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Key Points

2
4

e Discovering new nephroprotectants may provide therapeutic strategies in AKI.
o This study provides the first evidence that KLF11, a member of the Kruppel-like factor (KLF) family of proteins,

protects against AKI.

o In the absence of KLF11, exaggerated induction of endothelin-1 and IL-6 occurs after ischemic renal injury and

may contribute to worse AKI.
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AKI arises from the interplay of endothelial and vas-
cular dysfunction, tubular epithelial cell injury and
death, and inflammation, with modulation by sys-
temic processes and circulating leukocytes (1). Rodent
AKI models, including renal ischemia-reperfusion
injury (IRI), elucidate new biomarkers, the pathogene-
sis of and recovery from AKI, nephroprotective path-
ways, and clinically relevant therapeutic strategies (1).

Certain members of the Kriippel-like factor (KLF)
family of proteins (KLF2, 4, 5, 6, and 15) are determi-
nants of renal injury induced by glomerulopathies,
diabetes, and subtotal nephrectomy, with KLF4 pro-
tecting against renal IRI (2,3). KLFs possess a con-
served C-terminal region, which houses three C,H,
zinc fingers that engage GC-rich sites in the promoters
and enhancers of multiple target genes (2—4). The
N-terminus of KLFs varies widely, houses transactiva-
tion and transrepression domains, and modulates the
specificity of protein-protein and protein-DNA inter-
actions; the N-terminus determines specificity of tran-
scription. KLFs influence homeostasis; cell growth,
differentiation, and death; vascular behavior; inflam-
mation; and fibrosis. Broadly considered, KLFs deter-
mine adaptive and maladaptive responses to tissue
injury (2-4).

This Brief Communication provides the first demon-
stration that another member of the KLF family,
KLF11, protects against AKI. This study was predi-
cated on the following considerations. First, as shown
by the classic studies of Chen, Zhang, and colleagues,
KLF11 is highly expressed in the endothelium where
it prevents endothelial activation and inflammation by
inhibiting NF-«B activation (5,6); endothelial activa-
tion underpins, in part, renal vasoconstriction and
abnormal renal hemodynamics, which are proximate
pathogenetic steps in IRI, whereas NF-kB activation

contributes to renal inflammation and IRI (1). Second,
KLF11 protects against brain ischemic injury, in part
by suppressing IL-6 production (7), a cytokine that
promotes renal IRI (1). Third, KLF11 suppresses the
production of endothelin-1 (ET-1) (8), a vasoconstrict-
ing and proinflammatory peptide that also mediates
AKI (9). We thus hypothesize that KLF11 protects
against IRI because it suppresses renal production of
ET-1 and inflammation. Interestingly, De Lorenzo et al.
have just demonstrated that KLF11 reduces chronic
kidney injury (unilateral ureteral obstruction) by
inhibiting the TGF-B1/Smad3 pathway (10).

All studies were approved by the Institutional Ani-
mal Care and Use Committee of Mayo Clinic and per-
formed in accordance with the Guide for the Care and
Use of Laboratory Animals of the National Institutes
of Health. KLF11"/" and KLF11~/~ mice were gener-
ated from a colony on a C57BL/6 strain background
(backcrossed >20 generations) (11). Studies used male
KLF11~/~ mice and male littermate KLF11*/" mice
(1624 weeks old). Bilateral IRI and sham procedures
were employed, with measurement of serum creatinine
and BUN at 1 day after 22 minutes of ischemia (12).
Histologic examination was performed on formalin-
fixed, paraffin-embedded kidney sections stained with
hematoxylin and eosin (12). Gene and protein expres-
sion was assessed using quantitative real-time RT-PCR,
Western blot analysis, and immunofluorescence, as de-
scribed previously (12). Serum IL-6 levels were assayed
by ELISA.

KLF11~/~ mice compared with KLF11"/* mice
showed increased sensitivity to IRI as demonstrated
by significantly higher serum creatinine and BUN
(Figure 1A). Figure 1B shows representative kidney
sections. Tubular epithelial cell injury and death were
observed in the deep cortex and outer medulla of
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Figure 1. | Alterations in renal function and histology one day after renal ischemia-reperfusion injury (IRl) in Kruppel-like factor
(KLF11** and KLF~’~ mice. (A) KLF11~'~ mice, as compared with KLF11** mice, showed significantly higher levels of serum creati-
nine and BUN values after IRI. Values are the mean*=SEM; n=5 for each sham group, and n=6 and 7 for KLF11™" and KLF11™~ mice
subjected to IRI, respectively. For this and subsequent statistical analyses, a t test was used for parametric data, and the Mann-Whitney
U test was used for nonparametric data. ***P<0.005, KLF11 ™/~ IRl versus KLF11** IRI. (B) Representative hematoxylin and eosin staining
at 1 day after IRl for 22 minutes revealed increased necrosis (arrowheads), cast formation (asterisks), tubular dilatation, and glomerular
congestion (arrows) in the renal cortex of KLF11 ~/~ mice (i and iv) when compared with KLF11 ** mice (i and iii). (C) The renal medulla
of KLF11~/~ mice (ii) at 1 day after IRI for 22 minutes showed increased necrosis and vascular congestion compared with KLF11*'* mice

(i). Scale bar 100 um.

KLF11"/™" mice after IRI, whereas in KLF11~/~ mice, such
injury extended over full cortical thickness and was accom-
panied by prominent tubular cast formation, dilatation,
and simplification. KLF11~/~ mice exhibited prominent
vascular congestion in the medullary and cortical vascula-
ture and glomerular capillaries (Figure 1, B and C),
whereas congestion in KLF11*/* mice was milder and
observed only in the medulla. Intravascular thrombosis
was not observed in either group. Such exaggerated

vascular congestion in KLF11~/~ mice after IRI is likely
significant because congestion exacerbates AKI via NF-«B-
dependent mechanisms.

Renal ET-1 mRNA induction was markedly greater in
KLF11~/~ mice compared with KLF11™/* mice after IRI
(Figure 2A), as was renal induction of IL-6 mRNA (Figure
2B, left panel). Systemic IL-6 levels and increased IL-6
expression in distant vital organs (e.g., the lungs) are
known to underlie morbidity and mortality observed in
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Figure 2. | Gene and protein expression in KLF11*/* and KLF11~/~ mice at 1 day after IRI for 22 minutes. (A) Quantitative real time
RT-PCR analysis revealed enhanced induction of ET-1 mRNA in KLF11~~ mice compared with KLF11** mice 1 day after IRI for 22
minutes. For this and subsequent statistical analyses, a t test was used for parametric data, and the Mann-Whitney U test was used for non-
parametric data. *P<0.05, KLF11~/7 IRI versus KLF11™" IRI. (B) Increased renal IL-6 mRNA expression (left panel), serum IL-6 protein
(middle panel), and lung IL-6 mRNA expression (right panel) were observed in KLF11 ~/~ mice; **P<0.001, *P<0.05, KLF11~/~ IRI versus
KLF11** IRI. (C-E) Western blot analysis revealed significantly enhanced kidney p-STAT3 (C) and HO-1 protein expression (D), but
decreased ACE2 protein expression (E) in KLF11™'~ mice compared with KLF11** mice at 1 day after IRI for 22 minutes. Normalized
densitometry (GAPDH) is shown below the blots. *P<0.05, **P<0.01, ***P<0.001, KLF11~/~ IRI versus KLF11™* IRI. (F) Western blot
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Figure 2. | Continued. analysis also revealed significantly increased HO-1 protein abundance in the lung in KLF11~'~ mice as compared
with KLF11™" mice at 1 day after IRI for 22 minutes. Normalized densitometry (GAPDH) is shown below the blots. **P<<0.01 is incorrect
and should be replaced by *P<0.05, KLF11~/~ IRI versus KLF11™'* IRI. (G) Localization of kidney KLF11 protein expression 1 day after IRI
for 22 minutes in renal tubules. This panel (G) and subsequent panels (H and I) display immunofluorescence staining for nuclei (DAPI, blue)
and KLF11 (red). In kidneys after sham IRI, KLF11 is prominently expressed in the cytoplasm of renal proximal tubules, whereas after IRI,
KLF11 is prominently expressed in nuclei with less prominent expression in the cytoplasm. KLF11 staining in nuclei after IRl indicates
nuclear translocation of KLF11 after IRI. (H) Localization of KLF11 protein expression after IRl for 22 minutes in intrarenal blood vessels.
Intrarenal blood vessels stain prominently for KLF11 in both the sham and IRl groups in both endothelium and smooth-muscle cells. In the
endothelium, staining for KLF11 was detected in both nuclear and cytoplasmic compartments in both the sham and IRI groups, whereas in
smooth-muscle cells, KLF11 staining was primarily in the cytoplasm in the sham group and in both nuclei and cytoplasm for the IRI group.
() Localization of KLF11 in the endothelium and smooth-muscle cells in intrarenal blood vessels after IRI for 22 minutes. Higher magnifica-
tion demonstrates nuclear staining for KLF11 in the endothelium in both the sham and IRI groups, whereas in smooth-muscle cells, KLF11
staining was predominantly cytoplasmic in the sham groups but nuclear and cytoplasmic in the IRI groups. The vasculature shows structural
injury in IRl as evidenced by endothelial denudation (arrow) and the rounding up of smooth-muscle cells (I, lower panel). Scale bar 50 wm.

AKI We thus assessed these parameters in KLF117/* and
KLF11™/~ mice following IRI. IRI elicited significantly
higher plasma IL-6 levels and greater IL-6 mRNA expres-
sion in the lungs in KLF11~/~ mice compared with
KLF11"/" mice (Figure 2B, middle and right panels). Renal
expression of other genes relevant to IRI in KLF117/* and
KLF11~/~ mice are shown in Table 1. Notably, in KLF11~/~
mice compared with KLF11™/" mice after IRI, relevant
gene expression was either exaggerated (MCP-1, PAI-1,
SMAD?3), unchanged (TNF-«, TGF-1, ICAM]1, IL-18, and
MMP-9), or decreased (PGC-1a). This latter finding sug-
gests that KLF11 expression may influence mitochondrial
integrity.

ET-1 induction was exaggerated in KLF11~/~ mice after
IRI. We did not measure BP in KLF11*/* and KLF11~/~
mice. Prior studies demonstrate that BP of KLF11~/~ is not
elevated under basal or stress conditions (6).

IL-6 induces countervailing pathways that may mitigate
AKI, and this may occur through p-STAT3 and HO-1
(13,14). We thus assessed these downstream effects of IL-6.
p-STAT3 was induced after IRI but more prominently in
KLF11™/~ mice (Figure 2C), as was the case for HO-1
mRNA expression in the kidney and lungs (Table 2); HO-2

mRNA expression was not significantly altered. Renal HO-1
protein expression was more strongly induced in KLF11~/~
mice compared with KLF11"/* mice (Figure 2D). To under-
score the specificity of such exaggerated renal expression
of HO-1 in KLF11~/~ mice after IR], expression of another
potentially cytoprotective protein, ACE2, was lower in
KLF11™/~ mice after IRI (Figure 2E). Lung expression of
HO-1 protein paralleled what occurred in the kidney
(Figure 2F).

Immunofluorescence staining for KLF11 in wild-type
mice detected KLF11 in renal tubules (especially proximal),
arterioles (endothelial and smooth-muscle cells), interstitial
capillaries, and, weakly, glomeruli; overall, the intensity of
KLF11 staining was comparable in sham and IRI groups.
KLF11 staining in proximal tubules was largely cytoplas-
mic in sham IRI, whereas in IRI, KLF11 staining was prom-
inent in nuclei (Figure 2G). In intrarenal blood vessels, the
endothelium showed prominent nuclear and cytoplasmic
KLF11 staining in both sham and IRI conditions; smooth-
muscle cells showed more prominent nuclear KLF11 stain-
ing in IRI (Figure 2, H and I). Nuclear localization of KLF11
suggests an active transcription factor. We speculate that
nuclear localization of KLF11 in the endothelium under

Table 1. Gene expression profile in the kidney of KLF11*/* and KLF11™'~ mice

Sham IRI

Gene KLF11*/* KLF11 /"~ KLF11*/* KLF11 7/~
KLF11 4.01+0.53 ND 4.82+0.35 ND
MCP-1 2.47+0.2 2.23+0.17 17.49+1.56 26.11+2.72°
PAI-1 1.33+0.15 1.34+0.08 24.15+4.27 70.87+12.24°
SMAD3 6.14%0.31 5.87+0.49 9.22+0.6 12.37+0.62¢
TNF-a 3.07+0.42 2.12+0.17 16.63+3.29 15.36+2.09
TGF-B1 4.7+031 4.06+0.22 13.51+1.23 16.16+1.04
IL-1B8 1.07+0.12 1.22+0.26 4.25+0.83 4.75+0.81
ICAM1 6.48+0.3 7.030.45 16.76+1.18 16.43+0.67
MMP-9 1.5+0.2 1.41+0.2 11.19+3.26 17.2+2.19
PGC-1a 18.66=0.79 18.05+0.41 9.18+0.63 7.68+0.24°

injury.

Quantitative real-time RT-PCR analysis was performed. Shown is mRNA expression of multiple genes in the kidney 1 day after
IRI for 22 minutes or sham IR Values are the mean*+SEM; n=5 for each sham group, and n=6 and 7 for KLF11*/* and KLF11~/~
IRI groups, respectively. Relative quantification was performed against a standard curve constructed for each mRNA target,
normalized for expression of 185 rRNA, and expressed in arbitrary units. A t test was used for parametric data, and the
Mann-Whitney U test was used for nonparametric data. KLF, Krippel-like factor; ND, not detected; IRI, ischemia-reperfusion

2p<(0.05, °P<0.01, P<0.005, KLF11~/~ IRI versus KLF11"/" IRL
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Table 2. HO-1 gene expression after IRI in kidney and lung in KLF11*/* and KLF11~/~ mice
Sham IRI
HO-1 mRNA KLF11*/* KLF11~/~ KLF11*/* KLF11~/~
HO-1 (Kidney) 6.08+0.42 6.8+0.83 28.14+4.86 58.24+4.35%
HO-1 (Lung) 6.19+0.26 5.73%0.26 5.74+0.47 9.69+0.54%

KLF, Krtppel-like factor.
2p<0.001, KLF11~/~ IRI versus KLF11*/* IRL

Quantitative real-time RT-PCR analysis revealed significantly increased HO-1 mRNA expression in KLF11~/~ mice compared
with KLF11*/* mice at 1 day after 22 minutes of IRT or sham IRI in kidney and lung. Values are the mean+SEM; n=5 for each
sham group, and n=6 and 7 for KLF11*/* and KLF11~/~ IRI groups, respectively. Relative quantification was performed against
a standard curve constructed for each mRNA target, normalized for expression of 185 rRNA, and expressed in arbitrary units. A f test
was used for parametric data, and the Mann-Whitney U test was used for nonparametric data. IRI, ischemia-reperfusion injury;

basal conditions suggests active KLF11 behavior even
under unstressed conditions, whereas such activation in
the proximal tubules requires the stress of IRI.

KLF11 mRNA expression was not detected in KLF11~/~
mice subjected to either IRI or sham IRI, whereas in
KLF11*/* mice, KLF11 mRNA expression did not signi-
ficantly change with IRI (Table 1), findings consistent
with KLF11 protein expression on immunofluorescence. As
shown previously, endothelial KLF11 expression is strongly
induced by lipopolysaccharide (LPS) (5). Similarly, we found
that at 8 hours after LPS treatment, renal KLF11 mRNA
expression was significantly increased (15.08+0.98 for LPS-
treated versus 3.33%+0.38 for saline-treated; P<<0.001). IRI is
recognized as a proinflammatory condition. Yet, whole-
kidney KLF11 mRNA expression was unchanged after IRI in
KLF11"/* mice. We offer three considerations with regard
to this finding. First, such unaltered KLF11 expression in
wild-type mice may still be protective because unaltered
“constitutive” systems can protect against IRI as their
expression (and effects) are already present when the insult
is imposed. For example, both inducible and constitutive
HO isoforms, HO-1 and HO-2, protect against IRI. Second,
ET-1 suppresses KLF11 in other tissues (15). We speculate
that ET-1 induction that occurs in renal IRI suppresses
KLF11 induction that may otherwise occur. We additionally
speculate that this lack of KLF11 induction, and the conse-
quent lack of counterregulatory inhibition by KLF11 on ET-1
expression (8), promotes ET-1 induction in renal IRI. Third,
during IRI, although overall KLF11 immunofluorescence
staining appeared unchanged, nuclear KLF11 was detected
in tubular epithelial and endothelial cells, implying KLF11
activation.

Specific human KLF11 gene mutations may lead to
maturity-onset diabetes of the young (4). However, KLF11~/~
mice compared with wild-type KLF11*/* mice do not exhi-
bit diabetes, diabetic nephropathy, increased age-related
nephropathy, other pathologies, or a shortened lifespan in
the unstressed state.

This demonstration of KLF11 as a protectant against IRI
connects KLF11 to other established IRI protectants, speci-
fically agonists of PPARy and dopamine D2 receptor.
PPARYy protects against ischemic stroke, and KLF11 is an
essential co-regulator for PPARy-mediated vasoprotection
(16). PPARY agonists protect against renal IRI. Addition-
ally, KLF11 induces dopamine D2 receptor expression in

nonkidney tissues. Dopamine D2 receptor deficiency wor-
sens renal IRI, whereas induction of dopamine D2 receptor
attenuates renal IRI (17). This raises the question of whether
these and perhaps other IRI protectants involve KLF11.

We suggest that the protective effects of KLF11 involve
the suppression of contributors to IRI (specifically ET-1 and
IL-6), along with the recruitment of protective species. The
protective species downstream of KLF11 are the focus of
future studies. Tubules, the vasculature, and interstitial
capillaries all express KLF11, and may all be protected by
such expression. We speculate that the vascular endothe-
lium represents a significant locus of nephroprotection
because KLF11 serves, in part, as a guardian of the endo-
thelium (5,6): KLF11 suppresses renal endothelial activation
and lessens ET-1-dependent renal vasoconstriction, inflam-
mation, and aberrant renal hemodynamics—early steps
that culminate in IL-6 production, further inflammation,
cell injury and death, and IRL
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