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Naturally occurring compounds represent a vast pool of
pharmacologically active entities. One of such compounds is
andrographolide, which is endowed with many beneficial
properties, including the activity against severe acute respira-
tory syndrome coronavirus type 2 (SARS-CoV-2). To initiate a
drug repurposing or hit optimization campaign, it is imperative
to unravel the primary mechanism(s) of the antiviral action of
andrographolide. Here, we showed by means of a reporter
gene assay that andrographolide exerts its anti-SARS-CoV-2

effects by inhibiting the interaction between Kelch-like ECH-
associated protein 1 (KEAP1) and nuclear factor erythroid 2-
related factor 2 (NRF2) causing NRF2 upregulation. Moreover,
we demonstrated that subtle structural modifications of
andrographolide could lead to derivatives with stronger on-
target activities and improved physicochemical properties. Our
results indicate that further optimization of this structural class
is warranted to develop novel COVID-19 therapies.

Introduction

Andrographolide, a diterpenoid lactone with labdane skeleton
(Scheme 1), is a well-studied phytochemical drug that shows a
variety of pharmacological effects.[1] In Ayurvedic medicine,
herbal extracts from Andrographis paniculata (AP) containing
andrographolide are used as a treatment for the common cold
due to their anti-inflammatory and anti-infective properties.[2]

Because of these particular features, andrographolide has also
been studied for its antiviral activity against human immunode-
ficiency virus, influenza A virus, hepatitis B virus, and other
viridae.[3] Recent studies revealed that andrographolide exerts
most of its cellular effects by modulating the Kelch-like ECH-
associated protein 1 – nuclear factor erythroid 2-related factor 2
– antioxidant response element (KEAP1-NRF2-ARE) axis.[4–6] The
E3 ligase KEAP1 regulates oxidative stress and detoxification
reactions by controlling the levels of the NRF2. The transcription

factor NRF2 itself is one of the main orchestrators of the cellular
xenobiotic and oxidative stress response. KEAP1 belongs to the
Cullin-RING ligase family and contains an N-terminal bric-a-
brac/tram-track/broad (BTB) domain for CUL3 binding and a C-
terminal Kelch domain for substrate recruitment. The BTB
domain is typically homodimeric and therefore associated with
two copies of CUL3 (Figure 1).[7,8] Activators of the KEAP1-NRF2-
ARE axis covalently interact with specific cysteine residues of
KEAP1 and thus mimic naturally occurring electrophiles. A
modification of Cys151 is considered to alter the KEAP1-CUL3
interaction, leading to accumulated levels of NRF2.[9,10] A variety
of potent electrophilic NRF2 activators are depicted in
Scheme 1.

These comprise synthetic compounds such as the cyanoe-
none derivative bardoxolone-methyl (CDDO� Me) and naturally
occurring cysteine-reactive compounds such as andrographo-
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lide, disulfiram, carnosol, sulforaphane, and dimethyl
fumarate.[11–14]

In 2019, the outbreak of the severe acute respiratory
syndrome coronavirus type 2 (SARS-CoV-2) became a life-
threatening global health issue. Even though the development
of potent vaccines has massively reduced the health risks to
people, there is an unmet medical need for therapeutics,
especially for patients with associated comorbidities and
immunodeficiencies.[15,16] Furthermore, tool compounds are
needed to investigate the pathophysiology of COVID-19
infections. Early drug discovery and repurposing campaigns
targeting COVID-19 included the phytoconstituents of AP.[3,17]

Bioactive compounds isolated from AP, such as its main
ingredient andrographolide, showed potent anti-SARS-CoV-2
activities in plaque reduction assays.[18,19] However, the mecha-
nism of action in this context remains unclear. Andrographolide
was found to be a powerful NRF2 activator, but evidence for
the correlation of this activity with the observed antiviral effect
is still lacking. The present study contributes to developing new
antiviral drugs based on the andrographolide scaffold and
provides a novel molecular mechanism of action for the
treatment of SARS-CoV-2 infections, showing that the blockade

of the KEAP1-NRF2 pathway constitutes a new therapeutic
option for the fight against COVID-19.

Results and Discussion

Various andrographolide derivatives have previously been
synthesized and investigated for anti-cancer, anti-inflammatory,
anti-bacterial, or antiviral properties.[20–22] However, most com-
pounds probably do not bind to KEAP1 due to steric clashes or
inactivation of the critical Michael acceptor group. We gen-
erated a focused andrographolide library and paid particular
attention to modulating physicochemical properties such as
lipophilicity and solubility while maintaining the proposed
binding mode into the BTB domain of KEAP1. With tailored
structural modifications in the vicinity of activity-determining
groups, structure-activity relationships could be examined
providing valuable information.

Andrographolide (1) was obtained from Soxhlet extraction
of powdered Andrographis paniculata leaves with MeOH or by
dissolution of 1 from standardized extracts. Subsequently, an
isopropylidene protecting group was installed at the two
adjacent alcoholic groups of 1 to give building block 7
(Scheme 2).[23] 14ß-Andrographolide (9) with inverted stereo-
chemistry at C-14 was obtained via Mitsunobu reaction of 7 and
acetic acid, accompanied by a Walden inversion and the
subsequent acidic deprotection of 8. Regioselective reduction
of the Δ12,13 double bond of 7 with nickel chloride/sodium
borohydride,[24] followed by deprotection of the acetal group in
10, gave the reduced compound 11, which is presumably
unreactive towards Cys151 of KEAP1. The tert-butyldimethylsilyl
(TBDMS) protection of the remaining OH group at C-14 yielded
12 after transacetalization with MeOH. As carbon C-19 was
expected to be a suitable position for late-stage functionaliza-
tion, 12 was subjected to a mild two-step oxidation sequence
via the intermediate aldehyde 13. Final removal of the silyl
ether protecting group with acetyl chloride in dry MeOH gave
15 (Andro-CO2H) as a common building block for corresponding
carboxamides. Its structure was unambiguously confirmed
employing NMR spectroscopy and X-ray crystallography.[25]

Recent pharmaceutical studies were aimed at improving the
poor bioavailability and solubility of andrographolide via
appropriate delivery systems.[26,27] However, appropriate chem-
ical modifications of andrographolide could be an even better
option to overcome such issues. Therefore, three different
amide derivatives (16a–16c) were synthesized from linear
aliphatic or aromatic amines. The attachment of a short
lipophilic chain in 16a and 16b was thought to increase
membrane permeability, whereas the polyethylene glycol (PEG)
unit was expected to improve solubility of the resulting
derivative 16c.

Next, physicochemical properties of the test compounds
were determined to assess their drug-like characteristics.
Table 1 summarizes the experimentally determined lipophilicity
index logD7.4 and plasma protein binding data as well as the
calculated topological polar surface area. Modification at the
labdane scaffold by introduction of the amide residues in 16

Scheme 1. Chemical structures of the NRF2 activators andrographolide (1),
14-deoxy-14,15-didehydroandrographolide (2), 14-deoxy-11,12-didehydro-
andrographolide (3), bardoxolone-methyl (CDDO� Me, 4), sulforaphane (5),
and dimethyl fumarate (6). Partial carbon numbering is assigned for
andrographolide.

Figure 1. Schematic representation of the KEAP1/NRF2 complex. Under
normal conditions, NRF2 undergoes ubiquitination by the CUL3 E3 ligase
complex. Polyubiquitination marks the protein for degradation via the
proteasome. In case of oxidative stress or chemical modification of specific
cysteine residues in the BTB domain of KEAP1, NRF2 ubiquitination is
prevented. NRF2 accumulation leads to induced binding to antioxidant
response elements (ARE) and subsequent gene transcription.

ChemMedChem
ResearchArticle
doi.org/10.1002/cmdc.202100732

ChemMedChem 2022, 17, e202100732 (2 of 11) © 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Montag, 21.02.2022

2205 / 234905 [S. 13/22] 1



influenced the molecular properties. Both compounds 16a and
16b displayed increased lipophilicity compared to 1. The
presence of the hydrophilic PEG chain in 16c decreased the
logD value. The polar surface area of andrographolide deriva-
tives spans from 67 to 133 Å2. Prior studies revealed androgra-
pholide to be primarily bound to plasma proteins, limiting the
amount of drug entering the cells.[28] Interestingly, the 2-

phenylethyl amide derivative 16b was significantly less bound
to human serum albumin than andrographolide, demonstrating
that this property can be modulated through such a structural
modification.

To illustrate the potential of 1 and semi-synthetic deriva-
tives to bind to the BTB domain of KEAP1, covalent docking
simulations were performed. Particular attention was paid to
possible interactions with Cys151, which displays the highest
reactivity towards electrophiles. Cys151-targeting compounds
such as CDDO� Me and andrographolide may lead to less
pronounced NRF2 ubiquitination through a conformational
change in the KEAP1-CUL3 complex.[6,9,12,29] Binding site align-
ments of the BTB domain of KEAP1 co-crystallized with
bardoxolone (PDB: 4CXT)[30] and of the apo form of KEAP1 (PDB:
4CXI) show the shallow binding site with some flexible residues
(e.g., Arg135, Figure S1) and only limited options for interac-
tions. The covalent docking approach was validated by re-
docking of bardoxolone (CDDO) and CDDO� Me to the BTB
domain and comparing the docked and original (PDB: 4CXI)
ligand poses (Figure S2). Subsequently, docking with androgra-
pholide (1) and 14-deoxy-14,15-didehydroandrographolide (2)
was processed, leading to a pose in which the furan ring is
incorporated into a hydrogen-bond network between Gly148
and the carbonyl group (Figure 2A and 2B). A constraint for a
hydrogen bond with Gly148 was applied when docking other
compounds. Interestingly, the C-14 hydroxyl group of 1 was not
observed to be involved in interactions with the BTB domain of
KEAP1 (Figure S3).

However, mechanistic considerations highlighted the essen-
tiality of this group in a Michael-addition/water elimination
reaction cascade, forming a covalent adduct of 1 with the target
protein.[1] Inversion of the stereocenter in 9 led to a docking
pose similar to that of 14-deoxy-14,15-didehydroandrographo-
lide (Figure 2C). Modifications at C-19 did not significantly
influence the docking pose of 16a and 16b (Figure 2D),
demonstrating that this exit vector might be suitable for the
design of BTB-targeting probes and inhibitors. To estimate the
relative binding affinity of the andrographolide derivatives, MM-
GBSA scoring was performed after covalent docking (Table 1).[31]

Of all AP phytoconstituents and semi-synthetic andrographolide
derivatives tested, the free-energy gain by 16b scored best but
did not reach the high value of CDDO.

For the quantitative assessment of the NRF2-ARE pathway
activation, we utilized the AREc32 cell line, derived from the
MCF7 cell line, in which ARE is linked to a luciferase reporter
gene.[32] The induction of NRF2 and subsequent stimulation of
ARE is proportional to the amount of luciferase produced by
the cells. The assay was performed as described previously,[33]

but with modifications for high-throughput screening,[34] and
cytotoxicity was assessed via cell confluency by an imaging
method.[35] The capability of a compound to cause NRF2
activation is expressed as the induction ratio (IR), defined as the
ratio of the sample signal divided by the average luminescence
of the unexposed cells. For all test compounds, IR and
percentage of cell viability were determined at concentrations
ranging from 1×10� 15 M to 1×10� 2 M and measured IRs were
plotted against the concentrations (Figure S4). The ECIR1.5

Scheme 2. Synthesis of andrographolide derivatives. Reagents and condi-
tions: (a) 2,2-Dimethoxypropane, p-TsOH, toluene, DMSO, rt, 6 h; (b) PPh3,
DIAD, AcOH, THF, rt, 18 h; (c) p-TsOH, MeOH, H2O, 40 °C, 4 h; (d) NiCl2, NaBH4,
MeOH, 0 °C, 10 min; (e) (i) TBDMSCl, imidazole, DMF, rt, 18 h; (ii) AcOH, H2O,
rt, 2 h; (f) TEMPO, TBAI, NCS, CH2Cl2, K2CO3/NaHCO3 buffer pH 8.6, rt, 18 h; (g)
2-methyl-2-butene, NaClO2, NaH2PO4, tBuOH, THF, H2O, rt, 18 h; (h) AcCl,
MeOH, rt, 1 h; (j) R-NH2, HATU, DIPEA, DMF, rt, 18 h.
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(effective concentration causing an IR of 1.5, i. e., 50% over the
control IR of 1, see equation 2 in the Supporting Information)
was derived by a linear concentration-response model (Ta-
ble S1). Tert-butylhydroquinone, an established inducer of
oxidative stress, was used as a positive control and its ECIR1.5 of
3.4�0.2 μM was consistent with previous studies.[33] The
inhibitory concentration inducing 10% reduction of cell con-
fluency (IC10, see equation 1 in the Supporting Information) was
used as measure of cytotoxicity.[35] By comparison of the
experimental IC10 with the IC10,baseline predicted with a baseline

toxicity QSAR (see equation 3 in the Supporting Information),[36]

it was shown that none of the compounds (except for 16c) was
toxic, because their values approached baseline toxicity (toxicity
ratio, TR <10, see equation 5 in the Supporting Information).
Finally, the specificity ratios (SR, see equation 4 in the
Supporting Information) were calculated, which describe the
selectivity of the oxidative stress response relative to the
compound’s cytotoxicity. Low TR and high SR values are most
beneficial for a compound. While andrographolide (1) had a
moderate SR value of 19.4 (Table 1), the semi-synthetic 14ß-

Table 1. Physicochemical properties and biological data of andrographolide and derivatives.

Compd logD7.4
[a] TPSA[b]

[Å2]
%PPB[c] MM-GBSA

ΔG Bind[d]

[kcal/mol]

ARE specificity
ratio, SR[e]

Vero-E6 plaque
reduction assay
NT50

[f] [μM]

1 1.4 87 88 � 26.2 19.4 1.4
2 2.4 67 93 � 29.4 5.7 >10
3 2.4 67 93 � 31.8 n.d.[g] >10
4 n.d. n.d. n.d. � 45.8 n.d. n.d.
9 1.4 87 88 � 29.4 211 2.1
11 n.d. 87 n.d. n.a.[h] n.d. >10
16a 1.9 96 83 � 27.3 35.6 3.7
16b 2.5 96 38 � 36.4 10.8 8.1
16c 1.3 133 92 n.a. 13.3 >10

[a] Experimental distribution coefficient at pH 7.4. [b] Topological polar surface area. [c] Plasma protein binding values were estimated by an HPLC-based
method. [d] An estimate for the binding affinity derived from computational docking. The estimate does not include contributions from the covalent
interaction. A more negative value indicates stronger binding. [e] SR�1, not specific; 1�SR�10, moderately specific; 10�SR�100, specific; 100�SR,
highly specific. See also equation 4 in the Supporting Information. [f] Analyte titers at which 50% neutralization (NT50) was recorded. [g] Not determined. [h]
Not available. The binding affinity cannot be reliably estimated: 11 is a non-electrophilic compound; 16c has a long and flexible solvent-exposed linker.

Figure 2. Covalent docking into the BTB domain of KEAP1 (PDB: 4CXT). Cys151 is represented with yellow surface, Gly148 with blue surface and a dashed
yellow line represents a hydrogen bond. (A) Andrographolide (1, cyan). (B) 14-Deoxy-14,15-didehydroandrographolide (2, magenta). (C) The orientation of the
furan ring of enantiomer 9 (yellow) deviates from 1 (cyan) but is close to 2 (magenta). (D) Overlay of docking poses of 1 (cyan), 16a (blue) and 16b (green).

ChemMedChem
ResearchArticle
doi.org/10.1002/cmdc.202100732

ChemMedChem 2022, 17, e202100732 (4 of 11) © 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Montag, 21.02.2022

2205 / 234905 [S. 15/22] 1



andrographolide (9) had the highest SR measured, in compar-
ison with 332 bioactive chemicals of a total of 7214 tested
compounds from the 10 K library of Tox21 that have been
screened in the ARE-BLA assay (Figure 3).[37] Amide-functional-
ized compounds 16a–16c were able to intrinsically induce ARE
activation (SR ~11 to 36), but, as expected, 2 and 11 lacked this
specific mode of action.

To exclude that andrographolide induced upregulation of
NRF2 via modulation of GPCR-mediated signaling,[38] we studied
its interaction with human adenosine A2A receptors. Of note,
several terpene-derived natural products have previously been
described to modulate adenosine receptor binding.[39,40] An-
drographolide was tested at different concentrations ranging
from 10 nM to 100 μM in radioligand binding assays at human
adenosine A2A receptors recombinantly expressed in Chinese
hamster ovary (CHO� S) cells. Cell membrane preparations and
the A2A-selective agonist radioligand [3H]CGS-21680 were
employed. Only at the highest concentration of 100 μM,
andrographolide showed moderate affinity for the receptor.
The Ki value was estimated to be well above 100 μM (33%
inhibition at 100 μM, 7% inhibition at 10 μM, n=3).

Andrographolide is known for its polypharmacological
effects.[1] In the context of compound promiscuity analysis, the
Δ12,13 double bond of 1 might potentially trigger unspecific
binding events. To refute a possible multi-target Michael
acceptor mechanism for 1, we performed several in vitro
cysteine reactivity assays with andrographolide (1) and 14-
deoxy-14,15-didehydroandrographolide (2). Firstly, the spectro-
photometric Ellman’s assay was employed that uses 2-nitro-5-
thiobenzoate dianion (TNB2� ) as a cysteine thiol surrogate
(Figure S5).[41] However, under these conditions, i. e. 100 μM
compound, 50 μM TNB2� , 37 °C, 12 h, compounds 1 and 2 did
not react with TNB2� .

Secondly, potential adduct formation with N-acetyl-cysteine
(NAC) or glutathione was investigated. Monitoring the reactions
by HPLC/MS analyses did not reveal the formation of such
adducts (Table S2). Additionally, an NMR method was utilized to
identify possible thiol additions.[42] Whereas 1, evidently, did not
react with NAC even at elevated temperatures (Figure S6),
CDDO� Me underwent temperature-dependent addition of NAC,

Figure 3. Comparison of the specificity of ARE activation, expressed as the
specificity ratio (SR= IC10/ECIR1.5), by andrographolide derivatives and chem-
icals from the Tox21 dataset, evaluated with a similar assay (ARE-BLA).[37]

Figure 4. Assessment of SARS-CoV-2 inhibition and cytotoxicity of androgra-
pholide derivatives. Andrographolide (A), 14ß-andrographolide (B), and 16a
(C). All compounds were titrated in triplicates between 0.5 and 10 μM. A
representative well is shown for each condition. As vehicle control, DMSO
(D) was used. The depicted graphs show the infectivity of the same PFU of
virus relative to the untreated control wells according to the decrease in
plaques. At 10 μM, 1 and 9 inhibited cell proliferation, as visible in less
intense crystal violet staining of these wells. Both compounds did not show
toxicity on the attached Vero-E6 cells at any concentration and no detached
cells were observed. Infectivity data represent mean �SD of biological
triplicates. Cell viability was assessed in duplicates.
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as reported previously.[43] The results from our cysteine-
reactivity assays demonstrated that andrographolide is not
reactive under conditions typically used to discover
(hyper)reactive electrophilic species. Hence, we postulate that
andrographolide‘s high specificity for the KEAP1-NRF2 axis
might be due to a covalent trapping reaction that occurs only
after tight binding into the pocket of the BTB domain and is
therefore highly specific. It has been reported that Cys151
attacks the Δ12,13 double bond of 1, and the intermediate
adduct becomes irreversibly bound after elimination of water.[22]

Finally, the anti-SARS-CoV-2 activities of andrographolide
and semi-synthetic derivatives were evaluated in a plaque
reduction assay. Vero-E6 cells were inoculated with SARS-CoV-2
(B.3 strain), and the formation of plaques in the cell lawn under
methylcellulose overlay was monitored in the presence and
absence of test compounds. Andrographolide (1), 14ß-androg-
rapholide (9), and 16a showed dose-dependent inhibition of
SARS-CoV-2 replication with NT50 values in the low micromolar
range (Figure 4), which is in agreement with previous results on
1.[18,19]

Importantly, none of the compounds showed cytotoxicity at
the concentrations tested (CC50 >10 μM). These three KEAP1
binders were also among the best activators of the KEAP1-NRF2
axis (Table 1). In contrast, inhibitors lacking NRF2 activation
properties did not possess anti-SARS-CoV-2 activities (i. e., 2, 3,
and 11). In previous studies, experimental evidence was
provided that andrographolide and related derivatives inhibit
the main protease (Mpro) of SARS-CoV and SARS-CoV-2
in vitro.[44,45] Accordingly, we investigated whether our newly
synthesized analogs mediate their anti-SARS-CoV-2 activity
through inhibiting Mpro. Compounds were subjected to our
in vitro assay and the cleavage of a fluorogenic SARS-CoV-2 Mpro

substrate was monitored.[46] Surprisingly, neither the primary
herbal constituents of AP nor semi-synthetic derivatives
inhibited this protease at a high concentration of 20 μM
(Figure S7).

Conclusion

In conclusion, in the present study, a focused library of
andrographolide derivatives was generated and systematically
investigated for their capability to activate the KEAP1-NRF2
pathway and to inhibit replication of SARS-CoV-2 in virus-
infected cells. We confirmed previous reports on the anti-SARS-
CoV-2 activities of AP phytoconstituents,[18,19] and provided the
first evidence that this activity may be correlated to NRF2
activation. NRF2 directly or indirectly (via ARE) interacts with
several essential proteins for host cell entry, replication, or
defense of SARS-CoV-2. These comprise the receptor protein
angiotensin-converting enzyme 2, heme oxygenase 1, and
interferon regulatory factor 3.[47] NRF2 downregulates interferon
production and may attenuate inflammatory cell damage. As
NRF2 gene expression was suppressed in COVID-19 patients,
NRF2 activation with small-molecule inhibitors is an attractive
antiviral approach while limiting overflowing inflammatory host
responses.[48] Furthermore, the production of biological antiox-

idants via ARE could help to balance symptoms induced by the
cytokine storm after viral entry.[49] With respect to clinical
applications, encouraging results on the use of AP extracts to
treat SARS-CoV-2 infections were recently published.[50,51] Our
medicinal chemistry efforts revealed functional sites of the
andrographolide scaffold that can be fine-tuned to increase
NRF2 activation or to modulate physicochemical properties.
Notably, andrographolide derivatives displayed negligible cyto-
toxicity in AREc32 and Vero-E6 cells. Our work paves the way
for the discovery of novel COVID-19 therapies. Compound 14ß-
andrographolide (9) was identified to be an exceptionally
potent inhibitor of the KEAP1/NRF2 interaction, and this ligand
might also be of general interest in developing chemical probes
covalently interacting with KEAP1. As E3 ligase binders,
andrographolide and its derivatives might also be utilized for
targeted protein degradation, an emerging area in drug
development.[52] Protein degraders are on the rise in developing
novel therapies for the treatment of microbial and viral
diseases,[53,54] and we assume that KEAP1 degradation could
represent a promising strategy to combat SARS-CoV-2 infec-
tions.

Experimental Section

Chemical synthesis

General remarks

Column chromatography was performed using Merck silica gel 60
or an automated flash chromatography system puriFlash XS
520Plus. Melting points were determined on a Büchi 510 oil bath
apparatus and were uncorrected. 1H NMR and 13C NMR spectra
were recorded on a Bruker Avance 500 MHz NMR spectrometer or
on a Bruker Avance III 600 MHz NMR spectrometer, respectively.
NMR spectra were processed and analysed in MestReNova.
Chemical shifts are given in parts per million (ppm), coupling
constants J are given in Hertz, and spin multiplicities are given as s
(singlet), d (doublet), t (triplet), q (quartet) or m (multiplet). All
multiplets related with J(C,F) couplings in 13C NMR spectra are
centred. In the case of overlapping extraneous solvent peaks,
multiplet analyses in 1H NMR spectra were performed using qGSD
(quantitative Global Spectral Deconvolution). HRMS was recorded
on a micrOTOF� Q mass spectrometer (Bruker) with ESI-source
coupled with an HPLC Dionex UltiMate 3000 (Thermo Scientific).
The purity and identity of the compounds were determined by
HPLC-UV obtained on an LC–MS instrument (Applied Biosystems
API 2000 LC/MS/MS, HPLC Agilent 1100). The purity of all the final
compounds was confirmed to be �95%. Reference substances
were obtained from Selleckchem, MedChemExpress, or Sigma
Aldrich.

Andrographolide (1)

This compound was isolated from plant material as described in the
Supporting Information. Yield: 9% (m/m); m.p. 230–232 °C; lit. m.p.
230–231 °C; Rf =0.44 (10% MeOH/CH2Cl2); MS (ESI) m/z [M+H]+

calcd for C20H30O5, 351.22; found, 351.0; HPLC purity 99.7%.
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14-Deoxy-14,15-didehydroandrographolide (2)

This compound was isolated from plant material as described in the
Supporting Information. Yield: 1.6% (m/m); m.p. 196–200 °C; lit.
m.p. 205–208 °C; Rf =0.53 (10% MeOH/CH2Cl2); MS (ESI) m/z [M+

H]+ calcd for C20H28O4, 333.2 found, 333.0; HPLC purity 99.9%.

(3E,4S)-3-[2-[(4aR,6aS,7R,10bR)-3,3,6a,10b-Tetrameth-
yl-8-meth-
ylene-1,4a,5,6,7,9,10,10a-octahydronaphtho[2,1-d][1,3]dioxi-
xin-7-yl]ethylidene]-4-hydroxy-tetrahydrofuran-2-one (7)

Andrographolide (1) (9.58 g, 27.33 mmol) was dissolved in toluene
(190.5 mL) and DMSO (27 mL), p-TsOH (22 mg, cat.) and 2,2-
dimethoxypropane (13.4 mL, 109 mmol) were added. The mixture
was stirred at rt for 6 h. Subsequently, Et3N (6 mL) was added and it
was diluted with toluene (125 mL). It was extracted with H2O (3×
200 mL), and the combined organic layers were washed with brine
(100 mL), dried over Na2SO4, filtered, and evaporated. The residue
was suspended in Et2O (2×25 mL) and filtered. The filter cake was
dried to obtain the desired product as a light yellow solid. Yield
(6.83 g, 64%); m.p. 192–194 °C; lit. m.p. 191–192 °C; Rf =0.56 (7%
MeOH/CH2Cl2); MS (ESI) m/z [M+H]+ calcd for C23H34O5, 391.24;
found, 391.2.

[(3R,4E)-4-[2-[(4aR,6aS,7R,10bR)-3,3,6a,10b-Tetrameth-
yl-8-meth-
ylene-1,4a,5,6,7,9,10,10a-octahydronaphtho[2,1-d][1,3]dioxi-
xin-7-yl]ethylidene]-5-oxo-tetrahydrofuran-3-yl] acetate (8)

Compound 7 (1.56 g, 4.0 mmol) was dissolved in dry THF (40 mL),
and triphenylphosphine (1.57 g, 6.0 mmol), anhydrous acetic acid
(0.36 g, 0.34 mL, 6.0 mmol), and diisopropyl azodicarboxylate
(1.21 g, 1.18 mL, 6.0 mmol) were added at 0 °C. The combined
mixture was allowed to warm to rt and it was stirred for 18 h. The
solution was diluted with EtOAc (50 mL), and it was washed with
brine (5×25 mL), dried over Na2SO4, filtered, and evaporated. The
product was purified by flash chromatography (gradient from 0 to
4% MeOH in CH2Cl2) with detection at 235 nm to give a colorless
solid. Yield (0.37 g, 21%); m.p. 136–138 °C; lit. m.p. 140–142 °C; Rf =

0.29 (3% MeOH in CH2Cl2); MS (ESI) m/z [M+H2O–H]– calcd for
C25H36O6, 449.25; found, 449.3

14β-Andrographolide (9)

Compound 8 (0.30 g, 0.70 mmol) was dissolved in a 4 :1 mixture of
MeOH and H2O (7 mL), and p-toluenesulfonic acid monohydrate
(14 mg, 0.07 mmol) was added. The mixture was stirred at 40 °C for
4 h. It was diluted with EtOAc (50 mL) and washed with saturated
NaHCO3 solution (50 mL). The aqueous layer was again extracted
with EtOAc (50 mL), and the combined organic layers were washed
with brine (50 mL), dried over Na2SO4, filtered, and evaporated. The
product was purified by flash chromatography (gradient from 0 to
10% MeOH in CH2Cl2) with detection at 235 nm to give a colorless
solid. Yield (0.21 g, 85%); m.p. 196–198 °C; lit. m.p. 200–202 °C; Rf =

0.50 (10% MeOH in CH2Cl2); MS (ESI) m/z [M+NH4]
+ calcd for

C20H30O5, 368.24; found, 368.3; HPLC purity 99.9%.

(4S)-3-[2-[(4aR,6aS,7R,10bR)-3,3,6a,10b-Tetramethyl-8-meth-
ylene-1,4a,5,6,7,9,10,10a-octahydronaphtho[2,1-d][1,3]dioxi-
xin-7-yl]ethyl]-4-hydroxy-tetrahydrofuran-2-one (10)

Compound 7 (0.78 g, 2.0 mmol) was dissolved in a 1 :1 mixture of
MeOH and 1,2-dimethoxyethane (30 mL) and cooled to 0 °C.

Nickel(II) chloride hexahydrate (95 mg, 0.40 mmol) was added,
followed by the portionwise addition of sodium borohydride
(0.38 g, 10 mmol). A black precipitate appeared. After 10 min, H2O
(10 mL) was added, and the mixture was transferred into a conical
centrifuge tube. It was centrifuged at 10000 × g for 5 min at rt. The
supernatant was filtered, further diluted with H2O (50 mL), and
extracted with EtOAc (3×50 mL). The combined organic layers
were washed with brine (50 mL), dried over Na2SO4, filtered, and
evaporated. The product was purified by flash chromatography
(gradient from 50 to 100% MTBE in n-hexanes) with detection at
210 nm. The product fractions were collected and evaporated, and
the crude product was recrystallized from n-hexanes/EtOAc to give
a colorless solid. Yield (0.26 g, 33%); m.p. 196–198 °C; Rf =0.64
(MTBE); HRMS (ESI) m/z [M+H]+ calcd for C23H36O5, 393.2636;
found, 393.2618.

(4S)-3-[2-[(1R,5R,6R,8aS)-6-Hydroxy-5-(hydroxymeth-
yl)-5,8a-dimethyl-2-meth-
ylene-decalin-1-yl]ethyl]-4-hydroxy-tetrahydrofuran-2-one (11)

Compound 10 (100 mg, 255 μmol) was dissolved in a 4 :1 mixture
of MeOH and H2O (10 mL), and p-toluenesulfonic acid monohydrate
(5 mg, 25 μmol) was added. The mixture was stirred at 40 °C for 4 h.
It was diluted with EtOAc (50 mL) and washed with saturated
NaHCO3 solution (50 mL). The aqueous layer was again extracted
with EtOAc (50 mL), and the combined organic layers were washed
with brine (50 mL), dried over Na2SO4, filtered, and evaporated. The
product was purified by flash chromatography (gradient from 0 to
7% MeOH in CH2Cl2) and all fractions were collected. Product
fractions were identified via TLC staining with phosphomolybdic
acid, pooled, and evaporated to give a colorless solid. Yield (75 mg,
83%); m.p. 216–218 °C; lit. m.p. 219–220 °C; Rf =0.26 (7% MeOH in
CH2Cl2); MS (ESI) m/z [2 M+H]+ calcd for C20H32O5, 705.46; found,
705.6; HPLC purity 96.0%.

(3E,4S)-3-[2-[(1R,5R,6R,8aS)-6-Hydroxy-5-(hydroxymeth-
yl)-5,8a-dimethyl-2-meth-
ylene-decalin-1-yl]ethylidene]-4-[tert-butyl(dimeth-
yl)silyl]oxy-tetrahydrofuran-2-one (12)

Compound 7 (2.07 g, 5.3 mmol) and imidazole (0.69 g, 10.07 mmol)
were dissolved in dry DMF (20 mL), and TBDSCl (1.44 g, 9.54 mmol)
was added at 0 °C. The mixture was stirred at rt for 18 h. After
evaporation of the solvent, it was diluted with EtOAc (100 mL) and
washed with H2O (100 mL). The aqueous layer was again extracted
with EtOAc (100 mL). The combined organic layers were evaporated
and suspended in H2O (3.5 mL). AcOH (8.1 mL) was added and it
was stirred at rt for 2 h. Subsequently, it was diluted with CH2Cl2
(50 mL) and slowly saturated NaHCO3 solution (50 mL) was added.
The two phases were separated and the organic layer was washed
with brine (50 mL), dried over Na2SO4, filtered, and evaporated. The
product was purified by flash chromatography (gradient from 10 to
95% EtOAc in cyclohexane) to give a colorless solid. Yield (1.23 g,
50%); m.p. 106–110 °C; lit. m.p. 98–99 °C; Rf =0.32 (50% EtOAc/
petroleum ether); MS (ESI) m/z [M+H]+ calcd for C26H44O5Si, 465.29;
found, 465.5.

(1S,2R,4aS,5R)-5-[(2E)-2-[(4S)-4-[tert-Butyl(dimeth-
yl)silyl]oxy-2-oxo-tetrahydrofuran-3-ylidene]ethyl]-2-hydrox-
roxy-1,4a-dimethyl-6-methylene-decalin-1-carbaldehyde (13)

This compound was prepared analogous to a previously reported
method on the selective oxidation of primary alcohols to
aldehydes.[55] Compound 12 (4.12 g, 8.68 mmol) was dissolved in
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CH2Cl2 (100 mL) and K2CO3/NaHCO3 Buffer (100 mL, pH 8.6). TBAI
(0.32 g, 0.87 mmol) and TEMPO (0.14 g, 0.87 mmol) were added at
0 °C and N-chlorosuccinimide (2.32 g, 17.36 mmol) was added in
portions. The orange mixture was stirred at rt for 18 h. Sub-
sequently, the two phases were separated and the aqueous layer
was extracted with CH2Cl2 (100 mL). The combined organic phases
were washed with brine (100 mL), dried over Na2SO4, filtered, and
evaporated. The product was purified by column chromatography
(gradient of EtOAc/cyclohexane 2 :1 to 1 :1) to give a light yellow
solid. Yield (3.94 g, 98%); m.p. 100–102 °C; lit. m.p. 101–102 °C; Rf =

0.33 (50% EtOAc/petroleum ether); MS (ESI) m/z [M+H]+ calcd for
C26H42O5Si, 463.28; found, 463.3.

(1S,2R,4aS,5R)-5-[(2E)-2-[(4S)-4-[tert-Butyl(dimeth-
yl)silyl]oxy-2-oxo-tetrahydrofuran-3-ylidene]ethyl]-2-hydrox-
roxy-1,4a-dimethyl-6-methylene-decalin-1-carboxylic acid (14)

Compound 13 (3.93 g, 8.49 mmol) was dissolved in tBuOH (120 mL)
and THF (60 mL) at 0 °C. 2-Methyl-2-butene (18 mL, 170 mmol) and
a freshly produced solution of NaClO2 (4.61 g, 51 mmol) and
NaH2PO4 (7.95 g, 66 mmol) in H2O (40 mL) were added dropwise.
The yellow mixture was stirred at rt for 18 h. Afterwards it was
diluted with EtOAc (200 mL) and washed with brine (100 mL). The
aqueous layer was extracted with EtOAc (200 mL) and the
combined organic layers were dried over Na2SO4, filtered, and
evaporated. The residue was purified by flash chromatography
(gradient of 0% to 100% EtOAc/cyclohexane) to give a colorless
solid. Yield (3.25 g, 80%); m.p. 102–104 °C; lit. m.p. 104–106 °C; Rf =

0.24 (50% EtOAc/petroleum ether); MS (ESI) m/z [M+H]+ calcd for
C26H42O6Si, 479.28; found, 479.3.

(1S,2R,4aS,5R)-2-Hydroxy-5-[(2E)-2-[(4S)-4-hydroxy-2-oxo-tetra-
hydrofuran-3-ylidene]ethyl]-1,4a-dimethyl-6-meth-
ylene-decalin-1-carboxylic acid (15)

Several techniques for the deprotection of the TBDMS protecting
group were tested. However, only acetyl chloride in dry MeOH
achieved good conversions without dehydration of the 14-OH
group.[56] Compound 14 (1.63 g, 3.40 mmol) was dissolved in dry
MeOH (30 mL), AcCl (10 drops) were added and the mixture was
stirred at 0 °C for 30 min and at rt for 1 h. Subsequently, it was
diluted with CH2Cl2 (80 mL), washed with H2O (2×60 mL) and brine
(20 mL), dried over Na2SO4, filtered, and evaporated. The residue
was purified by flash chromatography (gradient of 0% to 10%
MeOH/CH2Cl2) to give the desired product as a colorless solid. Yield
(0.68 g, 55%); m.p. 178–182 °C; Rf =0.34 (10% MeOH/CH2Cl2); HRMS
(ESI) m/z [M+H]+ calcd for C20H28O6, 363.1813; found, 363.1815.

General Procedure I for the synthesis of andrographolide-amide
derivatives

Andro-COOH (15, 55 mg, 0.15 mmol), the corresponding amine
(0.30 mmol), and DIPEA (39 mg, 52 μL, 0.30 mmol) were dissolved
in dry DMF (4 mL). Subsequently, HATU (63 mg, 0.165 mmol) was
added and the mixture was stirred at rt for 18 h. It was diluted with
EtOAc (50 mL), washed with half-saturated NH4Cl solution, and
extracted again with EtOAc (50 mL). The combined organic layers
were washed with 5% LiCl solution and brine (each 50 mL), dried
over Na2SO4, filtered, and concentrated in vacuo.

(1S,2R,4aS,5R)-2-Hydroxy-5-[(2E)-2-[(4S)-4-hydroxy-2-oxo-tetra-
hydrofuran-3-ylidene]ethyl]-1,4a-dimethyl-6-meth-
ylene-N-propyl-decalin-1-carboxamide (16a)

This compound was prepared using the General Procedure I and n-
propylamine (44 mg, 62 μL, 0.75 mmol). The crude product was
purified by flash chromatography (gradient of 60% to 100% EtOAc/
cyclohexane) to give the title compound as a colorless solid. Yield:
58%; m.p. 144–146 °C; Rf =0.48 (EtOAc); HRMS (ESI) m/z [M+H]+

calcd for C23H35NO5, 406.2588; found, 406.2570; HPLC purity 99.8%.

(1S,2R,4aS,5R)-2-Hydroxy-5-[(2E)-2-[(4S)-4-hydroxy-2-oxo-tetra-
hydrofuran-3-ylidene]ethyl]-1,4a-dimethyl-6-meth-
ylene-N-(2-phenylethyl)decalin-1-carboxamide (16b)

This compound was prepared using the General Procedure I and
phenethylamine (36 mg, 38 μL). The crude product was purified by
flash chromatography (gradient of 13% to 100% EtOAc/
cyclohexane) to give the desired product as a colorless semi-solid.
Yield: 8%; Rf =0.47 (EtOAc); HRMS (ESI) m/z [M+H]+ calcd for
C28H37NO5, 468.2744; found, 468.2734; HPLC purity 98.6%.

(1S,2R,4aS,5R)-2-Hydroxy-5-[(2E)-2-[(4S)-4-hydroxy-2-oxo-tetra-
hydrofuran-3-ylidene]ethyl]-N-[2-[2-[2-(2-methoxy-ethoxy)eth-
oxy]ethoxy]ethyl]-1,4a-dimethyl-6-meth-
ylene-decalin-1-carboxamide (16c)

This compound was prepared using the General Procedure I and m-
dPEG®4-amine (62 mg). The crude product was purified by flash
chromatography (gradient of 13% to 100% EtOAc/cyclohexane) to
give the title compound as a colorless oil. Yield: 41%; Rf =0.39
(EtOAc); HRMS (ESI) m/z [M+H]+ calcd for C29H47NO9, 554.3324;
found, 554.3308; HPLC purity 99.5%.

Computational docking

For each compound, a 3D structure of one stereoisomer was
generated before docking using LigPrep (Schrödinger Suite 2020–2,
Schrödinger, LLC, New York, NY, 2020). The BTB domain of KEAP1 in
complex with CDDO (PDB: 4CXT29) was prepared using Protein
Preparation Wizard.[57] The covalently bound ligand CDDO was
extracted, hydrogen atoms were added, residues were protonated
at pH 7.0, the hydrogen bonding network was refined, missing side
chains (missing atoms for Lys131) were filled in using Prime,[58] and
restrained minimization was performed. The receptor‘s grid box
was centered on the co-crystallized ligand CDDO. Covalent docking
was performed with the program CovDock,[59] and using the pose
prediction mode with the default setup and Cys151 selected as the
reactive residue. The reaction type was set to Michael addition, and
an additional hydrogen bond constraint with Gly148 (NH) was
applied. MM-GBSA scoring was performed after docking, and the
five highest scoring poses were manually inspected to select one
that best aligned with the co-crystallized ligand CDDO. The co-
crystallized ligand was redocked in the active site to validate the
docking protocol. Structural visualizations were created in PyMOL
2.4.0.

AREc32 assay

The AREc32 assay was performed as reported,[34,60] and the cell
confluency served as surrogate for cell viability as previously
described.[35] Briefly, 2650 cells in 30 μL medium were plated in
each well of a white 384-well polystyrene microtiter plate with clear
bottom (cat# 3765, Corning, Maine, USA) and incubated for 24 h at
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37 °C, 5% CO2 to allow the cells to attach. All medium components
were purchased from Gibco. The medium for the for AREc32 cells
was composed of 90% DMEM+GlutaMAX plus 10% FBS and
100 U/mL penicillin and 100 μg/mL streptomycin. During the initial
24 h, the cell number did not increase visibly, but cells attached.[35]

Plated cell numbers were adjusted to 2650 cells per well that the
confluency was around 30 to 50% prior to dosing and no more
than 80% after 24 h of exposure.[35] Cells were treated with 10 μL/
well of the dosing medium containing the test compound and
incubated for 24 h.

The detection of activation in the luciferase reporter gene was
performed as previously described.[33,34,60] Briefly, after 24 h of
exposure and measurement of cell confluency, AREc32 cells were
washed twice with PBS. Subsequently 10 μL of lysis buffer per well
was added (25 mM Tris (AppliChem, A1379,0500), 1% Triton-X 100
(Geyer Chemsolute, 8059), 2 mM EDTA (AppliChem, A1104,0500),
2 mM DTT (Sigma-Aldrich, D0632), 10% glycerol (AppliChem,
A1123,1000)) followed by a 15–20 min incubation at room temper-
ature and shaking at 1500 rpm to allow complete lysis of cells.
Afterwards 40 μL of luciferase substrate buffer (20 mM Tricine
(Sigma-Aldrich, T0377), 2.67 mM MgSO4 (AppliChem, 131404.1210),
33.3 mM DTT (Sigma-Aldrich, D0632), 0.1 mM EDTA (AppliChem,
A1104,0500), 0.261 mM coenzyme A (Sigma-Aldrich, C3144),
0.53 mM ATP (Sigma-Aldrich, A2383), 0.235 mM D-luciferin (AREc32)
and 0.059 mM D-luciferin (AhR) (AAT Bioquest, ABD-12506) was
added and luminescence was read with a Tecan Infinite M1000
plate reader. The effect concentration causing an induction ratio
(IR) of 1.5 (ECIR1.5) was derived from the linear regression of the IR
against the concentration (IR=1+ slope×concentration for IR<
4).[61]

Cytotoxicity screenings

AREc32: Before dosing and after additional 24 h of exposure the cell
confluency was measured with an IncuCyte S3 live cell imaging
system (Essen BioScience, Ann Arbor, Michigan, USA). Cytotoxicity
was expressed as % inhibition of cell viability as compared to
unexposed cells (ratio of confluency of exposed to confluency of
unexposed cells). The inhibitory concentration for 10% cytotoxicity
(IC10) was determined from the linear range of the concentration-
cytotoxicity curves (% cytotoxicity= slope × concentration) as
described previously.[35] Tert-butyl-hydroquinone (tBQH) was used
as reference chemical.

Vero-E6: 1.25×105 Vero-E6 cells (ATCC, CRL-1586™) per well were
plated in tissue culture-treated 24-well plates and incubated over
night at 37 °C and 5% CO2. Cells were either infected with 80 PFU
in vitro propagated SARS-CoV-2 (variant B.3) in OptiPRO™ serum-
free media for 1 h or left uninfected. Then, virus or media were
aspirated and replaced with 1 mL/well of MEM +0.75% (w/v)
carboxymethylcellulose containing andrographolide, its derivatives,
or DMSO, and incubated for 72 h at 37 °C and 5% CO2. Afterwards,
the uninfected wells were inspected via light microscope for
detached cells, washed with DPBS, detached from the plate by a
3 min 0.25% (v/v) trypsin-EDTA treatment, and resuspended in
DMEM +10% FBS. The cells were then pelleted, washed in DPBS,
and resuspended in 100 μL Zombie Aqua™ Fixable Viability Dye
(BioLegend, 1 : 100 dilution). Staining was performed for 15 min at
room temperature in the dark, after which 2 mL DBPS +2% (v/v)
FBS were added, the cells were pelleted, and fixed with 4% (v/v)
formaldehyde in DPBS for 30 min in the dark (room temperature).
Finally, cells were washed twice with 2 mL DBPS +2% (v/v) FBS. As
a positive control, one well of uninfected and untreated cells was
fixed and permeabilized before viability staining for 30 min with BD
Cytofix/Cytoperm™, followed by one wash with 2 mL BD Perm/
Wash™.

Plaque reduction assay[62]

Andrographolide and its derivatives were tested for their capacity
to inhibit the formation of SARS-CoV-2-induced plaques in con-
fluent Vero-E6 cells. Vero-E6 were plated as described above,
infected for 1 h with 80 PFU SARS-CoV-2/well, and then overlaid
with MEM +0.75% (w/v) carboxymethylcellulose containing an-
drographolide, its derivatives, or DMSO, and incubated for 72 h at
37 °C and 5% CO2. The overlay media was then aspirated and the
24-well plates submerged in 6% (v/v) formaldehyde for 30 min.
After fixation each well was rinsed repeatedly with H2O, the liquid
shaken out, and the cell proteins stained with 1% (w/v) crystal
violet in 50% (v/v) EtOH for 30 min. Excess staining solution was
drained and rinsed off repeatedly with H2O. After airdrying the
plates plaques were counted.

Thiol reactivity assays

Spectrophotometric Ellman’s assay: The assay was performed as
previously described.[41] Briefly, 100 μM of compound was incubated
at 37 °C with a mixture of 100 μM TCEP and 25 μM DTNB
(generating 50 μM TNB2� in situ) or in a parallel experiment with
50 μM TNB2� (without TCEP). All reagent solutions were freshly
prepared before performing the experiments. Reactions were
performed in buffer (20 mM sodium phosphate, 150 mM NaCl,
pH 7.4) with 5% final DMSO concentration. Absorbance at 412 nm
was measured every 5 min for 12 h (Synergy H4, BioTek Instru-
ments, Inc., USA) to monitor TNB2 � depletion. Compound back-
ground absorbance was subtracted from each measurement. 2-
Chloro-N-(3-chlorophenyl)acetamide (NSC8368) was used as a
control.

HPLC-MS assay: The reaction mixture consisting of 2.5 mM com-
pound, 5 mM NAC or glutathione, 25% DMSO in buffer (50 mM
HEPES, pH 7.4) was incubated overnight at 37 °C in a shaker. Next,
the reaction mixture was 5-fold diluted with MeCN/H2O 4 :1 (v/v).
The final mixture was analyzed using the Agilent 1260 Infinity II LC
System equipped with Advion Expression L CMS detector (Advion
Inc., Ithaca, NY, USA). An XBridge C18 column (4.6 mm ×150 mm,
3.5 μm) was thermostated at 40 °C, with a flow rate of 1.5 mL/min,
an injection volume of 10 μL, and an eluent system of A, 0.1%
aqueous HCOOH with 1% MeCN; B, MeCN. The following gradients
were used: 0–6 min, 25% to 98% B; 6–6.5 min, 98% B; 6.5–7 min,
98% to 25% B; 7–10 min, 25% B. Adducts were detected using a
photodiode array detector (220 and 254 nm) and an ESI-MS
analyser in the range of 100–900m/z. 2-Chloro-N-(3-
chlorophenyl)acetamide (NSC8368) was used as a control.

NMR assay: The thiol reactivity studies were performed as reported
previously.[43] Compounds (10 mg) were dissolved in DMSO-d6

(0.75 mL) and combined with one equivalent N-acetylcysteine
(NAC) at 25 °C. NMR measurements were performed on a Bruker
Advance 500 MHz spectrometer. To demonstrate thermal lability,
NMR tubes were heated to 37 or 50 °C prior to measurement of
NMR signals.
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