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Abstract
We have recently reported that global perinatal asphyxia (PA) induces a regionally sustained increase in oxidized glutathione
(GSSG) levels and GSSG/GSH ratio, a decrease in tissue-reducing capacity, a decrease in catalase activity, and an increase in
apoptotic caspase-3-dependent cell death in rat neonatal brain up to 14 postnatal days, indicating a long-term impairment in redox
homeostasis. In the present study, we evaluated whether the increase in GSSG/GSH ratio observed in hippocampus involves
changes in glutathione reductase (GR) and glutathione peroxidase (GPx) activity, the enzymes reducing glutathione disulfide
(GSSG) and hydroperoxides, respectively, as well as catalase, the enzyme protecting against peroxidation. The study also
evaluated whether there is a shift in the metabolism towards the penthose phosphate pathway (PPP), by measuring TIGAR,
the TP53-inducible glycolysis and apoptosis regulator, associated with delayed cell death, further monitoring calpain activity,
involved in bax-dependent cell death, and XRCC1, a scaffolding protein interacting with genome sentinel proteins. Global PA
was induced by immersing fetus-containing uterine horns removed by a cesarean section from on term rat dams into a water bath
at 37 °C for 21 min. Asphyxia-exposed and sibling cesarean-delivered fetuses were manually resuscitated and nurtured by
surrogate dams. Animals were euthanized at postnatal (P) days 1 or 14, dissecting samples from hippocampus to be assayed
for glutathione, GR, GPx (all by spectrophotometry), catalase (Western blots and ELISA), TIGAR (Western blots), calpain
(fluorescence), and XRCC1 (Western blots). One hour after delivery, asphyxia-exposed and control neonates were injected with
either 100 μl saline or 0.8 mmol/kg nicotinamide, i.p., shown to protect from the short- and long-term consequences of PA. It was
found that global PA produced (i) a sustained increase of GSSG levels and GSSG/GSH ratio at P1 and P14; (ii) a decrease of GR,
GPx, and catalase activity at P1 and P14; (iii) a decrease at P1, followed by an increase at P14 of TIGAR levels; (iv) an increase of
calpain activity at P14; and (v) an increase of XRCC1 levels, but only at P1. (vi) Nicotinamide prevented the effect of PA on
GSSG levels and GSSG/GSH ratio, and on GR, GPx, and catalase activity, also on increased TIGAR levels and calpain activity
observed at P14. The present study demonstrates that the long-term impaired redox homeostasis observed in the hippocampus of
rats subjected to global PA implies changes in GR, GPx, and catalase, and a shift towards PPP, as indicated by an increase of
TIGAR levels at P14.
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Abbreviations
Ac-LLY-AFC Ac-Leu-Leu-Tyr-7-amino-

4-trifluoromethylcoumarin
AFC 7-amino-4-trifluoromethylcoumarin
AIF Apoptosis inducing factor
AS Asphyxia-exposed rats
a.u. Arbitrary units
Bax Bcl-2 associated X protein apoptosis

regulator
Bid BH3 interacting domain death agonist
BCA Bicinchoninic acid
BSA Bovine serum albumin
C Cerebellum
CS Control saline rats
DTNB 5, 5′-Dithio-bis-[2-nitrobenzoic acid]
DTT Dithiothreitol
ΔA Changes in absorbance per minute
EDTA Ethylenediaminetetraacetic acid
EGTA Ethylene glycol-bis

(β-aminoethylether)-N, N, N′,
N′-tetraacetic acid

ELISA Enzyme-linked immunosorbent assay
GPx Glutathione peroxidase
GR Glutathione reductase
GSH Reduced glutathione
GSSG Oxidized glutathione
G22 Gestation day 22
HI Hypoxic-ischemic
HIE Hypoxic-ischemia encephalopathy
HRP Horseradish peroxidase
H2O2 Hydrogen peroxide
H2Od Distillated water
HK2 Hexokinase 2
i.p Intraperitoneal injection
IgG (H + L) Immunoglobulin type G

(Heavy + Light chains)
mU/mL Milliunits enzymatic per milliliter
NaCl Sodium chloride
NAD+ Oxidized nicotinamide adenine dinucleotide
NADH Reduced nicotinamide adenine dinucleotide
NADP+ Oxidized β-Nicotinamide adenine

dinucleotide 2′-phosphate
NADPH Reduced β-Nicotinamide adenine

dinucleotide 2′-phosphate
NADK NAD+ kinase
NaF Sodium fluoride
NAMPT Nicotinamide phosphoribosyltransferase
Nico Nicotinamide

NMNAT Nicotinamide mononucleotide
adenyltransferase

NMN Nicotinamide mononucleotide
PA Perinatal asphyxia
PARP1 Poly(ADP-ribose) polymerase 1
PBS Phosphate buffer saline
PK Pyruvate kinase
PMSF Phenylmethylsulfonyl fluoride
PFK1 Phosphofructokinase 1
PPP Pentose phosphate pathway
P Postnatal day
TP53 Tumor protein p53
p53 Cellular tumor antigen p53
RE Reticulum endoplasmic
RIPA Radio-immune precipitation

assay buffer
ROS Reactive oxygen species
R5P Ribulose-5-phosphate
SEM Standard error of the means
SOD Superoxide dismutase
SDS Sodium dodecyl sulfate
SDS-PAGE Sodium dodecyl sulfate

polyacrylamide gel
SSBR Single-strand break DNA
TIGAR TP53-induced glycolysis

and apoptosis regulator
Tris-HCl Tris(hydroxymethyl)aminoethane-chloride

acid buffer
TBST Tris-buffered saline containing 0.1%

Tween-20
TNF-alpha Tumor necrosis factor alpha
U/ml Units enzymatic per milliliter
Veh Vehicle
WB Western blots
XIAP X-linked inhibitor of apoptosis protein
XRCC1 X-ray repair cross-complementing protein 1

Introduction

Interruption of oxygen viability, as result of impaired placental
gas exchange at labor or delay/interruption of autonomous
pulmonary respiration at delivery, is a clinical condition
known as perinatal asphyxia (PA) (see Herrera-Marschitz
et al. 2011). PA may result in fetal demise, neonatal death,
or long-term neurological deficits affecting neonate’s survi-
vors. The brain damage induced by PA is known as
hypoxic-ischemic encephalopathy (HIE) and is a major cause
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of mortality and morbidity in neonates. The severity and neu-
rological manifestations of HIE depend upon the duration of
the hypoxic insult and the age of the affected fetus/baby,
resulting in a different profile of brain damage, affecting
brainstem and mesencephalic nuclei, basal ganglia, and/or
cortical areas, including hippocampus (Swarte et al. 2009).

Several molecular defenses are activated immediately, dur-
ing and/or after the re-oxygenation period, making survival
possible, but also impairing brain development, or even
worse, inducing brain damage, days, weeks, or months after
birth, consolidating the neurological dysfunction observed in
PA-exposed neonates (see Fleiss and Gressens 2012; Hassell
et al. 2015; Hagberg et al. 2016). The energetic deficit induced
by oxygen deprivation and the oxidative stress produced by
the compulsory re-oxygenation alters brain metabolism, trig-
gering a cascade of events affecting recovery and brain devel-
opment. Several molecular events can be listed, including
glutamate- and Ca+2 -homeostasis, excitotoxicity, mitochon-
drial failure, generation of free radicals and oxidative species,
and pro-inflammatory molecules (see Blomgren and Hagberg
2005; Liu and McCullough 2013; Herrera-Marschitz et al.
2018; Leaw et al. 2017). These cascades will affect brain
regions differently, depending upon their energetic require-
ments and developmental stages, making especially vulnera-
ble regions at a spur of development when the metabolic insult
occurs, defining windows of vulnerability for different brain
regions (see Marriott et al. 2017), the hippocampus shown to
be a particularly vulnerable region at neonatal stages (Morales
et al. 2005, 2008, 2010).

We have recently reported that global PA affects rat neona-
tal brain, inducing a sustained oxidative stress, reflected by an
increase of oxidized glutathione (GSSG) levels and GSSG/
GSH ratio; together with a decrease in tissue-reducing capac-
ity, and catalase activity, resulting in apoptotic caspase-3-
dependent cell death, mainly in mesencephalon and hippo-
campus, indicating a long-term, region specific, impairment
in redox homeostasis (Lespay-Rebolledo et al. 2018).

In the present study, we investigated whether the sustained
oxidative stress in hippocampus observed after PA implies
regulation of antioxidant enzymes and NAD+ and NADP+

viability, since the antioxidant machinery is promoted by the
thioredoxin/peroxiredoxin and glutathione systems, sustained
by nicotinamide adenine dinucleotide phosphate (NADPH),
which is yielded by the shunt of glucose-6-phosphate to the
pentose phosphate pathway (PPP), whose flux is enhanced by
the TP53-induced glycolysis and apoptosis regulator
(TIGAR) (Bensaad et al. 2006). The PPP generates NADPH
and ribose 5-phosphates (R5P), required for nucleotide syn-
thesis, DNA repair, cell proliferation, and growth (Bensaad
et al. 2006). NADPH is also required for GSH generation,
and for providing energy preserving mitochondrial function,
via glutathione reductase (GR). Furthermore, GSH is the elec-
tron donor for reduction of detrimental peroxides by

glutathione peroxidase (GPx), in synergy with catalase
(Dringen and Hamprecht 1997, Dringen 2000; see Stincone
et al. 2015). Thus, we have investigated the effect of PA on
glutathione, GR, GPx, catalase, and TIGAR levels evaluated
at postnatal days 1 and 14, a critical period for brain rat
development.

Global PA leads to apoptotic-like cell death, with a region-
dependent time course (Morales et al. 2005, 2008). In hippo-
campus, nuclear Hoechst staining positive apoptosis has been
observed up to 1 month after delivery in PA-exposed animals
(Morales et al. 2008), while increase in cleaved caspase-3 has
only been observed at P1 and P7 in PA-exposed rat neonates
(Lespay-Rebolledo et al. 2018), suggesting that a caspase-3-
independent-delayed cell death can also occur. Thus, we have
evaluated here the effect of PA on calpain activity, shown to
play a synergism with caspase-3 (Blomgren et al. 2001), also
associated to caspase-3 independent, but bax-dependent,
excitotoxic neuronal injury (D'Orsi et al. 2012).

Suppression and/or overactivation of gene expression have
been shown to occur immediately or during the re-
oxygenation period following PA (Labudova et al. 1999;
Seidl et al. 2000; Mosgoeller et al. 2000; Lubec et al. 2002),
associated to overexpression of a number of sentinel proteins
whenever the integrity of the genome is compromised (see
Herrera-Marschitz et al. 2011), including X-ray repair cross-
complementing protein 1 (XRCC1), a scaffolding protein
interacting with sentinel proteins, such as poly(ADP-ribose)
polymerase-1 (PARP-1), for repairing base-excision
(Chiappe-Gutierrez et al. 1998; see London 2015). PARP-1
has been shown to be significantly increased during the first
hours following PA (Neira-Peña et al. 2014, 2015), an effect
prevented by nicotinamide (Allende-Castro et al. 2012; Neira-
Peña et al. 2015) and selective siRNA knockdown of PARP-1
(Vio et al. 2018). XRCC1 expression has also shown to be
increased following PA (Chiappe-Gutierrez et al. 1998), orig-
inally described as involved in repairing DNA single-strand
breaks produced by exposure to ionizing radiation, shown to
interact with DNA ligase III, polymerase β, and PARP-1
(London 2015), also following PA (see Herrera-Marschitz
et al. 2014). We have investigated further whether the
sustained oxidative stress reported to follow PA involves
XRCC1 expression.

A main concern relates to therapeutic strategies against the
long-term effects produced by PA, which in the clinical sce-
nario are limited, and mainly based on hypothermia, still
waiting for consensus on clinical protocols (Ahearne et al.
2016). The idea of nicotinamide as a therapeutic strategy has
been forwarded based on its feature of inhibiting PARP-1
overexpression by an end-of-product enzymatic inhibitory
mechanism (see Herrera-Marschitz et al. 2011), although the
therapeutic effect of nicotinamide can also be explained by the
fact that nicotinamide is a physiological precursor of NAD+

and NADP+, replenishing ATP, but also GSH stores
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(Kawamura et al. 2016; Wang et al. 2016; Zhang et al. 2016).
Therefore, nicotinamide has also been evaluated here on the
metabolic cascade elicited by PA.

Materials and Methods

Animals

Wistar albino rats from the animal station of the Molecular &
Clinical Pharmacology Programme, ICBM, Faculty of
Medicine, University of Chile, Santiago, Chile, were used
along the experiments. The animals were kept on a
temperature- and humidity-controlled environment with a
12/12-h light/dark cycle, and access to water and food ad
libitum when not used in the experiments, monitoring perma-
nently the well being of the animals by qualified personnel.

Perinatal Asphyxia

Pregnant Wistar rats within the last day of gestation (G22)
were euthanized by neck dislocation and hysterectomized.
One or two pups per damwere removed immediately and used
as non-asphyxiated cesarean-delivered controls (CS). The re-
maining fetuses-containing uterine horns were immersed into
a water bath at 37 °C for 21 min (asphyxia-exposed rats, AS).
Following asphyxia, the uterine horns were incised and the
pups removed, stimulated to breathe and, after an approxi-
mately 40-min observation period on a warming pad, evalu-
ated with an Apgar scale for rats, according to Dell'Anna et al.
(1997), and nurtured by a surrogate dam. The Apgar parame-
ters were continuously monitored up to P14, comparing the
same CS and AS cohorts.

Nicotinamide Treatment

One hour after birth, asphyxia-exposed and control rat neo-
nates were divided into six experimental groups: control (CS);
control + vehicle (CS Veh); control + nicotinamide (CS Nico);
asphyxia (AS); asphyxia + vehicle (AS Veh), and AS + nico-
tinamide (AS Nico). Nicotinamide was injected intraperitone-
ally (i.p.) in a single dose of 0.8 mmol/kg (Sigma, St. Louis,
MO, USA) (diluted in 0.9% NaCl; in a volume of 0.1 mL/kg
body weight, i.p.). The vehicle groups received 0.9% NaCl in
a volume of 0.1 mL/kg body weight, i.p.

Tissue Sampling

The animals were euthanized at P1 and P14 by rapid decapi-
tation. The brain was quickly removed for dissecting out the
hippocampus. Dissection was performed on ice, using a new-
born rat brain slicer (Zivic Instruments Pittsburgh, PA 15237

USA). The samples were stored at − 80 °C pending further
experiments.

Homogenization of Hippocampus Tissue for Western
Blots

Hippocampus was homogenized in RIPA lysis buffer (50 mM
Tris–HCl, pH 7.2, 0.15 M NaCl, 1.0 mM EDTA, 0.1% SDS,
1.0% Triton X-100, 1.0% sodium deoxycholate) supplement-
ed with phosphatase and protease inhibitors (1 mM sodium
orthovanadate, 1 mM PMSF, 5 mM EDTA, 1 mM EGTA,
10 mM NaF) and a protease inhibi tor cockta i l ,
CALBIOCHEMset III (EMD Biosciences Inc., USA; Merck
KGaA, Darmstadt, Germany). Tissue was lysed, by passing it
through 21- and then 27-gauge needles, ten times. The lysates
were incubated on ice for 20 min and centrifuged at
13,500 rpm, 4 °C, for 20 min. The supernatant was transferred
to fresh Eppendorf tubes and stored at − 80 °C pending further
experiments.

Homogenization of Hippocampus Tissue
for Glutathione and Enzymatic Assays

Hippocampus was homogenized in a phosphate buffer supple-
mented with a protease inhibitor cocktail (CALBIOCHEM set
III, EMD Biosciences Inc., USA; Merck KGaA, Darmstadt,
Germany), then lysed by passing it through a 27-gauge needle,
ten times on ice and centrifuged at 14,000 rpm, at 4 °C for
10 min. The supernatants were recollected according to the
respective assays. Both, glutathione and enzymatic assays,
were carried out during the same day (Lespay-Rebolledo
et al. 2018).

Quantification of Proteins

The total protein concentration was determined using a com-
mercially available bicinchoninic acid (BCA) assay kit from
Pierce (Thermo Fisher Scientific, Rockford, IL USA).
Absorbance was measured at 562 nm in a Multi-Mode
Microplate Reader (Synergy HT Biotek Instruments, Inc.,
Winooski, VT, USA).

Glutathione Determination

Sample Preparation The hippocampus was homogenized in
40 μL 0.1 M potassium phosphate buffer with 5 mM EDTA
disodium salt, pH 7.5. The recollected supernatant was de-
proteinated by adding 20 μL of previously cold 5%
metaphosphoric acid and 10 μL of 10% trichloroacetic acid.
The mixture was kept on ice for 5 min and centrifuged at
5000 rpm, 4 °C, for 5 min. The supernatant was transferred
to fresh Eppendorf tubes and used for total GSH and GSSG
determination during the same day.
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Total GSH Measurement by Recycling Method Twenty micro-
liters of de-proteinated samples was added to a microplate of
96 wells containing 200 μL of incubation buffer (500 μL 20%
β-NADPH, 200 μL 6 mM DTNB, and 300 μL H2Od) to
allow the oxidation of GSH by DTNB, resulting in the forma-
tion of GSSG and TNB. Then, 5 μL of glutathione reductase
(266 U/ml, adding baker’s yeast S. cerevisiae 100–300 units/
mg protein, Sigma-Aldrich, Saint Louis, MO, USA) is added
to allow the recycling of GSSG to GSH. The absorbance of
TNB was measured at 412 nm each 10 s for 1 min in a Multi-
Mode Microplate Reader (Synergy HT Biotek Instruments,
Inc., Winooski, VT, USA). The rate of TNB formation is
directly proportional to the recycling reaction, which is direct-
ly proportional to total GSH in samples.

GSSG Measurement by Derivatization Fifty microlitres of de-
proteinated samplesweremixedwith 1μL [4-vinylpyridine] (1:10
in phosphate buffer) to allow the derivatization of GSH, leaving
only GSSG for quantification. The derivatization mixture was
vigorously stirred in a vortex and incubated for 1 h under dark at
room temperature and stirring. Then, 3 μL triethanolamine (1:100
in phosphate buffer) was added to each sample, mixed vigorously
in a vortex and incubated at room temperature for 10 min while
stirring, leading to neutralization of excess of [4-vinylpyridine].
Then, 20 μl of the derivatized samples was added to a microplate
of 96 wells containing 200 μL of incubation buffer, and 5 μL of
glutathione reductase (to reduce GSSG and to allow recycling
reaction). The absorbance of TNB was measured at 412 nm each
10 s for 1 min in a Multi-Mode Microplate Reader as above. The
rate of formation TNB is directly proportional to the recycling
reaction which is directly proportional to GSSG in samples.

Analysis Standard curves were set up for GSH, 5–60 μM and
GSSG, 0.25–3.0 μM (Sigma-Aldrich, Saint Louis, MO,
USA). The change of absorbance (ΔA412nm) over 1 min
was calculated for standard solutions and samples by linear
regression (Avs time); the correctedΔA412 nmwas obtained
by subtraction of ΔA412 nm blank sample. The corrected
ΔA412 nm was used to determine the concentration of total
GSH and GSSG by interpolation into respective standard
curves (ΔA412 nm vs concentration). Total GSH and GSSG
concentration was expressed in micromole per milligram of
total protein. The GSH (total GSH-2GSSG) was determined
to calculate the GSSG/GSH ratio.

GR Activity

For glutathione reductase (GR), the hippocampus was homog-
enized in 100 μL 0.2 M potassium phosphate buffer, pH 7.6,
supplemented with 2 mM EDTA. Twenty microliters of sam-
ples was added to a microplate of 96 wells containing 100 μL
of homogenization buffer, 10 μL of 20 mMGSSG, and 10 μL
2 mM NADPH. The absorbance was measured at 340 nm

every 15-s intervals for 5 min at 25 °C in a the multi-mode
microplate reader (Synergy HT Biotek Instruments, Inc.,
Winooski, VT, USA). The change in absorbance (ΔA
340 nm) over 5 min was obtained for each sample and inter-
polated in a calibration curve for GR activity (GR, 5–25 mU/
mL; 266 U/ml, adding baker’s yeast S. cerevisiae, 100–
300 units/mg protein, Sigma-Aldrich, Saint Louis, MO,
USA). The GR activity in the samples was expressed as
mU/mL per microgram of total protein.

GPx Activity

For glutathione peroxidase (GPx), the hippocampus was ho-
mogenized in 100 μL 50 mM potassium phosphate buffer,
pH 7.4, supplemented with 5 mM EDTA, 100 μL of samples
was added to a microplate of 96 wells containing 50 μL of
reaction buffer: 20 μL 40 mM β-NADPH (MP Biomedicals
LCC, Solon, Ohio, USA), 2 μL GR 5 mU/mL (266 U/ml,
adding baker’s yeast S. cerevisiae, 100–300 units/mg protein,
Sigma-Aldrich, Saint Louis, MO, USA), 2 μL 2 mM GSH
(Sigma-Aldrich, Saint Louis, MO, USA), and 33 μL homog-
enization buffer. The plate was incubated for 15 min at room
temperature. Thereafter, 100 μL 3% H2O2 (Merck KGaA,
Darmstadt, Germany) was added. The absorbance was mea-
sured at 340 nm every 5-min intervals for 30 min at 25 °C in a
Multi-Mode Microplate Reader (Synergy HT Biotek
Instruments, Inc., Winooski, VT, USA). The change of absor-
bance (ΔA 340 nm) over 30 min for each sample was deter-
mined and interpolated in the calibration curve for β-NADPH
(10–120 nmol). The GPx activity was expressed as nmol β-
NADPH/min/mL per microgram of total protein.

Catalase Activity

Catalase activity and protein levels were measured according
to the procedure described by Lespay-Rebolledo et al. (2018).
Hippocampus samples from animals at P1 and P14 were proc-
essed according to the protocol provided by a catalase-specific
activity kit (ab118184 Abcam, Cambridge, UK). Each exper-
imental N corresponded to a pool of two hippocampus sam-
ples. Both catalase activity and protein levels were detected by
luminescence and absorbance, respectively assayed in a multi-
mode microplate reader (Synergy HT Biotek Instruments,
Winooski, VT, USA) every 5 min for 30min. Catalase activity
was determined according to the exponential decay of H2O2.
The rate constant (k), reflecting catalase activity, was deter-
mined from the luminescence data according to the equation:
k = ln (S1/S2)/dt, where dt is the measured time interval; S1
and S2 are H2O2 levels at time t1 and t2, respectively. The
specific catalase activity was obtained by dividing the rate
constant (k) by absorbance values of catalase and total protein,
expressed in milligrams.
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Calpain Activity Assay

Calpain was measured using a calpain activity kit (MAK228;
Sigma-Aldrich, St Louis, MO, USA). Brain samples from
animals at P1 and P14 were processed according to the proto-
col provided by the kit. The calpain activity was quantificated
by fluorescence in a Synergy HT equipment (Synergy HT
Biotek Instruments, Winooski, VT, USA). The Ac-LLY-
AFC is cleaved by calpain releasing AFC which emits a
yellow-green fluorescence (max = 505 nm). Calpain activity
was obtained by interpolation of fluorescence intensity in a
calibration curve for calpain I (0.1–0.8 units), expressed as
enzymatic units, and normalized per milligram of total protein
present in each sample. The MAK228 kit provides an estima-
tion of total calpain activity, only.

Western Blots for Catalase, TIGAR, and XRCC1

Proteins were separated by electrophoresis onto SDS-PAGE.
Gels 4–10% for catalase, 4–12% for TIGAR, and 4–8% for
XRCC1 were used for separation of proteins. Samples were
mixed with loading buffer (30% glycerol, 6% SDS, 15%DTT,
0.2% bromophenol blue, and 120 mM Tris–HCl buffer
pH 6.8) and immediately heated at 95 °C for 5 min. The
amount of loaded sample onto the wells was according to
the linear range for each protein: 25–35 μg for catalase, 15–
35μg for TIGAR, and 30–40μg for XRCC1. Gels were run at
constant 40 V for the stacking gel and at 80 V for the separat-
ing gel. The separated proteins were electroblotted on
BioTrace TM pure nitrocellulose membranes (Pall
Corporation, Pensacola, FL, USA) at 250 mA, 4 °C; the time
of transference was 90 min for catalase, 60 min for TIGAR,
and 100 min for XRCC1. A Ponceau red solution was used to
visualize transference of proteins onto the membranes, and
images were digitalized to estimate total protein, as loading
control. Thereafter, Ponceau red was removed with water. The
blotted membranes were blocked with 2.5% (XRCC1) or 5%
BSA (catalase and TIGAR) dissolved in Tris-buffered saline
containing 0.1% Tween-20 (TBST) at room temperature for
1 h. The incubation with primary antibodies was performed at
4 °C overnight. The dilution used for catalase (Rabbit poly-
clonal, PA5-23246. Thermo Fisher Scientific, Rockford, IL,
USA) was 1:500, for TIGAR (Rabbit polyclonal, PA5-20346;
Thermo Fisher Scientific, Rockford, IL, USA) was 1:250, and
for XRCC1 (Rabbit polyclonal, ab58465; Abcam) was diluted
at 1:500. The membranes were washed with TBST three times
for 10–15 min and incubated with HRP-conjugated rabbit
secondary antibody (Goat anti-Rabbit IgG H + L Secondary
Antibody, HRP. Prod. 31,460, Pierce Thermo Scientific,
Rockford, IL, USA) at 1:10,000 dilution in 1% BSA and
TBST for 1 h, under constant shaking at room temperature.
Then, the membranes were washed with TBST five times for
10 min under constant shaking at room temperature for

detection of target protein by chemiluminescence. The same
membranes were stripped for reprobing of housekeeping pro-
tein used as loading control for quantification. The mem-
branes were incubated in stripping buffer, pH 2.2 (0.2 mM
glycine, 3.47 mM SDS and 1% v/v Tween 20) for 5 min,
twice, and then were washed in PBS twice for 10 min and in
TBST, twice for 5 min. The membrane was blocked with
2.5% non-fat dry milk for 1 h at room temperature. The incu-
bation with housekeeping antibody was performed at 4 °C
overnight. The dilution used for β-actin (beta actin loading
control ant i -mouse monoclonal ant ibody BA3R,
MA515739, Thermo Fisher Scientific, Rockford, IL, USA)
was 1:2500. For reprobing α-tubulin (alpha tubulin monoclo-
nal antibody DM1A, 62204, Thermo Fisher Scientific,
Rockford, IL, USA), the dilution was 1:5000. Thereafter, the
membranes were washed with TBST three times for 15 min
and incubated with HRP-conjugated rabbit secondary anti-
body (Goat anti-Mouse IgG (H + L) Secondary Antibody,
HRP. Prod: 31430; Pierce Thermo Scientific, Rockford, IL,
USA) at 1:10,000 dilution in 1% BSA and TBST for 1 h,
under constant shaking at room temperature. Then, the mem-
branes were washed with TBST five times for 10 min under
constant shaking at RT for detection of β-actin orα-tubulin by
chemiluminescence.

Detection, Image Acquisition, and Densitometry

For visualization of target protein detected by Western blots,
the membranes were incubated in an enhanced chemilumines-
cence solution prepared according to the manufacturer’s in-
structions (Perkin Elmer Life Sciences, Boston, MA).
Chemiluminescence was captured by a ChemiScope 3400
(ClinX Sciences Instruments Co, Ltd. Shanghai, China), and
images were digitalized and processed by ImageJ software
(National Institutes of Health, USA). The background was
subtracted using a rolling ball algorithm. The image for quan-
tification was chosen within the linear range of time exposi-
tion; the measurement area was obtained as signal for each
protein band. The area values were normalized by the Sum of
all Data Points in replicated (Degasperi et al. 2014). Two
loading controls were used for determination of normalized
target protein levels (Taylor and Posch 2014) corresponding to
total protein (Ponceau staining), using β-actin or α-tubulin as
housekeeping. The values obtained from two loading controls
were analyzed for statistical analysis. The normalized target
protein levels are in arbitrary units (a.u.), as the means from
the two loading controls (total protein and housekeeping).

Statistical Analysis

All results are expressed as means ± standard error of the
means (SEM). Effects were evaluated by unbalanced two-
way F-ANOVA, followed by Benjamini-Hochberg correction
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as a post hoc test for multiple comparisons. For statistically
significant differences, the probability of error was set up to
less than 5%. Data analysis was performed with a XLSTAT
software, version 2018. 20.1.49878 (ADDINSOFT SARL,
Paris, France).

Results

Global Perinatal Asphyxia

PA was performed by immersing cesarean-removed fe-
tuses-containing uterine horns from on-term rat dams
into a water bath at 37 °C for 21 min, using sibling
cesarean-delivered fetuses for comparisons. The rate of
survival shown by AS neonates was approximately
60%, while it was 100% for control (CS) neonates.
Surviving AS neonates showed decreased respiratory
frequency supported by gasping, decreased vocalization,
cyanotic skin, rigidity, and akinesia, indicating a severe
metabolic insult. Asphyxia-exposed and control neonates
were, however, nurtured well by surrogate dams up to
postnatal (P) day P1 or P14, when they were euthanized
for dissecting samples from hippocampus to be assayed
for glutathione, GR, GPx, catalase, TIGAR, calpain, and
XRCC1. A series of asphyxia-exposed and control neo-
nates was injected with either 100 μl saline or
0.8 mmol/kg of nicotinamide, i.p., 1 h after delivery.

Effect of Perinatal Asphyxia and Nicotinamide
on Hippocampus Glutathione (GSH, GSSG,
and GSSG/GSH Ratio) Levels

The effect of PA on GSH and GSSG levels and GSSG/
GSH ratio evaluated in hippocampus from CS and AS
rat neonates at P1 and 14 is summarized in section A of
Table 1. PA increased GSSG (~ 2-fold) levels at P1 and
P14. GSH levels were decreased by 36%, but only at
P14. The GSSG/GSH ratio was calculated for each in-
dividual, as an index of oxidative stress (Németh and
Boda 1989). Unbalanced two-way F-ANOVA indicated
a significant effect of PA and postnatal days on GSSG/
GSH ratio, increased ~ 2-fold at P1 and > 4-fold at P14,
compared to that observed in CS neonates at the same
age.

The effect of neonatal nicotinamide treatment is summa-
rized in section B of Table 1, showing that GSH levels were
increased (~ 2-fold), both in control and asphyxia-exposed
neonates. The GSSG/GSH ratio decreased in all cases, at P1
and P14. Nicotinamide treatment also decreased GSSG levels,
but only in asphyxia-exposed animals.

Effect of Perinatal Asphyxia and Nicotinamide
on Hippocampus GR and GPx Activity

As shown in section A of Table 2, PA produced a decrease in
GR and GPx enzymatic activity at P1 and P14. Section B of
Table 2 shows the effect of nicotinamide that increased GR
enzymatic activity in control neonates at P1 and P14, while
GPx activity was only increased at P14. In asphyxia-exposed
neonates, nicotinamide increased the enzymatic activity of
both GR and GPX, at P1 and P14.

Effect of Perinatal Asphyxia and Nicotinamide
on Hippocampus Catalase Activity (Fig. 1)

Fig. 1 shows representative immunoblots of the effect of PA
and nicotinamide on catalase protein in hippocampus of rat
neonates at P1 (a) and at P14 (b). Table 3 summarizes the
effect of PA on catalase protein levels (expressed as arbitrary
units, a.u.). Catalase activity was calculated for each individ-
ual, determining the k value for the decomposition of hydro-
gen peroxide, normalized by catalase relative levels and total
protein. Unbalanced two-way F-ANOVA indicated a signifi-
cant effect of PA and postnatal days on catalase activity in
hippocampus, decreased when compared to that shown by
the controls along postnatal days. A maximum effect was
observed at P14, when catalase activity decreased by ~ 70%
in AS, compared to the corresponding CS neonates (section A
of Table 3).

Section B of Table 3 shows the effect of neonatal
nicotinamide, which increased catalase activity at P1
(> 2-fold), but not at P14 in hippocampus of CS ani-
mals. In asphyxia-exposed rat neonates, nicotinamide
increased catalase levels (measured by WB and
ELISA), and catalase activity at P1 and P14, with a
maximum effect observed at P14 (> 5-fold).

Effect of Perinatal Asphyxia and Nicotinamide
on Hippocampus PPP by Monitoring TIGAR
Expression (Fig. 2)

Fig. 2 shows representative immunoblots of the effect of
PA and nicotinamide on TIGAR protein in hippocampus
of rat neonates at P1(a) and at P14 (b). Section A of
Table 4 shows the effect of PA on TIGAR levels at P1
and P14. TIGAR levels were decreased in hippocampus
of asphyxia-exposed neonates at P1 but were increased
at P14, compared with the controls, an effect that was
prevented by nicotinamide (section B of Table 4).
Nicotinamide also produced a slight but significant de-
crease of TIGAR levels in hippocampus of control ne-
onates at P14.
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Effect of Perinatal Asphyxia and Nicotinamide
on Hippocampus Calpain Activity

In section A of Table 5, the effect of PA on hippocampus
calpain activity is shown at P1 and P14. There was a 2-fold
increase in calpain activity in PA-exposed compared with CS
animals at P14. As shown in section B of Table 5, nicotin-
amide did not have any effect in CS animals, but it decreased
calpain activity, compared to saline-treated AS animals at P14
(by ~60%).

Effect of Perinatal Asphyxia and Nicotinamide
on Hippocampus XRCC1 Levels (Fig. 3)

Fig. 3 shows representative immunoblots of the effect of PA
and nicotinamide on XRCC1 protein in hippocampus of rat
neonates at P1 (a) and at P14 (b). As is shown in section A of
Table 5, PA induced a significant but minor increase of
XRCC1 protein levels, but only at P1, compared with CS
animals. The effect of nicotinamide on XRCC1 protein levels
is shown in section B of Table 5, decreasing the enhancement
induced by PA at P1.

Discussion

The present study evaluates the effect of PA on redox regula-
tion in rat hippocampus at P1 and P14, and evaluating also the
effect of intraperitoneal administration of nicotinamide ad-
ministered 1 h after delivery. It was found that global PA
produced (i) a sustained increase of GSSG levels and GSSG/
GSH ratio at P1 and P14; (ii) a decrease of GR, GPx, and
catalase activity at P1 and P14; (iii) a decrease of TIGAR
levels at P1, followed by an increase at P14; (iv) an increase
of calpain activity at P14; and (v) an increase of XRCC1
levels, but only at P1. (vi) Nicotinamide prevented the effect
of PA on GSSG levels and GSSG/GSH ratio, and on GR,
GPx, and catalase activity, also on increased TIGAR levels
and calpain activity observed at P14.

The study expands and support a previous report showing
that global PA in rats induces a regionally sustained impair-
ment in redox homeostasis, demonstrating here that oxidative
stress induced by PA is further associated with decreased ac-
tivity of GR, GPx, and catalase, enzymes regulating glutathi-
one and H2O2 levels, respectively, and with a shift towards
TIGAR-dependent PPP, and delayed cell death, reflected by
an increase of calpain activity, in agreement with previous
reports demonstrating that PA leads to increased cleaved
caspase-3 expression (Lespay-Rebolledo et al. 2018) and apo-
ptotic cell death (Neira-Peña et al. 2015) in hippocampus of
PA-exposed rat neonates. The effect of PA on calpain activity
was observed at P14, a time at which an increase in caspase-3
levels was not longer observed (Lespay-Rebolledo et al. 2018),Ta
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suggesting a caspase-3-independent, but bax-dependent de-
layed cell death, as previously proposed, showing mitochon-
drial impairment to precede neuronal death (D'Orsi et al.
2012). An increase of XRCC1 levels was only observed at
P1 after PA, in agreement with previous observations regard-
ing PARP-1 overexpression, restricted in hippocampus to the
first hours after delivery (Neira-Peña et al. 2014, 2015),
prevented, however, by neonatal nicotinamide treatment
(Allende-Castro et al. 2012; Neira-Peña et al. 2015) and selec-
tive siRNA PARP-1 knockdown (Vio et al. 2018). The in-
crease in XRCC1 levels induced by PA was also prevented
by nicotinamide, in agreement with the proposal that XRCC1
is involved in DNA repairing, interacting with DNA ligase III,
polymerase β, and PARP-1 (London 2015), also following PA
(Chiappe-Gutierrez et al. 1998; see Herrera-Marschitz et al.
2014). Thus, the present results support the idea that brain
damage continues long after the re-oxygenation period, ex-
tending to days and/or weeks after PA, implying changes in
metabolism, redox homeostasis, and suppression and/or
overactivation of gene expression (see Hassell et al. 2015).
Apoptosis in hippocampus of PA-exposed animals has been
observed for periods extending 1 month (Morales et al. 2010).

It has been shown that TIGAR, a fructose-2,6
bisphosphatase, is rapidly upregulated in neurons following
postnatal ischemia-reperfusion (Li et al. 2014), letting the glu-
cosemetabolism enter into the PPP (Ros and Schulze 2013; Li
et al. 2014), enhancing its flux, generating NADPH, reducing
GSSG to GSH, and decreasing ROS levels (Fico et al. 2004;
Bensaad et al. 2006). The shunt of glucose-6-phosphate to
PPP occurs by the fructose-2, 6-bisphosphatase activity of
TIGAR, decreasing fructose-2, 6-biphosphate levels,
inhibiting the activity of phosphofructokinase 1 (PFK1), a
rate-limiting enzyme of glycolysis (Bensaad et al. 2006;
Okar et al. 2001; Li et al. 2014). Also, TIGAR can re-
localize to the outer mitochondrial membrane, increasing the
activity of hexokinase 2 (HK2), to maintain mitochondrial
membrane potential, reducing ROS levels, to prevent
caspase-depending apoptosis (Cheung et al. 2012; da-Silva
et al. 2004). In postnatal models of brain ischemia, TIGAR
is upregulated, reaching a peak at 3 h post reperfusion, declin-
ing thereafter towards basal levels (Li et al. 2014; Cao et al.
2015). In the present study, it was found that TIGAR levels
were decreased in hippocampus from AS animals at P1 but
increased at P14. The decrease of TIGAR levels observed at
P1 occurred together with a decrease of GR, GPx, and catalase
activity, at a time when the GSSG/GSH ratio was increased ~
2-fold. At P14, however, TIGAR levels were increased in PA-
exposed animals, when the GSSG/GSH ratio was increased >
4-fold in AS compared with CS animals, while GPx and cat-
alase activity was remarkably decreased (by more than 50%).
The downregulation of TIGAR observed at P1 suggests a
failure of the cell system to shunt glucose-6-phosphate to the
PPP for producing NADPH during the postnatal period,Ta
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probably because of a reduced glutathione reductase activity
(Margis et al. 2008), also observed in models of postnatal
brain hypoxia/ischemia (Cao et al. 2017), reducing PPP in
brain from unilaterally clamped carotid arteries, correlating
with a reduction of glutathione reductase activity, 2 h after
the insult (Brekke et al. 2014). The increase of TIGAR expres-
sion observed at P14, together with a reduction of GR activity,
suggests a compensatory delayed mechanism, increasing PPP.
However, NADPH levels resulting from this pathway did not
appear to enhance the activity of NADPH-dependent en-
zymes, since the oxidative stress was sustained, evidenced
by a high GSSG/GSH ratio still observed at P14. These results
suggest that NADPH produced by PPP in AS animals is used
to generate instead superoxide anion by the action of NADPH
oxidase, because there is in vitro (Lu et al. 2012; Kleikers et al.
2012; Gupte et al. 2006; Balteau et al. 2011) and in vivo (Cao
et al. 2017) evidence, indicating that superoxide anion produc-
tion is dependent upon glucose metabolism, via the hexose
monophosphate shunt to generate NADPH after ischemia-

reperfusion (Suh et al. 2008; Kuehne et al. 2015). A low
NADPH availability and a decreased GR activity observed
at P1 and P14 after PA can explain the GSSG accumulation
observed in hippocampus from AS animals up to P14, indi-
cating that PA impairs the GR-dependent salvage pathway for
GSH recycling. The salvage pathway reduces GSSG to GSH,
maintaining the GSH-dependent activity of antioxidant en-
zymes (Lushchak 2012). The changes observed in GSH levels
(by ~ 36% in AS animals at P14) can imply a failure of de
novo synthesis of GSH, associated to metabolic deregulation
of cysteine, glycine, and/or glutamate, precursors of GSH syn-
thesis by astrocytes (Hertz and Zielke 2004).

Another issue addressed by the present studywas to evaluate
whether the enzymatic activity of GPx is affected by PA, since a
reduced catalase activity was reported in AS animals, suggest-
ing H2O2 accumulation following hypoxia and re-oxygenation
(Lespay-Rebolledo et al. 2018), in agreement with a coopera-
tive function shown between both enzymes under oxidative
stress conditions (Baud et al. 2004). The present results show

Fig. 1 Representative
immunoblot of the effect of
perinatal asphyxia and
nicotinamide on catalase protein
in hippocampus of neonatal brain
rats at P1 (a) and P14 (b). The
effect of perinatal asphyxia (PA)
was analyzed in protein extracts
from tissue sampled at P1 and 14.
Control (CS) and asphyxia-
exposed (AS) samples taken from
sibling neonatal rats, 1 h after
birth pups received an intraperi-
toneal injection of nicotinamide
(Nico; 0.8 mmol/kg, i.p.) or NaCl
0.9% (Veh; 0.1 ml i.p.).
Representative immunoblots for
catalase and loading controls,
corresponding to β-actin and
Ponceau red staining, are shown.
Catalase was identified as a
unique band at 60 kDa. Extracted
protein from a liver sample taken
at P1 and purified catalase protein
were used as positive controls.
Lane Cer is an internal control
from cerebellum, used to control
variations in transference. Lane L
corresponds to a ladder protein
marker.
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a decrease of around 50% in GPx activity, together with more
than 60% decrease of catalase activity in AS animals at P14.
GPx is the enzyme removing hydro- and lipid-peroxides, per-
formed by two steps: (i) an oxidative reaction by which H2O2

binds to the catalytic site of GR, reduced to H2O by GSH, and

(ii) a reductive reaction, by which the GSSG formed in the first
step is reduced to GSH. Although the second step yields is
dependent of GSH, the catalytic activity of GPx this enzyme
depends on the H2O2 concentration (Deponte 2013), while both
GPx and catalase cooperatively act to removeH2O2 (Baud et al.

Fig. 2 Representative
immunoblot of the effect of
perinatal asphyxia and
nicotinamide on TIGAR protein
in hippocampus of neonatal brain
rats at P1 (a) and P14 (b). The
effect of perinatal asphyxia (PA)
and nicotinamide treatment was
analyzed in protein extracts from
tissue sampled at P1 and P14.
Control (CS) and asphyxia-
exposed (AS) samples taken from
sibling neonatal rats. One hour
after birth, pups received an in-
traperitoneal injection of nicotin-
amide (Nico; 0.8 mmol/kg, i.p.)
or 0.9% NaCl (Veh; 0.1 ml i.p.).
Representative immunoblots for
TIGAR and loading controls,
corresponding to β-actin and
Ponceau red staining. TIGARwas
identified as a unique band at
30 kDa. Lane Cer is an internal
control from cerebellum used to
control variations in transference.
Lane L corresponds to a ladder
protein marker.
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2004; Lardinois et al. 1996). At high concentrations of H2O2 (>
100 μM), catalase is auto-inactivated by irreversible inhibition,
prevented by GPx, removing H2O2, to be maintained at low
levels (> 1 μM), allowing the functioning of catalase (Baud
et al. 2004). Therefore, the decreased GPx activity observed

under AS conditions suggests that this is a consequence of high
accumulation of catalase-regulated H2O2 (Rosenblat and
Aviram 1998; see Lubos et al. 2011). High GSH levels can
activate catalase, as shown by studies carried out with astro-
cytes, demonstrating that GSH deprivation induces auto-
inactivation of catalase (Dringen and Hamprecht 1997,
Sokolova et al. 2001). However, as also shown in a previous
study (Lespay-Rebolledo et al. 2018), PA induced a decrease of
GSH levels at P14, suggesting that at early stages following PA,
a decrease of catalase activity is not a consequence of low GSH
levels, but of other mechanisms increasing H2O2 levels, per-
haps due to overactivation of SOD and/or NADPH oxidase
(Kinouchi et al. 1998; Lu et al. 2012; Kleikers et al. 2012).

An important addressed issue was to evaluate the effect of
nicotinamide, reversing the redox impairment induced by PA.
Nicotinamide has been shown to play a fundamental role as a
biological precursor for the synthesis of NAD+ and NADP+

(Kamat and Devasagayam 1999, Chong et al. 2004;
Kawamura et al. 2016; Wang et al. 2016; Zhang et al. 2016),
preventing oxidative stress (Turunc Bayrakdar et al. 2014).
Indeed NAD+ can be yielded by two pathways: (i) the
kynurenine (from dietary tryptophan) and (ii) the salvage path-
way from nicotinamide by the enzymes nicotinamide
phosphoribosyl transferase and NMNAT nicotinamide
deamidase (Houtkooper et al. 2010; Massudi et al. 2012;
Poljsak and Milisav 2016). The synthesis of NADPH can be
then driven by re-routing glycolysis to the PPP pathway
(Chakrabarti et al. 2015), but also by the NAD+ salvage path-
way (Massudi et al. 2012), which via NAMPT contributes to
NADPH synthesis by transference of the phosphoribosyl group
from 5-phosphoribosyl-1-pyrophosphate to nicotinamide,
forming nicotinamide mononucleotide (NMN), and

Table 4 (a) Effect of perinatal asphyxia (PA) and (b) nicotinamide
(0.8 mmol/kg, i.p.) or vehicle (0.1 ml NaCl 0.9%, i.p.) on TIGAR protein
levels monitored in hippocampus of rat neonates at P1 and P14.
(Comparisons: AS versus CS; CS nicotinamide versus CS vehicle; AS
nicotinamide versus AS vehicle)

Animals TIGARWB (a.u.) TIGARWB (a.u.)

A. Effect of PA P1 P14

CS
n = 5

1.38 ± 0.15 0.92 ± 0.04

AS
n = 5

0.80 ± 0.08 (by
35.9% ± 8.27)**

1.29 ± 0.14
(> 1.4X ± 0.19)**

B. Effect of
nicotinamide

P1 P14

CS vehicle
n = 5

1.18 ± 0.07 0.95 ± 0.05

CS nicotinamide
n = 5

0.95 ± 0.07 0.71 ± 0.07 (by
28.1 ± 6.8%)**

AS vehicle
n = 5

0.94 ± 0.09 1.44 ± 0.15

AS nicotinamide
n = 5

0.88 ± 0.08 0.82 ± 0.10 (by
40.7 ± 8.27%)**

TIGAR normalized levels are expressed in arbitrary units (a.u.). Data are
means ± S.E.M. from N = 5 independent experiments. Two-way F-
ANOVA indicated a significant effect of PA and postnatal days on
TIGAR levels (F(3, 37) = 50.557, P < 0.0001). The effect of nicotinamide
and postnatal days reached the statistically significant level (F(7, 73) = 56,
911, P < 0.0001). Benjamini-Hochberg was used as a post hoc test

*P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001 in italics

Table 5 (a) Effect of perinatal asphyxia (PA) and (b) nicotinamide
(0.8 mmol/kg, i.p.) or vehicle (0.1 ml NaCl 0.9%, i.p.) on calpain activity
and XRCC1 protein levels monitored in hippocampus of rat neonates at

P1 and P14. (Comparisons: AS versus CS; CS nicotinamide versus CS
vehicle; AS nicotinamide versus AS vehicle)

Animals Calpain
Units/mg total protein

XRCC1 WB (a.u) Calpain
Units/mg total protein

XRCC1WB (a.u)

A. Effect of PA P1 P14

CS (n = 5–8) 1346.07 ± 69.07 0.88 ± 0.06 2962.24 ± 102.08 1.10 ± 0.05

AS (n = 5–8) 1500.19 ± 60.92 1.14 ± 0.03 (> 1.3 ± 0.12X)** 6228.25 ± 400.74 (> 2.05 ± 0.16X)**** 0.96 ± 0.06

B. Effect of nicotinamide P1 P14

CS vehicle [(n = 5–8)] 1357.35 ± 45.57 1.01 ± 0.07 2783.57 ± 160.74 1.19 ± 0.11

CS nicotinamide [(n = 5–8)] 1313.15 ± 51.36 0.93 ± 0.03 2627.08 ± 204.60 0.94 ± 0.10

AS vehicle [(n = 4–5)] 1478.33 ± 53.41 1.16 ± 0.06 5972.28 ± 463.16 0.93 ± 0.06

AS nicotinamide[ (n = 5–8)] 1597.31 ± 115.82 0.81 ± 0.06 (by 29.34 ± 6.86%)*** 2247.91 ± 74.04 (by
62.40 ± 4.28%)****

0.93 ± 0.10

Calpain activity is expressed in units/mg protein. Data are means ± S.E.M. from N = 4 independent experiments in duplicated. Unbalanced two-way
ANOVA indicated a significant effect of PA and postnatal days on calpaìn activity (F(3, 27) = 111.989, P < 0.0001). The effect of nicotinamide and
postnatal days reached the statistically significant level (F(7, 52) = 56.117, P < 0.0001). The XRCC1 protein levels are represented as protein normalized
levels in arbitrary units (a.u.). Data are means ± S.E.M. from N = 5 independent experiments. Two-way F-ANOVA indicated a significant effect of PA
and postnatal days on XRCC1 (F(3, 31) = 21.033, P < 0.0001) levels. The effect of nicotinamide and postnatal days reached the statistically significant
level (F(7, 65) = 69.192, P < 0.0001), in italics

484 Neurotox Res (2019) 36:472–490



pyrophosphate. The coupling with NAD+ kinase (NADK) to
generate NADP+ from NAD+ contributes to NADPH synthesis
(Massudi et al. 2012). Thus, nicotinamide administration prob-
ably contributes to restore the redox homeostasis under a
sustained oxidative stress induced by PA, increasing NADP+,
acting on the NAD+ salvage pathway. It was previously shown
that a single injection of nicotinamide (0.8 mmol/kg, i.p.) yields
cerebral nicotinamide concentration above the 10 μM range,
lasting for longer than 5 h (Allende-Castro et al. 2012).

It was found here that nicotinamide enhanced the GR/
NADPH and GPx/GSH antioxidant-dependent responses.
The effect of nicotinamide on the PPP was only observed at
P14, since TIGAR expression was downregulated by

nicotinamide (by approximately 40%) in AS animals, also
showing increased GR activity (2-fold) at P14, suggesting a
reversion of the PPP flux to basal levels. However, at P1,
TIGAR expression was not changed by nicotinamide, while
GR activity was increased in both AS (4-fold) and CS (2-fold)
animals, indicating that, indeed, nicotinamide enhanced
NADPH levels by increasing GR activity, probably via cata-
lytic NADPH and GSSG-dependent mechanisms (see Shan
et al. 1990). The increase produced by nicotinamide on of
GR levels in AS animals at P1 and P14 led to a decrease in
GSSG (by 40%) and increase in GSH levels (2–3-fold),
resulting in a decreased GSSG/GSH ratio, also observed in
nicotinamide-treated CS animals. The effect of nicotinamide

Fig. 3 Representative
immunoblot of the effect of
perinatal asphyxia and
nicotinamide on XRCC1 protein
in hippocampus of neonatal brain
rats at P1 (a) and P14.The effect
of perinatal asphyxia (PA) and
nicotinamide treatment on
XRCC1 was analyzed in protein
extracts from tissue sampled at P1
and 14. Control (CS) and
asphyxia-exposed (AS) samples
taken from sibling neonatal rats.
One hour after birth, pups re-
ceived an intraperitoneal injection
of nicotinamide (Nico; 0.8 mmol/
kg, i.p.) or NaCl 0.9% (Veh;
0.1 ml i.p.). Representative im-
munoblots of XRCC1 and load-
ing controls, corresponding to α-
tubulin and Ponceau red staining,
are shown.XRCC1was identified
as a unique band at 96 kDa. Lane
Cer is an internal control from
cerebellum used to control varia-
tions in transference. Lane L cor-
responds to a ladder protein
marker.
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on GSSG/GSH ratio suggests a mechanism of de novo
synthesis, since nicotinamide-treated CS animals showed in-
creased GSH levels without any changes in GSSG levels (see
Lubos et al. 2011).

Nicotinamide increased GPx and catalase activity in AS-
treated animals at P1 and P14, a maximal effect observed at
P14. Apart of allosteric mechanisms mediated by substrates
and products (Ramos-Martinez 2017), post transductional
modifications mediated by oxidative stress can contribute to
enzyme inactivation (Miyamoto et al. 2003; Ghosh et al.
2006). Also, transcriptional modifications control cause up-
regulation of expression, resulting in increased enzymatic ac-
tivity (Franco-Enzástiga et al. 2017). In the present study, CS
animals treated with nicotinamide showed increased GR ac-
tivity at P1, compared to basal levels, suggesting that the effect
of nicotinamide on enzymatic activity observed in CS and AS
animals implies GR upregulation by transcriptional control
(Zhu et al. 2005). At P14, the increased GR activity would
be a consequence of reduction of ROS levels by nicotinamide,
indicated by a decreased GSSG/GSH ratio, observed in CS
and AS nicotinamide-treated animals (Dunning et al. 2013).
Although, a statistical significant increase in catalase expres-
sion was observed in nicotinamide-treated CS and AS animals
at P1 and P14, that slight increase had no effect on basal
catalase activity, suggesting that the observed increase in en-
zymatic activity is due to a decrease of post transductional
modifications mediated by ROS (Ghosh et al. 2006).

Finally, we investigated whether oxidative stress induced
by PA can produce changes on calpain activity and XRCC1
expression, in agreement with hippocampus cell damage in-
duced by PA. In a recent report (Lespay-Rebolledo et al.
2018), it was shown that PA induced caspase-dependent cell
death at P3 and P7, but not at P1 and P14, suggesting other
molecular mechanisms of cell death, as discussed above. In
ischemia-reperfusion postnatal models, oxidative stress in-
duces DNA strand breaks (SSBR), leading to polyADP
ribosylation sites that accumulate XRCC1 (El-Khamisy et al.
2003; Wei et al. 2013). The downregulation of XRCC1 ex-
pression has been associated with DNA fragmentation, and
apoptosis and necrosis-dependent cell death in models of
brain ischemia (Fujimura et al. 1999; Ghosh et al. 2015), al-
though it was found here that XRCC1 was upregulated at P1,
perhaps as a consequence of DNA damage. A sustained oxi-
dative damage causes depletion of NAD+ and ATP, enhanced
by PARP-1 overactivation, increasing (i) mitochondrial re-
lease of AIF and (ii) influx of calcium from extracellular and
intracellular stores, activating μ-calpain that cleaves AIF, in-
ducing translocation to the nucleus for producing DNA break-
down and cell death by necrosis (Bentle et al. 2006; Cheng
et al. 2018). Depending upon Ca+2 levels, calpain promotes
cell death or cell survival by bax-, bid-, and XIAP-mediated
μ-calpain cleavage, resulting in apoptosis (Cheng et al. 2018).
Also, μ-calpain can translocate to nucleus, cleaving p53 and

PARP-1 and DNA III ligase, leading to nuclear condensation
(Bordone and Campbell 2002). Calpain can also regulate pro-
grammed necrosis induced by TNF-α (Cheng et al. 2018).

The effect of PA on calpain activity, increased at P14, can
reflect calpain 1 activation, associated with fragmentation of
dendritic processes and neuronal degeneration in HI brain
neonatal models (Neumar et al. 2001), showing an initial ac-
tivation of calpain 1, short after the insult, decreased at 2–48 h,
but again increased at P14 to P21 (Ostwald et al. 1993;
Blomgren et al. 1999), leading to apoptosis-independent cell
death, associated to caspase 7, 8, and 9 (Chua et al. 2000;
Neumar et al. 2003). In the present study, the increased calpain
activity and the effect of nicotinamide observed at P14 also
indicates a role of oxidative stress on calpain activation, due to
increased cytosolic Ca+2 levels, mitochondrial dysfunction,
and endoplasmic reticulum stress (Ermak and Davies 2002),
producing activation of calpain 1 (Yamada et al. 2012).
Whether calpain mediates the cell damage induced by PA in
hippocampus, via necrosis or programmed necrosis, is some-
thing that requires further investigation, including evaluation
of the role of AIF release and/or TNF-α signaling, as shown
by Neira-Peña et al. (2015) and Cheng et al. (2018).

In conclusion, the sustained oxidative stress induced by PA
causes in hippocampus a reduced antioxidant response, lead-
ing to an increase of GSSG/GSH ratio in parallel with de-
creased GR, GPX, and catalase activity, at P1 and P14. PA
triggers activation of survival pathways, to reduce oxidative
stress, increasing NADPH, TIGAR, and XRCC1 availability,
changing PPP flux and DNA repair, attenuating, perhaps, but
not avoiding the effect of severe PA on cell death observed in
hippocampus at P14, associated with increased calpain activ-
ity, indicating a caspase-independent mechanism for delayed
cell death. Nicotinamide, as a NAD+/NADP+ precursor, in-
creased the activity of antioxidant enzymes, restoring GSH,
decreasing cell death in hippocampus. These effects, mediated
by nicotinamide, suggest a metabolic modulation towards re-
storing redox homeostasis, which can play a fundamental
therapeutical role to prevent the progression of brain damage
and the long-term neurological deficits affecting neonates sur-
viving PA.
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