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In this research, we designed and synthesized a new series of nordihydroguaiaretic acid (NDGA) derivatives for multidrug 

resistance (MDR) research. A methylsulfonyl NDGA derivative, ((2R,3S)-2,3-dimethylbutane-1,4-diyl)bis(benzene-4,1,2-triyl) 

tetramethanesulfonate (5d), was found to inhibit MDR1 gene expression and suppress drug resistant MES-SA/Dx5 cells. 

Moreover, the combination of 5d and doxorubicin/terameprocol (M4N) showed a profound synergistic effect on inhibition 

of the drug resistant cancer cells, suggesting that 5d is a potential adjuvant applied with doxorubicin or terameprocol in 

cancer treatment.

Cancer is a major health problem worldwide that claims 

millions of lives annually. Although there have been great 

advances in the diagnosis and treatment of cancer, many people 

still succumb to cancer death because the chemotherapeutics 

adopted do not respond well to the spreading cancer. A major 

reason for the resistance of cancer cells to anticancer drugs is 

multidrug resistance (MDR), which is an intrinsic survival 

program deploying a variety of mechanisms that desensitize 

cancer cells to anticancer drugs, and increase the endurance of 

malignancies to therapeutic cytotoxic agents. Of these 

mechanisms, the most commonly encountered is mediated by 

ATP-binding cassette (ABC) transporters, which extrude a broad 

range of hydrophobic cytotoxic drugs that have already invaded 

the tumor cell.
1
 P-glycoprotein (P-gp) [ABCB1/MDR1] is an 

important member of the ABC transporter family, and acts as a 

vacuum cleaner of the plasma membrane to expel hundreds of 

chemically unrelated toxins, preventing the cellular entry of 

xenobiotics and keeping the concentration of cytotoxic drugs 

below a cytotoxic threshold.
2-3

 Overexpression of P-gp has been 

found in various drug resistant tumor cells, and is a notorious 

wire-puller that causes nearly 90% of treatment failure.
3
 

Therefore, P-gp has become a well-known and feasible drug 

target for moderating the drug resistance of cancer cells.
4 

 

In this research, we have designed and synthesized a new 

series of nordihydroguaiaretic acid (NDGA 1, Figure 1) 

derivatives for MDR research. NDGA is a lignin isolated from 

creosote bush (Larrea tridentate), which has been used as an 

herbal medicine by ethnic groups in America for the treatment 

of many diseases for a long time.
5
 Known as Masoprocol, NDGA 

was approved in the United States as an antineoplastic drug of 

topical treatment for actinic keratosis.
6 

In terms of biological activities, NDGA has very important and 

well-known antioxidant properties, such as being a scavenger of 

reactive oxygen species (ROS) and an inhibitor of lipoxygenase 

(LOX). Interestingly in non-tumor cells, NDGA displays 

cytoprotective effects, which are related to modulating the 
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Figure 1. Nordihydroguaiaretic acid (NDGA) derivatives and 

chemotherapeutic agents. 
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Nrf2/antioxidant response element (ARE) antioxidant pathway 

and preventing mitochondrial damage. In the case of tumor 

cells, NDGA displays pro-apoptotic activity and anti-tumor 

effects.
7
 In the case of tumor cells, NDGA displays pro-apoptotic 

activity and anti-tumor effects.
8
 Also, NDGA prevents 

Alzheimer's pathology by interfering with the amyloid-β 

aggregation pathway.
9
 Recently, NDGA was found to have the 

capability to extend murine lifespan,
10

 inhibiting replication of 

dengue virus,
11

 and reducing secondary damage after spinal 

cord injury in rats via anti-inflammatory effects.
12

   

The derivatives of NDGA, especially O-methylated NDGA, 

terameprocol (2, Figure 1), have antitumor activity based on the 

selective inhibition of proteins regulating specificity protein 1 

(Sp1), including cyclin-dependent kinase 1, survivin and VEGF. 

Using this mechanism, terameprocol potentially inhibits the cell 

cycle, triggers apoptosis, and decreases angiogenesis.
12

 

Furthermore, terameprocol was found to have the capability to 

circumvent the drug resistance of the tumor cells in a xenograft 

model, and concomitantly strengthen the toxicity of doxorubicin 

and paclitaxel to the drug resistant cancer cells in combination 

treatment.
14

 It is also reported that tetra-acetylated NDGA (3, 

Figure 1) enhanced the toxicity of doxorubicin and several 

cytotoxic agents against drug resistant cancer cells as an 

adjuvant agent.
15

 In the case of uterine sarcoma, a major barrier 

in improving treatment outcomes is the intrinsic or acquired 

resistance to cytotoxic drugs.
16

 The major mechanisms of drug 

resistance in uterine sarcoma involve overexpression of P-gp, 

which is encoded by the MDR1 gene.
17

 Our approach to 

overcoming MDR1/P-gp-mediated MDR is unique, as we 

adopted NDGA, which itself is a potent anticancer agent, as the 

core scaffold.   

In this research, we designed and synthesized a new series of 

NDGA derivatives for the inhibition of MDR gene expression in 

cancer cells. Several studies on NDGA structure modification 

have been carried out over the past few decades.
17-25

 The central 

linker (7, 7', 8, 8', 9, and 9' positions of NDGA, Figure 2) of 

potential NDGA derivatives tend to be hydrophobic, and adding 

any polar functional group would diminish the bioactivities. 

Stereoisomers of NDGA (8 and 8' positions, Figure 2) were 

shown to give almost the same level of activity.
24

 The phenyl 

group of NDGA has undergone modification of several functional 

 

Figure 2. Synthetic strategy for modifying NDGA.   

 

Scheme 1.  Synthesis of benzoyl and sulfonyl NDGA de-

rivatives. 

 

Table 1.  The lipophilicity and water solubility of synthesized 

NDGA derivatives. 

Compound clogP
a
 clogS

a
 

1 3.44 -4.35 

2 5.77 -6.27 

5a 8.30 -7.53 

5b 7.91 -7.29 

5c 9.24 -8.25 

5d 1.17 -4.57 

5e 3.54 -6.23 

5f 3.90 -6.46 

5g 3.84 -6.11 

5h 3.97 -7.45 
a
 clogP and clogS values were calculated using AlogPS 2.1 software.  

(http://www.vcclab.org/lab/alogps/) 

 

groups, which have led to compounds with potent anti-cancer 

activity, i.e., terameprocol. Here, we attached various sulfonyl 

and benzoyl groups to the hydroxyl terminal of NDGA with 

corresponding sulfonyl and benzoyl chlorides (Scheme 1), to 

increase water solubility and lipid solubility, respectively. 

The synthetic route of the new NDGA derivatives is shown in 

Scheme 1. NDGA (1) was treated with various benzoyl and 

sulfonyl chlorides in the presence of potassium carbonate in 

acetonitrile at 80–85°C. After cooling down the reaction mass to 

room temperature, the inorganic residue was filtered off, and 

the filtrate was concentrated under reduced pressure to afford a 

residue. The residue was extracted by ethyl acetate, and washed 

with brine followed by purification by column chromatography 

or MPLC to give the yield of 67–78%. All these products were 

purified with 95% purity by chromatography and 

recrystallization was conducted for bioactivity assays.   

The lipophilicity and water solubility of synthesized 

compounds were evaluated with the ALOGPS 2.1 program, 

developed by the virtual computational chemistry laboratory.
26

 

Calculated n-octanol/water partition coefficients (clogP) are 

shown in Table 1. NDGA and terameprocol clogP is 3.44 and 5.77 

respectively, and both of them are current antineoplastic agents. 

The benzoyl derivatives of NDGA, 5a, 5b, and 5c were found to 

be highly lipophilic with clogP value of 7.91–9.24. On the other 
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hand, phenylsulfonyl derivatives 5e–5h were found to be less 

lipophilic than the benzoyl derivatives with a clogP value of 

3.54–3.97. These results show that the sulfonyl group possess 

higher hydrophilicity than the benzoyl groups and the methoxy 

group of terameprocol. Whereas 5d had a clogP of 1.17, 

indicating the methylsulfonyl derivative is much more 

hydrophilic than other synthesized NDGA derivatives, 

terameprocol and NDGA. The result of clogS (Table 1) shows that 

the sulfonyl derivatives have better water solubility, especially 

5d, which has a clogS of –4.57, a higher level of water solubility 

than terameprocol.    

To determine the biological activity of synthesized 

compounds, we applied MTT assay to evaluate the cytotoxicity 

of synthesized NDGA derivatives towards ovarian carcinoma 

cells, OVCAR-3 and SKOV3 (supplementary data, Figure S1-S4). 

After treatment for 48 and 72 hours, no significant toxicity was 

observed in either cancer cell line.  However, terameprocol 

showed a certain level of suppression of tumor growth, and the 

cell viability was decreased to below 60% after 72 hours.  This 

preliminary result suggested that sulfonyl and benzoyl NDGA 

derivatives did not have good anticancer potency.   

When we investigated the toxic concentration (TC50) of the 

test compounds on MDR cell lines; however, we found a 

different outcome compared to the cytotoxicity result of the 

tumor cells described above. Previously, we reported that 

  

Figure 3. Dose-dependent inhibition of human uterine 

sarcoma cell line (MES-SA) and multidrug resistant uterine 

sarcoma cell line (MES-SA/Dx5) by 5a–5h in culture. The data are 

expressed as the mean and the standard deviation of the mean 

(n = 4). 

Table 2. Effect of 5a–5h on cytotoxicity of MES-SA and MES-

SA/Dx5 cells.   

Compound 
TC50 (µM) 

MES-SA MES-SA/Dx5 

5a >100 >100 

5b >100 >100 

5c >100 >100 

5d >100 44.38 

5e >100 >100 

5f >100 >100 

5g >100 >100 

5h >100 >100 

 

terameprocol
27

 effectively inhibited the growth of drug resistant 

human cancer cell lines ovarian carcinoma NCI/ADR-RES in 

culture, with TC50 ≦ 10 μM.
14

 In this study, we further examined 

the effect of synthesized NDGA derivatives 5a–5h, on human 

uterine sarcoma (MES-SA, P-gp deficient) and the drug resistant 

uterine sarcoma cell lines (MES-SA/Dx5, P-gp proficient) by 

following previous reported protocols.
28

 Table 2 shows the 

cytotoxicity of synthesized NDGA derivatives on MES-SA and 

MES/Dx5 cell lines.  The results demonstrated that 5a, 5b, 5c, 

5e, 5f, 5g, and 5h show low inhibition activity to human tumor 

cells. However, the methylsulfonyl derivative 5d was able to 

inhibit the growth of drug resistant uterine sarcoma MES-

SA/Dx5 cells in culture (Figure 3 and Table 2), indicating that 5d 

suppresses the growth of P-gp overexpressing cancer cells 

selectively to a certain extent. 

The effect of NDGA derivative 5d on MDR1 promoter activity 

was further examined by luciferase reporter assay (Figure 4A).  

The MDR1 promoter gene modified vector containing luciferase 

reporter gene, pMetLuc-MDR1, was transfected into drug 

resistant MES-SA/DX5 cells. The control counterpart luciferase 

containing vector without MDR1 promoter gene, pMetLu, was 

also transfected into MES-SA/DX5 cells. Two kinds of transfected 

cell were cultured with and without 5d treatment for 48 hours. 

MDR1 promoter activity was reported by the luciferase reporter 

system, depicted in Figure 4A, indicating that 5d has the 

capability to abolish MDR1 promoter activity, and further 

obstruct P-gp expression. According to results of luciferase 

activity, we further examined the effect of 5d on MDR1 gene 

expression. To examine this possibility, MES-SA/Dx5 cells were 

exposed to 0, 5, 10, and 20 μM 5d for 2-day, after which total 

protein were examined for levels of P-gp. After treatment with 

20 μM 5d, the amount of P-gp was reduced with its abundance 

decreasing to 31.2% of the control amount after a 2-day 

exposure to 20 μM 5d (Figure. 4B). Even a 2-day exposure to 5 

μM 5d resulted in a 12.8% reduction in P-gp. The levels of P-gp 

were normalized to β-actin. 

A combination of chemotherapeutics and 5d has a more 

profound effect on MDR1 promoter activity than single drug 

treatment. The pMetLuc-MDR1 transfected MES-SA/DX5 cells 

were treated with various combinations of doxorubicin, 

terameprocol (M4N) and 5d, as demonstrated in Figure 5. After 

incubation for 48 hours, cells treated only with doxorubicin 

showed full activity of MDR1 promoter, whereas cells treated 

with terameprocol alone showed apparent lower level activity of  
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Figure 4. Effect of compound 5d on MDR1 promoter activity 

and P-glycoprotein levels (P-gp) in MES-SA/Dx5 cells. (A) 

Luciferase activity in MES-SA/Dx5 stable transfected with MDR1 

promoter (pMetLuc-MDR1), or control vector (pMetLuc-CMV) 

after treatment with compound 5d. *Significant difference (p < 

0.05) for the comparison is indicated. Data are expressed as the 

mean ± SEM. (B) Western blot analysis of P-gp and β-actin 

(normalization control) protein levels in cells treated for 3 days 

with 0, 5, 10, and 20 μM compound 5d. Results in bar graph 

form normalized to β-actin. 

 

MDR1 promoter, which was indicated by nearly 50% of 

luciferase activity. Cells treated with 5d showed 70% luciferase 

activity, higher than the cells treated only with terameprocol; 

however, when cells were treated with the combination of 5d 

with doxorubicin or terameprocol, the activity of luciferase was 

suppressed to nearly 20%, revealing that 5d intensifies 

attenuation of MDR1 promoter.  Moreover, to confirm 5d and 

combination treatments on MDR1 promoter activity in Figure 5, 

we measured viability of MES-SA/Dx5 cells incubated with the 

5d, Dox, M4N and their combination for 2-day respectively by 

MTT assay. After incubation for 2-day, cells treated only with 

doxorubicin showed almost 100% viability, whereas cells treated 

with M4N and 5d alone showed 75% to 80% viability. However, 

when cells were treated with the combination of 5d with 

doxorubicin or M4N, the cell viability was suppressed to 50–60% 

(Figure 6). According to these results, formulae of 5d combined 

with doxorubicin or terameprocol have a synergistic effect to 

control MDR1 promoter activity.  Moreover, these results also  

Figure 5. Inhibition of MDR1 promoter activity in MES-SA/DX5 

treated with doxorubicin (Dox), M4N (2), 5d and combination 

formula. Luciferase activity was used to measure promoter 

response of in MES-SA/DX5 stable transfected with MDR1 

promoter reporter vector (PMetLuc-MDR1). Relative luciferase 

activity are expressed as mean ± SEM. Student’s t-test was used 

to compare the difference between 5d alone and each 

combination treated group, and P < 0.05 (*) are shown to be 

statistically significant. 

. 

 

Figure 6. Effect of doxorubicin (Dox), M4N (2) and 5d and their 

combination on the cell viability of MES-SA/DX5 drug resistant 

cell lines. The number of viable cells after 72 hours of treatment 

with Dox, M4N (2) and 5d alone and in combination. The 

horizontal line in graph represents the number of viable at the 

initiation of drugs exposure. Cell viability are expressed as mean 

± SEM. Student’s t-test was used to compare the difference 

between 5d alone and each combination of treatment groups, 

and P < 0.05 (*) are shown. P < 0.05 (*) are considered to be 

statistically significant. 

 

indicated a combination of chemotherapeutics and 5d has a 

more extreme effect on multi-drugs resistant cancer cells than 

single drug treatment. 
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Methylsulfonyl functionalized NDGA, 5d, has better water 

solubility than commercial NDGA-type antineoplastic agents 1 

and 2, and much more hydrophilic than other synthesized NDGA 

derivatives in this research, as described in Table 1. With more 

hydrophilic clogP value, 5d itself has certain suppression effect 

on doxorubicin resistant uterine sarcoma cells, MES-SA/DX5. 

Having more than 100 μM of TC50 value in normal uterine 

sarcoma cells (MES-SA), 5d has 44.38 μM of TC50 in drug 

resistant counterpart (Table 2); although 5d has similar viability 

in both cell lines, the suppression of MES-SA/DX5 is more 

obvious with increasing amount of 5d (Figure 3). Such a mild 

toxicity might make 5d a suitable adjuvant agent in cancer 

treatment.  5d could suppress MDR1 promoter to a certain 

extent, and further interrupt the expression of P-gp, one of the 

cruxes that caused multidrug-resistant cancer (Figure 4). 

Moreover, combining the chemotherapeutics Dox 4 and M4N 2 

with 5d shows a remarkable synergistic effect on inhibition of 

MDR1 promoter activity, which is much better than single-agent 

treatment with Dox and M4N (Figure 5). This shows that 5d 

could prevent the early development of MDR in cancer 

treatment, i.e., 5d inhibits doxorubicin mediated induction of 

MDR1 gene expression. Furthermore, combination of 5d with 

doxorubicin and/or terameprocol (M4N, 2) has much improved 

suppression effect on the growth of MES-SA/DX5 cells, especially 

compared with the single-drug treatments with Dox or M4N, i.e., 

5d has a good synergistic effect on inhibition of dox-resistant 

uterine sarcoma cell growth drug-resistant (Figure 6). Also, good 

water solubility allows 5d to work very well with water-soluble 

doxorubicin and M4N; the consumption of doxorubicin would 

decrease massively with 5d as an adjuvant agent in regular 

cancer treatment.   

Conclusions 

In conclusion, we synthesized 8 new NDGA derivatives and 

evaluated their potential as multidrug resistance selective agents 

for cancer treatment. We found one of the derivatives, the 

methylsulfonyl functionalized NDGA derivative, 5d, can inhibit 

MDR1 gene expression, decrease the P-gp protein formation, and 

then suppress drug resistant MES-SA/Dx5 cells (resistant uterine 

sarcoma cells). Moreover, the combination of 5d and 

doxorubicin/terameprocol (M4N) has much better efficacy of 

suppressing the drug-resistant cancer cells than single-agent 

treatment. From the clinical point of view, this good synergistic 

effect shows that 5d has great potential adjuvant drug with 

doxorubicin or terameprocol for cancer treatment. 
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