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Abstract
A clinical challenge remains in the treatment of hypoxic–ischemic brain injury in newborns. Nicotinamide adenine dinucleo-

tide (NAD+) has beneficial effects in animal models of adult stroke. Here, we aimed to understand the short- and long-term

neuroprotective effects of NAD+-promoting substance nicotinamide mononucleotide (NMN) in a well-established brain

injury model in neonatal mice. Postnatal day (PND) 9 male and female mice were subjected to cerebral hypoxia–ischemia

and treated with saline or NMN (50 mg/kg) immediately after hypoxia–ischemia. At different time points after hypoxia–ische-
mia, hippocampal NAD+, caspase-3 activity, protein expression of SIRT1, SIRT6, release of high mobility group box-1

(HMGB1), long-term neuropathological outcome, short-term developmental behavior, and long-term motor and memory

function were evaluated. Neonatal hypoxia–ischemia reduced NAD+ and SIRT6 levels, but not SIRT1, in the injured hippo-

campus, while HMGB1 release was significantly increased. NMN treatment normalized hippocampal NAD+ and SIRT6 levels,

while caspase-3 activity and HMGB1 release were significantly reduced. NMN alleviated tissue loss in the long-term and

improved early developmental behavior, as well as motor and memory function. This study shows that NMN treatment pro-

vides neuroprotection in a clinically relevant neonatal animal model of hypoxia–ischemia in mice suggesting as a possible novel

treatment for neonatal brain injury.

Summary Statement
• Neonatal hypoxia–ischemia reduces nicotinamide adenine dinucleotide (NAD+) and SIRT6 levels in the injured

hippocampus.

• Hippocampal high mobility group box-1 (HMGB1) release is significantly increased after neonatal hypoxia–ischemia.

• Nicotinamide mononucleotide (NMN) treatment normalizes hippocampal NAD+ and SIRT6 levels, with significant

decrease in caspase-3 activity and HMGB1 release.

• NMN improves early developmental behavior, as well as motor and memory function.
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Introduction
Hypoxic–ischemic encephalopathy (HIE) has an incidence of
1 to 3 per 1,000 live births and is one of the leading causes of
infant death, mental retardation, seizures, and cerebral palsy
(Kurinczuk et al., 2010; Vexler and Ferriero, 2001).
Neonatal hypoxic–ischemic (HI) brain injury evolves over
days and possibly weeks, providing a therapeutic window
(Ferriero, 2004). Therefore, understanding the cellular path-
ways underlying HI may provide new approaches to HI treat-
ment in newborns. Nicotinamide adenine dinucleotide
(NAD+) is an essential cofactor for multiple cellular meta-
bolic reactions and has a crucial role in energy production.
Mitochondrial dysfunction has been demonstrated to be an
important factor for the development of secondary brain
injury after HI (Hagberg et al., 2014). Preservation of
NAD+ following adult stroke reduces ischemic infarct size
(Liu et al., 2009). NAD+ can be generated in cells either by
de novo synthesis from tryptophan or resynthesized from nic-
otinamide with nicotinamide phosphoribosyltransferase
(NAMPT) as the rate-limiting enzyme (Belenky et al., 2007;
Owens et al., 2013). Nicotinamide mononucleotide (NMN)
is an enzymatic product of NAMPT (Revollo et al., 2004),
and administration of NMN increases NAD+ concentration
in cells (Belenky et al., 2007) with beneficial effects against
cerebral ischemic injury in the adult mouse brain (Park
et al., 2016) and HI rat pups (Feng et al., 2006) but has not
been studied in neonatal HI in mice.

Sirtuins (SIRT) belong to a family of NAD-dependent
class III histone deacetylases (HDAC) (Imai et al., 2000;
Landry et al., 2000) where SIRT1 and SIRT6 are nuclear
proteins (She et al., 2017). SIRT1 overexpression is protective
in adult stroke models (Hattori et al., 2014), while
SIRT1-deficient mice display larger infarct volume after
permanent middle cerebral artery occlusion (MCAO)
(Hernandez-Jimenez et al., 2013). In a mouse study, vascular
SIRT6 expression was reduced following stroke and overex-
pression of SIRT6 decreased infarct size and neurological def-
icits (Liberale et al., 2020). In vitro studies demonstrated that
reduced neuronal SIRT6 expression following oxygen/
glucose deprivation induces release of alarmin high mobility
group box-1 (HMGB1) from cell nuclei (Lee et al., 2013).
HMGB1 is a ubiquitous nonhistone DNA-binding protein
located in the nucleus that functions as a structural cofactor
to regulate transcription (Ulloa & Messmer, 2006). Under
physiological conditions, HMGB1 induces neurite growth in
the immature brain (Kim et al., 2008; Merenmies et al.,
1991). However, under pathological conditions, HMGB1 is
released from the nucleus into the extracellular space of acti-
vated immune cells and acts as a pro-inflammatory mediator
(Wang et al., 1999). HMBG1 nuclear translocation has also
been observed in injured cells and in animal models of
adult stroke (Kim et al., 2006; Zhang et al., 2011) and neona-
tal HI brain injury (Chen et al., 2019). Inhibition of nuclear
translocation of HMGB1 was recently shown to reduce

neurological injury and improve neurobehavioral impair-
ments following neonatal HI (Le et al., 2020).

Therapeutic hypothermia is currently used as a clinical
treatment for HIE and improves survival and reduces neuro-
logical sequelae yet is not effective in all infants (Azzopardi
et al., 2014; Gluckman et al., 2005), and additional treatment
strategies are needed. Although there is evidence of protective
effects of NMN on cerebral ischemia in adults (Park et al.,
2016) and reduced brain weight deficits in HI rat pups
(Feng et al., 2006), research to date has not investigated the
neuroprotective potential of NMN in neonatal brain injury
in mouse. Therefore, the present study was designed to inves-
tigate cellular neuroprotective mechanisms of NMN by focus-
ing on SIRT1 and SIRT6 expressions, HMGB1 nuclear
translocation, and parameters of neuroinflammation and astro-
gliosis, as well as motor and memory function, in a well-
established model of HI in neonatal mice.

Materials and Methods
The study designed is shown in Supplemental Figure 1.

Animals
C57BL/6J mice were bred in-house at the laboratory
of Experimental Biomedicine at Sahlgrenska Academy,
University of Gothenburg, Sweden, under standard conditions:
12-h light/dark cycle, ad libitum access to standard laboratory
chow diet (B&K, Solna, Sweden), and drinking water in a
temperature-controlled environment (20–22 °C). All animal
experiments and methods for animal euthanasia were approved
by the Animal Ethics Committee in Gothenburg (No 633/2017)
and adhered to best practice (ARRIVE and PREPARE interna-
tional guidelines) and the European Council directive (2010/63/
EU). All personnel working with animals were highly trained
and qualified according to Swedish law (L 150, SJVFS 2019:9).

Hypoxia–Ischemia
Nine-day-old mice of each sex were exposed to HI in the
modified Vannucci model (Rice et al., 1981; Hedtjarn et al.,
2002). Briefly, anesthesia was induced and maintained with
isoflurane gas (5% and 3% respectively in a 1:1 mixture of
air and O2). The left common carotid artery was permanently
ligated with 6.0 silk suture, the incision was closed, and local
xylocaine was applied. Following surgery, pups were returned
to their mothers for 1 h recovery and then exposed to 10% O2

in N2 for 50 min in a heated chamber (35.5–36.5 °C).
Subsequently, pups stayed with their mothers until sacrifice.

Administration of Nicotinamide Mononucleotide
Nicotinamide mononucleotide (NMN, Merck, N3501,
Lot#SLBX2999, Darmstadt, Germany) was prepared in sterile
saline and administered to mice in doses of 50, 150, and
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300 mg/kg. NMN doses were selected based on a previous adult
stroke study (Park et al., 2016). The pupswere randomly allocated
toNMNtreatment or salinegroupswithin each litter.Drug (NMN)
or vehicle (saline) solutions (10 µl/gram body weight) were
injected intraperitoneally immediately after HI. Naïve animals
were sacrificed without prior surgery, hypoxia, or injections.

High-Performance Liquid Chromatography
for Detecting NAD+

To investigate whether NMN restored NAD+ concentration
after neonatal HI, high-performance liquid chromatography
(HPLC) was performed as previously described (Li and
Sauve, 2015). The hippocampus from each hemisphere was
dissected 4 h after HI and immediately snap-frozen in liquid
nitrogen. The frozen samples were weighted and homoge-
nized (1:100 weight/volume) in cold 7% HClO4 (70%
HClO4 (11.65 M) diluted in HPLC-graded water) and then
centrifuged at 4 °C for 5 min. The pellet was dissolved in
2 M NaOH and used for protein determination by the bicin-
choninic acid protein assay (BCA) method. The supernatants
were transferred to new tubes and 1 M K2HPO4 was added to
reach to pH 7. The tubes were centrifuged, and the supernatant
was used for NAD+ determination by HPLC. NAD+ (Merck,
N0632, Lot#SLBQ5270 V, Darmstadt, Germany) was dis-
solved in 0.05 M phosphate buffer and used to prepare
NAD+ standards. The NAD+ peak was identified by the addi-
tion of known amounts of NAD+ to samples. Quantification
of NAD+ in samples was performed using external standards,
that is, the peak area of NAD+ absorbance at 254 nm in
samples was compared to a linear calibration curve of peak
areas of four concentrations of NAD+ (0.5−16 μM).

All chromatography was performed using a Varian Prostar
HPLC pump coupled to a UV detector (Applied Biosystems
757). Sample injection was made using a Waters 717 autosam-
pler. All separations were performed at room temperature (RT).
Data were processed with Millennium32 software (Waters
Corporation, Milford, MI, USA). NAD+ was separated from
other nucleotides on a Nucleosil C18 column (200× 4.6 mm;
5 μm particle size; HiChrom, UK) fitted with a guard column.
The mobile phase consisted of phosphate buffer (50 mM, pH
7) and methanol (Ratburn, UK) 95/5. A flow rate of 1 ml/min
was used and peaks were detected by absorbance at 254 nm.

Tissue Preparation for Caspase-3 Activity Assay
and Western Blotting
The hippocampus from each hemisphere was dissected 12 h
after HI. The tissues were immediately frozen on dry ice and
stored at −80 °C. The tissues were then homogenized in a sol-
ution containing: Tris-HCl (25 mM, pH 7.9), NaCl (100 mM),
ethylenediaminetetraacetic acid (5 mM), NP40 (1%), sodium
butyrate (0.1 mM), Nam (5 mM), protease inhibitor (1%),
phosphatase inhibitor, and phosphate buffered saline (PBS)

(pH 7.4). Afterwards, samples were centrifuged 15,000g for
5 min at 4 °C. Protein concentration was measured by a BCA
(QPBCA, Thermo Fisher Scientific, Waltham, MA, USA).

Caspase-3 Activity Assay
Afluorometric assay for caspase-3activitywas performedon the
hippocampal tissue as previously described (Wang et al., 2001).
Briefly, a peptide substrate, Ac-Asp-Glu-Val-Asp-aminomethyl
coumarine (Ac-DEVO-AMC; #SAP3171v, Peptide Int.,
Louisville, KY, USA), was blended with tissue samples of the
hippocampus. Cleavage of the substrate was measured at 37 °
C with a Spectramax Gemini microplate fluorometer
(Molecular Devices, Sunnyvale, CA, USA) and an excitation/
emission wavelength of 360/460 nm. A 2-min interval was
used to track degradation, and the V-max was calculated.
Standard curves with 7-amino-4-methyl-coumarin (AMC)
were utilized to express the data in picomoles of AMC formed
per min and per milligram of protein.

Western Blotting
Sample lysates of the hippocampus were blended with 4×
Laemmli sample buffer (Bio-Rad laboratories, Hercules, CA,
USA) and 10% β-mercaptoethanol (Merck, Darmstadt,
Germany) and diluted in PBS to equalize their protein concen-
tration and heated (95 °C) for 5 min. Total protein (20 µg/well)
was loaded on 4–20% Criterion TGX Stain-Free Precast Gels
(Bio-Rad laboratories, Hercules, CA, USA) and transferred
onto 0.2 µm nitrocellulose membranes (Bio-Rad laboratories,
Hercules, CA, USA). Membranes were blocked in TBS-T (pH
7.45, Tris-Base, NaCl, 0.1% Tween 20) containing 5% nonfat
milk for 60 min and then incubated in the following primary anti-
bodies overnight at 4°C: SIRT1 mouse monoclonal antibody
(1:500 dilution, CST 8469, Cell Signaling, Leiden, WZ,
Netherlands) and SIRT6 rabbit monoclonal antibody (1:500 dilu-
tion, CST 12486, Cell Signaling, Leiden, WZ, Netherlands). The
following day, membranes were placed with secondary antibody
(1:5,000, Vector Laboratory, Burlingame, CA, USA) in 5%
nonfat milk for 1 h and the bands were visualized using a
Clarity Western ECL substrate (Bio-Rad laboratories,
Hercules, CA, USA) and a Gel Doc XR Plus system (Bio-Rad
laboratories, Hercules, CA, USA). Immunoreactive bands were
quantified using Image Lab Software (Bio-Rad laboratories,
Hercules, CA, USA) and normalized to total protein.

Behavioral Studies
Behavioral tests of motor function. Negative geotaxis and
surface righting tests, the cylinder test, and rotarod behavioral
tests were used to investigate the therapeutic effect of NMN
on motor function after the HI insult.

Righting Reflex. The righting reflex test was performed as
described before (Feather-Schussler & Ferguson, 2016).

Kawamura et al. 3



Briefly, pups were placed in a supine position on a flat stage.
The time required to turn over on all four feet and touch the
platform was recorded. Each animal was allowed three
attempts, with a 5-min interval between. The average value
was calculated for each time point and used for further analysis.
Assessments were performed at 24, 48, and 72 h after HI insult.
Negative Geotaxis. The negative geotaxis test examines the
ability of pups to right themselves on an angled surface as
described (Feather-Schussler & Ferguson, 2016). Pups were
placed head down on a slant fabric surface inclined at an
angle of 45°, and the time needed to rotate 180° (head up)
was recorded. Each animal was allowed two attempts and the
average value was calculated. The test was performed at 24,
48, and 72 h after HI immediately after the righting reflex test.
Cylinder Rearing Test (CRT). The CRT was performed as
previously described with some modifications (Gustavsson
et al., 2005). Briefly, at P20 and P45± 5, mice were placed
in a transparent glass cylinder (75 mm ×150 mm height and
95 mm ×180 mm height, respectively) and recorded for
3 min by a video camera. The animals were observed to deter-
mine their preference for their forepaws during full rearing
(left/right/both). The preference proportion (%) of left (non-
impaired) forepaw contact was calculated as follows:

(left − right) / (right + left + both) × 100

If the number of total contacts with the glass wall was less
than four, the mouse was excluded from the analysis.

Accelerated Rotarod Test. The accelerated rotarod test was
performed to evaluate motor coordination and performance at
P45± 5. Animals were placed on the apparatus (Panlab,
LE8505, Barcelona, Spain) without rotation for 2 min to
accommodate and then with accelerated rotation for four
trials with rod acceleration from 0 to 40 rpm over a 5-min
period. Animals were allowed 15-min rest between trials.
The average time interval from start to the moment when
the animal fell off the rod from four trials was calculated.

Behavioral test for memory function. Novel Object
Recognition Test. The novel object recognition test (NORT)
was performed to evaluate memory function at P45±5. A
slightly modified protocol from that previously described was
used (Leger et al., 2013). All experiments were performed
during the day between 9 am and 3 pm. The test included
three phases: habituation, familiarization, and test phase. The
habituation phase was conducted 24 h before the testing day.
On day 1 (habituation phase), mice were moved to the behavior
testing room and allowed 60-min habituation and then placed in
the open field apparatus (50 cm×50 cm×50 cm) for 10 min.
Thereafter, mice were returned to the holding cage, and the appa-
ratus was cleaned with 70% ethanol to remove olfactory cues.

On day 2, animals were first allowed 60-min habituation in
home cage. During the familiarization phase, mice were
placed in the apparatus for familiarization (10 min) with two

identical objects (A+A) placed in the center of the open
field box. The inclusion criteria were that the mouse explored
at least one object for at least 20 s in total during the familiar-
ization phase. If the mouse did not explore the object for 20 s
in total, the mouse was excluded from the study.

Thereafter, the test was performed using one identical
object to the one used in the familiarization phase and one
novel object (A+B), for short- (10 min) and long- (3 h)
term memories (Antunes and Biala, 2012). For the test
phase, the exploration time for the familiarization object and
the novel object was calculated separately (Sivakumaran
et al., 2018). All steps in the experiment were video recorded
and analyzed manually by a researcher blinded to the experi-
mental groups. Exploration was defined as touching an object
with the nose or forepaws. Climbing onto the object or being
on top of the object did not qualify as exploration. The dis-
crimination index (DI) was used as an indicator of memory
function (short-term and long-term) and calculated as:

DI = T(new) − T(familiar)

T(total)

Tnew is the exploring time with novel object; Tfamiliar is the
exploring time with familiar object; Ttotal is the total exploring
time. This index can vary between+1 and−1, where a positive
score indicates more time spent with the novel object, a nega-
tive score indicates more time spent with the familiar object,
and a zero indicates no preference (Antunes & Biala, 2012).

Tissue Processing and Immunohistochemistry
for HMGB1
Mice were euthanized via intraperitoneal administration of pento-
barbital (Pentacour) (60 mg/ml) 12 h after HI, and brains were
removed and immersed in Histofix (Histolab, Västra Frölunda,
Sweden) for 14 days and then placed in 30% sucrose for 48 h fol-
lowed by snap-freezing in isopentane (Sigma Aldrich). Brains
were cut into 70-μm-thick coronal sections on a cryostat (Leica
CM 3050S). Series of sections were collected based on a system-
atic sampling principle,with a section sampling fraction of one out
of six sections (1/6). One set of sections was used for HMGB1
immunostaining. Free-floating sections were washed in PBS
(0.1 M, pH 7.2, 30 min) followed by antigen retrieval using
0.01 M citrate buffer (40 min at 85 °C). In the next step, sections
were washed in 0.25% triton followed by blocking with endoge-
nous peroxidase (3% H2O2 in PBS) for 15 min. Thereafter, sec-
tions were rinsed in PBS (2×15 min) and placed in 4% goat
serum for 1 h. In the next step, sections were incubated with a
monoclonal rabbit anti-HMGB1 (1:350, Abcam, Ref# ab79823,
Cambridge, UK, RRID:AB_1603373) overnight at 4 °C.
Subsequently, sections were washed in PBS and then incubated
in polyclonal secondary goat anti-rabbit IgG (1:200 dilution;
Dako, Ref# P0448, Denmark) for 2 h followed by washing in
PBS (2×15 min) and ABC elite (avidin–biotin complex, Vector
laboratory, Burlingame, CA, USA) for 1 h. Color labeling was
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performed using 3,3-diaminobenzidine (DAB) solution (Sigma,
USA). Finally, the sections were mounted on gelatin-coated
slides and dehydrated through a graded series of alcohol (95%,
99%), cleared in xylene, and coverslipped.

Analysis of HMGB1-Positive Cell Number Density
in the Hippocampus
To test the effect of NMN on hippocampal HMGB1 nuclear
translocation, we quantified the number of HMGB1-positive
cells in two subregions of the hippocampus (CA1 pyramidal
cell layer (CA1.P) and CA3 pyramidal cell layer (CA3.P)) in

both ipsi- and contralateral hippocampi 12 h after HI.
HMGB1-positive cells were classified into two types: nuclear
HMGB1-positive (only HMGB1-positive nuclear staining;
Figure 2C, black arrow) and cytoplasmic HMGB1-positive
(less nuclear staining intensity as well as presence of cytosolic
HMGB1 staining; Figure 2C, red arrow) (Chen et al., 2019).
Delineation of the regions of interest (CA1.P and CA3.P) was
performed using 5× objective lens. To avoid the effect of shrink-
age and tissue loss on the number of counted cells, cell density
measurements were performed on two randomly systematically
selected sampling frames from three sections per animal (in total
six sampling frames per animal) with a 100× oil immersion

Figure 1. NMN effects on caspase-3 activity, NAD+ levels, and SIRT1 and SIRT6 expression in hippocampus after neonatal HI. Postnatal day

9 pups were exposed to 50 min hypoxia–ischemia (HI). (A) Pups were allocated to four treatment groups: NMN 50 mg/kg, 150 mg/kg, and

300 mg/kg and vehicle (n= 9–20/grp). All drugs were injected immediately after HI by intraperitoneal administration and caspase-3 activity

measured in the hippocampus 12 h later. (B) NAD+ was measured by high-performance liquid chromatography in the ipsilateral (ipsi) and

contralateral (contra) hippocampus 4 h after HI in vehicle and NMN 50 mg/kg (n= 10–13/grp) and in naïve P9 mice (n= 6). Protein

expression for SIRT1 (C) and SIRT6 (D) was measured by Western blotting in the ipsilateral and contralateral hippocampus 12 h after HI,

with NMN 50 mg/kg or without NMN treatment (n= 10–12/grp). Data presented as mean± SD. *p< .05, **p< .01.
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objective lens using optical probe with the height of 10 μm. The
counting frame size was 854.33 µm2. The number density of
cells was calculated by applying the following formula
(Ardalan et al., 2022):

Nv =
∑

Q− /V

where Nv indicates the number of cells per volume of sampling
brain region, ΣQ- is the number of cells counted, and V is the
volume of sampled regions of interest.

The percentage of cytoplasmic HMGB1-positive cells for
each hippocampal region from ipsi- and contralateral side
was calculated (Nv cytoplasmic HMGB1-positive cells/Nv of
HMGB1-positive cells× 100).

Tissue Processing and Immunohistochemistry
for Microtubule-Associated Protein 2, Ionized
Calcium-Binding Adaptor Molecule,
and Glial Fibrillary Acidic Protein
At P45± 5, mice were deeply anesthetized via intraperitoneal
injection of pentobarbital (Pentacour, 60 mg/ml). Brains
were removed andplaced inHistofix for 2weeks and then paraffin
embedded and cut into 15-µm-thick coronal sections with a sys-
tematic sampling fraction of 1/20. Microtubule-associated
protein 2 (MAP-2), ionized calcium-binding adaptor molecule
(Iba1), and glial fibrillary acidic protein (GFAP) staining was per-
formed as described previously (Svedin et al., 2007). Briefly, sec-
tions were deparaffinized, hydrated in xylene and graded alcohol,
and boiled in citric acid buffer (0.01 M, pH 6.0, 30 min), followed
by blocking of endogenous peroxidase and nonspecific antibody
binding using 4% goat serum in PBS (0.1 M, pH 7.2). In the
next step, after washing in PBS, sections were incubated with
mouse monoclonal anti-MAP-2 (clone HM-2, 1:1,000; Sigma
Aldrich, St. Louis, Missouri, USA), polyclonal rabbit anti-Iba1
(Cat# 019–19741; 1:2,000; Fujifilm Wako Chemicals U.S.A.
Corporation, Richmond, Virginia, USA, RRID:AB_839504), or
polyclonal rabbit anti-GFAP (1:500, Dako) overnight at 4°C.
The next day, sections were washed in PBS-T and subsequently
incubated in polyclonal secondary biotinylated goat anti-rabbit
antibody or goat anti-mouse (1:250, Vector Laboratories, Olean,
NY, USA) in PBS-T for 2 h in RT. Sections were then washed
in PBS-T followed by incubation inABC elite solution (1.5% sol-
ution A+1.5% solution B in PBS, Vector Laboratories,
Burlingame, California, USA) for 1 h at RT. Afterwards, sections
were washed in PBS-T for 20 min, and immunolabeling was per-
formed by using 3,3-diaminobenzidine solution (Acros Organics,
Geel, Belgium) and enhanced with 15 mg/ml NiSO4. Sections
were washed in distilled H2O and PBS, dehydrated in 95% and
99% alcohol and xylene, and coverslipped.

Analysis of Neuropathological Outcome
Gray matter injury was quantified on MAP-2-stained sections
as previously described (Svedin et al., 2007). Images of

stained sections were captured on a light microscope
(Olympus BX60) using a 4× objective lens. The MAP-2+
area was outlined in ipsilateral and contralateral hemisphere
(to calculate hemisphere tissue loss) and hippocampus (to cal-
culate hippocampal tissue loss) and measured with ImageJ
software (v1.52a, NIH, USA). To calculate the percentage
of MAP-2+ hemisphere/hippocampal tissue loss, the
MAP-2+ area in the ipsilateral hemisphere/hippocampus
was subtracted from the contralateral hemisphere/hippocam-
pus for each brain level and expressed as percentage tissue
loss of the contralateral hemisphere/hippocampus:

(contralateral− ipsilateral) / contralateral × 100

Analysis of Microglia and Astrocyte Number Density
in the Hippocampus
At age of P45± 5 mice, measurement of microglia and astro-
cyte cell density was performed using light microscopy with a
20× objective lens using the newCAST software. Delineation
of the ipsilateral hippocampus and contralateral hippocampus
was performed using 5× objective lens. The number of astro-
cyte and microglia cells was counted when the soma of the
cells was in focused. The area sampling fraction (ASF) was
10%. The number density of cells was calculated by applying
the following formula:

N =
∑

Q− /size of area

where N indicates the number density of cells and ΣQ- is the
number of cells counted.

Measurement of Microglia Soma Volume
The quantification of microglia soma volume was performed
using a 3D nucleator under a light microscope with a 100× oil
immersion objective lens in the ipsilateral and contralateral
hippocampi on Iba1-stained sections (Anzabi et al., 2018).
The number of half-lines was set at 6, and the mode was ver-
tical uniform random based on the assumption of rotational
symmetry of microglia. For each animal, 50–80 microglia
cells were randomly sampled by using the optical disector
with 3% ASF and a height of 10 μm.

Statistics Analysis
Data analysis was performed by a researcher who was blinded
to the experimental groups. All data were analyzed using SPSS
(IBM corp. released 2013, Version 26.0. Armonk, NY, USA).
Graphs were created using prism 8 (GraphPad Software Inc.,
USA). We calculated the group sizes as inputs and the effect
size that the study has (1− β) power to detect. The effect size
was calculated using the T statistic (with a noncentrality param-
eter): α (two-tailed)= .05, β=.2, S= 1, N0= 15, N1= 15, and
total group size=Ntotal=N1+N0= 30. Proportion of subjects
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in Group 1= q1=N1 / Ntotal= 0.500. Proportion of subjects in
Group 0= q0= 1− q1= 0.500. Degrees of freedom=DoF=
Ntotal− 2= 28. The standard T value (with DoF as degrees of
freedom) corresponding to α=Tα= 2.048. k= (1/N1+ 1/N0)
1/2= 0.3651. Noncentrality parameter= δ= 2.9022, E/S= k *
δ= 1.0597. The study has 80.0% power to detect an effect
size of E=S * E/S= 1.060 (Chow et al., 2017). The statistical
analysis assumption for applying parametric tests including
normal distribution of data and variance homogeneity of data
was checked by making a Q–Q plot of the data and using
Levene’s test respectively. Comparison of variables between
two independent groups (HI-saline and HI/NMN) was per-
formed using independent t-test. Comparison of variables
between more than two groups with one independent factor
was done by using one-way ANOVA test followed by Tukey
post-hoc analysis (equal variances) and Games–Howell (not
equal variances) with adjusted p values. For analysis between
ipsilateral and contralateral sides within the same animal, the
data were considered as paired, and paired t-test was applied.

Rightening reflex and geotaxis data at different time points
(24 h, 48 h, and 72 h) were considered as paired data, and
repeated measure ANOVA test was applied. We tested the cor-
relation between variables by doing two-tailed Pearson analy-
sis. In all cases, the significance level was set as p< .05. The
results are presented as mean± standard deviation.

Results

NMN Attenuates Caspase-3 Activity After Neonatal HI
To evaluate the neuroprotective efficacy dose of NMN,
caspase-3 activity was measured in the ipsilateral hippocam-
pus 12 h following HI using either of three doses of NMN
(50 mg/kg, 150 mg/kg, and 300 mg/kg). NMN at the dose
of 50 mg/kg significantly reduced caspase-3 activity in the
ipsilateral hippocampus in the HI group compared to vehicle-
treated HI mice (p= .021; Figure 1A), and therefore, 50 mg/
kg NMN was used for all subsequent experiments.

Figure 2. NMN effects on HMGB1 translocation in the hippocampal CA1 and CA3 subregions after neonatal HI. Postnatal day 9 pups were

exposed to 50 min hypoxia–ischemia (HI) and brains immunohistochemically stained for HMGB1 12 h after HI in the contralateral (A) and

ipsilateral (B) hippocampus. Examples of HMGB1-positive staining within only nuclei (black arrow) and cytoplasmic (lower intensity of

nuclear staining along with the presence of cytosolic HMGB1 staining, red arrow) in pyramidal cells in the ipsilateral CA1 subregion of

hippocampus (C). The number of cells with cytoplasmic or nuclear HMGB1-positive staining was counted with or without NMN treatment

in the contralateral (contra) and ipsilateral (ipsi) CA1 (D) and CA3 (E) subregions of hippocampus (n= 6/grp). Scale bar= 200 µm (A, B) and

20 µm (C). Data presented as mean± SD. *p< .05, **p< .01, ***p< .001.
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NMN Restores Hippocampal NAD+ and Prevents
Reduction of Hippocampal SIRT6 but not SIRT1 Protein
Expression After Neonatal HI
In vehicle-treated mice, 4 h after HI, ipsilateral hippocampal
NAD+ concentrations were significantly lower than in the
contralateral hippocampus (p= .024; Figure 1B). In the
NMN-treated group, there was no difference in NAD+ con-
centration between the ipsilateral and contralateral hippocam-
pus (p= .447; Figure 1B). Moreover, NMN treatment resulted
in a significant increase in ipsilateral hippocampal NAD+ con-
centration compared to the NAD+ concentration in the ipsilat-
eral hippocampus of vehicle mice (p= .001; Figure 1B).

In the vehicle group, SIRT6 expression in the ipsilateral
hippocampus was significantly lower than in the contralateral
side (p= .004; Figure 1C); however, in NMN-treated mice,
SIRT6 expression was similar to the level in the contralateral
hippocampus. There was no significant difference in SIRT1
expression between the ipsilateral and contralateral hippo-
campi in vehicle or NMN treatment groups (Figure 1D).

NMN Prevents HMGB1 Nuclear Translocation
After Neonatal HI
In the contralateral hippocampus, HMGB1-positive staining
was observed in the nucleus following HI (Figure 2A),

while both nuclear and cytoplasmic staining was evident on
the ipsilateral side (Figure 2B and C).

In the pyramidal layer of both CA1 and CA3 subregions
of the ipsilateral hippocampus, the percentages of cells
with cytoplasmic location of HMGB1 to the total
HMGB1-positive cells were significantly lower in the
NMN group compared to vehicle-treated animals (CA1: p
= .007, CA3: p= .001; Figure 2D and E, respectively).
There were also significant differences in the percentage
of cells with cytoplasmic location of HMGB1 to the total
HMGB1-positive cells between the ipsilateral and contra-
lateral sides in CA1.P and CA3.P in both vehicle and
NMN groups (CA1: p= .000, p= .000; CA3: p= .000,
p= .019; Figure 2D and E, respectively). In the contralat-
eral side, the number of cells with HMGB1-positive cyto-
plasm was very low and we did not observe a difference
in the percentage of these cells to the total number of
HMGB1-positive cells between the groups in either
CA1.P or CA3.P (Figure 2D and E).

NMN Improves Motor and Memory Function
After Neonatal HI
At 24 h and 48 h after HI, the righting reflex was delayed in
vehicle- compared to NMN-treated HI animals (p= .006
and p= .013, respectively; Figure 3A). In the negative

Figure 3. NMN effects on the righting reflex after neonatal HI. Postnatal day 9 pups were exposed to 50 min hypoxia–ischemia (HI) with

NMN or without (Veh) treatment. Pups were tested for the righting reflex at 24, 48, and 72 h after HI/NMN or HI/Veh (n= 21–18/grp/time

point) and in naïve P9-P11 animals (n= 15/time point) (A). Within-group pairwise analysis of righting reflex over time in Veh-treated (B) and

NMN-treated (C) HI and in naïve (D) animals. Data presented as mean± SD. *p< .05; **p< .01; ***p< .001.
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geotaxis test at 48 h following HI, vehicle-treated animals
demonstrated longer time to turn around on a tilted board
compared to NMN-treated animals (p= .032; Figure 4A).
Neither the righting reflex nor the negative geotaxis test
was different between treatment groups at 72 h after HI
(Figures 3A and 4A). Pairwise comparison data for righting
reflex within groups indicated a shorter time of righting
at 72 h after HI compared with 24 and 48 h in all groups
(p < .05; Figure 3B to D). For the geotaxis test, in the
vehicle group, we found no significant difference in time
to turn at 72 h compared with 24 and 48 h after HI
(Figure 4B), while in the NMN group, the time to turn
was significantly shorter at 72 h compared with 48 h (p=
.019; Figure 4C), and in the naïve group, the time to turn
was significantly shorter at 72 h compared with both 48
and 24 h (p < .05; Figure 4D).

To assess motor asymmetry after HI, left–right paw prefer-
ence was evaluated using the CRT at P20 and P45± 5. Naïve
animals showed no preference between the right and left paws
in the CRT (Figure 5A and B). However, vehicle-treated mice
preferred to use their left paw after HI at both P20 and P45±
5. NMN treatment reduced the preference for using the left
paw compared to the vehicle group following HI at both
P20 and P45± 5 (p= .035 and p= .008, respectively;
Figure 5A and B).

To evaluate motor coordination, mice at the age of P45± 5
were assessed in the accelerated rotarod test. The latency to fall
significantly decreased in vehicle-treated HI animals compared
to the naïve mice (p= .013; Figure 5C), and NMN treatment
improved motor function following HI (p= .011; Figure 5C).
There was no significant difference between NMN-treated HI
animals and the naïve group (Figure 5C).

The hippocampus is important for memory function.
Therefore, we used NORT at P45± 5 to test NMN therapeutic
effect on short-term (Figure 5D) and long-term memories
(Figure 5E). Neonatal HI in vehicle-treated animals, com-
pared to naïve animals, significantly decreased the innate pref-
erence to explore a novel object in both the short and long
term (p= .001 and p= .000, respectively; Figure 5D and E).
NMN treatment normalized the preference to explore a
novel object both in the short and long term, and no significant
difference was found between NMN-treated and naïve
animals (p= .064; Figure 5D and E). There was no significant
difference in long-term memory between NMN-treated and
vehicle-treated animals (p= .064; Figure 5E).

NMN Reduces Brain Injury Long Term After Neonatal HI
In order to evaluate the long-term neuroprotective effects of
NMN treatment, we measured tissue loss in P45 mice.

Figure 4. NMN effects on negative geotaxis after neonatal HI. Postnatal day 9 pups were exposed to 50 min hypoxia–ischemia (HI) with

NMN treatment or without (Veh). Pups were tested for negative geotaxis at 24 h, 48 h, and 72 h after HI/NMN or HI/Veh (n= 21–18/grp/
time point) and in naïve P9-P11 animals (n= 15/time point) (A). Within-group pairwise analysis of negative geotaxis performance over time

in Veh-treated (B) and NMN-treated (C) HI and in naïve (D) animals. Data presented as mean± SD. *p< .05; **p< .01.
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decreased microglia activation/number and astrocyte
number and attenuated tissue loss. Based on these results,
we suggest that NMN, via increased NAD+, restores the
activity of NAD+-dependent pathways post-HI which in
turn attenuates deleterious mechanisms, which minimize
neurological injury.

The level of NAD+ in the hippocampus of neonatal mice
decreased 4 h after HI, similar to a previous study. The
reason for the decrease in NAD+ after HI may be related to
increased consumption of NAD+ (Ma et al., 2015). One
likely pathway is via poly (ADP-ribose) polymerases
(PARPs), which use NAD+ as a cosubstrate to PARylate
target proteins. PARP activity measured by elevated PAR
indicated an increase in the injured hemisphere 4 h after neo-
natal HI (Hagberg et al., 2004). The deacetylation activity of
SIRT such as SIRT1, SIRT3, and SIRT6 consumes NAD+,
but to our knowledge, there are no studies showing elevated
SIRT activity during or after neonatal HI. The NADase or
cyclic ADP-ribose synthase CD38 decreases NAD+ expres-
sion, and genetic deletion of CD38 shows protective effects
and transient NAD+ decrease after ischemia in adult
animals (Long et al., 2017). However, CD38 deficiency also
leads to changes in the NAD+ metabolism pathway, which
makes the direct link between CD38 reduction and protection
less clear. Recent studies showed a significant effect of a
single dose of NMN on the postischemic hippocampal mito-
chondria NAD+ pools (Klimova et al., 2020a, 2020b).
Taken together, it is likely that elevated PARP activity con-
tributed to the observed decrease in NAD+ protein expression
and that changes in NAD+ levels may have decreased cellular
damage following HI.

We found that NMN, the substrate for NAD+ biosynthesis,
enhanced hippocampal NAD+ levels following HI. This result
is in line with a previous study showing increased intracere-
bral NAD+ in a murine ischemic stroke model following
NMN treatment (Klimova et al., 2020a, 2020b; Zhao et al.,
2015). The subcellular localization of the decrease in NAD+

was not evaluated but is likely mostly nuclear as activation
of PARP1, which causes depletion of NAD+, is mainly
nuclear following HI in neonatal mice (Hagberg et al.,
2004). However, it was recently shown that after transient
ischemia in adult mice, NAD+ was decreased in hippocampal
nonsynaptic mitochondria 4 and 24 h (but not 2 h) postische-
mia (Klimova et al., 2020b). These changes in NAD+ were
reversed by a single dose of NMN immediately after ische-
mia. The detrimental effect of decreased NAD+ in mitochon-
dria was in part mediated by a decrease in SIRT3 activity.
This resulted in an increase in specific mitochondrial protein
acetylation, notably of superoxide dismutase 2, which
caused elevated generation of reactive oxygen species. The
downstream damaging effects included mitochondrial frag-
mentation which was reversed by NMN treatment. More spe-
cifically, NMN reduced the fission active form of Drp1
phosphorylated at serine 616. In contrast, the levels of mitofu-
sin (MFN) 1 and MFN2 were unchanged. It remains to be

found if mitochondrial NAD+ is also reduced in neonatal
animals after HI.

In our study, we found that the protein levels of SIRT6, but
not SIRT1, were reduced in the hippocampus 12 h post-HI in
neonatal mice. This finding is contrary to a previous study
which showed a reduction in SIRT1 expression in the
cortex and hippocampus of neonatal rats following HI
(Carloni et al., 2017). A possible explanation for this might
be the difference in species and severity of HI. The earlier
studies used rats, and HI exposure was more prolonged
(2.5 h of nitrogen–oxygen mixture, 92% and 8%, respec-
tively), while in the current study, mice were exposed to
10% O2 in N2 for 50 min. The decrease in SIRT6 may be
related to oxidative stress in the recovery phase following
HI, possibly initiated by decreased mitochondrial NAD+

and lowered SIRT3 activity (see above). In a study using
high glucose as a model for oxidative stress, downregulation
of SIRT2 and SIRT6 proteins in cell lines was more severely
affected than other SIRTs (including SIRT1) (Yu et al., 2016).
The mechanism by which oxidative stress causes decreased
levels of SIRTs, such as SIRT6, could partly involve elevated
levels of MiR-34a (Baker et al., 2016). Although a change in
protein level does not necessarily extrapolate to decreased
enzymatic activity, reduced levels lead to lowered capacity
compared to the normal situation and it has been shown that
SIRT6 activity indeed is reduced by oxidative stress (Hu
et al., 2015). These findings in combination with the lower
availability of the cofactor NAD+ may contribute to a reduc-
tion in SIRT6 expression as well as reduced activity in the
hippocampus after HI in neonatal mice. In line with our
results, the neuronal expression of SIRT6 protein was
reduced in the cortex and striatum after MCAO in adult rats
(Lee et al., 2013).

Downregulation of SIRT6 has been shown to greatly
enhance translocation of HMGB1 from the nucleus to the cyto-
plasm in stroke models in adult rats (Chen et al., 2019; Zhang
et al., 2016). Neurons are the main cells which show nuclear
translocation of HMGB1 following ischemic brain injury (Liu
et al., 2007). Changes in HMGB1 after HI have been observed
in earlier studies in neonatal mice, rats, and fetal sheep (Chen
et al., 2019; Sun et al., 2019; Zhang et al., 2016), demonstrating
nuclear intracellular translocation immediately after HI, while
HMGB1 release to the extracellular space started several
hours later. Our results corroborate these findings by
showing significant reduction in cytoplasmic HMGB1+
pyramidal cells in CA1 andCA3 subregions of hippocampus
in the NMN group 12 h after HI. Although extracellular
levels were not determined in the current study, the
decreased HMGB1 translocation by NMN suggests
decreased extracellular release which may have contributed
to the neuroprotection observed in our study of neonatal HI.
Cellular translocation of HMGB1 has been suggested as a
possible early marker of brain injury in the adult (Zhang
et al., 2011), which may also be interesting to investigate
in more detail in neonatal animal models.
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An important finding in our study is that the increased tissue
preservation followingNMNtreatment inmice after neonatalHI
was associated with both improved early developmental behav-
iors andmotor andmemory functions at 6weeks of age, suggest-
ing long-lasting beneficial effects of NMN treatment. The
development of the nervous system is reflected by maturation
of neurological reflexes and motor coordination, and impair-
ment of these functions following neonatal HI has been shown
to correlate with brain infarct size (Ten et al., 2003). Brain
injury size was also related to long-lasting learning and
memory impairment following HI in neonatal rats (Ikeda
et al., 2001), while other studies demonstrated a moderate rela-
tion between sensorimotor function and the severity of the brain
damage 5–6 weeks after neonatal HI (Bona et al., 1997).

The protective effects of NMN are likely multifactorial
including effects on SIRT (Klimova & Kristian, 2019).
Based on earlier studies (Hagberg et al., 2004), we hypothe-
size that NAD+ depletion, primarily attributed to nuclear
PARP1 activation following HI, results in decreased level
and activity of SIRT6, which in turn lead to hyperacetylation
of HMGB1 followed by its translocation to the cytoplasm and
later release from the damaged cells. Although the mecha-
nisms leading to nuclear translocation and potential release
of HMGB1 in our study were not investigated in detail, the
effect of restored SIRT6 activity by NMN suggests a direct
link to reduced HMGB1 translocation, similar to that reported
earlier in adult rats following MCAO (Lee et al., 2013). In
support, the importance of HMGB1 in the development of
brain injury after HI in neonatal rodents was demonstrated
by the use of the HMGB1 blocker glycyrrhizin which
reduced HI-induced brain damage (Le et al., 2020; Sun
et al., 2019). Further, we found that the increase in neuroin-
flammation (astrocytes and microglia) in the hippocampus
following HI at age P45 was alleviated by the administration
of NMN. Future studies should clarify the underlying mecha-
nisms that may couple NMN to decreased translocation and
release of the alarmin HMGB1.

Conclusion
This study shows that NMN improves neurological function in
the long term and protects against neonatal HI-induced neuro-
nal cell death, reduces neuroinflammation, restores the levels of
NAD+ and SIRT6, and reduces the nuclear translocation of the
alarmin HMGB1 in the hippocampus of mice. These findings
have significant implications for the understanding of post-HI
signaling in neonatal mice and suggest NMN as a possible
novel treatment target for neonatal HI injury. However,
future studies demonstrating the benefit of NMN in a HI ther-
apeutic hypothermia model will be necessary in order to trans-
late our current findings to practice.
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PARP = poly (ADP-ribose) polymerase
RT = room temperature
SIRT = sirtuin.

Acknowledgments
We really appreciate Sara Ebadi and Romina Afsharipour for helping
with preparing samples and scoring behavioral tests.

Declaration of Conflicting Interests
The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding
The authors disclosed receipt of the following financial support for the
research, authorship, and/or publication of this article: This work was
supported by the Swedish Research Council (VR 2021-01872 to C.M.,
VR 2019-01320 to H.H.), Public Health Service at the Sahlgrenska
University Hospital (ALFGBG-966107 to C.M., ALFGBG-965174
to H.H.), Swedish Brain Foundation (FO2022-0110 to CM,
FO2021-0056 to HH), Åhlen Foundation (C.M.), Stiftelsen Wilhelm
och Martina Lundgrens Vetenskapsfond (2022-3947 to S.M.J.S.),
and Lundbeck Foundation R322-2019-2721 to M.A.).

Data Availability Statement
Raw data were generated at the University of Gothenburg, Institute
of Neuroscience and Physiology. Derived data supporting the find-
ings of this study are available from the corresponding author on
request.

ORCID iD
Maryam Ardalan https://orcid.org/0000-0003-3414-1584

14 ASN Neuro

e 

https://orcid.org/0000-0003-3414-1584
https://orcid.org/0000-0003-3414-1584


Supplemental Material
Supplemental material for this article is available online.

References
Antunes, M., & Biala, G. (2012). The novel object recognition

memory: Neurobiology, test procedure, and its modifications.
Cognitive Processing, 13(2), 93–110. https://doi.org/10.1007/
s10339-011-0430-z

Anzabi, M., Ardalan, M., Iversen, N. K., Rafati, A. H., Hansen, B., &
Østergaard, L. (2018). Hippocampal atrophy following subarach-
noid hemorrhage correlates with disruption of astrocyte morphol-
ogy and capillary coverage by AQP4. Frontiers in Cellular
Neuroscience, 12(19). https://doi.org/10.3389/fncel.2018.00019

Ardalan, M., Chumak, T., Quist, A., Hermans, E., Rafati, A. H.,
Gravina, G., Shiadeh, S. M. J., Svedin, P., Alabaf, S., Hansen,
B., Wegener, G., Westberg, L., & Mallard, C. (2022). Reelin
cells and sex-dependent synaptopathology in autism following
postnatal immune activation. Brit J Pharmacol, 179(17), 4400–
4422. https://doi.org/10.1111/bph.15859

Azzopardi, D., Strohm, B., Marlow, N., Brocklehurst, P., Deierl, A.,
Eddama, O., Goodwin, J., Halliday, H. L., Juszczak, E.,
Kapellou, O., Levene, M., Linsell, L., Omar, O., Thoresen, M.,
Tusor, N., Whitelaw, A., Edwards, A. D., & Group, T. S.
(2014). Effects of hypothermia for perinatal asphyxia on child-
hood outcomes. New England Journal of Medicine, 371(12),
140–149. https://doi.org/10.1056/NEJMoa1315788

Baker, J. R., Vuppusetty, C., Colley, T., Papaioannou, A. I.,
Fenwick, P., Donnelly, L., Ito, K., & Barnes, P. J. (2016).
Oxidative stress dependent microRNA-34a activation via
PI3Kalpha reduces the expression of sirtuin-1 and sirtuin-6 in epi-
thelial cells. Scientific Reports, 6(35871). https://doi.org/10.1038/
srep35871

Belenky, P., Bogan, K. L., & Brenner, C. (2007). NAD+metabolism
in health and disease. Trends in Biochemical Sciences, 32(1), 12–
19. https://doi.org/10.1016/j.tibs.2006.11.006

Bona, E., Johansson, B. B., & Hagberg, H. (1997). Sensorimotor func-
tion and neuropathology five to six weeks after hypoxia-ischemia
in seven-day-old rats. Pediatric Research, 42(5), 678–683.
https://doi.org/10.1203/00006450-199711000-00021

Carloni, S., Riparini, G., Buonocore, G., & Balduini, W. (2017).
Rapid modulation of the silent information regulator 1 by melato-
nin after hypoxia-ischemia in the neonatal rat brain. Journal of
Pineal Research, 63(3), 1–11. https://doi.org/10.1111/jpi.12434

Chen, X., Zhang, J., Kim, B., Jaitpal, S., Meng, S. S., Adjepong, K.,
Imamura, S., Wake, H., Nishibori, M., Stopa, E. G., &
Stonestreet, B. S. (2019). High-mobility group box-1 transloca-
tion and release after hypoxic ischemic brain injury in neonatal
rats. Experimental Neurology, 311, 1–14. https://doi.org/10.
1016/j.expneurol.2018.09.007

Chow, S.-C., Shao, J., Wang, H., & Lokhnygina, Y. (2017). Sample
size calculations in clinical research (3rd ed., P. 5). Chapman and
Hall/CRC. https://doi.org/10.1201/9781315183084

Di Stefano, M et al. (2015) A rise in NAD precursor nicotinamide
mononucleotide (NMN) after injury promotes axon degeneration.
Cell Death & Differentiation, 22(5), 731–742. https://doi.org/10.
1038/cdd.2014.164

Feather-Schussler, D. N., & Ferguson, T. S. (2016). A battery of
motor tests in a neonatal mouse model of cerebral palsy.

Journal of Visualized Experiments, 3(117), 53569. https://doi.
org/10.3791/53569

Feng, Y., Paul, I. A., & LeBlanc, M. H. (2006). Nicotinamide
reduces hypoxic ischemic brain injury in the newborn rat.
Brain Research Bulletin, 69(2), 117–122. https://doi.org/10.
1016/j.brainresbull.2005.11.011

Ferriero, D. M. (2004). Neonatal brain injury. New England Journal
of Medicine, 351(19), 1985–1995. https://doi.org/10.1056/
NEJMra041996

Gluckman, P. D., Wyatt, J. S., Azzopardi, D., Ballard, R., Edwards,
A. D., Ferriero, D. M., Polin, R. A., Robertson, C. M., Thoresen,
M., Whitelaw, A., & Gunn, A. J. (2005). Selective head cooling
with mild systemic hypothermia after neonatal encephalopathy:
Multicentre randomised trial. Lancet, 365(9460), 663–670.
https://doi.org/10.1016/S0140-6736(05)17946-X

Gustavsson, M., Anderson, M. F., Mallard, C., & Hagberg, H.
(2005). Hypoxic preconditioning confers long-term reduction of
brain injury and improvement of neurological ability in immature
rats. Pediatric Research, 57(2), 305–309. https://doi.org/10.1203/
01.PDR.0000151122.58665.70

Hagberg, H., Mallard, C., Rousset, C. I., & Thornton, C. (2014).
Mitochondria: Hub of injury responses in the developing brain.
Lancet Neurology, 13(2), 217–232. https://doi.org/10.1016/
S1474-4422(13)70261-8

Hagberg, H., Wilson, M. A., Matsushita, H., Zhu, C., Lange, M.,
Gustavsson, M., Poitras, M. F., Dawson, T. M., Dawson, V. L.,
Northington, F., & Johnston, M. V. (2004). PARP-1 gene disrup-
tion in mice preferentially protects males from perinatal brain
injury. Journal of Neurochemistry, 90(5), 1068–1075. https://
doi.org/10.1111/j.1471-4159.2004.02547.x

Hattori, Y., Okamoto, Y., Maki, T., Yamamoto, Y., Oishi, N.,
Yamahara, K., Nagatsuka, K., Takahashi, R., Kalaria, R. N.,
Fukuyama, H., Kinoshita, M., & Ihara, M. (2014). Silent informa-
tion regulator 2 homolog 1 counters cerebral hypoperfusion injury
by deacetylating endothelial nitric oxide synthase. Stroke, 45(11),
3403–3411. https://doi.org/10.1161/STROKEAHA.114.006265

Hedtjarn, M., Leverin, A. L., Eriksson, K., Blomgren, K., Mallard,
C., & Hagberg, H. (2002). Interleukin-18 involvement in
hypoxic-ischemic brain injury. Journal of Neuroscience,
22(14), 5910–5919. https://doi.org/10.1523/JNEUROSCI.22-14-
05910.2002

Hernandez-Jimenez, M., Hurtado, O., Cuartero, M. I., Ballesteros, I.,
Moraga, A., Pradillo, J. M., McBurney, M. W., Lizasoain, I., &
Moro, M. A. (2013). Silent information regulator 1 protects the
brain against cerebral ischemic damage. Stroke, 44(8), 2333–
2337. https://doi.org/10.1161/STROKEAHA.113.001715

Hu, S., Liu, H., Ha, Y., Luo, X., Motamedi, M., Gupta, M. P., Ma, J.
X., Tilton, R. G., & Zhang, W. (2015). Posttranslational modifi-
cation of Sirt6 activity by peroxynitrite. Free Radical Biology &
Medicine, 79, 176–185. https://doi.org/10.1016/j.freeradbiomed.
2014.11.011

Ikeda, T., Mishima, K., Yoshikawa, T., Iwasaki, K., Fujiwara, M.,
Xia, Y. X., & Ikenoue, T. (2001). Selective and long-term learn-
ing impairment following neonatal hypoxic-ischemic brain insult
in rats. Behavioural Brain Research, 118(1), 17–25. https://doi.
org/10.1016/S0166-4328(00)00287-4

Imai, S., Armstrong, C. M., Kaeberlein, M., & Guarente, L. (2000).
Transcriptional silencing and longevity protein Sir2 is an
NAD-dependent histone deacetylase. Nature, 403(6771), 795–
800. https://doi.org/10.1038/35001622

Kawamura et al. 15

https://doi.org/10.1007/s10339-011-0430-z
https://doi.org/10.1007/s10339-011-0430-z
https://doi.org/10.1007/s10339-011-0430-z
https://doi.org/10.3389/fncel.2018.00019
https://doi.org/10.3389/fncel.2018.00019
https://doi.org/10.1111/bph.15859
https://doi.org/10.1111/bph.15859
https://doi.org/10.1056/NEJMoa1315788
https://doi.org/10.1056/NEJMoa1315788
https://doi.org/10.1038/srep35871
https://doi.org/10.1038/srep35871
https://doi.org/10.1038/srep35871
https://doi.org/10.1016/j.tibs.2006.11.006
https://doi.org/10.1016/j.tibs.2006.11.006
https://doi.org/10.1203/00006450-199711000-00021
https://doi.org/10.1203/00006450-199711000-00021
https://doi.org/10.1111/jpi.12434
https://doi.org/10.1111/jpi.12434
https://doi.org/10.1016/j.expneurol.2018.09.007
https://doi.org/10.1016/j.expneurol.2018.09.007
https://doi.org/10.1016/j.expneurol.2018.09.007
https://doi.org/10.1038/cdd.2014.164
https://doi.org/10.1038/cdd.2014.164
https://doi.org/10.1038/cdd.2014.164
https://doi.org/10.3791/53569
https://doi.org/10.3791/53569
https://doi.org/10.1016/j.brainresbull.2005.11.011
https://doi.org/10.1016/j.brainresbull.2005.11.011
https://doi.org/10.1016/j.brainresbull.2005.11.011
https://doi.org/10.1056/NEJMra041996
https://doi.org/10.1056/NEJMra041996
https://doi.org/10.1056/NEJMra041996
https://doi.org/10.1016/S0140-6736(05)17946-X
https://doi.org/10.1016/S0140-6736(05)17946-X
https://doi.org/10.1203/01.PDR.0000151122.58665.70
https://doi.org/10.1203/01.PDR.0000151122.58665.70
https://doi.org/10.1203/01.PDR.0000151122.58665.70
https://doi.org/10.1016/S1474-4422(13)70261-8
https://doi.org/10.1016/S1474-4422(13)70261-8
https://doi.org/10.1016/S1474-4422(13)70261-8
https://doi.org/10.1111/j.1471-4159.2004.02547.x
https://doi.org/10.1111/j.1471-4159.2004.02547.x
https://doi.org/10.1111/j.1471-4159.2004.02547.x
https://doi.org/10.1161/STROKEAHA.114.006265
https://doi.org/10.1161/STROKEAHA.114.006265
https://doi.org/10.1523/JNEUROSCI.22-14-05910.2002
https://doi.org/10.1523/JNEUROSCI.22-14-05910.2002
https://doi.org/10.1523/JNEUROSCI.22-14-05910.2002
https://doi.org/10.1161/STROKEAHA.113.001715
https://doi.org/10.1161/STROKEAHA.113.001715
https://doi.org/10.1016/j.freeradbiomed.2014.11.011
https://doi.org/10.1016/j.freeradbiomed.2014.11.011
https://doi.org/10.1016/j.freeradbiomed.2014.11.011
https://doi.org/10.1016/S0166-4328(00)00287-4
https://doi.org/10.1016/S0166-4328(00)00287-4
https://doi.org/10.1016/S0166-4328(00)00287-4
https://doi.org/10.1038/35001622
https://doi.org/10.1038/35001622


Kim, J. B., Lim, C. M., Yu, Y. M., & Lee, J. K. (2008). Induction and
subcellular localization of high-mobility group box-1 (HMGB1)
in the postischemic rat brain. Journal of Neuroscience
Research, 86(5), 1125–1131. https://doi.org/10.1002/jnr.21555

Kim, J. B., Sig Choi, J., Yu, Y. M., Nam, K., Piao, C. S., Kim, S. W.,
Lee, M. H., Han, P. L., Park, J. S., & Lee, J. K. (2006). HMGB1,
a novel cytokine-like mediator linking acute neuronal death and
delayed neuroinflammation in the postischemic brain. Journal
of Neuroscience, 26(24), 6413–6421. https://doi.org/10.1523/
JNEUROSCI.3815-05.2006

Klimova, N., Fearnow, A., & Kristian, T. (2020a). Role of
NAD(+)-modulated mitochondrial free radical generation in
mechanisms of acute brain injury. Brain Sciences, 10(7), 449.
https://doi.org/10.3390/brainsci10070449

Klimova, N., Fearnow, A., Long, A., & Kristian, T. (2020b).
NAD(+) precursor modulates post-ischemic mitochondrial frag-
mentation and reactive oxygen species generation via SIRT3
dependent mechanisms. Experimental Neurology, 325(113144).
. https://doi.org/10.1016/j.expneurol.2019.113144

Klimova, N., & Kristian, T. (2019). Multi-targeted effect of nicotin-
amide mononucleotide on brain bioenergetic metabolism.
Neurochemical Research, 44(10), 2280–2287. https://doi.org/
10.1007/s11064-019-02729-0

Kurinczuk, J. J., White-Koning, M., & Badawi, N. (2010).
Epidemiology of neonatal encephalopathy and hypoxic-ischaemic
encephalopathy. Early Human Development, 86(6), 329–338.
https://doi.org/10.1016/j.earlhumdev.2010.05.010

Landry, J., Sutton, A., Tafrov, S. T., Heller, R. C., Stebbins, J.,
Pillus, L., & Sternglanz, R. (2000). The silencing protein SIR2
and its homologs are NAD-dependent protein deacetylases.
Proceedings of the National Academy of Sciences of the United
States of America, 97(11), 5807–5811. https://doi.org/10.1073/
pnas.110148297

Le, K., Wu, S., Chibaatar, E., Ali, A. I., & Guo, Y. (2020). Alarmin
HMGB1 plays a detrimental role in hippocampal dysfunction
caused by hypoxia-ischemia insult in neonatal mice: Evidence
from the application of the HMGB1 inhibitor glycyrrhizin. ACS
Chemical Neuroscience, 11(6), 979–993. https://doi.org/10.
1021/acschemneuro.0c00084

Lee, O. H., Kim, J., Kim, J. M., Lee, H., Kim, E. H., Bae, S. K., Choi,
Y., Nam, H. S., & Heo, J. H. (2013). Decreased expression of
sirtuin 6 is associated with release of high mobility group
box-1 after cerebral ischemia. Biochemical and Biophysical
Research Communications, 438(2), 388–394. https://doi.org/10.
1016/j.bbrc.2013.07.085

Leger, M., Quiedeville, A., Bouet, V., Haelewyn, B., Boulouard, M.,
Schumann-Bard, P., & Freret, T. (2013). Object recognition test
in mice. Nature Protocols, 8(12), 2531–2537. https://doi.org/10.
1038/nprot.2013.155

Li, W., & Sauve, A. A (2015) NAD+ content and its role in mito-
chondria. In Methods In Molecular Biology (Vol. 1241, pp. 39–
48). Clifton, NJ and New York, NY: Humana Press.. https://
doi.org/10.1007/978-1-4939-1875-1_4

Liberale, L., et al. (2020). Endothelial SIRT6 blunts stroke size and
neurological deficit by preserving blood-brain barrier integrity: A
translational study. European Heart Journal, 41(16), 1575–1587.
https://doi.org/10.1093/eurheartj/ehz712

Liu, D., Gharavi, R., Pitta, M., Gleichmann, M., & Mattson, M. P.
(2009). Nicotinamide prevents NAD+ depletion and protects
neurons against excitotoxicity and cerebral ischemia: NAD+

consumption by SIRT1 may endanger energetically compro-
mised neurons. Neuromolecular Medicine, 11(1), 28–42. https://
doi.org/10.1007/s12017-009-8058-1

Liu, K., Mori, S., Takahashi, H. K., Tomono, Y., Wake, H., Kanke,
T., Sato, Y., Hiraga, N., Adachi, N., Yoshino, T., & Nishibori, M.
(2007). Anti-high mobility group box 1 monoclonal antibody
ameliorates brain infarction induced by transient ischemia in
rats. FASEB Journal, 21(14), 3904–3916. https://doi.org/10.
1096/fj.07-8770com

Long, A., Park, J. H., Klimova, N., Fowler, C., Loane, D. J., &
Kristian, T. (2017). CD38 knockout mice show significant pro-
tection against ischemic brain damage despite high level
poly-ADP-ribosylation. Neurochemical Research, 42(1), 283–
293. https://doi.org/10.1007/s11064-016-2031-9

Ma, Y., Nie, H., Chen, H., Li, J., Hong, Y., Wang, B., Wang, C.,
Zhang, J., Cao, W., Zhang, M., Xu, Y., Ding, X., Yin, S. K.,
Qu, X., & Ying, W. (2015). NAD(+)/NADH metabolism and
NAD(+)-dependent enzymes in cell death and ischemic brain
injury: Current advances and therapeutic implications. Current
Medicinal Chemistry, 22(10), 1239–1247. https://doi.org/10.
2174/0929867322666150209154420

Merenmies, J., Pihlaskari, R., Laitinen, J., Wartiovaara, J., &
Rauvala, H. (1991). 30-kDa heparin-binding protein of brain
(amphoterin) involved in neurite outgrowth. Amino acid
sequence and localization in the filopodia of the advancing
plasma membrane. Journal of Biological Chemistry, 266(25),
16722–16729. https://doi.org/10.1016/S0021-9258(18)55361-8

Mills, K. F., Yoshida, S., Stein, L. R., Grozio, A., Kubota, S., Sasaki,
Y., Redpath, P., Migaud, M. E., Apte, R. S., Uchida, K., Yoshino,
J., & Imai, S. I. (2016). Long-term administration of nicotinamide
mononucleotide mitigates age-associated physiological decline in
mice. Cell Metabolism, 24(6), 795–806. https://doi.org/10.1016/j.
cmet.2016.09.013

Owens, K., Park, J. H., Schuh, R., & Kristian, T. (2013). Mitochondrial
dysfunction and NAD(+) metabolism alterations in the pathophysi-
ology of acute brain injury. Translational Stroke Research, 4(6),
618–634. https://doi.org/10.1007/s12975-013-0278-x

Park, J. H., Long, A., Owens, K., & Kristian, T. (2016).
Nicotinamide mononucleotide inhibits post-ischemic NAD(+)
degradation and dramatically ameliorates brain damage following
global cerebral ischemia. Neurobiology of Disease, 95, 102–110.
https://doi.org/10.1016/j.nbd.2016.07.018

Revollo, J. R., Grimm, A. A., & Imai, S. (2004). The NAD biosyn-
thesis pathway mediated by nicotinamide phosphoribosyltrans-
ferase regulates Sir2 activity in mammalian cells. Journal of
Biological Chemistry, 279(49), 50754–50763. https://doi.org/10.
1074/jbc.M408388200

Rice, J. E 3rd, Vannucci, R. C, & Brierley, J. B (1981) The influence of
immaturity on hypoxic-ischemic brain damage in the rat. Annals of
Neurology, 9(2), 131–141. https://doi.org/10.1002/ana.410090206

She, D. T., Jo, D. G., & Arumugam, T. V. (2017). Emerging roles of
sirtuins in ischemic stroke. Transl Stroke Res, 8, 405–423. https://
doi.org/10.1007/s12975-017-0544-4

Sivakumaran, M. H., Mackenzie, A. K., Callan, I. R., Ainge, J. A., &
O’Connor, A. R. (2018). The discrimination ratio derived from
novel object recognition tasks as a measure of recognition
memory sensitivity, not bias. Scientific Reports, 8(1), 11579.
https://doi.org/10.1038/s41598-018-30030-7

Sun, Y., Hei, M., Fang, Z., Tang, Z., Wang, B., & Hu, N. (2019)
High-mobility group box 1 contributes to cerebral cortex injury

16 ASN Neuro

https://doi.org/10.1002/jnr.21555
https://doi.org/10.1002/jnr.21555
https://doi.org/10.1523/JNEUROSCI.3815-05.2006
https://doi.org/10.1523/JNEUROSCI.3815-05.2006
https://doi.org/10.1523/JNEUROSCI.3815-05.2006
https://doi.org/10.3390/brainsci10070449
https://doi.org/10.3390/brainsci10070449
https://doi.org/10.1016/j.expneurol.2019.113144
https://doi.org/10.1016/j.expneurol.2019.113144
https://doi.org/10.1007/s11064-019-02729-0
https://doi.org/10.1007/s11064-019-02729-0
https://doi.org/10.1007/s11064-019-02729-0
https://doi.org/10.1016/j.earlhumdev.2010.05.010
https://doi.org/10.1016/j.earlhumdev.2010.05.010
https://doi.org/10.1073/pnas.110148297
https://doi.org/10.1073/pnas.110148297
https://doi.org/10.1073/pnas.110148297
https://doi.org/10.1021/acschemneuro.0c00084
https://doi.org/10.1021/acschemneuro.0c00084
https://doi.org/10.1021/acschemneuro.0c00084
https://doi.org/10.1016/j.bbrc.2013.07.085
https://doi.org/10.1016/j.bbrc.2013.07.085
https://doi.org/10.1016/j.bbrc.2013.07.085
https://doi.org/10.1038/nprot.2013.155
https://doi.org/10.1038/nprot.2013.155
https://doi.org/10.1038/nprot.2013.155
https://doi.org/10.1007/978-1-4939-1875-1_4
https://doi.org/10.1007/978-1-4939-1875-1_4
https://doi.org/10.1007/978-1-4939-1875-1_4
https://doi.org/10.1093/eurheartj/ehz712
https://doi.org/10.1093/eurheartj/ehz712
https://doi.org/10.1007/s12017-009-8058-1
https://doi.org/10.1007/s12017-009-8058-1
https://doi.org/10.1007/s12017-009-8058-1
https://doi.org/10.1096/fj.07-8770com
https://doi.org/10.1096/fj.07-8770com
https://doi.org/10.1096/fj.07-8770com
https://doi.org/10.1007/s11064-016-2031-9
https://doi.org/10.1007/s11064-016-2031-9
https://doi.org/10.2174/0929867322666150209154420
https://doi.org/10.2174/0929867322666150209154420
https://doi.org/10.2174/0929867322666150209154420
https://doi.org/10.1016/S0021-9258(18)55361-8
https://doi.org/10.1016/S0021-9258(18)55361-8
https://doi.org/10.1016/j.cmet.2016.09.013
https://doi.org/10.1016/j.cmet.2016.09.013
https://doi.org/10.1016/j.cmet.2016.09.013
https://doi.org/10.1007/s12975-013-0278-x
https://doi.org/10.1007/s12975-013-0278-x
https://doi.org/10.1016/j.nbd.2016.07.018
https://doi.org/10.1016/j.nbd.2016.07.018
https://doi.org/10.1074/jbc.M408388200
https://doi.org/10.1074/jbc.M408388200
https://doi.org/10.1074/jbc.M408388200
https://doi.org/10.1002/ana.410090206
https://doi.org/10.1002/ana.410090206
https://doi.org/10.1007/s12975-017-0544-4
https://doi.org/10.1007/s12975-017-0544-4
https://doi.org/10.1038/s41598-018-30030-7
https://doi.org/10.1038/s41598-018-30030-7


in a neonatal hypoxic-ischemic rat model by regulating the phe-
notypic polarization of microglia. Frontiers in Cellular
Neuroscience, 13(506). https://doi.org/10.3389/fncel.2019.00506

Svedin, P., Hagberg, H., Savman, K., Zhu, C., & Mallard, C. (2007).
Matrix metalloproteinase-9 gene knock-out protects the immature
brain after cerebral hypoxia-ischemia. Journal of Neuroscience,
27(7), 1511–1518. https://doi.org/10.1523/JNEUROSCI.4391-
06.2007

Ten, V. S., Bradley-Moore, M., Gingrich, J. A., Stark, R. I., & Pinsky,
D. J. (2003). Brain injury and neurofunctional deficit in neonatal
mice with hypoxic-ischemic encephalopathy. Behavioural Brain
Research, 145(1–2), 209–219. https://doi.org/10.1016/S0166-
4328(03)00146-3

Ulloa, L., &Messmer, D. (2006). High-mobility group box 1 (HMGB1)
protein: Friend and foe. Cytokine & Growth Factor Reviews, 17(3),
189–201. https://doi.org/10.1016/j.cytogfr.2006.01.003

Vexler, Z. S., & Ferriero, D. M. (2001). Molecular and biochemical
mechanisms of perinatal brain injury. Seminars in Neonatology,
6(2), 99–108. https://doi.org/10.1053/siny.2001.0041

Wang, H., Bloom, O., Zhang, M., Vishnubhakat, J. M., Ombrellino,
M., Che, J., Frazier, A., Yang, H., Ivanova, S., Borovikova, L.,
Manogue, K. R., Faist, E., Abraham, E., Andersson, J.,
Andersson, U., Molina, P. E., Abumrad, N. N., Sama, A., &
Tracey, K. J. (1999). HMG-1 as a late mediator of endotoxin
lethality in mice. Science, 285(5425), 248–251. https://doi.org/
10.1126/science.285.5425.248

Wang, X., Karlsson, J. O., Zhu, C., Bahr, B. A., Hagberg, H., &
Blomgren, K. (2001). Caspase-3 activation after neonatal rat cere-
bral hypoxia-ischemia. Biology of the Neonate, 79(3–4), 172–
179. https://doi.org/10.1159/000047087

Yu, J.,Wu,Y.,&Yang, P. (2016).Highglucose-inducedoxidative stress
represses sirtuin deacetylase expression and increases histone acety-
lation leading to neural tube defects. Journal of Neurochemistry,
137(3), 371–383. https://doi.org/10.1111/jnc.13587

Zhang, J., Klufas, D., Manalo, K., Adjepong, K., Davidson, J. O.,
Wassink, G., Bennet, L., Gunn, A. J., Stopa, E. G., Liu, K.,
Nishibori, M., & Stonestreet, B. S. (2016). HMGB1 translocation
after ischemia in the ovine fetal brain. Journal of Neuropathology
& Experimental Neurology, 75(6), 527–538. https://doi.org/10.
1093/jnen/nlw030

Zhang, J., Takahashi, H. K., Liu, K., Wake, H., Liu, R., Maruo, T.,
Date, I., Yoshino, T., Ohtsuka, A., Mori, S., & Nishibori, M.
(2011). Anti-high mobility group box-1 monoclonal antibody
protects the blood-brain barrier from ischemia-induced disruption
in rats. Stroke, 42(5), 1420–1428. https://doi.org/10.1161/
STROKEAHA.110.598334

Zhao, Y., Guan, Y. F., Zhou, X. M., Li, G. Q., Li, Z. Y., Zhou,
C. C., Wang, P., & Miao, C. Y. (2015). Regenerative neuro-
genesis after ischemic stroke promoted by nicotinamide
phosphoribosyltransferase-nicotinamide adenine dinucleo-
tide cascade. Stroke, 46(7), 1966–1974. https://doi.org/10.
1161/STROKEAHA.115.009216

Kawamura et al. 17

https://doi.org/10.3389/fncel.2019.00506
https://doi.org/10.3389/fncel.2019.00506
https://doi.org/10.1523/JNEUROSCI.4391-06.2007
https://doi.org/10.1523/JNEUROSCI.4391-06.2007
https://doi.org/10.1523/JNEUROSCI.4391-06.2007
https://doi.org/10.1016/S0166-4328(03)00146-3
https://doi.org/10.1016/S0166-4328(03)00146-3
https://doi.org/10.1016/S0166-4328(03)00146-3
https://doi.org/10.1016/j.cytogfr.2006.01.003
https://doi.org/10.1016/j.cytogfr.2006.01.003
https://doi.org/10.1053/siny.2001.0041
https://doi.org/10.1053/siny.2001.0041
https://doi.org/10.1126/science.285.5425.248
https://doi.org/10.1126/science.285.5425.248
https://doi.org/10.1126/science.285.5425.248
https://doi.org/10.1159/000047087
https://doi.org/10.1159/000047087
https://doi.org/10.1111/jnc.13587
https://doi.org/10.1111/jnc.13587
https://doi.org/10.1093/jnen/nlw030
https://doi.org/10.1093/jnen/nlw030
https://doi.org/10.1093/jnen/nlw030
https://doi.org/10.1161/STROKEAHA.110.598334
https://doi.org/10.1161/STROKEAHA.110.598334
https://doi.org/10.1161/STROKEAHA.110.598334
https://doi.org/10.1161/STROKEAHA.115.009216
https://doi.org/10.1161/STROKEAHA.115.009216
https://doi.org/10.1161/STROKEAHA.115.009216


1 
 

Supplementary Figure 1. Schematic illustration of study design  
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