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Abstract

Background: Oxidative stress and oxidation-induced DNA damage may contribute to the pathophysiology of depression. Two key
mediators of base excision repair (BER) in response to oxidative damage of DNA are OGG1 and PARP1. Few studies have examined
changes in OGG1 or PARP1 mRNA in patients with depression or following antidepressant treatment. We examined PARP1 and OGG1
mRNA levels in patients with depression at baseline/pre-electroconvulsive therapy (baseline/pre-ECT) vs in healthy controls and in
patients following a course of ECT.

Methods: PARP1 and OGGI1 were examined in whole blood samples from medicated patients with depression and controls using
quantitative real-time polymerase chain reaction. Exploratory subgroup correlational analyses were performed to determine asso-
ciations between PARP1 and OGG1 and mood (Hamilton Depression Rating Scale 24-item version) scores as well as with vitamin B3,
SIRT1, PGCla, and tumor necrosis factor alpha levels, as previously reported on in this cohort.

Results: PARP1 levels were reduced in samples from patients with depression vs controls (P=.03), though no difference was noted
in OGG1. ECT had no effect on PARP1 or OGGI. Higher baseline PARP1 weakly correlated with greater mood improvement post ECT
(P=.008). Moreover, PARP1 positively correlated with SIRT1 at baseline and post ECT, and positive correlations were noted between
change in PARP1 and change in OGG1 with change in tumor necrosis factor alpha post ECT.

Conclusions: To our knowledge, this is the first study to examine the effect of ECT on BER enzymes. A better understanding of BER
enzymes and DNA repair in depression could unearth new mechanisms relevant to the pathophysiology of this condition and novel
antidepressant treatments.
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Significance Statement

The exact cause of depression and how antidepressant treatments like electroconvulsive therapy work are not fully understood.
This study examined changes in genes involved in the repair of DNA (PARP1 and OGG1), which others have shown may be damaged
in patients with depression. We compared blood samples from people with depression and healthy controls and found that one of
these genes, PARP1, was lower in depressed patients. Patients with a higher level of PARP1 before they received treatment with ECT
showed a better improvement in their mood after treatment. Therefore, PARP1 might represent a biomarker for a person’s response
to ECT, though more studies are needed. The findings from this report contribute to the limited literature on this topic in depres-
sion, and further studies are needed to fully understand the role of these genes and mechanisms in depression and to determine
whether they might represent new antidepressant treatment targets.

INTRODUCTION 8-ox0-7,-9-dihydroguanine (8-oxyG), with the presence of 8-oxyG
considered an epigenetic marker of oxidative stress (Ba and
Boldogh, 2018). Elevated levels of 8-oxyG have been noted in blood
and urine from patients with clinical depression (Czarny et al.,
2018) and in the white matter of brains from depressed patients
during post-mortem analyses (Szebeni et al., 2017). Moreover,

Emerging evidence suggests that oxidative stress and oxi-
dation-induced DNA damage may contribute to the patho-
physiology of depression (Czarny et al., 2018). One of the most
common consequences of reactive oxygen species interacting
with DNA is the oxidation of guanine nucleotides to pre-mutagenic
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DNA damage is elevated in patients with recurrent depression,
concomitant with impairments in oxidative DNA damage repair
(Czarny et al., 2015z, 2017).

The two key mediators of base excision repair (BER) in
response to oxidative damage of DNA are OGG1 and PARP1 (also
known as ARTD1) (Szebeni et al., 2017). OGG1 is a multifunctional
protein that recognizes and excises 8-0xoG from damaged DNA
via the BER pathway (Ba and Boldogh, 2018). PARP1 belongs to
a family of 17 poly(ADP-ribose) polymerase (PARP) enzymes that
catalyze poly(ADP-ribosyl)ation (PARylation), which is an essen-
tial post-translational modification (Ke et al., 2019). PARP1 acts
as a sensor of DNA damage and once activated it catalyzes the
co-enzyme nicotinamide adenine dinucleotide (NAD+) into nic-
otinamide and ADP-ribose, which are subsequently used to form
poly(ADP-riboses) (PARs) (Kauppinen, 2007) that act as signal
transducers within the cell, inducing stress stimuli to promote
chromatin remodeling, regulate transcription and DNA repair
machinery, and mediate the interaction between transcription
and DNA repair (Luo and Kraus, 2012).

Polymorphisms in OGG1 that can modulate the risk for depres-
sion have been noted (Czarny et al., 2015b). A recent study show-
ing that DNA oxidationis increased in the white matter of patients
with major depressive disorder (MDD) compared with healthy
controls also found that the gene expression levels of PARP1 and
OGG1 were elevated in oligodendrocytes, while PARP1 was addi-
tionally elevated in astrocytes (Szebeni et al., 2017). However,
another study showed no difference in OGG1 levels in the pre-
frontal cortex of medicated patients with depression compared
with controls (Teyssier et al., 2011), though an additional study
from the same authors showed peripheral upregulation of OGG1
in leucocytes from medicated patients with MDD (Teyssier et al.,
2012). A further study by Ahmadimanesh et al. (2019) showed that
unmedicated patients with depression had increased DNA dam-
age compared with controls and that this damage was accompa-
nied by activation of PARPI in peripheral blood mononuclear cells
from patients, though no difference in OGGI was noted between
patient and control samples. Others have shown whole blood
OGG1 to be reduced in medicated patients with depression com-
pared with controls, with levels increasing when patients attain
remission and no difference noted between patients with unipo-
lar or bipolar depression (Ceylan et al., 2020).

Few studies have examined changes in OGG1 or PARP1 following
antidepressant treatment. One report showed that while PARP1 and
OGG1 levels were reduced by 15 weeks of treatment with selective
serotonin reuptake inhibitors (citalopram or sertraline), this change
was not statistically significant (Ahmadimanesh et al., 2019). In
mice, the selective serotonin reuptake inhibitor fluoxetine improved
depressive-like behaviors and concurrently increased hippocam-
pal neurogenesis and decreased markers of cell death, including
PARP1 (Mendonca et al.,, 2022). Furthermore, in two rat models of
depression, namely the Porsolt swim test and chronic exposure to
psychological stress, PARP inhibitors produced antidepressant-like
behavioral effects that were similar to those of fluoxetine (Ordway
etal, 2017). However, in contrast to the reports described above, ser-
traline has been shown to dose dependently increase PARP1 expres-
sion in vitro (Chinnapaka et al., 2020). Thus, studies of OGG1 and
PARP1 in depression and following antidepressant administration
are limited and often conflicting. Therefore, further studies in this
field are required to gain a better understanding of the role of BER
enzymes in the pathophysiology of depression and the response to
antidepressant treatment.

We have previously reported reduced vitamin B3 levels in
medicated patients with depression compared with controls

(Ryan et al., 2020b). Nicotinamide, the amide form of vitamin B3,
plays an important role in neuronal differentiation, survival, and
function and has been indirectly implicated in neuroprotection
through the inhibition of apoptosis (Fricker et al., 2018; Song et
al., 2019). Once incorporated into cells, nicotinamide can be con-
verted to NAD+ via the salvage pathway and act as a co-factor
or substrate for approximately 500 cellular reactions that can
enhance the production of ATP by mitochondria and activate
enzymes like PARPs and histone deacetylases such as sirtu-
ins, which are involved in metabolic homeostasis, cell survival
and proliferation, stress resistance, and mitochondrial function
(Klimova and Kristian, 2019; Song et al., 2019). Of note, a recent
study showed that increased PARP1 depletes NAD+ and inhibits
sirtuin-1 (SIRT1) activity and in turn suppresses peroxisome pro-
liferator-activated receptor gamma coactivator 1-alpha (PGC-1a)
activity in neurons, and it has been suggested that the neuro-
protective capacity of nicotinamide is linked to PARP1 inhibition
(Lu et al.,, 2019). Hyperactivation of PARP1 also induces nuclear
factor kappa B (NFkB)-mediated activation of pro-inflammatory
cytokines and chemokines, including tumor necrosis factor alpha
(TNF-a) (Krukenberg et al., 2015; Virag and Szabo, 2002). Our pre-
vious work has shown reduced mRNA levels of both SIRT1 and
its substrate PGC-1a in patients with depression compared with
controls (McGrory et al,, 2018; Ryan et al,, 2018a) and that our
patient cohort has a raised inflammatory tone (Ryan et al., 2020a).

Thus, in the present study we hypothesized that peripheral
OGG1 and PARP1 mRNA levels would be increased in patients
with depression compared with healthy controls and that treat-
ment with electroconvulsive therapy (ECT) would normalize their
expression levels. We also explored the relationship between
OGG1 and PARP1 and mood both before and after ECT. In addition,
we explored the association between OGG1 and PARP1 levels with
vitamin B3, SIRT1, PGC1a, and the inflammatory mediator TNF-q,
which we have previously reported on in this cohort (McGrory et
al., 2018; Ryan et al., 2018a, 20203, 2020b).

METHODS

Participants and Blood Sample Collection

As previously described (Semkovska et al., 2016), medicated
patients with depression were recruited as part of the Enhancing
the Effectiveness of ECT in Severe Depression (ISRCTN23577151)
Trial, a real-world, pragmatic, patient- and rater-blinded, non-in-
feriority trial of patients with major depression carried out to
assess the effects of twice-weekly moderate-dose bitemporal (1.5x
seizure threshold) and high-dose unilateral (6x seizure threshold)
ECT. Recruitment was carried out in St. Patrick’s Mental Health
Services (http://www.stpatricks.ie/), and the study was approved
by the St Patrick’s University Hospital Research Ethics Committee
and performed in accordance with the Declaration of Helsinki
(World Medical Association, 2013). All participants provided writ-
ten informed consent. Healthy controls were recruited through
advertisements in local newspapers and social media. Any partic-
ipants with a chronic immune disorder or neurological disorder
were excluded from molecular analyses.

Fasting blood samples were collected from patients 7:30 am
to 9:30 aM at baseline (i.e., before the first ECT treatment) and
1-3 days after the final ECT. Fasting blood samples were collected
from controls between 7:30 aM and 9:30 AM on assessment days.
Peripheral blood (2.5 mL) was collected into PAXgene Blood RNA
tubes (PreAnalytix, Qiagen Ltd., Ireland) per the manufacturer’s
guidelines. Samples were stored at room temperature for 24
hours, —20°C for 24 hours, followed by long-term storage at -80°C.


http://www.stpatricks.ie/

Demographic and Clinical Information

Demographic data and medical/treatment history were collected
for all participants. Depression severity and ECT response were
assessed using the Hamilton Depression Rating Scale 24-item
version (HAM-D24) (Beckham and Leber, 1985). Response was
defined as a 260% reduction in HAM-D24 and a score <16 at end-
of-treatment, while remission was defined as a >60% reduction in
HAM-D24 and a score <10 maintained for 2 weeks.

Quantitative Real-Time Polymerase Chain
Reaction
Multiplex quantitative real-time polymerase chain reaction was
carried out as previously described (Ryan et al., 2019), using a
StepOnePlus instrument (Applied Biosystems) with TagMan Gene
Expression Assays (PARP1, Hs00242302_m1; OGG1, Hs00213454_
m1; GAPDH, Hs02758991_g1) and TagMan Fast Advanced Master
Mix (Applied Biosystems). The cycling conditions were as follows:
95°C for 20 seconds, 40 cycles of 95°C for 1 second, and 60°C for
20 seconds. The Thermo Fisher Connect Platform (Thermo Fisher,
USA) was used to calculate relative quantification levels of each
target using the comparative CT method (Livak and Schmittgen,
2001) against a calibrator sample included on each plate from
a healthy volunteer not included in the study after normaliza-
tion to GAPDH. After running 5 potential reference genes (ACTB:
Hs01060665_g1; TBP: Hs00427620_m1; B2M: Hs00984230_m1;
18S: Hs99999901_s1; GAPDH: Hs02758991_g1), GAPDH was iden-
tified as the most suitable reference gene for our study showing
a NormFinder stability value of 0.012 (www.mdl.dk/publication-
snormfinderhtm). Samples were plated in duplicate, and inter-
plate calibrator samples were included on all plates to account
for inter-run variability.

SIRT1, PGC-1a, and TNF-a levels were determined as previously
described (McGrory et al., 2018; Ryan et al., 2018a, 2020a).

Vitamin B3

Plasma vitamin B3 concentrations were measured as previously
described (Ryan et al., 2020b).

Statistical Analysis

All statistical analyses were performed using SPSS, version 26
(IBM Corporation, USA). All data were tested for normality using
a Shapiro-Wilk test, and data were subsequently log -trans-
formed where necessary to attain normality. The baseline clinical
and demographic characteristics are shown as means with SD
or number (%) per group where appropriate and categorical data
were analyzed using chi-square tests.

Relative quantification data were analyzed using general lin-
ear models. We adjusted for potential variance owing to age, sex,
body mass index (BMI; kg/m?), and smoking (Kendler et al., 1993;
Simon et al., 2006; Chevanne et al., 2007; Zaremba et al., 2011).
Smoking status was dichotomized into current vs non-smoker. We
also adjusted for potential variance associated with educational
attainment because this differed significantly between groups
(Table 1). For pre-/post-ECT analyses, polarity, depression sever-
ity at baseline, presence of psychosis, and electrode placement
were included as covariates where appropriate. Correlational
analyses were carried out using either Pearson’s product-moment
correlation coefficient (Pearson’s r) or Spearman’s rank correla-
tion coefficient rho (Spearman’s p). Data are expressed as means
with SD. Differences with a P value <.05 were deemed statistically
significant.
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RESULTS

Participants

Clinical and demographic data for this cohort are shown in Table
1. For this study, suitable blood samples were available from a
total of 77 patients and 62 controls for the analysis of PARP1 and
a total of 74 patients and 57 controls for the analysis of OGGI.
Correlations between PARP1 and OGG1 and age, sex, BMI, and
smoking are shown in supplemental Table 1.

OGG1 and PARP1 mRNA Expression in Healthy
Controls Compared With Patients With
Depression

Table 2 shows the results for the comparison of OGG1 and PARP1
mRNA levels in peripheral blood samples from medicated patients
with depression compared with healthy controls. There was a
trend toward a significant reduction in PARP1 in patients com-
pared with controls in the unadjusted statistical model (P=.05)
with a moderate effect size of —0.34, and this result became sig-
nificant following adjustment for age, sex, BMI, smoking, and
education (P=.03). There was no difference in OGGI mRNA levels
between patients and controls.

Unadjusted analyses showed that PARP1 was significantly
lower in female patients with depression at baseline compared
with female controls (1.89+0.66 vs 2.32+0.80; F =6.75, P=.01),
though this did not survive adjustment for covariates (P=.05).
There was also a significant difference in OGGI levels between
female patients with depression compared with female controls
(3.12+1.80 vs 3.64+1.49; F,  =4.27, P=.04), though this did not
survive adjustment for covariates (P=.62). On the other hand,
there was no difference in PARP1 or OGG1 levels between male
patients with depression compared with male controls follow-
ing unadjusted analyses (1.94+0.61 vs 1.85+0.76 and 2.88+1.07
vs 2.60+0.73, respectively; F, ,,=0.73, P=.40 and F , =0.54, P= 47,
respectively), and adjustment for covariates did not alter the
results (P>.05).

Subgroup analyses showed no difference in OGG1 or PARP1
between controls and patients with unipolar depression or
patients with bipolar depression, or controls and patients with
psychotic or non-psychotic depression (data not shown).

OGG1 and PARP1 mRNA Levels in Patients With
Depression Before and After ECT

Table 3 shows the mRNA levels of OGG1 and PARPI before and
after a course of ECT. There was no significant difference in the
levels of OGG1 or PARP1 in the group of patients as a whole before
or after treatment.

Subgroup analyses revealed no significant differences
in OGGl or PARP1 between patients with unipolar/bipolar
depression, psychotic/non-psychotic depression, male/female
patients, ECT responders/non-responders, or ECT remitters/
non-remitters before or after treatment with ECT (data not
shown).

Correlations Between OGG1 and PARP1 and
Mood Scores and Duration of Illness

Table 4 shows that there was a significant negative correlation
between baseline PARP1 mRNA levels and the change in HAM-
D24 score post ECT (r=-0.251, P=.008), indicating that higher
PARP1 levels at baseline are associated with a greater decrease in
mood score after treatment with ECT. No other significant corre-
lations were noted.
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Table 1. Demographic and Clinical Characteristics of Participants

Characteristic Depressed (n=77) Controls (n=62) Statistical test
Agey 55.96 (14.51) 53.53 (12.70) t=1.04, P= 30
Sex, No. (%) ¥?=0.07,P=.79
Male 29 (37.66) 22 (35.48)
Female 48 (62.34) 40 (64.52)
BMI, mean (SD) 27.01 (5.21) 24.69 (3.25) £=3.20, P=.002
Smokers, No. (%) 32 (41.56) 5 (8.06) ¥’=8.97,P=.003
Education, No. (%) x*=34.60, P<.001
Primary 4(18.18) 3 (4.84)
Secondary 2 (54.55) 11 (17.74)
Tertiary/quaternary 21 (27.27) 48 (77.42)
Bipolar depression, No. (%) 8(23.38)
Psychotic depression, No. (%) 9 (24.68)
Medications, No. (%) taking
SSRI 23 (29.87)
SNRI 37 (48.05)
TCA 16 (20.78)
MAOI 1(1.30)
Mirtazapine 31 (40.26)
Bupropion 2 (2.60)
Lithium 31 (40.26)
Agomelatine 5 (6.49)
Trazodone 3(3.90)
Buspirone 1(1.30)
Sodium valproate/lamotrigine 27 (35.06)
Antipsychotics 61(79.22)
Benzodiazepines 46 (59.74)
Non-benzodiazepine hypnotics 38 (49.35)
Baseline HAM-D24, mean (SD) 30.04 (5.84) 3.23 (3.02) U=0.000,
P <.001
Post-ECT HAM-D24, mean (SD) 11.45 (8.58)
Electrode placement, No. (%)
Unilateral 33 (42.86)
Bitemporal 4 (57.14)
Previous ECT, No. (%) 26 (33.77)
No. of ECT sessions, mean (SD) 8.30 (2.37)
Responders, No. (%) 46 (59.74)
Remitters, No. (%) 40 (51.95)

Abbreviations: BMI, body mass index; ECT, electroconvulsive therapy; EEG, electroencephalogram; HAM-D24, Hamilton depression rating scale, 24-item
version; MAOI, monoamine oxidase inhibitor; SNRI, serotonin-norepinephrine reuptake inhibitor; SSRI, selective serotonin reuptake inhibitor; TCA, tricyclic
antidepressant.

Data are presented as means with SD or number (%) per group where appropriate.

Table 2. Analysis of mRNA Levels of OGG1 and PARP1 in Patients With Depression Compared With Healthy Controls

mRNA targest Depressed Pre ECT (RQ) Control (RQ) Cohen d Statistics Adjusted statistics®
PARP1 1.91 (0.64) 2.16 (0.82) 0.34 F, .., 4.07,P=.05 Fl10:-4.89,P=.03
0GG1 3.03 (1.57) 3.26 (1.36) -0.16 F,,,.1.99,P=.16 F1=0.10,P=.75

Abbreviations: BMI, body mass index; ECT, electroconvulsive therapy; RQ, relative quantification. Data are presented as mean (SD).
log,,RQ used for data analysis.

2Adjusted for age, sex, BMI, smoking, education.

PARP1: controls n=62, depressed n=77.

OGG1: controls n=57, depressed n=74.
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Table 3. Analysis of mRNA Levels of OGG1 and PARP1 in Patients With Depression Pre and Post ECT

mRNA target Depressed Pre ECT (RQ) Depressed Post ECT (RQ) Cohend Statistics Adjusted statistics®
PARP1 (n=77) 1.91 (0.64) 1.98 (0.61) 0.11 F,,,=0.76,P=.39 F =0.007,P=.93
0GGI (n=74) 3.03 (1.57) 3.03 (1.47) 0 F,,,=0.04,P=.85 Fi5=0.10,P=.75

Abbreviations: BMI, body mass index; ECT, electroconvulsive therapy; RQ, relative quantification. Data are presented as mean (SD).

log,,RQ used for data analysis.

*Adjusted for age, sex, BMI, smoking, education, polarity, presence of psychosis, severity of depression at baseline, electrode placement.

Table 4. Correlations Between OGG1 and PARP1 With HAM-D24 Scores

mRNA target Baseline RQ and baseline HAM-D24 Baseline RQ and AHAM-D24 ARQ and AHAM-D24
PARP1 p=-0.119, P=.161 r=-0.251, P=.008 r=-0.196, P=.030
0GG1 p=-0.159, P=.180

p=-0.037, P=.757

p=0.107, P=.366

Abbreviations: HAM-D24, Hamilton depression rating scale, 24-item version; OGG1, 8-oxoguanine DNA glycosylase; PARP1, poly(ADP-ribose) polymerase 1; RQ,

relative quantification.

With regard to subgroup analyses, a relatively strong negative
correlation was noted between the change in OGG1 and change
in mood score post ECT in patients with psychotic depression
(p=-0.497, P=.03), indicating that larger increases in OGG1
post ECT are associated with greater improvements in mood.
However, caution is warranted as this subgroup was small and
only contained 19 patients. No other correlations were noted in
groups of patients with unipolar/bipolar depression, psychotic/
non-psychotic depression, ECT responders/non-responders,
ECT remitters/non-remitters or those treated with unilateral
or bitemporal ECT (data not shown). In female patients with
depression there were significant moderate negative correla-
tions between the changes in PARP1 and OGG1 post ECT and
the change in mood score (r=-0.302, P=.04; p=-0.302, P=.04,
respectively). No correlations were noted in male patients with
depression between PARPI or OGGI levels and mood score (data
not shown).

There was no correlation between baseline OGG1 or PARP1 lev-
els and the duration of illness in years (data not shown).

Correlations With Vitamin B3, SIRT1, PGC1aq, or
TNF-a

In the depressed group as a whole, there was a significant positive
correlation between baseline PARP1 and baseline SIRT1 (p=0.646,
P=1.52x107) and also between the change in PARP1 and change
in SIRT1 post ECT (p=0.518, P=.000004). There was a moderate
positive correlation between the change in TNF-a and the change
in PARP1 (r=0.400, P=.002) and between the change in OGG1 and
the change in TNF-a (p=0.330, P=.015) post ECT. No other signif-
icant correlations were noted with vitamin B3, SIRT1, PGCla, or
TNF-a.

DISCUSSION

In contrast to our original hypothesis, we found that PARPI is
reduced in peripheral whole blood samples from medicated
patients with depression compared with healthy controls
after adjustment for covariates but that ECT has no impact on
PARP1 at the time point used in this study. We noted no differ-
ence in OGG1 mRNA levels between controls and patients with
depression, and ECT did not impact OGG1 in the overall group
of depressed patients. Moreover, higher baseline expression
of PARP1 was associated with greater improvements in mood

post ECT. However, in the subgroup of patients with psychotic
depression, there was a moderate negative correlation between
the change in OGG1 and the change in mood score post ECT
indicating that at an individual level a larger increase in OGG1
was associated with a greater improvement in mood, though
caution is warranted because the sample size of this subgroup
was relatively small. PARP1 and OGGI1 levels were lower in
female patients with depression compared with female controls,
though this did not survive adjustment for covariates. However,
there were significant negative correlations between the change
in PARP1 and change in OGG1 with the change in mood score
post ECT in female patients with depression. These results high-
light potential sex differences in the molecular mechanisms
underlying depression, which requires further investigation. No
other notable results were identified in subgroups of patients
with depression. In the depressed group as a whole, PARP1 levels
were found to positively correlate with SIRT1 levels both at base-
line and following ECT, and there were significant positive cor-
relations between the change in PARP1 and the change in OGG1
with the change in TNF-a post ECT.

Our results from medicated patients with depression mostly
contrast with those already reported. This may be owing to the
effect of chronic pharmacotherapy because the patients included
in the present study were maintained on pharmacotherapy as
usual throughout this study. As mentioned, Ahmadimanesh et
al. (2019) showed that leukocyte-derived PARP1 was elevated in
unmedicated patients with depression compared with healthy
controls. Moreover, Szebeni et al. (2017) found elevated levels
of PARP1 and OGG1 in the BA10 white matter and amygdala of
patients who had primarily died by suicide compared with con-
trols. However, it must be noted that the patients included in that
study were a mixture of individuals with a diagnosis of MDD and
schizophrenia, and it is unclear if individuals were receiving treat-
ment with psychopharmacological agents. To our knowledge, only
1 previous study examined the relationship between either 0GG1
or PARP1 and mood and found no association between OGG1 and
HAM-D score (Teyssier et al., 2012). Our results indicate that high
baseline PARP1 may be predictive of greater improvements in
mood post ECT, though replication with a larger sample size is
required. Moreover, our results highlight differences in the molec-
ular changes that occur between subgroups of patients treated
with ECT because we found that a larger increase in OGG1 was
associated with a greater improvement in mood post ECT in the
psychotic depression subgroup. Thus, it is important to examine
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changes in relation to psychiatric diagnosis and sex when investi-
gating molecular changes in response to ECT.

The reduction in PARP1 noted in this study could have broad
implications because PARP1 is thought to account for approxi-
mately 85% of the total cellular activity of PARPs and regulate
approximately 60%-70% of genes controlling cell cycle, metab-
olism, and transcription (Virag and Szabo, 2002; Chaitanya et
al., 2010). Moreover, PARP1 has multiple functions in the main-
tenance of genomic stability, microtubule organization during
mitosis, cell death, and neurogenesis (Virag and Szabo, 2002;
Kauppinen, 2007; Martinez-Bosch et al., 2016) and can control
gene expression via chromatin modulation, transcriptional reg-
ulation, and RNA regulation (Ke et al., 2019). It is also known to
play a key role in initiating transcription by triggering changes in
the chromatin structure through PARylation of histones, thereby
opening the chromatin structure to allow access of the transcrip-
tional machinery to DNA promoter sequences, by direct recruit-
ment of transcription factors, and through PARylation of the
methyltransferase DNMT1 to inhibit its DNA methylation activity
(Eleazer and Fondufe-Mittendorf, 2021). Moreover, it is necessary
for the formation of long-term memory (Goldberg et al., 2009),
which is thought to be linked to the fast and transient deconden-
sation of chromatin by PAR that might enable the transcription
needed to form long-term memory without the induction of DNA
strand breaks (Cohen-Armon et al., 2004). However, PARP1 has
also been implicated in a type of non-apoptotic cell death known
as parthanatos, which is linked to neurodegeneration (Salech et
al., 2020).

Reduced PARP1 protein enhances mitochondrial biogenesis,
with a 50% increase in mitochondrial DNA copy number (mtD-
NAcn) noted in vitro and a 60% increase noted in vivo, with cells
in which PARP1 is depleted showing higher resistance to oxida-
tive stress (Szczesny et al., 2014). Moreover, inhibition of PARP1
has been shown to enhance the transcription of genes involved
in antioxidative defense and in mitochondrial function (Czapski
et al.,, 2018). Thus, reduced PARP1 may be protective. This may
be of relevance for depression where previous studies have
noted increased mtDNAcn in patient samples (Chung et al.,
2019; Fernstrom et al., 2021), though mtDNAcn measurement
was beyond the scope of the current study, and so further work
is required to investigate if there is a link between PARP1 and
mtDNAcn in our cohort. PARP1 has also been found to suppress
the mitochondrial regulator PGC-1a, thereby inhibiting neuronal
mitochondrial respiration (Lu et al., 2019); however, we found no
association between peripheral PARP1 and PGC-la levels in the
present study. Although PARPI levels were found to correlate
positively with those of the histone deacetylase SIRT1 both at
baseline and following ECT, the direction opposes that previously
reported in the literature, which suggests that there is a nega-
tive relationship between PARP1 and SIRT1 as they compete for
the same pool of NAD+ for their activation (Martire et al., 2015).
However, there are some reports that indicate that PARP1-induced
PAR can in fact recruit SIRT1 to DNA damage sites (Chen et al.,
2019). Moreover, there is also evidence to suggest that PARP1 can
activate the transcription factors E2F1 and c-Myc, which in turn
can induce the transcription of SIRT1 (Luna et al., 2013). Thus, the
relationship between PARP1 and SIRT1 is complex and requires
further exploration in the context of depression and antidepres-
sant treatments.

The neurotrophin hypothesis of depression suggests that
depression occurs owing to decreased levels of neurotrophins
and dysfunctional neurogenesis in brain regions important for
emotion and cognition (Duman et al., 1997). PARP1 is required

for normal cell proliferation and survival and differentiation
of neural stem cells toward neurons (Hau et al., 2017; Hong
et al, 2019). Notably, PARP1 can become activated in neu-
rons in response to electrical stimulation, induced by inositol
1,4,5,-trisphosphate-Ca?* mobilization, and, importantly, in
the absence of DNA damage (Homburg et al., 2000) and under
these circumstances appears to be associated with cell prolif-
eration as opposed to DNA synthesis (Kadam et al., 2020). Mice
deficient in PARP1 show defective neurogenesis due to suppres-
sion of Akt and ERK signaling and reduced brain weight, anx-
iety-like behaviors, and cognitive deficits (Hong et al., 2019).
However, the story is complex because inhibition of PARP1 can
also prevent neuronal cell death (Kauppinen, 2007). Previous
studies have shown that neurotrophins such as nerve growth
factor, brain-derived neurotrophic factor (BDNF), and neurotro-
phin-3 or neuroprotective glial-derived peptides such as NAP
and activity-dependent neurotrophic factor-9 activate PARP1
via Ca?-dependent kinases (Visochek et al., 2005). Although
we ourselves did not note changes in BDNF in this cohort of
depressed patients compared with controls or following ECT at
this time point (Ryan et al., 2018b), a recent systematic review
indicated that BDNF levels do in fact rise after a treatment
course, with some delay (Pelosof et al., 2022). Thus, there may
also be a delay in changes in OGG1 or PARPI post ECT, and so
time-course studies are required to investigate this.

PARP1 also induces NF,B, activity of which is important for
inflammatory cytokine and chemokine expression (Virag and
Szabo, 2002) and appears to drive macrophage polarization
toward a pro-inflammatory M1 phenotype, which produces
pro-inflammatory cytokines such as TNF-aq, IL-6, and IL-1 (Atri et
al., 2018) via the interferon gamma-signal transducer and activa-
tor of transcription 1 signaling pathway (Sobczak et al., 2020). This
is notable because it has previously been reported that patients
with depression show alterations in circulating monocyte types
(Alvarez-Mon et al., 2019), with monocytes from patients with
depression found to be less reactive to an inflammatory stimulus
than control cells (Lisi et al., 2013). Moreover, immune cells that
are deficient in PARP1 fail to migrate to the injury site or release
cytokines or inducible nitric oxide synthase (Kauppinen, 2007).
PARP1-induced PAR has been suggested to act as an extracellular
damage associated molecular pattern to drive inflammatory sig-
naling and activate cytokine release in human and rodent mac-
rophages, including TNF-a (Krukenberg et al., 2015). Notably, ECT
is associated with an acute immune response (Yrondi et al., 2018),
and we have previously shown that an increase in TNF-a is asso-
ciated with improved mood post ECT (Ryan et al., 2020a). Thus,
it is plausible that ECT might restore function of immune cells
through increased transcription and activation of PARP1, though
further work remains to assess this.

In this study we identified a significant positive correlation
between the change in TNF-a and the change in PARP1 and OGG1
post ECT in peripheral whole blood. A previous report showed
that TNF-a induces PARP1 activation in the absence of DNA
strand breaks and that PARP1 is necessary for TNF-a-induced
NF,B activation and its pro-inflammatory effects (Vuong et al.,
2015). It has also been reported that TNF-a-induced activation
of PARP1 requires Ca? influx, activation of phospholipase C, and
activation of the MEK1/ERK1 protein kinase cascade (Vuong et
al., 2015). This is notable because reduced extracellular signal-
regulated kinase (ERK) signaling has been reported in depres-
sion, with antidepressant treatment found to normalize ERK
signaling and its upstream regulator BDNF along with its down-
stream effector CREB (Wang and Mao, 2019). OGG1 has also been



shown to bind to DNA, inducing conformational changes and
pro-inflammatory gene transcription (Hao et al., 2020). Cells
exposed to TNF-a show an increase in the interaction between
OGG1 and the promoter regions of pro-inflammatory cytokine/
chemokine genes (Hao et al., 2020), with OGG1 also shown to
facilitate TNF-a-induced binding of NF,B to DNA targets (Pan et
al., 2017; Ba and Boldogh, 2018). It has previously been reported
that there is a direct interaction between OGG1 and PARP1; thus,
these two enzymes may cooperate in the induction of pro-in-
flammatory genes (Hao et al., 2020). Whether PARP1 induction
occurs before the induction of TNF-a post ECT or vice versa
remains to be determined.

Because PARP1 also mediates the response of microglia to
inflammation and in vivo studies in mice have shown that PARP1
is necessary for TNF-a-induced proliferation and activation of
microglia (Kauppinen and Swanson, 2005), these results may
fit with the microglial hypothesis of depression whereby it has
been suggested that either microglial suppression or activation
is needed to treat depression, depending on the microglial status
of the patient (Yirmiya et al., 2015). However, whether the ECT-
induced changes we have observed peripherally also occur at a
central level is difficult to determine.

There are several limitations to this study. First, only mRNA
levels of PARP1 and OGG1 were measured. Thus, although periph-
eral blood PARP1 mRNA levels were found to be decreased in
patients with depression compared with controls, this does not
tell us about the activity of PARP1. Future studies should also aim
to measure activity of these enzymes. Second, the sample size
included in this study was small, in particular in our subgroup
analyses. Third, blood samples were collected from patients
between 1 and 3 days post ECT. The optimal time point for meas-
uring OGG1 or PARP1 following ECT has not yet been clarified, and
time course studies are required to establish if any alterations are
observed in these markers at either earlier or later time points.
Fourth, all of our patients were receiving pharmacotherapy as
usual while being treated with ECT. Therefore, our baseline/pre-
ECT results may reflect an antidepressant effect because, as noted
above, antidepressant drugs can alter PARP1 expression. Thus, it
would be helpful to conduct further studies using samples col-
lected from drug naive subjects. Fifth, this study only measured
peripheral whole blood levels of OGG1 and PARP1, and we could
not assess the blood cell composition of our samples. Thus, we
cannot comment on whether changes in cellular composition of
the blood samples might be responsible for the changes identi-
fied here. Moreover, whole blood measures of these markers may
not be reflective of the levels of these BER enzymes in the brain.
Future studies should consider conducting full blood counts to
determine if the changes identified are owing to changes in the
blood cell composition of depressed patients. The use of cerebro-
spinal fluid for measuring these molecules should also be con-
sidered to gain a better understanding of their potential role in
depression pathophysiology and the mechanism of action of ECT.

In conclusion, to our knowledge, this is the first study to exam-
ine the effect of ECT on BER enzymes. We identified a reduction in
PARP1 mRNA levels in depressed patients compared with healthy
controls. Moreover, higher baseline PARP1 levels were associated
with a greater improvement in mood score post ECT. However,
at this time point, ECT had no effect on OGG1 or PARP1T mRNA
expression. A better understanding of BER enzymes and DNA
repair in depression could unearth new mechanisms relevant to
the pathophysiology of this condition and novel antidepressant
treatments.
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