
Accepted Manuscript

Design, synthesis, and evaluation of curcumin derivatives as Nrf2 activators and
cytoprotectors against oxidative death

Zhi-Shan Tu, Qi Wang, Dan-Dan Sun, Fang Dai, Bo Zhou

PII: S0223-5234(17)30263-5

DOI: 10.1016/j.ejmech.2017.04.008

Reference: EJMECH 9355

To appear in: European Journal of Medicinal Chemistry

Received Date: 15 January 2017

Revised Date: 1 April 2017

Accepted Date: 4 April 2017

Please cite this article as: Z.-S. Tu, Q. Wang, D.-D. Sun, F. Dai, B. Zhou, Design, synthesis, and
evaluation of curcumin derivatives as Nrf2 activators and cytoprotectors against oxidative death,
European Journal of Medicinal Chemistry (2017), doi: 10.1016/j.ejmech.2017.04.008.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.ejmech.2017.04.008


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

  1

Design, synthesis, and evaluation of curcumin derivatives as Nrf2 activators and 1 

cytoprotectors against oxidative death 2 

 3 

Zhi-Shan Tu, Qi Wang, Dan-Dan Sun, Fang Dai*, Bo Zhou* 4 

 5 

State Key Laboratory of Applied Organic Chemistry, Lanzhou University, 222 6 

Tianshui Street S., Lanzhou, Gansu 730000, China 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

______________________________ 17 

* Corresponding author. 18 

E-mail: bozhou@lzu.edu.cn; daifang@lzu.edu.cn  19 

Fax: +86-931-8915557 20 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

  2

Abstract 21 

Activation of nuclear factor erythroid-2-related factor 2 (Nrf2) has been proven to 22 

be an effective means to prevent the development of cancer, and natural curcumin 23 

stands out as a potent Nrf2 activator and cancer chemopreventive agent. In this study, 24 

we synthesized a series of curcumin analogs by introducing the geminal dimethyl 25 

substituents on the active methylene group to find more potent Nrf2 activators and 26 

cytoprotectors against oxidative death. The geminally dimethylated and catechol-type 27 

curcumin analog (compound 3) was identified as a promising lead molecule in terms 28 

of its increased stability and cytoprotective activity against the tert-butyl hydroperox-29 

ide (t-BHP)-induced death of HepG2 cells. Mechanism studies indicate that its cyto-30 

protective effects are mediated by activating the Nrf2 signaling pathway in the Mi-31 

chael acceptor- and catechol-dependent manners. Additionally, we verified by using 32 

copper and iron ion chelators that the two metal ion-mediated oxidations of compound 33 

3 to its corresponding electrophilic o-quinone, contribute significantly to its 34 

Nrf2-dependent cytoprotection. This work provides an example of successfully de-35 

signing natural curcumin-directed Nrf2 activators by a stability-increasing and proe-36 

lectrophilic strategy. 37 

 38 

Keywords: Nrf2, curcumin, cytoprotective activity, Michael acceptor, catechol 39 

 40 

 41 
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1. Introduction  42 

Nuclear factor erythroid-2-related factor 2 (Nrf2) is an imperative regulator of cel-43 

lular resistance against electrophilic and oxidative stress by activating phase II detox-44 

ifying and antioxidant enzymes such as hemeoxygenase-1(HO-1), glutathione 45 

S-transferase (GST), γ-glutamylcysteine synthetase (γGCS) and γ-glutamyl cysteine 46 

ligase (γ-GCL) [1]. In its inactive state, the basic leucine zipper protein (bZIP) tran-47 

scription factor is associated with a Kelch-like ECH-associated protein 1 (Keap1) and 48 

sequestered in the cytoplasm, which facilitates its ubiquitination and proteasomal 49 

degradation. Once cells are exposed to oxidative or electrophilic stress, the active 50 

cysteine residues in Keap1 are covalently modified, resulting in Nrf2 disassociation 51 

from Keap1, thereby causing it stabilization and translocation to the nucleus. Accord-52 

ingly, the Nrf2 accumulates in the nucleus, dimerizes with obligatory partner sMaf, 53 

and subsequently transactivates antioxidant response element (ARE)-driven phase II 54 

detoxifying and antioxidant genes [2-4]. In addition, numerous studies also indicate 55 

that diverse protein kinases including mitogen-activated protein kinase (MAPK), 56 

phosphatidylinositol 3-kinase (PI3K) and protein kinase C are involved in the Nrf2 57 

transcriptional activation [5, 6].  58 

Nrf2 has been identified as a potential molecular target for cancer chemoprevention 59 

and this has sparked the increasing interest in identifying and developing natural 60 

product-derived chemopreventive agents by targeting the keap1-Nrf2/ARE pathway 61 

[4, 7]. Curcumin (Fig. 1) is a renowned natural polyphenolic compound that isolated 62 
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from the rhizome of Curcuma longa. It has shown diverse biological activities in-63 

cluding antioxidant, anti-inflammatory and anticancer activities [8, 9]. Although the 64 

precise mechanisms involved in its various activities remains to be elucidated, the an-65 

tioxidant capacity of this molecule seems to be an element underlying its versatile bi-66 

ological properties. By virtue of its two phenolic groups and the β-diketone moiety, 67 

curcumin is known to directly scavenge the reactive oxygen species (ROS) [10, 11]. 68 

Moreover, due to the electrophilic characteristics of the Michael acceptor moieties, it 69 

can also act as an indirect antioxidant by activating the Keap1-Nrf2/ARE signaling 70 

pathway, which is crucial for cytoprotection against various forms of stress [12, 13]. 71 

Unfortunately, the clinical application of curcumin has been retarded by its poor bio-72 

availability due to its low solubility in aqueous solutions and instability under physi-73 

ological conditions [9, 14]. To deal with these drawbacks, numerous approaches have 74 

been undertaken including changing the keto-enol moiety into monocarbonyl or het-75 

erocyclic moiety, and substitution at central methylene carbon and so on [9, 15, 16]. 76 

Among these approaches, the geminal dimethylation on the central methylene carbon 77 

has been verified as an efficient modification strategy to improve pharmacological 78 

activities of curcumin [16-18]. Specifically, introduction of two hydrophobic methyl 79 

groups results in increased stability and anticancer activity [16], antioxidative activity 80 

[17] and water-solubility [18].   81 

Thus, we synthesized a panel of curcumin analogs by insertion of dimethyl substit-82 

uents on the active methylene group of curcumin (Fig. 1) to find more effective Nrf2 83 
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activators than the parent molecule. Moreover, we have previously identified a cate-84 

chol-type resveratrol analog as a proelectrophile that is converted intracellularly into 85 

its corresponding electrophilic o-quinone by copper ions. The copper-ion mediated 86 

oxidation is indispensible for its cytoprotective activity against the oxidative death by 87 

activating Nrf2 [19]. Therefore, the catechol moiety was also considered to introduce 88 

into the geminal dimethyl substituted-curcumin analogs. The further modification 89 

generated compound 3 (Fig. 1), a catechol-type and geminally dimethylated curcumin 90 

analog. In view of this molecule containing two active sites (the Michael acceptor and 91 

catechol units), we further synthesized its reduced analog (3-H) and catechol-omitting 92 

analog (10) to clarify whether the two units are crucial for its Nrf2-dependent cyto-93 

protective activity.  94 

Figure 1 here 95 

 96 

2. Results 97 

2.1 Chemical Synthesis  98 

Compounds 1-10 were synthesized according to the route shown in Scheme 1, with 99 

commercially available aromatic aldehydes as the starting materials. The aromatic al-100 

dehydes containing relatively active phenolic hydroxyl group were first protected by 101 

methoxymethyl chloride (MOMCl) or tert-butyldimethylsilyl chloride (TBSCl). The 102 

classical 1, 3-diketones (intermediates 2) were synthesized by the aldol condensation 103 

of the modified benzaldehydes with acetylacetone according to the Pabon reaction 104 
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[20]. Then the final products 2, 4–8 and 10 were synthesized by the substitution of 105 

iodomethane. Compounds 1, 3 and 9 bearing the relatively active phenolic hydroxyl 106 

group were obtained by removing the MOM or TBS groups in the final step. Com-107 

pound 3-H was synthesized by catalytic hydrogenation of compound 3 over Pd/C. 108 

Scheme 1 here 109 

2.2 Stability assay of curcumin and its analogs 110 

Stability of the selected compounds (40 µM) in PBS (pH 7.4) was assessed by 111 

monitoring their UV–visible absorption changes at 25 °C. As shown in Fig. 2, cur-112 

cumin was rapidly degraded in PBS within 30 min, while the geminally dimethylat-113 

ed curcumin, compound 1, showed no signs of decomposition over a 30 min period. 114 

These results demonstrate that geminal dimethylation on the central methylene group 115 

improves the stability of curcumin. Notably, compound 3 was also stable under the 116 

same conditions, whereas methylation and dehydroxylation of the two catechol moi-117 

eties in compound 3 to generate compounds 2 and 10, respectively, led to significant 118 

decomposition. These data suggest that the catechol moieties of compound 3 are also 119 

essential for its stability.  120 

Figure 2 here 121 

2.3 SAR analysis for the cytoprotection of curcumin and its analogs 122 

The t-BHP-induced oxidative death of HepG2 cells was employed as a model to 123 

evaluate the cytoprotective activity of curcumin and its analogs [21, 22]. Specifically, 124 

the cells were pretreated with the test compounds at nontoxic concentration (5 µM) 125 
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(Fig. 3A) for 24 h followed by their removal and a subsequent challenge with 900 µM 126 

t-BHP. As shown in Fig 3B, exposure of the cells to t-BHP for 6 h resulted in about 127 

70% cell death, but pretreatment with 5 µM curcumin and its analogs attenuated cell 128 

death induced by t-BHP. Most of the analogs were more potent cytoprotective agents 129 

than the parent curcumin. A comparison of cytoprotection between curcumin and 130 

compound 1 clearly indicates that geminal dimethylation on the central methylene 131 

carbon of curcumin enhanced significantly its activity. Furthermore, demethylation of 132 

compound 1 to produce the catechol-type compound 3 resulted in an enhanced cyto-133 

protection. On the contrary, abrogating the catechol (compound 10) or Michael ac-134 

ceptor (3-H) moieties of compound 3 led to an obvious reduction in the cytoprotec-135 

tion. These results indicate that both the catechol and Michael acceptor moieties are 136 

essential for recapitulating the cytoprotective activity observed for compound 3.  137 

Figure 3 here 138 

2.4. Compound 3 attenuated dose-dependently the cell death and ROS accumulation 139 

induced by t-BHP  140 

Considering that compound 3 was the most prominent one among the test mole-141 

cules, its cytoprotective activity at different concentrations was subsequently meas-142 

ured by the MTT assay. As shown in Fig. 4A, treatment with t-BHP induced about 143 

70% cell death, but pretreatment of the cells with compound 3 (1.25, 2.5 and 5 µM) 144 

protected does-dependently the cells from oxidative death. Since t-BHP can be me-145 

tabolized to free radical intermediates by cytochrome P-450, ultimately resulting in 146 
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oxidative stress [22], the extent of ROS generation induced by t-BHP was monitored 147 

by flow cytometry using DCFH-DA. Treatment with 900 µM t-BHP for 3 h resulted 148 

in 2.5-fold increase in the ROS levels relative to the control. In contrast, compound 3 149 

suppressed dose-dependently the ROS accumulation (Fig. 4B). Remarkably, the test 150 

procedure, pretreatment with compound 3 followed by its removal, hints at the possi-151 

bility that this molecule can penetrate into the cells and function as an indirect anti-152 

oxidant to activate endogenous antioxidative defense system. 153 

Figure 4 here 154 

2.5. Compound 3 activated Nrf2 and its downstream genes in HepG2 cells 155 

Under activation in response to oxidative and electrophilic stress, Nrf2 detaches 156 

from Keap1, translocates to the nucleus and ultimately activates transcription of phase 157 

II detoxifying enzymes [1]. Therefore, we next examined the expression of Nrf2 and 158 

its downstream phase II detoxifying enzymes induced by compound 3. It can be seen 159 

from Fig. 5A that after exposing the cells to 5 µM compound 3, both nuclear and cy-160 

tosolic levels of Nrf2 were increased as early as 1 h, to a peak value at 3–6 h, and then 161 

gradually decreased to a basal level after 12 h. Additionally, 3 h treatment with com-162 

pound 3 under different concentrations (1.25, 2.5 and 5 µM) increased 163 

dose-dependently the Nrf2 expression (Fig. 5B). Likewise, a time- and 164 

dose-dependent effects could be also observed for the expression of phase II detoxi-165 

fying enzymes (including HO-1, GCLC and GCLM) induced by compound 3 (Fig. 5C 166 

and D). Furthermore, tert-butyl hydroquinone (t-BHQ), a well-known Nrf2 activator, 167 
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was employed as a positive control. When compared with t-BHQ, compound 3 was a 168 

more effective cytoprotector and Nrf2 activator since only 5 µM compound 3 showed 169 

a similar effect observed for 20µM t-BHQ in the cytoprotection (Fig. 5E) and Nrf2 170 

activation (Fig. 5F) and its downstream gene expression (Fig. 5G). 171 

Figure 5 here 172 

To further confirm the cytoprotection of compound 3 toward HepG2 cells depend 173 

on the Nrf2 activation and its downstream gene expression, the cytoprotection assay 174 

was checked again in the presence of trigonelline (TRG) (an Nrf2 inhibitor) [23, 24], 175 

Zinc protoporphyrin IX (ZnPP) (a HO-1 inhibitor) or L-buthionine-(S,R)-sulfoximine 176 

(BSO) (a GCL inhibitor). Pretreatment with TRG, ZnPP and BSO attenuated obvi-177 

ously the cytoprotective activity of compound 3 (Fig. 6). These above results support 178 

the conclusion that compound 3 ameliorates the t-BHP-induced death of HepG2 cells 179 

through activating Nrf2, highlighting its role as an efficient Nrf2 activator and thereby 180 

as an indirect antioxidant.  181 

Figure 6 here 182 

2.6 Compound 3 induced phosphorylation of Akt and JNK 183 

It is known that MAPKs including JNKs and ERKs, as well as PI3K/Akt pathways 184 

play a role in the Nrf2 transcriptional activation [5, 6]. The influence of compound 3 185 

on the MAPKs and PI3K/Akt pathways was thus studied. It can be seen from Western 186 

bolt results that treatment with compound 3 showed no benefit on phosphorylation of 187 

ERK, but increased time-dependently that of p-Akt within 120 min. In addition, 188 
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compound 3 stimulated a time-dependent increase of JNK phosphorylation and a 189 

maximal response occurred at 30 min (Fig. 7A). In contrast, pretreatment with 190 

SP600125 (a JNK inhibitor) or LY294002 (a specific PI3K/Akt inhibitor) inhibited 191 

markedly the cytoprotection (Fig. 7B) and the expression of phase II detoxifying en-192 

zymes including HO-1, GCLC and GCLM (Fig. 7C) induced by compound 3. Base on 193 

the above results, we can conclude that the cytoprotection of compound 3 is mediated, 194 

at least in part, by a JNK and PI3K/Akt-dependent activation of Nrf2. 195 

Figure 7 here 196 

2.7 Compound 3 activated Nrf2 in a Keap1-dependent manner 197 

Normally, Nrf2 is sequestered by the Keap1 protein in the cytoplasm. Once cells 198 

are exposed to oxidative or electrophilic stress, the active cysteine residues in Keap1 199 

are covalently modified, thereby facilitating the release of Nrf2 and its transcriptional 200 

activation [25, 26]. Previous reports have shown that the Michael acceptors could di-201 

rectly conjugate with the active cysteine residues of Keap1, resulting in dissociation 202 

and nuclear translocation of Nrf2 [4, 27]. Usually, the reaction can be quenched by 203 

DTT, a sulfhydryl-containing Michael acceptor abrogating agent [28, 29]. To ascertain 204 

whether compound 3 induces Nrf2 activation in Michael acceptor- and 205 

Keap1-dependent manners, we tested initially the expression of Nrf2 by Western blot-206 

ting coupled with the use of DTT. The increased Nrf2 expression induced by com-207 

pound 3 can be reversed by pretreatment with DTT (Fig. 8A), implying that com-208 

pound 3 induces Nrf2 activation at least partially in a Michael acceptor-dependent 209 
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manner. Furthermore, the decreased Keap1 band in response to the treatment of com-210 

pound 3 can be reversed obviously by DTT (Fig. 8B). This is in tune with the results 211 

from Li and coworkers, showing that an increase in the expression of Nrf2 based on 212 

exposure of 2-tert-butyl-1,4-hydroquinone was accompanied with a decreased levels 213 

of Keap1 [30], and highlights that the Nrf2 activation is also Keap1-dependent.  214 

Figure 8 here 215 

2.8 Compound 3 enhanced Nrf2 stability 216 

Under basal conditions, Nrf2 is constantly targeted for Keap1-dependent ubiquiti-217 

nation and subsequent proteasomal degradation to maintain its low levels in the cells 218 

[26]. Molecules bearing Michael acceptor unit can react with the active cysteine resi-219 

dues of Keap1 and thus suppress Nrf2 ubiquitination and subsequent proteasomal 220 

degradation [4, 27, 31]. To investigate whether compound 3 could stabilize Nrf2 lev-221 

els, the expression of total Nrf2 was tested by Western blotting. Compound 3 stimu-222 

lated a time-dependent expression of Nrf2 in HepG2 cells with a maximal response 223 

within 3 h (Fig. 8C). Moreover, we quantified directly the turnover rate of Nrf2 by 224 

using cycloheximide (a protein synthesis inhibitor) as a means to block protein syn-225 

thesis [32]. As shown in Fig. 8D, after exposing the cells to CHX, the total Nrf2 levels 226 

were significantly decreased in an hour, whereas pretreatment with compound 3 227 

slowed obviously the turnover rate. A single-phase decay model [32] to fit the data 228 

revealed that pretreatment of compound 3 prolonged the half-life of Nrf2 protein from 229 

22 to 57 min, approximately 2.6 times longer than the control group (Fig. 8E). These 230 
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results demonstrate that compound 3 can significantly improve the Nrf2 stability 231 

through suppressing its degradation.  232 

2.9 Both the catechol and Michael acceptor moieties are important for the cytoprotec-233 

tion and Nrf2 activation 234 

In the presence of oxygen and transition metal ions, catechol proelectrophiles can 235 

be easily oxidized to its corresponding o-quinone electrophiles, which subsequently 236 

undergo Michael addition with Keap1 and activate the Keap1-Nrf2/ARE pathway [4, 237 

33]. Redox-active metal such as copper and iron are essential to all organisms living 238 

and crucial for the function of several metalloenzymes involved in oxidation metabo-239 

lism [19, 33-35]. Our previous study has shown that a catechol-type resveratrol analog 240 

could be converted intracellularly into its corresponding o-quinone by copper ions. 241 

The oxidative conversion is required for its Nrf2 activation [19]. Therefore, effect of 242 

various metal ion chelating agents on the cytoprotection of compound 3 was investi-243 

gated to clarify the mechanism by which compound 3 is oxidized, and to confirm 244 

whether its corresponding o-quinone is responsible for the cytoprotection. As shown 245 

in Fig. 9A, pretreatment with the wide variety of metal ion chelator ethylenedia-246 

minetetraacetic acid (EDTA) attenuated significantly the cytoprotection, suggesting a 247 

role of metal ions involved in oxidation of compound 3. Furthermore, both the iron 248 

chelator desferrioxamine (DFO) (Fig. 9A) and the copper chelator neocuproine (NEO) 249 

(Fig. 9B) inhibited obviously its cytoprotection. These results demonstrate that both 250 

the copper and iron ions could mediate oxidations of the catechol-type compound 3 to 251 
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its corresponding electrophilic o-quinone, thereby contributing significantly to the 252 

Nrf2-dependent cytoprotection. This is further supported by relatively weaker Nrf2 253 

activation and expression of its downstream genes by the catechol-omitting analog 254 

(compound 10) than by compound 3 (Fig. 9C).  255 

Additionally, a comparison of cytoprotection (Fig. 3B) along with protein expres-256 

sion of Nrf2 (Fig. 9C) and its downstream genes (Fig. 9D) between compound 3 and 257 

its reduced analog (3-H), clearly indicates that the Michael acceptor units are neces-258 

sary for the cytoprotection. To further clarify the role of the Michael acceptor moieties, 259 

the effect of DTT on the compound 3-induced cytoprotection and Nrf2 activation was 260 

evaluated. Pretreatment with DTT abrogated remarkably the cytoprotection (Fig. 9B) 261 

and Nrf2 activation (Fig. 8A). Based on these data, we can infer that both the catechol 262 

and Michael acceptor moieties are important for the Nrf2-dependent cytoprotection. 263 

Figure 9 here 264 

 265 

3. Discussion  266 

  Nrf2, a potential molecular target for cancer prevention, has attracted much at-267 

tention in discovering and developing natural product-derived chemopreventive 268 

agents by targeting the Keap1-Nrf2/ARE pathway [4, 7]. Most of Nrf2 activators be-269 

long to the chemical class of electrophiles [7]. However, the intrinsic reactivity of 270 

electrophiles is also associated with augmented metabolic degradation and toxicity, 271 

due to reactions with nontarget proteins and other compounds such as glutathione [4, 272 
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36]. Therefore, a proelectrophilic strategy to design Nrf2 activators by introduction of 273 

the catechol or hydroquinone moiety is suggested because the proelectrophiles mani-274 

fest fewer side effects [37, 38]. Our previous study shows a catechol-type resveratrol 275 

analog intracellularly converted into its o-quinone electrophile by copper ions, and the 276 

copper-mediated oxidation is necessary to its Nrf2 activation and subsequent cyto-277 

protection [19]. Accordingly, we designed a series of natural curcumin (a potent Nrf2 278 

activator [13, 39]) analogs by introduction of the geminal dimethyl groups and the 279 

catechol moieties to find more effective Nrf2 activators based on a stability-increasing 280 

and proelectrophilic strategy.  281 

In tune with the previous result [16], introduction of the geminal dimethyl substit-282 

uents does improve the stability of curcumin (Fig. 2). Furthermore, a striking feature 283 

of our data is that the catechol moieties can further stabilize the curcumin analogs as 284 

exemplified in compound 3. We reasoned that the phenolic hydroxyl of compound 3 285 

can readily undergo deprotonation to yield phenoxide anion under physiological pH 286 

conditions, resulting in delocalization of negative charge over its cinnamoyl part and 287 

subsequent prevention from attacking by H2O.  288 

Subsequently, this molecule turned out to be superior to other compounds in terms 289 

of its increased stability and cytoprotective activity against the oxidative death. 290 

Mechanism studies indicate that the excellent cytoprotection of compound 3 is at-291 

tributed to its facilitating nuclear translocation of Nrf2 (Fig. 5A and B) and subse-292 

quent expression of Nrf2-driven antioxidants including HO-1, GCLM, GCLC (Fig. 293 
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5C and D). These results were further supported by using the Nrf2 inhibitor (TRG) 294 

and HO-1, GCL inhibitor (ZnPP and BSO, respectively) (Fig. 6). Western blot results 295 

indicate that compound 3 induces Nrf2 activation in a Keap1-dependent manner (Fig. 296 

8B) and increases remarkably its stability (Fig. 8D). This allows Nrf2 to escape form 297 

degradation and translocate to nuclear, resulting the Nrf2 target gene expression. 298 

Moreover, the cytoprotection of compound 3 is mediated, at least in part, by JNK and 299 

PI3K/Akt-dependent activation of Nrf2 (Fig. 7A), which is supported by the reduced 300 

cytopretection in the presence of a JNK inhibitor (SP600125) or an Akt inhibitor 301 

(LY294002) (Fig. 7B and C).  302 

The essential question considered here is to clarify the role of the Michael acceptor 303 

and catechol units for compound 3 that make it viable Nrf2 activator. The MTT data 304 

(Fig. 3B) coupled with the Western blot results (Fig. 9C and D) suggest that the Mi-305 

chael acceptor units are crucial for maintaining its Nrf2-dependent cytoprotection be-306 

cause reduction of olefin (3-H) or pretreatment of DTT (Fig. 9B) lead to a significant 307 

decrease in the potency. Furthermore, the oxidation of the catechol-type compound 3 308 

by intracellular copper and iron ions is also required for its Nrf2-dependent cytopro-309 

tection. This could be explained by the attenuated cytoprotction by using NEO and 310 

DFO (Fig. 9A and B) and the reduced potency in the case of compound 10 (Fig. 3B, 311 

9C and D). it should be pointed out that this result distinguishes our previous result in 312 

the case of a catechol-type resveratrol analog where the intracellular copper rather 313 

than iron ions are responsible for its oxidation [19]. In fact, Cu(II)/Cu(I) (Eo = +0.15 314 
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V) redox couple is relatively easier to favor redox cycle than the Fe(III)/Fe(II) (Eo = 315 

+0.77 V) redox couple [40]. Therefore, involvement of iron ions should be com-316 

pound-dependent, probably due to the lower redox potential of compound 3 compared 317 

with that of the catechol-type resveratrol analog. This is in concert with the previous 318 

studies that iron ions catalyze the wine polyphenols containing catechol or pyrogallol 319 

moieties to form o-quinones [41, 42]. Generally, the hydroxylated curcuminoids work 320 

as antioxidants but as prooxidants under special conditions such as high concentra-321 

tions and in the presence of cupric ions [43]. In fact, this study highlights the fact that 322 

catechol-type compound 3 makes use of endogenous copper and iron ions to construct 323 

an efficient prooxidant system, resulting in formation of electrophilic o-quinone and 324 

Nrf2-dependent cytoprotection. In other words, in the current case, compound 3 plays 325 

finally a role of indirect antioxidant by its prooxidant activity. 326 

 327 

4. Conclusion  328 

This work provides useful information for using a stability-increasing and proelec-329 

trophilic strategy to develop a curcumin-inspired Nrf2 inducer. Based on this strategy, 330 

the catechol-type compound 3 has been identified as a promising lead molecule in 331 

terms of its increased stability and excellent cytoprotective activity. It could effec-332 

tively disrupt the Nrf2-Keap1 complex and thereby increase the expression of phase II 333 

detoxifying enzymes in the Michael acceptor- and catechol-dependent manners (Fig. 334 

10). Using copper and iron ion chelating agents, we verified that this molecule could 335 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

  17

make use of the two intracellular ions to produce its corresponding o-quinone, thereby 336 

contributing to its Nrf2-dependent cytoprotection. In addition, the activation of the 337 

JNK and PI3K pathways as well as stabilization of Nrf2 by this molecule was also 338 

responsible for its Nrf2-dependent cytoprotection. 339 

Figure 10 here 340 

 341 

5. Experimental section 342 

5.1 General information 343 

Roswell Park Memorial Institute (RPMI)-1640, zinc protoporphyrin IX (ZnPP), 344 

L-buthionine-(S,R)-sulfoximine (BSO), SP600125 and cycloheximide (CHX) were 345 

obtained from Sigma (St. Louis, MO, USA). LY294002, Cell lysis buffer for Western 346 

and IP, BCA protein assay kit, 2′,7′-Dichlorofluorescin diacetate (DCFHDA), 3-(4, 347 

5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and phenylme-348 

thanesulfonyl fluoride were from Beyotime Institute of Biotechnology (Jiangsu, Chi-349 

na). Keap1, β-actin, Nrf2 and Lamin A were purchased from Santa Cruz Biotechnol-350 

ogy (CA, USA). Rabbit polyclonal antibody to HO-1 was purchased from Enzo Life 351 

Sciences (NY, USA). Rabbit antibodies against glutamate cysteine ligase catalytic 352 

subunit (GCLC) and glutamate cysteine ligase modulatory subunit (GCLM) were 353 

purchased from Abcam (Shanghai, China). All the phosphorylated, nonphosphory-354 

lated kinase antibodies used in this study and glyceraldehyde 3-phosphate dehydro-355 

genase (GAPDH) were obtained from Cell Signaling Technology (Danvers, MA, 356 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

  18

USA). HRP-labeled secondary antibody was obtained from TransGen Biotech Co., 357 

Ltd. (Beijing, China). All other chemicals were of the highest quality available.  358 

5.2 Synthesis 359 

Synthesis of curcumin and its designed analogs was conducted according to the 360 

route described in Scheme 1 and the details are described as below. Their structures 361 

were confirmed by 1H and 13C NMR spectra and ESI-MS analysis (See also the sup-362 

plementary data). 363 

5.2.1. TBS protection of hydroxyl groups [44] 364 

Tert-butyldimethylsilyl chloride (TBSCl) (1.2 eq) and imidazol (3 eq) were added 365 

to a solution of isovanillin or 3,4-dihydroxybenzaldehyde in CH2Cl2 (0.25 M) at 0 °C. 366 

The mixture was warmed to room temperature and stirred for 6 h. The solution was 367 

washed with saturated Na2CO3, brine and dried over Na2SO4, and concentrated under 368 

reduced pressure to afford the crude product as a white solid which was used to next 369 

step directly. 370 

5.2.2. MOM protection of hydroxyl groups [45] 371 

To a solution of 2-hydroxybenzaldehyde (1.0 eq) in anhydrous THF (0.25 M) was 372 

added a suspension of 60% w/w NaH (1.2 eq) in THF, the mixture was stirred at room 373 

temperature for 1 h. Then chloromethyl methyl ether (MOMCl) (1.2 eq) was added, 374 

and the mixture was stirred at room temperature for 2 h followed by quenching and 375 

extraction with ethyl acetate. The organic layer was washed with brine, 5% NaOH, 376 

dried over Na2SO4, and concentrated under reduced pressure to afford the crude prod-377 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

  19

uct as a white solid which was used to next step directly. 378 

5.2.3.General procedure for synthesis of intermediates 1, 3 and 4 [20]  379 

To a solution of acetyl acetone (2 eq) in ethyl acetate was added boric anhydride 380 

(1.2 eq) and tributyl borate (4.8 eq). The mixture was heated to 50 °C and stirred for 381 

30 min. Then a solution of appropriate benzaldehyde (4 eq) in ethyl acetate was added, 382 

followed by slow addition of n-butylamine (4 eq). After refluxing for 6 h, the solution 383 

was cooled to room temperature and diluted with 1 N HCl. The yellow-orange solid 384 

was suspended in water, filtered, and dried under vacuum. All crude compounds were 385 

recrystallized in ethyl acetate to give the pure products. 386 

5.2.4. General procedure for synthesis of compounds 2, 4-8 and 10 [20]  387 

To a stirring solution of intermediate 3 (1.0 eq) in CH2Cl2 (0.25 M) was added a 388 

mixture of NaOH (2.4 eq) and tetrabutylammonium chloride in water under ice bath. 389 

The mixture was warmed to room temperature and stirred for 30 min followed by ad-390 

dition of methyl iodide (3.6 eq). After refluxing for 2 h, the solution was cooled to 391 

room temperature and poured into water, adjusted pH to 4~5 with 1 N HCl and ex-392 

tracted with CH2Cl2. The organic layer was washed with brine, dried over Na2SO4, 393 

and concentrated under reduced pressure. The residue was purified by silica gel col-394 

umn chromatography petroleum ether/acetone (3/1, v/v) to afford the target molecule. 395 

(1E, 6E)-1, 7-bis(3, 4-dimethoxyphenyl)-4, 4-dimethylhepta-1,6-diene-3, 5-dione (2). 396 

Compound 2 was prepared according to the general procedure, using (1E, 4Z, 6E)-1, 397 

7-bis(3, 4-dimethoxyphenyl)-5-hydroxyhepta-1, 4, 6-trien-3-one (396.4 mg, 1.0 mmol) 398 
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to obtain pure compound 2 as a yellow solid (186.8 mg, yield 44%); mp 69-71 °C; 1H 399 

NMR (400 MHz, Acetone-d6): δ = 7.63 (d, J = 15.6 Hz, 2H), 7.34 (d, J = 2.0 Hz, 2H), 400 

7.25 (dd, J = 8.0 Hz, 2.0 Hz, 2H), 6.98 (d, J = 8.0 Hz, 2H), 6.92 (d, J = 15.6 Hz, 2H), 401 

3.85 (s, 6H),3.83 (s, 6H), 1.42 (s, 6H); 13C NMR (100 MHz, Acetone-d6)：δ = 197.5, 402 

152.0, 149.6, 143.4, 127.4, 123.4, 119.6, 111.4, 110.6, 56.0, 55.2, 55.2, 20.6; MS 403 

(ESI): (m/z) = 424.9 [M + H]+. 404 

(1E, 6E)-4, 4-dimethyl-1, 7-bis(3, 4, 5-trimethoxyphenyl)hepta-1, 6-diene-3, 5-dione 405 

(4). Compound 4 was prepared according to the general procedure, using (1E, 4Z, 406 

6E)-5-hydroxy-1, 7-bis(3, 4, 5-trimethoxyphenyl)hepta-1, 4, 6-trien-3-one (456.5 mg, 407 

1.0 mmol) to obtain pure compound 4 as a yellow solid (266.5 mg, yield 51%); mp 408 

83-85 °C;  1H NMR (400 MHz, Acetone-d6): δ = 7.62 (d, J = 15.6 Hz, 2H),7.06 (s, 409 

4H), 7.00 (d, J = 15.6 Hz, 2H), 3.85 (s, 12H), 3.75 (s, 6H), 1.43 (s, 6H); 13C NMR 410 

(100 MHz, Acetone-d6)：δ = 197.5, 153.7, 143.5, 140.7, 130.0, 121.1, 106.2, 60.0, 411 

59.7, 55.6, 20.5; MS (ESI): (m/z) = 484.4 [M + H]+. 412 

(1E, 6E)-1, 7-bis(3-methoxyphenyl)-4, 4-dimethylhepta-1, 6-diene-3, 5-dione (5). 413 

Compound 5 was prepared according to the general procedure, using (1E, 4Z, 414 

6E)-5-hydroxy-1, 7-bis(3-methoxyphenyl)hepta-1, 4, 6-trien-3-one (336.1 mg, 1.0 415 

mmol) to obtain pure compound 5 as a yellow solid (160.3 mg, yield 44%); mp 416 

63-65 °C;  1H NMR (400 MHz, Acetone-d6): δ = 7.66 (d, J = 15.6 Hz, 2H), 7.33 (t, J 417 

= 7.6 Hz, 2H), 7.29-7.27 (m, 4H), 7.08 (d, J = 15.6 Hz, 2H),7.00 (ddd, J = 7.6, 2.4, 1.2 418 

Hz, 2H), 3.82 (s, 6H), 1.47 (s, 6H); 13C NMR (100 MHz, Acetone-d6)：δ = 197.7, 419 
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160.2, 143.1, 136.0, 129.9, 122.2, 121.1, 116.6, 113.3, 60.1, 54.8, 20.4; MS (ESI): 420 

(m/z) = 365.0 [M + H]+.  421 

(1E,6E)-1,7-bis(2,6-dimethoxyphenyl)-4,4-dimethylhepta-1,6-diene-3,5-dione (6). 422 

Compound 6 was prepared according to the general procedure, using 423 

2,6-methoxybenzaldehyde (396.4 mg, 1.0 mmol) to obtain pure compound 6 as a yel-424 

low oil (199.5 mg, yield 47%); mp 165-167 °C; 1H NMR (400 MHz, CDCl3): δ = 8.15 425 

(d, J = 16 Hz, 2H), 7.28-7.20 (m, 6H), 6.49 (d, J = 8.4 Hz, 4H), 3.81 (s, 12H),1.44 (s, 426 

6H); 13C NMR (100 MHz, CDCl3)：δ= 200.2, 160.4, 134.0, 131.3, 125.3, 112.7, 103.6, 427 

60.7, 55.8, 21.3; MS (ESI): (m/z) = 425.0 [M + H]+. 428 

(1E, 6E)-1, 7-bis(2-methoxyphenyl)-4, 4-dimethylhepta-1, 6-diene-3, 5-dione (7). 429 

Compound 7 was prepared according to the general procedure, using (1E, 4Z, 430 

6E)-5-hydroxy-1, 7-bis(2-methoxyphenyl)hepta-1, 4, 6-trien-3-one (336.4 mg, 1.0 431 

mmol) to obtain pure compound 7 as a yellow solid (156.7 mg, yield 43%); mp 432 

124-125 °C; 1H NMR (400 MHz, Acetone-d6): δ = 8.03 (d, J = 15.6 Hz, 2H), 7,69 (dd, 433 

J = 7.6 Hz, 1.6 Hz, 2H), 7.41 (ddd, J = 8.4, 7.6, 1.6 Hz, 2H), 7.07 (d, J = 8.4 Hz, 2H), 434 

7.05 (d, J = 15.6 Hz, 2H), 6.97 (t, J = 7.6 Hz, 2H), 3.91 (s, 6H), 1.45 (s, 6H); 13C 435 

NMR (100 MHz, Acetone-d6)：δ = 197.8, 158.8, 138.0, 132.1, 128.6, 123.0, 122.2, 436 

120.7, 111.5, 60.2, 55.1, 20.5; MS (ESI): (m/z) = 365.1 [M + H]+. 437 

(1E, 6E)-4, 4-dimethyl-1, 7-bis(2-(trifluoromethyl)phenyl)hepta-1, 6-diene-3, 5-dione 438 

(8). Compound 8 was prepared according to the general procedure, using (1E, 4Z, 439 

6E)-5-hydroxy-1, 7-bis(2-(trifluoromethyl)phenyl)hepta-1, 4, 6-trien-3-one (412.3 mg, 440 
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1.0 mmol) to obtain pure compound 8 as a yellow solid (140.9 mg, yield 32%); mp 441 

61-63 °C; 1H NMR (400 MHz, Acetone-d6): δ = 8.06 (d, J = 7.6 Hz, 2H), 8.02 (d, J = 442 

15.6 Hz, 2H), 7.82 (d, J = 7.6 Hz, 2H), 7.72 (t, J = 7.6 Hz, 2H),7.65 (t, J = 7.6 Hz, 2H), 443 

7.19 (d, J = 15.6 Hz, 2H), 1.54 (s, 6H); 13C NMR (100 MHz, Acetone-d6)：δ = 197.54, 444 

137.75, 137.73; MS (ESI): (m/z) = 440.9 [M + H]+. 445 

(1E, 6E)-4, 4-dimethyl-1, 7-diphenylhepta-1, 6-diene-3, 5-dione (10). Compound 10 446 

was prepared according to the general procedure, using (1E, 4Z, 447 

6E)-5-hydroxy-1,7-diphenylhepta-1, 4, 6-trien-3-one (552.6 mg, 2.0 mmol) to obtain 448 

pure compound 10 as a yellow solid (182.6 mg yield 30%); mp 51-53 °C; 1H NMR 449 

(400 MHz, Acetone-d6): δ = 7.72-7.68 (m, 6 H), 7.44-7.40 (m, 6H), 7.08 (d, J = 15.6 450 

Hz, 2H), 1.49 (s, 6H); 13C NMR (100 MHz, Acetone-d6)：δ = 197.7, 143.1, 134.6, 451 

130.6, 128.9, 128.6, 121.9, 60.2, 20.4; MS (ESI): (m/z) = 305.9 [M + H]+. 452 

5.2.5. General procedure for synthesis of compounds 1 and 3 [43] 453 

To a stirring solution of TBS-protected compound 1 or 3 in THF was added drop-454 

wise a solution of tetrabutylammonium fluoride (1M) in THF at 0 °C. Once finished, 455 

the mixture was warmed to room temperature for 1 h. The mixture was poured into 456 

ice water, adjusted pH to 3~4 with 1 N HCl, then extracted with ethyl acetate. The 457 

organic layer was washed with brine, dried over Na2SO4, and concentrated under re-458 

duced pressure. The residue was purified by silica gel column chromatography with 459 

petroleum ether/acetone (3/1, v/v) to afford the product. 460 

(1E, 6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-4,4-dimethylhepta-1, 6-diene-3, 461 
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5-dione (1). Compound 1 was prepared according to the general procedure, using (1E, 462 

4Z, 6E)-1, 7-bis(4-((tert-butyldimethylsilyl)oxy)-3-methoxyphenyl)-5-hydroxyhepta-1, 463 

4, 6-trien-3-one (1.194 g, 2.0 mmol) to obtain pure compound 1 as a yellow solid 464 

(261.6 mg, yield 33%); mp 142-144 °C;  1H NMR (400 MHz, Acetone-d6): δ = 8.28 465 

(s, 1H), 7,62 (d, J = 15.6 Hz, 2H), 7.35 (d, J = 2.0 Hz, 2H), 7.19 (dd, J = 8.0 Hz, 2.0 466 

Hz, 2H), 6.87 (d, J = 15.6 Hz, 2H), 6.86 (d, J = 8.0 Hz, 2H), 3.87 (s, 6H), 1.42 (s, 6H); 467 

13C NMR (100 MHz, Acetone-d6)：δ = 197.4, 149.5, 147.8, 143.6, 126.6, 123.7, 119.1, 468 

115.2, 111.0, 60.0, 55.4, 20.6; MS (ESI): (m/z) = 397.0 [M + H]+. 469 

(1E, 6E)-1,7-bis(3, 4-dihydroxyphenyl)-4, 4-dimethylhepta-1, 6-diene-3, 5-dione (3). 470 

Compound 3 was prepared according to the general procedure, using (1E, 4Z, 6E)-1, 471 

7-bis(3, 4-bis((tert-butyldimethylsilyl)oxy)phenyl)-5-hydroxyhepta-1, 4, 6-trien-3-one 472 

(797.4 mg, 1.0 mmol) to obtain pure compound 3 as a yellow solid (84.7 mg, yield 473 

23%); mp 191-193 °C; 1H NMR (400 MHz, Acetone-d6): δ = 8.36 (s, 4H), 7.56 (d, J = 474 

15.6 Hz, 2H), 7.16 (d, J = 2.0 Hz, 2H), 7.07 (dd, J = 8.0 Hz, 2.0 Hz, 2H), 6.85 (d, J = 475 

8.0 Hz, 2H), 6.76 (d, J = 15.6 Hz, 2H), 1.42 (s, 6H); 13C NMR (100 MHz, Ace-476 

tone-d6)：δ = 197.4, 148.3, 145.4, 143.5, 126.7, 122.5, 118.9, 115.5, 114.5, 60.0, 20.6; 477 

MS (ESI): (m/z) = 369.0 [M + H]+. 478 

5.2.6. General procedure for synthesis of compound 9 [45]  479 

To a solution of MOM-protected compound 9 in MeOH (0.25 M) was added conc. 480 

HCl (0.1 M) over 10 min in ice bath. Then the mixture was warmed to room temper-481 

ature, stirred for 2 h and concentrated under reduced pressure. The crude product was 482 
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further purified by silica gel column chromatography with petroleum ether /acetone 483 

(3/1, v/v) to give compound 9 as a yellow solid. 484 

(1E, 6E)-1, 7-bis(2-hydroxyphenyl)-4, 4-dimethylhepta-1, 6-diene-3, 5-dione (9). 485 

Compound 9 was prepared according to the general procedure, using (1E, 4Z, 486 

6E)-5-hydroxy-1, 7-bis(2-(methoxymethoxy)phenyl)hepta-1, 4, 6-trien-3-one (396.4 487 

mg, 1.0 mmol) to obtain pure compound 9 as a yellow solid (117.7 mg, yield 35%); 488 

mp 161-163 °C;  1H NMR (400 MHz, Acetone-d6): δ = 9.21 (s, 2H), 8.04 (d, J = 15.6 489 

Hz, 2H), 7.62 (dd, J = 8.0 Hz, 1.6 Hz, 2H), 7.25 (td, J = 8.0, 16 Hz, 2H), 7.11 (d, J = 490 

15.6 Hz, 2H), 6.95 (d, J = 8.0 Hz, 2H), 6.87 (t, J = 7.6 Hz, 2H), 1.45 (s, 6H); 13C 491 

NMR (100 MHz, Acetone-d6)：δ = 197.9, 157.1, 138.6, 131.8, 129.2, 121.8, 121.5, 492 

120.0, 116.2, 60.2, 20.6; MS (ESI): (m/z) = 337.2 [M + H]+. 493 

5.2.7. General procedure for synthesis of compound 3-H [46] .  494 

A solution of compound 3 in methanol was added to a mixture of catalytic amount 495 

Pd/C (10%) in methanol under hydrogen atmosphere. Then the reaction mixture was 496 

stirred at room temperature for 8 h. The mixture was filtrated and the filtrate was 497 

evaporated. The residue was further purified by silica gel column chromatography 498 

with ethyl acetate/petroleum ether (5/1, v/v) to afford compound 3-H as a yellow oil. 499 

1,7-bis(3,4-dihydroxyphenyl)-4,4-dimethylheptane-3,5-dione (3-H).  500 

Compound 3-H was prepared according to the general procedure, using 501 

(1E,6E)-1,7-bis(3,4-dihydroxyphenyl)-4,4-dimethylhepta-1,6-diene-3,5-dione (368.4 502 

g, 1.0 mmol) to obtain pure compound 3-H as a yellow oil. (52.6 mg, yield 14%); 1H 503 
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NMR (400 MHz, Acetone-d6): δ = 7.91 (s, 4H), 6.70 (d, J = 8.0 Hz, 2H), 6.64 (d, J = 504 

2.0 Hz, 2H), 6.48 (dd, J = 8.0 Hz, 2.0 Hz, 2H), 2.63 (s, 8H), 1.24 (s, 6H); 13C NMR 505 

(150 MHz, Acetone-d6)：δ = 208.7, 144.9, 143.2, 132.9, 119.5, 115.4, 115.1, 61.7, 40.2, 506 

20.5; MS (ESI): (m/z) = 371.2 [M - H]-. 507 

5.3 Stability assay 508 

The stability of curcumin and its analogs (40 µM) were assessed by monitoring 509 

their UV-visible absorption changes (interval = 2 min) in phosphate buffer solution 510 

(PBS) (pH 7.4) at 25 °C by a TU-1901 UV/Vis spectrophotometer (Beijing Purkinje 511 

General Instrument Co., Ltd., Beijing, China), Spectra were run against blanks con-512 

taining the solution and DMSO. 513 

5.4 Cell culture 514 

Human hepatoma cell line HepG2 were purchased from the Shanghai Institute of 515 

Biochemistry and Cell Biology, Chinese Academy of Sciences and cultivated in 1640 516 

medium supplemented with NaHCO3 (2 g/L), fetal bovine serum (10%, v/v), penicil-517 

lin (100 kU/L)  and streptomycin(100 kU/L) at 37 °C in a humidified atmosphere 518 

with 95% air and 5% CO2. 519 

5.5 Cell viability assay 520 

The cytotoxicity was measured by the MTT assay. Briefly, HepG2 cells ((5 × 103 521 

cells/well) were seeded in 96-well plates and cultured for 24 h, treated with indicated 522 

concentrations of test compounds for 24 h, followed by its removal and incubation 523 

with 900 µM t-BHP for another 6 h at 37 °C. Then a solution of MTT (0.5 mg/mL) in 524 
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fresh medium was added to each well and incubated in a CO2 incubator for further 4 h. 525 

DMSO (100 µL) was added to dissolve formazan crystals, and the absorbance was 526 

analyzed in a multiwall-plate reader (Bio-Rad M680) at 570 nm. In the case of inhibi-527 

tion, the cells were pretreated with TRG (100 nM), ZnPP (3 µM), BSO (10 µM), 528 

LY294002 (15 µM), DTT (400 µM), SP600125 (25 µM), LY294002 (15µM), NEO 529 

(100 nM), DFO (100 µM) or EDTA (500 µM) for 1 h before the addition of the test 530 

compounds. 531 

5.6 Measurement for the intracellular ROS levels 532 

HepG2 cells (4 × 105 cells/well) were incubated with the test compounds (1.25, 2.5 533 

or 5 µM) or control (DMSO) for 24 h followed by exposing cells to 900µM t-BHP for 534 

3 h. Then the cells were collected, stained with DCFHA-DA (3 µM) for 30 min at 535 

37 °C in the dark, and washed with PBS. The relative fluorescent intensities of FITC 536 

were analyzed immediately using a FACSCanto flow cytometer (Becton-Dickinson, 537 

San Jose, CA, USA). ROS levels of treatment groups were normalized to the relative 538 

control group. 539 

5.7 Western Blot Analysis 540 

HepG2 cells (2 × 106 cells/well) were treated with the test compounds for the indi-541 

cated concentrations and time points, the total protein was lysed and collected by us-542 

ing Cell lysis buffer. Nuclear and cytoplasmic protein extracts were prepared using a 543 

Nuclear and Cytoplasmic Protein Extraction Kit (Viagene Biotech, Zhejiang, China) 544 

according to the manufacturer’s protocol. Concentrations of sample proteins were de-545 
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tected by BCA protein assay kit. For western blot analysis, equal amounts (40 µg/lane) 546 

of proteins were resolved by 12% SDS-PAGE and electroblotted onto nitrocellulose 547 

membranes (Bio-Rad, Hercules, CA) at 4 °C. The membranes were blocked with 5% 548 

defatted milk for 1 h at room temperature, washed, and incubated with appropriate 549 

specific antibody at 4 °C overnight followed by incubation with the corresponding 550 

horseradish peroxidase conjugated secondary antibodies (1/5000) in TBST for another 551 

1 h at room temperature. After washing, the protein bands were detected with an en-552 

hanced chemiluminescence (ECL) Western blot detection kit using an enhanced Im-553 

ageQuant chemiluminescence system. In the case of inhibition, the cells were pre-554 

treated with LY294002 (15 µM), SP600125 (25 µM), DTT (400 µM) and CHX (5 555 

µg/mL) for 1 h before the addition of the test compounds. 556 

5.8 Assay for Nrf2 half-life 557 

To measure the half-life of Nrf2, the cells were pretreated with or without 5 µM 558 

compound 3 for 3 h, followed by treatment with 5 µg/mL CHX (a protein synthesis 559 

inhibitor) for the indicated periods. Total cell lysates were collected and subjected to 560 

Western blot analysis with an Nrf2 antibody. The densitometric intensity of total Nrf2 561 

acquired by blots was performed by using the Image J software (NIH, Bethesda, MD) 562 

and plotted against the CHX treatment time to calculate the half-life of Nrf2 [19]. 563 

5.9 Statistical analysis 564 

Data are expressed as the mean ± SD. Statistical comparisons among the results 565 

were performed using analysis of variance. Significant differences (P < 0.05) between 566 
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the means of two groups were analyzed by Student’s t test. 567 
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Lists of Captions: 721 

 722 

Figure 1: Molecular structures of curcumin and its designed analogs. 723 

 724 

Figure 2: Stability of curcumin and its selected analogs (40 µM) in PBS (pH 7.4) 725 

were assessed by monitoring their UV-visible absorption changes (interval = 2 min) at 726 

25 °C for 30 min. 727 

 728 

Figure 3: Cytotoxicity (A) and cytoprotection (B) of curcumin and its analogs against 729 

the t-BHP-induced HepG2 cell death. (A) Cytotoxicity of curcumin and its analogs (5 730 

µM) towards HepG2 cells (5 × 103 cells/well) for 24 h, and cell viability was meas-731 

ured by the MTT assay. (B) HepG2 cells were pretreated with the curcumin and its 732 

analogs (5 µM) for 24 h, followed by their removal and incubation with 900 µM 733 

t-BHP for another 6 h. All data represent the mean ± SD of three independent experi-734 

ments. **p < 0.01 of t-BHP-treated group versus the vehicle group; #p < 0.05 and ##p 735 

< 0.01 versus the t-BHP-treated group. 736 

 737 

Figure 4: Compound 3 alleviates the t-BHP-induced oxidative death (A) and ROS 738 

accumulation (B) in a dose-dependent manner. **p < 0.01 of t-BHP control group 739 

versus the vehicle group; #p < 0.05 and ##p < 0.01 versus the t-BHP-stimulated 740 

group. 741 

 742 

Figure 5: Compound 3 triggers Nrf2 activation and its downstream gene expression.  743 
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Time- (A) and dose-dependent (B) promotion of Nrf2 nuclear translocation by com-744 

pound 3. Time- (C) and dose-dependent (D) increases in the protein expression of 745 

HO-1, GCLC, and GCLM by compound 3. A comparison of compound 3 with t-BHQ 746 

in the cytoprotection (E) and Nrf2 activation (F) and its downstream gene expression 747 

(G). All data represent the mean ± SD of three independent experiments. **p < 0.01 748 

of t-BHP-treated group versus the vehicle group; #p < 0.05 and ##p < 0.01 versus the 749 

t-BHP-treated group. 750 

 751 

Figure 6: Effects of TRG (A), ZnPP (B) and BSO (C) on the cytoprotection induced 752 

by compound 3. **p < 0.01 of t-BHP control group versus the vehicle group; #p < 753 

0.05 and ##p < 0.01 versus the t-BHP-stimulated group. 754 

 755 

Figure 7: Compound 3 activates Nrf2 via provoking phosphorylation of Akt and JNK. 756 

(A) Effect of compound 3 on phosphorylation of Akt, JNK and ERK. (B) Effects of 757 

LY294002 and SP600125 on the cytoprotection induced by compound 3. (C) Effects 758 

of LY294002 and SP600125 on the expression of Phase II detoxifying enzyme in-759 

duced by compound 3. **p < 0.01 of t-BHP-treated group versus the vehicle group; 760 

#p < 0.05 and ##p < 0.01 versus the t-BHP-treated group. 761 

 762 

Figure 8: Compound 3 triggers Nrf2 activation through disrupting Keap1-Nrf2 com-763 

plex and slowing Nrf2 degradation. (A and B) Immunoblot analysis of the indicated 764 
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proteins related to cytoprotection in the compound 3-treated cells at 3 h in the pres-765 

ence or absence of pretreatment with DTT for 1 h. (C) Compound 3 upregulates Nrf2 766 

expression in a time-dependent manner. (D and E) Effect of compound 3 on stability 767 

of Nrf2. HepG2 cells were pretreated with or without compound 3 (5µM) for 3 h, fol-768 

lowed by co-incubation with CHX (5 µg/mL) for 24 h. 769 

 770 

Figure 9: Effects of DTT, NEO, EDTA and DFO on the compound 3-induced cyto-771 

protection. **p < 0.01 of t-BHP-treated group versus the vehicle group; #p < 0.05 and 772 

##p < 0.01 versus the t-BHP-treated group. 773 

 774 

Figure 10: Proposed mechanisms underlying the cytoprotection of compound 3 in the 775 

model of t-BHP-induced HepG2 cell death. 776 
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Research highlights 1 

� New curcumin-inspired Nrf2 activators and cytoprotectors were designed 2 

� The design was based on a stability-increasing and proelectrophilic strategy 3 

� A geminally dimethylated and catechol-type curcumin analog surfaced as a lead 4 

� Nrf2-dependent cytoprotection is Michael acceptor- and catechol-dependent  5 

� Copper and iron-mediated oxidation of catechol is required for the cytoprotection 6 


