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Abstract

The transcription factor NF-E2 Related Factor-2 (NRF2) is an important drug target. Activa-

tion of NRF2 has chemopreventive effects in cancer and exerts beneficial effects in a num-

ber of diseases, including neurodegenerative diseases, inflammatory diseases,

hepatosteatosis, obesity and insulin resistance. Hence, there have been great efforts to dis-

cover and characterize novel NRF2 activators. One reported NRF2 activator is the labdane

diterpenoid andrographolide. In this study, we identified the mechanism through which

andrographolide activates NRF2. We showed that andrographolide inhibits the function of

KEAP1, a protein that together with CUL3 and RBX1 forms an E3 ubiquitin ligase that polyu-

biquitinates NRF2. Andrographolide partially inhibits the interaction of KEAP1 with CUL3 in

a manner dependent on Cys151 in KEAP1. This suggests that andrographolide forms

Michael acceptor dependent adducts with Cys151 in KEAP1 in vivo, leading to inhibition of

NRF2 ubiquitination and consequently accumulation of the transcription factor. Interestingly,

we also showed that at higher concentrations andrographolide increases NRF2 protein

expression in a Cys151 independent, but likely KEAP1 dependent manner, possibly through

modification of other Cys residues in KEAP1. In this study we also screened secondary

metabolites produced by endophytes isolated from non-flowering plants for NRF2-inducing

properties. One of the extracts, ORX 41, increased both NRF2 protein expression and tran-

scriptional activity markedly. These results suggest that endophytes isolated from non-flow-

ering or other plants may be a good source of novel NRF2 inducing compounds.

Introduction

Plant extracts are known to have anti-inflammatory properties and are widely used in tradi-

tional medicine. Andrographolide, a labdane diterpenoid, was isolated from the popular
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medicinal plant Andrographis paniculata. This herb has long been used as traditional medicine

in Asian countries for the treatment of the common cold, sore throat, upper respiratory tract

infections, fever, diarrhea and inflammation [1]. Andrographolide has been reported to exhibit

anti-cancer and anti-inflammatory properties both in vitro and in vivo [2] and may have neu-

roprotective potential in the treatment of stroke [3].

Mechanistically, andrographolide has been shown to decrease inflammation through the

inhibition of NF-κB activation [4]. Andrographolide contains a Michael acceptor group. The

carbon in the β-position from the carbonyl moiety of the Michael acceptor group can form a

covalent bond with the thiolate group of reactive cysteine residues (Fig 1A). Xia et al., 2004

have shown that andrographolide covalently reacts with cysteine 62 of the p50 subunit of NF-

κB, accounting for the inhibitory effect on NF-κB transcriptional activity.

Apart from the regulation of NF-κB signaling, it has been reported in a number of studies

that andrographolide also functions as an activator of the NF-E2 Related Factor-2 (NRF2) [5].

NRF2 is a basic leucine zipper (bZIP) transcription factor that regulates the expression of

phase I drug metabolizing enzymes and antioxidant proteins. Drugs that activate NRF2 are

studied for the treatment of diseases that are associated with oxidative stress, such as neurode-

generative diseases. NRF2 activators are also considered as chemopreventive agents in cancer.

Thus, by activating NRF2, andrographolide exerts cytoprotective effects.

It was recently reported that andrographolide upregulates NRF2 in a manner dependent on

p38 MAPK and ERK activation [6, 7]. Andrographolide has also been reported to from

adducts with Cys77, Cys151, Cys273 and Cys368 in KEAP1 [8]. The KEAP1 protein is the

major negative regulator of NRF2. KEAP1 is part of an E3 ubiquitin ligase complex that also

contains the scaffold protein Cullin 3 (CUL3) and the RING domain containing protein RBX1

[9]. In this complex, KEAP1 functions as a substrate recognition subunit. KEAP1 binds via its

double-glycine repeat (DGR) domain to the NRF2 substrate and via its ‘‘Bric a brac, Tramtrack

and Broad Complex/Pox virus and Zinc finger” (BTB/POZ) domain to the CUL3 scaffold. The

RBX1 subunit recruits ubiquitin charged E2 ubiquitin conjugating enzymes to facilitate the

transfer of ubiquitin onto lysine residues in NRF2. Various NRF2 activating drugs function by

forming adducts with cysteine residues in KEAP1. One major cysteine that is modified by a

number of NRF2 activating compounds, such as sulforaphane and the tripertinoid CDDO-Me,

is Cys151. It has been reported that modification of Cys151 by these compounds leads to the

dissociation of KEAP1 from CUL3, thus preventing NRF2 ubiquitination [10–14].

Here we hypothesized that andrographolide could induce NRF2 by forming a covalent

adduct with critical cysteine residues in KEAP1 [8], resulting in the inhibition of KEAP1-de-

pendent NRF2 degradation. We found that the induction of NRF2 by andrographolide is

dependent on the presence of Cysteine 151 in KEAP1, strongly implicating this residue as the

major molecular target of andrographolide. Andrographolide induced KEAP1 modification at

Cys151 leads to partial dissociation of KEAP1 from CUL3, thus inhibiting NRF2 ubiquitina-

tion and degradation, and ultimately leading to the induction of the phase 2 response. Of note,

at higher concentrations, andrographolide also induces NRF2 protein expression in a Cys151

independent manner.

NRF2 can also be induced by various other plant derived compounds [15]. Such bioactive

metabolites may either be produced by the plants themselves or by endophytes living within

the plant tissues [16]. In this study, secondary metabolites produced by endophytes isolated

from non-flowering plants were screened for Nrf2-inducing properties. We focussed specifi-

cally on non-flowering medicinal plants, particularly tropical ferns and mosses that are local to

Singapore, given that these plants are less studied as endophyte reservoirs. Among the plants

chosen were the tropical ferns Phlegmariurus phlegmaria, Taenitis blechnoides, Pyrrosia pilosel-
loides, Psilotum nudum, Ophioglossum reticulatum and Dicranopteris linearis as well as the
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mosses Calymperes erosum, Campylopus serratus, Philonotis thwaitesii and Vesicularia
dubyana. Given that a number of these plants have been implicated to have anti-inflammatory

and antioxidant properties, we hypothesized that the fungal and bacterial endophytes living

within these plants may also produce secondary bioactive metabolites with NRF2 inducing

properties. Notably, the extract ORX 41 showed a marked increase in NRF2 protein expression

and transcriptional activity compared to the vehicle control. Further studies are needed to

identify the exact component within this crude organic extract that accounts for the NRF2

inducing properties. The findings from this study have important implications for the under-

standing of the anti-inflammatory mechanism of andrographolide as well as the identification

of novel plant derived NRF2 inducing compounds.

Fig 1. Andrographolide increases NRF2 protein expression and transcriptional activity. (A) Structure of andrographolide. The α and β carbons of the Michael

acceptor group are indicated. (B) HEK293T cells were treated with increasing andrographolide concentrations, as indicated, for 4 hours. DMSO was added as a negative

control and the Cullin E3 RING ligase (CRL) inhibitor MLN4924 (1 μM) served as positive control. Cells were lysed and cell lysates analyzed by Western blotting using

NRF2 and actin antibodies. (C) To measure the time dependence of andrographolide dependent NRF2 activation, HEK293T cells were treated with 7.5 μM

andrographolide or 1 μM MLN4924 for the indicated times. Subsequently, cell lysates were analyzed by Western blotting with the indicated antibodies. The CRL

substrate p27Kip1 served as a positive control for the CRL inhibitor MLN4924. (D) To measure Nrf2 transcriptional activity, the ARE luciferase reporter assay was

performed as described under Materials and Methods. The cells were transfected for 24 hours before treatment with andrographolide (7.5 μM) or sulforaphane (10 μM)

for 6 hours. The results shown are representative of two independent experiments.

https://doi.org/10.1371/journal.pone.0204853.g001

NRF2 transcription factor regulation by andrographolide and plant endophytes

PLOS ONE | https://doi.org/10.1371/journal.pone.0204853 October 1, 2018 3 / 17



Materials and methods

Collection of tropical ferns and mosses

The tropical ferns (Dicranopteris linearis, Ophioglossum reticulatum, Psilotum nudum, Pyrrosia
piloselloides and Taenitis blechnoides) and mosses (Calymperes erosum, Campylopus serratus,
Philonotis thwaitesii and Vesicularia dubyana) were collected within the National University of

Singapore (NUS) Kent Ridge campus (1˚ 17’ 48.2" N, 103˚ 46’ 34.7" E). The lycophyte Phleg-
mariurus phlegmaria was purchased from a local plant nursery. All species collected from the

NUS campus are not listed as threatened. They are also not protected locally or internationally.

The specimens were not collected within protected areas or national parks/reserves and are

common species that can be found in urban areas throughout Singapore. They were also not

deliberately planted. Staff of NUS are granted permission to collect samples within the campus

grounds for teaching and research purposes. Hence, no permission was required.

After washing with tap water to remove surface debris, plant parts were cut into approxi-

mately 1 cm pieces and surface-sterilized by washing with agitation using 95% ethanol for 10 s,

10% bleach solution for 2 min and 70% ethanol for 2 min. After air-drying, plant segments

were transferred onto LB Agar, M2 Agar, 2% Malt Extract Agar, Glycerol-Arginine Agar and

Soy Agar as described in [17]. The plated plant cuttings were incubated at room temperature

on the solid media and observed over 3 weeks for the emergence of endophytes from the cut

ends. Endophytes were isolated and maintained on respective solid media. A total of 49 species

of bacterial and fungal endophytes were isolated (data not shown).

Characterization and identification of endophytes

The isolated endophytes were then characterized. The morphological characterization of the

endophytes was first conducted by Gram staining and lactophenol cotton blue staining for

bacterial and fungal endophytes, respectively. Bacterial and fungal endophytes were identified

by PCR amplification and sequencing of the 16S rDNA and ITS rDNA respectively. The 16S

rDNA of bacterial endophytes was PCR amplified using primers 27F (50-AGAGTTTGATC
CTGGCTCAG- 30) and 1492R (50-GGTTACCTTGTTACGACTT-30). PCR amplification of the

ITS rDNA of fungal endophytes was performed using forward primer ITS5 (5’-GGAAGTAA
AAGTCGTAACAAGG-3’) and reverse primer ITS4 (5’-TCCTCCGCTTATTGATATGC-3’).

PCR products were sequenced and the sequences were compared with those available in Gen-

Bank via BLASTn searches to identify endophytes.

Organic extraction of secondary metabolites from endophytes

To extract secondary metabolites from bacterial endophytes, a single colony of the bacterial

endophyte was inoculated in 5 ml of culture medium for 16 h in a 37˚C shaker. 2 ml of the

overnight culture was then sub-cultured in 100 ml of fresh medium for 24 to 72 h for the opti-

mum production of secondary metabolites. An equal volume of dichloromethane was added

and the mixture was gently swirled for 1 h at 100 rpm for maximum extraction before it was

transferred to a separatory funnel. The mixture was left to separate overnight. The dichloro-

methane fraction (organic fraction) was collected and dried using a rotary evaporator. 1 ml of

methanol was added to each of the dried extracts and stored at -20˚C.

To extract secondary metabolites from fungal endophytes, 2 pieces of agar media with

4-week old fungal endophytes were cut into small pieces, immersed in 100 ml dichloro-

methane and gently swirled for 1 h at 100 rpm. The mixture was left to separate overnight. The

dichloromethane fraction was filtered with a cheese-cloth to remove fungal and agar remnants.

The dichloromethane fraction (organic fraction) was collected and dried using a rotary
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evaporator. 1 ml of methanol was added to each of the dried extracts, which were then stored

at -20˚C.

Cell culture and transfection

HEK293T cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen)

supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (Hyclone), 2 mM L-glu-

tamine (Invitrogen), 100 U/ml penicillin and 100 μg/ml streptomycin (Invitrogen) in a humid-

ified 37˚C, 5% CO2 tissue culture incubator. Transient transfections were performed using

Genejuice transfection reagent (Novagen) in accordance with the manufacturer’s directions

for sub-confluent cells. Andrographolide was purchased from Sigma-Aldrich.

Plasmid constructs

The plasmid constructs, including NRF2-HA-pcDNA3, wild type and mutant FLAG-KEAP1-

pcDNA3.1 and V5-KEAP1-pcDNA3.1, CUL3-V5-pcDNA3, CUL3-HA-pcDNA3 [18, 19]. The

Antioxidant Response Element (ARE)-luciferase-pGL2 reporter plasmid was a kind gift from

Dr. Alan Porter [20]. The reporter plasmid contains one binding site for the NRF2/Maf hetero-

dimeric transcription factor. The plasmid was generated by amplifying the 25bp sequence

(GCAGTCACAGTGACTCAGCAGAATC) of the antioxidant response element upstream of the

Nqo1 gene (NCBI# M81596) from SH-Sy5y cells genomic DNA. The amplified product was

cloned into the NheI and XhoI sites of pGL2 Promoter (Promega) reporter plasmid. To gener-

ate the FLAG-KEAP1 KLHL12 BTB plasmid, a modified pcDNA3.1 backbone with an N-ter-

minal 2xFLAG tag, followed by KpnI and XbaI restriction sites, was used. The KEAP1

KLHL12 BTB insert was cloned into the KpnI and XbaI restriction sites and consisted of the

KEAP1 N-terminal (NT) region (KEAP1 amino acids 2–60), followed by the KLHL12 BTB

domain (KLHL12 amino acids 33–128) and the KEAP1 intervening region (IVR) and double-

glycine repeat domain (DGR) and the C-terminal (CT) region (KEAP1 amino acids 180–624).

The plasmids denoted ΔNT lack the KEAP1 N-terminal region (amino acids 1–60).

Immunoblotting

Cells were washed with ice-cold Phosphate-Buffered Saline (PBS) and then lysed in Triton X-

100-containing lysis buffer. The composition of the lysis buffer was as follows: 25 mM Tris-

HCl (pH 7.5), 100 mM NaCl, 2.5 mM EDTA, 2.5 mM EGTA, 20 mM NaF, 1 mM Na3VO4, 20

mM sodium β-glycerophosphate, 10 mM sodium pyrophosphate, 0.5% Triton X-100, Roche

protease inhibitor cocktail and 0.1% β-mercaptoethanol. Lysates were precleared by centrifu-

gation before use for Western blotting. Equal amounts of protein were loaded for Western blot

analysis. The following antibodies were used: anti-NRF2 (Cell Signaling Technology), anti-

p27Kip1 (BD Biosciences), anti-α-tubulin (Molecular Probes), anti-β-actin (Sigma), anti-FLAG

M2 (Sigma), anti-V5 (Serotec) and anti-HA (Roche).

Immunoprecipitation

20 μl of anti-FLAG M2 agarose beads (Sigma) or mouse monoclonal V5 antibody (Serotec),

coupled to 20 μl of protein G-sepharose beads (Amersham Biosciences), were used for immu-

noprecipitation. 500 μl of precleared lysate from cells transfected with FLAG- or V5-tagged

Keap1 or empty vector in 60-mm tissue culture dishes was added to the beads. The samples

were tumbled for 1 h at 4˚C, and the beads were then washed four times in ice-cold NP40 lysis

buffer (containing 50 mM NaCl, 0.5% NP-40, 5% glycerol, 0.5 mM EDTA, 50 mM Tris, pH

7.5) and once in ice-cold buffer containing 50 mM Tris (pH 7.5). The immunoprecipitated
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Keap1 proteins were then eluted and denatured in 2X Laemmli sample buffer (Bio-Rad) con-

taining 5% β-mercaptoethanol and subjected to SDS-PAGE and Western blotting.

Investigation of the effects of organic extracts isolated from the endophytes

on Nrf2 transcriptional activity

We screened the 49 organic extracts for NRF2-inducing properties using the ARE dependent

luciferase reporter assay. Briefly, cells were cultured in 12-well plates and at approximately

50% confluency, transfected with 0.4 μg ARE-pGL3 plasmid or 0.4 μg empty pGL3 DNA per

well for 24 h. Cells were then treated with the compounds or extracts in duplicates. Luciferase

activities were assayed using the Steady-Glo Luciferase Assay System (Promega).

Results

Andrographolide increases NRF2 transcriptional activity and protein

concentration

To confirm the previously reported effect of andrographolide on NRF2 protein concentrations

and NRF2 transcriptional activity, we treated HEK293T cells for four hours with increasing

concentrations of andrographolide. The Nedd8 E1 inhibitor MLN4924 served as a positive

control in this experiment. MLN4924 inhibits the function of all Cullin RING E3 ubiquitin

ligases (CRLs), including the CUL3/RBX1/KEAP1 ligase, leading to a marked NRF2 stabiliza-

tion (Fig 1B). We observed that treatment with andrographolide resulted in a dose-dependent

increase in endogenous NRF2 concentrations. The lowest andrographolide concentration

that induced a robust response was 7.5 μM, and this concentration was used in further

experiments.

We also found that andrographolide increased NRF2 protein levels in a time dependent

manner (Fig 1C, long exposure). Compared to andrographolide, the CRL inhibitor MLN4924

led to a greater induction of NRF2 protein concentrations. However, the time course with

which andrographolide and MLN4924 induced NRF2 protein levels was similar (compare the

andrographolide dependent NRF2 induction in the long exposure to the MLN4924 dependent

induction in the short exposure). This result is consistent with the hypothesis that both andro-

grapholide and MLN4924 function to inhibit NRF2 degradation by inhibiting the CUL3/

RBX1/KEAP1 E3 ligase, respectively. In further support, andrographolide also increased the

expression of transfected NRF2 (Fig 2A), suggesting that the drug increases NRF2 protein

expression via a posttranslational mechanism.

We finally determined the effect of andrographolide on NRF2 transcriptional activity by

using an Antioxidant Regulatory Element” (ARE) dependent gene reporter assay. We found

that andrographolide induced a similar increase in NRF2 transcriptional activity compared to

sulforaphane (Fig 1D). In conclusion, andrographolide increases NRF2 protein expression and

transcriptional activity at low micromolar concentrations.

Andrographolide induces NRF2 in a manner dependent on Cys151 in

KEAP1

We then tested the hypothesis that andrographolide induces NRF2 by inhibiting KEAP1 in a

Cys151 dependent manner. To this end, we transfected cells with wild type and C151S mutant

KEAP1. If andrographolide induces NRF2 through inhibiting KEAP1 via interaction with

Cys151, no induction of NRF2 would be expected in cells expressing C151S mutant KEAP1.

As shown in Fig 2A, andrographolide induced NRF2 protein expression in cells transfected

with empty vector or wild type KEAP1. In contrast, andrographolide was very consistently
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without effect in cells expressing C151S mutant KEAP1 (Fig 2A, S1 Fig). In contrast to andro-

grapholide, arsenite induced NRF2 protein levels in cells transfected with wild type as well as

C151S KEAP1. This indicates that the mechanism of arsenite is Cys151 independent, as previ-

ously reported [21]. We also used two other NRF2 inducing compounds, PMX290 [19] and

sulforaphane. PMX290 induced NRF2 protein levels in a Cys151 independent manner (Fig

Fig 2. Western blot analysis of NRF2 protein concentrations in HEK293T cells after treatment with andrographolide.

(A, B) HEK293T cells were transfected with HA-tagged NRF2 and either wild type FLAG-tagged KEAP1 or C151S KEAP1

mutant for 48 hours before treatment with andrographolide (7.5 μM), arsenite (20 μM), PMX290 (2 μM), or sulforaphane

(10 μM) for 6 hours. The cell lysate samples were subjected to SDS-PAGE and analyzed using Western Blotting with HA and

FLAG antibodies.

https://doi.org/10.1371/journal.pone.0204853.g002
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2C), whereas the effect of sulforaphane was Cys151 dependent, consistent with previous

reports [12–16, 19, 21, 22]. We conclude that andrographolide induces NRF2 in a manner

dependent on Cys151 in KEAP1. Hence, andrographolide appears to have a similar mecha-

nism of action compared to the well characterized NRF2 inducer sulforaphane.

Effect of andrographolide on the interaction between KEAP1 and CUL3

Sulforaphane has been shown to disrupt the binding between CUL3 and KEAP1, leading to

inhibition of CUL3 dependent ubiquitin transfer onto NRF2 [10]. We hence tested whether

andrographolide exerts a similar inhibitory effect on the interaction between CUL3 and

KEAP1. As shown in Fig 3A, andrographolide caused indeed a decrease in the binding of

CUL3 to KEAP1, although the drug did not abolish the interaction between the two proteins.

Densitometry of five independent experiments indicated that andrographolide led to an

approximately 30% decrease in the binding between CUL3 and KEAP1 (Fig 3B). Of note, the

decrease in the interaction between CUL3 and KEAP1 was dependent on Cys151 in KEAP1

(Fig 3A, S4 Fig).

The inhibitory effect of andrographolide (used at 7.5 μM) on the interaction between CUL3

and KEAP1 was only moderate. As shown in Fig 1B, an andrographolide concentration of

7.5 μM does not cause maximum NRF2 induction. We hence tested the effect of a higher con-

centration of andrographolide (100 μM). Surprisingly, at this concentration, andrographolide

caused an increase in CUL3-KEAP1 binding (Fig 4A). Similar to the high concentration of

andrographolide, PMX290 and arsenite also increased the interaction between CUL3 and

KEAP1 (Fig 3C) [19, 21]. PMX290 and arsenite stabilized NRF2 in a manner independent of

Cys151 in KEAP1 (Fig 2). We hence tested whether andrographolide also functions in a

Cys151 independent manner at higher concentrations. We indeed found that at 100 μM, the

andrographolide-induced increase in the CUL3-KEAP1 interaction is independent of Cys151

(Fig 4B). Furthermore, NRF2 induction by andrographolide at a concentration of 100 μM did

not require Cys151 in KEAP1 (Fig 4C). We thus conclude that at low concentrations, andro-

grapholide decreases binding between CUL3 and KEAP1 and stabilizes NRF2 in a Cys151-de-

pendent manner. In contrast, at high concentrations, the drug increases CUL3-KEAP1

binding and induces NRF2 in a manner independent of Cys151.

Cys151 is localized in the BTB domain of KEAP1. Two important functions of BTB

domains are to mediate binding to CUL3 as well as to mediate the homodimerization of the

CUL3 substrate receptor proteins. As discussed above, modification of Cys151 in the KEAP1

BTB domain inhibits the binding to CUL3. We hence tested whether swapping of the KEAP1

BTB domain with that of another CUL3 substrate receptor (KLHL12) that lacks a homologous

cysteine is functional in inducing NRF2 degradation. The BTB domains of KEAP1 and

KLHL12 are approximately 50% identical. The KEAP1-KLHL12 BTB chimera showed a simi-

lar ability to homodimerize and bind to CUL3 and NRF2 compared to wild type Keap1 (S2

Fig). However, swapping of the BTB domain impaired the function of KEAP1 to induce NRF2

degradation (Fig 5). This suggests that the KEAP1 BTB domain exerts additional conforma-

tional control necessary for NRF2 ubiquitination.

On the other hand, both quinols and arsenite induce NRF2 accumulation in a manner inde-

pendent of Cys151 and increase the binding between CUL3 and KEAP1. One possibility is that

quinols and arsenite modify Cys273 and Cys288, two residues that are required for KEAP1

activity. We hence tested the effect of Cys273 and Cys288 mutation on binding of KEAP1 to

CUL3. As previously reported, the C273S/C288S mutant was inactive in terms of its ability to

induce NRF2 degradation (Fig 5), despite a similar subcellular expression level and intracellu-

lar localization compared to wild type KEAP1 (S3 Fig). However, we found that the mutation
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of Cys273 and Cys288 had no effect on the binding of KEAP1 to CUL3 (or on binding to

NRF2 and KEAP1 homodimerization) (S2 Fig). This suggests that quinols and arsenite func-

tion by modifying other cysteine residues in Keap1 or that the observed increase in binding

between CUL3 and KEAP1 is not involved in the mechanism of action of these drugs.

In conclusion, low concentrations of andrographolide function to stabilize NRF2 in a man-

ner dependent on Cys151 in KEAP1, and this effect may be due to dissociation of CUL3 from

Fig 3. Effect of andrographolide on the interaction between KEAP1 and CUL3. (A, B) The cells were transfected with

the indicated expression plasmids for two days, followed by drug treatment with 7.5 μM andrographolide (A) or 2 μM

PMX290 (B) for 4 hours or 6 hours, respectively. Cells were then lysed and subjected to FLAG immunoprecipitation, as

described under Materials and Methods. The data in (C) represent the mean and S.E.M. of 5 independent repeats of the

immunoprecipitation in (A).

https://doi.org/10.1371/journal.pone.0204853.g003
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Fig 4. At high concentration, andrographolide functions independently of Cys151 in KEAP1. (A, B) Cells

were transfected with the indicated expression plasmids for 2 days, followed by drug treatment with 100 μM

andrographolide for 4 hours, as indicated. Cells were then lysed and subjected to immunoprecipitation with V5
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KEAP1. At high concentrations, andrographolide stabilizes NRF2 in a Cys151 independent

manner and increases the binding between CUL3 and KEAP1. However, the significance of

the increased CUL3-KEAP1 interaction is currently not clear.

Investigating novel NRF2 inducing compounds in endophytes

In our described work above, we characterized the NRF2 inducer andrographolide, which is

isolated from the medicinal plant Andrographis paniculata. NRF2 is also induced by various

other plant derived compounds. Here, we sought to investigate plant endophytes for bioactive

metabolites with NRF2 inducing properties. We focused specifically on non-flowering plants

that are local to Singapore. Among the plants chosen were six species of ferns and four species

of mosses (see Materials and Methods).

Investigation of the effects of organic extracts isolated from the endophytes

on NRF2 transcriptional activity

A total of 49 species of bacterial and fungal endophytes were isolated (ORX 1 to ORX 49;

data not shown). To test if the secondary metabolites produced by the endophytes had

antibody, coupled to protein G-sepharose (A) or FLAG M2 agarose (B), as described under Materials and Methods.

Cell lysates and immunoprecipitates were analyzed by Western blotting with the indicated antibodies. (C) Cells were

transfected with HA-tagged NRF2 and either wild type FLAG-tagged KEAP1 or C151S KEAP1 mutant for two days

and then treated with 7.5 μM or 100 μM andrographolide for 4 hours. The cell lysate samples were analyzed using

Western Blotting with the indicated antibodies.

https://doi.org/10.1371/journal.pone.0204853.g004

Fig 5. The role of the KEAP1 BTB domain in mediating NRF2 ubiquitination. Cells were transfected with the indicated expression

plasmids for 2 days, followed by cell lysis and Western blotting with FLAG, HA and α-tubulin antibodies. Details of the used expression

plasmids are included in Materials and Methods.

https://doi.org/10.1371/journal.pone.0204853.g005
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NRF2-inducing properties, the secondary metabolites were extracted using dichloro-

methane as described under Materials and Methods. The resultant organic extracts con-

tain bioactive metabolites that have diffused from the bacterial and fungal endophytes

into the dichloromethane solvent. The organic extracts were dissolved in methanol and

used for further testing.

We screened the 49 organic extracts for NRF2-inducing properties using the antioxidant

response elements (ARE) dependent luciferase reporter assay. As shown in Fig 6A, 18 out of

the 49 organic extracts showed an increase in NRF2 transcription activity (fold increase >1

compared to vehicle control). Notably, the extract ORX 41 showed the highest increase in

NRF2 transcriptional activity compared to the vehicle control (3.99 fold) (Fig 6A).

We next performed a dose response ARE gene reporter assay with seven of the most prom-

ising organic extracts. As shown in Fig 6B, treatment with ORX 41 caused the greatest increase

in NRF2 transcriptional activity and this effect was dose dependent. ORX 41 was derived from

a fungus species of the genus Phomopsis, isolated from the lamina of the plant Dicranopteris
linearis (Fig 6C).

Since NRF2 is regulated primarily via its protein stability, we sought to investigate the effect

of the organic extract ORX 41 on NRF2 protein levels. As shown in Fig 5D, cells treated with

ORX 41 showed an increase in the NRF2 protein concentration compared to control cells. The

effect of ORX 41 was dose dependent. Hence, we conclude that organic extract ORX 41 has

NRF2 inducing activity.

Discussion

In this study, we have confirmed that andrographolide is an NRF2 inducer and provided evi-

dence that at low concentrations, the drug acts by inhibiting the function of the CUL3-RBX1-

KEAP1 E3 ubiquitin ligase. We also showed that the effect of low andrographolide concentra-

tions is dependent on Cys151 in KEAP1. Similar to other compounds that act via Cys151,

andrographolide may function by disrupting the interaction between KEAP1 and CUL3. We

have also shown that at higher concentrations, andrographolide acts via a mechanism inde-

pendent of Cys151 in KEAP1. The effect of high andrographolide concentrations may be due

to the interaction of the drug with other cysteine residues in KEAP1. Alternatively, androgra-

pholide may potentially induce NRF2 protein expression in a KEAP1 independent manner.

In previous studies, Yen et al., 2016 and Wong et al., 2016 found that induction of the NRF2

protein and the NRF2 transcriptional target HO-1 by andrographolide is partially prevented by

treatment with the p38 MAPK inhibitor SB203580. A similar, though less pronounced inhibi-

tory effect NRF2 protein expression and HO-1 mRNA expression was observed with the ERK

inhibitor PD98059 [6]. In these two studies, the authors used andrographolide concentrations

of 10 μM and 30 μM, respectively [6, 7]. These concentrations are similar to the low concentra-

tion of 7.5 μM used in our study. The reasons for the discrepant results are currently unclear.

However, it is important to note that the previous studies observed that the p38 and ERK inhibi-

tors blocked the andrographolide dependent increase in NRF2 protein expression only partially.

In contrast, we have shown that mutating Cys151 in Keap1 completely prevents the effect of

7.5 μM andrographolide. One caveat is that in our studies we relied on overexpressed proteins,

as it was necessary to exogenously introduce the C151S KEAP1 mutant into cells. Nonetheless,

in support of a Cys151 dependent mechanism of action of andrographolide, Yuan et al., 2012

have reported that andrographolide can indeed form an adduct with Cys151 of recombinant

KEAP1 in vitro.

What is the mechanism through which compounds that interact with KEAP1 lead to inhibi-

tion of NRF2 ubiquitination? Various NRF2 stabilizing compounds form adducts with Cys151
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Fig 6. Effects of organic extracts isolated from the endophytes on NRF2. (A) To screen the 49 organic extracts

isolated from the endophytes for NRF2 transcriptional activation, the ARE reporter assay was performed as described

under Materials and Methods. HEK293T cells were transfected with ARE-pGL2 plasmid for 24 hours before treatment

with the organic extracts (0.5%) or sulforaphane (SF; 10 μM) for six hours before analysis. (B) Dose response of the

effect of organic extracts on NRF2 transcriptional activation. The assay was carried out as in (A). (C) Morphology,

Lacto-phenol Cotton Blue staining and identity (based on�99% sequence similarity of BLAST results) of the fungal

endophyte from which ORX 41 was derived. (D) Western blot analysis of the effect of organic extract ORX 41 on the

NRF2 protein concentration. HEK293T cells were transfected with HA-NRF2 for 2 days before treatment with vehicle

(methanol treatment) or ORX 41 for 6 hours at the indicated concentrations, followed by Western blotting with HA

and β-actin antibody.

https://doi.org/10.1371/journal.pone.0204853.g006
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in KEAP1. Cys151 localises to the KEAP1 BTB domain, which mediates KEAP1 homodimeri-

zation as well as binding to the E3 ubiquitin ligase scaffold protein CUL3. It has been suggested

that drugs that bind to Cys151 lead to a dissociation of CUL3 from the KEAP1 substrate recep-

tor [10–14]. On the other hand, it has also been shown that NRF2 stabilization by Cys151

dependent NRF2 inducers can occur in the absence if CUL3-KEAP1 dissociation and is

accompanied by a conformational change in the KEAP1 protein [23]. Of note, our results indi-

cate that mediating binding to CUL3 is unlikely to be the only function of the KEAP1 BTB

domain. Thus, when we substituted the Keap1 BTB domain with that of a different CUL3 sub-

strate receptor protein (KLHL12), BTB homodimerization and binding to CUL3 were pre-

served, but NRF2 degradation was prevented. This confirms that the BTB domain also exerts

conformational control over the E3 ubiquitin ligase complex, which may be disrupted by

Cys151 interacting drugs [24].

In addition to Cys151, Yuan et al., 2012 have also shown that andrographolide reacts with

Cys77, Cys273 and Cys368 residues in KEAP1 in vitro. This suggests that andrographolide can

potentially inhibit KEAP1 function through the interaction with other cysteine residues. We

indeed observed that at a high concentration of 100 μM, andrographolide induces NRF2 pro-

tein expression in a Cys151 independent manner. At this concentration, andrographolide

increased the binding of both wild type and C151S mutant KEAP1 to CUL3, suggesting that

the effect of andrographolide at this concentration is mediated through Keap1 as well. Of note,

other NRF2 inducers that stabilize the transcription factor in a Cys151 independent manner,

e.g. arsenite, monomethylarsonous, PMX290 and nitro-fatty acids, have also been reported to

cause an increase in the interaction between KEAP1 and CUL3 [19, 21, 25]. It is likely that

these NRF2 inducers cause a conformational change in KEAP1 that is accompanied by an

increased interaction between KEAP1 and CUL3. However, whether the increased KEAP1--

CUL3 binding is functionally significant is currently not clear. Further elucidation of the

underlying mechanism will improve our understanding of Keap1 function and may aid future

drug design for chemopreventive and therapeutic purposes.

To identify novel NRF2 activating compounds, we also isolated endophytes from non-flow-

ering plants local to Singapore and tested whether the endophytes produce bioactive metabo-

lites with NRF2 inducing properties. We focussed on tropical ferns and mosses, some of which

have been traditionally used in many countries in Asia as traditional medicine remedies to

treat various conditions. Examples include the use of Phlegmariurus phlegmaria (also known

as ‘coarse tassel fern’) applied to wounds in the form of a paste [26] or the use of Taenitis blech-
noides as medicine for post-natal women in native tribes in Malaysia and in India [27, 28].

Apart from these non-flowering plants, Psilotum nudum [29, 30] and Dicranopteris linearis
[31] have also been suggested to have antioxidant properties. Thus, given that non-flowering

plants have been implicated to have anti-inflammatory and antioxidant properties, we hypoth-

esized that the fungal and bacterial endophytes living within these plants may also produce sec-

ondary bioactive metabolites with NRF2 inducing properties.

Our results show that among the organic extracts isolated from the bacterial and fungal

endophytes, ORX 41 is the most promising extract as it showed significant NRF2-inducing

properties. ORX 41 is the dichloromethane extract of a Phomopsis sp., a fungal endophyte iso-

lated from the lamina of Dicranopteris linearis. Interestingly, a recent study reported that the

acetonitrile extract of the fungal endophyte Phomopsis sp.Cs-c2 from Senna spectabilis (DC.)

contains a number of compounds, cytochalasin H, cytochalasin J and alternariol, with anti-

inflammatory properties [32]. The compounds were shown to inhibit the production of reac-

tive oxygen species by stimulated neutrophils. It would be interesting to test whether these

compounds are present in our dichloromethane extract and whether the compounds have

NRF2 inducing properties.
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Hence, we conclude that ORX 41 has the greatest potential in inducing NRF2. Further stud-

ies are needed to identify the exact component within this crude organic extract that accounts

for its NRF2 inducing properties. The identification and characterization of the NRF2 induc-

ing compound within the organic extract ORX 41 could lead to the discovery of a novel NRF2

inducer.

Supporting information

S1 Fig. Western blot analysis of NRF2 protein concentrations in HEK293T cells after treat-

ment with andrographolide and arsenite. (A, B) HEK293T cells were transfected with

HA-NRF2 and either wild type FLAG-KEAP1 or C151S mutant FLAG-KEAP1 for 2 days

before treatment with andrographolide (7.5 μM) and arsenite (20 μM) for 6 hours. The cell

lysate samples were subjected to SDS-PAGE and analyzed using Western Blotting with HA

and FLAG antibodies.

(TIF)

S2 Fig. Binding of KEAP1 mutants, deletions and chimeric proteins to CUL3, KEAP1 (via

homodimerization) and NRF2. (A, B) HEK293T cells were transfected with the indicated

expression plasmids for 2 days. The cells were then lysed and subjected to immunoprecipita-

tion with FLAG M2 agarose. Cell lysates and immunoprecipitates were analyzed by Western

blotting with HA and FLAG antibodies. Details of the used expression plasmids are included

in Materials and Methods.

(TIF)

S3 Fig. Mutation of Cys273 and Cys288 does not affect KEAP1 subcellular localization.

HEK293T cells were transfected with the indicated expression plasmids for 2 days, followed by

immunofluorescence staining using FLAG M2 antibody. For immunofluorescence staining,

the cells were fixed using 4% paraformaldehyde, permeabilized with triton 0.1% triton X-100

and, after blocking with 5% fetal bovine serum, incubated with FLAG primary antibody and

secondary FITC-conjugated anti-mouse IgG.

(TIF)

S4 Fig. Effect of andrographolide on the interaction between KEAP1 and CUL3. The cells

were transfected with the indicated expression plasmids for two days, followed by drug treat-

ment with 7.5 μM andrographolide for 4 hours.

(TIF)
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