induced mouse inflammation is a well model of AKI. In this
model, LPS significantly induces the release of inflammatory cytokines
which promote kidney disease. Increased inflammatory factors are
observed in cardiovascular diseases [24], immune-mediated diseases
[25], kidney diseases [26], and neurodegenerative diseases [27]. In our
study, UA could obviously ameliorate LPS-induced AKI (Fig. 1A–D).
Besides, UA significantly decreased the levels of inflammatory media-
tors TNF-α, IL-6 and IL-1β in serum as well as reduced macrophage
infiltration in kidney tissue in LPS-induced AKI model (Fig. 1E–H). To a
certain extent, UA has a better effect than DEX, a clinical drug for in-
flammation treatment. Above data indicated that UA could attenuate
acute inflammation by inhibiting inflammatory infiltration. Although
the protective effect of UA on the AKI model is corroborated, detailed
mechanisms research remains to be explored in the future.

TLR4 is one TLR family members to be identified in 1997 [28]. It is
considered as the gene encoding LPS receptor [29]. TLR4/MyD88 is
responsible for the physiological recognition of LPS in many different
cells that express both proteins, such as lymphoid cells, macrophages,
and endothelial, epithelial, as well as vascular smooth-muscle cells
[30]. In our study, TLR4/MyD88 pathway was activated by LPS and
blocked by UA in both primary macrophages from experimental mice
and RAW264.7 cell lines. Previous studies have indicated that blocking
LPS-induced TLR4 pathway is an alternative strategy for discovering
potential anti-inflammatory drugs. To further explore the significance
of TLR4/MyD88 in regulating inflammatory factors, RNAs for both
TLR4 and MyD88 were silenced. As expected, silence of TLR4 and
MyD88 obviously decreased the releases of TNF-α, IL-6 and IL-1β
hinting regulation effect of TLR4/MyD88 on inflammatory factors
(Fig. 4).

Autophagy maintains cellular homeostasis and functions as a cyto-
protective response to a variety of general stress-response pathways
[31]. Macrophage autophagy has been shown protective against in-
flammation [32]. There are many vital molecules involved in autop-
hagy such as Beclin-1 (involved in vesicle nucleation) [33], LC3B (in-
volved in autophagosome membrane expanision and autophagosome-
lysosome fusion) [34] and p62 (an autophagosome cargo protein that
targets other proteins that bind to it for selective autophagy). The effect
of UA on macrophage autophagy was subsequently studied. UA induced
both primary macrophages from experimental mice and RAW264.7 cell
lines autophagy occurrence by increasing LC3B and Beclin-1 expression
as decreasing p62 expression (Figs. 2B and 5A). Furthermore, the
changes in cell lines were obviously reversed by autophagy inhibitor 3-
MA. More important, autophagy inhibitor 3-MA blocked TLR4/MyD88
pathway as well as reduced inflammatory factors releases (Fig. 5)
hinting that autophagy induced by UA suppressed inflammation re-
sponses in macrophages by regulating TLR4/MyD88 pathway.

In conclusion, our study suggest that UA enhanced macrophage
autophagy to regulate TLR4/MyD88 pathway and thus reduces in-
flammatory process. Out study provides evidence that UA might be an
optimal anti-inflammation therapy by virtue of its macrophage autop-
hagy-enhancing activity.
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