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Abstract

This study investigated the modulatory effects of alkaloid extracts of Cannabis sativa (CSAE), Datura stramonium (DSAE),
Nicotiana tabacum (NTAE) and male Carica papaya (CMAE) on neurotransmitter, neurotrophic and neuro-inflammatory
systems linked to anxiety and depression. Male Wistar rats were orally administered the alkaloid extracts in doses of 5, 50,
500, and 2000 mg/kg for 90 days. On day 91, neurobehavioural studies were evaluated, rats were sacrificed, brain hippocam-
pus removed and tissue homogenate prepared. Biochemical, cytokine and neurotransmitter metabolisms were estimated
in the hippocampus. Expressions of genes linked to anxiety and depression were evaluated by RT-qPCR. Results showed
CSAE, NTAE and CMAE act as anxiolytic and antidepressant agents by depleting TNF-a, IL-1p and reactive oxygen spe-
cies concentrations, and monoamine oxidase, angiotensin 1-converting enzyme and acetylcholinesterase activities while
elevating IL-10 and dopamine concentrations and glutamate dehydrogenase activity at doses of 5, 50 and 500. Same doses
of CSAE, NTAE and CMAE also depleted the gene expressions of GSK3p, JNK, NF-kB, and Nesfatin-1 while increasing
expressions of CREB, BDNF, serotonin and Nrf2. However, administration of DSAE and 2000 mg/kg CSAE, NTAE and
CMAE had adverse modulatory effects on the neurochemical concentrations and activities as well as the gene expressions of
the evaluated neurotransmitter, neurotrophic and inflammatory systems. In conclusion, the study established the sub-chronic
instrumentalization potential of CSAE, CMAE, and NTAE for anxiolytic and anti-depressive moods, though their use may
be associated with dependence and addiction, which may result in more detrimental effects than any therapeutic potential
they may proffer.
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Introduction

Depression is the world’s largest mental-health disorder that
affects one in six individuals globally irrespective of age,
gender, or location (Mineur et al. 2013; Singkhorn et al.
2021). It is characterized by an aversion to activities that
affect individual behavior, thoughts, emotions, and sense
of wellbeing. Depressed individuals are often anxious,
sad, hopeless, empty, worthless, helpless, irritable, guilty,
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restless, and ashamed (Perviz et al. 2016). Altered feeding
patterns, depleted libido or energy levels, disrupted daily
and ultradian tempos of activities, body temperature, or
several endocrinal functions, and hypersomnia or insomnia
are physical changes associated with depression cascades
(Tondo et al. 2003). While imbalance in neurotransmitters
(acetylcholine, serotonin, dopamine, etc.) systems in the
hippocampus, cortex and subcortical regions of the brain
indicate the progression of neuronal depressive symptoma-
tology (Yates, 2011). Therefore, drugs that elevate these
neurotransmitters levels in the central nervous system are
termed, antidepressant agents. Several features of depres-
sive disorder have been observed to overlap with anxiety
disorder, with both disorders accounting for about 20 million
global suicide attempts every year (Calvo-Perxas et al. 2016;
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Gadassi and Mor, 2016; Muhammad et al. 2013). About 350
and 264 million people are suffering from depression and
anxiety disorder, respectively, ranking them among the lead-
ing cause of disability globally (WHO 2017).

Depression is a feature of the psychiatric syndrome,
though it may also be a result of a typical response to
bereavement, isolation, ailments, drugs, or individual
stress load. Other predisposing factors to depression are
foods rich in advanced glycation end products, stress, and
neuro-inflammation (Stein et al. 2018). Interestingly, neuro-
inflammation interacts with neurobiological correlates of
depression and anxiety, such as alteration of the hypothala-
mus—pituitary—adrenal (HPA) axis, dysregulation of the con-
tinuous production of dentate gyrus adult-generated neurons,
and serotonin depletion in the hippocampus (Troubat et al.
2020). Furthermore, alterations in inflammatory mark-
ers (C-reactive protein, tumor necrosis factor o (TNF-a),
interleukins 1, and interleukin 6), have been implicated to
enhance depression (Haapakoski et al. 2015; Li et al. 2019).
More so, excessive stress is implicated with elevated corti-
cotropin-releasing factor secretion, reactive oxygen species
(ROS) levels, and amygdala activities that elicit depressive
episodes (Hennessy et al. 2017).

Several people with anxiety and depression disorders
most times develop coping tactics to self-control and man-
age the resulting symptoms as most anxiety and depres-
sion disorders’ synthetic drugs have been reported to cause
severe adverse effects (Houle et al. 2013; Fedotova et al.
2017; Stelzer et al. 2019). Cogent of the self-management
strategy is the use of psychoactive substances to deal with
anxiety, hyper-arousal, loss of motivation, and depressive
moods (Miiller et al. 2021; Picciotto et al. 2015). This type
of psychoactive substance use is classified under drug instru-
mentalization, which is different from the recreational use
of the drugs for primarily hedonistic motives. However, the
long-term use of drug instrumentalization has been associ-
ated with drug dependence and addiction that may require
medical action (Miiller et al. 2020). Drug instrumentation
has been assumed for several psychoactive substances, pro-
vided they are used in a nonaddictive approach (Miiller et al.
2021). Examples of plant-based psychoactive substances in
Nigeria that are employed in drug instrumentalization are
Cannabis sativa, Datura stramonium, Nicotiana tabacum,
and Carica papaya (male) (Olley, 2007; Jaffe et al. 2013;
Perviz et al. 2016; Berlowitz et al. 2020; Fasakin et al. 2021;
Shi et al. 2021).

Male rats were preferred for this study due to retrospec-
tive observations that males engage in recreational sub-
stance use in a ratio of 3:1 compared to their female coun-
terparts in Nigeria (UNODC, 2018). Nevertheless, how
the two sexes will differ in response during exposure to C.
sativa alkaloid extract (CSAE), D. stramonium alkaloid
extract (DSAE), N. tabacum alkaloid extract (NTAE) and
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C. papaya (male) alkaloid extract (CMAE) certainly need
future study. Meanwhile, the ability of antidepressants or
depressants to alleviate or induce anxiety-like and depres-
sion-like states in healthy subjects has been established
(Sarubin et al. 2014), an indication that the alkaloids in the
present study will be able to alleviate or induce anxiety-
like and depression-like states in normal experimental
animals. Additionally, the effects of antidepressants are
often delayed, requiring a period of 1-2 months of admin-
istration to show efficacy (Jaffe et al. 2013; Lipton et al.
2016). Therefore, the study was designed for 90 days. The
ability of CSAE, DSAE, NTAE, and CMAE to modulate
anxiety and the depressive-like mood was established in
the present study using different behavioral models as well
as their ability to modulate the levels of cytokines, neuro-
transmitters, and proteins linked to anxiety and depression
in the hippocampus of experimental rats during a sub-
chronic exposure.

Materials and methods
Sample collection and preparation

Cannabis sativa L., Nicotiana tabacum L. and Carica
papaya L. leaves, and Datura stramonium L. seeds were
purchased from Akure South Local Government Area of
Ondo State in Nigeria. The D. stramonium seeds and C.
sativa, N. tabacum and C. papaya leaves were authenticated
and identified at the Centre for Research and Development
(CERAD) unit of the Federal University of Technology,
Akure, Nigeria. Plant samples were deposited and voucher
numbers 0346, 0347, and 0348 were obtained. After cleans-
ing the leaves and seeds from debris, stalks, and other unde-
sirable materials, they were powered with the aid of an elec-
tric blender.

Chemical and reagents

Acetylthiocholine iodide, Hydrogen peroxide, Ellman’s
reagent, dopamine hydrochloride, bovine serum albumin
(BSA), a-ketoglutarate, glutamic acid, and Coomassie bril-
liant blue were purchased from Sigma-Aldrich (Germany).
Nuclease-free water was purchased from VWR life science
(Solon, USA). Primers were purchased from Inqaba Biotech-
nology (Hatfield, South Africa). TRI Reagent® was obtained
from Zymo Research (USA). Luna Universal gPCR Master
Mix and ProtoScript II First Strand cDNA Synthesis Kit
were bought from BioLabs (New England). All other rea-
gents and chemicals used in this study were purchased from
standard sources and of analytical grades.
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Alkaloid extracts preparation

Alkaloid extracts from the leaves of Cannabis sativa, Nico-
tiana tabacum, and Carica papaya and seeds of Datura
stramonium were prepared according to standard methods
(Fasakin et al. 2021). The alkaloid extracts were named
CSAE, DSAE, NTAE, and CMAE to indicate Cannabis
sativa, Datura stramonium, Nicotiana tabacum, and male
Carica papaya alkaloid extracts respectively.

Experimental protocol

Adult male Wistar Albino rats (181 + 13 g) were purchased
from the Department of Biochemistry Animal House, Fed-
eral University of Technology, Akure, Ondo State, Nige-
ria. Their use and handling were approved at the Centre for
Research and Development (CERAD) of the Federal Uni-
versity of Technology, Akure by the Animal Ethical Com-
mittee while an ethical number (FUTA/ETH/2020/016) was
also given. Wistar Albino rats were housed in stainless steel
cages in a room with 12 h light/dark cycle, room tempera-
ture (25-27 °C), and relative humidity (60-70%) all through
the experiment period. Six rats were randomly housed in
each cage to indicate a group and were sectioned as follows:
Group 1 served as the normal control. Groups 2 to 5 were
orally administered CSAE once daily at doses of 5, 50, 500,
and 2000 mg/kg bwt respectively. Groups 6 to 9 were orally
administered DSAE once daily at doses of 5, 50, 500, and
2000 mg/kg bwt respectively. Groups 10 to 13 were orally
administered NTAE once daily at doses of 5, 50, 500, and
2000 mg/kg bwt respectively. Groups 14 to 17 were orally
administered CMAE once daily at doses of 5, 50, 500, and
2000 mg/kg bwt respectively (WHO 2000; Fasakin et al.
2022). Experimental animals were allowed free access to
water and rat chow ad libitum for the whole period of the
experiment.

Behavioral tests

Experimental animals were exposed to Elevated Plus-
Maze, Forced Swim and Tail suspension Tests before the
commencement of the experiment to ascertain their cog-
nitive status. After 90 days of CSAE, DSAE, NTAE, and
CMAE oral administration, the experimental animals were
re-exposed to the aforementioned behavioral tests to ascer-
tain the anxiolytic and antidepressant ability of the extracts.

Elevated plus-maze test

For the elevated plus maze test (EPM), the number and time
of entries of experimental rats in closed and open arms were
documented. This behavioral model for anxiety is based on
the hypothesis that rodents will naturally avoid high and

open spaces (Lister 1987; Pellow et al. 1985). EPM test was
carried out using four arms (30 cm by 7 cm) black Plexiglas
apparatus elevated 50 cm above ground level. Two arms
were enclosed (using 20 cm high walls) while the other two
arms were opened. Wistar rats were positioned at the center
of the EPM initially and allowed to freely explore the four
arms for 5 min. Ethyl alcohol (70%) was used to purify the
apparatus to minimize potential unspecific scents before test-
ing. All EPM sessions were video-recorded and analyzed
thereafter to evaluate the anxiousness of each experimental
animal using the number of entries and time spent in the
open arms.

Tail suspension test (FST)

Tail suspension test (FST) was carried out to evaluate the
antidepressant potentials of CSAE, DSAE, NTAE, and
CMAE according to modified methods of Cryan et al.
(2005). Experimental rats were hung from mounted blunt
hooks via adhesive tape at 1 cm from the rat tail’s tip with
the rats’ nose positioned at about 50 cm from padded cham-
ber floor and investigated for 6 min. TST sessions were
video-recorded and analyzed thereafter to evaluate immo-
bility time for each experimental animal. Immobility was
evaluated as the sum of total time the rat hanged passively
during the last 4 min of the experimental 6 min (total time)
of monitoring.

Forced swimming test (FST)

Forced swimming test (FST) was carried out to evaluate
the antidepressant potentials of CSAE, DSAE, NTAE, and
CMAE according to modified methods of Porsolt et al.
(1977). A glass vessel of 25 cm (height) by 15 cm (diam-
eter) was half-filled with water at room temperature and
kept for 24 h before the 5 min forced swimming test. All
FST sessions were video-recorded and analyzed thereafter
to evaluate immobility time and swimming activity for each
experimental animal. Experimental animals were considered
immobile when they stop efforts in attempting escape (des-
peration) though still engage in movements required to keep
the animals' heads above water level (survival). After each
experiment, the experimental animals were cloth-dried and
returned to their respective cages.

Tissue homogenate preparation

After 91 days of oral alkaloid administration, CSAE, DSAE,
NTAE, and CMAE exposed animals were anesthetized with
mild diethyl ether. The experimental animals were then sac-
rificed while the whole brain was excised, washed quickly
with a cold saline solution while the hippocampus was

@ Springer



2450

0. W. Fasakin et al.

carefully sectioned out, and stored at — 80 °C for conse-
quent analysis.

Gene expression analysis via real-time quantitative
polymerase (RT-qPCR) reaction

TRI Reagent® was employed to extract total RNA from the
hippocampal tissues. cDNA was synthesized by reverse tran-
scriptase reaction using 1 pg of the extracted RNA samples
in a ProtoScript II First Strand cDNA Synthesis Kit (Bio-
Labs, New England) via a 3-step reaction condition: 65 °C
for 5 min, 42 °C for 60 min, and 80 °C for 5 min. Primers to
rat cDNA used for PCR were obtained from Inqaba Biotec,
Hatfield, SA, and are listed in Table 1. Real-time quantita-
tive PCR (qPCR) was executed using the Luna Universal
gPCR Master Mix (BioLabs, New England) on a StepOne-
Plus Applied Biosystem qPCR System following the manu-
facturer’s procedures. PCR settings were as follows: 95 °C
for 180 s, 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and
72 °C for 30 s. The method of comparative cycle thresh-
old (DDCT) was employed to quantify the relative cDNA
amount while the f-actin gene was employed to standardize
the relative expression level of the respective gene.

Biochemical analysis

Hippocampal total protein content was evaluated using
Coomassie blue method using bovine serum albumin as
standard (Bradford 1976). Monoamine oxidase (MAQO)
activity was evaluated using 0.0125 mol/L semi-carbazides,
0.025 mol/L phosphate buffer (pH 7.0), 10 mmol/L benzy-
lamines, acetic acid, 2, 4-Dinitrophenylhydrazine, benzene,

Table 1 Real-time quantitative PCR primer sequence

and 0.1 N NaOH, while the developed orange—yellow
color was assessed at 450 nm (Green and Haughton 1961).
Dopamine concentrations were measured using 5 mM
FeCl;, 5 mM potassium ferricyanide, and phosphate buffer
(pH 4.0). Dopamine concentration was extrapolated from
the dopamine hydrochloride calibration curve by plotting
measured absorbance at 735 nm against varying dopamine
hydrochloride concentrations (Guo et al. 2009). Angiotensin
1-converting enzyme (ACE) activity was evaluated using
the substrate, HHL (hippuryl-1-histidyl 1-leucine, while the
resulting hippuric acid (Bz-Gly) concentrations were eval-
uated to assess the activity of ACE at 228 nm (Cushman
and Cheung 1971). Acetylcholinesterase (AChE) activity
was evaluated using 5,5'-dithiobis (2-nitrobenzoic) acid
(3.3 mM) prepared by 0.1 M buffer (pH 7.0) constituting
NaHCO;. Substrate used was AChE while absorbance was
assessed at 412 nm at intervals of 30, 60, 90, 120, 150, and
180 secs (Perry et al. 2000). Glutamate dehydrogenase
(GDH) activity was evaluated using Tris—HCI (pH 8.3), nic-
otinamide adenine dinucleotide phosphate reduced, ammo-
nium chloride and a-ketoglutarate while absorbance was
measured at 340 nm at intervals of 60, 120, 180, 240 and
300 secs (Abdel-Zaher et al. 2011). Reactive oxygen species
(ROS) concentrations were assessed using ferrous sulfate
(4.37 uM) prepared in 0.1 M sodium acetate (pH 4.8) and
N-N-diethyl-para-phenylenediamine (DEPPD) (6 mg/ml).
H,0, production was employed to measure ROS concentra-
tions at 505 nm (Hayashi et al. 2007). The concentrations
of interleukin-1p (IL-1pB), tumor necrosis factor-o (TNF-
a), and interleukin 10 (IL-10) in the hippocampus of the
experimental animals were evaluated using commercially
available Enzyme-Linked Immunosorbent Assay (ELISA)

Gene Sequence

B-actin Forward: CTCCCTGGAGAAGAGCTATGA
Reverse: AGGAAGGAAGGCTGGAAGA

Serotonin Forward: GGTTAAGGAGGGAAGGTGTAAG

Brain-derived neurotrophic factor (BDNF)

cAMP response element-binding protein (CREB)

c-jun N-terminal kinase (JNK)

Nuclear Factor-kappa B (NF-«xB)

Glycogen synthase kinase 3 (GSK3p)

Nuclear Factor-Erythroid Factor 2-Related Factor 2 (Nrf2)

Nesfatin-1

Reverse: GAGGGCTCACAGACGATAATG
Forward: CTCCAGCAGAAAGAGCAGAG
Reverse: TTCGGCCCAACGAAGAAA
Forward: CAGGCCCATTTCCTCTTCTAT
Reverse: CAGCTGGAACATGCACATTAG
Forward: GTCTTCCTGGTTCCAGTTCTC
Reverse: CGAAGACTGGGATGCTCTATTT
Forward: AGACATCCTTCCGCAAACTC
Reverse: TAGGTCCATCCTGCCCATAA
Forward: TCCGAGAGATGAACCCTAACT
Reverse: GGTGGTGTCCGAGATTTGAA
Forward: ACGTGATGAGGATGGGAAAC
Reverse: TATCTGGCTTCTTGCTCTTGG

Forward: AGCCTTTCTGGAGACCAAAG
Reverse: GCTGTGAGAACAGACTGGTAG
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Fig.1 GC-MS characterization of the alkaloid-rich extract from
Cannabis sativa

kits (Phoenix Pharmaceuticals Inc, Burlingame, CA, USA)
as described in the manufacturer’s manual.

Gas chromatograph-mass spectrometry analysis
of alkaloid-rich extracts

Qualitative characterization analyses of probable compounds
in the alkaloid extracts of C. sativa, D. stramonium, N. taba-
cum and C. papaya (male) were carried out via a Varian
3800/4000 GCMS furnished with an Agilent equipped with
a capillary column DB5ms (30.0 m X 0.25 mm, 0.25 pm
film thickness) as previously described by Ademiluyi et al.
(2016).

Statistical analysis

In the present study, experimental data were checked for
normality patterns using Kolmogorov—Smirnov test before
statistical analysis. The data were then analyzed by one-way
ANOVA using GraphPad version 8.0.2. followed by Tukey’s
test. Results were expressed at mean + SEM (standard error
of the mean) (n=6) and considered significantly different
atp <0.05.

Results

The gas chromatograph-mass spectrometry
analysis of CSAE, DSAE, NTAE, and CMAE

Figures 1, 2, 3, 4 revealed the GC-MS characteriza-
tion of the alkaloid-rich extract from Cannabis sativa,
Datura stramonium, Nicotiana tabacum and Carica
papaya. The observed alkaloid constituents of the
alkaloid-rich extracts are listed in Tables 1, 2, 3, 4.
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Fig.2 GC-MS characterization of the alkaloid-rich extract from
Datura stramonium

RT: 7.00 - 50.00 SM 5
5000- Scan El+
. mic
Abundance-, 3.92e10
4000
3000- + T
i T
|
2000- | 4
‘ A
1 A
| | |
&
1000 [ ’ T I /
I ‘ | A’
] | N
0 T T T T T T T T i
10 15 20 25 30 35 40 45 50

Retention Time (Min)

Fig.3 GC-MS characterization of the alkaloid-rich extract from
Nicotiana tabacum

5000 Scan El+

Rel 4 TIC
Abundance-| 3.92e10
4000 }t‘
I

3000

2000

L
|

4 A A
1000 ,\ ‘A{L@J
ﬁNW“J
o f 4[ 'A_L,_J‘J) | *TIC

T ¥
10 15 20 25
Retention Time (Min)

——

Fig.4 GC-MS characterization of the alkaloid-rich extract from Car-
ica papaya
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Alkaloid extracts of Cannabis sativa revealed the pres-
ence of Choline, Trigonelline, Dopamine, Hordenine,
Cannabidiol, A-9-tetrahydrocannabinol, Pyridine,
3-(1-methyl-2-pyrrolidinyl)-, (S)-, Morphine, D-Lyser-
gic acid, Boldine, Strychnine, Anhydrocannabisativine,
Cannabisativine, Cannabimine C and Aconitine. Alka-
loid extracts of Datura stramonium revealed the pres-
ence of 2-Pyrrolidinone, 8-Methyl-8-azabicyclo[3.2.1]
octane-2,6-diol, Ecgonine ethyl ester, Benzeneacetic
acid, Dasycarpidan-1-methanol, acetate (ester), Aniso-
dine, Littorine, Hyoscyamine, Atropine, 2,7-Diphenyl-
1,6-dioxopyridazino[4,5:2,3] pyrrolo[4,5-d]pyridazine,
17-(1,5-Dimethylhexyl)-10,13-dimethyl-4-vinylhexadec
ahydrocyclopenta[a]phenanthren-3-ol, 3-(1,5-Dimethyl-
hexyl)3a,10,10,12b-tetramethyl1,2,3,324,6,8,9,10,10a
,11,12,12a,12b-tetradecahydro-benzo[4,5] Cyclohept,

3,8,8-Trimethoxy-3-piperidyl-2,2-benaphthalene-1,1,4,4-
tetrone, Ethyl iso-allocholate, Scopolamine, [Sf]Pregnane-
3,20beta-diol, 14alpha,18alpha-[4-methyl-3-oxo0-(1-oxa-
4-azabutane-1,4-diyl)]-, and diacetate, 1-Monolinolein.
Alkaloid extracts of Nicotiana tabacum revealed the
presence of Pyridine, Anatabine, Quinoline, Nicotine,
Nicotyrine, Nornicotyrine, 2,2'-Bipyridine, Anabasine,
2,3'-Dipyridyl, Pyridine, 3-(1-methyl-2-pyrrolidinyl)-,
(S)-, Cotinine, N-Nitrosonornicotine, Nornicotine, N-for-
myl, 2-Pyrrolidinone and Nornicotine, N-acetyl. Alkaloid
extracts of male Carica papaya revealed the presence of
choline, 8-Methyl-8-azabicyclo [3.2.1] octane-2,6-diol,
Benzylthiourea, 3,3-Diethyl-5-methyl piperidine-2,4,6-
trione, Anonaine, Trigonelline, +)-Laurotetanine, Pseudo-
carpaine, Carpaine, Alstoniaphylline C, (+)-alstonisine,
Dehydrocarpaine I and Dehydrocarpaine II (Table 5).

Table 2 GC-MS characterization of the alkaloid extract from Cannabis sativa leaf

Peak | RT Compound Detected Mol. MW | Peak Comp Structures
# Formula Area (ng/g)
%
1 10.82 Choline CsHisNO* 104 223 23.03
2 13.41 Trigonelline C7H7NO2 137 3.59 20.41
3 14.00 Dopamine CgH1iNO2 153 7.18 86.09 OH
f@”
HaN
4 16.28 Hordenine CioHisNO 165 2.93 27.02
5 19.18 Cannabidiol C21H3002 448.2 | 50.08 193.12
6 20.01 Delta-9- C21H3002 463.2 | 25.04 193.12
tetrahydrocannabinol |
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Table 2 (continued)

7 21.05 | Pyridine, 3-(1-methyl- | CioH14N2 162 | 4.31 331.77
H
2-pyrrolidinyl)-, (S)- ]
8 29.00 | Morphine Ci7Hi9NOs | 285 | 2.19 20.02 Ho.
9 32.00 | D-Lysergic acid N,N- | C20H2sN3O | 323 3.03 50.04
diethylamide
10 35.60 | Boldine CioH2iINO4 | 327 | 5.75 103.41 \
O
peee
i w1
11 41.50 | Strychnine C21H2N202 | 334 8.62 72.63 °
AN
AN
12 43.00 | Anhydrocannabisativine | C21H37N302 | 363 12.25 218.11
13 44.31 Cannabisativine C21H39N303 | 381 17.24 | 41030
14 46.78 | Cannabimine C C21H37N302 | 363 5.78 376.12
15 48.80 | Aconitine C34H47NO11 | 645 7.54 160.43

The modulatory effects of CSAE, DSAE, NTAE,
and CMAE in rat neurobehavioural models
of depression and anxiety

Results showed that experimental rats orally administered
CSAE, NTAE, and CMAE at 5, 50 and 500 mg/kg bwt
spent significantly (P <0.0001; F(;4 g5, =060.35) longer
time in the open arms of EPM in comparison to the con-
trol group rats (Fig. 5a). In parallel with time spent in

open arms of EPM, there were also higher entries’ fre-
quencies (P <0.0001; F ;¢ g5)=24.39) into the open arms
compared to control rats (Fig. 5b). The EPM result of
the present study may indicate the anxiolytic effects of
the alkaloid extracts. However, exposure to DSAE had
induced opposite effects by reducing time spent and the
number of entries into open arms compared to the control
group. During TST, a significant decrease in immobil-
ity time (P <0.0001; F ;¢ g5,=125.4) was observed after
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sub-chronic exposure to CSAE, NTAE, and CMAE at 5,
50, and 500 mg/kg bwt (Fig. 6). However, at 2000 mg/
kg bwt and exposure to DSAE, the experimental animals
showed higher immobility time compared to normal con-
trol rats. FST was also employed, and we observed a signif-
icant decrease in immobility time and an increase in swim-
ming time (P <0.0001; F ;4 g5y=57.51) and (P <0.0001;
F(16, §5y=71.43) after a sub-chronic exposure to CSAE,

NTAE, and CMAE at 5, 50, and 500 mg/kg bwt (Fig. 7a,
b) which were absent in normal control rats. However,
exposure to DSAE and 2000 mg/kg bwt of CSAE, NTAE,
and CMAE increased the immobility time and decreased
the swimming time. This suggested that 90 days of expo-
sure to CSAE, DSAE, NTAE, and CMAE can alter the
depressive-like behaviors of experimental animals.

Table 3 GC-MS characterization of the alkaloid extract from Datura stramonium seeds

Peak | RT Compound Detected | Mol. MW Peak Comp Structures
# Formula Area % | (ng/g)
1 7.50 2-Pyrrolidinone C4H/NO 85 6.15 110.24
H
2 7.81 8-Methyl-8- CsHisNO2 | 157 1.02 10.06
azabicyclo[3.2.1]octan )
e-2,6-diol [fji7
3 12.00 Ecgonine ethyl ester CiHi9NOs | 213 13.68 37.84
H
H
4 13.00 Benzeneacetic acid, a- | C17H21NOz | 271 1.05 10.72
methylene-, 8-methyl-
8-
azabicyclo[3.2.1]oct-
3-yl ester, endo-
5 17.00 Dasycarpidan-1- C20H26N2 02| 326 16.39 314.60
methanol, acetate N i
WP
(ester)
N/
6 18.11 Anisodine C17H21NOs | 319 4.10 208.14
f 0
ol o /0 o
d
7 21.50 Littorine C17H23NOs | 289 4.61 157.03
8 22.00 Hyoscyamine Ci17H23NO3 | 289 6.14 262.21
9 23.98 Atropine Ci17H23NOs | 289 2.95 21.28
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Table 3 (continued)

10

25.00

2,7-Diphenyl-1,6-
dioxopyridazino[4,5:2,
3] pyrrolo[4,5-
d]pyridazine

C20H400

355

34141

11

27.50

17-(1,5-
Dimethylhexyl)-10,13-
dimethyl-4-
vinylhexadecahydrocy
clopenta[a]phenanthre

n-3-ol

C29Hs500

414

110.43

P

12

28.50

3-(1,5-Dimethyl-
hexyl)3a,10,10,12b-
tetramethyl1,2,3,3a4,6
,8,9,10,10a,11,12,12a,
12b-tetradecahydro-
benzo[4,5]

Cyclohept

CioHso

410

4.23

32.08

13

30.50

3,8,8-Trimethoxy-3-
piperidyl-2,2-
benaphthalene-1,1,4,4-

tetrone

C28H2sNO7

487

6.15

11.23

14

31.75

Ethyl iso-allocholate

C26H440s5

436

2.56

20.05

15

32.36

Scopolamine

C17H21NO4

303

3.65

60.40

16

40.48

[5B]Pregnane-
3,20beta-diol,
14alpha,18alpha-[4-
methyl-3-oxo-(1-oxa-
4-azabutane-1,4-

diyl)]-, diacetate

C29Has0

489

3.07

26.17

17

44.56

1-Monolinolein,

2TMS derivative

Cs6H74

498

14.34

110.07

\ / r WAVAY.S
\\) Y
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The modulatory effects of CSAE, DSAE, NTAE,
and CMAE on neurotransmitter systems linked
to anxiety and depression

Results showed significant disturbances in neurotransmit-
ter metabolism after sub-chronic exposure to CSAE, DSAE,
NTAE, and CMAE. A significant alteration in the activities
of MAO (P <0.0001; F (16, 85)=55.88), Glutamate dehy-
drogenase (P <0.0001; F,6 g5,=100.3), ACE (P <0.0001;
F 16, 85)=266.0), and AChE (P <0.0001; F ;4 ¢5,=348.0)
were observed in the experimental animals after sub-chronic
exposure to CSAE, DSAE, NTAE, and CMAE (Figs. 8, 9,
10, 11). Meanwhile, the level of dopamine (P < 0.0001;
F (16, 35y=132.1) showed a biphasic dose-response curve
after sub-chronic exposure to CSAE, DSAE, NTAE, and
CMAE (Fig. 12).

The modulatory effects of CSAE, DSAE, NTAE,
and CMAE on inflammatory markers linked
to anxiety and depression

Results showed the modulatory effect of CSAE, DSAE,
NTAE, and CMAE on pro-inflammatory (TNF-a and
IL-1P) and anti-inflammatory (IL-10) cytokines after
sub-chronic exposure (Figs. 13, 14, 15). Interestingly,
CSAE, NTAE, and CMAE depleted TNF-a (P <0.0001;
F(16, 85=62.6) and IL-1f (P <0.0001; F ;6 g5)=99.04)
concentrations while increasing IL-10 concentrations
(P<0.0001; F(16 g5)=64.77). However, DSAE elevated
TNF-a (P <0.0001; F 44 g5,=62.6) and IL-1p (P <0.0001;
F (16, 85)=99.04) concentrations while decreasing IL-10
concentrations (P <0.0001; Fy ¢5)=64.77).

Table 4 GC-MS characterization of the alkaloid extract from Nicotiana tobacco leaves

Peak | RT Compound Detected | Mol. MW | Peak Comp Structures
# Formula Area (ng/g)
Y%
1 7.60 Pyridine, 3-(3,4- | CoHioN2 146 2.44 21.03
dihydro-2H-pyrrol-5-
yb-
2 10.25 Anatabine CioHi2N2 | 160 13.43 | 746.50
X
3 11.00 Quinoline, 2-methyl- | CioHoN 143 8.67 IS
4 12.67 Nicotine CioHisN2 | 162.23 | 7.94 570.36 (/0
\;/"‘\ﬁ,
-
/N
5 16.00 Nicotyrine CioHioN2 | 158 1.83 10.96
6 18.00 Nornicotyrine C9H8N2 | 144 3.66 11.36
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Table 4 (continued)

7 18.57 2,2'-Bipyridine CioHsN2 | 156 6.10 13.59
8 20.98 Anabasine CioHisN2 | 162 7.33 214.93
9 26.50 2,3'-Dipyridyl CioHsN2 | 156 6.31 40.80
10 27.00 Pyridine, 3-(1-methyl- | CioH1sN2 | 162 15.87 1844.00
2-pyrrolidinyl)-, (S)- "
11 33.76 Cotinine CioH12N20 | 176 3.05 14.90
12 34.21 N-Nitrosonornicotine | CoHuN3O | 177 5.00 12.00
13 38.76 Nornicotine, N-formyl | CioHi2N20 | 176 6.08 18.04
14 42.50 2-Pyrrolidinone, 3- |CioH12N202| 192 7.39 10.00
hydroxy-1-methyl-5-
(3-pyridinyl)-,  (3R-
trans)
15 46.50 Nornicotine, N-acetyl | C11iH14aN20| 190 10.99 11.15

The modulatory effects of CSAE, DSAE, NTAE,
and CMAE on redox stress

Results showed the ability of CSAE, DSAE, NTAE, and
CMAE to modulate ROS production after sub-chronic
exposure (Fig. 16). Interestingly, sub-chronic exposure to
CSAE, NTAE, and CMAE inhibited ROS production at
5, 50 and 500 mg/kg bwt (P <0.0001; F 4 g5,=260.0).
However, DSAE and 2000 mg/kg bwt of CSAE, NTAE,
and CMAE elevated ROS production (P <0.0001;
F16,85)=260.0).

The modulatory effects of CSAE, DSAE, NTAE,
and CMAE on gene expression of proteins, enzymes
and cytokines linked to anxiety and depression

Also, Figs. 17, 18, 19, 20, 21, 22, 23, 24 showed the
modulatory effect of CSAE, DSAE, NTAE, and CMAE
on proteins, enzymes and cytokines’ gene expressions
during a sub-chronic study. Interestingly, CSAE, NTAE,
and CMAE caused a significant increase in the mRNA
expressions of serotonin (P <0.0001; F (¢ ¢5)=74.38),
BDNF (P <0.0001; F 44 65, = 64.40), CREB (P <0.0001;
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F(16,68y=3574.7), and Nrf2 (P <0.0001; F ¢ ¢5y=313.4)
while decreasing the mRNA expressions of NF-kB
(P <0.0001; F6 65 =195.2), GSK3p (P <0.0001;
and nesfatin-1 (P <0.0001; F (5 ¢g)=275.2) at 5, 50
and 500 mg/kg bwt sub-chronic exposure. However,
DSAE sub-chronic administration caused a signifi-
cant decrease in the mRNA expressions of seroto-
nin (P <0.0001; F 4 ¢ =74.38), BDNF (P <0.0001;
F (16, 63)=64.40), CREB (P <0.0001; F(j4 ¢g)=574.7),
and Nrf2 (P <0.0001; F( 6 ¢gy=313.4) while increas-
ing the mRNA expressions of NF-kB (P <0.0001;
F16, 63=195.2), GSK3B (P <0.0001; F16 ¢5,=177.9),
JNK3 (P <0.0001; F6 ¢s)=1663.0), and nesfatin-1
(P<0.0001; Fy6 65y=275.2).

Discussion

Behavioral responses fashioned by antidepressant agents in
experimental animals serve as suitable endpoints for eval-
uating possible neural mechanisms related to their thera-
peutic or detrimental effects. As revealed by elevated plus

maze test, administration of CSAE, NTAE, and CMAE at
5, 50 and 500 mg/kg bwt significantly increased the fre-
quency of entries and time spent in open arms by experi-
mental animals, which is consistent with previous studies
that evaluated anxiolytic ability using an elevated plus maze
test (Leem and Oh 2015). Meanwhile, a decrease in the fre-
quency of entries and time spent in open arms by experi-
mental animals after sub-chronic exposure to DSAE thus
suggests that exposure to the D. stramonium alkaloid may
result in anxiety disorder. Interestingly, anxiety and exposure
to D. stramonium lead to the development of sexual dysfunc-
tion (Olabiyi et al. 2016; Fasakin et al. 2022), which will
ultimately result in depression.

Tail suspension test (TST) and forced swim test (FST)
are proven despair models of depression, as antidepressants
decrease immobility time in rats’ FST and TST (Dhingra
and Valecha, 2014; Grizzell et al. 2014). The results of FST
and TST showed that CSAE, NTAE, and CMAE decreased
immobility time at 5, 50, and 500 mg/kg bwt in a dose-
dependent pattern in comparison to the control group. How-
ever, 2000 mg/kg bwt CSAE, NTAE, and CMAE increased
the immobility period of FST and TST, which indicates
the extracts may induce depressive-like behavior at higher

Table 5 GC-MS characterization of the alkaloid extract from Carica papaya leat

@ Springer

Peak | RT Compound Detected Mol. MW | Peak Comp Structures
# Formula Area (ng/g)
%
1 3.81 Choline CsH1uNO"* 104 0.88 7.04
\
2 5.25 8-Methyl-8- CsHisNO2 157 0.97 8.05
azabicyclo[3.2.1]octane- N
2,6-diol @Q
3 11.18 Benzylthiourea CsHioN2S 166 0.99 8.53 Y
Ny
C
)
N
4 12.25 3,3-Diethyl-5-methyl- CioH1sNOs | 197 1.16 10.29 o
NH-
piperidine-2,4,6-trione o—
5 13.27 Anonaine Ci7HisNO2 | 265 1.18 10.02
0
o~
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Table 5 (continued)

6 13.50 Trigonelline C7H7NO2 137 14.07 57.06
o y—N_"
s / \
7 14.20 (+)-Laurotetanine CioH21NOs | 327 12.40 120.54
e
e
)
8 15.76 Pseudocarpaine CasHsoN204 | 478 10.55 412.92 Joo N
\/":;‘;
9 16.25 Carpaine C28Hs50N204 | 478 19.27 514.36 o
NN
N
10 16.50 Alstoniaphylline C C20H24N203 | 350 10.34 40.38 ]
\//
11 17.32 (+)-alstonisine C20H22N203 | 338 6.16 152.90
12 18.00 Dehydrocarpaine I CasHagN2O4 | 476 4.40 445.18 X
L
R
U
oy
13 20.42 Dehydrocarpaine I1 CasH46N2O4 | 434 5.32 274.71 BN
&N
T X
e
W*“

doses. This supports the elevated plus maze tests as well
as confirms previous studies that observed depressive-like
behavior in patients pre-exposed to psychoactive substances
at high doses (Wheatley 2005). Furthermore, the ability of
CSAE, NTAE, and CMAE to decrease immobility time but
increase swimming time may indicate that the alkaloids are
selective serotonin reuptake inhibitors (SSRIs) rather than
noradrenergic reuptake inhibitors (NERIs) (Detke and Lucki
1995). Considering the effects of the plant alkaloids dur-
ing elevated plus maze, FST and TST models, we opined
that our study model of sub-chronic exposure to CSAE,
DSAE, NTAE, and CMAE may be used to study anxiety

and depression in a rat model as the changes observed were
absent in the control group of the same experiment.

The major neurochemical process in depressive disorder
is the impairment of the monoaminergic neurotransmission,
with a concomitant depleted serotonin and dopamine con-
centration (Guzman-Gutiérrez et al. 2015). The ability of
CSAE, DSAE, NTAE, and CMAE to reduce MAO activ-
ity in the present study is consistent with a previous study
where the alkaloid extracts inhibited brain MAO activities in
a concentration-dependent manner during an ex vivo study
(Fasakin et al. 2021). This ability to inhibit MAO activity
is implicated as the major factor underlining the elevation
of serotonin, dopamine, and noradrenaline levels and the
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Fig.5 a Effects of CSAE, DSAE, NTAE, and CMAE on Time Spent »

in Open Arms (secs) of Elevated Plus Maze. Results are expressed
as mean+SEM (n=6). *p<0.05, **p<0.01, ***p<0.001,
*#%%p <0.0001 compared with the normal control group. CSAES
orally administered alkaloid extracts of C. sativa at 5 mg/kg bwt;
CSAES50—orally administered alkaloid extracts of C. sativa at 50 mg/
kg bwt; CSAE500—orally administered alkaloid extracts of C. sativa
at 500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAES5—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAE50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAE500—orally administered alkaloid extracts of D. stramonium
at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAES5—orally adminis-
tered alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAE50—
orally administered alkaloid extracts of N. tabacum at 50 mg/kg
bwt; NTAE500—orally administered alkaloid extracts of N. taba-
cum at 500 mg/kg bwt; NTAE2000—orally administered alkaloid
extracts of N. tabacum at 2000 mg/kg bwt; CMAES5—orally admin-
istered alkaloid extracts of C. papaya at 5 mg/kg bwt; CMAES0—
orally administered alkaloid extracts of C. papaya at 50 mg/kg bwt;
CMAES500—orally administered alkaloid extracts of C. papaya at
500 mg/kg bwt; CMAE2000—orally administered alkaloid extracts
of C. papaya at 2000 mg/kg bwt. b Effects of CSAE, DSAE, NTAE,
and CMAE on Number of Entries (frequency) of Elevated Plus Maze.
Results are expressed as mean+SEM (n=6). *p<0.05, **p<0.01,
*#%p <0.001, ***¥*p<0.0001 compared with the normal control
group. CSAE5—orally administered alkaloid extracts of C. sativa
at 5 mg/kg bwt; CSAE50—orally administered alkaloid extracts of
C. sativa at 50 mg/kg bwt; CSAE500—orally administered alkaloid
extracts of C. sativa at 500 mg/kg bwt; CSAE2000—orally admin-
istered alkaloid extracts of C. sativa at 2000 mg/kg bwt; DSAE5—
orally administered alkaloid extracts of D. stramonium at 5 mg/
kg bwt; DSAE50—orally administered alkaloid extracts of D. stra-
monium at 50 mg/kg bwt; DSAE500—orally administered alkaloid
extracts of D. stramonium at 500 mg/kg bwt; DSAE2000—orally
administered alkaloid extracts of D. stramonium at 2000 mg/kg
bwt; NTAES5—orally administered alkaloid extracts of N. tabacum
at 5 mg/kg bwt; NTAES0—orally administered alkaloid extracts of
N. tabacum at 50 mg/kg bwt; NTAE500—orally administered alka-
loid extracts of N. tabacum at 500 mg/kg bwt; NTAE2000—orally
administered alkaloid extracts of N. tabacum at 2000 mg/kg bwt;
CMAES5—orally administered alkaloid extracts of C. papaya at
5 mg/kg bwt; CMAE50—orally administered alkaloid extracts of C.
papaya at 50 mg/kg bwt; CMAES500—orally administered alkaloid
extracts of C. papaya at 500 mg/kg bwt; CMAE2000—orally admin-
istered alkaloid extracts of C. papaya at 2000 mg/kg bwt

upregulation of BDNF levels in the hippocampal region of
experimental animal brains (Yao et al. 2009). Interestingly,
previous research has shown that conventional antidepres-
sant medications act via elevation of synaptic availabil-
ity of monoamines and improvement of neurogenesis via
BDNF induction (Duman and Monteggia 2006). However,
DSAE had no significant effect on dopamine level despite
significantly inhibiting MAO activity, while its depletion at
500 and 2000 mg/kg exposure may indicate potentiation of
depression, as the inability to experience pleasure or stimu-
late the reward system is consistent in depressed patients.
Furthermore, the relationship between dopaminergic system
dysfunction and suicide prevalence have been established
(Vargas-Medrano et al. 2020).
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Additionally, the ability of an agent to improve brain
neuronal serotonin bioavailability indicates its antidepres-
sant potential as serotonin metabolism is severely depleted
in depressed suicide patients (Asberg 1997; Shulman et al.
2013). Therefore, the ability of CSAE, NTAE, and CMAE
to inhibit MAO and increase serotonin expression may be
a mechanism employed by the plants’ alkaloids to man-
age anxiety and depression as observed during FST in this
present study. The present results are consistent with that
observed by Miiller et al. (2021), who observed inhibi-
tion of the kynurenine pathway and the activation of the
serotonin synthesis pathway, resulting in higher serotonin
bioactivity. Interestingly, major classes of antidepressant
drugs are selective serotonin reuptake inhibitors (SSRIs)
that bind to serotonin 1A receptors to inhibit the re-uptake
of serotonin into neurons and thereby increase serotonin
concentrations (Chollet et al. 2018). Aside from the direct
effect of serotonin on depression and anxiety, its elevated
concentrations may also help deplete the levels of GSK3,
a key pharmacological target in neuropsychiatric and mood
disorders, via the 5-HT1A receptor-mediated pathway



The modulatory effects of alkaloid extracts of Cannabis sativa, Datura stramonium, Nicotiana... 2461

200

KKK

-
A
Q

ook sk ok
* kKK * kK

Immobility (sec)
E

o
Q

Fig.6 Effects of CSAE, DSAE, NTAE, and CMAE on Immo-
bility Time during Tail Suspension Test. Results are expressed
as mean+SEM (n=6). *p<0.05, **p<0.01, ***p<0.001,
##%%p <0.0001 compared with the normal control group. CSAES—
orally administered alkaloid extracts of C. sativa at 5 mg/kg bwt;
CSAES50—orally administered alkaloid extracts of C. sativa at 50 mg/
kg bwt; CSAE500—orally administered alkaloid extracts of C. sativa
at 500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAES5—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAES50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAE500—orally administered alkaloid extracts of D. stramonium
at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered
alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAES0—orally
administered alkaloid extracts of N. fabacum at 50 mg/kg bwt;
NTAES500—orally administered alkaloid extracts of N. tabacum at
500 mg/kg bwt; NTAE2000—orally administered alkaloid extracts of
N. tabacum at 2000 mg/kg bwt; CMAES5—orally administered alka-
loid extracts of C. papaya at 5 mg/kg bwt; CMAES50—orally admin-
istered alkaloid extracts of C. papaya at 50 mg/kg bwt; CMAE500—
orally administered alkaloid extracts of C. papaya at 500 mg/kg bwt;
CMAE2000—orally administered alkaloid extracts of C. papaya at
2000 mg/kg bwt

(Polter et al. 2012). However, the switching of tryptophan
(the precursor of serotonin) catabolism from the serotonin
synthesis pathway to the kynurenine synthesis pathway
is strongly linked to neuro-inflammation as indole-amine
2,3-dioxygenase is inducible by pro-inflammatory cytokines
(O’Connor et al. 2009), an indication that serotonin metabo-
lism and neuro-anti-inflammation are interrelated factors in
the management of depression. Meanwhile, the depletion
in serotonin expression by DSAE may indicate it activated
the kynurenine pathway at the expense of the serotonergic
pathway despite inhibiting MAO activity. The activation of
kynurenine has been postulated to activate microglia which
converts kynurenine to quinolinic acid which leads to excess
glutamate (an excitatory neurotransmitter) synthesis and
release, and the inhibition of glutamate dehydrogenase activ-
ity (glutamate removing enzyme). More so, excess glutamate

availability and the inhibition of its removing enzymes are
directly linked to depleted BDNF expressions (Miller 2018).
Furthermore, depleted BDNF is linked to hippocampal dam-
age as well as the dysregulation of neuronal survival and
plasticity that ultimately result in depression and even resist-
ance to treatment in depression (Maes et al. 2012), which
may help understand the trend observed during behavioral
studies after exposure to DSAE.

Angiotensin 1-converting enzyme (ACE) catalyzes the
biosynthesis of angiotensin 2 from angiotensin 1, the major
step in renin cascade (Fasakin et al. 2022). The resulting
angiotensin 2 then activates NF-kB, a ubiquitous transcrip-
tional factor, via stimulation of both AT, and AT, receptors,
which also degrades IkB, an inhibitor of NF-kB expression
(Ferrari et al. 2002). This cascade results in production of
the two major pro-inflammatory cytokines associated with
depression (tumor necrosis factor-a and interleukins 1p),
which stimulate microglia action and intensify cytokine
activities that result in the disorder of neuroendocrine func-
tion, behaviors, and neurotransmitter metabolism (Paolucci
et al. 2018). Interestingly, the present study observed a sig-
nificant elevation in the levels of ACE, NF-kB, tumor necro-
sis factor-a and interleukins 1f after sub-chronic exposure of
experimental rats to all doses of DSAE, and the high dose of
CSAE, NTAE, and CMAE. The biphasic cytokine pattern of
CSAE and NTAE administered groups may be the underly-
ing factor behind the same pattern observed in the expres-
sion of serotonin, as pro-inflammatory cytokines levels and
serotonergic expression are interrelated. Pro-inflammatory
cytokines deplete serotonergic bioavailability by elevating
the function and expression of presynaptic reuptake pumps
(transporters) for the monoamine via the activation of p38
mitogen-activated protein kinase (MAPK) (Zhu et al. 2010).
DSAE may have also depleted serotonin synthesis and
release by mediating reactive nitrogen and oxygen species
production which in turn inhibit enzymatic co-factors such
as tetrahydrobiopterin, required for serotonin synthesis and
release (Capuron et al. 2012; Raison et al. 2013).

Meanwhile, the generated tumor necrosis factor-a in
the DSAE-administered group can bind to either 75 kDa
TNF-R2 or 55 kDa TNF-R1 (Palin et al. 2008). Its binding
to 55 kDa TNF-R1 results in a plethora of signaling cas-
cades, such as stimulation of NF-xB, p38 MAPK, and c-jun
N-terminal kinase (JNK) caspases (McCusker et al. 2006;
O’Connor et al. 2008). Stimulation of these cascades results
in neuro-inflammation, bodyweight loss, increase in immo-
bility, a decline in food consumption and social interaction
as well as altered memory and learning indexes (Bluthé
et al. 2000; Palin et al. 2008), which have been implicated
in the progression of depression. Interestingly, CSAE and
NTAE significantly inhibited JNK and NF-kB expression
which may indicate their anti-depressive abilities (Gale-
otti and Ghelardini 2012). More so, the inhibition of JINK
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Fig.7 a Effects of CSAE, DSAE, NTAE, and CMAE on Immobility »

Time during Force Swim Test. Results are expressed as mean+SEM
(n=6). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 com-
pared with the normal control group. CSAES5—orally adminis-
tered alkaloid extracts of C. sativa at 5 mg/kg bwt; CSAE50—
orally administered alkaloid extracts of C. sativa at 50 mg/kg bwt;
CSAE500—orally administered alkaloid extracts of C. sativa at
500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAES—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAE50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAE500—orally administered alkaloid extracts of D. stramonium
at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered
alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAES50—orally
administered alkaloid extracts of N. tabacum at 50 mg/kg bwt;
NTAES500—orally administered alkaloid extracts of N. tabacum at
500 mg/kg bwt; NTAE2000—orally administered alkaloid extracts of
N. tabacum at 2000 mg/kg bwt; CMAES5—orally administered alka-
loid extracts of C. papaya at 5 mg/kg bwt; CMAES50—orally admin-
istered alkaloid extracts of C. papaya at 50 mg/kg bwt; CMAES500—
orally administered alkaloid extracts of C. papaya at 500 mg/kg bwt;
CMAE2000—orally administered alkaloid extracts of C. papaya
at 2000 mg/kg bwt. b Effects of CSAE, DSAE, NTAE, and CMAE
on Swimming Time during Force Swim Test. Results are expressed
as mean+SEM (n=6). *p<0.05, **p<0.01, ***p<0.001,
*#%%p <0.0001 compared with the normal control group. CSAES
orally administered alkaloid extracts of C. sativa at 5 mg/kg bwt;
CSAES50—orally administered alkaloid extracts of C. sativa at 50 mg/
kg bwt; CSAE500—orally administered alkaloid extracts of C. sativa
at 500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAES5—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAE50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAE500—orally administered alkaloid extracts of D. stramonium
at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered
alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAE50—orally
administered alkaloid extracts of N. fabacum at 50 mg/kg bwt;
NTAES500—orally administered alkaloid extracts of N. tabacum at
500 mg/kg bwt; NTAE2000—orally administered alkaloid extracts of
N. tabacum at 2000 mg/kg bwt; CMAES5—orally administered alka-
loid extracts of C. papaya at 5 mg/kg bwt; CMAES50—orally admin-
istered alkaloid extracts of C. papaya at 50 mg/kg bwt; CMAES00—
orally administered alkaloid extracts of C. papaya at 500 mg/kg bwt;
CMAE2000—orally administered alkaloid extracts of C. papaya at
2000 mg/kg bwt

during the inflammatory response was observed to occur via
NF-kB inactivation or COX-2 inhibition (Park et al. 2008;
Ki et al. 2013). Also, CSAE, NTAE, and CMAE exposure
elevated the levels of interleukin 10, an anti-inflammatory
cytokine that has been implicated to alleviate depression
(Swann et al. 2019). The presence of this anti-inflammatory
cytokine may have inhibited the progression of elevated cor-
tisol levels and overactive hypothalamic—pituitary—adrenal
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axis, thereby potentiating improving moods as observed dur-
ing the behavioral tests. Therefore, the ability of CSAE and
NTAE to inhibit NF-xB, TNF-a, IL 1f, and JNK caspases
while elevating IL-10 concentrations at 5, 50 and 500 mg/
kg bwt may suggest that the plants’ alkaloid also exerts their
anti-depressive and anxiolytic abilities via the inhibition of
NF-«xB mediated pathway (Lawal et al. 2019).

Glycogen synthase kinase 3 (GSK3p) plays a key role in
the regulation of these anti— and pro-inflammatory cytokines
production via both the adaptive and innate adaptive immune
systems (Jope et al. 2007; Wang et al. 2011). Meanwhile,
GSK3p inhibitors are potent in the reduction of neuro-
inflammation and are implicated in the downstream and/
or direct mechanism of action of most antidepressants and
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Fig. 8 Effects of CSAE, DSAE, NTAE, and CMAE on Monoamine
Oxidase Activities. Results are expressed as mean+SEM (n=6).
*p<0.05, *¥p<0.01, ***p<0.001, ****p<0.0001 compared
with the normal control group. CSAE5—orally administered alka-
loid extracts of C. sativa at 5 mg/kg bwt; CSAE50—orally admin-
istered alkaloid extracts of C. sativa at 50 mg/kg bwt; CSAE500—
orally administered alkaloid extracts of C. sativa at 500 mg/kg bwt;
CSAE2000—orally administered alkaloid extracts of C. sativa at
2000 mg/kg bwt; DSAES—orally administered alkaloid extracts of
D. stramonium at 5 mg/kg bwt; DSAE50—orally administered alka-
loid extracts of D. stramonium at 50 mg/kg bwt; DSAE500—orally
administered alkaloid extracts of D. stramonium at 500 mg/kg bwt;
DSAE2000—orally administered alkaloid extracts of D. stramonium
at 2000 mg/kg bwt; NTAES—orally administered alkaloid extracts
of N. tabacum at 5 mg/kg bwt; NTAE5S0—orally administered alka-
loid extracts of N. tabacum at 50 mg/kg bwt; NTAE500—orally
administered alkaloid extracts of N. tabacum at 500 mg/kg bwt;
NTAE2000—orally administered alkaloid extracts of N. tabacum at
2000 mg/kg bwt; CMAES5—orally administered alkaloid extracts of
C. papaya at 5 mg/kg bwt; CMAES50—orally administered alkaloid
extracts of C. papaya at 50 mg/kg bwt; CMAES500—orally adminis-
tered alkaloid extracts of C. papaya at 500 mg/kg bwt; CMAE2000—
orally administered alkaloid extracts of C. papaya at 2000 mg/kg bwt

mood stabilizers (Platenik et al. 2014). Therefore, the deple-
tion of proinflammatory cytokines and concomitant eleva-
tion of anti-inflammatory cytokines observed with CSAE,
NTAE, and CMAE oral administration may be dependent on
their inhibitory effect on GSK3f. Furthermore, the regula-
tory effect of GSK3f on inflammatory transcription factors
plays a key role in the modulation of immune responses of
NF-kB, STAT3, and CREB via the PI3K signaling pathway
or Toll-like receptors (TLRs) activation (Maes et al. 2012).
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Fig.9 Effects of CSAE, DSAE, NTAE, and CMAE on Glutamate
Dehydrogenase Activities. Results are expressed as mean+SEM
(n=6). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 com-
pared with the normal control group. CSAE5—orally adminis-
tered alkaloid extracts of C. sativa at 5 mg/kg bwt; CSAE50—
orally administered alkaloid extracts of C. sativa at 50 mg/kg bwt;
CSAE500—orally administered alkaloid extracts of C. sativa at
500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAES5—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAES50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAES00—orally administered alkaloid extracts of D. stramonium
at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered
alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAES0—orally
administered alkaloid extracts of N. fabacum at 50 mg/kg bwt;
NTAES500—orally administered alkaloid extracts of N. tabacum at
500 mg/kg bwt; NTAE2000—orally administered alkaloid extracts of
N. tabacum at 2000 mg/kg bwt; CMAES5—orally administered alka-
loid extracts of C. papaya at 5 mg/kg bwt; CMAES50—orally admin-
istered alkaloid extracts of C. papaya at 50 mg/kg bwt; CMAES00—
orally administered alkaloid extracts of C. papaya at 500 mg/kg bwt;
CMAE2000—orally administered alkaloid extracts of C. papaya at
2000 mg/kg bwt

Especially, the modulation of CREB results in increased
expression of neurotrophic factors such as BDNF and its
receptor (tropomyosin receptor kinase B (TrkB)) which are
essential for neurogenesis and neuron development (Platenik
et al. 2014). The mechanism of action employed is the
phosphorylation of CREB at critical serine residue 133 (a
point where several major signaling pathways congregate)
by protein kinases which leads to transcriptional activation
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Fig. 10 Effects of CSAE, DSAE, NTAE, and CMAE on Angio-
tensin-1 Converting Enzyme Activities. Results are expressed
as mean+SEM (n=6). *p<0.05, **p<0.01, ***p<0.001,
##%%p <0.0001 compared with the normal control group. CSAES
orally administered alkaloid extracts of C. sativa at 5 mg/kg bwt;
CSAES50—orally administered alkaloid extracts of C. sativa at 50 mg/
kg bwt; CSAE500—orally administered alkaloid extracts of C. sativa
at 500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAES5—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAE50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAE500—orally administered alkaloid extracts of D. stramonium
at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered
alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAE50—orally
administered alkaloid extracts of N. fabacum at 50 mg/kg bwt;
NTAE500—orally administered alkaloid extracts of N. tabacum at
500 mg/kg bwt; NTAE2000—orally administered alkaloid extracts of
N. tabacum at 2000 mg/kg bwt; CMAES—orally administered alka-
loid extracts of C. papaya at 5 mg/kg bwt; CMAES50—orally admin-
istered alkaloid extracts of C. papaya at 50 mg/kg bwt; CMAE500—
orally administered alkaloid extracts of C. papaya at 500 mg/kg bwt;
CMAE2000—orally administered alkaloid extracts of C. papaya at
2000 mg/kg bwt

that results in the production of BDNF required for cogni-
tive function and synaptic plasticity (Plitenik et al. 2005).
Interestingly, the present result correlates with the effects of
antidepressants in relation to the neurotrophic hypothesis of
depression states (Ghasemi et al. 2015). Therefore, the abil-
ity of CSAE and NTAE to significantly increase BDNF may
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Fig. 11 Effects of CSAE, DSAE, NTAE, and CMAE on Acetylcho-
linesterase Activities. Results are expressed as mean+SEM (n=06).
*p<0.05, *p<0.01, ***p<0.001, ****p<0.0001 compared
with the normal control group. CSAES5—orally administered alka-
loid extracts of C. sativa at 5 mg/kg bwt; CSAES0—orally admin-
istered alkaloid extracts of C. sativa at 50 mg/kg bwt; CSAES00—
orally administered alkaloid extracts of C. sativa at 500 mg/kg bwt;
CSAE2000—orally administered alkaloid extracts of C. sativa at
2000 mg/kg bwt; DSAE5—orally administered alkaloid extracts of
D. stramonium at 5 mg/kg bwt; DSAE50—orally administered alka-
loid extracts of D. stramonium at 50 mg/kg bwt; DSAE500—orally
administered alkaloid extracts of D. stramonium at 500 mg/kg bwt;
DSAE2000—orally administered alkaloid extracts of D. stramonium
at 2000 mg/kg bwt; NTAES—orally administered alkaloid extracts
of N. tabacum at 5 mg/kg bwt; NTAE50—orally administered alka-
loid extracts of N. tabacum at 50 mg/kg bwt; NTAE500—orally
administered alkaloid extracts of N. fabacum at 500 mg/kg bwt;
NTAE2000—orally administered alkaloid extracts of N. tabacum at
2000 mg/kg bwt; CMAES—orally administered alkaloid extracts of
C. papaya at 5 mg/kg bwt; CMAES50—orally administered alkaloid
extracts of C. papaya at 50 mg/kg bwt; CMAES500—orally adminis-
tered alkaloid extracts of C. papaya at 500 mg/kg bwt; CMAE2000—
orally administered alkaloid extracts of C. papaya at 2000 mg/kg bwt

also be due to their ability to elevate CREB phosphoryla-
tion and thereby prevent the deleterious role of its signaling
pathway.

Furthermore, GSK3f directly phosphorylates Nuclear
Factor-Erythroid Factor 2-Related Factor 2 (Nrf2) at the
ser338 and ser335 of its Neh6 domain, resulting in the



The modulatory effects of alkaloid extracts of Cannabis sativa, Datura stramonium, Nicotiana... 2465

0.4
c Hkokk
Re]
©c 0.3
- *kk
qCJ% kokk Kk
ea * *x
R o
S 2 o2
o £
£79 .
€
SE o4
[e]
a
0.0
> P OO E SO SESSSESSS
CF LS 3 LS SF LB S F LS
S P TR L FrF SR N &
e O@()@v 7S Qroo%v oL & é\v @ OQC:@OQV

Fig. 12 Effects of CSAE, DSAE, NTAE, and CMAE on Dopamine
Level. Results are expressed as mean+SEM (n=6). *p<0.05,
*¥p<0.01, ***p<0.001, ***¥p<0.0001 compared with the nor-
mal control group. CSAES5—orally administered alkaloid extracts
of C. sativa at 5 mg/kg bwt; CSAE50—orally administered alkaloid
extracts of C. sativa at 50 mg/kg bwt; CSAE500—orally adminis-
tered alkaloid extracts of C. sativa at 500 mg/kg bwt; CSAE2000—
orally administered alkaloid extracts of C. sativa at 2000 mg/kg bwt;
DSAES5—orally administered alkaloid extracts of D. stramonium
at 5 mg/kg bwt; DSAE50—orally administered alkaloid extracts of
D. stramonium at 50 mg/kg bwt; DSAE500—orally administered
alkaloid extracts of D. stramonium at 500 mg/kg bwt; DSAE2000—
orally administered alkaloid extracts of D. stramonium at 2000 mg/
kg bwt; NTAE5—orally administered alkaloid extracts of N. tabacum
at 5 mg/kg bwt; NTAESO—orally administered alkaloid extracts of
N. tabacum at 50 mg/kg bwt; NTAE500—orally administered alka-
loid extracts of N. tabacum at 500 mg/kg bwt; NTAE2000—orally
administered alkaloid extracts of N. tabacum at 2000 mg/kg bwt;
CMAES5—orally administered alkaloid extracts of C. papaya at
5 mg/kg bwt; CMAES50—orally administered alkaloid extracts of C.
papaya at 50 mg/kg bwt; CMAES00—orally administered alkaloid
extracts of C. papaya at 500 mg/kg bwt; CMAE2000—orally admin-
istered alkaloid extracts of C. papaya at 2000 mg/kg bwt

destabilization of the Nrf2 and the binding of p-transducin
repeat-containing protein (f-TrCP) to the Nrf2 protein,
which encrypts the complex for proteasomal degradation
thereby inhibiting its function against cellular stress as a
cytoprotective factor (McCallum and Perreault, 2021). Nrf2
is the protein responsible for the regulation of glutamate/
cysteine exchange transporter and induction of detoxifying
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Fig. 13 Effects

of CSAE, DSAE, NTAE,

and CMAE on
Interleukin-18 (IL-1B) concentrations. Results are expressed
as mean+SEM (n=6). *p<0.05, **p<0.01, ***p<0.001,
##%%p <0.0001 compared with the normal control group. CSAES
orally administered alkaloid extracts of C. sativa at 5 mg/kg bwt;
CSAES50—orally administered alkaloid extracts of C. sativa at 50 mg/
kg bwt; CSAE500—orally administered alkaloid extracts of C. sativa
at 500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAE5—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAE50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAE500—orally administered alkaloid extracts of D. stramonium
at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered
alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAE50—orally
administered alkaloid extracts of N. fabacum at 50 mg/kg bwt;
NTAE500—orally administered alkaloid extracts of N. tabacum at
500 mg/kg bwt; NTAE2000—orally administered alkaloid extracts of
N. tabacum at 2000 mg/kg bwt; CMAES5—orally administered alka-
loid extracts of C. papaya at 5 mg/kg bwt; CMAES50—orally admin-
istered alkaloid extracts of C. papaya at 50 mg/kg bwt; CMAE500—
orally administered alkaloid extracts of C. papaya at 500 mg/kg bwt;
CMAE2000—orally administered alkaloid extracts of C. papaya at
2000 mg/kg bwt

enzymes (e.g., HO-1 (heme oxygenase-1) and NADPH
(nicotinamide adenine dinucleotide phosphate) expressions
as well as several other antioxidant genes that have been
implicated in anti-inflammatory responses that are charac-
terized by IL-RA and IL-10 upregulation, and CD4 + CD25
regulatory T cells’ promotion (Maes et al. 2012; Ahmed
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Fig. 14 Effects of CSAE, DSAE, NTAE, and CMAE on Tumor
Necrosis Factor-a (TNF-a) concentrations. Results are expressed
as mean+SEM (n=6). *p<0.05, **p<0.01, ***p<0.001,
##%%p <0.0001 compared with the normal control group. CSAES—
orally administered alkaloid extracts of C. sativa at 5 mg/kg bwt;
CSAES50—orally administered alkaloid extracts of C. sativa at 50 mg/
kg bwt; CSAE500—orally administered alkaloid extracts of C. sativa
at 500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAES5—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAE50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAES00—orally administered alkaloid extracts of D. stramonium
at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered
alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAES0—orally
administered alkaloid extracts of N. fabacum at 50 mg/kg bwt;
NTAES500—orally administered alkaloid extracts of N. tabacum at
500 mg/kg bwt; NTAE2000—orally administered alkaloid extracts of
N. tabacum at 2000 mg/kg bwt; CMAES5—orally administered alka-
loid extracts of C. papaya at 5 mg/kg bwt; CMAES50—orally admin-
istered alkaloid extracts of C. papaya at 50 mg/kg bwt; CMAES00—
orally administered alkaloid extracts of C. papaya at 500 mg/kg bwt;
CMAE2000—orally administered alkaloid extracts of C. papaya at
2000 mg/kg bwt

et al. 2017). Interestingly, this protein was significantly ele-
vated in CSAE, NTAE and CMAE administered rats which
indicates that the ability of the alkaloid extracts to inhibit
GSK3p activity transcends to elevated Nrf2 expression. Fur-
thermore, it also substantiates the anti-inflammatory ability
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Fig. 15 Effects of CSAE, DSAE, NTAE, and CMAE on Interleukin
10 (IL-10) concentrations. Results are expressed as mean+SEM
(n=6). *p<0.05, **p<0.01, ***p<0.001, ****p<(0.0001 com-
pared with the normal control group. CSAE5—orally adminis-
tered alkaloid extracts of C. sativa at 5 mg/kg bwt; CSAE50—
orally administered alkaloid extracts of C. sativa at 50 mg/kg bwt;
CSAE500—orally administered alkaloid extracts of C. sativa at
500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAES5—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAE50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAES00—orally administered alkaloid extracts of D. stramonium
at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered
alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAES0—orally
administered alkaloid extracts of N. fabacum at 50 mg/kg bwt;
NTAES500—orally administered alkaloid extracts of N. tabacum at
500 mg/kg bwt; NTAE2000—orally administered alkaloid extracts of
N. tabacum at 2000 mg/kg bwt; CMAES5—orally administered alka-
loid extracts of C. papaya at 5 mg/kg bwt; CMAES50—orally admin-
istered alkaloid extracts of C. papaya at 50 mg/kg bwt; CMAE500—
orally administered alkaloid extracts of C. papaya at 500 mg/kg bwt;
CMAE2000—orally administered alkaloid extracts of C. papaya at
2000 mg/kg bwt

of the alkaloid extracts at 5, 50 and 500 mg/kg bwt as Nrf2
enthusiastically inhibits proinflammatory effects of NF-xB
and thereby reduces neuroinflammation through the augmen-
tation of apoptotic cells’ phagocytic removals and various
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Fig. 16 Effects of CSAE, DSAE, NTAE, and CMAE on Reac-
tive Oxygen Species (ROS) Production. Results are expressed
as mean+SEM (n=6). *p<0.05, **p<0.01, ***p<0.001,
##%%p <0.0001 compared with the normal control group. CSAES
orally administered alkaloid extracts of C. sativa at 5 mg/kg bwt;
CSAES50—orally administered alkaloid extracts of C. sativa at 50 mg/
kg bwt; CSAE500—orally administered alkaloid extracts of C. sativa
at 500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAE5—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAE50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAE500—orally administered alkaloid extracts of D. stramonium
at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered
alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAE50—orally
administered alkaloid extracts of N. fabacum at 50 mg/kg bwt;
NTAES500—orally administered alkaloid extracts of N. tabacum at
500 mg/kg bwt; NTAE2000—orally administered alkaloid extracts of
N. tabacum at 2000 mg/kg bwt; CMAES5—orally administered alka-
loid extracts of C. papaya at 5 mg/kg bwt; CMAES50—orally admin-
istered alkaloid extracts of C. papaya at 50 mg/kg bwt; CMAE500—
orally administered alkaloid extracts of C. papaya at 500 mg/kg bwt;
CMAE2000—orally administered alkaloid extracts of C. papaya at
2000 mg/kg bwt

pro-inflammatory cytokines downregulation (McCallum and
Perreault, 2021).

Ocxidative stress leads to the stimulation of hypothala-
mus—pituitary—adrenal axis that results in high glucocorti-
coids levels, impairment of neuronal survival, neurogenesis
and macromolecules (proteins, DNA, and lipids) which
cause neuronal dysfunction and depression (Dhingra and

Valecha, 2014; Keller et al. 2017). Interestingly, ROS pro-
duction was elevated in 2000 mg/kg bwt administration of
CSAE, DSAE, NTAE, and CMAE. This trend of ROS may
be the underlying factor behind the modulation of cytokines
levels, as increased levels of proinflammatory cytokines have
been shown in adolescents predisposed to early-life stress,
which has been observed to result in elevated levels of cir-
culating cytokines and cortisol in adult depressive patients
(Horowitz and Zunszain 2015; Miller and Chen 2010). Fur-
thermore, excess ROS production induces region-specific
changes in BDNF expression, a mechanism that has also
been observed to mediate depressive-like behaviors (Leem
and Oh 2015). Aside from excess ROS production depleting
BDNF expression, it can also result in elevated nesfatin-1
mRNA expression. Interestingly, upregulation of nesfatin-1
has been implicated to result in HPA axis hyperactivity, a
dysfunction that is consistent in depressive pathophysiology
(Xiao et al. 2018). Therefore, the significant reduction in
hippocampal nesfatin-1 expression after exposure to CSAE
and NTAE may further establish their potential to act as
anti-depressive agents as nesfatin-1 has been implicated
in altered energy expenditure, appetite, and food intake,
lipogenesis and elevated blood pressure, as well as glucose
homeostasis enhancing glucose-stimulated insulin sensitiv-
ity and secretion (Weibert et al. 2019).

Although acetylcholine release may be also induced by
elevated oxidative stress, it is the inhibition of hippocampal
acetylcholinesterase activity that is the key factor underlin-
ing homeostatic acetylcholine levels and upregulated cholin-
ergic neurotransmission implicated in induced depressive-
and anxiety-like behaviors (Mineur et al. 2013; Picciotto
et al. 2015). Meanwhile, both the pharmacological inhibi-
tion of acetylcholinesterase and elevated oxidative stress has
been proven to be consistent with anxiety and long-term
depression (Martinowich et al. 2012). An indication that
the ability of the alkaloid extracts to significantly inhibit
the enzyme acetylcholinesterase and elevate ROS levels at
2000 mg/kg bwt may explain why the alkaloid extracts at
that dose had negative results during behavioral tests. Inhi-
bition of acetylcholinesterase and elevated ROS levels were
also observed to deplete resilience to repeated oxidative
stress in a social defeat paradigm alongside an increase in
depressive-like and anxiety-like behaviors which were all
reversed after administration of SSRIs (Mineur et al. 2013).
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Fig.17 Effects of CSAE, DSAE, NTAE, and CMAE on Serotonin mRNA
expression. Results are expressed as mean+SEM (n=6). *p<0.05,
*¥p<0.01, ¥**¥¥p<0.001, ****p<0.0001 compared with the normal con-
trol group. CSAES5—orally administered alkaloid extracts of C. sativa
at 5 mg/kg bwt; CSAESO—orally administered alkaloid extracts of C.
sativa at 50 mg/kg bwt; CSAE500—orally administered alkaloid extracts
of C. sativa at 500 mg/kg bwt; CSAE2000—orally administered alka-
loid extracts of C. sativa at 2000 mg/kg bwt; DSAE5—orally admin-
istered alkaloid extracts of D. stramonium at 5 mg/kg bwt; DSAE50—
orally administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAE500—orally administered alkaloid extracts of D. stramonium at
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500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts of
D. stramonium at 2000 mg/kg bwt; NTAES—orally administered alka-
loid extracts of N. tabacum at 5 mg/kg bwt; NTAES0—orally admin-
istered alkaloid extracts of N. tabacum at 50 mg/kg bwt; NTAES00—
orally administered alkaloid extracts of N. tabacum at 500 mg/kg bwt;
NTAE2000—orally administered alkaloid extracts of N. tabacum at
2000 mg/kg bwt; CMAES5—orally administered alkaloid extracts of C.
papaya at 5 mg/kg bwt; CMAES50—orally administered alkaloid extracts
of C. papaya at 50 mg/kg bwt; CMAES500—orally administered alkaloid
extracts of C. papaya at 500 mg/kg bwt; CMAE2000—orally administered
alkaloid extracts of C. papaya at 2000 mg/kg bwt
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Fig. 18 Effects of CSAE, DSAE, NTAE, and CMAE on Brain-derived
neurotrophic factor (BDNF) mRNA expression. Results are expressed as
mean+SEM (n=6). *p<0.05, *¥p<0.01, **¥p<0.001, ***¥p<0.0001
compared with the normal control group. CSAE5—orally administered
alkaloid extracts of C. sativa at 5 mg/kg bwt; CSAE50—orally administered
alkaloid extracts of C. sativa at 50 mg/kg bwt; CSAE500—orally adminis-
tered alkaloid extracts of C. sativa at 500 mg/kg bwt; CSAE2000—orally
administered alkaloid extracts of C. sativa at 2000 mg/kg bwt; DSAES—
orally administered alkaloid extracts of D. stramonium at 5 mg/kg bwt;
DSAES0—orally administered alkaloid extracts of D. stramonium at 50 mg/
kg bwt; DSAES00—orally administered alkaloid extracts of D. stramonium
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at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts of
D. stramonium at 2000 mg/kg bwt; NTAES—orally administered alkaloid
extracts of N. tabacum at 5 mg/kg bwt; NTAESO—orally administered
alkaloid extracts of N. tabacum at 50 mg/kg bwt; NTAE500—orally admin-
istered alkaloid extracts of N. tabacum at 500 mg/kg bwt; NTAE2000—
orally administered alkaloid extracts of N. tabacum at 2000 mg/kg bwt;
CMAE5—orally administered alkaloid extracts of C. papaya at 5 mg/
kg bwt; CMAES0—orally administered alkaloid extracts of C. papaya
at 50 mg/kg bwt; CMAES500—orally administered alkaloid extracts of C.
papaya at 500 mg/kg bwt; CMAE2000—orally administered alkaloid
extracts of C. papaya at 2000 mg/kg bwt
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Fig.19 Effects of CSAE, DSAE, NTAE, and CMAE on cAMP response
element-binding protein (CREB) mRNA expression. Results are expressed
as mean+SEM (n=6). *p<0.05, **p<0.01, ***p<0.001, ***¥*p<0.0001
compared with the normal control group. CSAES5—orally administered
alkaloid extracts of C. sativa at 5 mg/kg bwt; CSAES0—orally administered
alkaloid extracts of C. sativa at 50 mg/kg bwt; CSAE500—orally adminis-
tered alkaloid extracts of C. sativa at 500 mg/kg bwt; CSAE2000—orally
administered alkaloid extracts of C. sativa at 2000 mg/kg bwt; DSAES—
orally administered alkaloid extracts of D. stramonium at 5 mg/kg bwt;
DSAE50—orally administered alkaloid extracts of D. stramonium at 50 mg/
kg bwt; DSAE500—orally administered alkaloid extracts of D. stramonium

Groups

at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts of
D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered alkaloid
extracts of N. tabacum at 5 mg/kg bwt; NTAE50—orally administered alka-
loid extracts of N. tabacum at 50 mg/kg bwt; NTAESO0—orally adminis-
tered alkaloid extracts of N. tabacum at 500 mg/kg bwt; NTAE2000—orally
administered alkaloid extracts of N. fabacum at 2000 mg/kg bwt; CMAES—
orally administered alkaloid extracts of C. papaya at 5 mg/kg bwt;
CMAES(0—orally administered alkaloid extracts of C. papaya at 50 mg/
kg bwt; CMAES00—orally administered alkaloid extracts of C. papaya at
500 mg/kg bwt; CMAE2000—orally administered alkaloid extracts of C.
papaya at 2000 mg/kg bwt
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Fig.20 Effects of CSAE, DSAE, NTAE, and CMAE on Nuclear
Factor-Erythroid Factor 2-Related Factor 2 (Nrf2) mRNA expression.
Results are expressed as mean+SEM (n=6). ¥*p<0.05, **p<0.01,
##%kp <0.001, ****p<0.0001 compared with the normal control
group. CSAES5—orally administered alkaloid extracts of C. sativa
at 5 mg/kg bwt; CSAE50—orally administered alkaloid extracts of
C. sativa at 50 mg/kg bwt; CSAE500—orally administered alkaloid
extracts of C. sativa at 500 mg/kg bwt; CSAE2000—orally admin-
istered alkaloid extracts of C. sativa at 2000 mg/kg bwt; DSAES—
orally administered alkaloid extracts of D. stramonium at 5 mg/
kg bwt; DSAE50—orally administered alkaloid extracts of D. stra-
monium at 50 mg/kg bwt; DSAE500—orally administered alkaloid

extracts of D. stramonium at 500 mg/kg bwt; DSAE2000—orally
administered alkaloid extracts of D. stramonium at 2000 mg/kg
bwt; NTAE5—orally administered alkaloid extracts of N. tabacum
at 5 mg/kg bwt; NTAES0—orally administered alkaloid extracts of
N. tabacum at 50 mg/kg bwt; NTAE500—orally administered alka-
loid extracts of N. tabacum at 500 mg/kg bwt; NTAE2000—orally
administered alkaloid extracts of N. tabacum at 2000 mg/kg bwt;
CMAES5—orally administered alkaloid extracts of C. papaya at
5 mg/kg bwt; CMAESO—orally administered alkaloid extracts of C.
papaya at 50 mg/kg bwt; CMAES500—orally administered alkaloid
extracts of C. papaya at 500 mg/kg bwt; CMAE2000—orally admin-
istered alkaloid extracts of C. papaya at 2000 mg/kg bwt
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Fig.21 Effects of CSAE, DSAE, NTAE, and CMAE on Nuclear
Factor-kappa B (NF-kB) mRNA expression. Results are expressed
as mean+SEM (n=6). *p<0.05, **p<0.01, ***p<0.001,
##%%p <0.0001 compared with the normal control group. CSAES
orally administered alkaloid extracts of C. sativa at 5 mg/kg bwt;
CSAES50—orally administered alkaloid extracts of C. sativa at 50 mg/
kg bwt; CSAE500—orally administered alkaloid extracts of C. sativa
at 500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAES5—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAE50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAE500—orally administered alkaloid extracts of D. stramonium

The roles of CSAE, DSAE, NTAE, and CMAE in
modulating depression was established by assessing their
alkaloid constituents using GCMS. Amid the various com-
pounds screened, cannabidiol, A-9-tetrahydrocannabinol,
hyoscyamine, scopolamine, nicotine, anabasine, anat-
abine, cotinine and carpaine were linked to the modulatory
effects of the plants in depressive states. Network pharma-
cology have identified the ability of C. sativa and its con-
stituents to target key genes of depression (Ma et al. 2021;
Shi et al. 2021). The ability of A-9-tetrahydrocannabinol
administration to mediate a network-wide shift from a bias
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at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered
alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAE50—orally
administered alkaloid extracts of N. fabacum at 50 mg/kg bwt;
NTAE500—orally administered alkaloid extracts of N. tabacum at
500 mg/kg bwt; NTAE2000—orally administered alkaloid extracts of
N. tabacum at 2000 mg/kg bwt; CMAES5—orally administered alka-
loid extracts of C. papaya at 5 mg/kg bwt; CMAES50—orally admin-
istered alkaloid extracts of C. papaya at 50 mg/kg bwt; CMAE500—
orally administered alkaloid extracts of C. papaya at 500 mg/kg bwt;
CMAE2000—orally administered alkaloid extracts of C. papaya at
2000 mg/kg bwt

for negative emotional content to a bias for positive emo-
tional content has been ascertained in a pharmacologi-
cal functional magnetic resonance imaging (fMRI) study
(Bossong et al. 2013). While the anxiolytic and antide-
pressant effects of cannabidiol was observed via stimula-
tion of 5-HT1A receptor and hippocampal neurogenesis
in a biphasic dose—response curve with low dosages more
effective than the higher dosages (Zlebnik and Cher 2016).
The ability of nicotine to mediate MAO-inhibiting medi-
cation and nicotinic acetylcholine receptors (nAChRs)
inhibition in depressed smokers, and enhance stimulation,
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Fig.22 Effects of CSAE, DSAE, NTAE, and CMAE on Gly-
cogen synthase kinase 3f (GSK3p) mRNA expression. Results
are expressed as mean+SEM (n=6). *p<0.05, **p<0.01,
*¥#%p <0.001, ****p<0.0001 compared with the normal control
group. CSAES5—orally administered alkaloid extracts of C. sativa
at 5 mg/kg bwt; CSAE50—orally administered alkaloid extracts of
C. sativa at 50 mg/kg bwt; CSAE500—orally administered alkaloid
extracts of C. sativa at 500 mg/kg bwt; CSAE2000—orally admin-
istered alkaloid extracts of C. sativa at 2000 mg/kg bwt; DSAE5—
orally administered alkaloid extracts of D. stramonium at 5 mg/
kg bwt; DSAE50—orally administered alkaloid extracts of D. stra-
monium at 50 mg/kg bwt; DSAE500—orally administered alkaloid

mood modulation and pleasure in anxiety and stressed
individuals have also been established (Benowitz 2010;
Picciotto et al. 2015; Prochaska and Benowitz 2019). Also,
cotinine has been documented to act as antidepressant via
its anti-inflammatory effects and agonist acts on nAChR
subtypes that activates dopaminergic and serotonergic
systems (Grizzell et al. 2014; Iarkov et al. 2016). How-
ever, anabasine and anatabine was documented to show
no significant anxiolytic effects during a sub-chronic anx-
iety-like behavior study using Zebrafish (Hawkey et al.
2021), an indication that the anxiolytic ability of NTAE
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extracts of D. stramonium at 500 mg/kg bwt; DSAE2000—orally
administered alkaloid extracts of D. stramonium at 2000 mg/kg
bwt; NTAES5—orally administered alkaloid extracts of N. tabacum
at 5 mg/kg bwt; NTAES0—orally administered alkaloid extracts of
N. tabacum at 50 mg/kg bwt; NTAE500—orally administered alka-
loid extracts of N. tabacum at 500 mg/kg bwt; NTAE2000—orally
administered alkaloid extracts of N. tabacum at 2000 mg/kg bwt;
CMAES5—orally administered alkaloid extracts of C. papaya at
5 mg/kg bwt; CMAE50—orally administered alkaloid extracts of C.
papaya at 50 mg/kg bwt; CMAES500—orally administered alkaloid
extracts of C. papaya at 500 mg/kg bwt; CMAE2000—orally admin-
istered alkaloid extracts of C. papaya at 2000 mg/kg bwt

is dependent on nicotine and cotinine. This further sub-
stantiates the use of N. tabacum as traditional herbs in the
management of anxiety and depression (Hall et al. 1993;
Berlowitz et al. 2020). Scopolamine has been observed to
elicit antidepressant effects by reducing cholinergic tone
via its inhibition of acetylcholine muscarinic 1 (AChM1)
receptor on y-aminobutyric acid (GABA) interneurons
and the subsequent increase of glutamate function and
transmission by the spine synapse while exerting nominal
effects on nicotinic receptors (Jaffe et al. 2013; Li et al.
2020; Fasakin et al. 2021). However, its antidepressant
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Fig. 23 Effects of CSAE, DSAE, NTAE, and CMAE on c-jun
N-terminal kinase (JNK) mRNA expression. Results are expressed
as mean+SEM (n=6). *p<0.05, **p<0.01, ***p<0.001,
##%%p <0.0001 compared with the normal control group. CSAES—
orally administered alkaloid extracts of C. sativa at 5 mg/kg bwt;
CSAES50—orally administered alkaloid extracts of C. sativa at 50 mg/
kg bwt; CSAE500—orally administered alkaloid extracts of C. sativa
at 500 mg/kg bwt; CSAE2000—orally administered alkaloid extracts
of C. sativa at 2000 mg/kg bwt; DSAES5—orally administered alka-
loid extracts of D. stramonium at 5 mg/kg bwt; DSAE50—orally
administered alkaloid extracts of D. stramonium at 50 mg/kg bwt;
DSAES00—orally administered alkaloid extracts of D. stramonium

use has been limited to as few as 7-14 days due to its
downstream mechanism of action, which may explain the
negative results obtained after sub-chronic exposure of
experimental animals to DSAE (Jaffe et al. 2013). Fur-
thermore, hyoscyamine have been associated with adverse
effects on cornu ammonis 1 (CA1) regions and diminished
novel object recognition (Abdu et al. 2020). Finally, C.
papaya and its constituents, choline and carpaine have
been documented to modulate depression of the central
nervous system (Olley 2007; Oyewole and Owoyele 2012;
Riley and Renshaw 2018).

Conclusion

Communally, this study established the relationship
between depression, neurotransmitter, neurotrophic and
inflammatory systems, and the neuro-modulatory effects
of CSAE, DSAE, NTAE, and CMAE on the systems.
The difference between the effects of CSAE, CMAE,
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at 500 mg/kg bwt; DSAE2000—orally administered alkaloid extracts
of D. stramonium at 2000 mg/kg bwt; NTAE5—orally administered
alkaloid extracts of N. tabacum at 5 mg/kg bwt; NTAES0—orally
administered alkaloid extracts of N. fabacum at 50 mg/kg bwt;
NTAES500—orally administered alkaloid extracts of N. tabacum at
500 mg/kg bwt; NTAE2000—orally administered alkaloid extracts of
N. tabacum at 2000 mg/kg bwt; CMAES5—orally administered alka-
loid extracts of C. papaya at 5 mg/kg bwt; CMAES50—orally admin-
istered alkaloid extracts of C. papaya at 50 mg/kg bwt; CMAE500—
orally administered alkaloid extracts of C. papaya at 500 mg/kg bwt;
CMAE2000—orally administered alkaloid extracts of C. papaya at
2000 mg/kg bwt

and NTAE at low and high doses may be the underly-
ing factor in the discrepancies between the results of
studies that have evaluated depression and psychoactive
substance use. This study established the antidepressant
and anxiolytic potentials of CSAE, CMAE, and NTAE
via improving monoaminergic bioavailability, activation
of neurotrophic signaling cascades and de-hyper-activa-
tion of hypothalamic—pituitary—adrenal axis. However,
their use is still a risk as it is associated with depend-
ence and addiction which may result in more detrimental
effects than any therapeutic potential they may proffer.
Therefore, the present study recommends isolating the
bioactive constituents of CSAE, CMAE, and NTAE to
evaluate their anxiolytic and anti-depressive effects while
monitoring the resulting prevalence of dependence and
addiction.
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Fig. 24 Effects of CSAE, DSAE, NTAE, and CMAE on Nesfatin-1
mRNA expression. Results are expressed as mean+SEM (n=6).
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared
with the normal control group. CSAE5—orally administered alka-
loid extracts of C. sativa at 5 mg/kg bwt; CSAE50—orally admin-
istered alkaloid extracts of C. sativa at 50 mg/kg bwt; CSAE500—
orally administered alkaloid extracts of C. sativa at 500 mg/kg bwt;
CSAE2000—orally administered alkaloid extracts of C. sativa at
2000 mg/kg bwt; DSAES—orally administered alkaloid extracts of
D. stramonium at 5 mg/kg bwt; DSAE50—orally administered alka-
loid extracts of D. stramonium at 50 mg/kg bwt; DSAE500—orally
administered alkaloid extracts of D. stramonium at 500 mg/kg bwt;
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