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Key Points
c In heme protein–mediated AKI (HP-AKI), a senescence phenotype promptly occurs, and increased expression of p16Ink4a

contributes to HP-AKI.
c Renal p16Ink4a expression is induced by hemoglobin, myoglobin, and heme in vivo and in renal epithelial cells exposed to
heme in vitro.

c Impairing the binding or degradation of heme by hemopexin deficiency or heme oxygenase-1 deficiency, respectively,
further upregulates p16Ink4a.

Abstract
Background Understanding the pathogenetic basis for AKI involves the study of ischemic and nephrotoxic models of AKI,
the latter including heme protein–mediated AKI (HP-AKI). Recently, interest has grown regarding the role of senescence
as a mechanism of kidney injury, including AKI. We examined whether senescence occurs in HP-AKI and potential
inducers of and the role of a key driver of senescence, namely, p16Ink4a, in HP-AKI.

Methods The long-established murine glycerol model of HP-AKI was used, and indices of senescence were examined. To
evaluate the interaction of heme and p16Ink4a expression, murine models of genetic deficiency of hemopexin (HPX) and
heme oxygenase-1 (HO-1) were used. To determine the involvement of p16Ink4a in HP-AKI, the population of p16Ink4a-
expressing cells was reduced using the INK-ATTAC model.

Results Using multiple indices, a senescence phenotype appears in the kidney within hours after the induction of HP-AKI.
This phenotype includes significant upregulation of p16Ink4a. p16Ink4a is upregulated in the kidney after the individual
administration of myoglobin, hemoglobin, and heme, as well as in renal epithelial cells exposed to heme in vitro. Genetic
deficiencies of HPX and HO-1, which, independently, are expected to increase heme content in the kidney, exaggerate
induction of p16Ink4a in the kidney and exacerbate HP-AKI, the latter shown in the present studies involving HPX2/2 mice
and in previous studies involving HO-12/2 mice. Finally, reduction in the population of p16Ink4a-expressing cells in the
kidney improves renal function in HP-AKI even within 24 hours.

Conclusions The pathogenesis of HP-AKI involves senescence and the induction of p16Ink4a, the latter driven, in part, by
hemoglobin, myoglobin, and heme.
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Introduction
Occurring overall in some 10% of hospitalized patients, AKI
may occur in excess of 50% of critically ill patients and may
require RRT.1,2 The outcomes from AKI are influenced by
age and the presence of age-related comorbidities, the na-
ture and duration of the offending renal insult, the presence
of CKD, the presence of systemic conditions including
hypotension or sepsis, and whether AKI is part of a mul-
tisystem disease.1,2 The mortality from AKI may exceed
50%, and health care costs are vast ($5.4–24.0 billion/yr).3

Patients who survive AKI may develop CKD and ESKD.
Understanding the pathogenesis of AKI is vigorously pur-
sued as such understanding may lead to novel therapies
that mitigate the severity of AKI and/or promote renal
regenerative and reparative processes.
The study of rodent models of AKI seeks to understand the

pathogenesis of AKI.4 Such models include ischemia-
reperfusion injury (IRI) and nephrotoxic injury, the latter
encompassing heme protein–mediated AKI (HP-AKI),
sepsis-associated AKI, and cisplatin-induced AKI. Our lab-
oratory has focused on HP-AKI not only because of its
relevance to AKI caused by rhabdomyolysis or hemolysis
but also because AKI in sepsis or after cardiopulmonary
bypass may be driven, in part, by cell-free hemoglobin.5–8

Moreover, in virtually all forms of AKI, kidney content of
heme may increase because of destabilization of heme pro-
teins (especially p450 cytochromes) in the injured kidney7,9,10;
this leads to the release of heme, the latter being a nephro-
toxic and proinflammatory metabolite.7 Heme proteins may
thus contribute to diverse types of AKI.7,8

HP-AKI, induced by the intramuscular injection of hy-
pertonic glycerol (which causes myolysis and hemolysis),
has long and widely been studied by our and other
laboratories.11,12 In this work, we explore the occurrence
of senescence in HP-AKI. Senescence is a form of cell fate
that predisposes to acute and chronic injury. The funda-
mental concept underlying senescence is that a specific cell
type—the senescent cell (SC)—drives the pathobiology of
senescence.13–15 SCs are cell cycle-arrested because of up-
regulation of either one or both of cell cycle inhibitors,
p16Ink4a and p21CIP1; SCs are apoptosis-resistant because
of upregulation of survival pathways. SCs exhibit the se-
nescence associated secretory phenotype (SASP) which
elaborates an array of proinflammatory cytokines, prote-
ases, cytotoxic species, growth factors, and immune
modulators.13–15 Largely through the SASP, senescence
and SCs contribute to acute and chronic injury. In addition
to the growing understanding of its pathobiology, the study
of senescence led to strategies that may disrupt senescence,
such as senolytics, the latter discovered by Zhu et al.16

Using diverse senescence markers, we assessed the
occurrence of senescence in HP-AKI. We observed that the
p16Ink4a gene is markedly induced in murine HP-AKI and
that heme itself induces p16Ink4a gene and protein in human
renal epithelial cells. To examine further the linkage among
heme, p16Ink4a expression, and renal injury, we examined
the expression of p16Ink4a when kidney heme content is
predictably increased by either impaired heme-binding or
impaired heme degradation in genetically altered mice; we
found that such genetic deficiencies further increased
p16Ink4a expression. Finally, we assessed the functional
significance of p16Ink4a induction in HP-AKI.

Methods
In Vivo Studies
All studies were approved by the Institutional Animal

Care and Use Committee of Mayo Clinic and performed in
accordance with the Guide for the Care and Use of Labo-
ratory Animals of the National Institutes of Health. Mice
were housed in a temperature-controlled facility with
12-hour light-dark cycle, and food and water were pro-
vided ad libitum.

Mice
Male C57BL/6J mice (10–15 weeks old, Jackson Lab, Bar

Harbor, ME) were used in studies involving the glycerol
model of HP-AKI or the administration of hemoglobin,
myoglobin, or hemin separately. In other studies, 11–17-
week-old, age-matched male, hemopexin1/1 (HPX1/1) and
HPX2/2 mice were used in studies employing the glycerol
model of HP-AKI.17 Similarly, 10–15-week-old, age-matched
male and female heme oxygenase-11/1 (HO-11/1) and heme
oxygenase-12/2 (HO-12/2) mice were also subjected to the
glycerol model of HP-AKI.18 INK-ATTAC transgenic mice,
developed by Kirkland, Tchkonia, and collaborators at
Mayo Clinic were also subjected to the glycerol model
of HP-AKI.19 INK-ATTAC female mice (14–15-month-old,
generated and genotyped by the Kirkland laboratory)
were randomized to two groups: (1) mice receiving in-
traperitoneal (IP) injection of vehicle (4% EtOH, 10%
PEG-400, 86% Tween) or (2) mice receiving IP injection
of AP20187 (10 mg/kg, in vehicle). AP20187 or vehicle
was administered 30 minutes before and 6 hours after
glycerol injection.

Model of Heme Protein–Mediated AKI (HP-AKI)
For the glycerol model of HP-AKI,20,21 mice were dehy-

drated overnight (16–18 hours) and, under ketamine and
xylazine (90 and 10 mg/kg, respectively) anesthesia, an
intramuscular injection of glycerol (50% in water), was per-
formed, with one half of the dose given in each anterior thigh
muscle. A glycerol dose of 6 ml/kg was used for studies at
time points between 8 and 48 hours, and a 5 ml/kg dose was
used for studies at 5 days. In addition, a dose of 7 ml/kg
was used for studies in HPX1/1 and HPX2/2 mice at 4
days. Free access to water was restored after the injections.
Kidneys and/or serum were harvested at time points
ranging from 8 hours to 5 days after the glycerol injections.

IRI Model
The IRI model of AKI was used as in our previous

study.22 Briefly, under pentobarbital (50 mg/kg, intraper-
itoneally) anesthesia, a midline abdominal incision was
made, and each renal pedicle was gently dissected. Bilateral
renal ischemia (22.5-minute duration) was induced using
nontraumatic clamps (straight, 10 mm, 125 g pressure micro
aneurysm clip, model no. RS5426, Roboz Surgical Instru-
ments, Rockville, MD). One day after ischemia, kidneys
were harvested for b-galactosidase (b-Gal) staining as de-
scribed below. Sham procedures involved midline incision,
but neither renal pedicle dissection nor clamping.

Administration of Heme Protein or Hemin In Vivo
Intravenous administration of hemoglobin or myoglobin

(180 or 250 mg/100 g body weight, respectively, catalog
nos. H2500 and M0630, Sigma Aldrich, St. Louis, MO) was
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performed in C57BL/6J mice after 16–18 hours of dehydra-
tion. For these studies, kidney tissues were harvested for
gene expression assessments 24 hours after these injections.
In additional studies, hemin (hemin ferriprotoporphyrin IX
chloride, 50 or 100 mmol/kg, IP) was administered to
C57BL/6J mice at 6 and 24 hours before kidneys harvest.

Assessment of Renal Function
Plasma levels of BUN were measured using a commer-

cially available kit (catalog no. B7551–120, Pointe Scientific,
Canton, MI). Plasma creatinine was measured with a Cre-
atinine Analyzer 2 (Beckman Instruments, Fullerton, CA).

In Vitro Studies
The human kidney proximal tubule cell line (HK-2) was

obtained from ATCC (Manassas, VA) and used from pas-
sages 4–9. Briefly, these cells were maintained at 37°C in
95% air and 5% CO2 in Keratinocyte Serum Free Medium
(K-SFM, catalog no. 17005-042, ThermoFisher Scientific,
Waltham, MA). In studies of heme exposure, HK-2 cells
were incubated in DMEM (without phenol red) with 0.1%
FBS containing hemin (20 or 25 mM, catalog no. H651-9,
Frontier Scientific, Logan, UT) for 4, 6, and 16 hours. The
cells were then harvested for the assessment of gene and
protein expression as described.

Western Blot Analysis
Whole-kidney and cell lysates were subjected to western

analysis as described in our previous studies.20,22 Mem-
branes were incubated overnight at 4°C with primary an-
tibodies against lamin B1 (catalog no. NBP2–67405; Novus
Biologicals, Centennial, CO), hemopexin (catalog no.
AF7007, R&D Systems, Minneapolis, MN), p16Ink4a (catalog
no. ab108349, Abcam, Waltham, MA); GAPDH (catalog no.
2118; Cell Signaling Technology, Danvers, MA), or b-actin
(catalog no. 612656, BD Biosciences, Franklin Lakes, NJ).
Membranes were then incubated with the appropriate
HRP-conjugated secondary antibodies. Bands were visual-
ized using enhanced chemiluminescence reagents.

Assessment of Gene Expression
mRNA expression was assessed in cells and whole-

kidney tissues using a two-step quantitative real-time
RT-PCR method as used in our previous studies.20,22

Briefly, RNA extraction was achieved using the TRIzol
method (Invitrogen, Carlsbad, CA) with subsequent puri-
fication using a RNeasy Mini Kit (Qiagen, Valencia, CA).
A Transcriptor First Strand cDNA Synthesis Kit (Roche
Applied Science, Indianapolis, IN) was used for RT, and
quantitative PCR was performed using TaqMan Gene Ex-
pression Assay sets (Applied Biosystems, Thermo Fisher
Scientific) with standard curves constructed for the target
and housekeeping genes. The results are reported as rela-
tive expression normalized to 18S rRNA.

Staining for b-Gal Activity
Staining for senescence-associated b-Gal activity was

done on kidney slices using a modification of a method
described in our previous studies.23 Briefly, 1.5-mm thick
cross-sectional slices of kidneys were fixed in 2% formal-
dehyde/0.2% glutaraldehyde in PBS for 10 minutes. The
kidney slices were then incubated at 37°C in a staining
solution (40 mM citric acid/sodium phosphate [pH 6.0],

5 mM potassium ferrocyanide, 5 mM potassium ferricya-
nide, 150 mM sodium chloride, 2 mM magnesium chloride,
and 1 mg/ml 5-bromo-4-chloro-3-indolyl P3-d-galactoside).
Color that developed after 4 hours of incubation was cap-
tured using a Nikon DS-Ri2 digital camera mounted on a
Nikon SMZ800 stereo microscope.

Quantitative b-Gal Assay
Quantitative b-Gal activity measurements were made

using the Senescence b-Gal Activity Assay Kit (Cell Signal-
ing, cat. no. 23833). Kidney tissue homogenates were pre-
pared in kit lysis buffer, and protein content was measured
with the BCA reagent. 5 mg of total lysate was assayed in
duplicate using a Fluoroskan plate reader (ThermoFisher
Scientific) and reported as RFU/min per microgram protein.

RNA-In Situ Hybridization Staining
RNA-in situ hybridization (RNA-ISH) was performed

using the standardized protocol for RNAscope 2.5 HD
Assay-Brown assay from Advanced Cell Diagnostics, Inc.
(Newark, CA). Briefly, kidney sections were deparaffinized,
and antigen retrieval was performed as described in the kit.
Sections were then processed for RNA-ISH per the manu-
facturer’s protocol. Slides were finally counterstained with
hematoxylin, and sections were mounted. Slides were im-
aged using an Olympus DP21 camera mounted on an
Olympus BX60 microscope equipped with an UPlanFl
403/0.75 lens. Images were acquired using CellSens soft-
ware; exposure for all images was identical and processed
identically using Photoshop.

Histology and Immunofluorescence Staining
Histologic examination was performed on formalin-fixed,

paraffin-embedded kidney sections stained with hematox-
ylin and eosin. Semiquantitative assessment of histologic
injury was based on a four-point scoring system that
assessed epithelial cell necrosis and the degree of extension
from the corticomedullary junction to the superficial cortex,
cell sloughing, tubular dilatation, and cast formation.24

Immunofluorescence staining was performed on 8-mm sec-
tions cut from formalin-fixed, paraffin-embedded kidney
tissues.22 Briefly, slides were deparaffinized, and antigen
retrieval with acidic citrate buffer (pH 6.0) was performed,
blocked (5% normal donkey serum, 5% BSA in 0.1% Triton
X-100, PBS) for 2 hours, and incubated with lamin-B1
primary antibody at 4°C overnight. Secondary antibody
was incubated at room temperature, and slides were moun-
ted using Vectashield mounting medium with DAPI (Vec-
tor Labs, Newark, CA) for nuclei staining. Microscope
images (LSM780, Zeiss) were acquired using a 103 lens
(NA 0.3), and images were prepared using Photoshop. All
exposure levels and image processing were identical.

RNA Sequencing Analysis
RNA sequencing (RNASeq) analysis was performed as

described.23 Briefly, total RNA was extracted, and RNASeq
was performed by Mayo Clinic’s Medical Genome Facility.
Genes with an average of $25 reads were processed for
differential expression analysis. The R package edgeR25 was
used to identify which genes had a false discovery rate of
,0.05 with an absolute log2 fold change of $2 from the
group comparisons. The resulting differentially expressed
genes’ reads per kilobase per million mapped values were
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then transferred to z-scores and used for a principal com-
ponent analysis and unbiased hierarchical clustering with
the ClustVis application.26 Next, we performed a pathway
analysis using kyota encyclopedia of gene genomes (KEGG)
and an over-representation analysis using gene ontology
(GO) by extracting the differentially expressed protein cod-
ing genes that exceeded an absolute log2 fold change of $4
with a false discovery rate of ,0.05.27 A total of 173 genes
met our differentially expressed criteria. We used Shi-
nyGO27 to perform the enrichment analyses for the mouse
KEGG pathways and mouse GO Biological Process terms.
We also manually checked for enrichment of those differ-
entially expressed genes in the GO Biological Process terms
related to senescence.28 We submitted the data to Geobank
with the accession number GSE243366.

Statistics
Data are expressed as mean6SEM and considered sta-

tistically significant for P, 0.05. The Student t test was used
for parametric data, and the Mann–Whitney U test was
used for nonparametric data.

Results
Senescence and p16Ink4a Induction after HP-AKI
Multiple indices indicate that renal senescence occurs

after HP-AKI. b-Gal staining was robustly detected at 24
hours after HP-AKI (Figure 1A); by contrast, after acute
ischemia reperfusion AKI, increased b-Gal staining was not
observed after 24 hours (Supplemental Figure 1). Senes-
cence was corroborated by the virtual disappearance of
perinuclear staining of lamin B1 by immunofluorescence
at this time point (Figure 1B), and even at 8 hours after HP-
AKI, lamin B1 expression was reduced (Figure 1C); loss of
lamin B1 is an established senescence marker.29

We also assessed telomere erosion as another marker of
senescence, using RNASeq analysis as described in our
previous study.23 Figure 2, A and B display the heat map
and that fewer genes are expressed in HP-AKI within 1 MB
of the telomeres. More than two-fold number of genes is lost
within 1 MB of the telomeres in HP-AKI compared with the
loss of genes not within 1 MB of the telomeres in HP-AKI,
9.86% versus 4.31%, P 5 0.00367. These latter findings
(telomere erosion) provide another marker of senescence.
Additional analyses, shown in Figure 2, C and D, display
the GO-biologic processes and KEGG pathway analyses,
respectively. The high quality of these datasets is corrobo-
rated by data shown in Supplemental Figure 2, A–D and
Supplemental Table 1.
In the GO and KEGG analyses of our RNASeq data,

inflammatory pathways were quite significantly enriched.
We thus examined RNA expression of specific components
of the SASP 24 hours after HP-AKI. As shown in Table 1, a
SASP was robustly upregulated at 24 hours after HP-AKI.
We proceeded to examine p16Ink4a mRNA because this

gene is one of the drivers of senescence. Significant induc-
tion of p16Ink4a mRNA occurs in HP-AKI at 8 hours, and
this persists through later time points, including 5 days
(Figure 3A and Table 2). To determine the site of induction
of p16Ink4a in HP-AKI, we used RNA-ISH (RNA Scope) as is
conventionally done, as commercially available antibodies
do not reliably detect p16Ink4a expression in murine tissue.

p16Ink4a mRNA induction largely localized to the proximal
tubules of the kidney after HP-AKI (Figure 3B).
As p16Ink4a mRNA was upregulated as far as the 5-day time

point, we assessed additional markers of senescence at this time
point. Components of the SASP were significantly upregulated,
and b-Gal staining was increased in HP-AKI at the 5-day time
point (Figure 4). In addition, at 5 days after HP-AKI, we mea-
sured renal b-Gal activity after HP-AKI; such activity was sig-
nificantly increased compared with sham mice (642.5567.91
versus 914.27611.25 RFU/min per microgram of protein in
sham versus HP-AKI groups, respectively, n55 in each group).
We then determined when such senescence markers ini-

tially appeared after HP-AKI. After HP-AKI, b-Gal staining
was weakly increased at 8 hours (Supplemental Figure 3) but
robustly increased at 16 hours after HP-AKI (Supplemental
Figure 4), the latter accompanied by a robustly expressed
SASP (Table 2).
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Figure 1. Markers of senescence after HP-AKI. (A) b-Gal staining in
the kidney at 24 hours after HP-AKI. Prominent b-Gal staining is
observed in the cortical and corticomedullary regions of the kidney
after HP-AKI. (B) Lamin B1 expression in the kidney at 24 hours after
HP-AKI. Immunofluorescence staining for nuclei (blue) and lamin B1
(red) in kidneys of mice 24 hours after sham (left panel) or HP-AKI
(right panel). Lamin B1 expression in the perinuclear region of the
cells in the cortex of mice kidneys is markedly reduced after HP-AKI.
Scale bar520 mm. (C) Western blot analysis of lamin B1 protein
expression in the kidney 8 hours after HP-AKI. Lamin B1 expression
in the kidneys of HP-AKI mice is significantly reduced. Equal protein
loading is assessed by GAPDH immunoblotting. Normalized den-
sitometric analysis for lamin B1 is displayed below theWestern blots.
n56 and n59 in sham and HP-AKI groups, respectively; **P , 0.01
versus sham group. b-Gal, b-galactosidase.
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Heme Proteins and Heme Induce p16Ink4a

Kidney content of hemoglobin, myoglobin, and heme is
increased after HP-AKI. We determined whether these
constituents induce p16Ink4a. Twenty-four hours after ad-
ministration of either constituent, p16Ink4a mRNA was

induced by hemoglobin, myoglobin, or heme (Table 3).
p16Ink4a mRNA was also induced in human proximal
tubular epithelial cells (HK-2 cells) exposed to heme for
4 or 6 hours (Figure 5A). At a later time, namely 16 hours
of exposure to heme, p16Ink4a protein expression was

Table 1. Senescence-associated secretory phenotype gene expression in murine HP-AKI (24 hours)

Gene Sham HP-AKI P Value

PAI-1 2.560.3 145.0614.6 0.0079
CCL2 3.860.3 28.764.5 0.0079
IL-6 6.261.6 667.6684.9 0.0079
TNF-a 10.360.9 21.962.7 0.0036
KC 6.260.9 285.6658.3 0.0079

Real-time RT-PCR analysis normalized for 18S rRNA expression; n55 each in sham and HP-AKI groups.
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Figure 3. Expression of p16Ink4a in the kidney after HP-AKI. (A) p16Ink4a mRNA expression. p16Ink4a mRNA expression in the kidneys of mice
after HP-AKI is significantly increased compared with sham mice at 8 hours (n58 and n510 in sham and HP-AKI groups, respectively),
24 hours (n55 in sham and HP-AKI groups), 48 hours (n55 and n57 in sham and HP-AKI groups, respectively), and 5 days (n55 in each
group). ***P, 0.001, **P, 0.01 versus sham group. (B) Localization of p16Ink4a mRNA expression in the kidney after HP-AKI using RNA-ISH.
RNA-ISH staining shows increased p16Ink4a expression in kidneys of HP-AKI mice at 24 hours. p16Ink4a expression is induced in the proximal
tubules of HP-AKI mice. Scale bar5100 mm. RNA-ISH, RNA-in situ hybridization.
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increased (Figure 5B); induction of p16Ink4a protein was
not apparent at earlier or later time points.

Studies in Hemopexin1/1 and Hemopexin2/2 Mice
Subjected to HP-AKI
Hemopexin (HPX) is the major heme-binding protein

(KD,1 pM). We hypothesize that mice genetically deficient
in HPX (HPX2/2 mice) would be compromised in their
heme-binding capacity, thereby leading to increased kidney
content of free heme, upregulation of p16Ink4a expression,
and an exacerbation of HP-AKI. To examine this thesis,
HPX1/1 and HPX2/2 mice were subjected to HP-AKI.
Before this, we assessed whether HPX is induced in the
kidney after HP-AKI. Expression of HPX mRNA and pro-
tein was significantly increased after HP-AKI compared
with sham (Figure 6).
We then examined the sensitivity of the HPX-deficient

kidney to HP-AKI (Table 4). By day 1 after HP-AKI, renal
function was comparable between the two groups; by day
2, a tendency for worse kidney function appeared in
HPX2/2 mice, and by days 3 and 4, renal function was
significantly worse in HPX2/2 mice (Table 4). Histologic
injury was also worse in HPX2/2 mice compared with
HPX1/1 mice as evidenced by more marked epithelial cell
necrosis and cortical extension, cell sloughing, and cast
formation; HPX2/2 mice, but not HPX112 mice, after HP-
AKI also exhibited dystrophic calcification, a finding in-
dicative of severe histologic damage (Figure 7, A and B).
The mean composite score for histologic injury was
higher in HPX2/2 mice compared with HPX1/1 mice after
HP-AKI (3.2560.16 versus 2.0060.27, P 5 0.0013). No
renal histologic abnormalities were present in either sham
HPX1/1 or HPX2/2 mice. At the day 4 time point, p16Ink4a

mRNA was induced in both groups, but more markedly so
inHPX2/2mice after HP-AKI (Figure 7C). At the 4-day time
point after HP-AKI, SASP components (PAI-1 and TNF-a)
and an injury marker (KIM-1) were more prominently
induced in HPX2/2 mice compared with HPX1/1 mice
(Supplemental Figure 5).

Studies inHO-11/1 andHO-12/2 Mice Subjected to HP-AKI
Tissue levels of heme are controlled not only by binding

to HPX but also by degradation by heme oxygenase (HO);
inducible HO-1 is the predominant heme-degrading
enzyme.30,31 To further examine the interaction among
HP-AKI, heme, and p16Ink4a, we used mice genetically
deficient in HO-1, hypothesizing that impaired degradation

of heme in HO-12/2 mice would increase free heme in the
sham kidney and after HP-AKI, with augmentation in
kidney p16Ink4a mRNA expression. As shown in Table 5,
under sham conditions, expression of p16Ink4a mRNA
was higher in HO-12/2 mice compared with HO-11/1 mice.
However, the exaggerated p16Ink4a induction hypothesized
in HO-12/2 mice subjected to HP-AKI compared with
sham HO-12/2 mice did not occur (Table 5). To explain
this finding, we hypothesized that the absence of an
HO-1–dependent pathway for heme removal would stim-
ulate the heme-binding, HPX-based pathway as a com-
pensatory response to mitigate the rise in free heme in the
kidney. We thus assessed HPX mRNA in these mice. In-
deed, after the instigation of HP-AKI, induction of HPX
mRNA was 2.7-fold greater in HO-12/2 mice compared
with HO-11/1 mice after HP-AKI (Table 5).

Studies in INK-ATTAC Mice Subjected to HP-AKI
INK-ATTAC mice are genetically altered mice such that

p16Ink4a-expressing cells in tissue can be removed. This
is achieved by administering AP20187 which activates
caspase 8, with apoptosis of p16Ink4a-expressing cells.19

INK-ATTAC mice were treated with AP20187 or vehicle
and then subjected to HP-AKI. Mice treated with AP20187,
compared with vehicle-treated mice, exhibited less severe
renal dysfunction as measured by serum creatinine and
BUN (Figure 8). At this early time point after HP-AKI,
we did not observe differences in renal histologic injury
between AP20187-treated and vehicle-treated mice after
HP-AKI.

Discussion
Senescence occurs relatively early after HP-AKI as evi-

denced by several indices: increased b-Gal activity, loss of
lamin-B1 expression, telomere erosion, the appearance of a
SASP, and p16Ink4a upregulation. A senescence phenotype
occurs in CKD and the AKI-CKD transition. A notable
aspect of the present findings is how relatively early after
HP-AKI a senescence phenotype appears (within 16 hours),
unlike within days or weeks as described in other studies of
AKI,32 the AKI-CKD transition,33,34 and CKD.35 Instigation
of a senescence phenotype is dependent on the nature and
severity of the imposed stress. We thus identify acute
exposure to HPs in the context of AKI as an inducer of
the senescence phenotype. Dramatic alteration in gene ex-
pression (RNASeq studies) after HP-AKI attests to the
severity of the imposed stress.

Table 2. p16Ink4A and senescence-associated secretory phenotype gene expression in murine HP-AKI (16 hours)

Gene Sham HP-AKI P Value

p16 4.660.2 14.261.3 0.0079
PAI-1 1.360.1 57.462.0 0.0079
CCL2 3.960.6 14.861.0 ,0.0001
IL-6 5.362.5 421.3653.7 0.0079
TNF-a 3.460.3 6.161.1 0.0317
KC 9.563.7 173.7642.2 0.0079

Real-time RT-PCR analysis normalized for 18S rRNA expression; n55 each in sham and HP-AKI groups.
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Senescence is driven by p16Ink4a, p21Cip1, or both cyclin-
dependent kinase inhibitors.13–15 We observed that p16Ink4a

mRNA was induced by 8 hours after HP-AKI and persisted
to the 5-day time point. Such mRNA expression was local-
ized mainly to the proximal tubules, a major nephron
segment injured by HP-AKI. The kidney in HP-AKI exhibits
increased content of hemoglobin, myoglobin, and heme; all
entities, individually, induced p16Ink4a mRNA in vivo; in
addition, heme directly induces p16Ink4a mRNA and protein
in proximal tubular epithelial cells. These studies are the
first to identify heme proteins and heme as inducers of

p16Ink4a gene in the kidney. Previous studies demonstrate
that RAW 264.7 macrophages exhibit p16Ink4a induction
when HO-1 is knocked down and especially when these
macrophages are also exposed to heme.36 Knockdown of
HO-1 is expected to increase cellular content of heme, as
HO-1 is the predominant mechanism for degrading heme.
Our studies reveal that, even without knockdown of HO-1,
heme per se induces p16Ink4a mRNA and protein in renal
proximal tubular epithelial cells. Notably, our previous
studies demonstrate that heme reduces cell proliferation
in vitro and thus elicits a consistent phenotype.37
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Figure 4. SASP expression and b-Gal staining in the kidney 5 days after HP-AKI. (A) SASP mRNA expression in the kidney 5 days after HP-AKI.
Significantly increased mRNA expression of multiple SASP components was observed in the kidneys of mice 5 days after HP-AKI compared
with sham mice (n55 each in sham and HP-AKI groups). **P , 0.01 versus sham group. (B) b-Gal staining in the kidney 5 days after HP-AKI.
Prominent b-Gal staining is observed in the cortical and corticomedullary regions of the kidney after HP-AKI. SASP, senescence-associated
secretory phenotype.
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Our finding that heme induces p16Ink4a expression leads
us to offer two speculations. First, heme-driven p16Ink4a

induction may be one of the common pathways of p16Ink4a

upregulation in tissue injury as in injured cells, intracellular
heme proteins, particularly, cytochrome p450 heme pro-
teins, may be destabilized leading to increased intracellular
content of free heme.7,9,10 Second, hemolytic diseases, such
as sickle cell disease, are attended by increased plasma and
intracellular levels of heme38; preeclampsia of pregnancy, a
hemolytic condition, is associated with a senescence phe-
notype.39 On the basis of the senescence phenotype we

observed in HP-AKI (induced by myolysis and hemolysis),
we speculate that senescence may occur in other hemolytic
conditions.
To analyze further the association among HP-AKI, heme,

and p16Ink4a, we examined the HP-AKI model in HPX1/1

and HPX2/2 mice. Our findings demonstrate in a bone fide
model of HP-AKI that the genetic deficiency of HPX wor-
sens renal function and histologic injury. Moreover, in
kidneys deficient in heme-binding capacity (because of
the absence of HPX), and, predictably, with higher heme
content after HP-AKI, p16Ink4a mRNA induction was
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Figure 5. p16Ink4a expression in hemin-treated HK-2 cells. (A) p16Ink4a mRNA expression. p16Ink4a mRNA expression is significantly increased
in hemin-treated (20 mM) HK-2 cells at 4 hours (n510 in each group) and 6 hours (n56 in each group). ***P , 0.001 versus control cells.
(B) p16Ink4a protein expression. Western blot analysis of p16Ink4a protein expression in control and hemin-treated (25 mM) HK-2 cells shows
significantly increased p16Ink4a protein expression at 16 hours of hemin treatment. Equal protein loading is assessed by GAPDH immu-
noblotting. Normalized densitometric analysis for p16Ink4a is shown below the Western blot. *P , 0.05 versus control cells.

Table 3. Renal p16Ink4a gene expression after the separate administration of hemoglobin, myoglobin, or hemin (24 hours)

Heme Protein or Hemin Vehicle Treatment

Hemoglobin 2.0260.18 3.6560.37a

Myoglobin 2.5260.29 4.3460.44b

Hemin
50 mmol 2.8960.26 4.1160.32b

100 mmol 1.1560.21 2.3360.24b

Quantitative real-time RT-PCR normalized for 18S rRNA expression revealed significantly increased p16Ink4a mRNA expression in the
kidneys of mice separately treated (see Methods) with hemoglobin (n55 in each group), myoglobin (n54 in each group), hemin
50 mmol/kg body weight (n54 and n55 in vehicle and hemin treated groups), and hemin 100 mmol/kg body weight (n55 in each
group).
aP , 0.01 versus relevant vehicle.
bP , 0.05 versus relevant vehicle.
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exaggerated in HPX2/2 mice compared with HPX1/1 mice
after HP-AKI. These findings are consistent with the linkage
between heme content and induction of p16Ink4a mRNA.
However, it is possible that HPX may contribute other
effects besides heme binding, relevant to the sensitivity
of HPX2/2 mice to HP-AKI.
Previous studies using the oxidant phenylhydrazine to

induce hemolysis failed to assess renal function but did
observe worse renal histologic injury in phenylhydrazine-
treated HPX2/2mice.40 An added consideration is that be-
cause of the oxidizing capacity of phenylhydrazine, it is
unclear whether the exacerbatory effect of genetic

deficiency of HPX reflects an impaired antioxidant capa-
bility rather than impaired heme binding. Our present
studies also support the increasing interest in the potential
tissue-protecting effect of HPX when tissues are exposed to
an increased burden of heme proteins, as occurs in sickle
cell disease and in other hemolytic states.41 Finally, a recent
study demonstrated that HPX2/2 mice, compared with
HPX1/1 mice, had less AKI when subjected to IRI and
cisplatin AKI (CP-AKI); these studies noted that HPX ac-
cumulates in the kidney in both IRI and CP-AKI.42 This
study concluded that in IRI and CP-AKI, HPX induces AKI
by promoting renal accumulation of hemoglobin and iron-
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Figure 6. Hemopexin expression in the kidney after HP-AKI. (A) HPX mRNA expression. Renal HPX mRNA expression is significantly
increased at 24 hours after HP-AKI compared with sham (n55 in sham and HP-AKI groups). (B) Western blot analysis after HP-AKI. Western
blot analysis shows significantly increased HPX protein expression at 24 hours in HP-AKI mice compared with sham mice (n55 in sham and
HP-AKI groups). Protein loading is evaluated by b-actin immunoblotting. Normalized densitometric analysis for HPX protein is shown below
the western blots. **P , 0.01, *P , 0.05 versus sham group. HPX, hemopexin.

Table 4. Renal filtration markers in HPX1/1 and HPX2/2 mice at days 1–4 after HP-AKI

Time Point
Serum Creatinine (mg/dl) BUN (mg/dl)

HPX1/1 HPX2/2 HPX1/1 HPX2/2

1D 1.5960.14 1.6760.14 136.268.7 146.065.4
2D 1.3060.11 1.6660.22 126.4618.8 160.6613.0
3D 0.8260.11 1.3860.20a 104.8616.9 166.3623.6a

4D 0.6660.08 1.2160.20b 81.7610.8 142.0623.4a

Significantly increased levels of both serum creatinine and BUN levels were observed on day 3 (3D) and day 4 (4D) after HP-AKI.
Values are mean6SEM; n58 each in HPX1/1 and HPX2/2 mice.
aP , 0.05 versus HPX1/1 for that day.
bP , 0.01 versus HPX1/1 for that day.
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Figure 7. Histological analysis of the kidney in HPX1/1 and HPX2/2 mice at 4 days after HP-AKI. (A) Histologic sections of the kidney in
HPX1/1 and HPX2/2 mice after HP-AKI. Cell necrosis, sloughing, and cast formation are more severe in HPX2/2 mice (right panel) compared
with HPX1/1 mice (left panel). Scale bar5100 mm. (B) Distinct histologic features in HPX2/2 mice subjected to HP-AKI. This
shows the severity of histologic lesions (left panel) and the presence of dystrophic calcification (right panel) that occur in some HPX2/2

mice, neither of which occurs in HPX1/1 mice subjected to HP-AKI. Scale bar5100 mm. (C) p16Ink4a mRNA expression in the kidney of
HPX1/1 and HPX2/2 mice at 4 days after HP-AKI. Such expression is increased in the kidneys of HPX2/2 mice compared with HPX1/1

mice. n55 each in sham groups and n58 each in HP-AKI groups. *P , 0.01 in HPX2/2 mouse kidneys versus HPX1/1 mouse kidneys
after HP-AKI.

Table 5. Renal p16Ink4a and hemopexin gene expression in HO-11/1 and HO-12/2 mice after HP-AKI

Treatment
Renal p16 Expression Renal HPX Expression

HO-11/1 HO-12/2 HO-11/1 HO-12/2

Sham 7.8260.84 16.8762.64a 8.1963.65 19.7866.48
HP-AKI 11.0760.65 17.0461.37b 29.99611.07 82.09614.70a

Quantitative real-time RT-PCR of p16Ink4a and hemopexin mRNA expression at 24 hours after sham or HP-AKI treatment, normalized
for 18S rRNA expression. n58 in each sham treated group, and n512 and n513 in HO-11/1 and HO-12/2 HP-AKI treated groups,
respectively. HO, heme oxygenase; HPX, hemopexin.
aP , 0.05 versus HO-11/1 group for that treatment.
bP , 0.01 versus HO-11/1 group for that treatment.
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driven AKI.42 Our studies show that in an established
model of HP-AKI, the genetic deficiency of HPX promotes
AKI, assessed by functional markers, histologic injury, and
injury biomarkers. Thus, the behavior of HPX—be it a pro-
tectant or perpetrator in AKI—is dependent on the specific
cause of AKI.
To further examine the interaction among HP-AKI, heme,

and p16Ink4a, we used mice deficient in HO-1 and thus
profoundly compromised in heme-degrading capacity. In
the unstressed, basal state, HO-12/2 mice exhibited in-
creased p16Ink4a mRNA expression, which may reflect
the inductive effect of higher ambient levels of heme when
HO-1 is deficient. However, to our surprise, when HO-11/1

and HO-12/2 mice are stressed with HP-AKI, an exagger-
ated induction of p16Ink4a mRNA failed to occur inHO-12/2

mice. To account for this observation, we assessed HPX
mRNA expression and observed that induction was accen-
tuated in HO-12/2 mice compared with HO-11/1 mice after
HP-AKI. We suggest that this accentuatedHPX induction in
HO-12/2 kidneys after HP-AKI provides enhanced heme-
binding capability; this mitigates the rise in free heme that
would otherwise occur because of the loss of heme-
degrading capacity. We are unaware of such findings in
the kidney that demonstrate, in response to a HP burden,
adaptive increments in renal HPX mRNA expression com-
pensate for HO-1 deficiency.
To examine the role of p16Ink4a in HP-AKI, we examined

the effect of depleting p16Ink4a-expressing cells in HP-AKI.
We used the INK-ATTAC strategy that reduces the popu-
lation of p16Ink4a-expressing cells by inducing apoptosis of
these cells. At 24 hours after HP-AKI, such reduction in
p16Ink4a-expressing cells was attended by less severe HP-
AKI as reflected by two filtration markers. Thus, induction
of p16Ink4a contributes to HP-AKI as renal function is im-
proved when p16Ink4a-expressing cells are reduced in num-
ber. We offer the following considerations in interpreting
these findings. First, the bulk of studies that used the INK-
ATTAC strategy to reduce p16Ink4a-expressing cells has been
in chronic injury where the precipitancy and severity of
tissue injury are less than in acute tissue injury13–15; it is thus

notable that even with acute injury of this severity as the
HP-AKI model, this strategy implicates a pathogenetic in-
volvement of p16Ink4a. Second, the time point studied was
relatively early after HP-AKI; it is conceivable that more
dramatic effects including less histologic injury may be
observed at later time points; this indeed was the case with
previous studies of HO-12/2 and HO-11/1 mice (HO-1 is
one of most potent protectants in HP-AKI) in which no
significant differences were observed on day 1 after HP-
AKI, but significantly higher serum creatinine appeared in
HO-12/2 mice thereafter21; similarly, in the present HPX2/2

studies in response to HP-AKI, worse renal function
emerged on days 3 and 4 in HPX2/2 mice. Third, not all
p16Ink4a-expressing cells may be deleted by the INK-ATTAC
strategy and thus less AKI occurred although not all such
cells were depleted; assessment of the depletion of p16Ink4a-
expressing cells and senescence would thus be of interest.
Fourth, p16Ink4a contributes to the senescence phenotype
that includes a SASP; we thus speculate that the beneficial
effects of reducing p16Ink4a-expressing cells in HP-AKI arise
from less inflammation.7,20 Studies of compounds that mod-
ulate the activity of cyclin dependent kinase inhibitors are of
interest.
In summary, we demonstrate that a senescence pheno-

type appears within 16 hours in the kidney after HP-AKI.
This phenotype includes significant upregulation of
p16Ink4a mRNA. p16Ink4a mRNA is induced in the kidney
when myoglobin, hemoglobin, and heme are separately
administered in vivo, as well as renal epithelial cells exposed
to heme in vitro. Genetic deficiencies of HPX or HO-1,
which, independently, are predicted to increase kidney
heme content, exaggerate the induction of p16Ink4a mRNA
in the kidney. Finally, depleting p16Ink4a-expressing cells
improves renal function in HP-AKI at 24 hours.
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Supplemental Figure 1. Senescence assessed in the kidney after

ischemia reperfusion injury (IRI) at 24 hours using b-galactosidase
(b-gal) staining of kidneys. Increased b-galactosidase staining was
not detected in the kidney after IRI.
Supplemental Figure 2. The high quality of these datasets is

shown with mapping percentages indicating that the reads from all
samples are uniquely mapping to expressed RNA features. High
mapping percentages and consistency across every category and in
all samples without 39 or 59 coverage biases are indicative of high-
quality RNASeq data.
Supplemental Table 1. No samples were seen with inconsistent

alignment metrics indicating that our data can be reliably used to
perform the analyses conducted in this study for investigating the
legitimate transcriptomic differences between our groups of
samples.
Supplemental Figure 3. Senescence assessed in the kidney at 8

hours after HP-AKI using b-galactosidase staining of the kidney.
Faint b-galactosidase staining at 8 hours after HP-AKI was ob-
served when compared with sham kidney.
Supplemental Figure 4. Senescence assessed in the kidney at 16

hours after HP-AKI using b-galactosidase staining of the kidney.
Pronounced differences in b-gal staining were observed at 16 hours
after HP-AKI compared with sham kidney.
Supplemental Figure 5. mRNA expression of SASP components

(TNF-a and PAI-1) and an injury marker (KIM-1) at 4 days after
HP-AKI in the kidneys of HPX1/1 and HPX2/2 mice. Significantly
increased mRNA expression of SASP components and KIM-1 was
observed after HP-AKI compared with shammice (n55 and n58 in
each sham and HP-AKI group, respectively). ***P, 0.001 and *P,

0.05 versus sham group.
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