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Introduction: Endoplasmic reticulum (ER) stress condition is characterized as the accu-
mulation of misfolded or unfolded proteins in lumen of ER. This condition has been 
implicated in various diseases and pathologies including β-cell apoptosis, Alzheimer’s 
disease and atherosclerosis. We have reported that hydroxynaphthoic acids (HNA), naphtha-
lene analogues of salicylic acid (SA), reduced ER stress. In this study, we explored structural 
modification to bi-aryl analogues of SA.
Methods: Palladium-catalyzed cross-coupling was applied to synthesize bi-aryl analogues 
of SA. Anti-ER stress activity was monitored by using our cell-based assay system where ER 
stress is induced by tunicamycin. To monitor ER stress markers, ER stress was induced 
physiologically relevant palmitate system.
Results: Many analogues decreased ER stress signal induced by tunicamycin. Compounds 
creating dihedral angle between Ar group and SA moiety generally increased the activity but 
gave some cytotoxicity to indicate the crucial role of flat conformation of aromatic region. 
The best compound (16e) showed up to almost 6-fold and 90-fold better activity than 3-HNA 
and tauro-ursodeoxycholic acid, positive controls, respectively. ER stress markers such as 
p-PERK and p-JNK were accordingly decreased in Western blotting upon treatment of 16e 
under palmitate-induced condition.
Conclusion: Anti-ER stress activity and toxicity profile of bi-aryl analogues of SA could 
provide a novel platform for potential therapy for protein misfolding diseases.
Keywords: endoplasmic reticulum stress, aryl-substituted salicylate, protein misfolding, 
biaryl group

Introduction
Endoplasmic reticulum (ER) plays a pivotal role in protein synthesis by accom-
modating proper folding to afford functionality of de novo synthesized proteins. ER 
can be placed under a stress condition when unfolded or misfolded peptides are 
accumulated inside (ER stress). Under this condition, a series of cellular events, 
known as unfolded protein responses (UPRs) or ER stress responses, are activated 
in order to manage the cellular damages.1 They involve cellular defense mechan-
isms such as translational attenuation, transcriptional activation of chaperones and 
degradation factors, ER-associated degradation (ERAD), and apoptosis. ER stress is 
controlled through well-documented sensor molecules residing in ER: protein 
kinase RNA-activated (PKR)-like ER kinase (PERK), activating transcription factor 
6 (ATF6), and inositol-requiring enzyme 1α (IRE1α). They relay on complex 
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downstream signal cascade to decide either survival or 
apoptotic pathway.2 ER stress has been implicated in var-
ious diseases and pathologies such as Alzheimer’s disease, 
diabetic retinopathy, atherosclerosis, type 2 diabetes, β-cell 
apoptosis, and lung inflammation.3 It was also demon-
strated to be strongly linked with autophagy and related 
pathologies.4

While chaperone molecules to ameliorate misfolded 
peptides/proteins are mostly peptides and proteins, there 
are chemical compounds that function as chaperone by 
reducing ER stress, known as chemical chaperones. 
Several chemical chaperones have been investigated as 
potential treatments for the ER stress-related pathologies. 
Most prominent examples include 4-phenyburytic acid 
(4-PBA),5 salubrinal,6 and tauro-ursodeoxycholic acid (t--
UDCA).7 4-PBA is a histone deacetylase (HDAC) inhibi-
tor and exerted therapeutic values against several ER 
stress-related conditions.7,8 Salubrinal was found to pro-
tect cells from ER stress by hampering eIF2a from depho-
sphorylation which is one of the hallmark events of UPR.6 

t-UDCA showed anti-ER stress activity in various contexts 
including type2 diabetes, obesity and cell death.7,9,10

From a more specific point of view, pharmacological 
chaperones could be separated from chemical chaperones 
although both are typically small molecules. In this classi-
fication, pharmacological chaperones target a specific pro-
tein in UPR signaling pathway or that is responsible for 
misfolded protein storage to inhibit ER stress while che-
mical chaperones exert the activity in a rather non-specific 
way and consist of osmolytes and hydrophobic molecules. 
Representative pharmacological chaperones include 

iminosugars to bind to β-glucocerebrosidase as potential 
treatment for Gaucher disease11,12 and STF-083010 to 
treat atherosclerosis as an IRE1 inhibitor.13

In search of novel chemical chaperones, we have 
reported that hydroxynaphthoic acids (HNAs) showed 
about an order of magnitude lower EC50 than known 
chemical chaperones such as salicylic acid14 and t--
UDCA.15 HNAs were identified through a cell-based 
assay we have developed and decreased ER stress markers 
including GRP78 and phosphorylated PERK.14,16 

Especially, 3-Hydroxy-2-naththoic acid (3-HNA) showed 
excellent anti-diabetic effects including recovery of insulin 
sensitivity and glucose-lowering activity in ob/ob mouse 
when administered orally through ER stress-reducing 
activity.16

Structurally, 3-HNA has an extended phenyl group of 
salicylic acid. It is indicated that the addition of aromatic 
moiety to salicylic acid toward 3-HNA exerted beneficial 
effects on the activity. Therefore, our hypothesis was that 
the increased activity of 3-HNA is due to the naphthalene 
ring and modification of the aromatic ring of salicylic acid 
could further vary the activity of this scaffold (Figure 1).

To investigate our hypothesis, we explored an alterna-
tive approach to install extra aromaticity to salicylic acid. 
We have designed biphenyl analogues of salicylic acid 
instead of extending flatness from phenyl group in sal-
icylic acid to naphthalene group in HNAs. In this study, 
the second Ar groups were tethered at the 4- or 5-position 
of salicylic acid to form biaryl moiety. It was expected that 
the biaryl system result in the expansion of π-electron in 
a sterically distinct manner from naphthalene system in 
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HNAs and generate a some level of dihedral interaction 
between the two aromatic rings. Indeed, aryl substituted 
salicylates shown in this study showed better activity than 
the parent HNA shedding a new light on the ER stress- 
reducing scaffold.

Materials and Methods
Chemistry
Unless noted otherwise, materials were purchased from 
commercial suppliers and used without further purifica-
tion. Air- or moisture-sensitive reactions were carried out 
under an inert gas atmosphere. Progress of reaction was 
monitored by thin-layer chromatography (TLC) using 
silica gel F254 plates. Purification of the products was 
performed by flash column chromatography using silica 
gel 60 (230–400 mesh) or by Biotage “Isolera One” sys-
tem with indicated solvents. Melting points were deter-
mined using a Kruss melting pointer meter and were not 
corrected. NMR spectra were obtained using a Bruker 
spectrometer 400 MHz and for 1H-NMR, 100 MHz for 
13C-NMR, respectively. Chemical shifts (δ) were 
expressed in ppm using solvent as an internal standard 
and coupling constant (J) in hertz. Mass spectra (MS) 
were obtained using a Waters Micromass ZQ instrument 
and High-resolution mass spectra (HRMS) were obtained 
using an Agilent Technologies Accurate Mass QTOF LC/ 
MS spectrometer. Mass spectra were recorded in positive 
ion mode with an electrospray (ESI) source.

Ethyl 3-Hydroxy-2-Naphthoate (6)
H2SO4 (0.16 mL) was added to a solution of 3-hydroxy- 
2-naphthoic acid (3-HNA, 565 mg, 3 mmol) in EtOH 
(30 mL). The mixture was refluxed for 1 day. The reaction 
mixture was concentrated, diluted with EA, washed with 
NaHCO3, water, and dried over anhydrous MgSO4. The 
residue was purified by using silica gel chromatography 
(5% EA in Hexanes) to give 6 as a yellow solid. (613 mg, 
95%) 1H-NMR (400 MHz, DMSO-d6) δ 10.35 (s, 1H), 

8.50 (s, 1H), 7.99 (dd, J = 8.2, 0.6 Hz, 1H), 7.78 (dd, J = 
8.3, 0.5 Hz, 1H), 7.56 (ddd, J = 8.2, 6.8, 1.2 Hz, 1H), 
7.42–7.33 (m, 2H), 4.44 (q, J = 7.1 Hz, 2H), 1.40 (t, J = 
7.1 Hz, 3H). Rf = 0.9 (10% EtOAc in Hex). MS (ESI) m/ 
z 217 [M+H]+

3-Hydroxy-2-Naphthamide (7)
The mixture of 6 (648 mg, 3 mmol) and 28% NH4OH 
(3 mL) was refluxed for 1 h. The reaction mixture was 
diluted with CH2Cl2, acidified with HCl about pH 2, 
washed with water, brine, and dried over anhydrous 
MgSO4. The residue was purified by using silica gel chro-
matography (gradient, 1% to 2% MeOH in CH2Cl2) to 
give 7 as a yellow solid. (103 mg, 55%) 1H-NMR (400 
MHz, DMSO-d6) δ 12.50 (s, 1H), 8.64 (s, 1H), 8.56 (s, 
1H), 8.06 (s, 1H), 7.83 (d, J = 8.2 Hz, 1H), 7.75 (d, J = 7.9 
Hz, 1H), 7.52 (ddd, J = 8.2, 6.8, 1.2 Hz, 1H), 7.36 (ddd, 
J = 8.1, 6.8, 1.2 Hz, 1H), 7.26 (s, 1H). Rf = 0.7 (5% MeOH 
in CH2Cl2). MS (ESI) m/z 188 [M+H]+

3-Hydroxy-2-Naphthonitrile (8)
Phosphoryl chloride (0.025mL, 0.26 mmol) was added to 
7 (38 mg, 0.2 mmol) in DMF (1 mL) at rt. After stirred for 
0.5 h, the mixture was stirred at 0 °C. The reaction mixture 
was washed with NaHCO3, water, and dried over anhy-
drous MgSO4. The residue was purified by using silica gel 
chromatography (20% EA in Hexanes) to give 8 as 
a yellow solid (46mg, 100%). 1H-NMR (400 MHz, 
DMSO-d6) δ 11.11 (s, 1H), 8.44 (s, 1H), 7.90 (d, J = 7.7 
Hz, 1H), 7.80 (d, J = 7.9 Hz, 1H), 7.57 (ddd, J = 8.2, 6.8, 
1.2 Hz, 1H), 7.41 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 7.33 (s, 
1H). Rf = 0.4 (2% MeOH in CH2Cl2). MS (ESI) m/z 170 
[M+H]+

3-(1H-Tetrazol-2-Yl)naphthalen-2-Ol (1)
The mixture of 8 (44 mg, 0.26 mmol), sodium azide 
(26 mg, 0.4 mmol), trimethylamine-HCl and toluene 
was heated to 95 oC for overnight. After cooling, the 
product was extracted with water. The aqueous layer, 

Figure 1 Outline of the present study.
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36% HCl was added dropwised to salt out the product 
tetrazole. After filtration, the solid was dried under 
reduced pressure to give 1 as a white solid (46 mg, 
83%). 1H-NMR (400 MHz, DMSO-d6) δ 16.17 (s, 1H), 
11.16 (s, 1H), 8.66 (s, 1H), 8.00 (d, J = 7.8 Hz, 1H), 7.80 
(d, J = 7.9 Hz, 1H), 7.56–7.49 (m, 1H), 7.44–7.35 (m, 
2H). 13C-NMR (101 MHz, DMSO-d6) δ 152.17 (s), 
151.63 (s), 135.48 (s), 129.97 (s), 128.55 (s), 128.01 
(s), 127.20 (s), 125.90 (s), 123.87 (s), 113.41 (s), 
109.90 (s), 40.09 (s), 39.88 (s), 39.67 (s), 39.46 (s), 
39.25 (s), 39.04 (s), 38.83 (s). Rf = 0.2 (20% MeOH in 
CH2Cl2). mp: 255~257 °C dec. MS (ESI) m/z 213 [M +  
H]+. HRMS [M + H]+ C11H9N4O cald 213.0771 Found 
213.0775.

General Procedure for the Synthesis of 
12 and 13
H2SO4 (0.5 mL) was added to a solution of 5-iodosalicylic 
acid 10 or 4-ioidosalicylic acid 11 (4 mmol) in EtOH 
(17 mL). The mixture was refluxed for 1 day. The reaction 
mixture was concentrated, diluted with ethyl acetate (EA), 
washed with NaHCO3, water, and dried over anhydrous 
MgSO4. The residue was purified by using silica gel chro-
matography (7%~10% EA in Hexanes) to give 12 or 13.

Ethyl 2-Hydroxy-5-Iodobenzoate (12)
White solid. Yield: 66%; 1H-NMR (400 MHz, CDCl3) δ 
10.82 (s, 1H), 8.12 (d, J = 2.3 Hz, 1H), 7.68 (dd, J = 8.8, 
2.3 Hz, 1H), 6.76 (d, J = 8.8 Hz, 1H), 4.41 (q, J = 7.1 Hz, 
2H), 1.42 (t, J = 7.1 Hz, 3H). Rf = 0.8 (10% EtOAc in 
Hex). MS (ESI) m/z 292.9 [M+H]+ [CAS 15125-84-5]

Ethyl 2-Hydroxy-4-Iodobenzoate (13)
Yield: 62%; yellow liquid; 1H-NMR (400 MHz, CDCl3) δ 
10.77 (s, 1H), 7.44 (d, J = 8.4 Hz, 1H), 7.33 (d, J = 1.6 Hz, 
1H), 7.16 (dd, J = 8.4, 1.7 Hz, 1H), 4.33 (q, J = 7.1 Hz, 
2H), 1.34 (t, J = 7.1 Hz, 3H). Rf = 0.6 (33% EtOAc in 
Hex). MS (ESI) m/z 292.9 [M+H]+ [CAS 730977-57-8]

General Procedure for the Synthesis of 
14a, 14c, 14d and 15a, 15c, 15d
Arylboronic acid or corresponding boronic ester (9) (0.3 
mmol), Pd(PPh3)4 (0.01 ~ 0.02 mmol), and 2 N Na2CO3 

(0.6 mL) were added to a solution of 12 or 13 (0.2 mmol) 
in EtOH (0.4 mL) and toluene (1.6 mL). The mixture was 
refluxed for 5 hr under argon. The reaction mixture was 
diluted with water, neutralized to pH 7~8 with sat. NH4Cl, 

and extracted with ethyl acetate. The organic layer was 
combined, dried over anhydrous MgSO4 and concentrated 
under reduced pressure. The residue was purified by using 
silica gel chromatography (5%~20% EA in Hexanes) to 
give 14a, 14c, 14d, 15a, 15c, 15d.

Ethyl 4-Hydroxy-[1,1’-Biphenyl] 
-3-Carboxylate (14a)
Yellow liquid. Yield: 74%. 1H-NMR (400 MHz, CDCl3) δ 
10.81 (s, 1H), 8.02–7.98 (m, 1H), 7.63 (dd, J = 8.6, 2.4 
Hz, 1H), 7.51–7.46 (m, 2H), 7.41–7.33 (m, 2H), 7.27 (dt, 
J = 9.3, 4.3 Hz, 1H), 7.02–6.97 (m, 1H), 4.38 (q, J = 7.1 
Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). Rf = 0.5 (6.25% EtOAc 
in Hex). MS m/z 244 [M+H]+ [CAS 17504-14-2]

Ethyl 2-Hydroxy-5-(Pyridin-4-Yl)benzoate 
(14c)
Yellow solid. Yield: 39%. 1H-NMR (400 MHz, CDCl3) δ 
11.30 (s, 1H), 8.70 (d, J = 5.8 Hz, 2H), 8.26 (d, J = 2.4 Hz, 
1H), 7.99 (d, J = 6.1 Hz, 2H), 7.83 (dd, J = 8.8, 2.4 Hz, 
1H), 7.16 (d, J = 8.8 Hz, 1H), 4.45 (q, J = 7.1 Hz, 2H), 
1.42 (t, J = 7.1 Hz, 3H); 13C-NMR (100 MHz, DMSO-d6) 
δ 168.29 (s), 160.64 (s), 150.23 (s), 145.66 (s), 133.63 (s), 
128.14 (d, J = 4.1 Hz), 120.58 (s), 118.40 (s), 114.19 (s), 
61.53 (s), 14.00 (s). Rf = 0.2 (33% EtOAc in Hex); mp: 
100~105 °C. MS (ESI) m/z 244 [M+H]+. HRMS [M+H]+ 

C14H14NO3 calcd for 244.0968 found 244.0962.

Ethyl 2-Hydroxy-5-(Pyridin-3-Yl)benzoate 
(14d)
Brown solid. Yield: 88%. 1H-NMR (400 MHz, CDCl3) δ 
11.14 (s, 1H), 8.92 (s, 1H), 8.64 (d, J = 5.1 Hz, 1H), 8.50 
(d, J = 7.8 Hz, 1H), 8.09 (d, J = 2.3 Hz, 1H), 7.93 (dd, J = 
7.9, 5.4 Hz, 1H), 7.67 (dd, J = 8.7, 2.3 Hz, 1H), 7.14 (d, J = 
8.7 Hz, 1H), 4.44 (q, J = 7.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 
3H); 13C-NMR (101 MHz, DMSO-d6) δ 168.43 (s), 159.95 
(s), 147.68 (s), 146.76 (s), 134.63 (s), 134.23 (s), 133.89 (s), 
128.11 (d, J = 2.1 Hz), 124.05 (s), 118.34 (s), 114.09 (s), 
61.49 (s), 13.99 (s). Rf = 0.3 (33% EtOAc in Hex). mp: 
84~86.5 °C. MS (ESI) m/z 244 [M+H]+. HRMS [M+H]+ 

C14H14NO3 calcd for 244.0968 found 244.0960.

Ethyl 3-Hydroxy-[1,1’-Biphenyl] 
-4-Carboxylate (15a)
Yellow solid. Yield: 82%. 1H-NMR (400 MHz, CDCl3) δ 
10.84 (s, 1H), 7.84 (d, J = 8.3 Hz, 1H), 7.54 (ddd, J = 4.4, 
3.5, 1.9 Hz, 2H), 7.41–7.36 (m, 2H), 7.34 (dd, J = 5.0, 3.6 
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Hz, 1H), 7.14 (d, J = 1.7 Hz, 1H), 7.06 (dd, J = 8.3, 1.8 
Hz, 1H), 4.36 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). 
Rf = 0.5 (6% EtOAc in Hex). MS m/z 243 [M+H]+ [CAS 
148066-43-7]

Ethyl 2-Hydroxy-4-(Pyridin-4-yl)benzoate 
(15c)
Yellow solid. Yield: 88%. 1H-NMR (400 MHz, CDCl3) 
δ 11.00 (s, 1H), 8.79 (d, J = 5.4 Hz, 2H), 8.04 (d, J = 
5.4 Hz, 2H), 8.01 (d, J = 8.2 Hz, 1H), 7.29 (d, J = 1.1 
Hz, 1H), 7.18 (d, J = 8.3 Hz, 1H), 4.42 (q, J = 7.1 Hz, 
2H), 1.40 (t, J = 7.1 Hz, 3H); 13C-NMR (100 MHz, 
DMSO-d6) δ 168.46 (s), 160.45 (s), 150.12 (s), 145.71 
(s), 143.84 (s), 130.83 (s), 121.50 (s), 117.88 (s), 115.51 
(s), 113.61 (s), 61.50 (s), 13.98 (s). Rf = 0.3 (33% 
EtOAc in Hex). mp: 71~74 °C. MS (ESI) m/z 244 [M 
+H]+; HRMS [M+H]+ C14H14NO3 calcd for 244.0968 
found 244.0963.

Ethyl 2-Hydroxy-4-(Pyridin-3-Yl)benzoate 
(15d)
Yellow solid. Yield: 78%. 1H-NMR (400 MHz, CDCl3) δ 
11.00 (s, 1H), 8.97 (s, 1H), 8.75 (d, J = 4.9 Hz, 1H), 8.54 
(d, J = 7.8 Hz, 1H), 8.03–7.96 (m, 2H), 7.18 (d, J = 1.3 
Hz, 1H), 7.08 (dd, J = 8.2, 1.4 Hz, 1H), 4.42 (t, J = 7.1 Hz, 
2H), 1.39 (t, J = 7.1 Hz, 3H); 13C-NMR (100 MHz, 
DMSO-d6) δ 168.65 (s), 160.55 (s), 149.08 (s), 147.40 
(s), 143.80 (s), 134.98 (s), 134.20 (s), 130.73 (s), 124.11 
(s), 117.99 (s), 115.39 (s), 112.60 (s), 61.45 (s), 13.99 (s); 
Rf = 0.4 (33% EtOAc in Hex). mp: 162~164 °C (dec.). MS 
(ESI) m/z 244 [M+H]+. HRMS [M+H]+ C14H14NO3 calcd 
for 244.0963 found 244.0960.

Ethyl 2-Hydroxy-5-(Naphthalen-1-Yl) 
benzoate (14b)
Naphthaleneboronic acid (301 mg, 1.75 mmol), Pd(PPh3)4 

(67 mg, 0.06 mmol), aqueous 2 N Na2CO3 (4.7 mL) was 
added to a solution of ethyl 2-hydroxy-5-iodobenzoate 
(341 mg, 1.17 mmol) in EtOH (6 mL) and toluene 
(6 mL). The mixture was refluxed for 7 h under argon 
gas. The reaction mixture was diluted with water and 
acidified to pH 7–8 with NH4Cl. The crude was extraction 
by EA. The residue was purified by using silica gel chro-
matography (100% Hexanes) to give 14b as a white solid. 
(249 mg, y. 73%). 1H-NMR (400 MHz, CDCl3) δ 10.96 (s, 
1H), 7.99 (d, J = 2.2 Hz, 1H), 7.92 (dd, J = 8.3, 1.1 Hz, 
1H), 7.90–7.81 (m, 2H), 7.60 (dd, J = 8.4, 2.3 Hz, 1H), 

7.57–7.38 (m, 4H), 7.12 (d, J = 8.5 Hz, 1H), 4.42 (q, J = 
7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H)); 13C-NMR (100 
MHz, CDCl3) δ 170.28 (s), 161.06 (s), 139.00 (s), 137.31 
(s), 133.86 (s), 131.76 (d, J = 3.9 Hz), 131.06 (s), 128.40 
(s), 127.79 (s), 127.03 (s), 126.22 (s), 125.82 (d, J = 14.4 
Hz), 125.42 (s), 117.50 (s), 112.57 (s), 61.58 (s), 14.21 (s); 
Rf = 0.3 (100% Hex); mp: 79~82.5 °C; MS (ESI) m/z 293 
[M+H]+

General Procedure for the Synthesis of 
16a, 16c, 16d or 17a~17d
Lithium hydroxide monohydrate (3 mmol) was added to 
a solution of ethyl ester 14a~14d or 15a, 15c, 15d (0.15 
mmol) in EtOH (2 mL). The mixture was refluxed for 12 
h. The reaction mixture was concentrated, diluted with 
water, and washed with ethyl acetate. The aqueous phase 
was acidified to pH 2 with 5% HCl and extracted with 
ethyl acetate. Combined organic layer was concentrated 
under reduced pressure and the residue was purified by 
using silica gel chromatography (10% MeOH in CH2Cl2) 
to give 16a~16d or 17a, 17c, 17d.

4-Hydroxy-[1,1’-Biphenyl]-3-Carboxylic 
Acid (16a)
Brown solid. Yield: 68%. 1H-NMR (400 MHz, DMSO-d6) 
δ 14.07 (s, 1H), 11.36 (s, 1H), 8.05 (d, J = 2.4 Hz, 2H), 
7.85 (dd, J = 8.6, 2.5 Hz, 2H), 7.67–7.61 (m, 4H), 7.50– 
7.43 (m, 4H), 7.39–7.32 (m, 2H), 7.08 (d, J = 8.6 Hz, 2H). 
Rf = 0.1 (10% MeOH in CH2Cl2). MS m/z 215 [M+H]+ 

[CAS 323-87-5]

2-Hydroxy-5-(Naphthalen-1-Yl)benzoic 
Acid (16b)
Brown solid. Yield: 81.2%. 1H-NMR (400 MHz, 
MeOH-d4) δ 7.97 (d, J = 2.3 Hz, 1H), 7.93–7.88 (m, 
1H), 7.85 (d, J = 8.2 Hz, 2H), 7.54–7.46 (m, 3H), 7.45– 
7.40 (m, 1H), 7.38 (dd, J = 7.0, 1.1 Hz, 1H), 7.02 (d, 
J = 8.4 Hz, 1H); 13C-NMR (100 MHz, DMSO-d6) δ 
171.71 (s), 160.47 (s), 138.22 (s), 136.87 (s), 133.46 (s), 
131.19–130.68 (m), 128.41 (s), 127.63 (s), 126.92 (s), 
126.46 (s), 125.95 (s), 125.59 (s), 124.98 (s), 117.33 (s), 
113.08 (s); Rf = 0.4 (10% MeOH in CH2Cl2). mp: 
231~233.7 °C (dec.). MS (ESI) m/z 265 [M+H]+. 
HRMS [M+H]+ C17H13O3 calcd for 265.0783 found 
265.0790.
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2-Hydroxy-5-(Pyridin-4-Yl)benzoic Acid 
(16c)
Yellow solid. Yield: 100%. 1H-NMR (400 MHz, 
DMSO-d6) δ 14.07 (s, 1H), 11.36 (s, 1H), 8.05 (d, J = 
2.4 Hz, 1H), 7.85 (dd, J = 8.6, 2.5 Hz, 1H), 7.67–7.61 (m, 
2H), 7.50–7.43 (m, 2H), 7.39–7.32 (m, 1H), 7.08 (d, J = 
8.6 Hz, 1H); 13C-NMR (100 MHz, DMSO-d6) δ 171.05 
(s), 164.25 (s), 149.77 (s), 147.22 (s), 130.71 (s), 128.44 
(s), 124.88 (s), 120.13 (s), 119.28 (s), 117.28 (s). Rf = 0.1 
(10% MeOH in CH2Cl2); mp: 340~345 °C (dec.). MS 
(ESI) m/z 216 [M+H]+. HRMS [M+H]+ C12H10NO3 

calcd for 126.0655 found 126.0648.

2-Hydroxy-5-(Pyridin-3-Yl)benzoic Acid 
(16d)
Yellow solid. Yield: 99%; 1H-NMR (400 MHz, DMSO-d6) 
δ 11.92 (s, 1H), 8.83–8.78 (m, 1H), 8.47 (dd, J = 4.7, 1.6 
Hz, 1H), 8.03 (d, J = 2.6 Hz, 1H), 7.99–7.94 (m, 1H), 7.56 
(dd, J = 8.4, 2.6 Hz, 1H), 7.45–7.39 (m, 1H), 6.77 (d, J = 
8.4 Hz, 1H). Rf = 0.1 (10% MeOH in CH2Cl2). MS m/ 
z 216 [M+H]+ [CAS 23380-76-9].

3-Hydroxy-[1,1’-Biphenyl]-4-Carboxylic 
Acid (17a)
Brown solid. Yield: 54%; 1H-NMR (400 MHz, DMSO-d6) 
δ 11.92 (s, 1H), 7.86 (d, J = 8.6 Hz, 1H), 7.71 (d, J = 7.3 
Hz, 2H), 7.48 (t, J = 7.4 Hz, 2H), 7.44–7.38 (m, 1H), 7.23 
(dd, J = 3.9, 2.5 Hz, 2H). Rf = 0.1 (10% MeOH in CH2Cl2) 
. MS m/z 215 [M+H]+ [CAS 4482-27-3].

2-Hydroxy-4-(Pyridin-4-Yl)benzoic Acid 
(17c)
Yellow solid. Yield: 99%. 1H-NMR (400 MHz, DMSO-d6) 
δ 12.01 (s, 1H), 8.61 (d, J = 6.0 Hz, 2H), 7.80 (d, J = 7.8 
Hz, 1H), 7.68 (dd, J = 4.5, 1.6 Hz, 2H), 7.10–7.00 (m, 
2H). Rf = 0.2 (20% MeOH in CH2Cl2). MS m/z 216 [M 
+H]+ [CAS 222986-83-6].

2-Hydroxy-4-(Pyridin-3-Yl)benzoic Acid 
(17d)
White solid. Yield: 89%; 1H NMR (400 MHz, DMSO-d6) δ 
11.97 (s, 1H), 8.89 (s, 1H), 8.58 (d, J = 3.7 Hz, 1H), 8.12–8.02 
(m, 1H), 7.82 (d, J = 7.9 Hz, 1H), 7.48 (dd, J = 7.9, 4.8 Hz, 
1H), 7.11–7.01 (m, 2H); 13C-NMR (100 MHz, DMSO-d6) δ 
171.63 (s), 161.52 (s), 149.36 (s), 147.74 (s), 143.90 (s), 
134.56 (s), 134.25 (s), 131.03 (s), 123.96 (s), 117.72 (s), 

115.07 (s), 112.69 (s). Rf = 0.1 (10% MeOH in CH2Cl2). 
mp: 266.5~268.7 °C (dec.). MS (ESI) m/z 216 [M+H]+; 
HRMS [M+H]+ C12H10NO3 calcd for 126.0655 found 
126.0659.

2-Hydroxy-4-(Naphthalen-1-Yl)benzoic 
Acid (17b)
1-Naphthaleneboronic acid (52 mg, 0.3 mmol), Pd(PPh3)4 

(12 mg, 0.01 mmol), aqueous 2 N Na2CO3 (0.8 mL) was 
added to a solution of 2-hydroxy-4-iodobenzoic acid (11, 
53 mg, 0.2 mmol) in EtOH (2 mL), toluene (8 mL). The 
mixture was refluxed for 5 h under argon gas. The reaction 
mixture was diluted with water and acidified to pH 2 with 
5% HCl. The crude was extraction by ethyl acetate. The 
residue was purified by using silica gel chromatography 
(10% MeOH in CH2Cl2) to give 17b as a brown solid 
(41 mg, y. 77.5%). 1H-NMR (400 MHz, DMSO-d6) δ 
12.52 (s, 1H), 8.01 (dd, J = 13.9, 5.4 Hz, 2H), 7.95–7.89 
(m, 1H), 7.83 (d, J = 8.2 Hz, 1H), 7.62–7.50 (m, 3H), 7.47 
(dd, J = 7.0, 1.0 Hz, 1H), 7.02 (td, J = 4.1, 1.6 Hz, 2H); 
13C-NMR (100 MHz, DMSO-d6) δ 171.73 (s), 161.08 (s), 
147.14 (s), 138.28 (s), 133.36 (s), 130.32 (d, J = 3.8 Hz), 
128.34 (d, J = 14.7 Hz), 126.65 (d, J = 8.7 Hz), 126.08 (s), 
125.50 (s), 125.00 (s), 120.82 (s), 118.04 (s), 112.52 (s); Rf 

= 0.3 (10% MeOH in CH2Cl2). mp: 177~181.7 °C (dec.). 
MS (ESI) m/z 265 [M+H]+. HRMS [M+H]+ C17H13O3 

calcd for 265.2755 found 265.2729.

Cell Culture
Human embryonic kidney (HEK 293) cells and HepG2 
cells, a human hepatoma-derived cell line, were obtained 
from ATCC (Manassas, VA, USA) and cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 100 U/mL 
penicillin, and 100 μg/mL streptomycin in a humidified 
atmosphere of 5% CO2 at 37°C.

Palmitate Preparation
Fatty-acid-free bovine serum albumin (BSA) and sodium 
palmitate were purchased from Sigma-Aldrich Co. 
(St. Louis, MO, USA). Sodium palmitate was conjugated 
to fatty-acid-free BSA. Briefly, sodium palmitate was dis-
solved in sterile phosphate buffered saline by heating and 
shaking till clear to make a stock solution of 10 mM 
palmitate. Palmitate stock solution was added to serum- 
free DMEM containing BSA to prepare a palmitate work-
ing solution, which consisted of 1 mM palmitate and 3.4% 
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BSA. This palmitate-conjugated BSA solution was filter- 
sterilized, warmed to 37 °C before use to ensure palmitate 
binding to BSA, and diluted to the final concentration (0.5 
mM palmitate) in media. Cells in the control group were 
incubated in the serum-free DMEM containing 1.7% BSA.

Multiplex Luciferase Assay
The stable human embryonic kidney (HEK 293) cell line 
harboring a reporter gene expressed by human grp78 pro-
moter was used as previously described.15 Synthesized 
human grp78 promoter (−137~+25) containing three ER 
stress response elements (ERSE) in tandem was cloned 
into pGL4.79 vector (Promega, Madison, USA). A stable 
human embryonic kidney (HEK 293) cell line harboring 
the reporter gene was selected under 400 μg/mL of G418 
selection pressure. 5000 cells/well were seeded in white 
384-well plate (Greiner, Solingen, Germany). After 24 h, 
Tm or DMSO was added (1 ug/mL final concentration). 
Following 22 h incubation, 60 μM of EnduRenTM live cell 
substrate (Promega, Madison, USA) was added to medium 
and, after 2 h incubation, Renilla luciferase (rLuc) activity 
was measured using EnVision® (Perkin-Elmer). to normal-
ize the rLuc activity, total viable cells were counted using 
Celltiter-gloTM reagent (Promega). The 50% inhibitory 
concentration (IC50) values for tested compounds were 
determined by non-linear regression analysis of log-dose 
/response curves using Prism® 5 software (GraphPad soft-
ware Inc., CA, USA). Data from three independent experi-
ments were expressed as the geometric mean IC50 and 
95% confidence intervals (95% CI) were calculated.

Cytotoxicity
Cells were plated in new plates and treated with com-
pounds at different concentration in a parallel manner to 
the reporter assay. After incubation, cells were treated with 
Celltiter-gloTM reagent (Promega), incubated for 30 min. 
Luminescence was measured using Envision (Perkin 
Elmer) reader. Cytotoxicity was expressed as the 50% 
cytotoxic concentration (CC50) values.

Statistical Analysis
Statistically significant differences were assessed by the 
Student’s t-test. A probability value of less than 0.05 was 
considered significant.

Immunoblot Analysis
HepG2 cells in a 6-well plate at a density of 500,000 cells/ 
well were incubated with 500 μM of palmitate in the 

presence or absence of a test compound for 6 h. Fatty- 
acid-free BSA and DMSO were used as vehicle controls. 
Cells were lysed in RIPA lysis buffer (Cell Signaling 
Technology, Beverly, MA, USA) supplemented with pro-
tease inhibitor cocktail (Calbiochem, San Diego, CA, 
USA). Proteins in whole cell lysates were resolved by 
SDS-polyacrylamide gel electrophoresis and transferred 
onto nitrocellulose membrane (GE Healthcare, Chalfont 
St. Giles, Buckinghamshire, UK). The membranes were 
blocked with 5% (w/v) skim milk in phosphate-buffered 
saline containing 0.25% (v/v) tween-20 for 1 hour and 
subsequently incubated with primary antibody overnight 
at 4 °C and reacted with horseradish peroxidase- 
conjugated secondary antibody (Life Technologies, Grand 
Island, NY). ECL chemiluminescence detection kit (GE 
Healthcare, Chalfont St. Giles, Buckinghamshire, UK) was 
used to develop the protein bands. Equal loading of pro-
teins was confirmed by immunoblotting for β-actin. 
Antibodies against phospho-PERK and PERK were pur-
chased from Santa Cruz Biotech (Santa Cruz, CA, USA). 
Anti-phospho-JNK and anti-JNK antibodies were obtained 
from Cell Signaling Technology (Beverly, MA, USA). 
Anti-β-actin antibody was supplied by Sigma-Aldrich 
Co. (St. Louis, MO, USA).

Results and Discussion
Synthesis
In order to test our hypothesis, we have prepared biphenyl 
versions of salicylic acid (compounds 16 and 17). Some 
direct analogues of 3-HNA (1~4, Figure 2) were also 
examined to compare the structure–activity relationship 
(SAR). Compound 5 (6-hydroxy-1-naphthoic acid) is 
a regioisomer of 3-HNA which showed several fold less 
activity than 3-HNA confirming it is the reasonable start-
ing point of SAR study.

Compound 1 was prepared by replacing a carboxylic 
acid functional group of 3-HNA with a tetrazole ring. 
A tetrazole ring is a well-known bioisostere of carboxylic 
acid due to similar pKa and flat geometry between them.17

As shown Scheme 1, synthesis of 1 started with Fisher 
esterification on 3-HNA to afford the ethyl ester 6. It was 
then treated with ammonium hydroxide to afford an amide 
7 in 55% yield which was consecutively converted to 
a nitrile compound 8 quantitatively under a dehydration 
condition using POCl3. Reaction of 8 and sodium azide 
afforded the tetrazole compound 1 in 83% yield.18
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Synthesis of biaryl analogues (16 and 17) is described 
in Scheme 2. Some aryl boronic acids (Ar = a and b) were 
esterified with 2,3-dimethylbutane-2,3-diol to afford the 
corresponding boronic esters 9 when necessary.19 

5-Iodosalicylic acid 10 and 4-iodosalicylic acid 11 were 
independently esterified to form the ethyl esters 12 and 13, 
respectively. Reaction of 12 and 13 and boronic acid (Ar = 
a and b) or the corresponding boronic ester 9 (Ar = c and 
d) under Suzuki coupling conditions gave biaryl- 
substituted ethyl salicylates 14a~14d and 15a~15d, 
depending on Ar group.20 Hydrolysis of the ethyl esters 
finally gave the corresponding acids, 16a~16d and 
17a~17d.

Biological Activity and Structure–Activity 
Relationships
Anti-ER stress activity of the compounds, expressed as 
IC50, was evaluated using our cell-based reporter assay 
based on multiplex renilla luciferase activity driven by 
GRP78 gene. Cytotoxicity was also measured using the 

luciferase assay as described in Methods section,15,16 

expressed as CC50 and displayed in Table 1 along with 
IC50.

As shown in Table 1, compounds 2 (4-HNA), 3 
(7-bromo-3-HNA) and 4 (6-methoxy-2-naphthoic acid) 
showed better activity than the parent compound, 
3-HNA. Compound 2 showed the best activity among 
them, but it showed some level of cytotoxicity. 
Compound 1, a bioisostere of 3-HNA, disappointingly 
lost quite a portion of the activity indicating carboxylic 
acid is the best option.

Most compounds showed comparable to better activ-
ities to reduce Tm-induced ER stress signal than the parent 
compound, 3-HNA. The activity was slightly decreased 
when a naphthalene group of 3-HNA is replaced with 
a biphenyl group (16a and 17a vs 3-HNA). However, 
when the naphthalene group of 3-HNA is replaced with 
a phenylnaphthalene group (16b and 17b), the activities 
increased by about twofold. When it comes to a pyridine 
substituent (16c, d and 17c, d), the activities showed some-
what controversial SAR. When the Ar group is 3-pyridyl, 

Figure 2 Structure of 3-HNA analogues tested in this study.

Scheme 1 Reagents and conditions (a) EtOH, H2SO4, reflux, 1 d, 95% (b) NH4OH, reflux, 1 h, 55% (c) POCl3, DMF, r.t., 100% (d) NaN3, Et3N-HCl, toluene, 95 °C, o/n, 
83%.
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16d and 17d showed better activity than 3-HNA whether 
the Ar group is located at the 4-position or 5-position. On 
the other hand, if the Ar group is 4-pyridyl, 16c containing 
it at the 5-position totally lost the activity whereas 17c that 

has the same Ar group at the 4-position showed almost the 
same activity than 3-HNA. It seems that there is no gen-
eral SAR regarding the position of Ar group throughout 
the analogues. When Ar = phenyl and 1-naphthyl, 16 (a 
and b) showed better activity than 17 (a and b), respec-
tively, whereas if Ar = 4-pyridyl and 3-pyridyl, 16 (c and 
d) showed less activity than 17 (c and d).

Increased activities of 16b and 17b might be attributed 
to some level of conformational issues between an Ar 
(=naphthalene) group and salicylate group. A molecular 
dynamics calculation indicated about dihedral angel θ ≅ 
20 suggesting different steric factors caused by Ar group 
than flat naphthalene moiety of 3-HNA. The activity of 
16b, however, is hard to be rationalized in this regard, 
because it still has the flat conformation like 3-HNA 
barely generating significant dihedral angel between the 
Ar group and salicylate group.

As shown in Table 1, 16b and 17b with Ar being 
naphthalene, showed quite a toxicity to result in undesir-
able safety window (SI < 3). It indicates that bulky Ar 
group to generate some level of dihedral angel is not 
required to be the best analogues. On the other hand, 17d 
that has a flat conformation displayed the best activity and 
considerable toxicity profile to afford SI≅ 40. It clearly 

Scheme 2 Synthetic scheme for 5-arysalicylic acid (16a~d) and 4-arylsalicylic acid (17a~d) reagents and conditions (a) MgSO4, dioxane, reflux o/n, (b) H2SO4, EtOH, reflux 
for o/n (c) arylboronic acid or 9, Pd(PPh3)4, Na2CO3, EtOH/toluene, 85 °C or dioxane, 90 °C, 4 h (d) LiOH, MeOH, reflux, 12 h.

Table 1 Activity of 1~5, 16 and 17 Against Tunicamycin-Induced 
ER Stress and Cytotoxicitya

Compounds EC50 (μM) CC50 (μM) SIb

1 507.3 ± 57 >2000 >3.9

2 81.6 ± 16.1 50.4 ± 11 0.62
3 159.8 ± 27.3 782.5 ± 72 4.9

4 100.7 ± 6.7 1580 ± 201 15.7

5 1213 ± 37 3236 ± 427 2.67
16a 362.0 ± 55.3 >5000 >13.8

16b 151 ± 27.5 459 ± 21 3.06

16c 3419 ± 216 >5000 >1.46
16d 265.7 ± 77 >5000 >18.9

16e 58.3 ± 3.5 >5000 >85.7

17a 566.4 ± 97 >5000 >8.8
17b 196.1 ± 37 453 ± 19 2.31

17c 325 ± 59 >5000 >15.4

17d 132 ± 32 >5000 >37.9
3-HNA 328 2301 7.02

t-UDCA15 5200

Notes: aData represent mean of three experiments in duplicate. bSafety index is 
expressed as a ratio of CC50/EC50.
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confirmed the crucial role of flat aromatic space in the 
activity. of the compounds shown in Figure 1, compound 
1, a bioisostere of 3-HNA, and 5 showed less activity than 
3-HNA while compounds 2, 3 and 4 showed better activ-
ity. However, 2 and 3 showed low level of safety index 
whereas 4 showed significant activity with acceptable SI.

With the effect of flat aromaticity on the activity, we also 
tested 16e which as Ar = 2’,4’-difluorophenyl group. 16e has 
a name Diflusinal and is a non-steroidal anti-inflammatory 
drug (NSAID) and used as an analgesic and anti- 
inflammatory drug.21 Beside anti-ER stress activity, it was 
reported that 16e and its derivatives showed considerable 
level of anti-amyloidosis effect22 suggesting the bi-aryl sal-
icylate scaffold potentially have some intrinsic activity 
against misfolded protein-related pathologies. Structurally, 
it also has little dihedral angle to form a flat conformation 
and surprisingly showed the best anti-ER stress activity 

(EC50 = 58 μM) and significant toxicity to result in remark-
ably high level of safety window (SI ≅  90).

It is not clearly understood if NSAIDs generally induce 
or inhibit ER stress although inflammation and ER stress 
cross talk in many pathological conditions.23 As mentioned 
above, salicylic acid was reported to be a chemical chaper-
one to ameliorate ER stress.24,25 However, there is a report 
that diclofenac, an NSAID, induced ER stress, demonstrated 
by up-regulation of BiP (binding immunoglobulin protein, a. 
k.a., GRP78).26 In this study, we report Diflusinal, an 
NSAID, clearly down-regulated GRP78-driven ER stress 
signal and related markers (Table 1 and Figure 3).

Next, we investigated the effects of the best compound 
(16e) on ER stress markers. Compound 16e was treated at 
various concentrations along with palmitate to HepG2 
cells and the changes of some UPR markers were analyzed 
by Western blot (Figure 3). When sensing ER stress, 

A

B

Figure 3 Western blot (A) and densitometry (B) of ER stress markers upon treatment of 16e. Immunoblotting was performed in HepG2 cells incubated with palmitate (500 
μM) in the presence of increasing concentrations of compound 16e for 6 h. Bands were quantified by densitometric scanning. The expression levels of phosphorylated PERK 
and JNK were normalized to those of each total form. Data represent the mean ± S.D. of three separate experiments. **P<0.01 (compared with the BSA control); #P<0.05 
(compared with the group treated with palmitate alone).
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GRP78 which normally binds to PERK is released from 
the complex, which is followed by the oligomerization and 
transphosphorylation of PERK. Compound 16e success-
fully diminished the phosphorylated PERK induced by 
palmitate treatment. Level of phosphorylated c-Jun 
N-terminal kinase (JNK) was also attenuated in line with 
p-PERK and is usually implicated in apoptosis. The degree 
of those changes was in concert with the results of our 
reporter assay, which in turn demonstrated the robustness 
of our reporter assay.

Although we have shown here that representative ER 
stress markers are modulated upon treatment of 16e, 
mechanism of action (MOA) by which the compound 
decrease ER stress or misfolding load still requires good 
amount of investigations. Chemical chaperones can be 
categorized into several groups.12,27 The most common 
type is osmolytes consisting of polar or charged com-
pounds, such as glycerol, trimethylamine N-oxide 
(TMAO) and proline. They limit free movement of pro-
teins by elevating the density of the solvent, thus prevent-
ing aggregation of unfolded proteins. The second group is 
hydrophobic or detergent-like compounds, eg, sodium salt 
of PBA, lipids, and detergents. Hydrophobic moiety of 
them binds to the hydrophobic surface of unfolded pro-
teins to protect them from aggregation. Another category 
can be pharmacological chaperones such as enzyme inhi-
bitors and receptor ligands. They possibly bind to a target 
protein to promote proper folding or to transport the mis-
folded protein. They are supposed to bind the native con-
formation of the target protein, stabilizing its conformation 
to push the balance toward the native state. In this regard, 
our compounds should bind to a target protein in a specific 
manner toward which our future investigation of MOA 
and novel compounds will be directed.

In conclusion, we have designed and synthesized aryl- 
substituted salicylic acid analogues which feature altered 
aromatic arrangement than the parent compound, 3-HNA. 
Analogues with naphthalene Ar group showed increased 
activity but their cytotoxicity also became worse to 
demonstrate the crucial role of flat aromatic steric effect. 
The best compound, 16e (Diflusinal), showed almost 6 ~ 
90-fold better activity than positive controls. Moreover, it 
reduced representative ER stress markers such as p-PERK 
and p-JNK in Western blot under more physiologically 
relevant palmitate-induced ER stress condition. It is sug-
gested that this scaffold could be a platform for further 
investigation to identify novel chemical chaperones.

Supplementary Materials
1H- and 13C-NMR spectrum of unknown compounds are 
available in Supplementary Information.
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