
Vazquez‑Marquez et al. 
Future Journal of Pharmaceutical Sciences          (2024) 10:173  
https://doi.org/10.1186/s43094-024-00742-x

REVIEW Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Future Journal of
Pharmaceutical Sciences

Phytoremediation and ethnomedicinal 
potential of Buddleja, Eremophila, Scrophularia, 
and Verbascum genera belonging 
to the Scrophulariaceae family: a review
Alicia Monserrat Vazquez‑Marquez1, José Correa‑Basurto2, Víctor Varela‑Guerrero3, 
María Guadalupe González‑Pedroza1, Carmen Zepeda‑Gómez1, Cristina Burrola‑Aguilar4, 
Aurelio Nieto‑Trujillo4 and María Elena Estrada‑Zúñiga4*    

Abstract 

A number of species have developed detoxification strategies that allow them to accumulate high amounts of heavy 
metals in their tissues and grow despite a high heavy metal (HM) concentration in soils. Thus, they are considered 
hyperaccumulator or accumulator species, attractive for phytoremediation purposes. Families reported to contain 
a high number of hyperaccumulator species are Asteraceae, Euphorbiaceae, Rubiaceae, Fabaceae, Scrophulariaceae, 
Myrtaceae, Proteaceae, Caryophylaceae, and Tiliaceae. Indeed, the family Scrophulariaceae has a large extension, 
with Buddleja, Eremophila, Scrophularia, and Verbascum being some of the best-known genera containing species 
used for medicinal purposes. This review focuses on identifying the species used in folk medicine that belong to these 
four genera and can accumulate high concentrations of heavy metals (HMs). Additionally, the human health risks 
related to the consumption of HM hyperaccumulator species are discussed, as well as the feasibility of plant tissue 
culture to provide safe vegetal material for medicinal uses or to estimate the intrinsic potential of species for phy‑
toremediation purposes. The following species have demonstrated the ability to accumulate HMs and grow in mine 
or HM-polluted soils, as well as use in traditional medicine: Buddleja asiatica, B. cordata, B. davidii, B. lindleyana, B. mac-
rostachya, B. paniculata, B. scordioides, Eremophila latrobei, Scrophularia canina subsp. bicolor, S. ningpoensis, S. striata, 
Verbascum bombyciferum, V. olympicum, V. phrygium, and V. thapsus. In some of these species, antioxidant machinery 
has been proven to participate as a defense strategy against exposure to high HM concentrations. Consuming plants 
that accumulate high amounts of HMs has been described as a potential risk to human health. Plant tissue culture 
has also been established in a few of these species, whether to propagate or use them as a bioactive phytochemi‑
cal source. Promoting safety and quality control related to the HM concentrations in the tissues of these plants used 
by populations for curative purposes is necessary. Further research must be carried out on several species for phytore‑
mediation purposes.
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Graphical abstract

Background
Plants acquire several heavy metals (HMs) from soils that 
are essential nutrients for their growth and development, 
such as Cu, Zn, Mn, Co, and Fe [22]; although some HMs 
are not essential for plants, e.g., Pb and Cd, they can also 
be uptaken [167]. In both cases, that is, regardless of 
whether they are essential nutrients, if HMs are present 
in soil at high levels, they become toxic [22, 167]. At the 
cellular and molecular levels, HMs may cause the inac-
tivation of enzymes, the denaturation of proteins, the 
removal or replacement of metals necessary for biomol-
ecules, damage to the structure and the peroxidation of 
membrane lipids, interruption of oxidation–reduction 
homeostasis by reactive oxygen species (ROS), and the 
formation of free radicals [119, 179]. At the same time, 
these processes are conducive to the activation of anti-
oxidant enzymatic and non-enzymatic machinery and 
secondary metabolism as a plant defense strategy [30]. 
If ROS cannot be scavenged, oxidative cellular stress 
occurs, damaging proteins, lipids, and nucleic acid bio-
molecules [66, 68, 137].

Anthropogenic activities have caused a surplus of 
HMs in the atmosphere, and, consequently, they can be 

uptaken by and bioaccumulated in plants, animals, and 
humans [20, 115]. As organisms cannot carry out the 
necessary processes to excrete HM at excessive levels, 
it is bioaccumulated in a high concentration in tissues. 
Thus, HMs become toxic [115]. HMs such as Pb, Hg, 
As, Cu, Zn, and Cd are highly toxic to humans. They 
have been related to several diseases and health prob-
lems, e.g., auditive loss, intellectual incapacity, behav-
ior alterations, nervous system dysfunction, and cancer 
[89, 97, 112] (Fig.  1). In plants, HM toxicity manifests 
as negative changes in physiological processes, such as 
photosynthesis, cellular respiration, nitrogen metabo-
lism, and mineral nutrition; additionally, decreased 
biomass and even death can occur [107]. From an eco-
logical perspective, HM toxicity leads to productivity 
loss, vegetation disappearance, and decreased biodiver-
sity [77].

Nevertheless, some plant species, classified as accu-
mulators or hyperaccumulators, have developed 
detoxification strategies that enable them to accumu-
late high amounts of HMs in their tissues and grow 
despite elevated HM concentrations [88, 100]. Hyper-
accumulator species possess an enhanced ability to 
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absorb HMs through roots, a highly efficient ability 
to translocate from roots to shoots, an excellent abil-
ity to convert HMs into non-toxic compounds or miti-
gate their harmful effects, and an outstanding ability to 
accumulate high amounts of HMs in their leaves [100, 
116, 179]. By 2015, 450 hyperaccumulator species had 
been identified, with a large number of them belonging 
to the Brassicaceae family. Other families reported to 
contain a high number of hyperaccumulator species are 
Asteraceae, Euphorbiaceae, Rubiaceae, Fabaceae, Scro-
phulariaceae, Myrtaceae, Proteaceae, Caryophylaceae, 
and Tiliaceae [160].

Hyperaccumulator plants are suitable for phytore-
mediation because they reduce high concentrations of 
HMs and consequently decrease their environmental 
toxicity [8, 136]. Phytoremediation is a technology that 
employs biological, chemical, and physics processes by 
using plants to immobilize and store HMs [97, 146]. 
Although phytoremediation includes several technolo-
gies, such as phytostabilization, phytovolatilization, 
rizofiltration, phytodegradation, and phytoextraction 
[42, 89, 101, 117], the latter requires hyperaccumula-
tor species and represents an easy, fast, and environ-
mentally friendly technique for eliminating HMs [22]. 
From an ecological perspective, the hyperaccumulation 
ability has gained an outstanding role in some plants in 

terms of avoiding herbivory and promoting allelopathy 
and biotic interactions [97, 131, 162].

The human consumption of accumulator or hyper-
accumulator plants has been a concern of the scientific 
community due to the potential health risks. Plants are 
recognized in traditional medicine as remedies or alter-
natives to proper health care, and this practice has gained 
attention in recent years due to the assumed safety of the 
use of plants, attributed to the fact that they are natural 
products [83, 159]. Traditional medicine through herbal 
remedies is spreading worldwide due to the population’s 
belief that plants possess efficacy and few side effects 
compared with conventional medicine [184]. Almost 
80% of the world’s population consumes, directly and 
indirectly, medicinal plants, which are of importance in 
rural areas where health facilities are scarce. Medicinal 
plants are mainly used for skin diseases, gastrointestinal 
disorders, malaria, infections, and respiratory problems 
[150]. Traditional herbal formulations used in China 
and India were analyzed to estimate HM concentrations, 
and the results showed that they contained Pb, Cd, and 
Hg at high concentrations [147]. Meanwhile, in the case 
of Annona muricata (guanabana), a plant used for can-
cer treatment, seven of the most widely used commercial 
formulations containing this species were determined 
to be within the permissible limits for HMs [80]. The 

Fig. 1  Source, accumulation, and toxic hazards of heavy metals. Created with BioRender.com from templates (by Samara Ona)
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identification of medicinal plants that can accumulate 
HMs in their tissues is a priority. The Scrophulariaceae 
family is highly acclaimed in traditional medicine because 
several species are used to alleviate many health disor-
ders; in some species, their therapeutic uses are credited 
with antioxidant, anti-inflammatory, antimicrobial, and 
cytotoxic pharmacological activities. The most repre-
sentative genera of this family are Buddleja, Eremophila, 
Scrophularia, and Verbascum [184]. As the Scrophulari-
aceae family has been reported to be among the families 
that contain a high number of hyperaccumulator species 
[160] and is suitable for medicinal purposes [184], the 
present work was carried out to identify, through a docu-
mental investigation, the capability of medicinal species 
reported from the four genera of the Scrophulariaceae 
family to accumulate HMs in high amounts. Thus, data 
were compiled and summarized. Relevant data up until 
February 2024 were collected from different databases, 
such as Scifinder (https://​scifi​nder.​cas.​org/​scifi​nder/​
login), phytochemistry-related research, PubMed (http://​
www.​ncbi.​nlm.​nih.​gov/​pubmed/), and Web of Knowl-
edge (http://​www.​webof​knowl​edge.​com), for ethnobot-
anical, biological, and biotechnological related research. 
In addition, the potential risk to human health following 
the consumption of these species and the importance of 
biotechnology in their sustainable and safe management 
are discussed.

Hyperaccumulator strategies to counteract HM 
toxicity
According to the tolerance and limitation strategy used 
to counteract HM toxicity, plants can be categorized into 
indicator, excluder, accumulator, and hyperaccumula-
tor species [43]. Indicator plants absorb and translocate 
HMs to their organs in direct proportion to the HM soil 
concentration [191]. Excluders restrict HM absorption 
and transport [191]. Accumulators store (mainly in roots) 
higher concentrations of HMs than those found in soil 
and do not show symptoms of toxicity [43, 165]. Hyper-
accumulators maintain a greater HM concentration in 
aerial biomass, between 10- and 500-folds more than that 
observed in plants grown in unpolluted soils, and they 
do not exhibit symptoms of toxicity due to the ability to 
detoxify the effects of HMs [124, 162].

Hyperaccumulator attribution depends on the type 
of HM or metalloid, e.g., cadmium hyperaccumula-
tor species must concentrate at least 100  mg  kg−1 of 
Cd; 1000 mg kg−1 of As, Co, Cr, Cu, Ni, Pb, and Se; and 
10,000  mg  kg−1 of Mn and Zn [131, 162, 177]. Hyper-
accumulator species can be classified as “obligate” or 
“facultative”. Obligate hyperaccumulators are found in 
metalliferous soils, while facultative hyperaccumula-
tors are species with unusual capabilities because they 

grow in nonmetalliferous soil [131]. Nearly 450 species 
belonging to over 45 taxonomic families have been cat-
egorized as hyperaccumulator species of different HMs, 
such as Cd, Cu, Co, Mn, Ni, Pb, Se, Ti, and Zn [100, 129, 
131]. In fact, of the total number of hyperaccumulators 
reported, 25% belong to the Brassicaceae family [47], 
while other families reported to contain a high number 
of hyperaccumulator species are Asteraceae, Euphorbi-
aceae, Rubiaceae, Fabaceae, Scrophulariaceae, Myrtaceae, 
Proteaceae, Caryophyllaceae, and Tiliaceae [160]. Fur-
thermore, the most important hyperaccumulator species 
categorized by taxonomic family and element are as fol-
lows: Asteraceae for Cu, Co, and Ni; Brassicaceae for Cd, 
Ni, Pb, and Ti; Crassulaceae for Cd and Zn; Fabaceae for 
Cu and Se; and Lamiaceae for Cu and Co [131].

From a physiological perspective, the hyperaccumula-
tion process is based on the detoxification mechanisms 
of HMs, which include a high rate of HM absorption by 
roots, quick translocation to shoots (Fig.  2), enhanced 
conversion of HMs to non-toxic compounds through 
sequestration and compartmentalization, ROS scaveng-
ing (Fig. 3), and an outstanding ability to accumulate high 
amounts of HMs in leaves, all of which are significantly 
improved compared with those of non-hyperaccumula-
tor species [100, 116, 179]. From cellular and molecular 
perspectives, these improvements are related to the alter-
ation of gene expression, which could result in the con-
stitutive overexpression of genes associated with various 
physiological processes, such as those pertaining to the 
membrane transporters responsible for HM uptake, the 
translocation and sequestration of HMs, and antioxidant 
machinery [67, 88, 100, 124, 162].

HM absorption
The bioavailability of HMs in soils is the primary deter-
minant of HM uptake by roots. Under metal deficiency, 
plants can secrete exudates from roots to increase the 
absorption of metals; this is mainly related to micro-
nutrient metals, such as Fe, Mn, Cu, and Zn [27]. Root 
exudates may act as ligands that chelate HMs, as well as 
influence the pH and Eh conditions in the rhizosphere, 
consequently affecting the mobility and bioavailability 
of HMs and, thus, promoting their mobilization in the 
cell wall [88, 100, 119]. The root exudate composition 
depends on the stress that occurs, and, in the case of 
stress conditions caused by HMs, low-molecular-weight 
exudates (e.g., organic acids, amino acids, phenolic com-
pounds, and sugars) are mainly involved in the absorp-
tion of metals [27, 88, 173]. After HMs mobilize to the 
cell wall, where they can be bound and absorbed by 
plants through metal membrane transporter proteins, 
which constitute uptake systems [100, 119]. However, a 
higher abundance of metal protein transporters has been 

https://scifinder.cas.org/scifinder/login
https://scifinder.cas.org/scifinder/login
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.webofknowledge.com
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found in HM accumulator species than in non-accu-
mulator species [119]. In addition, the ability to secrete 
root exudates that increase the solubility, availability, 
and uptake of HMs is an indication of metal absorption 
in HM accumulator species [119]. In the hyperaccumu-
lator plant Sedum alfredii, Cd stress conditions changed 
the composition of root exudates, and it was argued that 
trehalose, erythritol, naphthalene, D-pinitol, and n-octa-
cosane possibly influence Cd stabilization. At the same 
time, glycine, phosphoric acid, tetradecanoic acid, oxalic 
acid, and threonic acid could be related to Cd mobiliza-
tion [92]. Additionally, under Pb enrichment conditions, 
the exudates of this hyperaccumulator species changed, 
causing an increase in amino acids (L-alanine and L-pro-
line), organic acids (oxalic and glyceric acids), and some 
phenolic compounds (4-methylphenol and 2-methoxy-
phenol) [93]. In Erigeron annuus, a hyperaccumulator 
species, Cd stress promoted the secretion of carbohy-
drates, lipids, lignins, proteins, aromatic structures, and 
phenolic compounds such as tannins. Carbohydrates, 
aromatic structures, and tannins were suggested to be 
crucial for cadmium tolerance, as they were detected as 

new molecules produced under Cd stress; meanwhile, 
in the control treatment, they were not detected [186]. 
In the As hyperaccumulator species Pteris vittata, the 
constitutive overexpression of the inorganic phosphate 
transporter resulted in a higher abundance of protein 
transporters than in the As non-accumulator P. tremula 
species [125].

HM translocation from roots to shoots
Hyperaccumulator species are characterized by the abil-
ity to quickly translocate HMs from roots to shoots via 
active loading into the xylem. In contrast, accumulator 
species convert metal ions into non-toxic compounds 
by binding them to ligands to restrict them in the cyto-
plasm or vacuoles of root cells [100, 123, 162]; however, 
it seems that, for hyperaccumulator species, the latter 
is also important for all trace metals [162]. In hyperac-
cumulator species, metal ions move into the xylem via 
symplastic movement; membrane transporter proteins 
enable this movement [165]. These proteins are abun-
dant because of the constitutive overexpression of genes 

Fig. 2  Heavy metal (HM) absorption by roots and translocation to shoots as HM-detoxifying mechanism in hyperaccumulator plants. Created 
with BioRender.com
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implied in loading and unloading metals in the xylem 
[162]. The xylem can transport metal ions or bind them 
to ligands [171].

HM sequestration and compartmentalization
The conversion of HMs into non-toxic compounds is the 
most critical detoxifying mechanism in hyperaccumula-
tor species. It depends on how fast HMs can be chelated 
with ligands or the sequestration of a significant amount 
of metal ions from the cytoplasm into the vacuoles or cell 
walls (Fig.  3) of leaf epidermis, trichomes, and cuticles 
[162]. In plants, most metal ions are bound to proteins 
or ligands [145]. Type thiol ligands comprise metal-
lothioneins (MTs), phytochelatins (PCs), and glutathione 
(GSH), while non-thiol ligands include proteins, pep-
tides, amino acids, and organic acids; this latter type has 
been found to be significant in hyperaccumulator species 
[14].

MTs are proteins induced in plants under abiotic stress, 
including stress caused by HM pollution, and there is evi-
dence of their role in HM tolerance [43, 88]. They help 
counteract HM damage by scavenging ROS, activating 
the transcription of genes, regulating metalloenzymes 
[139], helping to repair the plasma membrane [43], and 
forming metal ion complexes with the thiol groups of 
cysteines [88]. PCs are peptides synthesized from glu-
tathione by the glutamyl cysteine dipeptidyl transpepti-
dase enzyme (also known as phytochelatin synthase) [66, 
104]. The expression of genes that code for PCs is con-
stitutive, although it can be induced by different met-
als [156]. The overexpression of such genes has been 
observed to be an indication of the tolerance and accu-
mulation of HMs [158]. GSH has been determined to 
play an outstanding role in maintaining ROS homeostasis 
as a strategy for detoxifying the effects of HMs [52].

Nicotianamine (NA) is a precursor of ligands in grass 
plants known as phytosiderophores; it is formed by the 

Fig. 3  Heavy metal (HM) conversion to non-toxic compounds and reactive oxygen species (ROS) scavenging as HM-detoxifying mechanism 
in hyperaccumulator plants. Created with BioRender.com
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condensation of three molecules of S-adenosyl-methio-
nine (SAM), catalyzed by the enzyme nicotianamine 
synthase (NAS). NA forms complexes with bivalent 
cations [130] and is involved in Fe homeostasis [34], as 
well as Fe elimination to prevent oxidative damage to 
cells under Fe-excess conditions [34].

Histidine is an amino acid that forms Ni, Zn, and Cd 
complexes. It is considered one of the most essential 
amino acids for hyperaccumulation [171]. In Alyssum 
lesbiacum, a nickel hyperaccumulator species, the con-
stitutive overexpression of the TP-PRT1 gene leads to 
enhanced histidine production compared with that in 
A. montanum [130].

Citrate, malate, and oxalate are organic acids that 
transport HMs through the xylem and sequester HMs 
into the vacuole [156]. A higher constitutive production 
of organic acids has been found in hyperaccumulator 
species than in non-hyperaccumulator species [162].

HMs or HM–ligand chelates can be mobilized in cell 
walls and vacuoles [130]. In the case of cell wall mobi-
lization, many of them accumulate between the plasma 
membrane and the cell wall [86] because the latter 
provides polygalacturonic acid, which acts as a cation 
exchanger, where HMs can bind to carboxyl groups 
[43]. The vacuole is the main organelle in cells that 
stores toxic compounds and compartmentalizes metal 
ions [111]. The acidic environment of vacuoles favors 
the formation of organic metal–acid complexes, which 
facilitate the sequestration of metals in vacuoles by 
organic acids [162]. In excess HMs, PCs may accumu-
late in vacuoles, which can be considered an indicator 
of HM stress [156]. If the final location of HMs or HM–
ligands is the vacuoles, then this indicates the involve-
ment of some vacuolar membrane transporter proteins 
[88]. Pb is a metal that can be localized in cell walls, 
intercellular spaces, and vacuoles, as observed in the 
roots of Symphyotrichum drummondii. In contrast, in 
the accumulator plant Sedum alfredii, little Pb mobil-
ity was detected in the vascular bundles, but more Pb 
was observed in the cell walls [66]. Approximately 70% 
of Zn is stored in the vacuoles of the epidermis of the 
mature leaves of Noccaea caerulescens, a Cd/Zn hyper-
accumulator species (Lateinmaier 2013).

Some membrane transporter protein genes that have 
been found to be related to the uptake and transloca-
tion process in hyperaccumulator species are those 
belonging to the ZIP transporter of cations (ZRT), 
HMAs (heavy metal ATPases), NRAMP (natural resist-
ance-associated macrophage protein), YSL (yellow 
stripe-like transporter), IREG (iron-regulated trans-
porter), MATE (multidrug and toxin efflux), FER (fer-
ritin Fe (III) binding), NAS (nicotinamine synthase), 

SAMS (S-adenosyl-methionine synthetase), ABC trans-
porters, and CDF (cation diffusion facilitator) [88, 100, 
123].

The ZIP gene families are involved in the transport of 
cations such as Fe, Mn, and Zn. In Arabidopsis, 18 genes 
encoding ZIPs involved in Zn mobilization have been 
found [100]. The efficient translocation of HMs from 
roots to shoots is due to the overexpression of membrane 
transport genes encoding P1B-type ATPases, known as 
HMAs; HMA4 is overexpressed in Zn and Cd hyperac-
cumulator plants. The FDR3 gene belongs to the MATE 
family and is expressed in the roots of Thlaspi caerules-
cens and A. halleri [130]. The Cd/Zn hyperaccumulator 
T. caerulescens showed increased root-to-shoot trans-
location and reduced sequestration in root vacuoles 
compared with the non-accumulator Thlaspi arvense 
(Lateinmaier 2013).

YSL metal transporter plays a crucial role in Fe homeo-
stasis, as well as in long-distance transport of metal–NA 
transport. In the roots and shoots of Noccaea  caerule-
scens, members of the family TcYSL3 and TcYSL5 par-
ticipated in the loading and translocation of metal–NA 
complexes [151].

The transport of HMs takes place in xylem flow from 
roots to shoots and photosynthetic leaves, passing 
through an interaction with cell walls and the removal of 
xylem sap, as in the hyperaccumulator Solanum nigrum, 
which transports Cd, Co, and Zn from roots to shoots 
and then distributes them in the shoots through the 
phloem [120].

If the final location of HMs or HM–ligand is the vacu-
oles, then this indicates the involvement of some vacu-
olar membrane transporter proteins, such as those of the 
ZIP protein family, ABC transporters, HMAs, NRAMP, 
and CDF transporters [88, 123]. PC-HM complexes can 
be transported into vacuoles by metal/H+ antiporters 
or ABC transporters [43]. NRAMP mobilizes ions such 
as Cu, Mn, Co, Fe, and Cd; NRAMP3 and NRAMP4 are 
localized in the tonoplast and control Fe export in germi-
nating seed vacuoles [123].

ROS scavenging
Under high-concentration HM exposure, ROS produc-
tion is induced. ROS include superoxide O2

−, hydroxyl 
radical OH−, oxygen O2

−, and hydrogen peroxide H2O2. 
These molecules act as signals to activate plant defense 
mechanisms, and, in turn, they must be scavenged due 
to their high reactivity [30, 68]. The antioxidant machin-
ery of plants that scavenge ROS comprises enzymatic 
and non-enzymatic mechanisms (Fig.  3). In hyperac-
cumulator species, enhanced antioxidant machinery 
has been observed compared with that in non-hyper-
accumulator species [96]. The former includes the 
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activity of superoxide dismutase (SOD), peroxidase 
(POD), ascorbate peroxidase (APX), guaiacol peroxi-
dase (GPX), and catalase (CAT) enzymes. SOD is the 
first enzyme that counteracts ROS, and it catalyzes the 
reaction O2

−  to  H2O2; afterward, this H2O2 product is 
used as a substrate for the CAT, APX, and GPX peroxi-
dase enzymes to produce H2O [69]. H2O2 elimination is 
crucial because it can diffuse between cell membranes. 
Although H2O2 is considered to have low toxicity, its 
interaction with transition metals can lead to the forma-
tion of OH- radicals, which are highly reactive molecules 
that can cause severe damage to cells [143]. Non-enzy-
matic mechanisms include organic compounds able to 
scavenge ROS, such as GSH; ascorbic acid; α-tocopherol; 
osmolytes, such as proline; non-protein amino acids; and 
secondary metabolites, e.g., phenolic compounds and 
carotenoids [30]. All these compounds contribute to the 
adaptation and survival of plants under stress conditions 
by representing a strategy that balances ROS production 
[39, 180]. Ascorbic acid can donate electrons in several 
enzymatic and non-enzymatic reactions. Meanwhile, 
GSH is a precursor of PCs and regenerates other antioxi-
dants (e.g., ascorbic acid) [61]. Ascorbic acid and GSH 
are potential water-soluble antioxidants because both 
are powerful ROS scavengers and donate electrons to the 
peroxidase enzymes APX and GSH, respectively [52, 61].

Secondary metabolites
Secondary metabolites are a defense mechanism in 
plants; under biotic or abiotic stress, their biosynthe-
sis and accumulation may prevent and reduce damage 
[105]. This is largely attributed to the antioxidant effect, 
where carotenoids, saponins, and phenolic compounds 
are highlighted [23, 39]. Phenolic compounds’ antioxi-
dant capacity has been related to their roles as hydrogen 
or electron donors, in metal chelation, and in the preven-
tion of free radical formation [174]. In addition, it was 
found that HMs interact with enzymes that produce phe-
nolic compounds, and, consequently, the accumulation of 
phenolic compounds could be observed [150]. One of the 
most abundant secondary metabolites is phenolic com-
pounds, as they are involved in lignin biosynthesis [33]. 
Excess copper increased the stimulation of the enzyme 
cinnamyl alcohol dehydrogenase (CAD), which increased 
lignin formation and, thus, played an important role in 
the tolerance to excess HMs [87].

However, GPX also contributes to lignin biosynthe-
sis by constituting a physical barrier against HMs [128]. 
Compared with a control, the accumulation of Cd, Cu, 
and Pb in Zea mays increased the content of total phe-
nolic compounds, mainly rutin and chlorogenic acid; 
the latter is a potent antioxidant and is increased by the 
presence of HMs [85]. In Kandelia obovata, Cd tolerance 

was evaluated, and, at a higher concentration (20 mg/kg), 
the content of phenolic compounds in roots (36. 6%) and 
leaves (18.2%) increased compared with that in a con-
trol. This increase in phenolic compounds in both organs 
indicates the ability to translocate and chelate HMs. In 
addition, SKDH (Shikimate 5-dehydrogenase) and CAD 
enzymes related to lignin production increased, suggest-
ing that the cell wall’s resistance increases the physical 
barrier against HMs [40].

Phytoremediation and ethnomedicine of Buddleja, 
Eremophila, Scrophularia, and Verbascum genera, 
belonging to Scrophulariaceae
The family Scrophulariaceae has a large extension, repre-
sented by 220 genera and 4800 species. Some of the best-
known genera are Buddleja, Eremophila, Scrophularia, 
and Verbascum because they include several species used 
for medicinal purposes [122, 184]. However, as the Scro-
phulariaceae family has been reported to be among the 
families that contain a significant number of hyperaccu-
mulator species [160] and is suitable for medicinal pur-
poses [184], the following analysis focuses on the species 
within this family that possess the ability to tolerate or 
accumulate HMs (Table 1); additionally, their antioxidant 
machinery as a detoxifying mechanism (Table  2) and 
their medicinal uses (Table 3) are examined.  

Buddleja genus
Buddleja comprises nearly 125 species, exhibiting wide 
diversity in terms of inflorescence and flowers; a wide 
distribution; and growth in tropical, subtropical, and 
temperate zones. They are mainly found in Asia, Africa, 
and America [37, 56]. The main centers of diversity in 
America are the Andes, Brazil, Mexico, and Central 
America [56], reporting about 50 native species [172]. 
Some species are used in traditional medicine, such as B. 
americana, B. asiatica, B. cordata, B. crispa, B. davidii, 
B. globosa, B. japonica, B. lindleyana, B. madagascarien-
sis, B. officinalis, B. parviflora, B. perfoliata, B. saligna, B. 
scordioides, B. sessiliflora, and B. yunnanesis, and some of 
them are used to treat diseases or illness, such as ulcers, 
conjunctivitis, skin disorders, infections, hemorrhages, 
gastrointestinal disorders, and heart disorders, as well as 
having analgesic effects [56, 84]. The secondary metabo-
lites to which their medicinal properties are attributed 
correspond to monoterpenes, sesquiterpenes, diterpe-
nes, triterpenes, iridoids, steroids, saponins, flavonoids, 
and phenylpropanoids [56, 84]. The species of this genus 
tend to grow on roadsides, in abandoned areas, and in 
contaminated soils [63]. Some species can accumulate 
or tolerate HMs, such as B. asiatica, B. cordata, B. davi-
dii, B. lindleyana, B. macrostachya, B. paniculata, and B. 



Page 9 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 	

Ta
bl

e 
1 

Ph
yt

or
em

ed
ia

tio
n 

po
te

nt
ia

l o
f s

pe
ci

es
 b

el
on

gi
ng

 to
 th

e 
Bu

dd
le

ja
, E

re
m

op
hi

la
, S

cr
op

hu
la

ria
, a

nd
 V

er
ba

sc
um

 g
en

er
a

Sp
ec

ie
s

G
ro

w
th

 c
on

di
tio

ns
H

ea
vy

 m
et

al
 c

on
ce

nt
ra

tio
n

O
bs

er
va

tio
ns

 re
la

te
d 

to
 

ph
yt

or
em

ed
ia

tio
n

Re
fe

re
nc

es

H
ea

vy
 m

et
al

H
M

 s
ou

rc
e 

in
 m

g 
kg

−
1 , 

m
g 

L−
1 , o

r µ
M

A
er

ia
l p

ar
t, 

m
g 

kg
−

1  (o
rg

an
)

Ro
ot

, m
g 

kg
−

1

Bu
dd

le
ja

 g
en

us

B.
 a

sia
tic

a
W

ild
 p

la
nt

s 
ex

tr
ac

te
d 

fro
m

 B
o 

N
ga

m
 P

b 
m

in
e,

 T
ha

ila
nd

Pb
85

,6
40

 m
g 

kg
−

1
21

87
 (l

ea
f)

17
65

Pb
 h

yp
er

ac
cu

m
ul

at
or

[1
35

]

20
6,

15
3 

m
g 

kg
−

1
43

36
 (l

ea
f)

26
55

Pb
 h

yp
er

ac
cu

m
ul

at
or

[1
75

]

W
ild

 p
la

nt
s 

ex
tr

ac
te

d 
fro

m
 B

o 
N

ga
m

 P
b 

m
in

e,
 T

ha
ila

nd
, p

ro
pa

‑
ga

te
d 

vi
a 

st
em

 c
ut

tin
g 

an
d 

gr
ow

n 
in

 h
yd

ro
po

ni
c 

cu
ltu

re
 fo

r 1
5 

d

Cd
0.

5 
m

g 
L−

1
10

 (s
ho

ot
)

46
3

Pb
20

 m
g 

L−
1

57
2 

(s
ho

ot
)

21
,6

67

Zn
20

 m
g 

L−
1

10
0 

(s
ho

ot
)

21
78

W
ild

 p
la

nt
s 

ex
tr

ac
te

d 
fro

m
 B

o 
N

ga
m

 P
b 

m
in

e,
 T

ha
ila

nd
, g

ro
w

n 
fo

r 3
 m

on
th

s 
in

 p
ot

s 
co

nt
ai

n‑
in

g 
so

il 
fro

m
 B

o 
N

ga
m

 P
b 

m
in

e,
 

Th
ai

la
nd

Pb
89

,0
84

 m
g 

kg
−

1
39

9 
(s

ho
ot

)
33

26

Pl
an

ts
 w

er
e 

co
lle

ct
ed

 a
t H

on
gh

e 
U

ni
ve

rs
ity

, C
hi

na
; p

ro
pa

ga
te

d;
 

an
d 

tr
an

sp
la

nt
ed

 to
 s

oi
l e

nr
ic

he
d 

w
ith

 C
d

Cd
20

0 
m

g 
kg

−
1

28
 (l

ea
f)

; 2
6 

(s
te

m
)

76
Cd

-h
yp

er
to

le
ra

nt
[6

3]

W
ild

 p
la

nt
s 

gr
ow

n 
in

 a
 C

r s
al

t-
pr

od
uc

in
g 

fa
ct

or
y,

 C
hi

na
Cd

5 
m

g 
kg

−
1

0.
46

 (s
ho

ot
)

0.
71

A
bi

lit
y 

to
 a

cc
um

ul
at

e 
H

M
s

[1
80

]

C
r

84
6 

m
g 

kg
−

1
31

 (s
ho

ot
)

57
1

Cu
14

1 
m

g 
kg

−
1

30
 (s

ho
ot

)
24

0

H
g

0.
02

 m
g 

kg
−

1
0.

04
 (s

ho
ot

)
0.

01

N
i

99
 m

g 
kg

−
1

4 
(s

ho
ot

)
30

Pb
70

 m
g 

kg
−

1
7 

(s
ho

ot
)

23

Zn
20

8 
m

g 
kg

−
1

10
3 

(s
ho

ot
)

71
5

B.
 c

or
da

ta
W

ild
 p

la
nt

s 
gr

ow
n 

in
 u

ltr
am

afi
c 

so
il 

in
 G

ua
na

ju
at

o,
 M

ex
ic

o
Ca

9 
m

g 
kg

−
1

68
89

 (l
ea

f)
A

bi
lit

y 
to

 g
ro

w
 in

 u
ltr

am
afi

c 
so

il
[1

14
]

Co
60

 m
g 

kg
−

1
1.

2 
(le

af
)

Fe
47

 m
g 

kg
−

1
17

88
 (l

ea
f)

M
g

32
 m

g 
kg

−
1

44
81

 (l
ea

f)

M
n

73
6 

m
g 

kg
−

1
22

 (l
ea

f)

N
i

27
4 

m
g 

kg
−

1
10

 (l
ea

f)

Zn
53

 m
g 

kg
−

1
13

.6
 (l

ea
f)



Page 10 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 

Ta
bl

e 
1 

(c
on

tin
ue

d)

Sp
ec

ie
s

G
ro

w
th

 c
on

di
tio

ns
H

ea
vy

 m
et

al
 c

on
ce

nt
ra

tio
n

O
bs

er
va

tio
ns

 re
la

te
d 

to
 

ph
yt

or
em

ed
ia

tio
n

Re
fe

re
nc

es

H
ea

vy
 m

et
al

H
M

 s
ou

rc
e 

in
 m

g 
kg

−
1 , 

m
g 

L−
1 , o

r µ
M

A
er

ia
l p

ar
t, 

m
g 

kg
−

1  (o
rg

an
)

Ro
ot

, m
g 

kg
−

1

B.
 d

av
id

ii
W

ild
 p

la
nt

s 
gr

ow
n 

in
 S

b 
de

po
si

t 
ar

ea
 in

 H
un

an
, C

hi
na

Sb
59

50
 m

g 
kg

−
1

N
R

42
Sb

-t
ol

er
an

t
[1

26
]

Bi
16

72
 m

g 
kg

−
1

N
R

28
77

H
ig

h 
to

le
ra

nc
e 

to
 B

i
[1

76
]

W
ild

 p
la

nt
s 

gr
ow

n 
ne

ar
 P

b–
Zn

 
m

in
e,

 C
hi

na
Cd

13
 m

g 
kg

−
1

18
 (l

ea
f)

; 8
 (s

te
m

)
15

A
bi

lit
y 

to
 g

ro
w

 in
 th

e 
Pb

–Z
n 

m
in

e
[1

91
]

C
r

10
2 

m
g 

kg
−

1
2 

(le
af

); 
6 

(s
te

m
)

17

Cu
27

8 
m

g 
kg

−
1

36
 (l

ea
f)

; 1
2 

(s
te

m
)

28

N
i

34
 m

g 
kg

−
1

5 
(le

af
); 

5 
(s

te
m

)
9

Pb
38

39
 m

g 
kg

−
1

35
 (l

ea
f)

; 4
5 

(s
te

m
)

17
8

Zn
21

90
 m

g 
kg

−
1

17
09

 (l
ea

f)
; 7

11
 (s

te
m

)
14

23

B.
 li

nd
le

ya
na

W
ild

 p
la

nt
s 

gr
ow

n 
in

 c
oa

lm
in

e 
w

as
te

la
nd

, C
hi

na
Cd

3 
m

g 
kg

−
1

17
 (s

ho
ot

)
17

G
oo

d 
ad

ap
ta

bi
lit

y 
to

 g
ro

w
 in

 s
ub

‑
st

ra
te

 o
f m

in
e 

co
nt

ai
ni

ng
 H

M
s

[1
90

]

C
r

16
8 

m
g 

kg
−

1
18

4 
(s

ho
ot

)
16

0

Cu
45

6 
m

g 
kg

−
1

49
5 

(s
ho

ot
)

70
9

M
n

44
7 

m
g 

kg
−

1
10

29
 (s

ho
ot

)
22

30

Pb
68

 m
g 

kg
−

1
12

3 
(s

ho
ot

)
32

2

Zn
87

 m
g 

kg
−

1
14

04
 (s

ho
ot

)
22

93

B.
 m

ac
ro

st
ac

hy
a

Se
ed

lin
gs

 g
ro

w
n 

in
 p

ot
s 

fo
r 9

0 
da

ys
Cd

20
0 

m
g 

kg
−

1
5 

(le
af

); 
32

 (s
te

m
)

18
4

Cd
-h

yp
er

to
le

ra
nt

[6
3]

B.
 p

an
ic

ul
at

a
Pl

an
t p

ur
ch

as
ed

, p
ro

pa
ga

te
d 

vi
a 

st
em

 c
ut

tin
g,

 a
nd

 g
ro

w
n 

in
 h

yd
ro

po
ni

c 
cu

ltu
re

 fo
r 1

5 
d

Cd
0.

5 
m

g 
L−

1
6 

(s
ho

ot
)

35
4

Pb
 h

yp
er

ac
cu

m
ul

at
or

[1
75

]

Pb
20

 m
g 

L−
1

13
2 

(s
ho

ot
)

13
,5

17

Zn
20

 m
g 

L−
1

12
9 

(s
ho

ot
)

13
,5

17

Pl
an

t p
ur

ch
as

ed
, p

ro
pa

ga
te

d 
vi

a 
st

em
 c

ut
tin

g,
 a

nd
 g

ro
w

n 
fo

r 3
 m

on
th

s 
in

 p
ot

s 
co

nt
ai

n‑
in

g 
so

il 
fro

m
 B

o 
N

ga
m

 P
b 

m
in

e,
 

Th
ai

la
nd

Pb
89

,0
84

 m
g 

kg
−

1
35

3 
(s

ho
ot

)
25

10

B.
 sc

or
di

oi
de

s
W

ild
 p

la
nt

s 
gr

ow
n 

in
 m

in
e 

in
 Z

ac
at

ec
as

, M
ex

ic
o

Pb
14

08
 m

g 
kg

−
1

13
78

 (s
ho

ot
)

N
R

To
le

ra
nt

 to
 a

nd
 a

cc
um

ul
at

es
 P

b
[1

44
]

Er
em

op
hi

la
 g

en
us



Page 11 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 	

Ta
bl

e 
1 

(c
on

tin
ue

d)

Sp
ec

ie
s

G
ro

w
th

 c
on

di
tio

ns
H

ea
vy

 m
et

al
 c

on
ce

nt
ra

tio
n

O
bs

er
va

tio
ns

 re
la

te
d 

to
 

ph
yt

or
em

ed
ia

tio
n

Re
fe

re
nc

es

H
ea

vy
 m

et
al

H
M

 s
ou

rc
e 

in
 m

g 
kg

−
1 , 

m
g 

L−
1 , o

r µ
M

A
er

ia
l p

ar
t, 

m
g 

kg
−

1  (o
rg

an
)

Ro
ot

, m
g 

kg
−

1

E.
 la

tr
ob

ei
W

ild
 p

la
nt

s 
gr

ow
n 

in
 P

b–
Zn

 
go

ss
an

s, 
no

rt
hw

es
t Q

ue
en

sl
an

d,
 

A
us

tr
al

ia

A
g

0.
9 

m
g 

kg
−

1
0.

07
 (s

ho
ot

)
N

R
A

bi
lit

y 
to

 g
ro

w
 in

 P
b–

Zn
 g

os
sa

ns
[9

1]

Cd
3.

7 
m

g 
kg

−
1

4 
(s

ho
ot

)
N

R

Co
84

 m
g 

kg
−

1
0.

6 
(s

ho
ot

)
N

R

Cu
57

0 
m

g 
kg

−
1

15
 (s

ho
ot

)
N

R

N
i

33
 m

g 
kg

−
1

2.
8 

(s
ho

ot
)

N
R

Pb
10

00
 m

g 
kg

−
1

7.
3 

(s
ho

ot
)

N
R

Sc
ro

ph
ul

ar
ia

 g
en

us

S.
 c

an
in

a 
su

bs
p.

 b
ic

ol
or

W
ild

 p
la

nt
s 

gr
ow

n 
in

 C
am

po
 

Pi
sa

no
, I

ta
ly

Pb
32

58
 m

g 
kg

−
1

11
9 

(s
ho

ot
)

N
R

To
le

ra
nt

 to
 h

ig
h 

Pb
 a

nd
 Z

n 
co

n‑
ce

nt
ra

tio
ns

[3
5]

Zn
12

,0
38

 m
g 

kg
−

1
11

90
 (s

ho
ot

)
N

R

Pb
27

23
 m

g 
kg

−
1 
+

 ze
ol

ite
24

0 
(s

ho
ot

)*
29

36
Pb

 a
cc

um
ul

at
io

n
[2

6]

Zn
11

,4
72

 m
g 

kg
−

1  
 +

 ze
ol

ite
11

00
 (s

ho
ot

)*
59

68

S.
 n

in
gp

oe
ns

is
W

ild
 p

la
nt

s 
gr

ow
n 

in
 D

ao
zh

en
, 

C
hi

na
M

n
10

00
 m

g 
kg

−
1 *

17
5 

(le
af

); 
50

 (s
te

m
)*

25
*

Sh
oo

ts
 a

cc
um

ul
at

e 
H

M
s, 

es
pe

‑
ci

al
ly

 h
ig

h 
am

ou
nt

s 
of

 F
e

[6
4]

Fe
35

,0
00

 m
g 

kg
−

1 *
12

50
 (l

ea
f)

; 5
00

 (s
te

m
)*

25
0*

Co
16

 m
g 

kg
−

1 *
0.

6 
(le

af
); 

0.
4 

(s
te

m
)*

0.
3*

Zn
5 

m
g 

kg
−

1 *
0.

4 
(le

af
); 

0.
2 

(s
te

m
)*

0.
17

*

A
s

25
 m

g 
kg

−
1 *

1.
25

 (l
ea

f)
; 0

.5
 (s

te
m

)*
0.

25
*

Pb
65

 m
g 

kg
−

1 *
15

 (l
ea

f)
; 0

.2
5 

(s
te

m
)*

0.
1*

S.
 sc

op
ar

ia
W

ild
 p

la
nt

s 
gr

ow
n 

in
 P

b–
Zn

 m
in

e 
in

 H
am

ed
an

, I
ra

n
Fe

91
98

 m
g 

kg
−

1
21

5 
(s

ho
ot

)
N

D
Pb

 p
hy

to
st

ab
ili

ze
r

[1
18

]

Pb
68

47
 m

g 
kg

−
1

62
70

 (s
ho

ot
)

57
7

Zn
36

38
 m

g 
kg

−
1

68
 (s

ho
ot

)
34

1

M
n

75
1 

m
g 

kg
−

1
38

6 
(s

ho
ot

)
36

Ve
rb

as
cu

m
 g

en
us

V.
 b

om
by

ci
fe

ru
m

W
ild

 p
la

nt
s 

gr
ow

n 
in

 B
ru

sa
, T

ur
ke

y
Cd

0.
8 

m
g 

kg
−

1
1.

2 
(s

ho
ot

)
0.

65
Bi

oi
nd

ic
at

or
 a

nd
 a

cc
um

ul
at

or
 

of
 C

d,
 C

u,
 C

r, 
N

i, 
an

d 
Pb

[1
9]

C
r

71
.0

 m
g 

kg
−

1
94

.1
 (s

ho
ot

)
36

.7
5

Cu
46

.5
 m

g 
kg

−
1

21
.0

 (s
ho

ot
)

2.
19

Fe
37

.5
 m

g 
kg

−
1

30
 (s

ho
ot

)
16

.7

N
i

20
.0

 m
g 

kg
−

1
23

.4
 (s

ho
ot

)
11

.4

Pb
22

.0
 m

g 
kg

−
1

41
.2

 (s
ho

ot
)

35
.0

Zn
14

.6
 m

g 
kg

−
1

22
.2

 (s
ho

ot
)

8.
3



Page 12 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 

Ta
bl

e 
1 

(c
on

tin
ue

d)

Sp
ec

ie
s

G
ro

w
th

 c
on

di
tio

ns
H

ea
vy

 m
et

al
 c

on
ce

nt
ra

tio
n

O
bs

er
va

tio
ns

 re
la

te
d 

to
 

ph
yt

or
em

ed
ia

tio
n

Re
fe

re
nc

es

H
ea

vy
 m

et
al

H
M

 s
ou

rc
e 

in
 m

g 
kg

−
1 , 

m
g 

L−
1 , o

r µ
M

A
er

ia
l p

ar
t, 

m
g 

kg
−

1  (o
rg

an
)

Ro
ot

, m
g 

kg
−

1

V.
 o

ly
m

pi
cu

m
Se

ed
s 

w
er

e 
co

lle
ct

ed
 

fro
m

 th
e 

al
pi

ne
 b

el
t o

f U
lu

da
g

M
ou

nt
ai

n,
 T

ur
ke

y,
 a

nd
 g

ro
w

n 
in

 p
ot

s 
w

ith
 C

d 
so

lu
tio

n 
fo

r 7
 d

ay
s

Cd
25

0 
µM

58
0 

(le
af

)
48

57
A

cc
um

ul
at

es
 a

nd
 to

le
ra

nt
 to

 C
d

[1
8]

V.
 p

hr
yg

iu
m

M
at

ur
e 

se
ed

s 
w

er
e 

co
lle

ct
ed

 
fro

m
 M

ur
at

 D
ağ

ı M
ou

nt
ai

n,
 

Tu
rk

ey
, a

nd
 g

ro
w

n 
in

 p
ot

s 
w

ith
 Z

n 
so

lu
tio

n 
fo

r 7
 d

ay
s

Zn
30

 m
g 

L−
1

21
81

 (l
ea

f)
17

,0
44

Pl
an

t h
ig

hl
y 

to
le

ra
nt

 to
 Z

n
[3

]

V.
 th

ap
su

s
W

ild
 p

la
nt

s 
gr

ow
n 

in
 G

üm
üs

kö
y 

A
g 

de
po

si
t, 

Tu
rk

ey
A

s
12

,6
85

 m
g 

kg
−

1
35

51
 (s

ho
ot

)
10

,4
00

Co
ul

d 
be

 u
se

d 
to

 re
m

ed
ia

te
 s

oi
ls

 
an

d 
ar

ea
s 

co
nt

am
in

at
ed

 b
y 

A
s 

an
d 

A
g

[1
82

]

A
g

38
.2

6 
m

g 
kg

−
1

11
.2

 (s
ho

ot
)

10
.5

Pb
52

13
 m

g 
kg

−
1

53
7 

(s
ho

ot
)

64
3

W
ild

 p
la

nt
s 

gr
ow

n 
in

 G
üm

üs
kö

y 
A

g 
de

po
si

t, 
Tu

rk
ey

Ti
29

 m
g 

kg
−

1
65

19
4

Co
ul

d 
be

 u
se

d 
fo

r r
em

ed
ia

tio
n 

of
 s

oi
l c

on
ta

m
in

at
ed

 b
y 

Ti
[1

48
]

Se
ed

s 
w

er
e 

pr
ep

ar
ed

 
fro

m
 th

e 
Pa

ka
n 

Ba
zr

 C
om

pa
ny

 
an

d 
gr

ow
n 

in
 h

yd
ro

po
ni

c 
cu

ltu
re

 
fo

r 1
4 

d

Cu
37

5 
m

g 
L−

1
49

3
44

8
Co

ul
d 

be
 u

se
d 

as
 a

 p
la

nt
 s

pe
ci

es
 

fo
r C

u 
ph

yt
oe

xt
ra

ct
io

n,
 is

 a
 C

u 
hy

pe
ra

cc
um

ul
at

or

[8
2]

In
 m

os
t c

as
es

, d
at

a 
sh

ow
n 

in
 th

is
 ta

bl
e 

w
er

e 
ro

un
de

d 
off

 fr
om

 th
os

e 
de

sc
rib

ed
 in

 th
e 

co
rr

es
po

nd
in

g 
re

fe
re

nc
e

N
D

 n
ot

 d
et

ec
te

d;
 N

R 
no

t r
ep

or
te

d

*T
he

 d
at

a 
sh

ow
n 

ar
e 

an
 a

pp
ro

xi
m

at
io

n 
ac

co
rd

in
g 

to
 v

is
ua

l o
bs

er
va

tio
n 

of
 h

is
to

gr
am

 g
ra

ph
ic

’s 
re

fe
re

nc
es



Page 13 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 	

Ta
bl

e 
2 

A
ct

iv
ity

 o
f e

nz
ym

es
 a

nd
 c

ha
ng

es
 in

 n
on

-e
nz

ym
at

ic
 a

nt
io

xi
da

nt
 m

ac
hi

ne
ry

 o
f s

pe
ci

es
 b

el
on

gi
ng

 to
 B

ud
dl

ej
a,

 E
re

m
op

hi
la

, S
cr

op
hu

la
ria

, a
nd

 V
er

ba
sc

um
 g

en
er

a 
in

 re
sp

on
se

 
to

 H
M

 e
xp

os
ur

e

Sp
ec

ie
s

H
M

O
rg

an
A

ct
iv

it
y 

of
 a

nt
io

xi
da

nt
 e

nz
ym

es
N

on
-e

nz
ym

at
ic

 
an

tio
xi

da
nt

 
re

sp
on

se
s

Re
fe

re
nc

es

SO
D

CA
T​

PO
D

A
PX

G
PX

B.
 a

sia
tic

a
Cd

 e
xp

os
ur

e 
fo

r 9
0 

d
Le

av
es

25
, 5

0,
 

an
d 

20
0 

µM
 C

d 
de

cr
ea

se
d 

SO
D

 
ac

tiv
ity

 (3
92

 v
s. 

30
0,

 
U

 g
−

1  m
in

−
1 , c

on
tr

ol
 

vs
. C

d 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

*

10
0 

µM
 C

d 
in

cr
ea

se
d 

C
AT

 a
ct

iv
ity

 (0
.7

 U
 v

s. 
0.

9,
 U

 g
−

1  m
in

−
1 , c

on
‑

tr
ol

 v
s. 

Cd
 tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

*

25
 µ

M
 C

d 
in

cr
ea

se
d 

PO
D

 a
ct

iv
ity

 (1
00

 
vs

. 1
37

, U
 g

−
1  m

in
−

1 , 
co

nt
ro

l v
s. 

Cd
 tr

ea
t‑

m
en

t, 
re

sp
ec

tiv
el

y)
*

[6
3]

B.
 m

ac
ro

st
ac

hy
a

Le
av

es
SO

D
 a

ct
iv

ity
 

w
as

 n
ot

 a
ffe

ct
ed

 
by

 C
d 

tr
ea

tm
en

t

C
AT

 a
ct

iv
‑

ity
 d

ec
re

as
ed

 
by

 1
00

 µ
M

 C
d 

tr
ea

tm
en

t (
0.

6 
vs

. 0
.2

, 
U

 g
−

1  m
in

−
1 , c

on
tr

ol
 

vs
. C

d 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

*

20
0 

µM
 C

d 
in

cr
ea

se
d 

PO
D

 a
ct

iv
ity

 (1
00

0 
vs

. 2
00

2,
 U

 g
−

1  m
in

−
1 , 

co
nt

ro
l v

s. 
Cd

 tr
ea

t‑
m

en
t, 

re
sp

ec
tiv

el
y)

*

S.
 st

ria
ta

Cd
 e

xp
os

ur
e 

fo
r 3

 d
Ro

ot
s

40
0 

µM
 C

d 
in

cr
ea

se
d 

SO
D

 a
ct

iv
ity

 (2
.7

 v
s. 

5.
7,

 U
 g

−
1  m

in
−

1 , c
on

‑
tr

ol
 v

s. 
Cd

 tr
ea

tm
en

t, 
re

sp
ec

tiv
el

y)

40
0 

µM
 C

d 
in

cr
ea

se
d 

SO
D

 a
ct

iv
ity

 (1
8.

3 
vs

. 3
6.

4,
 µ

m
ol

 H
2O

2 
m

g−
1  m

in
−

1 , c
on

tr
ol

 
vs

. C
d 

tr
ea

tm
en

t, 
re

sp
ec

tiv
el

y)

40
0 

µM
 C

d 
in

cr
ea

se
d 

G
PX

 
ac

tiv
ity

 (1
5.

2 
vs

. 3
6,

 
μm

ol
 g

ua
ia

co
l m

g−
1  

m
in

−
1 )

40
0 

µM
 C

d 
in

cr
ea

se
d 

TA
L 

an
d 

PA
L 

ac
tiv

i‑
tie

s. 
Sa

lic
yl

ic
 a

ci
d,

 
p-

co
um

ar
ic

 a
ci

d,
 

fe
ru

lic
 a

ci
d,

 e
ch

in
a‑

co
si

de
, a

nd
 a

ct
eo

‑
si

de
 c

on
ce

nt
ra

tio
ns

 
in

cr
ea

se
d

[3
1]

Pb
 e

xp
os

ur
e 

fo
r 3

 d
Sh

oo
ts

25
0 

m
g  

L
−

1  P
b 

in
cr

ea
se

d 
SO

D
 

ac
tiv

ity

25
0 

m
g  

L
−

1  P
b 

in
cr

ea
se

d 
C

AT
 

ac
tiv

ity

25
0 

m
g 

L−
1  P

b 
in

cr
ea

se
d 

PO
D

 
ac

tiv
ity

In
cr

ea
se

d 
co

nc
en

tr
a‑

tio
ns

 o
f c

at
ec

hi
n,

 
vi

te
xi

n,
 ru

tin
, q

ue
rc

e‑
tin

, g
en

is
te

in
, m

yr
i‑

ce
tin

, r
es

ve
ra

tr
ol

, 
lu

te
ol

in
, n

ar
in

ge
ni

n,
 

an
d 

ka
em

pf
er

ol
 

fla
vo

no
id

s

[4
5]

Ro
ot

s
25

0 
m

g 
L−

1  P
b 

de
cr

ea
se

d 
SO

D
 

ac
tiv

ity

25
0 

m
g 

L−
1  P

b 
in

cr
ea

se
d 

C
AT

 
ac

tiv
ity

25
0 

m
g 

L−
1  P

b 
de

cr
ea

se
d 

PO
D

 
ac

tiv
ity

In
cr

ea
se

d 
co

nc
en

tr
a‑

tio
ns

 o
f c

at
ec

hi
n,

 
ge

ni
st

ei
n,

 d
io

sm
in

, 
m

yr
ic

et
in

, r
es

ve
ra

tr
ol

, 
da

id
ze

in
, a

nd
 lu

te
o‑

lin
 fl

av
on

oi
ds



Page 14 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 

Th
e 

m
g−

1  o
r g

−
1  d

at
a 

sh
ow

n 
fo

r e
nz

ym
e 

ac
tiv

ity
 a

re
 e

xp
re

ss
ed

 re
ga

rd
in

g 
pr

ot
ei

n 
re

po
rt

ed
 in

 th
e 

co
rr

es
po

nd
in

g 
re

fe
re

nc
e.

 In
 m

os
t c

as
es

, d
at

a 
sh

ow
n 

in
 th

is
 ta

bl
e 

w
er

e 
ro

un
de

d 
off

 fr
om

 th
os

e 
de

sc
rib

ed
 in

 th
e 

co
rr

es
po

nd
in

g 
re

fe
re

nc
e

PA
L 

ph
en

yl
al

an
in

e 
am

m
on

ia
-ly

as
e;

 T
AL

 ty
ro

si
ne

 a
m

m
on

ia
-ly

as
e

*  T
he

 d
at

a 
sh

ow
n 

ar
e 

an
 a

pp
ro

xi
m

at
io

n 
ac

co
rd

in
g 

to
 v

is
ua

l o
bs

er
va

tio
n 

of
 h

is
to

gr
am

 g
ra

ph
ic

’s 
re

fe
re

nc
es

Ta
bl

e 
2 

(c
on

tin
ue

d)

Sp
ec

ie
s

H
M

O
rg

an
A

ct
iv

it
y 

of
 a

nt
io

xi
da

nt
 e

nz
ym

es
N

on
-e

nz
ym

at
ic

 
an

tio
xi

da
nt

 
re

sp
on

se
s

Re
fe

re
nc

es

SO
D

CA
T​

PO
D

A
PX

G
PX

V.
 o

ly
m

pi
cu

m
Cu

 e
xp

os
ur

e 
fo

r 7
 d

Le
av

es
50

0 
µM

 C
u 

in
cr

ea
se

d 
SO

D
 a

ct
iv

ity
 (4

0 
vs

. 
10

0,
 U

 m
g−

1 , c
on

tr
ol

 
vs

. C
u 

tr
ea

tm
en

t, 
re

sp
ec

tiv
el

y)
*

25
0 

µM
 C

u 
in

cr
ea

se
d 

C
AT

 a
ct

iv
ity

 (0
.8

 v
s. 

2.
3,

 U
 m

g−
1 , c

on
tr

ol
 

vs
. C

u 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

*

50
0 

µM
 C

u 
in

cr
ea

se
d 

A
PX

 a
ct

iv
ity

 (1
.2

 v
s. 

2.
5,

 U
 m

g−
1 , c

on
tr

ol
 

vs
. C

u 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

[4
]

Ro
ot

s
Cu

 5
00

 µ
M

 in
cr

ea
se

d 
SO

D
 a

ct
iv

ity
 (2

0 
vs

. 
12

0,
 U

 m
g−

1 , c
on

tr
ol

 
vs

. C
u 

tr
ea

tm
en

t, 
re

sp
ec

tiv
el

y)
*

Cu
 2

50
 µ

M
 in

cr
ea

se
d 

C
AT

 a
ct

iv
ity

 (1
 v

s. 
2.

8,
 U

 m
g−

1 , c
on

tr
ol

 
vs

. C
u 

tr
ea

tm
en

t, 
re

sp
ec

tiv
el

y)
*

Cu
 5

00
 µ

M
 in

cr
ea

se
d 

A
PX

 a
ct

iv
ity

 (0
.4

 v
s. 

1.
7,

 U
 m

g−
1 , c

on
tr

ol
 

vs
. C

u 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

*

Cd
 e

xp
os

ur
e 

fo
r 7

 d
Le

av
es

25
0 

µM
 C

d 
in

cr
ea

se
d 

SO
D

 a
ct

iv
ity

 (4
0 

vs
. 

17
0 

U
 m

g−
1 , c

on
tr

ol
 

vs
. C

d 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

*

25
0 

µM
 C

d 
in

cr
ea

se
d 

C
AT

 a
ct

iv
ity

 (0
.7

 v
s. 

3.
2,

 U
 m

g−
1 , c

on
tr

ol
 

vs
. C

d 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

*

25
0 

µM
 C

d 
in

cr
ea

se
d 

A
PX

 a
ct

iv
ity

 (1
.2

 v
s. 

3.
1,

 U
 m

g−
1 , c

on
tr

ol
 

vs
. C

d 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

[1
8]

Ro
ot

s
25

0 
µM

 C
d 

in
cr

ea
se

d 
SO

D
 a

ct
iv

ity
 (2

0 
vs

. 
88

 U
 m

g−
1 , c

on
tr

ol
 

vs
. C

d 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

*

25
0 

µM
 C

d 
in

cr
ea

se
d 

C
AT

 a
ct

iv
ity

 (1
 v

s. 
3.

2 
U

 m
g−

1 , c
on

tr
ol

 
vs

. C
d 

tr
ea

tm
en

t, 
re

sp
ec

tiv
el

y)
*

25
0 

µM
 C

d 
in

cr
ea

se
d 

A
PX

 a
ct

iv
ity

 (0
.5

 v
s. 

2,
 U

 m
g−

1 , c
on

tr
ol

 
vs

. C
d 

tr
ea

tm
en

t, 
re

sp
ec

tiv
el

y)
*

V.
 th

ap
su

s
Cu

 e
xp

os
ur

e 
fo

r 1
4 

d
Le

av
es

37
5 

m
g 

L−
1  C

u 
in

cr
ea

se
d 

SO
D

 a
ct

iv
‑

ity
 (5

0 
vs

. 9
0 

U
 m

g−
1 , 

co
nt

ro
l v

s. 
Cu

 tr
ea

t‑
m

en
t, 

re
sp

ec
tiv

el
y)

*

37
5 

m
g 

L−
1  C

u 
in

cr
ea

se
d 

C
AT

 a
ct

iv
‑

ity
 (1

 v
s. 

2 
U

 m
g−

1 , 
co

nt
ro

l v
s. 

Cu
 tr

ea
t‑

m
en

t, 
re

sp
ec

tiv
el

y)
*

37
5 

m
g 

L−
1  C

u 
in

cr
ea

se
d 

A
PX

 
ac

tiv
ity

 (1
.5

 v
s. 

2.
4 

U
 m

g−
1 , c

on
tr

ol
 

vs
. C

u 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

*

[8
2]

Ro
ot

s
37

5 
m

g 
L−

1  C
u 

in
cr

ea
se

d 
SO

D
 a

ct
iv

‑
ity

 (4
0 

vs
. 7

8 
U

 m
g−

1 , 
co

nt
ro

l v
s. 

Cu
 tr

ea
t‑

m
en

t, 
re

sp
ec

tiv
el

y)
*

37
5 

m
g 

L−
1  C

u 
in

cr
ea

se
d 

C
AT

 
ac

tiv
ity

 (0
.8

 v
s. 

1.
8 

U
 m

g−
1 , c

on
tr

ol
 

vs
. C

u 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

*

37
5 

m
g 

L−
1  C

u 
in

cr
ea

se
d 

A
PX

 
ac

tiv
ity

 (1
.5

 v
s. 

2.
3 

U
 m

g−
1 , c

on
tr

ol
 

vs
. C

u 
tr

ea
tm

en
t, 

re
sp

ec
tiv

el
y)

*



Page 15 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 	

Ta
bl

e 
3 

M
ed

ic
in

al
 u

se
 a

nd
 s

ec
on

da
ry

 m
et

ab
ol

ite
s 

of
 s

pe
ci

es
 o

f t
he

 B
ud

dl
ej

a,
 E

re
m

op
hi

la
, S

cr
op

hu
la

ria
, a

nd
 V

er
ba

sc
um

 g
en

er
a 

w
ith

 p
hy

to
re

m
ed

ia
tio

n 
po

te
nt

ia
l

Sp
ec

ie
s

Et
hn

om
ed

ic
in

al
 u

se
Se

co
nd

ar
y 

m
et

ab
ol

ite
Re

fe
re

nc
es

Ph
en

ol
ic

 c
om

po
un

ds
Te

rp
en

es

B.
 a

sia
tic

a
U

se
d 

fo
r s

ki
n 

di
se

as
es

, w
ei

gh
t l

os
s, 

ab
or

tio
n,

 
he

ad
 tu

m
or

s, 
pa

in
, f

ev
er

, a
nd

 d
ia

rr
he

a
A

ct
s 

as
 a

n 
ab

or
tif

ac
ie

nt
 a

nd
 h

as
 a

nt
itu

m
or

, 
an

tif
un

ga
l, 

an
d 

an
tim

al
ar

ia
l e

ffe
ct

s

A
ct

eo
si

de
*

A
pi

ge
ni

n
D

io
sm

in
Is

oa
ct

eo
si

de
Li

na
rin

**
Lu

te
ol

in
Ru

tin

6-
O

-(3
″,

 4
″-

D
im

et
ho

xy
ci

nn
am

oy
l) 

ca
ta

lp
ol

A
ju

go
l

A
lp

ha
 a

m
yr

in
A

uc
ub

in
Bu

dd
lin

Ca
ta

lp
ol

Li
gn

oc
er

ic
 a

ci
d

M
et

hy
l c

at
al

po
l

M
im

en
go

si
de

 A
St

ig
m

as
te

ro
l

β-
ca

ry
op

hy
lle

ne
 o

xi
de

β-
si

to
st

er
ol

β-
si

to
st

er
ol

-O
-g

lu
co

si
de

Bh
at

ta
ch

ar
ya

y 
[3

2]
C

he
n 

et
 a

l. 
[3

8]
El

-D
om

ia
ty

 e
t a

l., 
[5

1]
H

ou
gh

to
n 

an
d 

M
en

sa
h 

[7
3]

M
oh

am
ed

 e
t a

l. 
[1

06
]

B.
 c

or
da

ta
U

se
d 

ag
ai

ns
t g

as
tr

oi
nt

es
tin

al
in

fe
ct

io
ns

, l
iv

er
 d

is
or

de
rs

, n
as

al
 h

em
or

rh
ag

es
, 

m
us

cl
e

cr
am

ps
, r

he
um

at
is

m
, a

nd
 h

ea
da

ch
e;

 a
s 

di
ur

et
ic

; 
an

d 
in

 k
id

ne
y 

tr
ea

tm
en

t

H
yd

ro
xy

ci
nn

am
ic

 a
ci

ds
 (c

aff
ei

c,
 p

-c
ou

‑
m

ar
ic

, s
in

ap
ic

, a
nd

 fe
ru

lic
 a

ci
ds

)
Li

na
rin

**
Se

sa
m

in
Va

ni
lli

c 
ac

id
Ve

rb
as

co
si

de
*

1H
hy

dr
ox

yc
yc

lo
cl

or
en

on
e

6α
-H

yd
ro

xy
is

oc
ap

ne
ll-

9-
en

-8
-o

ne
Bu

dd
le

di
n 

A
Cy

cl
oc

lo
re

no
ne

Is
oc

ap
ne

ll-
9-

en
-8

-o
ne

St
er

oi
ds

 s
ito

st
er

ol
St

ig
m

as
te

ro
l

[5
5]

[5
6]

B.
 d

av
id

ii
A

nt
ifu

ng
al

, w
ou

nd
-h

ea
lin

g,
 a

nd
 u

lc
er

 tr
ea

tm
en

t
A

ce
ty

lm
ar

ty
no

si
de

A
ng

or
os

id
e 

C
Ba

la
no

ph
on

in
Bu

dd
le

no
l A

-F
Ca

lc
eo

la
rio

si
de

 A
Ca

m
pn

eo
si

de
 II

Fo
rs

yt
ho

si
de

 B
Is

om
ar

ty
no

si
de

Jio
no

si
de

 D
Li

na
rin

**
M

ar
ty

no
si

de
Pl

an
ta

in
os

id
e 

C
Po

liu
m

os
id

e
Q

ue
rc

iti
n

Sy
rin

ga
re

si
no

l

A
ju

go
l

Be
nz

oy
l c

at
al

po
l

Bu
dd

le
di

ns
 A

-E
Bu

dd
le

jo
si

de
 A

13
Bu

dd
le

jo
si

de
 A

14
Bu

dd
le

jo
si

de
 A

15
Bu

dd
le

jo
si

de
 A

16
D

ih
yd

ro
bu

dd
le

di
n 

A
D

im
et

ho
xy

ci
nn

am
oy

l c
at

al
po

l
p-

M
et

ho
xy

ci
nn

am
oy

l c
at

al
po

l

[1
]

[7
4]

[8
4]

[1
84

]



Page 16 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 

Ta
bl

e 
3 

(c
on

tin
ue

d)

Sp
ec

ie
s

Et
hn

om
ed

ic
in

al
 u

se
Se

co
nd

ar
y 

m
et

ab
ol

ite
Re

fe
re

nc
es

Ph
en

ol
ic

 c
om

po
un

ds
Te

rp
en

es

B.
 li

nd
le

ya
na

Rh
eu

m
at

is
m

 a
nd

 c
ou

gh
. A

ct
s 

ag
ai

ns
t b

lo
od

 
st

as
is

A
ct

eo
si

de
*

A
pi

ge
ni

n
Li

na
rin

**
Lu

te
ol

in
Q

ue
rc

et
in

Ru
tin

13
, 2

8-
 E

po
xy

-2
3-

hy
dr

ox
y-

3β
-a

ce
to

xy
-o

le
an

-
11

-e
ne

13
, 2

8-
Ep

ox
y-

23
-h

yd
ro

xy
-1

1-
ol

ea
ne

ne
-3

-o
ne

13
, 2

8-
Ep

ox
y-

21
β,

 2
3-

di
hy

dr
ox

y-
11

-o
le

an
en

e-
3-

on
e

Bu
dd

le
ja

sa
po

ni
n 

IV
b

Bu
dd

lin
tr

ite
rp

en
e 

A
Bu

dd
lin

tr
ite

rp
en

e 
B

C
lin

op
os

ap
on

in
 II

I
D

es
rh

am
no

ve
rb

as
co

sa
po

ni
n

M
im

en
go

si
de

 I
M

ul
le

in
sa

po
ni

n 
I

M
ul

le
in

sa
po

ni
n 

VI
I

O
le

an
an

e
Sa

ik
os

ap
on

in
 M

[1
33

, 1
34

]
[1

87
]

B.
 m

ac
ro

st
ac

hy
a

U
se

d 
to

 tr
ea

t s
or

es
 a

nd
 in

fla
m

m
at

io
n,

 h
ep

at
iti

s, 
co

nj
un

ct
iv

iti
s, 

an
d 

ke
ra

tit
is

8-
 H

yd
ro

xy
lin

al
oo

l 3
-O

-α
-D

-g
lu

co
py

ra
no

si
de

9-
O

-α
-L

-R
ha

m
no

py
ra

no
sy

l-4
-h

yd
ro

xy
-

ci
nn

am
ic

 a
ci

d
A

ca
ce

tin
-7

-O
-α

-L
-r

ha
m

no
py

ra
no

sy
l-(

1→
6)

-
β-

D
-g

lu
co

py
ra

no
si

de
A

ct
eo

si
de

*
A

pi
ge

ni
n

D
ar

en
do

si
de

 A
D

ec
aff

eo
yl

ac
te

os
id

e
Ec

hi
pu

ro
si

de
 A

M
ar

ty
no

si
de

Sa
lid

ro
si

de

6-
α-

L-
 (2
″-

Ca
ffe

oy
l)r

ha
m

no
py

ra
no

sy
lc

at
al

po
l

6-
α-

L-
(4
″-

O
-t

ra
ns

-p
-C

ou
m

ar
oy

l)r
ha

m
no

py
ra

no
‑

sy
lc

at
al

po
l

Bu
dd

ej
as

ap
on

in
 I

Bu
dd

le
ja

sa
po

ni
n 

Ia
Bu

dd
le

m
ac

ro
si

de
 A

M
im

en
go

si
de

 C

[7
1,

 7
2]

B.
 p

an
ic

ul
at

a
A

ct
iv

ity
 a

ga
in

st
 S

tr
ep

to
co

cc
us

 m
ut

an
s c

au
si

ng
de

nt
al

 c
ar

ie
s

[1
54

]



Page 17 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 	

Ta
bl

e 
3 

(c
on

tin
ue

d)

Sp
ec

ie
s

Et
hn

om
ed

ic
in

al
 u

se
Se

co
nd

ar
y 

m
et

ab
ol

ite
Re

fe
re

nc
es

Ph
en

ol
ic

 c
om

po
un

ds
Te

rp
en

es

B.
 sc

or
di

oi
de

s
D

ia
rr

he
a,

 h
ea

da
ch

e,
 a

nd
 w

ou
nd

s
4,

5-
D

ic
aff

eo
yl

qu
in

ic
 a

ci
d

4-
H

yd
ro

xy
be

nz
oi

c 
ac

id
A

ca
ce

tin
**

A
pi

ge
ni

n
Ca

ffe
ic

 a
ci

d
C

hl
or

og
en

ic
 a

ci
d

Co
um

ar
ic

 a
ci

d
Er

io
di

ct
yo

l
Fe

ru
lic

 a
ci

d
Is

oq
ue

rc
itr

in
Ka

em
pf

er
ol

Lu
te

ol
in

M
an

gi
fe

rin
N

ar
in

ge
ni

n
N

ar
in

gi
n

N
eo

he
sp

er
id

in
Pr

ot
oc

at
ec

hu
ic

 a
ci

d
Q

ue
rc

et
in

Q
ue

rc
itr

in
Q

ui
ni

c 
ac

id
Ro

sm
ar

in
ic

 a
ci

d
Ru

tin
Sh

ik
im

ic
 a

ci
d

Si
na

pi
c 

ac
id

Sy
rin

gi
c 

ac
id

Sy
rin

gi
n

Va
ni

lli
c 

ac
id

Ve
rb

as
co

si
de

*

3,
23

,2
8-

Tr
ih

yd
ro

xy
ol

ea
na

-1
1,

13
(1

8)
-d

ie
ne

Bu
dd

le
ja

sa
po

ni
n

O
-m

et
hy

l c
at

al
po

l
Sa

ik
og

en
in

 A

[2
4]

[4
8]

[5
6]

E.
 la

tr
ob

ei
A

nt
i-i

nfl
am

m
at

or
y,

 u
se

d 
in

 a
ro

m
at

he
ra

py
 

an
d 

fu
m

ig
at

io
ns

; f
or

 re
sp

ira
to

ry
 d

is
co

m
fo

rt
 

an
d 

tr
ea

tm
en

t o
f s

ca
bi

es
; a

nd
 a

s 
an

tib
io

tic

(−
)-1

0,
11

-D
eh

yd
ro

ep
in

ga
io

ne
(−

)-N
ga

io
ne

(+
/−

)-M
yo

po
ro

ne
4-

H
yd

ro
xy

di
hy

dr
om

io
de

sm
on

e
9-

H
yd

ro
xy

-5
,9

-d
ih

ry
dr

om
yo

m
on

ta
no

ne
Bi

cy
do

ge
rm

la
cr

en
e

E-
Ca

ry
op

hy
lle

ne
En

do
-fe

nc
hy

l a
ce

ta
te

M
et

ho
xy

m
yo

de
se

rt
-3

-e
ne

M
uu

ro
la

-4
,1

0(
14

)-
di

en
-1

-β
-o

l
Ph

yt
ol

t-
M

uu
ro

lo
l

α-
Fe

nc
he

ne
α-

Pi
ne

ne
β-

Sa
nt

al
en

e

[1
38

]
[1

53
]



Page 18 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 

Ta
bl

e 
3 

(c
on

tin
ue

d)

Sp
ec

ie
s

Et
hn

om
ed

ic
in

al
 u

se
Se

co
nd

ar
y 

m
et

ab
ol

ite
Re

fe
re

nc
es

Ph
en

ol
ic

 c
om

po
un

ds
Te

rp
en

es

S.
 c

an
in

a 
su

bs
p.

 b
ic

ol
or

Ve
rb

as
co

si
de

*
(E

)-p
hy

to
l

8-
Ep

ilo
ga

ni
c 

ac
id

8-
O

-A
ac

et
yl

ha
rp

ag
id

e
A

uc
ub

in
H

ar
pa

gi
de

[1
70

]

S.
 n

in
gp

oe
ns

is
U

se
d 

fo
r h

yp
er

te
ns

io
n,

 c
an

ce
r, 

an
d 

di
ab

et
es

. 
 It

 is
 o

ft
en

 u
se

d 
fo

r t
re

at
m

en
t o

f p
ol

yd
ip

si
a,

 
fe

ve
r, 

gi
ng

iv
iti

s, 
to

ns
ill

iti
s, 

la
ry

ng
iti

s, 
ca

rb
un

‑
cl

e,
 a

cu
te

 ly
m

ph
ad

en
iti

s, 
in

te
st

in
al

 d
ry

ne
ss

, 
an

d 
co

ns
tip

at
io

n

A
ce

ty
la

ng
or

os
id

e 
C

A
ct

eo
si

de
*

A
ng

or
os

id
e 

C
C

is
ta

no
si

de
 D

C
is

ta
no

si
de

 F
D

ec
aff

eo
yl

ac
te

os
id

e
Li

qu
iri

tig
en

in
N

ep
itr

in
N

in
gp

os
id

e 
A

N
in

gp
os

id
e 

B
N

in
gp

os
id

e 
C

Pe
di

cu
la

rio
si

de
 A

Rh
am

no
py

ra
no

sy
l v

an
ill

oy
l

Sc
ro

ph
ul

os
id

e 
B1

Sc
ro

ph
us

id
e

Si
bi

rio
si

de
 A

Tr
an

s-
ci

st
an

os
id

e 
D

14
-D

eo
xy

-1
2(

R)
-s

ul
fo

 a
nd

 ro
gr

ap
ho

lid
el

Eu
ca

ly
pt

ol
ic

 a
ci

d
Lu

pa
ne

ol
O

le
an

ol
ic

 a
ci

d
Sc

ro
ko

el
zi

si
de

 A
Si

to
st

er
ol

Su
gi

ol
U

rs
od

eo
xy

ch
ol

ic
 a

ci
d

U
rs

ol
ic

 a
ci

d
β-

da
uc

os
te

ro
l

[1
32

]
[1

81
]

S.
 st

ria
ta

Pl
an

t u
se

d 
to

 c
on

tr
ol

 in
fe

ct
io

ns
; h

ea
l w

ou
nd

s; 
an

d 
tr

ea
t e

ye
 a

nd
 e

ar
 in

fe
ct

io
ns

, s
ki

n 
bu

rn
s, 

in
fe

ct
io

us
, p

ai
n,

 g
as

tr
oi

nt
es

tin
al

 d
is

or
de

rs
, c

ol
ds

, 
an

d 
he

m
or

rh
oi

ds

Ca
te

ch
in

D
io

sm
in

H
yd

ro
xy

ci
nn

am
ic

 a
ci

ds
 (c

aff
ei

c,
 p

-c
ou

‑
m

ar
ic

, s
in

ap
ic

, a
nd

 fe
ru

lic
 a

ci
ds

)
Ka

em
pf

er
ol

Lu
te

ol
in

M
yr

ic
et

in
N

ep
itr

in
Q

ue
rc

et
in

Re
sv

er
at

ro
l

Ru
tin

Ve
rb

as
co

si
de

*

1-
O

ct
en

-3
-o

l
Be

nz
al

de
hy

de
Li

na
lo

ol

[1
52

]
[2

]
[1

22
]



Page 19 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 	

Ta
bl

e 
3 

(c
on

tin
ue

d)

Sp
ec

ie
s

Et
hn

om
ed

ic
in

al
 u

se
Se

co
nd

ar
y 

m
et

ab
ol

ite
Re

fe
re

nc
es

Ph
en

ol
ic

 c
om

po
un

ds
Te

rp
en

es

V.
 b

om
by

ci
fe

ru
m

Fo
r b

ro
nc

hi
tis

 a
nd

 tu
be

rc
ul

os
is

 p
re

ve
nt

io
n.

 A
ct

s 
as

 a
nt

is
ep

tic
, a

st
rin

ge
nt

, a
nd

 a
nt

im
ic

ro
bi

al
(+

)-
Ca

te
ch

in
3,

5-
 D

ic
aff

eo
yl

qu
in

ic
 a

ci
d

3-
Ca

ffe
oy

lq
ui

ni
c 

ac
id

5-
Ca

ffe
oy

lq
ui

ni
c 

ac
id

Ca
ffe

ic
 a

ci
d

Fe
ru

lic
 a

ci
d

G
al

lic
 a

ci
d

H
yp

er
os

id
e

Is
og

en
tis

in
 (−

)-E
pi

ca
te

ch
in

Ka
em

pf
er

ol
-3

- g
lu

co
si

de
N

ar
in

gi
n

p-
Co

um
ar

ic
 a

ci
d

Q
ue

rc
et

in
Q

ue
rc

itr
in

Re
sv

er
at

ro
l

Ru
tin

Sh
ik

im
ic

 a
ci

d
Sy

rin
gi

c 
ac

id
Tr

an
s-

ci
nn

am
ic

 a
ci

d
Va

ni
lli

c 
ac

id

6-
O

-β
-D

-G
lu

co
py

ra
no

sy
la

uc
ub

in
8-

O
-A

ce
ty

lh
ar

pa
gi

de
A

ju
go

l
A

uc
ub

in
Ca

ta
lp

ol
H

ar
pa

gi
de

H
ar

pa
go

si
de

[5
]

[1
5]

[1
3]

[1
85

]

V.
 c

he
ira

nt
hi

fo
liu

m
U

se
d 

fo
r r

es
pi

ra
to

ry
 a

nd
 s

ki
n 

di
so

rd
er

s, 
ab

do
m

i‑
na

l a
nd

 rh
eu

m
at

ic
 p

ai
n,

 e
ar

ac
he

, h
em

or
rh

oi
ds

, 
an

d 
di

ar
rh

ea

A
pi

ge
ni

n
A

pi
ge

ni
n 

gl
uc

os
id

e
C

hl
or

og
en

ic
 a

ci
d

Lu
te

ol
in

-7
-O

-g
lu

co
si

de
Q

ue
rc

et
in

Ru
tin

Ve
rb

as
co

si
de

*

[1
63

]
[4

4]

V.
 o

ly
m

pi
cu

m
U

se
d 

fo
r a

st
hm

a 
an

d 
co

ug
h 

pr
ev

en
tio

n 
an

d 
ac

ts
 

as
 a

nt
im

ic
ro

bi
al

6-
O

-β
-D

-G
lu

co
py

ra
no

sy
la

uc
ub

in
8-

O
-A

ce
ty

lh
ar

pa
gi

de
A

ju
go

l
A

ju
go

si
de

A
uc

ub
in

G
en

ip
os

id
ic

 a
ci

d
H

ar
pa

gi
de

H
ar

pa
go

si
de

La
te

rio
si

de
Si

nu
at

ol

[5
0]

[1
3]

[1
85

]



Page 20 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 

Ta
bl

e 
3 

(c
on

tin
ue

d)

Sp
ec

ie
s

Et
hn

om
ed

ic
in

al
 u

se
Se

co
nd

ar
y 

m
et

ab
ol

ite
Re

fe
re

nc
es

Ph
en

ol
ic

 c
om

po
un

ds
Te

rp
en

es

V.
 th

ap
su

s
U

se
d 

as
 a

na
lg

es
ic

, a
nt

i-i
nfl

am
m

at
or

y,
 a

nt
is

ep
tic

, 
sp

as
m

ol
yt

ic
, a

st
rin

ge
nt

, d
iu

re
tic

, e
m

ol
lie

nt
, 

to
 tr

ea
t e

xp
ec

to
ra

nt
 p

ile
s, 

br
ui

se
s, 

an
d 

fro
st

bi
te

3’
M

et
hy

lg
he

rc
iti

n
H

es
pe

re
di

n
Ve

rb
as

co
si

de
*

Ve
rb

as
co

sa
po

ni
n

6,
10

,1
4-

Tr
im

et
hy

l-2
- p

en
ta

de
ca

no
ne

A
ju

go
l

A
uc

ub
in

Ca
ta

lp
ol

G
eo

sm
in

H
ar

pa
go

si
de

Li
na

lo
ol

Sa
ik

og
en

in
 A

Si
to

st
er

ol
(E

)-p
hy

to
l

α-
bi

sa
bo

lo
l

Tu
rk

er
 e

t a
l. 

[1
66

]
[1

08
]

[4
6]

*  V
er

ba
sc

os
id

e 
is

 s
yn

on
ym

 o
f a

ct
eo

si
de

**
Li

na
rin

 is
 s

yn
on

ym
 o

f a
ca

ce
tin

.



Page 21 of 34Vazquez‑Marquez et al. Future Journal of Pharmaceutical Sciences          (2024) 10:173 	

scordioides (Fig. 4a–g) (Table 1), and they have also been 
reported to have medicinal uses (Table 3).

It was found that wild plants of B. asiatica  (Fig.  4a), 
extracted from the Bo Ngam Pb mine in Thailand, accu-
mulated a large amount of Pb in their shoots (Table  1); 
therefore, they could be considered as Pb hyperaccumu-
lators [135]. In addition, B. asiatica propagated, from 
those wild plants, showed a substantial accumulation 
of Pb, Cd, and Zn in their roots after a specific period 
of incubation in the Bo Ngam Pb mine substrate, under 
hydroponic conditions [175]. This species was argued to 
have potential for use in soil phytoremediation, as well as 
in revegetating contaminated soils and in improving nat-
ural revegetation because it is a perennial plant that may 
avoid annual reseeding [135, 175]. B. asiatica collected at 
Honghe University, China, was propagated and exposed 

to Cd; it showed restricted Cd accumulation in shoots, 
lower than that in roots. For this reason, it was consid-
ered to be Cd-hypertolerant [63] (Table  1). Wild plants 
grown in a Cr salt-producing factory in China showed 
the ability to accumulate several HMs (Cd, Cr, Cu, Hg, 
Ni, Pb, and Zn) [180] (Table 1).

B. cordata (Fig. 4b) can grow under adverse conditions, 
including unfertile soils [62, 114]. It was found that leaf 
litter samples of this species, grown near polluted areas 
around Mexico City, contributed to the mobilization of 
metals, such as Al, Cd, Cu, Fe, Mn, Zn and Pb, based on 
phenolic compounds; the authors discussed the idea that 
these compounds may act as chelators [127]. This species 
accumulated Ca, Co, Fe, Mg, Mn, Ni, and Zn in its leaves 
when it grew in ultramafic soil in Guanajuato, México 
[114] (Table 1).

Fig. 4  Medicinal species of the Buddleja, Eremophila, Scrophularia, and Verbascum genera with phytoremediation potential. a B. asiatica, b B. cordata, 
c B. davidii, d B. lindleyana, e B. macrostachya, f B. paniculata, g B. scordioides, h E. latrobei, i S. canina subsp. bicolor, j S. ningpoensis, k S. scoparia, l 
S. striata, m V. bombyciferum, n V. cheiranthifolium, o V. olympicum, p V. phrygium, q V. thapsus. Created with Canva.com. Images sources from: a-f 
https://​www.​trees​andsh​rubso​nline.​org/; g–i, l–o, q https://​ident​ify.​plant​net.​org/​es; j https://​www.​gbif.​org/​es/; k https://​obser​vation.​org/; p https://​
turki​yecic​ek.​wordp​ress.​com/​2016/​04/​09/​verba​scum-​phryg​ium-​scrop​hular​iaceae-​sirac​aotug​iller-2/

https://www.treesandshrubsonline.org/
https://identify.plantnet.org/es
https://www.gbif.org/es/
https://observation.org/
https://turkiyecicek.wordpress.com/2016/04/09/verbascum-phrygium-scrophulariaceae-siracaotugiller-2/
https://turkiyecicek.wordpress.com/2016/04/09/verbascum-phrygium-scrophulariaceae-siracaotugiller-2/
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B. davidii (Fig. 4c) can grow at sites contaminated with 
an ample variety of HMs, such as the Sb deposit in China, 
where this species was found to be tolerant to the high 
concentrations of Sb in the soil [126] (Table 1); it was also 
found to be Bi-tolerant (Table  1) through Bi exclusion 
[176]. This species grew near the Pb–Zn mine in China, 
showing an abundant biomass production and the accu-
mulation of Cd, Cr, Cu, Ni, Pb, and Zn [191] (Table 1).

B. lindleyana (Fig.  4d)  can grow in coal mine tailings 
containing Cd, Cr, Cu, Mn, Pb, and Zn, accumulating 
mainly Mn and Zn in its roots (Table 1), thus indicating 
the adaptability of this species to grow in mine substrate 
containing heavy metals. Therefore, it could be used for 
phytoremediation [190].

B. macrostachya (Fig.  4e)  seedlings grown in pots for 
90 days showed a restricted Cd accumulation capacity in 
aerial organs compared with in roots, and they were con-
sidered hypertolerant to Cd [63] (Table 1).

B. paniculata (Fig. 4f ) grew rapidly and densely in and 
easily adapted to soil from Bo Ngam Pb mine, Thailand, 
as well under hydroponic culture conditions, where the 
species accumulated significantly higher concentrations 
in roots than in shoots [175] (Table  1); therefore, they 
could be considered Pb hyperaccumulator [175].

B. scordioides (Fig. 4g) could grow in a mine in Zacate-
cas, Mexico, where it was able to tolerate and accumu-
late Pb (Table 1), thus being a plant that could be used in 
mine tailings and to remediate lead-contaminated soils; it 
could also grow in temperate and arid climates, as it tol-
erates different climates [144].

Eremophila genus
The Eremophila genus comprises approximately 230 
species, presenting gray leaves that provide protection 
from intense light. The species of this genus are peren-
nial shrubs and trees that can be found in arid and semi-
arid regions of Australia, and many of them are used in 
traditional medicine by Australian Aborigines to relieve 
the common cold, cough, chest pain, and fever [60, 153]. 
In recent years in Australia, there has been increas-
ing awareness of the traditional medicine of the Abo-
riginal population because 84% of the Eremophila plants 
are not found anywhere else in the world. So, plants of 
this genus have been examined in many investigations 
to determine their chemical composition, which has 
been found to consist of unique and structurally diverse 
metabolites, especially sesquiterpenoids and diterpe-
noids [60, 90]. Some species used for medicinal purposes 
are E. alternifolia, E. duttonii, E. glabra, E. latrobei, E. 
maculata, E. microtheca, E. neglecta, E. serrulata, and E. 
sturtii [60, 153]. Extracts from the species of this genus 
have been tested for antiviral, antibacterial, and anti-
cancer activities; among the metabolites of interest are 

serrulatane- and viscidane-type diterpenoids, which have 
antimalarial, anti-inflammatory, antidiabetic, and anti-
bacterial properties [60, 153].

E. latrobei (Fig. 4h) has been reported to show the abil-
ity to grow in Pb–Zn gossans, northwest Queensland, 
Australia; it excludes Pb from its foliage (Table 1), mak-
ing it ideal for revegetating Pb-contaminated sites in arid 
areas [91].

Scrophularia genus
The name Scrophularia comes from “scrofula”, a type 
of tuberculosis, because some species belonging to this 
genus have been used to treat tuberculosis [94]. Plants 
of this genus grow in central Europe, North America, 
and Asia [109]. It is one of the largest genera of the Scro-
phulariaceae family and consists of about 350 species of 
medicinal plants that are widely used in China, Korea, 
and Japan for gastrointestinal disorders, inflammation, 
fever, and cancer [99, 122]. Among the secondary metab-
olites characterizing this genus are phenylethanoids, fla-
vonoids, iridoids, triterpenes, alkaloids, and essential oils 
[122]. Among the biological activities of the genus are 
the anti-inflammatory effects of S. auriculata, S. buer-
geriana, S. dentata, S. frutescens, S. ningpoensis and S. 
striata;  S. amplexicaulis showed antimicrobial activity 
against Staphylococcus aureus, S. cryptophila inhibited 
the growth of Trypanosoma brucei, S. deserti was effec-
tive against Brucellla melitensis, and S. frutescens was 
effective against Gram-positive bacteria [122]. Other spe-
cies used for medicinal purposes include S. aquatica, S. 
dentata, S. nodosa, S. lucida, S. chryasanthemifolia, and 
S. canina subsp. bicolor, whose roots and aerial parts are 
highlighted as sources of vegetal material [122].

In Campo Pisano, Italy, wild plants of S. canina subsp. 
bicolor (Fig.  4i), a species native to the Mediterranean, 
could tolerate high concentrations of Pb and Zn, accu-
mulating them at higher concentrations in roots than in 
shoots (Table  1), and they produced high biomass [35]. 
This species could be used to restore vegetation cover, 
reduce metal concentrations at contaminated sites, and 
reduce metal transport by erosion [26]. Furthermore, 
using amendments such as zeolite (Table  1) could con-
tribute to the survival of plants, as a 39% reduction in Pb 
was observed compared with 15% in control soil [26].

S. ningpoensis (Fig. 4j), wild plants grown in Daozhen, 
China, showed different abilities to accumulate Mn, Fe, 
Co, Zn, As, and Pb in roots, stems, and leaves. Higher 
concentrations of HMs were observed in the leaves, fol-
lowed by the stems, while the roots displayed the lowest 
concentrations; these organs exhibited highly notable 
differences in As and Pb (Table 1). Additionally, a health 
risk assessment indicated that consuming the leaves and 
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stems of this species could pose a risk approximately ten 
times higher than that of consuming the roots [64].

S. scoparia (Fig. 4k), a wild plant that grows in the Pb–
Zn mine in Hamedan, Iran, showed Pb accumulation in 
shoots (Table 1); however, it had a translocation factor of 
0.09 and a bioconcentration factor of 1.43, indicating that 
it could be used for phytostabilization when Pb is present 
in the soil. Plants showing translocation and bioconcen-
tration factor values greater than 1 have the potential to 
be used for phytoextraction purposes, while those with 
values lower than 1 are more suitable for phytostabiliza-
tion [118].

S. striata (Fig. 4l) has been reported to show a remark-
able bioaccumulation of Pb [45]. The antioxidant enzy-
matic machinery in this species was analyzed under Pb 
and Cd stress conditions, showing significant enzyme 
activity [31, 45].

Verbascum genus
The Verbascum genus consists of about 360 species; 
plants of this genus contain secondary metabolites, such 
as flavonoids, iridoids, phenylethanoids, steroids, sapo-
nins, and neolignan glycosides [76, 184]. The species of 
this genus are commonly known as mullein, and their 
leaves and flowers have been used for their expectorant 
and antitussive properties to treat lung discomfort and 
bronchitis, inflammatory diseases, tuberculosis, spasms, 
diarrhea, headache, and migraine by different popula-
tions in Europe, Asia, Africa, and North America [184]; 
depending on the species, the roots are also used for 
medicinal purposes [161]. Other uses reported for spe-
cies belonging to this genus are antiseptic, astringent, 
emollient, narcotic, sedative, diuretic, and antimalarial 
uses, with several biological effects being demonstrated, 
such as antioxidant, antimicrobial, antiviral, antimalarial, 
anti-inflammatory, anticancer, and cytotoxic effects [15, 
163]. The species of this genus grow in a wide variety of 
habitats, such as rocky mountains, open forests, road-
sides, meadows, and HM-polluted areas [3].

However, mullein’s properties are also used in veteri-
nary medicine to treat cow skin and pig gastrointestinal 
diseases [76]. Some species described as having medici-
nal properties are V. bombyciferum, V. cheiranthifolium, 
V. chionophyllum, V. chrysochaete, V. cilicicum, V. den-
siflorum, V. dudleyanum, V. lasianthum, V. latisepalum, 
V. phlomoides, V. pumilum, V. pycnostachyum, V. salvii-
folium, V. splendidum, V. symes, and V. thapsus [15, 161, 
163]; some of them have also been examined for their 
responses to HM exposure (Table 1).

V. bombyciferum (Fig.  4m) is a plant that grows on 
roadsides and in garbage dumps. It is considered an orna-
mental plant that helps revegetate destroyed areas due to 
its high biomass production. This species could be used 

to monitor the presence of Cd, Ni, Pb, and Zn, as it can 
accumulate these HMs [19] (Table 1).

V. cheiranthifolium (Fig. 4n) grown in an HM-polluted 
Keban mining district in Elazig, Turkey, showed the abil-
ity to accumulate high levels of Cu, Pb, Zn, and Cd HMs 
in its twigs and roots. It is considered a hyperaccumula-
tor species [142].

In other studies, the seeds of V. bombyciferum and 
V. olympicum (Fig.  4o), both being species endemic to 
Turkey, were tested for the effects of various HM con-
centrations (Cu, Cr, Ni, Cd, and Zn), and they showed 
a reduction in the percentage of seed germination 
depending on the type of HM [65]. In V. olympicum, 
increasing the HM concentration decreased the seed 
germination percentage. In contrast, V. bombyciferum 
showed reduced germination only in response to Cd and 
Cr; however, no germination occurred under high con-
centrations (> 500  µM  Cd, Cu, or Ni; 250  µM  Cr; and 
1250  µM  Zn). Although, in general terms, root growth 
was lower in both species than in the control, shoot 
growth was not inhibited; thus, the authors argued a tol-
erance limit for seed germination at a 500 µM concentra-
tion of these HMs [65].

V. phrygium (Fig. 4p) mature seeds were collected from 
Murat Dağı Mountain, Turkey, and grown for 7  days in 
pots with a Zn solution, and they showed a high toler-
ance to this HM [3] (Table 1).

V. thapsus (Fig. 4q) is a species that was found to be able 
to grow in Gümüsköy Ag deposit, Turkey [148, 182], and 
its seeds were found to germinate in a hydroponic sub-
strate enriched with Cu [82]; the authors of those works 
determined that this species could be used to remediate 
soils and areas contaminated by As, Ag, and Ti, as well as 
being a potential Cu hyperaccumulator (Table 1).

Of all the species described above, only a few have 
been investigated in terms of the effect of HM exposure 
on antioxidant machinery, such as B. asiatica, B. macros-
tachya, S. striata, V. olympicum, and V. thapsus (Table 2). 
In general terms, the activity of SOD, CAT, POD, APX, 
or GPX increased in shoots or roots under HM exposure, 
and only S. striata was analyzed in terms of the antioxi-
dant non-enzymatic response. In this species, PAL (phe-
nylalanine ammonia-lyase) and TAL (tyrosine ammonia 
lyase) activities increased, along with the concentration 
of several phenolic compounds (Table 2).

In addition, these species, which have proven their 
potential to accumulate HMs in their organs (Table  1), 
have been documented for different medicinal uses, 
mainly related to inflammation, illness, and infectious 
disease processes, among others, where phenolic com-
pounds and terpenes have also been identified (Table 3). 
The verbascoside (synonym acteoside) phenylpropa-
noid is mainly found in Buddleja, Scrophularia, and 
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Verbascum species, while ajugol, aucubin, and catalpol 
terpenoids have been observed in Buddleja and Verbas-
cum species (Table 3). In addition, several species of Bud-
dleja, Scrophularia, and Verbascum have been reported 
to contain flavonoids, notably linarin (synonym acace-
tin), apigenin, or quercetin (Table  3). All of these phy-
tochemicals have proven their pharmacological effects. 
Verbascoside is a bioactive phytochemical with an anti-
inflammatory effect that inhibits histamine and arachi-
donic acid release from mast cells [13], and it protects 
pancreatic β-cells against endoplasmic reticulum stress 
in clonal and human β-cells by modulating the activa-
tion of protein kinase RNA-like endoplasmic reticulum 
kinase, thus increasing the viability of and insulin content 
in these cells [58]. This compound can also reduce acute 
kidney injury due to its anti-inflammatory and antioxi-
dant effects, which decrease the markers of serum cre-
atinine, blood urea nitrogen, and renal glutathione [140]. 
Quercetin is a phytochemical used in the treatment of 
diarrhea [10] and against dengue virus, and it acts by pro-
tecting infected LLC-MK2 cells from released virion [11]. 
Additionally, it has been reported to be a musculotropic 
agent because it limits the availability of Ca2+ involved in 
excitation–contraction coupling [10]. Apigenin is a bio-
active metabolite with anticancer properties; it reduces 
the growth of lung, breast, colon, blood, prostate, cer-
vical, and stomach tumor cells by causing apoptosis via 
caspase-dependent routes. It demonstrated cardiovas-
cular activity in a rat model by preventing hemody-
namic perturbations and re-establishing the function of 
the left ventricle in the rat [110]. Ajugol attenuated renal 
injury in multiple myeloma by blocking LILRB4 signal-
ing and reducing PFKFB3 expression and the infiltra-
tion of inflammatory cells; it was thus considered to have 
anticancer potential [178]. Aucubin has shown poten-
tial anti-inflammatory activity against pathological ill-
ness, diabetes, gastric mucosal lesions, and epilepsy. 
The oral administration of aucubin to hyperglycemic 
mice decreased the expression of p-IκBα and inhibited 
the expression of inflammatory cytokines (IL-1β, IL-8, 
IL-10, and TNF-α), while its intragastrical administration 
to mice with gastric mucosal lesions reduced IL-6 and 
TNF-α levels.

In mice with pilocarpine-induced epilepsy, aucubin 
decreased proinflammatory cytokine levels [81]. Catalpol 
was shown to reduce atherosclerotic lesions in a rabbit 
model, showing a decrease in triglyceride, high choles-
terol, and LDL cholesterol levels [188].

Biotechnology as a tool for obtaining medicinal 
plants and identifying phytoremediation species
One of the primary methods of obtaining medicinal 
plants is to extract them from their wild habitat for sale 
on the market [147]. However, the high demand for natu-
ral products has led to over-extraction, resulting in the 
decline of plant species and habitat destruction, pushing 
many plants to the verge of extinction [6]. In recent dec-
ades, the extraction of medicinal plants has increased in 
Europe, North America, and Asia because the demand 
for plant resources has increased between 8 and 15% 
annually [41].

In addition, when wild medicinal plants are sold on 
the market, no quality or safety processes are carried 
out, and neither botanical identity nor purity studies 
are carried out because of cost limitations [147]. Indeed, 
the quality and safety of medicinal plants are important 
issues for the industry, as they are raw materials used 
for herbal products, which is why regulatory values have 
been set for herbal products and medicinal plants [147]. 
Due to the increasing HM pollution in the environment, 
medicinal plants may accumulate HMs; thus, research on 
determining their concentration of HMs should be car-
ried out before they are marketed [57]. Some examples of 
medicinal plants and market samples of products of plant 
origin that accumulate HMs are sweet pyra (Amaranthus 
dubius), maguey (Agave amaniensis), chamomile (Mat-
ricaria chamomilla), basil (Ocimum tenuiflorum), and 
black elderberry (Sambucus nigra) [113].

An alternative to the growing problems of the contam-
ination and extraction of plant resources is plant tissue 
culture (PTC), which can be used to propagate plants 
(e.g., medicinal or phytoaccumulator species) on a large 
scale, produce disease-free plants, obtain varieties toler-
ant to environmental stress conditions, improve plants, 
and produce bioactive secondary metabolites [75]. Fur-
thermore, it has advantages such as geographic, environ-
mental, and seasonal independence; uniform yields; and 
relative quality control [53]. PTC also serves as a tool to 
investigate the accumulation and translocation of HMs, 
as it also allows for testing the effects of HMs under con-
trolled conditions, including the cellular and molecular 
detoxifying mechanisms of HMs [36].

Most of the works reported in the literature aiming to 
establish PTC for testing species belonging to the Bud-
deja, Eremophila, Scrophularia, and Verbascum gen-
era have been conducted regarding the propagation of 
plants, with Murashige and Skoog and 3% (p/v) sucrose 
being the most common culture medium formulation 
(Table  4). In addition, it can be observed in all those 
reports that a plant growth regulator is crucial for induc-
ing a morphogenetic response in explants (Table  4). 
Shoots used as explants are predominantly tested with 
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N6-benzyladenine (BA) cytokinin, with indole-3-acetic 
acid (IAA) or α-naphthaleneacetic acid auxin (NAA) 
(higher concentration of cytokinin regarding auxin) being 
used for their induction. Using IAA or indole-3-butyric 
acid (IBA) auxin in shoot explants generally promotes 
rhizogenesis, and testing 2,4-dichlorophenoxyacetic acid 
(2,4-D) auxin with kinetin (Kin) induces callus formation 
mainly in leaves (Table 4).

Some of the PTC reports on species of the Buddleja 
genus have focused on obtaining compounds of phar-
macological importance and for the propagation of 
plants. For example, Estrada-Zúñiga et  al. [55] estab-
lished B. cordata callus cultures to obtain phenolic 
compounds such as verbascoside and linarin, which 
have therapeutic properties. They also used PTC to 

propagate this species and evaluate the ability of the 
regenerated plantlet to produce verbascoside [54]. B. 
incana in  vitro propagation has also been established 
because the wood of this species is used for the con-
struction of houses and tools, as well as for medicinal 
purposes [79].

In S. kakudensis, cultivations were carried out to per-
form mass propagation (Table 4) and to determine the 
acacetin content through PTC, with acacetin being a 
secondary metabolite of interest due to it having bio-
logical properties such as anticancer, antioxidant, 
and anti-inflammatory properties [99]. Other studies 
were conducted to determine the number of second-
ary metabolites of interest; for example, in S. nodosa, 
PTC of seeds, leaves, and roots (Table  4) was used to 

Table 4  Culture medium and plant growth regulator effects reported in explants of species belonging to the Buddeja, Eremophila, 
Scrophularia, and Verbascum genera to establish plant tissue cultures

2,4-D 2,4-dichlorophenoxyacetic acid; BA: N6-benzyladenine; GA3 gibberellic acid; IAA indole-3-acetic acid; IBA indole-3-butyric acid; Kin kinetin 
(N6-furfurylaminopurine); MS Murashige and Skoog culture medium; NAA α-naphthaleneacetic acid auxin; WP woody plant culture medium

Species Culture medium Plant growth regulators (μM) Morphogenetic 
response induced 
mainly in the explant

References

Auxin Cytokinin Gibberellin

B. cordata MS 50% + 3% (p/v) 
sucrose

0.45 μM 2,4-D 2.32 μM Kin Callus in leaves [55]

4.44 µM BA Shoots in nodes [54]

4.34 or 8.67 µM GA3 Shoot elongation 
in nodes

2.45 µM IBA Rhizogenesis in elon‑
gated shoots

B. incana WP 100% without car‑
bon source

Without plant growth regulators Shoots in shoots [79]

S. kakudensis MS 100% + 3% (p/v) 
sucrose

0.5 mg L−1 (~ 2.85 µM) 
IAA

2 mg L−1 (~ 8.84 µM) 
BA

Shoots in shoots [99]

MS 50% + 3% (p/v) 
sucrose

0.5 mg L−1 (~ 2.85 µM) 
IAA

Rhizogenesis in shoots

S. nodosa WP 100% without car‑
bon source

0.72 mM GA3 Germination in seeds [149]

WP 100% + 3% (p/v) 
sucrose

0.5 mg L−1 (~ 2.26 µM) 
2,4-D

0.1 mg L−1 (~0.46 µM) 
Kin

Callus in leaves 
and roots

Without plant growth regulators Rhizogenesis in shoots

S. takesimensis MS 100% + 3% (p/v) 
sucrose

1 mg L−1 (~ 5.7 µM) IAA 3 mg L−1 (~ 13.26 µM) 
BA

Shoots in shoots [155]

1 mg L−11 (~ 4.9 µM) 
IBA

Rhizogenesis in shoots

S. takesimensis MS 100% + 3% (p/v) 
sucrose

1 mg L−1 (~ 5.7 µM) IAA 2 mg L−1 (~ 8.84 µM) 
BA

Shoots in leaves [78]

S. yoshimurae MS 100% + 3% (p/v) 
sucrose

1.07 µM NAA 4.44 µM BA Shoots in shoot tips [141]

Shoots in stem node

V. eriophorum MS 50% + 3% (p/v) 
sucrose

0.5 mg L−1 (~ 2.21 µM) 
BA

Shoots in nodal seg‑
ments

[183]

V. phrygium MS 100% + 3% (p/v) 
sucrose

Without plant growth regulators Germination in seeds [3]

V. thapsus MS with minimal 
organic com‑
pounds + 3% (p/v) 
sucrose

5.37 µM NAA 
or 0.45 µM 2,4-D

13.32 µM BA Shoots in leaves [166]

5.37 µM NAA Rhizogenesis in shoots
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determine the number of iridoid glucosides [149]. At 
the same time, regarding S. takemensis, a protocol was 
established to conserve the species [155] and to under-
stand the number of phenolic compounds from plants 
regenerated via PTC [78]. Similarly, micropropagation 
was carried out in S. yoshimurae to obtain plants [141].

Meanwhile, for plants of the genus Verbascum, a pro-
tocol has been established for the conservation of V. eri-
ophorum [183] and V. thapsus (Table 4) [166]. PTC can 
also be used to investigate whether V. phrygium can be 
used in phytoremediation by evaluating growth param-
eters during in vitro germination [3].

Moreover, the bioactive secondary metabolites pro-
duced by PTC [75] can be used in bioactive nanomedi-
cine through the formulation of nanotransporters or 
nanoparticles, which can be used in the treatment of can-
cer and diabetes, among others [10, 12]. To date, several 
types of nanocarriers and drugs have been incorporated 
into delivery systems, such as liposomes, ethosomes, 
polymersomes, nanoemulsions, solid lipid nanoparticles, 
and nanogels [12]. A form of drug and metabolite admin-
istration that is gaining attention is lipid particles, such as 
liposomes, because, in conjunction with phytochemicals, 
they can enhance pharmacological activity and reduce 
possible side effects;  in fact, some liposomes deliver-
ing phytochemicals are already on the market, such as 
quercetin and resveratrol [10], with both compounds 
being produced by plants of the Buddleja, Scrophularia, 
and Verbascum genera (Table 3).

Discussion
Plants play an essential role in human health. They are 
a source of bioactive compounds, and approximately 
25–50% of pharmaceutical products are estimated to 
come from plants. Nearly 80% of the world’s popula-
tion uses herbal medicine as a primary source of health 
care, particularly in developing countries [102]. In addi-
tion, non-communicable diseases such as cancer, diabe-
tes, and cardiovascular disease are on the rise; therefore, 
the population uses medicinal plants as a joint treatment 
with modern medicine, resulting from the perception of 
minor adverse reactions and lower costs than allopathic 
medicines [98]. Indeed, the World Health Organization 
has emphasized raising awareness of the use of tradi-
tional medicine to improve health under efficacy, quality, 
and safety schemes [9]. Currently, pharmacopeias from 
Europe and the United States indicate that plants are 
compounds of high medicinal value. Their use is based 
on traditional medicine and information obtained from 
the study of bioactive compounds, making plants an 
important resource for the population [157].

Consuming HM hyperaccumulator or accumula-
tor species may put human health at risk. Accelerated 

industrialization has led to an increase in unprocessed 
metals that are discharged into air, water, and soil, which 
can bioaccumulate in food and water and have serious 
consequences for human health, such as cancer, men-
tal illness, and impaired development and growth [103]. 
The present work allows for the identification of some 
medicinal species belonging to the Buddeja, Eremoph-
ila, Scrophularia, and Verbascum genera that have the 
potential to accumulate HMs in their tissues. Phytore-
mediation research has been carried out in different ter-
ritories around the world, notably in Australia, China, 
México, Iran, and Turkey (Fig. 5). However, it was found 
that the ability to accumulate high amounts of HMs 
depends on the species, the time of HM exposure, and 
the type and concentration of HM in the source; this 
was observed in different experiments carried out in B. 
asiatica by Rotkittikhun et al. [135] and Waranusantigul 
et  al. [175] (Table  1). These authors argued that neither 
pot nor hydroponic experiments support data from field 
trial experiments, and, thus, they are not acceptable for 
assessments of the phytoextraction potential [135, 175]. 
Va der Ent et al. [168] suggested that the criteria used to 
categorize hyperaccumulator plants could be unneces-
sarily conservative and, thus, suggested the criterion for 
the hyperaccumulation of Cu, Co, and Cr to be lowered 
to 300  μg/g for dried plant leaves and the criterion for 
the hyperaccumulation of Zn to be lowered to 3000 μg/g 
for dried plant leaves. In terms of health risk, in S. ning-
poensis, the accumulation observed in different organs 
(which did not meet the criteria considered for the cat-
egorization of hyperaccumulator or accumulator) indi-
cates that consuming the leaves and stems of this species 
could pose a risk approximately 10 times higher than that 
of consuming the roots due to there being higher HM 
accumulation in the roots than in the shoots [64]. Dov-
latabadi et al. [49] demonstrated the potential health risk 
of consuming agricultural products irrigated with waste-
water effluents because of the bioaccumulation of HMs 
in crops. Moreover, the consumption of not only the spe-
cies belonging to the Scrophulariaceae family analyzed 
in this work but also other species (as medicinal or food 
plants) that have been reported to be hyperaccumulator 
species (Table 5) may pose health risks. The quantity and 
quality of medicinal compounds in plants may change 
when they are exposed to heavy metals; thus, it is neces-
sary to promote safety and quality control related to HM 
concentration in the tissues of plants used by populations 
for curative purposes [21, 83, 159], as a high percentage 
of the world’s population uses herbal medicine [102]. In 
many countries, there is no quality control of medicinal 
products, except in Canada, Europe, Australia the USA, 
and Japan, where strict regulatory guidelines on herbal 
products are followed [9]. PTC may represent a feasible 
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strategy for safely managing vegetal natural resources 
and obtaining many plants used for phytoremediation 
[53, 75]. 

Although several studies in the literature describe 
the complex detoxifying strategies that may be used in 
hyperaccumulator or accumulator species, only a few 
studies, mainly related to enzymatic antioxidant machin-
ery, have determined them in species belonging to the 
Buddeja, Eremophila, Scrophularia, and Verbascum 

genera (Table  2). Hence, further research must be car-
ried out, such as studies on secondary metabolism 
because of its potential role in HM detoxification [39], 
as well as studies on the pharmacological activities that 
may be exerted by medicinal plants [164]. The presence 
of HMs in plants functions as an elicitation because the 
modification of secondary metabolism by molecules 
that cause stress represents a strategy for survival;  thus, 
genes involved in the synthesis of secondary metabolites 

Fig. 5  Global distribution of phytoremediation research on various species within the genera Buddleja, Eremophila, Scrophularia, and Verbascum. 
Created with Microsoft PowerPoint (map source: https://​rever​asite.​com/​full-​mapa-​del-​mundo-​con-​nombr​es)

Table 5  Examples of HM hyperaccumulator species belonging to Asteraceae, Brassicaceae, Euphorbiaceae, Fabaceae, and Lamiaceae 
families, with medicinal or edible uses

Family Heavy metal Hyperaccumulator species
(common name)

Plant use References

Asteraceae Pb Brickellia veronicifolia (peistó)
Baccharis latifolia (chilca)
Bidens triplinervia (acahual cimarrón)
Enydra fluctuans (harkuch)

Medicinal
Medicinal
Medicinal
Medicinal and edible

[70]
[28]
[121]

Brassicaceae Ni Brassica juncea (chestnut mustard)
B. carinata (Ethiopian mustard)
Alyssum murale (yellow tuft)

Edible
Edible
Edible

[162]
[25]

Euphorbiaceae Ni Phyllanthus orbicularis (currant)
Jatropha curcas (Barbados nut)

Medicinal
Medicinal

[29]
[59]

Fabaceae Se Astragulus bisulcatus (two-grooved milkvetch) Medicinal [7]

Lamiaceae Pb Salvia sclarea (clary sage)
Mentha × piperita (peppermint)
Lavandula vera (lavender)

Medicinal
Medicinal and edible
Medicinal and edible

[16]
[17]

https://reverasite.com/full-mapa-del-mundo-con-nombres
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are activated [113]. However, under a long period of 
HM exposure, secondary metabolite accumulation may 
decrease, as was observed in a B. cordata cell suspension 
culture, where the accumulation of total phenolic com-
pounds significantly decreased after a long period of Cu, 
Fe, Mn, and Zn exposure [169]. As verbascoside, as well 
as linarin and quercetin, has been extensively reported 
in species of the Buddeja, Scrophularia, and Verbascum 
genera (Table 3), it may be that it contributes to enhanc-
ing the antioxidant non-enzymatic machinery of spe-
cies able to counteract the harmful effects of HMs, thus 
allowing for the accumulation of high amounts of HMs 
in their tissues. Different experimental models have dem-
onstrated that verbascoside exerts antioxidant activity 
based on free radical scavenging or Cu and Fe chelation 
because it mediates oxidation [13, 189]. This compound 
provides protection against the DNA damage caused by 
hydroxyl radicals induced by Fe, as it can form complexes 
with HMs [13]. Meanwhile, it has been reported that 
the structure of flavonoids allows them to easily chelate 
metal ions, thereby forming complex compounds [95].

Conclusion
Several species belonging to the Buddleja, Eremophila, 
Scrophularia, and Verbascum genera, such as B. asi-
atica (Pb hyperaccumulator), B. cordata, B. davidii, B. 
lindleyana, B. macrostachya, B. paniculata (Pb hyperac-
cumulator), B. scordioides, E. latrobei, S. canina subsp. 
bicolor, S. ningpoensis, S. scoparia, V. bombyciferum, V. 
cheiranthifolium (Cd, Cu, Pb, and Zn hyperaccumulator), 
V. olympicum, V. phrygium,  and  V. thapsus (Cu hyper-
accumulator), have demonstrated the ability to grow in 
mine or HM-polluted soils and accumulate HMs, as well 
as their use for medicinal purposes.

The ethnomedicinal use of hyperaccumulator plants 
belonging to the Buddleja, Scrophularia, and Verbascum 
genera provides a health service to the people who use 
them, as several of their secondary metabolites, type phe-
nolic compounds (verbascoside, linarin, apigenin, and 
quercetin), and terpenoids (ajugol, aucubin, and catalpol) 
have proven outstanding pharmacological effects (e.g., 
anti-inflammatory effect) that support their use. How-
ever, investigations must be conducted on the human 
health risks of the chronic consumption of medicinal 
plants that accumulate high concentrations of HMs. 
Moreover, it is necessary to determine how HM accumu-
lation influences the quality and safety of herbal prod-
ucts derived from plants that accumulate a high amount 
of HMs in their tissues, with emphasis on the risks to 
human health and the development of protocols for 
safety and quality control. PTC represents a safe source 
of bioactive secondary metabolites, as it allows for the 
use of a culture medium unpolluted by HMs. In addition, 

future research must be carried out to determine the role 
of secondary metabolism in species under conditions of 
high HM levels and to assess the genes implicated in the 
detoxifying mechanisms of HMs in these species.
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