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Abstract
Novel mechanisms and health benefits have been recently suggested for the
antidepressant drug phenelzine, known as a non-selective (MAO) inhibitor. They include
an anti-lipogenic action that could have an impact on excessive fat accumulation and
obesity-related metabolic alterations. We evaluated the metabolic effects of an oral
phenelzine treatment on mice fed a high-fat diet (HFD). Eleven-week-old male C57BL/6
mice were fed a HFD and either a 0.028% phenelzine solution (HFD+PHE) or water to
drink for 11 weeks. Phenelzine attenuated the increase in body weight and adiposity
without affecting food consumption. Energy efficiency was lower in HFD+PHE mice.

adipose tissue (WAT), phenelzine reduced sterol regulatory element-binding protein-1c
and phosphoenolpyruvate carboxykinase mRNA levels, inhibited amine-induced
lipogenesis, and did not increase lipolysis. Moreover, HFD+PHE mice presented
diminished levels of hydrogen peroxide release in subcutaneous WAT, and reduced
expression of leukocyte transmigration markers and pro-inflammatory cytokines in
visceral WAT and liver. Phenelzine reduced the circulating levels of glycerol,
triacylglycerols, HDL-cholesterol and insulin. Insulin resistance was reduced, without
affecting glucose levels and glucose tolerance. On the other hand, phenelzine increased
rectal temperature and slightly increased energy expenditure. The mitigation of HFDinduced metabolic disturbances points towards a promising role for phenelzine in obesity
treatment and encourages further research on its mechanisms of action.

Significance statement:
Phenelzine reduces body fat, markers of oxidative stress, inflammation and insulin
resistance in HFD mice. SSAO, MAO, PEPCK and SREBP1c are involved in the
metabolic effects of phenelzine. Phenelzine could be potentially used for the treatment of
obesity-related complications.
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Introduction
Phenelzine (β-phenylethylhydrazine) is a nonselective MAO inhibitor prescribed
to treat depression and anxiety disorder, which has been superseded by novel drugs, partly
due to its side effects, which include hypertensive crisis, hypoglycaemia, food cravings
and body weight gain. However, it is thought that phenelzine is not used proportionally
to its benefits to adverse effects ratio. Benefits include a neuroprotective role, which has
been demonstrated after the identification of novel phenelzine targets (reviewed in (Song
et al., 2013; Baker et al., 2019)), including the chemical

sequestration of reactive aldehydes in

a manner that seems to be related to the hydrazine structure of phenelzine (Baker et al.,
Moreover, phenelzine also inhibits histone lysine-specific demethylases and may

play a role in epigenetic regulations (Yan et al., 2016). On the other hand, the adverse effects
have been reconsidered because the risk of hypertensive crisis associated with
concomitant high tyramine dietary intake is lower than initially expected. Increased food
intake and body weight are unwanted effects reported for many other psychotropic drugs
(Zimmermann et al., 2003),
Ringuet et al., 2007).

such as olanzapine, which impairs lipolysis in adipocytes (Minet-

However, in the case of phenelzine, studies have suggested an anti-

obesity potential (reviewed in (Carpéné et al., 2019)), which reinforce the idea that weight
gain could be a consequence of the improvement of psychiatric disorders rather than a
direct effect (Zimmermann et al., 2003).
Phenelzine’s anti-obesity potential is attributed to an impairment of lipogenesis
(Carpéné et al., 2019). We recently reported that chronic phenelzine treatment reduces
body fat in normal-weight mice without cardiovascular impairment (Carpéné et al.,
2018c). Reduced body weight has been observed in a genetic obesity model (Carpéné et
al., 2008). This effect was partly attributed to an inhibition of primary amine oxidase, also
called semicarbazide-sensitive amine oxidase and vascular adhesion protein-1
(SSAO/VAP-1), a membrane-bound protein abundant in adipocytes involved in the
aetiology of metabolic and cardiovascular diseases (Pannecoeck et al., 2015). The
reduction in fat deposition by semicarbazide administration and SSAO activity (Mercader
et al., 2011), implies a reduction in the subsequent hydrogen peroxide (H2O2) production
that acts as an insulin-mimetic compound in adipocytes (Zorzano et al., 2003).
Accordingly, the anti-lipogenic action of SSAO inhibitors has been demonstrated
(Carpéné et al., 2008; Carpéné et al., 2013), whereas SSAO substrates enhance glucose
transport and lipogenesis via increased H2O2 in adipocytes (Morin et al., 2001; Zorzano
et al., 2003; Iglesias-Osma et al., 2004), and thus have been proposed as a treatment
5
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option for diabetes (Mercader et al., 2010). The phenelzine inhibitory effect on lipid
accumulation might involve SSAO-independent targets, including sterol regulatory
element-binding protein-1c (SREBP1c) (Chiche et al., 2009) and phosphoenolpyruvate
carboxykinase (PEPCK) (Carpéné et al., 2018b; Carpéné et al., 2018c).
Additionally, phenelzine might mitigate obesity-associated alterations by acting
on key molecular targets in oxidative stress, inflammation and glucose homeostasis.
Excessive fat accumulation triggers oxidative stress that is responsible for the
development of insulin resistance and cardiovascular disease (Bashan et al., 2009). Owing
to its scavenging activity (Baker et al., 2019), phenelzine attenuates plasma protein carbonyl

et al., 2018) and inhibits carbonyl stress accompanied by a reduction in atherosclerotic
lesion (Galvani et al., 2008). Moreover, phenelzine reduces hepatic lipid peroxidation in
high-sucrose drinking (HSD) mice (Carpéné et al., 2018b). Therefore, it would be
interesting to explore whether phenelzine inhibits the increased oxidative stress
associated with obesity and insulin resistance.
A chronic low-grade inflammation state is a characteristic of obesity in which the
recruitment of immune cells in adipose tissue plays a pivotal role in the development of
inflammation (Vachharajani and Granger, 2009). SSAO/VAP-1 participates in the
rolling, adhesion and migration of leukocytes (Jalkanen and Salmi, 1993; Koskinen et al.,
2004). SSAO/VAP-1 inhibitors reduce leukocyte extravasation and the expression of proinflammatory cytokines in experimental models of inflammation other than obesity
(Koskinen et al., 2004; Salter-Cid et al., 2005; Wang et al., 2006; O'Rourke et al., 2008;
Wang et al., 2018). Therefore, it is plausible that phenelzine inhibits low-grade
inflammation in obese and insulin-resistant states.
The hypoglycaemic effect of phenelzine (McIntyre et al., 2006) may be caused by an
inhibition of intestinal glucose uptake, hepatic gluconeogenesis, and alteration of
pancreatic insulin release (Aleyassine and Gardiner, 1975; Feldman and Chapman, 1975;
Haeckel and Oellerich, 1977; Haeckel et al., 1984). Given glycaemia restoration in HSD
mice (Carpéné et al., 2018b), it becomes challenging to investigate whether phenelzine
influences glucose homeostasis in insulin-resistant models.
To determine whether phenelzine affects

obesity-associated metabolic

disturbances, we analysed its effects on body fat accumulation, markers of oxidative
stress and inflammation, and glucose and insulin homeostasis, in a model of diet-induced
obesity and insulin resistance.
6
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Methods

Animals, diet and treatment
All animal care and experimental procedures complied with the principles
established by the Institut National de la Santé et de la Recherche Médicale (INSERM,
France), under the permission number 12-1048-03-15 and were approved by the Animal
Ethics Committee of the unit US006 CREFRE (Centre Régional d’Exploration
Fonctionelle et Ressources Expérimentales, Toulouse, France).
Male C57BL/6 mice (Charles River, L’Arbresle, France) were housed for at least

12/12 h light/dark cycle with controlled temperature (20-22ºC) and humidity (50-60%).
Mice were 11 weeks old at the start of the experiment. All animal studies are in
compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley,
2015).
The study protocol was not subject to randomization, since mice were separated
into two groups of 12 with equivalent mean body weight (28.2±1.0 and 28.1±0.5 g) five
days before the start of the protocol. On day 0, standard chow (SAFE, Augy, France) was
replaced by a high-fat diet containing 45% of the energy from fat (Research Diets, New
Brunswick, NJ, USA). Mice received ad libitum either tap water for drinking (HFD), or
phenelzine sulfate in the drinking water for 83 days (HFD+PHE) provided as a 0.028%
solution (1.20 mM), as previously described (Carpéné et al., 2018b; Carpéné et al.,
2018c). Body mass and food and water consumption were recorded twice a week.

In vivo determinations on awake animals
Non-fasting blood glucose was determined weekly between 15:00 and 16:00 with
a glucose monitor (Roche Diagnostic, Mannheim, Germany), using a blood drop
withdrawn from the tail. Fasting blood glucose and insulin levels were determined at
week 10 of treatment, prior to an oral glucose tolerance test (OGTT), which was
performed after an 8-h fasting. Mice given a 60% glucose solution (3 g·kg-1 body weight)
via oral gavage and glucose levels were determined at time -30, 0, 15, 30, 45, 60 and 120
min. Fasting serum insulin levels were assessed by an ultrasensitive mouse insulin ELISA
(Mercodia AB, Uppsala, Sweeden). Insulin resistance was calculated by the homeostatic
model assessment of insulin resistance (HOMA-IR = glucose (mmol·L-1) x insulin (µU·L1

)/22.5), and two surrogate indexes of insulin sensitivity: quantitative insulin sensitivity
7
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check index (QUICKI = 1/log glucose (mg·dL-1) + log insulin (µU·mL-1) + log nonesterified fatty acids (NEFA, mmol·L-1) and revised-QUICKI (R-QUICKI = 1/log
glucose (mg·dL-1) + log insulin (µU·mL-1) + log NEFA (mmol·L-1), as previously
described (Matthews et al., 1985; Katz et al., 2000; Perseghin et al., 2001). ΔI/ΔG score
was assessed as a glucose sensitivity index and calculated by measuring insulin and
glucose concentrations 30 min before and 15 min after the oral glucose load.
Body composition was assessed at weeks 6, 8 and 11 of treatment by nuclear NMR
with an EchoMRI 100TM 3-in-1 device (Echo Medical Systems, Houston, TX, USA).
Rectal temperature was measured within the first 4 h of the light cycle using a

Indirect calorimetry was performed in 6 mice per group after 24 h of
acclimatization in individual cages at week 8. O2 consumption (VO2) and CO2 production
(VCO2) were measured (Oxylet; Panlab-Bioseb) in individual mice at 25-min intervals
during a 24-h period. The respiratory quotient (RQ = VCO2/VO2) and energy expenditure
(EE, in kcal⋅d−1⋅kg−1, 0.75 = 1.44 × VO2 × [3.815 + 1.232 × RQ]) were calculated.
Ambulatory activities of the mice were monitored by an infrared photocell beam
interruption method (Sedacom; Panlab-Bioseb).

Tissue collection and composition analysis
Mice were sacrificed by cervical dislocation after overnight fasting. Troncular
blood was collected in heparinised tubes and processed to obtain plasma samples. White
adipose tissue (WAT) was dissected from subcutaneous inguinal (iWAT) and visceral
epididymal (eWAT) and retroperitoneal plus perirenal (pWAT) anatomical locations,
while brown adipose tissue (BAT) was dissected from the interscapular area (iBAT).
Adiposomatic index was calculated as the percentage of the sum of dissected fat pads
relative to body mass.
Fat pads, liver, heart and skeletal muscles from the hind leg were weighed, snapfrozen in liquid nitrogen and stored at -80°C until analysis. Portions of iWAT, eWAT,
pWAT and liver, were also immediately processed to determine H2O2 release, lipogenesis
and lipolysis. Tissue lipid content was assessed using the Dole method as in (DOLE and
MEINERTZ, 1960). Tissue DNA content was fluorimetrically quantified using DNA
from salmon testes (Sigma, Saint Louis, Missouri, USA). Tissue protein content was
assessed with the BCA protein assay kit (Pierce, Rockford, IL, USA).

8
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Spontaneous H2O2 release and amine oxidases activity
The spontaneous release of H2O2 by pieces of iWAT pad was immediately
measured after sacrifice by using the fluorimetric Amplex Red method, as previously
described (Carpéné et al., 2016). This method relies on the horseradish peroxidasecatalysed production of resorufin from 10-acetyl-3,7 dihydrophenoxazine and H2O2.
Briefly, 30 mg of fresh intact iWAT pad pieces were incubated with the chromogenic
mixture of 40 µM Amplex Red (Interchim, Montluçon, France) plus 4 U/mL horseradish
peroxidase in phosphate buffer at pH 7.5. The H2O2 release was measured without any
addition (spontaneous release), with 0.1 mM benzylamine (SSAO substrate), or with 0.1

After 30 min of incubation, samples were excited at 544 nm and fluorescence readouts at
590

nm

were

collected

with

the

Fluoroskan

Ascent

microplate

reader

(ThermoLabsystems, Vantaa, Finland). To verify that the spontaneous release of H2O2 in
iWAT was increased by HFD, we also measured it in 12 normal-weight male C57BL/6
mice of the same age (5 months old) fed a standard chow.
SSAO and MAO activities were similarly determined in thawed iWAT and liver
homogenates with slight modifications (Zhou and Panchuk-Voloshina, 1997). Tissue
homogenates were incubated in the presence of 0.5 mM tyramine or 0.1 mM
benzylamine, with or without pre-incubation with 0.1 mM pargyline (to determine MAO
component) or 1 mM semicarbazide (for SSAO component). H2O2 release was
normalized to the protein content of the homogenate.

Lipogenesis and lipolysis
Adipocytes were isolated from eWAT and pWAT pads by digestion with 15
µg·ml-1 type TM liberase (Roche Diagnostics, Meylan, France) in Krebs-Ringer buffer
supplemented with 15 mM bicarbonate, 10 mM HEPES, 2 mM pyruvate and 3.5% BSA,
at 37ºC for 45 min. Once the tissue is digested, filtered and washed, lipogenesis was
assessed as the radioactively labelled glucose incorporated into cellular lipids, as
previously described (Harant-Farrugia et al., 2014). Briefly, adipocytes were incubated
with a mixture of cold glucose and D-[3-3H]-glucose (Perkin Elmer, Waltham, USA) for
120 min at 37ºC in the absence or presence of 0.1 µM insulin, 0.1 mM benzylamine, 0.1
mM vanadate, or 0.1 mM benzylamine plus 0.1 mM vanadate. Reactions were stopped
by adding sulphuric acid and radioactivity was measured after adding a non-watermiscible liquid scintillation cocktail (InstaFluor-plus, Perkin Elmer). Cell lipid content
9
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was extracted and quantified as described above.
Lipolytic activity was assessed by glycerol release as previously reported
(Carpéné et al., 2007). Briefly, adipocytes were diluted 10x in KRBH buffer. Samples at
a final volume of 0.4 mL were incubated for 90 min in the absence or presence of 1 µM
isoprenaline or 1 µM isoprenaline plus 1 mM tyramine. Glycerol released was referred to
100 mg of cellular lipids.

Gene expression
Total RNA was isolated from iWAT, pWAT, iBAT, liver and skeletal muscle,

to homogenize tissues. RNA was reverse transcribed using Superscript II reverse
transcriptase (Life Technologies Corporation, Carlsbad, USA) and random hexamers.
Real-time PCR was performed in a Step One Plus system (Applied Biosystems,
Warrington, USA), using the SYBR Green Master Mix (Eurogentec, Liège, Belgium).
Oligonucleotide primers were designed and are available upon request. Relative gene
expression was calculated using the 2-ΔΔCt method with 18S ribosomal RNA as internal
control.

Oxidative stress-related parameters
Aconitase activity was measured with a spectrophotometric assay (OxisResearch,
Foster City, CA, USA). Lipid peroxidation was determined by measuring the formation
of malondialdehyde, with a TBARS assay kit (Cayman Chemical Company, Ann Arbor,
MI, USA).

Other circulating parameters
Fasting NEFAs, triacylglycerols, LDL-cholesterol, HDL-cholesterol, phosphatase
alkaline, alanine aminotransferase and urea plasma levels were determined by using an
autoanalyzer (Cobas Roche Diagnostic, Basel, Switzerland). Fasting circulating glycerol
was determined by using an enzymatic colorimetric kit (Sigma-Aldrich, Saint-QuentinFallavier, France).

Data and statistical analysis
The data and statistical analysis comply with the recommendations on
experimental design and analysis in pharmacology (Curtis et al., 2018). Normal
10
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distribution of the data was tested using the Shapiro-Wilk test. Log-transformation was
applied before the analysis if variables were not adjusted to parametric criteria. Data are
given as mean ± SEM of the indicated number of independent observations and were
analysed comparing two experimental groups by Student’s t-test or Mann-Whitney U test
for parametric and non-parametric distributions, respectively. Two-way repeated
measures ANOVA followed by a Bonferroni post-hoc test were used for multiple
measures analysis. Statistical significance was assumed when P<0.05. Calculations were
made with IBM SPSS Statistics, version 25.0 (IBM Corp, Armonk, NY, USA) and were
represented with GraphPad Prism version 8.0.0.

Phenelzine sulphate (P6777 from Sigma-Aldrich-Merck) was dissolved weekly in
tap water to provide enough drinking solution to the treated mice. Most of the other
reagents were from Sigma-Aldrich-Merck, unless otherwise stated. Isoprenaline,
identical to (-)-isoproterenol, was a generous gift from A. Mairal (I2MC, Toulouse,
France).

Results
1.

Oral chronic phenelzine treatment reduces body adiposity in HFD mice
HFD+PHE mice showed a lower body weight than HFD mice as early as the first

week of treatment (Figure 1A). This difference was maintained throughout most of the
treatment, and by the end of it, HFD+PHE mice weighed 11% less vs. HFD. These
differences could not be explained by decreased food consumption (Figure 1B), or lean
tissue hydration (data not shown). Consequently, energy efficiency was lower in
HFD+PHE (Figure 1 C).
However, body weight reduction could be attributable to reduced body fat content,
which was 29%, 27% and 20% lower at weeks 6, 8 and 11, respectively (Figure 1D).
Phenelzine treatment differentially affected the weight and lipid content of the distinct fat
pads, particularly in subcutaneous pads. The weights of iWAT and iBAT were lower,
whereas those of eWAT and pWAT were unchanged (Table 1). The adiposomatic index
was not significantly reduced in HFD+PHE mice (p=0.157). Tissue composition analysis
revealed that, in line with pad weights, total lipid content was reduced in iWAT and iBAT
of HFD+PHE mice. In addition, DNA content in both iWAT and eWAT, as well as
11
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protein content in the eWAT, were lower in HFD+PHE mice, suggesting that the number
of cells could be reduced by phenelzine in iWAT and, despite the lack of differences in
total lipid content and pad weight, also in eWAT (Table 1). Interestingly, the antifattening effect of phenelzine treatment was evidenced ectopically, in accordance with
previous observations (Carpéné et al., 2018b; Carpéné et al., 2018c). Thus, lipid content
in liver and skeletal muscle was, respectively, 58% and 34% lower in HFD+PHE animals
(Table 1).
Importantly, phenelzine treatment normalized the circulating levels of alanine
aminotransferase (HFD: 76.5±13.2 U·L-1, HFD+PHE: 32.7±4.7 U·L-1, P<0.01) and

of increase in transaminases concentration, together with unaltered circulating urea levels
(HFD: 7.6±0.3 mM, HFD+PHE: 7.9±0.5 mM, P=0.591), indicated that this treatment was
not hepato- or nephro-toxic.

2.

Adipose and hepatic SSAO and MAO activities are inhibited by phenelzine

treatment
The calculated daily phenelzine intake was 20.8±1.6 mg (88.9±6.7 µmols) per kg
of body weight. It was estimated from previous experiments in normal-weight mice that
chronic exposure to a 1.2 mM phenelzine drinking solution could inhibit adipose SSAO
and MAO activities in mice fed a HFD (Carpéné et al., 2018c). AO activities were
measured to confirm they were inhibited. As expected, benzylamine, and to a lesser
extent, tyramine, were preferentially oxidized by SSAO rather than MAO in iWAT
homogenates (Figures 2A-B). Collectively, total benzylamine oxidation was inhibited by
83% in iWAT homogenates of HFD+PHE mice (Figure 2A). Phenelzine treatment almost
completely blocked benzylamine oxidation by SSAO activity (by 82%) and reduced
MAO activity to negligible levels. Similarly, phenelzine treatment inhibited the tyramine
oxidation by SSAO (80%), MAO (89%) and both AO (79%) activities (Figure 2B).
In liver homogenates, tyramine and benzylamine were more oxidized by MAO
than by SSAO (Figure 2C-D). Phenelzine treatment inhibited benzylamine oxidation by
MAO (86%) and SSAO (61%) activities, and total benzylamine oxidation was reduced
by 66% (Figure 2C). Likewise, treatment inhibited tyramine oxidation by MAO (96%),
SSAO (82%) and both (84%) activities (Figure 2D).
To further explore the mechanism of SSAO and MAO regulation by phenelzine,
we analysed whether it regulates AOs at the transcriptional level. Hence, we determined
12
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the mRNA expression of Aoc3, the gene that encodes SSAO, and MAO isoforms, MAOA and MAO-B, in iWAT and liver. Aoc3, Maoa and Maob mRNA levels were all reduced
in iWAT, indicating that phenelzine regulates SSAO and MAO at the transcriptional level
in adipose tissue (Figure 2E). Similarly, in liver, Maoa and Maob mRNA levels were
reduced, whilst Aoc3 mRNA levels were increased, suggesting opposing mechanisms for
SSAO regulation in the liver (Figure 2F).

3.

Phenelzine inhibits lipid metabolism genes, and reduces amine-induced

lipogenesis and anti-lipolysis in adipocytes

key genes in lipid biosynthesis in HFD mice, particularly of those shown to be regulated
by phenelzine (Chiche et al., 2009; Carpéné et al., 2018b; Carpéné et al., 2018c), in
pWAT, iWAT, iBAT and liver (Figure 3A). PPARγ2 is the master regulator of adipocyte
differentiation that transcriptionally controls the genes involved in lipid biosynthesis and
uptake. In HFD+PHE mice, Pparg2 mRNA levels were reduced in pWAT and iWAT by
34% and 66%, respectively. SREBP1c is a transcription factor that controls the expression
of lipogenic genes, such as fatty acid synthase (Fas). Srebp1c mRNA levels were lower
in iWAT (61%), iBAT (29%) and liver (49%), whilst Fas mRNA levels were reduced in
iWAT (75%) and liver (71%) of HFD+PHE mice. Lastly, PEPCK is a key enzyme in
adipose fatty acid reesterification, and mRNA levels were reduced in iWAT (39%), and
in liver (30%).
De novo lipogenesis has been shown to be impaired in isolated adipocytes acutely
treated with phenelzine (Carpéné et al., 2013) and in adipocytes from mice chronically
exposed an oral solution of phenelzine (Carpéné et al., 2018c). Phenelzine treatment did
not affect basal or 100 nM insulin-stimulated glucose incorporation into lipids, and did
not alter the modest responses to 100 µM benzylamine or 100 µM vanadate (Figure 3B).
However, in the presence of 100 µM benzylamine plus 100 µM vanadate, only the HFD
group exhibited a stimulation of glucose incorporation into lipids.
To investigate whether lipid mobilisation was involved in the adiposity reduction
observed, we first analysed the expression of the hormone-sensitive lipase (HSL), one of
the major components of the lipolytic cascade, and found that mRNA levels were lower
in the iWAT of phenelzine-drinking mice (Figure 3A). Then, we assessed the potential
effect of chronic phenelzine treatment on the lipolytic action of isoprenaline in visceral
adipocytes. Neither basal nor 1 µM isoprenaline-stimulated glycerol release were affected
13
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by phenelzine (Figure 3C). Furthermore, we assessed the anti-lipolytic action of tyramine
on isoprenaline-induced lipolysis. As expected, the anti-lipolytic action of 1 mM tyramine
was observed in HFD mice in which isoprenaline-induced lipolysis was reduced by 26%.
On the contrary, the anti-lipolytic effect of tyramine was not evidenced in HFD+PHE
mice. Based on our previous observations of the AO-dependency of the anti-lipolytic
effect of tyramine (Carpéné et al., 2018a), it is likely that the inhibition of adipose AO
activity in HFD+PHE induces the disappearance of such tyramine effect in their
adipocytes.

Phenelzine reduces H2O2 production in fresh iWAT
First, we verified that the spontaneous release of H2O2 by freshly isolated iWAT

was increased by HFD. H2O2 release in HFD mice was 3-fold higher than in standard
chow-fed mice (HFD vs. CON: 0.127±0.018 vs. 0.040±0.009 nmols H2O2/min/mg
protein; P<0.001), confirming that HFD increases oxidative stress in adipose tissue
(Sonta et al., 2004). Remarkably, the spontaneous release of H2O2 relative to protein
content or tissue weight was reduced in HFD+PHE mice by 59% and 37%, respectively
(Figure 4A). In response to 100 µM benzylamine, H2O2 levels tended to increase in HFD
mice, whereas they remained low in HFD+PHE mice, suggesting that the AO-produced
H2O2 was blocked. The pre-incubation of 1 mM semicarbazide with iWAT allowed us to
estimate SSAO activity and, in accordance with the assays performed in iWAT
homogenates, we confirmed that SSAO activity was almost abolished by phenelzine
treatment (HFD vs. HFD+PHE: 0.208±0.057 vs. 0.055±0.018 nmols H2O2/min/mg
protein; P<0.05).
Markers of oxidative stress in other organs were not modified by treatment,
including hepatic and plasma malondialdehyde levels (Figure 4B) and hepatic and cardiac
aconitase activity (Figure 4C).

5.

Phenelzine reduces the expression of inflammatory-related genes in WAT and

liver
We hypothesized that phenelzine treatment inhibits low-grade inflammation in
HFD mice, since it potently inhibits SSAO/VAP-1 activity (Carpéné et al., 2008) and
SSAO/VAP-1 deficiency reduces leukocyte infiltration in adipose tissue (Bour et al.,
2009). To investigate it, we analysed the expression of genes involved in immune cell
infiltration, namely monocyte chemoattractant protein 1 (Mcp1), Cd45 and F4/80, and
14
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pro-inflammatory cytokines, namely IL-6, IL-10 and TNF-α, in adipose tissue and liver
(Figure 5). In the pWAT, phenelzine reduced the mRNA levels of Mcp1 by 50%, Cd45
by 54%, Il6 by 57% and Tnf by 43%, whilst F4/80 and Il10 mRNA levels showed a
tendency to decrease. In the iWAT, Cd45 mRNA levels were also reduced in HFD+PHE
mice by 57%, and Tnf mRNA levels showed a tendency to decrease. In the liver,
phenelzine administration also reduced the mRNA levels of the pro-inflammatory
cytokines Tnf (58%) and Il6 (75%).

6.

Phenelzine treatment improves circulating lipid profile

accompanied by changes in the circulating lipid profile. Plasma NEFAs levels were
elevated in HFD mice, but phenelzine treatment did not modify them (Figure 6A). Plasma
glycerol and triacylglycerol levels were both reduced in HFD+PHE mice by 30% and
16%, respectively. Regarding circulating cholesterol levels, there were no differences in
LDL-cholesterol, whilst HDL-cholesterol levels were a 12% lower in HFD+PHE. The
unexpected reduction in the circulating levels of HDL-cholesterol prompted us to
investigate whether phenelzine treatment triggered any alteration in the expression of a
key gene in HDL-cholesterol uptake into cells, scavenger receptor class B type 1 (Sr-b1).
Consistent with decreased HDL-cholesterol levels, mRNA levels of Srb1 in the liver were
38% lower in HFD+PHE mice (Figure 6B).

7.

Phenelzine reduces insulinemia without affecting glycaemia
No reduction in non-fasting glycaemia was observed in the weekly determinations

during treatment in HFD+PHE mice (data not shown). Fasting glycaemia was not
changed by treatment, whilst insulinemia was markedly reduced by 55% (Figure 7A).
HOMA-IR score indicated that HFD mice developed insulin resistance, whereas in
HFD+PHE animals it was found to be 59% lower, suggesting less insulin resistance
(Figure 7B). This was also supported by QUICKI and R-QUICKI indexes, both 10%
higher in HFD+PHE mice. ΔI/ΔG score was lower in HFD+PHE mice, suggesting an
increased insulin response to glucose (Figure 7B). However, there were no differences in
glucose tolerance after the oral glucose load (Figure 7C).

8.

Phenelzine triggers signs of higher EE, despite no major impact on oxidative

metabolism capacity
15
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An increased half-life of catecholamine and trace amine levels can be expected
after a chronic MAO inhibition which, in turn, could impact oxidative metabolism and
thus be involved in the mitigation of the HFD-induced metabolic disturbances. To
investigate whether phenelzine treatment influences oxidative metabolism in HFD mice,
we assessed rectal temperature, EE and locomotor activity.
Rectal temperature was higher in HFD+PHE vs. HFD mice (Figure 8A). VO2,
VCO2, RQ and EE were also higher in HFD+PHE mice at certain time-points according
student’s t-test, particularly during the first part of the night period. However, there were
no significant differences in any of these parameters after two-way repeated measures

night or 24 h periods (Figure 8B-E), only a tendency to higher VCO2 and EE.
Furthermore, there were no differences regarding the circadian activity (Figure 8F) and
the number of rears (not shown).
To gain insight into the potential phenelzine effect on EE, the expression of genes
involved in fuel utilization and thermogenesis was analysed in iBAT, liver and skeletal
muscle (Table 2). In the iBAT, carnitine palmitoyltransferase 1B (Cpt1b) mRNA levels
were increased by 22% in HFD+PHE mice. Vegf expression, which is up-regulated under
BAT activation, tended to increase in HFD+PHE mice. However, Ppar alpha (Ppara),
Ppar coactivator gamma 1α (Ppargc1a), forkhead box C2 (Foxc2) and uncoupling
protein 1 (Ucp1) mRNA levels were unchanged. Hepatic acetyl carboxylase 2 (Acc2) and
Ppara mRNA levels were reduced (47% and 52%, respectively), suggesting opposing
effects on lipid catabolism. In skeletal muscle, cluster of differentiation 36 (Cd36) and
uncoupling protein 3 (Ucp3) mRNA levels were not affected by treatment, whilst those
of Ppargc1a and glucose transporter 4 (Glut4) tended to decrease, and those of Ppara and
Cpt1b were even reduced, by 31% and 25%, respectively.

Discussion
In this study, we demonstrated that oral chronic phenelzine treatment reduces
metabolic alterations developed by a HFD in mice, including subcutaneous and hepatic
fat, hypertriglyceridemia, insulin resistance, and markers of oxidative stress, leukocyte
infiltration and inflammation. Moreover, this animal model has allowed us to further
determine factors and molecular mechanisms involved in the metabolic effects of
phenelzine, particularly on fat accumulation, comparing with the effects on other animal
models (Carpéné et al., 2008; Carpéné et al., 2018b). Thus, reduced adiposity by different
16
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phenelzine treatments has been demonstrated in female obese Zucker rats, male mice on
a HSD, showing differing results regarding the adipose tissues affected and the
mechanisms involved. Only subcutaneous fat pads were decreased in mice on a HFD
(present study) or HSD (Carpéné et al., 2018b), whilst visceral fat pads were the only
ones decreased in obese Zucker rats (Carpéné et al., 2008). This suggests that several
factors, including diet, species, sex or drug administration route, could explain the depotspecific impact of phenelzine on fat stores. According to our results, the limitation of
adiposity could be partly attributed to a blockade of SSAO activity associated with an
inhibition of amine-induced de novo lipogenesis (Carpéné et al., 2008). The involvement

the use of other SSAO inhibitors, including semicarbazide (Carpéné et al., 2008;
Mercader et al., 2011) and aminoguanidine (Prévot et al., 2007), both showing a lower
potency on SSAO inhibition than phenelzine (Carpéné et al., 2008). On the contrary, our
data do not support a major role in lipid mobilisation since: 1) plasma NEFA and glycerol
did not increase, 2) visceral WAT depot weights were unaffected, and 3) Hsl was downregulated in iWAT.
SSAO-independent mechanisms could also be involved in the phenelzine-induced
reduction of fat accumulation. Indeed, phenelzine impairs not only the amine-induced,
but also the insulin-stimulated de novo lipogenesis in isolated adipocytes (Carpéné et al.,
2013; Carpéné et al., 2014) and in normal-weight mice after chronic treatment (Carpéné
et al., 2018c). In the present study, however, the lipogenic action of insulin was not
impaired, as was the case for phenelzine-treated obese Zucker rats and HSD mice
(Carpéné et al., 2008; Carpéné et al., 2018b). This observation suggests that the ability of
phenelzine to inhibit the lipogenic action of insulin could be surpassed in obesity and
insulin resistance models. Another target that could mediate the long-term inhibitory
effect of phenelzine on lipogenesis and adipocyte differentiation is SREBP-1c, as shown
in cultured differentiating adipocytes (Chiche et al., 2009). In HFD+PHE mice, the
expression of Srebp1c and its controlled gene Fas were lower in iWAT and liver and were
unchanged in pWAT, where lipid content was unaffected. Furthermore, Srebp1c
expression was unchanged in normal-weight and HSD mice after phenelzine treatments
(Carpéné et al., 2018b; Carpéné et al., 2018c), despite fat pad reduction, suggesting that
the drug effect on Srebp1c is diet-dependent. Unlike HFD, fructose supplementation
strongly induces Srebp1c mRNA expression (Softic et al., 2017). Thus, the inhibitory
phenelzine effect on Srebp1c mRNA could occur particularly under a low carbohydrate
17
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intake, as in HFD, and be masked by the high fructose intake of mice on a HSD, as well
as in standard chow-fed mice having high-carbohydrate intake. Additionally, inhibition
of fatty acid re-esterification could be involved in the reduced fat accumulation in liver
and iWAT since both hepatocytes and adipocytes synthesize triacylglycerols using
PEPCK-produced glycerol-3-phosphate (Prentki and Madiraju, 2008). This is suggested
by the lower circulating glycerol and hepatic and adipose Pepck expression in HFD+PHE
mice. Moreover, epigenetic mechanisms might be involved in the depot-specific
phenelzine effects on adipose cells since the drug affects the differentiation of stem cells
by modulating histone methylation status (Yan et al., 2016).

contribute to the amelioration of liver function, as shown by the normalization of
transaminase levels. The lower hepatic lipid content together with the reduced
triglyceridemia in HFD+PHE mice suggest that the hepatic triacylglycerol synthesis
capacity could be impaired, which is supported by the reduced Srebp1c, Fas and Pepck
expression. Furthermore, the reduction of the HFD-induced pro-inflammatory state is
supported by the reduced expression of IL-6 and TNF-α cytokines, which were also
inhibited by phenelzine in other models of inflammation (Ekuni et al., 2009; Li et al.,
2018). Remarkably, the phenelzine effect on these cytokines also occurs in the adipose
tissue, more conspicuously in the visceral pad in which the inflammatory status is higher
than in the subcutaneous pad. In addition, the inhibition of the enzymatic SSAO/VAP-1
activity, observed in both liver and adipose tissue of HFD+PHE mice, could mediate the
reduced hepatic and adipose inflammation, since the catalytic activity is required in its
role in leukocyte transmigration and inflammation (Koskinen et al., 2004; Weston et al.,
2015). The combined down-regulation of pro-inflammatory cytokines and of leukocyte
infiltration markers, seen in liver, pWAT and iWAT, supports the inhibitory role of the
hydrazine on the low-grade inflammation associated with obesity.
Interestingly, the reduction of fat accumulation and body weight was not
accompanied by changes in food consumption, in accordance with the previous results
obtained in mice with different dietary conditions (Carpéné et al., 2018b; Carpéné et al.,
2018c) or phenelzine-injected rats (Carpéné et al., 2008). This observation contrasts with
the higher food intake and craving reported in phenelzine-treated patients and with the
inhibitory effect on food consumption induced by semicarbazide that contributes to
reduced body weight (Carpéné et al., 2007; Carpéné et al., 2008; Mercader et al., 2011)
and seems to indicate that neuronal transmission is exquisitely regulated by
18
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monaminergic systems that are differentially regulated upon MAO inhibition.
The hypoglycaemic effect of phenelzine reported in patients with depression and
mood disorders (McIntyre et al., 2006) has been explained by hepatic gluconeogenesis
inhibition, intestinal glucose uptake impairment and/or enhanced insulin release
(Aleyassine and Gardiner, 1975; Feldman and Chapman, 1975; Haeckel and Oellerich,
1977; Haeckel et al., 1984). According to an in vitro study with high phenelzine doses,
the effect on insulin release is, however, the opposite (Aleyassine and Gardiner, 1975).
Therefore, it is relevant to investigate whether phenelzine can reduce hyperglycaemia and
hyperinsulinemia in animal models of obesity and insulin resistance. Interestingly, in

levels (Carpéné et al., 2018b). However, considering that the insulin-like effect of AO
substrates on glucose transport in adipocytes depends on their oxidation (Visentin et al.,
2005; Mercader et al., 2010), it remains difficult to understand how AO inhibitors can
reduce hyperglycaemia or improve glucose tolerance. Here, in insulin-resistant mice,
phenelzine did not affect hyperglycaemia and glucose tolerance. However, HFD+PHE
mice consistently attenuated hyperinsulinemia and insulin resistance. Since both fasting
and feeding glycaemia were not changed by phenelzine treatment, it is unlikely that a
strong inhibition of hepatic gluconeogenesis and intestinal glucose uptake occurred in
HFD+PHE mice. A direct effect on insulin release through a MAO-independent
mechanism cannot be excluded (Feldman and Chapman, 1975), despite the dose at which
phenelzine could inhibit insulin release (Aleyassine and Gardiner, 1975) is not expected
to be reached in HFD+PHE mice. In addition, the amelioration of insulin sensitivity could
be an indirect consequence of the treatment as a result of the reduced adiposity, proinflammatory cytokine and/or H2O2 production.
The lack of reduction of malondialdehyde is apparently disappointing since
phenelzine is endowed with scavenging properties towards aldehydes and oxidative stress
(Galvani et al., 2008; Baker et al., 2019). Two hypotheses can explain this: 1) the
protective effect of phenelzine was probably insufficient to limit the dramatic increase of
systemic markers of oxidative stress developed by HFD (Sonta et al., 2004), and 2) the
changes in malondialdehyde plasma levels did not reflect the complex and depot-specific
changes in lipid peroxidation products occurring in adipose tissue (Long et al., 2013).
Rectal temperature, an indicator of EE, was increased by phenelzine, as in HSD
mice (Carpéné et al., 2018b). Such thermogenic effect of phenelzine might be caused by
increased 5-HT levels, which together with noradrenaline controls body temperature
19
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(Bruinvels and Kemper, 1971). The potential phenelzine-induced BAT activation seems
to not occur in HFD mice, but it cannot be ruled out since an increased Cpt1 mRNA
expression suggests a higher fatty acid beta-oxidation rate. Regardless of the lack of
dramatic BAT recruitment, we further evaluated the potential changes in EE, which could
have been produced by the elevation in catecholamine and trace amine levels after AO
inhibition (Baker et al., 2000). Accordingly, a local increase in catecholamine levels
induced by the administration of reuptake inhibitors caused weight loss by increasing
locomotor activity and thermogenesis (Billes and Cowley, 2008). Phenelzine could
increase EE by enhancing the spontaneous locomotor activity since it decreases

suppressant effects (McManus and Greenshaw, 1991). The increased activity is thought
to be mediated by reducing either α- and β2-adrenoreceptor sensitivity (McManus and
Greenshaw, 1991; McKenna et al., 1992; Paetsch and Greenshaw, 1993). The latter is
attributed to an increase in 2-phenylethylamine (McManus and Greenshaw, 1991), a
phenelzine metabolite (Baker et al., 2000), which reduces, as phenelzine, the behavioural
response to a β2-adrenoceptor agonist (Paetsch and Greenshaw, 1993) and is associated
with a decrease in body weight (Pawar and Grundel, 2017). However, lack of changes in
the locomotor activity suggests that it does not contribute to the attenuation of metabolic
disturbances exhibited by phenelzine-drinking mice, further supported by the lack of
increase in the expression of genes involved in fuel utilisation in the skeletal muscle.
Oxygen consumption, RQ and EE tended to be higher in HFD+PHE mice. Unfortunately,
these parameters were in six animals per group only, therefore reducing statistical power.
The exciting findings reported in this study indicate that phenelzine mitigates
several metabolic alterations developed by a HFD. Further studies are warranted to
perhaps consider phenelzine as useful for a multi-therapy treatment of obesity and its
cardiovascular and neurologic complications.
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Legends for figures
Figure 1. Effects of chronic phenelzine treatment on body weight and energy efficiency in
C57BL/6 male mice. (A) Body weight evolution, (B) food intake accumulation, (C) energy
efficiency and (D) adiposity index during the 11 weeks of the treatment. Data are mean ± SEM
of 12 animals per group, except in the case of food intake which was calculated on a per-cage
basis and are the mean ± SEM of 4 cages per group (3 animals/cage). Two-way repeated measures
ANOVA followed by a Bonferroni post-hoc test was performed to compare the different effects
of treatment and time (**P<0.01, ***P<0.001). PHE, treatment effect; T, time effect; and PHExT,
interactive effect between treatment and time.
Figure 2. Influence of chronic phenelzine treatment on adipose and hepatic SSAO
(semicarbazide-sensitive amine oxidase) and MAO activities in C57BL/6 male mice. (A) 0.1 mM
benzylamine oxidation and (B) 0.5 mM tyramine oxidation in iWAT by SSAO, MAO and
SSAO+MAO, (C) 0.1 mM benzylamine and (D) 0.5 mM tyramine oxidation in liver by SSAO,
MAO and SSAO+MAO, and (E) mRNA levels of Aoc3, Maoa and Maob in iWAT and (F) in
liver. Data are mean ± SEM of 9-10 (amine oxidase activities) or 12 (gene expression) animals
per group. Student’s t-test was used for the analysis (*P<0.05, **P<0.01, ***P<0.001).
Figure 3. Effects of chronic phenelzine treatment on adipose lipid metabolism in C57BL/6 male
mice. (A) Gene expression of Pparg2 (peroxisome proliferator-activated receptor gamma 2),
Srebp1c (sterol regulatory element-binding protein-1c), Fas (fatty acid synthase), Pepck
(phosphoenolpyruvate carboxykinase) and Hsl (hormone-sensitive lipase) in pWAT, iWAT,
iBAT and liver. (B) Glucose incorporation as a measure of de novo lipogenesis in visceral
adipocytes when incubated with insulin, Bza (benzylamine), Van (vanadate) and a combination
of Bza+Van. (C) Basal, Iso (isoprenaline) and Iso+Tyr (tyramine) lipolysis in the adipocytes.
Data are mean ± SEM of 5 (lipogenesis) or 8 (lipolysis) animals per group. Student’s t-test was
used for the analysis (*P<0.05, **P<0.01, ***P<0.001).
Figure 4. Effects of chronic phenelzine treatment on oxidative stress markers in C57BL/6 male
mice. (A) Spontaneous release of H2O2 by fresh pieces of iWAT, (B) MDA (malondialdehyde)
levels in plasma and liver, and (C) aconitase activity in heart and liver. Data are mean ± SEM of
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6 (H2O2 release) or 12 (malondialdehyde levels and aconitase activity) animals per group.
Student’s t-test was used for the analysis (*P<0.05, **P<0.01).
Figure 5. Effects of chronic phenelzine treatment on inflammatory markers on C57BL/6 male
mice. (A) Mcp1 (monocyte chemoattractant protein 1), Cd45 (cluster of differentiation 45), F4/80,
Il6, Il10 and Tnf mRNA levels in pWAT. (B) Mcp1, Cd45, Il6 and Tnf mRNA levels in iWAT.
(C) Il6 and Tnf hepatic mRNA levels. Data are mean ± SEM of 12 animals per group. Student’s
t-test was used for the analysis (*P<0.05, **P<0.01).
Figure 6. Influence of chronic phenelzine treatment on circulating lipid-related parameters and
in the expression of a key gene in HDL cholesterol uptake in C57BL/6 male mice. (A) Plasma
levels of NEFAs (non-esterified fatty acids), glycerol, TG (triacylglycerols), LDL- and HDLcholesterol. (B) Hepatic Srb1 mRNA levels. Data are mean ± SEM of 12 animals per group.
Student’s t-test was used for the analysis (*P<0.05, **P<0.01).

Figure 8. Effects of chronic phenelzine treatment on energy expenditure in C57BL/6 male mice.
(A) Rectal temperature, (B) VO2 (O2 consumption), (C) VCO2 (CO2 production), (D) RQ
(respiratory quotient), (E) EE (energy expenditure) and (F) locomotor activity. Data are mean ±
SEM of 6 animals per group, except for rectal temperature (n=12). Student’s t-test and two-way
repeated measures ANOVA followed by a Bonferroni post-hoc test were performed to compare
the different effects of treatment and time (*P<0.05). PHE, treatment effect; T, time effect; and
PHExT, interactive effect between treatment and time.
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Figure 7. Effects of chronic phenelzine treatment on glucose and insulin homeostasis in C57BL/6
male mice. (A) Overnight fasted blood glucose and insulin levels. (B) HOMA-IR, QUICKI, RQUICKI and δI/δG scores. (C) Glycaemic response in tolerance test. Data are mean ± SEM of 12
animals per group. Student’s t-test was used for the analysis (*P<0.05, **P<0.01) and two-way
repeated measures ANOVA followed by a Bonferroni post-hoc test were performed to compare
the different effects of treatment and time.
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Tables
Table 1. Influence of phenelzine chronic treatment on biometric and tissue
composition parameters in mice fed a high-fat diet.
Parameter

HFD

HFD + PHE

Adiposomatic index (%)

12.1±0.5

10.8±0.7

Mass (%)

4.46±0.13

3.36±0.26 **

Lipid (mg/pad)

1417±124

929±116 **

Protein (mg/pad)

20.8±2

17.4±1.9

DNA (µg/pad)

142±16

95±7 *

Mass (%)

5.24±0.42

5.35±0.37

Lipid (mg/pad)

1924±128

1727±189

Protein (mg/pad)

25.9±1.8

20.1±1.9 *

DNA (µg/pad)

251±13

200±16 *

Mass (%)

0.51±0.03

0.041±0.03 *

Lipid (mg/pad)

147±14

92±10 **

Protein (mg/pad)

12.8±0.6

12.3±0.5

DNA (µg/pad)

15±0.9

12.8±0.9

1.85±0.08

1.72±0.11

Mass (%)

3.87±0.2

3.73±0.16

Lipid (mg/pad)

274±58

116±28 *

Protein (mg/pad)

290±28

252±15

DNA (µg/pad)

1707±161

1396±175

16.1±1.8

10.7±0.8 *

0.42±0.02

0.41±0.01

iWAT

iBAT

pWAT
Mass (%)
Liver

Skeletal muscle
Lipid (mg/g tissue)
Heart
Mass (%)

Eleven-week-old C57BL/6 male mice on a high-fat diet received water (HFD) or 88.9
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µmol phenelzine/kg body weight/day to drink (HFD+PHE) for 11 weeks. WAT, white
adipose tissue; pWAT, perirenal WAT; eWAT, epididymal WAT; iWAT, inguinal WAT;
iBAT, interscapular brown adipose tissue. Data are the mean ± SEM of n=12/group. A
Student’s t-test was performed. Difference HFD vs. HFD+PHE mice: * P < 0.05; ** P <
0.01.
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Table 2. Influence of phenelzine chronic treatment on the expression of genes
related to oxidative metabolism in mice fed a high-fat diet.
Parameter

HFD

HFD+PHE p value

iBAT
100±9

123±8 *

Ppara

100±11

123±14

Ppargc1a

100±22

136±27

Foxc2

100±14

111±15

Vegf

100±9

125±10

Ucp1

100±11

119±10

Acc2

100±14

53±9 **

Ppara

100±9

48±5 ***

Cd36

100±25

71±7

Glut4

100±8

81±3

Ucp3

100±7

109±15

Ppargc1a

100±8

84±8

Ppara

100±12

69±4 **

Cpt1b

100±7

75±5 **

0.061

Liver

Skeletal muscle

0.056

0.056

Eleven-week-old C57BL/6 male mice on a high-fat diet received water (HFD) or 88.9
µmol phenelzine/kg body weight/day to drink (HFD+PHE) for 11 weeks. Gene
expression of Cpt1b (carnitine palmitoyltransferase 1B), Ppara (peroxisome proliferator
activated receptor alpha), Ppargc1a (peroxisome proliferator-activated receptor gamma
coactivator 1-alpha), Foxc2 (forkhead box C2), Vegf (vascular endothelial growth factor),
Ucp1 (uncoupling protein 1), Acc2 (acetyl carboxylase 2), Cd36 (cluster of differentiation
36) and Glut4 (glucose transporter 4). iBAT, interscapular brown adipose tissue. Data are
the mean ± SEM of n=12/group. A Student’s t-test was performed. Difference HFD vs.
HFD+PHE mice: * P < 0.05; ** P < 0.01; *** P < 0.001.
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