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Abstract

We previously found that body mass index (BMI) strongly predicted response to ketamine.
Adipokines have a key role in metabolism (including BMI). They directly regulate inflammation
and neuroplasticity pathways and also influence insulin sensitivity, bone metabolism and
sympathetic outflow; all of these have been implicated in mood disorders. Here, we sought to
examine the role of three key adipokines—adiponectin, resistin and leptin—as potential predictors
of response to ketamine or as possible transducers of its therapeutic effects. Eighty treatment-
resistant subjects who met DSM-IV criteria for either major depressive disorder (MDD) or bipolar
disorder /11 and who were currently experiencing a major depressive episode received a single
ketamine infusion (0.5 mg kg ~1 for 40 min). Plasma adipokine levels were measured at three time
points (pre-infusion baseline, 230 min post infusion and day 1 post infusion). Overall
improvement and response were assessed using percent change from baseline on the
Montgomery—Asherg Depression Rating Scale and the Hamilton Depression Rating Scale. Lower
baseline levels of adiponectin significantly predicted ketamine’s antidepressant efficacy,
suggesting an adverse metabolic state. Because adiponectin significantly improves insulin
sensitivity and has potent anti-inflammatory effects, this finding suggests that specific systemic
abnormalities might predict positive response to ketamine. A ketamine-induced decrease in
resistin was also observed; because resistin is a potent pro-inflammatory compound, this decrease
suggests that ketamine’s anti-inflammatory effects may be transduced, in part, by its impact on
resistin. Overall, the findings suggest that adipokines may either predict response to ketamine or
have a role in its possible therapeutic effects.
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INTRODUCTION

Mood disorders are associated with a pro-inflammatory state, insulin resistance, increased
sympathetic outflow and diminished neuroplasticity in the central nervous system (CNS).1
Interestingly, adipokines influence all these processes, having important roles in
inflammation, insulin sensitivity and sympathetic outflow via their actions at central loci.2:3
Their plasma and cerebrospinal fluid levels are significantly correlated, so that their presence
in plasma may transduce CNS effects.° It should be noted that adipokines are also
expressed in the CNS.8 Our group recently demonstrated that patients with the highest body
mass index (BMI) responded best to the A-methyl-D-aspartate antagonist ketamine.’
Ketamine is rapidly distributed to peripheral tissues and crosses the blood-brain barrier
(BBB). Ketamine also displays high lipid solubility, and its low plasma protein binding
facilitates its rapid transfer across the BBB, which directly affects brain lipids.8-°

Here, we focus on three key adipokines: adiponectin, resistin and leptin. Adiponectin
significantly promotes insulin sensitivity, counters inflammation and atherosclerosis, inhibits
bone resorption and bone loss, gains access to the brain and promotes adaptive
neuroplasticity in the CNS.3:10-15 |n the periphery, adiponectin is secreted entirely by
adipocytes and potently promotes healthy insulin sensitivity. Animals and humans with a
congenital lipodystrophy or fat deficiency are still insulin resistant even in the absence of fat,
because insulin resistance is pronounced in the absence of fat-derived adiponectin:16
adiponectin administration in the context of lipodystrophy reverses insulin resistance.1’
Adiponectin in the periphery is active at many sites, notably the pancreas, where it promotes
insulin sensitivity,318 and it has anti-inflammatory effects at many sites as well.1% Low
adiponectin levels within the normal range are associated with an increased incidence of
coronary artery disease and type Il diabetes. There is a continuous gradient, so that low-
normal adiponectin levels are associated with increased coronary and metabolic disease,
whereas their incidences decrease with progressively higher levels of adiponectin.13.1

Because cerebrospinal fluid and plasma levels of adiponectin are significantly correlated,
adiponectin is likely to gain access to the CNS.4 BBB adiponectin receptors presumably
facilitate this transport. Adiponectin also exerts insulin-sensitizing effects in the CNS and, as
noted above, adiponectin in the CNS promotes adaptive neuroplasticity.2 We now know that
adiponectin originating in plasma and transported to the cerebrospinal fluid exerts CNS
effects,2! and that adiponectin is also produced locally in the CNS.8:22 A previous study
found that adiponectin levels were reduced around the clock in patients with major
depressive disorder (MDD),23 and pre-clinical data also positively link adiponectin levels to
depression. In experimental animals, reduced adiponectin levels caused by
haploinsufficiency led to increased social aversion, anhedonia and learned helplessness, and
caused impaired feedback on the hypothalamic—pituitary—adrenal axis.24 In addition,
intracerebroventricular injection of an adiponectin neutralizing antibody was found to
precipitate depressive-like behaviors.2> On the other hand, central adiponectin infusion
produced antidepressant-like behavioral effects in normal-weight mice as well as in diet-
induced obese mice.26-28
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The adipokine resistin is among the most potent pro-inflammatory compounds.2-30 Higher
levels are associated with multiple inflammatory diseases including rheumatoid arthritis,
systemic lupus erythematosis, autoimmune thyroid disease, inflammatory bowel disease and
others.29:31 A related phenomenon is the fact that resistin potently stimulates tumor necrosis
factor-a (TNF-a),32 and ketamine has anti-inflammatory properties, particularly with regard
to TNF-a-induced inflammation.33 Moreover, TNF-a. is consistently elevated in a subgroup
of patients with depressive illness.3* Studies in patients with depressive illness found that
patients with atypical depression had depressive features that correlated positively with
resistin, and that resistin levels fell significantly after antidepressant treatment. In addition,
resistin was originally thought to promote insulin resistance in humans. This effect, however,
was found to be pronounced in mice but minimal in human beings.? Like adiponectin,
resistin is produced and released by visceral fat. Its levels correlate positively with BMI.
This correlation with BMI is likely to reflect higher levels of resistin.

The adipokine leptin is synthesized by adipocytes and transported across the BBB to
regulate appetite, thermogenesis and energy homeostasis, and to promote adaptive
neuroplasticity.2:3% Leptin’s effects seem salutary in some circumstances and damaging in
others. For instance, it promotes healthy neuroplasticity3® and exerts antidepressant
responses in animal models;28:37 conversely, it also activates the sympathetic nervous
system,38 promotes bone resorption by a CNS mechanism,3? and results in leptin resistance
in key tissues such as the S-cells of the pancreas, thus leading to insulin resistance. Leptin
has multiple other effects depending on the prevailing metabolic and neuronal milieu.
Recent data indicate that leptin acts in the CNS as a neural growth factor in the
hypothalamus, rapidly inducing neuronal arborizations32:36:40 that occurred well before the
feeding effects of the administered leptin.“0 In addition, pre-clinical data suggest that leptin
interacts with the glutamatergic system in a manner relevant to depressive illness and, hence,
to ketamine’s therapeutic effects. For instance, conditional knock-out mice with deletion of
the leptin receptor in glutamatergic neurons in forebrain structures including the
hippocampus and medial prefrontal cortex displayed depressive-like behaviors.*! These
included anhedonia, behavioral despair, enhanced learned helplessness and social
withdrawal ! and were blocked by an A-methyl-D-aspartate antagonist.*! These findings
suggest that leptin receptor signaling has an important role in forebrain glutamatergic
neurons that regulate depression-related behaviors and underscores the possible connection
between leptin receptor signaling and A-methyl-D-aspartate receptors in modulating
depression-related behaviors.#! Interestingly, experimental animals whose response to severe
stressors consisted of depressive-like behaviors remitted after leptin administration.3 In
addition, Eikelis and colleagues3® demonstrated that CNS leptin secretion in patients with
depressive illness was reduced compared with levels in healthy controls. Thus, a
pharmacological intervention that promotes leptin secretion could potentially be effective in
treating depression.

It should also be noted that specific changes have been observed in lipid profiles associated
with specific diagnoses and mood state in individuals with mood disorders. A large (17 =
2305) cross-sectional study showed that patients with bipolar depression had higher
triglycerides and low-density lipoprotein levels, as well as lower high-density lipoprotein
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levels, than individuals with MDD,*2 supporting the role of diagnostic- and state-specific
changes in lipids in individuals with mood disorders.

As noted above, higher leptin levels activate the sympathetic nervous system, have an
adverse effect on bone mineral density, and can result in leptin resistance in the pancreas,
exacerbating the degree of insulin resistance. In light of the above observations, this study
attempted to address the following questions. First, do baseline levels of adipokines predict a
positive response to the rapid antidepressant effects of ketamine? Second, if so, does a
baseline index indicating a more adverse metabolic state (for example, high resistin levels)
predict response to ketamine? This would be analogous to the observation that
antidepressants are most effective in the most severely depressed patients.*3 Third, does
ketamine rapidly alter plasma adipokine levels? Fourth, do these effects differ in patients
with bipolar disorder (BD) versus those with MDD? Finally, what are the potential clinical
implications of these findings?

MATERIALS AND METHODS

Patient selection, study design and outcome measures

Eighty inpatients (males and females, ages 18-65 years) with either treatment-resistant
MDD (n =49) or BD-I/Il (n =31) who were currently experiencing a major depressive
episode lasting at least 4 weeks were included in this study, which combined data from three
different ketamine trials. The clinical trials identifier NCT00088699 includes these three
substudies investigating: (1) ketamine in bipolar depression, (2) ketamine and riluzole and
(3) ketamine’s mechanism of action. The design was similar to that of the original studies
from which these data were obtained.445 Each study was a double-blind, randomized,
placebo-controlled, cross-over trial assessing the antidepressant efficacy of ketamine for
treatment-resistant depression. One study had an initial open-label phase (up to 230 min post
infusion).* Treatment resistance was defined as a current or past history of lack of response
to at least two adequate antidepressant or neuromodulatory (including electroconvulsive
therapy) trials as defined by our modified version of the Antidepressant Treatment History
Form.#6 All patients had no diagnosis of alcohol or substance abuse or dependence in the
past 90 days as determined by the Structured Clinical Interview for DSM-IV-TR. All
participants had a Montgomery—Asberg Depression Rating Scale (MADRS) score of at least
20 at baseline, were unmedicated for at least 2 weeks (5 weeks for fluoxetine) before their
first infusion (except for 15 individuals with BD-I who were receiving lithium or valproate),
and were in good medical health, as determined by medical history, physical examination,
and routine blood and urine laboratory tests. All patients had similar diets during the studies.
The studies were approved by the NIH Combined Neuroscience institutional review board
and written informed consent was provided by all participants before study entry.

Patients received a single infusion of ketamine hydrochloride (0.5 mg kg ~1) over 40 min.
Here we report results from 60 min prior to infusion (baseline), 230 min post infusion and
day 1 post infusion, as >88% of all those who respond to ketamine do so within 230 min
post infusion.#” Ratings included the MADRS and the 17-item Hamilton Depression Rating
Scale (HAM-D), both of which were administered at the same time points as those used for
peripheral blood collection. Adipokine levels were examined using samples only through
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day 1, given that maximum antidepressant response to ketamine generally reaches its
maximum by that point. Overall response to ketamine was defined by percent change in
MADRS and HAM-D score compared with baseline; negative values reflect a reduction in
depressive symptoms. Response was defined as a 50% or greater decrease in depression
rating scale scores from baseline, and remission was defined as scoring lower than an 8 on
the MADRS.

An additional model examined the role of depression subtype on change in adipokine levels
following ketamine. Patients were classified as having either ‘melancholic depression’,
‘atypical depression’ or ‘neither’ (based on the clinician’s checklist).

Adipokine measurements

Statistics

Whole-blood samples were collected using the Vacutainer system. Baseline samples were
obtained at 0800 hours for all patients. Samples were centrifuged at 3000 r.p.m. at 4 °C for
10 min and stored at — 80 °C until assay performance. Circulating plasma levels of
adiponectin, leptin and resistin were measured using the high-sensitivity multiplex Luminex
immunoassay (XMAP Technology, Austin, TX, USA) and fluorescently color-coded
magnetic microsphere beads (R&D Systems; Minneapolis, MN, USA) according to the
manufacturer’s instructions. Samples were diluted 1:10, measured in duplicate and blinded
to clinical information. The standard cocktail was created as a fourfold dilution series to
concentrations ranging from 117.44 to 481 020 pg ml~1 for adiponectin, 25 to 103 080 pg
ml ~1 for leptin and 2.47 to 10 100 pg ml ~2 for resistin. After the addition of a biotinylated
antibody cocktail and streptavidin-PE, levels of all analytes were determined with a Bio-Plex
Magpix Multiplex Reader (Bio-Rad; Hercules, CA, USA). Concentration values were
calculated automatically with Bio-Plex Manager MP Software (Philadelphia, PA, USA) by
generating a five parameter logistic curve-fit standard curve for each analyte.

Kolmogorov-Smirnov tests indicated that peripheral adiponectin was normally distributed.
Leptin and resistin were not normally distributed, so they were transformed using a natural
log.

Linear mixed models were used to examine changes in adipokines. Time was a fixed factor
with maximum likelihood estimates and a compound symmetry covariance structure for
resistin and leptin but a scaled identity covariance structure for adiponectin. Post hoc ttests
compared values using all pairwise comparisons with a Bonferroni correction.

Bivariate associations were assessed with Pearson correlation. Correlations examined
baseline demographic factors, baseline adipokine levels and antidepressant response as well
as changes in adipokines and depression rating scale scores at 230 min and day 1 post
infusion.

All tests were two-tailed with significance set at A<0.05. A Bonferroni correction was
applied for the number of adipokines examined (three) with each type of analysis, so a cutoff
of A<0.0167 was used. Data are presented as mean * standard deviation. All statistical
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analyses were completed using IBM SPSS Version 21 (Armonk, NY, USA) or GraphPad 6
Software (San Diego, CA, USA).

RESULTS

Clinical and demographic characteristics for all 80 subjects are summarized in Table 1.
Baseline adiponectin levels were related to age (r=0.29, P =0.003), baseline leptin levels
were related to BMI (r=0.52, /<0.001) and gender (r= 0.42, £<0.001), and baseline
resistin levels were not related to any variables of interest.

Lower baseline adiponectin levels correlated with superior antidepressant response to
ketamine (percent change from baseline) at 230 min post infusion (MADRS: r=10.25, P =
0.03; HAM-D: r=0.22, P=0.051) and at day 1 (MADRS: r=0.28, P=0.01; HAM-D: r=
0.34, P=0.002; Figure 1). Controlling for age did not affect the relationship. Baseline leptin
and resistin levels were not related to antidepressant response (MADRS, leptin: 230 min (r=
-0.06, P=0.63), day 1 (r=- 0.05, P=0.67); resistin: 230 min (r=0.05, P=0.66), day 1 (r
=0.11, P=0.35)). After Bonferroni correction, the correlation between adiponectin levels at
day 1 remained significant. None of the correlations between change in adipokine levels and
change in depression rating scale scores were significant.

Plasma adiponectin levels did not change significantly from baseline to post-ketamine
infusion (F 236 = 0.16, #= 0.85; Figure 2, Table 2). Natural log-transformed plasma leptin
levels differed significantly over time (F, 157 = 9.82, £<0.001); values were lower than
baseline at 230 min post infusion (P = 0.008), but not at day 1 (= 0.29; Figure 2, Table 2).
Leptin levels were lower at 230 min than at day 1 (A<0.001). Natural log-transformed
plasma resistin levels also differed significantly over time (F5 157 = 40.06, £<0.001); values
were significantly lower than baseline at day 1 post infusion (£<0.001), but not at 230 min
(P=0.79). Resistin levels were higher at 230 min than at day 1 (A<0.001; Figure 2, Table 2).

Diagnosis (MDD versus BD) was examined using models of change over time as an
additional factor of interest; the interaction between diagnosis and time was also examined
(Figure 3). Resistin levels were significantly lower in BD patients throughout the full course
of the ketamine trial (diagnosis: Fq 7g = 203.72, A<0.001; diagnosis x time: F; 155 = 271.36,
F£<0.001), but the largest difference between groups was at day 1. Diagnosis did not appear
to have a role with adiponectin (diagnosis: F1 233 = 3.71, 2= 0.06; diagnosis x time: F5 233 =
0.03, P=10.97) or leptin levels (diagnosis: Fq 75 = 2.74, P=0.10; diagnosis x time: 5 155 =
1.82, P=0.17). After controlling for baseline levels, no difference was observed between
diagnostic groups with regard to either adiponectin or leptin levels. However, a significant
interaction was seen between diagnosis and time for resistin (A<0.001), suggesting a larger
difference in resistin levels between diagnostic groups at day 1 (Figure 3).

As a follow-up to these diagnostic differences, a separate model compared BD patients
receiving lithium with those receiving valproate. Controlling for baseline levels, no
difference between mood stabilizers was observed for either adiponectin (P =0.53) or leptin
(P =0.51). There was a significant interaction between mood stabilizer and time (P =0.04)
for resistin, but the post hoc tests were not significant.
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For leptin, the main effect of depression subtype (‘melancholic’, “atypical’ or ‘neither’) was
significant (P =0.003). Specifically, post hoc tests indicated significantly higher levels of
leptin in the “atypical’ group than in the “neither’ group (P<0.001); the ‘atypical’ and
‘melancholic’ groups were not significantly different (£ =0.87), and the interaction with
time was not significant (P =0.98). Depression subtype was also a significant factor for
resistin (£ =0.02). The ‘atypical’ group had significantly higher resistin levels than the
‘melancholic’ group. No significant group differences or group by time interactions were
observed for adiponectin (group: 2 =0.20; group x time: £ =0.80). Controlling for BMI
eliminated the subtype difference with leptin but not resistin.

Finally, we looked at BMI and found that it was significantly correlated with leptin levels at
baseline (r=0.57, A<0.001), but not with adiponectin (r= - 0.08, £ =0.47) or resistin (r=
0.01, P =0.95) levels. Although BMI was independently related to antidepressant response
at 230 min (r=-0.30, £ =0.006) and at day 1 (r= - 0.27, P =0.02), it did not alter the lack
of association between leptin and response to ketamine in a regression model at either 230
min post infusion (standardized = 0.13, £ =0.30) or at day 1 (standardized 8= 0.11, P =
0.38).

DISCUSSION

In this study of three key adipokines—adiponectin, resistin and leptin—we found that low
baseline plasma adiponectin levels predicted rapid clinical response to ketamine. Individuals
with an antidepressant response to ketamine had subtle changes in leptin levels and a
significant decrease in plasma levels of resistin compared to baseline levels (pre-ketamine
infusion).

In addition, we found that the lower the baseline plasma adiponectin levels, the greater the
response to ketamine. Adiponectin has many positive roles in promoting good health; it
helps combat insulin resistance and exerts significant anti-inflammatory effects. We also
found that subjects with the lowest levels of plasma adiponectin had an individual course of
illness characterized by more affective episodes. Thus, it appears that lower plasma
adiponectin levels may imply decreased insulin sensitivity, increased inflammation and a
larger number of prior, clinically significant affective episodes.

Studies investigating responsiveness to antidepressants based on severity of illness have
obtained mixed results. A large meta-analysis of 45 antidepressant drug trials that included
4782 patients with mild depression and 911 patients with severe depression reported that the
response rate in severely depressed patients was significantly greater in than in mildly ill
patients.*3 A similarly large study that examined response rates to electroconvulsive therapy
found that treatment-resistant patients who were less severely depressed responded better to
electroconvulsive therapy treatment than more severely depressed patients.#8 Thus, it is
conceivable that severity of depression may not correlate with severity of systemic
manifestations, and that the severity of systemic symptoms may independently predict a
positive response to ketamine. Additional studies are required to fully examine this question.
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Ketamine rapidly lowered levels of resistin, a profound pro-inflammatory
compound.26:29.3049 As noted above, resistin is not strongly related to insulin sensitivity.°
Because inflammatory mediators consistently promote insulin resistance,®! some have
suggested that resistin’s impact on insulin sensitivity is mediated by its ability to promote
cytokine secretion. Indeed, data emerging over the past several years directly implicate
resistin as an inflammatory mediator with pronounced effects in human inflammation and
illnesses where inflammation has a significant role, including diabetes, coronary artery
disease, inflammatory bowel disease and rheumatic diseases such as rheumatoid arthritis and
systemic lupus erythematosis.>2-5% Given its wide role in a broad and disparate range of
inflammatory diseases, it would not be surprising to find that resistin is elevated in patients
with depressive disorders. The ability of ketamine to lower resistin levels could indicate that
ketamine has substantial anti-inflammatory effects in patients with depressive illness, many
of whom seem to be in a clear pro-inflammatory state.

Despite its pronounced possible relevance to affective illness, we found that plasma leptin
levels shed no light on the potential role of adipokines on ketamine response, or as possible
transducers of ketamine’s pronounced therapeutic effects. It should be noted that acute
therapeutic response to ketamine in this patient group was greater in those with higher
BMIs,” which consistently correlates positively with leptin levels.

With regard to differences between diagnostic groups, resistin levels were significantly
lower in BD compared with MDD patients at day 1. This result might be associated with the
add-on use of mood stabilizers in the BD group, or might represent a finding specific to
diagnosis. Furthermore, higher leptin and resistin levels were found in individuals described
as having “atypical depression’, which supports the presence of increased metabolic
dysfunction and inflammation in “atypical’ compared with ‘melancholic’ depression.>8
Other studies have noted increased triglycerides and low-density lipoprotein levels in
subjects with bipolar depression compared with those with MDD,*2 which may underlie the
selective decrease in resistin levels induced by ketamine observed in BD patients in this
study.

The current data have several potential clinical implications. First, low plasma adiponectin
levels predicted a positive acute antidepressant response to ketamine in patients with
treatment-resistant depression. In addition, the fact that lower adiponectin levels correlated
with number of previous clinical episodes indirectly suggests that a prolonged clinical
course might be associated with greater likelihood of response to ketamine. Furthermore,
strong evidence suggests that resistin has a role in multiple inflammatory illnesses. Thus, it
may be a common factor in many inflammatory diseases. These data suggest that resistin
may partially contribute to the peripheral inflammation associated with depression. In light
of data demonstrating that resistin at the hypothalamic locus also increases the secretion of
interleukin-6,%7 resistin could also partially contribute to the CNS inflammation associated
with affective illness. As noted above, depressive symptoms in patients with atypical
depression correlate positively with resistin levels, and resistin levels fall significantly after
antidepressant treatment.®8 It is noteworthy that ketamine is capable of quickly and
significantly decreasing plasma resistin levels. These data suggest, but do not prove, that
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adipokines participate in the mechanism of acute ketamine-induced antidepressant effects.
All of these possibilities are amenable to further clinical and basic investigation.

The potential clinical implications of the present data include: (1) that ketamine may work
best in those with more severe systemic manifestations, and (2) that ketamine’s known anti-
inflammatory properties may be associated with its ability to lower levels of pro-
inflammatory adipokines like resistin. To date, our studies have administered a single dose
of ketamine. In the near future, we will be able to give repeated doses ketamine to assess
whether antidepressant response can be sustained. This will allow us to better evaluate the
role of adipokines in response to ketamine and/or its therapeutic effects.
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Figure 1.
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Baseline plasma adiponectin levels were strongly associated with improvement in depressive
symptoms one day after a single ketamine infusion. No such effects were seen for leptin or

resistin.
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(a) Adiponectin, (b) leptin and (c) resistin plasma levels at baseline (pre-treatment), 230 min

post-ketamine infusion and day 1 post-ketamine infusion. */£<0.001, **~<0.001.
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Figure 3.

The potential role of diagnosis in adipokine levels. Resistin was significantly lower in
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patients with bipolar disorder (BD) versus those with major depressive disorder (MDD)
throughout the full course of the ketamine trial. Diagnosis did not significantly influence

leptin or adiponectin levels. *£<0.001.
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