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ABSTRACT
Background: Colorectal Cancer (CRC) is the third most common cause of cancer death in the 
US and more than 1 million people are diagnosed with this disease every year worldwide. In 
this regard, flavonoids and their degradation products, namely Hydroxybenzoic Acids (HBAs) 
continue to be evaluated for the prevention of CRC. Hydroxybenzoic acids are also present as 
secondary plant metabolites in many fruits and vegetables. In the present study, we determined 
the ability of 2,3,4-THBA, which is present in fruits and vegetables and known to have antioxidant 
properties, to inhibit cancer cell growth in HCT-116 colon and MDA-MB-231 breast cancer cells. 
Materials and Methods: Cell proliferation assays and clonogenic assays were carried out to 
determine the effect of 2,3,4-THBA on cancer cell growth. Cell morphology was determined using 
light microscopy. Western Blot experiments were performed to determine the expression levels 
of Human Epidermal Growth Factor Receptor-type 2 (HER2), Fibroblast Growth Factor Receptor 
(FGF-R), Cyclin-Dependent Kinase (CDK) inhibitors p21 and p27. In silico studies were performed 
to determine the potential binding of 2,3,4-THBA to CDK1, CDK2, CDK4 and CDK6. Results: We 
demonstrate that 2,3,4-THBA dose-dependently inhibited HCT-116 colon and MDA-MB-231 
cancer cell proliferation. It also significantly decreased the colony formation in both cancer cell 
lines. Treatment of cells with 2,3,4-THBA did not alter the levels of HER-2 and FGF-R; however, it 
induced the levels of expression of CDK inhibitors p21 and p27 in a dose-dependent fashion. 
In silico studies suggested that 2,3,4-THBA has the potential to bind to CDK1, CDK2, CDK4 and 
CDK6 through interactions with specific amino acids. Conclusion: The growth inhibitory effect 
of 2,3,4-THBA on cancer cells may occur partly through induction of CDK inhibitors p21 and p27, 
and through direct binding to CDKs involved in cell cycle regulation. These data suggest that 
2,3,4-THBA from plant sources has the potential to be used in cancer prevention.

Keywords: Antioxidants, Cancer prevention, Cyclin dependent kinases, Molecular docking, 
Colon cancer 2,3,4-thba. 

INTRODUCTION

Colorectal Cancer (CRC), which comprises of colon and/or 
rectum cancers, is a significant health issue around the world. 
According to the world health organization, it is estimated 
that in the year 2020, more than 1.9 million people have been 
diagnosed with this disease worldwide, among whom 930,000 
people have died.1,2 Every year, over 150,000 cases of CRC are 
diagnosed and nearly 53,000 patients die of the disease in the 

United States, which makes it the second major cause of death 
from cancer when numbers for men and women are combined.3,4 
It is estimated that the number of new CRC cases worldwide will 
reach 3.2 million in 2040, based on the projection of population 
growth, aging and human development.5 The predicted increase 
in CRC incidence is attributed to exposure to several risk factors 
and shifting lifestyles and diet toward western diet.6 Contributing 
factors for the development of CRC include inflammatory bowel 
disease, family history of CRC, genetic syndromes such as Familial 
Adenomatous Polyposis (FAP), Lynch syndrome, and lifestyle 
factors such as lack of regular physical activity, obesity, regular 
alcohol consumption, diet high in processed meat, tobacco use, 
high fat diet and a diet low in fruits and vegetables.7,8 The initiation 
of CRC starts with the appearance of an adenomatous polyp 
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which develops into advanced adenoma leading to dysplasia and 
progression to invasive cancer.9 Detection of these cancers at 
early stages, for example, at a stage confined to within the walls 
of colon are curable; however, once they spread to lymph nodes 
and metastasize, it is difficult to cure. In such stages, surgery 
and adjuvant chemotherapy options may help in treating cancer 
patients.

A large volume of published literature suggests that a diet rich 
in fruits and vegetables reduces the incidences of several types 
of cancers including CRC.10,11 Their protective effects have 
been attributed to the presence of polyphenolic compounds 
(e.g., flavonoids) as well as simple phenolic compounds such 
as Hydroxybenzoic Acids (HBAs) in abundant amounts.12,13 
Interestingly, HBAs are also generated from the degradation of 
polyphenolic compounds by alkaline pH in the intestine and by 
the resident gut microbiota.14-16 These polyphenolics and HBAs 
have excellent antioxidant and anti-inflammatory properties 
and are thought to contribute to their health benefits.17,18 Owing 
to the rapid degradation of polyphenols in the intestine by 
microbiota, some researchers argued that the health benefits of 
the polyphenolics actually come from the degraded HBAs rather 
than the parent compounds.19,20 Understanding of the role of HBAs 
therefore is important for their greater use in diet/supplements 
and is considered as beneficial to reverse common illnesses such 
as inflammation, cardiovascular diseases and cancer.

Hydroxybenzoic acids are compounds that contain a carboxylic 
group and one or more of OH groups, attached to the benzene 
ring. The most extensively studied HBA is salicylic acid 
(2-hydroxybenzoic acid; 2-HBA), which is abundantly present in 
plants such as the willow tree. The other plant derived HBAs studied 
include 2,3-dihydrobenzoic acid (2,3-DHBA, pyrocatechuic 
acid), 2,4-dihydroxybenzoic acid (2,4-DHBA, -resorcyclic 
acid), 2,5-dihydroxybenzoic acid (2,5-DHBA, gentisic acid), 
2,6- dihydroxybenzoic acid (2,6-DHBA, -resorcyclic acid), 
3,4-dihydroxybenzoic acid (3,4-DHBA, proto-catechuic acid), 
3,5- dihydroxybenzoic acid (3,5-DHBA, α-resorcyclic acid), 
3,4,5- Trihydroxybenzoic acid (3,4,5-THBA, gallic acid), and 
2,4,6- Trihydrobenzoic acid (2,4,6-THBA). Previous studies 
carried out in our laboratory have demonstrated that 2,3-DHBA, 
2,5-DHBA, 3,4-DHBA. 3,4,5-THBA, 2,4,6-THBA, all had 
the ability to inhibit colon cancer cell growth; however, these 
inhibitory properties were not observed when cancer cells were 
exposed with 2,4-DHBA and 2,6-DHBA.21 This suggested that 
number and position of the OH group in the phenolic acid may be 
important in exerting the growth inhibitory properties. Among 
the different HBAs tested, 3,4-DHBA and 3,4,5-THBA were 
most effective compared to other HBAs. Also, the mechanisms 
of inhibition by these HBAs appeared to occur through different 
pathways, for example, 2,4-6-THBA-mediated suppression of 
cell growth occurred through inhibition of Cyclin-Dependent 

Kinases (CDK); whereas inhibition of cancer cell growth by 
3,4,5-THBA was CDK-independent.20

In the present study, we investigated the ability of 
2,3,4-Trihydroxybenzoic Acid (2,3,4-THBA) to inhibit cancer cell 
growth using HCT-116 human colon and MDA-MB-231 breast 
cancer cells using cell proliferation and clonogenic assays. The 
objective of this study was to determine the effect of 2,3,4-THBA on 
human cancer cell growth and identify the potential mechanisms 
by which it may suppress the growth through modulation of 
expression of CDK inhibitors p21 and p27, as well as to determine 
if it binds to CDKs. 2,3,4-THBA is a plant metabolite present in 
several fruits and vegetables including Adzuki beans.22,23 This 
bean variety is a major cultivar in southeast Asia. It is also present 
in many plants including Betula Pendula, Plinia cauliflora and 
Phaseolus vulgaris.24 Experimental evidence suggests that this 
plant metabolite has significant antioxidant properties. It is to be 
noted that the growth inhibitory properties of 2,3,4-THBA on 
human cancer cell lines have not been carried out till date. We 
demonstrate that 2,3,4-THBA dose-dependently inhibited the 
HCT-116 human and MDA-MB-231 breast cancer cell growth; 
however, no changes in the expression levels of Human Epidermal 
growth factor Receptor type 2 (HER2) or Fibroblast Growth 
Factor Receptor (FGF-R) were observed. Interestingly, it induced 
the levels of the Cyclin-Dependent Kinase (CDK) inhibitors p21 
and p27, suggesting that inhibition of the cell growth may occur 
at least in part through the upregulation of these CDK inhibitors. 
In silico studies showed that 2,3,4-THBA efficiently interacts with 
CDK1, CDK2 and CDK4, which suggests that direct binding and 
inhibition of the CDKs may also contribute to the inhibition of 
cancer cell growth.

MATERIALS AND METHODS

Cell lines

HCT-116 and MDA-MB-231 cells were purchased from 
American Type Culture Collection (ATCC, Manassas, VA, USA). 
The HCT-116 cells were cultured in McCoy’s 5A media, and 
MDA-MB-231 cells were cultured in RPMI media containing 
10% Fetal Bovine Serum (FBS) with antibiotics for 24 hr before 
treatment with 2,3,4-THBA.

Reagents

2,3,4-THBA was obtained from Sigma Aldrich (St. Louis, MO, 
USA); anti-HER2 antibody, anti-FGF-R antibody, anti-p21 
antibody and anti-p27 antibody were purchased from Cell 
Signaling (Danvers, MA, USA). Super SignalTM West Pico 
Chemiluminescent Substrate, protease inhibitor tablets, MacCoy’s 
5A media, RPMI media and FBS and all other chemicals were 
obtained from Thermo Fisher Scientific, Inc. (Waltham, MA, 
USA).
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Cell proliferation assay, Cell lysate preparation and 
Western blotting and Microscopy

For cell proliferation assays, cells treated with 2,3,4-THBA at 
different concentration for 48 hr were trypsinized and counted 
using the Nexcelom Cellometer Auto T4 cell counter. For 
Western blotting, cells were treated with 2,3,4-THBA at specified 
concentrations, they are washed with phosphate buffered 
saline and lysates were prepared as previously described.20-21 
Concentrations of the protein in lysates were determined 
by Bradford assay and 50 μg was separated on an 8 or 12% 
polyacrylamide gel, transferred to immobilon membrane and 
immunoblotted with antibodies. The protein bands were detected 
using Super SignalTM West Pico Chemiluminescent reagent. In 
some experiments, following treatment with 2,3,4-THBA for 
the indicated times, images were captured in Carl Zeiss inverted 
microscope (10X magnification).

Clonogenic assay

HCT-116 cells or the MDA-MB-231 cells were seeded at a density 
of 500 cells per 100 mm plate and allowed to grow for 48 hr. The 
cells were treated with 2,3,4-THBA at different concentrations. 
Once a week the spent media was replaced with the fresh media 
containing 2,3,4-THBA. The cells were allowed to grow for 14-21 
days, fixed with 100% methanol for 20 min and stained with 0.5% 
crystal violet prepared in 25% methanol. The stained colonies 
were photographed and quantified using Image-J software (NIH, 
Bethesda, MD, USA) as previously described.

Molecular docking studies

A molecular docking study was conducted on different CDKs 
with 2,3,4-THBA. Compound was retrieved from Pubchem 
for their Three-Dimensional (3D) structures (http://pubchem.
ncbi.nlm.nih.gov). Downloaded compound was prepared using 
prepare ligand option from small molecule tab from BIOVIA 
Discovery Studio 2022 (BIOVIA, SanDiego, CA, USA). The 
CHARMm force field was used to minimize compounds, generate 
conformations, and create different isomers. Protein structures 
of CDK were downloaded from website (http://www.rcsb.org/
pdb). Docking was carried out on the crystal structures of CDK1 
(PDB ID-4Y72), CDK2 (PDB ID-6GUE), CDK4 (PDB ID-3G33) 
and CDK6 (PDB ID-3NUP) using BIOVIA Discovery Studio 
(DS) 2022 (BIOVIA, San Diego, CA, USA) software. In addition 
to removing water molecules and bound ligands, CHARMm 
was used to minimize the protein's energy consumption. The 
binding pocket of the different CDK protein was identified using 
Discovery Studio's "define and edit binding site" protocol. The 
protein-ligand docking was carried out using CDOCKER tool in 
the DS.25 CDOCKER interaction energies generated were used as 
tool to study binding efficiency as previously described.26

Statistical analysis

All experiments were performed in triplicates. One-way ANOVA 
followed by Tukey’s post-hoc analysis was used to analyze group 
differences to the control, and significance was defined at p<0.05. 
All statistical analyses were performed using IBM SPSS version 
28.0.0.

RESULTS

2,3,4-THBA inhibits HCT-116 colon cancer cell 
proliferation

We first determined the effect of 2,3,4-THBA on HCT-116 cells by 
exposing the cells with the compound at different concentrations 
for 48 hr, and then measuring the number of cells in the petri 
dish. For this, cells were seeded at a density of 250,000 cells per 
100 mm plate and grown for 48 hr. Cells were then treated with 
different concentrations of 2,3,4-THBA for 48 hr, cells trypsinized 
and counted. We observed that 2,3,4-THBA was able to inhibit 
HCT-116 colon cancer cell proliferation in a dose-dependent 
fashion (Figure 1). Approximately 35% inhibition was observed 
beginning at 250 μM, at 500 μM, the inhibition was 55%, at 750 
μM, the inhibition was 90% and at 1000 μM, inhibition was nearly 
100%.

In another set of experiments, to determine the effect of 
2,3,4-THBA on cell attachment to the petri plate, cells were seeded 
in a 100 mm plate at a density of 250,000 cells per plate, and left 
untreated (control) or immediately treated with 2,3,4-THBA 
at 50 μM and 100 μM. 24 hr and 40 hr after treatments, cell 
images were captured in a Carl Zeiss inverted microscope at 
10X magnification. It is clear from Figure 2 that the number of 
attached cells is considerably less in the plate treated with 50 μM 
2,3,4-THBA compared to the control plate. In plates treated with 

Figure 1: Effect of 2,3,4-THBA on HCT-116 colon cancer cell proliferation. 
Following treatment of cells with 2,3,4-THBA for 48 hr, cells were trypsinized 

and counted using a cell counter. 
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100 μM 2,3,4-THBA, only dead, floating cells were observed. This 
suggests that 2,3,4-THBA may interfere with attachment of cells 
to the plate and may cause cell cytotoxicity.

2,3,4-THBA inhibits colony formation in HCT-116 
colon and MDA-MB-231 breast cancer cells

In these set of experiments, clonogenic assay was performed 
to demonstrate the effectiveness of 2,3,4-THBA against colony 
formation in HCT-116 and MDA-MB231 cells. For these, HCT-116 
or MDA-MB-231 cells were seeded at a density of 500 cells per 
plate, treatment with 2,3,4-THBA was carried out as described 
in the methods section. Following 2-3 weeks of incubation, cells 
were fixed in methanol and stained with crystal violet. It is clear 
from Figure 3A that 2,3,4-THBA dose-dependently decreased 
the colony formation in HCT-116 cells. Quantification of the 
number-stained cells from an independent experiment showed 
that 2,3,4-THBA inhibited the colony formation by ~50% between 
25 μM (Figure 3B). Assays carried out in MDA-MB-231 cells also 
showed that 2,3,4-THBA also dose-dependently inhibited colony 
formation (Figures 4A and 4B). In MDA-MB-231 cells, inhibition 
at 25 μM was 85%, and at 37.5 μM, the inhibition was 100%.

2,3,4-THBA does not affect the expression levels of 
HER2 and FGF-R; however, induces the expression 
levels of CDK inhibitors p27 and p21

To survive and grow continuously, cancer cells mutate growth 
factor receptors such as Human Epidermal growth factor 
Receptors (HER) and Fibroblast Growth Factor Receptors 
(FGF-R).27-30 Among HER family, there are four members, namely 
HER1, HER2, HER3 and HER4. HER1 and HER2 proteins (~185 
kDa molecular weight) are often over expressed in colon and 

breast cancers. Similarly, in many cancers FGF-R is over expressed 
and produces both mitogenic and angiogenic effects. There are 4 
members in the FGF-R family, namely FGFR-1, FGFR-2, FGFR-3 
and FGFR-4. The molecular weight of FGF-R ranges between 92 
kDa to 140 kD. Binding of epidermal growth factor to HER2, or 
fibroblast growth factor to FGF-R are known to induce p42/p44 
MAP kinase signaling pathway and leads to cell proliferation. To 
determine if 2,3,4-THBA affects the levels of expression of HER2 
and FGF-R, we grew the HCT-116 cells in a 100 mm plate at a 
density of 250,000 cells per plate, and after 48 exposed the cells to 
500 μM of 2,3,4-THBA for 48 hr. The cell lysates were prepared 
and immunoblotted with anti-HER2 antibodies or anti-FGFR 
antibodies. We observed that 2,3,4-THBA didn’t affect the levels 
of HER2 (Figure 5A) or FGFR (Figure 5B) at the concentration 
tested.

We hypothesized that 2,3,4-THBA may mediate its inhibitory 
effects through induction of p21 and p27 proteins which are 
Cyclin-Dependent Kinase (CDK) inhibitors.31-34 Both proteins 
are capable of inhibiting CDK1, CDK2, CDK4 and CDK6, and 
can cause inhibition of cell cycle progression and arrest cell 
growth. To determine if 2,3,4-THBA induces p27/p21, the lysate 
prepared for Figure 5 was analyzed in a 12% SDS-PAGE and 
immunoblotted with anti-p27 antibody (Figure 6A) or anti-p21 
antibody (Figure 6B). It is clear from Figures 6 A and B that 
2,3,4-THBA induces p27 and p21 expression in HCT-116 cells 
in a dose-dependent fashion. Quantification of the band showed 
that there was an approximately 2-fold increase in 27 protein 
levels at 500 μM THBA (Figures 6C). There was an increase of 
approximately 1.4-fold in p21 levels at 125 μM 2,3,4- THBA 
(Figures 6D). It is interesting to note that p27 protein levels 
kept increasing with increased concentrations of 2,3,4-THBA; 

Figure 2:  Microscopy images showing the effect of 2,3,4-THBA on HCT-116 colon cancer cell 
attachment (Images captured using Carl Zeiss inverted microscope at 10 X magnification). 
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however, p21 levels initially increased with 2,3,4-THBA (62.5 μM 
and 125 μM), but decreased at higher concentrations (500 μM).

In silico studies show potential interactions of 
2,3,4-THBA with CDKs

Since CDK1, CDK2, CDK4 and CDK6 are involved in cell cycle 
regulation, we reasoned that 2,3,4-THBA may directly interact 
with specific amino acids on CDKs and this potentially may lead 
to inhibition of their enzyme activity and thereby contribute to 
inhibition of cancer cell growth. Therefore, in silico studies were 
performed to determine potential interactions of 2,3,4-THBA with 
CDK members. Table 1 summarizes the results of the docking of 
2,3,4-Trihydroxy benzoic acid on the crystal structure of different 
CDKs. CDOCKER interaction energy represents interaction 

energy between the protein and ligand.35 It is clear from Table 
1 that 2,3,4-THBA interaction with CDK1 showed CDOCKER 
interaction energy of -29.09 Kcal/mol, with hydrogen bond 
interactions occurring at LYS A:33, ASP A:146, and hydrophobic 
interactions at TYR A:15, VAL A:18, LEU A:135, ALA A:145, PHE 
A:80, VAL A:64, PHE A:147, GLU A:51 (Figure 7A). 2,3,4-THBA 
interactions with CDK2 showed CDOCKER interaction energy 
of -25.58 Kcal/mol. Hydrogen bond interactions observed at THR 
A:47, LYS A:129; and hydrophobic interactions at LEU A:148, 
ASP A:127, ASN A:132, ASP A:145, TYR A:15, GLY A:147, THR 
A:47. It is interesting to note that these amino acids are within 
the active site of CDK2 (Table 1, Figure 7B). 2,3,4-THBA had 
a docking score of -32.43Kcal/mol with CDK4 forming several 
hydrogen bond interactions at LYS A:40, ASP A:163; and 
hydrophobic interactions at VAL A:101, VAL A:25, HIS A:100, 
ILE A:17, LEU A:152, GLU A:99, ALA A:38, VAL A:77, ALA 
A:162, PHE A:98 (Table 1, Figure 8A). 2,3,4-THBA docking 
with CDK6 showed docking score of -10.46Kcal/mol. It formed 
hydrogen bond interactions at ALA A:162, PHE A:164 residues, it 
formed hydrophobic interactions at PHE A:98, GLY A:165, LEU 
A:96, LEU A:166, LYS A:43, ASP A:163, VAL A:77, VAL A:76, 
LEU A:161 (Table 1, Figure 8B). However, the interaction energy 
for 2,3,4-THBA with CDK6 seemingly was the least among all the 
CDKs studied which depicts the low affinity interactions.

DISCUSSION

Cancer is a global disease, and every sixth death in the world is 
due to cancer. In the US, in 2024, it is estimated that there will 
be 2,001,140 new cancer cases and 611,720 cancer deaths, that is 
5480 new cases and 1689 deaths every day.36,37 The incidence of 
cancer is highest among countries with higher life expectancies, 
higher education and higher standard of living. In the past four 

Figure 3: (B)-Quantification of the data (using Image-J software (NIH, 
Bethesda, MD) from Figure A. 

Figure 3:  (A)-Colony formation assay showing the effect of 2,3,4-THBA on HCT-116 cells. Cells were seeded at a density of 500 cells per 
plate, treated with 2,3,4-THBA at various concentrations, following 14-21 days of incubation, cells stained with crystal violet dye and 

photographed. 
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decades, efforts have been focused on developing drugs to treat 
cancer; however, very few drugs have been identified to prevent 
cancers. Examples of cancer prevention drugs identified include 
tamoxifen, raloxifene and aspirin.38-40 Tamoxifen and raloxifene 
are most effective in lowering the risk of estrogen-receptor 
positive breast cancers,38,39 aspirin is most effective in lowering 
the risk of colorectal cancers;40 however, all three drugs have their 
own side effects. While tamoxifen/raloxifene administration can 
cause menopause-like symptoms, aspirin, when taken even at low 
doses, can increase gastro-intestinal bleeding in some individuals. 
Therefore, identification of natural compounds or synthetic drugs 
with lower side effects to prevent cancer should take precedence 
in future research.

In the present research project, using in vitro studies and in 
cultured cancer cells, we demonstrated that 2,3,4-THBA which 
exhibits antioxidant properties, dose-dependently inhibited the 
growth in HCT-116 colon cancer and MDA- MB-231 breast 
cancer cells. The inhibitory effect of 2,3,4-THBA was observed in 
both cell proliferation assays and clonogenic cell survival assays. 
It is important to point out that MDA- MB-231 cells were more 
sensitive to treatment with 2,3,4-THBA as compared to HCT-116 
cells in clonogenic assays. For example, in MDA-MB-231 cells, 
2,3,4- THBA reduced clone formation by 85% at 25 μM (Figure 
4B); in HCT-116 cells it reduced the clone formation by ~50% 
at 25 μM (Figure 3B). The reason for the different degree of 
sensitivity of these two different cell lines to treatment with 
2,3,4-THBA is not clear at this stage, it could be related to different 

Ligand and protein CDOCKER interaction 
energy (KCAL/MOL)

Hydrogen bond 
interactions

Hydrophobic interactions

2,3,4-Trihydroxy benzoic 
acid
CDK1 (PDB ID-4Y72)

-29.09 LYS A:33, ASP A:146 TYR A:15, VAL A:18, LEU A:135, ALA 
A:145, PHE A:80, VAL A:64, PHE 
A:147, GLU A:51

2,3,4-Trihydroxy benzoic 
acid
CDK2 (PDB ID-6GUE)

-25.58 THR A:47, LYS A:129 LEU A:148, ASP A:127, ASN A:132, 
ASP A:145, TYR A:15, GLY A:147, 
THR A:47

2,3,4-Trihydroxy benzoic 
acid
CDK4 (PDB ID-3G33)

-32.43 LYS A:40, ASP A:163 VAL A:101, VAL A:25, HIS A:100, ILE 
A:17, LEU A:152, GLU A:99, ALA 
A:38, VAL A:77, ALA A:162, PHE A:98

2,3,4-Trihydroxy benzoic 
acid
CDK6 (PDB ID-3NUP)

-10.46 ALA A:162, PHE A:164 PHE A:98, GLY A:165, LEU A:96, 
LEU A:166, LYS A:43, ASP A:163, VAL 
A:77, VAL A:76, LEU A:161

Table 1:  Results of the docking of 2,3,4-Trihydroxy benzoic acid on the crystal structure of different CDKs. The interaction energy, hydrogen bond 
interactions and hydrophobic interactions are indicated [BIOVIA Discovery Studio 2022 (BIOVIA, SanDiego, CA, USA)].

Figure 4:  (A)-Colony formation assay showing the effect of 2,3,4-THBA on MDA-MB-231 cells. (B)-Quantification of the data from Figure 
4A. 
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target proteins for 2,3,4-THBA present in these two cell types. 
It is also not known if 2,3,4-THBA protein target is extracellular 
or intracellular. If the target protein is intracellular, one would 
assume that specific transporter protein(s) are required for the 

uptake of 2,3,4-THBA. In this context, it is important to note 
that 2,3,4-THBA is a monocarboxylic acid, and it is possible that 
members of Monocarboxylic Acid Transporter (MCT) family 
such as SLC5A8 may be involved.

Figure 5: (A)-Western Blot showing the effect of 2,3,4-THBA on the expression levels HER2 (185 kDA) in HCT-116 cells. (B)-Western blot showing the effect of 
2,3,4-THBA on the expression levels of FGF-R. The anti-FGF-R antibody detected three distinct bands with molecular weight 92 kDa, 120 kDa and 145 kDa, 

which represent the different isoforms of FGFR. 

Figure 6:   (A)-Western blot showing the dose-dependent effect of 2,3,4-THBA on p27 protein levels in HCT-116 cells. (B)-Western blot 
showing the dose-dependent effect of 2,3,4-THBA on p21 protein levels in HCT-116 cells. (C)-Quantification of the data from Figure 6A. 

(D)-Quantification of the data from Figure 6B. 
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An interesting observation in this research paper is that the  
degree of sensitivity of HCT-116 cells to treatment with 
2,3,4-THBA differed drastically depending upon the way cells 
were treated and duration of treatment. For example, for Figure 
1, which measured the effect of 2,3,4-THBA on cell proliferation, 
the treatment of cells with the compound was done 48 hr after 
seeding the cells on to the plate, followed by exposure with the 
compound for 48 hr. For Figure 2, which measured the effect of 
2,3,4-THBA on cell attachment, treatment with compound was 
done while seeding the cells on to the plate, followed by exposure 
for 24 hr, 48 hr and 72 hr. For Figure 3, which measured the colony 
formation, treatment of cells was done 48 hr after seeding the cells, 
and in this case, the exposure time of cells with the 2,3,4-THBA 
was for 14-21 days. It is interesting to note that in Figure 1, 55% 
inhibition was observed around 500 μM THBA, however, in 
Figure 2, a greater than 50% inhibition was observed at 50 μM 
concentration of the compound. In Figure 3, ~50% inhibition in 
colony formation was observed at 25 μM 2,3,4-THBA. The reasons 
for differences in the degree of sensitivity of the 2,3,4-THBA in 
experiments of Figure 1, Figure 2 and Figure 3 are not clear at 
this stage. One possibility is that if the target of 2,3,4-THBA is 
extracellular, it may be more readily accessible if cells are treated 
with the compound immediately after trypsinization and before 
seeding onto the plate (as performed for Figure 2) in contrast to 
cells that were treated with the compound 48 hr after seeding onto 
the plate (Figure 1). The higher degree of sensitivity of HCT-116 
cells as observed in Figure 3 compared to Figure 1 may be related 

to longer duration of exposure of 2,3,4-THBA, which may lead 
to an accumulation of the compound inside the cells over 14-21 
days incubation period. Despite the observed differences in the 
degree of sensitivity in all experiments, it is clear that 2,3,4-THBA 
is effective in suppressing cancer cell growth.

In this research project, we also investigated if 2,3,4-THBA affects 
the expression levels of HER2 and FGFR. Many transmembrane 
receptors are upregulated in cancers and binding of ligands to 
their cognate receptors drive cell proliferation. We observed 
that 2,3,4-THBA did not affect the expression levels of both 
HER2 and FGFR (Figures 5 A and B). Following ligand binding, 
the HER2 is phosphorylated at Tyr877, in addition, it is also 
auto phosphorylated at Ty1211/ Tyr1222 and Tyr1248.41,42 
Phosphorylation of these sites couples HER2 to Ras-Raf-MAP 
kinase signal transduction pathway. We were also not able to 
detect changes in the phosphorylation status of HER2 as well as 
FGF-R (data not shown), and this may be related to poor affinity 
and quality of the phospho-specific HER2 and FGF-R antibody 
used in the study. Immunoblotting with higher affinity antibodies 
will establish if 2,3,4-THBA affects phosphorylation of FGFR. 
It will be also important to determine if 2,3,4-THBA inhibits 
phosphorylation of HER2 in the cytoplasmic domain at these 
sites using phospho-specific antibodies.

We observed that treatment of 2,3,4-THBA to HCT-116 cells 
induced both p21 and p27 proteins in a time dependent fashion 
(Figures 6A-D). p27 is a member of the Cip/Kip family of 

Figure 7:  (A)-In silico studies showing the 2D and 3D interactions of 2,3,4-THBA with CDK1. (B)-In silico studies 
showing the 2D and 3D interactions of 2,3,4-THBA with CDK2. 
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Cyclin-Dependent Kinase (CDK) inhibitors. Its ability to inhibit 
G1 phase of the cell cycle at the G1 restriction point is derived 
from its capacity to inhibit CDK2/cyclin E, and other CDK/
cyclin complexes. Expression levels of p27 are upregulated in 
quiescent cells treated with cAMP or other negative cell cycle 
regulators. Similar to p27, p21 also acts as an inhibitor of cell 
cycle progression. It forms heterotrimeric complexes with 
cyclins and CDKs, and in association with CDK2 complexes, it 
serves to inhibit kinase activity and block progression through 
G1/S phase of the cell cycle.43 Interestingly, p21 can also bind to 
Proliferating Cell Nuclear Antigen (PCNA), a subunit of DNA 
polymerase and interfere with DNA replication.44 In cells that 
contain DNA damage, p53 is phosphorylated and it upregulates 
p21 via p53-responsive DNA element.45 Protein levels of p21 
are downregulated through ubiquitination and proteasomal 
degradation.46 While 2,3,4- THBA clearly induces both p21 and 
p27 protein levels, it is known how it causes upregulation of the 
protein levels. It could be at the level of transcription leading 
to increased synthesis of mRNAs and translation, or it is also 
possible that the upregulation is due to stabilization of the protein 
via inhibition of their degradation. Studies involving PCR of 
mRNAs isolated from 2,3,4- THBA with p21/p27 specific primers 
should resolve this issue.

Since CDKs regulate cell cycle, we reasoned that 2,3,4-THBA may 
directly bind to CDKs and modulate its activity. To ascertain the 
most pertinent CDK protein interactions for 2,3,4-THBA with 
cancer cell growth inhibitory potential, in silico studies were 
conducted.35 A robust negative interaction energy of -29.09 kcal/
mol was observed between 2,3,4-THBA and CDK1, accompanied 

by numerous hydrogen bonds and hydrophobic interactions 
(Table 1). This suggests a potent inhibitory effect on CDK1, 
given its pivotal role in cell cycle progression. Similarly, a strong 
negative interaction energy of -25.58 kcal/mol was observed 
with CDK2, indicating its potential for effective inhibition. 
Furthermore, the interaction between the compound and CDK4 
exhibited an even stronger negative interaction energy of -32.43 
kcal/mol, suggesting a significant / potential impact on cancer 
cell proliferation. In contrast, the interaction with CDK6 was less 
potent, characterized by a lower interaction energy and fewer 
interactions (Table 1). Consequently, 2,3,4-THBA interactions 
with CDK1, CDK2, and CDK4 appear to be the most promising 
for effectively targeting cancer cell growth, as these CDKs 
play crucial roles in regulating cell cycle progression. Further 
biochemical studies using CDK enzyme assays are required to 
establish the mechanism of action of 2,3,4-THBA in the inhibition 
of cancer cell growth. Future experiments directed at formulation 
of 2,3,4-THBA for enhanced local delivery (for example in the 
gastro intestine) will prove useful to establish effectiveness as a 
cancer preventing agent in in vivo studies.

CONCLUSION

In this research paper, we demonstrated that treatment of 
HCT-116 colon and MDA-MB-231 breast cancer cells with 
the plant metabolite 2,3,4-THBA inhibits cancer cell growth. 
The inhibition of cell growth appears to be mediated through 
induction of CDK inhibitors p21 and p27. Our results also 
suggest that inhibition of the cell growth may also occur via 
binding of 2,3,4-THBA to CDKs, particularly CDK1, CDK2, 
and CDK 4, leading to inhibition of their enzyme activity. These 

Figure 8:  (A)-In silico studies showing the 2D and 3D interactions of 2,3,4-THBA with CDK4. (B)-In silico studies 
showing the 2D and 3D interactions of 2,3,4-THBA with CDK6.
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observations suggest that 2,3,4-THBA has the potential for use in 
the prevention of CRC and other cancers.
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