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Abstract

Background: Chrysin is a phytochemical compound and was found to be a potent anti-anxiety
and neuroprotective. However, it is unclear whether chrysin has beneficial effects on stress-
related metabolomic profiles. The current study aimed to assess the anti-stress effects and
corresponding mechanisms of chrysin on male rats using a metabolomics method.

Methods: The male rats weighing 220+ 10 g segregated into different groups (n=6). To induce
stress, animals subjected to stress for 2 hours. The control and stressed groups received saline.
Also, the intact and stressed groups, received chrysin at doses of 10 mg/kg intraperitoneally (IP).
Then, behavioral tests were performed. All injections performed 30 min before stress induction.
Then the serum was collected. The metabolic profiles were analyzed using the HNMR method.
Results: Serum metabolic profiling showed comprehensive metabolic variation among the four
groups. A series of metabolic pathways including pyrimidine, arginine and phenylalanine-
tyrosine-tryptophan biosynthesis were affected. Eighteen potential biomarkers such as
phenylalanine, tyrosine, alanine and arginine were identified. Chrysin could correct the
disturbed metabolic pathways and restore the variation of these potential markers (P<0.05).
Also, behavioral tests showed a significant improvement in anxiogenic behaviors in the male rats
receiving chrysin compared to the stress group (P<0.05).

Conclusion: The metabolic changes and the associated pathways, provide insights into the
mechanisms of anti-anxiety of chrysin, and further studies are needed to confirm its anti-anxiety
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effect.

Introduction
Stress is defined by physiological alterations in response
to any threatening stimuli. Depression and anxiety
disorders are the consequences of stress. The World
Health Organization lists anxiety and stress disorders as
one of the top ten public health concerns, which have
become epidemic in recent years. These conditions are
known to be significant risk factors for various illnesses,
such as metabolic, neuropsychiatric, and cardiovascular.
Currently, treatment options include anti-anxiety
medications such as beta blockers, antidepressants,
and members of the benzodiazepine class. However,
there are various issues, such as tolerance building,
withdrawal symptoms, low success rates, and adverse
effects of drug therapy."” Therefore, the disadvantages of
conventional anti-anxiety drug have prompted the search
for alternative treatments such as bioactive compounds of
herbal medicines and their derivatives.?

Chrysin (5,7-dihydroxyflavone) is one of the main
biologically active compounds of plants including
Passiflora, Scutellaria baicalensis, propolis and honey.?

Previous studies, have been demonstrated the antioxidant,
anti-inflammatory, neuroprotective, anti-stress, and
analgesic effects of chrysin.* It has been established
that chrysin exerts anxiolytic effects by activating the
GABAergic signaling system.” Furthermore, the evidence
shows that chrysin, could act as a positive moderator on
behavioral changes in stressed rat.® Several studies have
been conducted on the toxicity of chrysin in animal
models. Chrysin is well tolerated at low doses and does not
cause significant side effects. At higher doses, side effects
are mild and transient. Also, no toxicity has been reported
after volunteers consumed oral doses of chrysin ranging
from 300 to 625 mg.” Some studies also show that chrysin
does not negatively affect the function of organelles such
as the liver and kidneys and may even help improve their
function.®

Few studies have used serum metabolomics techniques
to examine the pharmacological mechanisms of chrysin.
Metabolomics is a powerful approach to investigate all
of the endogenous metabolites that biological systems
produce. The metabolomics method makes use of bio-
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fluids, which are easily obtained without causing any
harm, and include a large range of metabolites. This
approach has been extensively used in recent years to
investigate the processes and effects of drugs.>'® The
present study investigated changes in metabolic profiles
and stress-related behaviors in a male rat stress model
treated with chrysin.

Methods

Animals

The animals maintained in order to compatibility in the
laboratory for two weeks. Male rats had free access to food
and water. The laboratory temperature was set at 22-25 °C
under 12 hours of alternating light and dark cycles.

Design and treatment

To conduct the experiment, 24 male Wistar rats weighing
220+10 g divided into four groups (n=6). Group I:
received saline as a control group. Group II: received
saline as a stressed group. Groups III and IV: received
10 mg/kg chrysin (Cas No, 480-40-0, Co, USA), as a
stressed and intact groups. The drugs were injected
intraperitoneally (IP). All injections performed 30 min
before stress induction. Animals euthanized at the end of
the experiment. Then, blood samples were collected.

Acute restraint stress

For acute stress induction, 30 minutes after receiving
chrysin, animals placed in a restraining box with
dimensions (length 18 c¢m, diameter 5 cm). Then, the
boxes were moved to a quiet, dark room for 2 hours." All
experiments were done between 9-11 AM.

Behavioral tests
Open field test (OFT): This test is used to assess the stress
in male rats. The animals were placed in the middle of a
box (60 x 60 x 60 cm) divided into 16 equal squares. Then,
the number of enteries into center and the time spent in
center by male rats were evaluated for 5 minutes.'”
Forced swimming test (FST): For this test, a transparent
container 30 cm long, 30 cm wide, and 60 cm high was
used. Two-thirds of the container was filled with water
and the temperature was set at 23-25 °C. One day before
the experiment, the animals were placed in the swimming
container for learn to swim. To perform the test, the male
rats were slowly placed in water. Then, the anxiogenic
behaviors were recorded by the camera for 6 minutes.
Active movement of arms and legs indicates swimming.'?
Light/ dark test (LDT): The box consists of two
light (40x40x60 cm) and dark (20x40x60 cm)
compartments. These two compartments are connected
by a valve (10 x 10 cm). To do the test, first, a male rat is
placed in a dark compartment. After 10 secs, the valve is
opened, so that the animal can move freely between the
two compartments. The number of entries into the light
compartment and the time spent in the light compartment
were recorded for 5 minutes by the camera.®

Serum preparation for IHNMR analysis

The collected blood samples were centrifuged at 3000 rpm
for 15 minutes. The isolated serum samples were stored
at - 80 °C, immediately for further analysis by "HNMR
spectroscopy. Then, 300 uL of prepared serum diluted
in 100 mL D,O. '"HNMR spectra of serum samples were
recorded using a 500 MHz Varian Unity Inova NMR at
298 °K using a 5 mm probe. The standard Carr-Purcell-
Meiboom-Gill (CPMG) pulse was applied using the
water suppression and a weak irradiating pulse on the
water peak during the saturation delay. To obtain the
spectra, 100 scans were performed into 32 k data points.
A relaxation delay of 2.0 s and an acquisition time of 3.27
s were assumed for the "HNMR spectrum. TMS was used
as an internal reference.

Preprocessing of IHNMR spectra and statistical analysis
After recording spectra, the FID spectra were converted to
frequency domain spectra using MestRenova (Mestrelab
Research Mnova 15.0.0.34764) software. The spectra were
phase and baseline corrected and water suppression was
done at 4.7-5.52 ppm in data. The spectra were imported
to MATLAB R2022a (MathWorks) for further analysis.
The imported data was an 18 x32768 matrix in which,
24 was the number of serum samples and 32768 was the
number of chemical shifts. In the next step, the unwanted
regions including only the noise in spectra were removed
from first and end of spectra and then the data were
aligned using correlation optimized warming COW
algorithm. In the next step, data were binned to reduce
the size of data. After binning the data size was 18 x 6596.
Then the data were scaled with pareto scaling.”® After
scaling the pre-processed data was ready to multivariate
analysis. In the first step Principal Component Analysis
(PCA) was performed on data. In the next step, Partial
Least Square-Discriminant Analysis (PLS-DA) as a
supervised classification model was applied on data.
To find the altered metabolites, variable important
predictor (VIP)score from PLS-DA was calculated and
the important chemical shifts (VIP>1) was used to
estimate important altered metabolites. The metabolites
were found from www.hmdb.ca database."* After finding
the important metabolites, these metabolites were entered
to MetaboAnalyst 5.0 to identify altered metabolic
pathways."®

The data were analyzed using SPSS software (version
16) and one-way ANOVA. Tukey’s test was used to
show differences between groups. The level of statistical
significance was considered as P values <0.05. The results
were expressed as a mean = SEM.

Results

The effect of chrysin on anxiogenic behaviors

As shown in Figure 1A and 1B, the time spent into the
center and the number of entries into center of the open
field box in the stress group were significantly decreased
compared to the control (P<0.05). In the stressed group
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receiving chrysin 10 mg/kg, the time spent into the
center and the number of entries into center increased
significantly compared to the stress group (P<0.05). In
the intact group receiving chrysin 10 mg/kg, compared to
the control, the time spent into the center and the number
of entries into center decreased significantly (P<0.05).

The results of the light/dark box showed that the time
spent in the light compartment was not significantly
reduced in the stress group compared to the control.
Injection of chrysin 10 mg/kg into stressed groups did
not significantly increase the time spent in the light
compartment compared to the stress group (Figure 2A).
Also, in the intact group receiving 10 mg/kg chrysin, the
time spent in the light compartment did not decrease
significantly compared to the control.

The stressed group compared to the control showed
a decrease in the number of entering into the light
compartment. The decrease was significant (P<0.05). In
the stressed groups receiving chrysin 10 mg/kg compared
to the stress group, the number of entering into the light
compartment increased. The increase was not significant
(Figure 2B). The number of entering into the light
compartment in the intact group receiving chrysin 10
mg/kg was significantly reduced compared to the control
(P<0.05).

The results of FTS showed that the increase in the

duration of immobility in the stress group compared to
the control was significant(P<0.05). Injection chrysin
10 mg/kg into stressed male rats significantly decreased
the duration of immobility compared to the stress group.
(P<0.05) (Figure 3). The duration of immobility in
the intact group receiving 10 mg/kg of chrysin did not
increase significantly compared to the control.
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Figure 3. Effects of chrysin administration on immobility time in FST. Data
were analyzed using one-way ANOVA followed by Tukey’s post hoc
test. All values are presented as means+SEM. (P<0.05) *: compared with
control, &: compared with stress group (n=06)
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Figure 1. Effect of chrysin administration on (A) time spent in center and (B) number of entries into center in OFT. Data were analyzed using one-way ANOVA
followed by Tukey’s post hoc test. All values are presented as means+SEM. (P<0.05) *: compared with control, &: compared with stress group (n=6)
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Figure 2. Effect of chrysin administration on (A) time spent in the light compartment and (B) number of entries into the light compartment in LDT. Data were
analyzed using one-way ANOVA followed by Tukey’s post hoc test. All values are presented as means +SEM. (P<0.05) *: compared with control, &: compared

with stress group (n=6)
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Figure 4. Estimated (a) score with 95% confidence ellipse and (b) loading plot from applying PCA on data and (c) score plot and (d) loading plot from PLS-DA on
data. Group I: received saline as a control. Group II: received saline as a stress group. Group IlI: received 10 mg/kg chrysin, as stressed rats, Group IV: received
10 mg/kg chrysin, as intact rats. Data were analyzed using MestRenova (Mestrelab Mnova VBuild 18998) software and MATLAB R2022a (MathWorks). PC:

Principal component, LV: Latent variable

The effect of chrysin on profile metabolic changes
Figures 4a and 4b show the resulted score and loading plot
of data (PCA). From this figure it is clear that the groups
are not separated from each other. Figures 4c and 4d
show the score and loading plots from PLS-DA. From
figure, a good separation between groups is observed.
The scores plot showed the treated groups with chrysin
were far from the control group, which showed positively
correlated with the score plots. Chemical shifts with
VIP > 1 were selected to estimate the changed metabolites.
To examine if chrysin treatment changed metabolites in
stress conditions, we found potential biomarkers, which
were significantly different between stress+chrysin
treatment group, chrysin +intact group, stress group and
control group in the serum samples, and are summarized
in Table 1.
Table 2
stress + chrysin treatment, chrysin+intact groups, stress

shows the altered pathways between
group and control based on the information obtained
from the MetaboAnalyst database. Metabolic analysis
revealed that 22 metabolic pathways were involved
during stress. In this study, three important metabolic
pathways including phenylalanine-tyrosine-tryptophan
biosynthesis, pyrimidine and arginine were selected,
which had a strong effect on the metabolism of male rats
during stress (Figures 5 and 6). Other pathways are not

shown.

Table 1. Important metabolites and their table of assignment in comparison
to control group

Metabolite’s name ‘G21 ‘G31 ‘G41
L-phenylalanine ! U 1
L-tyrosine 1 1 1
Glutamate ! ! 1
L-glutamine 1 ! 1
L-citrulline 1 ! 1
L-argininosuccinate 1 | 1
L-Arginine ! ! 1
L-ornithine ! ! 1
L-glutamine 1 U 1
N-carbamoylaspartate ! 1 1
Cytidine ! 4 1
Uridine ! | 1
Deoxycytidine ! 4 1
Deoxyuridine ! ! 1
Dihydrouracil ! U 1
Ureidopropionate ! ! 1
B-alanine 1 4 1
Thymidine 1 ! T

‘G21: comparison of Group 2(stress group) with group 1 (control).
‘G31: comparison of Group 3 (stress receiving chrysin) with group 1 (control).
'G41: comparison of Group 4 (intact receiving chrysin) with group 1 (control).
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Table 2. Results of pathway analysis using MetaboAnalyst for the stress group after treatment with chrysin

Metabolic profiles Total Expected Hits Raw P values Holm adjust FDR Impact
Aminoacy|-tRNA biosynthesis 48 3.57 16 9.27E-08 7.78E-06 7.78E-06 0
Valine, leucine and isoleucine biosynthesis 8 0.59 6 3.69E-06 3.06E-04 1.55E-04 0
Amino sugar and nucleotide sugar metabolism 37 2.75 11 3.89E-05 3.19E-03 1.089E-03 0.321
beta-Alanine metabolism 21 1.56 8 6.57E-05 5.32E-03 1.38E-03 0.615
Arginine biosynthesis 14 1.04 6 2.72E-04 0.021 4.57E-03 0.598
Pyrimidine metabolism 39 2.90 10 3.51E-04 0.027 4.907E-03 0.209
Galactose metabolism 27 2.01 8 4.90E-04 0.038 5.882E-03 0.167
Histidine metabolism 16 1.19 6 6.41E-04 0.049 6.729E-03 0.549
Arginine and proline metabolism 38 2.83 9 1.31E-03 0.099 0.0122 0.389
Taurine and hypotaurine metabolism 8 0.59 4 1.61E-03 0.120 0.013 0.714
Pantothenate and CoA biosynthesis 19 1.41 6 1.80E-03 0.133 0.013 0.078
Alanine, aspartate and glutamate metabolism 28 2.08 7 3.33E-03 0.243 0.022 0.332
Starch and sucrose metabolism 15 1.12 5 3.42E-03 0.246 0.022 0.330
Pentose and glucuronate interconversions 18 1.34 5 8.14E-03 0.577 0.048 0.5
Cysteine and methionine metabolism 33 2.45 7 8.80E-03 0.616 0.049 0.596
Thiamine metabolism 7 0.52 3 1.12E-02 0.775 0.059 0
Tryptophan metabolism 41 3.05 7 2.82E-02 1 0.139 0.526
Phenylalanine, tyrosine and tryptophan biosynthesis 4 0.30 2 2.98E-02 1 0.139 1
Ascorbate and aldarate metabolism 10 0.74 3 3.27E-02 1 0.144 0.5
Glycine, serine and threonine metabolism 34 2.53 6 3.57E-02 1 0.149 0.202
Fructose and mannose metabolism 18 1.34 4 3.93E-02 1 0.157 0.087
Phenylalanine metabolism 12 0.89 3 5.37E-02 1 0.205 0.357

Note: The ‘Total’ column shows the number of compounds in each pathway. The ‘Hit’ column is the number of our query metabolites. The raw P-values are
adjusted with Holm and FDR methods. The ‘Impact’ refers to the impact of each importance of pathways from topological analyses. FAD: false discovery rate.

Aminoacyl-tRNA biosynthesis I
o

l Pyrimidine metabolism

Valine, leucine and isoleucine biosynthesis |
°

- - | Arginine biosynthesis
| Purine metabolism |
+ ® @]
I Amino sugar and nuCleotide sugar melabohsm
® Glycme. serine and threonine metabolism
O : Taurine and hypotaurine metabolism

Cys eine and methionine metabolism |

-0g10(p)

Cf O @)
§ ®) | Phenylalanine, tyrosine and tryptophan biosynthesis
E%e ‘89
T T T 1

0.0 0.2 04 0.6 08 10

0
L

Pathway Impact

Figure 5. Altered pathways and their impact
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Figure 6. Effect chrysin on biochemical pathway of pyrimidine, arginine and phenylalanine-tryptophan-tyrosine biosynthesis. The red boxes, show the altered metabolites

Discussion

The present study showed the anti-anxiety effect of
chrysin on behavior and changes in serum metabolomics
profile in stress model male rats. FST, LDT, and OFT are
the most commonly used tests to investigate the effects
of anxiolytic drugs on behavioral parameters of animals.
In the present study, acute restraint stress (2 hours)
significantly reduced OFT parameters such as number of
entries and the time spent in the center. Similarly, acute
restraint stress significantly increased the duration of
immobility in the FST, which is indicative of anxiety. The
results are consistent with previous studies.'® Treatment
with 10 mg/kg chrysin reversed the anxiety-related
symptoms in male rats. Rashno et al showed that chrysin
has anxiolytic effects,'” which coincides with our findings.
One of the mechanisms involved in the response to stress
is the activation of the hypothalamic-pituitary-adrenal
axis (HPA). It seems that hyperactivity of the HPA axis is
related to stimulating the activity of neurons containing
CRH in the hypothalamus, which can be involved in the
occurrence of anxiety behaviors.'® In addition, it has been
reported that the GABA system is closely related to the
CRH neuron, so that increasing the activity of the GABA
neurons inhibits CRH secretion. According to evidence,
chrysin has GABAergic effects and can exert its effect
by binding the GABA, benzodiazepine site receptor.”
Therefore, there is a possibility that chrysin can create
anti-anxiety behaviors with inhibiting the release of CRH
via activating GABAergic system.

Anxiety disorders may lead to an increase in pro-
inflammatory factors. Subsequently, the accumulation
of inflammatory factors causes nerve degeneration.***'
brain-derived neurotrophic factor (BDNF) is one of the

most important molecules that plays a crucial role in the
development, survival, and plasticity of neurons in the
brain. BDNF is upregulated in the paraventricular nucleus
of the hypothalamus in response to stress.”* Recent
research has highlighted the intricate relationship between
BDNF and stress, suggesting that stress can significantly
influence BDNF levels by increasing pro-inflammatory
factors such as tumor necrosis factor-alpha (TNF-a) and
interleukins (IL-6, IL-1), that BDNF may modulate the
effect of stress on the brain. Studies have shown that stress
can lead to atrophy nerve, correlating with lower BDNF
levels.?**! On the other hand, antioxidant, neuroprotective
and anti-inflammatory properties of chrysin have been
reported. Moreover, a study shows that chrysin increases
BDNF levels.?** Another possible mechanism of chrysin
in alleviating stress can be the regeneration and protection
of neurons of BDNF by reducing inflammatory factors,
also evident in stress-related behaviors.

Also, in the current research, using a non-targeted
metabolomics approach, eighteen metabolites with
significant change levels between the chrysin treatment
group, the stress group and the control group were
identified and theimportant metabolites were investigated.
Currently, no previous research has investigated the effect
of chrysin on changes in metabolic profiles under stress,
although there are many data on its other effects.

Phenylalanine is an essential amino acid that participates
in the synthesis of proteins and catecholamines.
Phenylalanineisthe precursor of tyrosineand subsequently
L-dopa, dopamine and neurotransmitters. A change in
the metabolism of phenylalanine leads to a decrease in
the level of tyrosine and its metabolites, including L-dopa,
dopamine, norepinephrine and thyroxine.” Dopamine is
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one of the important transmitters in the central nervous
system and changes in the dopaminergic system cause
many psychiatric disorders such as anxiety and depression.
Studies have shown that dopamine modulates anxiety-
like behavior.?® There is also a close relationship between
the loss of adrenergic neurons and stress. Evidence
shows that restrictive stress significantly reduced the
number of noradrenergic neurons in rats, subsequently,
lower levels of norepinephrine are produced.” Tyrosine
is also a precursor of thyroid hormone, which plays an
important role in regulating cell metabolism, modulating
neurotransmission, and neurodevelopment.” Alterations
in thyroid hormone signaling are associated with anxiety
disorders. Studies show that hypothyroidism produces a
mild anxiety effect in rats.*® Our results showed that the
levels of phenylalanine and tyrosine decreased in the rats of
the stress model compared to the control group. Previous
studies support our findings.’" Injection of chrysin to
intact male rats increased the level of phenylalanine
and tyrosine compared to the control group. There is
a possibility that in stress conditions the signaling of
dopamine, thyroid hormone and norepinephrine is
inefficient due to disruption in the biosynthesis of the
phenylalanine-tyrosine-tryptophan pathway. Therefore,
chrysin may return the condition to normal by increasing
the levels of their precursors, phenylalanine and tyrosine.
Pyrimidine metabolism pathways are involved in
various physiological functions. Intermediates of
pyrimidine metabolism are key biomolecules in nucleic
acid biosynthesis, carbohydrate and lipid metabolism.*
Previous research shows that determined aberrations
in pyrimidine metabolism have been associated with
neurological dysfunction and psychiatric disorders.” In
the present study, the level of pyrimidine derivatives such
as beta-alanine, thymidine, glutamine and carbamoyl
aspartate decreased in the stress group. This shows that
targeting pyrimidine metabolism in stress model male
rats is helpful in reducing anxiety. Pyrimidine bases are
oxidized to beta-alanine and beta-aminoisobutyric acid.
Hoffman et al, have reported that supplemented with
beta-alanine leads to a decrease in anxiety in animals.*
Beta-alanine is a neurotransmitter that acts on the GABA
receptor. Beta-alanine stimulates the GABA receptor.”
GABA is an inhibitory neurotransmitter that plays an
important role in regulating nerve activity and reducing
stress and anxiety.* In a study, it was reported that
chrysin inhibits pyrimidine biosynthesis.”” However, our
findings showed that chrysin increased the levels of altered
metabolites in the pyrimidine biosynthesis pathway in
the intact group. Therefore, chrysin has probably led to
reduced stress in animals through increasing the levels of
metabolites and the effect on the GABArgic system.
L-arginine is a semi-essential amino acid, metabolized
to several biologically active molecules, including
L-ornithine, agmatine, nitric oxide (NO), and urea.
Arginine-derived L-ornithine is converted to glutamate
and glutamine.”® In the present study, the level of

metabolites of ornithine, arginine, glutamate and
glutamine decreased in the stress group, which can be
caused by increased pro-inflammatory factors. Studies
have shown that glutamine and arginine have anti-
inflammatory effects so that nutrition supplements with
these compounds reduces half of the cells that produce
inflammatory factors (TNF-a and IL-8). An increase in
pro-inflammatory factors is associated with anxiety.”
However, our results showed that, in the intact group,
chrysin increased the level of metabolites of arginine,
ornithine, glutamine and glutamate. However, there was
a study that disagreements with our results.” Increasing
metabolites through reducing inflammatory factors can
contribute to reducing anxiety. Therefore, suggests that
chrysin can alleviate stress by regulating arginine pathway
biosynthesis.

The present study showed that chrysin injection
increased the level of metabolites of aromatic amino acids,
arginine and pyrimidine in the intact group, however, in
the stress group, chrysin was not able to reverse the serum
levels of metabolites. Probably, the dose of chrysin was
not enough to affect the stress group. Considering that,
in the intact group, chrysin increased the metabolism
of arginine, aromatic amino acids and pyrimidine
biosynthesis pathway, which indicates the potential of
chrysin in reducing stress through these pathways.

Conclusion

Briefly, we studied a novel herbal medicinal composition
called chrysin on the stress. First, the effect of chrysin was
investigated on the behavior of male rats. Chrysin reduced
anxiogenic behaviors. Then, the effect of chrysin on
metabolomics profiles was studied using HNMR- based
metabolomics. It was observed that chrysin has a strong
effect on pyrimidine, tyrosine-phenylalanine-tryptophan
and arginine metabolic pathway compared to 22 other
pathways. Chrysin increased the metabolism of these
pathways in the healthy group, which indicates its positive
effect. However, the effects of chrysin on metabolomic
profiles were insignificant in the stress group. Therefore,
one of the reasons can be the low dose of chrysin. It is
suggested to work with higher doses in the subsequent
studies.
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