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LETTER TO THE EDITOR
Allosteric regulation of Keap1 by 8b-hydroxy-a-
cyclocostunolide for the treatment of acute lung
injury
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Keap1 was a direct target protein of HCC, which covalently bound
to amino acid residues Cys257 and Cys288, leading to its
conformational change and the blocking of kelch like ECH
associated protein 1 (Keap1) with nuclear factor erythroid 2-
related factor 2 (Nrf2). Furthermore, our findings revealed that
chemical binding of Keap1 with HCC or Keap1 knockout (KO)
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biotinylated probe by incorporating 8-aminocaproic acid and
suppressed macrophage overactivation in an LPS-induced ALI
To the Editor:
Acute lung injury (ALI) is a debilitating lung disease character-
ized by pulmonary edema, diffuse alveolar damage, and uncon-
trolled neutrophil infiltration1. Severe cases of ALI can potentially
lead to the development of acute respiratory distress syndrome
(ARDS), which can lead to impaired respiratory function, multi-
organ dysfunction, and an extremely high mortality rate2-4. ALI
may be caused by various factors, including aspiration, severe
pneumonia, sepsis, trauma, fatty embolism, pancreatitis, and
blood transfusion3. Current clinical approaches to treating ALI/
ARDS include mechanical ventilation, extracorporeal membrane
oxygenation (ECMO), and other supportive therapies5,6. There-
fore, ALI/ARDS is an urgent problem that needs to be addressed
in the field of respiratory critical care and innovative mechanisms
and therapies6.

8b-Hydroxy-a-cyclocostunolide (HCC, Fig. 1A) is an
eudesamane-type sesquiterpenoid that was first reported by
Jakupovic in 19887. Wu et al.8 demonstrated that HCC inhibited
the activation of macrophages, thereby reducing the release of
lipopolysaccharide (LPS)-induced nitric oxide (NO) production,
which highlights the potency of HCC in the treatment of inflam-
mation. However, the mechanism and target of HCC in ALI
remain to be fully understood. Herein, we synthesized a
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animal model. Taken together, these results demonstrated prom-
ising avenues for developing novel treatments for ALI by targeting
Keap1, and suggested that HCC served as covalent modulators for
Keap1.

1. HCC regulated IKKb/IkBa/NF-kB and MAPKs pathways
to block inflammation and redox imbalance in vitro and in vivo

First, we investigated cytotoxicity, anti-inflammatory, and anti-
oxidant effects in vitro (Supporting Information Figs. S1�S3).
HCC blocked the nuclear translocation of nuclear factor kappa B
(NF-kB) p65 (Fig. S2F), dose-dependently suppressed releases of
pro-inflammatory factors NO, interleukin (IL)-6, and tumor ne-
crosis factor (TNF)-a, and downregulated expressions of inflam-
matory genes and proteins, such as TNF-a, inducible nitric oxide
synthase (iNOS), monocyte chemotactic protein (MCP)-1, and
cyclooxygenase (COX)-2, in LPS-challenged RAW264.7 cells
(Fig. S2BeS2E). As illustrated in Supporting Information Fig.
S3AeS3C, flow cytometry results HCC dose-dependently
decreased the percentage of reactive oxygen species (ROS) posi-
tive cells. The redox imbalance was dose-dependently amended by
HCC (Fig. S3DeS3F) via adjusting expressions of pro-oxidative
and anti-oxidative genes [e.g., NADPH oxidase (NOX )-2, cata-
lase (CAT ), and superoxide dismutase 1 (SOD1)] and proteins
[e.g., heme oxygenase (HO)-1, NAD(P)H dehydrogenase
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Figure 1 Keap1 served as a cellular direct target of HCC. (A) The synthesis of the biotinylated probe Bio-HCC and the schematic diagram of

the biotin-streptavidin strategy and silver staining plot; (B) Pull down result detected by Western blot; (C) CETSA plot; (D) DARTS plot; (E) MST

result of HCC and Keap1; (F) Immunofluorescence co-localization of HCC with Keap1; (G) IAA abolished the interaction of HCC with Keap1;

(H) LCeMS/MS plot after the incubation of HCC with Keap1; (I) Molecular docking result; (J) Cys257Ala and Cys288Ala mutations weakened

the binding of HCC with Keap1; (K) HCC led to the conformational change of Keap1 through the fluorescence titration experiment; (L) Co-IP

result of Keap1 with Nrf2; (M) HCC inhibited Keap1-mediated Nrf2 ubiquitination; (N) HCC promoted the nuclear translocation of Nrf2.
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(NQO)-1, and glutamate-cysteine ligase catalytic subunit
(GCLC)]. We found that the decrease of LPS-induced mitochon-
drial membrane potential was reversed by HCC because JC-1
aggregate (red) was increased and JC-1 monomer (green) was
decreased after HCC treatment (Fig. S3G). Notably, HCC blocked
the increase of LPS-mediated mtDNA copy number and its release
to cytoplasm according to the confocal experiment (Fig. S3H).
Furthermore, HCC regulated the mitochondrial homeostasis via
enhancing expressions of mitofusin-1 (Mfn1) and optic atrophy 1
(Opa1) and inhibiting the dynamin-1-like protein (Drp1) expres-
sion in a concentration-dependent manner (Fig. S3I and S3J).

The RNA-seq result suggested that the potential mechanism
of HCC involved cytokineecytokine receptor interaction, TNF,
mitogen-activated protein kinases (MAPKs), and NF-kB path-
ways (Supporting Information Fig. S4AeS4C)9,10, and HCC
could regulate genes responsible for encoding inflammatory
factors involved in cytokineecytokine receptor interaction, such
as IL-1a, IL-1b, IL-6, and CeC motif chemokine 5 (CCL5) (Fig.
S4AeS4E). Our results revealed that HCC decreased mRNA
levels of IL-1a, IL-1b, IL-6, and CCL5 (Fig. S4F), and sup-
pressed phosphorylations of inhibitor of nuclear factor kappa-B
kinase subunit beta (IKKb), NF-kappa-B inhibitor alpha (IkBa),
and p65 involved in IKKb-medicated NF-kB pathway and
phosphorylations of ERK, JNK, and p38 involved in MAPKs
pathway in RAW264.7 cells exposed by LPS (Figs. S4G and S5).

In an LPS-mediated ALI animal model, HCC treatment dose-
dependently alleviated inflammatory cell infiltration, pulmonary
edema, and collapse of alveolars, increasing of their wall thick-
ness, and activation of macrophages induced by LPS treatment
(Supporting Information Figs. S6 and S7AeS7C). Meanwhile,
HCC ameliorated the increase of cytokines and pro-inflammatory
genes (Supporting Information Figs. S7D, S7E, S8, S9A, and
S9B) in vivo. Moreover, HCC ameliorated ROS-mediated mito-
chondrial imbalance via regulating IKKbeNF-kB and MAPKs
pathways in LPS-induced ALI mice (Supporting Information
Figs. S9eS13). These data suggested anti-inflammatory and
antioxidant effects of HCC through IKKbeNF-kB and MAPKs
pathways in vitro and in vivo.

2. Keap1 served as a direct cellular target of HCC

To uncover the cellular target of HCC, we synthesized a biotin
labeling HCC probe (Bio-HCC, Fig. 1A) without significant in-
fluence toward its effects (Supporting Information Fig. S14). Its
chemical structure was determined by NMR and HRMS spectra
(Supporting Information Figs. S29eS37), requiring that the biotin
side chain was linked at the hydroxy of C-8 for HCC. Subse-
quently, we conducted pull-down and silver staining experiments,
which revealed the appearance of a prominent protein band at
w70 kDa (Fig. 1A). This protein was identified as Keap1 (Fig.
S15) following in-gel digestion and LCeMS/MS experiments,
which was further validated by Western blot using its specific
antibody (Fig. 1B). The experimental results of drug affinity
responsive target stability (DARTS) and cellular thermal shift
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assay (CETSA) indicated that HCC stabilized Keap1 to resist
influences of temperature and pronase on its stability (Fig. 1C and
D, and Fig. S16), demonstrating the interaction of HCC and Keap1.
Furthermore, the immunofluorescent co-localization analysis
illustrated that HCC could directly bound to Keap1 (Fig. 1F).
This finding was further supported by the microscale thermopho-
resis (MST) experiment, which showed a strong binding
affinity between HCC and Keap1 with a Kd value of 157 nmol/L
(Fig. 1E).

The siKeap1 transfection caused the significant decrease of
mRNA and protein expressions of Keap1, and its rescue led to the
corresponding mRNA and protein overexpression as well (Fig.
S17A, S17B, S17D, and S17E). Notably, Keap1 knockdown led
to the decrease of mRNA levels of iNOS, COX-2, TNF-a, NOX-2,
and MCP-1 and the increase of mRNA levels of NQO-1, CAT, and
SOD1 (Figs. S17C and S18) in LPS-induced cells, whereas pro-
tective effects of HCC toward inflammation and oxidative stress
were significantly diminished in LPS-exposed Keap1 knockdown
cells (Figs. S17C and S18). To the contrary, Keap1 overexpression
led to the aggravation of LPS-mediated inflammation and oxidative
stress (Fig. S17F), while distinctly impairing of anti-inflammatory
and antioxidant effects of HCC after its rescue (Fig. S17F). These
findings suggested the protective effect of HCC relied on Keap1.

3. HCC covalently bounded to Cys257 and Cys288 of Keap1
to block the interaction of Keap1 with Nrf2 depended on Nrf2

The pre-incubation of iodoacetamide (IAA) caused the decrease of
Keap1 band intensity in Bio-HCC mediated pull-down experiment
(Fig. 1G), which result was similar to the pre-incubation of HCC,
suggesting the potential of HCC in covalent binding to Keap1.
Next, we tried to perform the incubation experiment of HCC with
recombinant human Keap1, and found that HCC covalently bound
to Cys257 and Cys288 of Keap1 via analyzing the amino acid
sequence of Keap1 using a LCeMS/MS system (Fig. 1H and Fig.
S19A), which was further supported by molecular docking (Fig.
1I). Based on the pull-down experimental result, Cys257Ala
(C257A) and Cys288Ala (C288A) mutations significantly
impaired the binding of HCC with Keap1 (Fig. 1J), while reducing
the pro-stability of HCC toward Keap1 in CETSA and DARTS
experiments (Fig. 1J), which further supported by the MST
experiment (Kd, 22.8 mmol/L for HCC with Keap1 C257A; Kd,
88.6 mmol/L for HCC with Keap1 C288A, Fig. S20). In addition,
protective effects of HCC on inflammatory response and redox
imbalance were abolished in LPS-mediated RAW264.7 cells after
transfected Keap1 Cys257Ala and Cys288Ala (Fig. S19B).

Subsequently, we conducted a tryptophan fluorescence
experiment, and HCC caused the decrease in the tryptophan
fluorescence intensity of Keap1 (Fig. 1K), suggesting a sub-
stantial conformational change. Molecular dynamics stimulation
(Figs. S21eS23) illustrated that HCC led to the conformational
change of Gln337 and Pro384 in the binding cavity of Keap1
with ETGE motif (key moieties for their binding) of Nrf2, and
the distance of Gln337 with Pro384 increased to 11.9 Å from 3.7
Å in the coecrystal of Keap1 with ETGE motif (PDB code
2FLU), which significantly caused the opening of the binding
cavity of Keap1 with Nrf2 ETGE motif (Fig. S22B and S22C) to
destroy interactions of Keap1 with ETGE motif (Fig. S23). This
deduction was supported by Co-IP, ubiquitylation, and MST re-
sults (Fig. 1L, M, and Fig. S20C), therefore, HCC regulated the
Nrf2 level in vitro and in vivo (Fig. S24AeS24C and Fig. 1N).
Additionally, siNrf2 (Fig. S24D and S24E) caused the aggrava-
tion of LPS-challenged pro-inflammatory and pro-oxidant genes,
including TNF-a, iNOS, COX-2, MCP-1, and NOX-2, while
decreasing mRNA levels of NQO-1 and HO-1 in LPS-exposed
RAW264.7 cells (Figs. S24F and S25). Notably, Nrf2 knock-
down weakened effects of HCC on inflammatory response and
redox imbalance (Fig. S24F). These findings revealed that HCC
blocked the interaction of Keap1 with Nrf2, and depended on
Nrf2 to exert its anti-inflammatory and antioxidant effects.

4. Keap1 genetic knockout abolished the pulmonary
protective effect of HCC in vivo

To determine whether protective effects of HCC against ALI in
vivo was dependent on Keap1, Keap1 KO mice were generated by
deleting its exon 2. The genotype and Western blot results
confirmed the successful Keap1 genetic deletion (Fig. 2A�C).
Keap1 KO ameliorated LPS-mediated pulmonary structural
changes (Fig. 2D�F), such as the inflammatory cell infiltration,
pulmonary edema, and collapse of alveolars. This was attributed
to the suppression of macrophage activation, which resulted in
decreased levels of myeloperoxidase (MPO), TNF-a, IL-6, and
malondialdehyde (MDA), while enhancing SOD and glutathione
(GSH) levels in mice after LPS exposure (Fig. 2F, G, and Fig.
S26). Furthermore, HCC treatment did not show additional ef-
fects in LPS-challenged ALI Keap1þ/� mice (Fig. 2EeG and Fig.
S26).

Finally, we explored protective effects of HCC on inflam-
matory response and redox imbalance in wild-type (WT,
Keap1þ/þ) and KO (Keap1þ/�) mice. Compared to LPS-induced
ALI in WT mice, Keap1 genetic deletion resulted in a signifi-
cant decrease in COX-2 positive cells (Fig. S27A) and reduced
mRNA levels of IL-1a, IL-1b, and IL-6 (Fig. S27B). Further-
more, phosphorylations of key proteins p65, ERK, JNK, and
p38 involved in NF-kB and MAPKs pathways were also sup-
pressed (Figs. S27C, S27D, and S28). In addition, Keap1 ge-
netic deletion led to the increase of Nrf2 positive cells and
mRNA levels of SOD1 and CAT (Fig. S27E and S27F), while
decreasing the NOX-2 mRNA level (Fig. S27F) in mice chal-
lenged by LPS. Similarly, the Western blot analysis demon-
strated that increasing of Nrf2 and HO-1 expressions is
dependent on Keap1 KO in LPS-challenged mice (Fig. S27G
and S27H). However, HCC did not display additional effects
in LPS-mediated ALI Keap1þ/� mice (Figs. S27AeS27G and
S28). In summary, these findings indicated the role of Keap1
in the treatment of HCC for ALI.

Collectively, we first reported that small molecule HCC
covalently bound to Keap1 through the alkylation of Cys257 and
Cys288, and disrupted its interaction with Nrf2 contributing to the
inhibition of Nrf2 ubiquitylation and degradation. Furthermore,
targeting Keap1 with HCC exerted anti-inflammatory and anti-
oxidant effects in vitro and in vivo. In addition, the phenotype of
ALI was attenuated in LPS-challenged mice after Keap1 KO, and
HCC did not significantly pulmonary protective effects in LPS-
mediated Keap1 KO mice. These results implied that targeting
Keap1 to reduce inflammation and oxidative stress provided novel
approaches for the treatment of ALI, and HCC could be a
promising candidate for developing direct inhibitors of the
Keap1eNrf2 interaction.



Figure 2 Keap1 genetic KO abolished the pulmonary protective effects of HCC in vivo. (A) The construction of Keap1 KO mice; (B, C)

Genotyping and confirmation of Keap1 KO mice; (D) Schematic diagram of LPS-mediated ALI in Keap1þ/þ and Keap1þ/� mice; (E) Repre-

sentative H&E plot; (F) Representative CD68 staining plot; (G) Keap1 genetic KO abolished effects of HCC on MPO, TNF-a, IL-6, SOD, and

GSH (mean � SEM, n Z 5).
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