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Abstract

Scope—Acute kidney injury (AKI) is the most frequent and serious complication in sepsis, a
potentially deadly inflammatory response induced by bacterial, viral or fungal infection.
Lipopolysaccharide (LPS) induced AKI is associated with an abnormal inflammatory response,
including renal endothelial dysfunction and renal inflammation. Resveratrol, a natural phytoalexin
with low toxicity and anti-inflammatory properties, is known to protect endothelial cells and
modulate the immune response in sepsis.

Methods and results—This study investigates the potential protective effects of resveratrol on
AKI induced by LPS exposure of mice. Resveratrol was administered as a pre- and post-treatment,
or as a post-treatment alone following LPS injection and compared to control groups.

Resveratrol significantly improved kidney function and lowered serum and kidney tissue
inflammatory cytokine levels. Consistently, resveratrol prevented endotoxin-induced disruption of
endothelial cell permeability and inhibited inflammation of kidney tissue. Resveratrol treatment
attenuated the effects of LPS on macrophages, with significant inhibition of activation, cytokine
release and TLR4 activation. Resveratrol treatment also resulted in decreased expression of iNOS,
Bcl-2 and Bcl-xL in macrophages, which was linked with induction of apoptosis in macrophages.

Conclusion—Our studies suggest that resveratrol might represent a novel therapeutic agent to

prevent and treat sepsis induced AKI.
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Introduction

Sepsis is a complex clinical condition characterized by a whole-body inflammatory response
that results from a harmful host response to infection [1]. Acute kidney injury (AKI) is one
of the most frequent ramifications of sepsis and increases both the complexity of the
condition and the mortality rate compared with sepsis alone [2]. Unfortunately, the exact
pathophysiology of AKI in sepsis still poorly understood. To date, the main clinical
therapies for AKI, such as fluid resuscitation and supportive care, emphasize the role of
renal blood flow (RBF) to maintain kidney perfusion. These treatments have improved
survival, however the mortality rates of AKI remain unacceptably high at 30% [3, 4]. Even
animal models of sepsis have demonstrated little improvement following marked elevation
of RBF in sepsis related AKI [5]. These might indicate that maintenance of hemodynamic
stability may not be sufficient for AKI treatment, with nonhemodynamic conditions, such as
immunologic or inflammatory factors, also contributing to development of septic AKI [6-8].

Lipopolysaccharide (LPS), produced by gram-negative bacteria, has been widely used for
AKI research [9]. The AKI model induced by LPS results in an immune response that
initiates kidney injury. Mononuclear and endothelial cells play a role in the initial immune
response [1]. After exposure to LPS, resident renal mononuclear cells secrete chemokines
and cytokines that guide the immune cell from the peripheral circulation into the inflamed
site to fight infection. Endothelial cells are also involved in this process with regard to
regulation of vascular permeability [10, 11]. Among resident and infiltrating mononuclear
cells, macrophages play a critical role in the pathology of AKI. Depleting macrophages or
reducing macrophage activation protects the kidney from injury [12, 13]. During
endotoxemia, LPS-induced Toll-like receptor-4 (TLR-4) activation in macrophages triggers
transcription of nuclear factor-xB (NF-xB), a pro-inflammatory gene that induces a rapid
cytokine storm, including spikes in TNFa, IL-1p and IL-6. [14, 15]. These cytokines, in
turn, activate a large number of neutrophils, macrophages and dendritic cells. These
activated immune cells produce reactive oxidative species (ROS), neutrophil elastase,
inflammatory factors and damage the surrounding tissue [16, 17]. Therefore controlling
abnormal immune responses in the kidney might prevent AKI and improve the clinical
outlook in sepsis.

Resveratrol (3, 5, 4-trihydroxistilbene), a phytoalexin found in many plants with anti-
inflammatory, anti-tumor, and anti-oxidant properties, has been widely studied in various
animal models for human disease [18, 19]. Resveratrol has low renal toxicity and is known
to have beneficial effects in renal disease, including sepsis-induced renal injury [20, 21].
Many molecular pathways are involved in the anti-inflammatory effects of resveratrol,
including TLR4 and NF-xB pathways. For example, Resveratrol suppresses TLR4
activation and decreases cytokine production in LPS stimulated macrophages [22, 23]. In
this study, we investigated the mechanism behind the local immune response in AKI caused
by LPS infusion. We found that resveratrol mediates anti-inflammatory responses by several
pathways, and thereby offers a potential therapeutic strategy for AKI.
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Materials and Methods

Animals

Female C57BL/6 mice aged 8 to 12 weeks were purchased from the National Cancer
Institute. Animals were housed in the animal facility at the University of South Carolina
School of Medicine and maintained under normal light and dark cycles. Animal use
procedures were approved by the Institutional Animal Care and Use Committee of the
University of South Carolina (Protocol AUP 2169).

In vivo experiments

For in vivo experiments, 8-10 week old female C57BL/6 mice (n=8 per group) were injected
intraperitoneally with 15 mg/kg body weight of LPS (Escherichia coli 0111:B4, Sigma-
Aldrich) in 100 ul pyrogen-free water. The control group received 100 pl of pyrogen-free
water. To evaluate the anti-inflammatory effect of resveratrol, two separate groups were
treated with resveratrol, a pre-LPS treatment group and a post-LPS treatment group. Mice
received 100 pl of 100 mg/kg of resveratrol (Sigma-Aldrich) suspended in 100 pl distilled
water by oral gavage. In the pretreatment group (RES+LPS), resveratrol was administered 6
h before and 2 h after LPS injection. In the post-treatment group (LPS+RES), resveratrol
was administered 2 h after LPS injection. At 20 h after the injection of LPS or control
buffer, mice were euthanized. Blood was collected in heparinized tubes. Both kidneys were
removed with one kidney from each mouse was kept at —80°C freezer and the other kidney
fixed in 10% formalin.

Renal function and cytokine analysis

For assessing renal function, blood urea nitrogen (BUN) and serum creatinine were
measured with ELISA kits (Sigma) according to the manufacturer’s instructions. Blood
samples were taken from the retro-orbital plexus, and plasma was isolated. Frozen kidney
tissues were homogenized in lysis buffer (150 mM NaCl, 15 mM Tris, ImM MgCl, pH 7.4,
1 mM CacCly, 1% Triton) with 1% protease inhibitor cocktail (P8340, Sigma). Cytokine
concentration in plasma, kidney homogenates or cell supernatants were detected with an
ELISA kit (Biolegend) for tumor necrosis factor (TNF)-a, interleukin (IL)-1p, IL-6, IL-10
and monocyte chemotactic protein (MCP-1). The procedures were performed according to
the manufacturer’s protocol.

Histopathology and immunochemistry

Renal tissues were placed in 10% buffered formalin overnight and subsequently embedded
in paraffin. Renal sections of 4 pm thickness were stained with haematoxylin and eosin.
Vacuolar degeneration of kidney tubular cells was scored as follows: less than 5% = 0, 5% —
20% = 1+, 20%-50% = 2+, and more than 50% = 3+.

Evaluation of renal cell apoptosis was performed on 4 um renal sections using the DeadEnd
Colorimetric TUNEL System from Promega by following the manufacturer’s instructions.
TUNEL positive stained renal cells were counted in 10 randomly selected fields for each
slide and the data was expressed as the percentage of apoptotic cells per field.
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Macrophages were isolated from inflammatory cells from kidney tissue using magnetic
beads for F4/8 positive cells and evaluated for purity by FACS. Macrophages represented
94.2% of the positive cells. The cells were then placed on microscope slides and immersed
in 4% paraformaldehyde in PBS and blocked with serum, then incubated with rabbit
polyclonal anti-mouse iNOS antibody (Santa Cruz) at 4°C overnight. FITC-Avidin
secondary antibody (Vector Laboratories) was used to detect the expression of iNOS in
macrophages. Nuclei were counterstained with DAPI (Thermo Fisher Scientific). Positive
cells were counted in 10 randomly selected fields from each slide and the data were
expressed as the percentage of iNOS positive cells per field.

Vascular permeability assay by Evans blue dye

Twenty hours after LPS injection, mice from each group were injected with 1% Evans blue
in PBS intravenously, and 2 h after Evans blue injection, the mice were euthanized. Mice
were perfused with heparinized PBS, the kidneys were excised and homogenized in 1 ml
formamide then placed at 37°C for 24 h. The amount of Evans Blue in the kidney was
determined by measuring the absorbance of the supernatants at 620 nm. The following
formula was used to calculate relative alteration in vascular leak: (ODsample = ODcontrot)/
ODcontro1%100 [24].

Flow cytometry assay

To investigate inflammatory cells in kidney tissues, mice were treated with LPS and
resveratrol as described above, kidney tissue was collected from euthanized mice 20 h after
LPS injection. The kidney tissue was minced and digested in type IV collagenase (2 mg/ml)
at 37 °C for 1 h. The digested kidneys were passed through 100- and 40-mm mesh,
separated using two-phase Percoll (36% and 72%) and centrifuged at 1,000xg for 30 min at
room temperature. Inflammatory cells were collected in the Percoll interface and washed in
PBS containing 2% fetal bovine serum (FBS). After that, the cells were stained for 30 min at
4°C with F4/8 and GR-1 antibodies and analyzed with a Beckman 500 flow cytometer.

Western blot

Proteins were isolated from kidney tissues or cells with RIPA buffer containing protease
inhibitors, PMSF, and sodium orthovanadate. Protein (50 ug) was separated by SDS-PAGE
and transferred onto a PVDF membrane using a wet transfer apparatus. The blots were
blocked with 5% non-fat dry milk in TBS. The blots were incubated with primary antibodies
at 4°C overnight. The blots were washed and incubated with horseradish peroxidase labeled
secondary antibodies at 4°C. After 2 h, protein was detected using Pierce ECL Western
Blotting Substrate (Pierce).

In vitro experiments

Bone marrow cells were isolated from femurs of 8-10 week old female C57BL/6 mice.
Cells were seeded in bacterial plastic plates for 4 h in RPMI 1640 medium containing 10%
FBS. Non-adherent cells were removed and those remaining were cultured in the above
medium containing 30% L929 cell-conditioned medium (L929 CM) as the source of murine
macrophage colony-stimulating factor (M-CSF). After 7 days, cells were harvested and
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evaluated for purity by FACS staining with F4/80: 97.3% of the cells were positive. Bone
marrow-derived macrophages (BMDM) were cultured in RPMI 1640 medium with 100
ng/ml LPS for 2 hours, then various concentrations of resveratrol (10, 20, 50, 100 pmol)
were added into the medium. After incubating for an additional 12 h, BMDM cells were
harvested and apoptosis detected using an Annexin V-FITC Apoptosis Kit (BD
Biosciences).

Data analysis

Results

Data were presented as mean + standard error of three independent experiments. Statistical
significance was performed using the ANOVA or Student's t test to evaluate differences
between treated and control groups. P< 0.05 was considered to be significant.

Resveratrol reduces cytokine levels and protects renal function in mice exposed to LPS

The goal of this study was to investigate whether resveratrol protects mice from the systemic
inflammation and renal dysfunction induced by LPS [9]. To that end, resveratrol was
administered in two different treatment regimens. In the pre-treatment group, mice received
two oral doses of resveratrol: 6 h before LPS injection and 2 h after LPS injection. In the
post-treatment group, mice only received a single dose: 2 h after LPS injection (Fig. 1A).

At 20h after LPS injection, serum from the mice in each group was collected for ELISA.
The result (Fig. 1B) showed that exposure to LPS induced marked increase in cytokines,
including TNFa, IL-18, IL-6 and MCP-1, as well as significantly increased serum creatinine
and BUN levels, which are a measure of kidney function, compared to the control group. In
contrast, resveratrol pre-treatment and post-treatment caused a significant decrease in the
levels each of these cytokines as well as creatinine and BUN (Fig. 1C). Interestingly, the
pre-treatment group showed less of an effect on serum cytokine levels such as TNFa, IL-1p
and MCP-1 and less of an effect on serum IL-6 levels compared with the post-treatment
group. However, the renal function, as measured by serum creatinine and BUN levels, was
not significantly different between pre-treatment and post-treatment groups.

Resveratrol ameliorates renal morphological changes and reduces infiltration of immune
cells in the kidney

To further assess the protective effect of resveratrol on AKI, the kidneys of mice exposed to
LPS were evaluated by histological analysis (Fig. 2). Renal tubular vacuolization and
apoptosis are major pathologies observed during AKI [25]. Our data indicated that LPS
induced significant renal tubular vacuolar changes (Fig. 2A-B) and renal tubular cell
apoptosis (Fig. 2D--E), which were determined by assay for detecting TUNEL positive cells.
Pre-treatment and post-treatment groups with resveratrol, displayed relatively mild renal
morphological changes. Resveratrol decreased the LPS-induced tubular degeneration and
the percentage of TUNEL-positive cells in the kidney. In contrast, the resveratrol alone
group does not show any renal morphological changes compare to control group (data not
shown). These data indicated that resveratrol has a protective effect against LPS-induced
toxicity in kidney tissue.
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Concurrently, we found that infiltration of inflammatory cells within the kidney from LPS-
treated mice, which is associated with the pathology of AKI, with significantly increased
levels inflammatory cells in the renal interstitium (Fig. 2 C). However, resveratrol treatment
ameliorated the extent of infiltration, and the suppressive effect on infiltrating cells in the
pre-treatment group was better than that in the post-treatment group. These results suggested
that pre-treatment with resveratrol is more effective at reducing the inflammation in this
model of murine AKI.

Resveratrol reduces infiltrating inflammatory cells and decreases renal endothelial
permeability

To investigate the local immune response within the kidney, the infiltrating cells within the
kidney were isolated and stained with various cell markers. The percentage of cells and total
inflammatory cell infiltrate in the different treatment groups were analyzed by flow
cytometry (Fig. 3A). The total inflammatory cell infiltrate in the different treatment groups
was consistent with the observations noted in the histological analysis. Administration of
LPS significantly increased granulocytes and macrophages in the kidney (Fig. 3B).
Resveratrol treatment significantly reduced the infiltrating inflammatory cells, particularly
the granulocytes.

To further investigate the mechanism by which resveratrol modulates the local immune
response within the kidney, we assessed the function of the renal endothelium cells by
assaying vascular permeability caused by infiltration of inflammatory cells into the kidney.
To this end, we tested the effect of resveratrol on the kidney vascular permeability by
measuring the leakage of Evans blue dye25. LPS administration significantly increased
vascular permeability in the kidney compared with control. Pre-treatment or post-treatment
with resveratrol significantly decreased the LPS-induced renal vascular permeability (Fig.
30).

Resveratrol treatment lowers renal cytokine concentrations in mice exposed to LPS

We further evaluated the anti-inflammatory effect of resveratrol on LPS induced AKI by
measuring the concentration of several cytokines in kidney tissue. The result from ELISA
demonstrated that the pro-inflammatory cytokines markedly increased in kidney with
administration of LPS, however resveratrol treatment resulted in suppression of cytokines
within the kidney similar to that of the serum cytokines. IL-10 in kidney was also measured
to evaluate the potential anti-inflammatory response. IL-10 greatly increased in the pre-
treatment group and slightly increased in the post-treatment group compared with the
untreated LPS group. In mice not exposed to LPS, resveratrol alone did not impact the IL-10
concentration compared with the control group (Fig. 4).

Resveratrol inhibits macrophage activation and induces apoptosis of macrophages

To investigate whether decreasing infiltrating inflammatory cells is associated with
decreases in macrophages activity, we assessed the polarization of macrophages in each
treatment group using immunochistochemical analysis. The iINOS-positive macrophages,
which represent activated macrophages, markedly increased in the LPS group. However, the
percentage of activated macrophages significantly decreased in the resveratrol pre-treatment
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and post-treatment groups (Fig. 5A). The expression of iINOS in macrophages was assessed
by western blot. LPS exposure resulted in a dramatic increase in iNOS. The concentration of
iNOS was reduced slightly by resveratrol post-treatment and more markedly with pre-
treatment (Fig. 5A—C). The status of renal macrophages was also evaluated by western blot,
with Bcl-2 and Bcl-xL increasing in the untreated LPS group and resveratrol treatment
ameliorating this effect in both pre-treatment and post-treatment groups (Fig. 5D). Of note,
resveratrol alone showed little effect on the concentration of apoptosis-related proteins
compared with the control group. These results suggested that resveratrol not only inhibits
macrophage activation but also induces apoptosis in activated macrophages.

Resveratrol induces apoptosis and lowers TNFa release in LPS activated BMDMs

In order to gain a better understanding of the mechanism immunomodulatory effect of
resveratrol on macrophages, an in vitro assay was employed. BMDMs were stimulated with
(100 ng/ml) LPS for 2 h, then incubated with various concentrations of resveratrol for 24 h.
BMDMs were evaluated by Annexin V and PI dual staining to quantify apoptosis (Fig. 6A).
As is seen in (Fig. 6B), BMDMs showed spontaneous apoptosis in culture which was
rescued following activation with LPS stimulation suggesting that LPS prolongs the survival
time of BMDM. In contrast, resveratrol treatment increased the percentage of BMDM
apoptosis compared with the untreated LPS group in a concentration dependent fashion. It is
well known that in addition to activating macrophages, cytokines also prolong macrophage
function and infer resistance against apoptosis during an immune response [26, 27]. Hence,
the concentration of TNFa in the supernatant, which is essential for long-term survival of
macrophages, was measured [28]. The result from ELISAs showed that TNFa increases in
the LPS group and it decreased with increasing concentration of resveratrol (Fig. 6C). These
data suggested that resveratrol modulates the immune response in AKI by suppressing the
macrophage response to LPS.

Resveratrol modulates LPS-stimulated macrophages by TLR4-NF-B signalling

TLR4-NF-«B plays a critical role in the pro-inflammation cytokine production of
macrophages induced by LPS [22, 23]. Therefore, we assessed the expression of TLR4 and
NF-xB in vivo and in vitro. Our data showed that the expression of TLR4 protein was
significantly inhibited by resveratrol, especially in the pre-treatment group. We also assessed
the phosphorylation of the inhibitor of NF-xB (IxBa) and the nuclear translocation of NF-
kB p65 for NF-xB activity. We found the expression of p-1kxBa was increased in the LPS
group, whereas it was decreased in both resveratrol treatment groups. Similarly, the
expression of NF-kB p65 in nuclear protein, increased in the LPS group and decreased in
resveratrol pre-treatment and post-treatment groups (Fig. 7A). We also found that resveratrol
significantly suppressed TLR4 expression in a concentration-dependent manner in vitro and
down-regulated p-lIxBa after LPS exposure (Fig. 7B), similar to the observations in vivo.
These data suggested that resveratrol modulated macrophage responses to LPS through the
TLR4-NF-xB signaling pathway
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Discussion

AKI, the devastating clinical syndrome characterized by a rapid renal failure, is a leading
cause of the morbidity and mortality of patients with severe sepsis [2]. Hypoperfusion
caused by global or regional hemodynamic dysfunction is generally considered a critical
pathophysiology for septic AKI. However, early goal-directed therapy has shown little
improvement in the mortality rates of AKI [29, 30]. One explanation for this is that renal
damage might occur before hemodynamic alteration. This point is supported by a previous
study showing that within 10 minutes after intravenous LPS injection, endotoxin was
visualized in the renal interstitium [31]. Thus, the goal of the current study was not only to
investigate resveratrol as a potential therapeutic approach for LPS induced AKI, but also to
uncover the mechanism of sepsis induced AKI. Our study, to the author's knowledge,
demonstrates for the first time that resveratrol acts to modulate the immune response to
protect the kidneys from LPS induced injury by multiple pathways, including lowering
cytokine concentrations, reducing vascular permeability, suppressing macrophage activation
and inducing macrophage apoptosis.

Numerous studies in animal models have demonstrated that resveratrol exhibits beneficial
effects on renal function [32, 33]. In these experiments, resveratrol was employed as a post-
treatment, after the induction of disease. -However, induction of cytokines, a hallmark of
sepsis, triggers a secondary inflammatory cascade, which results in subsequent immune
dysfunction. Hence, in our study, we administered resveratrol as both a pre-LPS treatment
and a post-LPS treatment. The pre-treatment group had significantly lower serum cytokine
concentrations and greater renal protection compared with the post-treatment group, which
may be attributed to the inhibition by resveratrol of early cytokine production and secondary
inflammatory signal amplification. These results are consistent with other research
suggesting that an abnormal immune response might be a major factor associated with the
early development of AKI [34, 35].

Endothelial cell permeability plays an important role in facilitating early inflammatory
responses in the kidney. Increasing the permeability of the endothelial monolayer aids
immune cell migration into the inflamed sites to fight infection and promote the tissue repair
process [36]. However, LPS significantly increased vascular permeability and excessive
inflammatory cell infiltration [37]. This leads to local microcirculatory hypoperfusion,
hypoxia and mitochondrial dysfunction, all of which contribute to the progression of AKI
[38]. In our study, we found that resveratrol treatment significantly inhibited renal vascular
endothelial cell permeability and infiltration of inflammatory cells, such as granulocytes and
macrophages, into the renal interstitium. This is associated with decreased levels of
cytokines in renal tissue, therefore markedly alleviating the local immune response induced
by LPS.

Macrophages are present in healthy kidney tissue, and ultimately carry out the initiation,
propagation, and resolution phases of AKI. During renal inflammation, macrophages are
divided into groups dependent on phenotype and function: classically activated (M1) and
alternatively activated (M2) [10, 11, 13]. Similar to a previous study, we found that
macrophages in LPS induced AKI acquired an M1 phenotype represented as increased iNOS
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expression, dominating the early inflammatory stage [39]. To our surprise, resveratrol
administration significantly suppressed macrophage activation, and induced apoptosis in
activated macrophages coupled with decreased concentrations of Bcl-xL and Bcl-2. It is well
known that TNFa not only directs induction of apoptosis in renal vascular endothelial cells
and tubular epithelial cells, but is also central to macrophage survival and function [26, 28,
40, 41]. In our study, we found that resveratrol induced apoptosis in activated macrophages
in a concentration fashion in vitro, correlated with reduced TNFa concentration. Thus, we
speculate that, before LPS injection, the status of macrophages is similar because resveratrol
alone does not induce macrophage apoptosis in vivo. However, after LPS treatment,
resveratrol suppressed TNFa release by macrophages and he decreased level of TNFa in
turn resulted in reduced function and lifetime of macrophages. Therefore, resveratrol could
be directly involved in establishing a feedback loop that reduces further recruitment of
inflammatory cells into the kidneys. This is supported by other studies showing that M1
macrophages mainly determine the outcome of AKI [39, 42]. At the same time, we also
found the anti-inflammatory cytokine IL-10 significantly increased in the kidney upon
resveratrol treatment, which is associated with an anti-inflammatory effect of M2
macrophages. M2 macrophages play a key role in renal repair after inflammation and
promote the progression of renal fibrosis [10, 43, 44]. Further studies in this area should be
designed to investigate whether resveratrol can modulate the M1-M2 phenotype switch and
effectively block TGF-B, which is released by M2 macrophages and is involved in the
progression of kidney fibrosis in AKI.

TLR4 is a cellular receptor for LPS. Two downstream pathways, MyD88- and TRIF-
signaling, are involved with TLR4 activation by LPS, and culminate in NF-xB expression
[14, 27]. Several studies have demonstrated that resveratrol exerts its anti-inflammatory
effect on RAW 264.7 macrophages by TLR4-NF-xB pathway [22, 23]. In the current study,
we found that resveratrol inhibited TLR4 and NF-xB activity in kidney macrophages.
Moreover, we also found that resveratrol suppresses the expression level of TLR4 and p-
IxBa in macrophages in vitro. Taken all together, these results suggest that resveratrol
regulates LPS-induced macrophage activation and survival by the TLR4-NF-xB pathway.

In summary, our results demonstrated that resveratrol is effective in reducing the renal
immune dysfunction induced by LPS, thus protecting the kidney from injury due to
excessive inflammation. Moreover, resveratrol acts on multiple pathways that resulted in the
alleviation of LPS-induced inflammatory response in AKI, including (i) suppression of pro-
inflammatory macrophages, (ii) induction of apoptosis in activated macrophages, and (iii)
suppression of endothelial cell dysfunction. Resveratrol may therefore be a novel anti-
inflammatory therapy to prevent LPS-induced AKI.
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Abbreviations

AKI acute kidney injury

BUN blood urea nitrogen

BMDM bone marrow-derived macrophages

FBS fetal bovine serum

IxBa inhibitor of NF-xB

MCP-1 monocyte chemotactic protein

M-CSF murine macrophage colony-stimulating factor

NF-«xB nuclear factor-xB

ROS reactive oxygen species

RBF renal blood flow

TLR-4 toll-like receptor 4

(TNF-a) tumor necrosis factor
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Figure 1. Resveratrol preserves renal function and reduces cytokine production induced by LPS
A. Timeline of experimental design for the animal studies. LPS (15 mg/kg) or vehicle was

given by intraperitoneal injection. The resveratrol was administered in two ways. In the pre-
treatment group, mice received two oral doses of resveratrol: 6 h before LPS injection and 2
h after LPS injection. In the post-treatment, mice only received a single dose: 2 h after LPS
injection. Mice were euthanized 20 h after LPS injection for evaluation. B. The
concentration of IL-1f, IL-6, MCP-1 and TNFa in plasma of different groups was measured
by ELISA. C. Serum BUN and creatinine were measured to assess renal function. Groups
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containing 8 mice each were as follows, LPS: LPS injected group; RES: Resveratrol only
group; RES + LPS: LPS + Resveratrol pre-treatment group; LPS + RES: LPS + Resveratrol
post-treatment group. Data were presented as mean + SEM. (n=8, *p<0.01 vs. Control,
**p<0.01 vs. LPS, #p<0.05 vs. LPS).
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Figure 2. Resveratrol ameliorates renal morphological changes and reduces infiltration of
immune cells in the kidney

A. Representative photographs of haematoxylin-eosin stained renal sections for each group
of mice were taken at 200%. B. Renal tissue injury was quantitatively estimated in 10
random fields of the same size. C. Infltrating cells in renal tissue were quantitated in 10
random fields of the same size. D. Representative micrographs (200x) of TUNEL stained
renal sections from different groups. E. The percentage of TUNEL-positive cells per kidney
section in 10 random fields of the same size. The groups were designated as follows, LPS:
LPS injected group; RES + LPS: LPS+Resveratrol pre-treatment group; LPS + RES: LPS +
Resveratrol post-treatment group. AU: arbitrary unit; Data were presented as mean + SEM.
(n=8, *p<0.01 vs. Control, **p<0.01 vs. LPS, #p<0.05 vs. LPS).
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Figure 3. Resveratrol reduces infiltrating inflammatory cells and decreases renal endothelial
permeability

LPS, control buffer, and resveratrol were administered as described above. A.
Representative dot-plots for phenotyping inflammatory cells in the kidneys. Mice were
treated as above; renal infiltrative immune cells were isolated. Cells were stained with
granulocyte (GR-1) and macrophage (F4/8) markers. B. The number of total cells,
granulocytes and macrophages isolated from the kidney in each mouse are shown in the
diagram, respectively. C. Renal vascular permeability was measured with Evans blue dye.
The increased vascular permeability was shown in the bar diagram and compared to a
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control group. The groups were designated as follows, LPS: LPS injected group; RES:
Resveratrol only group; RES + LPS: LPS + Resveratrol pre-treatment group; LPS + RES:
LPS + Resveratrol post-treatment group. Data were presented as mean £ SEM. (n=8,
*p<0.01 vs. Control, **p<0.01 vs. LPS, #p<0.05 vs. LPS).
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Figure 4. Resveratrol lowers renal cytokine concentrations and reduces infiltrating
inflammatory cell populations in the kidney
A. The concentration of IL-1f, IL-6, MCP-1, TNFa and IL-10 in kidney tissue from each

group was measured by ELISA. The groups were designated as follows, LPS: LPS injected
group; RES: Resveratrol only group; RES + LPS: LPS + Resveratrol pre-treatment group;
LPS + RES: LPS + Resveratrol post-treatment group. Data were presented as mean + SEM.
(n=8, *p<0.01 vs. Control, **p<0.01 vs. LPS, #p<0.05 vs. LPS).
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Figure 5. Resveratrol inhibits macrophages activation and induces macrophage apoptosis
iNOS, a marker of macrophages activation, was evaluated in macrophages. A. The

expression level of INOS (green) in macrophages isolated from different groups was
assessed by immunofluorescence. Representative immunofluorescence images were taken at
400x. DAPI (blue) was used as a nuclear counterstain. B. A graph of the percentage of iINOS
positive macrophages in at least 100 counted cells. C. Western blot to evaluate the
expression level of iINOS in cell lysates using relevant antibodies. D. Western blot to
evaluate the expression level of Bcl-2 and Bcl-xL in cell lysates using relevant antibodies. -
actin was used as a standard control. The fold change was compared with the LPS group (as
1.0). The groups were designated as follows, LPS: LPS injected group; RES: Resveratrol
only group; RES + LPS: LPS + Resveratrol pre-treatment group; LPS + RES: LPS +
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Resveratrol post-treatment group. Data were presented as mean + SEM. (n=8, *p<0.01 vs.
Control, **p<0.01 vs. LPS, #p<0.05 vs. LPS).
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Figure 6. Resveratrol induces apoptosis in activated BMDM and lowers TNFa release of BMDM
induced by LPS

Using an in vitro assay, BMDMs were pre-incubated with LPS (100 ng/ml) for 2 h, then
various concentrations of resveratrol (10, 20, 50, 100 umol) were added. After an additional
24 h, the medium and cells were collected for follow-up assay. A. Apoptosis was evaluated
by flow cytometry. B. The percentage of apoptotic cells was determined by Annexin V/PI
staining. The cells that were positive for Annexin V, PI, or both were considered apoptotic.
C. The concentration of TNFa in the medium was measured by ELISA. Data were presented
as mean + SEM. (n=6, in triplicate; #p<0.05 vs. Control; *p<0.05 or **p<0.01 vs. LPS

only).
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Figure 7. Resveratrol modulates LPS-stimulated macrophages by TLR4-NF-kB signaling
A. Using an in vivo assay, mice were treated as above, and the macrophages isolated from

the kidneys of mice from each group. The protein was prepared for western blot to evaluate
the expression levels of TLR4 and p-1xBa in cell lysates using relevant antibodies. -actin
was used as a standard control. NF-xB-p65 was used to evaluate the activity of NF-xB in
nuclear extracts and Lamin-B was used as a standard control. The groups were designated as
follows, LPS: LPS injected group; RES: Resveratrol only group; RES + LPS: LPS +
Resveratrol pre-treatment group; LPS + RES: LPS + Resveratrol post-treatment group. B. In
vitro assay, BMDM were treated as described in Figure 6, the expression level of TLR4 and
p-1xBa in cell lysates using relevant antibodies, f-actin was used as a standard control. The
fold change was compared with the LPS group in vivo or the LPS only group in vitro (as
1.0).
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