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Abstract

Objective—Minnelide is a water-soluble pro-drug of triptolide, a natural product. The goal of 

this study was to evaluate the effectiveness of Minnelide on ovarian cancer growth in vitro and in 

vivo.

Methods—The effect of Minnelide on ovarian cancer cell proliferation was determined by real 

time electrical impedance measurements. Multiple mouse models with C200 and A2780 epithelial 

ovarian cancer cell lines were used to assess the efficacy of Minnelide in inhibiting ovarian cancer 

growth.

Results—Minnelide decreased cell viability of both platinum sensitive and resistant epithelial 

ovarian cancer cells in vitro. Minnelide with carboplatin showed additive effects in vitro. 

Minnelide monotherapy increased the survival of mice bearing established ovarian tumors. 

Minnelide, in combination with carboplatin and paclitaxel, improved overall survival of mice.

Conclusions—Minnelide is a promising pro-drug for the treatment of ovarian cancer, especially 

when combined with standard chemotherapy.
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Introduction

Ovarian cancer has the highest mortality rate of all of the malignancies of the female genital 

tract. In the United States 21,980 patients were diagnosed with ovarian cancer in 2014 and 

14,270 patients died of their disease [1]. The 5 year survival rate for ovarian cancer is 25% 

for advanced stage disease, which is when 85% of patients are diagnosed. The poor survival 

is due to a combination of factors including a lack of effective screening and prevention 

techniques, late stage at diagnosis and lack of treatment options once a patient has failed 

initial therapies. The current standard first line treatment for ovarian cancer is a combination 

of a taxane and platinum agent. While 80% of patients will respond to first line treatment, 

20% of patients will be platinum resistant and not respond to standard therapy. There are a 

number of second line agents approved for the treatment of recurrent ovarian cancer 

including liposomal doxorubicin, topotecan and gemcitabine; however progression free 

survival times are generally <12 months [2]. Given these relatively low response rates there 

is a need for new drug discovery and more effective ways to treat ovarian cancer.

Triptolide, a diterpenoid triepoxide isolated from the plant Tripterygium wilfordii Hook F, 

has shown efficacy against several different cancer types including pancreatic, melanoma, 

neuroblastoma and gastric [3–5]. Because triptolide is not water soluble, the physical 

properties of this natural product have limited its clinical development. To overcome 

solubility problems, triptolide was chemically modified to prepare a prodrug which was 

named Minnelide [6,7]. Minnelide or 14-O-phosphonooxymethyltriptolide disodium salt is a 

white powder which is converted into the parent compound triptolide in the presence of 

alkaline phosphatase which is common in all tissues in the body [8]. The conversion of 

triptolide to Minnelide has been shown previously both in vitro and in vivo [6]. This 

compound has been found to be effective against pancreatic cancer as well as osteosarcoma 

and non-small cell lung cancer both in vitro and in vivo [6,9,10]. Since both pancreatic and 

ovarian cancers metastasize in the peritoneum, we sought to determine the efficacy of 

Minnelide in inhibiting ovarian cancer growth.

Materials and methods

Reagents

Minnelide was synthesized in the Department of Medicinal Chemistry, University of 

Minnesota as described by Chugh et al. [6]. Carboplatin was purchased from Calbiochem 

and Paclitaxel from Sigma Aldrich.

Cell lines and cell culture

Platinum sensitive (A2780) and platinum resistant (C200) ovarian cancer cell lines were 

obtained from Thomas Hamilton, Fox Chase Cancer Center, Philadelphia. Both cell lines 

were cultured at 37 °C in the presence of 5% CO2 in Roswell Park Memorial Institute 

(RPMI)-1640 medium supplemented with 10% Fetal Bovine Serum (FBS), 2.0 mM 

glutamine, penicillin and streptomycin. The C200 cells were grown in the presence of 0.5 

µg/mL of human insulin.
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Cell viability and proliferation assays

Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide, MTT as described before [11].

Electrical impedance measurement using the xCELLigence system

xCELLigence experiments were performed according to published protocols from Roche. 

C200 and A2780 cells were grown and expanded in tissue culture flasks. After reaching 

approximately 80% confluence, the cells were harvested by trypsin/EDTA. Aliquots of 100 

µL of culture media were added to each well of the E-plate 16. After the background 

impedance was measured for 1 h, 7000 cells were added to each well along with different 

concentrations of Minnelide, carboplatin or a combination of Minnelide and carboplatin. 

Following a 30 minute incubation period at room temperature the E-plate 16 was placed into 

the xCELLigence system. Changes in electrical impedance were determined every 10 min 

for 48 h and expressed as ‘cell index’.

Orthotopic ovarian cancer tumor model

Six week-old, female, athymic mice (National Cancer Institute)were injected 

intraperitoneally with 5 × 106 A2780 or C200 cells transduced with GFP. Tumors were 

allowed to establish for 7–12 days before starting treatment. Animals were randomized into 

groups of 10 at the time of treatment with chemotherapeutic compounds. Minnelide was 

prepared using saline as the solvent. Experiments were performed and animals sacrificed 

according to the regulations of the Institutional Animal Care and Use Committee (IACUC) 

at the University of Minnesota.

Histopathology and determination of apoptotic index and proliferation

Residual tumor tissues collected from the control and treated mice were fixed in neutral 

formalin and then sectioned. Sections were then processed for immunohistochemical 

detection of Caspase-3 to determine changes in apoptosis in various treatment groups. 

Images were captured at random from different areas of the sections and then processed. 

Images were binearized and thresholded to remove noise. Binearized images were used to 

count the number of cells positive for Caspase-3 by image processing as described in a 

previous publication [12]. Parallel sets of sections were used for histology and stained for 

vessel density using anti-mouse CD31-HRP conjugate. These same tissue samples were also 

subjected to immunohistochemical detection of Ki-67 which was quantified in a manner 

similar to that described above for Caspase-3.

Western blot analysis

A2780 (80% confluent) were treated with either saline or 25 nM of Minnelide for 24 h. 

Following treatment, cell lysates were prepared using the RIPA Buffer 

(radioimmunoprecipitation assay) with Halt Protease and Phosphatase Inhibitor Cocktail 

(Thermo Scientific). Western blot was used to determine changes in protein levels and 

PARP cleavage (poly ADP ribose polymerase). PARP, HSP70 and NFκβ specific 

antibiodies were purchased from Cell Signaling Technology. NFκβ and beta-Actin 

antibodies were purchased from Santa Cruz Biotechnology.
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Statistical analysis

Overall survival (OS) of the mice was calculated from treatment initiation to death or 

censored at the end of the experiment (100 days). OS was summarized using Kaplan–Meier 

methods and compared by treatment group using log rank tests; median survival and 95% 

confidence intervals (CI) are presented. p-Values less than 0.05 were considered statistically 

significant.

Results

Minnelide decreases cell viability of ovarian cancer cells in vitro

In the initial experiment, cell viability was determined following treatment with Minnelide. 

Both A2780 and C200 cells were inhibited in a concentration dependent manner between 10 

and 250 nM (Fig. 1). To assess the efficacy of Minnelide on proliferation of ovarian cancer 

cell lines, we treated A2780 with 50 nM, 100 nM, 200 nM and 500 nM of Minnelide and 

C200 cells with 200 nM, 500 nM and 1000 nM of Minnelide. Preliminary studies had shown 

that C200 cells display a multi-drug resistance phenotype and given this we determined that 

the C200 cells would likely need higher doses of Minnelide to achieve responses. Changes 

in cell index were determined every 10 min over a period of 48 h (A2780) or 70 h (C200) 

(Fig. 2). Each value is a mean of quadruplicate cultures and vertical bars show standard 

deviation. Control cells (red line) grew from the initial cell index of 0.9 to 1.9 and 2.5 in 

A2780 and C200 respectively, during the two days in culture. Minnelide treatment showed 

concentration dependent inhibition of ovarian cancer cell growth at nM concentrations. At 

500 nM, ovarian cancer cells were completely inhibited. A2780 cells stopped growing after 

exposure to Minnelide for approximately 20 h (Fig. 2A). C200 cells are resistant to platinum 

even at 200 µM concentration. C200 cells however required longer exposure time to 

Minnelide. Cell index decreased only after 30 h of continuous exposure to the drug (Fig. 

2B).

We then explored the potential for Minnelide to potentiate the cytotoxicity of carboplatin. 

Data in Fig. 3 show the effect of combination treatment on cell proliferation. Platinum 

sensitivity increased in the presence of Minnelide. A2780 cells treated with 50 µM 

carboplatin showed moderate inhibition by monotherapy. Presence of Minnelide (25 nM) 

alone decreased the cell index from 0.92 to 0.67 at the end of the experiment. Carboplatin 

(50 nM) treatment decreased the cell index to 0.24. Combination treatment with Minnelide 

and carboplatin (25 nM and 50 nM respectively) decreased the cell index to 0.15. C200 cells 

were treated with a higher concentration of carboplatin (100 nM) but the same dose of 

Minnelide (25 nM). Minnelide alone decreased cell index from 0.92 to 0.62. Carboplatin 

treatment reduced cell index to 0.36 and combination treatment resulted in further reduction 

in cell index (0.13).

Minnelide increases survival in orthotopic mouse models of platinum sensitive cells

For our first orthotopic mouse model, 5 × 106 A2780 cells were injected intraperitoneally 

into athymic mice and tumors were allowed to establish for 12 days post-injection. Mice 

were then treated with 0.42 mg/kg of Minnelide or 0.2mL of saline daily for 28 days. Mice 

were sacrificed when they were moribund according to the animal protocols in place at the 
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University of Minnesota. In addition, median overall survival (OS) was greater for the 

Minnelide treated mice (46 days [95% CI: 30–46]) compared to the control mice (26 days 

[95% CI: 19–28]; Fig. 4A, p < 0.0001).

Minnelide increases survival in orthotopic model of platinum resistant ovarian cancer cells

Since Minnelide showed efficacy against platinum resistant cell lines, we injected 5 × 106 

C200 cells intraperitoneally and allowed the tumor to establish for 7 days. At this time mice 

were randomized to receive either saline (0.2 mL) or Minnelide (0.6 mg/kg daily). Mice 

were euthanized when they were moribund. Median OS of control mice was significantly 

shorter (32.6 days [95% CI: 27–46 days]) than the OS of Minnelide treated mice (51.5 days 

[95% CI: 40–66 days]; Fig. 4B; p = 0.0001).

Minnelide in combination with carboplatin and paclitaxel therapy

Because the in vitro studies showed that the combination of Minnelide and standard 

chemotherapeutic agents was effective, we injected 5 × 106 C200 platinum resistant cells 

intraperitoneally into 6 week old athymic female mice and tumors were allowed to establish 

for 7 days. Following this mice were randomized to one of 4 groups; control (saline), 

Minnelide (0.6 mg/kg), carboplatin and paclitaxel (20 mg/kg and 10 mg/kg respectively, 

twice a week) and Minnelide plus carboplatin and paclitaxel (0.6 mg/kg Minnelide daily, 

carboplatin 20 mg/kg twice a week and paclitaxel 10 mg/kg twice a week). All mice 

received treatment for 28 consecutive days. OS was significantly improved in mice treated 

with Minnelide in combination with carboplatin and paclitaxel (p < 0.0001; Fig. 5). 

Specifically, median OS for the control group was 31.5 days (95% CI: 27–34), for the 

Minnelide treated group it was 42 days (95% CI: 41–43), for the carboplatin and paclitaxel 

group it was 45 days (95% CI: 34–54) and for the Minnelide plus carboplatin and paclitaxel 

group it was 70 days (95% CI: 47–93).

Combination treatment increases apoptosis and decreases proliferation

Representative binearized images of Caspase-3 positive cells are shown side by side with 

original photomicrograph in Fig. 6A–H. Control tumors showed an average of 13 apoptotic 

cells per field (SD 7.0). Minnelide treated tumors showed an average of 183 Caspase-3 

positive cells per field (SD 93.7). Minnelide treatment therefore increased the apoptotic cells 

by about 14-fold when compared to control tumors. Carboplatin plus paclitaxel treatment 

showed a similar increase in apoptotic cells. Carboplatin and paclitaxel treated tumors 

showed a 16-fold (208 apoptotic cells/field, SD 57.6) increase in apoptosis. The combination 

of carboplatin and paclitaxel with Minnelide treatment resulted in an additive increase in 

apoptosis. Combination treatment group showed an average of 308 Caspase-3 positive cells 

per field (SD 44.5). There was a 23-fold increase in apoptosis when compared to control 

tumors. These studies suggest that the addition of Minnelide to standard chemotherapy with 

carboplatin and paclitaxel increases apoptosis in ovarian tumors which could account for the 

improvement seen in the survival of animals treated with the three drug combination.

Photomicrographs of Ki-67 positive cells are shown in Fig. 6J–N. Control tumors showed an 

average of 31.7 Ki-67 positive cells/hpf (SD 16.5). Minnelide treated tumors showed an 

average of 9.75 Ki-67 positive cells/hpf (SD 4.99, p = 0.048). Carboplatin and paclitaxel 
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treated tumors showed an average of 12.25 Ki-67 positive cells/hpf (SD 15.9, p = 0.048). 

The combination of carboplatin, paclitaxel and Minnelide treated tumors showed an average 

of 10.0 Ki-67 positive cells/hpf (SD 3.46, p = 0.023). These studies suggest that Minnelide 

treatment leads to decreased proliferation in treated tumors.

Discussion

Previous studies have shown that Minnelide, a water soluble analog of triptolide, is effective 

in pancreatic, gastric and osteosarcoma [9,10,3, 5,13]. We have found that Minnelide is an 

active agent against ovarian cancer both in vitro and in vivo.

Chugh et al. have shown Minnelide to be highly active and even curative for early 

pancreatic tumors [6]. Others have shown that Minnelide exhibits anti-proliferative effects 

in non-small cell lung cancer by promoting apoptosis in vitro and in vivo [10]. Further, 

Minnelide has been shown to reduce tumor burden and metastasis in an orthotopic model of 

osteosarcoma [9]. While our results are less promising than those found in pancreatic cancer, 

they remain encouraging. The difference in the tumor responses (complete in the pancreas 

versus partial in the ovary) is likely due to differences in tumor biology and genetics and is 

an area of further research. Ductal pancreatic cancers are driven by oncogenic KRAS, EGFR 

signaling and P53 mutations [14]. More than 52% of pancreatic cancers are positive for 

oncogenic KRAS, whereas only 15% of Type I ovarian cancers (low grade serous and 

mucinous) have mutated KRAS [15]. A2780 and C200 cells are derived from high-grade 

serous adenocarcinoma (type II tumors), in which the majority are associated with p53 

mutation but infrequently with oncogenic KRAS. Perhaps, KRAS mutation is necessary for 

Minnelide sensitivity in vivo. Other reasons that Minnelide may be less effective in the 

ovarian cancer model include the method of drug uptake into ovarian tumors, how the drug 

is metabolized, as well as the pro-drug to drug conversion. Ongoing studies are investigating 

these pathways to determine Minnelide's method of action. We used only serous cell lines 

for our studies, therefore further study is ongoing to determine the responses of non-serous 

histological subtypes of ovarian cancers to Minnelide.

Although only a partial response is observed with Minnelide alone, it appears effective when 

used with standard chemotherapy. There are previous reports of triptolide, the parent 

compound of Minnelide, enhancing the cytotoxic activity of carboplatin both in vitro and in 

vivo [16]. In our current study we are able to show that Minnelide can enhance the effects of 

standard chemotherapy with carboplatin and paclitaxel and that Minnelide induces apoptosis 

in an orthotopic model of ovarian cancer.

The mechanism by which Minnelide is able to induce apoptosis and improve the sensitivity 

to standard chemotherapy agents is largely unknown and was not directly addressed in the 

current study. There appear to be several mechanisms of action by which triptolide/

Minnelide induce cell death. Studies have shown that triptolide leads to cell death via 

inhibition of heat shock protein 70 (hsp70) [4]. The exact mechanism by which HSP70 is 

downregulated has been shown to be upregulation of miR142-3p leading to inhibited cell 

proliferation and apoptosis. It was also shown that Minnelide induced the expression of 

miR142-3p in vivo [16]. Others have shown that Minnelide downregulates levels of pro-
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survival proteins including HSP, cMYC and the NFκB pathway [9, 17–19]. Several studies 

have shown that TNF-related apoptosis-inducing ligand (TRAIL) induced apoptosis is 

another possible mechanism of action for triptolide/Minnelide [18,20]. Given these varying 

effects of triptolide/Minnelide it is likely that there are several mechanisms working in 

conjunction to inhibit cell proliferation.

Our studies show that Minnelide effectively inhibited proliferation of both platinum 

sensitive and resistant ovarian cancer cell lines. Minnelide treatment prolonged the survival 

of mice bearing established ovarian cancers. When combined with standard chemotherapy, 

carboplatin and paclitaxel, Minnelide further increased survival. Our findings suggest that 

further pre-clinical evaluation of Minnelide is needed to determine the optimal setting for 

this drug in the treatment of ovarian cancer. Given the positive results found in the 

pancreatic literature, Minnelide is currently being tested in a Phase I trial. With the 

promising response observed in pre-clinical studies of ovarian cancer, clinical investigation 

of this drug is warranted.
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HIGHLIGHTS

• Minnelide is an effective agent against epithelial ovarian cancer in preclinical 

models.

• Given the promising in vitro and in vivo results, Minnelide should progress to 

further studies in epithelial ovarian cancer.
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Fig. 1. 
Inhibition of ovarian cancer cell viability by Minnelide. A) A2780 ovarian cancer cell line. 

Cell lysates were prepared from control (C) and A278-cells treated with 25 nM Minnelide 

and used to perform Western blot analysis for PARP, cleaved PARP, HSP70 and NFκβ; B) 

C200, platinum resistant ovarian cancer cell line was treated with Minnelide for 48 h. 

Viability was determined by MTT assay (absorbance of 570 nm). Each value is a mean of 

triplicate cultures ± SD.
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Fig. 2. 
Real time changes in ovarian cancer cell proliferation. Electrical impedance measurements 

(cell index) were used to determine the effect of Minnelide on cell proliferation. Changes in 

cell index were recorded every 10min for a total of 48 h. Each value is a mean of triplicate 

wells ± SD. A) Platinum sensitive cancer cell line, A2780. B) Platinum resistant ovarian 

cancer cell line, C200.
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Fig. 3. 
Real time changes in ovarian cancer cell proliferation with the effect of combination 

treatment with Minnelide and carboplatin. Electrical impedance measurements (cell index) 

were recorded every 10 min over a period of 48 h. Error bars represent SD. A) Platinum 

sensitive cell line, A2780. S = saline; C = carboplatin 50 µM; M = Minnelide (25 nM); C/M 

= combination of carboplatin (50 µM) + Minnelide (25 nM). B) Platinum resistant cell line, 

C200. S = saline; C = carboplatin 100 µM; M = Minnelide (25 nM); C/M = combination of 
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carboplatin (100 µM) + Minnelide (25 nM). C200 cells were treated with a higher 

concentration of carboplatin given their platinum resistance.
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Fig. 4. 
Inhibition of ovarian cancer tumor growth by Minnelide in vivo. A) Kaplan–Meier survival 

curve shows the overall survival of A2780 tumor bearing mice treated with Minnelide (0.42 

mg/kg daily). Overall survival was significantly increased in treatment vs. control mice (26 

days [95% CI: 19–28] vs. 46 days [95% CI: 30–46], p < 0.0001). B) Kaplan–Meier survival 

curve of C200 tumor bearing mice treated with Minnelide (0.6 mg/kg daily). Overall 

survival was significantly increased in treatment vs. control mice (51.5 days [95% CI: 40–66 

days] vs. 32.6 days [95% CI: 27–46 days], p = 0.0001). Shaded areas represent treatment 
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period and arrows represent tumor cell injection (intraperitoneal). S = saline; M = 

Minnelide. Ten animals were used in each group.
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Fig. 5. 
Minnelide in combination with carboplatin and Taxol improves inhibition of tumor growth 

in vivo. Animals were randomized into 10 per group and then treated with either saline (S), 

Minnelide (M — 0.6 mg/kg, daily), carboplatin and Taxol (C/T, 20 mg/kg and 10 mg/kg 

respectively, twice a week) or Minnelide plus carboplatin and Taxol (0.6 mg/kg daily and 20 

mg/kg and 10 mg/kg twice weekly) for 28 days. Kaplan–Meier survival curve for overall 

survival of C200 tumor bearing mice. Overall survival for control of 31.5 days (95% CI: 27–

34), Minnelide of 42 days (95% CI: 41–43), carboplatin and paclitaxel of 45 days (95% CI: 

34–54) and Minnelide plus carboplatin and paclitaxel of 70 days (95% CI: 47–93; p < 

0.0001). An arrow shows the time of tumor cell injection (intraperitoneal) and the shaded 

area represents the treatment period.
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Fig. 6. 
Combination treatment increases apoptosis in orthotopic tumors. Residual tumors obtained 

from mice at the end of treatment were fixed in formalin and sectioned. Caspase-3 staining 

was used to identify apoptotic cells. Panels A,C,E and G show representative tumor sections 

stained for Caspase-3 on a Hematoxylin and Eosin stained slide (brown color). A = saline; C 

= Minnelide; E = carboplatin and Taxol; G = combination treatment with Minnelide + 

carboplatin + Taxol. Caspase-3 positive cells were quantified by morphometric analysis. 

Cells with brown color were filtered by thresholding and the images were binearized (panels 

B,D,F,H). Reindeer morphometric analysis was carried out as per a previously published 

method [18]. The histogram shows the average number of apoptotic cells per field from each 

treatment group. Three sections from different depths of tumor tissues were used for 

analysis. Error bars represent SD. Representative images of Ki-67 stained tumor tissues are 
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show in panels J–M. J = control, K = Minnelide, L = carboplatin and paclitaxel and M = 

combination of Minnelide, carboplatin and paclitaxel. Panel N shows a histogram of Ki-67 

staining per high power field. The histogram shows the average number of Ki-67 positive 

cells per high power field from each treatment group. Four sections from different depths of 

tumor tissues were used for analysis. Error bars represent SD.
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