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Abstract: Background: Fear, stress, and anxiety-like behaviors originate from traumatic events in life.
Stress response is managed by endocannabinoids in the body by limiting the uncontrolled retrieval
of aversive memories. Pharmacotherapy-modulating endocannabinoids, especially anandamide,
presents a promising tool for treating anxiety disorders. Here, we investigated the effect of kaempferol,
a flavonoid, in the extinction of fear related memories and associated anxiety-like behavior. Methods:
The ability of kaempferol to inhibit fatty-acid amide hydrolase (FAAH, the enzyme that catabolizes
anandamide) was assessed in vitro using an enzyme-linked immunosorbent assay (ELISA) kit. For
animal studies (in vivo), the extinction learning was evaluated using contextual fear conditioning
(CFC, a behavioral paradigm based on ability to learn and remember aversive stimuli). Furthermore,
an elevated plus-maze (EPM) model was used for measuring anxiety-like behavior, while serum
corticosterone served as a biochemical indicator of anxiety. Lastly, the interaction of kaempferol
with FAAH enzyme was also assessed in silico (computational study). Results: Our data showed
that kaempferol inhibited the FAAH enzyme with an IC50 value of 1 µM. In CFC, it reduced
freezing behavior in rats. EPM data demonstrated anxiolytic activity as exhibited by enhanced
number of entries and time spent in the open arm. No change in blood corticosterone levels was
noted. Our computational study showed that Kaempferol interacted with the catalytic amino acids
(SER241, PHE192, PHE381, and THR377) of FAAH enzyme Conclusion: Our study demonstrate that
kaempferol facilitated the extinction of aversive memories along with a reduction of anxiety. The
effect is mediated through the augmentation of endocannabinoids via the inhibition of FAAH enzyme.

Keywords: endocannabinoids; contextual fear conditioning; fatty-acid amide hydrolase; fear extinction;
kaempferol

1. Introduction

Stress is a physiological response to any stimulus (real or un-real) that implies a challenge to
bodily homeostasis. The normal stress response helps adapt to changing external milieu [1]. However,
if this response is disproportional and inappropriate in its intensity against stimuli, a maladaptive
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response is produced leading to exaggerated fear and anxiety-like states [2]. Fear is a crucial part of the
acute stress response. Since exaggerated fear is the driving force for anxiety-like disorders, therefore,
the deciphering of neuro-circuitry of anxiety and fear in animal paradigms has been extensively studied
including startle, contextual fear conditioning and passive avoidance models [3]. Pathological fear
and anxiety can potentially develop a number of psychological illnesses including various types of
phobias, panic disorder, generalized anxiety (GAD), and post-traumatic stress disorder (PTSD) [4,5].

Brain structures involved in the emotional processing of fear or aversive memories are the limbic
cortex, hippocampus, and amygdala [6]. The amygdala is an important player of limbic system,
which processes emotional aspects of stress stimuli and initiate appropriate behavioral response. It is not
only accountable for the expression of fear and aggressive response but also initiates specific defensive
behavior [7]. An important player in stress is the endocannabinoid system (eCB) [8]. The eCB network is
present in stress, anxiety, and fear-associated brain areas and constantly regulates processing of aversive
memories [9]. Endocannabinoids are lipids based retrograde neurotransmitters, including anandamide
(N-arachidonoyl ethanolamide, AEA) and 2-AG (2-arachidonoylglycerol). Two different G-protein
coupled receptors of this system are identified and cloned so far in humans, i.e., CB1 and CB2 [10].
A family of prominent hydrolytic enzymes including monoacylglycerol lipase (MAGL) and fatty-acid
amide hydrolase (FAAH), which degrade 2-AG and AEA, respectively, regulates the duration of action
of eCB molecules [11]. The eCB system helps in regulation of complex circuitry that plays central role in
anxiety-like states and is a critical component of emotional learning. Dys-regulation of eCB system has
been associated with several psychiatric disorders [12]. Evidence suggests that enhancement of eCB
signaling may serve as a novel treatment strategy for stress- and anxiety-related disorders. The animal
models of chronic stress show a notable decrease in AEA levels in all areas of brain [13]. Likewise,
inhibition of AEA metabolism was also reported to occur in anxiety [14]. THC (tetrahydrocannabidol)
microinjected into the ventral hippocampus or PFC (prefrontal cortex) of rats demonstrated anxiolytic
effect in elevated plus-maze. Similarly, microinjection of methanandamide (AEA analog) into the PFC
of rats also produced an anxiolytic effect [15,16]. Genetic as well as pharmacologic approaches strongly
support the idea that FAAH knockout mice and the wild-type administered with FAAH inhibitor
(URB597) showed reduced anxiety-like behavior upon exposure to light-dark and elevated plus-maze
(EPM) tests. This effect was abolished with the administration of rimonabant, the CB1 receptor
antagonist. It is quite evident from this experiment that FAAH inhibition declines AEA degradation,
which via CB1 modulation decreases anxiety-like behaviors [17]. Another study revealed that the
FAAH inhibitor (PF-3845) reduced marble burying behavior (predictive of stress and anxiety) at doses
that did not alter locomotion [18]. Furthermore, the FAAH modulation was also reported to affect the
biochemical stress response as URB597 (FAAH inhibitor) administration caused significantly reduced
release of corticosterone following restraint stress [19]. The FAAH inhibitor locally administered in
the BLA (basolateral amygdala) was reported to prevent the decline in amygdalar AEA levels and
attenuated stress-induced HPA axis activation [20]. Hence, eCB signaling regulates stress response
systems, in a positive fashion by reducing stress and anxiety [21,22]. This data clearly supports the
idea of targeting catabolic enzymes of eCB system to develop new classes of anxiolytics [18].

Flavonoids are the subclass of polyphenol compounds with tremendous therapeutic potential [23].
They have been previously found to interact with FAAH and eCB system [24]. Daidzein, found
in alfalfa roots, has capacity to inhibit FAAH enzyme in rat brain [25]. Similarly Isoflavonoids,
7-hydroxyflavon and biochanin A demonstrated potent FAAH inhibitory activity both in vitro and
in vivo [26]. These findings suggest that flavonoids can possibly inhibit FAAH and modulate eCB
system. Kaempferol, a natural flavone, is found in many plants (beans, broccoli, cabbage, gooseberries,
grapes, kale, strawberries, tomatoes, citrus fruits, Brussels sprouts, apples, and grapefruit) and has
been researched for its wide range of therapeutic actions. It is reported to be particularly effective
against ailments involving inflammation [27], cancer [28], and oxidative stress [29] through modulation
of molecular pathways such as NF-kB, PI3k/AKT, MAPK, Bcl2, Caspase 3, and VEGF [30]. It is of note
that kaempferol is capable of exerting beneficial effects against central nervous system disorders as well,
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such as depression [31], anxiety [32], and cognitive deficit [33]. Keeping in view the aforementioned
reports, the present study was designed to observe the effect of kaempferol on fear memory processing
and associated anxiety in the context of eCB modulation.

2. Results

2.1. FAAH Inhibitory Activity

Kaempferol inhibited FAAH in a dose-dependent fashion with an IC50 value of 1.064 µM (Figure 1).
Moreover, the 200 µM dose of kaempferol (90.79 ± 1.11%) produced an equivalent response to a
standard FAAH inhibitor, i.e., JZL195 10 µM (88.02 ± 1.26%).
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Figure 1. Inhibition of the FAAH enzyme by kaempferol. The figure depicts the dose-dependent
inhibition of FAAH by kaempferol (0.1–200 µM) and standard JZL165 (10 and 20 µM). Data are shown
as the mean ± S.E.M of percent inhibition.

2.2. Contextual Fear Conditioning (CFC)

Our data showed (Figure 2a) that the rats subject to fear conditioning exhibited significantly higher
freezing scores as compare to baseline groups (F (1,58) = 87, p < 0.001). The standard drug URB treatment
caused a significant decline in the freezing score as compared to vehicle control (F(1,98) = 26, p < 0.001).
Furthermore, the kaempferol-treated rats showed decreasing trend of freezing score, which became
significant at the highest tested dose of 40 mg/kg [F (4,245) = 13, p < 0.001].
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Figure 2. Effect of kaempferol on the cumulative freezing scores of fear-conditioned rats. Rats were
acclimatized for three days and baseline-freezing behavior was recorded by placing the rats in a fear-
conditioning cage. (a) Depiction of the freezing score in the presence of various treatments, i.e., vehicle,
(URB597 1 mg/kg) and kaempferol (K10, 20 or 40 mg/kg). The *** indicate p < 0.001 as compared to
vehicle control. The ### shows p < 0.001 as compared to baseline. (b) Depiction of the effect various
treatments in the presence of rimonabant (RIM, a CB1 receptor antagonist, 1 mg/kg). The freezing
scores during extinction sessions were compared among various treatment groups. *** p < 0.001 as
compared to vehicle. ### p < 0.001 as compared to respective control (URB or K40 alone) without RIM.
Data are shown as the mean ± S.E.M of cumulative freezing of rats for five days.

In another set of experiment, the rimonabant treatment did not significantly alter the freezing
score of rats as compared to vehicle control (F (5,293) = 101, p > 0.05) (Figure 2b). On the contrary,
significantly lower freezing scores were noted for URB, and kaempferol 40 mg/kg (p < 0.05 for both
respectively), when compared to vehicle control. Furthermore, the pre-treatment with rimonabant
caused a significant reversal of the freezing scores obtained with URB (F (3,196) = 106, p < 0.001) and
kaempferol 40 mg/kg (F (3,196) = 93, p < 0.001) (Figure 2b).

2.3. Elevated Plus Maze Test

Our data showed that the standard diazepam treatment caused a significant increase in the time
spent in the open arms of elevated plus maze as compared to vehicle control (F (8,63) = 12.7, p < 0.001)
(Figure 3a). In similar lines, kaempferol 40 mg/kg (p < 0.001) and URB (p < 0.001) also caused significant
increases in the open arm time. Additionally, the co-administration of rimonabant caused a significant
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reversal of the effect produced by kaempferol 40 mg/kg (F (1,14) = 14.4, p < 0.01) and URB (F (1,14) = 7,
p < 0.05) on the time spent in the open arms (Figure 3a).
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Figure 3. Effect of kaempferol on the levels of anxiety in elevated plus maze. After CFC, rats were
subjected to EPM and parameters were noted: (a) Time spent in open arms. (b) Number of entries
in the open arms. (c) Total arm eateries. Diazepam was used as standard. * p < 0.05, ** p < 0.01,
and *** p < 0.001 as compared to vehicle control. # p < 0.05, ## p < 0.01, and ### p < 0.001 as compared
to respective controls (URB or K40 alone), i.e., without CB1 antagonist RIM; 10, 20, 40 (kaempferol 10,
20, or 40 mg/kg), URB (URB597 1 mg/kg), RIM (rimonabant 1 mg/kg).

Additionally, significant increase [F (8,63) = 15.8] was observed in the number of open arm entries
in rats treated with kaempferol 20 mg/kg (p < 0.05) and 40 mg/kg (p < 0.001), diazepam (p < 0.01) and
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URB (p < 0.001) as compared to vehicle control (Figure 3b). Additionally, the co-administration of
rimonabant caused a significant reversal of the effect produced by kaempferol 40 mg/kg (F (1,14) = 35.5,
p < 0.001) and URB (F (1,14) = 4.7, p < 0.05) on the number of entries in the open arms (Figure 3b).

Among various treatments and its combinations, only kaempferol at the dose of 40 mg/kg caused
a significant elevation in the total arm entries of elevated plus maze as compared to vehicle control
[F (8,63) = 3.9, p < 0.01] (Figure 3c). Additionally, the co-administration of RIM caused a reversal of the
effect produced by kaempferol 40 mg/kg and URB on the total arm entries but statistical significance
was achieved with kaempferol 40 alone (F (1,14) = 8, p < 0.05).

2.4. Corticosterone Levels

Serum corticosterone levels remained unaltered in kaempferol-treated animals as compared to
vehicle control (Figure 4).
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Figure 4. Effect of kaempferol on serum corticosterone levels. After CFC, corticosterone was measured
in the serum using an ELISA kit. No significant change was noted. Data is represented as mean ± S.E.M.
K10, 20, 40 (kaempferol 10, 20 or 40 mg/kg).

2.5. In Silico Study

Kaempferol was assessed by in silico modeling against the FAAH enzyme to investigate the
affinity, precise binding mode, and putative interactions with the enzyme’s active site, in comparison
with standard FAAH inhibitor PF-750 [34]. The binding site of FAAH consists of four vital domains.
Firstly, catalytic triad that is composed of SER241, SER217, and LYS142 and is responsible for enzymatic
hydrolytic activity. Secondly, an oxyanion hole containing GLY240, GLY239, SER241, and ILE238 orient
the substrate for binding. Thirdly, a dynamic gate formed by PHE432 and TRP531 guide and anchor
the substrate throughout catalysis. Fourthly, an entry gate for the substrate is shaped by PHE381 and
ASP403 [35]. The cognate re-docking revealed that the binding of the ligand at the active site yielded
a pose similar to the referenced co-crystalized pose with RMSD 1.242 Å. This validated the docking
protocol (Figure 5A).
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Figure 5. In silico docking analysis of kaempferol. (A) Rigid receptor docking (RRD) of the co-crystalized
ligand at the active site of FAAH. It shows a cognate re-docked pose (green) of kaempferol compared
with co-crystalized pose (elemental). (B) Kaempferol interaction with residues of FAAH active site
simulated in two-dimensional (2D) plot to visualize the key interacting residues. (C) PF-750 interaction
with residues of FAAH active site simulated in 2D plot to visualize the key interacting residues.

The docking simulation showed the negative binding free energies of both the ligands towards
the FAAH binding pocket, and signified their inhibitory potential. The binding free energy of PF-750
served as a standard’s threshold with −54.46 Kcal/mol of ∆Gbind (Table 1). It was observed that the
binding affinity of kaempferol was higher than standard’s threshold with −63.92 Kcal/mol of ∆Gbind.
This binding affinity was higher than the PF-750 (Figure 5C), since kaempferol could establish more
contact with FAAH than the standard compound. Binding mode analysis revealed that kaempferol
penetrated into FAAH’s catalytic triad to establish contact with key catalytic residues and support the
catalytic potential and negative ∆Gbind of the compound (Figure 5B; Table 1). Kaempferol complex
was stabilized by the pi-pi stacking with PHE192 and PHE381 while H-bonding was formed with
SER241 and THR377 at the binding pocket of the FAAH enzyme (Figure 5B). These interactions predict
the capacity of kaempferol to inhibit FAAH enzyme activity [35].
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Table 1. Parameters for in silico docking simulation and computed free binding energy by Prime/MM-GBSA.

Target Compound Glide Score
(Kcal/mol)

Prime MM/GBSA
∆Gbind (Kcal/mol) Interacting Residues Interaction Types

FAAH
PF-750 −8.575 −54.46 PHE192 Pi–Pi stacking

Kaempferol −9.199 −63.92 SER241, PHE192,
PHE381, THR377

H-bonding, Pi–Pi
stacking

3. Discussion

Stress-related disorders are prevailing and significantly contribute to disease burden with serious
socio-economic implications [36]. Such disorders have well established picture of organic changes in
brain chemistry and associated behavioral manifestations [37]. Brain homeostasis in acute stress and
anxiety involves diverse neurochemical basis. Among all, the endocannabinoid system is the prominent
modulator and relieves stress and anxiety by extinction of fear-related memories through a mechanism
known as extinction learning [38]. In search of the pharmacological enhancer of extinction learning,
the present study was designed to evaluate the effectiveness of kaempferol as an eCB modulator using
in vitro, in vivo, and in silico sets of experiments.

Our in vitro analysis showed that kaempferol inhibited FAAH enzyme in a concentration-
dependent manner with an IC50 value of 1.064 µM, thereby supporting its ability to augment the
endocannabinoid activity (Figure 1) [39]. This is in line with the earlier report exhibiting the inhibitory
potential of kaempferol against FAAH enzyme [40]. The contextual fear-conditioning paradigm was
used to assess the effect of kaempferol in vivo. In our experimental design, light/tone impulse served
as an emotionally neutral conditioned stimulus (CS) that was paired with a short electric foot shock,
an aversive unconditioned stimulus (US). This conjures a measurable fear reaction, like freezing [41].
Once the CS–US association is memorized, a consolidated fear memory is observed in rodents where
CS predicts US and, later, CS alone can elicit innate physiological and behavioral responses to context
re-exposure. Repeated exposure to fear context diminishes fear response via extinction of fear memory,
an inhibitory learning process that competitively overpowers the original fear memory and reaction
towards it. Gradual extinction of fear response is the result of decline in predictive nature of CS and US
indicating the abolition of aversive memory [42]. Like other forms of learning, extinction also occurs in
three phases, i.e., acquisition (decrease in conditioned responses to the presentation of a CS without the
US), consolidation (a time-dependent process during which a long-term extinction representation is
formed), and retrieval. Good extinction retrieval is characterized by low levels of conditioned responses
upon presentation of CS later; whereas poor extinction retrieval is characterized by high levels of
conditioned responses. The latter is observed following renewal, reinstatement, spontaneous recovery,
or in pathological conditions characterized by extinction failure such as in case of posttraumatic stress
disorder [43]. Extinction learning and expression relies primarily on three specific structures of the
brain such as amygdala, prefrontal cortex, and hippocampus. Numerous molecular mechanisms
(receptors and signaling pathways) are involved in the process of extinction learning, i.e., glutamatergic,
nor-ardrenergic, dopaminergic, cannabinoids, and glucocorticoid. Hence, their pharmacological
modulators are considered useful as enhancers of extinction learning thereby may serve as potential
lead for the management of PTSD [44].

Our data showed that co-administration of CS-US during the acquisition phase induced significant
fear among the rats. It was expressed by cumulative freezing behavior during extinction sessions
(only CS), and was significantly higher among all conditioned rats as compared to baseline freezing
behavior before conditioning (Figure 2a). Five consecutive extinction sessions progressively reduced
the freezing behavior among vehicle group but it failed to produce significant extinction alone.
Repeated administration of CS in the absence of US, diminishes the fear associated with US by
forming a new association between CS and absence of US, rather than erasing the previous CS-US
memory [45]. However, formation of this new memory is subjected to variety of phenomenon like
context, exposure time, intensity of trauma, and individual variability which cause extinguished
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fear memory recall (memory reconsolidation) simultaneously, leading to impaired extinction [46].
Treatment with kaempferol reduced the freezing response among contextual fear conditioned rats
in a dose dependent manner and maximum response was observed with Kaempferol 40mg/kg that
was comparable with standard FAAH inhibitor URB (Figure 2a). This showed that kaempferol
ameliorated the memory reconsolidation as well as facilitated the extinction in treated groups at the
given doses. Although not significantly different from standard FAAH inhibitor URB, which has been
previously reported to reduce contextual fear-related freezing behavior [47], the reduction in freezing
behavior with kaempferol was higher (Figure 2a). Thus, Kaempferol mediated FAAH inhibition
impaired premature amalgamation of contextual fear conditioning 48 but also enhanced the extinction
of conditioned fear-related aversive memories [48].

Fear conditioning exerts anxiogenic effect, which can be measured in EPM [49,50].
Pharmacologic modulation of endocannabinoids have been associated with anxiolytic effects, where
FAAH inhibitors and anandamide transport inhibitors have been identified to exert anxiolytic effects
via increasing endogenous anandamide levels [51–54]. In our study, kaempferol (40 mg/kg) and URB
treatment showed anxiolytic effects as depicted by increase in total time spent in open arm (Figure 3a)
and the frequency of open arm (Figure 3b) and total arm entries (Figure 3c). The anxiolytic effects were
comparable with standard anxiolytic diazepam and significantly higher than vehicle group. It is in
accordance with literature where endocannabinoid modulation by either FAAH inhibition [55] or CB1
activation [56] lessened fear and stress related rodent behavior. Similarly, increase in brain levels of
anandamide by FAAH inhibitor induced anxiolytic-like effects in rodents presented to an aversive
environment [52]. Moreover, search of literature revealed that kaempferol-mediated anxiolytic action
is dependent on route of administration, i.e., oral is effective while intraperitoneal is not effective.
Hence, kaempferol may be a prodrug producing active anxiolytic molecule upon metabolism in
gastrointestinal tract [57]. However, in our study since the mode of administration was intraperitoneal
therefore the possibility of kaempferol as prodrug is ruled out.

The behavioral effects produced by kaempferol or URB treatment during CFC and EPM were
abolished by co-administration with CB1 receptor antagonist rimonabant (Figure 2b, Figure 3a–c).
Rimonabant at the lower dose of 1 mg/kg has been reported to antagonize exogenous modulation
of cannabinoids by pharmacologic inhibition of CB1 receptors, without producing overt behavioral
effects [54]. The freezing behavior was significantly high (Figure 2b), so open arm entries and time were
reduced (3a,b) when kaempferol 40mg/kg and URB-treated groups were co-treated with rimonabant.
This shows that the effects produced by Kaempferol and URB were CB1 receptor mediated. This is
in agreement with previous data, which shows that pharmacologic augmentation of AEA by FAAH
inhibition facilitated extinction learning and anxiolysis and was interrupted by blockade of CB1
receptors [17,58,59].

The neuroendocrine effects of kaempferol on fear conditioned rats subjected to five-day extinction
trials were investigated by assessing the serum corticosterone levels. Our data demonstrated no
change in corticosterone levels in vehicle and kaempferol treated rats (Figure 4). These results are
consistent with some of the previous report where endocannabinoid modulation via FAAH inhibition
or by anandamide reuptake blockade, affects emotional and behavioral aspects of stress and fear,
without any significant change in neuroendocrine aspect of fear or stress response [60–62].

The in silico tools provide useful means to study the nature of chemical interaction(s) of chemical(s)
with the pharmacological targets. Our data (computational docking simulations) demonstrated insight
into orientation and energetically favorable binding pose of kaempferol with FAAH (Figure 5, Table 1).
Rigid-receptor docking coupled with Prime MM/GBSA simulation highlighted kaempferol as a
potential FAAH inhibitor with low binding free energy compared to standard compound PF-750
(Table 1) [34]. Interestingly, the structural scaffolds of kaempferol shares important lead with potential
FAAH inhibitors where formation of H-bonding with SER241 and interaction with PHE381 may be
responsible for catalytic inhibition of FAAH (Figure 5) [34,63–65].
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In conclusion, the present study demonstrates that kaempferol has the potential of facilitating
extinction of aversive memories along with alleviation of anxiety possibly through eCB augmentation
via inhibition of the FAAH enzyme.

4. Methodology

4.1. Drugs and Chemicals

A fatty acid amide hydrolase inhibitor screening assay kit (Item No. 10005196) and JZL195
(4-[Bis(1,3-benzodioxol-5-yl)hydroxymethyl]-1-piperidinecarboxylic acid 4-nitrophenyl ester) were
purchased from Cayman Chemical Company (Ann Arbor, MI, USA). The corticosterone ELISA kit
(ab108821) was from Abcam Inc. (Eugene, OR, USA). Kaempferol, rimonabant, URB597, and diazepam
were purchased from Sigma-Aldrich, Darmstadt, Germany.

4.2. Animals

Adult Wistar rats (three-months old) weighing 200–300 g were housed in standard environmental
conditions in plastic cages (6 rats/cage) at 23 ± 2 ◦C and under a 12/12 h light/dark cycle. Animals were
provided with food and water ad libitum. All behavioral tests were conducted during the light phase of
the cycle. All experimental procedures of the study were performed in accordance with the guidelines
mentioned in Animal Scientific Procedure act 1986 (UK) and were approved by the ethical committee
(No. 17/2258), department of pharmacy, COMSATS University, Islamabad, Abbottabad campus.

4.3. FAAH Enzyme Inhibition Assay

FAAH inhibition assay kit was used to measure FAAH inhibitory activity of kaempferol according
to the manufacturer’s instructions. Kaempferol was tested for its activity at concentrations (0.1, 0.5, 1,
5, 10, 50, 100, and 200 µM) and JZ195 provided with the kit was used as standard FAAH inhibitor (10
and 20 µM). Results were calculated and expressed as % inhibition of FAAH [66].

4.4. Behavioral Studies

Rats (n = 104) were randomly assigned to various treatment groups (n = 8 per group). All groups
were first subjected to contextual fear conditioning (CFC) protocol along with respective drug treatments.
Immediately after the completion of CFC, the animals were either subjected to the elevated plus
maze (EPM) protocol and/or euthanized for serum corticosterone measurements. The diagrammatic
representation of experimental design is shown in Figure 6.
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The CFC protocol is divided into three phases, i.e., habituation, acquisition, and extinction.
Immediately after the last extinction rats were either subjected to EPM (n = 8/group) or euthanized for
serum corticosterone measurement. CS is conditioned stimulus, i.e., light/sound. US is un-conditioned
stimulus, i.e., electric foot shock.

4.4.1. Contextual Fear Conditioning

Contextual fear conditioning was accomplished following previous methods [53,67] of Pavlovian
fear conditioning. The apparatus consisted of a transparent plexiglas walled chamber (22 cm × 22 cm
× 25 cm) fitted with light and sound pulse sources. Floor was made up of electrifiable stainless steel
grid. The CFC protocol is divided into three phases, i.e., habituation, acquisition, and extinction as
described below.

Habituation

Before the start of conditioning trial, rats (n = 8 per group) were habituated to the environment for
three days. For habituation (Day 1–3), rats were individually placed in the chamber for five minutes
and returned to the home cages and baseline freezing behavior was recorded. Freezing is stated as the
absolute immobility of rats except movements induced by breathing induced. Freezing time of the
animals was recorded by a trained observer blinded with the treatment orders during the course of the
study, with a stopwatch, and percent freezing was calculated. Baseline represents the mean freezing
values of three days of habituation.

Acquisition

On the day of conditioning, animals were exposed to a light/sound pulse, i.e., conditioned stimulus
(CS) followed by an electric foot shock, i.e., unconditioned stimulus (US) by placing in the chamber
individually. Each animal CS-US pairings of light (2.5 s)/sound pulse (10 s; 67 db; 4 kHz tone)
terminating with an electric shock (2 s; 1.5 mA). A total of 10 to ten CS-US pairings per animals were
provided with is 30 seconds intervals and continued over duration of five minutes. Later, rats were
placed back in their respective home cages.

Extinction

After 24 h of CFC, the rats were treated with either test compound kaempferol (10, 20, or 40 mg/kg),
standard FAAH inhibitor URB (1 mg/kg), CB1 receptor antagonist rimonabant (1 mg/kg) or vehicle [52].
All compounds were dissolved in 0.2 mL dimethylsulfoxide (DMSO), which was diluted to the final
volume with methylcellulose (0.4%) in saline. The methylcellulose (0.4%) in saline was used as
vehicle [54]. Rats were subjected to aforementioned light/sound conditions (CS) without electric foot
shock (US) 30 min after dosing. The whole experiment was reproduced once daily (i.e., CS without
US) for five days at the same time. Results were expressed as cumulative five days freezing score of
animals [53,61].

4.4.2. Elevated Plus-Maze (EPM)

EPM was used to assess stress related anxiety behavior among rats [68,69]. The apparatus
contained four arms (open/closed; 50 cm long; 10 cm wide) in the form of a plus shape and was raised
80 cm above the surface of floor. Closed arms were closed by 40 cm high barriers whereas open arms
were without such barriers. Rats were placed in the center of maze for 5 min and the time spent in
open arm (sec) and frequency of open arm and total arm entries were noted. Diazepam (2 mg/kg) was
used as standard anxiolytic drug.
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4.5. Serum Corticosterone Levels

Immediately after the last extinction trial, another lot of rats (n = 8/group) was euthanized and
blood samples were collected to measure corticosterone levels using ELISA kit (Abcam, OR, USA),
as described in the manufacturer protocol [61].

4.6. In Silico Analysis

Molecular docking was performed to predict the probable binding and inhibition of FAAH enzyme
by kaempferol using Molecular Modeling Software with the Maestro 11.8 interface (Schrödinger LLC.
2018-4) [70].

4.6.1. Protein Preparation

The three-dimensional (3D) X-ray crystallized structure of FAAH (PDB ID: 2VYA) was retrieved
from RSCB Protein Data Bank (http://www.rscb.org/), and prepared in Protein Preparation Wizard
using OPLS 2005 force-field (Schrödinger LLC). The structure was pre-processed to assign bond orders,
add hydrogens and disulfide bridges, create zero-order bonds to metals, remove water molecules
beyond 5Å of heteroatom (HET) groups, and generate HET states using Epik at pH 7.0 ± 2.0. Protein
structure was refined to optimize the H-bond assignment by sampling water orientations with PROPKA
at pH 7.0 as well as processed for restrained minimization to converge heavy atoms to 0.30 Å RMSD [71].

4.6.2. Ligand Preparation

The 3D conformers of standard PF-750 (CID: 25154868) and kaempferol (CID: 5280863) were
retrieved from PubChem database. These structures were prepared in LigPrep module (Schrödinger
LLC) to produce low-energy 3D conformations using OPLS 2005 force-field [72]. The ionization and
tautomeric states were generated using Epik at pH 7.0 ± 2.0. Stereoisomeric chirality was retained to
original state and maximum 32 conformations were generated for the ligand.

4.6.3. Molecular Docking

The rigid receptor docking (RRD) was performed with standard precision (SP) using Glide
software (Schrödinger LLC). The van der Waals (vdW) radii of receptor was softened by 1.0 scaling
factor with partial charge cut-off value of 0.25 and receptor grid was generated at the centroid of
co-crystalized ligand for docking protocol. The vdW radii of ligands were softened to 0.80 scaling
factor with partial charge cut-off value of 0.15. Ligands were flexibly sampled and post-docking
minimization was performed to produce, at most, 20 poses for each ligand and ranked per Glide score
(Kcal/mol). The cognate re-docking was performed to validate the docking protocol and RMSD value
of co-crystalized ligand was calculated.

4.6.4. Prime/MM-GBSA Simulation

The RRD complex was further processed in Prime/Molecular Mechanics Generalized Born
Surface Area (Prime/MM-GBSA) simulation to accurately calculate the binding free energy (∆Gbind) by
following equation (1) [72]:

∆Gbind = ∆EMM + ∆Gsolv + ∆GSA

where ∆EMM is the difference in minimized energy of RRD complex and Σ energies of unbounded
receptor and ligand, ∆Gsolv is the difference in GBSA solvation energy of RRD complex, and Σ solvation
energies of unbounded receptor and ligand.

http://www.rscb.org/
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4.7. Statistical Analysis

The data is expressed as mean ± S.E.M (n = 8/group). The difference between various means
was computed using One-way ANOVA followed by post hoc test (LSD) using SPSS 19.0. The level of
significance was set at p < 0.05.

Author Contributions: H.A., W.Z., F.A., G.A. and M.M. participated in the study design, acquisition, analysis,
interpretation of data, and drafting the article. Supervision and final approval of the manuscript for submission
were done by the A.J.S. and K.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: Authors declare no conflict of interest.

References

1. Joels, M.; Baram, T.Z. The neuro-symphony of stress. Nat. Rev. Neurosci. 2009, 10, 459–466. [CrossRef]
[PubMed]

2. Taber, K.H.; Hurley, R.A. Endocannabinoids: Stress, anxiety, and fear. J. Neuropsychiatry Clin. Neurosci.
2009, 21. [CrossRef] [PubMed]

3. Shin, L.M.; Liberzon, I. The neurocircuitry of fear, stress, and anxiety disorders. Neuropsychopharmacology
2010, 35, 169. [CrossRef] [PubMed]

4. Bisson, J.I.; Cosgrove, S.; Lewis, C.; Roberts, N.P. Post-traumatic stress disorder. BMJ 2015, 351. [CrossRef]
5. Singewald, N.; Schmuckermair, C.; Whittle, N.; Holmes, A.; Ressler, K. Pharmacology of cognitive enhancers

for exposure-based therapy of fear, anxiety and trauma-related disorders. Pharmacol. Ther. 2015, 149,
150–190. [CrossRef]

6. Davidson, R.J. Anxiety and affective style: Role of prefrontal cortex and amygdala. Biol. Psychiatry 2002, 51,
68–80. [CrossRef]

7. Phelps, E.A.; O’Connor, K.J.; Gatenby, J.C.; Gore, J.C.; Grillon, C.; Davis, M. Activation of the left amygdala
to a cognitive representation of fear. Nat. Neurosci. 2001, 4, 437–441. [CrossRef]

8. Lutz, B. Endocannabinoid signals in the control of emotion. Curr. Opin. Pharmacol. 2009, 9, 46–52. [CrossRef]
9. Segev, A.; Korem, N.; Zer-Aviv, T.M.; Abush, H.; Lange, R.; Sauber, G.; Hillard, C.J.; Akirav, I.

Role of endocannabinoids in the hippocampus and amygdala in emotional memory and plasticity.
Neuropsychopharmacology 2018, 43, 2017–2027. [CrossRef]

10. Howlett, A.C.; Abood, M.E. CB1 and CB2 receptor pharmacology. In Advances in Pharmacology; Elsevier:
Amsterdam, The Netherlands, 2017; Volume 80, pp. 169–206.

11. Hourani, W.; Alexander, S.P.H. Cannabinoid ligands, receptors and enzymes: Pharmacological tools and
therapeutic potential. Brain Neurosci. Adv. 2018, 2, 2398212818783908. [CrossRef]

12. Zanettini, C.; Panlilio, L.V.; Aliczki, M.; Goldberg, S.R.; Haller, J.; Yasar, S. Effects of endocannabinoid system
modulation on cognitive and emotional behavior. Front. Behav. Neurosci. 2011, 5, 57. [CrossRef]

13. Hill, M.N.; Gorzalka, B.B. Pharmacological enhancement of cannabinoid CB1 receptor activity elicits an
antidepressant-like response in the rat forced swim test. Eur. Neuropsychopharmacol. 2005, 15, 593–599.
[CrossRef] [PubMed]

14. Piomelli, D.; Duranti, A.; Tontini, A.; Mor, M.; Tarzia, G. Modulation of Anxiety through Blockade of
Anandamide Hydrolysis. U.S Patent US7,176,201B2, 13 February 2007.

15. Rubino, T.; Realini, N.; Castiglioni, C.; Guidali, C.; Vigano, D.; Marras, E.; Petrosino, S.; Perletti, G.;
Maccarrone, M.; Di Marzo, V.; et al. Role in anxiety behavior of the endocannabinoid system in the prefrontal
cortex. Cereb. Cortex 2007, 18, 1292–1301. [CrossRef]

16. Rubino, T.; Guidali, C.; Viganò, D.; Realini, N.; Valenti, M.; Massi, P.; Parolaro, D. CB1 receptor stimulation in
specific brain areas differently modulate anxiety-related behaviour. Neuropharmacology 2008, 54, 151–160.
[CrossRef] [PubMed]

17. Moreira, F.A.; Kaiser, N.; Monory, K.; Lutz, B. Reduced anxiety-like behaviour induced by genetic and
pharmacological inhibition of the endocannabinoid-degrading enzyme fatty acid amide hydrolase (FAAH)
is mediated by CB1 receptors. Neuropharmacology 2008, 54, 141–150. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrn2632
http://www.ncbi.nlm.nih.gov/pubmed/19339973
http://dx.doi.org/10.1176/jnp.2009.21.2.iv
http://www.ncbi.nlm.nih.gov/pubmed/19622681
http://dx.doi.org/10.1038/npp.2009.83
http://www.ncbi.nlm.nih.gov/pubmed/19625997
http://dx.doi.org/10.1136/bmj.h6161
http://dx.doi.org/10.1016/j.pharmthera.2014.12.004
http://dx.doi.org/10.1016/S0006-3223(01)01328-2
http://dx.doi.org/10.1038/86110
http://dx.doi.org/10.1016/j.coph.2008.12.001
http://dx.doi.org/10.1038/s41386-018-0135-4
http://dx.doi.org/10.1177/2398212818783908
http://dx.doi.org/10.3389/fnbeh.2011.00057
http://dx.doi.org/10.1016/j.euroneuro.2005.03.003
http://www.ncbi.nlm.nih.gov/pubmed/15916883
http://dx.doi.org/10.1093/cercor/bhm161
http://dx.doi.org/10.1016/j.neuropharm.2007.06.024
http://www.ncbi.nlm.nih.gov/pubmed/17692344
http://dx.doi.org/10.1016/j.neuropharm.2007.07.005
http://www.ncbi.nlm.nih.gov/pubmed/17709120


Molecules 2020, 25, 4683 14 of 16

18. Kinsey, S.G.; O’Neal, S.T.; Long, J.Z.; Cravatt, B.F.; Lichtman, A.H. Inhibition of endocannabinoid catabolic
enzymes elicits anxiolytic-like effects in the marble burying assay. Pharmacol. Biochem. Behav. 2011, 98, 21–27.
[CrossRef] [PubMed]

19. Patel, S.; Roelke, C.T.; Rademacher, D.J.; Hillard, C.J. Inhibition of restraint stress-induced neural and behavioural
activation by endogenous cannabinoid signalling. Eur. J. Neurosci. 2005, 21, 1057–1069. [CrossRef]

20. Hill, M.N.; Gorzalka, B.B. The endocannabinoid system and the treatment of mood and anxiety disorders.
CNS Neurol. Disord. Drug Targets 2009, 8, 451–458. [CrossRef]

21. Cota, D. The role of the endocannabinoid system in the regulation of hypothalamic-pituitary-adrenal axis
activity. J. Neuroendocr. 2008, 20, 35–38. [CrossRef]

22. Steiner, M.A.; Wotjak, C.T. Role of the endocannabinoid system in regulation of the hypothalamic-
pituitary-adrenocortical axis. Prog. Brain Res. 2008, 170, 397–432.

23. Jucá, M.M.; Filho, F.M.S.C.; De Almeida, J.C.; Mesquita, D.D.S.; Barriga, J.R.D.M.; Dias, K.C.F.; Barbosa, T.M.;
Vasconcelos, L.C.; Leal, L.K.A.M.; Ribeiro, J.E.; et al. Flavonoids: Biological activities and therapeutic
potential. Nat. Prod. Res. 2018, 34, 692–705. [CrossRef]

24. Lenman, A.; Fowler, C.J. Interaction of ligands for the peroxisome proliferator-activated receptor γ with the
endocannabinoid system. Br. J. Pharmacol. 2007, 151, 1343–1351. [CrossRef] [PubMed]

25. Thors, L.; Eriksson, J.; Fowler, C.J. Inhibition of the cellular uptake of anandamide by genistein and its
analogue daidzein in cells with different levels of fatty acid amide hydrolase-driven uptake. Br. J. Pharmacol.
2007, 152, 744–750. [CrossRef] [PubMed]

26. Thors, L.; Burston, J.; Alter, B.J.; McKinney, M.; Cravatt, B.; Ross, R.; Pertwee, R.G.; Gereau, R.; Wiley, J.L.;
Fowler, C. Biochanin A, a naturally occurring inhibitor of fatty acid amide hydrolase. Br. J. Pharmacol. 2010,
160, 549–560. [CrossRef] [PubMed]

27. Alam, W.; Khan, H.; Shah, M.A.; Cauli, O.; Saso, L. Kaempferol as a dietary anti-inflammatory agent: Current
therapeutic standing. Molecules 2020, 25, 4073. [CrossRef] [PubMed]

28. Imran, M.; Salehi, B.; Sharifi-Rad, J.; Gondal, T.A.; Saeed, F.; Imran, A.; Shahbaz, M.; Fokou, P.V.T.;
Arshad, M.U.; Khan, H.; et al. Kaempferol: A key emphasis to its anticancer potential. Molecules 2019,
24, 2277. [CrossRef]

29. Kim, H.-Y.; Kim, O.-H.; Sung, M.-K. Effects of phenol-depleted and phenol-rich diets on blood markers of
oxidative stress, and urinary excretion of quercetin and kaempferol in healthy volunteers. J. Am. Coll. Nutr.
2003, 22, 217–223. [CrossRef]

30. Ren, J.; Lu, Y.; Qian, Y.; Chen, B.; Wu, T.; Ji, G. Recent progress regarding kaempferol for the treatment of
various diseases. Exp. Ther. Med. 2019, 18, 2759–2776. [CrossRef]

31. Park, S.-H.; Sim, Y.-B.; Han, P.-L.; Lee, J.-K.; Suh, H.-W. Antidepressant-like effect of kaempferol and
quercitirin, isolated from opuntia ficus-indica var. saboten. Exp. Neurobiol. 2010, 19, 30–38. [CrossRef]

32. Grundmann, O.; Nakajima, J.-I.; Kamata, K.; Seo, S.; Butterweck, V. Kaempferol from the leaves of Apocynum
venetum possesses anxiolytic activities in the elevated plus maze test in mice. Phytomedicine 2009, 16,
295–302. [CrossRef]

33. Babaei, P.; Kouhestani, S.; Jafari, A. Kaempferol attenuates cognitive deficit via regulating oxidative stress
and neuroinflammation in an ovariectomized rat model of sporadic dementia. Neural Regen. Res. 2018, 13,
1827–1832. [CrossRef] [PubMed]

34. Johnson, D.S.; Stiff, C.; Lazerwith, S.E.; Kesten, S.R.; Fay, L.K.; Morris, M.; Beidler, D.; Liimatta, M.B.;
Smith, S.E.; Dudley, D.T.; et al. Discovery of PF-04457845: A highly potent, orally bioavailable, and selective
urea FAAH inhibitor. ACS Med. Chem. Lett. 2011, 2, 91–96. [CrossRef] [PubMed]

35. Jaiswal, S.; Tripathi, R.K.P.; Ayyannan, S.R. Scaffold hopping-guided design of some isatin based rigid
analogs as fatty acid amide hydrolase inhibitors: Synthesis and evaluation. Biomed. Pharmacother. 2018, 107,
1611–1623. [CrossRef] [PubMed]

36. Doran, C.M.; Kinchin, I. A review of the economic impact of mental illness. Aust. Heal. Rev. 2019, 43, 43–48.
[CrossRef] [PubMed]

37. Pitman, R.K.; Rasmusson, A.M.; Koenen, K.C.; Shin, L.M.; Orr, S.P.; Gilbertson, M.W.; Milad, M.R.; Liberzon, I.
Biological studies of post-traumatic stress disorder. Nat. Rev. Neurosci. 2012, 13, 769–787. [CrossRef]

38. Riebe, C.J.; Wotjak, C.T. Endocannabinoids and stress. Stress 2011, 14, 384–397. [CrossRef]
39. Patel, S.; Hill, M.N.; Hillard, C.J. Effects of phytocannabinoids on anxiety, mood, and the endocrine system.

In Handbook of Cannabis; Oxford University Press: Oxford, UK, 2014; pp. 189–207.

http://dx.doi.org/10.1016/j.pbb.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21145341
http://dx.doi.org/10.1111/j.1460-9568.2005.03916.x
http://dx.doi.org/10.2174/187152709789824624
http://dx.doi.org/10.1111/j.1365-2826.2008.01673.x
http://dx.doi.org/10.1080/14786419.2018.1493588
http://dx.doi.org/10.1038/sj.bjp.0707352
http://www.ncbi.nlm.nih.gov/pubmed/17592505
http://dx.doi.org/10.1038/sj.bjp.0707401
http://www.ncbi.nlm.nih.gov/pubmed/17676056
http://dx.doi.org/10.1111/j.1476-5381.2010.00716.x
http://www.ncbi.nlm.nih.gov/pubmed/20590565
http://dx.doi.org/10.3390/molecules25184073
http://www.ncbi.nlm.nih.gov/pubmed/32906577
http://dx.doi.org/10.3390/molecules24122277
http://dx.doi.org/10.1080/07315724.2003.10719296
http://dx.doi.org/10.3892/etm.2019.7886
http://dx.doi.org/10.5607/en.2010.19.1.30
http://dx.doi.org/10.1016/j.phymed.2008.12.020
http://dx.doi.org/10.4103/1673-5374.238714
http://www.ncbi.nlm.nih.gov/pubmed/30136699
http://dx.doi.org/10.1021/ml100190t
http://www.ncbi.nlm.nih.gov/pubmed/21666860
http://dx.doi.org/10.1016/j.biopha.2018.08.125
http://www.ncbi.nlm.nih.gov/pubmed/30257379
http://dx.doi.org/10.1071/AH16115
http://www.ncbi.nlm.nih.gov/pubmed/29129189
http://dx.doi.org/10.1038/nrn3339
http://dx.doi.org/10.3109/10253890.2011.586753


Molecules 2020, 25, 4683 15 of 16

40. Thors, L.; Belghiti, M.; Fowler, C.J. Inhibition of fatty acid amide hydrolase by kaempferol and related
naturally occurring flavonoids. Br. J. Pharmacol. 2008, 155, 244–252. [CrossRef]

41. McDannald, M.A.; Galarce, E.M. Measuring Pavlovian fear with conditioned freezing and conditioned
suppression reveals different roles for the basolateral amygdala. Brain Res. 2011, 1374, 82–89. [CrossRef]

42. Milad, M.R.; Rauch, S.L.; Pitman, R.K.; Quirk, G.J. Fear extinction in rats: Implications for human brain
imaging and anxiety disorders. Biol. Psychol. 2006, 73, 61–71. [CrossRef]

43. Careaga, M.B.L.; Girardi, C.E.N.; Suchecki, D. Understanding posttraumatic stress disorder through fear
conditioning, extinction and reconsolidation. Neurosci. Biobehav. Rev. 2016, 71, 48–57. [CrossRef]

44. Quirk, G.J.; Mueller, D. Neural mechanisms of extinction learning and retrieval. Neuropsychopharmacology
2007, 33, 56–72. [CrossRef] [PubMed]

45. Chang, C.-H.; Knapska, E.; Orsini, C.A.; Rabinak, C.A.; Zimmerman, J.M.; Maren, S. Fear extinction in
rodents. Curr. Protoc. Neurosci. 2009, 47, 8.23.1–8.23.17. [CrossRef] [PubMed]

46. Singewald, N.; Holmes, A. Rodent models of impaired fear extinction. Psychopharmacology 2019, 236,
21–32. [CrossRef]

47. Fidelman, S.; Zer-Aviv, T.M.; Lange, R.; Hillard, C.J.; Akirav, I. Chronic treatment with URB597
ameliorates post-stress symptoms in a rat model of PTSD. Eur. Neuropsychopharmacol. 2018, 28, 630–642.
[CrossRef] [PubMed]

48. Chhatwal, J.P.; Ressler, K.J. Modulation of fear and anxiety by the endogenous cannabinoid system. CNS
Spectrums 2007, 12, 211–220. [CrossRef] [PubMed]

49. Zhang, Y.; Ouyang, K.; Lipina, T.V.; Wang, H.; Zhou, Q. Conditioned stimulus presentations alter anxiety
level in fear-conditioned mice. Mol. Brain 2019, 12, 28. [CrossRef]

50. Ponder, C.A.; Kliethermes, C.L.; Drew, M.R.; Müller, J.; Das, K.; Risbrough, V.B.; Crabbe, J.C.; Gilliam, T.C.;
Palmer, A.A. Selection for contextual fear conditioning affects anxiety-like behaviors and gene expression.
Genes Brain Behav. 2007, 6, 736–749. [CrossRef]

51. Burman, M.A.; Szolusha, K.; Bind, R.; Kerney, K.; Boger, D.L.; Bilsky, E.J. FAAH inhibitor OL-135 disrupts
contextual, but not auditory, fear conditioning in rats. Behav. Brain Res. 2016, 308, 1–5. [CrossRef]

52. Haller, J.; Goldberg, S.R.; Pelczer, K.G.; Aliczki, M.; Panlilio, L.V. The effects of anandamide signaling enhanced
by the FAAH inhibitor URB597 on coping styles in rats. Psychopharmacology 2013, 230, 353–362. [CrossRef]

53. Bitencourt, R.M.; Pamplona, F.A.; Takahashi, R.N. Facilitation of contextual fear memory extinction and
anti-anxiogenic effects of AM404 and cannabidiol in conditioned rats. Eur. Neuropsychopharmacol. 2008, 18,
849–859. [CrossRef]

54. Gunduz-Cinar, O.; MacPherson, K.P.; Cinar, R.; Gamble-George, J.; Sugden, K.; Williams, B.; Godlewski, G.;
Ramikie, T.S.; Gorka, A.X.; Alapafuja, S.O.; et al. Convergent translational evidence of a role for anandamide
in amygdala-mediated fear extinction, threat processing and stress-reactivity. Mol. Psychiatry 2012, 18,
813–823. [CrossRef] [PubMed]

55. Haller, J.; Barna, I.; Barsvari, B.; Pelczer, K.G.; Yasar, S.; Panlilio, L.; Goldberg, S. Interactions between
environmental aversiveness and the anxiolytic effects of enhanced cannabinoid signaling by FAAH inhibition
in rats. Psychopharmacology 2009, 204, 607–616. [CrossRef] [PubMed]

56. Pamplona, F.A.; Takahashi, R.N. WIN 55212-2 impairs contextual fear conditioning through the activation of
CB1 cannabinoid receptors. Neurosci. Lett. 2006, 397, 88–92. [CrossRef] [PubMed]

57. Vissiennon, C.; Nieber, K.; Kelber, O.; Butterweck, V. Route of administration determines the anxiolytic
activity of the flavonols kaempferol, quercetin and myricetin—Are they prodrugs? J. Nutr. Biochem. 2012, 23,
733–740. [CrossRef] [PubMed]

58. Scherma, M.; Medalie, J.; Fratta, W.; Vadivel, S.K.; Makriyannis, A.; Piomelli, D.; Mikics, E.; Haller, J.; Yasar, S.;
Tanda, G.; et al. The endogenous cannabinoid anandamide has effects on motivation and anxiety that are
revealed by fatty acid amide hydrolase (FAAH) inhibition. Neuropharmacology 2008, 54, 129–140. [CrossRef]

59. Bluett, R.J.; Gamble-George, J.; Hermanson, D.J.; Hartley, N.D.; Marnett, L.J.; Patel, S. Central anandamide
deficiency predicts stress-induced anxiety: Behavioral reversal through endocannabinoid augmentation.
Transl. Psychiatry 2014, 4, e408. [CrossRef]

60. Bedse, G.; Colangeli, R.; Lavecchia, A.M.; Romano, A.; Altieri, F.; Cifani, C.; Cassano, T.; Egaetani, S. Role of
the basolateral amygdala in mediating the effects of the fatty acid amide hydrolase inhibitor URB597 on HPA
axis response to stress. Eur. Neuropsychopharmacol. 2014, 24, 1511–1523. [CrossRef]

http://dx.doi.org/10.1038/bjp.2008.237
http://dx.doi.org/10.1016/j.brainres.2010.12.050
http://dx.doi.org/10.1016/j.biopsycho.2006.01.008
http://dx.doi.org/10.1016/j.neubiorev.2016.08.023
http://dx.doi.org/10.1038/sj.npp.1301555
http://www.ncbi.nlm.nih.gov/pubmed/17882236
http://dx.doi.org/10.1002/0471142301.ns0823s47
http://www.ncbi.nlm.nih.gov/pubmed/19340814
http://dx.doi.org/10.1007/s00213-018-5054-x
http://dx.doi.org/10.1016/j.euroneuro.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29519609
http://dx.doi.org/10.1017/S1092852900020939
http://www.ncbi.nlm.nih.gov/pubmed/17329982
http://dx.doi.org/10.1186/s13041-019-0445-4
http://dx.doi.org/10.1111/j.1601-183X.2007.00306.x
http://dx.doi.org/10.1016/j.bbr.2016.04.014
http://dx.doi.org/10.1007/s00213-013-3161-2
http://dx.doi.org/10.1016/j.euroneuro.2008.07.001
http://dx.doi.org/10.1038/mp.2012.72
http://www.ncbi.nlm.nih.gov/pubmed/22688188
http://dx.doi.org/10.1007/s00213-009-1494-7
http://www.ncbi.nlm.nih.gov/pubmed/19259645
http://dx.doi.org/10.1016/j.neulet.2005.12.026
http://www.ncbi.nlm.nih.gov/pubmed/16406322
http://dx.doi.org/10.1016/j.jnutbio.2011.03.017
http://www.ncbi.nlm.nih.gov/pubmed/21840194
http://dx.doi.org/10.1016/j.neuropharm.2007.08.011
http://dx.doi.org/10.1038/tp.2014.53
http://dx.doi.org/10.1016/j.euroneuro.2014.07.005


Molecules 2020, 25, 4683 16 of 16

61. Zaman, N.; Ahmad, H.; Abid, M.A.; Rahman, N.-U.; Roome, T.; Abbas, G. Acetaminophen (paracetamol)
facilitated extinction lear ning in contextual fear conditioned rats. Lett. Drug Des. Discov. 2017, 14,
898–903. [CrossRef]

62. Mayo, L.M.; Asratian, A.; Lindé, J.; Morena, M.; Haataja, R.; Hammar, V.; Augier, G.; Hill, M.N.; Heilig, M.
Elevated anandamide, enhanced recall of fear extinction, and attenuated stress responses following inhibition
of fatty acid amide hydrolase: A randomized, controlled experimental medicine trial. Biol. Psychiatry 2019,
87, 538–547. [CrossRef]

63. Min, X.; Thibault, S.T.; Porter, A.C.; Gustin, D.J.; Carlson, T.J.; Xu, H.; Lindstrom, M.; Xu, G.; Uyeda, C.;
Ma, Z.; et al. Discovery and molecular basis of potent noncovalent inhibitors of fatty acid amide hydrolase
(FAAH). Proc. Natl. Acad. Sci. USA 2011, 108, 7379–7384. [CrossRef]

64. Seierstad, M.; Breitenbucher, J.G. Discovery and development of fatty acid amide hydrolase (FAAH) Inhibitors.
J. Med. Chem. 2008, 51, 7327–7343. [CrossRef] [PubMed]

65. Boger, D.L.; Miyauchi, H.; Du, W.; Hardouin, C.; Fecik, R.A.; Cheng, H.; Hwang, I.; Hedrick, M.P.; Leung, D.;
Acevedo, O.; et al. Discovery of a potent, selective, and efficacious class of reversible α-ketoheterocycle
inhibitors of fatty acid amide hydrolase effective as analgesics. J. Med. Chem. 2005, 48, 1849–1856.
[CrossRef] [PubMed]

66. Kage, K.L.; Richardson, P.L.; Traphagen, L.; Severin, J.; Pereda-Lopez, A.; Lübben, T.; Davis-Taber, R.;
Vos, M.H.; Bartley, D.; Walter, K.; et al. A high throughput fluorescent assay for measuring the activity of
fatty acid amide hydrolase. J. Neurosci. Methods 2007, 161, 47–54. [CrossRef]

67. Berardi, A.; Trezza, V.; Palmery, M.; Trabace, L.; Cuomo, V.; Campolongo, P. An updated animal
model capturing both the cognitive and emotional features of post-traumatic stress disorder (PTSD).
Front. Behav. Neurosci. 2014, 8, 142. [CrossRef] [PubMed]

68. Pellow, S.; Chopin, P.; File, S.E.; Briley, M. Validation of open: Closed arm entries in an elevated plus-maze as
a measure of anxiety in the rat. J. Neurosci. Methods 1985, 14, 149–167. [CrossRef]

69. Walf, A.A.; Frye, C.A. The use of the elevated plus maze as an assay of anxiety-related behavior in rodents.
Nat. Protoc. 2007, 2, 322–328. [CrossRef] [PubMed]

70. Schrödinger. 3: Maestro; LLC: New York, NY, USA, 2019.
71. Zhang, J.; Hao, Q.; Liu, X.; Jing, Z.; Jia, W.-Q.; Wang, S.-Q.; Xu, W.-R.; Cheng, X.-C.; Wang, R. Molecular

docking, 3D-QSAR and structural optimization on imidazo-pyridine derivatives dually targeting AT1 and
PPARγ. Oncotarget 2017, 8, 25612–25627. [CrossRef]

72. Borkotoky, S.; Meena, C.K.; Murali, A. Interaction analysis of T7 RNA polymerase with heparin and its low
molecular weight derivatives—An in silico approach. Bioinform. Biol. Insights 2016, 10, 155–166. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2174/1570180814666170203162557
http://dx.doi.org/10.1016/j.biopsych.2019.07.034
http://dx.doi.org/10.1073/pnas.1016167108
http://dx.doi.org/10.1021/jm800311k
http://www.ncbi.nlm.nih.gov/pubmed/18983142
http://dx.doi.org/10.1021/jm049614v
http://www.ncbi.nlm.nih.gov/pubmed/15771430
http://dx.doi.org/10.1016/j.jneumeth.2006.10.006
http://dx.doi.org/10.3389/fnbeh.2014.00142
http://www.ncbi.nlm.nih.gov/pubmed/24808840
http://dx.doi.org/10.1016/0165-0270(85)90031-7
http://dx.doi.org/10.1038/nprot.2007.44
http://www.ncbi.nlm.nih.gov/pubmed/17406592
http://dx.doi.org/10.18632/oncotarget.15778
http://dx.doi.org/10.4137/BBI.S40427
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	FAAH Inhibitory Activity 
	Contextual Fear Conditioning (CFC) 
	Elevated Plus Maze Test 
	Corticosterone Levels 
	In Silico Study 

	Discussion 
	Methodology 
	Drugs and Chemicals 
	Animals 
	FAAH Enzyme Inhibition Assay 
	Behavioral Studies 
	Contextual Fear Conditioning 
	Elevated Plus-Maze (EPM) 

	Serum Corticosterone Levels 
	In Silico Analysis 
	Protein Preparation 
	Ligand Preparation 
	Molecular Docking 
	Prime/MM-GBSA Simulation 

	Statistical Analysis 

	References

