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ABSTRACT

An accumulating body of evidence shows that gut microbiota fulfill an important role in health and disease

by modulating local and systemic immunity. The importance of the microbiome in the development of

kidney disease, however, is largely unknown. To study this concept, we depleted gut microbiota with

broad-spectrum antibiotics and performed renal ischemia-reperfusion (I/R) injury in mice. Depletion of the

microbiota significantly attenuated renal damage, dysfunction, and remote organ injury and maintained

tubular integrity after renal I/R injury. Gut flora–depleted mice expressed lower levels of F4/80 and che-

mokine receptors CX3CR1 and CCR2 in the F4/80+ renal resident macrophage population and bone

marrow (BM) monocytes than did control mice. Additionally, compared with control BM monocytes, BM

monocytes from gut flora–depleted mice had decreased migratory capacity toward CX3CL1 and CCL2

ligands. To study whether these effects were driven by depletion of the microbiota, we performed fecal

transplants in antibiotic-treated mice and found that transplant of fecal material from an untreated mouse

abolished the protective effect of microbiota depletion upon renal I/R injury. In conclusion, we show that

depletion of gut microbiota profoundly protects against renal I/R injury by reducing maturation status of

F4/80+ renal residentmacrophages andBMmonocytes. Therefore, dampening the inflammatory response

by targeting microbiota-derived mediators might be a promising therapy against I/R injury.

J Am Soc Nephrol 28: 1450–1461, 2017. doi: https://doi.org/10.1681/ASN.2016030255

AKI is a major clinical problem that affects 5% of

hospitalized patients and has a mortality rate of

50%–80% in these patients.1 Ischemia-reperfusion

(I/R) injury is amajor cause of AKIwhich can occur

during shock, sepsis, and renal transplantation.2

Ischemia-induced damage leads to apoptosis and

necrosis of renal tubular cells, followed by release

of damage-associated molecular patterns which are

sensed by pathogen recognition receptors present

on tubular epithelial cells (TECs) and renal resident

leukocytes.3–6 Activated TECs and resident leuko-

cytes release cytokines/chemokines to attract in-

flammatory cells from circulation to the injured

kidney to clear cell debris and promote repair.3,7

However, when the powerful inflammatory re-

sponse is exaggerated it can also amplify renal dam-

age.3,8 Thus, inflammation can have profound but

disparate roles in the pathogenesis of AKI.

In the past few years, intestinal microbiota–

related research has been rapidly expanding, pro-

viding important insights into the involvement of the

microbiome in modulating systemic immunity and

thereby affecting the outcome of several inflamma-

tory diseases.9–18 For instance, antibiotic-treated

mice have impaired innate and adaptive immune re-

sponses after exposure to lung infection caused by
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either influenza virus or Streptococcus pneumoniae.9,14,16 Mice

lacking intestinal microbiota develop less severe symptoms in

autoimmune models of arthritis and experimental autoimmune

encephalomyelitis.17,18

In regard to renal diseases, a few studies demonstrated an

improved uremic state after gut microbiota–directed inter-

ventions in CKD and ESRD.19–21 However, the effect of the

microbiome on the disease process of AKI remains unknown,

as does a possible mechanism by which microbiota can influ-

ence the kidney. We therefore investigated the role of micro-

biota in I/R injury–induced AKI by depleting gut microbiota

with broad-spectrum antibiotic treatment in wild-type mice.

We found that microbiota are essential for priming F4/80+

renal resident macrophages and bone marrow (BM) mono-

cytes. Consequently, renal resident macrophages from com-

mensal-depleted mice are less responsive to ischemic injury,

resulting in protection against renal I/R injury.

RESULTS

Depletion of Intestinal Microbiota Protects against

Renal I/R Injury
After depletion of microbiota, we found a striking and pro-

found protection against renal I/R injury as assessed by scoring

the percentage of necrotic tubules and renal expression of

neutrophil gelatinase-associated lipocalin (NGAL) 24 hours

after I/R injury (Figure 1, A and B). Renal function was sig-

nificantly preserved in antibiotic-treated mice as indicated by

lower plasma creatinine and urea levels compared with control

mice (Figure 1, C and D). Lactate dehydrogenase (LDH), As-

partate transminase (ASAT), and Alanine transminase (ALAT)

plasma levels are known to increase upon renal I/R injury in-

dicating general tissue injury.22 Conversely, in antibiotic-

treated mice LDH, ASAT, and ALAT levels remain steady after

I/R injury (Figure 1, E–G). One day after I/R injury the in-

flammatory milieu is predominantly characterized by a vast

influx of granulocytes,4,6,7,23which can play a detrimental role

in the postischemic kidney.24 We found significantly lower

influx of granulocytes in antibiotic-treated mice upon I/R in-

jury (Figure 1H). In antibiotic-treated mice renal structural

integrity was better maintained as shown by significantly less

TEC apoptosis andmore TEC proliferation (Figure 1, I and J).

Taken together, these data clearly show that depletion of the

microbiota protects mice against renal I/R injury.

Decreased Levels of Renal Inflammatory Mediators
Early after Ischemic Damage in Commensal-Depleted

Mice

To study the mechanism underlying the absence of massive

granulocyte influx into the ischemic kidneys after microbiota

depletion, we next analyzed the migration capacity of granu-

locytes and found that it was not affected by microbiota

depletion (Supplemental Figure 1A). In addition, the granu-

locyte phagocytosis and oxidative burst capacities were not

altered by microbiota depletion (Supplemental Figure 1, B

and C). Because granulocyte motility and function were in-

dependent of microbiota, we next investigated the local in-

flammatory milieu 2 hours after renal I/R injury. At this

time point, granulocyte influx did not yet occur (Figure 2A)

and renal damage was similar between the groups (Figure 2, B

and C). Interestingly, renal inflammatory response was signif-

icantly lower as reflected by decreased mRNA levels of TNF-a,

IL-6,MCP-1, andMIP-2a in antibiotic-treatedmice (Figure 2,

D–G). Only levels of KC were similar between control and

microbiota-depleted mice (Figure 2H). Upon injury, the sour-

ces of cytokine/chemokine release are TECs and renal resident

leukocytes, among which macrophages constitute the major

population.8,25,26After 2 hours of reperfusion the level ofmac-

rophages was quantified by expression of classic renal macro-

phage marker F4/80 onmRNA and at protein level (Figure 2, I

and J). Strikingly, F4/80 expression was profoundly lower in

commensal-depleted mice.

F4/80+ Renal Resident Macrophages from Commensal-

Depleted Mice Are Less Mature and Produce Less MIP-

2a in the Early Hours of I/R Injury

FACS analysis of renal residentmacrophages at steady state and

after 2 hours of reperfusion revealed that F4/80 expressionwas

selectively reduced in the F4/80+ population in commensal-

depleted mice (Figure 3, A–C), whereas no changes occurred

for CD11B and CD11C, myeloid and dendritic cell markers,

respectively (Supplemental Figure 2, A and B). Next, we sorted

F4/80+ macrophages at 2 hours of reperfusion and deter-

mined their chemokine expression. Strikingly, we found that

chemokinesMCP-1 andMIP-2awere both decreased in F4/80+

macrophages isolated from antibiotic-treated mice (Figure 3,

D–F). KC and MIP-2a are the main chemokines that are pro-

duced within the early hours of reperfusion and are known to

attract granulocytes from circulation.7 However, we could not

detect any KC in these macrophages, which indicates that KC is

not produced by these cells at 2 hours of reperfusion. In con-

clusion, the reduced granulocyte influx after 24 hours of re-

perfusion in the antibiotic-treatedmice can be explained by the

lessmature F4/80+macrophages that produce reduced levels of

MIP-2a at 2 hours of reperfusion.

Expression Levels of F4/80 and CX3CR1 in Renal

Resident Macrophages Are Reduced by Commensal

Depletion and Restored after Reintroduction of

Microbiota

Weanalyzed renal residentmacrophages under steady state and

found that next to the F4/80 expression (Figure 4A), the che-

mokine receptors CX3CR1 and CCR2 (Figure 4, C–F), which

are important in the trafficking of macrophages, were both

reduced after depletion of gut microbiota.27,28 Despite the re-

duced expression of the chemokine receptors, the percentage

of F4/80+ cells in the total population of CD45+ cells was

unchanged in antibiotic-treated mice (Figure 4B). In order

to investigate whether the microbiota was responsible for
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Figure 1. Depletion of gut microbiota protects against renal I/R injury. (A) Renal damage was evaluated by scoring the per-
centage of necrotic tubules in Periodic acid–Schiff-diastase–stained sections (original magnification, 3400) and by measuring
NGAL mRNA levels in total kidney homogenates from control (white bars) and antibiotic-treated mice (black bars) (B). Renal
function was quantified by plasma creatinine (C) and urea (D) levels. Plasma levels of general organ damage and liver markers
LDH (E), ALAT (F), and ASAT (G) were determined. Influx of granulocytes was assessed by scoring Ly6G+ cells in the cortico-
medullary region of the kidney (H) (original magnification, 3400). The amount of apoptotic TEC was determined by scoring
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affecting expression levels of these markers, we reintroduced

microbiota by transplanting healthy fecal samples in mice ini-

tially depleted from commensals (Ftx group). Fecal transplan-

tation restored to a certain extent the expression rate of F4/80

and CX3CR1 but not of CCR2 (Figure 4, A and C–F). The

reduced levels of F4/80, CX3CR1, and CCR2 were only found

on the F4/80+ cells and not on CD11B+ cells (Supplemental

Figure 3, A, D, and F), because they did not occur in the

CD11B+ F4/802 population (Supplemental Figure 3, E and

G). In the total population of CD11B, the majority of cells are

F4/80 negative (approximately 60%) whereas the F4/80+ pro-

portion is around 40% (Supplemental Figure 3, B and C).

Therefore, changes in the F4/80+ population are no longer

visible in the total CD11B+ population. Together these find-

ings show that in the absence of microbiota, only the F4/80+

population of renal resident macrophages is less mature.

Migration Capacity and Expression Levels of F4/80,

CX3CR1, and CCR2 Are Reduced in BM Monocytes

from Commensal-Depleted Mice

Maintenance of renal resident macrophages under steady con-

ditions depends on a constant supply of mature monocytes

from the BM29,30 and relies on the expression of the chemo-

kine receptor CX3CR1; whereas, the chemokine receptor

CCR2 is important for recruitment of monocytes during in-

flammatory conditions.31 Therefore, we questioned whether

BM monocytes from antibiotic-treated mice, similarly to

F4/80+ renal residentmacrophages, would display lower levels

of these receptors and, hence, poorer migratory capacity. As

illustrated in Figure 5, A–D, F4/80, CX3CR1, and CCR2 mean

fluorescence intensity levels were markedly reduced in BM

monocytes from commensal-depleted mice compared with

control mice. In line with these findings, depletion of the mi-

crobiota impaired the migration ability of BM monocytes to-

ward CCL2 and CX3CL1 ligands (Figure 5, E and F). Fecal

transplantation reversed the phenotype, as shown by higher

expression levels of F4/80, CX3CR1, and CCR2 on BMmono-

cytes in the Ftx group compared with antibiotic-treated mice

(Figure 5, A–D). Overall, these findings show that F4/80+ BM

monocytes, similar to F4/80+ renal resident macrophages, re-

quire signals from the gut to terminally differentiate.

Reintroduction of Microbiota into Antibiotic-Treated

Mice Abolishes the Protective Effect of Microbiota

Depletion upon Renal I/R Injury

Because the low maturation status of F4/80+ renal macro-

phages that was observed in antibiotic-treated mice was

reversed by fecal transplantation (Figure 4A), we wanted to

investigate if reintroduction of commensals would also reverse

response to renal I/R injury. Indeed, we found no differences

in tubular necrosis and NGAL levels between the Ftx and con-

trol group, whereas there was a great difference between the

control and antibiotic group (Figure 6, A and B). Similarly,

fecal transplantation reversed granulocyte influx to a certain

extent (Figure 6C). To conclude, depletion of microbiota was

indeed responsible for the protective effect against renal I/R

injury observed in antibiotic-treated mice (Figure 1).

Liver and Splenic Resident Macrophages Are Less

Mature in Commensal-Depleted Mice under Steady

Conditions

As we found a marked decrease of F4/80 expression on renal

resident macrophages from commensal-depleted mice under

steady conditions (Figure 4A), we questioned if resident mac-

rophages of other organs are also affected by depletion of gut

microbiota. We found reduced levels of F4/80 expression in

liver and spleen tissue as well (Figure 7, A and B). These

immature resident macrophages in the liver provide an expla-

nation for the preserved remote liver injury in commensal-

depleted mice upon renal I/R injury (Figure 1, F and G).

Apparently, gut microbiota do not only induce maturation

of renal resident macrophages but also prime resident macro-

phages in the liver and spleen.

DISCUSSION

In the past decade it has become clear that microbiota play a

fundamental role in shaping the immune system outside the

gut. An increasing amount of studies show that alterations in

the gut microbiome affect the immune response to different in-

flammatory disorders.9,10,16 However, little is known as to

whether similar processes occur during AKI. Here, we show

mechanistic insights into the gut-kidney axis during AKI.Micro-

biota depletionwas protective against renal I/R injury as reflected

by reduced renal dysfunction, damage, and inflammation.Mech-

anistically, microbiota depletion affects macrophage/monocyte

maturation status, release of chemokines (MCP-1 and MIP-

2a), and primary functions like migration capacity. The reduced

macrophage activity can explain the weaker early inflammatory

response after I/R injury. The protective effect of microbiota de-

pletion against I/R injury and macrophage alterations was

reversed after reintroduction of microbiota after fecal transplan-

tation. This study clearly shows that the microbiome primes

macrophage functions that contribute to the initiation of renal

inflammation and subsequent nephropathy after renal I/R injury.

Clarke et al. were the first to show that microbiota affect

systemic innate immunity because granulocytes were less

caspase-3+TEC (I) and the amount of proliferating TEC (J) was determinedby scoring Ki67+TEC.Data are expressed asmean6SEM. In the
I/R group, the two-tailed unpaired t test was used in all graphs (n=7/8 per group). *P,0.05; **P,0.01; ***P,0.001. CTR–PAS-D, Control
group-Periodic acid–Schiff-diastase staining; AB–PAS-D, Antibiotic group–Periodic acid–Schiff-diastase staining; hpf, high-power field;
CTR-Ly6G, Control group-Ly6G staining; AB-Ly6G, Antibiotic group-Ly6G staining.
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Figure 2. Decreased levels of renal inflammatory mediators early after ischemic damage in commensal-depleted mice. The number of
granulocytes was determined by Ly6G+ staining (original magnification, 3400) of kidney tissue (A). Renal damage was assessed by quanti-
fication of NGAL mRNA levels in total kidney homogenates (B) and by semiquantitative scoring of the percentage of necrotic tubules in
Periodic acid–Schiff-diastase-stained sections (original magnification,3400) (C). Inflammatory mediators TNF-a (D), IL-6 (E), MCP-1 (F), MIP-2a
(G), and KC (H) were measured on mRNA level in kidney homogenates. F4/80 expression was determined by mRNA level in kidney ho-
mogenates (I) and by F4/80 staining (original magnification, 3200) of kidney tissue which was digitally analyzed and presented as percentage
of staining intensity per high-power field (J). Data are presented as mean6SEM. The two-tailed unpaired t test was used in all graphs (n=8/9
per group). *P,0.05; **P,0.01; ***P,0.01. CTR-Ly6G, Control group-Ly6G staining; AB-Ly6G, Antibiotic group-Ly6G staining; CTR, Control
group; AB, Antibiotic group; CTR–PAS-D, Control group–Periodic acid–Schiff-diastase staining; AB–PAS-D, Antibiotic group–Periodic acid–
Schiff-diastase staining; CTR-F4/80, Control group-F4/80 staining; AB-F4/80, Antibiotic group-F4/80 staining.
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efficient in killing Staphylococcus aureus and S. pneumoniae ex

vivo after antibiotic treatment.12 In renal I/R injury, several

immune cells are known to contribute to the severity of kidney

injury, including granulocytes, through the release of media-

tors and enzymes that potentially damage the surrounding

tissue.24 In our hands, granulocyte function (migration,

phagocytosis capacity, and oxidative burst) was not affected

by antibiotic treatment. This observation is in line with a pre-

vious study in which no differences were found in phagocytic

ability, reactive oxygen species production, and cell surface

adhesion and transmigration markers in granulocytes

between control and antibiotic-treated mice.13 These data

imply that the reduced granulocyte content in our antibi-

otic-treated mice was not due to impaired granulocyte func-

tions but due to alterations preceding granulocyte influx.

Indeed, 2 hours after I/R injury (when granulocyte influx is not

yet observed), renal inflammation was reduced in microbiota-

depleted mice.

Dendritic cells and macrophages are the major resident

leukocytes in the kidney, which are present within the renal

interstitium and are essential for homeostatic regulation of the

kidney environment.32,33These resident leukocytes are known

to contribute to initiation of inflammation shortly after renal

I/R,8 and depleting macrophages in the kidney before I/R

protects mice and rats against renal injury.34,35Distinguishing

dendritic cells and macrophages from each other is compli-

cated because they have overlapping ontogeny, function, and

phenotype.28 Therefore, we analyzed renal expression of

CD11B, CD11C, Ly6C (data not shown), and F4/80 in control

and antibiotic-treated mice. We found a reduced expression

of F4/80, CX3CR1, and CCR2 only in the F4/80+ resident

macrophages, whereas no changes occurred in the expression

of CD11B, CD11C, and Ly6C markers. F4/80 is considered as

the classic cell surface marker for mature resident macro-

phages,25,36,37 whereas CX3CR1 is involved in adhesion, mi-

gration, and activation of leukocytes.27,31,38 Although tissue

macrophages originate from the yolk sac,37 it is believed that

the renewal of resident macrophages under steady conditions

is dependent on a constant supply of CX3CR1+ monocytes

from the BM.29,30 Indeed, CX3CR1-deficient mice display

50% less renal resident macrophages.39 BM monocytes

from commensal-depleted mice were also less mature as as-

sessed by low expression of F4/80, CX3CR1, and CCR2mark-

ers in the F4/80+ population, and the migration capacity was

also reduced. However, we did not find decreased numbers of

F4/80+ resident macrophages in the kidneys. As wemay spec-

ulate, there are several possibilities that can explain this ob-

servation; the life span of resident macrophages ranges from

weeks to months, it might be that these resident macrophages

are not renewed during the 2-week course of antibiotic treat-

ment, so there is no need formigration of the precursors. This

hypothesis would mean that the gut flora prime renal resident

macrophages and BM monocytes independently from each

other, which is possible because circulation reaches both sites

Figure 3. F4/80+ renal resident macrophages from commensal-depleted mice are less mature and produce less MIP-2a in the early
hours of I/R injury. A representative FACS plot showing the F4/80+ population on the CD45+ cells (A). Mean fluorescence intensity of
F4/80 on F4/80+ cells at steady state (B) and after 2 hours of reperfusion (C). FACS plot illustrating the F4/80+ macrophages after
2 hours of I/R injury that is sorted (D). MCP-1 (E) and MIP-2a (F) mRNA levels in F4/80+ resident macrophages. Data are presented as
mean6SEM. The two-tailed unpaired t test was used in all graphs (n=5 per group). *P,0.05; **P,0.01; ***P,0.01. FSC-H, Forward
scatter-height; APC-A, APC-area; CTR, Control group; AB, Antibiotic group.
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(kidneys and the BM). On the other hand, trafficking recep-

tors and the ability to migrate is indeed decreased in BM

monocytes from antibiotic-treated mice, however it is not

completely diminished. This means that these precursors

are still able to migrate (slowly) during renewal of resident

macrophages. Longer treatment with antibiotics might result

in decreased numbers of macrophages in the kidneys. The last

possibility is the sum of both scenarios. The gut microbiota

may affect renal resident macrophages directly and indirectly

via the BM. In this way, 2 weeks of antibiotic treatment is still

too short to see changes in macrophage numbers in the kid-

neys at steady state. The reduced maturation and activation

state of macrophages due to microbiota depletion is suppor-

ted by our finding that F4/80+ resident macrophages produce

less MIP-2a after 2 hours of reperfusion. It is MIP-2a, to-

gether with KC, that is responsible for the optimal attraction

of granulocytes into tissue. Thus, the reduced maturation sta-

tus of residentmacrophages observed in kidneys of antibiotic-

treated mice explains the reduced MIP-2a production early

after I/R, leading to decreased granulocyte influx and eventu-

ally resulting in preserved renal function and attenuated renal

damage.

It is of great interest to identify commensal-derived prod-

ucts which are responsible for priming systemic immunity

in order to target it. Only one study has revealed that

peptidoglycan can translocate from the gut to circulation.

This statement was on the basis of an experiment in which

guts of germ-free mice were colonized with Escherichia coli for

Figure 4. Expression levels of F4/80 and CX3CR1 in renal resident macrophages are reduced by gut flora depletion and restored after
reintroduction of microbiota. F4/80 positivity was determined by F4/80 staining (original magnification, 3200) of kidney tissue which
was digitally analyzed and presented as percentage of staining intensity per high-power field of kidney tissue (A). The percentage of
F4/80 positive cells in the total gate of CD45 positive cells was measured by flow cytometry (B). Mean fluorescence intensity of CX3CR1
positive cells (C) and its FACS plot (D) in CD11B+ F4/80+ gate from control (green), antibiotic (red), and Ftx group (blue). Mean
fluorescence intensity of CCR2 (E) and its FACS plot (F) on CD11B+ F4/80+ macrophages from control (green), antibiotic (red), and Ftx
group (blue). Data are presented as mean6SEM. One-way ANOVA followed by Bonferroni multiple comparison test was used in all
graphs (n=5/6 per group). *P,0.05; **P,0.01; ***P,0.01. CTR, Control group; AB, Antibiotic group; CTR-F4/80, Control group-F4/80
staining; AB-F4/80, Antibiotic group-F4/80 staining; Ftx-F4/80, Fecal transplant group-F4/80 staining; PE-A, PE-area.
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3 days.12 Therefore, it is difficult to assume that this is also the

case in normal conventional mice with complete functional

microbiota.We also could notmeasure detectable levels of LPS

and peptidoglycan in the plasma of control mice (data not

shown), suggesting that the levels are too low to be detected

but are sufficient for a tonic activation of monocytes/macro-

phages or that other gut-derived products are involved. Short

chain fatty acids (SCFAs) are well known candidates that are

end products of fermentation by intestinal bacteria. They are

known to have anti-inflammatory properties.40 Recently, it

has been stated that SCFAs prevent renal I/R injury.41 The

authors showed that only acetate treatment diminished cellular

stress and inflammation in kidney I/R injury. However, in this

study SCFAs were used as a treatment in the presence of an intact

microbiota, meaning that physiologic concentrations of SCFAs in

the circulation under steady conditions do not have substantial

anti-inflammatory properties. Identifying microbiota-derived

products that modulate systemic immunity remains imperative

in future translational research. A first step toward identifying

microbiota-derived products that are essential in priming mono-

cytes/macrophages would be reconstitution with specific groups

of bacteria instead of total fecal transplantation.

Several studies have demonstrated a beneficial role for mi-

crobiota in priming immunity against eradicating infectious

Figure 5. Migration capacity and expression levels of F4/80, CX3CR1, and CCR2 are reduced in BM monocytes from commensal-
depleted mice. Mean fluorescence intensity of F4/80 (A), CX3CR1 (B), and CCR2 (C) was determined on isolated F4/80+ BM monocytes
and its FACS plots (D) from control (green), antibiotic (red), and Ftx group (blue). Migration capacity of BM monocytes with CX3CL1 (E)
and CCL2 (F) as a chemoattractant was quantified in a transwell migration system (D). Data are presented as mean6SEM. One-way
ANOVA followed by Bonferroni multiple comparison test was used in all graphs (n=4 per group). Significant difference between control
and antibiotic group is indicated with a “*” and differences between control and the Ftx group are given with a “

#
”. *P,0.05;

**P,0.01; ***P,0.01. CTR, Control group; AB, antibiotic group; APC-A, APC-area; PE-A, PE-area.
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pathogens.9,10,14,16 In contrast, priming innate immunity is

detrimental during pathologic conditions in which inflamma-

tion is unwanted, including lung15 and kidney (our study) I/R

injury. We show that the microbiome primes macrophage

functions to become fully mature and these mature macro-

phages contribute to the initiation of inflammation and sub-

sequent nephropathy after renal I/R injury. Of note, we are not

advocating the use of antibiotics in the treatment of AKI but our

findings do present first steps toward understanding how to

tailor microbiota-related therapies.

CONCISE METHODS

Mice
C57Bl/6 wild-type mice were purchased from Janvier (Le Genest,

France). Mice were housed under specific pathogen-free conditions

receiving food and water ad libitum. Eight- to 12-week-oldmale mice

were used in all experiments. The Animal Care andUse Committee of

the University of Amsterdam approved all animal experiments.

Microbiota Depletion
Depletion of gut microbiota before renal I/R was achieved by admin-

istering mice broad-spectrum antibiotics via autoclaved (tap) drink-

ing water (1 g/L ampicillin, 1 g/L metronidazole, 1 g/L neomycin

[Sigma Aldrich] and 0.5 g/L vancomycin [Xellia Pharmaceuticals

ApS]) supplemented with 1% (wt/vol) glucose. Control drinking water

was prepared in the same way only without antibiotics. Drinking water

was replaced twice aweek. Twoweeks of treatment with broad-spectrum

antibiotic strategy did not affect gut integrity (data not shown) and led

to a significant drop in microbial diversity as described before.16 Antibi-

otic treatment did not lead to changes in body weight, temperature,

baseline hematologic indices, and food intake (Supplemental Figure 4,

B–G). Fluid intake was slightly less in antibiotic group, probably due to

the unpleasant taste of antibiotic-containing drinking water but did not

lead to dehydration and weight loss (Supplemental Figure 4E). Baseline

biochemical indices (ALAT, ASAT, creatinine, urea, LDH, albumin, total

protein, and triglycerides) were also comparable between control and

antibiotic-treated mice (data not shown).

Fecal Transplantation
A fresh fecal sample from an untreated mouse was collected and

resuspended in 1ml of NaCl. One hundredmicroliters of this suspension

was administrated via oral gavage per mouse (Ftx group). Fecal trans-

plantation started 1 day after cessation of antibiotics and lasted for 3 days.

Fecal transplantation protocol succeeded, as we did not detect any bac-

terial colonies in the antibiotic-treated groupwhereas bacteriawere abun-

dantly present in control and Ftx fecal samples (Supplemental Figure 4A).

I/R Injury
I/R injury was induced by unilateral or bilateral clamping (micro

aneurysm clamps) of renal pedicles for 25 minutes under general

Figure 6. Reintroduction of microbiota into antibiotic-treated mice abolishes the protective effect of microbiota depletion upon renal I/R
injury. (A) Renal damage was assessed by semiquantitative scoring of the percentage of necrotic tubules in PAS-D–stained sections
(original magnification, 3400) and by determining NGAL mRNA levels in total kidney homogenates (B). Influx of granulocytes was
determined by scoring Ly6G+ cells (original magnification, 3400) in the corticomedullary region of the kidney (C). Data are expressed as
mean6SEM. One-way ANOVA followed by Bonferroni multiple comparison test was used in all graphs (n=6/7/10 per group). *P,0.05;
**P,0.01; ***P,0.01. CTR–PAS-D, Control group–Periodic acid–Schiff-diastase staining; AB–PAS-D, Antibiotic group–Periodic acid–
Schiff-diastase staining; Ftx–PAS-D, Fecal transplant group–Periodic acid–Schiff-diastase staining; CTR, Control group; AB, Antibiotic
group; Ftx, Fecal transplant group; hpf, High-power field; CTR-Ly6G, Control group-Ly6G staining; AB-Ly6G, Antibiotic group-Ly6G
staining; Ftx-Ly6G, Fecal transplant group-Ly6G staining.
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inhalation anesthesia (3% isoflurane and oxygen). After removal of

clamps, kidneys were inspected for restoration of blood flow. For

analgesic purposes, mice received a subcutaneous injection of 0.1

mg/kg buprenorphine (Temgesic; Schering-Plough) 30 minutes be-

fore surgery. Sham-operated animals underwent the same procedure

excepting clamping of the renal pedicles. At the time of euthanasia,

blood was collected by heart puncture in heparin-containing tubes

followed by cervical dislocation. Kidneys were snap-frozen in liquid

nitrogen and stored at 280°C or fixed in 10% formalin overnight

before further processing.

Plasma Biochemical Analysis
Using standard autoanalyzer methods plasma levels of creatinine,

urea, LDH, ASAT, and ALAT were determined at our hospital diag-

nostic facility.

Histology and Immunohistochemistry
Formalin-fixed tissue was embedded in paraffin using standard pro-

cedures. Four-micrometer-thick sections were cut and used for all

stainings. For examining renal histology, sections were stained with

periodic acid–Schiff reagents after diastase digestion. Injury to tu-

bules was scored by a pathologist in a blinded fashion, semiquanti-

tatively, by determining the percentage of affected tubules per 10

high-power fields according to the percentage of necrotic tubules in

the corticomedullary region on a scale from 0 to 5 (0=0%, 1=,10%,

2=10%–25%, 3=25%–50%, 4=50%–75%, and 5=.75%). For im-

munohistochemical staining, sections were boiled for 10 minutes in

10 mM sodium citrate buffer (pH 6.0) for F4/80, apoptosis, and pro-

liferation detection, or digested with a solution of 0.25% pepsine

(Sigma Aldrich) in 0.01 M HCl for granulocyte

detection. Subsequently, sections were incu-

bated overnight with FITC-labeled anti-mouse

Ly6G (BD Biosciences), rat anti-mouse F4/80

(Biorad), rabbit anti-mouse active caspase-3

(Cell Signaling Technology), or rabbit anti-

humanKi67 (Neomarkers) to detect granulocytes,

macrophages, apoptosis, or proliferation, respec-

tively. For CD11B and CD11C stainings, frozen

renal sections were stained with rat anti-mouse

CD11B (BD Pharmingen) and hamster anti-

mouse CD11C (eBioscience) overnight. Next, all

sections were incubated for 30 minutes with rele-

vant peroxidase-conjugated secondary antibodies

and stained using 3,30-diaminobenzidine dihydro-

chloride. The number of Ly6G positive cells and

the number of capase-3 and Ki67 positive TECs

were counted in 10 nonoverlapping high-power

fields. F4/80, CD11B, and CD11C expression

was digitally quantified with ImageJ software.

RT-PCR
Total RNAwas isolated from frozen renal tissue

sections with Tri-reagent (Sigma Aldrich) ac-

cording to the manufacturer’s protocol. RNA

from sorted renal macrophages was isolated

with a Qiagen RNA isolation kit according to manufacturer’s instruc-

tion (Qiagen). cDNA was synthesized using oligo-deoxy-thymidine

as primer. mRNA expression of NGAL, TNF-a, IL-6, MCP-1, MIP-

2a, KC, and F4/80 was measured by real-time quantitative RT-PCR

performed on a Light Cycler 480 (Roche) with SYBR green PCR

master mix (Bioline). Intensity of SYBR green dye was determined

by linear regression analysis (LinRegPCR; developed by the Heart

Failure Research Center, Amsterdam, The Netherlands). Expression

of specific genes was normalized to expression of the house keeping gene

GAPDH. Primer sequences are provided in Supplemental Table 1.

Isolation of BM Granulocytes and Monocytes
Femoral and tibial BM was flushed with ice-cold sterile PBS with a

21-gauge needle above a 40 mm pore filter. Monocytes and granulo-

cytes were isolated by means of magnetic labeling using Monocyte

Isolation Kit and by anti-Ly6GMicrobead Kit, respectively, according

to the manufacturer’s instructions (Miltenyi Biotec).

Oxidative Burst, Migration, and Phagocytosis Assay
The Amplex Red Hydrogen Peroxide kit (Invitrogen) was used to

detect hydrogen peroxide release by BM granulocytes and monocytes

stimulated with PMA (100 ng/ml) (Sigma Aldrich) according toman-

ufacturer’s instructions. Briefly, 20 ml of cell suspension (0.753 106

cells/ml) in Krebs Ringer phosphate buffer was added in a black

96-well plate with a clear bottom (Greiner Bio-One) together with

100 ml reaction buffer containing 0.1 U/ml horseradish peroxidase

and 50 mM Amplex Red reagent. The reaction was measured by

530 nm excitation and 585 nm emission with microplate reader

CLARIOstar (BMG Labtech). For quantification of the migration

Figure 7. Liver and splenic resident macrophages are less mature in commensal-
depleted mice under steady conditions. F4/80 expression was determined by F4/80
staining (original magnification, 3200) of liver (A) and spleen (B) tissue and presented
as percentage of staining intensity per high-power field. Data are expressed as mean6
SEM. Two-tailed unpaired t test was used in all graphs (n=4/6 per group). *P,0.05;
**P,0.01. hpf, High-power field; CTR, Control group; AB, Antibiotic group; CTR-F4/
80, Control group-F4/80 staining; AB-F4/80, Antibiotic group-F4/80 staining.
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capacity of BM granulocytes and monocytes, 5 3 106 cells/ml were

resuspended in HEPES buffer with 4 mg/ml Calceine-AM (Life Tech-

nologies) and incubated for 30 minutes at 37°C. Cells were washed

once in PBS and resuspended (1 3 106 cells/ml) in HEPES buffer.

Migrationwas measured by the transwell system using a 24-well plate

(BD Falcon) and Fluoroblok cell culture insert (BD Falcon) with pore

sizes 3 mm (granulocytes) and 8 mm (monocytes). CX3CL1 and

CCL2 in HEPES buffer were used as chemoattractants. Migration

of cells was measured in time at 37°C with excitation 485 nm and

emission 530 nm with microplate reader CLARIOstar (BMG Lab-

tech). Phagocytosis was measured with PHAGOTEST (Glycotope

Biotechnology) according to the manufacturer’s instructions. Briefly,

100 ml of heparinized whole blood was stained with opsonized FITC-

labeledE. coli and incubated for 10minutes in a 37°Cwater bath,whereas

the negative control remained on ice. After phagocytosis was stopped,

quenching solutionwas used to discriminate between surface-bound and

internalized E. coli. After lysing of the red blood cells and DNA staining,

phagocytic capacity was measured by flow cytometry on a FACS Canto

(BD Bioscience) and analyzed with FlowJo version 10.

FACS Analysis and Sorting of Renal Macrophages
After renal tissue mechanic and enzymatic digestion, leukocytes were

isolated by density gradient centrifugation (330 3 g, 30 minutes,

room temperature) using a two-density Percoll (GE Healthcare) me-

dium of 40% (upper phase) and 80% (lower phase). Cells at the

interface between 40% and 80% Percoll were harvested, washed,

blocked with anti-Fc Receptor (Anti-Mouse CD16/CD32; eBioscience),

and stained with antibodies anti-CD45.2-Percp Cy5.5, CD11b-FITC,

F4/802APC, CCR2-PE, CX3CR1-PE, and Ly6C-PE (Biolegend).

Stainings were visualized using a BD LSRFortessa cell analyzer

(BD Bioscience). 49,6-diamidino-2-phenylindole (Sigma-Aldrich)

was added to the cell suspension shortly before measurement to

discriminate dead cells from live cells. Gating strategies are illus-

trated in Supplemental Figure 5. Sorting of F4/80+ renal macro-

phages was performed on a SH800 Cell Sorter (Sony). In brief,

kidneys (two kidneys per sample) were mechanically and enzymat-

ically digested, and subsequently leukocytes were isolated by Percoll

gradient centrifugation and after Fc-Receptor blocking were stained

with anti-CD45–labeled magnetic beads in order to isolate renal

CD45+ cells, accordingly to manufacturer’s instructions (Miltenyi

Biotec). After isolation, CD45+ leukocytes were stained with anti-

F4/802APC, and cells were gated for APC-positivity for sorting. Per

kidney pair, between 10,000 and 20,000 macrophages were sorted

on average. All flow cytometry data were analyzed using FlowJo v10

(Ashland, OR).

Whole Blood Composition
Absolute numbers of white blood cells and percentages of lympho-

cytes, monocytes, and granulocytes in whole blood were determined

with Scil Vet abc Plus+ (HORIBA Medical) in 30 ml of heparinized

blood sample.

Statistical Analyses
All statistical analyses were performed using Graphpad Prism version

5 software. Comparisons between two groupswere analyzed using the

two-tailed unpaired t test. One-way ANOVA followed by Bonferroni

multiple comparison test was used for comparison between more than

two groups. Results are expressed asmean6SEM.Values of P,0.05were

considered to represent a statistically significant difference.
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