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Abstract: Gossypol is a complex plant polyphenol reported to be cytotoxic and anti-inflammatory, but little
was known about its effect on gene expression in macrophages. The objective was to explore gossypol’s toxicity
and its effect on gene expression involved in inflammatory responses, glucose transport and insulin signaling
pathway in mouse macrophages. Mouse RAW264.7 macrophages were treated with multiple concentrations
of gossypol for 2-24 h. Gossypol toxicity was estimated by MTT assay and soluble protein content. qPCR
analyzed the expression of anti-inflammatory tristetraprolin family (TTP/ZFP36), proinflammatory cytokine,
glucose transporter (GLUT) and insulin signaling genes. Cell viability was greatly reduced by gossypol,
accompanied with dramatic reduction of soluble protein content in the cells. Gossypol treatment resulted in an
increase of TTP mRNA level 6-20 fold and increased ZFP36L1, ZFP36L2 and ZFP36L3 mRNA levels by 26-69
fold. Gossypol increased proinflammatory cytokine TNF, COX2, GM-CSF, INFy and IL12b mRNA levels up to
39-458 fold. Gossypol treatment upregulated mRNA levels of GLUT1, GLUT3 and GLUT4 genes as well as
INSR, AKT1, PIK3R1 and LEPR but not APP genes. This study demonstrated that gossypol induced
macrophage death and reduced soluble protein content that was accompanied with massive stimulation of
anti-inflammatory TTP family and proinflammatory cytokine gene expression as well as elevation of gene
expression involved in glucose transport and insulin signaling pathway in mouse macrophages.

Keywords: cytokine; gene expression; glucose transport; gossypol; inflammation; insulin signaling;
plant polyphenol; toxicity; tristetraprolin

1. Introduction

Plant bioactive extracts have been used for disease prevention and treatment since ancient
history. One group of the major bioactive compounds in plant extracts are plant polyphenols [1].
They are produced from the plant flavonoid biosynthetic pathway and used naturally for plant
defenses against predators [2]. Plant polyphenols are present in most diet and beneficial to human
health [3-6].

Gossypol is a complex plant polyphenol with six OH groups and six CHs groups in its molecule,
found in the small intercellular pigment glands in cotton plants especially in the glanded cottonseed
(Figure 1) [7]. Long-term consumption of cottonseed oil with high concentration of gossypol
contributes to its toxicity resulting in male infertility [8]. High concentration of gossypol in cottonseed
meal (protein products) also limits its uses [9,10]. Therefore, gossypol is traditionally regarded as
unsafe for most animals and human consumption. However, recent studies have demonstrated that
gossypol and related compounds have anticancer activities, including breast cancer [11], colon cancer
[12], pancreatic cancer [13,14] and prostate cancer [15,16]. These discoveries suggest potential
nutritional and/or medical utilization of gossypol and related compounds.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Gossypol, mouse RAW264.7 macrophages and biomarkers analyzed by qPCR. (Top left)
Gossypol is a plant polyphenol with six -OH groups and six -CHs groups. (Top right) Mouse
RAW?264.7 macrophages used in the study. (Bottom) Gene targets analyzed by qPCR in this study
(highlighted in green color).

It was reported that gossypol has anti-inflammatory activities in cultured macrophages [17,18].
However, this area of research was poorly studied and little was known about its inflammatory
effects in mammalian cells. Recent, it was shown that tristetraprolin/zinc finger protein 36
(TTP/ZFP36) family proteins are anti-inflammatory [19,20]. These RNA-binding proteins regulate
gene expression at the posttranscriptional level by destabilizing proinflammatory cytokine mRNA
molecules in mammalian cells. TTP family proteins bind to AU-rich elements (AREs) in
proinflammatory cytokine mRNAs and destabilize those molecules [21,22]. TTP knockout mice
accumulate proinflammatory cytokines and develop a severe systemic inflammatory syndrome
including arthritis, autoimmunity and myeloid hyperplasia [23,24]. Upregulation of TTP decreases
inflammatory responses in macrophages [25]. These data suggest that TTP is an anti-inflammatory
protein and arthritis suppressor. Chemicals that can increase TTP gene expression may have
therapeutic value for the prevention and/or treatment of inflammation-related diseases. However,
nothing was done to relate gossypol to TTP-mediated anti-inflammatory effects.

Plant polyphenols have been shown to regulate mammalian gene expression in numerous
studies. For example, green tea polyphenols regulate gene expression in rats with metabolic
syndrome caused by a high fructose diet feeding [26,27]. Cinnamon polyphenols regulate the
expression of genes coding for proteins in the insulin signaling pathway, inflammatory responses
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and lipid metabolism [28-31]. However, little was known if gossypol regulates gene expression
involved in glucose transport and insulin signaling

The objective of this study was to explore the toxicity and molecular effects of gossypol on the
expression of genes involved in inflammatory responses, glucose transport and insulin signaling
pathway in mouse RAW264.7 macrophages, a well-characterized cell model for inflammatory
research (Figure 1). The targets of gene expression analysis included anti-inflammatory TTP family
genes (TTP/ZFP36, ZFP36L1, ZFP36L2 and ZFP36L3) [32,33] and proinflammatory cytokine genes,
such as tumor necrosis factor (TNF/TNFa)[21], cyclooxygenase 2/prostaglandin-endoperoxide
synthase 2 (COX2/PGES?2 ) [34], granulocyte-macrophage colony stimulating factor (GM-CSF/CSF2)
[35], interferon gamma (INFy) [36] and interleukin 12 (IL12) [37] (Figure 1). Other targets included
glucose transporter family (GLUT1, GLUT2, GLUT3 and GLUT4) critically important for host
immunity [38,39] and some components in the insulin signaling pathway including insulin receptor
(INSR) and protein kinases AKT1, GSK3 and PIK3R1 which are shown to be important in insulin
resistance in macrophages [26,40] (Figure 1). The results showed that gossypol (input) induced
macrophage death, reduced protein content, and stimulated the expression of genes coding for anti-
inflammatory TTP family, proinflammatory cytokines, GLUT family and insulin signaling pathway
components in mouse RAW264.7 macrophages (output).

2. Materials and Methods

2.1. Cell line, chemicals and reagents

Mouse RAW264.7 macrophages were from American Type Culture Collection (Manassas, VA).
Cell culture reagents were from Gibco BRL (Thermo Fisher). Gossypol (G8761-100MG) and
dimethylsulfoxide (DMSO) were from Sigma (St. Louis, MO). TRIzol was from Thermo Fisher.
SuperScript II reverse transcriptase, oligo(dT)i2-s primer, random primers, dNTPs, DTT and
RNaseOUT were from Life Technologies. CFX96 real-time system-C1000 Thermal Cycler, 1xiQ SYBR
Green Supermix and qPCR assay accessories were from Bio-Rad. PCR primers were designed using
Primer Express software (Thermo Fisher) and synthesized by Biosearch Technologies (Petaluma, CA)

(Table 1).
Table 1. Sequence Information of qPCR Primers.
mRNA  2ceesston amplicon forward primer (5" to 3') reverse primer (5" to 3')
no. (bp)
TTP family
Ttp/Ztp36/TiNM_01175 70 GGTACCCCAGGCTGGCTTT ACCTGTAACCCCAGAACTT
s11 6 GGA
pr3611§/T1s1 NM_£0756 60 TGCGAACGCCCACGAT CTTCGCTCAASTCAAAAATG
Zfp3612/Tis1 NM_00100 TGACAGAAGTGTGGTCGAC
1d 1806 77 GAGGGCACCTCCCAACCT ATTT
1 AACT TA TGTCAA
Zfp3613 NN;;EE 00 70 CCAACTGECG G cecereTe GCCAACGCTGTGGAAGGT
Cytokines
Gm-csf/Csf2 NM_SO()% 71 CACCCGCTCACCCATCAC GGAGGTTCAiGGCTTCTTTG
Cox2/Ptgs2 NM_01119 106 ~ CCACCTCTGCGATGCTCTTC CATTCCCCA?SGTTTTGACA
It NM_00833 81 TGGCATAGATGTGGAAGAA TGCAGGATTTTCATGTCACC
“Y 7 AAGAG AT
12b NM_00835 79 GACCAGAGACATGGAGTCA TGTACTGGCCAGCATCTAGA

2 TAGG AACT
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NM._01369 GCTGTCGCTACATCACTGAA TGACCCGTAGGGCAATTAC
Tnf/Tnfa 74
3 CCT A
GLUT
family
Glutl CGTGCTTATGGGTTTCTCCA GACACCTCCCCCACATACAT
M13979 123
(Slc2al) AA G
Glu2  NMLO1287 o oo oy ooooo oo GCCAACATGGCTTTGATCCT
(Slc2a2) 9 T
Glut3  NM_01710 TGAAGCCATGAGCTTTGTCT GCCCTGGCTGAAGAGTTCA
112
(Slc2a3) 2 GT G
Glutd NM_01275 . CAACTGGACCTGTAACTTCA ACGGCAAATAGAAGGAAG
(Slc2a4) 1 TCGT ACGTA
Insulin
signaling
e NMLOI707 - CAAAAGCACAATCAGAGTG ACCACGTTGTGCAGGTAATC
S 1 AGTATGAC C
Akepky NML03323 0 TGGACTACTTGCACTCCGAG TTATCTTGATATGCCCGTCC
0 AA TT
coxzp  NM03208  TTAAGGAAGGAAAAGGTGA CCAAAAGCTGAAGGCTGCT
B 0 ATCGA G
picag  NMLO1300 o CCTCTCCTTATAAAGCTCCT GATCACAATCAAGAAGCIG
et 5 GGAA TCGTAA
Other
mRNA
N NM_00747 . GITGCCTAGTTGGIGAGTTT TCCTGGTGTAGGAACTIGCA
PP 1 GT CTTG
Leoy NM_14614  TGACCAGTGTAACAGTGCTA CATATITAACTGAGGGTTGT
P 6 ACTTCTC CTCTGACA
Rpl32 NM_17208 AACCGAAAAGCCATIGTAG  1ciCGTITGRCATICE
(reference) 6 AAA

2.2. Cell culture and treatment

Mouse macrophages were maintained at 37°C in a water jacket CO: incubator with 5% CO: in
DMEM containing 4.5 mg/mL (25 mM) glucose supplemented with 10% (v:v) fetal bovine serum, 100
units/mL penicillin, 100 ug/mL streptomycin and 2 mM L-glutamine as described. The experiments
were started with the same number of RAW macrophages (0.5 mL, 1 x 10° cells/mL) subcultured in
24-well cell plate. Raw macrophages were treated with various concentrations of gossypol for
different times as detailed below. The control and all treatments contained 1% DMSO in the culture
medium.

2.3. Cell toxicity assay

MTT based-In Vitro Toxicology Assay Kit (TOX1-1KT, Sigma, St. Louis, MO) was used to
determine mouse macrophage toxicity as described previously [41]. MTT assay is based on the
conversion of water soluble MTT (thiazolyl blue tetrazolium bromide) to an insoluble formazan
product by viable cells with active metabolism. Dead cells lose this ability and therefore show no
signal. The more metabolic activity in the sample, the higher the signal. Selection of gossypol
concentration and duration of treatment was based on our previous study using human colon cancer
cells [42,43]. Mouse macrophages were treated with up to 100 ug/mL of gossypol and incubated at
37°C, 5% CO:x2 for 2-24 h. MTT assay reagent was added to the media and incubated at 37 C, 5% CO:
for 2 h before adding 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 nm.
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2.4. Protein determination

Mouse macrophages were treated with gossypol (100 mg/mL) for 2-24 h. Cell extracts were
prepared according to a previously described procedure [44]. Protein concentrations were
determined with the Bradford method using the Bio-Rad reagent (Bio-Rad) [45].

2.5. RNA extraction, cDNA synthesis and real-time qPCR analysis

The qPCR assays followed the MIQE guidelines: minimum information for publication of
quantitative real-time PCR experiments [46]. The qPCR assays were described in detail previously
[47]. Raw macrophages were treated with up to 100 ug/mL of gossypol for 2-24 h. RNAs were isolated
from macrophages using TRIzol reagent. The cDNAs were synthesized from total RNAs essentially
as described [48]. SYBR Green qPCR reaction mixtures and the thermal cycle conditions were
identical to those described [48]. The AACrmethod of relative quantification was used to determine
the fold change in gene expression [49]. First, the cycle of threshold (Cr) was obtained from 3-6
independent samples. Second, the first delta Cr value (ACr) was obtained by subtracting the Crvalue
of the internal reference control (mouse 60S ribosome protein 32, Rpl32) [50] from the Cr value of the
target mMRNA (ACr = Crrarget - Crref). Third, the second delta Cr value (AACr) was obtained by
subtracting the ACr of the calibrator (1% DMSO control in the figures or Ttp in Table 4) from the ACr
of the target mRNA (AACT= ACrrarget - ACraal). Finally, the fold change in expression was obtained
using the equation 2-2ACT,

2.6. Statistics

The data represent the mean and standard deviation of 3-6 independent samples. They were
analyzed using ANOVA with SigmaStat 3.1 software (Systat Software). Multiple comparisons among
the treatments with various concentrations of gossypol in each treatment time were performed with
Student-Newman-Keuls Method. “*” and “**”displayed in the Tables and Figures represent
significant difference between the control and the treatment at p <0.05 and p <0.01, respectively.

3. Results

3.1. Gossypol inhibited mouse macrophages growth

Macrophage viability was measured by visualization and with MTT assay after cells were
treated with the cytotoxic compound gossypol. Gossypol exhibited significant inhibitory effect on
mouse macrophage growth under higher concentration (10-100 pug/mL for 2 h) or longer time
treatment (5-100 pg/mL for 24 h) (Figure 2 and Table 2). Gossypol treatment significantly reduced
RAW macrophage viability to 20% of the control by 100 pg/mL for 2 h or less than 10% of the control
by 5-100 pg/mL for 24 h (Table 2). The higher concentration treatment resulted in lower A570 nm,
means less viable/metabolic active cells under higher concentration treatment (Table 2).
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Figure 2. Gossypol effect on cell viability. Mouse RAW264.7 macrophages were treated with various
concentrations of gossypol for 24 h (triplicate). MTT assay reagent was added to the media and
incubated for 2 h before adding MTT solubilization solution.

Table 2. Gossypol Induced Cell Death of Mouse Macrophage. Mouse macrophages were treated with
various concentrations of gossypol for 2 and 24 h. Cellular toxicity was determined with MTT based-

%1

In Vitro Toxicology Assay. The data represent the mean + standard (n = 3). “*” and “**” displayed in

the Table represent significant difference between the control and the treatment at p < 0.05 and p <

0.01, respectively.
gossypol concentration A570 nm * SD (2 h) (% of A570 nm * SD (24 h) (% of
(ug/mL). control) control)
0 100.0 £ 8.1 100.0 + 18.5
0.1 110.2+9.0 92.8+3.2
0.5 93.6+4.8 904 +5.5
1 99.2+1.3 88.3+11.5
92.7+49 76+04*
10 85.7+74*% 76+04*
50 69.3+24* 8.6 £0.5*
100 20.0+0.6 ** 8.5+3.2*

3.2. Gossypol reduced soluble protein content in mouse macrophages

Another indication for gossypol toxicity on macrophage was its effect on soluble protein content
in mouse macrophages since it is generally accepted that the total soluble protein content in the cell
reflects the overall health status of cellular metabolism. The soluble protein content was dramatically
reduced by 16, 17, 38 and 97% in cells treated with gossypol for 2, 4, 8 and 24 h, respectively, although
the protein content recovered in the pellet was slightly higher in gossypol-treated macrophages
(Table 3). Gossypol treatment resulted in the reduction of total protein by 17 and 76% in macrophages
treated for 8 and 24 h, respectively (Table 3). Both MTT assay and protein determination indicated
that gossypol was toxic to mouse RAW264.7 macrophages.
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Table 3. Gossypol Reduced Soluble Protein Content in Mouse Macrophages. Mouse macrophages
were treated with gossypol (100 pg/mL) for 2, 4, 8 and 24 h. Protein content was determined with the

%17

Bradford method. The data represent the mean + standard deviation (n=3). and “**” displayed
in the Table represent significant difference between the control and the treatment at p <0.05 and p <

0.01, respectively.

supernatant protein pellet protein total protein

treatment time concentration amount ratio concentration amount ratio amount ratio
(ug/uL) (mg) (%) (ng/pL) (mg) (%) (mg) (%)
control 2 7.78 +£0.36 3.89 100 22.05+0.21 1.1 100 4.99 100
gossypol 2 6.56 +0.39 * 3.28 84 23.67 +0.22 ** 1.18 107 4.47 90
gossypol 4 6.45+0.38 % 3.22 83 31.47 +0.15 ** 1.57 143 4.80 96
gossypol 8 4.85+0.32 ** 2.42 62 34.21 +0.45 ** 1.71 155 4.13 83
gossypol 24 0.21 £0.18 ** 0.11 3 2212 +0.45 1.11 101 1.22 24

3.3. Relative expression levels of selected genes in mouse macrophages

For better comparison studies, we first used quantitative real-time PCR to evaluate the relative
mRNA levels of the selected genes in mouse RAW264.7 cells treated with 1% DMSO control for 24 h
using RPL32 as the internal control and TTP/ZFP36 as the calibrator (Table 4). TTP/ZFP36 family
genes including ZFP36L1, ZFP36L2 and ZFP36L3 were expressed at approximately 0.40, 1.11 and 0.05
fold of TTP, respectively, in the DMSO-treated macrophages (Table 4). The mRNA levels of
proinflammatory cytokine genes including TNF, COX2, GM-CSF, IFNy and IL12b were 0.05, 0.02,
0.14, 0.13 and 0.10 fold of TTP, respectively (Table 4). Although macrophages are not model cells for
glucose transport and insulin signaling research, significant amounts of mRNAs coding for GLUT
family and insulin signaling components were detected in the mouse macrophages (Table 4). GLUT1,
GLUT2, GLUT3 and GLUT4 were approximately 0.14, 0, 0.29 and 0.001 fold of TTP, respectively.
INSR, PIK3R1 and LEPR mRNAs were 0.32, 0.37 and 0.08 fold of TTP and those of AKT1 and APP
were 2.16 and 4.76 fold of TTP, respectively (Table 4).

Table 4. Basal Levels of mRNAs Analyzed in Mouse Macrophages.

cycle of threshold (Cr+ cycle of threshold = Crrarget- Cref ACrTarget- ACrcat  fold

mRNA SD) (Cr) ucn oacT) (Ttp=1)
Rpl32 17.82 +0.81 17.82 0.00

Ttp/Z{p36/Tis11 24.76 +1.12 24.76 6.94 0.00 1.00
Aktl 23.65 + 1.69 23.65 5.83 111 2.16
App 22.51+0.81 22,51 4.69 225 476
Cox2 30.15 +2.38 30.15 12.33 5.39 0.02
Glut1/Slc2al 27.55+1.49 27.55 9.73 2.79 0.14
Glut3/Slc2a3 26.54 = 0.75 26.54 8.72 1.78 0.29
Glut4/Slc2a4 34.68 +1.20 34.68 16.86 9.92 0.001
Gm-csf 27.58 +2.06 27.58 9.76 2.82 0.14
Ifny 27.70 +2.42 27.70 9.88 2.94 0.13
1112b 28.03 +1.89 28.03 10.21 3.27 0.10
Insr 26.39 + 073 26.39 8.57 1.63 0.32
Lepr 28.33+2.11 28.33 1051 3.57 0.08
Pik3rl 26.21+0.58 26.21 8.39 145 0.37
Tnf 29.19 +2.68 29.19 11.37 443 0.05
Zfp3611/Tis11b 26.07 = 0.35 26.07 8.25 131 0.40
Zfp3612/Tis11d 24.61+1.03 24.61 6.79 -0.15 111
Zfp3613 29.20 +1.13 29.20 11.38 4.44 0.05

3.4. Gossypol increased TTP family gene expression in mouse macrophages
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Mouse TTP family genes have four members coding for anti-inflammatory TTP and its three
TTP homologues: ZFP36L1, ZFP36L2 and ZFP36L3. Gossypol significantly increased TTP mRNA
levels in mouse macrophages (Figure 3A). TTP mRNA levels were increased more than 6 fold by
gossypol after 2 h treatment, and the effect was sustained after 8 h treatment (> 6 fold) and even
stronger stimulation after 24 h treatment (about 20 fold) (Figure 3A). Gossypol increased ZFP36L1
mRNA levels approximately 2 fold under 2 and 8 h treatment but significantly increased its mRNA
levels up to 58 fold under 24 h treatment (increased 10, 19, 58 and 33 fold by 5, 10, 50 and 100 ug/mL
of gossypol treatment, respectively) (Figure 3B). ZFP36L2 mRNA levels were also significantly
increased by gossypol treatment under longer time or higher concentration (increased 4, 6, 15 and 26
fold by 5, 10, 50 and 100 pg/mL of gossypol treatment, respectively) (Figure 3C). The stimulatory
effect of gossypol on ZFP36L3 gene expression was stronger than the other TTP family members
under longer time treatment (Figure 3D). ZFP36L3 mRNA levels were not affected by gossypol after
2 h treatment but modestly increased by higher concentration of gossypol under 8 h treatment (14
fold increase by 100 ug/mL of gossypol) and increased much higher in 24 h treatment (15-69 fold by
5-50 ug/mL of gossypol) (Figure 3D).
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Figure 3. Effect of gossypol on TTP family gene expression. (A) TTP/ZFP36 mRNA, (B) ZFP36L1
mRNA, (C) ZFP36L2 mRNA, (D) ZFP36L3 mRNA. RAW264.7 macrophages were treated with
gossypol (0-100 ug/mL) for 2-24 h. The SYBR Green qPCR reaction mixtures contained 5 ng of RNA-
equivalent cDNAs from each sample and 200 nM of each primer. The 2-*ACT method of relative
quantification was used to determine the fold change in expression using RPL32 mRNA as the
reference mRNA. The data represent the mean and standard deviation of three independent samples.

ey Erva

and displayed in the Figure represent significant difference between the control and the

treatment at p < 0.05 and p <0.01, respectively.
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3.5. Gossypol increased proinflammatory cytokine gene expression in mouse macrophages

TTP is a mRNA destabilizing factor for a number of proinflammatory cytokines, such as TNF,
COX2, GM-CSF, INFy and IL12b [32]. Therefore, expression of these proinflammatory cytokine genes
was investigated in RAW264.7 macrophages after being treated with gossypol. Gossypol exhibited
less than 3 fold of increase in TNF mRNA levels in RAW cells treated for 2 h but increased its level to
12,27, 39 and 30 fold after 24 h treatment with 5, 10, 50 and 100 ug/mL gossypol, respectively (Figure
4A). TNF mRNA levels were slightly but significantly increased by 5 and 10 pug/mL gossypol
treatment for 2 h. However, TNF mRNA levels were dramatically increased by 10, 50 and 100 ug/mL
gossypol treatment for 24 h (Figure 4A). Gossypol exhibited a much higher induction of COX2 gene
expression to 9, 30, 177 and 458 fold after 24 h treatment with 5, 10, 50 and 100 pg/mL gossypol,
respectively, although its effect on COX2 was less than 8 fold without statistical significance after 2 h
treatment (Figure 4B). COX2 mRNA levels were significantly increased by 100 ug/mL gossypol
treatment for 24 h (Figure 4B). Similarly, gossypol stimulation on GM-CSF mRNA levels was less
than 5 fold under 2 h treatment but increased to 9, 18, 136 and 36 fold after 24 h treatment with 5, 10,
50 and 100 pg/mL gossypol, respectively (Figure 4C). GM-CSF mRNA levels were significantly
increased by 50 pg/mL gossypol treatment for 2 or 24 h (Figure 4C). INFy mRNA levels were
increased to 8, 13, 62 and 41 fold after 24 h treatment with 5, 10, 50 and 100 pg/mL gossypol,
respectively, but with less than 4 fold under 2 h treatment without statistical significance (Figure 4D).
INFy mRNA levels were significantly increased by 50 and 100 pg/mL gossypol treatment for 24 h
(Figure 4D). IL12b gene expression was less than 4 fold after 2 h treatment without statistical
significance but increased to 19, 25, 103 and 51 fold after 24 h treatment with 5, 10, 50 and 100 ug/mL
gossypol, respectively (Figure 4E). IL12b mRNA levels were significantly increased by 50 ug/mL
gossypol treatment for 24 h (Figure 4E).

3.6. Gossypol increased GLUT family gene expression in mouse macrophages

Glucose is the major metabolic substrate critically important for host immunity [38,39]. Glucose
uptake in mammalian cells is facilitated by glucose transporter (GLUT) family proteins [51]. Gossypol
slightly increased GLUT1 mRNA levels after 2 h treatment by approximately 2 - 3 fold of the control
under 50 and 100 pg/mL treatment, respectively (Figure 5A). After 24 h treatment, GLUT1 mRNA
levels in RAW cells were dramatically increased by 6, 12, 41 and 27 fold of the control under 30, 40,
50 and 100 pg/mL treatment, respectively (Figure 5A). Gossypol had minor effect on GLUT3 mRNA
levels under 2 h treatment (less than 2 fold of the control) but exhibited significant effect by 12, 18, 61
and 31-fold of the control after 24 h treatment under 30, 40, 50 and 100 pg/mL treatment, respectively
(Figure 5B). The effect of gossypol on GLUT4 mRNA levels was less with less than 3 fold of the control
under 2 h treatment and increased only 3 and 12 fold of the control after 24 h treatment under 50 and
100 pg/mL treatment, respectively (Figure 5C). GLUT2 was undetectable in its basal stage or under
gossypol treatment in mouse macrophages (data not shown).

3.7. Gossypol increased insulin signaling pathway gene expression in mouse macrophages

It was shown recently that macrophages express insulin receptors whose downstream signaling
networks share a number of knots allowing insulin to enhance or attenuate both proinflammatory
and anti-inflammatory macrophage responses [40]. A few targets were therefore selected to
determine if gossypol exhibited any effect on the expression of components involved in insulin
signaling pathway, including INSR, AKT1, GSK3{ and PIK3R1 (Figure 6). The effect of gossypol on
INSR mRNA levels showed minimal effect after 2h treatment but increased significantly with up to
39 and 32 fold of the control under 50 and 100 pg/mL treatment, respectively (Figure 6A). Gossypol
did not appear to have significant effect on AKT1 mRNA levels under 2 h treatment and increased
less than 3 fold of the control after 24 h treatment under various treatment (Figure 6B). The effect of
gossypol on PIK3R1 mRNA levels were 6 and 8 fold of the control after 24 h treatment under 50 and
100 pg/mL treatment, respectively (Figure 6C). GSK3p mRNA levels were too low to be undetected
in macrophages under DMSO control or various gossypol treatment (data not shown).
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Figure 4. Effect of gossypol on proinflammatory cytokine gene expression. (A) TNF mRNA, (B) COX2
mRNA, (C) GM-CSF mRNA, (D) IFNy mRNA, (E) IL12b mRNA. RAW264.7 macrophages were
treated with gossypol (0-100 pg/mL) for 2-24 h. The data represent the mean and standard deviation
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between the control and the treatment at p <0.05 and p < 0.01, respectively.
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Figure 5. Effect of gossypol on glucose transporter gene expression. (A) GLUT1 mRNA, (B) GLUT3
mRNA, (C) GLUT4 mRNA. RAW264.7 macrophages were treated with gossypol (0-100 pg/mL) for 2
and 24 h. The data represent the mean and standard deviation of three independent samples. “*” and
“* displayed in the Figure represent significant difference between the control and the treatment at
p <0.05 and p <0.01, respectively.

3.8. Gossypol effect on APP and LEPR gene expression in mouse macrophages

Since gossypol increased so many gene expression in mouse macrophages, we analyzed two
unrelated genes for comparison, including APP and LEPR (Figure 6). APP gene expression was
unresponsive to gossypol treatment under various concentrations for 2 or 24 with its mRNA levels
less than 2 fold of the control (Figure 6D). On the other hand, gossypol effect on LEPR gene response
was less than 3 fold of the control after 2 h treatment but significantly increased up to 12, 23, 74 and
54 fold of the control under 5, 10, 50 and 100 pg/mL treatment, respectively (Figure 6E).
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Figure 6. Effect of gossypol on insulin signaling pathway and other gene expression. (A) INSR mRNA,
(B) AKT1 mRNA, (C) PIK3R1 mRNA, (D) APP mRNA, (E) LEPR mRNA. RAW264.7 macrophages
were treated with gossypol (0-100 pg/mL) for 2 and 24 h. The data represent the mean and standard
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4. Discussion

In this study, we examined the effects of gossypol from cottonseed on the cell viability, protein
accumulation and mRNA levels of anti-inflammatory TTP family genes (coding for mRNA-
destabilizing proteins) and some TTP-mediated proinflammatory cytokine genes in mouse
macrophages. We also evaluated gossypol effects on the expression of genes coding for glucose
transporters and insulin signaling pathway components in mouse macrophages. Our results showed
that gossypol inhibited cell growth and reduced soluble protein content which was associated with
elevated levels of mRNAs coding for proteins involved in inflammatory responses, glucose transport
and insulin signaling pathway as highlighted with “Green” color of the diagram (Figure 1).

The results from this study and several previous studies suggest that gossypol is a strong
stimulator of gene expression in mouse macrophages for the following reasons: 1) Gossypol increases
mRNA destabilizing anti-inflammatory TTP family gene expression (TTP/ZFP36L1, ZFP36L2,
ZFP36L2 and ZFP36L3) (this study); 2) Gossypol increases proinflammatory cytokine gene
expression (this study); 3) Gossypol increases mRNA stabilizing human antigen R (HuR) gene
expression [52]; 4) Gossypol increases vascular endothelial growth factor (VEGF) gene expression
[53]; 5) Gossypol increases glucose transporter gene expression (this study); 6) Gossypol increases
insulin signaling pathway gene expression (INSR, AKT1 and PIK3R1) (this study); 7) Gossypol
increases diacylglycerol acyltransferase (DGAT) gene expression [48]. However, since gossypol
induced cell death at the same time, it is still to be determined if gene expression effect was due to
direct or indirect effect of gossypol in the cells.

We consistently observed that gossypol caused cell death and dramatically reduced soluble
protein content in the mouse macrophages. Gossypol (5-100 pg/mL) decreased mitochondrial activity
by 90% after 24 h treatment. Gossypol treatment (100 pug/mL, 24 h) also decreased total soluble protein
content to 3% of the control in macrophages. MTT assay is based on the conversion of water soluble
MTT to an insoluble formazan product by viable cells with active metabolism. Assuming more active
cells would have more soluble protein, it's expected that gossypol decreasing cellular activity
corresponds with reducing soluble protein in the cells. This reduction of soluble protein content is
not necessary in contradictory to the elevated levels of mRNAs coding for important but minor
protein components in the inflammatory response, glucose transport and insulin signaling pathway.
These results from both MTT assay and protein determination indicated that gossypol was toxic to
mouse RAW264.7 macrophages under high concentration and/or long time treatment. Our results
agreed with most of the previous reports [54,55]. Deng at al. (2013) showed that RAW macrophages
were almost completely inhibited by 40 umol/L of gossypol (corresponding to 20.74 ug/mL) for 24 h
treatment by MTT assay at 490 nm [54]. Lin et al. (2016) also reported that 80% of RAW macrophages
were inhibited by 20 umol/L of gossypol (corresponding to 10.37 ug/mL) for 5 h treatment by
propidium iodide assay measuring Pi incorporation [55]. The toxic effect of gossypol on cell growth
is also supported by its ability to inhibit human colon cancer cell viability [42]. It is unknown why
Huo et al. (2013) did not observe similar inhibitory effect of gossypol on RAW macrophages [17].

The novel finding of the current study was that gossypol significantly increased anti-
inflammatory TTP family and proinflammatory cytokine gene expression in mouse macrophages.
The effect of gossypol stimulation of TTP gene expression was sustained and became much stronger
over longer time treatment. The magnitude of gossypol-stimulation of TTP gene expression was
increased from approximately 6 fold after 2-8 h treatment to 20 fold after 24 h treatment. Gossypol
also increased TTP homologues ZFP36L1, ZFP36L2 and ZFP36L3 mRNA levels by 58, 26 and 69 fold
in 24 h-treated macrophages, respectively. In addition, gossypol markedly increased the expression
of a number of TTP-targeted proinflammatory cytokine mRNAs in mouse RAW264.7 macrophages
including TNF, COX2/PGES2, GM-CSF, INFy and IL12 up to 39, 458, 136, 103 and 62 fold,
respectively.

The patterns of gossypol effect on anti- and proinflammatory gene expression were similar but
not identical to those of the bacterial endotoxin lipopolysaccharides (LPS) and plant polyphenols
from green tea leaves and cinnamon bark. It was shown previously that LPS rapidly induced TTP
mRNA but only had minor effects on the expression of the three TTP homologues (ZFP36L1, ZFP36L2


https://doi.org/10.20944/preprints202302.0200.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 February 2023 doi:10.20944/preprints202302.0200.v1

15

and ZFP36L3) in mouse RAW264.7 macrophages [30,44]. LPS also induced proinflammatory cytokine
gene expression including TNF, COX2 and IL6 in the macrophages [30]. Cinnamon polyphenolic
extract also increased the levels of mRNAs coding for both anti-inflammatory TTP and
proinflammatory cytokines including TNF, COX2 and IL6 in mouse RAW264.7 macrophages [30]
and 3T3-L1 adipocytes [31]. However, green tea polyphenols increased TTP gene expression but
decreased TNF gene expression in rats with metabolic syndrome caused by feeding with a high
fructose diet [27]. The results presented here does not necessary support the earlier proposal that
gossypol has anti-inflammatory properties.

It is not uncommon that agents induce both anti- and proinflammatory gene expression at the
same time. The anti-inflammatory TTP mRNA is induced by a number of agents, including growth
factors [56,57], cytokines (TNFo, GM-CSF and INFy) [21,25,57,58], zinc [59], and plant nutritional
products (cinnamon and green tea) [27,30]. TTP gene expression is also induced by tumor promoters
[56,58], bacterial endotoxin LPS [21,44] and viral infection [60]. It was proposed that TTP regulates
proinflammatory cytokine mRNA stability through a feedback inhibition mechanism and/or
autoregulation [21]. Agents that induce TTP gene expression may have potential therapeutic value
for the prevention and/or treatment of inflammation-related diseases. However, the fact that most of
these agents also increase the expression levels of proinflammatory cytokines such as TNFa in the
same cells and/or tissues [21] may limit the therapeutic potential of these agents. Therefore, it is still
important to search for other agents with the potential to favor anti-inflammatory and reduce
proinflammatory gene expression.

Another important finding of this study was that gossypol treatment resulted in elevated
expression of glucose transporter and insulin signaling pathway genes. Glucose is critically
important for host immunity [38,39]. Glucose uptake in mammalian cells is facilitated by GLUT
family proteins [51]. These effects of gossypol are similar to those of the other plant polyphenols. For
example, green tea polyphenols regulate gene expression in rats under a high fructose diet feeding
[26]. Cinnamon polyphenols regulate the expression of genes coding for glucose transporter and
proteins in the insulin signaling pathway [29, 30]. Additionally, macrophages express insulin
receptors and initiate a cascade of signaling event which are important by either enhancing or
attenuating both proinflammatory and anti-inflammatory macrophage responses [40]. These results
suggest that gossypol might be able to affect cell immunity by promoting glucose uptake and
increasing insulin sensitivity in the immunologically important macrophages.

Future work needs to be done to confirm gossypol effects on gene expression at the protein levels
and post-transcriptional levels such as phosphorylation status as well as the potential mechanism.
Unlike insulin, gossypol can penetrate cell membranes and enter the cell but little is known about the
mechanism of its regulation of gene expression at the current time. Comprehensive metabolic
analyses would be ideal to yield more direct evidence for gossypol’s role in mediating carbohydrate
and lipid metabolism. It is also necessary to determine if the effect of gossypol on gene expression
was the cause leading to cell death or caused by cell death in the mouse macrophages. Finally, it is
important to confirm these results observed in mouse macrophages with primary macrophages as
well as animals before practical uses. Nevertheless, the results reported here illustrate a potent effect
of cottonseed-derived plant polyphenol gossypol in cell growth and gene expression in mouse
macrophages.

5. Conclusions

This study demonstrated that gossypol induced macrophage death and reduced protein content
that was accompanied with elevated levels of anti-inflammatory TTP family and proinflammatory
cytokine gene expression as well as glucose transporter and insulin signaling pathway gene
expression in mouse macrophages. We recently showed that gossypol strongly stimulated DGAT,
HuR and VEGF gene expression in mouse macrophages [48, 52, 53]. Taking together, these studies
indicate that gossypol derived from cottonseed may be a powerful stimulator of gene expression
involved in inflammatory responses, glucose transport, insulin signaling and lipid biosynthesis in
mouse macrophages, regardless its direct or indirect effects. The results suggest that gossypol may
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have therapeutical potential for modulating inflammation, glucose transport and insulin signaling-
related diseases such as arthritis, diabetes and obesity, albeit more research is needed to confirm the
findings at the mRNA levels with protein and metabolite levels as well as using animal models.”
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