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Abstract
Stroke remains a leading cause of mortality; however, available therapeutics are limited. The study of ischemic tolerance, 
in paradigms such as resveratrol preconditioning (RPC), provides promise for the development of novel prophylactic thera-
pies. The heavily oxidative environment following stroke promotes poly-ADP-ribose polymerase 1 (PARP1)-overactivation 
and parthanatos, both of which are major contributors to neuronal injury. In this study, we tested the hypothesis that RPC 
instills ischemic tolerance through decreasing PARP1 overexpression and parthanatos following in vitro and in vivo cerebral 
ischemia. To test this hypothesis, we utilized rat primary neuronal cultures (PNCs) and middle cerebral artery occlusion 
(MCAO) in the rat as in vitro and in vivo models, respectively. RPC was administered 2 days preceding ischemic insults. 
RPC protected PNCs against oxygen and glucose deprivation (OGD)–induced neuronal loss, as well as increases in total 
PARP1 protein, implying protection against PARP1-overactivation. Twelve hours following OGD, we observed reductions 
in  NAD+/NADH as well as an increase in AIF nuclear translocation, but RPC ameliorated  NAD+/NADH loss and blocked 
AIF nuclear translocation. MCAO in the rat induced AIF nuclear translocation in the ischemic penumbra after 24 h, which 
was ameliorated with RPC. We tested the hypothesis that RPC’s neuroprotection was instilled through long-term downregula-
tion of nuclear PARP1 protein. RPC downregulated nuclear PARP1 protein for at least 6 days in PNCs, likely contributing 
to RPC’s ischemic tolerance. This study describes a novel mechanism by which RPC instills prophylaxis against ischemia-
induced PARP1 overexpression and parthanatos, through a long-term reduction of nuclear PARP1 protein.
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Introduction

Reactive oxygen species (ROS) overproduction during and 
following cerebral ischemia leads to oxidative stress (OS) 
[1, 2]. High levels of ROS can result in DNA oxidation and 
eventual oxidative genotoxic stress (OGS) [3]. The DNA 
damage response is a collection of cellular mechanisms 

responsible for the repair of DNA lesions. These pathways 
are rapid and efficient. However, select mechanisms can 
induce cell death. For example, in the presence of over-
abundant single-strand breaks (SSB), the enzyme poly-
ADP-ribose polymerase 1 (PARP1) drives the cell towards 
PARP1-dependent cell death [4].

PARP1-mediated cell death, also known as parthana-
tos, has been shown to contribute to cerebral ischemic 
injury both in vitro and in vivo [5–8]. PARP1 utilizes large 
amounts of nicotinamide adenine dinucleotide  (NAD+) to 
produce poly-ADP-ribose (PAR). PARP1 itself is a common 
recipient of PAR and this molecular flag attracts SSB repair 
proteins [9–11]. During and following cerebral ischemia, 
PARP1 can be overactivated. Increases in PARP1 protein 
have been reported following in vitro cerebral ischemia in 
primary neuronal cultures (PNCs), suggesting the poten-
tial for overactivation [12]. PARP1-overactivation rapidly 
depletes nuclear  NAD+ and allows for the diffusion of PAR 
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[13]. PAR then binds and releases apoptosis-inducing factor 
(AIF) from the mitochondria [7]. In the cytosol of corti-
cal neurons, AIF binds to macrophage migration inhibitory 
factor (MIF), which induces translocation to the nucleus 
and MIF-mediated DNA fragmentation [14, 15]. Targeting 
PARP1 through either pharmacological inhibition or genetic 
knockout has shown protection against middle cerebral 
artery occlusion (MCAO) [4, 16, 17].

Ischemic preconditioning (IPC) induces ischemic toler-
ance to protect against cerebral ischemia [18]. In the context 
of PARP1-mediated injury, IPC was shown to reduce PARP1 
activity in astro-neuronal cultures, implying that ischemic 
tolerance may be achieved through targeting PARP1 [19]. 
Our group has studied mechanisms of IPC as well as a 
mimetic to IPC called resveratrol (RSV) [20–24]. Res-
veratrol preconditioning (RPC) instills ischemic tolerance 
in multiple windows and through various means [21–25]. 
Previously, we have shown that RPC induces nuclear eryth-
roid 2-related factor 2 (NRF2)–dependent neuroprotection 
against MCAO in the mouse, suggesting that RPC may pro-
tect against OS [26]. Our current study sought to further 
expound on RPC’s mechanisms of neuroprotection, specifi-
cally in the context of OGS.

This study aimed to determine whether RPC promotes 
ischemic tolerance by targeting PARP1. We hypothesized 
that RPC initiates PARP1 downregulation to prevent PARP1 
overexpression and parthanatos. To investigate this hypoth-
esis, we assessed RPC for neuroprotection and prevention of 
PARP1 overexpression in vitro. We then assessed protection 
against parthanatos both in vitro and in vivo. Additionally, 
we characterized RPC’s downregulation of PARP1 in PNCs. 
Overall, this study describes a neuroprotective mechanism 
of RPC through the downregulation of PARP1.

Methods

Animals

Animal use in this study was approved by the University 
of Miami Institutional Animal Care and Use Committee. 
Experiments using animals followed the ARRIVE Guide-
lines and the National Institutes of Health (NIH) Guide for 
the Care and Use of Laboratory Animals. All animals were 
housed in the University of Miami Department of Veterinary 
Resources facilities under a 12-h light–dark cycle with food 
and water ad libitum.

Primary Neuronal Cultures

PNCs were prepared as previously described [27]. Briefly, 
primary neurons were sourced from embryonic day E18-
20 rat cerebral cortex. Pregnant Sprague–Dawley rats were 

obtained from Charles River (Wilmington, MA). Rats were 
anesthetized with 3% isoflurane and decapitated. Embryos 
were extracted, decapitated, and cerebral cortices were iso-
lated. Cortices were kept in ice-cold dissection medium and 
diced before trypsinization, with DNase, for 15 min at 37 °C. 
Trypsin was inactivated by the plating medium (MEM, 1% 
Glutamax, 5% fetal bovine serum, 15 mmol/L glucose) and 
brain bits were then dissociated to produce single cells. 
Homogenates were passed through a 70-μm cell strainer 
and then seeded at 2.5 ×  105 cells/cm2 on poly-d-lysine pre-
coated sterile plates. The media was replaced with Neuronal 
Culture Medium (Neurobasal Medium, 1X B-27 Supple-
ment, 0.5 mM Glutamax) following adherence. PNCs were 
maintained with half-media replacement every 2–3 days.

Resveratrol Preconditioning

For in  vitro RPC, RSV (Sigma-Aldrich) was dissolved 
in DMSO at the concentration of 65 mg/mL and stored 
at − 20 °C. For in vivo RPC, RSV was dissolved in 0.5% 
carboxymethyl cellulose (CMC) (50 mg of CMC dissolved 
in 10 mL sterile water) at a concentration of 65 mg/mL and 
stored at − 20 °C. In vitro RPC on DIV8 began with expand-
ing RSV in saline to 1 mg/mL, followed by vigorous mixing 
in the dark. Media was half-changed 1 and 2 h following 
RPC, with no protection from light. In vivo RPC took place 
2 days before MCAO or sham. Aliquots were expanded with 
saline to 16.25 mg/mL and mixed vigorously immediately 
before use. A total of 50 mg/kg RPC or vehicle was injected 
intraperitoneally in the dark.

Middle Cerebral Artery Occlusion

Eight- to 12-week-old male rats were doubly housed and 
allowed to acclimate 8–14 days before being injected with 
RPC or vehicle, 2 days before MCAO or sham. MCAO was 
conducted as previously described [28]. Briefly, MCAO was 
implemented via an intraluminal suture blocking the right 
middle cerebral artery (MCA) for 90 min. Animals were first 
treated with atropine sulfate (0.5 mg/kg IP) and then anes-
thetized with 3.5% isoflurane, mixed in 70%  N2O and 30% 
 O2. Rats were then intubated, paralyzed, and mechanically 
ventilated. Blood gases, blood pressure, pH, and glucose 
were monitored periodically during the procedure. Blood 
flow was constantly monitored through laser Doppler per-
fusion monitoring (Perimed Inc.) via a fiberoptic probe at a 
burr hole made over the frontoparietal cerebral cortex. The 
right common carotid artery (CCA) was then exposed and 
the external carotid artery (ECA) isolated and coagulated. 
The ECA was then divided and an intraluminal 20-mm sil-
icone-coated suture (Doccol, 403,956) was advanced along 
the internal carotid artery (ICA) to the origin of the MCA 
to occlude. After 90 min, the suture was removed and the 
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CCA and ECA were inspected for patency. The animals were 
awakened and allowed to recover for 24 h. Rats were then 
anesthetized and perfused with ice-cold saline for 2 min, 
at 100–200 mmHg, before decapitation and brain removal. 
Brains were sectioned in a 2-mm matrix. The MCA penum-
bra was estimated as 2- to 0-mm anterior to bregma and − 6- 
to − 8-mm posterior to bregma of the cerebral cortex. Sam-
ples of both the ipsilateral and contralateral hemispheres 
were snap-frozen in liquid nitrogen before storage at − 80 °C.

This experiment had one exclusion criterion: ischemic 
phase blood flow drops below 30% of baseline. Three 
MCAO animals failed to reach this threshold (two RPC, one 
vehicle). Three animals did not survive to sample collection 
(two vehicle, one RPC). n = 5 for both MCAO groups and 
n = 6 for both sham groups.

Oxygen and Glucose Deprivation

Oxygen and glucose deprivation (OGD) experiments were 
performed as previously described [23, 27]. Briefly, cells 
were exposed to OGD medium and then transferred to an 
anoxia chamber (COY Lab Products, Grass Lake MI, USA) 
for 3.5 h at 37 °C. Following OGD, the culture media was 
replaced, and the plates were returned to the incubator. 
The OGD medium contained 1.26 mM  CaCl2, 5.37 mM 
KCl, 0.44  mM  KH2PO3, 0.49  mM  MgCl2, 0.41  mM 
 MgSO4, 136.9 mM NaCl, 4.17 mM  NaHCO3, 0.34 mM 
 Na2HPO4·7H2O, 20  mM sucrose, and 10  mM HEPES, 
adjusted to pH 7.4—all in distilled water and passed through 
a 0.2-μm sterile filter. Sham groups received media changes 
to account for cell death due to aspiration but did not receive 
OGD medium or anoxia.

Lactate Dehydrogenase Assay

Lactate dehydrogenase (LDH) cytotoxicity assessments 
were performed as previously described [23]. Twenty-four 
hours following OGD or sham, 100-μL aliquots of the cul-
ture supernatant were collected to conduct the colorimetric 
assay according to the manufacturer’s instructions (Cytotox-
icity Detection Kit, Roche). All steps, aside from reaction 
incubation, were conducted on ice. Data were represented as 
the fold-change in LDH activity compared to sham.

Propidium Iodide and Hoechst Staining

Propidium iodide (PI) cytotoxicity assessments were performed 
as previously described [23]. Cell death was quantified through 
the ratio of PI-positive to Hoechst-positive cells. Twenty-
four hours following OGD, PI at 2 μg/mL and two drops of 
NucBlue™ (Live ReadyProbes™) reagent were added to the 
cells and incubated for 10 min at 37 °C. Images were acquired 

on an EVOS™ inverted microscope (CKX41/CKX31) and  
analyzed via ImageJ for PI/Hoechst ratio.

Alkaline Comet Assay

DNA damage was assessed through the Alkaline Comet 
Assay. These experiments followed the manufacturer’s 
instructions (CometAssay® Kit, R&D System, Minneapolis, 
MN). Briefly, PNCs were collected in 1X PBS 1 h following 
OGD, sham, or  H2O2 treatment and then mixed in agarose. 
Cell-agarose slurries were then added to glass slides and 
incubated in lysis buffer. DNA was denatured in an alkaline 
solution and then cells were subjected to electrophoresis. 
The DNA was then stained with SYBR™ Gold (Invitrogen) 
for 30 min at room temperature. Comets were imaged on a 
Leica Stellaris 5 Confocal Microscope and quantified for 
Head DNA, Tail DNA, and Tail Moment through the ImageJ 
plugin OpenComet.

NAD+/NADH Measurement

The levels of  NAD+ and NADH were measured with the 
 NAD+/NADH Quantification Colorimetric Kit (K337, Bio-
vision. Waltham, MA). The procedure was conducted based 
on the manufacturer’s instructions. Briefly, 12 h following 
OGD or sham, PNCs were washed and collected in 1X PBS, 
pelleted, and resuspended in NADH/NAD+ Extraction 
buffer. Samples were lysed with freeze–thaw cycles and cen-
trifuged to collect Total-NADH/NAD+ supernatant. Aliquots 
were taken and heated to 60 °C for NADH measurement. All 
samples and standards were transferred to a 96-well plate, 
treated with a reaction mixture, and developed. The optical 
density of 450 nm was measured every 40 min for 4 inter-
vals via spectrophotometry. At lysis, aliquots were taken for 
protein quantification. Data were quantified as ng of  NAD+ 
or NADH per microgram of protein.

Subcellular Fractionation

Cells Cellular protein fractions were collected via the Sub-
cellular Protein Fractionation Kit for Cultured Cells (Cat. # 
78,840, Thermo Scientific. Waltham, MA). This experiment 
was conducted according to the manufacturer’s instructions. 
Twelve hours following OGD or sham, 7.5 ×  106 cells were 
washed and then collected in ice-cold 1X PBS. Cells were 
then pelletized to determine pellet size for buffer volume. 
Incubations with cytosolic, membrane, or nuclear extraction 
buffers produced all three protein fractions. Samples were 
stored at − 80 °C.

Tissue Snap frozen cerebral cortex tissue samples under-
went protein fractionation via the Subcellular Protein Frac-
tionation Kit for Tissues (Cat. # 87,790, Thermo Scientific. 
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Waltham, MA). Volumes of cytosolic, membrane, and 
nuclear extraction buffers were based on mass. Samples were 
diced into small bits and then homogenized in a Dounce 
Homogenizer 9 times in the cytosolic extraction buffer. The 
homogenate was then pelletized to yield the cytosolic frac-
tion. Incubation with membrane and nuclear fraction buff-
ers yielded these protein fractions. Samples were stored 
at − 80 °C.

RNA Extraction, cDNA Synthesis, and Real‑Time PCR 
Analysis

RNA experiments were performed as previously described 
[23]. Briefly, RNA was extracted from PNCs with TRIzol 
reagent and QIAGEN RNeasy column (Venlo, The Nether-
lands) isolation. RNA was then converted to cDNA with the 
use of qScript cDNA Synthesis Kit (Quantabio). cDNA was 
used for real-time PCR with the Power SYBR Green PCR 
Master Mix on the CFX96™ Real-Time System (BioRad). 
All groups were assessed in triplicate and changes in expres-
sion were determined via the Delta-Delta-Ct Method. Prim-
ers were designed using Primer3 (version 0.4.0). Genomic 
DNA amplification was avoided with exon-exon covering 
primer design. The two sets of primers used are listed as 
follows:

Rat PARP1 forward: 5′-GCC AAC CGT GAA AAG ATG 
AC
Rat PARP1 reverse: 5′-CAT CGG TAG GTC CGA CAC AA
Rat β-actin forward: 5′-ACA AAC TGC AAC TTC TGG 
AGTC 
Rat β-actin reverse: 5′-CGA TAA CTG TGC CCA CTC G

Western Blotting

Western Blotting was conducted as previously described 
[23, 27, 29]. Whole-cell culture lysates were homogenized 
using RIPA buffer and then passed through a 27-gauge nee-
dle 8 times. Cell and tissue subcellular fractionation samples 
were used in Western Blotting. Protein was loaded into a 
4–20% SDS polyacrylamide gel (BioRad, Hercules, CA) and 
transferred onto a nitrocellulose membrane (Biorad), then 
blocked for 1 h at room temperature. Primary antibodies 
were incubated overnight at 4 °C. HRP-conjugated second-
ary antibodies (1:5000 or 1:10,000, GE Healthcare, Little 
Chalfont, UK) were incubated for 1 h at room temperature, 
and blots were developed with ECL reagents (ThermoFisher 
Scientific, Waltham, MA), and visualized with X-ray film 
(Denville Scientific, Holliston, MA) or Chemidoc™ MP 
Imaging System (BioRad). Blots were then digitalized and 
analyzed in ImageJ by densitometry. Antibodies used were 
as follows: rabbit anti-PARP1 (46D11, Cell Signaling Tech-
nologies CST), mouse anti-α-Tubulin (DM1A, CST), mouse 

anti-β-Actin (8H10D10, CST), rabbit anti-AIF (D39D2, 
CST), mouse anti-Lamin A/C (4C11, CST), rabbit anti-Na+/
K+-ATPase (ab76020, abcam), rabbit anti-COX IV (3E11, 
CST).

Statistical Analysis

Rats were randomly assigned to groups for in vivo experi-
ments. Grouping assignment, data acquisition, and data 
analysis were conducted blindly whenever possible. Tests for 
data normality and statistical analysis were conducted with 
the use of Prism9.2.0 Software (GraphPad, San Diego, CA). 
For all representations, data were presented with mean and 
error bars ± standard deviation. Statistical tests included one-
way ANOVA, two-way ANOVA, and Welch’s T-test with 
appropriate post hoc testing. Welch’s T-test is used in place 
of Student’s T-test to assume unequal variances between 
groups, as well as to better control for type 1 error. p-values 
of p < 0.05 were considered significant. Sample sizes were 
determined from pilot studies or previous experiments con-
ducted in the lab. When needed, power analysis determined 
effect sizes using G*power 3.1 software. Power analysis was 
conducted for MCAO animals. We used an α value of 0.05 
and a β value of 0.8, with an effect size of 1.1, based on 
previous experiments. This yielded a total sample size of 
22 rats.

Results

Resveratrol Preconditioning Protects Against 
Oxygen and Glucose Deprivation in a Two‑Day 
Window

Our group has shown that RPC protects against ischemic 
damage, using both in vitro and in vivo models, in a 2-day 
window of ischemic tolerance [21, 23, 30]. Here we utilize 
the PNCs model in a 2-day window of RPC to determine 
its ability to protect against OGD. PNCs were exposed to a 
transient, 1-h, incubation with four concentrations of RPC 
(10 μM, 25 μM, 50 μM, 75 μM), 2 days before 3.5 h of OGD. 
Twenty-four hours following OGD, cytotoxicity was assessed 
via the LDH Assay (Fig. 1). Each group was first normal-
ized as the percent increase in LDH activity compared to 
sham. Then, each concentration of RPC was normalized to 
its respective vehicle for fold change. The 50 μM RPC treat-
ment showed significantly reduced LDH activity compared 
to its vehicle group (Veh 1 ± 0.5 vs RPC-50 μM 0.68 ± 0.39, 
p < 0.05, Fig. 1a). To confirm 50 μM RPC neuroprotection, 
we then conducted PI staining 24 h following OGD. The 
50 μM RPC treatment reduced cell death by 42.8% com-
pared to the vehicle (Veh 55.59 ± 6.3 vs RPC 31.8 ± 4.4, 
p < 0.001, Fig. 1c). With 50 μM RPC’s neuroprotection  
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established, we next tested the hypothesis that RPC protects 
against PARP1 overexpression following OGD.

RPC Protects Against OGD‑Induced PARP1 
Overexpression in PNCs

Following cerebral ischemia, PARP1 overactivation has been 
observed through increases in PARP1 protein and activity 
[31, 32]. RSV has been associated with reduced PARP1 
activity in cardiomyocytes, suggesting that RPC may regu-
late PARP1 in neurons as well [33]. Based on these reports, 
we hypothesized that OGD induces PARP1 overexpression in  
PNCs, while RPC prevents this increase. To test this hypoth-
esis, we measured total PARP1 protein levels, in a pilot titra- 
tion, of immediately following OGD as well as 1 and 2 h 
following the insult. Total PARP1 protein levels from whole- 
cell lysates were assessed at these times, while sham protein  
was collected 1 h following media change (Fig. 2). OGD 
induced PARP1 overexpression, as seen through significant 
increases in total PARP1 protein levels compared to sham 
(Sham 1 ± 0.37 vs Immediate 3.38 ± 1 and vs 1-h 3.49 ± 0.86, 
p < 0.05, Fig.  2b). We also assessed apurinic/apyrimi-
dinic endonuclease 1 (APE1) with no observed changes.  

Power analysis for APE1 produced a predicted sample  
size of 10 (n = 5) for a Welch’s T-test between Sham and 
1-h groups (G*Power Version 3.1.9.3. α-value = 0.05, 
β-power = 0.8, effect size = 2.003). A separate experiment to 
assess APE1, between Sham and 1-h groups (n = 5), showed 
no differences in APE1, which was omitted from the study. 
We used this increased sample size experiment to assess 
PARP1 and confirm our previous observation. Addition-
ally, a previous report indicated that 1 h following MCAO, 
penumbra regions show receding numbers of SSBs. How-
ever, core regions of injury demonstrate further accumula- 
tion of SSBs [34]. Thus, we selected 1-h post-OGD as a 
critical timepoint to test PARP1 overactivation. Again, we 
observed a significant induction of total PARP1 protein 1 h 
following OGD compared to sham (Sham 1 ± 0.51 vs 1-h 
post-OGD 5.2 ± 0.725, p < 0.0001, Fig. 2d).

We next determined whether RPC was able to mitigate 
OGD’s PARP1 induction. PNCs received 50 μM RPC, or 
vehicle, 2 days before OGD. Then whole-cell lysates were 
collected 1 h following OGD. OGD induced a significant 
increase in total PARP1 protein compared to sham. However, 
RPC prevented this increase (Sham 1 ± 0.48 vs Veh-OGD 
2.6 ± 0.835, p < 0.005, Sham vs RPC-OGD 1.64 ± 0.55, 

Fig. 1  RPC protects against 
OGD in a two-day window. 
a Bar graph showing LDH 
levels 24 h following 3.5 h of 
OGD. A total of 50 μM RPC 
shows a significant reduction 
in LDH activity compared to 
the vehicle control (n = 9–11, 
(*) = p < 0.05, matched two-way 
ANOVA followed by Bonfer-
roni’s post-test). b Representa-
tive images of Hoechst and PI 
staining for Sham, Veh-OGD, 
and RPC-OGD, 24 h following 
OGD. c Quantification of PI/
Hoechst ratio in Veh-OGD and 
RPC-OGD groups showing 
RPC-OGD reduces PI-indi-
cated death by 42.8%. (n = 6, 
(****) = p < 0.0001, Welch’s 
T-test)
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p = 0.176). RPC showed significantly lower total PARP1 
protein compared to the Veh-OGD group (p < 0.05). Thus, 
the propensity for PARP1 overactivation is likely reduced 
by RPC. Parthanatos has been reported following cerebral 
ischemia, suggesting that OGD’s induction of PARP1 may 
translate to this process [7, 35]. Based on RPC’s blocking 
of PARP1 overexpression, we next hypothesized that RPC 
protects against parthanatos following OGD.

Two‑Day RPC Protects Against Features 
of Parthanatos Following OGD in PNCs

NAD+ depletion occurs in PARP1 overactivation and per-
sists through parthanatos in rat hippocampal neurons [36]. 
Additionally,  NAD+ repletion has been shown to protect 

against OGD [37]. Moreover, our lab has demonstrated that 
RSV bolsters mitochondrial  NAD+ levels in mixed corti-
cal neurons [38]. Based on these reports, we hypothesized 
that RPC protects against  NAD+ and NADH depletion. To 
investigate, we measured  NAD+ and NADH levels 12 h 
post-OGD (Fig. 3a, b).  NAD+ levels were significantly 
reduced in both post-OGD groups compared to sham 
(Sham 2.945 ± 0.283 vs Veh-OGD 0.988 ± 0.255, Sham 
vs RPC-OGD 1.459 ± 0.12, p < 0.001, Fig. 3a). However, 
RPC significantly increased  NAD+ levels compared to the 
vehicle group (p < 0.01, Fig. 3a), suggesting some capacity 
to retain post-OGD  NAD+. Veh-OGD showed a significant 
reduction in NADH levels compared to both sham and RPC-
OGD (Sham 0.1078 ± 0.018 vs Veh-OGD 0.0544 ± 0.012, 
p < 0.005, Veh-OGD vs RPC-OGD 0.085 ± 0.026, p < 0.05, 

Fig. 2  RPC protects against OGD-induced PARP1 overexpression. 
a Representative Western Blot images of PARP1 (top) and Tubulin 
(bottom), left to right (Sham, Immediate, 1-h, 2-h) showing protein 
levels following OGD. b Bar graph showing quantification of total 
PARP1 protein normalized to sham. (n = 3, (*) = p < 0.05, one-way 
ANOVA followed by Tukey’s post-test). c Representative Western 
Blot images of PARP1 and Tubulin protein 1-h following OGD or 
sham. d Bar graph showing total PARP1 protein quantification nor-

malized to sham. (n = 5, (****) = p < 0.001, Welch’s T-test). e Rep-
resentative Western Blot images showing PARP1 and Tubulin pro-
tein levels. RPC or vehicle was administered on DIV8 with OGD 
on DIV10 and protein was collected 1  h post-OGD or sham. Left 
to right; Sham, Veh-OGD, RPC-OGD. f Bar graph of total PARP1 
protein levels normalized to sham. RPC protects against PARP1 pro-
tein overexpression compared to the vehicle. (n = 7, (*) = p < 0.05, 
(***) = p < 0.005, one-way ANOVA followed by Tukey’s post-test)
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Fig. 3b). There was no significant difference between sham 
and RPC-OGD (p = 0.131), showing RPC’s ability to nor-
malize NADH levels 12 h following OGD.

Blocking PARP1-overactivation has been shown to pre-
vent parthanatos [6, 12]. The execution of parthanatos occurs 
upon the translocation of AIF to the nucleus [7]. To test AIF 
translocation, we used subcellular fractionation followed by 
Western Blot, 12 h following OGD (Fig. 3c, d). Homeostatic 
AIF is observed in the membrane fraction, while pathologi-
cal AIF is localized to the nuclear fraction. Twelve hours 
following OGD, Veh-OGD showed an increase in nuclear 
AIF compared to both sham and RPC-OGD (Sham 1 ± 0.68 
vs Veh-OGD 4.171 ± 1.9, p < 0.01, Veh-OGD vs RPC-OGD 

1.85 ± 0.71, Fig. 3d). There was no significant difference 
between the sham and RPC-OGD groups (p = 0.56). We next 
determined whether OGD’s induction of PARP1 continued 
out to 12 h following OGD (Fig. 3c, e). Twelve hours follow-
ing OGD, nuclear PARP1 protein was increased compared to 
the sham group (Sham 1 ± 0.427 vs Veh-OGD 1.59 ± 0.35, 
p < 0.05). Interestingly, RPC significantly reduced nuclear 
PARP1 when compared to both Veh-OGD and sham (RPC-
OGD 0.31 ± 0.23 vs Sham, p < 0.05, RPC-OGD vs Veh-
OGD, p < 0.005). The difference between RPC-OGD and 
sham suggests that this effect on nuclear PARP1 protein is 
independent of OGD. RPC’s impact on  NAD+/NADH lev-
els, AIF translocation to the nucleus, and nuclear PARP1 

Fig. 3  RPC protects against 
features of parthanatos 12 h 
following OGD in PNCs. a 
Bar graph of  NAD+ levels as 
ng-NAD+/μg-protein of starting 
material. OGD significantly 
reduced  NAD+ levels compared 
to sham. However, RPC shows 
a significant increase over Veh-
OGD. (n = 6, (**) = p < 0.01, 
(****) = p < 0.001, one-way 
ANOVA followed by Tukey’s 
post-test). b Bar graph of 
NADH levels as ng-NADH/
μg-protein of starting mate-
rial. OGD significantly 
reduced NADH levels 
compared to sham and RPC-
OGD. (n = 6, (*) = p < 0.05, 
(***) = p < 0.005). c Represent-
ative Western Blot images. Top 
to bottom AIF, PARP1, Lamin 
C,  Na+/K+-ATPase. Lamin C 
is the nuclear loading control 
and  Na+/K.+-ATPase is the 
fraction purity control. Left to 
Right: Sham, Veh-OGD, RPC-
OGD with fractions cytosolic, 
membrane, and nuclear. d Bar 
graph of nuclear AIF normal-
ized first to Lamin C and then 
sham levels. AIF translocation 
was significantly increased in 
Veh-OGD compared to both 
sham and RPC-OGD. (n = 5, 
(**) = p < 0.01, (*) = p < 0.05). 
e Bar graph of nuclear PARP1 
protein normalized first to 
Lamin C and then sham levels. 
Nuclear PARP1 is significantly 
reduced in the RPC-OGD group 
compared to both sham and 
Veh-OGD (n = 6, (*) = p < 0.05, 
(***) = p < 0.005)
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suggest protection against parthanatos 12 h following OGD. 
With protection against PARP1-mediated injury established, 
we next sought to determine whether RPC induces changes 
in PARP1 expression independently of OGD.

RPC Instills a Long‑Term Downregulation 
of Nuclear PARP1 Protein In Vitro

Our lab has shown downstream effectors of RSV that 
operate independently of cerebral ischemic insult [23, 24, 
26]. Thus, RPC may regulate PARP1 independently of 
cerebral ischemia to produce protection against PARP1 
overexpression and parthanatos. We hypothesize that RPC 
downregulates PARP1 expression independently of cer-
ebral ischemia. To investigate this hypothesis, we assessed 
total PARP1 protein, as well as PARP mRNA levels, in 

PNCs 2 days following 50 μM RPC or vehicle (Fig. 4a–c). 
This time was selected to assess the 2-day window. We 
observed a significant reduction in total PARP1 protein 
in the RPC group compared to the vehicle (Veh 1 ± 0.214 
vs RPC 0.69 ± 0.25, p < 0.05, Fig. 4b). However, we did 
not observe any changes in PARP1 mRNA levels fol-
lowing RPC (Veh 1 ± 0.14 vs RPC 1.1 ± 0.15, p = 0.227, 
Fig. 4c). Interestingly, RPC is sufficient to downregulate 
total PARP1 protein, but not mRNA expression. We next 
sought to determine the duration of RPC’s downregu-
lation of PARP1. Based on our data in Fig. 3e, nuclear 
PARP1 is downregulated for at least 36 h following RPC. 
Our lab has previously shown that RPC protects astro-
neuronal mixed cultures against OGD in a 6-day window 
[23]. Thus, we hypothesized that RPC’s downregulation 
of nuclear PARP1 protein lasts at least 6 days. We used 

Fig. 4  RPC instills long-term 
downregulation of nuclear 
PARP1 protein in vitro. a Rep-
resentative Western Blot images 
of PARP1 (top) and Actin 
(bottom) for Veh (left) and 
RPC (right) groups, showing 
total PARP1 protein levels after 
2 days. b Bar graph of total 
PARP1 protein showing 50 μM 
RPC significantly reduced total 
PARP1 protein compared to the 
vehicle. Data represented as fold 
change from the vehicle. (n = 7, 
(*) = p < 0.05, Welch’s T-test). 
c Bar graph of PARP1 mRNA 
expression 2 days following 
50 μM RPC or vehicle showing 
no significant difference. Data 
represented as fold change from 
the vehicle. (n = 6, p = 0.227, 
Welch’s T-test). d Representa-
tive Western Blot images fol-
lowing subcellular fractionation 
of PARP1 (top) and Lamin C 
(bottom) with Veh (left) and 
RPC (right). Left to right; 
2 days, 4 days, and 6 days. e Bar 
graph showing nuclear PARP1 
levels in 2-, 4-, and 6-day 
groups. Data represented as fold 
change from the respective vehi-
cle. RPC significantly reduced 
nuclear PARP1 compared to the 
vehicle at all time points. (n = 6, 
(*) = p < 0.05, (***) = p < 0.005, 
two-way ANOVA followed by 
Bonferroni’s post-test)
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subcellular fractionation to assess nuclear PARP1 levels 2, 
4, and 6 days following RPC or vehicle (Fig. 4d). Nuclear 
PARP1 protein was then assessed via Western Blotting. At 
all three time points, RPC significantly reduced nuclear 
PARP1 protein compared to the respective vehicle group 
(2-day Veh 1 ± 0.35 vs 2-day RPC 0.583 ± 0.273, p < 0.05. 
4-day Veh 1 ± 0.423 vs 4-day RPC 0.38 ± 0.37, p < 0.005, 
6-day Veh 1 ± 0.57 vs 6-day RPC 0.33 ± 0.285, p < 0.005). 
The largest magnitude downregulation of nuclear PARP1 
protein was observed 6 days following RPC (67%), as 
opposed to 4 days (62%) and 2 days (41.7%). This effect 
suggests a strong, long-term, prophylactic potential of 
RPC for the prevention of PARP1 overexpression and 
parthanatos in vitro. To determine whether RPC impacts 
parthanatos in vivo, we next tested the hypothesis that 
RPC protects against AIF translocation in the ischemic 
penumbra following MCAO in the rat.

Two‑Day RPC Protects Against Nuclear Translocation 
of AIF 24 h Following MCAO In Vivo

Our lab has shown RPC’s ability to protect the brain 
against both MCAO and cardiac arrest (CA) in vivo [22, 
24, 26, 30]. Additionally, the translocation of AIF has 
been shown to increase in the ischemic penumbra follow-
ing MCAO in rats [39, 40]. Thus, we hypothesized that 
RPC protects against parthanatos in the ischemic penum-
bra following MCAO in the rat (Fig. 5). To investigate this 
hypothesis, male rats were injected intraperitoneally with 
either 50 mg/kg RSV or vehicle, 2 days before 90-min 
MCAO. In this experiment, there were no significant dif-
ferences observed in physiological parameters for MCAO 
animals (Online Resource Supplemental Table.1). Twenty-
four hours following reperfusion, penumbra tissue regions 
were collected from the ipsilateral cerebral cortex. As an 

Fig. 5  RPC protects against AIF 
translocation in the ischemic 
penumbra of rat cerebral cortex 
following MCAO. a Represent-
ative Western Blot images of 
(top to bottom) AIF, Lamin C, 
and COX IV in all four groups 
(left to right) Veh-Sham, Veh-
MCAO, RPC-Sham, and RPC-
MCAO. Lamin C is the nuclear 
loading control and COX IV is 
the membrane loading control. 
b Bar graph of the ipsilateral to 
contralateral translocated AIF 
ratio (ipsilateral-nuclear/mem-
brane/contralateral-nuclear/
membrane). The Veh-MCAO 
group showed a significant 
increase in translocated AIF 
compared to all other groups. 
All other groups were sta-
tistically similar. (n = 5–6, 
(*) = p < 0.05, (**) = p < 0.01, 
two-way ANOVA followed 
by Bonferroni’s post-test). c, 
d Bar graphs representing the 
ipsilateral (c) and contralateral 
(d) translocated AIF values. 
No significant differences were 
observed
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internal control, the same regions of the cerebral cortex 
were collected on the contralateral hemisphere for each 
rat. The groups of this experiment were Veh-Sham, Veh-
MCAO, RPC-Sham, and RPC-MCAO. The ratio of nuclear 
AIF to membrane AIF was determined for both the ipsi-
lateral and contralateral samples (Fig. 6). There were no 
significant differences observed in translocated AIF from 
either hemisphere when assessed alone (Fig. 5c, d). How-
ever, the ratio of ipsilateral to contralateral translocated 
AIF showed a significant increase in the Veh-MCAO group 
compared to all other groups (Veh-MCAO 1.436 ± 0.44 
vs Veh-Sham 0.77 ± 0.22, p < 0.01. Veh-MCAO vs RPC-
Sham 0.95 ± 0.16, p < 0.05. Veh-MCAO vs RPC-MCAO 
0.843 ± 0.17, p < 0.05, Fig. 5b). There was no statisti-
cal difference between the RPC-Sham and RPC-MCAO 
groups (p = 0.99). This data shows that RPC prevents AIF 
nuclear translocation in the MCA penumbra region 24 h 
following MCAO. These results further support our find-
ings in vitro and suggest that RPC can block parthanatos 
in the peri-infarct regions of the cerebral cortex following 
focal cerebral ischemia.

Discussion

RPC has the potential to delineate effective therapies and 
prophylactics for individuals with a higher proclivity for a 
stroke, such as those with diabetes, cardiovascular disease, 
and hypertension [18, 38, 41, 42]. It is imperative to deter-
mine novel downstream targets of RPC to better exploit the 
ischemic tolerance provided. PARP1 overactivation and 
parthanatos contribute substantially to ischemic injury and 
targeting this pathway may prevent neuronal loss [43]. In 
the current study, we demonstrated that the 2-day window of 
50 μM RPC protects PNCs against OGD, in part, by block-
ing OGD-induced PARP1 upregulation and eventual part-
hanatos. RPC protected against features of parthanatos by 
ameliorating  NAD+/NADH loss and preventing AIF nuclear 
translocation. RPC’s ischemic tolerance was likely the result 
of long-term nuclear downregulation of PARP1 protein. To 
our knowledge, this is the first report depicting RSV’s ability 
to induce long-term downregulation of PARP1 in neurons. 
Moreover, the use of RPC to specifically protect against 
PARP1 overexpression, as well as parthanatos, has yet to be 
described in the brain.

Fig. 6  RPC-induced changes in 
PARP1 and parthanatos. (Left 
panel) the depiction of RPC’s 
effect on nuclear PARP1 in the 
absence of ischemia. (Mid-
dle panel) ischemia’s effect on 
PARP1 induction, AIF nuclear 
translocation, and reduc-
tions in  NAD+/NADH levels. 
(Right panel) RPC’s reversal of 
ischemia-induced deleterious 
effects. Adapted from “How 
Does the Environment Deter-
mine Sex?,” by BioRender.com 
(2022). Retrieved from https:// 
app. biore nder. com/ biore nder- 
templ ates

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
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As previously mentioned, SSB formation and PARP1 
upregulation have been reported 1  h following MCAO 
[32, 34]. Thus, targeting 1 h following OGD allows for an 
approximate assessment of PARP1 overactivation. Increases 
in PARP1 may compensate for increased SSB formation. 
However, in  PARP1−/− mice, the loss of PARP1 signifi-
cantly reduced infarct volume following MCAO but did not 
compromise genome integrity [44]. Additionally, the use 
of PARP1 inhibitors in a wide range of experimental con-
texts has shown protection against cerebral ischemia [45]. 
Here we observe the capacity of RPC to block OGD-induced 
increases in total PARP1 protein (Fig. 2). We also show that 
RPC’s effect on PARP1 does not exacerbate DNA damage 
following OGD (Online Resource Supplemental Fig. 1). 
PARP1 overactivation drives metabolic dysfunction, ATP 
deficiency, and neuronal death [46, 47]. RPC’s attenuation 
of PARP1 overexpression likely reduces the risk of PARP1 
overactivation, without compromising genomic integ-
rity, thus providing effective prophylaxis against cerebral 
ischemia.

PARP1 overactivation progresses to parthanatos to induce 
cell death.  NAD+ depletion contributes to this pathology, 
and in this report, we show RPC’s ability to lessen  NAD+ 
loss and restore NADH following OGD (Fig. 3a, b). Due 
to diffusion, depletion of nuclear  NAD+ levels may reduce 
cytosolic  NAD+ levels, potentially affecting glycolysis [48, 
49]. Additionally,  NAD+ levels were normalized due to the 
inhibition of PARP1 with JPI-289 treatment before and after 
OGD [50]. Thus, the effect RPC has on  NAD+ levels fol-
lowing OGD may be the result of reduced PARP1 utiliza-
tion of  NAD+. Previous studies in our lab have shown that 
RPC increases glycolysis in vitro [23, 30]. RPC was able 
to prevent the loss of NADH levels 12 h following OGD 
(Fig. 3b), potentially suggesting a change in glycolysis. The 
increase in  NAD+ levels and normalization of NADH lev-
els implies RPC may improve metabolic recovery follow-
ing OGD, where increases in  NAD+ may be due to reduced 
PARP1 activity.

Our data shows that RPC blocks the translocation of AIF 
to the nucleus both in vitro and in vivo. In our in vitro exper-
iments, RPC’s effects on PARP1 overexpression strongly 
suggested that parthanatos would be prevented. We used 
these results, as well as other reports depicting nuclear AIF 
in the ischemic penumbra following MCAO, as the basis of 
our in vivo investigation [39, 40]. We specifically targeted 
the ischemic penumbra, because it is therapeutically viable 
[51]. RPC’s prophylaxis against parthanatos may prevent 
neurological damage in this region. Here we show that RPC 
prevents AIF nuclear translocation in the ischemic penum-
bra (Fig. 5). The translational quality of RPC is reflected in 
this data, suggesting that RPC’s mechanisms may operate 
within the heterogeneity of cell types residing in the brain, 
as opposed to exclusively within neurons. Additionally, 

RPC’s effects on PARP1 overexpression and parthanatos 
have the potential for cross-tolerance, as other neurodegen-
erative diseases have been shown to activate PARP1 [52]. 
Due to the sexual dimorphism of PARP1-mediated injury, 
RPC may block AIF nuclear translocation in female rats 
but fail to provide neuroprotection. A study showed that 
male  PARP1−/− mice exhibited reduced infarct following 
MCAO compared to WT, but in female mice, the absence 
of PARP1 exacerbated ischemic injury. In ovariectomized 
WT female mice, exogenous restoration of 17β-Estradiol 
was able to protect against MCAO; however in ovariecto-
mized  PARP1−/− mice, 17β-estradiol exacerbated infarct 
[53]. Another study from this group showed that MCAO 
induced PAR production in the cerebral cortex of both 
sexes by 6 h of reperfusion, though males exhibited a larger 
increase over females. AIF nuclear translocation was also 
significantly increased in both sexes. Even with similar 
pathological manifestations, they again showed that female 
 PARP1−/− mice had exacerbated injury [54]. A different 
study assessed the impact of male androgen signaling on 
PARP1-mediated injury following MCAO. The neuropro-
tection afforded by  PARP1−/−, as well as PARP1 inhibition, 
was lost due to castration in male mice. This protection was 
restored with androgen replacement [55]. Thus, the sexual 
dimorphism of PARP1-dependent ischemic injury is likely 
sex hormone-based, and further studies are required to deter-
mine RPC’s effects on PARP1 in female rats.

This study demonstrates that RPC’s downregulation of 
PARP1 is independent of OGD. We observe that total PARP1 
protein is significantly reduced 2 days following RPC, with 
no change in PARP1 mRNA. A strong candidate to mediate 
this downregulation is proteasomal degradation. Ubiquitin-
dependent proteasomal degradation is a cellular mechanism 
that ensures the effective removal of waste and aggregated 
proteins. E3-ubiquitin ligases designate proteins for degrada-
tion through polyubiquitination [56]. A specific E3-ubiquitin 
ligase, known as Iduna, is PAR dependent and targets PAR-
ylated proteins, including PARP1 [57–59]. In a model of 
traumatic brain injury, Iduna overexpression was shown to 
inhibit parthanatos in HT22 cells. Overexpression improved 
 NAD+ levels while blocking both PARP1 activation and AIF 
nuclear translocation [58]. Another E3 ubiquitin ligase, WW 
domain containing E3 ubiquitin protein ligase 2 (WWP2), 
has also been shown to target PARP1 for ubiquitination and 
degradation [60]. RPC’s influence on Iduna and WWP2 war-
rants investigation, specifically for any changes in expression 
or activity. Furthermore, inhibition of the proteasome would 
determine if this process is involved in PARP1’s down-
regulation [61]. Autophagy is another potential catabolic 
pathway to degrade PARP1. This process degrades dam-
aged organelles, proteins, and other cellular debris through 
packaging in autophagosomes and fusion with lysosomes. 
Autophagy is controlled by AMP-activated protein kinase  
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(AMPK), which is a metabolically sensitive kinase that 
regulates catabolic processes [62]. Our lab has shown that 
RSV treatment in astro-neuronal cultures increased AMPK 
phosphorylation and activity. This increase was dependent 
on the activity of protein kinase C epsilon (PKCε) [38].  
In another study, RSV induced liver kinase B1 (LBK1)-
dependent AMPK phosphorylation in the Neuro2A cell line 
[63]. These studies demonstrate a potential link between 
RSV and autophagy. Inhibition of autophagy may determine 
whether this mechanism is induced by RPC to downregulate 
PARP1. Specific isolation of the mechanism driving PARP1 
downregulation would reduce off-target effects of RPC and 
provide more targeted prophylaxis.

Conclusion

This study reports a novel mechanism of ischemic toler-
ance induced by RPC. RPC significantly reduced OGD-
induced cell death and prevented OGD-mediated PARP1 
overexpression, likely reducing the propensity for PARP1 
overactivation. Blocking increases in PARP1 translated to 
protection against parthanatos, depicted as the amelioration 
of  NAD+/NADH loss and prevention of AIF nuclear translo-
cation. Finally, RPC likely generates these protective effects 
through a long-term downregulation of nuclear PARP1 pro-
tein. Overall, this study describes a novel use of RPC to 
negatively regulate PARP1 and prevent PARP1-mediated 
neuronal injury.
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