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ABSTRACT: The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has stimulated the search for effective drugs for its prevention and treatment. Natural products are an important
source for new drug discovery. Here, we report that, NK007(S,R), a tylophorine malate, displays high antiviral activity against SARS-
CoV-2 with an EC50 0.03 μM in vitro, which is substantially lower than that of remdesivir (EC50: 0.8 μM in vitro), the only
authorized drug to date. The histopathological research revealed that NK007(S,R) (5 mg/kg/dose) displayed a protection effect in
lung injury induced by SARS-CoV-2, which is better than remdesivir (25 mg/kg/dose). We also prepared two nanosized
preparations of NK007(S,R), which also showed good efficacy (EC50: NP-NK007, 0.007 μM in vitro; LP-NK007, 0.014 μM in vitro).
Our findings suggest that tylophora alkaloids, isolated from the traditional Chinese medicine Cynanchum komarovii AL, offer a new
skeleton for the development of anticoronavirus drug candidate.
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As of September 1, 2021, there have been 217 558 771
reported cases of coronavirus disease 2019 (COVID-19),

which is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), and the disease has led to
4 517 240 deaths in more than 200 countries.1,2 Kissler and co-
workers reported that one-off blocking measures cannot
prevent the spread of SARS-CoV-2, and the United States
may need to continue social isolation measures until 2022.3 So
far, there are currently no specific drugs or vaccines available
for the treatment of SARS-CoV-2 infected patients, the only
authorized drug by the United States Food and Drug
Administration is the nucleotide analogue remdesivir.4,5

Related studies show that remdesivir has a strong resistance
to SARS-CoV-2 in vitro.6 The COVID-19 pandemic has
stimulated the search for effective drugs for prevention and
treatment of the disease.
The response to a viral pandemic requires the simultaneous

implementation of short-term measures and long-term
planning. The use of existing drugs is the focus of short-term
measures, and indeed a series of first-line drugs that have been
found to have potential utility for treatment of COVID-19 are

currently being explored, including ritonavir and lopinavir,7,8

ribavirin,9 chloroquine and hydroxychloroquine,10 and favipir-
avir and remdesivir.11 Long-term planning focuses on the
identification of druggable targets and the discovery and
development of new drug molecules. Progress toward target-
based design of new drugs against COVID-19 will undoubtedly
be facilitated by the recent determination of the structures of
the main protease (Mpro)12 and the RNA-dependent RNA
polymerase13 from SARS-CoV-2. The advantages of target-
based drug design are the clear target and mechanism and high
selectivity, but this approach is subject to the development of
drug resistance.
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An alternative approach is to design new drugs based on
natural products, which are excellent sources of molecules with
novel chemical structures and unique mechanisms of action.
Natural products often act on multiple targets, which tends to
hinder the development of drug resistance. However, this
approach is relatively labor-intensive, and the determining the
mechanism of action of natural products can be difficult and
time-consuming. Nevertheless, they have been an important
source of new drugs14−16 and may be useful for the
identification of molecules with activity against SARS-CoV-2.
SARS-CoV-2 is an enveloped single-stranded RNA virus.

The spike protein on the viral envelope binds to the ACE2
receptors of host cells, and a viral protease can assist virus
invasion. After the virus enters the cell, its genes are released,
the viral replicase and transcriptase are synthesized, and RNA
replication and transcription are accomplished by an RNA-
dependent RNA polymerase. Then structural proteins are
synthesized, and finally new virus particles are assembled and
released. All these steps of the virus life cycle are potential
targets for drug therapy,6,17 and a number of small-molecule
drugs have been shown to inhibit various viral processes at
micromolar concentrations.12,18

Traditional Chinese medicines are a potential source of
therapeutic small molecules, and the use of such medicines for
the treatment of COVID-19 patients has recently been
reviewed.19 One important traditional Chinese medicine is
Cynanchum komarovii AL, which has been used to treat fever,
diarrhea, and cholecystitis.20 This herbaceous plant, which is
widely distributed in arid sandy areas of northwest China,
belongs to the genus of Cynanchum Linn. in the family
Asclepiadaceae.21

In work aimed at generating active lead compounds based
on traditional Chinese medicines, we discovered that
Cynanchum komarovii AL has good antiviral activity against
tobacco mosaic virus (TMV) and that the active components
were tylophora alkaloids, such as tylophorine.22 However, the
tylophorine content of the plants is very low, and the molecule
is light-sensitive and poorly soluble. In efforts to overcome
these disadvantages, we synthesized various tylophora alkaloids
(Figure 1),23 and we designed and synthesized a series of

derivatives and determined their anti-TMV activities.24−27 In
addition, our evaluation of the bioactivity spectrum of these
compounds showed that they have good anticancer,28 anti-
HIV,29 and immunomodulatory activities.30,31 As an optimized
compound, a racemate of tylophorine malate (designated
NK007) is being industrialized as an anti-TMV candidate.
Herein, we report that we have prepared optically pure
NK007(S,R) (Figure 1) and evaluated its ability to inhibit
SARS-CoV-2.
NK007(S,R) was synthesized from S-tylophorine24 in 97%

yield (Scheme 1), and its in vitro activity against SARS-CoV-2
was tested by means of a previously reported method10 with
remdesivir as a control. Under our test conditions, the EC50 of

remdesivir is 0.8 μM (Figure 2A), whereas that of NK007(S,R)
is substantially lower at 0.03 μM (Figure 2B). Furthermore,

safety tests showed that NK007(S,R) is safe in the test state
(CC50: 26.24 μM); the safety index is 868 (Figure 3).

NK007(S,R) was further used to study the therapy outcome
in the COVID-19 rat model. A COVID-19 golden hamster rat
model was generated according to a recently published
paper.32 Briefly, golden hamster rats were randomly divided
into four groups. Rats were then infected intranasally with
SARS-CoV-2 (1 × 105 PFU). One hour after SARS-CoV-2
infection, rats in the NS (normal saline, 0.9% NaCl) group, the
remdesivir group, and the NK007(S,R) group received normal
saline, remdesivir, or NK007(S,R) intranasally. The Mock
group is mock-infected rats. After virus infection at day 0, rats
received NK007(S,R) or remdesivir or NS treatment 3 times as
shown in Figure 4A. All rats were euthanized at day 4, and
several parameters were measured, including body weight loss,
SARS-CoV-2 RNA copies in the lungs, and pathological
change in lung tissues.
NS-treated COVID-19 hamsters had a significant body

weight loss compared with Mock hamsters on day 4 post
infection (p value = 0.0093), while NK007(S,R) or remdesivir
treated hamsters were with no significant body weight loss
when compared to the Mock hamsters (Figure 4B). We found
that the average number of viral RNA copies in the lungs of
NK007(S,R) (∼105.7) or remdesivir (∼105.4) treated rats have

Figure 1. Discovery of NK007(S,R).

Scheme 1. Synthesis of NK007(S,R)

Figure 2. Determination of the EC50 values of remdesivir and
NK007(S,R).

Figure 3. Determination of the CC50 value of NK007(S,R).

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://doi.org/10.1021/acsmedchemlett.1c00481
ACS Med. Chem. Lett. 2021, 12, 1840−1846

1841

https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00481?fig=fig3&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.1c00481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


no significant difference with NS-treated infected rats (∼105.5)
(Figure 4C). And the histopathological changes in rat lung
tissues are a key index to assess the therapy effects of
NK007(S,R) or remdesivir in COVID-19 golden hamster rats.
The lungs of rats were assessed by grading the injuries in
accordance with the International Harmonization of Nomen-
clature and Diagnostic Criteria (INHAND) scoring standard.
As shown in Figure 4D,E, the average histopathological score
of virus-infected rats in NS group was approximately 3, along
with an infiltration of lymphocytes and neutrophils, and the

alveolar septum, bronchus, and perivascular interstitium were
significantly widened. For rats infected by SARS-CoV-2,
treatment of remdesivir at a dose of 25 mg/kg got
histopathological scores, approximately 2.7 where the alveolar
septum, bronchus, and perivascular interstitium were obviously
widened, along with an infiltration of some of lymphocytes and
neutrophils. Treatment of NK007(S,R) at a dose of 5 mg/kg
got pathological scores, approximately 2.0. NK007(S,R)
treatment significantly decreased lung inflammation in SARS-
CoV-2 infected rats. The local alveolar septum, bronchi, and

Figure 4. NK007(S,R) and remdesivir (RDV) inhibit virus replication in lungs of COVID-19 hamster rats. (A) Schematic diagram of NK007(S,R)
or remdesivir treated COVID-19 hamster rats. (B) Weight loss of infected rats treated with NK007 or remdesivir. (C) Viral RNA copies in rat lungs
at day 4 (unpaired t test). (D) Histological scores of lung inflammation of NK007(S,R) or remdesivir treated SARS-CoV-2 infected rats (unpaired t
test). (E) Representative hematoxylin-eosin (HE) staining of lungs from rats harvested at day 4. Bar: 100 μm.
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perivascular interstitial widening were significantly decreased in
the remdesivir treatment group compared with NS-treated
COVID-19 hamsters. And the NK007(S,R) treated group
showed the lowest lung inflammation. According to histo-
pathological results, NK007(S,R) shows protection from lung
injury induced by SARS-CoV-2 inflammation, and the therapy
outcome of NK007(S,R) at a dose of 5 mg/kg is better than
that of remdesivir at a dose of 25 mg/kg.
The good pharmacological activity of NK007(S,R) lays a

foundation for its application in the treatment of COVID-19.
We further developed two nanosized preparations of NK007-
(S,R) and evaluated their anti-SARS-CoV-2 activities in vitro.
The self-assembled PEG−PLGA nanoparticle loaded with

NK007(S,R) (NP-NK007) was prepared using a double-

emulsion (W1/O/W2) solvent evaporation method (Figure
5A).33 The mean particle size of NP-NK007 was 145.8 ± 7.4
nm with a PDI of 0.067 ± 0.032 (Figure 5B) and a slightly
positive zeta potential of 1.83 ± 0.77 mV (Figure S4). The
encapsulation efficiency and drug loading of nanoparticles was
87.47% ± 1.70 and 13.10% ± 0.61 (n = 3), respectively. The
release profile of NK007(S,R) out of NP-NK007 was
performed (Figure 5C). NP-NK007 released NK-007(S,R)
gradually. Within a 48 h period, only 66.51% ± 2.00% of NK-
007(S,R) was released from NP-NK007. All the results
illustrated that NK007(S,R) was efficiently entrapped in the
nanoparticles and might achieve a sustained release in vivo. The
biodistribution of nanoparticles was studied in healthy C57BL/
6 mice. As shown in Figure 5D, NP-DiD, the self-assembled

Figure 5. Preparation and characterization of NP-NK007. (A) The schematic diagram of NP-NK007 preparation processes. (B) Physical-chemical
properties of NP-NK007. (C) The release profile of NK007(S,R) out of NP-NK007 in 0.5% Tween 80 PBS phosphate buffer (pH7.4). (D) The
representative fluorescent image and quantitative analysis of different vital organs at 2 h after intravenous injection of NP-DiD. *p < 0.05, compared
to the free DiD group.

Figure 6. Structure and characterization of LP-NK007. (A) The schematic view of the LP-NK007. NK007(S,R) is encapsulated into liposomes. (B)
Accumulation of LP-DiD in lungs. Representative ex vivo fluorescent images and quantitative analysis of organs at 2 h after intravenous injection of
LP-DiD. (C) Characteristics of LP-NK007.
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PEG−PLGA nanoparticle loaded with a lipophilic fluorescent
dye DiD prepared in the same method of NP-NK007,
displayed enhanced distribution in the lung compared to the
free DiD. It indicated that NP-NK007 might have the potential
to achieve higher antivirus activity in vivo than NK-007(S,R)
because of the improved accumulation of NK-007(S,R)
delivered by the nanoparticles in the lung.
The liposome loaded with NK007(S,R) (LP-NK007) was

prepared by reverse-phase evaporation method. As presented
in Figure 6A, we designed another platform for lung targeted
delivery of NK007(S,R) encapsulating into a lipid bilayer
envelope. First, the in vivo distribution test was used to screen
the lipid with the best lung targeting ability. Similarly, DiD was
employed as the fluorescence probe to characterize the in vivo
distribution profiles of different liposomes. As seen in Figure
6B, the relative fluorescence intensity of LP12 (DOTAP-based
LP-DiD) was the strongest in the lung and was similar to free
DiD in the spleen and liver. This implied that NK007(S,R)
could be enriched in the lung at most when delivered by LP12
and had the least impact on other organs. Therefore, LP-
NK007 containing DOTAP was selected for the subsequent
experiments. The characteristics of the optimal LP-NK007
were shown in Figure 6C including EE%, DL%, particle size,
and PDI. LP-NK007 had average diameters around 75 nm with
narrow PDI. The encapsulation efficiency and drug loading of
LP-NK007 was 62.4% and 36.7%, respectively.
Under our test conditions, the in vitro EC50 values of NP-

NK007 and LP-NK007 were 0.007 and 0.014 μM respectively,
and the CC50 values of NP-NK007 and LP-NK007 were 20
and 1 μM respectively, which indicated that these two
nanosized preparations could be used as drug sustained-release
agents.
Starting from a traditional Chinese medicine, we obtained an

anticoronavirus drug candidate with a novel skeleton. The
compound, a tylophorine malate designated NK007(S,R),
showed substantially higher activity (EC50: 0.03 μM) against
SARS-CoV-2 than remdesivir (EC50: 0.8 μM). NK007(S,R)
showed protection in lung injury induced by SARS-CoV-2
inflammation, and the therapy outcome of NK007(S,R) at a
dose of 5 mg/kg was better than that of remdesivir at a dose of
25 mg/kg. We further developed two nanosized preparations
of NK007(S,R) and evaluated their anti-SARS-CoV-2
activities, which indicated that these two nanosized prepara-
tions could be used as drug sustained-release agents. The
findings reported herein are encouraging, and we hope they
will contribute to the ongoing fight against the COVID-19
pandemic.
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