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Methods: A completely randomized design assessed the effects of varying levels of growmore
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Measured parameters included stem height, diameter, fresh and dry weight, and phytochemical
concentrations, such as hecogenin, saponins, and chlorophyll to evaluate the effectiveness and
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Results: The interventions demonstrated statistically significant enhancements in multiple
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potential. While the focus remains on the therapeutic benefits of enhanced saponin levels, the
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amplified in the second year, indicating a cumulative effect of nutrient management on the
plant’s phytochemical profile and potential health benefits.
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Introduction

he global shift towards herbal medicine

has captured the attention of researchers

across diverse fields, including agricul-

tural botany, chemistry, biotechnology,

pharmacy, and medicine. The increasing
prevalence of chronic diseases and the limitations of
conventional pharmaceutical treatments have prompted
renewed interest in herbal medicines, which are often
seen as safer and more compatible with human physiol-
ogy than synthetic drugs [1-6]. Medical plants, including
Agave marginata L., have become a significant research
topic due to their potential health benefits and industrial
applications.

Herbal medicines, derived from natural sources, are
perceived as more aligned with the body’s physiological
processes, often presenting fewer risks and side effects
than chemical drugs [7].

However, despite their widespread use in traditional
medicine, there remains a critical need for rigorous clini-
cal and pharmacological studies to validate their safety
and efficacy. The toxicological effects of plant com-
pounds are particularly concerning in regions like Iran,
where medicinal plants are common [8, 9]. This study
addresses the toxicological relevance of bioactive com-
pounds, such as saponins and hecogenin, known for their
therapeutic potential but also pose toxic risks at elevated
concentrations.

Iran is home to a rich diversity of medicinal plants,
which are well-suited for cultivation and export due to
the country’s favorable climate and geography [7]. His-
torically, Iran has been a center for producing and using
medicinal plants. Among these, A. marginata L. holds
particular significance. The name “Agave” comes from
the Greek word “Agavos”, meaning “illustrious”, about
its striking appearance when it flowers. Agave, originally
classified in the Amaryllidaceae family, now belongs to
the independent family Agavaceae, which includes over
300 perennial species [10, 11].

A. marginata L. thrives in sunny environments and is
drought-resistant, making it well-suited to Iran’s climate,
particularly in Fars Province. The plant’s saponins, found
in its roots, are known for their ability to lower blood lip-
ids and cholesterol and exhibit anti-inflammatory prop-
erties [10, 11]. However, saponins also pose toxicologi-
cal risks, such as hemolytic activity and gastrointestinal
irritation, necessitating comprehensive toxicological as-
sessments. Similarly, hecogenin, another bioactive com-
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pound derived from Agave, is used in the pharmaceutical
industry to produce cortisone and sex hormones. While
these bioactive compounds are valuable in the phar-
maceutical context, their toxicological profiles must be
carefully evaluated, especially when their concentrations
are increased through nutrient management [11].

Nutrient management framework

This study follows a structured nutrient management
framework designed to optimize the phytochemical pro-
file of A. marginata L. The interventions used, including
growmore fertilizer, iron, zinc micronutrients, and absor-
bent nanopolymers, were selected based on their proven
capacity to enhance plant growth and stimulate the pro-
duction of secondary metabolites, as indicated in earlier
research [12]. Each intervention targets key aspects of
plant physiology:

Growmore fertilizer provides balanced nitrogen, phos-
phorus, and potassium (NPK) formulation, essential for
overall plant vigor and the activation of biochemical
pathways in secondary metabolite production.

Iron plays a vital role in chlorophyll synthesis and pho-
tosynthesis, processes closely linked to the plant’s ability
to generate bioactive compounds, such as saponins and
hecogenin.

Zinc supports plant enzyme function, stress tolerance,
and defense mechanisms, promoting growth and in-
creased phytochemical concentrations.

Absorbent nano polymers improve water retention in
the soil, which is crucial to optimize nutrient uptake and
ensure consistent moisture levels, especially in arid cli-
mates like Shiraz City, Iran, where this study was con-
ducted.

Combining these carefully selected interventions, this
approach aims to maximize the production of bioactive
compounds while ensuring sustainable plant growth,
with the ultimate goal of balancing therapeutic poten-
tial with toxicological safety [13]. These interventions
were selected to optimize the production of bioactive
compounds, particularly saponins and hecogenin, while
minimizing potential toxicological risks. The choice of
these specific nutrients is supported by their known roles
in enhancing bioactive compound production while
mitigating toxicological risks. Growmore fertilizer sup-
plies a balanced combination of macronutrients and mi-
cronutrients that are essential to promote plant growth
and improve the synthesis of secondary metabolites,
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such as saponins and hecogenin [14]. Iron is critical in
metabolic processes like photosynthesis and respiration,
which directly contribute to phytochemical production
and reduce oxidative stress to prevent toxicity [15]. On
the other hand, zinc stabilizes membrane structures,
promotes defense mechanisms, and reduces oxidative
stress, further contributing to bioactive compound pro-
duction and managing toxicity risks [15].

The rationale for using these specific interventions
stems from their ability to improve the plant’s overall
health and its phytochemical yield. Growmore fertilizer
and micronutrients, such as iron and zinc enhance plant
metabolism, leading to increased production of second-
ary metabolites, which are responsible for the plant’s
medicinal properties [16, 17]. The use of absorbent nano
polymers aims to improve water retention in the soil,
which is crucial for the growth of A. marginata L. in arid
environments like Iran. By applying these treatments,
this study seeks to enhance the plant’s therapeutic value
and its suitability for large-scale pharmaceutical produc-
tion.

The toxicological relevance of this study lies in the
balance between increasing the therapeutic compounds
in A. marginata L. and mitigating the associated toxic
risks. Saponins, despite their beneficial effects in reduc-
ing cholesterol and inflammation, cause hemolytic ac-
tivity and gastrointestinal irritation when present in high
concentrations. Similarly, hecogenin plays a critical role
in $teroid synthesis, but its safety profile needs thorough
evaluation, particularly when its levels are manipulated
through nutrient treatments. This study aims to establish
safe thresholds for using these bioactive compounds in
medicinal applications focusing on the therapeutic po-
tential and toxicological risks.

Necessity and novelty of the study

This $tudy addresses a critical gap in existing research
by investigating the impact of nutrient management
on both the therapeutic and toxicological aspects of
A. marginata L., while previous studies have focused
on the benefits of bioactive compounds in medicinal
plants, few have explored how nutrient interventions
can enhance these benefits and increase toxic risks. The
novelty of this study lies in its dual focus, not only op-
timizing phytochemical production but also ensuring
that the increased concentrations of these compounds
remain within safe limits for pharmaceutical use. This
comprehensive approach differentiates it from previous
research and highlights its relevance to agricultural and
pharmaceutical industries. The study’s focus on nutrient
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management interventions aims not only to enhance the
therapeutic potential of 4. marginata L. but also to ex-
plore how chemical manipulation through micronutrient
supplementation may influence the toxicological profile
of the bioactive compounds produced, such as saponins
and hecogenin. This approach is critical to understand-
ing the balance between therapeutic benefits and toxico-
logical risks in pharmaceutical applications.

The primary aim of this study is to assess the impact of
nutrient management on the growth and phytochemical
composition of A. marginata L., with specific objectives:

1) To measure the effects of different growmore fertil-
izer, iron, and zinc micronutrient levels on plant growth
parameters, such as height, stem diameter, fresh weight,
and dry weight over two crop seasons; 2) To assess the
impact of nutrient treatments on the phytochemical com-
position, focusing on the saponin and hecogenin concen-
trations; 3) To identify and quantify the toxicological
risks associated with increased concentrations of sapo-
nins and hecogenin, using correlations between concen-
tration levels and known toxic effects, such as hemolytic
activity.

Materials and Method
Design of the experiment

This research was structured as a completely random-
ized study with eight treatments and over two years us-
ing pot-grown plants in the biology research greenhouse
at the School of Agriculture, Shiraz University (Niayesh
Town, Bajgah). The study followed a conceptual frame-
work of nutrient management, focusing on enhancing
the phytochemical profile of 4. marginata L., particu-
larly concerning its therapeutic and toxicological impli-
cations.

The SAS statistical software, version 9, was employed
to analyze the data and charts were created using Excel
2016. The samples were analyzed in the School of Agri-
culture laboratory at Shiraz University. The experimental
results and statistical analyses were evaluated separately
to ensure the robustness of the results.

The study spanned the 2019-2020 and 2020-2021 crop
seasons. During this time, the A. marginata L. plants
were grown and maintained in the research center’s
greenhouse. The physicochemical properties of the plant
samples were thoroughly analyzed.
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Study variables

The primary characteristics investigated in this study
included:

Morphological parameters: Height, stem diameter,
fresh weight, and dry weight; Phytochemical param-
eters: Chlorophyll a content, chlorophyll b content, total
chlorophyll content, hecogenin content (key variable),
and saponin content (key variable); The relationships
between these traits were evaluated using analysis of
variance (ANOVA) and correlation coefficient tests.

Measurement of hecogenin

For hecogenin content measurement, one gram of dried
Ag. marginata leaf powder (dried at 40 °C in a vacuum
drying oven) was dissolved in 3 mL of methanol (Merck,
Germany) and homogenized for 3 minutes. The solution
was centrifuged for 5 minutes at 5000 rpm and filtered
using a 0.22 um filter. The hecogenin content was mea-
sured at 255 nm using a microplate reader (Citation 5,
U.S.A.). The wavelength of 255 nm was selected based
on the standard sample scanning from 190-700 nm. Pure
hecogenin (Merck, Germany) at 0—5 pg/mL concentra-
tions was used to generate the standard curve.

Measurement of total saponin content

Total saponin content was measured using the Penafil
method. A 0.2 g sample was mixed with 3.2 mL of gla-
cial acetic acid/sulfuric acid (1:1) and homogenized for
1 minute. Then, it was heated at 60 °C for 30 minutes,
which resulted in a purple color, indicating the presence
of saponins. After cooling, the total saponin content was
measured at 527 nm using a UV-1650 PC spectropho-
tometer (Shimadzu, Japan). Glacial acetic acid was used
as the control, and a standard curve of oleanolic acid
(04000 pg/mL) was generated to quantify the saponin
content.

Measurement of chlorophyll content

Chlorophyll content was measured by homogenizing
0.2 g of A. marginata powder in 15 mL of 80% acetone.
After centrifugation, the chlorophyll content was mea-
sured using a UV-1650 PC spectrophotometer (Shimad-
zu, Japan) at 663 nm, 645 nm, and 652 nm, with 80% ac-
etone serving as the blank. The chlorophyll content was
also measured using a Cary 50 UV-Vis spectrophotom-
eter (Germany) at 646.8 nm, 663.20 nm, and 652 nm.
The Equations 1, 2 and 3 were used to calculate pigment
volume concentrations:
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1. Chl =12.25 A663.2-2.79 A646.8
2.Chl=21.21 A646.8-5.1 A663.2
3. Total Chl=Chl +Chl,

Treatments and conceptual framework

This experiment applied eight different nutrient treat-
ments to assess their effects on the qualitative perfor-
mance of 4. marginata L. under the Shiraz climate. The
treatments included:

1) Growmore fertilizer (three levels); 2) Fe micronu-
trients (two levels); 3) Zn micronutrients (one level); 4)
Super-absorbent nano polymers (one level); 5) Control
treatment (one level).

These interventions were selected based on previous
studies demonstrating their effectiveness in improving
the phytochemical content of medicinal plants. The goal
was to optimize the plant’s therapeutic value while mini-
mizing the associated toxicological risks.

Experimental framework

The experiment was structured using a conceptual
framework to evaluate the impact of nutrient interven-
tions on multiple variables, including physiological,
phytochemical, and morphological traits. The relation-
ships between stem height and diameter, fresh and dry
weight of the stem, hecogenin content, saponin content,
chlorophyll content, chlorophyll b content, and total
chlorophyll content were thoroughly examined. By ap-
plying this framework, the study was conducted to de-
termine the role of targeted nutrient management in en-
hancing both therapeutic and toxicological profiles of A.
marginata L.

Results
Study context and statistical analysis

This study demonstrated that applying macronutrients
and micronutrients significantly increased secondary
plant metabolites and active ingredients in A. marginata
L., which is crucial for both therapeutic benefits and po-
tential toxicological impacts.
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Plant growth parameters
Height and fresh weight

The results showed that the height and fresh weight of
A. marginata plants were significantly affected by nutri-
ent treatments. Figure 1 illustrates the distribution and
concentration of both micro and macro elements across
the different nutrient treatments, demonstrating their sig-
nificant impact on the phytochemical composition of A4.
marginata L (Tables 1, 2 and 3).

First year: In the first year, the height of the plants
treated with the third level of growmore fertilizer was
lower than the control and other treatments. Treatments
also significantly impacted plant fresh weight, with the
differences statistically significant at the 1% level. Sec-
ond year: In the second year, plants treated with various
levels of growmore fertilizer and micronutrients showed
a significant increase in fresh weight compared to the
control (30 g), and these differences were statistically
significant at the 1% level.

Dry weight

The application of different treatments, excluding the
Iranian iron fertilizer and first-level growmore treatment,
led to a significant increase in the dry weight of the plants
during the second year compared to the control plants
(2.91 g). The differences were statistically significant at

Table 1. Test result of soil macro-elements
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the 5% level, underscoring the long-term impact of nu-
trient management on the plant’s biomass accumulation.

Phytochemical analysis
Saponin content

The analysis of saponin content indicated a significant
increase in the first and second years due to nutrient treat-
ments. However, this increased saponin content, while
promising for its therapeutic potential, may elevate the
toxicological risks associated with its hemolytic effects.
Thus, further studies are required to evaluate safe thresh-
olds for pharmaceutical applications.

First year: The Duncan test revealed that the first-level
growmore treatment substantially positively affected
saponin content in the first year, with a statistically sig-
nificant difference at the 1% level (Tables 4, 5 and 6).
Second year: In the second year, treatments positively
impacted saponin content, reaffirming the long-term ef-
fect of nutrient management on phytochemical concen-
tration (Table 7).

Hecogenin content

Hecogenin levels were lower in plants treated with Fe
chelate and first-level growmore compared to the con-
trol plants (28.95 ppm). This decrease was significant
and warrants further investigation to optimize the plant’s
therapeutic potential while minimizing any possible re-
ductions in hecogenin content due to specific treatments.
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SP: Saturation percentage; EC: Electrical conductivity.
Table 2. Test result of soil micro-elements
Laboratory . . .
Row Number Characteristics Iron (ppm) Zinc (ppm) Manganese (ppm) Copper (ppm)
1 11653-26318-1 - 8.1 2.8 9.7 1.5
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Abbreviations: EC: Electrical conductivity; TDS: Total soluble salts; COSZ': Carbonate; HCO,: Bicarbonate; Cl: Chloride; SO 21 Sul-
fate; Ca”": Calcium; Mg?: Magnesium; Na*: Sodium; K*: Potassium; SSP: Soluble sodium percent; SAR: Sodium adsorption ratio.
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Table 4. Pearson correlation between some of the traits measured in the 1% year (n=32)

Traits 1 2 3 4 5 6 7 8 9 10
1. Height 1

2. Diameter 0.369" 1
3. Fresh weight 0.591™ 0.221 1

4. Dry weight 0.657" 0117 0.815" 1

5. Dry matter content 0.256 -0.032 0.012  0.485™ 1
6. Chlorophyll a -0.220 0.276 -0.363° -0.295 -0.102 1
7. Chlorophyll b -0.442" -0.020 -0.589™ -0.509™ -0.136 0.809™ 1
8. Total chlorophyll -0.310 0.183 -0.461" -0.385" -0.119 0.977" 0.915™ 1
9. Saponin -0.224 0.118 -0.230 -0.026 0.212 0.774" 0.739"  0.797" 1

10. Hecogenine 0.194 -0.140 0.494™ 0.478" 0.157 -0.135 -0.241 -0.179 0.225 1

"P<0.05, "P<0.01.

International Journal of
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Table 5. Results of ANOVA indicating the effects of treatments on some morphological features of the plant (1 year)

Mean of Squares

Sources of df
. . . . Dry Matter Con-
Changes Height Diameter Fresh Weight Dry Weight v tent
Treatment 7 296.40™ 0.01™ 2092.9™ 31717 12.25™
Error 24 47.31 0.002 69.84 0.66 1.79
International Journal of
“P<0.05, "P<0.01. Medical Toxicology & Forensic Medicine

Table 6. Results of ANOVA indicating the effects of treatments on chlorophyll, saponin and hecogenin (1** year)

Mean of Squares

Sources of df
Changes Chlorophyll a Chlorophyllb  Total Chlorophyll Saponin Hecogenine
Treatment 7 0.0054™ 0.0013™ 0.0115™" 88692756 75.36"
Error 24 0.00005 0.00007 0.00006 578366 3.58
International Journal of
“P<0.05, "P<0.01. Medical Toxicology & Forensic Medicine
Chlorophyll content Correlation results

The chlorophyll content (chlorophyll a and b) was
significantly correlated with saponin levels (P<0.01). A
positive correlation was observed between chlorophyll
a and total chlorophyll (P<0.01), suggesting that photo-
synthetic activity may influence the synthesis of bioac-
tive compounds in A. marginata (Table 7).

In the second year, a positive correlation was observed
between plant height and diameter and between fresh
and dry weight, indicating the complementary effects
of nutrient treatments on plant morphology and biomass
(Table 7).

* Negative correlations: A negative correlation was
found between plant diameter and dry matter content

Rahimi AM, et al. Nutrient Management Effects on Agave marginata Phytochemicals and Toxicity. IMTFM. 2025; 15(2):E45807.
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Table 7. Pearson correlation between some of the traits measured in the 2" year

Traits 1 2 3 4 5 6 7 8 9 10
1. Height 1

2. Diameter 0.395" 1
3. Fresh weight 0.432° 0.456™ 1

4. Dry weight 0.365" 0.275 0.904™ 1

5. Dry mater content -0.109 -0.410° -0.307 0.110 1
6. Chlorophyll a -0.275 -0.105 0.051 0.049 -0.005 1
7. Chlorophyll b -0.403" -0.261 -0.018 0.020 0.100 0.917" 1
8. Total chlorophyll -0.329 -0.166 0.026 0.039 0.034 0.989" 0.967 1
9. Saponin -0.359° -0.106 0.192 0.219 -0.030 0.204 0.261 0.230 1

10. Hecogenine -0.062 0.040 -0.076 -0.035 0.100 -0.124  -0.182 -0.149 0.245 1

"P<0.05, "P<0.01.

(P<0.01), as well as between plant height and chloro-
phyll b and saponin contents (P<0.05).

Positive correlations: A significant positive correlation
was observed between fresh and dry weight (P<0.05),
as well as between chlorophyll a and total chlorophyll
content (P<0.01) (Table 7), supporting the hypothesis
that nutrient treatments promote both biomass and phy-
tochemical yield. This correlation emphasizes the phy-
tochemical yield and raises concerns about the potential
amplification of toxic components, such as elevated sa-
ponin levels, which warrant toxicological scrutiny.

Discussion

Our results demonstrate that while nutrient manage-
ment significantly increases the concentrations of bioac-
tive compounds, this chemical manipulation also raises
crucial considerations regarding the toxicological poten-
tial of these compounds, especially as their therapeutic
efficacy increases. Therefore, comprehensive toxico-
logical evaluations are essential to ensure that chemi-
cal enhancements do not compromise safety. This study
confirms that applying macronutrients and micronutri-
ents, specifically growmore fertilizer, iron, and zinc, can
significantly enhance the production of secondary me-
tabolites, such as saponins and hecogenin in 4. margin-
ata L. These bioactive compounds are crucial for their
therapeutic potential, yet their increased concentrations
necessitate a toxicological risk evaluation. The results
of this study are consistent with international research.
For example, studies from Mexico demonstrated that

International Journal of
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sulfuric acid treatment of Agave leaves for bioethanol
production significantly increased yields of bioactive
compounds, similar to the increase in saponin content
observed in this study [18]. However, unlike the sulfuric
acid treatments used in Mexican studies for industrial ap-
plications like bioethanol production, our study focused
on applying micronutrients, a more sustainable and less
invasive method to enhance the plant’s medicinal value
by boosting bioactive compound production. Likewise,
research from Spain on fiber extraction using hydrochlo-
ric acid supports the importance of optimizing nutrient
treatments to enhance phytochemical output while mini-
mizing toxicological risks [19]. While both studies em-
phasize the importance of maximizing phytochemical
production, our approach leverages nutrient management
rather than chemical extraction, aligning better with en-
vironmentally sustainable practices and targeting direct
medicinal applications. These comparisons demonstrate
nutrient management strategies’ broader applicability to
improve species yield and medicinal value [19, 20].

Therapeutic potential of nutrient management

The application of micronutrients, such as iron and
zinc, combined with growmore fertilizer, significantly
improved the phytochemical profile of A. marginata
L. in this study. The growmore fertilizer, iron, and zinc
combination were chosen based on their complementary
roles in plant metabolism. Growmore provides balanced
macronutrients (NPK) essential for overall plant health,
while iron and zinc serve as critical micronutrients for
enzyme activation, photosynthesis, and secondary me-
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International Journal of
Medical Toxicology & Forensic Medicine

tabolite production. Iron is vital for chlorophyll synthe-
sis, ensuring optimal photosynthetic efficiency, while
zinc contributes to enzyme regulation and stress toler-
ance. This combination was expected to enhance overall
plant growth and significantly increase the production of
bioactive compounds, such as saponins and hecogenin.
As demonstrated in similar studies, the increase in sa-
ponin levels suggests potential therapeutic applications
in conditions, such as hyperlipidemia, inflammation, and
wound healing [ 14]. However, it is critical to balance the
efficacy of these bioactive compounds with their toxi-
cological risks. For instance, elevated saponin levels are
associated with hemolytic activity and gastrointestinal
irritation, particularly at higher concentrations. Estab-
lishing a therapeutic window where saponin concentra-
tions are effective yet safe is essential for clinical use.
The dual role of saponins and hecogenin as both thera-
peutic agents and potential toxins underscores the need
for further toxicological studies to establish safe dosage
levels for pharmaceutical applications [21].

Nutrient optimization and toxicological risks

This study demonstrates the significant impact of nu-
trient management on phytochemical yield, particularly
for saponin and hecogenin content. This study advances
current knowledge by demonstrating the effectiveness of
a more sustainable nutrient management approach com-
pared to traditional chemical treatments. By focusing on
the targeted application of micronutrients like iron and
zinc, we provide a scalable and environmentally friendly
method for enhancing the phytochemical profile of A.
marginata L. This method maximizes bioactive com-
pound production and minimizes the need for invasive
chemical treatments, which can degrade soil health and
negatively impact long-term agricultural sustainability.
This study evaluated the effects of individual and com-
bined nutrient applications to identify which interven-
tion produced the most significant improvements in
phytochemical yield. Treatments were tested with vary-
ing combinations of growmore, iron, and zinc to assess
their contributions and potential synergies in enhanc-
ing plant growth and bioactive compound production.
It was hypothesized that combining all three nutrients
would yield the highest concentrations of saponins and
hecogenin due to their roles in primary and secondary
metabolic processes. Previous studies have shown that
foliar application of micronutrient fertilizers enhances
secondary metabolite production in medicinal plants,
which is consistent with our results on increased sapo-
nin and hecogenin concentrations in Agavespecies [14].
However, the toxicological risks of elevated saponin and
hecogenin levels are significant. Studies indicate that
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compounds, such as hecogenin, found in high quantities
in Agave species, can induce DNA damage, though this
may be reversible through cellular repair mechanisms .
Additionally, high levels of saponins cause hemolysis
and gastrointestinal disturbances if not properly man-
aged [22].

Further studies indicate that hecogenin, found abun-
dantly in Agave species, exhibits cytotoxic effects, par-
ticularly at higher concentrations, which may induce
DNA damage in cells. However, this damage appears
reversible under certain conditions. Hecogenin has been
widely studied for its pharmacological benefits, includ-
ing anti-inflammatory, anticancer, and antiulcerogenic
activities. However, its mechanism of action and poten-
tial toxicological effects at varying doses require further
investigation, especially in pharmaceutical applications
[23].

In particular, studies on steroidal saponins from Agave
species have shown that while they offer significant anti-
inflammatory and immunoregulatory properties, they
can also induce cytotoxic effects on cancer cells, under-
scoring the need for precise dosage control.

Incorporating toxicological assessments from the ini-
tial stages of pharmaceutical development is crucial to
ensure that enhancing phytochemical content does not
inadvertently increase toxicity [23]. As demonstrated
in various studies, incorporating toxicological assess-
ments during early pharmaceutical development stages
can help prevent potential safety risks associated with
elevated saponin concentrations, such as hemolysis and
gastrointestinal irritation [22]. For instance, saponins
have shown promise in reducing blood lipids and anti-
inflammatory effects, but their hemolytic activity can
pose significant risks when used inappropriately. There-
fore, comprehensive toxicological assessments should
accompany any therapeutic exploration, particularly as
the use of A. marginata L. in pharmaceutical contexts
grows [12, 13, 17, 24, 25].

Correlation of growth and phytochemical content

This study’s positive correlation between chlorophyll
content and saponin levels suggests that photosynthetic
activity is critical in enhancing bioactive compounds’
production. It was expected that treatments with high-
er levels of iron would lead to increased chlorophyll
content, correlating with enhanced photosynthesis and
greater saponin production. Similarly, zinc was antici-
pated to boost the plant’s stress response and metabolic
efficiency, resulting in improved phytochemical output.
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As a balanced source of NPK, growmore fertilizer was
predicted to promote overall plant growth and health,
indirectly supporting the biosynthesis of secondary me-
tabolites like saponins and hecogenin. This result is con-
sistent with studies showing how micronutrient interven-
tions, such as the application of iron and zinc, enhance
photosynthetic efficiency and secondary metabolite pro-
duction in plants [14]. However, unlike previous stud-
ies that relied on more invasive treatments, such as acid
extractions, our nutrient management approach supports
optimal plant growth and phytochemical yield more sus-
tainably, which is critical for pharmaceutical applica-
tions.

This correlation highlights the need for precision in nu-
trient management strategies that support optimal plant
growth and maximize phytochemical yields. These re-
sults are significant for the development of A. marginata
L. as a sustainable source of bioactive compounds for
pharmaceutical purposes, especially in regions with arid
climates [12, 13, 22, 26].

Further precision in nutrient management ensures that
strategies optimize plant growth and enhance phyto-
chemical yields. These efforts are particularly signifi-
cant for developing A. marginata L. as a viable source
of bioactive compounds in pharmaceutical applications,
especially in regions with arid climates [22, 24, 26, 27,
28-31].

Future research directions

Further research is needed to elucidate the molecular
mechanisms involved in the biosynthesis of saponins
and hecogenin in 4. marginata L. Such studies provide
deeper insights into optimizing cultivation practices to
maximize therapeutic efficacy and safety. In addition, fu-
ture investigations should focus on more comprehensive
toxicological assessments to ensure that these bioactive
compounds can be used safely in therapeutic contexts.

Based on these results, we recommend incorporating
precision nutrient management strategies in the large-
scale cultivation of 4. marginata L. Specifically, grow-
more, iron, and zinc should be fine-tuned to achieve the
desired balance between maximizing phytochemical
production and maintaining plant health. By implement-
ing this targeted approach, cultivators can enhance Aga-
ve’s medicinal value while contributing to sustainable
agricultural practices, particularly in arid regions where
nutrient optimization is crucial.
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Also, it is required to develop sustainable agricultural
practices, such as precision irrigation and nutrient man-
agement systems, to support the large-scale cultivation
of A. marginata L. in arid regions. These efforts will
enhance the plant’s medicinal and commercial poten-
tial while contributing to environmental conservation
and sustainable agriculture. In parallel, future research
should prioritize toxicological assessments of key bioac-
tive compounds like saponins and hecogenin to establish
safe dosage ranges for pharmaceutical applications.

Conclusion

This study highlights the significant role of nutrient
management in enhancing the growth and phytochemi-
cal profile of A. marginata L., particularly increasing sa-
ponin and hecogenin content. While these compounds
offer therapeutic potential, their elevated levels require
careful toxicological evaluation to ensure safe use.

To advance the field, future research should focus on
in vitro and in vivo studies to determine safe dosage lev-
els and pharmacokinetic assessments to evaluate long-
term safety. Additionally, molecular techniques, such
as CRISPR-Cas9 can further elucidate the biosynthetic
pathways of these compounds, enabling more targeted
production strategies.

Optimizing nutrient interventions, such as precise ferti-
gation and micronutrient applications, can enhance plant
health and bioactive yields, especially in arid regions.
Sustainable practices, combined with ongoing collabo-
ration between researchers and policymakers, will help
unlock the full medicinal and commercial potential of A.
marginata L.
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