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ABSTRACT: Botanical natural products have been widely
consumed for their purported usefulness against COVID-19.
Here, six botanical species from multiple sources and 173 isolated
natural product compounds were screened for blockade of wild-type
(WT) SARS-CoV-2 infection in human 293T epithelial cells
overexpressing ACE-2 and TMPRSS2 protease (293TAT). Antiviral
activity was demonstrated by an extract from Stephania tetrandra.
Extract fractionation, liquid chromatography−mass spectrometry
(LC-MS), antiviral assays, and computational analyses revealed that
the alkaloid fraction and purified alkaloids tetrandrine, fangchino-
line, and cepharanthine inhibited WT SARS-CoV-2 infection. The
alkaloids and alkaloid fraction also inhibited the delta variant of
concern but not WT SARS-CoV-2 in VeroAT cells. Membrane permeability assays demonstrate that the alkaloids are biologically
available, although fangchinoline showed lower permeability than tetrandrine. At high concentrations, the extract, alkaloid fractions,
and pure alkaloids induced phospholipidosis in 293TAT cells and less so in VeroAT cells. Gene expression profiling during virus
infection suggested that alkaloid fraction and tetrandrine displayed similar effects on cellular gene expression and pathways, while
fangchinoline showed distinct effects on cells. Our study demonstrates a multifaceted approach to systematically investigate the
diverse activities conferred by complex botanical mixtures, their cell-context specificity, and their pleiotropic effects on biological
systems.

Viruses have always and will continue to plague humanity.
For many viruses that cause serious illness and death, as

we have experienced with the ongoing COVID-19 global
pandemic, there is a dearth of effective treatments. Current
single-drug antiviral countermeasures such as remdesivir
(RDV), which inhibits virus replication by targeting the viral
RNA dependent RNA polymerase, have limited efficacy.1−3 In
fact, the use of remdesivir in a recent Ebola outbreak in the
Congo was discontinued for lack of efficacy.4 The drug was
repurposed for severe COVID-195 and received emergency use
authorization, though subsequent studies have shown limited
and variable efficacy against COVID-19.6 Moreover, remdesi-
vir’s utility is restricted to severely ill, hospitalized patients and
requires multiday intravenous administration. Remdesivir is
therefore impractical for reducing viral transmission and mass
prophylaxis or treatment, especially in home settings. Three
years into the pandemic, molnupiravir, an orally administered
inhibitor of several RNA-dependent RNA polymerases,
including SARS-CoV2’s,7 has shown clinical promise,8 as has
Paxlovid, an inhibitor of the viral protease.9 Paxlovid and
molnupiravir have 89% and 30% efficacy, respectively, defined
as prevention of hospitalization or death.8,10−12 While current

orally available drugs for SARS-CoV-2 are highly effective at
reducing hospitalization, they are not effective for all
indications (including postexposure prophylaxis). Paxlovid
resistance has been described in vitro, and symptom rebound
upon finishing a course of paxlovid has been described
clinically,13−17 similar to what has been found for remdesi-
vir.18−20 Moreover, pre-existing Paxlovid-resistant mutants
have been found in therapy naiv̈e patients.21,22 Thus, there is
room for development of additional countermeasures that have
antiviral and/or immunomodulatory properties.23

During the COVID-19 pandemic, increased use of botanical
natural products (referred to in the US as “dietary supple-
ments”) was observed around the world.24−26 This increased
usage was driven by the belief that such products would be
helpful to treat or prevent infection by the virus. The use of
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plant-based therapies to treat viral infections dates back
thousands of years. However, in the current context, quality
control of the botanical natural product industry in the US and
elsewhere is stymied by lack of resources and limited
information about the efficacy, active constituents, and
mechanism of action of many plants with purported
effectiveness. Botanical natural products are often used
medicinally based on limited or anecdotal evidence and
without the oversight of those knowledgeable about traditional
or current therapeutic strategies. Not surprisingly, there have
been cases during the pandemic where companies seeking
profit have made false or fraudulent claims about the
effectiveness of dietary supplements against COVID-19.27,28

In this study, we sought to rigorously evaluate a series of
botanical natural products (both complex extracts and isolated
constituents) for their in vitro effectiveness as anti-SARS-CoV-
2 agents.
Stephania tetrandra, known as FangJi (Pinyin name) in

Chinese, is a medicinal plant that has been used for centuries
as part of traditional Chinese medicine (TCM). Extracts from
the plant have demonstrated health-promoting effects such as
anti-inflammatory and anticancer effects in vitro and in vivo.29

S. tetrandra is rich in alkaloids, flavonoids, and steroids.
Alkaloids are the main active ingredients with more than 45
known structures. Most studied are the bisbenzylisoquinoline
alkaloids including tetrandrine (1), fangchinoline (2), and
cepharanthine (3). The extract and its alkaloid constituents are
thought to confer health promotion via multiple postulated
mechanisms of action.29

A critical challenge in botanical natural products research is
that biological activity may be due to multiple compounds that
may operate by multiple different mechanisms of action.30

Recently, our groups have been engaged in the development of
methodological and computational approaches that employ
metabolomic and genomic data sets to assign active
constituents from complex natural products and predict
mechanism of action.31−36 With this project, we sought to
test these approaches with the goal of identifying botanical
compounds effective against SARS-CoV-2. Herein, we describe
the anti-SARS-CoV-2 and cellular effects of S. tetrandra
extracts and isolated alkaloids from the extract. To begin to
address the clinical translatability and mechanisms of action of
these alkaloids, we examined their permeability across artificial
membranes and determined their effects on viral and cellular
RNA expression during virus infection.

■ RESULTS AND DISCUSSION
We prepared a custom library of 173 pure natural compounds
and 60 extracts from six different botanical species (Figures S1,
S2). Compounds were obtained from Chromadex and covered
the chemical space typically occupied by botanicals including
alkaloids, diterpene glycosides, flavonoids, phenolic acids,
terpenoids, and triterpenes. Isolated compounds and extracts
were prepared in 96-well plates at 10 μM or 10 mg/mL,
respectively. The final library consisted of three 96-well plates
(Table S1).
The 60 botanical extracts consisted of three replicate

preparations of six different botanical extracts from multiple
commercial and academic sources. The six extracts were from
the plants Artemisia annua (9 extracts from 3 suppliers),
Hydrastis canadensis L. (24 extracts from 8 suppliers), Camellia
sinensis (L.) Kuntze (9 extracts from 3 suppliers), Withania
somnifera (L.) Dunal (12 extracts from 4 suppliers), Sambucus
nigra L. (3 extracts from 1 supplier), and S. tetrandra S. Moore
(3 extracts from 1 supplier) (Figure S2). With these extracts
and compounds, we sought to evaluate antiviral activity in a
cell culture model.
For the initial screen, we tested at concentrations of 10 μg/

mL for extracts and 10 μM for pure compounds as single
biological replicates. Antiviral activity was evaluated against live
SARS-CoV-2 in a biosafety level 3 (BSL3) laboratory. Parallel
plates containing treated cells that were not infected with virus
were processed to monitor for extract/compound-induced
cellular toxicity. The antiviral assay was based on virus-induced
cytopathic effect (CPE, see Experimental Section). The test
cell line was HEK 293T cells that were engineered to
overexpress the SARS-CoV-2 receptor angiotensin converting
enzyme 2 (ACE2) and the cell surface protease trans-
membrane serine protease 2 (TMPRSS2).37 We refer to
these cells as 293TAT. Expression of these molecules on the
surface of cells facilitates virus entry by fusion of the viral
membrane with the plasma membrane of the cell.38 Using
criteria of at least 20% antiviral efficacy in virus-infected cells
with less than 20% cellular toxicity on noninfected cells, the
initial screen produced several hits from pure compounds
including baicalin, baicalein, cinchonine, coniferaldehyde,
vinpocetine, and lobeline, a hit rate of 5/173 (2.9%) (Figure
S3). Positive controls on all plates included remdesivir, an
approved antiviral for SARS-CoV-2 that inhibits the viral
polymerase,39 and camostat, an approved drug that inhibits
TMPRSS2 and hence virus entry.38 In Screen 1, remdesivir at
10 μM was toxic to cells, while camostat at 2.5 μM conferred

Figure 1. Stephania tetrandra inhibits SARS-CoV-2 infection in 293TAT cells. (A) 293TAT cells were treated with 10 μg/mL of ST01A, B, or C
immediately prior to infection with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.01. Parallel wells were not infected and treated with the
extracts to monitor effects on cell viability. After 48 h, cell viability was assessed through measurement of cellular ATP levels. Antiviral effects were
quantified in terms of efficacy, while viability reflects the effects of the extracts on cell health in noninfected cells. (B−D) Extracts’ antiviral efficacy
in infected cells and cell viability in noninfected cells when tested in dose−response experiments.
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23 ± 3.2% antiviral efficacy with no cellular toxicity (Figure
S3). The antiviral efficacy of baicalein was validated in dose−
response experiments (Figure S4) with a 50% inhibitory
concentration (IC50) of 5.1 μM. Baicalin and lobeline did not
confer dose-dependent suppression of SARS-CoV-2 (Figure
S4). We did not pursue the other compound hits because we
chose to focus on the only complex extract that yielded
antiviral activity at 10 μg/mL with our criteria of <20% cellular
toxicity in noninfected cells: the extract of S. tetrandra. The
three independent preparations of the extract, ST01A, ST01B,
and ST01C, showed similar antiviral efficacies of 58.2%, 55.4%,
and 57.2% (Figure 1A). Antiviral efficacy was validated in

dose−response experiments with each replicate extract of S.
tetrandra (ST01A, ST01B, and ST01C), yielding IC50s of
approximately 1−4 μg/mL, respectively (Figure 1B−D).
Since 36/60 (60%) of the botanical extracts at 10 μg/mL

conferred >20% cellular toxicity in Screen 1, we repeated the
screen of all the botanical extracts at 1 μg/mL. Plate controls
remdesivir at 0.1 μM and camostat at 10 μM conferred 104.7
± 1.1% and 54.5 ± 1.2% antiviral efficacy, respectively, with no
toxicity (Figure S3). No additional extracts with antiviral
activity were discovered with this screen, but it did reveal hits
with two compounds that were part of the extract plate,
verarine and cytisine (Figure S3, Table S1). We did not pursue

Figure 2. Antiviral activity of S. tetrandra fractions. Right panel: Base peak LC-MS chromatograms of the S. tetrandra alkaloid partition and its
fractions. Selected chromatograms of the pure alkaloid standards and a base peak chromatogram of a methanol blank control are also shown.
Alkaloid-rich fractions and standards are shown with blue traces. Peaks identified as fangchinoline (2), tetrandrine (1), and cepharanthine (3) are
shaded in yellow, purple, and green, respectively. All chromatograms were normalized to a signal intensity of 8 × 109 except the fangchinoline,
cepharantine, and tetrandrine standards, which were normalized to 1.0 × 109, 4.26 × 108, and 1.33 × 109, respectively. Left panel: S. tetrandra was
fractionated as described in the Experimental Section, and an alkaloid-enriched partition (ST01Alk), bulk fractions (F1−F5 and F6−10), and
individual fractions (F11−F24) were added to 293TAT cells at 1 μg/mL (extracts) or 1 μM (isolated alkaloids) immediately prior to infection with
SARS-CoV-2 at a multiplicity of infection (MOI) of 0.01. Parallel wells of noninfected cells were treated with the fractions or compounds to
monitor effects on cell viability. After 48 h, cell viability was assessed through measurement of cellular ATP levels. Antiviral effects were quantified
in terms of efficacy, while viability reflects the effects of the extracts on cell health.
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these compounds further because we continued to focus on S.
tetrandra.
To predict constituents from the S. tetrandra extracts that

were responsible for the antiviral effects, we first partitioned
the S. tetrandra extract to generate an alkaloid-rich partition
(ST01Alk) and separated this partition into fractions using
flash chromatography (Figure S5). ST01Alk and its fractions
were tested for antiviral efficacy and effects on cell viability on
noninfected cells. In parallel, the same samples were profiled
using untargeted LC-MS metabolomics. Potent antiviral
activity with minimal cytotoxicity was observed for fraction
18 (F18) and fraction 19 (F19; Figure 2, left panel). The LC-
MS chromatograms (Figure 2, right panel) of these fractions
indicated that, relative to the other fractions, fractions 18 and
19 contained the highest levels of tetrandrine (1) and
fangchionoline (2). Cepharanthine (3) and other minor
alkaloids of unconfirmed identity were also detected in these
fractions. The starting material for the fractionation, ST01Alk,
also contained 1, 2, and 3 and demonstrated high antiviral
activity with minimal cytotoxicity.
To more deeply explore the apparent association between

alkaloids and antiviral activity of S. tetrandra (Figure 2), partial

least-squares (PLS) regression analysis was performed on the
LC-MS metabolomics data set using the antiviral data as the
dependent variable. As expected, this analysis indicated that
F18, F19, and the starting material (ST01Alk) were distinct
from the other fractions in the scores plot (Figure 3A).
Features associated with the alkaloids fangchinoline (2) ([M +
2H]2+, m/z 305.1519) and tetrandrine (1) ([M + 2H]2+, m/z
312.1595) were most strongly associated with antiviral activity,
as shown in the loadings plot (Figure 3B). Selectivity ratios
were also calculated for the data set. Selectivity ratios serve as a
ranking tool for a metabolomics data set;33 features with high
selectivity ratios are more strongly correlated with biological
activity (in this case antiviral activity). Compared to the use of
PLS scores plots to prioritize active constituents, selectivity
ratio analysis has the advantage of being less biased toward
highly abundant compounds.40 Indeed, in agreement with the
PLS regression analysis, the selectivity ratio plot generated
from this data set (Figure 3C) shows a strong correlation
between activity and the features associated with fangchinoline
(2) and tetrandrine (1). Several features in the data set (m/z
381.1991, retention time 8.58, and m/z 381.190, retention
time 8.27) were also observed to correlate with antiviral

Figure 3. Partial least-squares (PLS) regression analysis predicts S. tetrandra alkaloids have antiviral activity. The PLS regression scores plot (A)
suggests that F18 and F19 and the alkaloid fraction starting material (ST01ALK) (shown in red) are distinct from the other fractions in their
chemical and antiviral activity. Additional fractions for which chemical composition was less strongly correlated with antiviral activity appear near
the origin and are shown in black. The PLS loadings plot (B) shows that the [M + 2H]2+ features for tetrandrine (1) and fangchinoline (2) are
strongly associated with the antiviral activity of fractions 18 and 19. Two additional features of unknown identity (m/z 381.119, retention times of
8.58 and 8.27) also appear to correlate with activity (B). The selectivity ratio plot (C) predicts antiviral activity for features assigned to
fangchinoline (2) and tetrandrine (1) (shown in red).
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efficacy in the selectivity ratio plot (Figure 3C). These
compounds were not identified in this study, but based on
their similar retention time and mass defect to fangchinoline
(2) and tetrandrine (1) are likely to be additional S. tetrandra
alkaloids.
As a convergent workflow for assigning active constituents in

the S. tetrandra extracts and fractions, we employed the newly
released NP Analyst34 platform to integrate the antiviral and
metabolomics data sets. NP Analyst is a data integration
platform that predicts bioactive constituents from complex
mixtures by combining data from screening assays and
untargeted metabolomics profiling. The platform works by
determining the distribution of mass spectrometry (MS)
features across a set of samples and then scoring the strength
and consistency of biological profiles for all the samples that a
given MS feature is in. MS features are then filtered to retain
only those that have both strong activity (activity score) and
consistent activity (cluster score) within this set. Finally, these
filtered data are presented in several different graphical
representations. These include a plot of retention time vs
mass-to-charge ratio for all filtered MS features (Figure 4A)
and a network graph where square nodes are samples, round
nodes are MS features, and edges indicate the presence of a
given MS feature in a given sample (Figure 4B). Clustering in
this network indicates sets of samples that are related by the
presence of one or more shared MS features with predicted
biological activity. In agreement with the PLS analysis, NP
Analyst showed strong association between antiviral effects and
the alkaloid-associated features in the metabolomics data set
(Figure 4C).
Collectively, the data in Figures 2−4 predict that alkaloids

drive the observed antiviral effects of S. tetrandra against SARS-

CoV-2 in 293TAT cells. To validate the predictions, we
evaluated the purified alkaloids tetrandrine (1) and fangchino-
line (2) for antiviral activity. Since cepharanthine (3) has been
shown to inhibit other coronaviruses41 and was also present at
low levels in the extract (data not shown), we also tested this
alkaloid. Tetrandrine (1), fangchinoline (2), and cepharan-
thine (3) inhibited SARS-CoV-2 infection with IC50s of 284,
143, and 193 nM, respectively (Figure 5).
To further validate the antiviral potential of S. tetrandra

alkaloids against SARS-CoV-2, we tested the pure alkaloids for
antiviral activity against wild-type virus and the delta variant of
concern in Vero E6 cells engineered to overexpress ACE-2 and
TMPRSS2, which we abbreviate here as VeroAT cells. The
pure alkaloids demonstrated some antiviral activity against the
delta variant of concern in VeroAT cells, with cepharanthine
(3) showing the most potent activity (Figure S6). However,
none of the compounds or fractions showed activity against
wild-type virus in VeroAT cells (Figure S6). These data
suggest that the antiviral activity of S. tetrandra extract,
fractions, and constituents is variable and likely depends on
cellular context.
To gain insight into the cell-type dependency for the

antiviral effects, we examined the ability of S. tetrandra extracts,
fractions, and pure compounds to induce phospholipidosis,
which is an accumulation of intracellular phospholipids and is a
cellular phenotype that can be induced by small molecules at
high μM concentrations.42 Phospholipidosis has been recently
shown to be a potentially confounding effect of antiviral drug
repurposing screens.43 We examined 293TAT and VeroAT
cells for phospholipidosis by fluorescence microscopy with a
lipid-binding dye upon exposure to S. tetrandra alkaloid
fractions and pure alkaloids. Sertraline, a cationic amphiphilic

Figure 4. NP Analyst network predicts antiviral activity of S. tetrandra alkaloids. (A) NP Analyst network created by using a cluster score of 0.5,
activity score of 0, and minimum intensity of 5 × 105. It shows two main clusters of active (large red nodes) and inactive (small red nodes) MS
features shared between the extract fractions (gray boxes). (B) NP Analyst network created by using a cluster score of 0.5, activity score of 0.4, and
minimum intensity of 5 × 108 showing only the most active and intense MS features (red nodes) and their associated fractions (gray boxes). (C) A
scatterplot view of the MS features (precursor mass vs retention time) from panel B and their associated annotations.
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drug (CAD), was used as a positive control at 10 μM for
induction of phospholipidosis.43 Concentrations of 1 μg/mL
for extracts and 1 μM for pure alkaloids induced
phospholipidosis in 293TAT cells and to a lesser degree in
VeroAT cells (Figure S7). However, phospholipidosis was
lower when alkaloid concentrations around the 50% inhibitory
concentration (IC50) for SARS-CoV-2 (i.e., 100 and 300 nM)
were used (Figure S7), suggesting the antiviral effects may be
distinct from phospholipidosis. These data further underscore
that the cellular responses to S. tetrandra vary across cell lines,
are suggestive of multiple mechanisms of antiviral action, and
emphasize the need for testing in multiple cell lines.
The ability to extrapolate in vitro studies to in vivo contexts is

often limited by concerns that the compounds tested in the in
vitro assays may not be orally bioavailable. For this study, we

took a first step toward addressing this concern by testing S.
tetrandra, its alkaloid enriched fraction, and purified active
components cephranthrine (3), fangchinoline (2), and
tetrandrine (1) in the parallel artificial membrane permeability
assay (PAMPA). This assay simulates passive diffusion of
compounds through a phospholipid bilayer, akin to how
compounds are absorbed through the lining of the small
intestine and into the bloodstream. The three alkaloids were
separately combined into PBS, and their ability to permeate
the membrane was compared with a known compound with
high diffusivity, verapamil (Figure 6A). While cepharanthine
(3) and tetrandrine (1) displayed comparable diffusivity to the
verapamil control in the PAMPA assay, fangchinoline (2)
demonstrated much less diffusivity (Figure 6A). This may be
explained by the additional free hydroxyl in fangchinoline (2),
which would decrease its ability to diffuse through the trilipid
PAMPA membrane.
Interestingly, when the permeabilities of the compounds of

interest were compared across conditions (isolated alkaloids,
an alkaloid mixture, and S. tetrandra extract), additional details
emerged suggesting that formulation differentially affects the
relative permeability of the active compounds (Figure 6B).
Two-way ANOVA revealed significant differences in perme-
ability across compounds and conditions. Posthoc tests revealed
that both cepharanthine (3) and tetrandrine (1) were
significantly more permeable than fangchinoline (2) in all
three conditions. Cepharanthine (3) as both the isolated
alkaloid and as an alkaloid mixture was significantly more
permeable than in the S. tetrandra extract, while tetrandrine
(1) was significantly more permeable in the alkaloid mixture as
compared to as an isolated alkaloid (Figure 6B). Collectively,
the results obtained here with the PAMPA assays suggest that
the S. tetrandra alkaloids should be biologically available, but
that the bioavailability will differ somewhat depending on
alkaloid structure and on the other constituents of the matrix
(i.e., whether they are administered as isolated compounds,
mixtures, or in the context of the extract). Further studies to
evaluate metabolism and active transport for these alkaloids
and for S. tetrandra extracts would also be warranted toward
the ultimate goal of extrapolating the in vitro results to an in
vivo context.
To begin to reveal how S. tetrandra alkaloid-rich fractions

and pure alkaloids modulate 293TAT cell biology during
SARS-CoV-2 infection, we performed nCounter gene
expression analysis, focusing on the nCounter Immunology
panel, which profiles the expression of 594 cellular genes
involved in innate immunity and inflammation. We focused on
the alkaloid-rich fraction F18 and fangchinoline (2) and
tetrandrine (1) as pure alkaloids since our analysis indicated
the majority of the antiviral bioactivity was associated with F18
and these two pure alkaloids (Figure 2). We confirmed the
antiviral activity of F18 and the alkaloids, along with the cell-
active form molnupiravir (MPV; also known as EIDD-1931, an
approved SARS-CoV-2 antiviral drug;8 Figure S8). Tetrandrine
(1), fangchinoline (2), and F18 conferred robust suppression
of SARS-CoV-2 RNAs in virus-infected cells (Figure 7A).
Tetrandrine (1) and F18 showed more similar patterns of
suppression of viral RNAs than fangchinoline (2). Moreover,
as compared to MPV, tetrandrine (1) and F18 showed
conferred 2-fold more potent suppression of viral RNAs, such
as the viral nucleocapsid N gene, which codes for the
nucleocapsid structural protein that protects the viral genome
and is involved in packing the RNA into viral particles.

Figure 5. Antiviral effects of S. tetrandra alkaloids. 293TAT cells were
treated with the indicated concentrations of tetrandrine (1) (A),
fangchinoline (2) (B), or cepharanthine (3) (C) prior to infection
with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.01.
Parallel wells of noninfected cells were treated with the alkaloids to
monitor effects on cell viability. After 48 h, cell viability was assessed
through measurement of cellular ATP levels. Antiviral effects were
quantified in terms of efficacy of the compounds in virus-infected
cells, while viability reflects the effects of the extracts on cell health in
noninfected cells.
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Similarly, the ORF1ab gene, which codes for the nonstructural
proteins (NSP1−16) that are required for viral transcription,
replication, and suppression of host immune response, showed

higher suppression by F18 and pure alkaloids compared to

MPV. The botanical products suppressed most viral RNA

Figure 6. Relative permeabilities of S. tetrandra compounds between formulation conditions. PAMPA experiments were performed as described in
the Experimental Section. Briefly, samples were loaded into the donor well of the 96-well PAMPA plate. The acceptor plate, filled with the same
solvent, was carefully sandwiched on top. The plates were sealed with Teflon tape and left to incubate for 6 h, after which the samples were
transferred to mass spectrometry vials for subsequent analysis. (A) Permeability of pure S. tetrandra compounds cepharanthine (3) (cep),
fangchinoline (2) (fan), and tetrandrine (1) (tet) were incubated along with the high permeability control compound verapamil (ver). High −log
Pe values indicate less permeability. Error bars represent SE. (B) Comparison of S. tetrandra compounds in different formulations. Standard
contains the purified compounds in a combined sample where each was present at 40 μM. Crude extract and alkaloid-enriched fractions were
assayed at 400 μg/mL. Error bars represent SE. Letters indicate significant differences among combinations of compounds and conditions as
determined by posthoc Tukey’s HSD pairwise comparisons where p < 0.05.

Figure 7. Differential cellular effects of S. tetrandra fraction and compounds during SARS-CoV-2 infection in 293TAT cells. Cells were treated for 2
h with fraction 18, fangchinoline (2), tetrandrine (1), and the cell active form of MPV (EIDD-1931) prior to infection with wild-type SARS-CoV-2.
At 24 h postinfection, RNA was extracted from cells (duplicates for each condition), and the expression 594 cellular genes involved in innate
immunity and inflammation was measured using the nCounter Immunology panel (Nanostring). (A) Effects of treatments on levels of viral RNAs
represented as log2 fold change (FC) relative to infected cells treated with DMSO solvent control. (B) Gene ontology (GO) biological pathway
enrichment for top ranked genes based on fold-change upon treatment with compounds relative to infected cells treated with DMSO solvent
control. Gray represents no enrichment. (C) Classification of the protein targets for top ranked genes based on fold-change upon treatment with
compounds relative to infected cells treated with DMSO solvent control.
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expression to a higher or similar degree to MPV, further
confirming their antiviral effects.
Next, we ranked the cellular genes based on their log2 fold-

change (logFC > 1 or FC > 2) relative to the DMSO solvent
control and shortlisted 100 genes that were perturbed by the
selected compounds. Gene enrichment analysis on the ranked
genes indicated that F18, tetrandrine (1), and fangchinoline
(2) perturbed cellular genes with similar biological processes
that were distinct from MPV (Figure 7B, Supplementary File
2). This was particularly evident in genes that were
downregulated by the various treatments. A distinct up-
regulation of genes associated with leukocyte proliferation was
observed for MPV (p = 3.57 × 10−15), F18, fangchinoline (2),
and tetrandrine (1). Similarly, MPV showed higher up-
regulation of cellular genes involved in the host response to
virus and related processes as compared to the natural
products and F18 (Figure 7B). The results suggest that S.
tetrandra alkaloids suppress virus infection by multiple
mechanisms as compared to MPV’s direct suppression of
virus replication, which might involve modulation of
inflammation through the production of cytokines and other
interferon mediators.44 On the other hand, for down-regulated
genes, fangchinoline (2) showed no enrichment for many
biological processes, which was similar to MPV’s lack of down-
regulation of many cellular pathways. To further explore the
potential mechanisms of action of the S. tetrandra fraction and
alkaloids, we classified the protein functions of the 100
shortlisted genes and observed that tetrandrine (1) modulates
many membrane receptors compared to other compounds
(Figure 7C). This is in line with the PAMPA studies where
tetrandrine (1) appeared more permeable than fangchinoline
(2) (Figure 6). Overall, the transcriptional profiling and
pathway analyses suggested that tetrandrine (1) and F18
modulate genes in a similar fashion, while fangchinoline (2)
induced a distinct response in 293TAT cells.
In this report, we deployed multiple chemical, biological,

and computational tools to deconvolute the chemical and
biological complexity of natural product mixtures. We find that
the botanical S. tetrandra contains multiple alkaloid com-
pounds that inhibit wild-type SARS-CoV-2 infection in
293TAT cells. The alkaloids and alkaloid fraction also
inhibited the delta variant of concern but not wild-type
SARS-CoV-2 in Vero cells expressing TMPRSS2 and ACE-2.
The alkaloids also possess potential drug-like activity based on
their ability to penetrate artificial membranes. A focused
transcriptional study showed that S. tetrandra alkaloids can
only partially reverse virus-induced changes in cellular gene
expression, indicating that the mechanism(s) by which this
botanical and its constituents inhibits in vitro SARS-CoV-2
infection requires further study.
Our studies demonstrating the antiviral potential of S.

tetrandra alkaloids in certain cellular contexts align with
previous studies. For example, tetrandrine (1) has been
reported to inhibit Ebola virus45,46 and SARS-CoV-247,48

infection of VeroAT cells. In addition to tetrandrine (1), other
alkaloids in S. tetrandra including fangchinoline (2) and
cepharanthine (3) have also been shown to inhibit human
coronavirus HCoV-OC43 infection of MRC5 human lung
cells41 and MERS-CoV.49 However, we found that the antiviral
activity was not uniform across cell lines, and some of this
activity may be associated with induction of phospholipidosis,
especially at high concentrations of fractions or pure
compounds. Since phospholipidosis has recently been reported

to be a potential artifact in drug-based antiviral screens,43 the
antiviral potential of S. tetrandra and likely many other
botanical compounds should be approached with careful and
rigorous scrutiny. Moreover, much of the literature on in vitro
effects of tetrandrine (1) appear to occur at relatively high
micromolar concentrations.50 Considering that phospholipi-
dosis rarely occurs at concentrations below 100 nM43 and that
the pure alkaloids had IC50 concentrations in this range
(Figure 2), it might be possible to improve the selectivity and
potency of these compounds either by designing more potent
analogs or testing compounds in combination, which we have
shown confers superior antiviral potency through syner-
gism.23,51,52 Moreover, the differences in the permeability of
the alkaloids in various mixtures (Figure 6) could likely inform
future studies aimed at enhancing the antiviral potency of these
compounds. Mechanistic studies are required to discern
whether alkaloids inhibit virus infection by directly blocking
viral enzymes or proteins versus cellular targets. In terms of
cellular targeting as a mechanism to inhibit virus infection
tetrandrine (1), fangchinoline (2) and cepharanthine (3) have
been shown or proposed to block many cellular pathways to
confer antiviral effects,45,50 and some studies show that these
alkaloids block virus entry and intracellular trafficking.45,49,53 In
this regard, our cell culture infectivity model incorporates
TMPRSS2-primed, Spike protein-mediated virus entry via
fusion at the cell membrane.37

In closing, we describe comprehensive chemical, biological,
and computational approaches to connect natural product
chemical complexity with antiviral activity in the context of in
vitro SARS-CoV-2 infection. Our results emphasize the need
for rigorous approaches to this endeavor. While botanicals like
S. tetrandra confer antiviral effects against SARS-CoV-2 in vitro,
this activity is dependent on cell type. Thus, cell context
specificity is a critical factor when identifying natural product
modulators of viral infection. As such, this study should not be
considered an endorsement of the use of S. tetrandra for the
treatment of SARS-CoV-2 infection. Preclinical and clinical
studies are necessary to establish safety and efficacy. Notably,
several previous studies of the pure alkaloid tetrandrine (1)
and an S. tetrandra extract have demonstrated toxicity in
mouse and rat models.29 Thus, toxicity could be a concern in a
clinical context.

■ EXPERIMENTAL SECTION
Natural Products and Botanical Extracts. The library consisted

of 173 pure compounds purchased from Chromadex and 60 separate
extracts prepared from six different botanical species. Details of the
pure compounds and complex botanical extracts including compound
classes, names, sources of extracts, and Certificates of Authenticity can
be found in Figures S1, S2, and S11.
Cell Culture and Live Virus. 293TAT cells were generated as

described37 and maintained in Dulbecco’s modified Eagle medium
(DMEM; Gibco, 11995) supplemented with 9% fetal bovine serum
(FBS; HyClone SH3007103) and 1% penicillin−streptomycin
(Gibco, 15140), 1× nonessential amino acids (NEAA; Gibco
11140), and 20 mM HEPES (Gibco 15630). Vero E6 African
Green Monkey kidney epithelial cells expressing transmembrane
protease, serine 2, and human angiotensin-converting enzyme 2 (Vero
E6-TMPRSS2-T2A-ACE2; referred to here as VeroAT cells) were
obtained from BEI Resources (NR-54970) and provided by Tien-
Ying Hsiang and Michael Gale. These cells were maintained in
DMEM supplemented with 5% FBS, 1% penicillin−streptomycin, and
10 μg/mL puromycin.
Wild-type, infectious SARS-CoV-2 (BEI Resources; Isolate USA-

WA1/2020 NR-52281) and the SARS-CoV-2 variant of concern stock
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of delta virus were obtained from Tien-Ying Hsiang and Michael Gale
and were generated as described.52

Drug Treatment and Infection of Cells with Live Virus.
Compounds, extracts, or fractions were added to cells, followed
immediately by addition of live virus (SARS-CoV-2 WA1 or the delta
variant of concern) stock to each infected well or virus-free medium
to each uninfected well. Plates were incubated at 37 °C, 5% CO2 for
48 h for live virus experiments.
Cell Viability Assay. For drug dose−response studies, we

measured cell viability in parallel wells using the CellTiter-Glo 2.0
assay (Promega, G9243). The assay measures the presence of
metabolically active cells by quantifying cellular ATP levels. The
contents of each well were aspirated, followed by the addition of 50
μL of phosphate-buffered saline (PBS; Gibco, 10010031) and 50 μL
of CellTiter-Glo reagent. The plate was then shaken for 2 min,
incubated at room temperature for 10 min, then read for
luminescence on a Biotek Synergy H4 plate reader.
LC-MS Data Acquisition for Collection of Metabolomics

Data. LC-MS data were acquired using a Q Exactive Plus quadrupole-
Orbitrap mass spectrometer (ThermoFisher Scientific) with a heated
electrospray ionization (HESI) source coupled with an Acquity UPLC
system (Waters, Milford, MA, USA). Samples were suspended in
methanol at a concentration of 100 μg/mL. Randomized triplicate
injections of 5 μL were eluted from an Acquity UPLC BEH C18
column (1.7 μM, 2.1 × 50 mm, Waters) at a flow rate of 0.3 mL/min.
A binary solvent gradient of water with 0.1% ammonium hydroxide
(A) and acetonitrile with 0.1% ammonium hydroxide (B) was used.
The gradient began at 2% B, followed by a linear increase to 20%,
30%, 55%, 80%, and then 90% B over 23.0 min. An isocratic hold was
performed at 90% B for 2 min before returning to starting conditions
to allow equilibration for 6.0 min prior to the next injection. The mass
spectrometer was operated in the positive ionization mode over a full
scan of m/z 120−1800 with the following instrument parameters:
capillary temperature, 256 °C; spray voltage, 3.00 kV; sheath gas, 48
arbitrary units; auxiliary gas, 11 arbitrary units; spare gas, 2 arbitrary
units; and probe heater temperature, 350 °C.
To confirm identities of alkaloids, standards of tetrandrine

(Cayman Chemical Company Item No. 19874, ≥98% purity),
cepharanthine (Cayman Chemical Company Item No. 19648,
≥98% purity), and fangchinoline (Cayman Chemical Company
Item No. 29243, ≥98% purity) were prepared at a final concentration
of 0.625 μM in methanol. The standards were analyzed in parallel
with the extracts, and fragmentation spectra were acquired with data-
dependent MS-MS using a collision energy of 30 V. Fragmentation
patterns, retention times, and accurate mass were compared for the
reference standards and putative alkaloids in the extracts and fractions.
Metabolomics Data Analysis. LC-MS raw files were centroided

using MSConvert ProteoWizard 3.0,54 then imported to MZmine
2.5355 for peak picking to create a list of MS features (m/z-RT).
Methods include mass detection, chromatogram building, chromato-
gram deconvolution, deisotoping, feature alignment, gap filling,
duplicate filtering, and peak filtering. The parameters used are in
Figure S9. The final feature lists were imported to MS Excel for
further treatment.
The feature list was filtered for background noise, which may be

due to contaminants in the solvent of the LC-MS system. The first
step included removing features with a relative standard deviation
(RSD) lower than 30% across all samples. This step removes
ubiquitous high-quality features such as background noise. The next
step was to remove features that were more abundant in the blanks
than in the samples. This was done by taking the percent ratio of the
average peak area of the feature across all the solvent blanks and the
average peak area of the feature across all of the samples. All features
with a percent ratio of more than 80% were deleted from the feature
list. The final step was to remove poor-quality features in the samples
based on the RSD of the peak area of every sample in triplicate.
Features in specific samples with a peak area RSD greater than 35%
were removed from that sample. Mass spectral features that did not
vary in intensity across samples based on a cutoff of ≤0.02% of the
highest variance were removed from the data set.

Partial Least-Squares Regression Analysis and Calculation
of Selectivity Ratios. The preprocessed data set was imported to
Sirius 11.5 (Pattern Recognition Systems AS, Bergen, Norway) for
statistical analysis, using the features in the peak list as the
independent variables and the antiviral efficacy of each sample as
the dependent variable. The data were analyzed using partial-least-
squares regression followed by calculation of selectivity ratios (SR),
which is the ratio of the explained variance of the data set and the
unexplained variance. The SR reveals features that have high
correlation with a measured biological activity and thus can be used
to predict potential biologically active compounds from a complex
mixture.56−59 The data set was validated leaving out one object with
100 repetitions and a significance level of 0.5 to determine the
number of PLS regression components to be used in the modeling.
NP Analyst. A .csv file containing the antiviral and cell viability

data normalized between 0 and 1 was uploaded to NP Analyst (www.
npanalyst.org) along with an MZmine 2.5355 export table containing
the m/z, retention times, and peak areas for mass features from all
samples. Data were analyzed using two different sets of settings:
activity score: 0, cluster score: 0.5, MS intensity threshold: 5 × 105 to
profile all MS features associated with bioactive extracts, and activity
score: 0.4, cluster score 0.5, MS intensity threshold: 1 × 107 to
interrogate MS features with the strongest predicted bioactivity
profiles.
Fluorescence Microscopy for Phospholipidosis. Cells were

treated with pure alkaloids or alkaloid-rich fractions in the presence of
1× HCS LipidTOX dye (Thermo Fisher H34350). Sertraline (SERT)
at 10 μM was added to cells as a positive control for induction of
phospholipidosis. At 24 h postinfection, medium was removed from
cell cultures, and cells were washed in PBS and fixed in 4%
paraformaldehyde for 20 min at room temperature. Cells were then
washed twice in PBS and then stained with DAPI and imaged using
Cytation 1 cell imaging system (BioTek, Winooski, VT, USA) using a
10× objective and light cubes for DAPI (nuclear stain) and GFP
(LipidTOX dye). Gen5 software (Biotek) was used for image
acquisition, processing, and subsequent analysis. The 10× objective
was used to take 64 individual images using an 8 × 8 matrix, which
were stitched together utilizing Gen5’s montage feature. The DAPI
threshold was set at 5000 relative fluorescent units, and the GFP
threshold was set at 15,000 relative fluorescent units to identify nuclei
and GFP surrounding cells, respectively. Analysis identifying nuclei in
the DAPI channel utilized a minimum and maximum size selection of
5 to 100 μm and 2 to 200 μm to capture stained nuclei of VeroAT
and 293TAT cells, respectively. GFP-positive cells were identified
utilizing minimum and maximum size selection as in the DAPI
channel with a 5 μm expansion from primary DAPI mask to capture
only GFP surrounding cells.
PAMPA Assay and Permeability Analyses. PAMPA experi-

ments were run using a Corning BioCoat pre-coated PAMPA plate
system according to the manufacturer’s protocol. Control compounds
including methotrexate (low-permeability control), verapamil (high-
permeability control), and sulfasalazine (low-permeability, colored
PAMPA membrane integrity indicator) as well as pure S. tetrandra
metabolite standards, cepharanthrine, fangchinoline, and tetrandrine,
were dissolved in DMSO to a stock concentration of 1 mM and
diluted with PBS (pH 7.4) to a final concentration of 40 μM
containing 4% DMSO. Crude extracts and alkaloid-enriched fractions
were dissolved in DMSO to a stock concentration of 10 mg/mL.
Stock solutions were then dissolved in PBS (pH 7.4) to a final
concentration of 400 μg/mL containing 4% DMSO. A 300 μL portion
of each sample (n = 6 replicates per condition) were added to donor
plate wells. A 200 μL amount of 4% DMSO in PBS (pH 7.4) was also
added to each of the acceptor plate wells, and the two were joined and
sealed with parafilm to prevent evaporation and incubated at room
temperature for 5 h. At the end of the incubation period, 100 mL
aliquots were removed from the donor and acceptor wells and
transferred to mass spectrometry vials with low-volume inserts for
subsequent LC-MS analysis. Samples were stored at −80 °C prior to
further analysis and vortexed upon thawing.
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LC-MS data were acquired using an Acquity I-Class UPLC system
coupled to a Waters G2-XS ESI-QToF mass spectrometer (Waters,
Milford, MA, USA). Samples were chromatographed on an Acquity
UPLC BEH C18 1.8 μm, 2.1 × 100 mm column (Waters) with a flow
rate of 0.40 mL/min and a binary solvent gradient consisting of H2O
with 0.1% ammonium hydroxide (solvent A) and ACN (solvent B).
The solvent gradient was as follows: initial isocratic hold at 98% A for
0.5 min then increasing linearly to 20% B at 2.5 min followed by an
increase to 80% B at 10.5 min and to 98% B at 11.5 min. This was
followed by an isocratic hold for 2 min, a return to initial conditions
over 0.1 min, and re-equilibration for 2 min prior to the next injection.
Mass spectral data were acquired with simultaneous acquisition of a
lockmass solution (leucine encephalin) in continuum mode with the
MSE function (mass range 50−1800 Da; scan time 0.1 scans/s;
function 1 CE off; function 2 CE ramp 35−45 V over a scan range of
m/z 50−1800 Da. Spectrometer settings were as follows: source
temperature ∼100 °C, desolvation temperature ∼550 °C, cone gas
flow ∼100 L/h, and desolvation gas flow ∼800 L/h. Relative
concentrations used in permeability calculations were determined
using peak areas from EIC chromatograms for each compound in the
donor and acceptor wells. Donor and acceptor wells were diluted 10×
prior to LC-MS analysis to obtain appropriate peak shape and
intensity. Permeability was determined using the integrated EIC peak
areas of the compounds in the donor and acceptor wells at the end of
the PAMPA assay and the calculations shown in Figure S10.60

A two-way analysis of variance (ANOVA) was used to compare
permeability across compounds (cepharanthine, fangchinoline,
tetrandrine) and conditions (alkaloid, crude, standard). Permeability
values were cube-root transformed in order to meet assumptions of
normality and homoscedasticity. When significant differences were
detected (α < 0.05), a posthoc Tukey test was conducted to test for
pairwise differences among combinations of conditions and
compounds. Statistical analyses were performed in R (v4.1.0; R
Core Team 2016; https://www.r-project.org/).
Antiviral Assay Data Analyses. For single-drug experiments,

drug concentrations were log transformed, and the concentration of
drug(s) that inhibited virus by 50% (i.e., IC50) and the concentration
of drug(s) that killed 50% of cells (i.e., CC50) were determined via
nonlinear logistic regressions of log(inhibitor) versus response-
variable dose−response functions (four parameters) constrained to
zero bottom asymptote by statistical analysis using GraphPad Prism 9
(GraphPad Software, Inc.) as described.51

Gene Expression Analyses. 293TAT cells were infected or not
infected with wild-type SARS-COV-2, and virus-infected cells were
also treated with molnupiravir, tetrandrine, fangchinoline, and fraction
18 of the alkaloid-rich fraction ST01ALK-F18. Cells were treated with
compounds and infected under BSL3 containment as described
above. Cells were lysed in DNA/RNA Shield (Zymo Research
ZR120025), RNA was extracted with Monarch total RNA miniprep
kit (NEB T2010S), and yield was determined using a Nanodrop ND-
100 spectrophotometer (ThermoFisher). RNA integrity was
determined using Agilent Tape station 4150 (Agilent Technologies,
Seattle, WA, USA). mRNA transcript abundance was measured from
150 ng of RNA using the nCounter host immune response (LBL-
10805-01). The host response panel consisted of 773 genes and 12
housekeeping genes. Briefly, 70 μL of hybridization buffer was added
to Reporter CodeSet to prepare the master mix. To set up the
hybridization reactions, each sample tube contained 8 μL of master
mix and 5 μL of diluted RNA sample. Capture ProbeSet (2 μL) was
added to each tube, and samples were hybridized at 65 °C for 18 h.
Quality control of nCounter data, data normalization, and gene
expression differences were performed using nSolver and Advanced
Analysis version 2.0.
Bioinformatics Analyses. We used the normalized Nanostring

gene expression data for further downstream bioinformatics analysis.
The fold-change was computed using the limma package in R.61 The
log2 fold-change was computed for infected cells treated with natural
products (fraction 18, fangchinoline, tetrandrine) and MPV versus
virus-infected cells treated with DMSO solvent control. The genes
with a log2 fold-change greater than 1 were selected and then

converted into fold-change (Supplementary File 1). Since we only had
two replicates for each condition, we performed all analysis on the
fold-change rather than differential expression analysis, since the
statistical tests would perform poorly with such limited number of
replicates. Codes for data analysis can be found at GitHub:
https://github.com/RavindranVandana/Modulation_SARS-CoV-

2_botanical_extract_S_tetrandra
To further shortlist the genes, we ranked the genes with highest

fold-change and selected the top 100 ranked genes for further gene
enrichment analysis. Based on the value of the log2 fold-change we
marked the genes as up- and down-regulation. For each gene its
UniProt ID was retrieved using the UniProt mapping tool.62 The
protein class for each gene was retrieved from ChEMBL.63 Gene
enrichment and ontology (GO) analysis was performed using the
ClusterProfiler package in R64,65 (Supplementary File 2).
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