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Inflammation is accompanied by the release of highly reactive
oxygen and nitrogen species (RONS) that damage DNA, among
other cellular molecules. Base excision repair (BER) is initiated by
DNA glycosylases and is crucial in repairing RONS-induced DNA
damage; the alkyladenine DNA glycosylase (Aag/Mpg) excises
several DNA base lesions induced by the inflammation-associated
RONS release that accompanies ischemia reperfusion (I/R). Using
mouse I/R models we demonstrate that Aag−/− mice are signifi-
cantly protected against, rather than sensitized to, I/R injury, and
that such protection is observed across three different organs.
Following I/R in liver, kidney, and brain, Aag−/− mice display de-
creased hepatocyte death, cerebral infarction, and renal injury rel-
ative to wild-type. We infer that in wild-type mice, Aag excises
damaged DNA bases to generate potentially toxic abasic sites that
in turn generate highly toxic DNA strand breaks that trigger poly
(ADP-ribose) polymerase (Parp) hyperactivation, cellular bioener-
getics failure, and necrosis; indeed, steady-state levels of abasic
sites and nuclear PAR polymers were significantly more elevated in
wild-type vs. Aag−/− liver after I/R. This increase in PAR polymers
was accompanied by depletion of intracellular NAD and ATP levels
plus the translocation and extracellular release of the high-mobil-
ity group box 1 (Hmgb1) nuclear protein, activating the sterile
inflammatory response. We thus demonstrate the detrimental
effects of Aag-initiated BER during I/R and sterile inflammation,
and present a novel target for controlling I/R-induced injury.
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Ischemia reperfusion (I/R)-induced tissue injury is one of the
most common examples of acute, sterile inflammation-induced

tissue damage. Health events that incur I/R include ischemic
stroke, acute liver or kidney failure, myocardial infarction, vari-
ous forms of circulatory shock, sickle cell disease, and organ
transplantations. These conditions are frequently accompanied
by profound morbidity and mortality worldwide (1). The need
for effective approaches to manage patients with I/R-induced
organ damage is highlighted by the fact that current treatment is
primarily supportive care (1).
During I/R, a burst of reactive oxygen and nitrogen species

(RONS) occurs within the first moments of reperfusion, and this
burst is thought to be primarily responsible for collateral tissue
damage (2). Furthermore, RONS are also generated during the
preceding ischemia, despite the low oxygen tension (3). I/R alters
cellular metabolism and redox state, and induces so-called
“sterile inflammation” by activating the innate immune system.
The activation of macrophages and recruitment of neutrophils to
sites of I/R by intravascular danger signals results in the release
of an arsenal of RONS capable of inducing DNA damage and
lipid peroxidation, thus causing major collateral tissue damage.
Base excision repair (BER), initiated by various DNA glyco-
sylases, is critical for the repair of RONS-associated DNA dam-
age, including oxidized, deaminated, and etheno (e)-adducted DNA

bases (4, 5). BER involves the orchestration of the following
enzymatic steps: damaged bases are excised by DNA glycosylase,
followed by cleavage of the DNA backbone at the resulting
abasic site; DNA ends are trimmed to generate a 3′OH and 5′P;
the gap is then filled by DNA polymerase and the remaining nick
sealed by DNA ligase to complete BER (6, 7) (Fig. 1A). The
murine alkyladenine DNA glycosylase (Aag; also known as Mpg)
acts efficiently on 1,N6-ethenodeoxyadenosine (e-A) lesions and
deaminated adenosine (hypoxanthine, Hx) (8, 9), and with lower
efficiency on 8-oxoguanine (8-oxoG) (10), all of which are in-
duced directly or indirectly by RONS (11). Aag therefore
seemed likely to provide resistance to I/R-induced toxicity. In
support of this hypothesis, we previously found that Aag−/− mice
suffer more inflammation-associated intestinal tissue damage and
colon carcinogenesis than WT mice (5, 12); with this in mind, we
set out to examine whether the Aag DNA glycosylase modulates
I/R-induced tissue injury in three distinct tissue environments—
namely liver, brain, and kidney. To our surprise, we find that Aag-
initiated BER actually exacerbates, rather than attenuates, I/R
tissue injury in all three organs.

Results
Aag Deficiency Protects the Liver Against I/R-Induced Tissue Damage.
To address the role of Aag during I/R-associated tissue injury, we
first focused on liver, comparing I/R-induced hepatic injury in
WT vs. Aag−/− mice subjected to 90-min liver ischemia followed
by 24-h reperfusion. To our surprise, serum alanine amino-
transferase (ALT) levels, a canonical marker of hepatic injury,
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indicated that Aag deficiency actually attenuates the detrimental
effects of I/R (Fig. 1B). In other words, Aag-initiated BER in
WT liver appears to increase rather than decrease I/R-induced
hepatic injury. Quantitative evaluation of hepatic necrosis and
serum lactate dehydrogenase (LDH; another marker of tissue
injury) corroborated this finding; Aag−/− mice subjected to I/R
displayed significantly smaller areas of necrosis (Fig. 1 C and D)
and lower LDH compared with WT mice (Fig. 1E).
Following I/R, histological assessment of livers from both

genotypes showed centrilobular and midzonal necrosis as the
prominent types of necrosis. However, WT liver had a higher
total pathological score for necrosis and exhibited additional
types of necrosis, including portal/periportal and subcapsular/
capsular necrosis (Fig. S1 A–C). Reduced liver toxicity in Aag−/−

vs. WT was also evident with shorter ischemic duration (60 min
vs. 90 min of ischemia). ALT levels were raised significantly in all
groups undergoing I/R at both 6 and 24 h of reperfusion, but WT
mice demonstrated significantly higher serum ALT levels com-
pared with Aag−/− mice (Fig. 1F).

Wild-Type Mice Accumulate More BER Intermediates and Fewer
Oxidized DNA Base Lesions than Aag Null Mice. DNA glycosylases
generate potentially toxic abasic (AP) sites that can block rep-
lication and transcription (13, 14), and their cleavage by AP
endonuclease generates highly toxic DNA single-strand breaks
(15); indeed, until the final ligation step of BER, toxic lesions are
present in DNA (Fig. 1A). Thus, if BER is initiated under con-
ditions where subsequent processing of BER intermediates is
limiting, this can result in cell death and tissue damage; under
these circumstances, cells are said to have an imbalanced BER
pathway (6). Having shown that Aag in WT mice stimulates
more I/R-induced liver toxicity than that seen in Aag−/− mice, we
determined whether this toxicity correlates with the accumula-

tion of BER intermediates. At 24 h following I/R, WT liver DNA
contained twice as many abasic sites as Aag−/− liver DNA (Fig.
2A). Aag activity in WT liver also showed a mild increase fol-
lowing 6 and 24 h of reperfusion, which was not accompanied by
an increase in apurinic–apyrimidinic endonuclease (APE) ac-
tivity; this could further contribute to imbalanced BER and the
accumulation of AP sites in WT tissue (Fig. S2 A and B). In-
terestingly, of the damaged bases measured [eA, 1,N2 etheno-
deoxyguanosine (eG) and 8-oxoG], only 8-oxoG accumulated to
a higher level in DNA isolated from Aag−/− vs. WT livers (Fig.
2B), whereas there was no difference in the basal level of 8-oxoG
in WT vs. Aag−/− mice (Fig. S2 C–E).

I/R-Induced Poly(ADP ribose) Polymerase Activation and Intracellular
NAD and ATP Depletion Is More Extreme in WT vs. Aag−/− Liver. Poly
(ADP-ribose) polymerase 1 (Parp1), an abundant nuclear pro-
tein, is potently activated by DNA strand breaks and BER
intermediates. Activation of Parp consumes NAD+, causing ATP
depletion, which has been linked to DNA damage-induced
programmed necrosis (16). Using a single-cell analysis approach
(17), we evaluated nuclear poly(ADP-ribose) (PAR) formation
in hepatocytes after I/R (Figs. S3 and S4). We focused on viable
cells immediately adjacent to necrotic areas to capture dynamic
cellular responses to I/R preceding cellular disintegration, and
where immunostaining is technically more reliable. We quanti-
tated both the average level and the distribution of Parp acti-
vation at single-cell resolution. PAR was present at a low level in
hepatocytes of sham-treated WT animals, and this level clearly
increased upon I/R (Fig. 3A). Hepatocyte PAR staining in sham-
treated WT or Aag−/− mice showed a relatively low unimodal
distribution; following I/R, nearly all WT hepatocytes showed
increased nuclear PAR with a broad multimodal distribution, but
only a subset of Aag−/− hepatocytes showed increased PAR,
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Fig. 1. Aag deficiency protects liver against I/R-induced tissue damage. (A) The BER pathway initiated by various DNA glycosylases consists of four key
enzymatic steps: (i) glycosylase-mediated excision of a damaged base generating an abasic site; (ii) incision of the sugar-phosphate backbone at the abasic site
by APE, yielding a 3′-OH adjacent to a 5′-dRP moiety; (iii) 5′-dRP removal and DNA synthesis by DNA polymerase β (Pol β); and (iv) sealing of the DNA nick by
DNA ligase (LIG). (B) Serum ALT concentrations after 90 min of ischemia and 24 h of reperfusion (n = 3 in sham groups and n = 7–8 in I/R groups). (C)
Representative images of necrotic areas 24 h after I/R in Aag−/− (n = 7) or WT livers (n = 8); liver sections (4 μm) were stained with H&E. (D) Mean necrotic area
in ischemic liver samples and (E) serum LDH concentrations 24 h after reperfusion (n = 3 in sham groups and n = 7–8 in I/R groups); necrosis analyzed by
ImageJ (necrotic areas indicated by green color). (F) Serum ALT in control mice (no surgery) or after 60 min of ischemia plus either 6- or 24-h reperfusion in WT
and Aag−/− mice. Error bars represent the mean ± SEM of at least three independent experiments.
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generating a bimodal distribution that was narrower than that of
WT (Fig. 3B). Using a MatLab code to quantitate the average
nuclear PAR signal intensity after I/R, we found that WT hepa-
tocytes accumulate more nuclear PAR than Aag−/− hepatocytes
following I/R injury (Fig. 3C), consistent with the accumulation
of more BER intermediates upon initiation of BER by the Aag
enzyme (Fig. 2A). The PAR polymer has been characterized as
a signaling molecule that triggers cell death, making the PARP1
enzyme an innovative therapeutic target for the prevention of
tissue injury (18). If PAR polymer formation plays a critical role
in I/R-induced tissue damage, Parp1−/− mice may be expected to
suffer less I/R-induced liver damage. We therefore compared I/R-
induced hepatic injury (assessed by serum ALT levels) in Parp1−/−

vs. WT mice; Parp1−/− mice showed significantly less hepatic injury
compared withWTmice and, moreover, the lack of Aag in Parp1−/−

mice (Parp1−/−Aag−/− genotype) conferred no additional pro-
tection against I/R-induced tissue damage, suggesting that Aag
and Parp1 act in the same pathway (Fig. 3D).
Stimulated by DNA strand breaks, Parp1 consumes NAD+ to

form PAR chains on various nuclear proteins, including histones,
polymerases, transcription factors, and Parp1 itself. Hyper-
activation of Parp1 leads to defective glycolysis or cellular NAD+

depletion, which consequently results in diminished cellular
ATP, mitochondrial depolarization, and a bioenergetics collapse
that ensures cell death (16, 19, 20). We assayed total NAD and
ATP in hepatic tissue 24 h after I/R; total NAD and ATP were
significantly decreased in WT mice 24 h after I/R, consistent with
Parp1 hyperactivation, whereas Aag−/− mice only showed moder-
ately decreased NAD and ATP levels that were not statistically
significant (P > 0.05; Fig. 3 E and F).

Aag−/− Mice Are Significantly Protected Against I/R-Driven Sterile
Inflammation. Several studies have demonstrated that during
reperfusion of ischemic tissue there is an activation of both the
innate and adaptive immune responses, similar to that stimulated
by microbial infections, despite no microbial involvement—hence
the term “sterile inflammation” (21, 22). High-mobility group box
1 (Hmgb1), a highly abundant nonhistone nuclear protein, is now
known to act as an extracellular damage-associated molecular
pattern (DAMP) molecule that activates the innate immune
system in response to excessive cell death (23). Hmgb1 activates
immune cells through a variety receptors, including the receptor
for advanced glycation end-products (RAGE), TLR2, and TLR4
(24). Past studies have also identified Hmgb1 as an interacting
partner of BER enzymes, suggesting that it functions as modu-

lator of BER following DNA damage (25). We first examined
intracellular Hmgb1 expression and localization following I/R
using quantitative immunofluorescence staining. Hmgb1 exhibited
exclusively nuclear localization in liver tissue from sham-operated
WT and Aag−/− mice (Fig. 4A). By 24 h after I/R, Hmgb1 was
almost entirely cytoplasmic in cells immediately adjacent to ne-
crotic liver tissue in WT mice, whereas in Aag−/− mice the protein
was still largely nuclear in most cells (Fig. 4A). The mean Hmgb1
nuclear to cytoplasmic ratio (NCR) was assessed for at least 1,000
cells from each mouse; after I/R, the Hmgb1 NCR was signifi-
cantly lower in WT mice vs. Aag−/− (Fig. 4B), whereas the initial
NCR values did not differ between genotypes (NCR = 2.05 in WT
sham and 1.95 in Aag−/−sham). Because mean Hmgb1 NCR values
do not reflect the fact that the protein is cytoplasmic in some cells
and nuclear in others, even within the same sample, especially for
Aag−/− mice (Fig. 4A), we also compared the distributions of
Hmgb1 NCR among cells using a cumulative distribution function
(CDF). The results in Fig. 4C show significantly different NCR
distributions betweenWT and Aag−/− livers (after I/R) with Aag−/−

hepatocytes having higher NCR values across the entire distribu-
tion (∼1,000 cells). Parylation of nuclear Hmgb1 is thought to
control its cytoplasmic translocation after cellular DNA damage
(26). We therefore simultaneously monitored immunofluores-
cence for both PAR polymers and Hmgb1 in the same cells; after
I/R, WT hepatocytes exhibited a much higher fraction of cells with
both high PAR intensity and high Hmgb1 cytoplasmic intensity
(35%) than did Aag−/− liver (2%) (Fig. S5).
The extracellular release of Hmgb1 requires translocation of

Hmgb1 from nucleus to cytoplasm before release into the extra-
cellular space. High levels of extracellular HMGB1 can accumulate
in patients with infectious or sterile inflammatory diseases (23, 27).
We therefore measured serum levels of Hmgb1, 24 h after I/R, as
an indicator of liver necrosis or active Hmgb1 release from hepatic
cells, or both. Hmgb1 serum levels were significantly higher in WT
mice vs. Aag−/− mice, which had levels similar to sham operated
mice (Fig. 4D).
Extracellular Hmgb1 serves as a proinflammatory signal, in-

ducing macrophage activation and promoting recruitment of in-
flammatory cells to damaged tissues (27). Upon tissue injury, the
release of Hmgb1, along with other DAMPs, guides neutrophils
and monocytes to sites of sterile inflammation. Neutrophils and
monocytes in turn release a vast arsenal of hydrolytic, oxidative,
and pore-forming molecules with the potential to cause profound
collateral tissue destruction (28); such destruction signals for
further recruitment of neutrophils and monocytes, eliciting even

A B

Fig. 2. WT mice accumulate more BER intermediates and fewer 8-oxoG DNA lesions than Aag−/− mice. (A) The level of abasic sites (AP sites) 24 h after I/R
treatment in liver DNA isolated from WT and Aag−/− mice. (B) eA, eG, and 8-oxoG base lesions in liver DNA isolated from WT and Aag−/− mice after ischemia
followed by 6 h of reperfusion. Error bars represent the mean ± SEM of at least three independent experiments.

E4880 | www.pnas.org/cgi/doi/10.1073/pnas.1413582111 Ebrahimkhani et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413582111/-/DCSupplemental/pnas.201413582SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1413582111


more tissue damage in a vicious cycle that is ultimately regulated
by both pro- and antiinflammatory signals (29, 30). Histological
assessment of livers after I/R shows lobular and portal in-
flammation in both WT and Aag−/− samples (Fig. S1B). To fur-
ther characterize I/R-induced inflammation in the liver, we
isolated nonparenchymal liver cells and, by immunophenotyping,
assessed the presence of different immune cells. There was no
difference in neutrophil or T-cell populations in the livers of WT
and Aag−/− sham-treated mice (Fig. 5). Following I/R, livers from
both genotypes exhibited increased numbers of neutrophils
(CD11b+ Gr-1+), but the increase in Aag−/− livers was only one-
third of that in WT liver, reflecting decreased tissue injury and a

protected phenotype upon I/R (Fig. 5 A and B); there was no
difference in CD4+ or CD8+ T cells in Aag−/− vs. WT liver (Fig. 5 C
and D). To further explore the inflammatory response in Aag−/− vs.
WT animals, we tested a panel of genes involved in tissue ho-
meostasis, inflammation, and oxidative stress. The transcrip-
tional expression pattern between sham-operated groups was
not significantly different, suggesting no basal level disturbance
in Aag−/− vs. WT animals following sham operation (Fig. S6).
However, after I/R, the gene expression pattern reflected a re-
duced inflammatory response in Aag−/− livers compared with
WT (Fig. S6). We observed significant differences in neutrophil
trafficking factors, such as intercellular adhesion molecule 1

A B

C D

E F

Fig. 3. Parylation is differentially induced by I/R in WT vs. Aag−/− liver. (A) Images of livers from WT sham-operated mice and mice that have undergone I/R
(90 min, 24 h) are shown. Nuclei are in blue; PAR is in red. (B) Histograms of nuclear PAR average fluorescence intensity among individual cells. (n = 500 cells
for each conditions in each histogram; gray shows sham and red indicates I/R conditions). (C) Quantification of PAR average nuclear intensity in the nuclei.
(D) Serum ALT in WT, Parp1−/−, and Aag−/− Parp1−/− mice after I/R. (E) Total NAD content and (F) ATP level in liver from WT and Aag−/− mice. Error bars are
mean ± SEM (n = 3 in sham and n = 5–6 in I/R groups).
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(ICAM-1), chemokine (C-X-C motif) ligand 2 (CXCL2), also
known as macrophage inflammatory protein 2-alpha (MIP-2),
and P-selectin. Additionally, CD68, a marker of macrophage
lineage, heme oxygense-1 (HO-1) and neutrophil cytosolic fac-
tor 2 (Ncf2), a component of the phagocyte NADPH oxidase,
showed significantly higher expressions in WT vs. Aag−/− mice
24 h after I/R (Fig. S6). We infer that the initial I/R-induced
tissue damage is more severe in WT vs. Aag−/− liver tissue and
that this results in enhanced recruitment of neutrophils that in
turn generate more tissue damage in the WT mice.

Aag-Initiated BER Contributes to I/R-Induced Tissue Injury in Other
Organs. Having established the role of Aag in I/R-mediated
liver injury, we next determined whether Aag modulates I/R-
mediated injury in other organs—namely, brain and kidney—for
which I/R-induced damage is associated with significant mor-
bidity and mortality (31, 32). Ischemic stroke is the third leading
cause of death in industrialized countries and the most frequent
cause of permanent disability in adults worldwide (31), and more
than 16,000 kidney transplants, necessarily involving I/R, are
performed annually in the United States (33).
We used middle cerebral artery occlusion (MCAO) to induce

transient focal cerebral ischemia followed by reperfusion in mice
(Fig. S7A). Fig. 6A shows WT and Aag−/− coronal brain sections
(at 1-mm intervals) 24 h following 60-min MCAO. Multiple
coronal slice levels showed smaller lesion areas in Aag−/− vs. WT
brains (Fig. 6B). The cerebral infarct volume, assessed by com-
puter-assisted volumetry, revealed that the mean volume of ne-
crosis was reduced by almost half in Aag−/− vs. WT mice (Fig. 6C
and Fig. S7B).

We also performed bilateral renal ischemia (30 min), har-
vesting blood and kidneys 24 h following reperfusion. Serum
creatinine levels and blood urea nitrogen (BUN), two surrogate
markers of renal function, indicated that WT mice sustained
significantly greater loss of kidney function than Aag−/− mice (Fig.
7 A and B); this conclusion was supported by histological scores of
kidney pathology (Fig. 7 C and D). Together these data indicate
that Aag-initiated BER is an important contributor to I/R-
mediated damage in multiple tissues.

Discussion
How BERmodulates I/R-induced tissue damage and inflammation
has not been fully elucidated. Absence of the Ung, Neil1, or Ogg1
DNA glycosylases (recognizing uracil, oxidized pyrimidines, and
8-oxoG) confers increased susceptibility to brain damage induced
by ischemia or I/R (34–36), indicating that BER initiated by these
enzymes protects against I/R-induced tissue damage. Though the
exact mechanisms contributing to increased cell death in those
studies remain to be determined, they clearly suggest that BER
initiated by these glycosylases plays a protective role during tissue
repair. In stark contrast, the study presented herein clearly shows
that Aag-initiated BER promotes and exacerbates I/R-induced
tissue damage, and that this unexpected phenotype pertains to
three different tissues—namely, liver, brain, and kidney. In all
three organs, I/R-induced tissue injury is markedly suppressed in
the absence of Aag-initiated BER.
Exploring the mechanism of Aag-induced I/R-induced liver

injury revealed more abasic sites in hepatocyte DNA, and higher
PAR polymer levels (accompanied by greater depletion of NAD
and ATP) in livers, from WT vs. Aag−/− mice. Evidence from
several laboratories indicates that BER intermediates are often

A B

C D

Fig. 4. Differential Hmgb1 translocation phenotypes between WT and Aag−/− mice upon I/R. (A) Images of livers from sham-operated mice and mice that
have undergone I/R are shown. Nuclei are in blue; Hmgb1 is in red. Necrotic regions stain low for Hmgb1 as it is released from the cells. (B) Quantification of
mean Hmgb1 nuclear-to-cytoplasmic ratio (NCR) (n = 3 mice each). (C) The cumulative distribution function (CDF) is plotted. The large value of the mean KS
statistic, that quantifies the mean distance between WT and Aag−/− histograms, indicates that the difference in distributions is indeed significant. (D) Serum
concentration of Hmgb1 24 h after I/R (n = 3 in sham and n = 5 in I/R groups). Error bars are mean ± SEM.
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more cytotoxic than the initiating DNA base lesion, possibly
because translesion DNA polymerases are capable of bypassing
the unrepaired base lesions (37, 38), whereas strand breaks
cannot be bypassed. Further, BER intermediates can induce

Parp1 hyperactivation that in turn depletes NAD+/ATP pools,
thus eliciting an energetic crisis and cell death (39). Though we
previously reported that Aag-initiated BER promotes alkylation-
induced tissue damage in specific neural and lymphoid tissues

A B

C D

Fig. 5. Aag−/− mice are significantly protected against I/R-driven sterile inflammation (A) Representative flow cytometry plots of total nonparenchymal liver
cells gated for CD11b+ Gr1+ cells. CD11b and Gr-1 together mark neutrophils and immature monocyte populations. (B) Percentage of CD11b+ Gr1+ cells
among total hepatic nonparenchymal cells after 90 min of ischemia and 24 h of reperfusion, or after sham surgery, in WT and Aag−/− mice. (C) Percentage of
CD4+ cells among total hepatic nonparenchymal cells after I/R or sham surgery. (D) Percentage of CD8+ cells among total hepatic nonparenchymal cells after
I/R or sham surgery. NPCs, total hepatic nonparenchymal cells. Error bars represent the mean ± SEM of at least three independent experiments.

A B C

Fig. 6. MCAOmodel of stroke demonstrates protective phenotypes against I/R in Aag−/− mice. (A) Representative triphenyltetrazolium chloride-stained brain
slices 24 h after reperfusion. The white areas indicate regions of infarction. (B) Infarct areas evaluated by ImageJ analysis (n = 10 for WT; n = 11 for Aag−/−). (C)
Indirect infarct volume is calculated as the volume of the contralateral hemisphere minus the noninfarcted volume of the ipsilateral hemisphere; vertical bars
represent ± SEM (n = 10 for WT; n = 11 for Aag−/−).
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(40, 41), here we demonstrate the importance of this process in
regulating I/R-induced tissue injury and sterile inflammation.
Together, the decreased generation of BER intermediates and
consequent decrease in the accumulation of PAR polymers likely
preserves adequate NAD and ATP levels in Aag−/− livers; this is
accompanied by lower Hmgb1 release from Aag−/− hepatocytes
and attenuated post-I/R neutrophilic infiltration in injured Aag−/−

livers compared with WT. Our data support the conclusion that
Aag-initiated BER, in contrast to BER initiated by three other
DNA glycosylases (34–36), acts upstream of Parp1 hyperactivation
in I/R-induced tissue damage and sterile inflammation.
Aag has been shown to act on Uracil (an Ung substrate) and

8-oxoG (substrates for both Ogg1 and Neil1) (9, 10, 42). Thus, in
contrast to most other DNA glycosylases that have a narrow
substrate range, Aag catalyzes the excision of a broad range of
modified bases; this is achieved by its unique active site structure
that can both discriminate against normal DNA bases and yet
accommodate a structurally diverse set of aberrant DNA bases (8,
9). This broad substrate specificity enables Aag to initiate BER at
wide variety of DNA base lesions during pathological situations
where many different kinds of DNA lesions are generated. When
a panoply of damaged bases is induced, base excision by Aag, in

contrast to that by Ung, Neil1, and Ogg1, may exceed the capacity
for the downstream BER enzymes to complete repair, thus gen-
erating toxic BER intermediates and cell death. Consequently,
when Ung, Ogg1, or Neil1 are deficient, their unrepaired sub-
strates become subject to Aag-initiated BER such that in the
Ung/Ogg1/Neil1-deficient mice, Aag has even more substrates to
repair, causing increased I/R-mediated tissue damage (34–36).
Additionally, Aag is a monofunctional DNA glycosylase that

creates AP sites for incision by APE-1, whose action generates 5′-
deoxyribose-5-phosphate (5′-dRP) and 3′-hydroxyl (3′-OH) DNA
ends; in contrast, the bifunctional DNA glycosylases Ogg1 and
Neil1, after creating AP sites, can also incise the DNA backbone
3′ to the AP site, generating a 3′-deoxyribose moiety and a 5′-
P. Thus, Neil1 and Ogg1 do not generate 5′dRPs that have been
shown to be especially toxic (14). Indeed, it was shown that Parp1
has specific affinity to AP sites and 5′-dRP intermediates that are
generated during BER initiated by monofunctional glycosylases
(43, 44), and excessive Parp1 activation is known to elicit necrotic
cell death (16, 18, 19). Therefore, repair by Aag, a monofunc-
tional glycosylase with an unusually broad range of substrates,
may generate excessive amounts of BER intermediates and, in
particular, highly toxic dRP intermediates, possibly explaining

A B

C D

Fig. 7. Bilateral renal ischemia model shows protective phenotype against I/R in Aag−/− mice. (A) Serum creatinine levels in WT and Aag−/− mice after bi-
lateral kidney I/R (30 min of ischemia and 24 h of reperfusion); n = 3 in sham groups and n = 5–6 in I/R groups. (B) BUN in WT and Aag−/− mice after bilateral
kidney I/R; n = 3 in sham groups and n = 5–6 in I/R groups. Error bars represent mean ± SEM. (C) Representative sections of kidneys from WT or Aag−/− mice
24 h after reperfusion (H&E stained). (D) WT mice displayed augmented renal tissue injury presented by higher percent of high-power fields (%HPFs) that
scored 5 in our pathological examination (*P < 0.05 in comparison with corresponding WT group, n = 5 in WT I/R and n = 6 in Aag−/− I/R).
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why Aag-initiated BER is toxic and Ung/Ogg1/Neil1 initiated
repair is not (34–36).
We previously observed that Aag−/− mice are more susceptible

than WT mice to inflammation-associated colon cancer (12); this
may at first appear to contradict the findings reported here.
However, Aag-mediated cell death in the inflamed colon may
serve to protect the colon against the accumulation of mutant
cells, thus reducing carcinogenesis in the long term. This adap-
tation may be beneficial because cell death rids the tissue of
potentially mutated cells, albeit at the cost of an acute but tran-
sient decline in tissue function. However, in disease models such
as I/R-induced acute tissue injury and inflammation, extensive
cell death may lead to tissue dysfunction or organ failure as
demonstrated in this study. Additionally, though there are some
similarities, it is likely that there are inherent differences between
microbially induced chronic inflammation in the colon and acute
sterile inflammation following I/R in the liver, brain, and kidney.
Among the DNA base adducts measured, only 8-oxoG in-

creased in Aag−/− liver DNA, with no significant change in
e-DNA adducts. The low redox potential of guanine makes this
base particularly vulnerable to oxidation (45), and 8-oxoG is
readily generated during oxidative stress (46). Both Ogg1 and
Aag can excise 8-oxoG, although Ogg1 is normally much more
efficient (10, 47). However, it was recently shown that Ogg1 is
a specific target of calpain I, a Ca2+-dependent protease acti-
vated during oxidative stress (48); further, Ogg1 is directly
inhibited by nitric oxide during inflammation (49). Thus, Aag
mediated 8-oxoG excision may assume a very important role
during conditions of oxidative tissue damage. Indeed, increased
levels of 8-oxoG after I/R in Aag−/− livers underscores the sig-
nificance of Aag-mediated 8-oxoG excision during I/R-induced
injury. That Aag is important for 8-oxoG excision during in-
flammation is further supported by our previous study in which
Aag−/− mice accumulated higher levels of genomic 8-oxoG than
WT during chronic inflammation in the colon (50). The lack of
increased e-base adducts in Aag−/− liver DNA after I/R could be
due to their efficient repair by the Alkbh2 and Alkbh3 direct
reversal enzymes (5, 51, 52) in this tissue, or could perhaps re-
flect differences in the types of DNA lesions induced during
sterile inflammation in the liver vs. microbially induced in-
flammation in the colon. The removal of each different base le-
sion by Aag generates an AP site in DNA, and we cannot exclude
the possibility that small changes in the excision of several e-base
lesions as well as hypoxanthine also contributes to the signifi-
cantly increased level of AP sites in WT liver DNA after I/R.
Several other pathways may contribute to the observed phe-

notype in Aag−/− mice. For instance, mitochondria are well
established as a critical player in several cell death pathways, and
damage to mitochondrial genes has been linked to a number of
diseases and aging. There is good evidence for BER in mito-
chondria, and we have shown that a small fraction of the human
AAG protein localizes to mitochondria and interacts with mi-
tochondrial single-stranded binding protein (53). However, this
interaction specifically inhibits AAG activity in the context of
a single-stranded DNA, preventing the formation of abasic sites,
which could potentially lead to formation of harmful DNA
breaks (53). In another study, overexpression of the mito-
chondrially targeted AAG dramatically increased cancer cells’
sensitivity to an alkylating agent, presumably through an imbal-
anced BER pathway and accumulation of BER intermediates
(54). Additionally, upon release from necrotic cells, mitochon-
drial DNA can activate innate immune cells through pattern
recognition receptors (55). Thus, the possibility that Aag-initiated
mitochondrial BER may also play a role in modulation of I/R-
induced tissue damage warrants further study.
Additionally it was shown that some DNA repair-deficient

mice induce a protective response that prevents further damage
during stress response (56–58). Accordingly, a mouse model of

Cockayne syndrome is less susceptible to renal I/R than WTmouse,
possibly due to a reduced inflammatory response and improved
insulin sensitivity (58). It thus seems possible that Aag−/− animals
may have undergone an adaptive response that diminishes tissue
injury and sterile inflammation in response to I/R. However, we did
not observe a significant difference in the expression of multiple
genes important for ROS production and inflammation between
sham-operated Aag−/− and WT mice; in contrast, following I/R, we
found significant differences between WT and Aag−/− livers for
expression of a subset of inflammatory genes (e.g., CXCR2, ICAM-1,
P-selectin) and genes important in oxidative stress [e.g., subunits of
NADPH oxidase (Cyba, Ncf1, Ncf2) or HO-1] (Fig. S6). Though
these changes are likely to be secondary to differences in I/R-
induced cell death betweenWT and Aag−/− liver, we cannot rule out
the possibility that the Aag−/− mouse may have developed a differ-
ent threshold for activation of these inflammatory pathways.
How mechanisms regulating genome integrity modulate the

innate immune response is critical for understanding the regu-
lation of tissue homeostasis. It was previously shown that the
activation of Parp1 by DNA alkylation damage induces par-
ylation of Hmgb1 and its release from the nucleus (26). Such
nuclear-to-cytosolic translocation of Hmgb1 serves to enable
cellular release of this potent inflammatory mediator through
either active secretion or passive release upon necrotic cell death
(26). Hmgb1 also stimulates production of ssDNA breaks during
BER, thus the cytoplasmic translocation of Hmgb1 can impact
BER pathway in the nucleus by altering the nuclear Hmgb1
levels (25). Following release from hepatocytes, Hmgb1 signals
danger to other cells such as macrophages or endothelial cells
and induces neutrophil chemoattractants (e.g., CXCL1) and
adhesion ligands (e.g., ICAM-1), both of which are indispensable
for guiding immune cells to the site of injury (59). Accordingly,
after I/R, WT mice showed higher hepatic transcriptional levels
of ICAM-1, P-selectin, and CXCL2, and greater postischemic
neutrophilic infiltrate than Aag−/− mice.
In summary, the data presented here reveal an important role

for Aag-initiated BER in modulating tissue injury during I/R in
liver, kidney, and brain. Indeed, exposure of a single organ to I/R
can subsequently ignite inflammatory activation in other organs,
eventually leading to multiorgan failure (1). Our results suggest
that interindividual differences in BER activity could influence
the pathological outcome of I/R. Though PARP inhibition is
currently being explored for the amelioration of I/R injury, we
argue that the inhibition of the upstream-acting AAG enzyme,
eliminating the generation of toxic BER intermediates and the
signal for PARP hyperactivation, may present a better target.
However, long-term mutagenic effects of both approaches war-
rant future studies.

Materials and Methods
All animals were maintained in pathogen-free conditions at the Massachu-
setts Institute of Technology or Massachusetts General Hospital facilities. The
Animal Care and Use Committee of both institutes approved related animal
protocols, and the experiments were conducted in adherence with the Na-
tional Institutes of Health Guidelines for the Use of Laboratory Animals (60).
I/R-induced tissue-injury models were established. Multiple metrics of tissue
injury; tissue and serum Hmgb1; levels of AP sites; DNA adducts; Aag and
APE activities; PAR polymers; and ATP and total NAD in tissues were de-
termined. Liver nonparenchymal cells were isolated and analyzed by flow
cytometry analysis. For full procedures, please see SI Materials and Methods.
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