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ABSTRACT
High-mobility group box 1 (HMGB1), a nuclear factor released extracellularly as an inflammatory
cytokine, is an endogenous ligand for Toll-like receptor 4 (TLR4). TLR4 activation mediates kidney
ischemia-reperfusion injury (IRI), but whether HMGB1 contributes to IRI is unknown. Here, treating
wild-type mice with neutralizing anti-HMGB1 antibody protected them against kidney IRI, evidenced by
lower serum creatinine and less tubular damage than untreated mice. Mice treated with anti-HMGB1 had
significantly less tubulointerstitial infiltration by neutrophils (day 1) and macrophages (day 5) and
markedly reduced apoptosis of tubular epithelial cells. Furthermore, anti-HMGB1 antibody-treated IRI
kidneys had significantly lower levels of IL-6, TNF␣, and monocyte chemoattractant protein 1 (MCP1).
mRNA, which are downstream of HMGB1. Conversely, administration of rHMGB1 after reperfusion
exacerbated kidney IRI in wild-type mice. TLR4 deficient (TLR4⫺/⫺) mice were protected against kidney
IRI; administration of neither anti-HMGB1 antibody nor rHMGB1 affected this renoprotection. In conclusion, endogenous HMGB1 promotes kidney damage after IRI, possibly through the TLR4 pathway.
Administration of a neutralizing antibody to HMGB1 either before or soon after ischemia-reperfusion
affords significant protection, suggesting therapeutic potential for acute kidney injury.
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Renal ischemia reperfusion injury (IRI) is an inevitable consequence of the procedure of kidney
transplantation and impacts negatively on both
short- and long-term graft survival.1–3 The initial
nonimmune injury leads to the activation of an innate immune response causing variable degrees of
tissue damage.4 –7 Toll-like receptor (TLR) activation by engagement through TLR endogenous ligands is an important pathway by which IRI triggers innate immunity. IRI causes injured tissues to
express or release a variety of endogenous TLR ligands, particularly for TLR2 and TLR4, including
heat-shock proteins, high-mobility group box 1
(HMGB1), hyaluronan, fibronectin, heparan sulfate, and biglycan.8 –13 Increasing experimental evidence indicates that engagement of TLRs by such
endogenous ligands may result in TLR activation,
causing initiation and amplification of the local in1878

ISSN : 1046-6673/2111-1878

nate immune responses. Expression of TLR2 and
TLR4 has been shown to be upregulated in kidney
IRI, particularly by tubular epithelial cells.14,15
TLR2 was found to be an important initiator of inflammatory responses after kidney ischemia.16,17
We reported that IRI resulted in upregulation of
TLR4 and TLR endogenous ligands including
HMGB1, hyaluronan, and biglycan in the IRI kidney and that TLR4⫺/⫺ mice were protected against
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kidney dysfunction, tubular damage, neutrophil and macrophage accumulation, and expression of proinflammatory cytokines and chemokines.18 These results have been supported
by other groups.19,20 Because TLR4 is likely activated by endogenous ligands, further studies are warranted to elucidate
whether blockade of the interaction between endogenous ligands and TLRs can prevent kidney IRI. Recent studies have
demonstrated that an endogenous negative regulator of TLRs,
single Ig IL-1 receptor-related protein, inhibited kidney ischemia-reperfusion (IR) injury by suppressing the postischemic
activation of intrarenal myeloid cells.21,22
HMGB1 is an endogenous molecule known to stimulate
TLR4 signaling and has been implicated in the pathogenesis of
IRI. HMGB1 is a nuclear factor that is involved in transcriptional activation and DNA folding23,24 but also serves as an
extracellular cytokine known to be a critical mediator of innate
immune responses to infection and injury.24 HMGB1 has been
reported to trigger cellular signaling through TLR2, TLR4, and
TLR9,12,25,26 leading to the recruitment of inflammatory cells
and the release of proinflammatory cytokines and chemokines
that cause organ damage in liver IRI27,28 and acute lung injury.29 –31 The role of HMGB1 in kidney IRI is unknown.
We previously reported that TLR4 activation mediated kidney IRI and demonstrated upregulation of the endogenous ligands HMGB1, hyaluronan, and biglycan in the kidney after
IRI, providing circumstantial evidence that one or more of
these ligands may be the source of TLR4 activation.18 Here we
hypothesize that endogenous HMGB1 mediates cell injury and
inflammation in kidney IRI via TLR4 signaling. We aimed to
determine (1) whether endogenous HMGB1 contributes to
kidney IRI; (2) whether this is via direct HMGB1-TLR4 interaction; and (3) whether neutralizing antibody to HMGB1 has
therapeutic potential in kidney IRI.

BASIC RESEARCH

Figure 1. HMGB1 protein is upregulated in IRI kidney from days
1 to 5. Panel A shows the Western blot, and panel B shows
quantitation by densitometry. n ⫽ 2 per group.

serum creatinine at days 1 and 5 post-IRI. Renal dysfunction
was attenuated in anti-HMGB1 antibody (Ab)-treated mice,
with serum creatinine lower than the control mice at day 1
(P ⬍ 0.001) and day 5 (P ⬍ 0.05) post-IR. Pretreatment with
anti-HMGB1 Ab also afforded protection as assessed by histol-

RESULTS
HMGB1 Expression Is Increased in the Kidney after
Kidney IRI

We reported that the mRNA level of HMGB1 was significantly
increased at day 1 post-IR with further upregulation at day 5
compared with sham-operated controls and that HMGB1 was
expressed by tubular epithelial cells by immunofluorescent
staining.18 In this study, Western blot analysis of HMGB1 protein expression was performed on kidney homogenates.
HMGB1 protein was similarly upregulated at days 1 and 5 after
IR compared with sham-operated controls (Figure 1).
Neutralizing Antibody to HMGB1 Protects against
Renal IRI

To determine whether endogenous HMGB1 contributes to
kidney IRI, wild-type (WT) mice received neutralizing antibody to HMGB1 or isotype Ig as the control 1 hour before
ischemia. As shown in Figure 2, IRI caused kidney dysfunction
in control Ig-treated mice, reflected by significant elevation of
J Am Soc Nephrol 21: 1878 –1890, 2010

Figure 2. Anti-HMGB1 Ab-treated mice (black bars) are protected against renal IRI with significantly lower serum creatinine
compared with control (Ctrl) Ab-treated mice (gray bars) at days 1
and 5 after reperfusion. Sham-operated mice had normal serum
creatinine (10 to 20 mol/L). The data are the means ⫾ SD. n ⫽
5 per sham group, n ⫽ 9 per group for day 1, n ⫽ 7 per group for
day 5.
HMGB1 in Kidney IRI
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ogy. Control mice incurred severe tubular damage, as evidenced by widespread tubular necrosis, loss of the brush
border, cast formation, and tubular dilation at the corticomedullary junction at days 1 and 5 after IRI, which was
moderately attenuated in anti-HMGB1 Ab-treated mice
(Figure 3, A and B; P ⬍ 0.001). Sham-operated mice incurred no tubular injury.
Interstitial Infiltrates Are Reduced in the Kidney of
Anti-HMGB1-treated Mice

Substantial infiltration of neutrophils was evident in control mice at
day 1 after IR versus sham-operated controls (P ⬍ 0.001; Figure 4B),
and this was attenuated in anti-HMGB1 Ab-treated mice (P ⬍ 0.01;
Figure 4B). Similarly, significant macrophage accumulation was evident in control mice after IR compared with sham-operated controls
but significantly reduced by anti-HMGB1 Ab-treated mice at day 5
post-IR (Figure 4C; P ⬍ 0.001).

Tubular Epithelial Cell Apoptosis Is Reduced in the IRI
Kidney by HMGB1 Blockade

To examine whether the neutralizing HMGB1 prevented apoptosis, we assessed tubular apoptotic cells in the kidney using
the terminal deoxynucleotidyl-transferase–mediated dUTP
nick end labeling (TUNEL) assay. A substantial increase in
tubular epithelial cell apoptosis was evident in control animals
at day 1 post-IRI as compared with sham-operated animals
(P ⬍ 0.05), whereas this increase was significantly abrogated by
the administration of anti-HMGB1 Ab (P ⬍ 0.05; Figure 5).
Expression of HMGB1 Downstream Cytokines and
Chemokines within the Kidney after IRI Is Attenuated
by HMGB1 Blockade

TLR4 engagement initiates a signaling cascade leading to activation of the transcription factor NFB, which regulates the
induction of multiple inflammatory genes. To investigate the
effects of anti-HMGB1 Ab pretreatment,
we measured mRNA expression of
HMGB1 downstream cytokines and chemokines in the kidney by real-time PCR.
Sham-operated controls demonstrated a
detectable level of TNF␣ and very low levels
of IL-6 and monocyte chemoattractant
protein 1 (MCP1). There were no significant differences between control Ab and
anti-HMGB1 Ab-treated sham-operated
groups. Control mice subjected to IRI
demonstrated strong upregulation of IL-6,
TNF␣, and MCP1 at days 1 and 5 post-IR
(Figure 6) compared with sham-operated
controls. Mice treated with anti-HMGB1
Ab showed a significant reduction in
IL-6, TNF␣, and MCP1 expression compared with control mice at days 1 and 5
post-IR (Figure 6).
Administration of Recombinant
HMGB1 Exacerbates Kidney IRI

Figure 3. Tubular injury is attenuated in anti-HMGB1 Ab-treated mice. (A) Representative sections of outer medulla from Ctrl Ig-treated mice and anti-HMGB1 Ab-treated
mice at days 1 and 5 after reperfusion (hematoxylin- and eosin-stained; magnification,
⫻400). (B) Semiquantitative analysis of tubular damage in Ctrl Ig-treated (gray bars)
and anti-HMGB1 Ab-treated (black bars) kidney at days 1 and 5 after reperfusion. The
data shown are the means ⫾ SD. n ⫽ 5 to 9 per group.
1880
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To determine whether exogenous HMGB1
would alter kidney IRI, 20 g of recombinant HMGB1 (rHMGB1) was given to
mice immediately after reperfusion. Compared with sham-operated controls, IR
caused significant increases in the level of
serum creatinine and the score of tubular
damage in PBS-treated mice at day 1 postIR. Kidney injury was exacerbated in mice
treated with rHMGB1 with higher serum
creatinine and greater tubular damage than
PBS-treated mice (Figure 7, A and B). Significant infiltration of neutrophils and
macrophages in the kidney was evident in
both PBS- and rHMGB1-treated mice at
day 1 post-IR compared with sham-operJ Am Soc Nephrol 21: 1878 –1890, 2010
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dogenous ligand for TLR4. To determine
whether HMGB1-mediated kidney IRI is
via HMGB1-TLR4 interaction, TLR4⫺/⫺
animals were pretreated with anti-HMGB1
or control Ab and underwent kidney IR. IRI
caused a significant increase in serum creatinine and extensive tubular damage in WT
mice treated with control Ab at day 1, and
these effects were attenuated in WT mice
treated with anti-HMGB1 Ab (Figure 8).
TLR4⫺/⫺ mice treated with control Ab were
protected against renal dysfunction and tubular damage with no further protection
provided by anti-HMGB1 Ab (Figure 8).
TLR4⫺/⫺ mice were not significantly different in terms of renal function and tubular injury compared with WT animals
treated with HMGB1 Ab.
We further examined mRNA expression
of IL-6, TNF␣, and MCP1 in the kidney in
these mice. As stated above, anti-HMGB1
Ab-treated WT mice showed a significant
reduction in IL-6, TNF␣, and MCP1 expression compared with control Abtreated mice at 24 hours post-IR. No significant difference was seen in mRNA
levels of IL-6, TNF ␣ , and MCP1 in
TLR4⫺/⫺ mice treated with either control
or anti-HMGB1 Ab (Figure 9).
To confirm whether HMGB1-mediated kidney IRI requires TLR4 signaling,
WT and TLR4⫺/⫺ mice were adminisFigure 4. Neutrophil and macrophage accumulation within the interstitium of the tered rHMGB1 or PBS immediately after
kidney is significantly less in anti-HMGB1 Ab-treated mice versus Ctrl Ig-treated mice reperfusion. rHMGB1 exacerbated kidat 24 hours after reperfusion by immunohistochemisty staining. (A) Representative ney injury in WT mice but had no effect
sections of kidney at 24 hours after reperfusion stained for neutrophils in the top panel on serum creatinine or tubular damage in
and at day 5 after reperfusion stained for macrophages in the bottom panel by
TLR4⫺/⫺ mice (Figure 10).
immunohistochemisty staining (magnification, ⫻200). (B) Analysis of neutrophil infilWe and others have reported that tubutrate in Ctrl Ig-treated (gray bars) and anti-HMGB1 Ab-treated (black bars) kidney
lar
epithelial cells (TECs) express TLR4. To
(numbers /10 HPFs). (C) Analysis of macrophage infiltrate in Ctrl Ig-treated (gray bars)
test
whether HMGB1 can directly mediate
and anti-HMGB1 Ab-treated (black bars) kidney (numbers per ten HPFs). The data
renal
inflammation, primary TEC cultures
shown are the means ⫾ SD. n ⫽ 5 to 9 per group.
were stimulated in vitro with rHMGB1,
ated mice (Figure 7, C and D). A nonsignificant trend toward LPS (TLR4-specific ligand, positive control), or medium only
increased neutrophil and macrophage accumulation in IR kid- (negative control). rHMGB1 induced marked upregulation of
ney was evident in mice treated with rHMGB1 versus PBS. TNF␣ expression in WT TECs compared with negative control;
rHMGB1-treated WT mice did show a significant increase in however, this was not observed in TLR4⫺/⫺ TECs (Figure 11A). LPS
IL-6, TNF␣, and MCP1 expression compared with PBS- stimulation produced similar results (data not shown). To examine whether HMGB1 upregulated TNF␣ via the mitogentreated mice at 24 hours post-IR (Figure 7, E through G).
activated protein kinase (MAPK) signaling pathway, we furHMGB1-mediated IRI Involves TLR4
ther examined phosphorylation of MAPK-1(c-Jun N-terminal
We previously reported that TLR4⫺/⫺ mice were protected kinase [JNK]), MAPK-8(extracellular signal-regulated kiagainst kidney IRI and that several endogenous ligands were nase [ERK]), and MAPK-14(P38) by Western blot. Phosupregulated in IR kidney. TLR4 is likely activated by endoge- phorylation of MAPK-1(JNK) was upregulated by rHMGB1
nous ligands released or expressed by ischemic cells within the stimulation in WT TECs compared with negative control,
kidney. Recent studies suggest that HMGB1 serves as an en- but upregulation was not observed in TLR4⫺/⫺ TECs (FigJ Am Soc Nephrol 21: 1878 –1890, 2010
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Figure 5. HMGB1 blockade reduces tubular epithelial cell apoptosis
in the kidney post-IRI measured by TUNEL assay. (A) Representative
sections of kidney at 24 hours after sham operation or reperfusion.
(B) The number of apoptotic tubular cells was significantly lower in
anti-HMGB1 Ab-treated mice at day 1 post-IRI than in control mice (P ⬍
0.05). The data shown are the means ⫾ SD. n ⫽ 5 to 9 per group.

1882

Journal of the American Society of Nephrology

Figure 6. HMGB1 blockade inhibits mRNA upregulation of
downstream proinflammatory cytokines and chemokines in kidney IRI. Real-time PCR demonstrated that mRNA expression of
IL-6 (A), TNF␣ (B), and MCP-1 (C) in the kidney was significantly
reduced in anti-HMGB1 Ab-treated (black bars) mice compared
with Ctrl Ig-treated mice (gray bars) on days 1 and 5 after reperfusion. The results have been normalized by expressing the number of transcript copies as a ratio to GAPDH. The data shown are
the means ⫾ SD. n ⫽ 5 to 9 per group.
J Am Soc Nephrol 21: 1878 –1890, 2010
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Figure 7. Administration of recombinant HMGB1 worsens kidney IRI. (A and B) Compared with sham-operated control, IR caused
significant increases in the level of serum creatinine (A) and the tubular damage score (B) in PBS-treated mice at day 1 post-IR. Kidney
injury was exacerbated in mice treated with rHMGB1 (n ⫽ 5) with higher serum creatinine (A) and more severe tubular damage (B) than
PBS-treated mice (n ⫽ 7). (C and D) Significant infiltration of neutrophils and macrophages in the kidney was evident in both PBS- and
rHMGB1-treated mice at day 1 post-IR compared with sham-operated mice with a trend toward greater numbers of both cell types in
rHMGB1-treated mice. (E through G) rHMGB1-treated WT mice showed a significant increase in IL-6, TNF␣, and MCP1 expression
compared with PBS-treated mice at 24 hours post-IR.

ure 11, B and C). Phosphorylation of MAPK-8(ERK) expression was increased by rHMGB1 stimulation in WT and
TLR4⫺/⫺ TECs compared with their negative controls (Figure
11, B and D). Phosphorylation of MAPK-14(P38) was not detectable by Western blot in WT or TLR4⫺/⫺ TECs, with or
without rHMGB1. NF-B activation was measured by electrophoretic mobility shift assay (EMSA). NF-B DNA binding
activity was increased in WT TECs by rHMGB1 stimulation for
J Am Soc Nephrol 21: 1878 –1890, 2010

8 hours compared with negative control but not in TLR4⫺/⫺
TECs (Figure 11, E and F).
Treatment with Neutralizing Antibody to HMGB1 after
Reperfusion Is Also Protective in Renal IRI

Given the protection from IRI afforded by pretreatment with
neutralizing anti-HMGB1 Ab, we also assessed the efficacy of
anti-HMGB1 Ab given after the onset of IRI as a potentially
HMGB1 in Kidney IRI
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These results, and specifically the capacity
of anti-HMGB1 Ab to attenuate kidney
damage when given either before or after
ischemia, indicate significant therapeutic
potential.
HMGB1 is an evolutionarily conserved
protein present in the nucleus of almost all
eukaryotic cells, where it functions to stabilize nucleosomes and acts as a transcription
factor.23,24,32 In addition to its nuclear roles,
HMGB1 was identified as a potent proinflammatory cytokine in experiments showing that HMGB1 is actively secreted by acFigure 8. HMGB1-mediated IRI involves TLR4 signaling. TLR4⫺/⫺ mice treated with
tivated macrophages and functions as a late
control Ab were protected against renal dysfunction (A) and tubular damage (B) with no
mediator of lethal endotoxemia in sepsis
further protection afforded by anti-HMGB1 Ab administration. The data shown are the
models.24,33,34 HMGB1 is also released
means ⫾ SD. n ⫽ 9 per group.
from necrotic or damaged cells and serves
as a signal to trigger inflammation.35 When
more clinically relevant strategy. Treatment of WT mice with released into the extracellular milieu, HMGB1 also acts as an
anti-HMGB1 Ab after reperfusion was also renoprotective. Se- early inflammatory mediator and causes local and systemic
rum creatinine levels after anti-HMGB1 Ab treatment were inflammatory responses in liver IRI,27,28 acute lung injury,29 –31
significantly less than that of control mice at 24 hours post-IR and hemorrhagic shock.31 Ischemic hepatocytes upregulate
(P ⬍ 0.001; Figure 12A). HMGB1 Ab treatment also signifi- HMGB1, and administration of neutralizing anti-HMGB1 ancantly reduced tubular damage compared with control mice at tibody protects against hepatic IRI, whereas administration of
24 hours post-IR (P ⬍ 0.001; Figure 12B).
recombinant HMGB1 immediately after reperfusion worsens
liver injury.27 In contrast to the proinflammatory role of
HMGB1, preconditioning with HMGB1 provides protection
against liver ischemia-reperfusion injury.36 HMGB1 is a distal
DISCUSSION
mediator of acute inflammatory lung injury. HMBG1 given
In this study, we confirmed upregulation of HMGB1 within intratracheally caused acute inflammatory injury to the lungs
the kidney after IRI and, using two complementary strategies with neutrophil accumulation, the development of lung
to block (anti-HMGB1 Ab) or enhance (rHMGB1) HMGB1 edema, and increased pulmonary production of IL-1␤, TNF␣,
activity, were able to demonstrate a pathogenic role for and MIP-2, whereas administration of anti-HMGB1 Abs reHMGB1 in kidney IRI. The mechanisms by which HMGB1 duced the lung injury in endotoxin-induced acute lung inflampromotes kidney damage in this setting appear to involve acti- mation.29 In this study, we have demonstrated upregulation of
vation of the innate immune system, resulting in the genera- HMGB1 and HMGB1-triggered downstream cytokines and chetion of inflammatory molecules IL-6, TNF␣, and MCP1. Acti- mokines in IRI kidney, consistent with a proposed role for
vation of the innate immune system by endogenous HMGB1 HMGB1 in promoting kidney injury. HMGB1 blockade afforded
required TLR4 signaling, consistent with our previous obser- protection from kidney IRI and consequently reduced producvations that TLR4⫺/⫺ mice were protected against kidney IRI. tion of HMGB1 downstream inflammatory molecules, whereas

Figure 9. Inhibition of IL-6, TNF, and MCP-1 by anti-HMGB1 Ab requires TLR4. mRNA levels of IL-6, TNF␣, and MCP-1 in TLR4⫺/⫺ mice
treated with either control antibody (gray bars) or neutralizing anti-HMGB1 Ab (black bars) by real-time PCR analysis. The data shown
are the means ⫾ SD. n ⫽ 7 to 9 per group.
1884
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Figure 10. HMGB1-mediated kidney IRI involves TLR4 signaling. rHMGB1 exacerbated kidney injury in WT mice; however, there was
no significant difference in serum creatinine (A) and tubular damage (B) between TLR4⫺/⫺ mice treated with either rHMGB1 or PBS.

administration of recombinant HMGB1 aggravated kidney IRI,
suggesting that endogenous HMGB1 plays a pathogenic role in
kidney IRI. In this study, neutralization of HMGB1 after reperfusion also provided renoprotection against kidney IRI, thus strategies targeting HMGB1 using neutralizing Ab may have therapeutic possibilities in a clinical setting.
Recent experimental data suggest that IRI rapidly activates
innate immune responses through TLR signaling systems.
TLRs are germ line-encoded innate immune receptors that are
utilized by the host immune system to detect the presence of
invading pathogens.37 TLRs recognize specific molecular patterns that are present on invading microorganisms38 – 40 but
also recognize endogenous ligands released by damaged
cells8,41 and are involved in “sterile inflammation” where they
contribute to inflammation in the absence of infection. IRI
causes injured tissues to express or release a variety of endogenous TLR ligands, particularly for TLR4 and TLR2, including
heat-shock proteins, HMGB1, hyaluronan, fibronectin, heparan sulfate, and biglycan.8 –13 TLR9 recognizes bacterial CpG as
well as self-DNA that may be released from ischemic tissues.
HMGB1 has been reported to trigger cellular signaling by interacting with three receptors: RAGE, TLR2, and TLR4.12,32
HMGB1 binds to TLR2 and TLR4, which leads to NF-B activation through a MyD88-dependent pathway to promote inflammatory responses including the release of proinflammatory cytokines and chemokines.32 Related to its capacity to
bind DNA, HMGB1 was found to be a component of DNAcontaining immune complexes that stimulated cytokine production through a TLR9 and MyD88 pathway.25 Furthermore,
binding of HMGB1 to bacterial DNA (CpG-oligodeoxynucleotides) in vitro augments the inflammatory responses of dentritic cells and macrophages through TLR9 and RAGE.25,26
HMGB1 has been implicated in the pathogenesis of IRI because HMGB1 produced by ischemic hepatocytes binds to
TLR4, and this interaction is critical for the development of
J Am Soc Nephrol 21: 1878 –1890, 2010

lethal hepatic IRI.27 A recent study investigated the role of
TLR9 in liver IRI and showed that TLR9⫺/⫺ mice were protected from liver IRI.42 In vitro, liver nonparenchymal cells
were activated by endogenous hepatocyte DNA through a
TLR9-dependent mechanism. TLR9⫺/⫺ mice that received anti-HMGB1 antibody enjoyed greater protection from liver IRI
than either TLR9⫺/⫺ mice or WT mice treated with an antiHMGB1 antibody,42 supporting the previous finding that
HMGB1 mediates liver IRI via TLR4. We and other groups
reported that TLR4⫺/⫺ mice were protected against kidney
IRI.18 –20 To further investigate the mechanism of HMGB1mediated kidney IRI, we explored whether HMGB1-mediated
kidney IRI required TLR4 signaling. Here we found that
TLR4⫺/⫺ mice were protected against kidney IRI and that additional blockade or augmentation of HMGB1 activity, by administration of anti-HMGB1 Ab or rHMGB1, respectively,
had no effect on that level of protection. These results suggest
that endogenous HMGB1 released from damaged tissue may
promote kidney IRI through engagement of TLR4.
HMGB1 also binds to TLR2, another receptor involved
in the pathogenesis of kidney IRI. Genetic absence of TLR2
in a mouse kidney IRI model resulted in reduced cytokine
and chemokine production, reduced leukocyte infiltration,
and protection from kidney dysfunction and tubular damage.16 Given that both TLR2 and 4 have similar downstream
effects after binding by HMGB1, redundancy between their
effects may be expected, and indeed both TLR2-deficient16
and TLR4-deficient 18 mice are significantly protected
against kidney IRI, with MyD88-deficient mice also protected to a similar degree.17,18
TLRs are expressed by a variety of immune cell types,
such as macrophages, dendritic cells, T and B cells, and NK
cells, and also by a number of nonimmune cells, including
kidney tubular epithelial cells, endothelial, podocytes, and
mesangial cells.9 We have reported that tubular epithelial
HMGB1 in Kidney IRI
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Figure 11. HMGB1 induces inflammation in TECs via TLR4. Primary TECs from WT mice and TLR4⫺/⫺ mice were cultured with medium
alone (Neg, gray bars) or with rHMGB1 (5 g/ml, black bars) for 8 hours. (A) Real-time PCR analysis demonstrated that rHMGB1 induced
marked upregulation of TNF␣ expression in WT TECs compared with negative control; however, this was not seen in TLR4⫺/⫺ TECs.
The data shown are the means ⫾ SD. n ⫽ 4 per group. (B) Phosphorylated and total JNK and ERK expression was assessed by Western
Blot and measured by densitometry. (C and D) n ⫽ 2 per group. (E) NF-B activation was measured by using EMSA. (F) NF-B DNA
binding activity was increased in WT TECs by rHMGB1 stimulation for 8 hours compared with negative control, but not in TLR4⫺/⫺ TECs.
The assay is representative of three experiments.

cells express TLR418 and IRI upregulates TLR4 expression.
In this study, we also showed that in vitro, rHMGB1 induced
marked upregulation of TNF␣ expression by TECs from
WT mice, but this was not observed in TLR4⫺/⫺ TECs, sug1886
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gesting that HMGB1 directly interacts with TLR4 in this
setting. This result is consistent with a recent study in humans where stimulation of human tubular cells (HK-2)
with rHMGB1 in vitro caused upregulation of proinflamJ Am Soc Nephrol 21: 1878 –1890, 2010
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Figure 12. Anti-HMGB1 Ab treatment after the onset of IRI is protective in kidney IRI. Mice treated with ␣-HMGB1 Ab demonstrated
significantly lower serum creatinine (A) and less tubular damage, assessed by semiquantitative scoring of hematoxylin- and eosin-stained
tissue sections (B) compared with Ctrl Ig-treated mice at 24 hours after reperfusion. n ⫽ 5 to 7 per group.

matory cytokines and chemokines. This effect was completely blocked by prior transfection of HK-2 cells with
TLR4 siRNA, thus demonstrating that HMGB1 can stimulate proinflammatory responses in kidney in a TLR4dependent manner.43 All TLRs, except TLR3, can signal via
MyD88, which leads to translocation of NF-B and/or the
activation of MAPKs with consequent upregulation of
proinflammatory cytokines and chemokines, which in turn
initiate inflammation. Furthermore, we found that marked
upregulation of TNF␣ expression in response to rHMGB1
stimulation of TECs from WT mice was associated with the
upregulation of MAPK-1(JNK) activation and NF-B DNA
binding activity.
In this study, neutralization of HMGB1 with anti-HMGB1
antibody, when given either before or after ischemia, provided
renoprotection against kidney IRI. Thus strategies targeting
HMGB1 by using anti-HMGB1 antibodies may have therapeutic potential in a clinical setting. Kidney transplantation may
provide the ideal opportunity, given the potential for pretreatment of the donor kidney, before implantation, to attenuate
the currently inevitable IRI that occurs and contributes to
problems of delayed graft function and increased risks of acute
rejection and graft loss.
In conclusion, endogenous HMGB1 is a mediator of kidney
damage after IRI that may operate through the TLR4 pathway.
Administration of a neutralizing antibody to HMGB1 either
before or soon after IR affords significant kidney protection,
indicating therapeutic potential.

CONCISE METHODS

cages with free access to sterile acidified water and irradiated food in a
specific pathogen-free facility in the University of Sydney. Male mice
weighing 25 to 30 g were used in all of the experiments. The experiments were conducted by following established guidelines for animal
care and were approved by the animal ethics committee of the University of Sydney.

Induction of Kidney IRI
Induction of kidney IRI was as described previously.18 Briefly, using a
midline abdominal incision, both renal pedicles were clamped for 22
minutes with microaneurysm clamps. During the period of ischemia,
body temperature was maintained by placing the mice on a 37°C heat
pad. After removal of the clamps, the kidneys were inspected for 1
minute for restoration of blood flow, returning to their original color.
The abdomen was closed. Sham-operated mice received identical surgical procedures except that microaneurysm clamps were not applied
and were sacrificed at day 1 after surgery. To maintain fluid balance,
all of the mice were supplemented with 1 ml of saline administered
subcutaneously. The mice were sacrificed 1, 3, and 5 days after reperfusion (n ⫽ 5 to 9 per group).

Experimental Design
Anti-HMGB1 and isotype control Abs were sourced from the ShinoTest Corporation (Sagamihara-shi, Kanagawa, Japan). This antiHMGB1 antibody was characterized in vitro and used at 200 g per
mouse for in vivo studies.44 – 48 Mice received polyclonal chicken IgY
chicken anti-HMGB1 antibody (300 g per mouse) or isotype control
IgY by intraperitoneal injection 1 hour before the induction of ischemia or immediately after reperfusion. The mice received recombinant HMGB (20 g per mouse) (Sigma-Aldrich) or vehicle PBS by
intraperitoneal injection immediately after reperfusion. rHMGB1 reagent was endotoxin-tested and contained 0.003 endotoxin units/g.
Thus this product is considered to be endotoxin-free.

Animals
Male WT (C57BL/6) mice were obtained from the Animal Resource
Centre (Perth, Australia). TLR4⫺/⫺ mice on C57BL/6 background
have been described previously.18 The mice were housed in filter-top
J Am Soc Nephrol 21: 1878 –1890, 2010

Blood and Tissue Samples
Blood and kidney tissues were harvested at sacrifice. The tissue slices
were either fixed with 10% neutral-buffered formalin for paraffin
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embedding, fixed with periodate-lysine-paraformaldehyde fixative to
be frozen in optimal cutting temperature compound (Sakura Finetek
Inc., Torrance, CA), or snap frozen in liquid nitrogen for subsequent
mRNA extraction.

of apoptotic cells was counted across the whole section for each sample in a blinded manner.

Assessment of Renal Function

Primary mouse renal TECs were generated following the method as
described previously.18 Briefly, the kidneys were flushed with saline in
vivo to remove blood cells and then removed. The kidney cortices
from WT mice were cut into pieces of approximately 1 mm3 and then
digested in HBSS containing 3 mg/ml of collagenase at 37°C for 25
minutes. The kidney digest was washed through a series of sieves
(mesh diameters of 250, 150, 75, and 40 m). The cortical tubular
cells were spun down and further washed. The cell pellet was resuspended in defined K1 medium.49 The cell suspension was then placed
on cell culture Petri dishes and incubated at 37°C for 2 to 3 hours to
facilitate adherence of contaminating glomeruli. The nonadherent
tubules were then collected and cultured on collagen-coated Petri
dishes (BD Biosciences, Bedford, MA) in K1 medium until epithelial
colonies were established. The experiments were commenced after
the cells had reached 70 to 90% confluence. Expression of the epithelial cell marker cytokeratin was verified by immunofluorescent staining with an anti-cytokeratin antibody (Sigma-Aldrich) as described
previously.18 The cells were 96 to 100% cytokeratin positive.
TECs were placed in serum-free K1 medium for 24 hours and then
stimulated at 37°C for 1 or 8 hours in fresh serum-free K1 medium in
the presence of rHMGB1 (5 g/ml; Sigma-Aldrich), purified LPS (1
g/ml; Sigma-Aldrich) as a positive control, or medium alone as a
negative control. After 8 hours of stimulation, the cells were washed
with PBS and harvested by adding 1 ml of TRIzol (Invitrogen) for
mRNA expression or by adding prechilled CelLytic MT reagent (Sigma-Aldrich) with a 1% protease inhibitor cocktail (Sigma-Aldrich)
for use with mammalian cell extracts for protein expression.

Serum creatinine was measured using the modified Jaffe rate reaction
by the Biochemistry Department of the Royal Prince Alfred Hospital
(Sydney, Australia).

Histology Examination
Formalin-fixed kidney sections were stained with hematoxylin and
eosin. The percentage of tubules in the corticomedullary junction that
displayed cellular necrosis and a loss of brush border were counted
and scored in a blinded fashion as follows: 0 ⫽ none, 1 ⫽ ⬍10%, 2 ⫽
11 to 25%, 3 ⫽ 26 to 45%, 4 ⫽ 46 to 75%, and 5 ⫽ ⬎76%. At least ten
high-power fields (magnification, ⫻200) per section for each sample
were examined.

Immunohistochemisty Staining
Formalin-fixed sections of 5-m thickness were deparaffinized and
boiled for 10 minutes in 10 mM sodium citrate buffer (pH 6.0) for
neutrophil detection. Periodate-lysine-paraformaldehyde-fixed frozen sections (7 m) for macrophage detection were blocked with a
biotin blocker system (DAKO, Carpinteria, CA). The sections were
then blocked with 10% normal horse serum. Primary antibody, either
rat anti-mouse neutrophil antibody clone 7/4 (ABD Serotec Inc., Oxford, UK) or rat anti-mouse F4/80 antibody (ABD Serotec), was applied to the sections for 60 minutes. Concentration-matched rat IgG
was used as an isotype-negative control. The sections were exposed to
3% H2O2 in methanol for 5 minutes and then incubated with the
biotinylated secondary antibody anti-rat IgG (BD Biosciences,
Pharmingen). A Vector stain ABC kit (Vector Laboratories Inc.) was
applied to the tissue followed by 3,3⬘-diaminobenzidine substratechromogen solution (DAKO). The slides were counterstained with
Harris’ hematoxylin.
Analysis of the cellular infiltrate was performed in a blinded manner by assessing ten consecutive high-power fields (HPFs; magnification, ⫻400) of the outer medulla and corticomedullary junction on
each section. Using an ocular grid, the number of cells staining positively for each antibody was counted and expressed as cells per ten
HPFs.

TUNEL Assay
Apoptotic cells in IRI kidney were detected by TUNEL assay following
the manufacturer’s protocol (Roche Diagnostics, Mannheim, Germany). Briefly, formalin-fixed sections of 5-m thickness were
deparaffinized, microwave-heated for 1 minute in 200 ml of 0.1 M
citrate buffer (pH 6.0), and rapidly cooled with the addition of distilled H2O. The sections were then blocked with 0.1 M Tris-HCl (pH
7.5) containing 20% normal goat serum and 3% bovine serum albumin for 45 minutes. DNA fragments in apoptotic cells were then labeled and identified by terminal transferase dUTP conjugated with
fluorescein (Roche Diagnostics) for 30 minutes at 37°C. The number
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RNA Extraction and cDNA Synthesis
Total RNA was extracted from kidney tissue and cells using TRIzol
(Invitrogen). cDNA was synthesized using oligo(dT)16 (Applied Biosystems, Foster City, CA) and the SuperScript III reverse transcriptase
kit (Invitrogen).

Real-time PCR
cDNA was amplified in 1⫻ Universal Master Mix (Applied Biosystems) with gene-specific primers and probe on Rotor-Gene 6000
(Corbett Life Science). Specific TaqMan primers and probes for IL-6,
TNF␣, MCP1, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were previously described.18 All of the results are expressed
as ratios to GAPDH.

Kidney Tissue and TEC Protein Extraction
Snap-frozen kidney tissue was added into prechilled CelLytic MT reagent (Sigma-Aldrich) with a 1% protease inhibitor cocktail (SigmaAldrich) for use with mammalian tissue extracts and then homogenized. The samples were incubated for 30 minutes at 4°C and
centrifuged at 16,000 ⫻ g at 4°C for 15 minutes to pellet the tissue
debris. The supernatants were stored at ⫺70°C. Protein concentraJ Am Soc Nephrol 21: 1878 –1890, 2010
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tions were determined by a colorimetric protein assay (Bio-Rad, Oakland, CA) using protein standards from Sigma-Aldrich.

DISCLOSURES

Western Blot
Aliquots (50 g) of kidney homogenates or TECs were separated on
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