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Background: The occurrence of depression was related with a state of mild hypoxia for
a long time. Hypoxia-inducible factor-20. (HIF-2a) modulates the process from acute to
chronic hypoxia, consequently regulating changes in inducible nitric oxide synthase (iNOS).
Increasing levels of iNOS combined with major depressive disorder (MDD) have been
associated with the concentration of interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a), which increase the severity of depression.

Objective: The aim was to investigate whether depressive symptoms might be improved by
regulating HIF-2a levels to decrease the degree of oxidative stress and inflammation using
electroconvulsive therapy (ECT).

Methods: In this observational study, 49 MDD patients were divided into the ECT group
(n=32) and control group (n=17). The Hamilton Depression Rating Scale (HAMD) was used
to evaluate depressive symptoms of patients at enrollment and after 2 weeks of treatment.
The levels of HIF-2a, NOS, IL-6, and TNF-a in plasma were analyzed accordingly.
Results: The total score in each dimension of HAMD decreased more efficiently in the ECT
group than in the control group (p < 0.05). The plasma levels of IL-6 in the ECT group were
notably decreased after the 2-week treatment (¢ = 3.596, p = 0.001). The decreased trend to
statistical significance of HIF-2a was observed after treatment in the ECT group (p = 0.091).
Conclusion: The present study demonstrated that the therapeutic effects of long-term ECT
therapy for MDD may further benefit from and contribute to the improvement of MDD-
associated chronic hypoxia.

Keywords: major depressive disorder, modified electroconvulsive therapy, hypoxia-

inducible factor, neuroinflammation, oxidative stress

Introduction

Depression is a serious psychiatric illness that was predicted to be the premier burden
of disease in the world by 2030." Hypoxia plays a significant role in the pathogenesis
and exacerbation of MDD. Numerous studies® * suggested that chronic hypoxia con-
tributes to depression; alternatively, the prevalence of depression also causes a state of
mild hypoxia for a long time.” When the body is in a state of chronic hypoxia, hypoxia-
inducible factor (HIFs) participates in the adaptation process of the change of oxygen
utilization rate.® Endothelial cells adapt to changes in O, availability primarily through
HIFs whose activity is regulated by their subunits such as HIF-20..” HIF-2a controls the
process of transition from acute to chronic hypoxia,® and thus modulates the process of
oxidative stress and regulates the change of inducible nitric oxide synthase (iNOS).’
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Hypoxic-ischemia results in oxidative stress, followed
by cell death and inflammation.'®'* Numerous studies
have reported that oxidative damage and increasing levels
of iNOS in the brain were observed in patients with major
depressive disorder (MDD)."® Oxidative stress level have
been found to be significantly higher in patients with
MDD than in the general population.'* Increasing levels
of iNOS were also associated with higher levels of pro-
inflammatory factors’ transcription and concentrations of
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-
®),'s 6

The primary perspective of MDD development has sug-

. . . . . 1
causing inflammation and exacerbating depression.

gested that iNOS-induced neurovascular damage'’ may
lead to excessive diffusion of proinflammatory cytokines
into the brain.'® The combined effects of oxidative stress
and neuroinflammation leads to neuronal cell injuries. On
the contrary, administering antioxidant supplements has
been found to promote neuroprotection and symptom
improvement in patients with MDD."®

Electroconvulsive therapy (ECT) is considered the
most effective treatment for depression refractory to
medication.'® ECT can also enhance the therapeutic effects
of selective serotonin reuptake inhibitor(SSRI) drugs.?’
Numerous studies have shown that ECT can potentially
improve patients’ depressive symptoms by reducing neu-
roinflammatory responses;>' however, identification of the
still
Studies have shown that the improvement of depression

effective mechanisms involved is inconclusive.
synchronizes with hypoxia relief.*>

Therefore, it has been hypothesized that depressive
symptoms might be improved by using ECT to regulate
HIF-2a levels and decrease oxidative stress and inflamma-
tion. The purpose of this study was to analyze differences
in the levels of HIF-2a, NOS, IL-6, and TNF-a in plasma
between the ECT group and the control group before and
after ECT treatment for MDD. Further, this study also
aimed to investigate the neuroimmune mechanisms of
ECT treatment for MDD.

Materials and Methods

Study Design

This observational study was approved by the Ethics
Committee of the Beijing Huilongguan Hospital
(No. 2017-43), and was performed in accordance with
the Declaration of Helsinki. Written informed consent
was directly acquired from the participants or their corre-

sponding guardians. The study recruited 49 inpatients

administered SSRIs and/or ECT at the

Huilongguan Hospital.

Beijing

Participants

A total of 49 patients diagnosed with MDD as defined in
the Diagnostic and Statistical Manual of Mental Disorders,
4th Edition Text Revision (DSM-IV-TR), were recruited
separately by two experienced psychiatrists. Participants
were aged between 1865 years old, and were enrolled
using convenience sampling between March 1 and
November 30, 2019. According to the enrollment
sequence, 32 MDD patients were selected for the experi-
mental group and were administered ECT, whereas the
remaining 17 patients formed the control group. Both
groups were administered citalopram 40 mg/d during the
observational period, and all complied with the medication
regimen.

Sociodemographic data and clinical history of all par-
ticipants were collected, including age and educational
experience. An anesthetist examined the participants’
anesthesia fitness according to the Preoperative Risk
Criteria of the American Society of Anesthesiologists.
Participants were excluded if they self-reported or if their
family confirmed medical history of substance abuse or
dependence, except nicotine-containing substances. Those
who required a different anesthetic scheme, or had serious
adverse effects to anesthetics (eg, allergy), were excluded.
We also excluded those who: were diagnosed with bipolar
disorder or any concomitant mental disorders; were diag-
nosed with any comorbid medical/surgical diseases; had
any implants in the body, such as intracranial electrodes,
pacemakers, or clips; or were pregnant.

Electroconvulsive Treatment Procedure
ECT was administered under general anesthesia 3 times
per week, barring weekends, for a total of 7 times during
the study. Participants were evoked using bilateral electri-
cal stimulation with a pulse wave (Somatics LLC, Lake
Bluff, III).

The stimulus intensity was determined using the half-
age method, in which the quantity of electricity equals the
half of respective participants’ ages.”> ECT was performed
with brief-pulse and constant current (pulse width: 0.5 ms;
frequency: 60 Hz; current: 0.9 A). It was considered effec-
tive when the duration of seizures was at least 25 seconds
as per electroencephalography, and at least 20 seconds as
per electromyography. Thiopentone (2.5 mg/kg) was used
as the general anesthesia inducer, and suxamethonium
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(0.8 mg/kg) was administered as a muscle relaxant after
induction of anesthesia.

Drug replacement was not performed during ECT
treatment. The ECT was stopped if the participants devel-
oped any complications, or if they or their caregivers
withdrew consent.

Assessment

The Hamilton Depression Rating Scale (HAMD) was used
to evaluate participants at baseline and post-treatment (for
the ECT group, after the sixth treatment).

The HAMD-24 includes component 1 (Anxiety, C1),
component 2 (Weight, C2), component 3 (Cognitive
impairment, C3), component 4 (diurnal variation, C4),
component 5 (Retardation, C5), component 6 (Sleep dis-
turbance, C6), and component 7 (Feeling of despair, C7).
A global score over 35 indicates severe depression. Owing
to instances when the clinical manifestations of patients
are sometimes lighter than their actual conditions, it is the
actual diagnosis when they were enrolled that is preferen-
tially considered.

Blood Sample Collection and Laboratory

Tests

Peripheral blood was extracted at 7:00 am before the ECT
treatment (day 0) and on the day after the sixth ECT
session (day 14). The plasma was separated and frozen at
—80°C immediately. IL-6, TNF-qa, and HIF-2a levels were
measured using an enzyme-linked immunosorbent assay
(ELISA) kit (Cloud-clone Corp., Katy, TX, USA) accord-
ing to the manufacturer’s instructions. Spectrophotometric
measurement was used to assay NOS levels (JianCheng
Bioengineering Institute, Nanjing, China).

Statistical Analysis
All data were expressed as the mean + standard deviation.
The paired t-test was used to assess the differences in
continuous variables between pre and post treatment.
Student #-test was used to assess the differences in demo-
graphic and clinical variables between the two groups. The
p-value were adjusted using the Bonferroni correction,
with the new critical p-value after correction being a/n (n
= 2). Partial correlation analysis was performed to assess
correlations between continuous variables with education
as a covariate.

All data were analyzed using the SPSS 22.0 software
(Statistical Package for Social Studies, Chicago, IL, USA).

Graphs were plotted using GraphPad Prism 7 (GraphPad
Software, Inc. San Diego, CA, USA). All tests were two-
tailed, and a p-value of 0.05 was considered statistically
significant.

Results

Demographic and Clinical Characteristics
Compared to the ECT group, the control group had more
extensive educational experience (13.65 + 2.78 vs 10.94 +
3.45 years, p < 0.05). No significant differences were
found in clinical and demographic characteristics at base-
line between the two groups (p > 0.05) (Table 1).

Differences in HAMD Scores After

Treatment

Table 2 shows that the total scores and dimensions of
HAMD in both groups decreased significantly as com-
pared to the baseline (p < 0.05, shown in Figure 1A and
B). Of the 32 patients in the ECT group, 29 (91%) showed
a reduction in HAMD scores by at least 50%, whereas
only 7 (41%) in the control group reported similar
reductions.

Significant differences in total HAMD scores and
dimensions, except for C2, were found between the two
groups after treatment (p < 0.05, shown in Figure 2).
Additionally, there were significant differences in HAMD
C1, C4, C6, and total scores, between the two groups (p <
0.01, df = 47). All the results were calculated using
Student #-test (p < 0.05, df = 47) (Table 2).

Biomarker Analyses
There were no significant differences in biomarkers at
baseline between the two groups. In the ECT group, IL-6

Table | Comparison of Demographic Variables Between ECT
Group and Control Group

Variables ECT Control Inter-
Group Group Group comparison
(mean * (mean t
tiZ P
SD) SD)
Age 41.47 33.24 2.00 0.051
£12.29 +16.13
Education years 10.94 13.65+2.78 -2.79 0.008*
+3.45
Gender 1.63+0. 1.59+£0.51 0.25 0.806
49

Notes: Student t-test were used for inter-group comparisons; *p < 0.05.
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Table 2 Comparison of Scale Variables Intra- and Inter Groups

Variables ECT Group(mean | Control Group(mean Inter-Group Intra-Group comparison®
+ SD) + SD) comparison®
tiZ P ECT Group (Control Pect
Group) tiZ (Pcontrot)
HAMD ClI Baseline 7.75£3.65 10.00+4.12 -1.97 | 0.055
10.15(4.63) 0.000%*
Post- 2.94+2.45 5.29+3.02 —2.98 | 0.005%* (0.000%#)
treatment
HAMD C2 Baseline 1.25+0.88 0.77+0.83 1.87 0.067
6.04(3.40) 0.000**
Post- 0.22+0.42 0.12+0.33 0.86 0.395 (0.0047%)
treatment
HMAD C3 Baseline 7.50+2.07 8.41+4.17 —0.84 | 0411
10.69(3.30) 0.000**
Post- 1.66£1.72 4.59+4.02 —2.87 | 0.010% (0.0047%)
treatment
HAMD C4 Baseline 0.81+0.74 1.12£0.70 —1.40 | 0.167
3.84(1.16) 0.00|**
Post- 0.22+0.42 0.82+0.81 —2.88 | 0.009** (0.264)
treatment
HAMD C5 Baseline 8.66+1.95 8.65+2.50 0.0l 0.989
11.98(4.90) 0.000%*
Post- 3.53+1.80 5.06+2.63 —2.40 | 0.020* (0.000+%)
treatment
HAMD Cé Baseline 481%1.69 4.18%1.74 1.24 0.221
11.93(3.28) 0.000%*
Post- 1.09+1.49 2.47%1.66 —2.96 | 0.005%** (0.005%*)
treatment
HAMD C7 Baseline 7.72+2.30 8.06+3.29 —042 | 0674
10.66(3.12) 0.000%*
Post- 3.06x1.61 5.41+3.48 —2.64 | 00l16* (0.007%%)
treatment
HAMD Baseline 38.50+7.44 41.17£11.40 —0.87 | 0.391
total 19.74(5.07) 0.000%**
Post- 12.7247.58 23.76+12.34 —3.37 | 0.003** (0.000%#)
treatment

Notes: HAMD-24, 24-item Hamilton Rating Scale for Depression; pECT, p value of ECT group; pcontrol, p value of control group; a, Student t-test were used for inter-group
comparisons; b, Intra-group comparisons were evaluated by paired t-test. *p < 0.05, *p < 0.01.

@B Baseline B @l Baseline C W8 ECT Group
__50 After Treatment 60 After Treatment Control Group
a a - 540 "
g 40 H 50 'f. xx
H a0 @ 30 l
g 30 3 5
@ S 30 ] b3
a
5 2 g 20
T g 1
£ 10
=

€1 C2 C3 C4 C5 C6 C7 Total €1 C2 C3 C5 C6 C7 Total €1 €3 €4 C5 C6 C7 Total

Figure | (A and B) The differences of HAMD variables after two-week treatment compared to baseline in ECT group and control group; (C) The differences of HAMD
variables between two groups after two-week treatment; *p < 0.05, **p < 0.01.
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Figure 2 The differences of IL-6 levels after two-week treatment compared to
baseline in ECT group; *p < 0.05.

levels decreased significantly after treatment (z = 3.596,
p < 0.05, df = 47; shown in Table 3 and Figure 2), as did
HIF-2a (p = 0.091). There were no significant differences
in biomarkers after treatment in the control group.
Between-group comparisons showed lower concentra-
tion of HIF-2a in the ECT group after treatment, but this
difference was not significant (p > 0.05). In addition, there

were no significant differences in the variables between
the two groups after treatment (all p > 0.05).

No correlations were observed between the biomarkers
and demographic factors in the two groups after the
2-week treatment, whereas there were no correlations
between the differences of biomarkers and the differences
of demographic levels in two groups (all p > 0.05).
Additionally, there were no correlations between HIF-2a
at baseline and variables including biomarkers and demo-
graphics after treatment in both groups. This indicates that
HIF-20 has no significant predictive role in treatment (p >
0.05). Furthermore, there were no correlations between the
difference of clinical variables and of scale variables after
treatment in both groups (p > 0.05).

Discussion

This is the first study that attempted to explore the effect of
ECT in the treatment of MDD in the context of hypoxia. The
study substantially demonstrates that the plasma HIF-2a level
of patients in ECT group showed a significant tendency to
decrease after treatment. The plasma IL-6 levels in the ECT
group decreased significantly after the 2-week treatment.

Table 3 Comparison of Biomarkers Between ECT Group and Control Group

Variables ECT Group Control Group Intra-group comparison
(mean * SD) (mean £ SD)
ECT t/iZ Pei Control t/ Pe2
V4
IL-6 (pg/mL) Baseline 0.64+0.13 0.58+0.12
3.60 0.002** 1.83 0.087
Post-treatment 0.50+0.21 0.53%0.11
TNF-a (pg/mL) Baseline 0.10£0.05 0.08+0.01
—0.25 0.804 —0.08 0.936
Post-treatment 0.10£0.05 0.08+0.02
HIF-20 (ng/mL) Baseline 0.36+0.12 0.34+0.08
1.75 0.091 —0.25 0.120
Post-treatment 0.31%0.11 0.36+0.09
iNOS (U/mL) Baseline 13.77x1.79 14.52+2.32
-2.16 0.077 -1.30 0.213
Post-treatment 14.88+2.34 15.07£2.25
cNOS (U/mL) Baseline 7.43+3.77 8.88+3.00
-0.22 0.824 0.38 0.708
Post-treatment 7.59+3.72 8.61+4.04
tNOS (U/mL) Baseline 21.20+3.62 23.40+2.77
-1.78 0.085 —0.55 0.591
Post-treatment 22.46+2.93 23.67+3.14

Notes: All data were reported as mean + SD using paired t-test. SD, standard deviation; pc, after Bonferroni correction; pcl, p value of ECT group; pc2, p value of control

group.®p < 0.01.

Abbreviations: IL-6, interleukin-6; TNF-0, tumor necrosis factor alpha; HIF-2a, hypoxia-inducible factor-2a; NOS, nitric oxide synthase; tNOS, total NOS; iNOS, inducible

NOS; cNOS, constitutive NOS.
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In this study, both groups of participants were adminis-
tered the SSRI citalopram. HIF-2a is activated late in the
process of hypoxia and mainly regulates the body’s adapta-
tion to hypoxia.** Although no studies have reported a direct
relationship between HIF-2a and SSRI analogs, numerous
studies have shown that HIF-1a is extensively involved in the
up-regulation of serotonin expression.>> Further, the conver-
sion from HIF-lo to HIF-2a plays a crucial role in the
maintenance of redox homeostasis.”® Increased HIF-2a indi-
cates a progressive and gradual shift from acute hypoxia to
chronic hypoxia,”® during which serotonin consistently
maintains a high expression. Inhibiting the reuptake of ser-
otonin to reduce inflammatory mediators and oxidative fac-
tors has been considered as a potential mechanism for
treating depression with SSRIs.>”*® However, in this study,
HIF-2a and other components from plasma did not change
significantly in the control group who were only adminis-
tered SSRI analogs. Contrastingly, HIF-2a in the ECT group
showed a downward tendency, consistent with our pre-
before  the
Additionally, ECT induces membranes to promote the trans-

experimental  hypothesis experiment.
port of blood and brain substances according to transiently
interrupt the blood-brain barrier, and increase cell membrane
permeability to relieve the symptoms of depression; but its
specific mechanism is still inconclusive.*~° The knockout
of the HIF-2a gene and decreased HIF-2a levels can both
lead to an increase in cell membrane permeability.' In other
words, ECT may increase membrane permeability by affect-
ing HIF-2a levels. This is also clearly related to our pre-
experimental hypothesis. Although no direct research sup-
ports this combination of results, we consider that ECT may
treat depression by relieving patients’ chronic hypoxia.
ECT is the most effective therapy for drug-refractory
depression.'” Meta-analyses have found that ECT may
produce therapeutic effects through genetic changes’>
and neurotrophic factors,” but other hypotheses, such as
electroencephalography®® and neural plasticity,®> still
remain. Considering the occurrence of mild hypoxia in
depression,” and the relationship between hypoxia and
oxidative stress,” we consider that improving neuronal
hypoxia may be one of the mechanisms of ECT treatment.
The purpose of this study was to investigate whether ECT
can improve depressive symptoms by regulating hypoxia.
Although no significant differences between the ECT and
control groups were found in terms of hypoxia-related
variables such as HIF-20, the results did corroborate

ECT’s established effectiveness in treating depression.

ECT significantly reduced depressive symptoms. After
the 2-week treatment, IL-6 levels in the ECT group were
significantly lower than during baseline, whereas no such
significant difference was found within the control group.
ECT can relieve patients’ depressive symptoms by reducing
the levels of the inflammatory marker IL-6.° Numerous
studies have shown that patients with depression have sig-
nificantly increased levels of inflammatory markers in the
central and peripheral tissues.?’ In particular, IL-6 is one of
the inflammatory markers increasing most discernably in
blood samples of patients with depression. Imaging studies
have found that ECT may reduce IL-6 levels, reversing the
changes in brain structure caused by increased IL-6 levels,
thereby relieving symptoms of depression.*

This study did not find a direct correlation between
HIF-20, inflammatory factors, and oxidative stress factors
in the ECT group. In addition, no significant changes in
iNOS were observed, indicating that HIF-200 may not
affect IL-6 levels through the regulation of iNOS, but
may do so through other pathways. Further, there were
no post-treatment correlations between the differences of
clinical variables, including HIF-2a, and the differences of
scale variables in either of the group. However, numerous
studies have shown that HIF-2a initiates the transcription
of inflammatory factors such as IL-6, and HIF-2a inhibi-
tors such as HIF-2a siRNA can effectively inhibit the
expression of inflammatory factors.®*®

There are some limitations of this study. First, the
small sample size may affect the statistical power of the
results. Second, although the enrolled participants were
categorized according to first-episode depression and
chronic depression, several studies have shown that there
is no difference in the efficacy of ECT for both categories.
Next, it is recommended that future studies should inves-
tigate the effect of the addition of antioxidant therapy on
MDD patients undergoing ECT therapy.

Conclusion

We identified one mechanism of ECT to be associated with
decreasing neuroinflammation and potentially improving
chronic hypoxia. The supplemental application of antioxidant
therapy may help enhance the therapeutic effects of ECT;
hence, it is recommended that future studies investigate the
combined effects of antioxidant therapy and ECT on MDD.

Abbreviations
MDD, Major depressive disorder; ECT, electroconvulsive
therapy; ROS, reactive oxygen species; TNF-a, tumor
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necrosis factor alpha; NO, nitric oxide; HPA axis, hypotha-
lamic—pituitary—adrenal axis; NOS, nitric oxide synthase;
HIF, hypoxia-inducible factor; SD, standard deviation;
tNOS, total NOS; iNOS, inducible NOS; cNOS, constitu-
tive NOS; HAMD, Hamilton Depression Rating Scale.
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