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Metabolomics provides novel understanding
of Melissa officinalis mechanism of action
ensuring its calming effect on dogs
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Abstract

Background Animal welfare encompasses both its physical and mental states. This latter could be altered by several
psychological-related disorders including stress and anxiety. To address these issues, Melissa officinalis, a Lamiaceae
plant, ensuring the anxiolytic-type effects, is widely used. In this study, the main aim was to explore the effect of a
commercial hydro-alcoholic Melissa officinalis extract (MOE) and its major compound rosmarinic acid (RA) on dogs’
behavior and metabolome. To do so, twenty healthy beagle dogs were randomly assigned to 4 dietary supplements
(5 dogs/group): the first group received a placebo supplemented with maltodextrose (200 mg/kg), the second group
was supplemented with MOE (200 mg/kg), the third group received RA at a dose of 10.6 mg/kg, and the fourth group
was administered a-casozepine (AC) at a dose of 225 mg in capsule form. Dogs’ behavior was monitored after 4 weeks
of treatment using a standardized evaluation grid developed by Oniris. In addition, 4-hydroxybyturic acid (GHB) was
quantified to study the effect of the supplementations on the metabolites of y-aminobutyric acid (GABA) biosynthetic
pathway. Moreover, the impact of all supplementations on dogs' metabolome was assessed using untargeted
metabolomics at the end of the supplementation period.

Results Results demonstrated significant differences between the mean behavioral score of placebo group (-3.4)
compared to MOE (2.0), RA (1.4), and AC (0.8) groups. In addition, GHB measurement revealed a decrease in its
quantity in all supplemented groups compared to the control. Moreover, untargeted metabolomics uncovered
several metabolic pathways, that were impacted by MOE supplementation linked to lipids and bile acids metabolism.
Furthermore, RA supplementation impacted fatty acids and lipids metabolism pathways while supplementation with
AC affected pathways linked to lysine and sphingolipids metabolism.
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Conclusions Our study demonstrated a calming effect of MOE on beagles and proposes a novel hypothesis that
sheds new light on its potential mechanism of action. This study underlines metabolomics as an effective tool for
gaining deep insights into the metabolic changes associated with supplementation.

Keywords Melissa officinalis, Behavior, Metabolomics, Dog's welfare

Background

Stress is a common feature that appears throughout dogs’
life, which can lead to negative impacts on dogs’ welfare
and health. In fact, many stressful events can generate
several emotional reactions leading to behavioral disor-
ders [1-3]. Therefore, the need for management options
that decrease anxiety and stress reactions in dogs is
imperative, both for the well-being of the animals and the
comfort of the canine caregivers.

Among solutions to manage behavioral disorders, in
addition to the behavioral change programs, pharma-
ceutical agents can be used in dogs [4, 5]. However, their
potential contraindications, side and/or adverse effects,
and the need for a veterinarian prescription make their
use complicated in practice. This has driven research-
ers towards non-pharmaceuticals agents which are sug-
gested to decrease anxiety and stress reactions in dogs.
Feed supplements and/or additives can be effective alter-
natives to drugs, meeting the needs of consumers con-
cerning the quality and safety of the products they use
[6]. Indeed, the perception of dog owners against psy-
choactive medicine and alternative treatments was evalu-
ated in a recent study and results showed that most of the
canine owners felt more comfortable using alternative
treatments, compared to drugs [7].

In veterinary behavioral medicine, an integrated
approach is commonly adopted, incorporating behav-
ioral modification programs alongside the administration
of medications or nutraceuticals [8]. Several nutraceu-
ticals have been studied for their potential calming and
anti-stress effects [6, 8—11]. In a recent study, it has been
shown by Titeux et al., 2021 that dietary supplements
based on fish hydrolysate combined with a concentrate
of melon juice resulted in a decrease of associated-stress
behavior [6]. Recent evidence also suggests that the
use of a-casozepine, a tryptic milk casein hydrolysate,
has an anxiolytic-like activity [12, 13]. Various plants
and plant extracts can also be used to promote calming
behavior in dogs, thanks to the diversity of their bioac-
tive specialized metabolites that guaranty the calming
properties [14—16]. Among plants, lemon balm (Melissa
officinalis), belonging to the Lamiaceae family, has been
used since antiquity for its soothing properties [17-19].
Melissa officinalis contains a large amount of rosmarinic
acid (RA), which has been reported to exhibit anxiolytic
properties [20]. The leaf of lemon balm also contains fla-
vonoids (quercitrin, rhamnocitrin, luteolin) and pheno-
lic acids (RA, caffeic acid, and protocatechuic acid) [21]

which have therapeutic potential in the management
of behavioral disorders. Calming and anxiolytic effects
of Melissa officinalis are widely documented in the lit-
erature, especially in humans [22-24]. However, to the
best of our knowledge, few or no studies have been per-
formed on the anxiolytic effect of Melissa officinalis and
its mechanism of action in dogs. Moreover, it remains
unclear whether the potential beneficial effect of Melissa
officinalis involves synergistic interaction or multifacto-
rial effects between RA and other ingredients present in
lemon balm.

Therefore, this study aimed to evaluate the effect of a
hydroalcoholic Melissa officinalis leaf extract (MOE)
long-term dietary supplementation on the behavior of
healthy beagle dogs exposed to mild stress. MOE effect
on mild stress was compared to RA, considered as the
major active substance of MOE. We hypothesized that
MOE supplementation’s effect on dogs’ behavior would
produce a greater beneficial effect than that produced by
RA, at a dose being the level of RA present in the MOE.
Characterization was also performed on MOE to better
understand the relationship between composition and
mode of action. The impact of MOE and RA supplemen-
tation was also investigated on dogs’ metabolome using
untargeted metabolomics, as it is considered as a pow-
erful tool to provide new insight into their mechanism
of action by elucidating the impacted behavior-related
pathways.

Methods

Animals

Sixteen healthy males and four healthy females beagles
(Isoquimen, SL, Spain) aged 2.7+0.1 years and each
weighing between 9 and 16 kg were used in this study.
Dogs with an unsuitable temperament (as evaluated by
the manager of the kennel) were excluded. Prior to the
study, dogs were already familiar with each other and
were housed in groups of three to five. Dogs had daily
access to a fenced park with trees for at least 40 min,
allowing exercise and social interaction. Additionally,
each dog was taken for a weekly 30-minute walk on a
leash. The study included two females as well as three
male beagles that were not neutered. In each enclosure
of the kennel, three to four dogs were housed according
to their affinities with free access to water in a large out-
door/indoor kennel that was cleaned once a day. A walk
for 45 min in a park was organized once a day. The dogs
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Table 1 (continued)

Rating criteria

Item

Domain

Indifferent to an unfamiliar Good interaction, the dog

Fearful (get away from
abroad), some grunts

Growling, some barking

Bad interaction, the dog is

Unfamiliar person test
aggressive

Behavior
domain

Walking

approaches the stranger, no

growling or barking

person (don't look at him,

don't approach or go away

from the unfamiliar person)

Curious about the animal

Indifferent to an unknown
animal (don't look at it)

Fearful (get away from the
animal), some grunts

Growling, some barking,

fear of the animal

Aggressive (growling,

barking)

Unfamiliar animals test

(cows, horses)

Indifferent to unknown noise, Curious, no growling or

does not react

Fearful (moves away from
noise), some growling

Growling, some barking,

fear of noise

Aggressive (growling,

barking)

Stranger noise test
(bicycle horn)

barking

Curious (plays with the

Indifferent to unknown

Fearful (moves away from
object), some growling

Growling, some barking,

fear of object

Aggressive (growling, bark-
ing, bite the object)

Unfamiliar object test
(remote controlled car)

(2025) 21:459

object, sniffs it), no growling

or barking

object (do not look at the

object)

Normal, the dog runs, jumps,
plays with other dogs

Play, run and jump less than
usual

Does not play with other

Walk in the park, but
don't jump or run

No play, stay in a corner,

lying down

Physical exercise in a

park

Physical

dogs but runs in the park
Not very tolerant (walks

slowly, fatigue)

domain

Optimal (shows enthusiasm
for walking, good stamina)

Walks slower than usual but

good endurance

Very little tolerant (very
tired from the walk,

Intolerant (inability to

Exercise tolerance

provide and sustain physical

effort)

shows no motivation)

Total in walking /24

Total /64
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were weighed once a week and observed at least twice
daily for any physical abnormalities or clinical signs.

Diet and protocol

Each dog was fed once a day with the same commercial
dry food (Ultima-affinity*) for one month. Pet food ful-
filled the recommendations for protein, carbohydrate and
fat regarding dog daily energy needs (Nutritional Guide-
lines for Complete and Complementary Pet Food for
Cats and Dogs—The European Pet Food Industry Fed-
eration). Briefly, the nutrient composition was 25% crude
protein, 16% crude fat, 2.75% crude fiber, and 7% crude
ash, with an energy value of 3855 (kcal/kg). The dog’s
ration was calculated according to their energy require-
ments. The dogs were randomly divided into 4 groups
(5 dogs per group). The first group, composed by five
males including 2 un-neutered, was supplemented with
the standard Melissa officinalis extract (MOE) at 200 mg/
kg of feed. The second group, composed by 4 males and
1 female, was supplemented with placebo composed by
maltodextrose, at the same concentration as MOE. The
third group, composed by 3 males and 2 un-neutered
females, was supplemented with rosmarinic acid (RA)
in powder form (Sigma-Aldrich, Saint Louis, USA) in
food at 10.6 mg/kg of feed which was the quantity found
in the dose of 200 mg/kg of MOE. The last group, com-
posed by 4 males and 1 female, was daily supplemented
with 225 mg of a dietary complement named Zylkene®
composed by a-casozepine (AC) with anxiolytic proper-
ties [25, 26]. This group served as reference. The different
supplements were administered once a day, in the morn-
ing, during meals, and were placed directly in the kibble
rations by animal technicians. The duration of supple-
mentation was 4 weeks.

Behavioral observation

A grid of the dog’s behavior was produced according to
various evaluation criteria to assess the dog’s behavior
in the kennel and under walking conditions (Table 1).
The behavioral tests were based on literature procedures
used to evaluate behavioral reactions in dogs faced with
a variety of mild stress situations [27, 28]. The evaluation
of the behavioral responses of dogs in the kennel allowed
us to ensure their good health and that their behavior
during the tests was only a reflection of their personal-
ity. The various tests carried out make it possible to ana-
lyze the behavior of dogs faced with an unusual situation.
Each item is scored from 0 to 4. The highest scores cor-
responded to the normal behavior of the animal. The
tests by this grid were carried out double-blind the week
before supplementation and then at 4 weeks after the
supplementation.
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Interaction with an unfamiliar person

The test was carried out with different people at each
assessment to avoid habituation effects. The unfamil-
iar person approached the kennel from the outside and
stood in front of each box. Throughout the duration of
the observation, the unfamiliar person maintained a sta-
tionary and immobile stance. No eye contact was made
with the dogs. The two observers stood next to an unfa-
miliar person and assessed the behavior of the dogs.

Loud noise test

A bicycle horn noise was emitted in front of each enclo-
sure by one of the observers for 20 s. On walks, the sound
was emitted at a given time and in a different place each
time without anyone around so as not to disturb the dogs
during the evaluation.

Response to an unfamiliar object

A yellow trash can was the object chosen for the test. The
dogs had never seen this object before the protocol. They
were placed inside the enclosure and the two observers
evaluated the behavior of the dogs in front of the object.

Unfamiliar animals test

During the walk, the dogs encountered unfamiliar ani-
mals such as horses or cows but also dog owners. All
the assessed dogs were secured on a leash, and the two
observers assessed their behavior in front of one of these
animals.

Characterization of MOE hydroxycinnamic acids

Solvents, analytical standards, and sample preparation of
MOE

MOE as weighed (50 mg) and solubilized in 1 mL of
methanol. After 5 min of sonication bath (S30H, Elma-
sonic, Germany), the mixture was centrifuged for 10 min
at 13,000 g and the supernatant was recovered for High-
Performance Liquid Chromatography coupled with mass
spectrometry (HPLC-MS) analysis and High-Perfor-
mance Liquid Chromatography-Ultra-Violet (HPLC-UV)
analysis. All solvents used in High-Performance Liquid
Chromatography (HPLC) were of HPLC grade. Metha-
nol and acetonitrile were purchased from Sigma-Aldrich.
Deionized water from a Millipore Milli-Q water system
was used to prepare mobile chromatographic phases. To
confirm MOE active compounds identification, analyti-
cal standards (chlorogenic acid, caffeic acid, p-coumaric
acid, ferulic acid and rosmarinic acid) were purchased
from Extrasynthese (Genay, France).

High-performances liquid chromatography analysis

HPLC-UV analysis (Waters Separations Module 2695
equipped with a dual-wavelength UV/Visible Detec-
tor 2489 (Waters, Manchester, UK)) was performed
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following the methodology employed by Dastmalchi et
al., 2008 and using a Zorbax SB-C18 (250 mm x 4.6 mm,
5 um) analytical column (Agilent, Les Ulis, France) [21].
The objective here was to determine the HPLC-UV pro-
file of MOE hydroxycinnamic acids. Each analysis was
performed on 5 different batches of MOE. The injection
volume was 10 uL. The mobile phase was composed of
0.1% of formic acid in deionized water (A) and 0.1% of
formic acid in acetonitrile (B) at a flow rate of 1 mL/min.
The initial condition was 90%(A), 10%(B). A gradient
program was performed as follows: (0-20 min) 10-35%
B; (20-23 min) 35% B; (23-26 min) 35-100% B; (26—
27 min) 100% B; (27-28 min) 10% B. The identification
of MOE active compounds was confirmed by compar-
ing their retention times to those of authentic standards
under identical analysis conditions and by comparison of
their UV spectra with the profile of each MOE peak.

Quantification of MOE hydroxycinnamic acids

Different concentrations of rosmarinic acid (0.5, 0.25,
0.12, 0.06, 0.03, and 0.0125 mg/mL) were prepared and
analyzed following the same methodology as described
in HPLC-UV part. The area under the curve was moni-
tored for each concentration and the calibration curve
was done by plotting the absorbance (A280nm) as a func-
tion of the area under the curve. Then, a 60 mg quantity
of MOE was prepared and analyzed following the same
methodology as described in the HPLC-UV part. The
area under the curve was monitored for each active com-
pound identified in MOE. Then, the compounds were
quantified using the calibration curve prepared previ-
ously. The concentration of each compound was deter-
mined following the formula below:

o area under curve — b

a

With:
b =intercept of the calibration curve.
a=slope of the calibration curve.
Results are expressed in rosmarinic acid equivalent.

Sample collection, biochemical analysis and hematology

To assess the safety of the supplementations for the dogs,
jugular vein blood samples were collected from each dog
at week 0 (W0) and at week 4 (W4) of supplementation to
perform biochemical and hematology analysis. For bio-
chemical analysis, heparinized plasma samples were cen-
trifuged at 2100 g for 10 min at 4 °C and stored at -20 °C
up to until analysis for the levels of alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), urea and creatinine. The analysis
was performed following the manufacturer’s guidelines
of the automated analyzer RX Daytona + purchased from
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Randox laboratories Ltd. EDTA blood samples were col-
lected for hematology analysis: leukocytes (Leu), red
blood cell (RBC) count, hemoglobin (Hb), hematocrit
(HCT), mean corpuscular volume (MCV), mean cor-
puscular hemoglobin (MHC), mean corpuscular hemo-
globin concentration (MCHC), red cell distribution
index (RDI), platelets (PLT), neutrophils (Neu), lym-
phocytes (Lymphs), monocytes (Mono), eosinophils
(Eos). The hematology analysis was performed using a
Sysmex XN-1000 V automated analyzer (Sysmex Cor-
poration, Kobe, Japan) according to the manufacturer’s
instructions.

y-Hydroxybutyric acid (GHB) level in plasma
Stock solution and sample preparation
Stock solutions of GHB and GHB-d6 (internal stan-
dard, IS) were prepared at 1 g/L and 0.1 g/L in methanol
respectively. All standard solutions were stored at -20 °C.
Working solutions of GHB were prepared at 10 mg/L and
1 mg/L in methanol and IS was at 10 mg/L in methanol.
Six calibration curve points were constructed in the
concentration range of 50-1000 ug/L as well as differ-
ent quality controls (25, 150, 500 and 2000 pg/L). The
analyzed samples were prepared by spiking 50 pL of IS
(1 mg/L) into 1000 pL of biological sample. Sample solu-
tions (standards, controls and samples) were extracted
using 5 mL of ethyl acetate. After mixing and centrifug-
ing, the upper organic layer was collected and evapo-
rated under a stream of nitrogen at room temperature.
The extract was reconstituted in 75 pL acetonitrile and
25 pL  N-tert-butyldimethylsilyl-N-methyltrifluoro-
acetamide (MTBSTFA). The mixture was vortexed for
30 s. The derivatization step was carried out at 60 °C for
30 min. The cooled final solution was transferred into a
crimp top vial with insert and loaded onto the GC-MS
auto-sampler.

Gas chromatography and mass spectrometry

The analysis was performed on a HP5973 MS with a
HP6890 series GC (Agilent Technologies, Atlanta, GA,
USA). Automatic injections were made using a HP6890
autosampler. The temperature of the injector and the
transfer line detector were 180 °C and 280 °C, respec-
tively. The glass liner was equipped with a Siltek deacti-
vated inlet glass liner (Restek, Bellefonte, PA). The GC
was operated in the splitless injection mode with a con-
stant flow of 1.7 mL/min helium through the HP-5MS
column (30 m x 0.25 mm ID with 0.25-im film thickness
(J&W, Folsom, CA)). The oven temperature GC was pro-
grammed starting from 110 °C and increased to 280 °C at
9.5 °C/min. GHB-d6-TMS eluted at 8.26 min and GHB-
TMS eluted at 8.22 min. Ions were detected by selective
ion monitoring (SIM). An HP Chemstation® software
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system controlled the equipment and carried out the data
processing.

Three and two multiple reactions monitoring (MRM)
transitions (GHB: m/z 275, 201, 185 and GHB-d6: m/z
281 and 323) were monitored for GHB-TMS and GHB-
d6-TMS, respectively.

The sensitivity of the method was determined to have
a limit of quantitation (LOQ) of 15 pg/L and a limit of
detection of (LOD) 5 pg/L. The result limit is assigned to
the lowest control level, i.e. 25 pg/L.

Metabolomic analysis

Metabolite extraction

Plasma samples collected after 4 weeks of supplementa-
tion were analyzed. Metabolites were extracted accord-
ing to Zhang et al,, 2019 with some modifications [29].
Briefly, 100puL of plasma was mixed with 2 uL of each
of proteinase K (20 mg/mL) and CaCl, solution (250
mmol/L). The mixture was then incubated in a water
bath at 37 °C for 15 min. Then, for protein precipitation,
300 pL of chloroform/methanol (3/1:v/v) was added, vor-
texed for 3 min and incubated overnight at -20 °C. The
mixture was centrifuged, and the supernatant was col-
lected, evaporated using a Genevac TM EZ-2 evaporator,
and resuspended in dichloromethane/methanol (1/1:v/v)
(hydrophobic extracts, HPO). The pellet was used for a
second extraction step using 300 pL of methanol/water
(3/1:v/v). The mixture was centrifuged, and the superna-
tant was collected to be evaporated and resuspended in
acetonitrile/water (1/1:v/v ) (hydrophilic extracts, HPI).

UPLC-QTOF-HRMS analysis and data processing

The extracts were analyzed using an ultra-high per-
formance liquid chromatography (UPLC) ACQUITY
H-Class PLUS (Waters, Manchester, UK) coupled
to a quadrupole time-of-flight-high resolution mass
spectrometry (QTOF-HRMS) Xevo G2-XS (Waters,
Manchester, UK). Chromatographic separation was
performed using a BEH C18 column 2.1 x 150 mm with
1.7 um particle size (Waters). The column and autosam-
pler temperatures were maintained at 25 °C and 15 °C,
respectively. The mobile phase A consisted of water with
0.1% (v/v) formic acid and the mobile phase B was com-
posed of acetonitrile with 0.1% (v/v) formic acid. The elu-
tion gradient was applied as the following: (0—1 min) 2%
B; (1-9 min) 2-35% B; (9-17 min) 35-100% B with an
elution rate of 0.4mL/min. A sequence was constructed
to minimize the alterations in signal detection. A mix of
each of the hydrophobic and the hydrophilic extracts was
prepared separately for quality control (QC) samples.
Electrospray ionization (ESI) was used in both positive
and negative ionization. Mass spectrometry conditions
for both ionization modes were set as the following: cap-
illary voltage: 0.5 kV; sampling cone: 40 kV; source offset:
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80; source: 120 °C; desolvation: 500 °C; cone gas: 100 L/h;
desolvation gas: 1000 L/h. Data was recorded using MS*
mode. Progenesis QI (Waters, Manchester, UK) was used
for data processing, identification, relative quantification
and statistical analysis.

Metabolites identification and pathway analysis

The metabolites lists were based on the variable impor-
tance of projection (VIP) > 1 and p-value < 0.05. The iden-
tifications were accepted based on the following criteria:
score>35, mass error (ppm)<5, isotope similarity >70.
To our knowledge, studies using metabolic pathway data-
bases of dogs are scarce. Furthermore, several metabo-
lome characteristics of dogs showed high similarity to
those in human studies, suggesting shared biochemical
mechanisms between dogs and humans [30, 31]. There-
fore, the Human Metabolome database (HMDB) was
exported from (https://hmdb.ca/) and from MassBank
of north America (MoNA) (https://mona.fiehnlab.ucdav
is.edu/) since this latter contains files compatible with p
rogenesis QI (.sdf). Databases were imported to Progen-
esis® QI and used for metabolite identification. Integrated
Molecular Pathway Level Analysis (IMPaLA, (http://i
mpala.molgen.mpg.de/) was used for pathway analysis.
IMPaLA permits to search the input metabolites in sev-
eral pathway databases. Results are presented in a table
containing the name of the database in which the path-
way is found (pathway source); the number of the entered
metabolites which are found in that pathway (overlap-
ping metabolites), the number of all the metabolites of
the pathway (all metabolites) and p-value calculated
based on the number of metabolites overlapped on all the
metabolites (Pmetabolite). Values of p-value<0.05 were
considered statistically significant [32].
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Statistical analysis

For behavioral observations with the evaluation grid,
Shapiro-Wilk test was used to assess the normality of
data. The data were expressed as mean values+SEM.
One-way analysis of variance (ANOVA) was performed
followed by Tukey’s post hoc test for multiple com-
parisons. All statistical analyses were performed using
GraphPad Prism software version 9. For metabolomics,
permutation tests to validate orthogonal partial least
squares discriminant analysis (OPLS-DA) were per-
formed using Ropls package in R studio [33]. ANOVA
tests were performed on Progenesis® QI and values of
p<0.05 were considered statistically significant.

Results

Evaluation of the behavior of the dogs using a grid after 4
weeks of supplementation

The behavior of the beagles fed with various supple-
ments were assessed using an evaluation grid. The higher
the score, the greater the effect. A score from 0 to 4 was
used to rate the behavior in the kennel and during the
walks (Table 1). Different items were evaluated in rela-
tion to the animal’s quality of life (hydration, appetite,
activity, etc.) and the dog’s behavior facing stress stimuli
(unknown object, person, noise and animal). Scores were
added for each group and then averaged [28]. Figure 1
represents the graph corresponding to the difference in
mean between week 4 (4 weeks after supplementation)
and week 0 (week before supplementation).

After 4 weeks of supplementation, a difference between
the overall mean scores of the placebo group and that of
those three experimental groups was observed (Fig. 1A).
Indeed, the dogs in the placebo group (maltodextrose)
had a negative average score (-3.4), indicating that the
behavior of the dogs at week 4 deteriorated compared to
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Fig. 1 Changesin (A) overall behavior of healthy beagle dogs, in (B) the kennel and (C) during walking before and after 4 weeks of supplementation with
MOE, RA or AC. The scores of each dog in each group were added and then averaged, the means of the scores of week 4 were subtracted from those of
week 0. The graph represents the difference in total behavior score between week 0 and week 4 (N=20, n=5; *: p <0.05; ns: not significant)
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the week before supplementation in the face of different
stress stimuli (Fig. 1A). However, this did not correspond
to a deterioration in its physical and psychological state
since the mean scores for these items did not change
(Table S1). In contrast, a positive average score indicated
an improvement in behavior facing stressful stimuli.
Indeed, an increase in the experimental groups RA (1.4)
and AC (0.8) after 4 weeks of supplementation with a sig-
nificant difference in the MOE group (2.0) compared to
the placebo group (-3.4) was observed (Fig. 1A).
Regarding the difference between dog’s behavior in the
kennel and on walks (Fig. 1B and C), results showed an
improvement in the MOE, RA, and AC groups compared
to the placebo group on walks. Dogs from these groups
were more curious and calmer in the face of different
stress stimuli compared to dogs from the placebo group
which had a rather apprehensive and fearful behavior.
Interestingly, only the groups that received MOE and
AC supplementation showed a significant difference
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compared to the placebo group. On the other hand, when
the dogs were in the kennel, no significant difference in
score was measured (Fig. 1B).

Characterization of MOE hydroxycinnamic acids
MOE hydroxycinnamic acid characterization was per-
formed using HPLC-UV method. The HPLC-UV profile
of MOE hydroxycinnamic acid (Fig. 2) allowed to identify
6 compounds (Table 2).

Rosmarinic acid has been identified as MOE major
hydroxycinnamic compound (54 mg/g), followed by chlo-
rogenic acid (0.79 mg/g), and caffeic acid (0.68 mg/g).

Analysis of hepatic and renal markers and complete blood
count of dogs in the placebo, MOE, RA and AC groups

Blood samples were collected before and after 4 weeks
of supplementation to ensure the safety of treatments
administered to dogs. The levels of hepatic (ALT, ALP,
and AST), renal biomarkers (creatinine and urea) and
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Table 2 MOE hydroxycinnamic analysis revealing 6 identified components
Peak Hydroxycinnamic acid derivatives Rt (min) Quantity (mg/g) % in MOE
1 Chlorogenic acid 79 0.79 0.08
2 Caffeic acid 104 0.68 0.07
3 p-Coumaric acid 13.9 <0.1 <0.01
4 Ferulic acid 14.8 <0.1 <0.01
5 m-Coumaric acid 15.8 <0.1 <0.01
6 Rosmarinic acid 17.6 54 54
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Fig. 3 Plasma metabolites levels (Creatinine, Urea, ALT, ALP, and AST) on dogs before and after 4 weeks of supplementation with placebo, Melissa of-
ficinalis extract (MOE), rosmarinic acid (RA) and a-casozepine (AC). The dosage of the different markers was measured in the plasma of the dogs in each
group at 0 (before supplementation) and 4 weeks after supplementation (N=20, n=5 per group, ns: not significant)

complete blood count were measured and are presented
in Fig. 3; Table 3, respectively.

As shown in Fig. 3, no significant differences between
the four groups in plasma creatinine, urea, ALT, ALP, and
AST levels after the 4 weeks of supplementation were
observed. The values obtained for the levels of the mark-
ers measured were similar to the reference values in dogs.

No significant changes were observed among the four
groups for the observed different blood parameters in
dogs after 4 weeks of supplementation (Table 3).

Plasma GHB level of each control (placebo) and
experimental groups (MOE, RA, and AC)

To better understand the behavior of dogs supplemented
with placebo, MOE, RA and AC, the dosage of GHB, a
precursor of GABA, the main “inhibitory” neurotrans-
mitter of the central nervous system, was carried out

in plasma before and after 4 weeks of supplementation
(Fig. 4).

Results revealed that GHB levels in plasma of placebo
group slightly decreased after 4 weeks of supplementa-
tion. Surprisingly, a significant decrease in plasma GHB
level was observed in the three experimental groups dur-
ing the same period. Indeed, a decrease of 52%, 44%, and
36% was observed for MOE, AC and RA groups respec-
tively, compared to the week before supplementation
(Fig. 4).

Metabolomic analysis

Plasma canine multivariate data analysis

The extraction method based on a two-step approach
showed a broad metabolite coverage. The HPO analy-
sis revealed 22,697 and 32,551 features in ESI” and ESI*
modes, respectively. Considering these findings, only the
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Table 3 Mean values obtained for each variable at 0 and 4 weeks after placebo, MOE, RA and AC supplementation in dogs. The levels
of the different variables were assayed in the plasma of the dogs in each group at 0 and 4 weeks after supplementation. (N=20, n=5).
Leukocytes (Leu), red blood cell (RBC) count, hemoglobin (Hb), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MHC), mean corpuscular hemoglobin concentration (MCHC), red cell distribution index (RDI), platelets (PLT), neutrophils
(Neu), lymphocytes (Lymphs), monocytes (Mono), eosinophils (Eos)

Groups Placebo MOE RA AC
Variable Unit/Weeks 0 4 0 4 0 4 0 4
Leu 103/uL 883+0.58 10504124 7394063 84340281 7754067 9324132 7324020 8304051
RBC 105/pL 7234022  692+014 6934019  695+0.14  7.06+025 6.86+0.31 703+034  687+0.15
Hb g/dL 16424041  1588+039 15524052 15774060 1640+056 2208+026 16124060  16.12+0.39
HCT % 4862+128 47404123 47104169  47.06+152  4940+156 47504185 4830+184 47.02+124
MCV fL 67361146 6854+076 6794+085 67.16+084 69.98+041 6932+053 6888+090 6846+1.20
MHC % 3376+0.79  3352+051  3294+066 3396+048 33.18+088 3386+048 3340+034  33.88+049
MCHC  pg 22724064  2294+051  2240+058  2282+080 2326+065 2346+044 2298+074  23.18+067
RDI % 1498+136 15524061  1464+096 15704072  1434+123  1476+159 1524+177  1502+1.10
PLT 108/uL 270404343 298.00+452 30440+652 36600+41.6 32820+479 341404332 328004236 371.60+444
Neu 103/uL 5554066 721120 4714036  529+066  521+045 591+1.14  4.09+023 502+0.62
Lymph  10%/uL 223+018  202+040 2184035 227+032 1774027 2514026  243+047 2494045
Mono  10%/uL 042+0.03 057+0.16  029+007  038+009  044+005 044+009  047+006  026+0.05
Eos 103/uL 036+0.12  060+010 0194006  045+0.11 026+009  038+0.13  030+008  044+0.07
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Fig. 4 Evolution of the GHB level in plasma of dogs supplemented with placebo, MOE, RA and AC after 4 weeks of supplementation. The plasma GHB
level for each group was performed before and after 4 weeks of supplementation and a significant decrease of plasma GBH level was observed for MOE
and AC groups (N=20, n=5; **: p<0.01; *: p<0.05; ns: not significant)

ESI" mode was used to analyze the hydrophilic extracts
(HPI), revealing 19,658 detected features.

Next, to investigate these datasets, orthogonal partial
least squares-discriminant analysis (OPLS-DA) was used
to compare placebo to each of MOE, RA and AC groups.
Permutation tests were used to evaluate OPLS-DA
models. Results indicated that the models constructed
from HPO extracts in ESI” mode were not overfitted
when comparing the placebo group to the MOE group
(R2Y=0.996, Q2Y=0.883), nor when comparing the

placebo group to the RA group (R2Y =0.993, Q2Y =0.887)
(Fig. 5). Surprisingly, when comparing the placebo group
to the AC group, no valid OPLS-DA model could be con-
structed as the first predictive component was not statis-
tically significant, indicating insufficient discrimination
between these groups based on their metabolomic pro-
files. However, for all the other comparisons (HPO and
HPI in ESI), permutation tests validated the OPLS-DA
models (Table S2). Moreover, for all the analyses, except
the comparison between placebo and AC of HPO extract
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Fig. 5 Metabolomic profiles of beagle dogs' plasma generated by OPLS-DA of HPO extracts in ESI™ mode. Placebo and MOE comparison; placebo and

RA comparison

in ESI", the original models outperformed most of the
permuted tests (Fig. S1). These findings indicate that sup-
plementing dogs with either MOE, RA or AC, resulted in
alterations to their metabolic profiles.

Metabolites identification
Based on the identification criteria, placebo and
MOE groups comparison of HPO extracts in ESI”
mode revealed 1069 differently expressed features
(p-value<0.05 and VIP>1), of which 607 features were
putatively identified and 174 metabolites whose identifi-
ers (ID) were accepted (Table S3). Similarly, placebo and
RA groups comparison revealed 982 differently expressed
features. Among them, 460 were putatively identified but
only 190 identifications were accepted (Table S4).
Regarding HPO extracts in ESI* mode, 2112 features
were differently expressed, 640 were identified but only
192 identifications were accepted when comparing pla-
cebo to MOE group (Table S5). Moreover, compari-
son between placebo and RA revealed 1945 differently
expressed features, 542 of them were identified and 186
were accepted (Table S6). Furthermore, 814 features were
differently expressed between placebo and AC groups.
Databases investigation led to the putative identifica-
tion of 200, of which 63 were accepted (Table S7). As for
HPI extracts in ESI* mode, comparison of placebo and
MOE groups revealed 1394 differently expressed features
(p-value<0.05 and VIP >1). Of them, 126 identifications
were accepted from a total of 536 putatively identified
features (Table S8). Regarding placebo and RA groups
comparison, the analysis demonstrated 307 differently
expressed features. Out of 161 putatively identified fea-
tures, 72 identifications were accepted (Table S9). Finally,
the comparison between Placebo and AC groups uncov-
ered 1949 features with differential expression. The iden-
tification approach revealed 681 putatively identifiers of
which 197 were accepted (Table S10).

Metabolic pathway analysis

To further explore MOE and RA potential mechanism of
action, the identified metabolites were employed to per-
form a pathway analysis using the web tool IMPaLA.

The analyses of the three datasets suggested that MOE
regulated several pathways including bile acid biosynthe-
sis, glycosphingolipid biosynthesis, amino acids metab-
olism, and overall lipid and cholesterol metabolisms
(Table 4, Table S11, Table S14).

Furthermore, supplementing dogs with RA potentially
impacted pathways related to sphingolipid, phosphati-
dylcholine metabolism and in total lipids and fatty acids
metabolisms (Table 5, Table S12, Table S15). Moreover,
AC supplementation revealed a potential impact of this
molecule on mainly lysine, sphingolipid and phospho-
lipid metabolisms (Table S13, Table S16).

Discussion

Melissa officinalis is widely used in ethnoveterinary
practice as a valuable natural remedy for animals expe-
riencing anxiety-related conditions. However, research
concerning the impact of its dietary supplementation on
canine metabolome is scarce. The purpose of this study
was to assess the supplementation effect of Melissa offi-
cinalis leaf extract on beagles’ behavior and to reveal the
metabolic pathways involved in its mechanism of action,
using untargeted metabolomics. The results have been
compared with those produced by the supplementation
with RA, one of the main constituents of MOE, and AC,
the active ingredient of Zylkene®, frequently prescribed
by veterinarians to manage behavioral disorders [26,
34]. The findings from this study highlighted significant
behavioral improvements in dogs supplemented with
MOE compared to the placebo group. In particular, dogs
in the MOE group exhibited notable improvements in
overall activity levels, social interactions with other dogs,
and responses to unfamiliar humans during walking.
Additionally, these dogs exhibited more favorable behav-
ior reactions when presented with an unfamiliar object,
clearly setting their responses apart from those seen in
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Table 4 Metabolic pathways potentially regulated by MOE of HPO extracts in ESI” mode

Pathway name Pathway source Overlapping metabolites All metabolites Pmetabolites
Bile acid biosynthesis SMPDB 5 58 1.65e-05
Metabolism of lipids Reactome 9 352 6.4e-05
Glycosphingolipid biosynthesis EHMN 3 18 0.000146
Bile secretion KEGG 5 112 0.000398
Cholesterol metabolism KEGG 2 7 0.000727
Ganglio sphingolipid metabolism Wikipathways 2 8 0.000966
Metabolism of spingolipids in ER and Golgi apparatus Wikipathways 2 10 0.00154
Transport of organic anions Reactome 2 13 0.00264
Digestion of dietary lipid Reactome 2 14 0.00307
Sphingolipid metabolism Reactome 3 54 0.00388
Heme degradation Reactome 2 18 0.00509
Drug induction of bile acid pathway Wikipathways 2 18 0.00509
Recycling of bile acids and salts Reactome 2 20 0.00628
Linoleate metabolism EHMN 2 21 0.00691
Glucuronidation Reactome 2 28 0.0121
Metabolism of porphyrins Reactome 2 34 0.0176

Table 5 Metabolic pathways potentially impacted by RA of HPO extracts in ESI” mode

Pathway name pathway source overlapping metabolites all metabolites Pmetabolites
Glycosphingolipid biosynthesis KEGG 2 7(31) 0.000171
Ganglio sphingolipid metabolism Wikipathways 2 8(19) 0.000228
Metabolism of spingolipids in ER and Golgi Wikipathways 2 10 (21) 0.000366
apparatus

Glycosphingolipid biosynthesis - ganglioseries  EHMN 2 18 (38) 0.00123
Glycosphingolipid metabolism Reactome 2 31(39) 0.00366
Phase Il - conjugation of compounds Reactome 3 115 (149) 0.00397
Cytosolic sulfonation of small molecules Reactome 2 35 (47) 0.00465
Sphingolipid metabolism Reactome 2 54 (65) 0.0109
Biological oxidations Reactome 3 231 (320) 0.0274

the placebo group. These results confirmed the potential
of MOE in the reduction of stress-related behaviors in
dogs. Likewise, the calming effect of AC was similar to
MOE. Results revealed an improvement in dogs’ behav-
ior that was observed in AC group following a four-week
period of supplementation. In accordance with literature,
D’Angelo et al., 2022 have demonstrated a positive effect
of AC in the treatment of obsessive-compulsive disorder
in dogs [25]. It has also been demonstrated that using
AC, in association with fluoxetine, reduces aggressive
behaviors in dogs affected by relational disorders [26]. In
addition, we found that the MOE-induced reduction in
stress-linked behaviors was higher than that of RA, which
is MOE’s main active substance, suggesting a synergistic
effect of MOE compounds to improve dogs’ behavior,
compared to RA alone. In agreement with this sugges-
tion, several compounds, previously identified in Melissa
officinalis and supported by the present findings such
as chlorogenic acid and caffeic acid have already been
described for their calming properties [35, 36]. Thus, it
is not unreasonable to assume that their effects could
have acted synergistically to enhance the action of RA in
MOE group. Nonetheless, it should be pointed out that,

Melissa officinalis leaf extract also contains other minor
bioactive compounds such as flavonoids, terpenoids, tan-
nins, and essential oils [21, 37]. For instance, Cannabis
sativa, which has garnered considerable interest in veter-
inary research, also contains a wide range of biologically
active compounds, many of which have shown promising
therapeutic effects in various veterinary applications [38,
39]. Therefore, we cannot theoretically rule out the pos-
sibility that diverse compounds of MOE have contributed
to the overall MOE effect by mechanisms that warrant
further investigation.

Several Melissa officinalis compounds exhibit an anxio-
lytic effect by inhibiting GABA transaminase (GABA-T),
resulting in an increase of GABA levels in the brain [20].
GABA quantification remains difficult to achieve because
of its polarity, retention and low quantity [40]. To this
end, GHB, one of the main metabolites synthesized from
GABA, was quantified to ascertain whether the observed
calming effect is linked to GABA biosynthesis pathway.
We hypothesized that GABA-T inhibition will lead to an
accumulation of GABA, and consequently, a decrease of
GABA products, such as GHB. Indeed, results from this
study revealed a decrease of GHB level from week 0 to
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week 4, in dogs supplemented with MOE, AC, and RA,
in comparison to the placebo group. To the best of our
knowledge, GHB quantification in dogs to evaluate the
calming effect of a natural product has never been done.
In subsequent research, this parameter could be interest-
ing to measure as an indirect marker of GABA. Further
studies are needed to confirm this hypothesis.

Other GABA-independent mechanisms regarding the
MOE-induced calming effect were previously reported
[18, 41] but their precise contribution remained incom-
pletely elucidated. To gain a larger view, untargeted
metabolomics was used to contribute to the character-
ization of mechanism of action and to investigate the
metabolic changes brought by MOE supplementation
in comparison to RA. Using HMDB and ImPalLA for
pathway analysis, we found that several pathways were
impacted by MOE and RA supplementation. We focused,
in this discussion, on the pathways that could be related
to the calming and anxiolytic-like effects.

Results obtained on the metabolic pathways impacted
of HPO extracts analysis from MOE group demon-
strated, surprisingly, several impacted pathways mainly
associated to bile acids (BAs) and lipids, notably choles-
terol and sphingolipid metabolisms. Effectively, research
findings have proven alterations in lipids and choles-
terol levels following Melissa officinalis supplementa-
tion [42-44]. A study carried out on hyperlipidemic
rats demonstrated that the use of a Melissa officinalis
extract significantly reduced cholesterol and lipid lev-
els in the serum of treated hyperlipidemic rats com-
pared to the control [42]. Another study published in
2020 revealed that a herbal extract of Melissa officinalis
reduced serum lipid levels in obese rats [43]. Although
these studies highlight the effect of Melissa officinalis on
hyperlipidemia in rats, research on its impact on lipids
levels in dogs is scarce or even non-existent to the best
of our knowledge. However, several studies associated
lipid homeostasis to psychiatric disorders such as anxi-
ety and depression [45—47]. As an example, patients with
mood disorders often exhibit alterations in cholesterol
metabolism [48]. Other lipids such as phospholipids and
sphingolipids were also related to anxiety and depression
[49]. For instance, Puurunen et al., 2016 revealed, using
non-targeted metabolomics on the whole blood samples,
a decrease in several phospholipids in fearful dogs [30].
Nonetheless, further investigations are needed to clarify
the precise correlations and mechanism of action linking
lipids to psychiatric disorders. Lipids metabolism, espe-
cially cholesterol homeostasis pathways, are also related
to bile acids levels. Surprisingly, in this study, the use of
MOE as a supplement for dogs impacted mostly conju-
gated bile acids with taurine. A decrease in the levels of
these molecules was observed after 4 weeks of supple-
mentation, suggesting that they might be deconjugated.
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According to literature, bile acids are synthesized, conju-
gated to taurine or glycine in the liver, and transported to
the gut where they are deconjugated by the action of bile
salt hydrolase (BSH), a gastrointestinal bacteria enzyme
found in a variety of genera [50, 51]. BAs deconjugation
leads to high levels of free taurine and unconjugated BAs
[52]. Taurine is considered as an inhibitory neurotrans-
mitter that can be transported to the brain to act as an
agonist of the GABA receptors [53-55]. Furthermore,
taurine acts as an agonist of glycine receptor, one of the
main mediators responsible for synaptic inhibition in sev-
eral brain regions [56]. In addition, several unconjugated
BAs such as cholic acid and chenodeoxycholic acid could
cross the blood brain barrier (BBB) and block NMDA,
an excitatory receptor [51, 57]. Furthermore, a recent
comprehensive review highlighted the significant role of
BAs in conveying signals to the brain, thus influencing
critical brain functions such as emotional regulation [58].
Another recent study that aligns with these findings dem-
onstrated changes in bile acid concentrations, notably an
increase of taurodeoxycholic acid in fearful dogs [59]. All
the above findings, along with literature, suggest a mech-
anism of action of Melissa officinalis extract through the
gut-brain axis which needs supplementary studies to fur-
thering our understanding of the MOE-induced calming
action.

Concordantly, RA supplementation affected fatty acids
and lipids metabolism, mainly phospholipids and sphin-
golipids. Literature showed that RA treatment of high fat
diet mice decreased cholesterol and triglycerides levels
and impacted fatty acids metabolism by facilitating their
oxidation [60]. The behavioral analysis didn't show any
statistically significant behavioral improvement between
placebo and RA group, likely due to the use of isolated
RA rather than the whole plant extract. This suggests that
the presence of additional bioactive compounds in the
whole plant might be necessary to produce observable
behavioral benefits through synergistic effects. Never-
theless, despite the lack of behavioral changes, metabo-
lomic analysis indicated that RA still had an impact on
metabolic pathways. Despite the absence of macroscopic
behavioral changes, previous research demonstrated that
RA exhibits anxiolytic and antidepressive effects [61-63].
These effects involve a multitude of mechanisms, includ-
ing the reduction of corticosterone levels, which is cru-
cial for regulating stress responses [54—56]. However,
it remains unclear whether the anxiolytic effects of RA
could suggest an involvement of lipid metabolism. A
study published in 2023 found that while RA enhanced
cognitive functions in young adult mice, it also led to dis-
turbances in their lipid metabolism [64]. Nevertheless,
the precise nature of this relationship and the underlying
mechanisms are not yet fully understood and require fur-
ther investigation.
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Regarding AC, even though HPO extract in ESI” did
not reveal any significant metabolome differences, HPO
and HPI in ESI* demonstrated that AC supplementation
affected pathways related to sphingolipids biosynthesis.
One of AC mechanisms of action responsible of the anx-
iolytic effect in the brain is the increase of c-Fos expres-
sion, a marker for neuronal activity [34]. Interestingly,
sphinganine, a metabolite in sphingolipid biosynthesis,
has been found to physically interact with c-Fos, there-
fore, increasing the expression of its target genes [65].

In addition, several articles related sphingolipids to
anxiety and depression. For instance, Metabolizing
enzymes of sphingolipids were up-regulated in the rat
brain with high anxiety-like behavior [59]. Furthermore,
sphingolipids are considered as potential biomarkers
for several psychiatric disorders [66, 67]. Determining
whether the anxiolytic effect of AC is mediated by sphin-
golipids remains an intriguing question yet to be fully
explored.

Conclusions

Our study demonstrates that dietary supplementation of
MOE significantly improved specific aspects of observed
dogs’ behavior after four weeks of administration. MOE
showed behavioral advantage over RA, which is MOE
main hydroxycinnamic acid, and AC. This behavioral
improvement correlated with a decrease in MOE group’s
plasma GHB blood level, potentially indicating increased
GABA accumulation in dogs’ brains. Leveraging a metab-
olomic approach, our findings suggested a novel mecha-
nism of action of MOE possibly linked to the regulation
of lipids and bile acids metabolism via the gut-brain axis.
Although the standardized evaluation grid permitted the
study of MOE’s effect on dogs’ behavior, the small sample
size precluded consideration of sex as variable (Fig. S4).
Further experiments with a larger number of dogs are
needed to investigate potential sex effect and confirm
these results.

Abbreviations

AC a-casozepine

ALP Alkaline phosphatase

ALT Alanine aminotransferase
ANOVA Analysis of variance

AST Aspartate aminotransferase
BAs Bile acids

BBB Blood brain barrier

BH4 Tetrahydrobiopterin

BSH Bile salt hydrolase

EDTA Aminopolycarboxylic acid

Eos Eosinophils

ESI Electrospray ionization

GABA y-aminobutyric acid

GC-MS Gaz chromatography— mass spectrometry
GHB 4-hydroxybyturic acid

Hb Hemoglobin

HCT Hematocrit

HMDB Human metabolome database

HPI Hydrophilic extract
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HPLC-MS High-Performance Liquid Chromatography coupled with
Mass Spectrometry

HPLC-UV High performance liquid chromatography- Ultra-Violet

HPO Hydrophobic extract

D Identifier

ImPALA Integrated Molecular Pathway Level Analysis

IS Internal standard

LOD Limit of detection

LOQ Limit of quantification

Lymphs Lymphocytes

MCV Mean corpuscular volume

MCHC mean corpuscular hemoglobin concentration

MHC mean corpuscular hemoglobin

MOE Melissa officinalis extract

MoNA MassBank of North America

Mono Monocytes

MRM Multiple Reaction monitoring

MTBSTFA N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide

Neu Neutrophils

NMDA N-methyl-D-aspartate

NO Nitric oxide

OPLS-DA Orthogonal partial least squares-discriminant analysis

PLS-DA Partial least squares-discriminant analysis

PLT Platelets

Qc Quiality control

QTOF-HRMS  Quadrupole time-of-flight-high resolution mass spectrometry

RA Rosmarinic acid

RBC Red blood cell

RDI Red cell distribution index

Rt Retention time

UPLC Ultra-high performance liquid chromatography
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