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Abstract 24 

Metabolic, inflammatory, and neurotrophic measures may provide complementary insight into 25 

biological heterogeneity underlying treatment-resistant depression and response to ketamine-26 

based treatments. However, biomarker studies of ketamine treatment have focused on individual 27 

markers or biological domains, most commonly inflammatory or neurotrophic, while metabolic 28 

measures remain comparatively understudied. All three domains were examined in 30 29 

individuals with treatment-resistant depression receiving eight intranasal esketamine treatments 30 

in a real-world clinical setting. Depressive symptoms, metabolic, inflammatory, and neurotrophic 31 

biomarkers were assessed before and after treatment. Esketamine treatment was associated with 32 

a reduction in Montgomery Åsberg Depression Rating Scale scores (mean decrease 7.7 points, p 33 

< 0.001; Cohen’s d = -0.90). Greater metabolic burden, quantified using a composite based on 34 

metabolic syndrome criteria and comprising waist circumference, triglycerides, HDL cholesterol, 35 

blood pressure, and fasting glucose, was associated with greater reductions in depressive 36 

symptoms following treatment, after adjustment for baseline depressive symptom severity (p = 37 

0.032). Fasting glucose decreased following esketamine treatment (mean decrease 1.58 mmol/L, 38 

pFDR < 0.001; Cohen’s d = −1.61), without significant changes in body weight. In contrast, 39 

baseline inflammatory and neurotrophic composites were not associated with changes in 40 

depressive symptoms, and no inflammatory or neurotrophic biomarkers showed significant 41 

longitudinal changes. In sensitivity analyses excluding participants with diabetes or prescribed 42 

glucose-altering medications, higher baseline serum vascular endothelial growth factor (VEGF) 43 

was associated with greater reductions in depressive symptoms (pFDR = 0.043). These findings 44 

highlight the value of a multidomain approach and identify metabolic measures as an important 45 

domain for understanding heterogeneity in response to esketamine. 46 
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Introduction 47 

There is an urgent need to better understand the mechanisms underlying depression. Worldwide, 48 

major depressive disorder (MDD) represents the leading cause of disease burden among mental, 49 

neurological, and substance-use disorders [1]. Major depressive episodes are also seen in bipolar 50 

disorder, which is characterised by more time spent in depressive episodes relative to hypomanic 51 

or manic episodes [2,3]. Although there are effective treatments for depression, a significant 52 

proportion of patients do not respond to existing pharmacotherapies and may meet criteria for 53 

treatment-resistant depression [4]. Often defined as failure to respond to at least two adequate 54 

pharmacological treatments for depression [5], treatment-resistant depression is associated with 55 

higher prevalence of comorbid psychiatric disorders, elevated suicide risk, more frequent 56 

hospitalizations, and reduced quality of life [6]. 57 

 58 

The discovery of the rapid antidepressant effects of subanaesthetic doses of racemic ketamine 59 

has been hailed as a paradigm shift in the treatment of depression [7]. While single intravenous 60 

(IV) ketamine infusions elicit rapid yet transient antidepressant effects in both MDD and bipolar 61 

disorder [8], repeated infusions produce cumulative and sustained reductions in depressive 62 

symptoms and suicidal ideation with response rates exceeding those observed with conventional 63 

pharmacotherapies [9]. Sustained antidepressant effects and longer-term relapse prevention have 64 

also been demonstrated with esketamine, the S-enantiomer of ketamine [10,11]. While racemic 65 

ketamine for depression largely remains an off-label intervention, the intranasal formulation of 66 

esketamine received multiple regulatory approvals beginning in 2019, facilitating its broader 67 

clinical adoption internationally. Nevertheless, not all individuals with treatment-resistant 68 

depression respond to ketamine-based interventions, highlighting the need for biomarkers to 69 
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predict treatment response and improve understanding of the biological mechanisms underlying 70 

treatment resistance.  71 

 72 

Depression commonly co-occurs with a range of other medical conditions, including obesity, 73 

metabolic syndrome, cardiovascular disease, and inflammatory disorders [12-14]. Additionally, 74 

many of the psychotropic medications prescribed for mood disorders are themselves associated 75 

with adverse cardiometabolic side effects [15,16]. Emerging evidence suggests that metabolic 76 

dysfunction, systemic inflammation, and impaired neuroplasticity are interconnected processes 77 

that contribute to depression pathophysiology and treatment resistance [17,18]. In this context, 78 

peripheral biomarkers may provide accessible indicators of these biological processes. Ketamine 79 

and esketamine are thought to influence synaptic plasticity, immune signalling, and metabolic 80 

function [19,20]; however, biomarker research in ketamine-treated populations has largely 81 

remained fragmented across domains.  82 

 83 

To date, studies of peripheral biomarkers in ketamine-treated individuals have focused primarily 84 

on inflammatory markers, most commonly interleukin-6 (IL-6), tumour necrosis factor-alpha 85 

(TNF-α), C-reactive protein (CRP), or neurotrophic factors including brain-derived neurotrophic 86 

factor (BDNF) and vascular endothelial growth factor (VEGF). While several individual studies 87 

have observed longitudinal reductions in pro-inflammatory markers following ketamine 88 

treatment, findings have remained mixed [21]. A recent comprehensive meta-analysis found that 89 

increases in BDNF following ketamine treatment were observed only among ketamine 90 

responders, while pre-treatment blood-based inflammatory and neurotrophic marker levels were 91 

not consistently associated with antidepressant response to IV ketamine [22]. Studies of 92 
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peripheral biomarkers during esketamine treatment have been much more limited. Recent small 93 

studies have examined individual inflammatory markers alongside esketamine treatment [23-26], 94 

though no consistent biomarker association has emerged. 95 

 96 

In contrast, metabolic biomarkers remain comparatively understudied. Prior work has largely 97 

relied on body mass index (BMI) as a proxy for metabolic health. Several studies have suggested 98 

that higher BMI is associated with greater antidepressant response to IV ketamine [27-29], yet a 99 

pooled patient-level meta-analysis found that BMI was not a significant predictor of treatment 100 

response to single IV ketamine infusions [30]. However, BMI is an incomplete measure of 101 

metabolic health and does not capture the broader spectrum of metabolic dysfunction implicated 102 

in mood disorders. Dale et al. [31] reported poorer response to an acute series of 3-6 ketamine 103 

infusions among participants with highly resistant depression (electroconvulsive therapy non-104 

responders) who presented with at least one of three metabolic conditions: hypertension, 105 

hyperglycemia, or hyperlipidemia. To our knowledge, no studies have examined individual 106 

components of metabolic syndrome or assessed cumulative metabolic burden as predictors of 107 

response in individuals receiving repeated ketamine or esketamine treatment. Furthermore, 108 

simultaneous assessment of metabolic, inflammatory, and neurotrophic measures may better 109 

characterize biological heterogeneity underlying antidepressant response. 110 

 111 

Accordingly, this study used a comprehensive multidomain biomarker approach in individuals 112 

receiving repeated intranasal esketamine in a real-world clinical setting. The aims were to: 1) 113 

determine whether baseline metabolic, inflammatory, and neurotrophic biomarkers predict 114 

changes in depressive symptoms following repeated esketamine treatment; 2) characterize 115 



Metabolic Burden and Response to Esketamine 

 6 

longitudinal changes in these biomarkers following repeated esketamine treatment; and 3) 116 

examine whether longitudinal biomarker changes are associated with changes in depressive 117 

symptoms.  118 

 119 

Methods 120 

Participants 121 

This single-site longitudinal study included individuals aged 18-65 years receiving repeated 122 

intranasal esketamine hydrochloride (Spravato®) as an outpatient clinical treatment at the BMO 123 

Innovative Clinic for Depression, a hospital-based ketamine clinic at The Royal (Ottawa, ON, 124 

Canada). Data were collected between September 2021 and March 2026. Clinical indication for 125 

this treatment is moderate-to-severe treatment-resistant major depressive episode in the context 126 

of major depressive disorder or bipolar disorder (type I or II), with diagnoses established by 127 

psychiatric consultation according to Diagnostic and Statistical Manual of Mental Disorders, 128 

Fifth Edition (DSM-5) criteria [32]. Treatment resistance was defined as failure to respond to at 129 

least two mechanistically distinct pharmacological treatments for depression at adequate dosages 130 

for a minimum of 6 weeks each during the current depressive episode, as documented using the 131 

Antidepressant Treatment History Form [33]. In accordance with Health Canada-approved use of 132 

intranasal esketamine [34], patients were required to be receiving a stable oral monoaminergic 133 

antidepressant at the time of treatment. Further eligibility criteria for treatment included 134 

completion of psychiatric and medical assessments and confirmation through the Janssen 135 

Journey patient support program [35] of private insurance coverage for esketamine or the ability 136 

to self-fund treatment. All participants in the present study had private insurance coverage; none 137 

self-funded treatment. Medical assessment included review of medical history, physical 138 
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examination, vital sign measurement, electrocardiography, standard blood test, pregnancy test, 139 

and urine toxicology screen. The treatment protocol specified that concomitant medication doses 140 

remain stable throughout esketamine treatment. Exclusion criteria for treatment included 141 

presence of psychotic disorder, alcohol or other substance use disorder within the past 12 months 142 

(excluding nicotine and caffeine) as defined by the DSM-5, a positive urine toxicology screen for 143 

non-prescribed substances, or inability to abstain from using prohibited substances or 144 

medications (e.g., cannabis, benzodiazepines) during esketamine treatment, unstable or severe 145 

medical illness (including uncontrolled hypertension, seizure disorder, renal or hepatic 146 

impairment, and significant cardiovascular risk factors), prior intolerance or hypersensitivity to 147 

ketamine, and pregnancy or lactation. The study was approved by The Royal’s Research Ethics 148 

Board. All participants provided written informed consent. Participants received CAD $40 in 149 

compensation for study procedures. 150 

 151 

Study Design and Treatment Administration 152 

Baseline clinical assessment, metabolic assessment, and blood collection occurred at the medical 153 

assessment appointment scheduled prior to initiation of esketamine treatment. Participants 154 

received a series of eight intranasal esketamine treatments administered twice-weekly during a 4-155 

week induction phase [35]. Esketamine was administered at standard doses of 56 mg or 84 mg, 156 

with dosing determined according to approved guidelines and treating physician judgment. 157 

Participants self-administered esketamine under the medical supervision of physicians and 158 

nursing staff with cardiorespiratory monitoring. Vital signs, including blood pressure and heart 159 

rate, were monitored at 15-minute intervals throughout the 2-hour post-administration 160 

observation period. Pre-treatment protocols required participants to avoid nasal medications and 161 
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to fast from food (2 hours) and liquids (30 minutes) prior to treatment.35 On treatment days, 162 

participants were required to abstain from medications that may attenuate ketamine/esketamine 163 

response, including benzodiazepines [36] (held from the night before), naltrexone, antiseizure 164 

agents (such as lamotrigine), and stimulants [37]. At physician discretion and if medically 165 

appropriate, participants prescribed glucagon-like peptide-1 (GLP-1) receptor agonists were 166 

advised to withhold these medications throughout the esketamine treatment course [38]. Post-167 

treatment clinical assessment, metabolic assessment, and blood collection were scheduled within 168 

one week following the eighth esketamine treatment.  169 

 170 

Clinical Outcome Measures 171 

The primary clinical outcome measure was the Montgomery Åsberg Depression Rating Scale 172 

(MADRS) [39] administered by trained clinical raters. Assessments used the Structured 173 

Interview Guide for the MADRS (SIGMA) [40], with the same rater conducting pre- and post-174 

treatment interviews for each participant whenever feasible. Participants also completed the 175 

Patient Health Questionnaire-9 (PHQ-9) [41] to assess self-reported depressive symptom 176 

severity. Additional clinical scales were collected and will be reported elsewhere. 177 

 178 

Metabolic Assessment 179 

Metabolic assessments were completed at the same timepoints as clinical assessment and blood 180 

collection. At each metabolic assessment (pre- and post-treatment), measurements of weight, 181 

waist and hip circumference, and vital signs (systolic and diastolic blood pressure, heart rate, and 182 

respiratory rate) were obtained by a nurse. Height was measured at pre-treatment only. Blood 183 
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pressure was measured in triplicate, with 5-minute intervals between readings, and averages were 184 

calculated for both systolic and diastolic values.  185 

 186 

Blood Collection and Processing 187 

Fasting venous blood samples were collected from the antecubital fossa into chilled, EDTA-188 

coated or serum separator (SST) vacutainer tubes by a registered phlebotomist. Samples were 189 

collected within a 2.5-hour morning window (between 9:30 a.m. and 12:00 p.m.) following an 190 

overnight fasting period. A portion of samples was processed and shipped to an external 191 

commercial laboratory (Dynacare Inc., Brampton, ON, Canada) to obtain standard clinical 192 

laboratory tests including triglycerides, a lipid profile (high-density lipoprotein [HDL], low-193 

density lipoprotein [LDL], and total cholesterol), fasting glucose, complete blood count, high-194 

sensitivity CRP, and hemoglobin A1C (HbA1c, pre-treatment only). Remaining samples were 195 

processed for on-site analysis. For plasma and serum isolation, EDTA tubes were immediately 196 

placed in an ice bath upon collection, whereas SST tubes were maintained at ambient 197 

temperature and allowed to clot for 30 minutes. EDTA and SST tubes were centrifuged at 4 ºC 198 

(1000 x g), for 15 minutes, and 10 minutes, respectively. Plasma and serum were aliquoted into 199 

microtubes on ice and stored at -80 ºC until batch analysis.  200 

 201 

Metabolic Biomarkers 202 

Primary metabolic measures corresponded to the diagnostic criteria for metabolic syndrome 203 

defined by the National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP 204 

III; 2005 revision) [42,43] (Supplementary Table 1). As described above, these measures were 205 

derived from metabolic assessments (waist circumference, systolic and diastolic blood pressure) 206 
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and blood draws (serum triglycerides, HDL cholesterol, fasting glucose). BMI was examined as 207 

an exploratory metabolic marker to align with prior literature. Fasting insulin and homeostatic 208 

model assessment of insulin resistance (HOMA-IR) [44] were examined descriptively as 209 

additional indices of insulin resistance.  210 

 211 

Inflammatory and Neurotrophic Biomarkers 212 

Concentrations of seven inflammatory and neurotrophic biomarkers were quantified from plasma 213 

using the EllaTM microfluid immunoassay platform (ProteinSimple; Bio-Techne, Toronto, ON, 214 

Canada); these included IL-6, TNF-α, BDNF, VEGF, anti-inflammatory cytokine IL-10, C-C 215 

motif chemokine ligand 2/monocyte chemoattractant protein-1 (CCL2/MCP-1), and interferon-216 

gamma (IFN-γ). BDNF and VEGF were also measured in serum using the EllaTM platform. 217 

Fasting insulin was quantified from plasma using the EllaTM platform as an exploratory 218 

metabolic marker. Samples were assayed in duplicate for multiplex analyses and in triplicate for 219 

single-analyte assays (IL-6 and insulin) and for serum BDNF and VEGF, according to the 220 

manufacturer’s instructions. Inter-assay coefficients of variation (CV) values were <15% for all 221 

assays. CRP was measured via standard automated assay in the commercial laboratory, while 222 

neutrophil to lymphocyte ratio (NLR) and systemic immune-inflammation index (SII) were 223 

calculated using absolute white blood cell and platelet counts obtained during routine clinical 224 

laboratory testing.  225 

 226 

Statistics 227 
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Statistical analyses were organized according to three predefined aims: 1) baseline predictors of 228 

esketamine response, 2) changes in metabolic, inflammatory, and neurotrophic markers 229 

following treatment, and 3) associations between biomarker change and symptom change.  230 

Continuous variables were assessed for normality. CRP, inflammatory and neurotrophic markers, 231 

NLR, SII, fasting insulin and HOMA-IR were natural log-transformed to address non-normal 232 

distributions (denoted as ln[variable]), while metabolic measures (waist circumference, 233 

triglycerides, HDL cholesterol, blood pressure, fasting glucose, and BMI) were analysed using 234 

raw units. No alternative transformations were tested. Raw means and SDs are presented for 235 

interpretability. Primary analyses focused on a priori-defined composite scores to limit multiple 236 

testing and preserve statistical power. Baseline metabolic burden was quantified as a composite 237 

score (range 0-5) for each participant by summing the number of primary metabolic measures 238 

exceeding NCEP ATP III criteria clinical thresholds (see Supplementary Table 1). The metabolic 239 

burden composite was treated as a baseline index of cardiometabolic risk and was not examined 240 

longitudinally. Pro-inflammatory (plasma CRP, IL-6, and TNF-α) and neurotrophic (serum 241 

BDNF and VEGF) composites were calculated by averaging the standardized z-scores of their 242 

respective natural log-transformed components. No other composites were calculated or tested. 243 

Exploratory inflammatory indices were derived from absolute peripheral blood counts; NLR was 244 

calculated as neutrophil-to-lymphocyte count ratio, and the SII was calculated as the product of 245 

the absolute platelet and neutrophil counts divided by absolute lymphocyte count. HOMA-IR 246 

was calculated as: fasting insulin (µU/mL) x fasting glucose (mmol/L) / 22.5. 247 

 248 

Linear regression models tested whether the metabolic burden, pro-inflammatory, and 249 

neurotrophic composites predicted changes in depressive symptom severity following 250 
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esketamine treatment, adjusting for baseline MADRS. Secondary analyses examined the 251 

individual components of the metabolic, pro-inflammatory, and neurotrophic composites with 252 

false discovery rate (FDR) correction applied within each biological domain. Uncorrected 253 

exploratory models examined additional markers including IL-10, CCL2/MCP-1, IFN-γ, NLR, 254 

SII, plasma BDNF, plasma VEGF, and BMI as baseline predictors. Due to small sample size and 255 

non-normal distribution of residuals, bootstrapping (5000 samples) with bias-corrected and 256 

accelerated (BCa) confidence intervals (CIs) (BCa 95% CI) was employed for regression 257 

analyses. 258 

 259 

Changes in clinical scores (MADRS and PHQ-9) and biomarker values were assessed using 260 

paired t-tests. Change scores for all clinical and biological variables were defined as post-261 

treatment minus baseline values. Pearson or Spearman correlations tested associations between 262 

biomarker changes and changes in MADRS scores. Sensitivity analyses excluded participants 263 

with a diagnosis of diabetes or those prescribed glucose-altering medications (e.g., GLP-1 264 

receptor agonists, insulin, or metformin, n = 9 excluded). Effect sizes were reported as Cohen’s d 265 

for paired comparisons and adjusted R2 for regression models, with 95% CIs provided for all 266 

primary outcomes (bootstrapped BCa 95% CI for regression analyses). Statistical analyses were 267 

conducted using Python, with significance set at α = 0.05 throughout. 268 

 269 

Results 270 

Sample Characteristics 271 

A total of 36 individuals consented and were screened for eligibility at their esketamine medical 272 

assessment appointment (Supplementary Figure 1). Thirty-three participants were deemed 273 
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eligible to initiate treatment and all completed the full course of eight esketamine treatments 274 

(100% treatment completion). Three participants withdrew from research procedures prior to 275 

post-treatment assessment and did not complete follow-up clinical or biomarker data collection. 276 

The final analytic sample included N = 30 participants; n = 29 had complete clinical outcome 277 

data, and n = 28 had available pre- and post-treatment biomarker data. Two additional 278 

participants were excluded from longitudinal inflammatory analyses due to self-reported acute 279 

viral illness at time of follow-up blood collection, supported by elevated CRP (>7 mg/L), and 280 

data from one participant was excluded from follow-up blood-derived measures due to non-281 

adherence with fasting requirements. Baseline demographic and clinical characteristics are 282 

summarized in Table 1.  283 

 284 

Participant mean age was 45.8 years (± 12.4; 43% were female). Most participants had a 285 

diagnosis of MDD (n = 25), while five participants had bipolar disorder (bipolar I disorder, n = 286 

3; bipolar II disorder, n = 2). The severity of baseline depressive symptoms was moderate to 287 

severe (mean MADRS 29.8 ± 5.1; range 24-42). Scores on baseline rater- and self-assessed 288 

depressive symptom scales (MADRS and PHQ-9) were moderately correlated (r = 0.483; p = 289 

0.007). Concomitant medications used during the treatment period are summarized in 290 

Supplementary Table 2. Participants had an average of 3.9 (± 1.3) prior antidepressant 291 

treatment failures in the current major depressive episode. The mean interval between baseline 292 

assessment and treatment initiation was 21.0 ± 7.9 days (range 8-42 days). Follow-up 293 

assessments were obtained 6.6 ± 3.1 days (range 1-14 days) after the eighth esketamine 294 

treatment.  295 

 296 



Metabolic Burden and Response to Esketamine 

 14 

Clinical Outcomes  297 

Participants received eight intranasal esketamine treatments (mean dose 76.5 ± 6.9 mg, range 298 

57.8-80.5 mg) over an average of 25.1 ± 4.0 days (range 24-45 days). Esketamine treatment was 299 

associated with a significant reduction in depressive symptom severity on both rater-300 

administered and self-report scales (MADRS, mean decrease 7.7 points, p < 0.001, Cohen’s d = -301 

0.90; PHQ-9, mean decrease 5.8 points, p < 0.001, Cohen’s d = -0.91; Figure 1). Among 302 

participants with complete post-treatment MADRS data, 17.2% of participants met classical 303 

antidepressant response criteria (≥50% reduction in MADRS total scores from pre-treatment to 304 

post-treatment); 31.0% were partial responders (≥25% to <50% reduction) [49]; and 51.8% were 305 

non-responders (<25% reduction). Remission (MADRS score <10 at post-treatment) [50] 306 

occurred in 3 participants (10.3% of the sample). 307 

 308 

Baseline Metabolic Burden and Its Relationship to Antidepressant Response 309 

Metabolic abnormalities were common among participants. At baseline, 9 participants (30%) 310 

met diagnostic criteria for metabolic syndrome, while 3 participants had type 2 diabetes (Table 311 

1). Overall, 16 participants (53%) had two or more metabolic abnormalities, with increased waist 312 

circumference (50%), and elevated blood pressure (47%) being the most common. HbA1c 313 

ranged from 4.8-6.6% (mean 5.3 ± 0.4%) and was positively correlated with baseline fasting 314 

glucose (r = 0.629, p < 0.001). The baseline metabolic burden composite, defined as the total 315 

number of metabolic abnormalities exceeding NCEP ATP III clinical thresholds, was not 316 

significantly correlated with baseline depressive symptom severity (MADRS total scores, r = -317 

0.148, p = 0.419).  318 

 319 
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Higher baseline metabolic burden composite scores were associated with greater reductions in 320 

MADRS scores following repeated esketamine treatment after adjusting for baseline MADRS 321 

scores (B = -1.88, β = -0.28, p = 0.032, 95% BCa CI [-4.24, -0.237], adjusted R2 = 0.014; Figure 322 

2). Secondary analyses examining individual metabolic components did not identify any 323 

significant predictors that survived FDR correction, although waist circumference was 324 

significant prior to correction (Supplementary Table 3). In exploratory analyses, BMI was not a 325 

significant predictor of changes in MADRS scores (p = 0.107).  326 

 327 

In sensitivity analyses excluding participants with a diagnosis of diabetes or those prescribed 328 

glucose-altering treatments (n = 9 excluded; see Supplementary Table 2), the association 329 

between the baseline metabolic burden composite and improvement in MADRS scores remained 330 

significant (p = 0.028, 95% BCa CI [-8.364, -0.241], adjusted R2 = 0.085).  331 

 332 

Baseline Inflammatory and Neurotrophic Biomarkers and Their Relationship to Antidepressant 333 

Response 334 

Linear regression analyses revealed that the pro-inflammatory and neurotrophic composites did 335 

not significantly predict changes in MADRS scores in the full sample (inflammatory composite: 336 

p = 0.225, 95% BCa CI [-6.676, 1.145], adjusted R2 = -0.018; neurotrophic composite: p = 0.247, 337 

95% BCa CI [-7.873, 1.120], adjusted R2 = -0.028). Secondary and exploratory analyses of 338 

individual biomarkers revealed no significant associations as summarized in Supplementary 339 

Table 3.  340 

 341 
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In sensitivity analyses, the neurotrophic composite showed a non-significant association with 342 

change in MADRS scores (p = 0.058, 95% BCa CI [-14.121, -0.772], adjusted R2 = 0.056). 343 

Secondary analyses of individual neurotrophic biomarkers identified an association between 344 

higher baseline serum lnVEGF and greater reductions in MADRS scores after FDR correction 345 

(pFDR = 0.043, 95% BCa CI [-13.579, -0.994], adjusted R2 = 0.171) (Supplementary Figure 2; 346 

Supplementary Table 3). In exploratory analyses, higher baseline plasma lnVEGF was also 347 

associated with greater reductions in MADRS scores in uncorrected analyses (p = 0.018, 95% 348 

BCa CI [-28.744, -6.846], adjusted R2 = 0.183). Baseline plasma lnVEGF also showed a positive 349 

correlation with baseline metabolic burden composite scores within this sample (rho = 0.408, p = 350 

0.025). No other individual inflammatory or neurotrophic markers were associated with change 351 

in MADRS scores in secondary or exploratory analyses. 352 

 353 

Changes in Metabolic Biomarkers Following Esketamine Treatment 354 

Changes in metabolic measures after esketamine treatment are summarized in Table 2. Fasting 355 

glucose was significantly lower at post-treatment (mean decrease 1.58 mmol/L; pFDR < 0.001, 356 

Cohen’s d = -1.61), with reductions observed in 92% of participants (Figure 3). Post-treatment, 357 

ten participants (43%) exhibited fasting glucose values below the laboratory-defined 358 

hypoglycemia threshold (<3.6 mmol/L), without reported hypoglycemic symptoms at the time of 359 

follow-up assessment. Fasting glucose reductions occurred without changes in body weight (pre: 360 

85.8 ± 22.8 kg; post: 86.5 ± 24.1 kg; p = 0.341, Cohen’s d = 0.21) or self-reported exercise 361 

frequency (pre: 3.0 ± 2.8 hrs/week; post: 3.1 ± 3.4 hrs/week; p = 0.891, Cohen’s d = 0.03). 362 

Changes in fasting glucose were not significantly correlated with cumulative esketamine dose 363 

(rho = -0.382, p = 0.072); however, the restricted dose range may have limited the ability to 364 
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detect a dose-response relationship. To further characterize glucose regulation, fasting insulin 365 

and HOMA-IR were also examined. Log transformed fasting insulin (lnInsulin) did not change 366 

significantly after esketamine treatment (fasting insulin, pre: 10.5 ± 8.9 µIU/mL, post: 11.0 ± 367 

10.2 µIU/mL; p = 0.949, Cohen’s d = 0.014). The log transformed HOMA-IR (lnHOMA-IR) 368 

decreased significantly (HOMA-IR: pre: 2.6 ± 2.5, post: 1.6 ± 1.5; p = 0.003, Cohen’s d = -369 

0.945). 370 

 371 

Systolic blood pressure also decreased following esketamine treatment (mean decrease 4.31 372 

mmHg); however, this did not remain significant after FDR correction (pFDR = 0.062, Cohen’s d 373 

= -0.45). No other metabolic markers showed significant changes following treatment in the full 374 

sample after FDR correction (p > 0.05).  375 

 376 

Sensitivity analyses yielded similar findings as the full sample for fasting glucose (pFDR < 0.001, 377 

Cohen’s d = -1.60) (Supplementary Table 4). Within this reduced sample, lnInsulin remained 378 

unchanged from baseline to post-treatment (p = 0.996; Cohen’s d = 0.019), and the decrease in 379 

lnHOMA-IR remained significant (p = 0.001, Cohen’s d = -0.797). 380 

 381 

Changes in Inflammatory and Neurotrophic Biomarkers Following Esketamine Treatment 382 

Following repeated esketamine treatment, no changes were observed in the pro-inflammatory or 383 

neurotrophic composites in the full sample (Table 2) or in sensitivity analyses (Supplementary 384 

Table 4). Furthermore, no individual inflammatory or neurotrophic marker showed a significant 385 

longitudinal change following repeated esketamine treatment (all p > 0.05; Supplementary 386 

Table 4).  387 
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Associations Between Biomarker Changes and Clinical Response 388 

Longitudinal changes in metabolic, inflammatory, or neurotrophic markers were not significantly 389 

correlated with changes in MADRS total scores in the full sample or in sensitivity analyses (all p 390 

> 0.05). Full results are provided in Supplementary Table 5. 391 

 392 

Discussion 393 

In this multidomain biomarker study of individuals with treatment-resistant depression 394 

undergoing repeated intranasal esketamine treatment, metabolic measures demonstrated the most 395 

consistent associations with antidepressant outcome and longitudinal metabolic changes. Greater 396 

baseline metabolic burden, defined according to established metabolic syndrome criteria, was 397 

associated with larger reductions in depressive symptom severity following treatment. In 398 

addition, repeated esketamine administration was associated with significant reductions in 399 

fasting glucose, independent of changes in body weight or self-reported exercise frequency. In 400 

contrast, within the full sample, baseline inflammatory and neurotrophic composite measures 401 

were not associated with antidepressant outcome and did not significantly change following 402 

treatment. Sensitivity analyses excluding participants with diabetes or prescribed glucose-403 

altering medications identified an association between higher baseline VEGF concentrations and 404 

greater clinical improvement. Collectively, these findings suggest that metabolic measures may 405 

be associated with differences in esketamine response among individuals with treatment-resistant 406 

depression.   407 

 408 

The observation that greater baseline metabolic burden was associated with greater reductions in 409 

depressive symptom severity following repeated esketamine treatment contrasts with prior 410 
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literature linking metabolic abnormalities to poorer response to medications targeting 411 

monoaminergic systems. Prior studies have associated inflammatory and metabolic dysregulation 412 

with greater illness chronicity [51] and reduced response to selective serotonin reuptake 413 

inhibitors [52]. However, evidence in ketamine-treated populations is limited. While Dale et al. 414 

[31] reported poorer response to IV ketamine in participants classified as having metabolic 415 

dysregulation based on the presence of hypertension, hyperglycemia, or hyperlipidemia, this 416 

categorical metabolic index did not capture cumulative metabolic burden across multiple 417 

domains, as assessed in the present study.  418 

 419 

These findings add to prior IV ketamine literature in which BMI has been used as a proxy 420 

measure of metabolic status, with several studies reporting greater clinical improvement 421 

following ketamine treatment in individuals with higher BMI [27-29]. In contrast, in the present 422 

study BMI was not associated with change in depressive symptom severity. More recent 423 

evidence in esketamine-treated individuals suggests a potentially non-linear relationship between 424 

BMI and antidepressant response, with greater response observed among individuals with 425 

obesity despite no significant association when BMI was examined as a continuous measure 426 

[53]. A proposed hypothesis for the association between BMI and IV ketamine response is that 427 

increased adiposity may alter exposure to lipid-soluble ketamine [53]. In the case of intranasal 428 

esketamine, where dosing is not weight-based, it is possible that the relationship between 429 

adiposity and drug exposure differs from that observed with IV ketamine. BMI is a limited 430 

surrogate for adiposity and metabolic health. The association between metabolic burden and 431 

response, observed using a composite measure that did not include BMI, suggests that BMI alone 432 
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may not fully capture the metabolic factors associated with antidepressant response to 433 

esketamine. 434 

 435 

Repeated intranasal esketamine treatment was associated with a significant reduction in fasting 436 

glucose values, observed in nearly all participants, independent of changes in weight or self-437 

reported exercise frequency, and accompanied by reductions in HOMA-IR. While large clinical 438 

trials have provided evidence supporting the overall metabolic safety of repeated 439 

ketamine/esketamine treatment [54,55], longitudinal changes in metabolic markers such as 440 

fasting glucose have not been systematically evaluated in individuals receiving ketamine or 441 

esketamine treatment [56]. Instead, prior studies have primarily examined metabolic measures as 442 

predictors of treatment response or as part of safety monitoring, rather than as outcomes 443 

following treatment. Although a recent case report described recurrent hypoglycemia following 444 

IV ketamine administration in an individual with type 1 diabetes [57], further published evidence 445 

linking ketamine and glucose is limited. Potential mechanisms underlying metabolic changes 446 

following repeated subanaesthetic-dose esketamine remain unclear. Given the limited evidence 447 

regarding longitudinal metabolic changes during repeated esketamine treatment, these results 448 

should be considered preliminary and hypothesis-generating and require replication and 449 

mechanistic follow-up studies.  450 

 451 

Although inflammatory and neurotrophic composite measures were not associated with treatment 452 

outcome in the full sample, sensitivity analyses excluding participants with diabetes or glucose-453 

altering medications identified baseline VEGF as a potential marker associated with response to 454 

repeated intranasal esketamine. Higher baseline serum VEGF levels were associated with greater 455 
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reductions in depressive symptoms following repeated esketamine treatment, while plasma 456 

VEGF showed a similar association in uncorrected exploratory analyses. Preclinical animal data 457 

indicate that both BDNF and VEGF signaling are required to elicit the antidepressant-like effects 458 

of ketamine [58]. In humans, higher pre-treatment serum VEGF has been associated with better 459 

antidepressant response to a single ketamine infusion [59] and to electroconvulsive therapy [60]. 460 

However, evidence supporting baseline VEGF as a predictor of ketamine or esketamine response 461 

remains limited, with a recent meta-analysis finding no consistent association between pre-462 

treatment neurotrophic marker levels and antidepressant outcomes [22]. Although preliminary, 463 

these findings support further investigation of VEGF as a potential biomarker of repeated 464 

intranasal esketamine treatment response. 465 

 466 

Strengths and Limitations 467 

This study included a longitudinal, real-world clinical cohort of individuals with treatment-468 

resistant depression undergoing a standardized course of repeated intranasal esketamine 469 

treatment. A key strength was the simultaneous assessment of metabolic, inflammatory, and 470 

neurotrophic systems, allowing evaluation of multiple biological domains rather than focusing on 471 

a single biomarker system. Metabolic burden was defined using a metabolic syndrome-based 472 

composite measure, aligning the analysis with established, clinically recognized metabolic 473 

features. The use of composite measures reduced the number of statistical comparisons. 474 

Sensitivity analyses excluding participants with diabetes or prescribed glucose-altering 475 

medications strengthened the robustness of the metabolic findings by reducing potential 476 

confounding. 477 

 478 
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Despite these strengths, several limitations should be considered. The sample size was small, 479 

limiting statistical power and increasing the risk of Type II error. The treatment was open-label 480 

and conducted without a placebo control, limiting the ability to attribute observed changes 481 

specifically to esketamine treatment. However, the real-world clinical design reflects a hospital-482 

based treatment setting. The inclusion of individuals with both major depressive disorder and 483 

bipolar disorder may have introduced additional heterogeneity, although this reflects the 484 

complexity of treatment-resistant depression in clinical practice. Potential residual confounding 485 

from concomitant medications cannot be excluded. Biomarker assessments were restricted to 486 

peripheral measures, which may not directly reflect central processes relevant to antidepressant 487 

response. In addition, the study design included only a single post-treatment timepoint, limiting 488 

evaluation of temporal trajectories and longer-term outcomes. Finally, despite the composite 489 

approach and FDR correction of secondary analyses, several secondary and exploratory analyses 490 

were conducted, and exploratory findings should be interpreted cautiously as hypothesis 491 

generating. Future studies should replicate these findings in larger, independent cohorts with 492 

additional longitudinal assessments to clarify the relationship between metabolic biomarkers and 493 

esketamine response.  494 

 495 

Conclusion 496 

In summary, greater baseline metabolic burden was associated with greater reductions in 497 

depressive symptoms following repeated intranasal esketamine treatment. These findings raise 498 

the possibility that metabolic burden may not necessarily be associated with reduced treatment 499 

responsiveness and that individuals with metabolic abnormalities may represent a subgroup with 500 

differential response to esketamine. Repeated esketamine treatment was also associated with 501 
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reductions in fasting glucose, highlighting a potential metabolic effect of treatment that warrants 502 

further investigation. Together, these findings suggest that metabolic measures may represent an 503 

important biological domain for understanding response to esketamine. Further studies are 504 

needed to determine whether metabolic biomarkers can help identify individuals most likely to 505 

benefit from esketamine.   506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 



Metabolic Burden and Response to Esketamine 

 24 

Acknowledgments 525 

The authors thank Dr. Raj Bhatla and Dr. Katerina Nikolitch for their contributions to the 526 

development of the esketamine clinical program at The Royal; Kimia Owsia, Fariba Sharmin, 527 

Dr. Patricia Burhunduli, Abrar Latif, Chelsea Montgomery, Petrina Daley, Terry Cowal, Dr. 528 

Dominika Fus, and Maria da Silva for their contributions to data collection, administration, 529 

and/or treatment delivery; and Glenda O’Hara for her contributions as a client advisor. The study 530 

was supported by funding from the Royal Ottawa Foundation for Mental Health, a grant from the 531 

Ontario Medical Association and Ministry of Health Innovation Fund (ROH-20-002), and 532 

philanthropic support from BMO. IFO was supported by a Personnel Award for Black Scholars 533 

from Heart & Stroke, Brain Canada Foundation, and Canadian Institutes of Health Research 534 

Institute of Circulatory and Respiratory Health. 535 

 536 

Author Contributions 537 

JLP contributed to conceptualization, methodology, supervision, project administration, and 538 

funding acquisition. IFO, AA, SW, EH, JC, RK, KM, ST, JT, and JLP contributed to 539 

investigation, including treatment administration, clinical assessments, and/or data collection. 540 

IFO, AA, and RJM contributed to biospecimen collection and processing methodology and 541 

implementation and biomarker assays. PB medically assessed all participants. IFO, AA, and JLP 542 

contributed to data curation and statistical analysis. JGF reviewed the statistical approach. AA 543 

prepared the figures. JLP wrote the original draft of the manuscript. All authors contributed to 544 

writing, review, and editing of the manuscript and approved the final version.  545 

 546 

 547 



Metabolic Burden and Response to Esketamine 

 25 

Conflict of Interest 548 

PB received grant funding and/or honoraria for lectures, expert testimony, and/or participation in 549 

advisory boards for AbbVie, Eisai, Idorsia, Janssen, Lundbeck, Otsuka, Pfizer, Canadian 550 

Medical Protective Association, Intracellular Therapeutics, and Merck. All other authors declare 551 

no conflict of interest. 552 

 553 

Supplementary Information 554 

Supplementary information is available at Molecular Psychiatry’s website.  555 



Metabolic Burden and Response to Esketamine 

 26 

References 556 

1. World Health Organization: Global Health Estimates. Burden of disease by cause, age, 557 

sex, by country and by region, 2000–2015. Geneva: World Health Organization; 2016. 558 

2. Judd LL, Akiskal HS, Schettler PJ, Endicott J, Maser J, Solomon DA et al. The long-term 559 

natural history of the weekly symptomatic status of bipolar I disorder. Arch Gen 560 

Psychiatry 2002; 59(6): 530-537. 561 

3. Judd LL, Akiskal HS, Schettler PJ, Coryell W, Endicott J, Maser JD et al. A prospective 562 

investigation of the natural history of the long-term weekly symptomatic status of bipolar 563 

II disorder. Arch Gen Psychiatry 2003; 60(3): 261-269. 564 

4. Rush AJ, Trivedi MH, Wisniewski SR, Nierenberg AA, Stewart JW, Warden D et al. 565 

Acute and longer-term outcomes in depressed outpatients requiring one or several 566 

treatment steps: a STAR*D report. Am J Psychiatry 2006; 163(11): 1905-1917. 567 

5. Brown S, Rittenbach K, Cheung S, McKean G, MacMaster FP, Clement F. Current and 568 

common definitions of treatment-resistant depression: Findings from a systematic review 569 

and qualitative interviews. Can J Psychiatry 2019; 64(6): 380-387. 570 

6. Krause C, Kadriu B, Lanzenberger R, Zarate Jr CA, Kasper S. Prognosis and improved 571 

outcomes in major depression: A review. Transl Psychiatry 2019; 9(1): 127. 572 

7. Krystal JH, Abdallah CG, Sanacora G, Charney DS, Duman RS. Ketamine: A paradigm 573 

shift for depression research and treatment. Neuron 2019; 101(5): 774-778. 574 

8. Kashimoto T, Chawla JM, Hagi K, Zarate Jr CA, Kane JM, Bauer M et al. Single-dose 575 

infusion ketamine and non-ketamine N-methyl-D-aspartate receptor antagonists for 576 

unipolar and bipolar depression: A meta-analysis of efficacy, safety and time trajectories. 577 

Psychol Med 2016; 46(7): 1459-1472. 578 



Metabolic Burden and Response to Esketamine 

 27 

9. Shim SR, Jeong HS, Bommersbach TJ, Nierenberg AA, Zarate Jr CA, Kaster TS et al. 579 

Ketamine infusions and rapid reduction of suicidal and depressive symptoms in major 580 

depressive episode: A systematic review and meta-analysis. JAMA Psychiatry 2026; 581 

83(7): 714-731.  582 

10. Daly EJ, Singh JB, Fedgchin M, Cooper K, Lim P, Shelton RC et al. Efficacy and safety 583 

of intranasal esketamine adjunctive to oral antidepressant therapy in treatment-resistant 584 

depression: A randomized clinical trial. JAMA Psychiatry 2018; 75(2): 139-148. 585 

11. Daly EJ, Trivedi MH, Janik A, Li H, Zhang Y, Li X et al. Efficacy of esketamine nasal 586 

spray plus oral antidepressant treatment for relapse prevention with treatment-resistant 587 

depression: A randomized clinical trial. JAMA Psychiatry 2019; 76(9): 893-903. 588 

12. Rethorst CD, Bernstein I, Trivedi MH. Inflammation, obesity and metabolic syndrome in 589 

depression: Analysis of the 2009-2010 National Health and Nutrition Survey (NHANES). 590 

J Clin Psychiatry 2014; 75(12): e1428-e1432.  591 

13. Moradi Y, Albatineh An, Mhmoodi H, Gheshlagh RG. The relationship between 592 

depression and risk of metabolic syndrome: A meta-analysis of observational studies. 593 

Clin Diabetes Endocrinol 2021; 7(1): 4.  594 

14. Kim H-B, Wolf BJ, Kim J-H. Association of metabolic syndrome and its components 595 

with the risk of depressive symptoms: A systematic review and meta-analysis of cohort 596 

studies. J Affect Disord 2023; 323: 46-54. 597 

15. Abosi O, Lopes S, Schmitz S, Fiedorowicz JG. Cardiometabolic effects of psychotropic 598 

medications. Horm Mol Biol Clin Investig 2018; 36(1): 20170065. 599 

 600 



Metabolic Burden and Response to Esketamine 

 28 

16. Lemogne C, Blacher J, Airagnes G, Hoertel N, Czernichow S, Danchin N et al. 601 

Management of cardiovascular health in people with severe mental disorders. Curr 602 

Cardiol Rep 2021; 23(2): 7. 603 

17. van Bruggen FH, McIntyre RS. Neuroinflammation and insulin resistance in major 604 

depression and bipolar disorder: Implications for clinical trials evaluating 605 

immunometabolic targeted therapies. Brain Behav Immun Health 2025; 51: 101166. 606 

18. Branchi I, Viglione A, Vai B, Cirulli F, Benedetti F, Poggini S. Breaking free from the 607 

inflammatory trap of depression: Regulating the interplay between immune activation 608 

and plasticity to foster mental health. Neurosci Appl 2024; 3: 103923. 609 

19. Haroon E, Miller Ah, Sanacora G. Inflammation, glutamate, and glia: A trio of trouble in 610 

mood disorders. Neuropsychopharmacology 2016; 42(1): 193-215.  611 

20. Pisanu C, Carvalho Silva R, Meattini M, Gennarelli M, Baune BT, Squassina A et al. 612 

Effect of ketamine and esketamine on RNA expression and its relevance for depression: 613 

A systematic review. Pharmacol Res 2025; 219: 107894. 614 

21. Kopra E, Mondelli V, Pariante C, Nikkheslat N. Ketamine's effect on inflammation and 615 

kynurenine pathway in depression: A systematic review. J Psychopharmacol 2021; 616 

35(8): 934-945. 617 

22. Medeiros GC, Gould TD, Prueitt WL, Nanavati J, Grunebaum MF, Farber NB et al. 618 

Blood-based biomarkers of antidepressant response to ketamine and esketamine: A 619 

systematic review and meta-analysis. Mol Psychiatry 2022; 27(9): 3658-3669. 620 

23. Colizzi M, Morandin E, Croccia V, Scipioni C, Rosada C, Sepulcri O et al. Preliminary 621 

evidence that serum interleukin-6 is a candidate biomarker of response to esketamine in 622 

treatment-resistant depression. J Psychopharmacol 2026; 40(6): 984-989. 623 



Metabolic Burden and Response to Esketamine 

 29 

24. Cavalcanti-Ribeiro P, De Souza LCAM, de Tavares VDO, de Almeida RN, de Medeiros 624 

Lima NB, da Costa Gonçalves KT et al. Inflammatory response to repeated subcutaneous 625 

esketamine in treatment-resistant depression: The role of baseline C-reactive protein. J 626 

Affect Disord 2026; 397: 120877. 627 

25. Lan X, Wu Z, Wang C, Liu G, Zhang M, Li W et al. Multiple peripheral inflammatory 628 

markers in adolescents with major depressive disorder treated with repeated esketamine 629 

infusions: Results from a randomized controlled trial. J Affect Disord 2026; 403: 121488. 630 

26. Carminati M, Tondello M, Morana C, Prato M, Zanardi R. Higher neutrophil-to-631 

lymphocyte ratio is associated with better response to esketamine in treatment-resistant 632 

depression: A post hoc exploratory analysis of real-world data. J Clin Psychopharmacol 633 

2026; 46(5): 598-602. 634 

27. Niciu MJ, Luckenbaugh DA, Ionescu DF, Guevara S, Machado-Vieira R, Richards EM et 635 

al. Clinical predictors of ketamine response in treatment-resistant depression. J Clin 636 

Psychiatry 2014; 75(5): e417-423. 637 

28. Rong C, Park C, Rosenblat JD, Subramaniapillai M, Zukerman H, Fus D et al. Predictors 638 

of response to ketamine in treatment-resistant major depressive disorder and bipolar 639 

disorder. Int J Environ Res Public Health 2018; 15(4): 771. 640 

29. Freeman MP, Hock RS, Papakostas GI, Judge H, Cusin C, Mathew SJ et al. Body mass 641 

index as a moderator of treatment response to ketamine for major depressive disorder. J 642 

Clin Psychopharmacol 2020; 40(3): 287-292. 643 

30. Price RB, Kissel N, Baumeister A, Rohac R, Woody ML, Ballard ED et al. International 644 

polled patient-level meta-analysis of ketamine infusion for depression: In search of 645 

clinical moderators. Mol Psychiatry 2022; 27(12): 5096-5112. 646 



Metabolic Burden and Response to Esketamine 

 30 

31. Dale RM, Bryant KA, Thompson NR. Metabolic syndrome rather than body mass index 647 

is associated with treatment response to ketamine infusions. J Clin Psychopharmacol 648 

2020; 40(1): 75-79. 649 

32. American Psychiatric Association: Diagnostic and Statistical Manual of Mental 650 

Disorders, Fifth Edition. Washington, DC: American Psychiatric Association; 2013. 651 

33. Sackeim HA. The definition and meaning of treatment-resistant depression. J Clin 652 

Psychiatry. 2001; 62(Suppl 16): 10-17. 653 

34. Government of Canada. Regulatory decision summary for Spravato. 2020. URL: 654 

https://dhpp.hpfb-dgpsa.ca/review-documents/resource/RDS00738 . Accessed 18 Mar 655 

2026. 656 

35. Janssen Inc. SPRAVATO® Esketamine Nasal Spray Product Monograph. 2020. URL: 657 

https://pdf.hres.ca/dpd_pm/00055812.PDF. Accessed 20 Apr 2023. 658 

36. Frye MA, Blier P, Tye SJ. Concomitant benzodiazepine use attenuates ketamine 659 

response: Implications for large scale study design and clinical development. J Clin 660 

Psychopharmacol 2015; 35(3): 334-336. 661 

37. McIntyre RS, Rosenblat JD, Nemeroff CB, Sanacora G, Murrough JW, Berk M et al. 662 

Synthesizing the evidence for ketamine and esketamine in treatment-resistant depression: 663 

An international expert opinion on the available evidence and implementation. Am J 664 

Psychiatry 2021; 178(5): 383-399. 665 

38. Joshi GP, LeMasters T, Kindel TL. Preprocedure care of patients on glucagon-like 666 

peptide-1 receptor agonists: A multisociety clinical practice guidance. Anesthesiology 667 

2024; 141(6): 1208-1209. 668 



Metabolic Burden and Response to Esketamine 

 31 

39. Montgomery SA, Asberg M. A new depression scale designed to be sensitive to change. 669 

Br J Psychiatry 1979; 134:382-389. 670 

40. Williams JBW, Kobak KA. Development and reliability of a structured interview guide 671 

for the Montgomery Åsberg Depression Rating Scale (SIGMA). Br J Psychiatry 2008; 672 

192(1): 52-28.  673 

41. Kroenke K, Spitzer RL, Williams JB. The PHQ-9: Validity of a brief depression severity 674 

measure. J Gen Intern Med 2001; 16(9): 606-613. 675 

42. National Cholesterol Education Program (NCEP): Expert Panel on Detection and 676 

Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel III). Third Report 677 

of the National Cholesterol Education Program (NCEP) Expert Panel on Detection, 678 

Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel 679 

III) final report. Circulation 2002; 106(25), 3143-3421. 680 

43. Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH, Franklin BA et al. 681 

Diagnosis and management of the metabolic syndrome: An American Heart 682 

Association/National Heart, Lung and Blood Institute scientific statement. Circulation 683 

2005; 112(17): 2735-2752. 684 

44. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. 685 

Homeostatsis model assessment: Insulin resistance and beta-cell function from fasting 686 

plasma glucose and insulin concentrations in man. Diabetologia 1985; 28(7): 412-419.  687 

45. Posner K, Brown GK, Stanley B, Brent DA, Yershova KV, Oquendo MA et al. The 688 

Columbia-Suicide Severity Rating Scale: Initial validity and internal consistency findings 689 

from three multisite studies with adolescents and adults. Am J Psychiatry 2011;168(12): 690 

1266-1277. 691 



Metabolic Burden and Response to Esketamine 

 32 

46. World Health Organization. Obesity: Preventing and managing the global epidemic: 692 

Report of a WHO consultation. Geneva: World Health Organization; 2000. WHO 693 

Technical Report Series: 894. URL: https://iris.who.int/handle/10665/42330. 694 

47. Chung F, Abdullah HR, Liao MD. STOP-Bang questionnaire: A practical approach to 695 

screen for obstructive sleep apnea. Chest 2016; 149(3):631-638. 696 

48. Pearson TA, Mensah GA, Alexander RW, Anderson JL, Cannon 3rd RO, Criqui M et al. 697 

Markers of inflammation and cardiovascular disease: Application to clinical and public 698 

health practice: A statement for healthcare professionals from the Centers for Disease 699 

Control and Prevention and the American Heart Association. Circulation 2003; 107(3): 700 

499-511. 701 

49. Hirschfeld RMA, Montgomery SA, Aguglia E, Amore M, Delgado PL Gastpar M et al. 702 

Partial response and nonresponse to antidepressant therapy: Current approaches and 703 

treatment options. J Clin Psychiatry 2002; 63(9): 826-837.  704 

50. Hawley CJ, Gale TM, Sivakumaran T, Hertfordshire Neuroscience research Group. 705 

Defining remission by cut off score on the MADRS: Selecting the optimal value. J Affect 706 

Disord 2002; 72(2): 177-184.  707 

51. Vogelzangs N, Beekman ATF, van Reedt Dortland, Schoevers RA, Giltay EJ, de Jonge P 708 

et al. Inflammatory and metabolic dysregulation and the 2-year course of depressive 709 

disorders in antidepressant users. Neuropsychopharmacology 2014; 39(7): 1624-1634. 710 

52. Hough CM, Bersani FS, Mellon SH, Morford AE, Lindqvist D, Reus VI et al. Pre-711 

treatment allostatic load and metabolic dysregulation predict SSRI response in major 712 

depressive disorder: A preliminary report. Psychol Med 2021; 51(12): 2117-2125. 713 



Metabolic Burden and Response to Esketamine 

 33 

53. Ansari M, Rhee TG, Santucci MC, Nikayin S. Does BMI matter when treating depression 714 

with esketamine? A retrospective analysis of real-world data. J Affect Disord 2025; 381: 715 

22-28. 716 

54. Zaki N, Chan L, Lane R, Doherty T, Drevets WC, Morrison RL et al. Long-term safety 717 

and maintenance of response with esketamine nasal spray in participants with treatment-718 

resistant depression: Interim results of the SUSTAIN-3 study. 719 

Neuropsychopharmacology 2023; 48(8): 1225-1233. 720 

55. Zaki N, Chen L, Lane R, Doherty T, Drevets WC, Morrison RL et al. Safety and efficacy 721 

with esketamine in treatment-resistant depression: Long-term extension study. Int J 722 

Neuropsychopharm 2025; 28(6): pyaf027. 723 

56. Wong S, Le GH, Mansur R, Rosenblat JD, Kwan ATH, Teopiz KM et al. Effects of 724 

ketamine on metabolic parameters in depressive disorders: A systematic review. J Affect 725 

Disord 2024; 367: 164-173. 726 

57. Lortrakul J, Pattanaseri K. A case report of ketamine-induced hypoglycemia in treatment 727 

resistant depression. Clin Psychopharmacol Neurosci 2024; 22(3): 541-543. 728 

58. Deyama S, Duman RS. Neurotrophic mechanisms underlying the rapid and sustained 729 

antidepressant actions of ketamine. Pharmacol Biochem Behav 2020; 188: 172837. 730 

59. Chen M-H, Lin W-C, Li C-T, Wu H-J, Bai Y-M, Tsai S-J et al. Effects of low-dose 731 

ketamine infusion on vascular endothelial growth factor and matrix metalloproteinase-9 732 

among patients with treatment-resistant depression and suicidal ideation. J Psychiatr Res 733 

2023; 165: 91-95. 734 



Metabolic Burden and Response to Esketamine 

 34 

60. Minelli A, Maffioletti E, Bortolomasi M, Conca A, Zanardini R, Rillosi L et al. 735 

Association between baseline serum vascular endothelial growth factor levels and 736 

response to electroconvulsive therapy. Acta Psychiatr Scand 2014; 129(6): 461-466. 737 

 738 

 739 

 740 

  741 



Metabolic Burden and Response to Esketamine 

 35 

Figure Legends 742 

Figure 1. Changes in depressive symptom severity following repeated intranasal esketamine 743 

treatment. Changes in a) Montgomery-Åsberg Depression Rating Scale (MADRS) scores (n=29) 744 

and b) Patient Health Questionnaire-9 (PHQ-9) scores (n=30) from baseline to post-treatment. 745 

*** p < 0.001. 746 

 747 

Figure 2. Association between baseline metabolic burden composite score and change in 748 

Montgomery-Åsberg Depression Rating Scale (MADRS) scores following repeated intranasal 749 

esketamine treatment (n=29). 750 

  751 

Figure 3. Change in fasting glucose following repeated intranasal esketamine treatment. Fasting 752 

glucose was significantly decreased following repeated intranasal esketamine treatment (pFDR < 753 

0.001, n=23). Each grey line represents an individual participant’s change from baseline to post- 754 

treatment. The blue line represents the group mean. 755 

 756 









Table 1. Baseline demographic and clinical characteristics of participants (N=30).  

Demographics and Characteristics Value 

Age, Years, Mean (SD) 45.8 (12.4) 

Sex, Female/Male, n (%) 13 (43)/17 (57) 

Race, White, n % 26 (87) 

Primary Diagnosis 

  Major Depressive Disorder, n (%) 25 (83) 

  Bipolar I Disorder, n (%) 3 (10) 

  Bipolar II Disorder, n (%) 2 (7) 

Current Comorbid Diagnoses 

  Generalized Anxiety Disorder, n (%) 21 (70) 

  Persistent Depressive Disorder, n (%) 13 (43) 

  Attention Deficit Hyperactivity Disorder, n (%) 7 (23) 

  Post-Traumatic Stress Disorder, n (%) 5 (17) 

MADRS Total Score, Mean (SD) 29.8 (5.1) 

Lifetime History of Suicide Attempt,1 n (%) 14 (47) 

Past 6 Month Suicidal Ideation Severity (C-SSRS), Mean (SD) 2.7 (1.5) 

Failed Antidepressant Trials,2 Mean (SD) 3.9 (1.3) 

Metabolic Syndrome,3 n (%) 9 (30) 

Obesity,4 n (%) 7 (24) 

Type 2 Diabetes,5 n (%) 3 (10) 

Obstructive Sleep Apnea,6 n (%) 11 (37) 

Elevated CRP7 n (%) 9 (31) 

Smoking Status, Current/Former/Never, n (%) 0 (0)/8 (27)/22 (73) 



1Actual suicide attempt as defined by C-SSRS criteria [45].
2Number of failed antidepressant trials during current episode according to the Antidepressant Treatment 
History Form [33]. 
3Defined as presence of ≥ 3 of 5 metabolic abnormalities according to National Cholesterol Education 
Program Adult Treatment Panel III (NCEP ATP III) criteria [42,43]. 
4Defined as body mass index ≥ 30 kg/m2 [46]. 
5Diagnosis documented in medical records. 
6Identified through medical records, self-report, or Stop-Bang Questionnaire score ≥ 3 [47]. 
7Defined as CRP values ≥ 3 mg/L [48]. 
Obesity and CRP values are based on available data (n = 29). 

CRP, C-reactive protein; C-SSRS, Columbia Suicide Severity Rating Scale; MADRS, Montgomery-
Åsberg Depression Rating Scale 
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Table 2. Changes in metabolic, inflammatory, and neurotrophic biomarkers following repeated intranasal esketamine treatment 
(n=28). 

Baseline Post-treatment 
Mean 

Change 
95% CI p pFDR Cohen's d n 

Metabolic Biomarkers 

Waist circumference 

(cm) 
101.21 (18.75) 101.43 (20.53) 0.22 (-5.12, 2.25) 0.859 0.949 0.03 28 

Triglycerides 

(mmol/L) 
1.28 (.40) 1.33 (0.54) 0.05 (-0.09, 0.19) 0.460 0.737 0.15 26 

HDL cholesterol 

(mmol/L) 
1.43 (0.39) 1.45 (0.70) 0.02 (-0.17, 0.21) 0.810 0.949 0.05 26 

Systolic blood 

pressure (mmHg) 
125.8 (18.0) 121.45 (15.51) -4.31 (-10.48, -1.22) 0.024 0.062 -0.45 28 

Diastolic blood 

pressure (mmHg) 
77.15 (9.24) 75.57 (9.20) -1.58 (-4.03, 0.86) 0.195 0.390 -0.25 28 

Fasting glucose 

(mmol/L) 
5.43 (0.90) 3.85 (1.11) -1.58 (-2.01, -1.16) 0.001 0.001 -1.61 23 

Inflammatory and Neurotrophic Composites1

Pro-inflammatory 

composite 
-0.013 0.049 0.062 (-0.069, 0.237) 0.448 - 0.18 25 

Neurotrophic 

composite 
-0.030 -0.041 -0.011 (-0.166, 0.145) 0.900 - -0.03 27 

1Pro-inflammatory composite included CRP, IL-6, and TNF-α; neurotrophic composite included serum BDNF and VEGF.  
BDNF, brain derived neurotrophic factor; CRP, C-reactive protein, FDR, false discovery rate, HDL, high-density lipoprotein, IL-6, interleukin-6; 
TNF-α, tumour necrosis factor alpha; VEGF, vascular endothelial growth factor 
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Sample size varies across biomarkers due to assay quality control exclusions and unusable samples due to sample quality (e.g., hemolysis). 
Biomarker-specific sample sizes are indicated in the table. 
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