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Abstract: Changes in serum copper concentration are observed in patients with depressive symptoms.
Unmet needs in contemporary antidepressant treatment have increased interest in non-monoaminergic
antidepressants, such as ketamine, an anaesthetic drug that has demonstrated a rapid antidepressant
effect in patients with treatment-resistant depression (TRD). The purpose of this study was to examine
whether serum copper concentrations change during ketamine treatment and whether there is an
association between the copper concentrations and treatment response measured using psychometric
scale scores. Moreover, the interlink between somatic comorbidities and copper concentration was
studied. Patients with major depressive disorder or bipolar disorder were rated weekly by a clinician
using the Montgomery—Asberg Depression Rating Scale (MADRS) and Young Mania Rating Scale
(YMRS). Copper level assessments were carried out weekly before the start of ketamine treatment
and then after every second infusion and one week after the last ketamine infusion. The serum
concentration of copper before ketamine treatment was significantly higher than that after the fifth
infusion (p = 0.016), and the serum concentration after the treatment was significantly higher than
that after the fifth infusion (p = 0.048). No significant correlations between changes in the copper
serum concentrations and MADRS or YMRS were found. The serum copper level was not associated
with somatic comorbidities during the course of treatment. This study provides data on the role
of copper in short-term intravenous ketamine treatment in TRD, although no clear evidence of a
connection between the copper level and treatment response was found.
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1. Introduction

Treatment-resistant depression (TRD), which can occur in both major depressive disorder (MDD)
and bipolar disorder (BP), remains an important psychiatric issue as a number of patients which do
not attain remission after being treated following the contemporary standard of care (SOC) [1,2].

Unmet needs in contemporary antidepressant treatment have increased interest in
non-monoaminergic antidepressants, such as ketamine, an anaesthetic drug that demonstrates
antidepressive action in patients with treatment-resistant depression (TRD) [3,4] and is thus used
in psychiatry to promote fast-acting antidepressant and anti-suicidal effects [5]. Considering
the enhanced response compared to that to conventional antidepressant treatment, ketamine,
an N-methyl-D-aspartate receptor (NMDAR) antagonist, seems to be a promising drug to treat TRD [6].
Divalent ions, such as copper, are engaged in the function and homeostasis of neurotransmission
systems [7]. Recent studies have shown that abnormal copper levels might be associated with depressive
symptoms [8]; moreover, copper plays an important role in the regulation of the NMDAR and the
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a-amino-3-hydroxy-5-methyl-4isoxazole-propionic acid receptor (AMPAR) [9]. Copper also interacts
with dopamine (-hydroxylase, which is a member of a class of copper-containing hydroxylases,
playing a vital role in the biosynthesis of neurotransmitters [10]. Furthermore, copper was found to be
a potent monoamine oxidase type A and B (MAO-A and MAO-B, respectively) inhibitor, and these
enzymes play a key role in dopamine, norepinephrine, and serotonin degradation [11,12]. Although the
hypothesis of interlinkage between copper, ketamine action, and TRD management has little evidence
to date, the elaboration of that potential connection is of interest [6].

Considering the contribution of the interaction between copper and NMDAR to TRD, ketamine
appears to address vital facets of TRD phenomena, exhibiting rapid antidepressive efficacy. The aim of
this study was to investigate the associations between blood copper concentration and psychometric
measures in patients with TRD during the course of MDD and BP.

2. Materials and Methods

The study population included individuals enrolled in a naturalistic observational registry protocol
for ketamine intravenous infusions given to treat TRD (NCT04226963), which has previously been
described in detail elsewhere [13,14]. Briefly, the inpatients diagnosed with depressive episodes during
the course of MDD or BP were included. The diagnosis was established by a clinician psychiatrist
according to the Diagnostic and Statistical Manual of Mental Disorders, 5th edition criteria using the
Mini International Neuropsychiatric Interview. All participants demonstrated treatment resistance for
the existing depressive episode. Single-patient and single-rater rules were followed during the study.
Only medically stable individuals were enrolled in the study. Ketamine was administered along with
SOC psychotropic medication.

This dataset represents the intermittent analysis of an observational study performed for the
interim modelling of observational learning. The analyses are set per predefined and equally spaced
annual increments for a study duration of 24 months with a population of 120 TRD subjects estimated
for inclusion. This study was conducted in accordance with the latest version of the Declaration of
Helsinki. The study protocol was approved by the Independent Ethics Committee of the institution
(NKBBN/172/2017; 172-674/2019). All study participants provided written consent for participation in
the study.

2.1. Study Design

This study used an observational design with the administration of eight ketamine intravenous
infusions over 4 weeks in TRD subjects. We followed the treatment-resistance definition as an
insufficient response to at least two trials of treatment [15]. Ketamine was dosed at 0.5 mg/kg based on
the patient’s actual body weight and infused intravenously over 40 min.

Safety monitoring was scheduled before, during, and after infusion every 15 min, up to 90 min post
infusion, and including the periodic assessment of vital signs (heart rate, body temperature, respiratory
rate, blood pressure, and oxygen saturation). Psychometric assessment using the Montgomery-Asberg
Depression Rating Scale (MADRS) and Young Mania Rating Scale (YMRS) was performed before the
first, third, fifth, and seventh infusions and one week after the last infusion.

Participants were defined as responders at a given time point if the percent improvement from
baseline in the MADRS total score was at least 50%; on the contrary, they were defined as remitters at a
given time point if the MADRS total score was <10 points [16].

Copper levels were assessed on a weekly basis, before every second infusion, and one week
after the last ketamine infusion. Serum copper ion concentrations were determined using a direct,
colorimetric measurement method using a commercially available two-reagent 6K93-30 MULTIGENT
Copper kit (SENTINEL CH. SpA, Italy) with a detection limit of 3 ug/dL (0.47 pmol/L). The blood was
sampled for heparin, immediately centrifuged at 4000 rpm, and the serum was transferred and sent
for assay.
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2.2. Statistics

The Shapiro-Wilk test was used to assess the distribution of continuous data. Normally distributed
variables were compared using the Student’s t-test, and all other continuous data were compared
using the nonparametric Mann-Whitney U-test. All tests were two-tailed with an alpha value of 0.05.
The Wilcoxon rank test was used to analyse the serum copper concentration, diagnosis, MADRS, YMRS,
and comorbidities. To analyse the dynamics of changes in serum copper and psychometric variables
during ketamine infusions, repeated measures of analysis of variance were performed. No sphericity
was found using the Mauchly test (p < 0.05); therefore, the Greenhouse-Geisser correction was used in
the analyses. To determine which measurements had significant differences, a post hoc analysis was
performed using the Bonferroni test.

3. Results

The demographics and clinical characteristics of the study group are presented in Table 1. Values in
brackets represent the percentage of the total number of participants (n = 49). The concentration
of serum copper varied significantly depending on the measurement (F (3.029) = 4.214; p = 0.007;
n%p = 0.09). The concentration of serum copper before treatment with ketamine was significantly higher
than that after the fifth infusion (p = 0.016) and the concentration after treatment was significantly
higher than that after the fifth infusion (p = 0.048). The differences in the serum copper levels between
other measurements were non-significant. Figure 1 illustrates the mean values with standard errors of
the mean.
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Figure 1. Mean values and standard errors of the mean values for the concentration of serum copper
ions in individual measurements; * the concentration of serum copper in the pre-treatment measurement
was significantly higher than that after the fifth infusion (p = 0.016), and the concentration after the
treatment was significantly higher than that after the fifth infusion (p = 0.048).

For TRD in both patients with MDD and BP, the copper concentration did not significantly change
during the treatment (Figure 1). In addition, the change in copper in relation to the MADRS score as
well as the clinical response, defined as the responder, remitter, and non-responder, turned out to be
non-significant during the course of treatment (Figure 2). There was no significant correlation between
changes in the serum copper concentration and MADRS or YMRS.
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Table 1. Demographics and clinical profile.

4 0f9

N Responder  Remitter Non-Responder P A\
Male sex (%) 21 (42.9) 6 (66.7) 2(25.0) 13 (40.6) 0229 096
Female sex (%) 28 (57.1) 3(33.3) 6 (75.0) 19 (59.4) ’ ’
Mean age, in years 50.02 53.11 42.88 50.94 0.336 0.00
Occupation 0.250 0.32
Employed 11 (22.4) 2(22.2) 2(25.0) 7(21.9)
Unemployed 27 (55.1) 7(77.8) 3(37.5) 18 (56.2)
Pension 10 (20.4) 0(0) 3(37.5) 7(21.9)
Seasonal work 1(2.0) 0 (0) 0 (0) 1(3.1)
Education 0.252 0.26
Elementary or lower 2(4.1) 0 (0) 1(12.5) 1(3.1)
Vocational 5(10.2) 2(22.2) 1(12.5) 2(6.3)
Secondary 18 (36.7) 1(11.1) 3(37.5) 14 (43.8)
Higher 24 (49.0) 6 (66.7) 3(37.5) 15 (46.9)
27.92 26.50
BMI (5.67) 28.00 (4.64) @72) 28.25 (6.21) 0.613 0.02
Ketamine treatment for:
MDD 35(71.4) 8(88.9) 5(62.5) 22 (68.8) 0.475 0.19
BP 14 (28.6) 2(1L.1) 5 (37.5) 7 (31.2) 0485  0.18
Comorbidity 0.104 0.31
1 21 (42.9) 6 (66.7) 2(25.0) 13 (40.6)
2 10 (20.4) 2(222) 1(12.5) 7 (21.9)
3 4(82) 1(1L1) 2(25.0) 1(3.1)
Arterial hypertension 16 (32.7) 6 (66.7) 3(37.5) 7 (21.9) 0.037 0.37
BP 4(82) 1(1L1) 2(25.0) 1(3.1) 0052  0.66
MDD  12(24.5) 5 (55.6) 1(12.5) 6 (18.8) 0177 033
Diabetes mellitus 3(6.1) 1(11.1) 2(25.0) 0(0) 0021 039
Hyperlipidaemia 9(18.4) 3(33.3) 1(12.5) 5(15.6) 0.545 0.19
Post-stroke 3(6.1) 1(1L1) 0(0) 2(6.3) 0731 0.4
Post-myocardial
infarctiZn 00 00 00 00 . B
Epilepsy 6(12.2) 0(0) 3(37.5) 3(9.4) 0.060 0.36
Other 16 (32.7) 2(22.2) 1(12.5) 13 (40.6) 0.330 0.24
Coexisting treatment
TCA 8(16.3) 1(11.1) 1(13.5) 6(18.8) 1.000 0.09
Clomipramine 4(8.2) 0(0) 1(12.5) 3(9.4) 0.789 0.15
Anmitriptyline 4(8.2) 1(11.1) 0(0) 3(9.4) 1.000 0.13
SSRI total 23 (46.9) 5(55.6) 2(25.0) 16 (50.0) 0.413 0.20
Fluvoxamine 1(2.0) 0(0) 0(0) 13.1) 1.000 0.11
Paroxetine 5(10.2) 1(11.1) 0(0) 4 (12.5) 0.813 0.15
Fluoxetine 8(16.3) 2(22.2) 0(0) 6(18.8) 0.534 0.20
Sertraline 3(6.1) 1(11.1) 0(0) 2(6.3) 0731  0.14
Citalopram 4(8.2) 0(0) 2(25.0) 2(6.3) 0.179 0.29
Escitalopram 2(4.1) 1(11.1) 0 (0) 1(3.1) 0578  0.18
SNRI total 11 (22.4) 2(222) 2(25.0) 7 (21.9) 1.000  0.03
Venlafaxine 8(16.3) 1(11.1) 1(12.5) 6 (18.8) 1.000  0.10
Duloxetine 3(6.1) 1(11.1) 1(12.5) 1(3.1) 0273 017
Other ADTs: 0.749 0.14
1 15 (30.6) 4(44.4) 2(25.0) 9 (28.1)
2 3(6.1) 0(0) 1(12.5) 2(6.3)
Mirtazapine 9(18.4) 2(22.2) 1(12.5) 6(18.8) 1.000 0.08
Mianserin 3(6.1) 1(11.1) 0(0) 2(6.3) 0731  0.14
Trazodone 4(82) 1(11.1) 1(12.5) 2(6.3) 0432  0.10
Bupropion 3(6.1) 0(0) 1(12.5) 2(6.3) 0.488 0.15
Vortioxetine 2(4.1) 0(0) 1(12.5) 1(3.1) 0.333 0.20
Antipsychotics 0.806 0.15
1 12 (24.5) 2(222) 1(12.5) 9 (28.1)
2 5(10.2) 0(0) 1(12.5) 4(12.5)
Aripiprazole 6(12.2) 0(0) 1(12.5) 5 (15.6) 0.685 0.18
Quetiapine 10 (20.4) 1(11.1) 1(12.5) 8 (25.0) 0668  0.16
Olanzapine 5(10.2) 1(11.1) 1(12.5) 3(9.4) 1.000  0.04
Risperidone 1(2.0) 0(0) 0(0) 1(3.1) 1.000 0.11
Mood stabilisers 0.348 0.29
1 15 (30.6) 2(222) 4(50.0) 9 (28.1)
2 6(12.2) 1(11.1) 0(0) 5 (15.6)
3 1(2.0) 0(0) 1(12.5) 0(0)
Lithium 5(10.2) 0 (0) 1(12,5) 4(12.5) 0643  0.16
Valproate 9 (18.4) 2(22.2) 3(37.5) 4(12.5) 0160 0.4
Lamotrigine 7 (14.3) 1(11.1) 1(12.5) 5 (15.6) 1.000 0.5

N, sample size; p, probability value; V, Cramer’s V; MDD, major depressive disorder; BP, bipolar disorder; TCA,
other tricyclic antidepressant; SSRI, selective serotonin reuptake inhibitor; SNRI, selective serotonin-noradrenaline
reuptake inhibitors; ADTs, antidepressants; BMI, body mass index.
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Figure 2. Mean values and standard errors for changes in copper serum levels among responders,
remitters, and non-responders.

The concentration of copper during the course of treatment was not associated with somatic
comorbidities (Table 2); however, we found that arterial hypertension was significantly more common
in the group of responders, while diabetes mellitus occurred significantly more often in the group of
remitters (Table 1).

Table 2. Serum copper concentration versus comorbidity.

Comorbidity F df p nzp
No. of comorbidities 0.65 9.12 0.757 0.05
Arterial hypertension 0.42 3.04 0.743 0.01
Diabetes mellitus 1.18 3.02 0.322 0.03
Hyperlipidaemia 1.05 3.00 0.371 0.02
Stroke 1.32 3.06 0.272 0.03
Epilepsy 0.44 3.01 0.723 0.01
Other 0.97 3.04 0.409 0.02

4. Discussion

Serum copper concentrations during the course of treatment with intravenous ketamine given in
addition to SOC to treat TRD did not change after the end of the intervention, regardless of the treatment
outcome or psychometric measures. Somatic comorbidities did not affect the copper concentrations
in the study population. The reason behind the transitional decrease in copper concentration during
the ketamine treatment remains largely unclear; however, this is consistent with the finding of
sertraline-induced copper decrease in patients with MDD [7]. Thus, the intermittent decrease in
copper concentration may be associated with a reduction in the acute phase response, possibly induced
by ketamine.

Studies on copper levels in patients with MDD have produced inhomogeneous results. Our study
agrees with previous data from a study of a homogeneous MDD population [17], indicating no
correlation between copper ion concentrations and the stage of the disease or the treatment outcome.
Liu et al. [18] found that there were no significant correlations between the depression severity scores
(based on the Hamilton Depression Scale-24 version) or disease course and abnormal copper levels in
patients with MDD. However, another study [19] demonstrated that children and adolescents with
moderate and severe depression had significantly higher copper levels. The evaluation of results
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becomes more difficult considering the studies reporting both lower copper levels in depression [17]
and a significant increase in serum copper levels compared with that in controls [20]. Moreover,
the interpretation of studies that did not control for overt inflammation is even more challenging,
as overt inflammation coexists with increased levels of ceruloplasmin, an acute phase protein that
transports copper [7]. There is plentiful confounding data on the factors affecting copper concentrations,
including a correlation between sertraline use and lower copper concentration [7]. In an animal study
using brain microdialysis in mice exposed to chelators, copper levels were significantly increased in the
striatum. According to the authors, this might contribute to neurological deterioration [21]. However,
neurological abnormalities occur in copper-deficient blotchy mutant mice (MoB), which have genetic
defects of the copper-transporting ATPase gene [22]. In addition, animals with zinc-related genetic
deficiencies develop symptoms related to zinc deficiency, including neuropsychiatric changes, loss of
appetite, and irritability [23].

Study findings remain inconsistent, and the role of copper ions in ketamine treatment has been
questioned. The divergent findings may be related to methodological differences, including the selection
criteria for illness chronicity, sample sizes, unmatched groups, age, sex, concomitant medication,
and the choice of antidepressant therapy. Furthermore, copper is a vital element in the inhibition
of NMDAR channels [24]. Copper is involved in oxidative stress processes. This influences the
catalytic and structural properties of antioxidant enzymes, which may be among the main causes
of the development of depression [25,26]. Some studies suggest that the induction of oxidative
stress pathways in depression is accompanied by the activation of the inflammatory reaction [27].
Processes in which copper plays important roles include catecholamine metabolism; the functioning
of NMDA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), gamma-aminobutyric
acid (GABA), glycine, and kainate receptors; neurogenesis; synaptogenesis; learning and memory
function; antioxidant processes; and regulation of the immunological system [28-31]. Copper plays an
important role in the transformation of dopamine into norepinephrine, as copper ions interact with
dopamine 3-hydroxylase [32,33]. A possible connection between copper concentrations and ketamine
treatment may be the inhibition of NMDARs by extracellular magnesium ions when a negative
membrane potential is present [34]. Zinc ions also bind to NMDARs to modulate their activity [35].
Khosravani et al. [36] and You et al. [37] revealed that NMDARs are also regulated by the cellular
prion protein (PrP¢). Furthermore, the NMDA-irrelevant ketamine mechanism of action has been
identified in animal studies, as ketamine induces the pairing of Gas and adenylyl cyclase, and through
this mechanism, increases the intracellular cyclic adenosine monophosphate (cAMP), which affects the
phosphorylation of cAMP response element-binding protein (CREB), increasing BDNF expression [38].

5. Limitation

There are several limitations to this study. This study was conducted using a small sample,
without randomisation, and an inactive placebo comparison, without a control group. There was
no separation by diagnosis; thus, the findings of the study apply to TRD patients with MDD and
BP. Nevertheless, nonhomogeneous populations comprising MDD and BP patients, with or without
comorbidities represent real-world clinical practice. Another limitation of this study is the lack of
measurements of ketamine and its metabolites in the blood. Moreover, we did not measure copper
levels in the central spinal fluid; instead, we measured serum copper levels. There was no measurement
of ceruloplasmin serum levels, although according to Kaya et al. [39], no noteworthy alterations in
serum ceruloplasmin levels were found in patients with improved clinical measures of depression
after antidepressant treatment. Finally, multiple confounding factors (e.g., nutritional status, limit of
detection) could have influenced our results.
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6. Conclusions

The present study does not support the hypothesis of significant changes in copper concentration
in ketamine intravenous add-on treatment, signalling the possible interlink between ketamine
administration and copper concentration in the active phase of treatment.
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