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Abstract: Heavy metals ubiquitously found in soil and water, represent a serious
environmental problem that disrupts plant mineral nutrition homeostasis, osmo-
tic balance and metabolism. The application of some biostimulants can alleviate
these disruptions. Melatonin as a signal molecule, and antioxidant plays an imp-
ortant role in plant growth and stress tolerance due to its ability to directly neut-
ralize reactive oxygen and nitrogen species. The reduction or mitigation of heavy
metals adverse effects in valerian plants grown in open field conditions using
melatonin was investigated in this study. High-pressure liquid chromatography
coupled with a fluorescence detector was used to identify and quantify melatonin
concentration in valerian root extracts. Also, the physiological and biochemical
status of plants under abiotic stress was examined, especially in 100 pM mela-
tonin pre-treated plants. Higher concentrations of endogenous melatonin were
measured in roots of Cd and Zn treated plants. Melatonin application alleviated
the negative effect of Cd, particularly evident in Cd-melatonin treatment which
restored or enhanced bioactive compound levels. Melatonin effectively mitigates
Cd and Zn-induced stress in valerian by enhancing both non-enzymatic and enz-
ymatic antioxidant systems and promoting the synthesis of protective com-
pounds. These findings highlight melatonin’s potential as a sustainable biostim-
ulant to support plant resilience and productivity in heavy metal-stressed envi-
ronments.

Keywords: abiotic stress; heavy metals; phytomelatonin; Valeriana officinalis L.

INTRODUCTION
Melatonin has been known as a non-toxic and universal molecule, naturally
occurring in plants and humans.1 Melatonin (N-acetyl-5-methoxytrytamine), an
indoleamine synthesized from tryptophan and secreted by the pineal gland, is also
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found in plant chloroplast and mitochondria, where it participates in several meta-
bolic pathways. It has been found in almost all forms of organisms (invertebrates,
algae, fungi and bacteria). The established melatonin concentration in different
plant species vary from 2 to 5000 pg/g of dry matter. The measured concentrations
are affected by plant genotype, development stage, plant tissue analyzed and
environmental conditions (salinity, temperature, ultraviolet light, heavy metals).2

Melatonin actively reacts with free radicals and stimulates various physio-
logical, morphological and biochemical plant features, from seed germination to
biological yield.3 Melatonin is involved in development processes, circadian
rhythms regulation, promotion of photosynthesis, fruit ripening, chlorophyll pre-
servation and leaf senescence, among others.24 The role of melatonin in reducing
plants’ stress is achieved by upregulating stress-related genes that scavenge
reactive oxygen species (ROS) and improve antioxidant capacity of plants.5.6

Abiotic stress, which influences plant growth and reducibility-is associated
with osmotic and oxidative stress, ionic imbalance and cell metabolism dysho-
meostasis.” Most heavy metals, assigned as abiotic stressors, cause continuous
production of ROS in the chloroplast, mitochondria, and peroxisomes, which can
cause oxidative stress in plants and result in the unexpected consequence of heavy
metal toxicity.8

Valeriana officinalis is a well-known medicinal plant widely used in phyto-
therapy for its calming, sedative and anxiolytic effects, primarily attributed to its
root extracts. It is commonly used to alleviate sleep disorders, anxiety, and nervous
tension. In human phytotherapy, polyphenols are valued for their strong anti-
oxidant, anti-inflammatory and protective properties, contributing to the prevent-
ion of chronic diseases such as cardiovascular disorders, neurodegenerative con-
ditions and certain cancers.®

The negative effect of different heavy metals can be mitigated through exo-
genous melatonin, directly improving the stress tolerance of different plant species
by scavenging ROS, and indirectly, by increasing antioxidant activities, photo-
synthetic efficiency and metabolite content.10

The identification and quantification of endogenous melatonin in valerian
leaves and roots, as well as the modulation of secondary metabolites, reactive
species detoxification and antioxidant upregulation by exogenous melatonin and
heavy metals, cadmium and zinc, have not been carried out so far. To better under-
stand the role of melatonin in plants subjected to the maximum allowed concen-
trations of cadmium and zinc, a set of experiments was conducted on valerian (V.
officinalis L.). The assessment of potential protective role of melatonin in mitig-
ating heavy metal stress effects in valerian, enhancing antioxidant defense mechan-
isms, regulating nutrient and protein metabolism and modulating enzymatic act-
ivity related to oxidative stress was determined. The study highlights a strong cor-
relation between phenolic content and antioxidant activity, particularly in leaves.
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MELATONIN IN VALERIAN 3

Melatonin pre-treatment improved plant tolerance to oxidative stress caused by
heavy metals, suggesting its potential role in enhancing valerian resilience and its
suitability for phytoremediation in contaminated environments.

EXPERIMENTAL

Valerian seedlings were obtained from a local herb collector. The valerian seedlings were
immersed in water and 100 pM melatonin solution for 48 h, in the dark, after which the plants
were planted in open field conditions. The soil showed a slightly acidic pH reaction, with pH in
KCI being 5.56, suitable for growing most medicinal plants. The experiment included six treat-
ments: i) control (valerian seedlings immersed in water for 48 h; ii) Cd (15 mg/L cadmium
sulfate solution treatment after planting in open field conditions); iii) Zn (3 g/L zinc sulfate
solution treatment); iv) melatonin (valerian seedlings were immersed in a 100 uM melatonin
solution, for 48 h, in the dark, prior to planting); v) melatonin and Cd (melatonin pre-treatment
and cadmium sulfate treatment); vi) melatonin and Zn (melatonin pre-treatment and zinc sulfate
treatment). Three replicates (9 plants per replicate) were used for each treatment. Plants were
sampled at the end of October, lyophilized at -50 °C for 25-30 h (VaCo 2, Zirbus Technology,
GmbH, Germany) and stored at 4 °C until extraction. All analyses were performed in triplicate.

Chemicals

All solvents and reagents were of analytical or the highest grade available. Water (HPLC
grade), methanol (HPLC grade), ethanol (HPLC grade), melatonin (HPLC grade), quercetin-3-
-beta-p-glucoside, 2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin—Ciocalteu reagent, 2,4,6-Tris-
(2-pyridyl)-s-triazine (TPTZ), Tween 20, phenylmethylsulfonyl fluoride (PMSF) were pur-
chased from Sigma—Aldrich. Hydrochloric acid, nitric acid, hydrogen peroxide, acetic acid,
sodium hydroxide, zinc(I1) hydroxide, cadmium(l1) hydroxide, sodium bicarbonate were pur-
chased from Lachner. Gallic acid, Trolox, ferric chloride anhydrous, ferrous sulfate heptahyd-
rate, sodium acetate trihydrate, magnesium carbonate, polyvinylpyrrolidone (PVP), copper(Il)
chloride, ammonium acetate, sodium dihydrogen phosphate, potassium-sodium tartrate, neo-
cuproine and pyrogallol were purchased from Acros. All solutions were prepared in distilled water.

Melatonin analysis

Melatonin direct extraction with methanol was performed under dark artificial light.1t
Weighted lyophilized valerian roots were mixed with methanol in total volume of 10 mL. After
1517 h of shaking at 4 °C in the dark, 30 min ultrasonic treatment was performed at the same
temperature (WiseClean WUC, Witeg GmbH, Germany). Prior to vacuum evaporation (Rota-
vapor R-215, Buchi Switzerland), the tubes were centrifuged at 6000 rpm for 30 min (Alresa
Mod, Digicen). The extracts were dissolved in 1 mL of methanol, filtered (0.45 um) and ana-
lyzed with high-pressure liquid chromatography (HPLC, Agilent 1100 Series) coupled with a
fluorescence detector (FLD), reversed phase C18 gravity column (Nucleodur, 3 pm particle
diameter, Macherey-Nagel, Germany) and integrated pre-cell as well as programmed mobile
phase consisting of 20 % methanol: 80 % water. The flow rate of the analyte was 1.5 mL/min,
at 25 °C.

Heavy metal and macro-elements determination

Perkin—EImer Analyst 400 atomic absorption spectrophotometer (AAS) was used to deter-
mine heavy metal concentrations. Lyophilized valerian leaves and roots were digested with 3
mL of concentrated HNO3, 3 mL of H,0O, and 1 mL of concentrated HCI in closed polytetra-
fluoroethylene (PTFE) vessels in a microwave oven. All determined metals were atomized in
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4 HODZIC etal.

an oxidizing light blue flame formed by mixture of compressed air (10 L/min) and acetylene
(2.5 L/min). Contents of Cd, Zn, Mg and Ca were established respectively at the wave lengths:
228.8,213.7, 285.2 and 422.7 nm, using the deuterium background for correction of signal for
Cd and Zn.

Total phenol and flavonoid determination

Folin—Ciocalteu (FC) colorimetric method in alkaline medium was used to analyze the
total phenols from 30 % ethanol extracts.12 Samples or gallic acid standards (200 pL) were
mixed with 1 mL of FC reagent, followed by 800 pL Na,COj; after 5 min. After 2 h incubation
in the dark, absorbance was read at 760 nm. The results were expressed as mg of gallic acid
equivalents (GAE) per g of extract. Chang et al. colorimetric method was used to determine the
flavonoid content.'® Quercetin was used for the calibration curve. Samples or standards were
mixed with ethanol, aluminum chloride, potassium acetate and water, then incubated for 30 min
at room temperature. Absorbance was measured at 415 nm, with blanks prepared by replacing
aluminum chloride with distilled water.

Antioxidant activity

Benzie and Strain method was used, for the determination of ferric reducing antioxidant
power.14 Reduction potential substances react with potassium ferricyanide in forming the ferro-
cyanide (absorption maximum at 593 nm). Also, the antioxidant capacity of extracts was mea-
sured on the basis of the stable 1,1-diphenyl-2-picrylhyorazyl (DPPH) free radical scavenging
activity according to the method described by Soler-Rivas and coworkers.1®> Apak et al. method
was used to measure the cupric reducing antioxidant capacity of plant root and leaf extracts.
Trolox was used as a standard, and the reduction potential was expressed as TEACcuprac iN
mmol equivalents of trolox g dry matter (mmol/L).26" All experiments were measured using
PhotoLab 6600 UV-Vis spectrophotometer (Xylem Analytics Germany Sales GmbH & Co.
KG, WTW).

Protein content determination

Protein concentration was determined by Lowry et al., and calculated by comparison with
a standard curve using BSA as a standard.'” For protein and enzyme activity determination,
lyophilized valerian leaves and roots were powdered in liquid nitrogen and kept at —20 °C to
analysis.
Spectrophotometric analysis of peroxidase activity (E.C. 1.11.1.7)

For the peroxidase activity determination, modified Teisseire and Guy method was used.'8
The increase in absorbance at 430 nm (g450 = 12 mMt cmr) was monitored. The reaction was
initiated by adding 3.43 mM H,0, to a mixture containing 50 pL of sample, 10.3 mM pyrogallol
and Na phosphate buffer (pH 6.4) at 37 °C. The activity is expressed as pmol/(mg protein min).
Statistical analysis

The data were analyzed using SPSS Statistics, v. 23.0. Analysis of variance (ANOVA)
was conducted and significance of differences among treatments and time dependence were
tested using the least significant difference (LSD). Differences were significant at the *p < 0.05
probability level.

RESULTS AND DISCUSSION

Having ascertained that melatonin could effectively ameliorate Cd and Zn-
-induced phytotoxicity in valerian, the actions were taken to estimate whether this
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MELATONIN IN VALERIAN 5

toxicity had an effect on melatonin biosynthesis. Fig. 1 shows the results of
endogenous melatonin in the roots of valerian after treatment with exogenous
melatonin (100 pM) and heavy metals. Valerian, as a plant with exceptional medi-
cinal properties, showed significant concentrations of melatonin in roots, with
values of 3.14+0.102 pg/g dry weight and 2.75+0.006 pg/g.

il W

mg/g DW

24 *

Melatonin concentration,

1

Control  Cd Zn Melatonin MCd  MZn

Valerian treatments

Fig. 1. Melatonin in valerian roots under heavy metal treatment and melatonin pre-treatment.
M — melatonin; *Tukey test; p < 0.05.

The results indicate that melatonin concentration in the roots increased in
response to heavy metal treatments, both in the presence and absence of exogenous
melatonin. However, this increase was not observed in the Zn and melatonin
treatment, suggesting a possible interaction that limits melatonin accumulation
under this specific condition. As shown in Fig. 1, the highest concentration was
observed in the roots of plants treated with Zn ions, and with melatonin and Cd
ions (4.491 and 4.879 ug/g), which are 30 and 35 % higher concentrations com-
pared to the control roots. There was a decrease in endogenous melatonin content
in samples pre-treated with melatonin. This observation aligns with earlier find-
ings, suggesting a complex regulation of melatonin biosynthesis in response to
external stress factors like heavy metals.

There are lots of evidences that confirm a great influence of heavy metal ions
on the content of compounds with hormonal function. Melatonin synthesis occurs
in parallel with melatonin degradation in the chloroplasts and cytoplasm, and the
resulting melatonin metabolite, 2-hydroxymelatonin, also acts as a signaling mole-
cule for the induction of defense genes. Melatonin content in paddy rice shoots
was increased under the influence of Cd, suggesting that melatonin could play a
crucial role in adjusting the response of different parts of the plant to Cd.1° In
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wheat seedlings, exogenous melatonin increased endogenous melatonin and, as a
result, enhanced root and shoot growth under cadmium toxicity.20

Valerian shows a significant ability to accumulate cadmium in both roots and
leaves (Fig. 2A). Higher concentrations of Cd were observed in all three treatments
with exogenously added melatonin (melatonin, melatonin+Zn, melatonin+Cd).

A A
[T valerian roots 2 B [ valerian roots I
254 [ Valerian leaves i i I Valerian leaves
éu 4 S0z
&b 20 * E‘ H
;1 ¥ * : * * »
g g8'
g 5
] 23
o 08 9
O N
Control ~ Cd 7Zn  Melatonin MCd ~ MZn 2 Contiol cd Zn  Melatonin MCd ~ MZn
4 2 4
Valerian treatments Valerian treatments

Fig. 2. Cd (A) and Zn (B) concentration in valerian roots and leaves. The data are presented as
means of three replicates. M — melatonin; *Tukey test; p < 0.05.

The accumulation of Cd in valerian organs treated with Zn was increased
compared to the control (0.851 and 0.868 mg/kg in root and leaf) with amounts to
1.038 mg/kg in root and 1.121 mg/kg in valerian leaf. Cd ions showed a greater
possibility of translocation, which is a prerequisite for efficient phytoextraction
and accumulation of metals in the aerial parts of plants. Melatonin also showed a
positive effect in plants pre-treated with this hormone in terms of the accumulation
of larger amounts of Cd. Increased accumulation occurs in examined plant species
treated with both Zn and Cd. Thus, the concentration of Cd in the roots of plants
treated with Zn and melatonin was 2.431 mg/kg of valerian root, which is twofold
higher compared to treated plants with zinc without melatonin (1.310 mg/kg). A
similar increased accumulation of Cd was observed in the leaves.

It is important to note that of the total amount of ions that are bound by the
roots, only a part is absorbed into the cells. Melatonin may enhance the effective-
ness of valerian in phytoremediation, particularly in the context of Cd contamin-
ation. By promoting the accumulation and translocation of Cd, melatonin could
support the use of valerian in soil decontamination efforts, especially in slightly
polluted soils.

Zinc belongs to a group of moderate mobility within plant tissues. |In the case
when its concentration in the soil is low, the intensity of transmission from older
to younger parts of the plant was extremely weak. In case the concentration in the
external environment is high, it accumulates in the roots.2! The study demonstrates
that melatonin, both exogenously applied and naturally present in valerian, plays a
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MELATONIN IN VALERIAN 7

significant role in ameliorating the phytotoxicity induced by heavy metals. The
results suggest that melatonin enhances the concentration of endogenous mela-
tonin in roots, especially under the influence of Cd, which may contribute to the
plants defense mechanisms against heavy metal stress.

Potato weed is a hyper accumulator of Cd with high Cd tolerance. Under
conditions of low Cd concentration, melatonin not only improved the activity of
antioxidant enzymes, but also improved the transfer of Cd to the cell wall and
vacuoles, removing Cd away from sensitive parts of the cell, and accelerating its
absorption.22

The influence of melatonin and heavy metals on the content of macro elements
is shown in Fig. 3. The results showed the presence of a high concentration of Mg
(Fig. 3A), and even higher Ca contained in valerian leaves (Fig. 3B).

N : " AT
A" [ Valerian roots B V.llcrfau roots
I Valerian leaves 3 [ Valerian leaves
025
20 o
o =
E < 1
E* 020 E’
£ o 2
g €
i 8
; 005 :
000 3
Control ~ Cd Zn  Melatonin MCd ~ MZn Control Cd Zn  Melatonin MCd ~ MZn
Valerian treatment Valerian treatment

Fig. 3. Mg (A) and Ca (B) concentration in valerian roots and leaves. The data are presented
as means of three replicates. M — melatonin; *Tukey test; p < 0.05.

Under higher Cd levels, macronutrients are somewhat decreased. Because Cd
and mineral nutrients share identical pathways for transport, they have similar
effects on balance at an-ionic level.10 Exogenously added melatonin did not pro-
minently affect the changes in Mg and Ca concentrations compared to the control.
A statistically significant decrease in magnesium concentration occurred in plants
pre-treated with melatonin and treated with Cd and Zn. The reduction referred to
both analyzed plant organs, compared to the control. Ca levels remained relatively
stable across treatments, with no significant changes. The heavy metal interaction
with soil matrix is decisive for the phytoremediation concept. In principle, soil
particles sorption reduces the activity of metals in the system. Higher capacity of
cation exchange leads to higher sorption and immobilization of metals. In acidic
soils, the desorption of metals bound in the soil solution is stimulated due to the
participation of H*.23
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8 HODZIC etal.

The uptake of metals into plant roots is a complex process involving the
transfer of metals from the soil to the root surface and within the root cells. Under-
standing the uptake process is difficult due to the complex nature of the rhizo-
sphere, which is in continuous dynamic change in interaction with the plant root,
the soil that creates it, and the microorganisms that live within the rhizosphere.23

The results of spectrophotometric determination of total phenols and flavon-
oids concentration in ethanol extracts of valerian roots and leaves are shown in
Table 1. The concentration of phenolic compounds in valerian root ranged from 26
to 37 mg/g of lyophilized root material, while in its leaves the values ranged from
70 mg/g in melatonin pre-treated plants to 95 mg/g of lyophilized leaf in melatonin
and Zn treated plants. Treatment of valerian with Cd ions had an inhibitory effect
on the content of total phenolic compounds in the roots of this plant, although the
reduction was not statistically significant.

TABLE I. Total phenol and flavonoid content (mg/g) in valerian roots and leaves under different
treatments;  © ¢ — different letters indicate statistically significant difference; *Tukey test,
p<0.05

Treatment Total phenol content Flavonoid content
reatmen Roots Leaves Roots Leaves

Control 27.54+0.661% 83.79+0.457¢ 3.04+0.0852 45.34+0.972°
Cd 26.58+0.6132 73.67+0.5812 3.23+0.1672 35.03+1.9722
Zn 37.31+0.1444 77.44+0.687¢ 5.14+0.285° 45,08+1.047°
Melatonin 31.67+0.977¢ 69.43+0.688>  5.37+0.259"  35.37+0.5912
Cd + Melatonin 31.11+0.681P¢ 77.66+0.622°¢ 4.88+0.294b 52.69+0.740°¢
Zn + Melatonin 28.3620.808%¢ 94.36+0.547¢  6.61+0.235°  56.62+0.538°¢

Heavy metal concentration is considered a crucial parameter that affects the
response of plants in secondary metabolism production. Lower levels of heavy
metals enhance the production and higher concentrations inhibit the synthesis of
secondary metabolites in plants.24 Treatments induced different |responsej in val-
erian leaves. Namely, under the influence of Cd and Zn ions, and with melatonin
and Cd ions, there was a statistically significant decrease in the phenol content
compared to the control. Plants pre-treated with melatonin, with and without zinc
contamination, show a higher content of total phenols.

The content of flavonoids in valerian roots ranged from 3 to 7 mg/g of lyophil-
ized plant material, while in valerian leaves, flavonoid concentrations were from
35 to 57 mg/g. The valerian leaf shows a seven to fifteen times higher concen-
tration of flavonoids than the root. A statistically significant increase in the con-
centration of flavonoids in valerian root occurs in all included treatments, except
for the treatment with Cd ions which inhibited the production of these secondary
metabolites. Zinc and melatonin treatment showed the highest flavonoid content
in valerian leaves, followed by cadmium and melatonin treatment. Cd reduced
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flavonoid levels substantially. Variations in the content of phenolic compounds in
plants result from a large number of factors, which, in addition to genetic factors,
include the area of cultivation as well as numerous environmental factors. Biotic
and abiotic stress (pathogens, viruses, mechanical damage, temperature extremes,
UV radiation, imbalance in mineral nutrition, heavy metal and herbicide pollution,
drought, salinity) cause an increase in the level of phenolic compounds in veget-
ative shoots and roots.25 The addition of melatonin improved the anthocyanin con-
tent in tomato plants under Ni stress and in rosemary herb under Cr stress.26 Mela-
tonin has many physiological functions in plants, and the most researched function
is the prevention of oxidative damage caused by various abiotic stressors such as
salinity,2” low temperatures28 and the toxic effects of cadmium. The content of
total phenols, flavonoids and proanthocyanides gradually improved with melato-
nin treatment in berries.29

In the results of the CUPRAC test, significantly higher ability of valerian
leaves to reduce Cu ions was observed (two to three times) compared to the root
(Fig. 4A).

B

A w0, Valerian roots a 3 —s— FRAP Valerian roots ’

Valerian leaves & *— FRAP Valerian leaves P

& 4 DPPH Valerian roots

g e » DPPH Valerian leaves
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i 0] '5 " - i
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2 3 2 ; ot

& [ o . = . S :

s < .
Control ~ Cd Zn  Melatonin MCd ~ MZn = Control Cd Zn  Melatonin MCd  MZn
Valerian treatments Valerian treatments

Fig. 4. Antioxidant activity estimated by CUPRAC (A), FRAP and DPPH (B) test. The data
are presented as means of three replicates; *Tukey test, p < 0.05.

In‘all five treatments, the ability to reduce Cu2* in valerian roots was signific-
antly increased, while in leaves, the reduction ability was reduced in plants treated
with Cd and Zn ions (243.05 and 253.05 pg/g) compared to the control (273.93
ng/g). Exogenous melatonin in combination with heavy metal treatment also shows
a significant positive effect on the reduction of Cu ions, in both roots and leaves.

According to the test results, the ability to neutralize DPPH radicals in valerian
roots treated with Cd ions is higher (0.8 mg/mL) compared to untreated roots (0.93
mg/mL) (Fig. 4B). Exogenous melatonin also increased the ability to neutralize
DPPH radicals in valerian root (0.91 mg/mL) compared to the control. Likewise,
the roots of plants pre-treated with melatonin show a greater ability to neutralize
DPPH radicals with an increased concentration of Cd (0.83 mg/mL) and Zn (0.77
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10 HODZIC etal.

mg/mL) ions, which indicates an increase in antioxidant capacity in situations of
oxidative stress caused by cadmium ions. The valerian leaf, with higher content of
phenolic compounds found, shows a several times greater ability to neutralize
DPPH radicals than the root. VValerian leaves grown on soil contaminated with cad-
mium (0.45 mg/mL) and zinc (0.46 mg/mL) ions, as well as plants pre-treated with
exogenous melatonin (0.49 mg/mL), show a significantly reduced ability to neut-
ralize DPPH radicals.

Valerian plants grown on soil contaminated with cadmium and zinc ions show
an increased root reduction capacity (0.41 and 0.49 pg/g, respectively, Fig. 4B).
Exogenous melatonin also caused a significant increase in reducing power (0.41
ng/g) compared to the control root (0.35 pg/g). Unchanged reducing capacity is
observed only in valerian roots treated with zinc and melatonin. In contrast to the
roots, a slightly reduced reducing capacity of valerian leaves occurs in plants
treated with Cd and Zn (0.94 and 1.06 pg/g), as well as in those pre-treated with
melatonin (1.03 pg/g). The increase in the concentration of cadmium and zinc in
plants pre-treated with melatonin influenced the increase in the reducing capacity
of valerian leaves.

The research results show increased antioxidant activity of plants, especially
in the leaf in all applied biochemical tests. The increased antioxidant activity of
the leaves of both plant species can be attributed to the increased content of total
phenols, compared to the root. There is a very high correlation between the content
of phenol and the ability to reduce Fe3* and Cu2*, as well as to neutralize DPPH
radicals. The antioxidant activity of melatonin is enhanced in the roots of the ana-
lyzed plants, as the root is probably the most frequently mentioned plant organ in
earlier research as a potential site of melatonin biosynthesis. The results suggest
that melatonin might boost the plants’ reducing capacity, enhancing their ability to
counteract oxidative damage and potentially assisting in metal detoxification pro-
Cesses.

An increased content of soluble proteins is observed in valerian roots treated
with Cd (21.70 mg/g) and Zn (21.70 mg/g) ions compared to the control (11.76
mg/g) as shown in Fig. 5A.

Pre-treatment with melatonin slightly increased the protein content of valerian
root, but the increase was not statistically significant. However, melatonin pre-
-treatment and cadmium ions significantly increased the protein content of valerian
roots. Zn with melatonin did not have the same effect. In the valerian leaf, on the
other hand, in all six treatments, a statistically significant increase in soluble pro-
teins concentration was observed, compared to the control. There was no increase
in peroxidase activity in the leaves (Fig. 5B). It is possible that the defensive
activity of peroxidases is based on the protection of plants in the roots, where a
statistically significant increase in enzyme activity is observed. Also, the applied
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concentration of cadmium ions might not have been toxic for these very resistant
plant species.

A crian roots
\a]»n.m roots

d]] | B A NA NN S

Control Cd Zn Melatonin MCd \V,n Control Cd Zn Melatonin MCd  MZn
Valerian treatments Valerian treatments

\ \rn an leaves

Fig. 5. Total soluble protein concentration (A) and peroxidase activity (B) in valerian roots
and leaves under heavy metal treatment and melatonin pre-treatment. The data are presented
as means of three replicates; * Tukey test, p < 0.05.

Enzyme activity in the leaves was reduced in all applied treatments compared
to untreated plants. In general, the most significant increase in peroxidase activity
occurs in valerian roots pre-treated with melatonin, plants grown on soil con-
taminated with zinc ions (2.80 umol/(mg protein min)).

Melatonin enhances plant metabolism and antioxidant enzymes activity and
initiates the ascorbate—glutathione cycle to counteract the effects of heavy metal
stress.30 Heavy metal stress disrupts the balance between reactive oxygen species
generation and detoxification by the antioxidative protection system in plants.3!
Plants resist stress-induced ROS production and related adversities by directly
neutralizing and removing them or indirectly by controlling the uptake, transport,
translocation, and sequestration of heavy metals. In the earlier study, authors
showed melatonin may act as a free-radical scavenger and broad-spectrum anti-
oxidant, protecting plant tissues from oxidative damage. It could also stimulate
antioxidant enzyme production or enhance the activity of other antioxidants to
further protect the plant.32 The increase of endogenous melatonin mitigates cad-
mium toxicity by balancing H,O, homeostasis and activating antioxidant defense
systems in wheat.33 Melatonin treated plants improve their growth and yield under
heavy metal stress conditions. Exogenous melatonin applications can be the trigger
for endogenous melatonin production in plants, thereby building up heavy metal
tolerance.2:34 Melatonin application methods vary, including pre-treatment of
roots or foliar application just before stress exposure, with some studies exploring
repeated applications. Interestingly, seed priming with melatonin has shown last-
ing effects on stress tolerance, even with a single application, especially for crops
like rice, soybean and cucumber, often grown in large-scale agriculture. However,
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more research is needed to understand the long-term effects of melatonin treatment
and its impact on unpredictable stress conditions.

CONCLUSION

Cadmium and zinc exposure induce significant physiological and biochemical
stress in Valeriana officinalis, disrupting antioxidative balance, reducing phenolic
and flavonoid contents and impairing nutrient homeostasis, particularly in leaves.
The application of melatonin alleviates these stress effects and enhances the plant
defense mechanisms by elevating antioxidant activity, increasing peroxidase enz-
yme levels, promoting the accumulation of protective compounds and enhancing
soluble protein levels. The heavy metal concentration and exposure duration could
be the controlling factors for the synthesis of endogenous melatonin. Melatonin
might help to confer the heavy metal stress tolerance in valerian due to the increase
of endogenous melatonin under Cd and Zn stress conditions, and modulated metal
uptake.

Melatonin acts as a potent bio-stimulant and stress-mitigating agent, impro-
ving antioxidant capacity, biochemical composition and nutrient balance in valer-
ian under heavy metal exposure. These findings highlight melatonin’s potential as
a sustainable and effective strategy to enhance plant resilience and phytochemical
quality in contaminated environments. Gaining deeper insight into melatonin-
-mediated signaling and responses could help maintain crop productivity in soils
contaminated with heavy metals. However, additional research is essential to fully
uncover the roles of melatonin and enable its effective and sustainable application
in agriculture.

U3BOI

MEJIATOHUH KAO MOJYJIATOP TOKCUYHOCTH TEIIKKUX METAJIA U
AHTHOKCHIATHUBHA 3AILITUTA Y BAJITEPUJAHH

EJIBUCA XOLIWR!, MUIIMLIA BAJIABAH?, CEBUJIA PEKAHOBHWR! n XATTU]T MAKUR'

'BuotexHuuxu paxyniewi, Ynusepsutieii y Buxahy, Jlyxe Mapjanosuha bb, 77000 Buxah, Bocha u
Xepueiosuna u 2[Tpupogro—matmemainuuxy Gaxyniieid, Ynusepsuimiein y Bawa JIyuu, Mrnagena
Cwmojanosuha 2, 78000 Bawa JIyka, Bocha u Xepueiosuna

Teuky MeTaaH, CBENPUCYTHH Y 3€M/BHIUTY M BOAH, Kao 030HM/baH €KOTOLIKH IpodiIeM,
pemMere XoMeocTa3y MUHepaiHe HCXpaHe Oubaka, 0CMOTCKY PaBHOTEXY U MeTadonu3am. [1pu-
MeHa HEKHX DHoCTHMYJIaHaTa Moxe yonaxuty nopemehaj. MelaTOHHH Kao CHTHATHHA MOJIEKYT
Y aHTHOKCHIAHT Urpa BaXkHy yJIOTy y pacTy Ou/baka M TOJIEpaHIIMjU Ha CTpec 30T CBOje Cro-
CODHOCTH la NMPEKTHO HeyTpaJMlle PeakTHBHE BPCTE KHCEOHHMKA M a3oTa. Y OBOM pafy je
HCIIUTAHO CMameme WK ydiakaBame WTeTHUX edexaTa TEIIKMX MeTaaa Kof OusbaKa Bajepu-
jaHe y3rajaHUX Ha OTBOPEHOM I10JbY YTIOTpedOM MenaToHHHa. TeyHa xpoMaTorpaduja BUCOKOT
NPHUTHCKA Ca (QIIyOpecLieHTHUM JeTeKTOpoM KopuurheHa je 3a uneHTHdUKauujy 1 KBaHTH(H-
KalHWjy KOHIIEHTpalkje MelTaTOHNHA Y eKCTpaKTHMa KopeHa BajepHjaHe. Takohe, ucnuras je
(u3roMOMKH U DHOXEMHjCKH CTaTyC OWbaka IMoJ adUOTCKUM CTPEcoM, MocedHo Kox duspaka
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MPETXOHO TPeTUPaHUX MenaToHHHOM of 100 pM. Behe KoHLeHTpalHje eHIoreHor MenarTo-
HHMHa M3MEpEHe Cy y KopeHy Ombaka TpetupaHux Cd M Zn, ca CIMYHUM De3ylTaTUMa y
KOHIIEHTpallHjaMa mpoTerHa. [[piMeHa MenaToHHHA yOnaxuia je HeraTusaH edexart Cd, wro
je mocedHo ounrnenHo kox TpetmaHa Cd-MelaTOHHHOM Koju je 00HOBHMO WM nosehao HHUBOE
OHOaKTHBHUX jenumera. MenaTonuH edukacHo yonaxasa crpec u3assad Cd u Zn Koz Basiepu-
jaHe nmodospiuaBajyhu 1 HEEH3UMCKe ¥ eH3UMCKE aHTHOKCUIATUBHE CUCTEMe U MpomoBuLryhu
CHHTE3y 3alUTUTHUX jegumerna. OBY Hajla3M UCTHYY NMOTEHIIMjaJl MENTaTOHMHA Kao OfpXKHBOT
BHOCTMMYyIaHCa 3a MOJPUIKY OTIOPHOCTH Y IPOAYKTUBHOCTH OH/baKa y OKpYXemHMa OnTepe-
heHHM TemKuM MeTanuMa.
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