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Background: Sepsis can cause serious acute kidney injury in bacterium-infected patients, especially in intensive care pa-
tients. Luteolin, a bioactive flavonoid, has renal protection and anti-inflammatory effects. This study aimed to
investigate the effect and underlying mechanism of luteolin in attenuating lipopolysaccharide (LPS)-induced
renal injury.

Material/Methods: ICR mice were treated with LPS (25 mg/kg) with or without luteolin pre-treatment (40 mg/kg for three days).
The renal function, histological changes, degree of oxidative stress, and tubular apoptosis in these mice were
examined. The effects of luteolin on LPS-induced expression of renal tumor necrosis factor-a (TNF-o), NF-xB,
MCP-1, ICAM-1, and cleaved caspase-3 were evaluated.

Results: LPS resulted in rapid renal damage of mice, increased level of blood urea nitrogen (BUN), and serum creatinine
(Scr), tubular necrosis, and increased oxidative stress, whereas luteolin pre-treatment could attenuate this re-
nal damage and improve the renal functions significantly. Treatment with LPS increased TNF-a, NF-kB, IL-1f,
cleaved caspase-3, MCP-1, and ICAM-1 expression, while these disturbed expressions were reversed by luteo-
lin pre-treatment.

Conclusions: These results indicate that luteolin ameliorates LPS-mediated nephrotoxicity via improving renal oxidant sta-
tus, decreasing NF-xB activation and inflammatory and apoptosis factors, and then disturbing the expression
of apoptosis-related proteins.

MeSH Keywords: Acute Kidney Injury e Inflammation ¢ Lipopolysaccharides ¢ Mice, Inbred C57BL

Full-text PDF: http://www.medscimonit.com/abstract/index/idArt/898177

%2702 EEZ MEI4 %34

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]




ANIMAL STUDY

Background

Xin S. et al.:
Luteolin shows renal protective effect in LPS AKI
© Med Sci Monit, 2016; 22: 5173-5180

Material and Methods

As important excretory organs, the kidneys are the preferen-
tial targets of xenobiotics such as drugs or environmental con-
taminants. Acute renal damage, characterized by acute tubular
cell injury and kidney dysfunction, mainly develops following
toxic or ischemic insults [1]. Severe sepsis and septic shock
are the leading causes of acute kidney injury (AKI) in bacteri-
um-infected patients receiving intensive care, accounting for
almost 50% of AKI in these patients [2]. Septic patients with
AKI have overall increased morbidity and prolonged hospi-
tal stays, consume more healthcare resources, and have in-
creased mortality [3]. The pathophysiology of septic AKI is
complex, involving multiple factors, and is distinct from that
of non-septic AKI [4-8].

Lipopolysaccharide (LPS)-induced AKI is the most common
model to study the septic nephropathy. So far, the mecha-
nism of LPS-induced toxicity has not been clearly elaborated;
it has been proposed to be multi-factorial in nature, with in-
volvement of reactive oxygen species (ROS), apoptosis, and in-
flammation factors [9]. Enhanced production of ROS and de-
creased antioxidant enzymes are involved in the early stage of
LPS-induced nephrotoxicity [10,11], which results in oxidative
damage in different tissues and reactions with thiols in pro-
tein and glutathione that could cause cell dysfunction [12,13].

The activation of the TLR4 signaling pathway plays an im-
portant role in the pathogenesis of LPS-induced renal injury
and damage [14]. This signaling pathway stimulates the ex-
pression of pro-inflammatory chemokines and cytokines such
as interleukins (IL-1B, IL-18, IL-6) and tumor necrosis factor-
o (TNF-0) in the kidney. Glomerular fibrin deposition occurs
partially due to enhanced induction of nuclear factor-x B and
TNF-o in the kidney [15].

Luteolin is a secondary metabolite that exists widely in many
plants; some used in traditional Chinese medicine e.g., honey-
suckle, chrysanthemum, herba schizonepetae, and herba aju-
gae, are rich in luteolin. Researchers have showed that luteolin
exhibits anti-inflammatory, antioxidant, and anti-carcinogen-
ic activities [16—18]. Recent studies have shown that luteolin
has a renal protective effect via attenuation of oxidative stress
and inflammation in cisplatin-induced AKI in animals [19,20].

Based on previous studies, we speculated that luteolin may
also be useful in ameliorating LPS-induced AKI. We also ex-
plored the possible mechanisms involved in Institute of Cancer
Research (ICR) mice.

Animal experiment

The experiments were carried out in accordance with the guide-
lines of Animal Ethics Committee of Tianjin Union Medicine
Center. The ethics approval number was No. 20150137.

Healthy male ICR mice (20-22 g) were procured from SPF
Laboratories (Beijing, China). The mice were caged under patho-
gen-free conditions with controlled temperature and humidity.
Mice were given food and water ad libitum, and were divided
into 4 groups (n=10 per group) after one week of acclimatiza-
tion. In the control group, saline was given orally (10 mL/kg)
for three consecutive days, and a single intraperitoneal (ip) in-
jection of saline was given on the third day; the injection vol-
ume was 10 mL/kg. In the model group, saline was given oral-
ly (10 mL/kg) for three days, and a single ip injection of LPS
(25 mg/kg) was given on the third day. In the LPS and luteolin
group, luteolin (40 mg/kg/day) was given orally once daily for
3 days and a single ip injection of LPS was given on the third
day. LPS was dissolved in the saline as 1 mg/mL. The luteolin-
only group received oral administration of luteolin at a dose
of 40 mg/kg. The body weight of mice was recorded each day.

Twenty-four hours after LPS injection, mice were sacrificed by
decapitation at the end of the experiment, and blood samples
were obtained by eye enucleation. The kidney were immediate-
ly harvested and processed; half of the samples were fixed in
4% buffered paraformaldehyde (pH 7.4) at 4°C overnight and
embedded in paraffin for histopathological and immunohis-
tochemical analysis. The remaining half were frozen in liquid
nitrogen immediately for subsequent evaluation.

Laboratory examination

The obtained plasma samples were centrifuged at 900 g for 20 min
and stored at —80°C. Serum creatinine (Scr) and blood urea nitro-
gen (BUN) activities were measured by the enzymatic kinetic meth-
od using commercially available kits (Jiancheng Pharmaceuticals,
Nanjing, China), following the manufacturer’s instructions.

Histopathology examination

Fixed renal samples were dehydrated using an alcohol series,
cleared with xylene, and embedded in paraffin. Sections (5
pm) were stained with hematoxylin and eosin (H&E) and ex-
amined under light microscopy by experienced histologists in
a blinded fashion. Five high-power fields of each section were
assessed, and scores representing the approximate extent of
necrotic area in the cortical proximal tubules were then aver-
aged as mean +SEM. The degree of damage was graded: 0 de-
noted no degeneration; 1 denoted minimal degeneration (10%
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involvement); 2 denoted mild degeneration (10-35% involve-
ment); 3 denoted moderate degeneration (36-75% involve-
ment); and 4 denoted severe degeneration (75% involvement).

TUNEL assay

The terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-
biotin nick end labeling (TUNEL) assay was used for in situ apop-
tosis with TUNEL reagent (Promega, Madison, Wisconsin, USA).
In brief, 10 pm paraffin sections were treated with proteinase
K 20 pg/mL and then incubated in a nucleotide mixture con-
taining fluorescein-12-dUTP and TdT. Positive controls were
pretreated with 1 U/mL DNases, and negative controls were
incubated without TdT. Dark yellow apoptotic cells were count-
ed under light microscopy (CX31, Olympus, Japan).

Measurement of oxidative and anti-oxidative parameters
in kidney

Removed kidney tissues were weighed and washed with ice-
cold saline, and then were homogenized in ice-cold saline
(1:10, wt/vol). The homogenate was centrifuged at 12,000 g
for 10 min at 4°C. The resultant supernatant was used to de-
termine the activities of superoxide dismutase (SOD), malo-
ndialdehyde (MDA), reduced glutathione (GSH), and catalase
using commercial kits (Jiancheng Pharmaceuticals, Nanjing,
China) according to the instructions.

ELISA analysis of TNF-a, NF-«xB, phosphorylated-NF-«B,
ICAM-1, and MCP-1 in kidney tissues

Kidney levels of TNF-o, NF-xB, phosphorylated-NF-«B, ICAM-1,
and MCP-1 were measured with an enzyme-linked immunosor-
bent assay (ELISA) kit following the manufacturer’s instructions
(R&D Systems, USA). Briefly, each kidney tissue was homogenized
by phosphate-buffered saline (PBS) in a 1:10 concentration (1 g
of tissue to 10 mL of PBS buffer). A monoclonal antibody spe-
cific for these proteins was pre-coated onto a microplate. The
standards and test samples were then pipetted into the wells
to allow binding of these proteins to the immobilized antibod-
ies. After washing away any unbound substances, an enzyme-
linked polyclonal antibody specific for these proteins was add-
ed to the wells. Following removal of unbound antibody-enzyme
reagent through washing, a substrate solution was added to
the wells and color was developed. The optical density of each
well was measured at the wave length of 450 nm or 510 nm on
a microreader (5190, Molecular Devices, USA). The concentra-
tion of each cytokine or chemokine was accordingly calculated.

Immunohistochemistry

After deparaffinization and rehydration, the kidney sections
were treated with 3% H,O, for 10 min to bleach endogenous
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peroxidases. After rinsing with PBS, sections were irradiated in
0.1 mol/L sodium citrate buffer (pH 6.0) in a microwave oven
(medium-low temperature) for 20 min. Nonspecific binding sites
were blocked with normal goat serum diluted in PBS, and the
slides were then incubated overnight at 4°C with anti-mouse
monoclonal antibodies against cleaved caspase 3 and BCL2
in a humid environment. They then were incubated in horse-
radish peroxidase (HRP)-conjugated secondary antibodies for
30 min at 37°C. After rinsing with PBS, the sections were in-
cubated with labeled streptavidin-biotin for 30 min, then vi-
sualized with 3,3’-diaminobenzidine tetrachloride (DAB) and
counterstained with hematoxyline. After rinsing, the sections
were dehydrated with an alcohol series and cleared with xy-
lene, mounted with DPX and coverslipped, and then exam-
ined by light microscopy.

Statistical analysis

Histopathology data were expressed as mean +SEM and com-
pared by one-way analysis of variance (ANOVA) with post hoc
tests to the LPS-treated group. Data from biochemical analy-
sis and ELISA were presented as mean +SEM and analyzed by
student’s t-test. A value of P < 0.05 was considered statistically
significant. Statistical analysis was carried out using GraphPad
Prism 5.0 (GraphPad Software, San Diego, California, USA).

Results

Luteolin improves biochemical indices of renal function

BUN and Scr levels in LPS-treated mice increased 2.93- and
2.10-fold compared with those in the normal mice (38.94+4.05
vs. 13.28+1.38 mg/dL, 3.68+0.37 vs. 1.75+0.11 mg/dL; P<0.05),
which indicated the induction of severe septic nephropathy.
Compared with the model group, SCr levels markedly decreased
by 38.5% with luteolin treatment, and BUN levels decreased
by 46.5% in luteolin group (Table 1). The luteolin alone did not
change the renal functions.

Luteolin ameliorates oxidative stress in LPS-challenged
kidney tissues

As we can see from Table 2. LPS induced a significant increase
in the MDA level compared with the normal group (86.3+4.52
vs. 38.2+2.53 nmol/g; p<0.01). Meanwhile the antioxidant in-
dices of GSH, catalase, and SOD activities showed significant
reductions compared with the normal group (P<0.05). On the
other hand, treatment with luteolin significantly maintained
MDA and GSH levels compared with those in the model group,
together with increased activities of catalase and SOD enzyme
(P<0.05). The luteolin alone did not produce a significant oxi-
dative change in the mouse kidney.
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Table 1. Blood urea nitrogen and Scr values at the post-treatment with the luteolin in LPS-induced AKI model.

Groups Control LPS model LPS + luteolin Luteolin
N 10 10 10 10
© BUN(mgid) 1328+138  38.94:405"  2082¢235% 14746152
 sa(mgd)  175:011  368s037* 226:024*  184s0.15
#p<0.05, compared with the normal control rats; * p<0.05, **p<0.01, compared with the LPS-induced AKI rats.
Table 2. Luteolin improve the oxidative stress condition.
Groups Control LPS model LPS + luteolin Luteolin
N 10 10 10 10
CGSH (mmol/gtissu)  548:013  200s0.12* 4255018 5351014
MDA (nmol/gtissue)  382:253 863:452°  5444781% 3758089
SOD (Umgprotein) 1431096 696:078" 11342054  133:034
Catalase (U/mg protein) 821053 358032 67:045% 881036

#p<0.05, compared with the normal control rats; * p<0.05, ** p<0.01, compared with the LPS-induced AKI rats.

Control |

LPS-+luteolin §

P<0.01 P<0.01

Tubular injury score

Luteolin

LPS

Luteolin+LPS  Luteolin

Control
group

Figure 1. Effect of luteolin on LPS-induced renal tubular damage. (A) Histologic sections of kidney at 24 h after treatment with control
buffer, LPS, and LPS plus luteolin (200x). (B) Histopathological scoring of tubular injury was concomitant with histologic
analysis (n=10 for each experimental group). Data are expressed as mean +SEM. # P < 0.05 vs. control; * P<0.05, ** P<0.01 vs.

LPS.

Luteolin improves the histology of LPS-treated mice

The normal glomerular and tubular structure could be seen in
both the cortical and medullary regions of the kidney in the con-
trol group (Figure 1A). In the LPS-treated group, we observed
severe diffuse acute tubular necrosis and desquamation and
parenchyma degeneration in the cortex, including tubular con-
gestion and swelling, loss of brush border, tubular cell necro-
sis, tubular nuclear pyknosis, tubular cell flattening, and severe
invasion of inflammatory cells within the interstitium and the
perivascular and subvascular areas (Figure 1A). Mice treated
with luteolin at 40 mg/kg demonstrated significant reduction
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of injury (Figure 1A). The histological scores also showed in-
creased tubular injury after LPS treatment, which was signifi-
cantly reversed by luteolin treatment (Figure 1B).

Luteolin attenuates LPS-induced apoptosis in the kidney

TUNEL staining apoptotic cells are shown in Figure 2. There were
almost no TUNEL-positive cells in normal mice and luteolin-
treated controls. The number of TUNEL-positive cells was signif-
icantly increased after LPS treatment compared with the vehi-
cle-treated control group. Luteolin administration significantly
decreased the number of LPS-induced TUNEL-positive cells.
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Figure 2. DNA fragmentation was visualized in situ by the TUNEL procedure by light microscopy. (A) Representative TUNEL figures.
(B) Quantitation analysis. Data are expressed as mean +SEM. # P<0.05 vs. control; * P<0.05, ** P<0.01 vs. LPS.

Luteolin regulates expression of TNF-a, NF-xB, ICAM-1,
MCP-1 and IL-18

As shown in Figure 3, we demonstrated by ELISA that the
protein expression of inflammatory factors including TNF-a,
p-NF-xB, ICAM-1, MCP-1, and IL-1P3 was significantly increased
in the LPS-treated group compared with the normal group.
However, expression of these proteins was alleviated signifi-
cantly by luteolin, and luteolin alone did not cause an increase
of pro-inflammatory cytokines and chemokines. Total NF-xB
did not change much among these four groups.

Luteolin suppresses cleaved caspase-3 in LPS-treated mice

The distribution of cleaved caspase-3 in kidney sections was
assessed by immunohistochemistry (Figure 4). We observed
slight staining of cleaved caspase 3 in cortical and medullar
structures of kidney in the control group. In the LPS group, dif-
fuse and strong cleaved caspase-3 staining could be seen in
all proximal and distal tubules in the renal cortex. The posi-
tively stained cells exhibited morphologic changes that were
associated with apoptosis (pyknotic, shrunken cell with con-
densed nucleus). The activation of caspase-3 was dramatical-
ly reduced by luteolin treatment, while luteolin alone did not
cause visible injury.

Discussion

In this study, we assessed the protective effects of luteolin us-
ing an LPS-induced mouse nephropathy model. Results showed
that luteolin could reduce LPS-induced oxidative stress, local
inflammation, and tubular apoptosis, which were aggravat-
ed in the pathogenesis of renal dysfunction. The luteolin act-
ed through reduction of an LPS-induced increase in expres-
sion of inflammatory signals including TNF-o., p-NF-kB, MCP-1,

and IL1p, and expression of apoptotic signals including cas-
pase 3 protein.

Systemic inflammation mediates organ dysfunction during sep-
sis. Excessive inflammation plays a major role in the initiation
of kidney damage and deterioration of kidney function4[21].
Pro-inflammatory cytokines are major mediators of sepsis-in-
duced AKI [22]. Pro-inflammatory mediators are known to reg-
ulate acute inflammation by activating the JAK-stat3 signal-
ing [23] and NF-kB pathways [24]. Controlling pro-inflammatory
mediator production and downstream pro-inflammatory me-
diators could be an effective approach to treat inflammato-
ry kidney injury [25]. However, how to regulate inflammato-
ry signaling in sepsis-induced AKI remains largely unknown.

Antioxidants, modulators of nitric oxide, diuretics, and an-
ti-apoptotic agents are current strategies for ameliorating or
preventing LPS nephrotoxicity [26]. Nowadays, attention has
focused on discovering natural, original compounds for pro-
tecting against renal injury, as well as accelerating tubular
cell regeneration. Luteolin is the main bioactive component of
Epimedium brevicornum, and it has attracted much attention
due to effects on invigorating the kidney in China. Luteolin has
a protective effect on the early stage of experimental diabetic
nephropathy via modulating TGF-B1 and type IV collagen ex-
pression in rats [27]. There is also a report about its protec-
tive effect against LPS-induced acute inflammatory responses
via the PI3K/Akt and NF-kB signaling pathway [28]. Therefore,
we explored the potential pharmacological actions exerted by
luteolin in mice with LPS-induced renal injury and the possi-
ble mechanism involved.

In this study, a single injection of LPS in the mouse model in-
duced renal morphological changes, including tubular necro-
sis desquamation and degeneration in the proximal and dis-
tal tubules, as well as an increased number of TUNEL-positive
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Figure 3. Effect of luteolin on LPS-induced TNF-q, total NF-kB, p-NF-«B, IL1B, MCP-1 and ICAM-1 protein expressions. Kidneys from
mice treated with control buffer, LPS, and LPS plus luteolin were evaluated for protein expressions by ELISA analysis. Data
are expressed as mean +SEM. # P<0.05 vs. control; * P<0.05, ** P<0.01 vs. LPS.

cells. This usually resulted in disturbed renal function, which
was also confirmed in our examination of biochemical param-
eters (elevated BUN and Scr levels, and renal cortical MDA lev-
el, as well as reduced kidney GSH level, catalase, and SOD ac-
tivities). Induction of nephrotoxicity by LPS is a rapid process
that occurs within 4 h following administration. Luteolin ad-
ministration started 2 days before LPS administration in the
present study. Results showed luteolin significantly shifted all
the measured biochemical parameters toward normalcy, and
it attenuated necrotic damage, which suggests protective ef-
fects on kidney function and histology.
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Previous mechanistic studies about LPS-induced nephropa-
thy demonstrated variously implicated key upstream events.
Previous research demonstrated that increased oxidative stress
was one of the earliest features that leads to lipid peroxidation
and GSH depletion [10,12]. Treatment of LPS-treated mice with
luteolin alleviated the disturbed renal oxidant status, which
could partially be attributed to the protective action of luteo-
lin at an early stage of LPS-induced nephrotoxicity.

NF-kB activation is associated with increased ROS genera-
tion and is pivotal in the consequent expression of pro-in-
flammatory cytokines like TNF-o, adhesion molecules (such as
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Figure 4. (A, B) Effect of luteolin on immunohistochemical stain of cleaved caspase 3 in LPS-induced mice. The brown area is the
positive expression area, indicated by the red arrow (200x). Data are expressed as mean +SEM. # P<0.05 vs. control; * P<0.05,

**P<0.01 vs. LPS.

ICAM-1) [29], and the pro-apoptotic proteins (caspase fami-
ly) [30]. LPS treatment activated NF-xB translocation into the
nucleus and increased TNF-oo mRNA via p38 MAPK [31]. These
chemokines may then facilitate migration and infiltration of
inflammatory cells and a secondary wave of ROS generation,
and further amplify the inflammatory cascade and injury [32].
In this study, luteolin suppressed the release of TNF-a from
the activated immune cells through attenuating NF-xB activa-
tion. It is likely that the protective effect of luteolin is mediat-
ed in part by its anti-inflammatory effect.

NF-kB activation has been known to regulate various cellular
responses, including apoptosis. It was reported that apoptosis
could aggravate the pathogenesis of nephrotoxicity via caspase
3 expression [25]. In the current study, LPS-mediated activa-
tion of caspase-3 was attenuated by luteolin. All these obser-
vations indicate the protective effect of luteolin on LPS-induced
renal tubular apoptosis via modulating expression of caspase 3.

There are still some limitations of the LPS-induced AKI model.
Firstly, the LPS model mimics the clinical conditions of bacteri-
um infection sepsis in young patients. However, animal mod-
els of sepsis differ from human sepsis because of age, comor-
bidity, and use of different supportive therapy [33]. Secondly,
the LPS AKI model is a simple sepsis model; it is difficult to
reflect the complicated clinical conditions, and the animal’s
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