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ARTICLE INFO ABSTRACT

Botanical-derived dietary supplements have widespread use in the general population. The complex and variable
nature of botanical ingredients and reports of adverse responses have led to concern for negative human health
impacts following consumption of these products. Toxicity testing of the vast number of available products,
formulations, and combinations is not feasible due to the time and resource intensive nature of comprehensive
testing. Methods are needed to assess the safety of a large number of products via more efficient frameworks.
Identification of toxicologically-active constituents is one approach being used, with many advantages toward
product regulation. Bioassay-guided fractionation (BGF) is the leading approach used to identify biologically-
active constituents. Most BGF studies with botanicals focus on identifying pharmacologically-active constituents
for drug discovery or botanical efficacy research. Here, we explore BGF in a toxicological context, drawing from
both efficacy and poisonous plant research. Limitations of BGF, including loss of mixture activity and bias
toward abundant constituents, and recent advancements in the field (e.g., biochemometrics) are discussed from
a toxicological perspective. Identification of active constituents will allow better monitoring of market products
for known toxicologically-active constituents, as well as surveying human exposure, two important steps to
ensuring the safety of botanical dietary supplements.
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1. Why try to identify active constituents?

Humans for millennia have used botanicals to augment diets or
affect metabolism or behavior, either as preventatives or correctives for
disease, or for specific ceremonies. The ancient discovery process was
through trial-and-error and passed down through oral legend or texts
such as Papyrus Ebers (Egypt, circa 1550 B.C.). Today the use of herbals
or botanicals are most common worldwide in the alternative and tra-
ditional medicine markets. Botanical ingredients are used in Traditional
Chinese Medicine and Ayurveda, as well as in complementary and in-
tegrative medicine practice, commonly in the form of botanical dietary
supplements. Sources vary in the reported use of dietary supplements,
often with little differentiation between botanical and other dietary
supplements (Dickinson et al., 2014; Wu et al., 2011). Data collected as

part of the 2012 National Health Information Survey indicate that ap-
proximately 18% of the general population in the United States use
non-vitamin/non-mineral dietary supplements (Clarke et al., 2015).
The terminology and regulatory frameworks that pertain to bota-
nical products differ from country-to-country and have been recently
reviewed elsewhere (Low et al., 2017). The regulatory situation in the
United States is briefly outlined to provide context for the scientific and
globally-relevant discussion of identifying toxic constituents to follow.
In 1994, the U.S. Food and Drug Administration (U.S. FDA) passed the
Dietary Supplement Health and Education Act (DSHEA). According to
DSHEA, there is no requirement for manufacturers to assess the safety
of new products prior to market release for botanical dietary in-
gredients with adequate market history. However, DSHEA requires
manufacturers of dietary supplements to notify the U.S. FDA prior to
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marketing a New Dietary Ingredient (NDI), or any ingredient not de-
monstrably in the marketplace before 1994. This notification does not
necessarily require the manufacturer to demonstrate safety of the NDI,
and novel combinations of ingredients in use prior to 1994 do not need
to be tested for safety. Concerns over the quality and safety of botanical
dietary supplements have driven chemists and toxicologists to develop
best practices of toxicity testing for these complex mixtures. Un-
fortunately, the vast number of products on the market and variability
between products, precludes testing all available botanical dietary
supplements. Shipkowski et al. (2018) detail the scientific and reg-
ulatory challenges in assessing the safety of botanical dietary supple-
ments.

Recent efforts at the National Toxicology Program (NTP) have fo-
cused on research to inform the assessment of risk associated with
botanical dietary supplements. The NTP has studied the toxicity of
several botanical dietary supplements in rodents, including green tea
(Camellia sinensis) extract (NTP, 2016), Ginkgo biloba extract (NTP,
2013), kava kava (Piper methysticum) extract (NTP, 2012), ginseng
(Panax species (NTP, 2011);) and goldenseal (Hydrastis canadensis) root
powder (NTP, 2010). One major challenge following the completion of
these studies is understanding how the composition of the botanical
material selected for toxicity testing compares to other available pro-
ducts.

Botanical dietary supplements are complex entities. Trying to un-
derstand the biological activity of these complex mixtures can be
viewed as a continuum between two extremes: (i) as whole mixtures,
with the integrated activity of many constituents contributing to ob-
served activity/toxicity, or (ii) as a complex matrix containing mostly
inert material with one or more active constituents driving activity/
toxicity. The whole mixtures view requires methods to determine
whether or not toxicity data from one mixture (e.g. botanical supple-
ment formulation) can be predictive of another mixture - in effect, are
two mixtures sufficiently similar (a.k.a. phytoequivalent).
Alternatively, to identify the active constituent(s), methods are re-
quired to determine which component(s) of a botanical mixture are
responsible for observed toxicity or biological activity. The term ‘active
constituent’ (a.k.a. bioactive) may refer to either efficacious or toxic
components. The majority of literature on identifying active con-
stituents from botanicals has been rooted in efficacy research or drug
discovery (Findeis et al., 2012; Olivon et al., 2017; Sharma and Gupta,
2015), or finding functional chemicals (e.g., pesticides) for commercial
application (Madhu et al., 2010). In contrast, the goal of this review is
to highlight the methods of best practice and challenges in identifying
botanical constituents associated with toxicity. While methods for
identifying active constituents should have relevance for tox-
icologically- or pharmacologically-active compounds, examples from
poisonous plant research are deliberately included to leverage existing
knowledge and inform the discussion on toxic constituents.

Active constituent identification and sufficient similarity are both
methods being developed and applied to toxicity testing and safety
assessment of botanical dietary supplements. Determining the sufficient
similarity of botanicals is discussed in a companion paper by Catlin
et al. (2018). Sufficient similarity analysis can be a useful tool for un-
derstanding the relevance of results from a tested botanical sample to
related products in the marketplace. However, a whole-mixtures ap-
proach to assessing botanical toxicity does not attempt to identify the
specific components responsible for biological activity, rather, it pro-
vides an assessment of the activity en masse. Regulatory decision
making, product authentication and safety assessment are made easier
when the active constituents in botanical supplements have been
identified.

Examples of regulatory action against botanical dietary supple-
ments, based on a single component, include purported weight loss
products Hydroxycut” and OxyELITE Pro’. Reports of toxicity in hu-
mans have led to the recall of several formulations of Hydroxycut” since
the early 2000s. Prior to 2004, many Hydroxycut~ products contained
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Ephedra species. These products were removed and reformulated due to
reports of toxicity and the ban of ephedra alkaloids by the U.S. Food
and Drug Administration (U.S. FDA) (Soni et al., 2004). Subsequent
formulations of Hydroxycut® were linked to cases of human hepato-
toxicity (Dara et al., 2008; Fong et al., 2010; Lobb, 2009) and in May of
2009, the U.S. FDA issued a warning for the public to avoid Hydro-
xycut® products (Avigan et al., 2016; Stickel and Shouval, 2015). While
the 2009 U.S. FDA warning did not specifically identify the ingredient
(s) responsible for the reported hepatotoxicity incidents, other sources
suspected the toxicant to be hydroxycitric acid, a component of Garcinia
cambogia and Hibiscus subdariffa (Lobb, 2009; Lunsford et al., 2016).
Following the 2009 warning, a new Hydroxycut” formulation, without
hydroxycitric acid, was released and has since been linked to hepato-
toxicity in humans (Adike et al., 2017; Araujo and Worman, 2015). It is
important to note that in addition to the rapid succession of re-
formulations, there are also numerous variations available in the mar-
ketplace at any one time (e.g., Hydroxycut comes in HD, Elite, Pro,
Hardcore, Black, etc. varieties), which can further complicate safety
evaluation.

A similar string of reformulations occurred with OxyELITE Pro’
products. In 2012, the U.S. FDA issued warning letters to the manu-
facturers of products that contained 1,3-dimethylamylamine (DMAA), a
component of Geranium species extract, leading to removal of those
products from the market (Avigan et al., 2016). Consumption of pro-
ducts containing DMAA, including OxyELITE Pro®, have been asso-
ciated with cardiac deaths (Eliason et al., 2012). A different formulation
of OxyELITE Pro” was then associated with an outbreak of non-viral
hepatitis in Hawaii in 2013, with the suspected active constituent being
aegeline, a toxicant from the bael tree (Aegele marmelos). These pro-
ducts were eventually recalled (Avigan et al., 2016). Interestingly, re-
cent efforts to assess the safety of a new formulation of OxyELITE Pro
found that not all of the ingredients listed on the label were present, but
that the product instead appeared to be a mixture of synthetic alkaloids
(caffeine, aegeline, higenamine, yohimbine, and coclaurine), along
with trace amounts of tannins (Miousse et al., 2017). Miousse et al.
(2017) observed hepatotoxicity in mice exposed to the new formulation
of OxyELITE Pro for 4 weeks or 13 weeks.

Testing for adulterants in botanical dietary supplements can also
help regulatory decision-making. In 2015 a new formulation of
OxyELITE Pro” was released that was found to contain fluoxetine, a
pharmaceutical antidepressant (Avigan et al., 2016). Botanical sup-
plements with purported weight loss or exercise enhancement effects
are common targets for adulteration and have been found to contain
ephedra alkaloid derivatives, amphetamines, or androgenic steroids
(Baume et al., 2006; Geyer et al., 2008). Multiple lots of the supplement
Craze’, made by Driven Sports Inc., were reportedly adulterated with a
methamphetamine derivative (Cohen et al., 2014). Other common
adulterants of botanical exercise supplements include phosphodies-
terase type-5 inhibitors (Singh et al., 2009), drugs used for erectile
dysfunction (e.g. sildenafil). Pharmaceutical adulterants in this class of
supplements not only pose a health risk to consumers but may also lead
to unintentional consumption and accusations of “doping” by profes-
sional athletes (Somerville et al., 2005).

In the cases of Hydroxycut” and OxyELITE Pro’, human evidence of
toxicity occurred prior to the U.S. FDA warnings/bans or manufacturer
recalls of these products. Due to the lack of premarket safety testing
requirements, adverse event reporting often serves as the first signal of
toxicity for botanical dietary supplements. Linking an adverse event to
a specific supplement is made more difficult by the number and var-
iation in botanical supplements, the low frequency of adverse events
and potential diversity of individual responses, and the lack of a single
reporting system for adverse events associated with dietary supple-
ments (Klontz et al., 2015).

Ideally, botanical dietary supplements that pose a threat to human
health should be identified prior to evidence of toxicity in humans. Pre-
clinical toxicity assessments in animals are useful for identifying
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potential hazard associated with exposure to botanicals. However,
translating findings from animal studies to a human exposure context
requires some understanding of the pharmacokinetics of the botanical.
As discussed in more detail in Waidyanatha et al. (2018), absorption,
distribution, metabolism, and elimination (ADME) studies with bota-
nicals rely heavily on knowledge of toxic constituents to be informative
for relating toxicity observed in animal studies to human exposure
scenarios. Without knowledge of the toxic constituents, reliance on
‘marker’ compounds (i.e., compounds used to authenticate botanicals)
could provide misleading information.

The ability to identify and screen for active constituents in botanical
dietary supplements that are likely to produce toxicity will help protect
human health. Identification of the toxic constituent(s) is helpful in
ensuring the quality of botanical dietary supplements in the market-
place. In cases where the toxic constituent is an adulterant or a struc-
turally-related class of adulterants, products can undergo screening for
compounds in the target class (Ma et al., 2017; Singh et al., 2009).
Additionally, regulatory action is facilitated when there is a known
toxic constituent, such as in the examples described above with ephedra
alkaloids, DMAA, and aegeline. Aside from product quality, identifi-
cation of active constituents also serves an important role in better
understanding the toxicity of botanicals. Known toxic constituents can
be evaluated in ADME studies to aid in interpretation of animal studies
to a human context. Furthermore, once a toxic constituent is identified,
the chemical structure can provide additional information through
comparison to chemicals with more extensive toxicity data (e.g., che-
mical read-across). While there are many advantages to definitively
identifying the constituent(s) responsible for observed toxicity, there
are both technical and natural challenges in the identification of active
constituents in botanical supplements.

2. The default in identifying active constituents: bioassay-guided
fractionation

Identification of the active constituent(s) in complex botanical
mixtures can be challenging. The most common approach used has
been bioassay-guided fractionation (BGF), depicted in Fig. 1 and de-
scribed in depth elsewhere (Weller, 2012). Briefly, the botanical ma-
terial of interest is extracted using several diverse solvents. The extracts
are subsequently tested in a bioassay that is carefully selected and fit-
for-purpose. The extracts that show biological activity can then be
fractionated, using a variety of methods (Weller, 2012). Through an
iterative process, the fractions are tested for activity in the selected
bioassay and may be fractionated further until the active constituent(s)
can be identified. Identification is carried out using a combination of
spectroscopic characterization, involving techniques such as mass
spectrometry with dereplication/structure elucidation (Hubert et al.,
2017; Nikolic et al., 2012), nuclear magnetic resonance and x-ray
crystallography.

Botanical dietary supplements, containing extracts or raw material
(whole plant, roots, aerials flowers, etc.), are extracted using multiple
diverse solvents. The extracts are tested in a bioassay and active ex-
tracts are fractionated. Through an iterative process, the fractions are
tested in the bioassay and active fractions may be further fractionated.
Active constituents are then identified via other methods.

The use of BGF to identify toxic constituents in an Australian bo-
tanical, Swainsona, is an early example of how effective this approach
can be. Cattle poisonings from several species of Swainsona have been
recorded in Australia for centuries (Everist, 1981) and the manifesta-
tion of this poisoning, referred to as locoism, was reported in the United
States in the early 20th century (Mathews, 1932). Prolonged con-
sumption of Swainsona causes a lysosomal storage disease and is char-
acterized by wasting and decreased reproductive success (James et al.,
1999). Researchers were able to replicate the disease pathology in
guinea pigs and mice and then determine the mechanism of action,
inhibition of lysosomal a-mannosidase, by pathological evaluation and
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enzyme assays (Dorling et al., 1978). When the mechanism of toxicity
was elucidated, this botanical became an ideal candidate for the use of
BGF to identify the active constituent(s). By knowing the exact me-
chanism of toxicity, Colegate et al. (1979) were able to select a simple,
fast and precise bioassay to determine which Swainsona extracts and
extract fractions retained the biological activity of interest, a—manno-
sidase inhibition. Swainsonine was ultimately identified as the
a-mannosidase inhibitor responsible for toxicity (Colgate et al., 1979).
Subsequently, swainsonine was identified as the active constituent of
locoweed (primarily Oxytropis and Astragalus species), plant species
responsible for livestock poisoning in the western United States. The
disease presentation resulting from locoweed poisoning was recognized
to be similar to Swainsona-induced toxicity and swainsonine was sus-
pected and identified. Follow-up research was then able to determine
that a swainsonine concentration in plants greater than 0.001% would
pose a threat to livestock health and swainsonine analysis may be used
as a precautionary measurement in grazing areas (James et al., 1999).

While this example of BGF uses a raw botanical, the same concept
may be applied to mixtures of botanicals in dietary supplements. This
method can be very powerful but has several limitations and challenges
that users must consider, including the reliance on having a known
mechanism of action for efficient detection. Additional challenges are
introduced by environmental influence and variation of botanical
composition that can significantly alter the presence and/or abundance
of active components.

2.1. Challenges, pitfalls and limitations

The biggest challenge in implementing BGF to identify active con-
stituents is the selection of an appropriate bioassay. The key to success
in bioassay selection for BGF is identifying the mechanism of toxicity.
Ideally, to increase fractionation efficiency (e.g. higher throughput and
lower resource burden), the bioassay selected for BGF should be simple,
fast and precise. These methods have been successfully applied for
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Fig. 2. Bioassay Selection. When the specific mechanism of toxicity is known for a particular botanical, a simple bioassay may be selected that will accurately predict
the outcome of a more complex system. When less is known about the mechanism of toxicity a more complex bioassay is required to predict toxicity.

therapeutic applications, with the discovery of several important pro-
ducts including Cox-2 inhibitors and estrogen receptor ligands (Ciesla
and Moaddel, 2016). In these cases, the molecular target was known
before screening began, allowing use of a simple bioassay. As knowl-
edge about the target mechanism or in our case, mechanism of toxicity
decreases, the complexity of the selected bioassay must increase to
compensate for unknowns regarding biological activity (Fig. 2). For
example, if a botanical dietary supplement is known to act through a
specific receptor or other targeted mechanism, as with Swainsona, a
simple cell-based or cell-free assay can be utilized to determine which
constituent(s) in the supplement are responsible for the observed ac-
tivity (Kellogg et al., 2016; Overk et al., 2005; Powell et al., 2008;
Westenburg et al., 2000). When a simplified assay is employed, it is
important to consider other limitations, such as the assay's metabolic
capacity, chemical solubility and potential partitioning/binding within
the assay system.

In stark contrast to the example of Swainsona, there are cases in
which complex biological systems are required for the selected bioassay
to be predictive. This was the case in the identification of isocupressic
acid (ICA) as the constituent of Pinus ponderosa (ponderosa pine) re-
sponsible for spontaneous abortions in cattle (Gardner et al., 1994).
Early attempts to identify ponderosa pine active constituent(s) utilized
rodents as the bioassay (Allen and Kitts, 1961). Despite the relative
complexity, the rodent model could not adequately predict cattle
toxicity because perinatal stress in rodents usually results in fetal ab-
sorption rather than abortion. Pregnant beef cattle were selected ulti-
mately for the predictive bioassay, and through an iterative process of
testing and fractionation of active extracts, ICA was successfully iden-
tified as the major abortifacient constituent. Using a resource and time
intensive bioassay is not ideal; however, when little mechanistic in-
formation is available, this may be unavoidable. With all uses of BGF,
but particularly in cases when the mechanism of toxicity is unknown, it
is critical to consider the biological relevance of the selected bioassay.

There are several other challenges, relating to extraction and ana-
lysis methods, which must be considered in the efficient use of BGF
(Kellogg et al., 2016; Sasidharan et al., 2011; Weller, 2012). Unlike
testing a whole mixture, BGF takes a reductionist approach to toxicity
testing of botanical dietary supplements. While there are many ad-
vantages to a reductionist approach (e.g. regulatory decision making),
one of the biggest pitfalls with this method is the potential to lose an-
tagonistic or synergistic activity when multiple active constituents are
present. This has been demonstrated with North American ginseng root
(Panax quinquefolius) where aqueous extracts were shown to have im-
mune-stimulatory properties while alcoholic extracts had immune-
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inhibitory properties (Assinewe et al., 2002; Azike et al., 2011; Lui
et al., 2012). The presence of residual ‘impurities’ following purification
of a botanical have also been shown to have a profound effect on the
biological activity of a product (Qiu et al., 2013). Another potential
pitfall that can affect both extraction methods and data interpretation is
bias towards abundant compounds. Even when a researcher is aware of
this limitation, logistical challenges in isolation/purification of com-
pounds may impact which fractions or components are identifiable.
When identifying active constituents, it is critical to consider how
various methodologies can affect the type and abundance of compo-
nents in the extract and how this may impact biological activity and
data interpretation.

2.2. Taking the next step- metabolomic and biochemometric approaches

Starting with a BGF scaffold, metabolomic and biochemometric
approaches provide complementary advantages compared to BGF
alone, by improving the bioassay and analysis methods, respectively.
Metabolomic approaches, unlike traditional BGF, do not attempt to
identify constituents prior to their interaction with a biological system.
Taking a more unsupervised approach, the raw material is applied to a
bioassay and the primary and secondary metabolites are the focus of
chemical identification. This method avoids some issues identified for
BGF (Avula et al., 2016; Prince and Pohnert, 2010) by altering the
bioassay exposure paradigm. Specifically, this technique avoids losing
the interaction of multiple active constituents. Metabolomic approaches
also avoid losing the biological response of low abundance or unstable
compounds that might be removed or lost during the fractionation/
purification stages of BGF. Similar to BGF, an iterative process of
bioassay exposure is required to confirm that identified metabolites
retain the biological activity of the whole mixture.

While metabolomic approaches avoid several issues present in tra-
ditional BGF, they fail to show correlation between the identified me-
tabolites and biological responses. By using more advanced data ana-
lysis techniques, biochemometrics aims to correlate chemometric data
with biological responses to help discern which components are most
likely responsible for divergent biological responses. Using a BGF ap-
proach, generally with a simple bioassay, biological and chemometric
data can be processed with a variety of analytical methods, as sum-
marized in Kellogg et al. (2016). The use of S-plots, described in
Wiklund et al. (2008), allows visualization of chemometric signals
which correlate with divergent biological activity. Another approach,
selectivity ratios, weighs the correlation of chemical entities to biolo-
gical activity by considering the extent to which variance can be
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Fig. 3. Biochemometric Analysis of Alternaria sp. Mass Spectral Data and Bacterial Growth Inhibition. Reprinted with permission from “Biochemometrics for Natural
Products Research: Comparison of Data Analysis Approaches and Application to Identification of Bioactive Compounds”, by J.J. Kellogg. 2016. Journal of Natural
Products 79, 376-386. Copyright 2016 by American Chemical Society and American Society of Pharmacognosy. Reprinted with permission.

explained. The utility of these methods is demonstrated in Kellogg et al.
(2016), in which biochemometric methods are used to identify the
active constituent(s) responsible for the antimicrobial activity of Al-
ternaria sp., an endophytic fungus from the botanical goldenseal (Hy-
drastis canadensis). In Kellogg et al. (2016), the use of more traditional
analysis techniques (partial least squares analysis and loading, and S-
plots of the PLS analysis) identify three chemical components that
correlate with biological activity (Fig. 3A, B, C). However, the se-
lectivity ratio analysis illustrates that only one of the three compounds
is strongly associated with the biological activity (Fig. 3D). These ad-
vanced data analysis tools work very well with a simple bioassay, but
interpretation may be more difficult with more complex biological
endpoints.

3. A targeted approach for identifying toxic constituents

The BGF approach discussed above does not require any a priori
knowledge of potential actives. However, in many cases, there are
purported or suspected active constituents for a botanical. In those
cases, approaches that correlate biological activity to constituent con-
centration can be used to build a case for the association between a
specific constituent or constituent class and the observed toxicity.

An example of this approach was used by Chen et al. (2013) in
studies evaluating the genotoxicity of goldenseal. Goldenseal root
powder is a botanical dietary supplement used for promoting immune
and digestive health. The isoquinoline alkaloids, hydrastine and ber-
berine, are the purported pharmacologically-active constituents
(Abourashed and Khan, 2001). In two-year toxicity and carcinogenicity
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studies with goldenseal root powder, liver tumors were observed in
mice and rats (Dunnick et al., 2011; NTP, 2010). Follow-up mechanistic
studies explored the DNA damaging potential of various goldenseal
alkaloids (i.e., berberine, palmatine, hydrastine, canadine, and hy-
drastinine) and identified topoisomerase II inhibition as the likely
mechanism responsible for DNA damage (Chen et al., 2013). Berberine
was found to be the most potent of the five alkaloids in a Comet assay to
measure DNA damage (Chen et al., 2013).

Chen et al. (2013) measured the berberine content in eight com-
mercial goldenseal products and found a range of 5.3-49.5mM ber-
berine. They then assessed the DNA damage potential of each of the
eight samples in HepG2 cells using measurement of the y-H2A.X protein
as an indicator of double strand breaks. The authors concluded that the
berberine content of various goldenseal formulations was correlated to
DNA damage (correlation coefficient of 0.98). A future application of
this type of approach in clinical studies could be the development of
botanical exposure biomarkers for correlation analysis with measured
health parameters (e.g., clinical chemistry values indicating liver toxi-
city).

In the example presented above, the purported pharmacologically-
active constituents served as a starting place for identifying the con-
stituent(s) responsible for toxicity. A more agnostic approach for
identifying potential toxic constituents is to screen libraries of botani-
cally-derived chemical structures using computational tools to predict
toxicity. An example of this in silico approach is presented in Gliick et al.
(2018). In this work, Gliick et al. (2018) screen a library of over 600
secondary plant metabolites using a number of different computer
models that correlate chemical descriptors to biological activity. The
computer models were designed to predict chemicals with genotoxic or
carcinogenic potential based on training sets of chemicals with known
genotoxicity/carcinogenicity. Through an iterative approach, the re-
searchers identified the optimal combination of models to predict
genotoxicity and carcinogenicity. The chemicals within the library were
then ranked in terms of their predicted genotoxic and carcinogenic
potential, with (—)-asimilobine, aloin (a constituent of aloe vera), an-
noretine, chrysothrone, coptisine, elymoclavine, and thalicminine pre-
dicted with high probability to be genotoxic and the pyrrolizidine al-
kaloids predicted with high probability to be carcinogenic (Gluck et al.,
2018). This type of analysis holds promise for prioritizing botanicals for
further evaluation.

4. Nature's contribution to active constituents

While there are many ‘man-made’ challenges in identifying active
constituents that are introduced during processing/investigation,
nature also contributes to the complexity of interpretation and relia-
bility of identified active constituents in botanical dietary supplements.
Several factors may impact the natural concentration range of active
constituents in botanicals, including season (temperature; hours of
sunlight), stage of plant growth, precipitation (soil moisture), and
geographical region (soil composition and nutrients). Seasonal varia-
tion has been shown to influence the proportion of toxic constituents in
various botanicals (Allen and Kitts, 1961; Cook et al., 2010; Ralphs
et al.,, 1997). Studies in mice have shown that ponderosa pine (Pinus
ponderosa) samples collected from September to February are more
toxic than those collected in spring and summer months (Allen and
Kitts, 1961). In addition, the ICA content in ponderosa pine samples has
been quantified in samples from various US western states throughout
the year, showing that some regions have low annual variation com-
pared to others and that large differences in ICA content can be ob-
served within a single tree (Cook et al., 2010). Season/plant maturation
and growth have been shown to influence the concentration of toxic
constituents in four species of larkspur (Delphinium barbeyi, D. glaucum,
D. glaucescens, D. occidentale) (Ralphs et al., 1997); the concentration of
toxic alkaloids was shown to decrease with plant maturation and con-
centrations were consistently higher in flowers and pods when
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compared to leaves. While seasonal variation in botanical constituents
is understandable, it may be surprising that within a small geographical
area, the variation between populations of the same species can be
larger than the annual changes within a population. Such differences
have been observed for a number of botanicals, including American
ginseng (Panax quinquefolius), broom snake weed (Gutierrezia saro-
thrae), and tienchi ginseng (Panax notoginseng) (Dong et al., 2003; Lim
et al., 2005; Schlag and McIntosh, 2006). Environmental plant stressors,
such as drought or excess water, have been shown to influence the
accumulation of other compounds (e.g nitrates and hydrogen cyanide)
(UNEP, 2016) and may complicate the impact of identified actives in
botanicals.

In addition to geographic and seasonal variations, the part of the
plant that is used or how it is processed to produce a supplement can
also have an impact on potential toxicity. A well demonstrated example
of this is aloe vera. Various forms of aloe vera (i.e., gel, juice, dried
exudate) have been used medicinally for a number of ailments (Maan
et al., 2018). Generally, the whole leaf and gel have been used topically
to promote wound healing; aloe preparations including the outer and
middle (latex) layers of the leaf (sometimes referred to as ‘non-
decolorized’ (Boudreau, 2013)) have been taken orally for constipation;
while aloe preparations without the latex layer of the leaf (i.e., ‘deco-
lorized’) have been used to bolster gastrointestinal health (Maan et al.,
2018). The distinction between aloe vera preparations is very important
because the latex layer of the aloe leaf is known to contain anthraqui-
nones (a.k.a., hydroxyanthracene derivatives; e.g., aloe-emodin,
emodin, aloin A and aloin B) (Maan et al., 2018), which are of concern
based on potential harmful effects of the anthraquinone class in humans
(EFSA ANS Panel, 2018).

Toxicity and carcinogenicity studies with a whole-leaf extract of
Aloe barbadensis Miller in rats found clear evidence of colon cancer
(Boudreau et al., 2013). A subsequent 90-day study by Shao et al.
(2013) in rats, found that a decolorized aloe preparation with low an-
thraquinone content (total aloin A and B < 0.1 ppm) did not induce
any of the histopathological alterations observed with the high an-
thraquinone aloe used in the Boudreau et al. (2013) 90-day studies. The
aloe vera example also illustrates the complexity of botanical sub-
stances; follow-up work to these initial studies was conducted to elu-
cidate additional toxic constituents that were previously masked by a
known toxin. Shao et al. (2013) concluded that anthraquinones were
implicated as the toxic constituents in aloe preparations, but they noted
that it could not be ruled out that anthraquinones were serving as a
marker for an unidentified toxic constituent that co-occurred with the
anthraquinone class and was also removed during the decolorization
process. Finally, Boudreau et al. (2017) assessed a pure mixture of aloin
A and B in a 90-day toxicity study in rats to show that these constituents
could induce a similar profile of pathological effects as the high an-
thraquinone aloe preparation. This study provided convincing support
that aloin A and B are driving the observed carcinogenicity of whole-
leaf, high anthraquinone aloe, and ruled out the possibility that they are
inactive marker constituents (Boudreau et al., 2017).

5. Active constituents identified, what next?

Once an active constituent has been identified for a particular bo-
tanical genus or species, additional tools become available for screening
and identification of novel active constituents. Structure activity re-
lationship (SAR) analysis may lead to the identification of active moi-
eties that are related to observed biological effects, allowing prior-
itization for bioassay screening. The use of SAR in the field of
toxicology has been described elsewhere (McKinney et al., 2000). This
approach was used to investigate Aristolochia species, a botanical pre-
viously used in supplements for a variety of ailments and associated
with nephrotoxicity (Balachandran et al., 2005). SAR analysis was able
to identify the structural aspects of aristolochic acid analogues re-
sponsible for the observed toxicities.



G.K. Roberts et al.

In the future, the development of a free and open database com-
posed of identified active constituents, families of active constituents,
active moieties and common adulterants will help streamline product
monitoring and the testing of new products. Identifying potentially
dangerous products with ease may allow regulatory agencies to make
decisions about these products before humans are exposed. However, in
the absence of human toxicity data, agencies must be able to extra-
polate toxicities observed in model systems to human exposure. A da-
tabase of known active constituents can be used for the development of
physiologically based pharmacokinetic (PBPK) models and human
biomonitoring methods, an area of development with its own set of
challenges and discussed in depth elsewhere (Waidyanatha et al.,
2018).

Although definitive identification of toxic constituents can be
challenging and resource intensive, it can have an important impact on
protecting public health. The widespread use of botanical dietary sup-
plements and evidence of toxicity in humans following consumption of
select products illustrates the need for standard methods for assessing
toxicity and safety. The aloe vera example demonstrates the utility of
these efforts; Boudreau et al. (2013) demonstrated that 27.8 mg/kg
total aloin A and B, less than 3-fold higher than current allowable levels
set by the International Aloe Science Council (10 mg/kg aloin), induced
pathological changes in rat colon cells. This work provides support for
re-evaluating the allowable limit of anthraquinones in aloe products
and highlights the need to screen market products for toxic constituents
to avoid harmful exposures. Identification of active constituents, via
bioassay guided fractionation and complementary methods, offers a
viable path forward to improve the safety of the botanicals market.
Active constituent identification is critical for product monitoring and
the development of human PBPK models, establishing important factors
necessary for regulatory and risk assessment activities with botanical
supplements.
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