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ABSTRACT

Agrimonia eupatoria L., a herb used in traditional medicine, contains numerous secondary metabolites with beneficial properties.
However, its phytochemistry, and consequently bioactivity, can be strongly influenced by various cultivation and processing
factors. This study evaluates the impact of growth locality, plant part, ontogenetic phase, and postharvest processing on the
phytochemical composition and antimicrobial potential of two agrimony species: A. eupatoria and Agrimonia procera. A total
of 94 herbal samples extracted with 40% aqueous ethanol were analyzed using ultrahigh-performance liquid chromatography
and high-resolution tandem mass spectrometry and simultaneously tested against selected Gram-positive, Gram-negative, and
anaerobic bacteria and yeasts. Targeted screening of bioactive polyphenols revealed significant differences between the agrimony
species, with phloridzin and orientin/isoorientin identified as new potential chemotaxonomic markers. Notable differences were
also observed between roots and aerial parts. Postharvest processing, particularly drying, proved to be another important factor,
reducing the overall polyphenol content compared to fresh-frozen plant material. Although all extracts exhibited strong activity,
especially against Gram-positive bacteria, the highest antimicrobial potential was observed in roots extracts rich in procyanidins
and catechins. The findings of this study enhance the understanding of agrimony phytochemistry and its variability, thereby
supporting the effective production of medicinal preparations with the desired therapeutic effects.

1 | Introduction widely used against respiratory tract infections in traditional

medicine is common agrimony (Agrimonia eupatoria L.), a
Due to their many beneficial effects on human health, medicinal ~ perennial plant from the Rosaceae family. Agrimony contains a
herbs have been used in various forms for ages. One of the herbs ~ variety of bioactive compounds and such as pose a wide range of
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biological activities [1]. However, its bioactive compound profile
is influenced by many factors and, thus, varies among plants. Still
little is known about how this variability influences its biological
activities and the efficacy of its medicinal preparations.

Among the various secondary metabolites reported for agrimony
(e.g., triterpenoids, terpenes, and organic acids), polyphenols,
including flavonoids, phenolic acids, and tannins, are domi-
nating. They show a number of biological activities, including
antioxidant, antiviral, hepatoprotective, and/or antimicrobial
effects [2-5]. The polyphenol profiles of agrimony plants have
been investigated within various studies [2, 4, 6-10], a detailed
review of which has been published recently by Malheiros et al.
[3]. One of the most extensive studies focused on agrimony
species was published by Granica et al. who qualitatively analyzed
polyphenols profiles in eight A. eupatoria L. and five Agrimonia
procera WALLR. samples obtained both from commercial manu-
facturers and from nature [6]. On the basis of their results, vitexin
and isovitexin were proposed as chemotaxonomic markers for
distinguishing these two species. Karliniska et al. characterized
quantitative differences between the polyphenol profiles of A.
eupatoria L. and A. procera WALLR. during different vegetation
periods and described polyphenols variability among different
plant parts [10]. Kubinova et al. investigated anticholinesterase
and antioxidant activities of aqueous extracts of five agrimony
species (Agrimonia coreana NAKAI, Agrimonia japonica KOIDZ,
A. procera WALLR., A. eupatoria L., and Agrimonia leucantha
KUNZE) and reported that the latter activity was most intensive
in A. procera WALLR. characterized by the highest polyphenol
content [11]. A couple of studies also documented that biological
activities of agrimony extracts, such as antioxidant activity,
depend mainly on polyphenol content [10, 12, 13]. Despite all
of these studies, the influence of other important factors, such
as plant growth locality and sample postharvest processing,
on the polyphenolic profiles of agrimony species and the bio-
logical activities of agrimony extracts has been overlooked so
far. Filling this knowledge gap can significantly improve the
understanding of the phytochemical and biological potential
of agrimony taxa, what is an essential prerequisite for the
effective cultivation and processing of this valuable herb and the
subsequent development of preparations with desired therapeutic
effects.

Various strategies are currently employed in pharmaceutical
industry for isolation of bioactive compounds from natural plant
materials [14]. In the case of agrimony, traditional preparations
include aqueous extracts (infusions) and aqueous ethanol extracts
(tinctures), typically made from the aerial parts of the plant.

Within this study, we applied a complex strategy involv-
ing ultrahigh-performance liquid chromatography and high-
resolution tandem mass spectrometry (UHPLC-HRMS/MS)
analysis, followed by bioactivity testing, with the aim to assess
differences between the phytochemical profiles and antimicrobial
activities of hydroalcoholic extracts of various agrimony samples.
To provide the most comprehensive study to date, we focused
not only on the impact of agrimony plant species, plant part,
and ontogenetic phase, but also on that of growth locality and
postharvest sample processing (drying/fresh-freezing), as factors
whose impact has not been reported yet.

2 | Results and Discussion

To explore the phytochemical composition of tested agrimony
extracts and its variability resulting from various cultivations
and processing conditions, statistical analysis of the non-targeted
UHPLC-HRMS/MS data followed by targeted (suspect) screening
of polyphenols was carried out. On the basis of the obtained
results, we evaluated the impact of agrimony species, growth
locality, ontogenetic (developmental) phase, and postharvest
processing. Antimicrobial activity of the corresponding agrimony
extracts was also assessed and subsequently correlated with the
detected polyphenolic compounds.

2.1 | Significance of Factors Affecting the
Phytochemical Profile of Agrimony

Principal component analysis (PCA) of non-targeted UHPLC-
HRMS/MS metabolomic data was performed to assess differences
in total phytochemical profiles among the agrimony samples and
determine the factors with the highest impact.

In line with expectation, the primary phytochemical variability
was observed between the agrimony aerial parts and the roots,
accounting for 13.7% of the variability on PC1 and 11% on
PC2 (Figure S2). To visualize other potential factors impacting
phytochemical profiles within these sample groups, subsequent
PCA was performed on aerial parts and roots separately. The
resulting score plots of only the aerial parts of the whole sample
set identified species and postharvest sample processing as the
primary influential factors, with species contributing 15.7% of the
variability on PC1 and postharvest sample processing 7.9% on
PC2 (Figure 1). Contrary to the distinct clustering of A. eupatoria
against A. procera and the clearly clustered dried and fresh-
frozen samples, growth locality had no significant impact on
the phytochemical profiles of agrimony aerial parts. The results
obtained from PCA of root samples (Figure 2) were comparable
to those obtained for the aerial parts.

PCA was also performed separately on data for each agrimony
species, considering only the aerial plant parts (as the larger
sample group compared to roots). In addition to growth locality
and postharvest processing, the potential clustering of samples
was also investigated on the basis of the type of aerial plant
parts, such as leaves and stems with flowers. The aerial samples
of A. eupatoria showed mild clustering according to the growth
locality and postharvest processing, but no clustering according
to the plant parts. In contrast, the A. procera samples were clearly
divided on the basis of the postharvesting processing and plant
parts, but not the growth locality (Figures 3 and 4).

Overall, the above-described observations suggest that, in addi-
tion to the fundamental plant organs (roots and aerial parts),
species and postharvest sample processing primarily influenced
the agrimony phytochemical profile. The impact of locality and
aerial plant part appeared to be minor but differed between the
two tested agrimony species. A. procera, in the case of which the
majority of samples were cultivated in the same locality, showed
higher distinction by aerial plant parts than by locality, whereas A.
eupatoria, being cultivated in three different locations, exhibited
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FIGURE 1 | Principal component analysis (PCA) score plots (PC1 and PC2) of the agrimony aerial parts clustered according to species and

postharvest sample processing (drying vs. fresh-freezing).
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Principal component analysis (PCA) score plots (PC1 and PC2) of the agrimony roots clustered according to species and postharvest
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FIGURE 3 | Principal component analysis (PCA) score plot (PC1 and PC2) of the aerial parts of agrimony samples clustered according to locality,

with marked grouping of samples according to postharvest processing.

higher differentiation by the locality and no observable clustering
by aerial plant parts. Thus, the comparably lower variability of
A. procera samples, not influenced by locality, probably enabled
distinguishing differences in phytochemical profiles of different
aerial plant parts as well as enhanced the separation of dried and
fresh-frozen samples.

2.2 | Polyphenol Profiles of Agrimony

From a total of 195 screened phenolic secondary metabolites,
62 were detected and tentatively identified across all agrimony
extracts, with details provided in Table 1. Compound identifi-
cation was based on HRMS/MS spectral matching with online
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Principal component analysis (PCA) score plot (PC1 and PC2) of the aerial parts of agrimony samples clustered according to the plant

part, with marked grouping of samples according to postharvest processing; only samples from the starting phase of flowering and full bloom were used

for PCA as only these samples had plant parts collected separately.

databases (e.g., mzCloud, HMDB, and MassBank) or available
literature and interpreted using the confidence level framework
by Schymanski et al., where Level 1 indicates confirmation by
analytical standard, and Level 5 represents tentative identification
by exact mass only [15]. Due to the unavailability of analytical
standards for such a high number of detected compounds,
limitations in chromatographic resolution, and/or high similarity
of their fragmentation spectra, several isomeric compounds could
not be reliably distinguished.

Although many of the detected polyphenols (Table 1) have
been previously reported in agrimony [3, 6, 8, 10], a number
of others are, to the best of our knowledge, presented here
for the first time. These include taxifolin (dihydroquercetin),
feruloylquinic acid isomer, caffeoylmalic acid, apigenin ruti-
noside, catechol, cirsimaritin, diosmetin glucuronide, diosmin,
eriodictyol, eriodictyol glucoside, isoorientin/orientin (luteolin
6-C-glucoside/luteolin 8-C-glucoside), isorhamnetin rutinoside,
methyl gallate, methoxybenzoic acid, coumaroylmalic acid,
pentagalloylglucose, phloridzin, hydroxybenzaldehyde/benzoic
acid, piceid (resveratrol 3-O-glucoside), quercetin diglucoside,
quercetin glucosyl-rutinoside, quercetin xyloside/quercetin ara-
binoside, syringic acid, and vicenin 2 (apigenin 6,8-di-C-
glucoside).

The possible impact of specific cultivation and/or processing
factors on the polyphenols profile of agrimony was evaluated
on the basis of the occurrence of the detected compounds in
the tested extracts. Although some compounds were consistently
found across all samples (taxifolin, feruloylquinic acid isomer,
quercetin xyloside/arabinoside, catechol, eriodictyol, pentagal-
loylglucose, and quercetin diglucoside), others, such as phlo-
ridzin and quercetin glucosyl-rutinoside, were detected only in
certain samples, either specific to a particular species or locality.
The occurrence of some other compounds (e.g., methyl gallate
and methoxybenzoic acid) appeared rather random, without
any observable trend. Interestingly, certain compounds such as
diosmin and cirsimaritin were detected only in samples from the

vegetative phase of a “wild” A. eupatoria growing naturally in the
Milovice locality (the latter compound only in the fresh plant).
Syringic acid was also detected in the same plant, but exclusively
in the root samples.

Considering the general differences in the phytochemical profiles
of the fundamental plant structures, as supported by our PCA
results, agrimony roots and aerial parts were further evaluated
separately [14, 16].

2.2.1 | Roots

In line with our results of the total phytochemical profile,
significant differences between agrimony root and aerial samples
were also confirmed for both the qualitative (occurrence) and
quantitative (signal intensity) profiles of polyphenols. Although
the chromatographic records of root samples exhibited consider-
able richness, only a limited number of the screened compounds,
35 in total, were identified across all root samples. This is most
likely due to the primary focus of this study, and thus also of the
compiled “in-house” database, on polyphenols, whereas roots are
generally rich in other types of compounds such as triterpenoids
[17, 18]. In addition, polyphenols in roots might be bound to
structural polysaccharides (e.g., cellulose), which would limit
their extractability and thus detectability [19, 20].

Flavonoids and tannins were the primary compounds detected in
the roots, accounting for 58%-75% of the identified polyphenols.
However, the content of individual flavonoids was generally
lower compared to the aerial parts. Phenolic acids, when present,
also occurred in significantly lower amounts, representing a
maximum of 6% of all identified polyphenols in the roots, in
contrast to 12%-35% in the aerial parts. These findings are
consistent with those of Dos Santos Szewczyk et al., who reported
reduced total phenolic, flavonoid, and phenolic acid contents
in the roots of Alchemilla acutiloba (a member of the Rosaceae
family, like agrimony) compared to its aerial parts, along with
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reduced levels of individual flavonoids [21]. To date, no study
has systematically investigated phenolic compounds in agrimony
roots.

Although the overall content of the detected polyphenols was
typically higher in the agrimony aerial parts, some compounds
were present in significantly greater quantities (p < 0.05) in the
roots. These included agrimoniin, catechin/epicatechin, B-type
procyanidins, gallic acid, and pentagalloylglucose. Hoffmann
et al. reported that the roots of certain Rosaceae species (straw-
berry, rose, pear, plum) serve as sites of flavonoid biosynthesis,
particularly of flavan-3-ols such as catechin [22]. Similarly, Enay-
ati et al., who examined differences between aerial parts and
roots of Potentilla reptans L. from the Rosaceae family, identified
flavan-3-ols as the predominant compounds in plant roots [23].
As agrimony also belongs to the Rosaceae family, our findings of
elevated levels of these compounds in its roots are consistent with
these previous reports.

2.2.2 | Aerial Parts

2.2.2.1 | Impact of Species. The polyphenol profiles of agri-
mony aerial parts showed clear species-dependent variability,
both in terms of compound occurrence and detected levels. The
content (based on signal intensity) of gentisic acid/protocatechuic
acid/pyrocatechuic acid, quercetin malonyl-glucoside, quercetin
xyloside/quercetin arabinoside, and vicenin 2 was significantly
higher (p < 0.05) in extracts prepared from A. eupatoria compared
to A. procera.

Some secondary metabolites were detected exclusively in A.
eupatoria, namely, phloridzin, the luteolin C-glycosides isoori-
entin/orientin, and the apigenin C-glycosides isovitexin/vitexin.
In agreement with our findings, isovitexin and vitexin were
previously reported by Granica et al. as possible chemotaxonomic
markers for differentiating A. eupatoria and A. procera [6]. To the
best of our knowledge, phloridzin and isoorientin/orientin have
not yet been reported to occur in agrimony; nevertheless, they are
typical of a number of other plants. Orientin has been detected
in species such as Fagopyrum esculentum, and phloridzin in
several medicinal herbs, including Salvia officinalis L., Alchemilla
vulgaris, and Thymus serpyllum L. [16, 24, 25]. The occurrence
data obtained for these compounds indicate their potential use as
markers for distinguishing A. eupatoria and A. procera, alongside
vitexin/isovitexin.

In line with other studies, we also observed a significantly
higher (p < 0.05) content of agrimoniin and apigenin glucoside
in A. procera compared to A. eupatoria [6, 10]. One specific
apigenin glucoside isomer, apigenin 7-O-glycoside, was reported
by Granica et al. as a possible marker for A. procera [6].
However, as we were not able to identify the specific position
of the glycosidic bond in the apigenin glucoside isomer, we
could neither confirm nor contradict their hypothesis. Although
significantly elevated levels were found in our A. procera samples,
the non-specified apigenin glucoside was also detected to some
extent in A. eupatoria, suggesting either that apigenin 7-O-
glucoside might not be exclusive to A. procera, or that a different
apigenin glucoside isomer was detected in our samples. Another
compound found exclusively in A. procera was apigenin ruti-

noside. However, as it was detected mainly in samples from the
vegetative and early flowering phases and only in four samples
from full bloom, it appears to be an unsuitable marker of this
species.

2.2.2.2 | Impact of Postharvest Processing. Postharvest
processing of agrimony aerial parts had a noticeable impact
on their polyphenol content across all samples. Consistent
with expectations, higher polyphenol levels were observed in
fresh-frozen samples compared to those dried at 40°C. This
corroborates the findings of Dziadek et al., who reported a
decline in total polyphenol content in Salvia species dried at
temperatures exceeding 30°C [26]. Similarly, Rababah et al. found
higher concentrations of total phenolics and flavonoids in fresh
sage, mint, lemon balm, and thyme compared to their oven-dried
(40°C) counterparts [27]. The rate of polyphenol loss during air
drying varied among individual compounds and could probably
be caused by oxidation, mainly by the activity of polyphenol
oxidases. These enzymes represent a diverse group with different
optimal parameters depending on the substrate. Their optimal
activity temperature ranges approximately from 10°C to 65°C;
therefore, it is plausible that agrimony drying at 40°C increased
the activity of certain polyphenol oxidases, resulting in a reduced
polyphenol content [28-30].

2.2.2.3 | Impact of Growth Locality. Polyphenolic profiles
were compared across all agrimony samples with regard to their
geographic origin. The most pronounced differences, both in
qualitative and quantitative representation of polyphenols, were
observed in A. eupatoria cultivated at the Lednice locality. The
content of apigenin was significantly lower (p < 0.05) compared
to all samples from other localities. Moreover, several bioactive
secondary metabolites commonly reported in agrimony (rutin,
apigenin glucuronide/baicalin, kaempferol glucuronide/luteolin
glucuronide, and luteolin rutinoside/nicotiflorin) [3, 6, 8, 10] as
well as some compounds identified in agrimony for the first time
in this study (isorhamnetin rutinoside and quercetin glucosyl-
rutinoside), were not detected in A. eupatoria from Lednice.
Conversely, the content of afzelin (kaempferol glucoside) in A.
eupatoria grown in Lednice was significantly higher (p < 0.05)
compared to all other samples. Interestingly, A. procera cultivated
at the same site under identical environmental conditions did
not exhibit any of these deviations. This may indicate a higher
sensitivity of A. eupatoria to lower intensity fertilization or
nutrient deficiency compared to A. procera.

Another notable feature of the A. eupatoria samples from this
locality was the presence of coumaroylmalic acid and ellagic
acid, the latter of which could be released from ellagitannins.
This transformation may be driven by various factors such as
light, high concentrations of acids or bases, or enzymatic activity
[10]. However, we are unable to determine the specific factor
responsible in this case.

The aforementioned differences in the polyphenolic profile of
A. eupatoria from controlled cultivation in Lednice were highly
unexpected, as the highest variability was initially anticipated
in the wild-grown plants from Milovice site. However, those
samples displayed only minor deviation from the others, such as
the absence of isorhamnetin glucoside, afzelin, and eriodictyol
glucoside.
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2.2.2.4 | Impact of Aerial Plant Parts. The agrimony aerial
parts investigated in this study included the apex, leaves, stem
with flowers, and the whole flower. The highest content of
polyphenolic compounds was most frequently detected in the
leaves, regardless of the postharvest processing method. However,
in A. eupatoria from Lednice locality, several tannin com-
pounds (viz., epigallocatechin/gallocatechin and ellagic acid)
were present in significantly higher (p < 0.05) amounts in stems
compared to other aerial plant parts. Therefore, the quantitative
polyphenolic profile of the whole plant may vary depending
on the ratio of stems to leaves, which aligns with the findings
of Karliniska et al., who concluded that polyphenol profiles in
commercial herbal products depend on the stem-to-leaf ratio
used in the preparation, as compound quantities, and presumably
biological effects, differ between these plant parts [10]. Our results
confirm that this applies not only to dried herbal products but also
to fresh herb material.

2.2.2.5 | ImpactofOntogenetic Phase. Analysisof samples
from all aerial parts revealed relatively stable qualitative polyphe-
nol profiles throughout ontogenesis; however, notable differences
in the levels of specific compounds were observed between the
vegetative phase, beginning of flowering, and full bloom phases
(the senescence phase was not included, as only root samples
were collected at this stage). Diosmetin glucuronide, caffeic
acid, and luteolin/kaempferol malonyl-glucoside exhibited signif-
icantly higher (p < 0.05) levels during the vegetative phase across
all samples. The differences in the levels of these compounds
between the vegetative and the two subsequent phases might
have been, however, strongly influenced by the higher proportion
of leaves to stems in the samples from the vegetative phase (as the
plants are at the early stage of growth), with this ratio later shifting
as the stems develop further. Generali¢ et al. conducted a compar-
ative assessment of variations in phenolic compounds during the
growth of S. officinalis L. leaves, indicating that environmental
factors strongly influence polyphenol content in plants, leading
to considerable fluctuations [13]. This observation in other plants
is supported by our results. However, our study aimed to elucidate
trends in the polyphenol profiles during ontogenesis in a greater
detail. We focused on changes in the relative representation
of flavonoid derivatives throughout plant growth, particularly
the relative shares of aglycones and glycosides of apigenin and
quercetin. Kaempferol and luteolin were not included, as it was
not possible to distinguish their glycosides from each other in
this study. The percentage of each identified flavonoid aglycone
and its glycosides was calculated for the samples of whole plant
collected at each phase, enabling comparison of their relative
ratios. The highest relative share of glycosides was observed
for quercetin, usually at the beginning of the bloom phase,
whereas the lowest ratio varied between the vegetative phase and
full bloom. For apigenin, the highest ratio of glycosides in A.
procera was mainly in the vegetative phase, with a decreasing
trend in the subsequent phases. In A. eupatoria, the trend was
similar to that of quercetin, with the highest ratio of glycosides
at the beginning of the bloom phase, with the exception of
samples from Lednice. No significant differences in these trends
were observed between dried and fresh-frozen herbs. Quercetin
exhibited a predominance of glycosides (typically more than 80%)
and minimal aglycone content, whereas apigenin displayed more
balanced ratios, with aglycone shares reaching up to almost 50%
in some cases. An exception was noted in samples of A. eupatoria

from the Lednice locality, where the relative share of apigenin
aglycone was notably low (not exceeding 15%), likely attributable
to its reduced apigenin content compared to other samples. These
results are illustrated in Figure 5.

2.3 | Antimicrobial Potential of Agrimony and
Correlation with Detected Polyphenols

Significant variations in efficacy against the tested microorgan-
isms were observed among the agrimony samples. Although no
notable antimicrobial activity was detected against anaerobic
bacteria Cutibacterium acnes in any extract, IC, values were mea-
surable for other microorganisms, including the Gram-negative
(G-) Pseudomonas aeruginosa, Gram-positive (G+) Staphylococ-
cus aureus, methicillin-resistant S. aureus (MRSA), Enterococcus
faecalis, vancomycin-resistant Enterococcus sp. (VRE), and the
yeast Candida albicans. These findings are consistent with pre-
vious reports indicating the effectiveness of various agrimony
extracts against some of these pathogens [3, 31]. The detailed
overview of the detected antimicrobial activity is provided in
Tables S1-S6.

In general, the agrimony extracts exhibited stronger inhibitory
effects against G+ bacteria than G— bacteria, in agreement with
the findings of Muruzovi¢ et al. [4]. The higher resistance of G—
bacteria to plant-derived antimicrobials is commonly attributed
to their outer membrane structure, which limits the permeability
of active compounds [32]. Notably, root extracts demonstrated
the highest antimicrobial activity in most cases across all tested
samples. This may be partially explained by their higher dry
matter content compared to aerial plant parts, resulting in
elevated levels of extracted bioactive compounds. Nevertheless,
the differences were substantial, corroborating the findings of
BeélonoZnikova et al., who also reported the highest antimicrobial
activity against P. aeruginosa in roots when comparing different
plant parts of A. eupatoria [33].

The effects of species, postharvest processing, growth locality,
plant part, and ontogenetic phase on antimicrobial activity were
statistically assessed using one-way analysis of variance (ANOVA)
or two-sample ¢-test assuming equal variance. As no significant
antimicrobial effect was observed against C. acnes, this bacterium
was excluded from further statistical analyses.

The impact of individual factors varied depending on the target
microorganism. According to ANOVA and ¢-test results, species
significantly (p < 0.05) influenced antimicrobial activity mainly
against G+ bacteria but had no significant effect on activity
against P. aeruginosa and C. albicans.

Postharvest processing significantly (p < 0.05) affected activity
against S. aureus and E. faecalis. For activity against P. aeruginosa
and MRSA, significant (p < 0.05) influence was observed only in
the case of A. procera, whereas no impact was noted on activity
against VRE and C. albicans.

Growth locality significantly (p < 0.05) influenced antimicrobial
activity only against S. aureus and VRE, whereas activity against
MRSA was impacted only for A. eupatoria. No significant locality-
related effects were observed for other microorganisms.
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FIGURE 5 |
ontogenetic phases.

The observed effects of agrimony plant part and ontogenesis were
largely driven by the root samples, which, as already mentioned,
exhibited significantly different antimicrobial activities compared
to aerial parts. In many cases, statistically significant (p < 0.05)
differences disappeared when root samples were excluded from
the analysis. Without roots, plant parts significantly (p < 0.05)
influenced activity only against MRSA (and to a lesser extent
against S. aureus in the case of A. procera), whereas no impact
was observed for the remaining organisms. Similarly, ontogenetic
phase did not significantly affect antimicrobial activity once
roots were excluded. An exception was observed for C. albicans,
where fresh-frozen agrimony samples from the vegetative phase
exhibited higher activity than all the other samples.

Overall, these results demonstrate that all investigated factors
influence agrimony’s antimicrobial activity against bacteria and
yeast. Although species and postharvest processing significantly
affected antimicrobial activity against almost all tested microor-
ganisms, other factors, such as particularly ontogenetic phase,
had only a minor impact on activity against specific microorgan-
ism. This finding aligns with the PCA results, which showed no
clustering based on agrimony developmental stage (considering
the aerial plant parts only). Generali¢ et al. also reported changes
in antibacterial activity against two G+ (Bacillus cereus and S.
aureus) and two G— (Escherichia coli and Salmonella infantis)
bacteria in S. officinalis L. (Rosaceae family) during different
ontogenetic phases [13]. However, they did not statistically evalu-
ate the significance of these differences using ANOVA or similar
tests. The higher activity reported against S. aureus compared
to our results on agrimony samples may reflect species-specific
differences in polyphenolic composition of the two plants. To our
knowledge, no prior study has systematically explored the impact
of environmental and processing factors on the antimicrobial
activity of agrimony extracts in such detail.

Furthermore, the association between antimicrobial activity and
specific detected polyphenols was investigated by calculating

A. procera, Olomouc

full bloom

fresh-frozen

A. eupatoria, Lednice

‘o
80%
70%
60%
50%
40%
30%
20%

L g =} o =] g o =] g
=) I S i1 8 g | & g 15
s 2 2 = L 2 8 2 2
b5 o o b5 ° ° - £ o
s = o i - oy s
(=] = < = o =} =
i B g , k :
- of el - on = - on =
E = =
‘g =] ‘g
g ] =]
an ‘Bl B
O > o
© 5 E
dried fresh-frozen dried

apigenin aglycone M apigenin glycosides

Relative abundance of quercetin and apigenin aglycones and glycosides in selected agrimony samples (aerial parts) across different

Pearson’s correlation coefficients between the measured ICs,
values (Tables S1-S6) and the peak areas of the compounds.
When evaluating Pearson’s correlation coefficients, we used the
classification described by Care et al., where coefficient values
above 0.6 (or below —0.6) are considered strong correlations,
and values between 0.4 and 0.59 (or —0.4 and —0.59) are
considered moderate [34]. As IC,, values are inversely related to
biological activity (i.e., the lower the ICy,, the higher the observed
activity), negative coefficients represent positive correlations in
this study. Four polyphenolic compounds, namely, agrimoniin,
pentagalloylglucose, gallic acid, and phloridzin, met criteria for
moderate or strong correlation (Table 2).

Gallic acid has been documented to exhibit antibacterial and
antifungal properties [35-37]. Similarly, pentagalloylglucose and
phloridzin have been reported to possess antimicrobial activity
[38, 39]. Although agrimoniin has been suggested to contribute
to certain beneficial properties of agrimony extract, it has not, to
the best of our knowledge, been reported to display antimicrobial,
particularly antibacterial, activity [6]. These findings indicate
that among the detected and identified polyphenolic compounds,
agrimoniin, gallic acid, pentagalloylglucose, and phloridzin may
primarily contribute to the antibacterial activity of agrimony
against both G+ and G— bacteria. However, to confirm the role of
these correlated compounds as the primary antibacterial agents
in the extracts, further research should be carried out.

A study with a similar objective, aiming to identify the com-
pounds responsible for the antibacterial activity of agrimony
extracts against S. aureus, was conducted by Ginovyan et al.
[40]. Using the TLC-bioautography technique, they concluded
that the observed activity is likely attributable to more than
one compound, specifically to interactions of many present
compounds. Similar conclusions were drawn by BélonoZnikova
et al., who suggested that antimicrobial activity depends not on a
single substance, but rather on the combined effect of multiple
secondary metabolites [33]. These conclusions might partially
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TABLE 2 |
levels of detected bioactive compounds.

Pearson’s correlation coefficients indicating moderate to strong correlations between antimicrobial activities of agrimony extracts and

Pearson’s correlation coefficient

Compound Staphylococcus Enterococcus Pseudomonas

aureus faecalis MRSA VRE aeruginosa Candida albicans
Agrimoniin -0.57 — — — —0.63 —
Gallic acid —-0.53 — — — — —
Pentagalloylglucose —0.50 — — — —0.52 —
Phloridzin — — — —0.50 — —

Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus; VRE, vancomycin-resistant Enterococcus sp.

explain results of our study, where no significant correlation was
found between antimicrobial activity and any individual detected
compound for half of the tested microorganisms (viz., E. faecalis,
MRSA, and C. albicans), despite the extracts showing strong
activity against them.

3 | Conclusions

A. eupatoria L. and, to a lesser extent, A. procera WALLR., have
been used in traditional medicine for centuries. However, the
effectiveness of their non-standardized preparations might be
rather inconsistent, due in part to variability in the phytochemical
composition driven by various cultivation and processing factors.
This study provides a comprehensive evaluation of how species,
growth locality, plant parts, ontogenetic stage, and postharvest
processing affect the phytochemical profile and antimicrobial
activity of agrimony extracts.

Using UHPLC-HRMS/MS combined with multivariate statistical
analysis, we demonstrated that agrimony phytochemistry is
strongly shaped by species identity and postharvest processing,
with smaller contributions from growth locality, ontogenetic
stage, and plant part (apart from the expected fundamental
differences between the roots and aerial parts). Targeted screen-
ing of polyphenols (as major bioactive secondary metabolites
of agrimony) identified several compounds that, to the best of
our knowledge, are reported in agrimony for the first time in
this study. We proposed phloridzin and luteolin C-glycosides
(isoorientin/orientin) as potential chemotaxonomic markers for
A. eupatoria, expanding the currently known marker panel. Slight
variation in polyphenol profiles among agrimony samples from
different growing localities was observed. Regardless of species
and locality, leaves consistently showed the highest polyphenol
content, whereas roots, despite lower compound diversity, exhib-
ited significantly elevated levels of catechins and procyanidins.
Ontogenetic trends indicated highest polyphenol content in the
vegetative phase, with distinct patterns in the ratio of flavonoid
glycosides to aglycones throughout plant development. Drying
at 40°C was shown to reduce polyphenol levels, possibly due to
enzyme-mediated oxidation processes.

Antimicrobial activity was particularly high against Gram-
positive bacteria and was closely associated with root extracts.
As expected, the differences in observed activity across all the
agrimony extracts were closely associated with variability in the

detected phytochemical profiles, with species and postharvest
processing being the primary influencing factors. Extracts of
fresh-frozen A. eupatoria showed high efficiency against Ente-
rococcus bacteria (E. faecalis, VRE), whereas A. procera extracts
were most effective against S. aureus and MRSA. Good inhibi-
tion was also shown for the yeast C. albicans. Among the 62
polyphenols detected and tentatively identified across all the
agrimony extracts, agrimoniin, gallic acid, pentagalloylglucose,
and phloridzin showed moderate to strong correlations with
observed antibacterial activity, although no single compound
explained the activity across all tested microorganisms. Our
results support the hypothesis that synergistic effects among
multiple bioactive compounds play a key role in the antimicrobial
properties of agrimony extracts.

Together, these findings highlight the considerable variability in
agrimony’s phytochemistry and bioactivity associated with heal-
ing effect and stress the importance of standardizing plant mate-
rial and processing methods to ensure the consistent quality and
efficacy of herbal medicinal products. Future work should focus
on isolating and characterizing the individual and synergistic
contributions of key bioactive compounds, as well as evaluating
other pharmacological properties beyond antimicrobial activity.

4 | Experimental Section

4.1 | Chemicals

Ammonium formate (purity >99.9%) and ethanol (p.a.) were
supplied by Merck (Germany). HPLC methanol (MeOH, purity
>99.9%) and formic acid (FA, purity >99.9%) were purchased
from Honeywell Riedel-de Haén (Germany). Deionized water
was obtained from an internal Milli-Q system (Merck, Germany).
For antimicrobial testing, MH broth (Mueller Hinton Broth;
Merck, Germany) was used.

4.2 | Plant Samples

Two agrimony species (A. eupatoria L. and A. procera WALLR.)
were provided by the project partner Mendel University in
Brno, Faculty of Horticulture, Department of Growing Veg-
etable and Floriculture, and were authenticated on the basis
of morphological features by Jarmila Neugebauerova according
to literature [41-43]. The plant material of A. eupatoria was
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also authenticated according to the European part of the Czech
Pharmacopoeia [44]. The identification of plants was verified
by Radomir Repka. Vouchers are stored at Mendel University
Brno, Faculty of Horticulture. The list of samples (listed as
S1-S6), place of collection, inventory, and herbarium code is
given in Table S7, together with the photo documentation of the
herbarium item of wild A. eupatoria collected in the locality of
Milovice (sample S4; Figure S3). The herbarium items are stored
in the depository of the Regionalni muzeum Mikulov (Regional
Museum in Mikulov). Although samples S5 and S6 do not have
a herbarium accession, they are part of the genetic resources
collection, and their seeds are available in the gene bank under
the codes 09A0500001 and 09A0500002 [45, 46]. Sample S5 was
initially assumed to represent the A. eupatoria species. However,
UHPLC-HRMS/MS analysis and statistical evaluation conducted
in this study clearly revealed that the phytochemical profile of S5-
related plant samples corresponds to A. procera. Consequently,
the authors collectively decided to further evaluate the plant S5
as A. procera. This finding underscores the importance of phyto-
chemical analysis in botany and traditional medicine for accurate
plant species identification, particularly in cases involving species
with high morphological similarity, such as the A. eupatoria and
A. procera examined in this study.

The plants were collected at four points through their ontogenesis
(in May, June, July, and October) at four different localities; in
three of them (Lednice: 48.7947658 N, 16.7985383 E; Hlohovec:
48.7630025 N, 16.7600808 E; Olomouc: 49.5715003 N, 17.2815117 E),
the agrimony was grown under controlled conditions, whereas in
the fourth locality (Milovice: 48.8489458 N, 16.6918897 E), samples
were collected from nature. In May, plant in the vegetative state
was collected as all the aerial parts together (as in this phase the
plant consists mainly of leaves and a little bit of stem), and in June
and July, besides whole plant, leaves and stems with flowers were
also collected separately. In October, that is, in the senescence
period, only roots (with rhizomes) were collected. All the samples
are listed in Table S8. After collection, part of fresh samples
was cryogenically homogenized by liquid nitrogen to avoid any
changes of bioactive metabolites, and then, the homogenized
plant materials were stored in freezer (—18°C), and the other part
of these samples was dried in a laboratory oven with circulating
hot air (24-h cycles, 40°C) and afterwards homogenized to get
fine powder. The dry matter content of the fresh-frozen samples
was measured using an HG63 halogen moisture analyzer (Mettler
Toledo, Germany), and all data obtained in this study were
recalculated accordingly.

4.3 | Preparation of Plant Extracts

Sample extraction was performed according to the procedures
used in a folk medicine. A tincture was chosen for the purpose of
this study as higher antimicrobial activity has been reported for
this type of extract compared to the aqueous one [4]. The extrac-
tion procedure was chosen on the basis of publicly accessible
sources, including internet websites and herbal books recom-
mended on various platforms for homemade extracts preparation
[47]. To follow recommended set-up (one part of herb to five
parts of extraction solvent), 4 g of each type of plant material
was mixed with 20 mL of 40% (v/v) ethanol, with few exceptions
(see Supporting Information section, Table S8), where the ratio

had to be changed due to insufficient wettability. The suspensions
were left for 7 days in the dark at 23°C, shaken at least once a
day. After 7 days, the liquid phase was filtered using filter paper
(84 g/m?) and subsequently passed through microfilters (0.2 um
PVDF, Chromservis).

4.4 | UHPLC-HRMS/MS Analysis

For the plant extracts analysis, UHPLC-HRMS/MS technique
was employed using a Dionex UltiMate 3000 chromatograph
(Thermo Fisher Scientific, USA) coupled with a TripleTOF 6600
mass spectrometer (SCIEX, Canada) with Q-TOF mass analyzer.
Chromatographic separation was carried out on Acquity HSS
T3 (2.1 x 100 mm?, 1.8 um, Waters) analytical column held at
45°C. The mobile phase consisted of A: deionized water with
5 mM ammonium formate and 0.1% formic acid and B: methanol
with 5 mM ammonium formate and 0.1% formic acid. The
gradient was used as follows: initial (5% B), 0-5 min (5%-50%
B), 5-11 min (50%-100% B), 11-18 min (100% B), and 18-20 min
(5% B). The injection volume was 2 pL, and the flow rate was
0.4 mL/min. Samples were analyzed separately in positive and
negative modes of electrospray ionization (ESI) under follow-
ing conditions: capillary temperature 480°C, capillary voltage
—4500/+5000 V, and collision energy 35 V with an energy spread
of +15 V. For the acquisition of MS and MS/MS data, Full scan and
Information Dependent Acquisition (IDA) methods were used.
Although full MS data were recorded for m/z 100-1200, product
ion MS/MS data were collected for m/z 50-1200. After every 10
samples, automatic m/z calibration was performed using positive
or negative ESI calibration solution (SCIEX, Canada). The quality
control (QC) samples and blank samples were analyzed within
the sequence to monitor potential drift of retention times and/or
changes in detector response together with potential carry-over
effects (Figure SI). QC samples were prepared by pooling a few
microliters of each sample extract. Blank sample consisted of pure
extraction solvent only.

4.5 | Targeted Screening and Identification of
Polyphenols

To perform the targeted screening of polyphenols in the plant
extracts measured by HPLC-HRMS/MS, a unique database of
compounds of interest was created. The existing “in-house”
library, containing information on nearly 600 bioactive sec-
ondary metabolites (mainly polyphenols) reported in scientific
literature to occur in common medicinal plants, was modified
and extended with compounds listed in studies focused on the
phytochemical profiles of various agrimony species. In the next
phase, compounds having MS/MS spectrum available in online
spectral libraries (www.mzcloud.org, www.pubchem.com, www.
massbank.eu, metlincloud2.massconsortium.com) were chosen
to reduce the number of screened compounds. Overall, 195
bioactive compounds were included in the final database, which
consists of the following available information: (i) alternative
common names, (ii) molecular formula, (iii) chemical class,
(iv) chemical identifiers (CAS), and (v) online spectral libraries
containing the available MS/MS spectra. For data processing,
the SCIEX OS software (version 1.5.0.23389, SCIEX, Canada) was
used, and the criteria for compound detection and identification
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were as follows: (i) measured exact mass on 4 decimal places,
(ii) mass error (<5 ppm), (iii) ion intensity threshold above 1000,
and (iv) conformity of mass fragmentation spectra with those in
online spectral libraries.

4.6 | Antimicrobial Activity Testing

Antimicrobial activity was tested using broth microdilution
method according to ISO standard 20776-1 [31, 48]. Tested
microorganism included S. aureus (ATCC 25923), P. aeruginosa
(CCM 3855), C. albicans (DBM 2164), E. faecalis (CCM 4224),
C. acnes (CCM 7417), MRSA (NEM 449 [49]), and VRE (NEM
2159). Both resistant strains were isolated and identified in the
Laboratory of Medical Microbiology, Ceska Laboratorni, s.r.o.
(Prague, Czech Republic). All samples tested ranged from 0.002
to1g/Lin triplicates. The activity was evaluated as ICs, (half max-
imal concentration; the concentration of sample and antibiotic
that kills exactly 50% of the bacterial population) after 24 h of
incubation (37°C, 120 rpm/min) using the web calculator https://
www.aatbio.com/tools/ic50-calculator/.

4.7 | Statistical Analysis of Generated Data

The processing of raw UHPLC-MS/MS data prior to statistical
analysis was performed with MarkerView software 1.3 (SCIEX,
Canada). For non-targeted peak detection, the parameters were
set as follows: minimum peak width 0.02 Da, noise threshold 10,
subtraction multiple factor 1.5. Peak alignment parameters were
set to mass tolerance 0.01 Da and retention time tolerance 0.1 min.
After peak detection and alignment, total area sum normalization
was performed to obtain the total phytochemical profile of each
sample extract. Further chemometrics evaluation was performed
in SIMCA 17.0 software (Umetrics, Sweden; https://umetrics.
com/). For creating PCA models, logarithmic transformation and
Pareto scaling were set.

ANOVA and two-sample t-test assuming equal variance (per-
formed using Microsoft Office Excel function Data Analysis)
were used on the data obtained by targeted screening to deter-
mine differences between groups and correlations to determine
the relationship between antimicrobial activity and identified
polyphenols. For both ANOVA and the t-test, the measured
antimicrobial activity of the samples against each bacterium
was separated into groups according to the observed factor, and
statistical analysis was then performed to determine differences
between these groups.

Author Contributions

Anna Louckova performed all the experiments connected to the analytical
part of extract testing, collected and analyzed all the data, and wrote
the first draft of the manuscript. Jarmila Neugebauerova provided and
identified plant material, provided supervision connected to the botanical
part of the manuscript, and modified the draft of the manuscript. Bara
Kiizkovskd did the experiments connected to the antimicrobial activity.
Marie Zlechovcova participated in the design of the study and reviewed
and modified the manuscript draft. Katefina Sebelové helped with the
data analysis. Jan Lipov supervised the whole process of antimicrobial
activity testing and reviewed the manuscript. Jitka Viktorové participated

in the design of the study, helped with the experiments connected to the
antimicrobial activity, reviewed and modified the manuscript draft. Jana
Hajslova designed the study, supervised the whole process, and reviewed
and modified the manuscript draft. All authors read and approved the
final manuscript.

Acknowledgments

This project was supported by METROFOOD-CZ research infrastructure
project (MEYS Grant No. LM2023064), including access to its facili-
ties and from the grants of specific university research (Grant Nos.
A2_FPBT_2023_047 and Al_FPBT_2023_002). Another support was by
National Institute of Virology and Bacteriology (Programme EXCELES,
ID Project No. LX22NP05103)—funded by the European Union—Next
Generation EU.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. R. Y. Cavero and M. L. Calvo, “Medicinal Plants Used for Respiratory
Affections in Navarra and Their Pharmacological Validation,” Journal of
Ethnopharmacology 158 (2014): 112806.

2. H. Correia, A. Gonzalez-Paramas, M. T. Amaral, C. Santos-Buelga,
and M. T. Batista, “Polyphenolic Profile Characterization of Agrimonia
eupatoria L. by HPLC With Different Detection Devices,” Biomedical
Chromatography 20 (2006): 88-94.

3. J. Malheiros, D. M. Simdes, A. Figueirinha, M. D. Cotrim, and D. A.
Fonseca, “Agrimonia eupatoria L.: An Integrative Perspective on Eth-
nomedicinal Use, Phenolic Composition and Pharmacological Activity,”
Journal of Ethnopharmacology 296 (2022): 115498.

4. M. Z. Muruzovié¢, K. G. Mladenovi¢, O. D. Stefanovi¢, S. M. Vasi¢, and L.
R. Comié¢, “Extracts of Agrimonia eupatoria L. as Sources of Biologically
Active Compounds and Evaluation of Their Antioxidant, Antimicrobial,
and Antibiofilm Activities,” Journal of Food and Drug Analysis 24 (2016):
539-547.

5. Z. Paluch, L. Biriczova, G. Pallag, E. Carvalheiro Marques, N. Vargova,
and E. Kmonickova, “The Therapeutic Effects of Agrimonia eupatoria L.,”
Physiological Research 69 (2020): S555-S571.

6. S. Granica, H. Kluge, G. Horn, A. Matkowski, and A. K. Kiss, “The
Phytochemical Investigation of Agrimonia eupatoria L. and Agrimonia
procera Wallr. As Valid Sources of Agrimoniae Herba—The Pharma-
copoeial Plant Material,” Journal of Pharmaceutical and Biomedical
Analysis 114 (2015): 272-279.

7. N. Huzio, A. Grytsyk, A. Raal, L. Grytsyk, and O. Koshovyi, “Phy-
tochemical and Pharmacological Research in Agrimonia eupatoria L.
Herb Extract With Anti-Inflammatory and Hepatoprotective Properties,”
Plants 11 (2022): 2371.

8. A. Kuczmannova, P. Gdl, L. Varinska, et al., “Agrimonia eupatoria
L. and Cynara cardunculus L. Water Infusions: Phenolic Profile and
Comparison of Antioxidant Activities,” Molecules 20 (2015): 20538-20550.

9. A. Louckova, K. Htrkova, and J. Hajslova, “Charakterizace Biologicky
Aktivnich Latek v fepiku lékatském,” Chemické Listy 115 (2021): 487-490.

10. E. Karliniska, B. Romanowska, and M. Kosmala, “The Aerial Parts
of Agrimonia procera Wallr. And Agrimonia eupatoria L. as a Source of
Polyphenols, and Especially Agrimoniin and Flavonoids,” Molecules 26
(2021): 7706.

11. R. Kubinov4, E. Svajdlenka, and D. Jankovska, “Anticholinesterase,
Antioxidant Activity and Phytochemical Investigation Into Aqueous

Chemistry & Biodiversity, 2025

13 of 15


https://www.aatbio.com/tools/ic50-calculator/
https://umetrics.com/

Extracts From Five Species of Agrimonia Genus,” Natural Product
Research 30 (2016): 1174-1177.

12. Y. Kiselova, B. Galunska, D. Ivanova, and T. Yankova, “Total Antioxi-
dant Capacity and Polyphenol Content Correlation in Aqueous-Alcoholic
Plant Extracts Used in Phytotherapy,” Scripta Scientifica Medica 36 (2004):
11-13.

13. 1. Generali¢, D. Skroza, J. Surjak, et al., “Seasonal Variations of
Phenolic Compounds and Biological Properties in Sage (Salvia officinalis
L.),” Chemistry and Biodiversity 9 (2012): 441-457.

14. A. Sentkowska, V. Ivanova-Petropulos, and K. Pyrzynska, “What Can
Be Done to Get More—Extraction of Phenolic Compounds From Plant
Materials,” Food Analytical Methods 17 (2024): 594-610.

15. E. L. Schymanski, J. Jeon, R. Gulde, et al., “Identifying Small Molecules
via High Resolution Mass Spectrometry: Communicating Confidence,”
Environmental Science & Technology 48 (2014): 2097-2098.

16. M. Nesovié, U. Gasi¢, T. Tosti, et al., “Distribution of Polyphenolic and
Sugar Compounds in Different Buckwheat Plant Parts,” RSC Advances 11
(2021): 25816-25829.

17. L. Wu, J. Liu, K. Chen, L. Zhang, and Y. Li, “Triterpenoids From
the Roots of Sanguisorba officinalis and Their Nrf2 Stimulation Activity,”
Phytochemistry 214 (2023): 113803.

18. N. R. Ryz, D. J. Remillard, and E. B. Russo, “Cannabis Roots: A
Traditional Therapy With Future Potential for Treating Inflammation and
Pain,” Cannabis and Cannabinoid Research 2 (2017): 210-216.

19. B. A. Acosta-Estrada, J. A. Gutiérrez-Uribe, and S. O. Serna-Saldivar,
“Bound Phenolics in Foods, a Review,” Food Chemistry 152 (2014): 46-55.

20. F. Shahidi and J. Yeo, “Insoluble-Bound Phenolics in Food,” Molecules
21 (2016): 1216.

21. K. Dos Santos Szewczyk, W. Pietrzak, K. Klimek, A. Grzywa-Celinska,
R. Celinski, and M. Gogacz, “LC-ESI-MS/MS Identification of Biologically
Active Phenolics in Different Extracts of Alchemilla acutiloba Opiz,”
Molecules 27 (2022): 621.

22. T. Hoffmann, R. Friedlhuber, C. Steinhauser, et al., “Histochemical
Screening, Metabolite Profiling and Expression Analysis Reveal Rosaceae
Roots as the Site of Flavan-3-ol Biosynthesis,” Plant Biology 14 (2012): 33—
40.

23. A. Enayati, V. Khori, Y. Saeedi, and N. Yassa*, “Antioxidant Activ-
ity and Cardioprotective Effect of Potentilla reptans L. via Ischemic
Preconditioning (IPC),” Research Journal of Pharmacognosy 6 (2019):
19-27.

24. M. B. Hossain, D. K. Rai, N. P. Brunton, A. B. Martin-Diana, and
C. Barry-Ryan, “Characterization of Phenolic Composition in Lamiaceae
Spices by LC-ESI-MS/MS,” Journal of Agricultural and Food Chemistry 58
(2010): 10576-10581.

25. T. Jurié, J. S. Katani¢ Stankovié, G. Rosi¢, et al., “Protective Effects of
Alchemilla vulgaris L. Extracts Against Cisplatin-Induced Toxicological
Alterations in Rats,” South African Journal of Botany 128 (2020): 141-151.

26. K. Dziadek, A. Kope¢, M. Dziadek, U. Sadowska, and K. Cholewa-
Kowalska, “The Changes in Bioactive Compounds and Antioxidant
Activity of Chia (Salvia hispanica L.) Herb Under Storage and Different
Drying Conditions: A Comparison With Other Species of Sage,” Molecules
27 (2022): 1569.

27. T. M. Rababah, M. Al-uwdatt, M. Alhamad, et al., “Effects of Drying
Process on Total Phenolics, Antioxidant Activity and Flavonoid Contents
of Common Mediterranean Herbs,” International Journal of Agricultural
and Biological Engineering 8 (2015): 145-150.

28. A. M. Mayer, “Polyphenol Oxidases in Plants and Fungi: Going Places?
A Review,” Phytochemistry 67 (2006): 2318-2331.

29. E. Ionita, L. Gurgu, 1. Aprodu, et al., “Characterization, Purification,
and Temperature/Pressure Stability of Polyphenol Oxidase Extracted
From Plums (Prunus domestica),” Process Biochemistry 56 (2017): 177-185.

30. D. Panadare and V. K. Rathod, “Extraction and Purification of
Polyphenol Oxidase: A Review,” Biocatalysis and Agricultural Biotechnol-
ogy 14 (2018): 431-437.

31. B.Ktizkovskd, L. Hoang, D. Brdova, et al., “Modulation of the Bacterial
Virulence and Resistance by Well-Known European Medicinal Herbs,”
Journal of Ethnopharmacology 312 (2023): 116484.

32. M. M. Tajkarimi, S. A. Ibrahim, and D. O. Cliver, “Antimicrobial Herb
and Spice Compounds in Food,” Food Control 21 (2010): 1199-1218.

33. K. Bélonoznikovd, E. Sladkovska, D. Kavan, et al., “Effect of Agrimonia
eupatoria L. and Origanum vulgare L. Leaf, Flower, Stem, and Root
Extracts on the Survival of Pseudomonas aeruginosa,” Molecules (Basel,
Switzerland) 28 (2023): 1019.

34. F. R. A. M. Care, B. S. Subagio, and H. Rahman, “Porous Concrete
Basic Property Criteria as Rigid Pavement Base Layer in Indonesia,”
MATEC Web of Conferences 147 (2018): 02008.

35. A. Chanwitheesuk, A. Teerawutgulrag, J. D. Kilburn, and N.
Rakariyatham, “Antimicrobial Gallic Acid From Caesalpinia mimosoides
Lamk,” Food Chemistry 100 (2007): 1044-1048.

36. L. Panizzi, C. Caponi, S. Catalano, P. L. Cioni, and I. Morelli, “In Vitro
Antimicrobial Activity of Extracts and Isolated Constituents of Rubus
ulmifolius,” Journal of Ethnopharmacology 79 (2002): 165-168.

37. R. Choinska, K. Dabrowska, R. Swistocka, W. Lewandowski, and A.
H. Swiergiel, “Antimicrobial Properties of Mandelic Acid, Gallic Acid and
Their Derivatives,” Mini-Reviews in Medicinal Chemistry 21 (2021): 2544~
2550.

38. C. Torres-Leodn, J. Ventura-Sobrevilla, L. Serna-Cock, J. A. Ascacio-
Valdés, J. Contreras-Esquivel, and C. N. Aguilar, “Pentagalloylglucose
(PGG): A Valuable Phenolic Compound With Functional Properties,”
Journal of Functional Foods 37 (2017): 176-189.

39. D. Abouelenein, G. Caprioli, and A. M. Mustafa, “Phloridzin:
Advances on Resources, Biosynthetic Pathway, Bioavailability, Bioactivity,
and Pharmacology,” in Handbook of Dietary Flavonoids, ed. J. Xiao
(Springer International Publishing, 2023), 1-29.

40. M. Ginovyan, A. Ayvazyan, A. Nikoyan, L. Tumanyan, and A.
Trchounian, “Phytochemical Screening and Detection of Antibacterial
Components From Crude Extracts of some Armenian Herbs Using TLC-
Bioautographic Technique,” Current Microbiology 77 (2020): 1223-1232.

41. V. Holubec, ed., Inventory and Description of Cultivars of Agricultural
Crops Since the Beginning of Czechoslovak and Czech Breeding to the
Year 2000. I, Field and Horticulture Crops Except Fruit Woody Plants
(Vyzkumny Ustav Rostlinné Vyroby, V.V.I, 2017).

42. 7. Kaplan, ed., Kli¢ Ke Kvétené Ceské Republiky (Academia, 2019).

43, B. Slavik, ed., Kvétena Ceské republiky (Flora of the Czech Republic)
(Academia, 1995).

44. Ministry of Health of the Czech Republic. Cesky lékopis 2023—doplnék
2024 (CL 2023—Dopl. 2024): Pharmacopoea Bohemica MMXXIII—
Addendum MMXXIV (Ph. B. MMXXIII—Add. MMXXIV) (Grada Publish-
ing, 2024).

45. Germplasm Resources Information Network (GRIN Czech), “Agrimo-
nia”. Czech Agrifood Research Center (CARC). accessed June 25, 2025,
https://grinczech.carc.cz/gringlobal/search.aspx.

46. V. Skalicky, “Agrimonia L. —Repik,” in Kvétena Ceské Republiky
(Flora of the Czech Republic) (Academia, 1995), 233-238.

47. J.Jan¢a and J. A. Zentrich, Herba# Lécivych Rostlin, (1) (Eminent 1994).

48. J. Viktorov4, R. Kumar, K. Rehofov4, et al., “Antimicrobial Activity
of Extracts of Two Native Fruits of Chile: Arrayan (Luma apiculata) and
Peumo (Cryptocarya alba),” Antibiotics 9 (2020): 444.

49. K. Holasova, B. Kiizkovskd, L. Hoang, et al., “Flavonolignans From
Silymarin Modulate Antibiotic Resistance and Virulence in Staphylococ-
cus aureus,” Biomedicine & Pharmacotherapy 149 (2022): 112806.

14 0f15

Chemistry & Biodiversity, 2025


https://grinczech.carc.cz/gringlobal/search.aspx

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting file 1: Supporting Information.docx

Chemistry & Biodiversity, 2025 15 of 15



	Impact of Species, Growth Conditions, and Plant Processing on the Phytochemistry and Antimicrobial Activity of Agrimonia Extracts
	1 | Introduction
	2 | Results and Discussion
	2.1 | Significance of Factors Affecting the Phytochemical Profile of Agrimony
	2.2 | Polyphenol Profiles of Agrimony
	2.2.1 | Roots
	2.2.2 | Aerial Parts

	2.3 | Antimicrobial Potential of Agrimony and Correlation with Detected Polyphenols

	3 | Conclusions
	4 | Experimental Section
	4.1 | Chemicals
	4.2 | Plant Samples
	4.3 | Preparation of Plant Extracts
	4.4 | UHPLC-HRMS/MS Analysis
	4.5 | Targeted Screening and Identification of Polyphenols
	4.6 | Antimicrobial Activity Testing
	4.7 | Statistical Analysis of Generated Data

	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


