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Gossypol decreased cell viability 
and down‑regulated the expression 
of a number of genes in human 
colon cancer cells
Heping Cao 1*, Kandan Sethumadhavan1, Fangping Cao2 & Thomas T. Y. Wang3

Plant polyphenol gossypol has anticancer activities. This may increase cottonseed value by using 
gossypol as a health intervention agent. It is necessary to understand its molecular mechanisms 
before human consumption. The aim was to uncover the effects of gossypol on cell viability and 
gene expression in cancer cells. In this study, human colon cancer cells (COLO 225) were treated with 
gossypol. MTT assay showed significant inhibitory effect under high concentration and longtime 
treatment. We analyzed the expression of 55 genes at the mRNA level in the cells; many of them 
are regulated by gossypol or ZFP36/TTP in cancer cells. BCL2 mRNA was the most stable among the 
55 mRNAs analyzed in human colon cancer cells. GAPDH and RPL32 mRNAs were not good qPCR 
references for the colon cancer cells. Gossypol decreased the mRNA levels of DGAT, GLUT, TTP, IL 
families and a number of previously reported genes. In particular, gossypol suppressed the expression 
of genes coding for CLAUDIN1, ELK1, FAS, GAPDH, IL2, IL8 and ZFAND5 mRNAs, but enhanced 
the expression of the gene coding for GLUT3 mRNA. The results showed that gossypol inhibited cell 
survival with decreased expression of a number of genes in the colon cancer cells.

Abbreviations
DMSO  Dimethylsulfoxide
LPS  Lipopolysaccharides
MTT  3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
TTP  Tristetraprolin
ZFP36  Zinc finger protein 36

Gossypol is a plant polyphenol with a highly colored yellow pigment (Fig. 1). It is found in the small intercel-
lular pigment glands in the leaves, stems, roots, and seed of cotton plants (Gossypium hirsutum L.)1. Gossypol 
has traditionally been regarded as an anti-nutritional toxic compound. It has been known for a long time that 
consumption of gossypol-containing cottonseed oil contributes to its toxicity causing male  infertility2. Therefore, 
gossypol is regarded as unsafe for most animal and human consumption. The residual gossypol in cottonseed 
meals limits its use primarily to feed ruminants, which have a relative high tolerance for the toxic  compound2–6. 
Significant efforts have been conducted to reduce gossypol content in cottonseed by selecting glandless cotton 
 varieties7–12 and genetic engineering of gossypol-free seeds of cotton  plants13–15.

Gossypol was proposed recently to have potential biomedical applications. Gossypol and related com-
pounds were reported to have anticancer activities associated with breast  cancer16–18, colon  cancer19, pancreatic 
 cancer20,21 and prostate  cancer22,23. It has antiobesity  activities16,24, antiinflammatory  activities25,26 and antifungal 
 activities27,28. These new discoveries have generated intensive interest in biomedical field and enormous amounts 
of research have been directed at understanding the medical utilization of gossypol and related compounds.

Colon cancer is one of the deadliest diseases in the US and the World. American Cancer Society estimated 
that the lifetime risk of developing colorectal cancer is approximately 4.49% for men and 4.15% for women; which 
may cause 51,020 deaths during 2019 (https:// www. cancer. org/ cancer/ colon- rectal- cancer/ about/ key- stati stics. 
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html). Some studies have explored the effect of gossypol and its analogs on colon cancer cells. They bind to and 
inactivate BH3 domain-containing antiapoptotic  proteins29. Gossypol analog Ch282-5 (2-aminoethanesulfonic 
acid sodium-gossypolone) exhibits anti-proliferative and pro-cell death activity against colon cancer cells both 
in vitro and in vivo, and the response of colon cancer cells to the drug correlates with Ch282-5′s inhibition 
of anti-apoptotic Bcl-2 proteins, induction of mitochondria-dependent apoptotic pathway, and disruption of 
mitophagy and mTOR  pathway29. It was also shown that (-)-gossypol is a potential small molecule inhibitor of 
MSI1-RNA interaction, and may be incorporated into an effective anti-cancer  strategy30. A novel water-soluble 
gossypol derivative increases chemotherapeutic sensitivity and promotes growth inhibition in colon  cancer31. 
Gossypol sensitizes the antitumor activity of 5-FU through down-regulation of thymidylate synthase in human 
colon carcinoma  cells32. These studies have provided a promising beginning to use gossypol in the prevention and 
treatment of colon cancer. However, not enough was done on the regulation of gene expression at the mRNA level 
by gossypol in colon cancer cells, especially related to cytokine expression regulated by the anti-inflammatory 
zinc finger protein 36/tristetraprolin (ZFP36/TTP). Much more information is required to develop an effective 
strategy to combat colon cancer.

It is our aim to uncover more profound effects of gossypol on regulating the cell viability and expression of a 
wide range of target genes involved in cancer development. In this study, we analyzed the cell viability and expres-
sion of 55 genes (Table 1) whose expression is regulated by gossypol in cancer  cells20,33–39 and  macrophages40 or 
regulated by ZFP36/TTP in tumor  cells41–49 and  macrophages50,51. Human colon cancer cells (COLO 225) were 
treated with multiple concentrations of gossypol followed by quantitative PCR analysis. Our results showed that 
gossypol inhibited cell viability and suppressed a number of gene expression in the human colon cancer cells.

Results
Effect of gossypol on colon cancer cell viability. Cell cytotoxicity of human colon cancer cells (COLO 
225) was determined with MTT method after the cells were treated for 2, 4, 8 and 24 h with 0.1–100 µg/mL of 
gossypol. MTT assay showed that gossypol significantly reduced colon cancer cell survival under high concen-
trations or long time treatment (Fig. 2). The cell viability was reduced to 55% of the control by 100 µg/mL gos-
sypol after being treated for 2 h. The cell viability was reduced to a quarter of the control by 100 µg/mL gossypol 
after being treated for 4 or 8 h. The cell viability was further reduced to only 19% of the control by 100 µg/mL 
gossypol treatment for 24 h. There were clear dosage effects on reducing colon cancer cell viability after 1 µg/mL 
of gossypol treatment (Fig. 2).

Basal expression level of selected genes in human colon cancer cells. To provide a basis for the 
comparison of gene expression regulation by gossypol in the colon cancer cells, we first measured the relative 
mRNA levels of 55 genes in the cells treated with 1% DMSO control for 8 h by SYBR Green qPCR assay using 
the specific primers (Table 1). The qPCR assay showed that the cycle of threshold (Cq) of BCL2 mRNA was one 
of the mRNAs with minimal variation among the 55 genes analyzed. The mean ± standard deviation of Cq for 
BCL2 mRNA was 29.39 ± 1.08 (n = 24) (Table 2, left column). The mRNA levels of GAPDH and RPL32 were the 
most abundant in the cells with 39 and 42 fold of BCL2 mRNA, respectively, whereas INOS mRNA was unde-
tectable and AHRR1, COX1, CYCLIND1, GLUT4, ICAM1, IL10, IL12, RAB24, VEGF and ZFP36L2 mRNAs 
were minimally detected with less than 5% of BCL2 mRNA in the colon cancer cells (Table 2, left column).

Genes with mRNA levels at least twofold of BCL2 mRNA could be roughly interpreted as their expression 
more abundant than that of BCL2 mRNA. There were 13 more abundantly expressed genes than BCL2 mRNA 
including mRNAs of BCL2L1 (3.35 fold), BNIP3 (3.60 fold), CLUADIN1 (2.56 fold), CSNK2A1 (10.33 fold), 
CTSB (2.38 fold), GAPDH (39.09 fold), GLUT1 (4.41 fold), HIF1A (3.36 fold), HMGR (3.70 fold), MAP1LC3B 
(9.25 fold), RPL32 (41.78 fold), TNFSF10 (2.24 fold) and ZFAND5 (4.55 fold) (Table 2, left column). Genes with 
mRNA levels less than 50% of BCL2 mRNA could be roughly interpreted as their expression less abundant than 
that of BCL2 mRNA. There were 22 less abundantly expressed genes including mRNAs of AHRR1 (4%), COX1 

Figure 1.  Chemical structure of gossypol (molar mass: 518.56 g/mol) (Image was from public domain 
Gossypol—Wikipedia).

https://www.cancer.org/cancer/colon-rectal-cancer/about/key-statistics.html


3

Vol.:(0123456789)

Scientific Reports |         (2021) 11:5922  | https://doi.org/10.1038/s41598-021-84970-8

www.nature.com/scientificreports/

ID mRNA Name Forward primer (5′ to 3′) Reverse primer (5′ to 3′) Reference

H1 Ahrr1 Aryl hydrocarbon receptor repressor AGG CTG CTG TTG GAG TCT CTTAA CGA TCG TTG CTG ATG CAT AAA TTP45

H2 Bcl2 B-cell lymphoma 2 CAG CAT GCG GCC TCT GTT GGG CCA AAC TGA GCA GAG TCT Gossypol37

H3 Bcl2l1 B-cell lymphoma 2 like 1 GTG CGT GGA AAG CGT AGA CA ATT CAG GTA AGT GGC CAT CCAA TTP94

H4 Bnip3 BCL2 protein-interacting protein 3 GTC AAG TCG GCC GGA AAA TA TGC GCT TCG GGT GTT TAA AG Gossypol20

H5 Cd36 Cluster of differentiation 36/fatty acid trans-
locase CTC TTT CCT GCA GCC CAA TG TTG TCA GCC TCT GTT CCA ACTG TTP95

H6 Claudin1 Maintain tissue integrity and water retention GAC AAA GTG AAG AAG GCC CGTAT CAA GAC CTG CCA CGA TGA AA TTP49

H7 Cox1 Cyclooxygenase 1 CGC CCA CGC CAG TGA AGG CCG AAG CGG ACACA TTP96

H8 Cox2 Cyclooxygenase 2 CGA TTG TAC CCG GAC AGG AT TTG GAG TGG GTT TCA GAA ATA ATT T TTP48

H9 Csnk2a1 Casein kinase 2 alpha 1 AGC GAT GGG AAC GCT TTG AAG GCC TCA GGG CTG ACA A TTP46

H10 Ctsb Cathepsin B GAC TTG TAG CTG CTG TCT CTC TTT GT CAA GAG TCG CAA GAA CAT GCA TTP97

H11 Cxcl1 Chemokine (C-X-C motif) ligand 1 GCC CAA ACC GAA GTC ATA GC TGC AGG ATT GAG GCA AGC T TTP98

H12 Cyclind1 Cyclin D1 ACA CGC GCA GAC CTT CGT CCA TGG AGG GCG GATTG Gossypol38

H13 Cyp19a1 Cytochrome P450 family 19 subfamily A 
member 1 GAC ATT GCA AGG ACA GTG TGTTG AGT CTC ATC TGG GTG CAA GGA Gossypol35

H14 Dgat1 Diacylglycerol O-acyltransferase 1 ACC TCA TCT GGC TCA TCT TCT TCT A CCC GGT CTC CAA ACT GCA T DGAT 99,100

H15 Dgat2a Diacylglycerol O-acyltransferase 2a CCC AGG CAT ACG GCC TTA CAA CAC AGG CAT TCG GAA GTT DGAT 100,101

H16 Dgat2b Diacylglycerol O-acyltransferase 2b ACT CTG GCC CTT CTC TGT TTT TTA TCC ACC TTG GTT GGG TGT GT DGAT 100,101

H17 E2f1 E2F transcription factor 1 CGG CGC ATC TAT GAC ATC AC CAG CCA CTG GAT GTG GTT CTT TTP44

H18 Elk1 ETS transcription factor CTC CTC CGC ATC CCT CTT TAA AGC GTC ACA GAT GGG TCC AT TTP42

H19 Fas Fas cell surface death receptor GAA CTC CTT GGC GGA AGA GA AGG ACC CCG TGG AAT GTC A Gossypol34

H20 Gapdh Glyceraldehyde-3-phosphate dehydrogenase GGG TGT GAA CCA TGA GAA GTA TGA GGT GCA GGA GGC ATT GCT 83

H21 Glut1 Glucose transporter 1 TGC TCA TGG GCT TCT CGA A AAG CGG CCC AGG ATCAG GLUT51

H22 Glut2 Glucose transporter 2 GCA TTT TTC AGA CGG CTG GTA GCG CCA ACT CCA ATG GTT GLUT51

H23 Glut3 Glucose transporter 3 GAG GAT ATC ACA CGG GCC TTT CCA TGA CGC CGT CCT TTC GLUT51

H24 Glut4 Glucose transporter 4 CGT GGG CGG CAT GATT CCA GCA TGG CCC TTT TCC GLUT51

H25 Hif1a Hypoxia inducible factor 1 subunit alpha GGT GGA TAT GTC TGG GTT GAAAC ATG CAC TGT GGT TGA GAA TTC TTG TTP102

H26 Hmgr 3-Hydroxy-3-methylglutaryl-CoA reductase AAG TGA AAG CCT GGC TCG AA CTA GTG CTG TCA AAT GCC TCCTT 103

H27 Hmox1 Heme oxygenase 1 CTT CTC CGA TGG GTC CTT ACACT TCA CAT GGC ATA AAG CCC TACA TTP104

H28 Hua Human antigen a GAT CCT CTG GCA GAT GTT TGG CGC GGA TCA CTT TCA CAT TG Gossypol40

H29 Icam1 Intercellular adhesion molecule 1/CD54 GGA GCT TCG TGT CCT GTA TGG TTT CTG GCC ACG TCC AGT TT 105

H30 Inos Inducible nitric oxide synthase AGA TCC GGT TCA CAG TCT TGGT GCC ATG ACC TTC CGC ATT AG 106

H31 Insr Insulin receptor CAA CGG GCA GTT TGT CGA A TGG TCG GGC AAA CTT TCT G 50

H32 Il2 Interleukin 2 TAT GCA GAT GAG ACA GCA ACCAT TTG AGA TGA TGC TTT GAC AAA AGG TTP61

H33 IL6 Interleukin 6 CCC ACA CAG ACA GCC ACT CA CCG TCG AGG ATG TAC CGA AT TTP62

H34 IL8 Interleukin 8 CCA TCT CAC TGT GTG TAA ACA TGA CTT ATC AGG AAG GCT GCC AAG AG TTP63

H35 Il10 Interleukin 10 GCC GTG GAG CAG GTG AAG TGG CTT TGT AGA TGC CTT TCTCT TTP64

H36 Il12 Interleukin 12 TGC CTT CAC CAC TCC CAA A TGT CTG GCC TTC TGG AGC AT TTP65

H37 Il16 Interleukin 16 CAG GGC CTC ACA CGG TTT GAC AAT CGT GAC AGG TCC ATCA TTP47

H38 Il17 Interleukin 17 CCC AAA AGG TCC TCA GAT TAC TAC A TCA TTG CGG TGG AGA TTC C TTP66

H39 Leptin Body fat and obesity hormone AGG GAG ACC GAG CGC TTT CAC ATC CCT CAC CTC CTT CAAA 107

H40 Map1lc3a Microtubule-associated proteins 1 light chain 
3A GTG AAC CAG CAC AGC ATG GT CCT CGT CTT TCT CCT GCT CGTA 108

H41 Map1lc3b Microtubule-associated proteins 1 light chain 
3B AGG CGC TTA CAG CTC AAT GC ACC ATG CTG TGT CCG TTC AC 108

H42 Nfkb Nuclear factor kappa B GGT GCC TCT AGT GAA AAG AAC AAG A GCT GGT CCC ACA TAG TTG CA 109

H43 P53 Tumor suppressor CTT GCA ATA GGT GTG CGT CAGA GGA GCC CCG GGA CAAA Gossypol33

H44 Pim1 Proto-oncogene serine/threonine-protein 
kinase TGC TCC ACC GCG ACATC TGA GCT CGC CGC GATT TTP43

H45 Pparr Peroxisome proliferator-activated receptor 
gamma GAA CGA CCA AGT AAC TCT CCT CAA A CAA GGA GGC CAG CAT TGT GT Gossypol36

H46 Rab24 Ras-related oncogene 24 TCG GTC GGA GAC GCA CTT TGG CCT CAT AGC GCT CAG A 110

H47 Rpl32 Ribosomal protein L32 (60S ribosomal unit) CCT CCA AGA ACC GCA AAG C GGT GAC TCT GAT GGC CAG TTG 80

H48 Tnf Tumor necrosis factor GGA GAA GGG TGA CCG ACT CA CAG ACT CGG CAA AGT CGA GAT TTP62

H49 Tnfsf10 Tumor necrosis factor superfamily, member 10 GCT CTG GGC CGC AAAAT AGG AAT GAA TGC CCA CTC CTT Gossypol39

H50 Ulk2 Unc-51 like autophagy activating kinase 2 ACA GCT CCT TTC AAA ATC CCT AAA AGG CCC ATG ACG AGT AAC CA 111

H51 Vegf Vascular endothelial growth factor CCC ACT GAG GAG TCC AAC ATC GGC CTT GGT GAG GTT TGA TC TTP41

H52 Zfand5 Zinc finger AN1-type containing 5 AGG GTT TGA CTG CCG ATG TG ACT GGA TTC TCT TTT CTG ATT TTT GC TTP84

Continued
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(2%), COX2 (42%), CXCL1 (10%), CYCLIND1 (4%), CYP19A1 (12%), DGAT2A (19%), DGAT2B (35%), ELK1 
(37%), FAS (42%), GLUT4 (< 1%), HUA (14%), ICAM1 (4%), IL2 (27%), IL10 (< 1%), IL12 (< 1%), NFKB (31%), 
P53 (31%), RAB24 (< 1%), TNF (35%), VEGF (< 1%) and ZFP36L2 (< 1%) (Table 2, left column). TaqMan qPCR 
assay showed similar trend as of SYBR Green qPCR (data not shown). SYBR Green qPCR assay was chosen to 
conduct gene expression analysis in the following experiments for cost saving and convenience.

Selection of reference gene for qPCR assays in human colon cancer cells. Reference gene for 
qPCR assays should be stably expressed without much variation by the experimental treatments. The less of 
standard deviation of Cq among the gossypol treatments might be indication of the more stable expression of the 
gene which could be served as an internal reference. To identify which gene could be served as an internal refer-
ence in the human colon cancer cells in our study, we pooled the data from triplicate each of the 8 concentrations 
(0, 0.1, 0.5, 1, 5, 10, 50 and 100 µg/mL of gossypol) and calculated the mean ± standard deviation from the 24 
samples (Table 2, middle column). The Cq value of BCL2 mRNA was among the least varied in the cells with 
the mean ± standard deviation of 28.37 ± 1.08 (n = 24) (Table 2, middle column). The Cq value of other mRNAs 
with similar standard deviations were mRNAs of AHRR1 (1.09), BNIP3 (1.14), CD36 (1.16), GLUT2 (1.13), 
IL2 (1.19), IL6 (1.17), LEPTIN (0.95), MAP1LC3A (1.14) and ULK2 (1.08). GAPDH and RPL32 mRNAs were 
widely used as references for qPCR assays in mammalian cells. However, GAPDH and RPL32 genes were shown 
here with much larger standard deviations (2.95 and 2.94, respectively). Furthermore, GAPDH and RPL32 
mRNAs were the most abundantly expressed in the cells with 53 and 43 fold of BCL2 mRNA, respectively, which 
were tens of fold higher than almost all of the other mRNAs analyzed in this study (Table 2, middle column). The 
large standard deviations and high expression levels of GAPDH and RPL32 mRNAs suggest that they were not 
good internal reference genes for qPCR assays in the human colon cancer cell. Since BCL2 was widely studied 
in colon cancer cells and was among the least regulated genes by gossypol, we therefore selected BCL2 mRNA as 
the internal reference for our qPCR analyses.

There were 13 genes with mRNA levels at least twofold of BCL2 mRNA in the 24 pooled samples including 
mRNAs of BCL2L1 (3.34 fold), BNIP3 (3.74 fold), CSNK2A1 (8.90 fold), CTSB (2.04 fold), GAPDH (52.62 fold), 
GLUT1 (2.98 fold), GLUT3 (2.59 fold), HIF1A (2.93 fold), HMGR (3.76 fold), MAP1LC3B (8.72 fold), RPL32 
(43.17 fold), ZFAND5 (4.19 fold) and ZFP36 (twofold) (Table 2, middle column). These gene expression pat-
terns from pooled gossypol samples were similar to those from DMSO control samples except that CLAUDIN1 

Table 1.  Human qPCR primers.

ID mRNA Name Forward primer (5′ to 3′) Reverse primer (5′ to 3′) Reference

H53 Zfp36 Zinc finger protein 36 GGC GAC TCC CCA TCT TCA A GAC CGG GCA GTC ACT TTG TC TTP50

H54 Zfp36L1 Zinc finger protein 36 like 1 TCT GCC ACC ATC TTC GAC TTG TGG GAG CAC TAT AGT TGA GCA TCT TTP50

H55 Zfp36L2 Zinc finger protein 36 like 2 CCT TTC ATA CCA TCG GCT TCTG TCG TCC GCG TTG TGGAT TTP50

Figure 2.  Effect of gossypol on human colon cancer cell viability. Human colon cancer cells (COLO 225) 
were treated with various concentrations of gossypol for 2, 4, 8 and 24 h. The cell media were added with MTT 
assay reagent, and incubated for 2 h before adding MTT solubilization solution, shaken at room temperature 
overnight. “0 µg/mL” treatment corresponding to 1% DMSO in the culture medium, the vehicle control for the 
experiment. The color density in the wells was recorded at A570. The data represent the mean and standard 
deviation of 12 independent samples. “*” and “**” near the data points represent significance between the 
treatment and the control at p < 0.05 and p < 0.01, respectively.
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ID mRNA

DMSO control Gossypol Gossypol/control

Mean ± SD Fold of Bcl2 Mean ± SD Fold of Bcl2 Fold of control

H1 Ahrr1 33.88 ± 1.14 0.04 33.49 ± 1.09 0.03 0.65

H2 Bcl2 29.39 ± 1.08 1.00 28.37 ± 1.08 1.00 1.00

H3 Bcl2l1 27.64 ± 2.34 3.35 26.63 ± 1.81 3.34 1.00

H4 Bnip3 27.54 ± 1.22 3.60 26.47 ± 1.14 3.74 1.04

H5 Cd36 28.45 ± 1.23 1.91 27.55 ± 1.16 1.77 0.92

H6 Claudin1 28.03 ± 4.30 2.56 27.85 ± 3.73 1.44 0.56

H7 Cox1 34.92 ± 4.79 0.02 40.95 ± 5.37 0 0.01

H8 Cox2 30.65 ± 1.62 0.42 30.85 ± 2.80 0.18 0.43

H9 Csnk2a1 26.02 ± 1.95 10.33 25.22 ± 1.48 8.90 0.86

H10 Ctsb 28.13 ± 2.73 2.38 27.34 ± 2.01 2.04 0.86

H11 Cxcl1 32.75 ± 2.60 0.10 31.46 ± 1.88 0.12 1.22

H12 Cyclind1 34.10 ± 5.42 0.04 33.59 ± 3.81 0.03 0.70

H13 Cyp19a1 32.40 ± 3.37 0.12 35.65 ± 2.03 0.01 0.05

H14 Dgat1 29.38 ± 1.86 1.00 28.55 ± 1.67 0.88 0.88

H15 Dgat2a 31.80 ± 2.18 0.19 31.48 ± 2.30 0.12 0.62

H16 Dgat2b 30.88 ± 1.79 0.35 30.37 ± 2.56 0.25 0.71

H17 E2f1 29.61 ± 1.08 0.85 29.72 ± 2.56 0.39 0.46

H18 Elk1 30.82 ± 2.84 0.37 31.22 ± 1.80 0.14 0.38

H19 Fas 30.63 ± 4.60 0.42 28.97 ± 2.49 0.66 1.57

H20 Gapdh 24.10 ± 4.01 39.09 22.66 ± 2.95 52.62 1.35

H21 Glut1 27.24 ± 2.54 4.41 26.80 ± 2.41 2.98 0.67

H22 Glut2 29.22 ± 1.81 1.12 27.72 ± 1.13 1.58 1.40

H23 Glut3 28.61 ± 1.31 1.71 27.00 ± 1.60 2.59 1.51

H24 Glut4 41.48 ± 4.81 0 41.17 ± 3.30 0 0.61

H25 Hif1a 27.64 ± 2.33 3.36 26.82 ± 2.11 2.93 0.87

H26 Hmgr 27.50 ± 1.91 3.70 26.46 ± 1.47 3.76 1.02

H27 Hmox1 29.68 ± 1.41 0.82 28.47 ± 1.37 0.94 1.15

H28 Hua 32.25 ± 3.52 0.14 30.64 ± 2.34 0.21 1.51

H29 Icam1 33.93 ± 4.12 0.04 32.23 ± 1.50 0.07 1.61

H30 Inos ud ud ud ud ud

H31 Insr 29.81 ± 3.12 0.74 29.58 ± 1.96 0.43 0.58

H32 Il2 31.27 ± 1.24 0.27 29.93 ± 1.19 0.34 1.25

H33 IL6 29.09 ± 1.39 1.23 27.29 ± 1.17 0.63 1.72

H34 IL8 29.14 ± 1.20 1.19 28.54 ± 1.52 0.89 0.75

H35 Il10 41.42 ± 5.26 0 39.31 ± 8.57 0 2.14

H36 Il12 37.55 ± 3.02 0 34.24 ± 4.17 0.02 4.94

H37 Il16 28.49 ± 1.17 1.87 28.57 ± 2.12 0.87 0.47

H38 Il17 29.56 ± 1.38 0.89 28.00 ± 1.30 1.29 1.46

H39 Leptin 29.51 ± 1.22 0.92 28.34 ± 0.95 1.03 1.12

H40 Map1lc3a 29.48 ± 1.87 0.94 27.84 ± 1.14 1.45 1.55

H41 Map1lc3b 26.18 ± 1.73 9.25 25.25 ± 1.79 8.72 0.94

H42 Nfkb 31.08 ± 2.97 0.31 30.21 ± 2.36 0.28 0.91

H43 P53 31.06 ± 2.58 0.31 30.22 ± 2.04 0.28 0.89

H44 Pim1 29.13 ± 1.09 1.20 28.25 ± 1.56 1.09 0.91

H45 Pparr 29.63 ± 1.50 0.85 29.69 ± 1.36 0.40 0.47

H46 Rab24 42.25 ± 3.40 0 40.54 ± 3.54 0 1.62

H47 Rpl32 24.00 ± 3.68 41.78 22.94 ± 2.94 43.17 1.03

H48 Tnf 30.88 ± 1.71 0.35 29.74 ± 1.21 0.39 1.10

H49 Tnfsf10 28.22 ± 1.48 2.24 27.72 ± 1.21 1.57 0.70

H50 Ulk2 29.20 ± 1.11 1.14 27.82 ± 1.08 1.46 1.28

H51 Vegf 40.47 ± 4.57 0 38.68 ± 5.16 0 1.71

H52 Zfand5 27.20 ± 1.50 4.55 26.31 ± 1.49 4.19 0.92

H53 Zfp36 28.86 ± 1.85 1.44 27.37 ± 1.65 2.00 1.39

H54 Zfp36L1 29.29 ± 3.07 1.07 28.92 ± 2.44 0.69 0.64

H55 Zfp36L2 41.60 ± 3.61 0 39.81 ± 3.04 0 1.71

Table 2.  Basal level, reference mRNA and gossypol effects on 55 gene expression. The data represent the 
mean and standard deviation of 24 independent samples. The fold was calculated using the mean data. 
ud: undetected. Bold italics: Genes with mRNA levels at least twofold of Bcl2, roughly interpreted as their 
expression more abundant than that of Bcl2. Italics: Genes with mRNA levels less than 50% of Bcl2, roughly 
interpreted as their expression less abundant than that of Bcl2.
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and TNFSF10 were expressed more in DMSO samples but GLUT3 and ZFP36 were expressed more in the gos-
sypol pooled samples (Table 2, left vs. middle columns). There were 24 genes with mRNA levels less than 50% 
of BCL2 mRNA including mRNAs of AHRR1 (3%), COX1 (< 1%), COX2 (18%), CXCL1 (12%), CLAUDIN1 
(3%), CYP19A1 (1%), DGAT2A (12%), DGAT2B (25%), E2F1 (39%), ELK1 (14%), GLUT4 (< 1%), HUA (21%), 
ICAM1 (7%), INSR (43%), IL2 (34%), IL10 (< 1%), IL12 (2%), NFKB (28%), P53 (28%), PPARR (40%), RAB24 
(< 1%), TNF (39%), VEGF (< 1%) and ZFP36L2 (< 1%) (Table 2, middle column). These gene expression patterns 
from gossypol pooled samples were similar to those from DMSO control samples except that FAS mRNA was 
expressed more in DMSO samples but E2F1, INSR and PPARR mRNAs were expressed more in the gossypol 
pooled samples (Table 2, left vs. middle columns).

Overall effect of gossypol on gene expression in human colon cancer cells. To provide a general 
idea how these genes were regulated by gossypol, we analyzed the pooled qPCR data using BCL2 mRNA as the 
internal reference and DMSO treatment as the sample control. As shown in the right column of Table 2, expression 
of a number of genes was affected by gossypol. Gossypol decreased the expression of six mRNAs with less than 50% 
of the control and only up-regulated the expression of two mRNAs with at least twofold of the control. The up-regu-
lated mRNAs were IL10 (2.14 fold) and IL12 (4.94 fold) (Table 2, right column). The down-regulated mRNAs were 
COX1 (1%), COX2 (43%), CYP19A1 (5%), E2F1 (46%), ELK1 (38%) and PPARR (47%) (Table 2, right column).

Dosage effect of gossypol on gene expression in human colon cancer cells. Human colon cancer 
cells were treated with 8 concentrations of gossypol (0, 0.1, 0.5, 1, 5, 10, 50 and 100 µg/mL of gossypol). SYBR 
Green qPCR analyzed the expression of all 55 genes with BCL2 mRNA as an internal reference and 1% DMSO 
treatment as the sample control (Table  3). Generally, most of the gene expression was suppressed by higher 
concentrations of gossypol (Table  3). These genes include BCL2L1, CLAUDIN1, CSNK2A1, CTSB, CXCL1, 
DGAT1, DGAT2A, DGAT2B, ELK1, FAS, GAPDH, GLUT1, HMGR, HUA, ICAM1, MAP1LC3B, NFKB, P53, 
RPL32, VEGF, ZFAND5, ZFP36L1 and ZFP36L2. Some of the gene expression was increased by gossypol includ-
ing mRNAs of COX1, COX2, GLUT3, GLUT4, PPARR and RAB24 (Table 3). Eight of the p values were less than 
5% threshold as shown with a “*” in the right column of Table 3, suggesting their expression levels might be sta-
tistically significant. Among them, gossypol significantly regulated the expression of genes coding for mRNAs of 
CLAUDIN1, ELK1, FAS, GAPDH, GGLUT3, IL2, IL8 and ZFAND5; all down-regulated except GLUT3 mRNA 
(Table 3, highlighted row). TTP family mRNA levels (ZFP36, ZFP36L1 and ZFP36L2 mRNAs) were generally 
decreased and TTP-targeted cytokine mRNA levels (TNF, COX2, PPARR and RAB24 mRNAs) were relatively 
high in the colon cancer cells (Table 3). More specific analyses of gene expression under gossypol treatments are 
described below according to specific gene families.

Gossypol decreased the expression of reference GAPDH and RPL32 genes in human colon 
cancer cells. The expression of the two well-known reference genes was analyzed in the colon cancer cell 
line under treatment with various concentration of gossypol using internal reference gene BCL2 selected in 
this study. The qPCR data showed that GAPDH and RPL32 mRNA levels were 39 and 42 fold of BCL2 in the 
controlled cells (Table 4). High concentrations of gossypol treatment resulted in a remarkable reduction of both 
GAPDH and RPL32 mRNA levels in the cells (Fig. 3A). Both GAPDH and RPL32 mRNA levels were reduced 
more than 80% by 40–100 µg/mL of gossypol treatment (Fig. 3A).

Gossypol effect on reported gene expression in human colon cancer cells. The expression of 
a number of genes was shown previously to be regulated by gossypol in cancer  cells20,33–39 and  macrophages40. 
We analyzed the expression of BNIP3, CYP19A1, FAS, HUA, P53, PPARR and TNFSF10 genes under various 
concentrations of gossypol in the colon cancer cell line using BCL2 as the internal reference gene. In general, this 
group of genes was expressed lower than BCL2 control except BINP3 and TNFSF10 (Table 4). The expression of 
all these genes except PPARR gene was inhibited to a large extent by the highest concentration of gossypol tested 
at 100 µg/mL (Fig. 3B). It appears that PPARR gene expression was increased but the large standard deviation 
among the measurements prevented from making such a conclusion (Fig. 3B).

Gossypol effect on DGAT gene expression in human colon cancer cells. Diacylglycerol acyltrans-
ferases (DGATs) esterify sn-1,2-diacylglycerol with a long-chain fatty acyl-CoA and catalyze the rate-limiting 
step of triacylglycerol biosynthesis in eukaryotic  organisms52. DGATs are divided into DGAT1 and DGAT2 
subfamilies in animals and DGAT3 subfamily are present in  plants52–55. DGAT2 mRNA was the major form of 
DGAT mRNAs in the mouse adipocytes and  macrophages56,57. Gossypol was shown to be a strong stimulator 
of DGAT2 gene expression in mouse  macrophages56. The qPCR data showed here that DGAT1 mRNA was the 
major form and the two variants of DGAT2 mRNA accounted for only half of the DGAT1 mRNA levels in the 
human colon cancer cells (Table 4). In contrast to mouse macrophages, we showed here that gossypol inhibited 
DGAT1 and DGAT2 expression in the human colon cancer cells (Fig. 3C).

Gossypol effect on GLUT gene expression in human colon cancer cells. Glucose transporter 
(GLUT) family proteins consist of four isoforms which are responsible for glucose uptake in mammalian cells. 
GLUT1 mRNA is the major form and GLUT2 mRNA is undetectable in macrophages by TaqMan  qPCR51,58. In 
this study, GLUT1 mRNA was also shown to be the major form of GLUT mRNAs but GLUT4 mRNA was barely 
detected in the colon cancer cells (Table 4). Gossypol treatment at high concentrations significantly decreased 
GLUT1 mRNA levels but increased GLLUT3 mRNA levels (Fig. 3D).
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ID mRNA

DMSO 0.1 µg/mL 0.5 µg/mL 1 µg/mL 5 µg/mL 10 µg/mL 50 µg/mL 100 µg/mL p value

Fold Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

H1 Ahrr1 1.00 3.54 ± 2.16 2.91 ± 0.00 1.33 ± 0.51 1.41 ± 1.91 0.50 ± 0.17 1.51 ± 9.00 ud 0.226

H2 Bcl2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

H3 Bcl2l1 1.00 1.29 ± 1.15 0.82 ± 0.28 0.82 ± 0.13 1.19 ± 1.24 0.33 ± 0.08 0.34 ± 0.06 0.25 ± 0.06 0.015

H4 Bnip3 1.00 0.91 ± 0.37 1.27 ± 0.72 0.80 ± 0.20 1.08 ± 0.45 0.55 ± 0.10 1.03 ± 0.14 0.55 ± 0.15 0.200

H5 Cd36 1.00 0.87 ± 0.11 1.12 ± 0.35 0.79 ± 0.42 1.36 ± 0.56 0.91 ± 0.20 1.09 ± 0.46 0.64 ± 0.12 0.304

H6 Claudin1 1.00 a 1.72 ± 2.30 a 0.64 ± 0.19 a 0.77 ± 0.33 a 0.77 ± 0.88 a 0.20 ± 0.14 ab 0.09 ± 0.11 ab 0.005 ± 0.003 b 0.03*

H7 Cox1 1.00 2.08 ± 1.86 0.30 ± 0.44 1.15 ± 0.98 1.23 ± 2.08 1.35 ± 1.14 1.28 ± 1.11 6.60 ± 5.96 0.748

H8 Cox2 1.00 1.87 ± 2.90 2.35 ± 1.69 1.76 ± 2.13 3.69 ± 0.39 0.97 ± 1.22 3.61 ± 4.60 0.55 ± 0.47 0.370

H9 Csnk2a1 1.00 1.00 ± 0.68 0.70 ± 0.13 0.67 ± 0.18 0.87 ± 0.40 0.38 ± 0.14 0.33 ± 0.09 0.25 ± 0.07 0.032

H10 Ctsb 1.00 1.47 ± 1.02 0.95 ± 0.26 0.84 ± 0.31 0.90 ± 1.09 0.24 ± 0.14 0.20 ± 0.06 0.14 ± 0.07 0.029

H11 Cxcl1 1.00 1.66 ± 0.74 1.45 ± 0.42 1.11 ± 0.55 1.53 ± 0.22 0.05 ± 0.08 0.03 ± 0.04 0.0001 ± 0.000 0.043

H12 Cyclind1 1.00 ud ud ud ud ud ud ud

H13 Cyp19a1 1.00 0.77 ± 0.38 0.07 ± 0.07 19.49 ± 32.77 10.07 ± 14.2 0.44 ± 0.62 0.71 ± 1.15 3.17 ± 3.27 0.509

H14 Dgat1 1.00 0.78 ± 0.67 0.34 ± 0.08 0.53 ± 0.07 0.73 ± 0.49 0.31 ± 0.07 0.38 ± 0.16 0.19 ± 0.06 0.073

H15 Dgat2a 1.00 1.37 ± 1.24 1.20 ± 0.62 0.06 ± 0.04 1.23 ± 0.82 0.40 ± 0.36 0.48 ± 0.09 0.11 ± 0.08 0.089

H16 Dgat2b 1.00 0.08 ± 0.08 1.05 ± 0.53 0.43 ± 0.07 0.8 ± 0.06 0.57 ± 0.49 0.35 ± 0.33 0.28 ± 0.22 0.036

H17 E2f1 1.00 0.47 ± 0.44 0.39 ± 0.56 1.11 ± 0.65 1.64 ± 0.41 0.85 ± 0.75 1.44 ± 0.34 1.03 ± 0.10 0.075

H18 Elk1 1.00 a 0.22 ± 0.11 b 0.15 ± 0.06 b 0.12 ± 0.07 b 0.08 ± 0.07 b 0.06 ± 0.03 b 0.06 ± 0.05 b 0.01 ± 0.00 b 0.001*

H19 Fas 1.00 a 1.25 ± 1.00 a 0.44 ± 0.06 ab 0.66 ± 0.25 ab 0.50 ± 0.47 ab 0.11 ± 0.07 b 0.10 ± 0.13 b 0.01 ± 0.01 c 0.008*

H20 Gapdh 1.00 a 1.09 ± 1.05 a 0.48 ± 0.36 a 0.69 ± 0.13 a 0.63 ± 0.70 a 0.26 ± 0.15 a 0.17 ± 0.21 a 0.03 ± 0.01 b 0.046*

H21 Glut1 1.00 0.94 ± 0.53 0.56 ± 0.22 0.74 ± 0.75 0.65 ± 1.04 0.98 ± 0.31 0.39 ± 0.31 0.11 ± 0.07 0.269

H22 Glut2 1.00 0.84 ± 0.23 1.14 ± 0.59 0.84 ± 0.27 1.37 ± 0.51 0.83 ± 0.09 1.02 ± 0.20 0.58 ± 0.14 0.180

H23 Glut3 1.00 b 5.48 ± 2.75 ab 5.75 ± 0.73 ab 5.80 ± 2.90 ab 3.22 ± 1.37 ab 6.78 ± 0.46 a 6.37 ± 1.95 a 4.34 ± 2.10 ab 0.023*

H24 Glut4 1.00 2.77 ± 3.11 2.83 ± 1.04 31.14 ± 41.70 14.86 ± 17.21 5.75 ± 4.75 12.26 ± 16.28 3.70 ± 5.35 0.507

H25 Hif1a 1.00 3.63 ± 4.39 1.89 ± 0.60 1.75 ± 0.59 1.09 ± 0.89 0.82 ± 0.29 0.64 ± 0.15 0.34 ± 0.14 0.039

H26 Hmgr 1.00 0.93 ± 0.82 0.62 ± 0.31 0.58 ± 0.21 0.51 ± 0.26 0.32 ± 0.06 0.33 ± 0.14 0.38 ± 0.41 0.189

H27 Hmox1 1.00 0.66 ± 0.33 0.63 ± 0.11 1.15 ± 1.09 0.72 ± 0.11 0.50 ± 0.11 0.63 ± 0.16 0.35 ± 0.02 0.096

H28 Hua 1.00 1.81 ± 1.45 0.98 ± 0.34 0.71 ± 0.31 0.63 ± 0.45 0.39 ± 0.17 0.30 ± 0.19 0.07 ± 0.06 0.032

H29 Icam1 1.00 0.70 ± 0.34 0.33 ± 0.14 0.54 ± 0.16 0.48 ± 0.44 0.13 ± 0.06 0.07 ± 0.07 0.06 ± 0.00 0.091

H30 Inos ud ud ud ud ud ud ud ud

H31 Insr 1.00 2.51 ± 1.84 1.13 ± 0.48 1.38 ± 0.82 0.72 ± 0.75 0.34 ± 0.29 0.52 ± 0.42 0.05 ± 0.00 0.113

H32 Il2 1.00 ab 0.95 ± 0.08 ab 1.49 ± 0.29 a 0.98 ± 0.13 ab 1.040.49 ab 0.83 ± 0.33 ab 0.92 ± 0.18 ab 0.60 ± 0.20 b 0.04*

H33 IL6 1.00 1.50 ± 0.43 1.79 ± 1.08 1.72 ± 1.00 1.81 ± 0.59 1.47 ± 0.48 1.49 ± 0.44 1.00 ± 0.37 0.623

H34 IL8 1.00 ab 1.05 ± 0.44 a 1.22 ± 0.19 a 0.72 ± 0.17 ab 1.23 ± 0.42 a 0.88 ± 0.14 ab 0.94 ± 0.08 ab 0.36 ± 0.22 b 0.013*

H35 Il10 1.00 ud ud ud ud ud ud ud

H36 Il12 1.00 ud ud ud ud ud ud ud

H37 Il16 1.00 0.003 ± 0.001 0.003 ± 0.001 0.003 ± 0.001 0.001 ± 0.001 0.00 0.002 ± 0.001 0.001 ± 0.001

H38 Il17 1.00 0.86 ± 0.49 1.87 ± 1.03 1.11 ± 0.33 1.91 ± 0.71 1.04 ± 0.53 1.54 ± 0.46 0.93 ± 0.37 0.179

H39 Leptin 1.00 0.74 ± 0.21 1.15 ± 0.50 1.25 ± 0.10 1.18 ± 0.51 0.95 ± 0.25 1.08 ± 0.24 1.17 ± 0.35 0.604

H40 Map1lc3a 1.00 0.94 ± 0.55 1.05 ± 0.47 1.01 ± 0.45 0.90 ± 0.31 0.57 ± 0.06 0.61 ± 0.05 0.60 ± 0.09 0.136

H41 Map1lc3b 1.00 0.91 ± 0.98 0.57 ± 0.19 0.94 ± 0.68 0.68 ± 0.47 0.33 ± 0.03 0.31 ± 0.20 0.19 ± 0.09 0.132

H42 Nfkb 1.00 0.96 ± 1.11 0.52 ± 0.18 0.47 ± 0.10 0.44 ± 0.51 0.20 ± 0.16 0.17 ± 0.21 0.02 ± 0.00 0.151

H43 P53 1.00 1.45 ± 1.30 0.29 ± 0.25 0.64 ± 0.29 0.73 ± 0.53 0.24 ± 0.20 0.25 ± 0.14 0.22 ± 0.06 0.128

H44 Pim1 1.00 0.69 ± 0.15 0.68 ± 0.33 0.65 ± 0.30 0.69 ± 0.63 0.69 ± 0.37 1.01 ± 0.10 0.62 ± 0.12 0.616

H45 Pparr 1.00 1.39 ± 0.97 2.00 ± 0.91 2.72 ± 2.49 2.57 ± 1.34 1.61 ± 0.68 1.49 ± 1.13 9.39 ± 12.65 0.731

H46 Rab24 1.00 25.49 ± 31.18 10.76 ± 10.86 1.68 ± 0.00 1.36 ± 1.82 8.68 ± 12.21 1.69 ± 1.14 6.41 ± 6.64 0.630

H47 Rpl32 1.00 1.06 ± 0.90 0.68 ± 0.43 0.68 ± 0.22 0.46 ± 0.45 0.19 ± 0.11 0.15 ± 1.18 0.02 ± 0.01 0.029

H48 Tnf 1.00 1.22 ± 0.57 1.24 ± 0.32 1.16 ± 0.52 1.47 ± 0.38 0.85 ± 0.29 1.29 ± 0.14 0.71 ± 0.23 0.241

H49 Tnfsf10 1.00 0.94 ± 0.30 1.23 ± 0.76 0.93 ± 0.39 1.26 ± 0.32 0.57 ± 0.57 1.01 ± 0.15 0.58 ± 0.14 0.342

H50 Ulk2 1.00 0.88 ± 0.12 1.61 ± 0.79 0.99 ± 0.37 1.22 ± 0.34 1.50 ± 0.56 1.19 ± 0.35 0.84 ± 0.15 0.273

H51 Vegf 1.00 0.001 ± 0.001 0.01 ± 0.02 0.26 ± 0.35 0.001 ± 0.000 0.00002 ± 0.00002 0.0001 ± 0.0001 0.05 ± 0.00 0.107

H52 Zfand5 1.00 ab 0.61 ± 0.47 a 0.54 ± 0.21 ab 0.53 ± 0.04 ab 0.51 ± 0.17 ab 0.35 ± 0.05 ab 0.39 ± 0.12 ab 0.20 ± 0.10 b 0.048*

Continued
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Gossypol effect on TTP gene expression in human colon cancer cells. Tristetraprolin (TTP/
ZFP36/TIS11/G0S24/NUP475) family proteins are post-transcriptional factors controlling cytokine mRNA 
stability. TTP family proteins exhibit anti-inflammation effects with the potential for controlling inflammation-
related diseases. TTP family proteins have three members in mammals (ZFP36 or TTP, ZFP36L1 or TIS11B, 
and ZFP36L2 or TIS11D) and fourth member in mouse and rat (ZFP36L3)59,60. SYBR Green qPCR showed that 
TTP/ZFP36 and ZFP36L1 were expressed in similar levels but ZFP36L2 mRNA was barely detectable in the 
colon cancer cells (Table 4). ZFP36, ZFP36L1 and ZFP36L2 mRNAs were all significantly reduced by high-dose 
of gossypol treatments (Fig. 4A).

Gossypol effect on IL gene expression in human colon cancer cells. Several members of the inter-
leukins (ILs) are regulated by TTP family proteins which bind to AU-rich elements (ARE) in some cytokine 
mRNAs and destabilizes those transcripts. TTP-mediated ILs include  IL261,  IL662,  IL863,  IL1064,  IL1265,  IL1647 
and  IL1766. SYBR Green qPCR showed that IL10 and IL12 mRNAs were barely expressed and IL2 mRNA was 
low, whereas TTP and the other ILs were expressed in similar levels, which were several fold higher than IL2 
mRNA in the human colon cancer cells (Table 4). The qPCR assays showed that gossypol decreased IL2 and IL8 
mRNA levels but its effect on IL6 and IL17 was not apparent (Table 3 and Fig. 4B).

Gossypol effect on proinflammatory gene expression in human colon cancer cells. The major 
mRNAs destabilized by TTP family proteins are proinflammatory cytokine mRNA molecules. They down-regu-
late the expression of mRNAs encoding cytokines such as tumor necrosis factor-alpha (TNFα)67–70, granulocyte–
macrophage colony-stimulating factor/colony-stimulating factor 2 (GM-CSF/CSF2)71,72 and cyclooxygenase 2/
prostaglandin-endoperoxide synthase 2 (COX2/PTGS2)48. TNFα and GM-CSF mRNAs are stabilized in TTP 
knockout mice  cells69,71. TTP knockout mice over-express these proinflammatory cytokines which cause a severe 
systemic inflammatory  syndrome73,74. TTP over-expression reduces inflammatory  responses75. These previous 
studies suggest that TTP is an anti-inflammatory protein. Except TNFSF10 mRNA, all the other proinflamma-
tory mRNAs were expressed much lower than that of TTP and VEGF mRNA was almost undetectable in the 
colon cancer cells (Table 4). Gossypol did not exhibit significant effects on the mRNA levels of all these proin-
flammatory gene expression in the human colon cancer cells (Fig. 4C).

Gossypol effect on TTP‑targeted other gene expression in human colon cancer cells. A num-
ber of other TTP-mediated mRNAs have been reported in the literature (Table  1). The basal levels of these 
mRNAs were either higher than that of TTP mRNA (BCL2L1, CsnK2A1, HIF1a and ZFAND5) or lower than 
that of TTP mRNA (Ahrr1, CXCL1, E2F1, ELK1, HMOX1 and ICAM1) (Table 4). Gossypol treatment resulted 
in a reduction of many of the mRNAs in the colon cancer cells (Fig. 4D).

Discussion
Cottonseed accounts for approximately 20% of the crop value. One way to increase the value of cottonseed is to 
isolate bioactive compounds aimed to improving nutrition and preventing diseases. The presence of toxic poly-
phenolic compound gossypol in the seeds limits its use as food and feed source for humans and non-ruminant 
 animals2–6. On the other hand, recent studies have shown that gossypol has potential biomedical applications. 
This may significantly increase cottonseed value by using gossypol from the seeds as a health intervention agent. 
However, it is necessary to insure safety and effectiveness of gossypol as well as the underlining molecular 
mechanisms before human consumption. Therefore, we evaluated the effects of gossypol on toxicity and gene 
expression in human colon cancer cells.

In this study, we observed that gossypol significantly decreased the cell viability of human colon cancer cells 
(Fig. 2). Our previous study showed that gossypol inhibited breast and pancreas cancer cell  viability76. The effect 
of gossypol on decreasing breast cancer cell (MCF-7)  viability76 was in agreement with those using gossypol, 
gossypol derivative, and gossypol-enriched cottonseed  oil16,17. Gossypol also decreased pancreatic cancer cell 
viability after short-term  treatment76 which is in agreement with published  reports20,77–79.

Before we examined the effect of gossypol on gene expression in human colon cancer cells, we evaluated the 
relative expression levels of 55 genes and selected the internal reference for qPCR analysis since it is important for 

Table 3.  Gossypol Dosages on Colon Cancer Cell Gene Expression. The data represent the mean and standard 
deviation of three independent samples. Data with different lowcase letters represent significance between the 
treatments p < 0.05. ud: undetected. Bold italics: mRNA levels were statistically decreased by gossypol among 
the treatments with various concentrations. Italics: mRNA levels were statistically increased by gossypol among 
the treatments with various concentrations. "*" under P value column represents mRNA levels significantly 
affected by gossypol. Statistical analyses were conducted with Student–Newman–Keuls method for all pairwise 
multiple comparison. All pairwise multiple comparison was also performed with Tukey test yielding similar 
results (data not shown).

ID mRNA

DMSO 0.1 µg/mL 0.5 µg/mL 1 µg/mL 5 µg/mL 10 µg/mL 50 µg/mL 100 µg/mL p value

Fold Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

H53 Zfp36 1.00 1.00 ± 0.75 0.65 ± 0.20 0.59 ± 0.08 0.72 ± 0.51 0.70 ± 0.11 0.81 ± 0.64 0.24 ± 0.08 0.243

H54 Zfp36L1 1.00 1.60 ± 1.48 0.12 ± 0.10 0.77 ± 0.07 0.83 ± 0.77 0.13 ± 0.09 0.07 ± 0.04 0.02 ± 0.00 0.050

H55 Zfp36L2 1.00 0.32 ± 0.42 0.90 ± 0.89 0.74 ± 0.97 0.08 ± 0.00 0.15 ± 0.15 0.18 ± 0.08 0.01 ± 0.00 0.112
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ID

mRNA Mean ± SD (n = 24) Fold

Reference gene Mean ± SD Fold of Bcl2

H2 Bcl2 29.39 ± 1.08 1.00

H20 Gapdh 24.10 ± 4.01 39.09

H47 Rpl32 24.00 ± 3.68 41.78

ID Reported gene Mean ± SD Fold of Bcl2

H2 Bcl2 29.39 ± 1.08 1.00

H4 Bnip3 27.54 ± 1.22 3.60

H12 Cyclind1 34.10 ± 5.42 0.04

H13 Cyp19a1 32.40 ± 3.37 0.12

H19 Fas 30.63 ± 4.60 0.42

H28 Hua 32.25 ± 3.52 0.14

H43 P53 31.06 ± 2.58 0.31

H45 Pparr 29.63 ± 1.50 0.85

H49 Tnfsf10 28.22 ± 1.48 2.24

ID DGAT family Mean ± SD Fold of Dgat1

H14 Dgat1 29.38 ± 1.86 1.00

H15 Dgat2a 31.80 ± 2.18 0.19

H16 Dgat2b 30.88 ± 1.79 0.35

ID GLUT family Mean ± SD Fold of Glut1

H21 Glut1 27.24 ± 2.54 1.00

H22 Glut2 29.22 ± 1.81 0.25

H23 Glut3 28.61 ± 1.31 0.39

H24 Glut4 41.48 ± 4.81 0.00

ID TTP family Mean ± SD Fold of Zfp36

H53 Zfp36 28.86 ± 1.85 1.00

H54 Zfp36L1 29.29 ± 3.07 0.74

H55 Zfp36L2 41.60 ± 3.61 0.00

ID IL family Mean ± SD Fold of Zfp36

H53 Zfp36 28.86 ± 1.85 1.00

H32 Il2 31.27 ± 1.24 0.19

H33 IL6 29.09 ± 1.39 0.85

H34 IL8 29.14 ± 1.20 0.83

H35 Il10 41.42 ± 5.26 0.00

H36 Il12 37.55 ± 3.02 0.00

H37 Il16 28.49 ± 1.17 1.30

H38 Il17 29.56 ± 1.38 0.62

ID Proinflammatory gene Mean ± SD Fold of Zfp36

H53 Zfp36 28.86 ± 1.85 1.00

H7 Cox1 34.92 ± 4.79 0.01

H8 Cox2 30.65 ± 1.62 0.29

H28 Hua 32.25 ± 3.52 0.10

H39 Leptin 29.51 ± 1.22 0.64

H48 Tnf 30.88 ± 1.71 0.24

H49 Tnfsf10 28.22 ± 1.48 1.56

H51 Vegf 40.47 ± 4.57 0.00

ID TTP targeted other gene Mean ± SD Fold of Zfp36

H53 Zfp36 28.86 ± 1.85 1.00

H1 Ahrr1 33.88 ± 1.14 0.03

H3 Bcl2l1 27.64 ± 2.34 2.33

H5 Cd36 28.45 ± 1.23 1.33

H6 Claudin1 28.03 ± 4.30 1.78

H9 Csnk2a1 26.02 ± 1.95 7.17

H10 Ctsb 28.13 ± 2.73 1.65

H11 Cxcl1 32.75 ± 2.60 0.07

H17 E2f1 29.61 ± 1.08 0.59

H18 Elk1 30.82 ± 2.84 0.26

Continued
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Table 4.  Relative mRNA levels of respective gene families in the human colon cancer cells. The data represent 
the mean and standard deviation of 24 independent samples. ud: undetected. The relative mRNA levels were 
calculated using mean data of Bcl2 as the reference mRNA and the first mRNA in the respective gene family as 
the control.

ID TTP targeted other gene Mean ± SD Fold of Zfp36

H25 Hif1a 27.64 ± 2.33 2.33

H27 Hmox1 29.68 ± 1.41 0.57

H29 Icam1 33.93 ± 4.12 0.03

H44 Pim1 29.13 ± 1.09 0.83

H52 Zfand5 27.20 ± 1.50 3.16

ID Other gene Mean ± SD Fold of Zfp36

H53 Zfp36 28.86 ± 1.85 1.00

H26 Hmgr 27.50 ± 1.91 2.57

H30 Inos ud ud

H31 Insr 29.81 ± 3.12 0.51

H40 Map1lc3a 29.48 ± 1.87 0.65

H41 Map1lc3b 26.18 ± 1.73 6.42

H42 Nfkb 31.08 ± 2.97 0.22

H46 Rab24 42.25 ± 3.40 0.00

H50 Ulk2 29.20 ± 1.11 0.79

Figure 3.  Gossypol regulated the expression of genes coded for qPCR reference mRNAs, genes reported to be 
regulated by gossypol, and genes coded for DGAT and GLUT mRNAs in human colon cancer cells. Human 
colon cancer cells (COLO 225) were treated with gossypol for 8 h. The data represent the mean and standard 
deviation of three independent samples. (A) genes coded for qPCR reference mRNAs, (B) genes reported to be 
regulated by gossypol, (C) genes coded for DGAT mRNAs, (D) genes coded for GLUT mRNAs.
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normalization of gene expression  levels80–83. Our study showed that BCL2 mRNA was the most stable among the 
mRNAs from 55 genes analyzed in human colon cancer cells treated with DMSO vehicle or various concentra-
tions of gossypol (Table 2). This result is in consistent with a previous report showing that the effect of gossypol 
analog on BCL2 gene expression was minimal at the mRNA  level31. Our results showed that GAPDH and RPL32 
(60S ribosomal protein 32) mRNAs were not good qPCR assay references for the colon cancer cells since they 
were most abundant mRNAs with large variations under the cell culture conditions. This is in agreement with a 
previous report showing that GAPDH and 18s RNA mRNAs are not reliable references for qPCR assays in phar-
macogenomics and toxicogenomics  studies83. In contrast, RPL32 mRNA was shown to be a good reference for 
qPCR assays in mouse, rat and human post-infarction heart  failure80 and mouse adipocytes and  macrophages57,82. 
These results suggest that internal reference mRNA is probably different among the various tissues/cells tested.

Our study showed that most of the gene expression in human colon cancer cells was suppressed by high 
concentrations of gossypol (Table 3). Some of the p values were less than 5% threshold, suggesting their expres-
sion levels were statistically significant. By this standard, gossypol significantly decreased the expression of genes 
coding for mRNAs of CLAUDIN1, ELK1, FAS, GAPDH, IL2, IL8 and ZFAND5, but increased the expression of 
the gene coding for GLUT3 mRNA. These genes code for proteins involved in various biological processes and 
cancer development. CLAUDIN1 is a tight junction protein which is highly upregulated in colon  cancer49. ELK1 
is a transcription factor playing an important role in immunological response, which belongs to ETS protein 
family with the evolutionary conserved ETS domain stabilized by three key tryptophan residues interacting 
with  DNA42. FAS is involved in the apoptotic system which is upregulated in human lung cancer cells (A549) 
by gossypol treatment for 12 h at 0.5 µmol/L (~ 0.26 µg/mL)34. GAPDH catalyzes the sixth step of glycolysis 
and serves to break down glucose for energy and carbon  demands83. IL2 is an autocrine and paracrine growth 
factor involved in clonal T cell expansion, influences the magnitude and duration of an immune response, and 
contributes to the regulation of programmed cell death in T cells which is down-regulated by TTP through 
ARE-mediated mRNA  decay61. IL8 induces chemotaxis in target cells, causes them to migrate toward the site 
of infection, and stimulates phagocytosis once they have  arrived63. ZFAND5 enhances ARE-containing mRNA 
stability by competing with TTP for mRNA  binding84. GLUT3 expressed specifically in neurons facilitates the 
transport of glucose across the plasma membranes of mammalian  cells85.

Among the tested 55 genes, gossypol treatment inhibited the expression of well-known reference genes cod-
ing for GAPDH and RPL32 mRNAs (Fig. 3A). Among the genes reported to be regulated by gossypol in cancer 

Figure 4.  Gossypol regulated the expression of genes coded for TTP family, IL family, TTP-mediated 
proinflammatory cytokine and other mRNAs in human colon cancer cells. Human colon cancer cells 
(COLO 225) were treated with gossypol for 8 h. The data represent the mean and standard deviation of three 
independent samples. (A) genes coded for TTP family mRNAs. (B) genes coded for IL family mRNAs. (C) genes 
coded for TTP-mediated proinflammatory cytokine mRNAs. (D) genes coded for other TTP-mediated mRNAs.
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 cells20,33–39 and  macrophages40, gossypol decreased the mRNA levels of BNIP3, CYP19A1, FAS, HUA, P53, PPARR 
and TNFSF10 genes in the human colon cancer cells (Fig. 3B). Gossypol decreased the mRNA levels of almost all 
of the DAGT, GLUT, TTP and IL gene families except GLUT3 in the cancer cells (Fig. 3C, D, 4A, B). The effect 
of gossypol on COX2, TNF and other proinflammatory cytokine mRNAs was not apparent (Fig. 4C), although it 
decreased the levels of a number of other TTP-regulated mRNAs coding for various functional proteins (Fig. 4D).

In our previous studies, gossypol significantly increased the expression of DGAT and HuR mRNAs in mouse 
RAW264.7  macrophages40,56. However, DGAT and HuR mRNAs were decreased by gossypol in the human 
colon cancer cells. Similarly, gossypol decreased FAS mRNA in colon cancer cells reported here but increased 
its expression in human lung cancer cells reported  previously34. Finally, the mRNA levels of TTP family genes 
were shown here to be decreased in the colon cancer cells but reported to be increased in mouse  macrophages86. 
These discrepancies might reflect the different responses of normal mouse macrophages and different human 
cancer cells to gossypol treatment.

This study provides evidence for the toxic effects of gossypol on cell viability and its effects on down-regulation 
of many gene expression at the mRNA level in the human colon cancer cells. However, there are a few limitations 
involved in the study which should be addressed in future study. First, the findings were derived from one colon 
cancer cell line (COLO225). It could be valuable to expand the scope of research with multiple cancer cell lines. 
Second, the general pattern of gossypol on decreasing mRNA levels of numerous genes was evident. However, the 
dosage effect of gossypol on mRNA levels was not strong and the standard deviations were large in many cases, 
probably due to extremely sensitive qPCR assays and many factors affecting the results from extracellular gossypol 
application, cell harvest, RNA extraction, cDNA synthesis to qPCR analysis. Third, it was a firm conclusion that 
gossypol negatively regulated many gene expression at the mRNA levels in the colon cancer cells. However, it 
could be great addition to confirm mRNA data at the protein level. Even though positive correlations between 
mRNA levels and protein levels are not guaranteed as shown in many publications, it is still valuable to perform 
experiments at the protein levels. Finally, this study provides evidence for gossypol’s toxic effects on cell viability 
and gene expression at the mRNA level in the human colon cancer cells. However, there is no functional analysis 
of gossypol affecting any intermediate steps between mRNA changes and cell viability. All these aspects are all 
worth of further investigation.

In conclusion, this study showed that gossypol significantly reduced the viability of human colon cancer cells. 
We further showed that BCL2 mRNA was the most stable among the 55 mRNAs in human colon cancer cells. 
Gossypol decreased the mRNA levels of DGAT, GLUT, TTP, ILs families and a number of previously reported 
genes. In particular, gossypol significantly suppressed the expression of the genes coding for CLAUDIN1, ELK1, 
FAS, GAPDH, IL2, IL8 and ZFAND5 mRNAs, but enhanced the expression of the gene coding for GLUT3 
mRNA. This study provided evidence for potentially increasing the value of cottonseed by using cottonseed-
derived gossypol as a health intervention agent.

Materials and methods
Colon cancer cell line. Human colon cancer cell line (COLO 205-ATCC CCL-222) was purchased from 
American Type Culture Collection (Manassas, VA) and kept under liquid nitrogen vapor in a Cryogenic Storage 
Vessel (Thermo Fisher Scientific, Waltham, MA). The cells were maintained at 37 °C in a humidified incuba-
tor with 5%  CO2 in RPMI-1640 medium (Gibco, Life Technologies) supplemented with 10% (v:v) fetal bovine 
serum, 0.1 million units/L penicillin, 100 mg/L streptomycin, and 2 mmol/L L-glutamine.

Chemicals, reagents and equipment. The chemicals, reagents and equipment were described essen-
tially as  previously56. Gossypol (molar mass: 518.56 g/mol) was purified from cottonseed by HPLC and pur-
chased from Sigma (St. Louis, MO). Gossypol stock was prepared in 100% DMSO at 10 mg/mL (approximately 
19.2 mM). Cell cytotoxicity reagent (MTT based-In Vitro Toxicology Assay Kit) and DMSO were from Sigma. 
Tissue culture reagents (RPMI-1640, fetal bovine serum, penicillin, streptomycin, L-glutamine) were from 
Gibco BRL (Thermo Fisher). Tissue culture incubator was water jacket  CO2 incubator, Forma Series II, Model 
3100 Series (Thermo Fisher). Tissue culture workstation was Logic + A2 hood (Labconco, Kansas City, MO). Tis-
sue culture plastic ware (flasks, plates, cell scraper) was from CytoOne (USA Scientific, Ocala, FL). Cell counting 
reagent (trypsin blue dye), slides (dual chamber), counter (TC20 Automatic Cell Counter) and microscope (Zoe 
Florescent Cell Imager) were from Bio-Rad (Hercules, CA). Microplate spectrophotometer (Epoch) was from 
BioTek Instruments (Winooski, VT).

Cell culture and chemical treatment. The basic cell culture protocol was following previous 
 procedures51,68,87. Cancer cells were dissociated from the T-75 flask with 0.25% (w/v) trypsin-0.53 mM EDTA 
solution, stained with equal volume of 0.4% trypsin blue dye before counting the number of live cells with a 
TC20 Automatic Cell Counter. Cancer cells (0.5 mL) from trypsin-dissociated flasks were subcultured at approx-
imately 1 ×  105 cells/mL density in 24-well tissue culture plates. The cancer cells were routinely observed under 
a Zoe Florescent Cell Imager before and during treatment. Cancer cells were treated with 0, 0.1, 0.5, 1, 5, 10, 50 
and 100 µg/mL (corresponding to 0, 0.19, 0.96, 1.92, 9.6, 19.2, 96 and 192 µM) of gossypol for 2, 4, 8 and 24 h 
(“0” treatment corresponding to 1% DMSO in the culture medium, the vehicle control for the experiment). 
These gossypol concentrations were in the range of previously published concentrations for gossypol (up to 
100 µM)18,19,88, (-) gossypol (up to 100 µM)30, apogossypolone (up to 40 µM)89, and gossypol derivatives  (IC50 
concentrations of 6–28 µM)31.

Cell viability assay. Cell cytotoxicity was determined with the MTT based-In Vitro Toxicology Assay  Kit76. 
Cancer cells in 96-well plates (12 wells/treatment) were treated with gossypol and incubated at 37 °C, 5%  CO2 
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for 2, 4, 8 and 24 h. The cell media were added with 50 µL of MTT assay reagent (thiazolyl blue tetrazolium 
bromide) and incubated at 37 °C, 5%  CO2 for 2 h before adding 500 µL MTT solubilization solution to each 
well, shaken at room temperature overnight. The color density in the wells was recorded by Epoch microplate 
spectrophotometer at A570.

qPCR primers and probes. A total of 55 genes were selected for qPCR analysis. The selection of genes 
was based on the literature showing those gene expression regulated by gossypol in cancer  cells20,33–39 and 
 macrophages40 or regulated by ZFP36/TTP in tumor  cells41–49 and  macrophages50,51 (Table 1). RNA sequences 
were obtained from the National Center for Biotechnology Information (NCBI)’s non-redundant protein 
sequence databases (http:// blast. ncbi. nlm. nih. gov/ Blast. cgi). The qPCR primers were designed using Primer 
Express software (Applied Biosystems, Foster City, CA) and synthesized by Biosearch Technologies, Inc. (Nav-
ato, CA). The names of mRNAs and their nucleotide sequences (5′ to 3′) of the forward primers and reverse 
primers, and corresponding references are described in Table 1.

RNA isolation and cDNA synthesis. The methods for RNA isolation and cDNA synthesis were essen-
tially as  described56. Human colon cancer cells in 24-well plates (triplicate) treated with various concentra-
tions of gossypol for 8 h, a treatment showing significant reduction on cell viability (Fig. 2). The dishes were 
washed twice with 1 mL 0.9% NaCl and lysed directly with 1 mL of  TRIZOL reagent (Invitrogen, Carlsbad, CA, 
USA). RNA was isolated according to the manufacturer’s instructions without DNase treatment and stored in 
-80 °C freezer. RNA concentrations were quantified with an Implen NanoPhotometer (Munchen, Germany). 
The cDNAs were synthesized from total RNA using SuperScript II reverse transcriptase. The cDNA synthesis 
mixture (20 μL) contained 5 μg total RNA, 2.4 μg oligo(dT)12–18 primer, 0.1 μg random primers, 500 μM dNTPs, 
10 mM DTT, 40 u RNaseOUT and 200 u SuperScript II reverse transcriptase in 1X first-strand synthesis buffer 
(Life Technologies, Carlsbad, CA). The cDNA synthesis reaction was performed at 42 °C for 50 min. The cDNA 
was stored in − 80 °C freezer and diluted with water to 1 ng/µL before qPCR analyses.

Quantitative real‑time PCR analysis. The qPCR assays followed the MIQE guidelines: minimum infor-
mation for publication of quantitative real-time PCR  experiments90. The qPCR assays were described in details 
 previously54,82,91,92. SYBR Green qPCR reaction mixture (12.5 μL) contained 5 ng of total RNA-derived cDNA, 
200 nM each of the forward primer and reverse primer, and 1 × iQ SYBR Green Supermix (Bio-Rad Laborato-
ries, Hercules, CA). The reactions in 96-well clear plates sealed by adhesives were performed with CFX96 real-
time system-C1000 Thermal Cycler (Bio-Rad Laboratories). The thermal cycle conditions were as follows: 3 min 
at 95 °C, followed by 40 cycles at 95 °C for 10 s, 65 °C for 30 s and 72 °C for 30 s. BCL2 mRNA was selected as 
the internal reference based on its minimal variation of gene expression among the 55 genes tested in the colon 
cancer cells (see “Results” for details). Ribosome protein 32 (RPL32) and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNAs were widely used as the reference mRNAs in the qPCR  analyses87 but they were not 
suitable for qPCR analysis for this cell type (see “Results” for details). TaqMan qPCR assay was used to confirm 
some SBYR Green qPCR assays using identical conditions as described  previously82.

Data analysis and statistics. The  2−ΔCT and  2−ΔΔCT method of relative quantification was used to determine 
the fold change in  expression93. This was done by first normalizing the resulting threshold cycle (CT) values of 
the target mRNAs to the CT values of the internal control BCL2 mRNA in the same cells (ΔCT = CTTarget − CTBcl2). 
Gossypol-treated qPCR ΔCT values was further normalized with DMSO qPCR ΔCT values in the same cells 
(ΔΔCT = ΔCTGossypol − ΔCTDMSO). The fold change in expression was then obtained  (2−ΔΔCT). The data in the fig-
ures and tables represent the mean and standard deviation of various independent samples: Figure 2 (n = 12), 
Figs. 3 and 4 (n = 3), Tables 2 and 4 (n = 24), Table 3 (n = 3). They were analyzed by statistical analysis using 
ANOVA with SigmaStat 3.1 software (Systat Software). Multiple comparisons among the treatments with differ-
ent concentrations of gossypol were performed with Student–Newman–Keuls method and Tukey  test87.
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