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ABSTRACT

Botanical dietary supplements are complex mixtures with numerous potential sources of variation along the supply chain
from raw plant material to the market. Approaches for determining sufficient similarity (ie, complex mixture read-across)
may be required to extrapolate efficacy or safety data from a tested sample to other products containing the botanical
ingredient(s) of interest. In this work, screening-level approaches for generating both chemical and biological-response
profiles were used to evaluate the similarity of black cohosh (Actaea racemosa) and Echinacea purpurea samples to well-
characterized National Toxicology Program (NTP) test articles. Data from nontargeted chemical analyses and gene
expression of toxicologically important hepatic receptor pathways (aryl hydrocarbon receptor [AhR], constitutive
androstane receptor [CAR], pregnane X receptor [PXR], farnesoid X receptor [FXR], and peroxisome proliferator-activated
receptor alpha [PPARa]) in primary human hepatocyte cultures were used to determine similarity through hierarchical
clustering. Although there were differences in chemical profiles across black cohosh samples, these differences were not
reflected in the biological-response profiles. These findings highlight the complexity of biological-response dynamics that
may not be reflected in chemical composition profiles. Thus, biological-response data could be used as the primary basis for
determining similarity among black cohosh samples. Samples of E. purpurea displayed better correlation in similarity across
chemical and biological-response measures. The general approaches described herein can be applied to complex mixtures
with unidentified active constituents to determine when data from a tested mixture (eg, NTP test article) can be used for
hazard identification of sufficiently similar mixtures, with the knowledge of toxicological targets informing assay selection
when possible.
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Botanical dietary supplements are widely used in the United
States, with approximately 18% of people reportedly taking non-
vitamin, nonmineral dietary supplements (Clarke et al., 2015).
The botanical industry continues to expand, with over 26 000

botanical ingredient products listed (NIH, 2019) and sales sur-
passing $8 billion in the United States in 2017 (Smith et al.,
2018). Despite this growth, there is very little safety information
for many botanical products. Furthermore, the complexity of
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botanical dietary supplement products presents a significant
challenge in understanding their safety (Shipkowski et al., 2018).

Botanicals have a diverse array of chemical constituents,
and they often contain a proportionally high unidentified frac-
tion. In many cases, the biologically active constituents are un-
known. Additionally, there are numerous sources of variation in
marketed botanical products, which are compounded across
the supply chain from raw material to the consumer (Figure 1).
Because a comprehensive assessment of toxicity using repeat-
dose animal testing is resource- and time-intensive, it is not
feasible to conduct safety studies for each botanical product on
the market. Furthermore, a large volume of material is required
for animal studies, therefore, unfinished product (bulk material
that serves as the source for finished products) is often used
rather than the finished products (eg, commercially available
tablet or capsule) that people typically consume. The unex-
plored assumption is that the differences across products and
between finished and unfinished samples are not great enough
to warrant toxicity testing of each individual product (Figure 1).

Similarity in both chemical composition and biological re-
sponse is important in understanding how representative a se-
lected test article is and if data generated on the test article are
applicable to other products. This concept, termed “sufficient
similarity,” is derived from risk assessment guidance for com-
plex mixtures (USEPA, 2000). Sufficient similarity refers to a de-
termination that 2 mixtures (eg, related botanical products) are
similar enough in composition that toxicity data from one can
be used to estimate the risk associated with the other, ie, a
read-across approach for complex mixtures. Previously, we
evaluated sufficient similarity across Ginkgo biloba extract prod-
ucts (Catlin et al., 2018). Ginkgo biloba extract was an ideal candi-
date to pilot this strategy because its chemical and toxicological
effects are well characterized (NTP, 2013; van Beek and
Montoro, 2009). In that study, 26 samples consisting of unfin-
ished products, National Institute of Standards and Technology
(NIST) standard reference materials (SRM), and finished prod-
ucts were compared with the National Toxicology Program

(NTP) test article using nontargeted chemical analysis, quantifi-
cation of marker constituents (ie, chemicals used to identify the
authenticity and quality of a sample), 2 liver-based in vitro
assays, and a 5-day in vivo assay for investigating bioactivity
responses. Based on an integrative assessment of the data
streams, we found that 16 samples (62%) were sufficiently simi-
lar to the NTP test article, 7 samples (27%) were different and 3
samples (12%) were of intermediate classification. Here, we ex-
plore application of these methodologies to black cohosh
(Actaea racemosa; syn. Cimicifuga racemosa) and Echinacea purpurea
(commonly called purple coneflower). Black cohosh (marketed
for gynecological health) and E. purpurea (used for immune sys-
tem support) are popular botanicals, representing the sixth and
second top selling botanical supplements in mainstream mar-
kets, respectively, in 2017 (Smith et al., 2018). Both products are
representative of the botanical dietary supplement space be-
cause they have large unidentified fractions, insufficient associ-
ations between marker constituents and biological response,
and inadequate toxicity data. In these 2 case studies, multiple
samples, representing a breadth of unfinished material and fin-
ished products in the market, were compared with well-
characterized NTP test articles that are currently being used in
in vivo toxicity evaluations.

Our approach for establishing sufficient similarity in black
cohosh and E. purpurea samples utilized data from nontargeted
chemical analyses and an in vitro human hepatocyte model.
These outcomes are rapid, cost-effective, and can be used to
screen numerous samples. More specifically, we chose to use
nontargeted chemical analysis as it does not require a priori
knowledge of toxic constituents and provides high-content in-
formation ideal for use in global pattern identification. The
in vitro bioassay selected for use in these case studies was also
intended to be nonspecific and applicable to botanical ingre-
dients with unknown toxicological effects, with the assumption
that the 5 genes reflecting nuclear receptor activity (eg, aryl hy-
drocarbon receptor [AhR], constitutive androstane receptor
[CAR], pregnane X receptor [PXR], farnesoid X receptor [FXR],

Figure 1. Potential sources of variation in botanical dietary supplements. In addition, this figure highlights that most preclinical safety evaluations (ie, in rodents) of

botanicals are conducted with unfinished materials rather than formulated products.
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and peroxisome proliferator-activated receptor alpha [PPARa])
in the liver would provide adequate biological space to allow for
recognition of different response patterns. The rationale for in-
cluding the human hepatocyte nuclear receptor assay was that
(1) the liver is often a target for botanical toxicity (Avigan et al.,
2016; Roytman et al., 2018), (2) the liver can potentially serve as a
sentinel by reflecting diseases in other systems (Edwards and
Wanless, 2013; Shimizu, 2008), and (3) assessing nuclear recep-
tor activation in hepatocytes is a well-established practice in
preclinical drug safety evaluation for identifying potential for
drug-drug interactions (Sinz et al., 2008). Future work will com-
pare results from the “nonspecific” bioassay used here with
results from assays that reflect known biological activity of the
botanical ingredients (ie, genotoxicity with black cohosh
[Mercado-Feliciano et al., 2012; Smith-Roe et al., 2018]), and im-
mune modulation with Echinacea (Matthias et al., 2008; Sullivan
et al., 2008).

MATERIALS AND METHODS

Procurement and Selection of Black Cohosh and E. purpurea
Samples for Chemical and Biological Analysis
Multiple black cohosh and E. purpurea (Table 1 and
Supplementary Tables 1 and 2) samples and reference materials
were procured. These included various unfinished products (ie,
bulk material that serves as the source for finished products), a
limited number of finished products (commercially available
tablets or capsules), and reference materials. Currently, NIST
SRM are not available for black cohosh or E. purpurea. Therefore,
extract reference materials (XRM) and vouchered botanical ref-
erence materials (VBRM) were purchased from ChromaDex
(Irvine, California; Supplementary Tables 1 and 2). Although all
samples were assessed in nontargeted chemical analysis, only a
subset of samples were evaluated in the in vitro human hepato-
cyte nuclear receptor assay. The intent of the in vitro assay was
to provide a measure of biological activity for test article selec-
tion purposes, therefore only unfinished samples were
included.

A total of 17 unfinished black cohosh samples, including the
NTP test article, were purchased from 8 suppliers (BC1, BC A-P;
Table 1 and Supplementary Table 1). Ten finished products (BC
Q-Z; Table 1 and Supplementary Table 1) were obtained from 10
manufacturers and contained varied amounts (20–600 mg) of
black cohosh according to their labels. Reference material for
black cohosh and other cohoshes commonly found as adulter-
ants in black cohosh were purchased from ChromaDex for com-
parison in this study: black cohosh root XRM (BC AA), Chinese
cohosh root VBRM (Cimicifuga dahurica; BC AB), red cohosh root
VBRM (Actaea rubra; BC AC), and yellow cohosh root VBRM
(Actaea podocarpa; BC AD). All the samples were stored at �20�C.

A similar approach was taken for the procurement of E. pur-
purea unfinished samples, finished products, and reference
materials (details provided in Supplementary Table 2). A total of
13 unfinished samples of E. purpurea, including the NTP test ar-
ticle, were purchased from 8 suppliers (EP1, EP A-L; Table 1 and
Supplementary Table 2). Finished products (EP M-Q; Table 1 and
Supplementary Table 2) were obtained from 5 suppliers and
contained varied amounts (400–1000 mg) of E. purpurea accord-
ing to their labels. A variety of reference materials were pur-
chased from ChromaDex to better understand whether any
observed differences could be related to the plant part or adul-
teration with other Echinacea species: E. purpurea root XRM (EP
R), E. purpurea root VBRM (EP S), E. purpurea leaf and stem VBRM

(EP T), and E. purpurea flower VBRM (EP U). Reference material
from 2 other Echinacea species were also included: Echinacea
angustifolia root XRM (EP V) and Echinacea pallida root VBRM (EP
W). All the samples were stored at �20�C.

Nontargeted Chemical Analysis of Black Cohosh and E. purpurea
Samples by High-Performance Liquid Chromatography Coupled to a
Charged Aerosol Detector
Amounts of samples required to achieve 0.4 g of black cohosh in
the final sample were extracted with methanol:water (80:20) to
prepare 40 mg/ml black cohosh in the final extract, with the ex-
ception of BC U where the final concentration was 20 mg/ml
(due to an unintended measurement error during sample prep-
aration). Despite this error, we included sample BC U in the
analysis to provide a reference point for a sample with notably
lower black cohosh mass, which is a possible outcome of eco-
nomic adulteration (when less expensive plant material or filler
is added to botanical dietary supplement products). For finished
products, label claims of the amount of black cohosh present
were used to arrive at the starting amount. The Chinese, red,
and yellow cohosh VBRM samples were prepared similarly. All
samples were extracted by vortexing for 30 s and sonicating for
30 min. Samples were then centrifuged at approximately
3000 rpm for 5 min and the supernatants were analyzed using
an Agilent (Santa Clara, California) high-performance liquid
chromatograph (HPLC) coupled to a charged aerosol detector
(CAD) using a Phenomenex (Torrance, California) Aqua C18 col-
umn (250 � 4.6 mm, 5 lm). Mobile phases A (10% aqueous formic
acid) and B (acetonitrile) were used at 1 ml/min and with a lin-
ear gradient (% B): 5–15, in 15 min with a 5-min hold, 15–30 in
15 min, 30–40 in 15 min, 40–50 in 45 min, and 50–95 in 5 min.

The preparation process for E. purpurea samples was slightly
different than that for black cohosh based on an in-house com-
parison of solvent systems and conditions. A 0.5 g aliquot of
bulk extract, bulk root powder, finished products (eg, capsules)
or 5 g of VBRM of E. purpurea samples as listed in Table 1 were
extracted as follows. To all samples, ethanol:water:trifluoroace-
tic acid (TFA) (60:40:0.1) was added such that the final extraction
volume was approximately 20 ml and samples were extracted
by vortexing for 5 min, sonicating for 20 min, followed by

Table 1. Summary of Botanical Products Used for Sufficient
Similarity Assessment

Botanical Materials Sample IDs

Black cohosha 1 National Toxicology Program
test article

BC 1

16 unfinished products BC A-P
10 finished products BC Q-Z
4 botanical reference materialsb BC AA-AD

Echinacea
purpureac

1 National Toxicology
Program test article

EP 1

12 unfinished products EP A-L
5 finished products EP M-Q
6 botanical reference materialsd EP R-W

aSamples procured from 19 different suppliers.
bBlack Cohosh Root XRM, Chinese Cohosh Root VBRM, Red Cohosh Root VBRM,

and Yellow Cohosh Root VBRM.
cSamples procured from 14 different suppliers.
dEchinacea purpurea root extract XRM, E. purpurea root, E. purpurea flowers, E. pur-

purea leaf and stem, Echinacea pallida root, and Echinacea angustifolia root.

Abbreviations: XRM, extract reference material; VBRM, verified botanical refer-

ence material.
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rotating end over end at 70 rpm overnight (16–20 h). Samples
were then centrifuged at approximately 1600 rpm for 5 min and
the supernatants were collected. Supernatants were diluted to
25 ml with the same extraction solvent and filtered through a
0.45-lm filter. Samples were analyzed using the same HPLC sys-
tem as used for the analysis of black cohosh but with a
Phenomenex Gemini C18 column (250 � 4.6 mm, 5 lm). Mobile
phases A (0.1% aqueous TFA) and B (0.1% TFA in acetonitrile)
were used at 1 ml/min and with a linear gradient (% B): 10–18 in
9 min, 18–30 in 5 min, 30–80 in 31 min, and 80–100 in 2 min.

Chromatograms were aligned using SpecAlign v2.4.1
(University of Oxford, England). For black cohosh, the chromato-
grams were rescaled to shift the negative baselines to zero and
cropped to 5–97 min to remove the large void peak at the front
and column cleaning peak at the end. The data were binned
into 0.2-s bins to reduce the effective data rate from 25 points
per second to 5 points per second and to provide some smooth-
ing. The chromatograms were aligned, and the baselines ad-
justed to the same level. For E. purpurea, the chromatograms
were cropped to 3.7–46 min to remove the large void peak at the
front and column cleaning peak at the end. The data were not
binned due to sufficient data acquisition rate. The peaks in the
chromatograms were then aligned. Processed chromatograms
were then exported as CSV files for similarity analysis.

Gene Expression for Major Hepatic Receptor Signaling Pathways in
Sandwich Cultures of Primary Human Hepatocytes Exposed to Black
Cohosh and E. purpurea Samples
A subset of black cohosh (BC 1, BC A-J, and BC AA-AD) and E.
purpurea (EP 1, EP A-H, EP J-L, EP R, and EP V-W) samples were
evaluated in sandwich cultures of primary human hepatocytes
(SC-PHHs) (Supplementary Tables 1 and 2). These cultures, ver-
sus monolayer culture methods, have been shown to extend
the longevity of primary hepatocytes in vitro, and to improve the
predictive utility for modeling drug metabolism, liver enzyme
induction, hepatic transport, and biliary excretion clearance in
humans (Hewitt et al., 2007; Swift et al., 2010).

Cell culture. William’s E medium (WEM), collagen I-coated 96-
well plates, GlutaMAX Supplement, HEPES buffer, dexametha-
sone, and penicillin and streptomycin antibiotics were obtained
from Life Technologies/Thermo (Carlsbad, California). Serum-
free hepatocyte culture supplement ITSþ, Matrigel, and BioCoat
plates were obtained from Corning (Tewksbury, Massachusetts).
SC-PHHs (from a 47-year-old Caucasian female; lot: HUM4080;
Lonza [Walkersville, Maryland]) were prepared in 96-well colla-
gen type I-coated BioCoat plates by plating SC-PHHs (according
to the manufacturer’s protocol) at a seeding density of approxi-
mately 50 000 cells/well. Briefly, 4-h post-plating, MP100 plating
medium was removed and replaced with maintenance medium
(WEM supplemented with ITSþ, GlutaMax, 15 mM HEPES,
100 nM dexamethasone, and penicillin-streptomycin). Plated
SC-PHHs were allowed to attach to the collagen type I-coated
96-well plates for approximately 5 h in a humidified incubator
at 5% CO2 and 37�C. SC-PHHs were overlaid with Matrigel
(0.35 mg/ml) to form sandwich cultures in ice-cold culture main-
tenance medium. Cultures were maintained for approximately
4 days with daily renewal of cell culture maintenance medium
and exposure compounds in humidified cell culture incubators
at 37�C and 5% CO2. Supplemental Figure 1 shows a representa-
tive image of vehicle-treated SC-PHH for 72 h.

Botanical exposures. Samples were prepared by adding 240 mg
black cohosh or E. purpurea per ml 80:20 ethanol:water or 20:80

ethanol:water, respectively, based on preliminary efforts to op-
timize solubility. Samples were centrifuged at approximately
20 000 rcf for 10 min. Supernatants were transferred to glass am-
ber vials. Black cohosh samples were further diluted 1:4 to
equilibrate ethanol concentrations, then serially diluted in 20:80
ethanol:water, prior to a final 1:10 dilution in cell culture me-
dium. SC-PHHs were exposed for 72 h to botanical samples (8
noncytotoxic concentrations, third-log spacing, triplicate) to
evaluate gene expression of sentinel markers of hepatic recep-
tor activation. Positive control chemicals were exposed at third-
log spacing (analogous to botanical samples) and included
omeprazole (0–100 mM; AhR activation), phenobarbital (0–
1000mM; CAR activation), rifampicin (0–10 mM; PXR activation),
chenodeoxycholic acid (0–100 mM; FXR activation), and fenofibric
acid (0–200 mM; PPARa activation). These chemicals were pur-
chased from Sigma-Aldrich (St Louis, Missouri) and stock solu-
tions (500�) were prepared, with a final concentration of 0.2%
dimethylsulfoxide (DMSO).

Gene expression analysis. For gene expression assays, established
(inventoried, validated) TaqMan assays for CYP1A2 (AhR),
CYP2B6 (CAR), CYP3A4 (PXR), ABCB11 (FXR), and HMGCS2
(PPARa) were performed. Cells were lysed with RLT solution
from RNeasy-96 kits. Total RNA was isolated on a QiaVac vac-
uum manifold per the manufacturer’s instructions. Isolated
RNA was characterized by NanoDrop spectrophotometer
(NanoDrop, Wilmington, Delaware), and RNA concentrations
were adjusted to 200 ng/30 ml for reverse transcription incuba-
tions. A High Capacity cDNA Reverse Transcription Kit (Life
Technologies) was used to synthesize cDNA from 200 ng of total
RNA in 60-ml reactions using random hexamers, following the
manufacturer’s protocol. TaqMan universal PCR Master Mix and
dNTPs were obtained from Applied Biosystems (Life
Technologies) and used per the manufacturer’s protocol.
TaqMan gene expression assays were performed in 384-well
plates with a QuantStudio7 instrument (Applied Biosystems,
Waltham, Massachusetts) at 10-ml reaction volumes containing
1 ml of cDNA per manufacturer’s protocol. Assay data were ana-
lyzed as per Riedel et al. (2014) using the mean of 3 endogenous
control genes (PSMB6, b-actin, and GAPDH) for loading normali-
zation. Because botanical samples were tested at different con-
centration ranges based on observed cytotoxicity in preliminary
range-finding evaluations (data not shown), gene expression
data from beyond the tested ranges were imputed from
nearest-neighbor measured exposure levels to enable a com-
mon exposure range for sample comparisons. The relative fold
mRNA content was log-transformed and fit with a nonlinear re-
gression model (4-parameter logistic) using GraphPad Prism
Version 7.05 (La Jolla, California). Next, the area under the curve
(AUC) analysis was performed in GraphPad Prism to reflect the
magnitude and potency of responses for each botanical sample.
The net AUC was used for similarity analyses.

Sufficient Similarity Determination
In separate analyses, peak intensity over time from the nontar-
geted chemical analyses (ie, chemical similarity) and the net
AUC for all 5 genes examined in SC-PHHs (ie, biological-
response similarity) were used for clustering. Hierarchical clus-
tering analyses were performed in JMP 13 (SAS, Cary, North
Carolina) using the Ward method without data standardization
and visualized using dendrograms and constellation plots gen-
erated in JMP. Within each data stream (nontargeted chemistry
and in vitro gene expression assay in SC-PHHs), the following set
of rules were used to determine similarity of each sample to the
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NTP test article. If a sample was in the same cluster as the NTP
test article, it was categorized as “similar.” If a sample was in
the farthest cluster from the NTP test article-containing cluster,
it was categorized as “different.”

Integration of Data Streams
Integration of chemistry and biology data was achieved using a
visual interval evaluation method previously described in Catlin
et al. (2018) using TIBCO Spotfire Analyst 7.8.0 (TIBCO Software,
Palo Alto, California). In this approach, biological similarity calls
are viewed in the context of chemical similarity, which is pre-
sented not as a similarity call, but as a continuous measure of
divergence relative to the NTP test article. With this approach,
nontargeted chemical analysis data were visualized by convert-
ing the peak intensity data for each sample (BC A-AD or EP A-W)
into a distance value (Pearson’s r calculated in Partek Genomics
Suite version 6.6; St Louis, Missouri) from the NTP test articles
(BC 1 or EP 1). These distance values were plotted along a line
which began with the NTP test articles (BC 1 or EP 1) and subse-
quent samples moving from left to right were increasingly
chemically divergent from sample 1. The biological similarity
determinations for each sample assessed in the SC-PHH assay
were then superimposed on the chemistry line plot. The color
corresponds to the similarity call from the hierarchical cluster-
ing analysis of gene expression in SC-PHHs, with black indicat-
ing the NTP test article, green indicating “similar” and red
indicating “different” biological-response activity compared
with BC 1 or EP 1. The gray color indicates botanical samples
which were evaluated in the nontargeted chemical analysis, but
not assessed in the SC-PHH assay.

RESULTS

Case Study 1: Black Cohosh
Chromatograms showing the nontargeted chemical analysis of
black cohosh samples are arranged as NTP test article (BC 1), un-
finished samples (A-P), finished products (Q-Z), and reference
materials (AA-AD) (Figure 2, left). A subset of 4 chromatograms
(BC 1, AA, Q, and R) were enlarged to highlight peak similarities
and differences among samples, with arrows drawing attention
to peaks that appear to be unique to a subset of samples repre-
sented by BC Q and BC R (Figure 2, right).

Peak intensities from the nontargeted chemical analysis
were clustered using hierarchical clustering, which can be visu-
alized as a dendrogram (Figure 3A) or a constellation plot
(Figure 3B). Clustering produced 4 groups, where the group
number was determined by default settings in the analysis pro-
gram. Samples in the group containing BC 1 were classified as
chemically “similar” to the NTP test article (21 samples). In fact,
BC 1 was most closely clustered with the black cohosh root XRM
(BC AA). As seen in the enlarged chromatographs in Figure 2
(right), BC 1 (NTP test article) and BC AA (black cohosh reference
material) contained many similar peaks and had similar peak
intensities. The 3 other groups were considered chemically
“different” from BC 1 and contained 9 black cohosh samples. For
example, enlarged chromatograms of BC Q and BC R have dis-
tinct peaks (arrows) that are not observed in that of BC 1
(Figure 2, right). Out of the 10 finished products, 5 (50%) were in
the “similar” cluster and 5 (50%) in the “different” cluster.

Concentration-related changes in gene expression for the 15
evaluated black cohosh samples (BC 1, A-J, and AA-AD) are plot-
ted in Figure 4, and AUC values for each sample exposure profile
are listed in Supplementary Table 3. Induction of gene

expression relative to vehicle control is reflected by a positive
slope in nonlinear regression analysis of gene expression val-
ues, and suppression is indicated by a negative slope in regres-
sion analysis of gene expression values. Most (14 out of 15)
black cohosh samples resulted in elevated expression of
CYP2B6 mRNA (Figure 4B), which suggests that the CAR/PXR
pathways were activated following exposure to this botanical
class. However, none of the black cohosh samples reached the
maximum fold change achieved with the positive control, phe-
nobarbital. Additionally, all black cohosh samples, except BC
AD (yellow cohosh VRBM), increased CYP1A2 mRNA content
(Figure 4C), which suggests activation of the AhR pathway in
this liver culture model. mRNA levels of CYP3A4, HMGCS2, and
ABCB11, which represent PXR, PPARa, and FXR pathways, re-
spectively, were divergent across black cohosh samples
(Figs. 4A, D, and E). Many of the other black cohosh samples
were associated with slight elevations of expression in these
genes. Although a variety of responses were observed, black co-
hosh exposures did not generally elicit proportionally large
increases in mRNA content compared with reference positive
control agonists, suggesting these botanical samples are less
likely to cause clinically relevant liver enzyme induction, and
likely limits the discriminating utility of the hepatocyte nuclear
receptor assay for black cohosh samples (Figure 4).

Hierarchical clustering of AUC data (Supplementary Table 3)
from 5 genes revealed 2 distinct groups of biological-response
patterns, which can be visualized in Figure 5A and the constel-
lation plot in Figure 5B. The cluster containing BC 1 was classi-
fied as biologically “similar” to the NTP black cohosh test article
and consisted of 9 unfinished black cohosh samples (BC A, B, D,
E, F, G, H, I, and J), the black cohosh root XRM (BC AA), and refer-
ence materials for other cohosh species (BC AB and AC).
Samples in the other cluster were classified as biologically
“different” from the NTP test article and consisted of one unfin-
ished black cohosh sample (BC C) and the yellow cohosh VRBM
(BC AD).

For data interpretation, 14 black cohosh samples tested in
both the chemical and biological screening assays were com-
pared with the NTP test article (BC 1). Nine samples (64%) were
classified as “similar” to BC 1 in both the nontargeted chemical
analysis and the gene expression analysis in SC-PHHs (Figure 6).
These included the black cohosh reference material (BC AA) and
2 other cohoshes, the Chinese (BC AB) and red (BC AC) cohosh
reference material. Five samples (36%) were classified as
“different” from BC 1 by either chemical similarity analysis or
biological-response similarity analysis. No samples (0%) were
consistently found to be different from BC 1 in both chemical
and biological similarity analyses.

Case Study 2: E. purpurea
As in the black cohosh case study, chromatograms showing the
nontargeted chemical analysis of E. purpurea samples are ar-
ranged as NTP test article (EP 1), unfinished products (A-L), fin-
ished products (M-Q), and reference materials (R-W) (Figure 7,
left). A subset of 4 chromatograms (EP 1, S, G, and P) were en-
larged to highlight peak similarities and differences among
samples, with arrows drawing attention to peaks that appear to
be unique to a subset of samples represented by EP G and EP P
(Figure 7, right).

Peak intensity data from the nontargeted chemical analysis
were clustered using hierarchical clustering and visualized us-
ing a dendrogram (Figure 8A) or a constellation plot (Figure 8B).
For E. purpurea, clustering produced 3 groups. One group con-
tained 12 samples that were in the same cluster containing EP 1
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Figure 2. Nontargeted chemical analyses of black cohosh (BC) samples. Chromatograms (left) are showing aligned peak intensity versus time data for all BC samples.

For illustrative purposes, 4 sample chromatograms are enlarged (right) to demonstrate the similarities or differences (black arrows) in chemical profiles of samples BC

AA, BC Q, and BC R compared with the NTP designated test article, BC 1.

Figure 3. Sufficient similarity evaluation of BC samples using nontargeted chemical analyses. Aligned data from chromatograms were used for hierarchical clustering

of BC samples using Ward’s method. A dendrogram (A) and constellation plot (B) were generated from the clustering analysis. BC samples in the same cluster of the

constellation plot as the NTP test article (BC 1) were determined to be chemically “similar” (circled in solid line). BC samples circled by the dotted line were classified as

“different” from BC 1.
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and were classified as chemically “similar.” These included the
reference material for E. purpurea root (EP S), flower (EP U), and
leaf and stem (EP T). The similar peak profiles between EP 1 and
EP S can be seen in the enlarged chromatograms (Figure 7,
right). The other 2 groups were classified as chemically
“different,” totaling 11 samples that included the 2 different
Echinacea species (EP V and W). For example, enlarged chroma-
tograms of EP G and EP P have distinct additional peaks (arrows)
that are not observed in the EP 1 chromatogram (Figure 7, right).
Four out of the 5 finished products were classified as chemically
different.

Concentration-related changes in gene expression for 15 E.
purpurea samples (EP 1, A-H, J-L, R, and V-W) are plotted in
Figure 9 and AUC values for each exposure profile are listed in
Supplementary Table 4. Induction of gene expression relative to
vehicle control is reflected by a positive slope in nonlinear re-
gression analysis of gene expression values, and suppression is
indicated by a negative slope in regression analysis of gene ex-
pression values. Overall, E. purpurea samples caused a
concentration-related induction of CYP1A2 (except for EP W)
and CYP2B6 mRNA (Figs. 9B and 9C), which indicates they may
influence AhR and CAR pathways, respectively. Conversely, the

Figure 4. Concentration-response curves of gene expression for 15 BC samples in sandwich cultures of primary human hepatocytes (SC-PHHs). Nuclear receptor activa-

tion of (A) peroxisome proliferator-activated receptor alpha (PPARa) (HMGCS2), (B) constitutive androstane receptor (CAR) (CYP2B6), (C) aryl hydrocarbon receptor (AhR)

(CYP1A2), (D) pregnane X receptor (PXR) (CYP3A4), and (E) farnesoid X receptor (FXR) (ABCB11) were evaluated at increasing concetrations of each sample. Human clini-

cal activator/ positive control maximum responses for each receptor are shown by the horizontal dotted line on each graph. A legend is provided for all 15 samples

tested, BC 1 (black dot) is the NTP test article.
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majority of E. purpurea samples tested suppressed CYP3A4,
ABCB11, and HMGCS2 mRNA (Figs. 9A, D, and E). Several E. pur-
purea samples, including the NTP test article (EP 1), unfinished
products (EP C, D, and G) and E. angustifolia root VBRM (EP V) ele-
vated CYP2B6 mRNA content to a similar level as the clinically
relevant CYP2B6 inducer, phenobarbital (Figure 9B). No other
mRNA changes reached the response level of positive control
compounds.

Hierarchical clustering of AUC data (Supplementary Table 4)
from 5 genes revealed 2 distinct groups of biological response,
which can be visualized in Figure 10A and in the constellation
plot in Figure 10B. The cluster containing EP 1 was classified as
being “similar” to the NTP E. purpurea test article and consisted
of 7 unfinished E. purpurea samples (EP B, C, D, E, F, H, and J).
Samples in the other cluster were classified as “different” from
the NTP test article and consisted of unfinished E. purpurea sam-
ples (EP A, G, K, and L) and the reference materials for E. pur-
purea, E. angustifolia, and E. pallida (EP R, V, and W, respectively).

Synthesis of the findings from the nontargeted chemical
analysis and the gene expression analysis in SC-PHHs indicated
some overlap in the determinations of “similar versus different”
(Figure 11). Five of 14 samples (36%) were classified as “similar”
to EP 1 in both the nontargeted chemical analysis and the gene
expression analysis in SC-PHHs. These included the unfinished
extracts of E. purpurea (EP B, D, E, F, and H). Five samples (36%)

were classified as “different” from EP 1 by either chemical simi-
larity analysis (EP C, G, and J) or biological-response similarity
analysis (EP A, R). Four samples (28%) were consistently found
to be “different” from EP 1 in both chemical and biological-
response similarity analyses; 2 of these samples included refer-
ence materials for E. angustifolia (EP V) and E. pallida (EP W).

Comparison across Case Studies: Visual Interval Evaluation
The visual interval evaluations for black cohosh (Figure 12A)
and E. purpurea (Figure 12B) provide a summary of the relation-
ship of samples to the NTP test article in terms of both chemical
composition (linear distance) and biological response (color).
For black cohosh samples, there is a relatively even spread of
the samples across the chemical spectrum from the reference
(BC 1) to the most chemically divergent black cohosh sample
(BC N) (Figure 12A). Biologically “similar” samples (green dots)
were distributed across the line plot in no obvious pattern.
However, for E. purpurea samples, there was a clear separation
based on chemistry, generating 2 distinct clusters (Figure 12B).
The biologically “similar” samples tended to group closer to the
NTP test article on the line plot, with the exception of EP G,
whereas the biologically “different” samples tended to be fur-
ther away, with the exception of EP A and EP R.

Figure 5. Sufficient similarity evaluation of BC samples using the area under the curve of gene expression concentration-response curves in exposed sandwich-culture

primary human hepatocytes. Hierarchical clustering of the area under the curve of gene expression concentration-response curves was done using the Ward’s method

(A). A constellation plot (B) was generated from the clustering analysis and BC samples in the same cluster as the NTP test article (BC 1) were determined to be “similar”

(circled in solid line). BC samples circled by the dotted line were classified as “different” from BC 1.

Figure 6. Summary of total sufficient similarity findings for black cohosh (BC) samples. Conclusions of sufficient similarity for the different data streams are shown. A

black box indicates the result for each data stream is “similar” to the NTP test article (BC 1) and a white box indicates “different.” Only samples used in all analyses are

presented. SC-PHH ¼ sandwich culture of primary human hepatocytes.
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Figure 7. Nontargeted chemical analyses of Echinacea purpurea (EP) samples. Chromatograms (left) are showing aligned peak intensity versus time data for all EP sam-

ples. For illustrative purposes, 4 sample chromatograms are enlarged (right) to demonstrate the similarities or differences (black arrows) in chemical profiles of sam-

ples EP S, EP G, and EP P compared with the NTP designated test article, EP 1.

Figure 8. Sufficient similarity evaluation of Echinacea purpurea (EP) samples using nontargeted chemical analyses. Aligned data from chromatograms were used for hier-

archical clustering of EP samples using Ward’s method. A dendrogram (A) and constellation plot (B) were generated from the clustering analysis and EP samples in the

same cluster of the constellation plot as the NTP test article (EP 1) were determined to be “similar” (circled in solid line). EP samples circled by the dotted line were clas-

sified as “different” from EP 1.
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DISCUSSION

Creating actionable comparisons of complex and variable mix-
tures is a key challenge in evaluating the safety of botanical die-
tary supplements. Approaches for determining sufficient
similarity among botanical samples are useful in multiple

safety evaluation contexts. Prior to animal testing, sufficient
similarity approaches can be used to identify a test article that
resembles either a high-quality finished product or a certified
reference material. Post-testing, a sufficient similarity assess-
ment can be performed to compare a test article to related prod-
ucts in the marketplace in order to better understand the

Figure 9. Concentration-response curves of gene expression for 15 Echinacea purpurea samples in SC-PHHs. Nuclear receptor activation of (A) peroxisome proliferator-acti-

vated receptor alpha (PPARa) (HMGCS2), (B) constitutive androstane receptor (CAR) (CYP2B6), (C) aryl hydrocarbon receptor (AhR) (CYP1A2), (D) pregnane X receptor (PXR)

(CYP3A4), and (E) farnesoid X receptor (FXR) (ABCB11) were evaluated at increasing concetrations of each sample. Human clinical activator/positive control maximum

responses for each receptor are shown by the horizontal dotted line on each graph. A legend is provided for all 15 samples tested, EP 1 (black dot) is the NTP test article.
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relevance of toxicological findings to other commercially avail-
able products.

Black cohosh extract is currently being assessed for toxic-
ity and carcinogenicity at the NTP. In 90-day toxicity studies,
black cohosh extract induced hematological changes indicat-
ing mild anemia and chromosomal damage evidenced by an
increase in micronuclei in peripheral red blood cells (Cora
et al., 2017; Mercado-Feliciano et al., 2012). Also, an increase in
liver weight (10–15%) was observed in mice and rats and
some histopathological changes in the rat liver were noted in
the top 2 black cohosh extract dose groups (Mercado-
Feliciano et al., 2012). Interestingly, there have been many
reports of idiosyncratic liver injury associated with black co-
hosh use over the years (Enbom et al., 2014; Mahady et al.,
2008), along with persistent questions as to whether or not
causality could be established (Teschke et al., 2009).
Furthermore, lack of proper product identification and possi-
ble adulteration with other cohoshes (eg, yellow cohosh, red
cohosh, and Chinese cohosh) has been suggested as a possi-
ble confounding factor in establishing causality of hepatotox-
icity (Teschke et al., 2009). These circumstances highlight the
need for methods to compare the chemical composition and
biological-response activity of black cohoshes as part of a
comprehensive safety assessment.

Based on the nontargeted chemical analysis, we found that
the differences in chemical composition observed between
black cohosh samples could not be explained by the type of
sample (eg, unfinished versus finished). In other words, unfin-
ished samples did not resemble the NTP test article (unfinished)
to a greater degree than finished samples (Figs. 2 and 3).
Perhaps surprisingly, Chinese cohosh, red cohosh, and yellow
cohosh VBRM were as similar to the NTP test article and the
black cohosh XRM as some of the unfinished and finished sam-
ples labeled as black cohosh. Recent work by van Breemen and
colleagues (Nikolic et al., 2015) has uncovered an alkaloid
metabolome present in black cohosh that they posit could be re-
sponsible for biological activity. Furthermore, they suggest that
alkaloids represent a minor yet potent class (Nikolic et al., 2015),
which could help to explain the lack of correlation between the
chemical and biological-response endpoints in the black cohosh
case study (Figs. 6 and 12A). If minor constituents, such as select
alkaloids, are responsible for the observed biological activity of
black cohosh samples, the pattern of their occurrence in sam-
ples would be masked by the presence of more abundant chem-
ical classes (ie, triterpene glycosides and phenolic acids),
thereby precluding detection of the relationship between alka-
loids and biological activity. Here, a nontargeted chemical anal-
ysis method (HPLC-CAD) was used to provide a rapid screen of a

Figure 10. Sufficient similarity evaluation of Echinacea purpurea (EP) samples using the area under the curve of gene expression concentration-response curves in ex-

posed sandwich-culture primary human hepatocytes. Hierarchical clustering of the area under the curve of gene expression concentration-response curves was done

using the Ward’s method (A). A constellation plot (B) was generated from the clustering analysis and EP samples in the same cluster as the NTP test article (EP 1) were

determined to be “similar” (circled in solid line). EP samples circled by the dotted line were classified as “different” from EP 1.

Figure 11. Summary of total sufficient similarity findings for Echinacea purpurea (EP) samples. Conclusions of sufficient similarity for the different data streams are

shown. A black box indicates “similar” and a white box indicates “different” from the NTP test article. Only samples used in all analyses are presented. SC-PHH ¼ sand-

wich culture of primary human hepatocytes.
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broad range of constituents. It is important to note that selec-
tion of extraction solvents (eg, ethanol: water), analytical meth-
ods, and detection instruments could all influence the
constituent profile. In the current case studies, literature
reviews and preliminary chemical analyses were used to guide
method selection to maximize constituent detection. However,
more targeted and sensitive analytical methods for determining
black cohosh constituents, including alkaloids, continue to be
developed and should be considered for incorporation in future
analyses (Bittner et al., 2016; Cicek et al., 2018; Jiang et al., 2011).

In a previous study, the black cohosh samples assessed in
the hepatocyte assay were evaluated in an in vitro assay mea-
suring micronuclei formation (Smith-Roe et al., 2018). In the
micronuclei assay, all the tested samples, including the other
cohosh species, induced chromosomal damage. In conjunction
with the data presented in the current study, these findings in-
dicate that the chemical composition differences observed in
the nontargeted chemistry of black cohosh samples do not cor-
relate with the biological-response activity observed in either
the hepatocyte gene expression (Figure 12A) or the micronu-
cleus assays (Smith-Roe et al., 2018). Because indications of
chromosomal damage were also observed in vivo (Mercado-
Feliciano et al., 2012), we conclude that the toxicity findings
generated for the NTP test article are relevant for all samples
that induce micronuclei formation in vitro, regardless of ob-
served differences in chemical composition. Further work is re-
quired to identify the constituent(s) responsible for observed
biological activity. Bioassay-guided fractionation (Roberts et al.,
2019) coupled with the in vitro micronuclei assay could be a use-
ful approach for identifying the toxic constituent(s) in cohosh
samples. This type of approach has been successfully
employed with black cohosh extract in a drug discovery context
to identify the active constituent class responsible for modulat-
ing the processing of amyloid precursor protein (Findeis et al.,
2012).

Echinacea purpurea is currently being evaluated by the NTP
for adverse effects but toxicity targets have yet to be definitively
identified. The effects of Echinacea on drug metabolizing
enzymes have been noted in the literature, suggesting potential
drug-botanical or botanical-botanical interactions (Meng and
Liu, 2014). However, there are inconsistencies between different
studies in terms of induction versus inhibition of cytochromes
P450s with Echinacea treatment (Awortwe et al., 2015; Mooiman
et al., 2014; Yale and Glurich, 2005). In this study, the chemical
composition of E. purpurea samples seems to be divided into 2
distinct groups, in contrast to the black cohosh case study
where there was no clear distinction. Echinacea angustifolia
VRBM and E. pallida VRBM were classified as “different” from the
NTP test article (Figs. 7 and 8). Although biological-response
similarity to the NTP test article does not correlate perfectly
with compositional similarity, there does appear to be some
congruence between the 2 (Figs. 11 and 12B). The similarity
analysis described here could be applied in selection of a test ar-
ticle for additional in vivo toxicity studies at the NTP and else-
where. For example, samples B, D, E, F, and H would be good
candidates for additional studies because they are similar to the
NTP test article. Based on evaluation of the G. biloba extract case
study (Catlin et al., 2018) and the black cohosh and E. purpurea
case studies described here, we have decided to incorporate
in vitro testing of candidate lots, as well as chemical and biologi-
cal similarity evaluation into the NTP test article selection pro-
cess for botanicals moving forward.

Decisions regarding data processing and analysis can dra-
matically impact the outcome of sufficient similarity determi-
nation processes and should be fit-for-purpose. Although there
are many options available for comparing across large datasets
(Kellogg et al., 2016), in the current case studies, the goal was to
develop a simple, screening-level approach with broad applica-
tion potential. Therefore, minimal data processing and easy-to-
apply rules for determining similarity were favored. For

Figure 12. Distance line plots for black cohosh (A) and Echinacea purpurea (B) samples. Pearson’s linear correlation coefficients were calculated in reference to the NTP

test article sample (BC/EP 1) using data from the nontargeted chemistry analyses. The samples are plotted by distance from the reference with the test article set at 1

(far left of the plot). Further distance from the NTP test article (further right) indicates more chemical dissimilarity. Similarity determinations from the gene expression

analysis in sandwich-culture primary human hepatocytes are indicated by color (green ¼ similar; red ¼ different). The black dot references the NTP test article.
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example, with the nontargeted chemistry data, we aligned
peaks in the chromatogram to account for run-to-run drift, but
we did not normalize the data, which is often done in authenti-
cation of botanical samples (Harnly et al., 2016). Although nor-
malization can facilitate identification of qualitative differences
between samples (ie, normalizing peak levels can improve de-
tection of the presence/absence of peaks), it can obscure quanti-
tative differences (ie, adjusting peak heights precludes the
correlation between peak height and constituent quantity
within the sample). Here, we were interested in both quantita-
tive and qualitative differences between samples. The tradeoff
for simplicity and ease-of-application is that the inherent lack
of supervision could obfuscate the magnitude of difference
among samples and oversimplify nuanced data. For example,
weighting certain gene responses in the SC-PHH assay or filter-
ing the responses based on a threshold (eg, 20% of positive con-
trol maximum), would likely change the similarity
determination for some samples. Future efforts will be aimed at
refining the methods described here by comparing outcomes
based on different input data and threshold adjustments.

The case studies described here offer one approach for com-
bining chemical composition data with biological-response data
to evaluate the similarity of botanical samples to a well-
characterized referent. Although the clear majority of botanical
research comparing commercial products has been based on
composition alone, inclusion of a biological activity measure
can provide additional insight. In fact, in cases such as black co-
hosh where toxic effects/mechanisms are known (i.e., genotox-
icity), we suggest that the biological-response data could drive
decisions about test article selection and extrapolation of
results to related products. Although knowledge of bioactive
constituents and toxicological targets facilitates the design of
sufficient similarity evaluations, as evidenced in the previous G.
biloba extract case study (Catlin et al., 2018), the nontargeted
chemical analysis and the SC-PHH gene expression assays used
in these case studies are a reasonable starting place.

Several caveats and considerations should be noted in future
application and further development of the methods described
here. First, the SC-PHH gene expression assay covers a limited bi-
ological space, focusing on a single organ (i.e., liver) and a small
set of gene targets within that organ. Biological-response activity
measures that cover a greater range of signaling pathways (e.g.,
high-throughput transcriptomic approaches) and multiple tissue
targets, should be explored in future sufficient similarity case
studies to evaluate their utility in this context. Second, the deter-
mination of sufficient similarity described here is focused on the
hazard characterization phase of risk assessment rather than un-
derstanding how in vitro concentrations relate to doses in preclin-
ical animal studies or human exposure levels. There is important
work being done in the area of in vitro-in vivo extrapolation that
offers a path forward for extension of these approaches from a
hazard characterization context to one of risk (Wambaugh et al.,
2018). Although beyond the scope of the current effort, we assert
that building bridges between human-based in vitro assays, in vivo
animal toxicity studies, and human data from clinical trials, epi-
demiological studies, and adverse event reporting is critical to un-
derstanding the safety of dietary botanical ingredients.
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