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ABSTRACT
Preconditioning is a preventative approach, whereby minimized insults generate protection against
subsequent larger exposures to the same or even different insults. In immune cells, endotoxin preconditioning downregulates the inﬂammatory response and yet, preserves the ability to contain infections. However, the protective mechanisms of preconditioning at the tissue level in organs such as
the kidney remain poorly understood. Here, we show that endotoxin preconditioning confers renal
epithelial protection in various models of sepsis in vivo. We also tested the hypothesis that this protection results from direct interactions between the preconditioning dose of endotoxin and the renal
tubules. This hypothesis is on the basis of our previous ﬁndings that endotoxin toxicity to nonpreconditioned renal tubules was direct and independent of immune cells. Notably, we found that tubular protection after preconditioning has an absolute requirement for CD14-expressing myeloid cells and
particularly, macrophages. Additionally, an intact macrophage CD14-TRIF signaling pathway was essential for tubular protection. The preconditioned state was characterized by increased macrophage
number and trafﬁcking within the kidney as well as clustering of macrophages around S1 proximal
tubules. These macrophages exhibited increased M2 polarization and upregulation of redox and ironhandling molecules. In renal tubules, preconditioning prevented peroxisomal damage and abolished
oxidative stress and injury to S2 and S3 tubules. In summary, these data suggest that macrophages are
essential mediators of endotoxin preconditioning and required for renal tissue protection. Preconditioning is, therefore, an attractive model to investigate novel protective pathways for the prevention
and treatment of sepsis.
J Am Soc Nephrol 26: 1347–1362, 2015. doi: 10.1681/ASN.2014060561

Gram-negative sepsis is a formidable and challenging clinical condition that carries very high morbidity and mortality. Indeed, it is estimated that
mortality from sepsis can exceed 70%, especially
when complicated by organ failure.1 AKI is frequently seen in patients with sepsis and dramatically increases morbidity and mortality. To date,
treatment of sepsis and sepsis-induced AKI remains
supportive and relies primarily on antibiotic therapy,
ﬂuid and electrolyte management, and hemodynamic support.2
One hallmark of sepsis is widespread tissue
oxidative stress. Uncontrolled reactive oxygen
species rapidly react with all biologic macromolecules and result in deleterious tissue damage,
J Am Soc Nephrol 26: 1347–1362, 2015

including organ failure. We and others have
shown that the endotoxin (LPS) receptor Tolllike receptor 4 (TLR4) and coreceptor CD14 are
expressed in renal tubules and upregulated in sepsis
and ischemia.3–8 We also showed that systemic endotoxin is freely ﬁltered and interacts with S1
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proximal tubules through a TLR4- and CD14-dependent
mechanism. This interaction results in severe oxidative
stress and peroxisomal damage in downstream tubular segments S2 and S3. Importantly, we showed that the interactions between endotoxin and S1 causing oxidative stress
occur even in the absence of endotoxin-responsive hematopoietic cells.9
Preconditioning is a preventative approach in which pretreatment with controlled and minimized insults generates
protection against subsequent larger exposures to the same or
even different insults.10,11 Endotoxin preconditioning has
been studied primarily at the level of immune cells, where it
causes phenotypic changes favoring reduced inﬂammatory
responses on endotoxin re-exposure. Furthermore, preconditioned immune cells also upregulate a broad class of antimicrobial and cytoprotective effectors. Collectively, these data
indicate that endotoxin preconditioning is a complex and
highly regulated gene reprogramming process.12 Therefore,
preconditioning is a unique and attractive model to investigate
potential pathways that ensure effective microbial containment along with reduced collateral tissue damage from poorly
targeted inﬂammation. Note that protective preconditioning as investigated in this work is fundamentally different
from the deleterious Shwartzman reaction. The latter is typically elicited by consecutive intradermal or intravenous (iv)
endotoxin injections and results in disseminated intravascular coagulation, exaggerated cytokine surge, and tissue necrosis. 13 Protective endotoxin preconditioning and the
Shwartzman reaction differ primarily in the route of endotoxin exposure.
The term endotoxin tolerance is avoided in this work,
because it has resulted in substantial confusion in this ﬁeld. The
term tolerance is not universally deﬁned and frequently used to
describe the state of dysregulated global immunosuppression
observed in the late phases of severe sepsis.14 The phenomenon
of preconditioning investigated herein results in protection
without concomitant immunosuppression. In fact, a few studies have shown increased survival in various models of sepsis
after preconditioning.15–17
In this study, we investigate the effectiveness and mechanisms of endotoxin preconditioning at the level of the intact
kidney in vivo. In particular, the functional importance of renal epithelial cells in this process is poorly understood.18–21
Our recent ﬁndings that endotoxin-induced oxidative stress
can result from direct endotoxin–tubule interaction raised
the possibility that preconditioning is also a local renal event
that is independent from hematopoietic cells. Surprisingly
and in contrast to the direct endotoxin-induced tubular toxicity observed in the nonpreconditioned kidney, we ﬁnd that
preconditioning-induced renal protection has an absolute
requirement for fully functional macrophages. Our understanding of the molecular and cellular mechanisms of endotoxin preconditioning in vivo could lead to novel approaches
for the prevention and treatment of sepsis and sepsis-induced
AKI.
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RESULTS
Endotoxin-Induced Tubular Injury Is Independent of
Immune Cells and Immune Cell-Derived Inﬂammatory
Cytokines

As a prelude to our investigation of preconditioning, we show
in Figure 1 that endotoxin toxicity to the nonpreconditioned
kidney has no requirement for endotoxin-responsive hematopoietic cells. Indeed, as shown in Figure 1, C–E, endotoxin caused
severe tubular oxidative stress and an increase in the tubular
injury markers kidney injury molecule-1 (KIM-1) and neutrophil gelatinase-associated lipocalin (NGAL) in bone marrow
chimeras lacking endotoxin-responsive hematopoietic cells
(TLR42/2 into wild-type [WT] animals; knockout [KO]/WT).
In contrast, the reverse WT/KO chimera, which has competent
immune cells but lacks tubular TLR4, had no tubular injury.
Note that, in these chimeras, .96% of all immune cells in the
bone marrow, circulation, and kidneys were replaced by the
donor cells (Figure 1B), excluding the possibility that tubular
injury is mediated by residual competent immune cells in the
KO/WT chimera. The injury-resistant WT/KO chimera had
the highest levels of serum and renal cytokines and chemokines
(Figure 1, F and G). This indicates that these cytokines and
chemokines are primarily immune cell-derived and do not
correlate with the degree of tubular injury. This is consistent
with our previous ﬁndings9 that endotoxin-induced tubular
injury in the nonpreconditioned kidney is a local event.
Renal Tubules Become Resistant to Endotoxin-Induced
Oxidative Stress after Preconditioning

We have previously shown that systemically administered endotoxin is ﬁltered and internalized by S1 proximal tubules in a TLR4dependent mechanism.9 This results in oxidative stress in the
downstream S2 and S3 segments as early as 4 hours after endotoxin.
Oxidative stress was seen throughout the tubular cell cytoplasm
and particularly prominent at the brush border. S1 tubules
showed no oxidative stress at any time point. Our measurements of oxidative stress with 29,79-dichlorodihydroﬂuorescein
diacetate (H2DCFDA) were rigorously validated by conﬁrming
probe loading into all tubules as well as duplication of the results
with different probes, such as dihydroethidium (Supplemental
Figure 1) (supplemental ﬁgure 2 in ref. 9). Here, we examined
whether preconditioning protects the tubules in vivo and curtails
endotoxin-induced oxidative stress. We found that pre-exposure
to low-dose endotoxin completely abolishes tubular oxidative
stress after high-dose endotoxin (Figure 2, A–D). In fact, the degree of protection was comparable with that seen in the naturally
endotoxin-resistant TLR42/2 mice (Figure 2E).
Remarkably, this tubular protection occurs despite the increased TLR4-dependent uptake of endotoxin, which is induced by preconditioning (Figure 2F). This indicates that S2
and S3 tubular protection is not secondary to reduced S1 tubular endotoxin uptake. In addition, endotoxins from rough
and smooth bacterial strains were comparable in inducing
successful preconditioning (Figure 2G). In summary,
J Am Soc Nephrol 26: 1347–1362, 2015

www.jasn.org

BASIC RESEARCH

Figure 1. LPS-induced tubular injury is mediated by tubular TLR4. (A) Experimental strategy is shown. Animals were injected with 5 mg/kg
LPS ip. (B) BoyJ (CD45.1) and C57BL/6 (CD45.2) bone marrow chimeras were generated to assess the degree of chimerism 8 weeks
after irradiation. It exceeded 96% of total CD45+ cells in all tissues (percentages of upper left, upper right, and lower right panels).
(C) TLR4 chimeric mice were generated through bone marrow transfer from WT into TLR42/2 mice (WT/KO) or from TLR42/2 to WT
mice (KO/WT). Oxidative stress was measured with H2DCFDA (green) using two-photon intravital microscopy. Measurements were
performed 4 hours after 5 mg/kg LPS (LPS 5) or vehicle control (sham). Oxidative stress was observed in proximal tubules of WT animals
and KO/WT chimeric mice but not the reverse chimeras (WT/KO). (D and E) The degree of tubular injury was determined with KIM-1
and NGAL mRNA levels of kidney tissues after 5 mg/kg LPS ip and normalized to GAPDH. *P,0.05 versus sham or WT/KO. (F and G)
Volcano plots of kidney and serum cytokine/chemokine multiplex panels. Kidney tissue and serum were obtained 4 hours after 5 mg/kg
LPS ip. The dashed lines denote P=0.05 (y axis) and 1.6-fold change (x axis). Positive value fold change indicates that WT/KO . KO/WT
(e.g., a position [x, y] = [2, 2] indicates a 4-fold increase in WT/KO compared with KO/WT with a P value=0.01). n=3 per group. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase
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Figure 2. Preconditioning abrogates endotoxin-induced tubular oxidative stress. (A) Preconditioning strategy consisted of 0.25 or 1.25
mg/kg unlabeled LPS ip followed by ﬂuorescently labeled 5 mg/kg LPS (red) ip as denoted. Nonpreconditioned mice were subjected to
a single dose of 5 mg/kg LPS ip. (B–E) Oxidative stress was measured with carboxy-H2DCFDA (green) using two-photon intravital
imaging. Measurements were performed 4 hours after 5 mg/kg LPS. After 5 mg/kg LPS, prominent oxidative stress was observed in
proximal tubules of nonpreconditioned WT animals (LPS 5), whereas oxidative stress was absent in preconditioned WT mice (LPS 0.25/
5 and LPS 1.25/5). TLR42/2 mice showed no oxidative stress under all conditions. Arrowheads point to luminal H2DCFDA concentrated
in collecting ducts, conﬁrming agent delivery. Quantitation of oxidative stress under the indicated conditions is shown in B. *P,0.05
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preconditioning a host with low-dose endotoxin can abrogate
oxidative stress in renal epithelial cells in vivo.
Endotoxin Preconditioning Prevents Peroxisomal
Damage in Renal Tubules

We have previously shown that endotoxin-induced tubular oxidative stress correlated best with early and severe peroxisomal
damage. This preceded any measurable injury to mitochondria.9
Indeed, peroxisomes are abundant in S2 and S3 segments (but
not S1) and involved in several oxidative metabolic pathways.22
When damaged, peroxisomes can be a major source of pathologic reactive species.23,24 Here, we show that endotoxin preconditioning prevents peroxisomal damage as assessed by the
peroxisomal antioxidant enzymes catalase and peroxiredoxin5
(Prdx5) (Figure 3, A–F). We conﬁrmed the upregulation of
Prdx5 by unbiased two-dimensional gel proteomics (Figure
3G, Supplemental Figure 2, Supplemental Table 1). We also
examined NADPH oxidase 4 (Nox4), an enzyme involved in
redox pathways and heavily expressed in the tubular brush
border, as a potential source of endotoxin-induced oxidative
stress. Our data show that Nox4 expression was unchanged
under all conditions (Figure 3H).
Preconditioning Prevents Tubular Injury in Multiple
Models of Sepsis

Next, we examined whether the early abrogation of peroxisomal
damage and oxidative stress by preconditioning translated into
actual protection as measured by traditional renal and tubular
injury markers. In the endotoxemia model, we show that preconditioning does, indeed, result in functional renal protection
with reduced BUN as well as a signiﬁcant reduction in the tubular injury markers KIM-1 and NGAL (Figure 4, A–C). Importantly, we show that preconditioning is also protective in
models of actual bacterial infections, such as polymicrobial
cecal ligation and puncture and live Escherichia coli infusion
(Figure 4, D–F). These data support a model in which abrogation of oxidative stress by preconditioning confers renal protection in various animal models of sepsis.
The Renoprotective Effects of Preconditioning Require
Hematopoietic Cells Expressing TLR4

As shown in Figure 1, endotoxin toxicity to the nonpreconditioned kidney has no requirement for hematopoietic cells.
Here, we investigated whether the protective effects of preconditioning are also hematopoietic cell-independent. To this end,
we examined TLR4KO/WT chimeras that lack endotoxinresponsive hematopoietic cells including those present in the
kidney. Surprisingly, these chimeras failed two separate preconditioning regimens and exhibited severe tubular oxidative
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stress after 5-mg/kg LPS challenge (Figure 5, Supplemental
Figure 3, KIM-1 expression levels). Therefore, unlike acute
toxicity to the nonpreconditioned kidney, TLR4-expressing
hematopoietic cells are essential for successful preconditioning. Note that the reverse WT/TLR4KO chimera is not susceptible to endotoxin injury, and therefore, preconditioning could
not be evaluated (Figure 1, C–E).
The Renoprotective Effects of Preconditioning Require
CD14-Expressing Macrophages

Although TLR4 is the primary endotoxin receptor, its coreceptor
CD14 is required for optimal sensing and uptake of endotoxin.25
We, therefore, examined preconditioning in chimeric mice lacking
hematopoietic CD14. Like TLR4 chimeras, chimeras lacking
hematopoietic CD14 also failed to mount protective preconditioning (Figure 6, A and B).
We next investigated whether this failure is related to dysfunctional TIR domain-containing adapter-inducing interferon-b (TRIF) signaling. Downstream of TLR4, the myeloid
differentiation primary response gene 88- (MyD88-) and TollIL-1 receptor domain containing adaptor protein inducing the
IFN beta-(TRIF) signaling pathways can be differentially stimulated by various bacterial endotoxins. CD14 is required for
signaling through TRIF,26 a pathway recently shown to be involved in macrophage endotoxin preconditioning.27,28 We,
therefore, investigated whether polyinosinic:polycytidylic
acid [poly (I:C)], an agonist of TLR3 that signals exclusively
through TRIF, could restore the protective effects of preconditioning in the CD14KO/WT chimeras. As shown in Figure
6C, poly (I:C) partially restored the protective effects of preconditioning in the CD14KO/WT chimeras. This suggests that
the TRIF pathway participates in the mechanism of preconditioning but that the actual presence of CD14 is essential for
complete protection. Note that poly (I:C) was administered
simultaneously with 0.25 mg/kg endotoxin so that both
MyD88- and TRIF-signaling pathways can be activated in
the absence of CD14. Poly (I:C) given alone without endotoxin
pre-exposure in CD14KO/WT chimeras failed to induce preconditioning and protection (not shown). This indicates that
concurrent activation of MyD88 along with TRIF is required
for successful preconditioning.
CD14 is highly expressed in monocytes and macrophages. We,
therefore, investigated whether an intact macrophage CD14TRIF pathway is essential for preconditioning. To this end, we
ﬂuorescently labeled poly (I:C) and localized it in kidneys of
preconditioned CX3CR1-EGFP mice. This mouse expresses
EGFP in myeloid cells, such as dendritic cells and macrophages,
but not neutrophils.29 By two-photon intravital microscopy,
three EGFP-expressing cell types can be seen in the kidneys of

versus other experimental groups. n=4 per group. (F) Preconditioning enhanced LPS internalization (red) by S1 proximal tubules in WT
animals. LPS uptake observed in TLR42/2 mice is secondary to ﬂuid-phase endocytosis. (G) Rough and smooth LPSs were equally successful in preconditioning. E. coli 0111:B4 (smooth LPS; highly glycosylated; denoted as S) and S. minnesota R595 (rough LPS; poorly
glycosylated; denoted as R) were used in various combinations.
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Figure 3. Preconditioning prevents endotoxin-induced peroxisomal damage. (A–F) Fluorescence microscopy of ﬁxed kidney sections
from animals treated with indicated conditions and immunostained for catalase (yellow) or Prdx5 (red). Nuclei were stained blue with
DAPI. Green is FITC-phalloidin staining of the apical brush border. Four hours after LPS (5 mg/kg), the expressions of peroxisomal
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Figure 4. Preconditioning attenuates tubular injury in various models of sepsis. (A–C) BUN as well as KIM-1 and NGAL mRNA levels of
kidney tissues measured 24 hours after 5 mg/kg LPS. KIM-1 and NGAL expression levels were normalized to GAPDH. (D and E) Animals
were injected with 1 million live E. coli iv alone (nonpreconditioned) or 0.25 mg/kg LPS ip followed 24 hours later by E. coli iv (preconditioned). (F) Animals were subjected to cecal ligation and puncture (CLP) alone (nonpreconditioned) or 0.25 mg/kg LPS ip followed
24 hours later by CLP (preconditioned). Kidney tissue KIM-1 levels were measured 24 hours after CLP in both groups. n=4 per group.
*P,0.05 versus other experimental groups. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

this mouse: (1) sessile dendritic cells easily recognized by their
shape and high levels of EGFP, (2) mobile macrophages expressing high EGFP, and (3) mobile macrophages expressing intermediate EGFP. As shown in Figure 6E, ﬂuorescently labeled poly
(I:C) localized exclusively to the macrophage subset with intermediate EGFP expression. This supports an essential role for
macrophage subsets in mediating endotoxin preconditioning.
Finally, we conﬁrmed the essential role of macrophages using
a clodronate depletion model. As shown in Figure 6, F and G,
clodronate was effective in depleting macrophages. Mice treated
with clodronate failed to mount renal protection after preconditioning (Figure 6H, Supplemental Figure 4).
In contrast to chimeric mice, the investigation of endotoxin preconditioning in total CD14- or TRIF-KO animals is

complicated by their natural partial resistance to endotoxin
toxicity. Nevertheless, endotoxin preconditioning not only failed
to induce tissue protection but even caused increased toxicity,
especially in the CD142/2 mouse (Supplemental Figures 5–7). In
summary, successful renal tubular preconditioning requires
CD14-expressing macrophages.
Kidneys of Preconditioned Mice Show Increased
Macrophage Number and M2 Polarization

In preconditioned kidneys, we observed a signiﬁcant increase
in the number of F4/80-positive macrophages. This increase
could be detected in the preconditioned group as early as 4 hours
after 5 mg/kg endotoxin (Figure 7, A–D). By ﬂow cytometry, these macrophages showed a signiﬁcant increase in the

antioxidant enzymes catalase and Prdx5 were decreased in nonpreconditioned mice but well preserved in preconditioned mice. (G) The
preserved expression of Prdx5 in the preconditioned kidney was also identiﬁed by unbiased two-dimensional difference gel electrophoresis of kidney extracts (spot 49) and correlated well with tissue Prdx5 staining (red, nonpreconditioned; green, preconditioned).
Supplemental Figure 2 and Supplemental Table 1 show the Prdx5 identiﬁcation summary. (H) Whole-kidney Nox4 levels were comparable among all conditions as determined by quantitative PCR (normalized to GAPDH). DAPI, 49,6-diamidino-2-phenylindole; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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transferase-mediated digoxigenin-deoxyuridine
nick-end labeling staining were minimal
between nonpreconditioned and preconditioned groups (Supplemental Figure 9). We
also examined other leukocyte proﬁles in the
kidney. Endotoxin pre-exposure tended to
reduce renal CD4, CD8, and B lymphocyte
numbers while increasing natural killer cells
(Supplemental Figure 10).
Macrophages in the Kidneys of
Preconditioned Mice Have Increased
Expression of Heme Oxygenase 1 and
Sirtuin 1

Figure 5. Hematopoietic TLR4 is essential for protective tubular preconditioning.
Chimeric mice were generated through bone marrow transfer from WT to TLR42/2
mice (WT/TLR4KO) or from TLR42/2 to WT mice (TLR4KO/WT). The degree of tubular
oxidative stress (green; oxidized H2DCFDA) was determined with intravital microscopy
4 hours after 5 mg/kg LPS ip. (A and B) In the absence of LPS preconditioning, a single
dose of 5 mg/kg LPS caused oxidative stress in TLR4KO/WT but not WT/TLR4KO
chimeras. (C and D) After LPS preconditioning, TLR4KO/WT chimeric mice failed to
mount tubular protection. (E) Quantitation of oxidative stress under the indicated
conditions. (F) Experimental strategy is shown.

CD206-positive fraction. CD206, also known as the mannose
receptor, is a phagocytic receptor for bacteria and a marker of the
alternatively activated M2 macrophages (Figure 7, E–G, Supplemental Figure 8). Note that this macrophage accumulation did
not result in increased tissue inﬂammation (Figure 7H). In addition, changes in neutrophil Gr-1 and terminal deoxynucleotidyl
1354
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Heme oxygenase1 (HO1) and sirtuin 1 (SIRT1)
are cytoprotective molecules that can profoundly modulate myeloid cell biology in
response to endotoxin.30–38 In particular,
HO1 is essential for the regulation of redox
pathways and catabolism of heme.31,39 Here,
we show that endotoxin preconditioning
upregulated HO1 and SIRT1 in F4/80-positive
macrophages (Figure 8). We also noted an
increase in HO1 and SIRT1 in renal tubules
of preconditioned mice. However, TLR4KO/
WT chimeras also showed increased expression of HO1 and SIRT1 in tubules but not
interstitial macrophages (Supplemental Figure 11). These TLR4KO/WT chimeras failed
to develop protective preconditioning, indicating that tubular HO1 and SIRT1 may not
be sufﬁcient for tubular protection in the
absence of macrophage HO1 and SIRT1.
The overall importance of HO1 and other
iron-handling molecules in attaining tissue
protection is further shown by a marked
increase in the expression of hemopexin,
transferrin, and haptoglobin in sera from
preconditioned mice (Figure 9, Supplemental Figure 2, Supplemental Table 2).
Preconditioning Increases the Activity
and Trafﬁcking of Macrophages in the
Kidney

We took advantage of poly (I:C) labeling of the
EGFP-intermediate macrophage subset to
investigate trafﬁcking and activity [without
poly (I:C) labeling, the low EGFP ﬂuorescence of these cells precludes accurate tracking because of tubular autoﬂuorescence]. We show in Figure 10,
A and B that the kidneys of preconditioned mice exhibited a
large number of poly (I:C)-labeled macrophages with increased
activity. This activity included trafﬁcking between tubules and
frequent contact with dendritic cells, other macrophages, and
tubules. In contrast, kidneys from nonpreconditioned mice
J Am Soc Nephrol 26: 1347–1362, 2015
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rarely showed poly (I:C)-labeled macrophages, and the overall activity and trafﬁcking were minimal (Figure 10, C and D).
Movies of macrophage activity and trafﬁcking are shown in Supplemental Movies 1–6.
The tracking of cells with heterogeneous cell
body delineation and punctate signatures
was made possible by developing a custom
plugin for ImageJ. We made the source code
publicly available (Supplemental Table 3).
We also show that, at later time points
(72 hours after 5 mg/kg LPS), there is continued and widespread accumulation of
macrophages in the preconditioned kidneys (Figure 10E). Compared with the
4-hour time point (Figure 7), macrophage
numbers in the nonpreconditioned and preconditioned kidneys increased to 140615
and 190620 cells/ﬁeld, respectively (P,0.05,
n=4). The increased macrophage number
was evident in both cortex and medulla.
In preconditioned mice, these macrophages
exhibited spatial clustering around S1 tubules, which occurred with high frequency
throughout the cortex (70% of anatomically identiﬁable S1). No such clustering
was observed in the kidneys of nonpreconditioned mice (Figure 10F, Supplemental
Figure 12).

DISCUSSION

In this work, we investigated the powerful
model of preconditioning with the purpose
of identifying novel cellular and molecular
pathways that can be protective in sepsis.
Oxidative damage is recognized as one important pathophysiologic mechanisms of
tissue injury in sepsis.40,41 Here, we identiﬁed

Figure 6. Macrophage CD14 is indispensable for protective tubular preconditioning.
(A and B) Chimeric mice were generated through bone marrow transfer from CD142/2
into WT mice (CD14KO/WT). Oxidative stress (green; oxidized H2DCFDA) was measured 4 hours after 5 mg/kg LPS in nonpreconditioned and preconditioned animals.
(B) Note the failure of preconditioned CD14KO/WT mice to mount tubular protection.
(C and D) Poly (I:C) restored tubular protection to CD14KO/WT chimeras. (E) To localize poly (I:C), the CX3CR1-EGFP mouse was injected with rhodamine-labeled poly

J Am Soc Nephrol 26: 1347–1362, 2015

(I:C) (red) iv 20 minutes before intravital imaging. Preconditioned kidneys show sessile dendritic cells with high GFP ﬂuorescence (asterisk)
and mobile macrophages with either high GFP
(arrowhead) or intermediate GFP ﬂuorescence
(arrows). Poly (I:C) localized to mobile macrophages express intermediate GFP. (F and G)
Efﬁcacy of clodronate-induced macrophage
depletion is shown by immunostaining for F4/
80 (red). (H) KIM-1 mRNA levels of kidney
tissues measured 24 hours after 5 mg/kg LPS
and normalized to GAPDH. *P,0.05. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase;
GFP, green ﬂuorescent protein.
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Figure 7. Preconditioning increases the number of macrophages in the kidney. (A–C) Representative images of F4/80 staining (brown;
a marker of macrophages) are shown 4 hours after 5 mg/kg LPS. (D) The preconditioned group had signiﬁcantly higher numbers of F4/
80-positive cells compared with the nonpreconditioned group. *P,0.05. (E–G) Flow cytometric analyses of kidney macrophages gated
on CD45+CD11b+F4/80+ cells. CD206 (mannose receptor 1; a phagocytic receptor for microbes) is a marker of M2 macrophage
phenotype. Representative dot plots show an increased percentage of M2 macrophages in preconditioned kidneys compared with
nonpreconditioned kidneys or WT sham animals (P,0.01 for preconditioned animals versus other experimental groups). Gating
strategy is shown in Supplemental Figure 6. Kidneys were harvested 4 hours after 5 mg/kg LPS or vehicle treatment. n=3 per group. (H)
Heat map of kidney cytokine and chemokine levels. Analysis of kidney homogenate cytokines and chemokines was performed using
multiplex magnetic bead panels. The values were log2-transformed and scaled in the row direction. Analytes that did not reach P,0.01
by ANOVA are not shown.

macrophages as important and essential mediators of protection
against endotoxin-induced oxidative stress and renal tubular
damage. Importantly, these macrophages exhibited upregulation
of redox and iron-handling molecules. This is a novel ﬁnding and
1356
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indicates a potential role for these immune cells in kidney protection. In fact, it is now recognized that the late stages of sepsis
are characterized by profound immunosuppression.42–44 This
has prompted the search for new immunomodulatory
J Am Soc Nephrol 26: 1347–1362, 2015
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Figure 8. Preconditioning increases the renal expression of HO1 and SIRT1. (A–D) Fluorescence microscopy of ﬁxed kidney sections
from WT mice under indicated conditions and immunostained for HO1 (red) 4 hours after 5 mg/kg LPS. Green indicates FITCphalloidin. (C) HO1 expression was markedly increased by preconditioning in myeloid cells and to a lesser degree, proximal tubular
cells. (D) Quantitation of HO1 tubular ﬂuorescence intensity. *P,0.05 versus LPS 5. (E and F) Western blot analysis of HO1 in
CD11b+F4/80+ macrophages isolated from kidneys under indicated conditions. The remaining negatively selected kidney tissue
(CD11b2F4/802) from the same animal was analyzed simultaneously. Western blot analysis of HO1 correlated well with tissue HO1
staining. Three animals were pooled for each condition. (G) Fixed kidneys were stained for HO1 (red) and costained with F4/80 (blue).
Arrows point to interstitial cells coexpressing HO1 and F4/80. (H–K) Fluorescence microscopy of ﬁxed kidney sections from WT mice
under indicated conditions and immunostained for SIRT1 (red) 4 hours after 5 mg/kg LPS. (J) SIRT1 expression was markedly increased
by preconditioning in myeloid or interstitial cells and to a lesser degree, tubules. (K) Quantitation of SIRT1 tubular ﬂuorescence intensity. *P,0.05 versus LPS 5. (L and M) Western blot analysis of SIRT1 expression in CD11b+F4/80+ macrophages cells isolated from
kidneys under indicated conditions. The remaining negatively selected kidney tissue (CD11b2F4/802) from the same WT animal was
analyzed simultaneously. Western blot analysis of SIRT1 correlated well with tissue SIRT1 staining. Three animals were pooled for each
condition. (N) Arrows point to interstitial cells coexpressing SIRT1 (red) and F4/80 (blue).

approaches to restore immune health.45–47 The protective macrophages that we describe here have the potential to serve such a
purpose.
Recently, we showed that systemically administered endotoxin can directly interact with S1 proximal tubules and inﬂict
severe peroxisomal damage and oxidative stress to downstream
S2 and S3 tubular segments.9 These studies identiﬁed S1 as an
J Am Soc Nephrol 26: 1347–1362, 2015

epithelial macrophage or epiphage with the ability to both
sense and signal danger. Importantly, we showed that direct
interactions between ﬁltered endotoxin and S1 proximal tubules can cause downstream severe oxidative stress, even in
chimeric mice lacking endotoxin-responsive hematopoietic
cells. Because circulating hematopoietic cells are the major
source of systemic cytokines (Figure 1), the observed damage
Endotoxin Preconditioning
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Figure 9. Preconditioning increases iron-related proteins in the
serum. Serum haptoglobin (Hp), hemopexin (Hpx), and transferrin
(Tf) were identiﬁed by two-dimensional difference gel electrophoresis followed by MS. Hp, Hpx, and Tf had at least 2-fold increases
in the preconditioned animals (LPS 0.25/5; green) compared with
nonpreconditioned animals (LPS5; red). Supplemental Figure 2 and
Supplemental Table 2 show its protein identiﬁcation summary.

in tubules was likely a local phenomenon resulting directly
from endotoxin and S1 interactions.
In sharp contrast to tubular injury in the nonpreconditioned
kidney, we show here that the protective effects of preconditioning are largely dependent on macrophages. These protective
macrophages exhibit early increased activity and trafﬁcking
within the kidney and interact extensively with other myeloid
cells and renal tubules. Interestingly, this activity culminated
at later time points in macrophage clustering around the S1
tubules. The signiﬁcance of this clustering remains to be determined. We speculate that it could represent speciﬁc crosstalk
between macrophages and S1 tubules, the sites of endotoxin
uptake. This crosstalk could downregulate S1 local proinﬂammatory signaling to downstream segments or conversely, upregulate
protective molecular pathways. The molecular mechanisms of
macrophage–S1 interactions remain to be determined.
We also show that protective macrophages exhibited increased
expression of cytoprotective HO1 and SIRT1. Whether HO1 and
SIRT1 are simply phenotypic macrophage markers or actually
involved in the protective effects is unclear. It is possible that
macrophages could serve as carriers of downstream molecules
of HO1 and SIRT1 that can be delivered locally to speciﬁc
microenvironments around the tubules and renal microvasculature. The potential importance of HO1 is underscored by the
concurrent upregulation of molecules, such as haptoglobin and
hemopexin, indicating an orchestrated response to control iron
1358

Journal of the American Society of Nephrology

and heme metabolism and their potential deleterious effects in
sepsis. These molecules were identiﬁed by an unbiased proteomics approach. In fact, deregulated heme metabolism has
been implicated in the pathogenesis of severe sepsis.39,48 The
proximal tubules are especially vulnerable to the damaging effects of free heme because of their robust ﬂuid-phase uptake.49
We also showed that macrophage CD14 and TRIF are essential for the induction of renal tubular protection. In the
absence of macrophage CD14, endotoxin can still signal through
TLR4 to activate the MyD88 pathway. However, CD14 is required
for endotoxin to coactivate TRIF signaling.50 Therefore, the failure of CD14KO/WT chimeras to mount tubular preconditioning results, in part, from the lack of TRIF activation. This was
conﬁrmed by rescuing protection in the CD14KO/WT chimeras
with poly (I:C), a ligand of TLR3, and its downstream TRIF
pathway.
CD14 is a multifaceted moleculethat exists inboth membranebound and soluble forms. In particular, the loss of membranebound CD14 is associated with worse mortality in patients with
sepsis.51,52 CD14 is important for endotoxin uptake and essential for the phagocytic activity of macrophages.25,53 More recently, CD14 was shown to be abundant in normal human
urinary exosomes with antimicrobial properties.54 Finally,
CD14 and the TRIF pathway are implicated in upstream signaling leading to HO1 expression.34 Collectively, these data
impart CD14 with unique properties, and it is tempting to
speculate about its possible role as an essential intermediary
in the macrophage–tubule crosstalk.
At the tubule level, preconditioning manifested as complete
abrogation of peroxisomal damage and oxidative stress. We
had previously shown that endotoxin injury to the nonpreconditioned kidney targets tubular peroxisomes very early and
mitochondria only at later time points.9 Renal tubular peroxisomes are understudied organelles that carry the bulk of
oxidative metabolic pathways in the tubules, and they are particularly abundant in S2 and S3 segments.9,22–24 They are also
the segments that exhibit oxidative stress after endotoxin injury. Therefore, it is not surprising that preconditioning resulted in complete preservation of peroxisomes, thus minimizing
the potential for these organelles to unleash pathologic reactive
species.
In summary, there is strong mounting evidence that endotoxin preconditioning can result in tissue protection concurrent
with a preserved ability to contain and ﬁght infections.15–17 In
that sense, it is fundamentally different from the immunosuppression that characterizes the late stages of sepsis. Therefore,
preconditioning is an attractive model to investigate the mechanisms involved in tissue protection. These mechanisms can
then be selectively targeted to prevent and treat infection. In
this work, we have presented novel evidence that macrophages
are essential in mediating the protective effects of preconditioning to the kidney. Characterizing further this macrophage
subset and understanding the mechanisms of its crosstalk with
the kidney tubules could result in potential therapies for sepsis
and sepsis-induced AKI.
J Am Soc Nephrol 26: 1347–1362, 2015
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endotoxin from E. coli (O55:B5; Life Technologies). CX3CR1-EGFP mice mounted renoprotecitve preconditioning comparable with C57BL/6J
and BoyJ animals. BUN levels were measured
using a Trilogy Chemistry Analyzer (Drew
Scientiﬁc).

Cecal Ligation and Puncture
Under isoﬂuorane anesthesia, the cecum of the
mouse was ligated and punctured two times with a
27-gauge needle as we have previously described.3

Macrophage Depletion

Figure 10. Preconditioning increases the activity and trafﬁcking of macrophages in the
kidney. (A) The number and activity of poly (I:C)-positive macrophages were signiﬁcantly increased in the preconditioned kidney. Mobile macrophages expressing high
GFP [poly (I:C)-negative] and intermediate GFP [poly (I:C)-positive] were tracked with
computer-generated green and red marks, respectively (Supplemental Movie 1). The
isolated tracks are shown in B (Supplemental Movies 2–4 are the original movies
without track marks). (C and D) Computer-generated tracking is shown for the nonpreconditioned mouse (Supplemental Movies 5 and 6). The tracking of cells with poor
cell body delineation or punctate signature was performed with a custom plugin that
we developed for ImageJ (Supplemental Table 3). (E and F) Preconditioned and
nonpreconditioned kidney tissues were harvested 72 hours after 5 mg/kg LPS ip and
stained for F4/80 (brown). F4/80+ macrophages are clustered around the S1 proximal
tubules in the preconditioned but not the nonpreconditioned kidney. CX3CR1, CX3C
chemokine receptor; G, glomerulus. GFP, green ﬂuorescent protein.

CONCISE METHODS
All animal protocols were approved by Indiana University Institutional Animal Care Committee and conform to the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. Male
mouse strains C57BL/6J (WT), B6.SJL-PtpcraPepcb/BoyJ (BoyJ),
B6.129S-Cd14tm1Frm/J (CD142/2), C57BL/6J-Ticam1Lps2/J (TRIF2/2),
B6.B10ScN-Tlr4lps-del/JthJ (TLR42/2), and B6.129P-Cx3cr1tm1Litt/J
(CX3CR1-EGFP) were obtained from The Jackson Laboratory. Mice
were 8–12 weeks of age and weighed 20–30 g. Nonpreconditioned
animals were subjected to a single dose of 5 mg/kg LPS intraperitoneally (ip). Preconditioned animals were subjected to 0.25 mg/kg LPS
ip followed 24 hours later by 5 mg/kg LPS ip (1-day protocol) or 1.25
mg/kg LPS ip followed 72 hours later by 5 mg/kg LPS ip (3-day protocol). Untreated mice received an equivalent dose of sterile normal
saline vehicle. LPS from Salmonella enterica serotype Minnesota Re
595 (rough strain, L9764; Sigma-Aldrich) and E. coli serotype 0111:B4
(smooth strain, L2630; Sigma-Aldrich) was used. Alexa Fluor 568
hydrazide (Life Technologies) was used to label LPS from S. minnesota
(Re 595; Sigma-Aldrich) using established protocols.55 The conjugate
was separated from free probe using PD-10 columns (GE Healthcare).
Biologic activity of the conjugate was determined through its ability
to stimulate TNF-a in cultured macrophages. All ﬁndings with our
Salmonella endotoxin were replicated using Alexa Fluor 594-labeled
J Am Soc Nephrol 26: 1347–1362, 2015

Two hundred microliters liposomal clodronate
suspension (Encapsula Nano Science) was administered iv 2 hours after 0.25 mg/kg LPS ip. An
additional 200 ml liposomal clodronate was administered iv 2 hours before 5 mg/kg LPS ip.

Live E. coli Injection
E. coli was transformed with CFP plasmid (BL21
Star DE3 and pRSET/CFP; Life Technologies).
Each animal was injected with approximately 1
million live E. coli and euthanized 24 hours later
for biochemical analysis.

Intravital Two-Photon Imaging of the
Kidney

Live animal imaging was performed using an
Olympus FV1000-MPE confocal/multiphoton
microscope equipped with a Spectra Physics
MaiTai Deep See laser and gallium arsenide 12-bit detectors. The
system is mounted on an Olympus Ix81 inverted microscope stand
with a Nikon 203 and 603 NA 1.2 water-immersion objective. The
laser was tuned to 800-nm excitation and used for all studies except
for intravital imaging of the CX3CR1-EGFP mouse with rhodaminelabeled poly (I:C), where 850-nm excitation was used. Animals were
placed on the stage with the exposed intact kidney placed in a coverslip-bottomed cell culture dish (HBSt-5040; Warner Instruments)
bathed in isotonic saline, which we have previously described.56 Oxidative stress was measured in the live mouse with carboxy-H2DCFDA
(carboxy-H2DCFDA; Life Technologies). Carboxy-H2DCFDA was administered iv. as a 7-mg/kg bolus from a stock dissolved in ethanol and
rediluted in normal saline. Images were collected before injection and
20 minutes after carboxy-H2DCFDA iv. The degree of oxidative stress
was quantitated as we have previously described.9 In some experiments, Hoechst (Life Technologies), dissolved in normal saline,
was administered ip as a 2-mg/kg bolus 2 hours before imaging.
High molecular weight poly (I:C) (Invivogen) was dissolved in
endotoxin-free water (1 mg/ml), heated at 68°C for 10 minutes,
and then allowed to cool for 1 hour at room temperature; 0.25
mg/kg poly (I:C) was administered ip 24 hours before imaging. In
some experiments, rhodamine-conjugated poly (I:C) (Invivogen)
was given iv to CX3CR1-EGFP mice to visualize the distribution
of poly (I:C) intravitally.
Endotoxin Preconditioning
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Cell Tracking Analysis and Development of a Custom
Plugin for ImageJ
The source code is available as a Maven project at https://github.com/
icbm-iupui/track-processing.git (Supplemental Table 3).

analyze M1 and M2 phenotypes is shown in Supplemental Figure 6.
Propidium iodide was used to exclude dead cells. Detection of the
cell surface antigens by ﬂow cytometry was performed on an LSR II
(Becton Dickinson) with analysis using Flow Jo software (Treestar).

Real-Time Quantitative PCR

Proteomic Analyses

RNA extraction from snap-frozen kidneys was performed using Trizol,
and approximately 8 mg RNA was reverse-transcribed using the High
Capacity cDNA Reverse Transcription Kit (Life Technologies). TaqMan
gene expression assays used include KIM-1 (Mm00506686_m1), NGAL
(Mm01324470_m1), and Nox4 (Mm00479246_m1). Real-time quantitative PCR ampliﬁcations were performed for 40 cycles using the 7500
Real-Time PCR Systems (Life Technologies). The DDCt method was
used to analyze the relative changes in gene expression. Glyceraldehyde3-phosphate dehydrogenase was used as an endogenous control for
normalization.

Generation of Chimeric Mice
The procedure was performed at the Wells Cancer Center at Indiana
University. Recipient mice were irradiated through a 139-Cs source
with 1100 cGy total given in two divided doses. Approximately 1
million bone marrow cells obtained from the long bones of donor mice
were transplanted through the lateral tail vein. Eight weeks after bone
marrow transfer, the degree of chimerism was assessed by ﬂow
cytometry using ﬂuorescently labeled TLR4 or CD14 antibodies.
Alternatively, chimeric mice were generated between TLR42/2 or
CD142/2 mice and BoyJ background strains. BoyJ mice are identical
to C57BL/6J, except for the CD45.1 antigen, which is easier to detect
by ﬂow cytometry (TLR4 clone MTS510; eBioscience and CD45.1
clone A20 and CD45.2 clone 104; Becton Dickinson). Only animals
with chimerism exceeding 96% were used. WT to WT and KO to KO
chimeras behaved essentially as WT and KO mice.

Isolation of Cells from Kidneys and Flow Cytometry
Kidneys were harvested, homogenized, and incubated with collagenase type IA (Sigma-Aldrich) in HBSS with Ca and Mg. The digested
tissue suspension was passed through a 70-mm strainer (BD Falcon).
A density separation medium, Lympholyte-M (Cedarlane), was used
to eliminate erythrocytes as per the manufacturer’s instructions. After blocking nonspeciﬁc Fc binding with anti-mouse CD16/32 (Clone
93; eBioscience), suspensions were incubated with CD45 (30-F11;
BD Pharmingen) followed by goat anti-rat IgG MicroBeads (Miltenyi
Biotec). CD45+ cell fraction was enriched using MACS (Miltenyi
Biotec) according to the manufacturer’s protocol. After the enrichment procedure, the following primary antibodies (from eBioscience
unless speciﬁed otherwise) were added in various combinations: antimouse F4/80 (BM8), CD11b (M1/70), CD206 (MR5D3; AbD Serotec), CD11c (N418), F4/80 (BM8), CD4 (RM4–5), CD8 (53–6.7; BD
Pharmingen), NK1.1 (PK136), CD19 (1D3), CD3 (17A2), B220
(RA3–6B2), and MHC class II (I-1/I-E, M5/114.15.2). These antibodies were conjugated with eFluor 450, FITC, PE, PE-Cy7, Alexa
647, and APC-Cy7 in various combinations, and their concentrations
were titrated before use. To ensure the threshold for CD206 positivity,
kidney and peritoneal cells were stained with all reagents except
for CD206 antibody (ﬂuorescence 2 1 control). A gating strategy to
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Two-dimensional difference gel electrophoresis was performed at
Applied Biomics in Hayward, CA. In brief, equal amounts of protein
extracts from each kidney tissue and sera (sham, nonpreconditioned,
and preconditioned) were labeled with Cy2, -3, or -5, mixed, and
separated on a two-dimensional gel. In-gel and crossgel data analyses
were performed using DeCyder software. A fold change.2.0 was used
as a cutoff in the DeCyder analysis, with which a total of 63 (kidney)
and 103 (sera) spots were identiﬁed. Protein spots of interest were
digested and extracted from the gel and identiﬁed by mass spectrometry (MS; MALDI-TOF). Protein identiﬁcation was on the basis of
peptide ﬁngerprint mass mapping (using MS data) and peptide fragmentation mapping (using MS/MS data). The MASCOT search engine was used to identify proteins from primary sequence databases.
Prdx5 (Figure 3), haptoglobin, transferrin, and hemopexin (Figure 9)
were identiﬁed with Protein Score 100% conﬁdence and Total Ion
100% conﬁdence (Supplemental Tables 1 and 2).

Western Blotting
Western blotting of kidney macrophages was conducted after
enrichment of a CD11b+F4/80+ macrophage fraction using MACS
(Miltenyi Biotec; three animals were pooled for each condition). The
remaining negatively selected kidney tissue (CD11b2F4/802) from
the same animal was analyzed simultaneously. Proteins were extracted with 1% SDS. Total protein levels were determined using the BCA
assay (Pierce). Equal amounts of proteins (20 or 40 mg) were separated by electrophoreses on 4%–12% Tris-Glycine gels (Life Technologies) and transferred to PVDF membranes. PVDF membranes were
blocked with 10% newborn calf serum, incubated with primary antibodies overnight and secondary antibodies for 1 hour, and visualized
by chemiluminescence (Thermo Fisher Scientiﬁc). The following primary antibodies were used for Western blotting: SIRT1 (ab12193;
Abcam), HO1 (ab13243; Abcam, Inc.), Histone H3 (4499; Cell Signaling Technology), and Actin (ab3280; Abcam, Inc.).

Immunohistochemical and Immunoﬂuorescence
Microscopy

Kidneys were ﬁxed with 4% paraformaldehyde and subsequently
processed for standard histochemistry or immunoﬂuorescence staining (100-mm vibratome sections permeabilized with 0.1% Triton
X-100). The following primary antibodies were used: HO1
(ab13243; Abcam, Inc.), SIRT1 (ab12193; Abcam, Inc.), catalase
(ab1877; Abcam, Inc.), Prdx5 (ABC281; EMD Millipore), F4/80
(Clone Cl:A3–1; AbD Serotec), and Gr-1 (NIMP-R14; Abcam,
Inc.). Sections were counterstained with labeled secondary antibodies, FITC phalloidin and DAPI and imaged with an Olympus
FV1000-MPE confocal/multiphoton microscope or Nikon Microphot-SA equipped with an SPOT RT Slider camera (Diagnostic Instruments, Inc.). Terminal deoxynucleotidyl transferase-mediated
digoxigenin-deoxyuridine nick-end labeling staining was performed
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using an ApopTag Red In Situ Apoptosis Detection Kit (EMD Millipore)
on parafﬁn-embedded tissues with antigen retrieval as described
previously.57

Quantiﬁcation of Cytokines and Chemokines
Analysis of serum and kidney homogenate cytokines/chemokines was
performed at EMD Millipore using Milliplex MAP Mouse Cytokine/
Chemokine Magnetic Bead Panel– Premixed 32 Plex. Two analytes
(IL-6 and IL-13 from kidney homogenates and G-CSF and IL-6 from
serum) were omitted from the ﬁnal analysis in Figure 1 because of
out-of-range values. Volcano graphs and heat maps were generated
with R software 2.15.2 (heatmap.2{gplots}).

Statistical Analyses
Data were analyzed for statistical signiﬁcance with R software 2.15.2
using ANOVA and pairwise t tests with Holm P value adjustment.
Signiﬁcance was set at P,0.05. All data are reported as means with
SD.
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