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The anti-oxidant enzyme heme oxygenase-1 (HO-1) is 
known to exert anti-inflammatory effects. From a library of 
pyrazolo[3,4-d]pyrimidines, we identified a novel compound 
KKC080096 that upregulated HO-1 at the mRNA and protein 
levels in microglial BV-2 cells. KKC080096 exhibited anti-
inflammatory effects via suppressing nitric oxide, interleukin-
1β (IL-1β), and iNOS production in lipopolysaccharide (LPS)-
challenged cells. It inhibited the phosphorylation of IKK and 
MAP kinases (p38, JNK, ERK), which trigger inflammatory 
signaling, and whose activities are inhibited by HO-1. Further, 
KKC080096 upregulated anti-inflammatory marker (Arg1, 
YM1, CD206, IL-10, transforming growth factor-β [TGF-β]) 
expression. In 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
treated mice, KKC080096 lowered microglial activation, 
protected the nigral dopaminergic neurons, and nigral 
damage-associated motor deficits. Next, we elucidated 
the mechanisms by which KKC080096 upregulated HO-
1. KKC080096 induced the phosphorylation of AMPK and 
its known upstream kinases LKB1 and CaMKKbeta, and 
pharmacological inhibition of AMPK activity reduced the 
effects of KKC080096 on HO-1 expression and LPS-induced 
NO generation, suggesting that KKC080096-induced HO-1 
upregulation involves LKB1/AMPK and CaMKKbeta/AMPK 
pathway activation. Further, KKC080096 caused an increase 
in cellular Nrf2 level, bound to Keap1 (Nrf2 inhibitor protein) 

with high affinity, and blocked Keap1-Nrf2 interaction. This 
Nrf2 activation resulted in concurrent induction of HO-1 
and other Nrf2-targeted antioxidant enzymes in BV-2 and 
in dopaminergic CATH.a cells. These results indicate that 
KKC080096 is a potential therapeutic for oxidative stress- 
and inflammation-related neurodegenerative disorders such 
as Parkinson’s disease.
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INTRODUCTION

Neuroinflammation is known to play a critical role in the 

pathogenesis of neurodegenerative disorders including Par-

kinson’s disease (PD). It is caused by the activation of microg-

lia, the brain’s resident immune cells. While these cells serve a 

role as part of the injury response, their chronic or excessive 

activation causes neurotoxic degeneration of the nearby neu-

rons, thereby contributing to PD pathogenesis. The current 

therapeutic interventions are aimed at mitigating the symp-

toms alone, thus making it essential to develop therapeutic 

strategies that can prevent or delay the disease progression.

 Recent studies have demonstrated that the enzyme 
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heme oxygenase-1 (HO-1) can suppress inflammation. Its 

activity has been associated with the shift from the M1-like 

proinflammatory microglial phenotype to the M2-like an-

ti-inflammatory phenotype (Naito et al., 2014; Sierra-Filardi 

et al., 2010; Tu et al., 2014). This anti-inflammatory effect is 

thought to be mediated via the modulation of inflammatory 

signaling, which involves IκB kinase (IKK) leading to NFκB ac-

tivation (Kawai and Akira, 2007) and the MAP kinases ERK, 

JNK, and p38 MAPK (Arthur and Ley, 2013). HO-1 has been 

shown to inhibit the IKK/IκB/NFκB and MAP kinase pathways 

(Li et al., 2008; Morse et al., 2003; Silva et al., 2006).

 HO-1 expression is controlled by the transcription factor 

Nrf2 (Alam et al., 1999). As expected, the absence of Nrf2/

HO-1 leads to reduced anti-inflammatory activity (Poss and 

Tonegawa, 1997; Rojo et al., 2014; Wiesel et al., 2000). The 

expression of HO-1 can also be increased by the enzyme 

AMP kinase (AMPK) (Al-Rashed et al., 2018; Thornton et al., 

2016), and AMPK inhibition suppresses HO-1 induction and 

its ability to prevent inflammation (Al-Rashed et al., 2018). 

Hence, agents that lead to the activation of Nrf2/HO-1 and 

AMPK/HO-1 pathways can be of translational value.

 Pyrazolopyrimidines are fused heterocyclic ring systems. 

Among these, the pyrazolo[3,4-d]pyrimidines have been not-

ed for their various biological activities and are thought to be 

therapeutically significant (Chauhan and Kumar, 2013). Here, 

we introduce a novel pyrazolo[3,4-d]pyrimidine KKC080096 

that activates both Nrf2 and AMPK signaling pathways, lead-

ing to HO-1 upregulation. The compound exhibits anti-in-

flammatory properties, is neuroprotective, and prevents the 

motor deficits in a PD animal model, thereby demonstrating 

a therapeutic potential for neurodegenerative diseases.

MATERIALS AND METHODS

Materials
Dulbecco’s modified Eagle’s medium (DMEM), RPMI 1640, 

horse serum, fetal bovine serum (FBS), trypsin/EDTA, pen-

icillin-streptomycin, and streptavidin-agarose beads were 

obtained from Thermo Fisher Scientific (USA). 1-Meth-

yl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), Compound 

C, adenine 9-β-D-arabinofuranoside (Ara A), and lipopoly-

saccharide (LPS) were purchased from Sigma-Aldrich (USA). 

Sulfanilamide and naphthylethylenediamine dihydrochloride 

were procured from Fluka Chemika-Biochemika (Switzer-

land), and the Bradford assay kit was from Bio-Rad (UK). First 

strand cDNA synthesis kit for reverse transcription polymerase 

chain reaction (RT-PCR) was purchased from MBI Fermentas 

(Canada). The following primary antibodies were used: an-

ti-iNOS (sc-650), anti-HO-1 (sc-10789), anti-Nrf2 (sc-30915), 

anti-glutamate-cysteine ligase modifier subunit (GCLM) (sc-

22754), anti-DJ-1 (sc-27004), lamin B (sc-6216), and anti-IKK 

(sc-7607) (all from Santa Cruz Biotechnology, USA); anti-glu-

tamate-cysteine ligase catalytic subunit (GCLC; Novus Bio-

logicals, USA) (NBP1-49762); anti-Iba-1 (SAN3725) (Wako 

Chemicals, Japan); anti-HSP90 (#4877), anti-p-IKK (#2697), 

anti-ERK (#9102), anti-p-ERK (#9101), anti-p38 (#9212), 

anti-p-p38 (#9211), anti-JNK (#9252), anti-p-JNK (#9106), 

anti-p-liver kinase B1 (LKB1) (#3482), and anti-p-calcium/

calmodulin-dependent protein kinase kinase β (CaMKKβ) 

(#12818) (all from Cell Signaling Technology, USA); an-

ti-Keap1 (10503-2-AP) (Proteintech, USA); anti-NAD(P)H: 

quinone oxidoreductase 1 (NQO1; Ab Frontier Seoul, Korea) 

(ab34173); and anti-tyrosine hydroxylase (TH) (T2928) and 

β-actin (A-5441) (both from Sigma-Aldrich). Recombinant 

His-tagged Keap1 protein was obtained from Bioprogen (Ko-

rea). Biotinylated 16-mer peptide corresponding to the Nrf2 

ETGE region (Biotin-AFFAQLQLDEETGEFL) was synthesized 

by Genscript (USA). Recombinant Keap1 Kelch domain was 

obtained from BPS Bioscience (USA). Vectastain ABC kit and 

biotinylated secondary antibodies were purchased from Vec-

tor Laboratories (USA), and the chemiluminescence detection 

system was procured from Pierce Chemical (USA). Chem-

icals used in organic compound synthesis were purchased 

from Acros (Belgium), Tokyo Chemical Industry (Japan), or 

Sigma-Aldrich. Ethyl acetate (EtOAc) and hexane were used 

after simple distillation with a boiling chip. All other chemicals 

were reagent grade and were purchased from Merck (USA) 

or Sigma-Aldrich.

Synthesis of KKC080096

4,6-Dichloro-2-(methylthio)pyrimidine-5-carbaldehyde (Com-

pound 2)

Phosphoryl chloride (43.5 ml; 0.37 mol; 5.8 equivalent) was 

charged in a 250 ml 3-neck flask. The reaction temperature 

was lowered to 0oC, dimethylformamide (14 ml; 0.18 mol; 

2.8 equivalent) was added dropwise, and the reaction was 

allowed to continue at 24oC for 1 h. 2-(Methylthio)pyrimi-

dine-4,6-diol (10 g; 63.2 mmol) (Compound 1) was added 

to the reactor and heated for 24 h at 100oC. The progress of 

the reaction was monitored using thin layer chromatography; 

the Rf value (n-hexane/EtOAc: 10/1) of the product (ultravi-

olet-active) was 0.42. After completion of the reaction, the 

mixture was poured into ice water and was incubated for 6 h 

to allow the formation of a yellowish precipitate. After filtra-

tion, the filtrate was neutralized with NaHCO3, and the prod-

uct was extracted using EtOAc, dried over anhydrous MgSO4, 

and evaporated. The solid crude product was dissolved in 5 

ml of EtOAc and 300 ml of n-hexane by continuous shaking. 

A yellowish solid was allowed to form overnight at 4oC, which 

was isolated using filtration with only n-hexane before drying 

under high vacuum (0.875 g). Yield: 62%; 1H NMR (400 

MHz, DMSO-d6) δ 1.54 (d, J = 6.5 Hz, 3H), 2.42 (s, 3H), 5.42 

(s, 3H), 7.19-7.41 (m, 8H), 7.41 (d, J = 7.1 Hz, 2H), 8.15 (s, 

1H), 8.74 (d, J = 7.1 Hz, 1H); 13C NMR (100 MHz, DMSO-d6) 

δ 14.0, 22.8, 49.6, 50.1, 98.5, 126.5, 127.2, 128.0, 128.8, 

128.9, 132.8, 137.7, 145.0, 154.0, 154.9, 168.9.

1-t-Butyl-4-chloro-6-(methylthio)pyrazolo[3,4-d]pyrimidine 

(Compound 3)

Compound 2 (200 mg, 0.9 mmol) was dissolved in 20 ml 

tetrahydrofuran in a 50 ml 3-neck flask, and 1.5 equivalents 

of Hunig base were added dropwise, followed by 1.5 equiv-

alents of t-butyl-N2H3. The reaction was allowed to continue 

for 24 h at 24oC. The reaction mixture was diluted with wa-

ter, and the product was extracted with EtOAc, dried over 

anhydrous MgSO4, and evaporated. The crude mixture was 

purified using flash chromatography with a solvent system 
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of n-hexane:EtOAc (8:1) to obtain a pale yellowish solid (0.2 

g). Yield: 86%; 1H NMR (400 MHz, DMSO-d6) δ 1.65 (s, 9H), 

2.54 (s, 3H), 8.82 (s, 1H); 13C NMR (100 MHz, DMSO-d6) δ 
14.3, 29.6, 62.4, 109.7, 124.5, 155.2, 159.7, 167.8.

1-(t-Butyl)-N-(4-methoxybenzyl)-6-(methylthio)-1H-pyra-

zolo[3,4-d]pyrimidine-4-amine (Compound 4; KKC080096)

Compound 3 (200 mg, 0.78 mmol) was dissolved in 20 ml 

1,4-dioxane in a 50 ml 3-neck flask and reacted with 4-me-

thoxybenzylamine (118 mg, 1.1 equivalents) under reflux 

conditions for 8 h. After completion, the reaction mixture was 

diluted with water, and the product was extracted with EtO-

Ac, dried over anhydrous MgSO4, and evaporated to obtain a 

brown solid (0.273 g). Yield: 98%; melting point: 154.3oC; IR 

(KBr) νmax 3312, 3145, 2978, 2962, 2931, 2833, 1612, 1553, 

1526, 1511, 1428, 1384, 13330, 1320, 1285, 1213, 1158, 

1034, 916, 817, 777, 755, 586; 1H NMR (400 MHz, CDCl3) δ 
1.58 (s, 9H), 2.54 (s, 3H), 3.75 (s, 3H), 4.66 (s, 2H), 6.27 (br s, 

1H), 6.79 (d, J = 8.1 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 7.96 (s, 

1H).

Cell culture
BV-2 mouse microglial cells (Blasi et al., 1990) were grown 

in DMEM supplemented with 10% FBS. CATH.a mouse do-

paminergic neuronal cells (Suri et al., 1993) were cultured 

in RPMI 1640 supplemented with 8% horse serum and 4% 

FBS. The cells were maintained in the presence of 100 IU/l 

penicillin and 10 μg/ml streptomycin at 37°C in a humidified 

atmosphere containing 95% air and 5% CO2.

Nitric oxide (NO) assay
Griess reagent (1% sulfanilamide and 0.1% naphthyleth-

ylenediamine dihydrochloride in 2.5% H3PO4) was combined 

with the cell culture medium (1:1) in a 96 well microtiter 

plate, and absorbance at 540 nm was read.

Reverse transcription polymerase chain reaction
The RT-PCR method, rather than quantitative real-time PCR, 

was used to compare mRNA levels, based on our previous 

finding that the results obtained from RT-PCR corresponded 

very well to those from real-time PCR in our experimental 

system (Lee et al., 2015b). First Strand cDNA Synthesis kit 

was employed for RT using 5 μg of total RNA as template. 

The following PCR cycle was employed: 94°C for 30 s, 55°

C for 40 s, and 72°C for 1 min for 25 cycles using respective 

primers. The following gene-specific primers were used: 

HO-1 (forward, 5’-AGCAGGACATGGCCTCT-3’; reverse, 

5’-TCTGTCAGCATCACCTGCAG-3’), interleukin-1β (IL-1β) 

(forward, 5’-ATGGCAACTGTTCCTGAACTCACCT-3’; reverse, 

5’-CAGGACAGGTATAGATTCTTTCCTTT-3’), inducible NO syn-

thase (iNOS) (forward, 5’-ATGTCCGAAGCAAACATCAC-3’; 

reverse, 5’-TAATGTCCAGGAAGTAGGTG-3’), Arg1 (forward, 

5’-AGTCTGGCAGTTGGAAGC-3’; reverse, 5’-TTGGCAGATAT-

GCAGGGAG-3’), CD206 (forward, 5’-AACAAGAATGGTG-

GGCAGTC-3’; reverse, 5’-CCTTTCAGTCCTTTGCAAGC-3’), 

YM1 (forward, 5’-GATCTCAATATACACAGTGC-3’; reverse, 

5’-GAGCTTAGCCAAAGCTGAC-3’), transforming growth fac-

tor-β (TGF-β) (forward, 5’- TTGCTTCAGCTCCACAGAGA-3’; 

reverse, 5’-TGGTTGTAGAGGGCAAGGAC-3’), IL-10 (forward, 

5’-CCAAGCCTTATCGGAAATGA-3’; reverse, 5’-TTTTCACAG-

GGGAGAAATCG-3’), NQO1 (forward, 5’-CCATCCTAAACAG-

CGATCA-3’; reverse, 5’-TAGCTTTGATCTGGTTGTC-3’), GCLC 

(forward, 5’-ATGACTGTTGCCAGTGGATGAGA-3’; reverse, 

5’-ACACGCCATCCTAAACAGCGATCA-3’), GCLM (forward, 

5’-AGCTGGACTCTGTGATCATGGCTT-3’; reverse, 5’-CAAAG-

GCAGTCAAATCTGGTGGCA-3’), DJ-1 (forward, 5’-GCTT 

CCAAAAGAGCTCTGGTCA-3’; reverse, 5’-GCTCTAGTCTTT-

GAGAACAAGC-3’), thioredoxin 1 (Trdx1) (forward, 

5’-TACGCAATCTGAGCTGCCGAAC-3’; reverse, 5’-CTCCT-

TAGCTGCTGCCAGTC-3’), catalase (forward, 5’-TGAGAAG-

CCTAAGAACGCAATTC-3’; reverse, 5′-CCCTTCGCAGCCAT-

GTG-3’), and glyceraldehydes-3-phosphate dehydrogenase 

(GAPDH; internal control) (forward, 5’-CACCACCATG-

GAGAAGGCTGG-3’; reverse, 5’-TTGTCATGGATGACCTTG-

GCCAGG-3’). After gel electrophoresis, the resulting bands 

were analyzed by densitometry using ImageJ (Schindelin et 

al., 2012).

Western blotting
Cell lysates and nuclear and cytosolic fractions were obtained 

and protein concentrations were determined for each sam-

ple. Thirty micrograms of protein were subjected to western 

blotting using the following primary antibodies and respective 

dilutions: anti-iNOS (1:200), anti-p-IKK (1:1,000), anti-IKK 

(1:200), anti-p-JNK (1:1,000), anti-JNK (1:1,000), anti-p-p38 

(1:1,000), anti-p38 (1:1,000), anti-p-ERK (1:1,000), anti-ERK 

(1:1,000), anti-HO-1 (1:200), anti-p-AMPK (1:1,000), an-

ti-AMPK (1:1,000), anti-p-LKB1 (1:1000), anti-p-CaMKKβ 

(1:1,000), anti-Keap1 (1:20,000), anti-Nrf2 (1:2,000), an-

ti-GCLC (1:3,000), anti-GCLM (1:200), anti-NQO1 (1:1,000), 

anti-DJ-1 (1:500), lamin B (1:200), HSP90 (1:1,000), or 

anti-β-actin (1:60,000). After incubating with horseradish 

peroxidase-conjugated secondary antibodies, the resulting 

bands were detected using the chemiluminescence detection 

system.

Cell viability test
Intracellular ATP levels were measured using the CellTiter-Glo 

Luminescent Cell Viability Assay kit as previously reported 

(Woo et al., 2014).

Measurement of IL-1β levels
IL-1β levels in the lysates of BV-2 cells were measured using 

the ELISA kit as previously described (Son et al., 2012) and 

quantitated using a standard curve generated each time.

Surface plasmon resonance
The Biacore T100 instrument (GE Healthcare, Sweden) was 

used to perform surface plasmon resonance experiments es-

sentially as detailed previously by us (Lee et al., 2015a). Brief-

ly, after immobilization of anti-His antibody on CM5 chips 

and injecting purified His-tagged Keap1 over the immobilized 

anti-His antibody, KKC080096 was injected in running buffer 

at 30 μl/min for 180 s to allow binding to Keap1, followed by 

dissociation for 300 s. The sensor chip was regenerated after 

each cycle. The obtained sensograms were analyzed using BI-

Aevaluation software (GE Healthcare). The reference surface 

value (running buffer only) was subtracted from the reaction 
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surface values to correct for non-specific interactions.

Competitive binding assay
The in vitro competitive binding assay was performed as per 

Kim et al. (2020). The biotinylated Nrf2 ETGE peptide (20 

ng) was allowed to bind to streptavidin-agarose beads—in 

50 mM HEPES, pH 7.6—by incubating for 1 h at 24oC. After 

washing, the Nrf2 peptide-conjugated beads were incubated 

for 5 min with recombinant Keap1-Kelch domain (50 ng) 

in the presence or absence of KKC080096. Next, the beads 

were washed, boiled in SDS-loading buffer, and subjected to 

western blotting using an antibody against Keap1.

HO-1 induction assay
The BV-2 cell pellet was lysed by resuspension in lysis buffer 

(50 μl; 150 mM NaCl, 50 mM Tris-HCl, pH 8.0 and 1% Noni-

det-P40) followed by incubation on ice for 20 min. After cen-

trifugation (3,000 × g, 15 min), the supernatant was diluted 

10 fold with 50 mM Tris-HCl, pH 8.0. Sandwich ELISA for 

HO-1 was performed using the capture and detection HO-1 

antibodies as previously detailed in our publications (Woo et 

al., 2014).

Generation of animals with MPTP-induced neurodegen-
eration
The animal study was pre-approved by the Institutional Ani-

mal Care and Use Committee at Asan Medical Center (IACUC 

No. 2015-13-088). Male C57BL/6 mice (23-25 g) were main-

tained in a temperature- and humidity-controlled facility with 

a 12 h light-dark cycle, and food and water were available ad 

libitum. The animals were randomly divided into three groups 

(n = 10 per group), control, MPTP, and MPTP+KKC080096. 

KKC080096 was dissolved in 10% N-methyl-2-pyrrolidone 

and 20% Tween 80 (pH 7.0) and administered by oral ga-

vage three times every 24 h (30 mg/kg body weight). The 

control and MPTP groups received the vehicle alone. Two 

hours after the second KKC080096 administration, MPTP 

dissolved in saline was intraperitoneally injected four times 

at 2 h intervals (20 mg/kg body weight). The control group 

was injected only with saline. The animals were housed in 

an individually-ventilated caging system in an animal facility 

designated for hazardous materials handling. Motor activity 

tests and euthanization were performed in a separate room 

(one animal at a time) to minimize the emotional distress that 

might be experienced by the remaining live animals.

Hindlimb test
On the sixth day after MPTP injection, the mice were sus-

pended by the tail and the posture of the hindlimb was 

scored (Lee et al., 2020). A score of 4 was given when both 

hindlimbs were splayed outward without toe clasping, which 

is considered a typical behavior. A score of 1 was deduct-

ed whenever there was an incomplete splay of a hindlimb 

(retracted toward the abdomen). Another score of 1 was 

deducted whenever the toes were curled (clasping) on either 

hindlimb.

Rotarod test
Rotarod test was performed to evaluate fore- and hindlimb 

motor coordination and balance. As described before (Lee 

et al., 2016), on days 3, 4, and 5 before MPTP injection, the 

mice were trained for 150 s twice a day (with a 60 min rest-

ing period between trials) on a rotarod (Ugo Basile Biological 

Research, Italy) that was rotating at a constant speed of 20 

rpm. If the mice fell from the rod before 150 s, the animals 

were promptly picked up and placed on the rotarod. By the 

third day of training, all mice were able to stay on the rotat-

ing rod for the full 150 s. On the sixth day after the MPTP 

injection, the mice were tested on the rotarod rotating at a 

constant speed of 30 rpm, and the duration for which the 

mice held on to the rotarod was recorded. Three consecutive 

trials were performed, with a 60 min resting period between 

trials, and the values were averaged.

Pole test and vertical grid test
Pole test was performed as previously reported (Ogawa et al., 

1985). For the vertical grid test (Kim et al., 2010), mice were 

trained to ascend, turn around, and descend on the vertical 

apparatus, twice a day on days 3, 4, and 5 before MPTP injec-

tion. On day six post-MPTP injection, the same vertical grid tri-

als were performed and videotaped. The videos were replayed 

and analyzed to measure the time taken to make a turn, total 

time taken, and the percent of successful hindlimb steps.

Immunohistochemistry
Immunohistochemistry was performed as previously de-

scribed in publications from our group (Lee et al., 2016). The 

animals were deeply anesthetized seven days after MPTP 

injection. Then, the animals were transcardially fixed in 4% 

paraformaldehyde, and their brains were removed. After fixa-

tion and cryoprotection, the substantia nigra (SN) and striatal 

tissues, identified using the mouse brain atlas (Franklin and 

Paxinos, 1997), were cut into 20 μm sections on a HM 450 

sliding microtome (Thermo Fisher Scientific). Five sections of 

the SN (each 80 μm apart) were acquired, ensuring that the 

sections from each animal represented the same anatomical 

region, and were subjected to immunostaining for Iba-1 

(1:200). An additional five sections of the SN—each anteriorly 

adjacent to those immunostained for Iba-1—were taken from 

each brain and subjected to TH immunostaining (1:1,000). 

The immunoreactivities were visualized after the sequential 

exposure to the Vectastain ABC kit, biotinylated secondary 

antibodies, and the substrate solution (0.05% 3,3’-diamino-

benzidine and 0.003% H2O2). For quantitative analyses, the 

TH immunopositive neurons in the SN were counted using 

the Mousotron 3.8.3 program (Black Sun Software, Belgium). 

The TH-immunopositive fibers in the striatum and the Iba-1 

immunopositive microglial cells in the SN were subjected to 

densitometry using the Image Gauge 4.0 program (Fujifilm, 

Japan). The final immunodensity values were obtained after 

subtracting the background density value from the regions 

lacking immunoreactivity. All values for each group were av-

eraged and presented as a percentage of the vehicle-treated 

group ± SEM.

Data analyses
Statistical tests were performed using PRISM (GraphPad 

Software, USA). P < 0.05 was considered significant. Com-
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parisons of three or more groups were analyzed by one-way 

ANOVA and post Dunnett’s multiple comparison tests. At 

least three independent experiments were performed for in 

vitro studies and the data were calculated as mean ± SEM of 

independent experiments. For western blotting and RT-PCR, 

densitometric analyses were performed using ImageJ pro-

gram, the data were normalized against respective loading 

control, and the fold increase was calculated against respec-

tive control. All western blot and RT-PCR data showed statis-

tical significance in the above tests.

RESULTS

Identification of KKC080096 from a pyrazolo[3,4-d]py-
rimidine library
We have a focused library consisting of 241 novel pyra-

zolo[3,4-d]pyrimidines synthesized by us. The compounds in 

this library were screened for their ability to upregulate HO-1, 

by utilizing a cell-based sandwich ELISA assay previously re-

ported by us (Woo et al., 2014). From this screen, a novel syn-

thetic compound 1-(t-butyl)-N-(4-methoxybenzyl)-6-(meth-

ylthio)-1H-pyrazolo[3,4-d]pyrimidine-4-amine (KKC080096) 

(Fig. 1A) was identified. For confirmation, we performed 

western blotting and RT-PCR on KKC080096-treated BV-2 

murine microglial cells. The results revealed a dramatic and 

dose-dependent increase in HO-1 level (Fig. 1B). KKC080096 

showed no cytotoxicity; cell viability did not change with 

increasing concentrations of KKC080096 (Fig. 1C) (P > 0.05 

vs untreated control). The synthesis of KKC080096 involves 

three steps and uses 2-(methylthio)pyrimidine-4,6-diol as the 

starting material (Fig. 1A). The procedure for organic synthe-

sis is detailed in the Materials and Methods section.

KKC080096 lowers the levels of proinflammatory medi-
ators, increases those of anti-inflammatory markers, and 
inhibits kinases in inflammatory signaling pathways
As HO-1 is a suppressor of inflammation, we tested whether 

this HO-1-activating compound might exert such effects. In 

LPS-challenged BV-2 cells, KKC080096 dose-dependently 

suppressed the generation of the inflammatory mediator 

NO, thereby completely abolishing the effect of LPS at 20 μM 

(Fig. 2A) (IC50 = 4.33 μM). The LPS-induced increase in the 

mRNA level of inducible NO synthase (iNOS), the enzyme re-

sponsible for NO synthesis, was also reduced by KKC080096 

in a similar manner (Fig. 2C). The expression of proinflamma-

tory cytokine IL-1β was also decreased at both protein and 

mRNA levels, and the LPS-induced increase in IL-1β levels was 

completely blocked by KKC080096 at a concentration of 20 

μM (Figs. 2B and 2C) (IC50 = 4.75 μM). In comparison, while 

the expression of the M2-like anti-inflammatory phenotype 

markers Arg1, CD206, and YM1 was dramatically downregu-

lated in LPS-stimulated cells, this was largely recovered in the 

background of KKC080096 treatment (Fig. 2D). Under the 

same conditions, the mRNA levels of the anti-inflammatory 

Fig. 1. Structure, synthesis and discovery of KKC080096 as a HO-1 inducer. (A) The synthesis scheme and chemical structure of 

KKC080096. (B and C) BV-2 cells were treated with various concentrations of KKC080096. (B) After 24 h, western blotting was 

performed for HO-1 using β-actin as a loading control. The number on each gel pictogram represents the fold increase with respect 

to untreated control, calculated from densitometry and normalized against respective loading control. (C) After 24 h, cell viability was 

assessed using the ATP assay.
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cytokines TGF-β and IL-10 were also increased (Fig. 2D).

 As HO-1 interferes with IKK- and MAPK-mediated sig-

naling, it was possible that the mechanism underlying the 

anti-inflammatory action of KKC080096 might involve these 

kinases. As shown in Fig. 2E, while LPS caused a dramatic 

increase in the levels of phosphorylated IKK (active form), 

this was dose-dependently inhibited by KKC080096; 5 μM 

KKC080096 lowered the phosphorylation level by 34% and 

10 μM KKC080096 almost completely inhibited the phos-

phorylation. The effects on the MAPKs were similar; the levels 

of phosphorylated ERK, p38, and JNK were concomitantly 

increased upon LPS exposure, and this was dose-dependently 

suppressed by KKC080096.

KKC080096 suppresses microglial activation and provides 
neuroprotection in the SN of MPTP-treated mice
Based on our in vitro results, we investigated whether 

KKC080096 might also exert anti-inflammatory effects in 

vivo. We utilized the neurotoxin MPTP, whose systemic ad-

ministration induces neuroinflammation and neurodegen-

eration in the SN (Kurkowska-Jastrz bska et al., 1999). The 

degree of microglial activation in the nigral region was exam-

ined by checking the expression of the microglial marker Iba-

1 (Sierra et al., 2007) using immunohistochemistry. In the ve-

hicle control animals, the Iba-1-positive cells were character-

ized by a ramified morphology, indicating resting microglia, 

whereas in MPTP-treated animals, they were characterized by 

an ameboid morphology, indicating activated microglia (Fig. 

3A). However, the MPTP + KKC080096 animals exhibited 

a morphology similar to that of the control group animals. 

Densitometric analysis revealed that the Iba-1 immunodensity

—which was increased by MPTP—was decreased by 67% by 

in the background of KKC080096 treatment.

 Immunostaining for TH—a dopaminergic marker—revealed 

that while the number of surviving dopaminergic neurons 

in the SN was reduced by MPTP to 60%, it was significantly 

Fig. 2. KKC080096 downregulates proinflammatory gene expression, upregulates anti-inflammatory gene expression, and suppresses 

IKK and MAPK activation in activated microglia. BV-2 cells were stimulated with LPS (0.2 μg/ml) and treated with various concentrations 

of KKC080096. After 24 h, the nitrite (A) and IL-1β (B) levels were determined using the Griess assay and ELISA, respectively. The data 

are expressed as percentage of LPS-induced control ± SEM; **P < 0.01. The cells were harvested after 6 h and RT-PCR was performed 

for (C) iNOS and IL-1β and (D) Arg1, YM1, CD206, IL-10, and TGF-β using GAPDH as an internal control. (E) BV-2 cells were treated 

with various concentrations of KKC080096 for 1 h before stimulation with 0.2 μg/ml LPS. After 0.5 h, the cells were harvested, and the 

levels of phosphorylated and total IKK and MAPKs JNK, p38, and ERK were assessed using western blotting. (C-E) The number on each 

gel pictogram represents the fold change with respect to LPS-treated control, calculated from densitometry and normalized against 

respective internal control.
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higher in the MPTP+KKC080096 group (82%) (Fig. 3B). The 

effect on the fibers in the striatum, the region where the 

terminals of nigral dopaminergic neurons exist, was more 

evident: While MPTP treatment resulted in almost complete 

disappearance of the fibers (leaving only 13% vs untreated 

control), this was largely prevented by KKC080096 (74%).

KKC080096 improves motor performance of MPTP-treat-
ed mice
We investigated whether KKC080096 might also prevent the 

motor deficits associated with the MPTP-induced neurode-

generation by utilizing various behavioral tests shown to reli-

ably assess the PD-associated motor deficits. On the hindlimb 

test, the MPTP mice scored only 32% of the vehicle control, 

but KKC080096 could improve this score to 75% (Fig. 4A). 

On the rotarod test, the MPTP + KKC080096 group could 

hold on for 190 s (66% of the vehicle control), while the 

MPTP mice could stay on the rotating rod for only 97 s (34%) 

(Fig. 4B). On the pole test, the reduction in the duration of 

pole-hanging in the MPTP animal was completely reversed by 

KKC080096 (Fig. 4C, P > 0.05 vs vehicle control). In addition, 

on the vertical grid apparatus, all motor activity indices (time 

to make a turn on the grid, total time taken on the grid, and 

the number of successful hindlimb stepping; Figs. 4D-4F) 

were significantly improved upon KKC080096 cotreatment. 

Therefore, these data demonstrated that KKC080096 could 

protect the MPTP-treated animals from developing motor 

deficits typical of nigral neurodegeneration.

KKC080096 activates AMPK, LKB1, and CaMKKβ to in-
duce HO-1 expression
Next, we sought to identify the cellular signaling involved in 

KKC080096-induced HO-1 expression. As HO-1 induction 

can be achieved via AMPK activity, we tested if KKC080096 

might cause AMPK activation. When the cells were treated 

with KKC080096, the levels of phosphorylated AMPK (active 

form) were dramatically elevated, with KKC080096 causing a 

2.3 fold increase at a concentration of 5 μM (Fig. 5A). AMPK 

Fig. 3. KKC080096 suppresses microglial activation and protects dopaminergic neurons in MPTP-treated mice. Immunohistochemistry 

in mice administered MPTP alone only or co-treated with 30 mg/kg KKC080096. (A) Photomicrographs of the nigral sections showing 

Iba-1 expression (top) and quantitative analysis of the Iba-1-immunopositive microglia in the SN using densitometry (bottom). Scale bar 

= 200 μm. (B) Photomicrographs of the nigral (top left) and striatal (Str) (top right) sections immunostained against TH and quantitative 

analysis of the TH-immunopositive neurons in the SN by counting (bottom left) and TH-immunopositive terminals in the striatum by 

densitometry (bottom right). Scale bars = 200 μm. The data are expressed as the percentage of vehicle control group ± SEM; *P < 0.05, 

**P < 0.01 vs MPTP group.
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is known to be activated by the upstream kinases liver kinase 

B1 (LKB1) (Shaw et al., 2004; Woods et al., 2003) and calm-

odulin-dependent protein kinase kinase β (CaMKKβ) (Hawley 

et al., 2005; Woods et al., 2005). Western blotting showed 

that KKC080096 could increase the phosphorylation levels of 

both LKB1 and CaMKKβ in a manner similar to that observed 

with AMPK phosphorylation (Fig. 5B). Therefore, these data 

suggested that KKC080096 might act by activating both 

LKB1/AMPK and CaMKKβ/AMPK pathways to induce HO-1 

expression and activity.

 In order to ascertain that AMPK indeed acts upstream 

of HO-1 in the signaling elicited by KKC080096, we asked 

whether inhibition of AMPK might reverse the HO-1 induc-

tion. As shown in Fig. 5C, when the cells were pretreated 

with Compound C, the pharmacological inhibitor of AMPK, 

the KKC080096-induced HO-1 elevation was indeed dimin-

ished in a dose-dependent manner. In addition, pretreatment 

with this inhibitor was able to reduce the inhibitory effect of 

KKC080096 on the LPS-induced NO generation by 45% (Fig. 

5D). The same phenomenon was noted when Ara A, another 

AMPK inhibitor, was tested (Fig. 5D). These data suggested 

that AMPK is involved in the HO-1-inducing and anti-inflam-

matory effects of KKC080096. Higher concentrations of 

these inhibitors did not have further suppressive effect (not 

shown), and the finding that AMPK inhibition did not com-

pletely prevent the effects of KKC080096 on HO-1 and NO 

suggested involvement of additional pathway(s).

KKC080096 binds to Keap1 and competitively interferes 
wth Keap/Nrf2 interaction
As HO-1 expression is regulated by the transcription factor 

Nrf2, we tested the effect of KKC080096 on Nrf2 activation. 

KKC080096 increased the cellular and nuclear levels of Nrf2 

protein in a dose-dependent manner (Fig. 6A). This may be 

due to the sequestration of Nrf2—away from its cytosolic 

inhibitor protein Keap1—resulting in the escape of Nrf2 from 

degradation (Wakabayashi et al., 2004); it was possible that 

KKC080096 might trigger the dissociation of Nrf2 from 

Keap1. We first performed surface plasmon resonance anal-

ysis to investigate if there is a physical association between 

KKC080096 and Keap1. For this, Keap1 protein was immo-

bilized on a sensor chip, and the surface plasmon resonance 

was monitored in the presence of KKC080096. The results 

showed that the resonance response varied with increasing 

KKC080096 concentrations, demonstrating direct binding 

(Fig. 6B). The affinity between KKC080096 and Keap1 ap-

peared to be quite high, as the Kd value was calculated to 

be 1.07E-07 M, with ka (1/Ms) = 3.63E+05 and kd (1/s) = 

0.03874; Chi2 (RU2) = 1.89.

 We conducted an in vitro competitive binding assay to ob-

serve if the binding of KKC080096 to Keap1 might actually 

interfere with the interaction between Nrf2 and Keap1. The 

Fig. 4. KKC080096 improves motor activities in MPTP-treated mice. Motor deficit analyses of mice administered MPTP alone or co-

treated with 30 mg/kg KKC080096. (A) Hindlimb test score. (B) Latent time on rotarod. (C) Hanging time on pole. (D) Time taken to 

make a turn on the vertical grid. (E) Total time taken on the vertical grid. (F) Percentage of successful steps made on the vertical grid. The 

data are expressed as mean ± SEM; *P < 0.05, **P < 0.01 vs MPTP group.
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Nrf2-binding Kelch domain of Keap1 and a 16-mer peptide 

containing the high-affinity Keap1-binding ETGE domain 

of Nrf2 were utilized. As shown in Fig. 6C, the presence 

of KKC080096 caused a decrease in the amount of Keap1 

bound to Nrf2 in a dose-dependent manner, with 10 μM and 

50 μM causing reductions by 28% and 64%, respectively. 

The data suggested that KKC080096 effectively interferes 

with Keap1/Nrf2 interaction.

 Increased expression of the Nrf2 target genes should be 

another indicator of Nrf2 activation. To test this, we mon-

itored changes in the expression of the well-known Nrf2 

target genes NQO1, GCLC, and GCLM, in addition to HO-1. 

As shown in Fig. 6D, the mRNA levels of all three genes were 

indeed concomitantly and dose-dependently increased by 

KKC080096, providing further evidence for Nrf2 activation.

KKC080096 induces antioxidant enzyme expression in 
dopaminergic neuronal cells
As antioxidant enzymes exert a profound protective effect 

especially on dopaminergic neurons (Chang and Chen, 

2020) and their expression is primarily regulated by Nrf2, 

we used dopaminergic CATH.a cells to investigate whether 

KKC080096 can activate Nrf2 and induce the expression of 

antioxidant enzymes in these cells. As shown in Fig. 7A, the 

amount of cellular Nrf2 was indeed increased in the presence 

of KKC080096 in a dose-dependent manner, suggestive of 

sequestration from Keap1. These dopaminergic neuronal 

cells appeared to be much more sensitive to the compound, 

showing an inducing effect at concentrations as low as 0.5 

μM. Therefore, we used a lower concentration range of 

KKC080096 in these cells. When various Nrf2 target genes 

were tested, the mRNA levels of all genes tested, namely 

HO-1, NQO1, GCLM, GCLC, DJ-1, Trdx1, and catalase, were 

elevated (Fig. 7B). In addition, the protein levels tested (HO-

1, NQO1, GCLM, GCLC, and DJ-1) were also concomitantly 

elevated in a similar pattern (Fig. 7C). Thus, the Nrf2 pathway 

in dopaminergic neurons was also activated by KKC080096, 

suggesting that the increase in the expression of antioxidant 

enzymes might have also contributed to the neuroprotective 

effect of KKC080096 in vivo.

Fig. 5. KKC080096 activates AMPK, LKB1, and CaMKKβ in microglial cells. BV-2 cells were treated with various concentrations of 

KKC080096 for 15 min. The cells were harvested and (A) the levels of total and phosphorylated AMPK and (B) phosphorylated LKB1 and 

CaMKKβ were detected by western blotting with β-actin as a loading control. (C) The cells were pretreated with Compound C for 1 h, 

treated with KKC080096 (20 μM), and then cultured for additional 24 h. Western blotting was performed against HO-1 using β-actin 

as loading control. (A-C) The number on each gel pictogram represents the fold change with respect to untreated control (A and B) or 

KKC080096-treated control, calculated from densitometric value that had been normalized against β-actin. (D) The cells were pretreated 

with Ara A or Compound C for 1 h, treated with KKC080096 (20 μM) and/or 0.2 μg/ml LPS, and then cultured for additional 24 h. The 

nitrite level was determined using the Griess assay. The data are expressed as percentage of LPS-induced control ± SEM; ###P < 0.001 vs 

LPS-treated; ***P < 0.001 vs (KKC080096 + LPS)-treated.
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DISCUSSION

Here, we present a novel compound KKC080096 that ac-

tivates the LKB1/AMPK and the CaMKKβ/AMPK pathways 

and Nrf2 signaling, induces HO-1 expression, and inhibits the 

activation of kinases involved in inflammatory signaling, ulti-

mately resulting in the downregulation of proinflammatory 

mediators and upregulation of anti-inflammatory markers. 

The compound also induced expression of the antioxidant 

enzyme genes in dopaminergic neuronal cells as well as in 

microglia. In vivo, the orally administered KKC080096 could 

suppress neuroinflammation, protect the nigral neurons from 

degeneration, and alleviated the associated motor deficits in 

mice exposed to the dopaminergic neurotoxin MPTP.

 HO-1 has been shown to act as a suppressor of inflam-

mation. An increase in HO-1 expression has been accom-

panied by decreased pro-inflammatory responses in various 

experimental models (Cheung et al., 2009; Lin et al., 2008; 

Ogborne et al., 2004; Son et al., 2014), and HO-1 knockout 

mice exhibited chronic inflammation and enhanced vulner-

ability to proinflammatory endotoxins (Poss and Tonegawa, 

1997; Wiesel et al., 2000). We have also shown that both 

gene silencing and pharmacological HO-1 inhibition abol-

ished the anti-inflammatory effect (Lee et al., 2019). Evidence 

shows that HO-1 activity is involved in polarization of the 

microglia/macrophage toward the M2 phenotype (Naito et 

al., 2014; Sierra-Filardi et al., 2010; Tu et al., 2014), and this 

conversion reportedly prevents dopaminergic neurodegener-

Fig. 6. KKC080096 activates Nrf2 pathway and upregulates the expression of Nrf2 target enzymes in microglial cells. (A) BV-2 cells 

were treated with various concentrations of KKC080096. After 24 h, the cells were harvested and the cell lysates were subjected to 

western blotting for Nrf2 using β-actin as an internal control (upper panel). After 6 h, the cells were harvested and the nuclear and 

cytosolic fractions were subjected to western blotting for Nrf2, lamin B (a nuclear marker used as an internal control), and HSP90 (a 

cytosolic marker used as a negative control) (lower panel). (B) Surface plasmon resonance was recorded in the presence of KKC080096. 

The data are expressed as resonance units (RU). (C) The biotinylated Nrf2 ETGE peptide immobilized on streptavidin-agarose beads was 

incubated with Keap1-Kelch domain in the presence of KKC080096, and the Nrf2-bound Keap1 was detected using western blotting. 

The data are plotted as percentage of control ± SEM; **P < 0.01, ***P < 0.001. (D) BV-2 cells were treated with various concentrations 

of KKC080096 for 6 h. The cells were harvested and RT-PCR was performed for NQO1, GCLC, and GCLM. (A and D) The number on 

each gel pictogram represents the fold increase with respect to untreated control, calculated from densitometry and normalized against 

respective loading control.
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ation in the MPTP mouse PD model (Zhao et al., 2015b). We 

show in this study that KKC080096 caused HO-1 induction, 

decreased proinflammatory agent levels, increased M2 mark-

er levels, and provided protection to the nigral dopaminergic 

system, all of which suggest HO-1 involvement.

 HO-1 expression is induced via the Nrf2 pathway, and de-

veloping agents that target this pathway is recognized as a 

promising therapeutic approach for diseases involving inflam-

mation and neurodegeneration. We show that KKC080096 

binds with high affinity to Keap1, the cytosolic inhibitor of 

Nrf2, interferes with the Keap1-Nrf2 interaction, and leads 

to an increase in cellular Nrf2 level and induction of Nrf2 

target genes, all of which demonstrate activation of the Nrf2 

pathway. The existing Nrf2-activators like sulforaphane and 

bardoxolone-methyl (CDDO)-Me have been shown to cause 

adverse side effects in clinical studies (Baier et al., 2014; de 

Zeeuw et al., 2013), presumably because they are electrophil-

ic in nature and can covalently and non-specifically modify 

sulfhydryl groups in cellular proteins and reduced glutathione 

(Satoh and Lipton, 2017). However, KKC080096 possesses 

no electrophilic group, suggesting that its interaction with 

Keap1 is most likely non-covalent. Because it has a flat ring 

structure, the interaction may occur via pi-pi stacking, which 

involves non-covalent attraction between two molecules that 

possess flat ring structures and is known to contribute to high 

affinity binding pivotal to protein-ligand recognition (Zhao et 

al., 2015a). Based on our finding that KKC080096 disrupted 

the interaction between the Kelch domain of Keap1 and 

Nrf2, it is likely that the KKC080096-binding region lies in this 

domain. Since it is known that the Phe577, Tyr334, and Tyr 

572 aromatic rings residing in the Kelch domain can interact 

with many small molecules (Schmoll et al., 2017), one of 

these may be the site of the pi-pi stacking with KKC080096. 

This notion is supported by our previous finding that another 

Fig. 7. KKC080096 increases Nrf2 and antioxidant enzyme expression in dopaminergic neuronal cells. CATH.a cells were treated 

with various concentrations of KKC080096. After 24 h, cell lysate was subjected to western blotting to assess the levels of Nrf2 (A) and 

the antioxidant enzyme proteins (C). After 6 h, total RNA was subjected to RT-PCR to check the expression of antioxidant enzymes (B). 

The number on each gel pictogram represents the fold increase with respect to untreated control, calculated from densitometry and 

normalized against respective loading controls.
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pyrazolo[3,4-d]pyrimidine compound KKC080106 [(R)-1-

benzyl-6-(methylthio)-N-(1-phenylethyl)-1H-pyrazolo[3,4-d]

pyrimidine-4-amine] also binds Keap1 with high affinity (Lee 

et al., 2020). Further studies utilizing molecular docking sim-

ulation should be able to more closely predict the binding 

mode of KKC080096 to Keap1.

 HO-1 expression can also be induced via AMPK (Al-Rashed 

et al., 2018; Thornton et al., 2016). The anti-inflammatory 

role of AMPK has been recognized, as its activation inhibit-

ed LPS-induced inflammatory response in glial cells (Giri et 

al., 2004) and suppressed the pro-inflammatory NFkB and 

MAPKs pathways (Ewart et al., 2008; Hattori et al., 2006; 

Sag et al., 2008; Salminen et al., 2011), whereas AMPK-de-

ficiency abolished the anti-inflammatory effect of metformin 

(Huang et al., 2009), causing greater inflammation in mice 

(Galic et al., 2011) and amplifying proinflammatory signaling 

(Carroll et al., 2013). We show that KKC080096 activates 

the two upstream AMPK activators: LKB1 and CaMKKβ. 

The LKB1/AMPK signaling pathway has been shown to in-

hibit the NLRP3 inflammasome (Liu et al., 2019), suppress 

LPS-induced NFkB activation (Liu et al., 2015), and lead to 

M1 to M2 phenotype conversion (Ji et al., 2018). In addition, 

the CaMKKβ/AMPK pathway can reduce microglia activation 

by promoting microglial M2 polarization (Li et al., 2018; Xu 

et al., 2015; Zhou et al., 2014), and inhibit the LPS-activated 

NFκB signaling (Kanno et al., 2016).

 It has been reported that a crosstalk exists between Nrf2 

and AMPK signaling (Mo et al., 2014; Zimmermann et al., 

2015), and phosphorylation of Nrf2 by AMPK facilitates its 

nuclear accumulation (Joo et al., 2016) and transactivates 

a subset of Nrf2 target genes including HO-1 (Matzinger et 

al., 2020). Therefore, in addition to the canonical activation 

involving the sequestration of Nrf2 from Keap1, KKC080096 

can further facilitate Nrf2 signaling by activating AMPK. Fur-

thermore, we have previously shown that HO-1 expression 

can also be induced by AMPK independent of Nrf2 (Lee et 

al., 2018). Therefore, the dual activity of KKC080096, i.e., 

activation of both AMPK/HO-1 and Nrf2/HO-1 pathways, 

makes this compound a valuable agent as an anti-inflamma-

tory and neuroprotective therapy.

 The IC50 of KKC080096 for NO and IL-1β were found to 

be in the micromolar range (4.33 μM and 4.75 μM, respec-

tively), based on the data obtained from cell-based assay. 

However, its Kd value for Keap1, as determined from surface 

plasmon resonance study, was lower (0.1 μM). It is possible 

to speculate that this discrepancy is due to somewhat low 

efficiency of KKC080096 in traversing the plasma membrane 

before reaching the cytosolic protein Keap1. Modification of 

the compound for better membrane permeability may en-

hance the compound’s efficacy in the cell system.

 In conclusion, our novel compound KKC080096 exhibits 

anti-inflammatory activity, and this appears to involve the 

dual activation of AMPK/HO-1 and Nrf2/HO-1 signaling. In 

vivo, KKC080096 exerts anti-inflammatory effects and pro-

tects nigral neurons from degeneration, and this was accom-

panied by alleviation of the associated motor deficits. Thus, 

this novel pyrazolo[3,4-d]pyrimidine may be of important 

translational value as a therapy against neurodegenerative 

diseases such as PD.
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