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BACKGROUND. Weight gain and metabolic changes during treatment with antidepressant drugs
have emerged as an important concern, particularly in long-term treatment. It is still a matter
of ongoing debate whether weight gain and metabolic perturbations with antidepressant use
are the consequence of increased appetite and weight gain, respectively, or represents direct
pharmacological effects of the drug on metabolism.

METHODS. We therefore conducted a proof-of-concept, open-label clinical trial, hypothesizing that
in exceptionally healthy men no change of metabolic parameters would occur under mirtazapine,
when environmental factors such as nutrition, sleep, and physical exercise were controlled and kept
constant. Over a 3-week preparation phase, 10 healthy, young men were attuned to a standardized
diet adjusted to their individual caloric need, to a regular sleep/wake cycle and moderate exercise.
Continuing this protocol, we administered 30 mg mirtazapine daily for 7 days.

RESULTS. While no significant weight gain or changes in resting energy expenditure were observed
under these conditions, hunger and appetite for sweets increased with mirtazapine, accompanied
by a shift in energy substrate partitioning towards carbohydrate substrate preference as assessed
by indirect calorimetry. Furthermore, with mirtazapine, insulin and C-peptide release increased in
response to a standardized meal.

CONCLUSION. Our findings provide important insights into weight-independent metabolic changes
associated with mirtazapine and allow a better understanding of the long-term metabolic effects
observed in patients treated with antidepressant drugs.

TRIAL REGISTRATION. ClinicalTrials.gov NCT00878540.

FUNDING. Nothing to declare.

Introduction
Antidepressant drugs play an important role in the treatment of mood and anxiety disorders (1), with
increased prescription rates worldwide over recent decades (2). Newer antidepressants, such as mirtazapine,
have a more favorable side-effect profile and are thus increasingly used as first-line treatment. Nevertheless,
weight gain and metabolic disturbances are reported even with these newer antidepressant agents, often
leading to discontinuation of treatment despite sufficient antidepressant effectiveness (3, 4). Weight gain
has been observed for various substances both during the acute and maintenance phase of treatment (5)
including selective serotonin reuptake inhibitors (SSRIs), serotonin and norepinephrine reuptake inhibitors
(SNRIs), and atypical antidepressants such as mirtazapine. Metabolic alterations associated with antidepres-
sant treatment mainly affect glycemic control (4) and blood lipids (6). However, the literature is inconclusive
about general metabolic effects of antidepressants and opposite effects have been reported as well (7, 8).
Although weight gain and metabolic alterations are frequently attributed to antidepressant-induced
adverse effects, depression itself harbors risk for obesity and metabolic disorders (9). Specifically, depression
and type 2 diabetes have a bidirectional relationship, i.e., major depression increases the risk for developing
diabetes and vice versa (10). The presence of each condition, furthermore, has a negative impact on both
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normalization of glycemic control and on recovery of depressive symptoms (11). Furthermore, some indi-
viduals increase consumption of sweets and energy-dense food while depressed (12), reduce or pause phys-
ical exercise (13), or experience an increase in peripheral cortisol leading to metabolic abnormalities (14).
Another group of depressed patients eat substantially less during a depressive episode and regain weight
when recovering with antidepressant treatment (15), an effect that may be falsely attributed to antidepres-
sant-associated adverse effects. Finally, effects on metabolism and weight may not be a general class effect
of antidepressants, but specific to certain drugs associated with their unique pharmacological profile (16).
Thus, the unsolved and complex question remains whether weight gain and metabolic changes during
antidepressant treatment are the consequence of drug-induced appetite and altered eating behavior (e.g.,
binge eating, starvation) or potentially mirror specific pharmacological influence on energy metabolism.
‘We therefore conducted a proof-of-concept study in 10 young, exceptionally healthy men of European
descent receiving mirtazapine under highly standardized conditions, excluding as far as possible factors
that may confound with unspecific effects of antidepressant medication, i.e., changes in physical activity,
sleep/wake cycles, or changes in food intake. We hypothesized that under these stable and highly standard-
ized conditions including restricted and consistent caloric intake, no untoward metabolic changes would
occur during exposure to the antidepressant mirtazapine. We assessed glucose metabolism by repeated
measures of HbA lc, fasting glucose, and two glucose tolerance tests as well as indirect calorimetry.

Results

The study flow and protocol are depicted in Figure 1. Participants were between 21 and 24 years of age
(mean 22.2 + 1.2 SD). At inclusion, mean BMI was 22.9 kg/m? + 1.4 SD and waist-to-hip ratio was 0.88
+ 0.05 SD. During the 10-day study phase (baseline days and medication days) the mean caloric intake was
2,797 kcal/d * 236 SD with a maximum day-to-day caloric difference of 5.94% * 1.3% SD. The mean fat
content per study day was 37.22% % 1.8% SD (minimum 34.08%, maximum 39.53%); the mean carbohy-
drate content 49.29% * 2.1% SD (minimum 46.59%, maximum 52.89%); and the mean protein content
was 13.32% £ 0.36% SD (minimum 12.81%, maximum 13.76%). Caloric intake on the day before each
calorimetry was 2,756 kcal/d £ 237 SD and 2,730 kcal/d £ 245 SD, respectively. During administration
of mirtazapine, we observed periodic leg movements during sleep in 8 subjects. Three subjects reported
transient restless symptoms (discussed in ref. 17).

Changes in appetite, satiety, and weight. Compared with baseline, hunger and appetite for sweets increased
during mirtazapine exposure (48.4 to 59.4 mm, ¢t = —-3.779, P = 0.004; 46.7 to 56.8 mm, ¢ = -2.705, P =
0.024, respectively), while satiety decreased (40.8 to 30.8 mm, ¢ = 3.886, P = 0.004) and appetite for salty
and fatty food did not change significantly (41.0 to 47.1 mm, ¢ = -1.624, P=0.139; 31.5 to 37.4 mm, ¢ =
—2.23, P=0.053). Using a repeated-measures ANOVA and Bonferroni’s post hoc test, the most significant
changes in hunger and satiety occurred within the first 4 days after the first given mirtazapine dose, with
the most prominent peak (or trough, respectively) after 2 days (Figure 2, A and B). Contrasting the increase
in hunger and appetite, waist-to-hip ratio did not change, and body weight and BMI slightly decreased
during mirtazapine exposure (Table 1). While the decrease in weight and BMI were numerically small
(0.58 kg and 0.2 kg/m?, respectively), they were highly systematic, i.e., observed in all participants in the
same direction (Supplemental Table 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.123786DS1).

Metabolic measures: lipids, glucose metabolism, and energy expenditure. Results and statistics of basic meta-
bolic measures are depicted in Table 1. Analyses of plasma lipids revealed a decrease in total cholesterol
and HDL and LDL cholesterol, while the triglyceride/HDL ratio increased with mirtazapine. Triglycerides
and the HDL/LDL ratio remained unchanged. Glycosylated hemoglobin increased slightly, but other mea-
sures of glucose metabolism, i.e., fasting plasma glucose, fasting insulin, fasting C-peptide, and the homeo-
stasis model assessment of insulin resistance (HOMA-IR) did not change with exposure to mirtazapine.
Neither resting energy expenditure (REE) nor respiratory quotient (RQ) changed during administration of
mirtazapine (Figure 3).

Glucose tolerance testing. After ingestion of a standardized test meal, insulin and C-peptide (AUC) signifi-
cantly increased after exposure to mirtazapine (777.6 pnU/ml + 357.0 SD vs. 1,086.8 pU/ml + 404.0 SD; ¢
=-2.423; P=10.038, and 168.8 nmol/1 * 36.7 vs. 196.9 nmol/1 £ 34.6 SD; t=-2.769; P= 0.022, respective-
ly), while glucose levels remained unchanged (15,366.9 mg/dl + 2,390.4 SD vs. 16,515.6 mg/dl + 1,726.7
SD; t = -1.593; P = 0.146) (Figure 4). A medium-to-high effect (change score; see ref. 18) was found for
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the change in the AUC for insulin and C-peptide (0.77 [0.65-0.89] and 0.88 [0.74—1.01], respectively). The
effect sizes for the change in the glucose AUC was 0.5 (0.41-0.6). Compared with medication-free baseline,
no significant changes in peak glucose (107.5 mg/dl £ 15.3 SD vs. 96.0 mg/dl £ 21.4 SD, t=-1.383; P=
0.2), insulin (15.5 pU/ml £ 7.5 SD vs. 9.3 pnU/ml £ 5.6 SD, = -2.168; P=0.058), and C-peptide (1.9 nmo-
1/1£ 0.5 SD vs. 1.5 nmol/1£ 0.5 SD, t =-2.065; P = 0.069) concentrations were observed after 60 minutes.

Correlations of changes in appetite with REE and RQ. As hunger and appetite for sweets in particular
increased with mirtazapine — while food intake remained constant due to the dietary clamping protocol —
we tested the hypothesis that the increase in appetite for sweets with mirtazapine correlated with measures
of energy metabolism, i.e., calorimetry measures REE and RQ. We observed a significant correlation of
the change in RQ (ARQ) with mean appetite for sweets with mirtazapine (7, = 0.809, P= 0.005; Figure 5D).
A positive correlation with ARQ was also found with ratings of hunger (v, = 0.723, P = 0.018; Figure 5A),
appetite for sweets (, = 0.705, P = 0.023; Figure 5B) and fatty food (», = 0.736, P = 0.015) as a predictive
measure at baseline, but not for basal satiety (r, = -0.359, P = 0.309) or appetite for salty food (r, = 0.590, P
=0.073). ARQ did not correlate with overall hunger (. = 0.602, P = 0.066; Figure 5C), satiety (r, = 0.000, P
=0.99), or appetite for salty (.= 0.608, P = 0.062) or fatty food (» = 0.535, P= 0.111). In addition, baseline
hunger was predictive for hunger and appetite for sweets under mirtazapine (Supplemental Table 2). No
significant correlation was found for these parameters with changes in REE (AREE: P=0.174, P=0.533, P
=0.676, P=0.446, P=0.881, P=0.511, P=0.533, P=0.855, P= 0.556, P = 0.987, respectively).

As the increase of RQ may be an indicator of a shift towards carbohydrate substrate preference, we
extended the correlation analysis post hoc to the glucose tolerance measures. Nevertheless, we found no
correlation of glucose tolerance measured by the modified oral glucose tolerance test (mOGTT) with RQ
(Supplemental Table 2). We observed a negative correlation of baseline REE with AAUC and AAUC
(r,=-0.636, P=0.048; r = -0.745, P= 0.013, respectively).

Taken together, our results show that hunger, and especially craving for sweets after mirtazapine expo-

C-pep

sure, correlates with an increase in RQ, while REE remains unchanged. Changes in appetite under mir-
tazapine did not correlate with changes in the mOGTT parameters.

Analysis of possible confounding factors. As the nutrient composition (content of carbohydrates, lipids, and
protein) may impact on calorimetric measures (19), we correlated the RQ, REE, ARQ, and AREE with the
amount of carbohydrates, lipids, and protein as well as the total caloric intake on the day before the calo-
rimetry but did not find a significant effect (data not shown). Although we tried to harmonize the fasting
period before calorimetry by setting the time of last caloric intake to 7:00 pm the day before measurement
for all subjects, interindividual differences occurred due to procedural reasons (one measurement at a time,
up to 2 measurements on one day). Nevertheless, fasting times before caloric measurement (assessed by
the time when measurement was completed, as the last 30 minutes were used for the calculation of REE
and RQ) did not differ between baseline and mirtazapine (mean time of the day [hours/minutes/seconds]
9:33:42 + 0:26:44 SD vs. 9:50:18 + 0:20:17 SD, P = 0.56; paired ¢ test), and there were no correlations of the
fasting time with the REE and RQ values, neither at baseline (r, = 0.529, P= 0.116; . = -0.297, P = 0.405,
respectively), nor after mirtazapine (7, = 0.152, P= 0.676; r, = —0.584, P = 0.077, respectively). Addressing
the within-subject perspective of this important factor, we further did not find significant correlations of
individual difference of fasting time between measurements (0:17:35 £ 1:02:50 SD) and the AREE and
ARQ, respectively (r, = 0.505, P= 0.137; r, = -0.28, P = 0.432, respectively).

A significant correlation of total plasma mirtazapine concentration (AUC of mirtazapine and
desmethyl-mirtazapine, the active metabolite of mirtazapine) was found with the peak insulin in the
mOGTT after 60 minutes and the AUC of insulin (r, = 0.709, P= 0.022; r, = 0.648, P = 0.043, respective-
ly). No further correlation of plasma mirtazapine concentration with other parameters was found, includ-
ing changes in weight, hunger, appetite for sweet foods, and calorimetry. No correlations of weight and
BMI were found with visual analog scales (VAS), mOGTT, or calorimetric parameters (data not shown).

Discussion

This is the first study to our knowledge investigating the short-term effects of the antidepressant mirtazap-
ine on glucose and lipid metabolism in healthy men in a highly controlled in-ward experimental setting
with standardized caloric intake, physical activity, and sleep/wake cycles. The rationale of this study was
that mirtazapine is suspected to induce weight gain in a substantial number of individuals, which is, in the
light of their increased risk of converting to type 2 diabetes or hyperlipidemia, an important clinical issue.
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Figure 1. Overview of the study. (A) Study flow diagram. (B) Study protocol. Note that the narrowing bars in the upper part of B are intended to
symbolize the extent of standardization means, i.e., instructions for regular sleep, exercise, and nutrition at the screening visit, control of hunger/
satiety, adaptation of caloric need, sleep diaries, and activity protocols at control visits during the preparatory phase, and, finally, the continuation
of standardized diet, sleep/wake cycle, and physical activity during the laboratory phase under continuous 24 hours/day visual control.
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We report 4 major findings. First, in healthy male subjects under standardized conditions, no sig-
nificant change in REE was observed with mirtazapine. Notwithstanding, weight slightly decreased,
while hunger and particularly appetite for sweets increased. Second, even in the context of slightly
reduced weight and stable nutrition, mOGTT-assessed insulin and C-peptide release were increased
after exposure to mirtazapine, as well as the plasma triglyceride/HDL quotient and HbAlc. Further-
more, a shift in energy substrate partitioning towards carbohydrate substrate preference (as measured
by RQ) with mirtazapine highly correlated with increases in hunger and appetite for sweets, nota bene
under standardized nutrition. Finally, baseline hunger was predictive for increased hunger and appetite
for sweets with mirtazapine.

With respect to mirtazapine’s metabolic effects, the data are generally inconclusive, with mixed results.
While several studies have raised concerns about adverse metabolic side effects like hyperlipidemia and
weight gain (20-22), other studies suspected a “beneficial” effect on glucose metabolism (7, 8). In particu-
lar, decreased fasting glucose levels (7, 23) and increased fasting insulin (8) have been observed in depressed
patients treated with mirtazapine. As these changes in glucose metabolism were observed predominantly in
patients recovering from depression, a normalization of hypercortisolemia, as frequently observed in acute-
ly depressed patients (further linked to glycogenolysis and hyperglycemic metabolic states) (14, 24), might
be one mechanism explaining these findings. Further, a suppressive effect on the hypothalamic/pituitary/
adrenocortical (HPA) axis has been observed in depressed patients under mirtazapine independent from
the psychopathological state (25).
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Figure 2. Appetite and satiety under baseline and mirtazapine. Hunger (A), satiety (B), appetite for sweets (C) and fatty and salty food (D and E)
are shown using mean intraday visual analog scales (VAS, 0-100 mm). The mean of 3 consecutive baseline days (baseline) is subsequently followed
by drug days (M1 = day after the first given dose of mirtazapine; M2 = day after the second given dose of mirtazapine; and so forth). A repeat-
ed-measures ANOVA with a Greenhouse-Geisser correction indicated statistically significant day-to-day differences for hunger and satiety ratings
(F[2.59, 23.30] = 5.27, P = 0.008 and F[2.57, 23.16] = 7.55, P = 0.002, respectively), with asterisks in A and B indicating significant differences com-
pared with baseline ratings (post hoc Bonferroni corrected). *P < 0.05, **P < 0.01, ***P < 0.001. There was no statistically significant time effect
for ratings of appetite for sweets and salty and fatty food in the repeated-measures ANOVA (P = 0.072, P = 0.067, P = 0.063, respectively). Individ-
ual values are indicated as circles. Lower and upper hinges of box plots represent first and third quartiles. Whisker lines correspond to highest and
lowest values no further than 1.5 interquartile range from the hinges; outliers are beyond this line. Median lines are indicated across the boxes, and
mean values are indicated with an x.
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Table 1. Basic metabolic measures”

Baseline (before mirtazapine) After mirtazapine t P Effect size®
M SD M SD

Weight, kg 72.76 4.30 7218 4.27 4.87 0.001 -1.54 (-1.78 to -1.3)
Body mass index (kg/m?) 2243 140 22.25 140 5.09 0.001 -1.61(-1.87 to -1.35)
Waist/hip ratio 0.91 0.04 0.90 0.03 0.67 0.523 -0.21(-0.29 to -0.13)
Cholesterol (mg/dl) 147.80 27.55 136.20 22.10 3.69 0.005 -1.17 (-1.34 to -0.99)
HDL (mg/dl) 4755 6.16 43.60 5.74 4.25 0.002 -1.34 (-1.55 to -1.14)
LDL (mg/dl) 86.10 22.99 77.60 18.50 3.74 0.005 -1.18 (-1.36 to -1.01)
Triglycerides (mg/dl) 65.00 21.01 67.70 18.99 -0.75 0.470 0.24 (015 to 0.32)
Triglycerides/HDL ratio 1.39 0.46 1.58 0.51 -2.45 0.037 0.78 (0.65 to 0.9)
HDL/LDL ratio 1.82 0.46 1.80 0.45 0.44 0.673 -0.14 (-0.22 to -0.06)
Basal cortisol (mg/dl)C 187.50 2113 207.83 11.82 -1.07 0.332 0.1(-0.06 to 0.26)
HbA1c (%, [mmol/mol]) 5.04 [32] 0.18 5.12 [32] 0.23 -2.45 0.037 -0.77 (-0.9 to -0.65)
HOMA-IR 0.22 0.03 0.24 0.09 -0.85 0.417 0.27 (0.18 to 0.35)
Glucose, basal (mg/dl) 87.80 10.10 87.38 7.78 0.22 0.833 -0.07 (-0.15 to 0.07)
Insulin, basal (uU/ml) 1.00 0.01 1.05 0.16 -1.00 0.343 0.32(0.23t0 0.4)
C-peptide, basal (nmol/I) 044 0.05 044 0.05 -1.39 0.199 0.44 (0.35 to 0.53)
Resting energy 1,558.00 188.08 1,615.00 180.69 -1.24 0.246 0.39 (0.3 t0 0.48)
expenditure (kcal/24 h)
\Respiratory quotient 0.83 0.10 0.87 0.08 -1.40 0.195 0.44 (0.35 to 0.54)

AData (n = 10) are mean values (M) and standard deviations (SD); nominal significant P < 0.05 are in bold. ®Effect sizes (change score) and 95% confidence interval
were calculated according to Morris and DeShon (18). An effect was regarded as medium at absolute values of 0.5, and high at absolute values of 0.8.n = 7.

insight.jci.org

Mirtazapine blocks noradrenergic a,-autoreceptors and -heteroreceptors as well as serotonergic 5-HT,
and 5-HT, receptors (26). Although peripheral mirtazapine o, action has not been extensively investigated,
it has been shown that blockage of pancreatic f cell o,-adrenoceptors with various substances disinhibits
insulin secretion and reduces glucagon secretion, both decreasing blood glucose (27). In line with this,
a,-adrenoceptor antagonists like midaglizole promotes insulin secretion in diabetic and nondiabetic sub-
jects (28). Similarly, decreased fasting glucose and increased fasting insulin blood levels have been reported
under mirtazapine in depressed patients (7, 8). Contrasting the observation of increased insulin release with
mirtazapine in our study, other noradrenergic antidepressants without a, action can reduce glucose toler-
ance (29), as enhanced noradrenergic signaling inhibits insulin secretion, increases glucagon secretion from
the endocrine pancreas, and stimulates gluconeogenesis and glycogenolysis in the liver (30). In the present
study, mOGTT insulin and C-peptide increased with mirtazapine in mentally and physically healthy males
under clamped dietary conditions, i.e., neither hormonal states (e.g., depression-related elevated stress hor-
mones, hormonal alterations related to the ovarian cycle), preexisting metabolic disturbances, nor alimen-
tary habits can be made responsible for our observations. The correlation of insulin and C-peptide with
plasma mirtazapine levels further supports the assumption of direct pharmacodynamic effects, i.e., a desen-
sitization of insulin secretion. Nevertheless, the interpretation of altered insulin response to the test meal is
limited and we can neither prove the hypothesis of direct increase of insulin by mirtazapine nor can we rule
out that impaired insulin action in terms of insulin resistance plays a role. Indeed, increased insulin in the
mOGTT and unchanged glucose would argue for an impaired insulin action. Considering that our subjects
were nondiabetic without any metabolic risk factor, the HOMA index was unchanged, and the observation
period was short, impaired insulin action is less likely. On the other hand, from the long-term perspective,
the disinhibited insulin secretion via a, action, as hypothesized here, may similarly result in impaired insu-
lin action in long-term treatment with mirtazapine in patients. Potentially, these two suggested pathophys-
iological mechanisms — i.e., disinhibited insulin secretion in the short term and impaired insulin action in
the long term — may explain controversial findings of improved glucose tolerance in some studies (usually
short term) (7, 8) and increased risk for diabetes in long-term clinical observations in others (4).

It must, however, be mentioned that besides the hypothesis of a direct effect of mirtazapine on met-
abolic parameters, there is a possible alternative hypothesis supposing that mirtazapine’s effects are influ-
enced by the strong effect of mirtazapine on sleep. It is well established that there is a tight association
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Figure 3. Indirect calorimetry. Individual values of the resting energy expenditure (REE) (A) and the respiratory quotient (RQ) (B) are depicted before and
after mirtazapine. P values refer to a paired t statistic comparing the mean REE (1,558 kcal/24 h +188.08 vs. 1,615 kcal/24 h + 180.69; t = -1.24; P = 0.246)
and the mean RQ (0.83 + 0.10 vs. 0.87 + 0.08; t = -1.40; P = 0.195) before and after mirtazapine, respectively.

insight.jci.org

between sleep and insulin resistance and obesity (31). And indeed, we had observed in this study (17) that
mirtazapine elicited significant periodic leg movements during sleep (PLMS) in 8 of the 12 participants (7
of the 10 included here). PLMS are associated with arousals during sleep and can significantly affect sleep
continuity (32). Theoretically, these differences in sleep continuity affected by mirtazapine could be instru-
mental in determining changes in insulin metabolism. We have not included sleep parameters in the present
manuscript because (a) the effect of mirtazapine on PLMS was counterbalanced by the effect on slow wave
sleep, with a significant increase already in the first nights (i.e., corresponding to an increased deep sleep);
and (b) both effects — on PLMS and slow wave sleep — were mostly acute effects that decreased over the
course of the study. With respect to sleep, disentangling the direct and indirect effects of mirtazapine on
metabolism remains therefore a challenging, although promising, task.

Consistent with common complaints of patients (33), we observed an increase in hunger, and in par-
ticular a craving for sweets. This effect was observable even after the first dose of mirtazapine (Figure 2).
Nevertheless, weight gain — normally accompanied with increased hunger in patients even with short-term
treatment (7, 20-22) — was missing when caloric intake was restricted in our subjects, and individuals even
slightly lost weight. Repeated assessments (and adjustments) of caloric need, hunger, and postprandial
satiety during the preparatory phase did not suggest nutrition shortness as an origin of the loss of weight.
Thus, increased insulin and C-peptide in the mOGTT occurred despite a small decrease in weight, further
indicating a direct drug-induced effect on energy metabolism. Although fasting and stimulated glucose as
an initiator of food intake were not reduced, increased insulin could further have an influence on increased
hunger and appetite for sweets under mirtazapine. In addition, beside its effect on 5-HT receptors, H1-anti-
histaminergic action has been related to increased appetite under mirtazapine (34). The correlation analysis
in our study further showed that those individuals that have more hunger or appetite for sweets exhibit a
metabolic shift towards carbohydrate substrate preference in energy metabolism. In a combined microdial-
ysis and indirect calorimetry study, Boschmann et al. (35) attributed an increase of carbohydrate oxidation
rate to sensitization of adipose tissue to B-adrenergic stimulation by NET inhibition with the noradrenergic
antidepressant reboxetine under costimulation with isoproterenol. In their study, energy expenditure did
not differ between reboxetine and placebo treatment, while isoproterenol significantly increased energy
expenditure with both reboxetine and placebo treatment. Extrapolated to our study, o, stimulation by mir-
tazapine might not sufficiently address energy expenditure (compared with isoproterenol) but may modu-
late adrenergic signaling in target cells shifting towards carbohydrate oxidation. Thus, we hypothesize that
a shift in energy metabolism induced by mirtazapine is the cause rather than the consequence of elevated
appetite for sweet, and — extrapolated to unrestricted condition — of increased caloric intake.

Total cholesterol and LDL slightly decreased with mirtazapine in our study, which is in contrast to
previous studies (21, 36) reporting hyperlipidemia under mirtazapine. We only found a rise in the so-called
atherogenic index, i.e., the triglyceride/HDL quotient, which might be related to the desensitized insulin
release mentioned above (37). In the present study, the observation period might have been too short to
detect a further increase of triglycerides and the standardized diet might have prevented changes in lipids.
However, even an only slight elevation of insulin could have significant effects on lipid metabolism in the
long term (i.e., stimulation of triglyceride synthesis, inhibition of lipolysis) that have not been detected here.

Our study enrolled a relatively small sample of healthy volunteers that were investigated within a short
observation period, raising the risk of spurious findings on the one hand and missed metabolic effects under
long-term medication with mirtazapine on the other hand. Various comparisons did not pass the threshold of
conservative Bonferroni correction for multiple comparisons (e.g., data presented in Table 1 and Supplemental
Table 2). This is most likely due to the small sample size, as the change-score effect sizes indicated moderate
to strong effects for those variables (such as body weight and lipid parameters) with a P below 0.05 but above
the respective Bonferroni-corrected value. However, due to the highly standardized setting, our study has some
important strengths. We applied a proof-of-concept design testing the hypothesis that metabolic parameters
under mirtazapine would not change in very healthy men under standardized conditions including restricted
food intake. Of note, even in the context of dietary restriction and weight loss, we observed metabolic changes
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Figure 4. Oral glucose tolerance testing. Mean plasma glucose (A), insulin (B), and C-peptide (C) are depicted before (-15
and 0 minutes) and after (15, 30, 60, 90, 120, 150, and 180 minutes) ingestion of a standardized test meal. P values refer
to group comparison of areas under the concentration curve (AUC) before (black line) and after (gray line) mirtazapine
treatment (AUC glucose: 15,366.9 mg/dl + 2,390.4 SD vs. 16,515.6 mg/dl + 1,726.7 SD; t = -1.593; P = 0.146; AUC insulin:
777.6 pU/ml + 357.0 SD vs. 1,086.8 pU/ml + 404.0 SD; t = -2.423; P = 0.038; AUC C-peptide: 168.8 nmol/l + 36.7 vs. 196.9
nmol/l + 34.6 SD; t = -2.769; P = 0.022 (paired t test; n = 10). Error bars are standard errors of the mean. A medium to high
effect (change score; see ref. 18) was found for the change of the AUC for insulin and C-peptide (0.77 [0.65-0.89] and 0.88
[0.74-1.01], respectively). The effect sizes for the change of the glucose AUC was 0.5 (0.41-0.6). In a 2-way repeated-mea-
sures ANOVA with a Greenhouse-Geisser correction, we found significant effects of mirtazapine for insulin and C-peptide
(F[1,9] = 6.69, P=0.029 and F[1, 9] = 8.56, P = 0.017, respectively), but not for glucose (F[1, 9] = 2.27, P = 0.166). The time
effect was significant in glucose, insulin, and C-peptide (F[7, 63] = 22.56, P =114 x 10", P = 0.029, (F[7, 63] = 16.94, P = 2.95
x 107 and (F[7, 63] = 41.09, P = 1.86 x 10°%, respectively) while the mirtazapine x time interaction effects were not signifi-
cant (F[7,63] =1.78, P = 0.188, (F[7, 63] = 2.41, P = 0.092 and (F[7, 63] = 2.01, P = 0.138, respectively). Bonferroni-corrected
post hoc tests of mirtazapine x time effects were not significant for any laboratory value.

under mirtazapine that cannot be attributed to increased food intake, changes in nutrient composition, physical
activity, or sleeping behavior. The correlation of plasma mirtazapine levels with metabolic effects in our study
further supports the assumption of direct pharmacological effects of mirtazapine on metabolism. Our findings
therefore imply direct and weight-gain-independent effects of mirtazapine on energy, and lipid and glucose
metabolism, a finding which may have important implications for long-term treatment with mirtazapine.
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We observed weight-gain-independent metabolic effects of mirtazapine on glucose and lipid metabo-
lism in exceptionally healthy men of European descent under highly standardized conditions. Following
treatment with mirtazapine, insulin and C-peptide increased in response to a standardized test meal, likely
to be mediated by mirtazapine’s o,-adrenergic-induced desensitization of insulin secretion or increased
insulin resistance. Increased hunger and appetite for sweets correlated with a shift in energy substrate par-
titioning, with increased carbohydrate oxidation rates despite stable nutrient composition and energy bal-
ance. These changes in glucose and energy metabolism were independent of body weight and occurred
even during short-term exposure to mirtazapine.

These findings provide insights into the specific effects of mirtazapine on energy metabolism, and add
to our understanding of effects on clinically relevant metabolic changes by this widely prescribed antide-
pressant medicine.

Methods

Participants. Ten healthy men of European descent, aged 21 to 24 years, were recruited at the Max Planck
Institute of Psychiatry, Munich, Germany between 2008 and 2010 (Figure 1). Individuals with previous
or current medical disorders were excluded. Current health and past medical history were assessed by
a physical examination, detailed medical history, routine blood draw (including lipid profile, complete
blood count, liver, renal, and thyroid function) and urinalysis, electrocardiogram, electroencephalogram,
and cranial magnetic resonance imaging. Participants were of normal weight with a BMI between 18.5 and
25 kg/m?. Further exclusion criteria included smoking within the last 6 months, any medication during
the past 6 months (with the exception of incidental, infrequent use of pain medication [excluding opioids]
until 2 weeks prior to start of the study), shift work or time-zone travel in the previous 12 months, current
or former alcohol or drug abuse or dependence as well as positive family history (first-grade relatives)
for metabolic disorders (including type 2 diabetes and familial hyperlipidemia). Individuals with current
or history of Diagnostic and Statistical Manual of Mental Disorders (DSM) IV axis I disorder assessed
with the modified version of the Munich-Composite International Diagnostic Interview (DIA-X/M-CIDI)
(38) were excluded. The full and detailed list of exclusion criteria can be obtained at http://clinicaltrials.
gov/ct2/show/NCT00878540. All subjects were good and regular sleepers without daytime sleepiness or
extreme circadian orientation as assessed with interviews, questionnaires, and sleep diaries (for further
information see ref. 17).

Protocol. After screening, all subjects entered a 3-week, ambulatory, preparatory phase with a stan-
dardized diet provided entirely by the experimenters (Figure 1). The diet comprised 6 different menus
(Diédko) and included cereal, yogurt, and fruit juice. Individual caloric need was initially determined
using age, weight, and height, and subsequently adjusted within the first 2 weeks of the preparatory
phase according to pre- and postprandial feeling of hunger and satiation. Adjustments were made by
modulating carbohydrates (bananas, cereals) and fat (vegetable oil) according to the recommendations
of the German Nutrition Society (www.dge.de). Besides water, any additional drinks were prohibited
during the entire study, as was any additional food.

After the preparatory phase, participants spent 10 days in an experimental unit at the hospital, where
they were under observation 24 hours/day. During this period, standardized diet, sleep-wake cycles, and
physical activity (2 hours walking per day, no exercise training) were maintained and individual caloric
intake was kept constant. After 3 days of adaptation to the hospital environment (baseline), 30 mg mirtazap-
ine (Remergil SolTab, Organon) was given orally to the participants at 10 pm daily for 7 days. Time in bed
was standardized from 23:00 to 07:00 hours during the entire study period (preparatory phase and experi-
mental phase). Data for 2 of initially 12 participants were excluded from the analyses presented below due to
protocol violation, i.e., increased caloric intake on the day before the first calorimetry assessment (Figure 1).

Assessments. Hunger, appetite for sweet, salty, or fatty food, and feeling of satiation were assessed every
2 hours (8:00, 10:00, 12:00, 14:00, 16:00, 20:00, and 22:00 hours) on 3 consecutive days (baseline) and on
the subsequent 7 days while participants received mirtazapine using VAS ranging from one extreme at 0
mm (not hungry at all) to the other extreme at 100 mm (extremely hungry). Ratings were averaged across
all time points within each day to generate an average rating per day.

mOGTT and laboratory analysis. mOGTT was performed after overnight fasting at baseline and after
5 days of mirtazapine using a standard test meal (39). The meal consisted of bread, butter, and marma-
lade (267 kcal; 42 g carbohydrate, 9 g fat, and 3.9 g protein). The test meal had to be consumed within
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10 minutes. Blood samples were drawn at —15, 0, 15, 30, 60, 90, 120, 150, and 180 minutes from an
antecubital vein. Plasma insulin and C-peptide were determined in radioimmunoassays according to
the manufacturers’ protocols (DPC and Cisbio International). Lipid analyses were performed using
an enzymatic assay (Roche Hitachi 912). Plasma glucose was determined by the hexokinase method
(Roche). The trapezoidal model was used to calculate AUC.

Indirect calorimetry. REE was measured by ventilated-hood indirect calorimetry (Deltatrac) at baseline
(end of last preparatory week) and after 6 days of mirtazapine administration at the end of the study peri-
od. REE measurements were performed between 8:00 and 11:30 am after overnight fasting (=13 hours; a
maximum of 250 ml water was allowed). After a 30-minute adaptation period resting, REE was measured
over 30 minutes and data from the final 15 minutes were used for analyses. REE (kcal/24 hours) was calcu-
lated from oxygen consumption and carbon dioxide production (ml/min) according to the Weir equation
(40). The RQ, the ratio of carbon dioxide production and oxygen uptake (VCO, [ml/min]/VO, [ml/min]),
is an indicator of energy substrate partitioning. Beyond being indicative of which macronutrients are being
metabolized, the RQ is further influenced by insulin sensitivity, circulating insulin levels, and energy bal-
ance. The RQ is 1.0 if predominantly carbohydrates are being metabolized, 0.8 for protein, and 0.7 for fat.
With a mixed diet, the RQ typically ranges between 0.8 and 0.85 (40).

Statistics. The Kolmogorov-Smirnov statistic was applied to test for normal distribution. The paired ¢
test was used for quantitative variables. A repeated-measures ANOVA using the Greenhouse-Geisser cor-
rection was used for repeated measures with Bonferroni-corrected post hoc analyses. Effect sizes (change
score) were calculated according to Morris and DeShon (18). An effect was regarded as medium at absolute
values of 0.5, and high at absolute values of 0.8. Spearman’s rank coefficients were calculated for correla-
tion analyses. P values < 0.05 for all tests were considered significant. All statistical procedures were per-
formed using PASW statistics (version 18).

Study approval. The study was approved by the competent authorities and the Ethics Committee of
the Medical Faculty at the Ludwig Maximilians University, Munich, Germany. Written informed consent
was obtained from all subjects, and the study was carried out in accordance with the latest revision of the
Declaration of Helsinki.
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