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Abstract

Studies in cervical and prostate cancer cells have reported that frequent consumption of
foods rich in glycine betaine (GB) and choline have beneficial effects against some types
of cancer. However, the role of GB against the human colorectal adenocarcinoma cell
line HT-29 has not yet been elucidated. Therefore, this study aimed to evaluate the effect
of GB on p53 and caspase-3 expression, which regulate cellular processes such as cell
proliferation and apoptosis, respectively, on HT-29 cells. HT-29 cells were treated with GB
at 5 mg/mL, 15.6 mg/mL, 31.2 mg/mL, and 62.5 mg/mL, after which RNA purification
and cDNA synthesis were performed, followed by qPCR to detect the relative expression of
p53 and caspase-3, using GAPDH as a reference gene, and protein levels were determined
by ELISA. Results indicated that in HT-29 cells treated with GB at 62.5 mg/mL, the protein
levels of p53 significantly (p < 0.05) increased to 45 U/mL, as compared with cells without
GB (21 U/mL), whereas caspase-3 increased to 30 ng/mL, as compared with control
cells (20.13 ng/mL). Therefore, we conclude that GB at high concentrations decreases cell
proliferation and induces apoptosis in HT-29 cells.

Keywords: glycine betaine; cancer; HT-29 cells; p53; caspase-3

1. Introduction
Glycine betaine (GB) is synthesized in cells from choline and is obtained by food

consumption [1,2]. GB is an osmolyte associated with cell protection under osmotic stress
conditions [3]. It is also a significant methyl donor in the methionine cycle [4]. Moreover,
supplementation with GB and food rich in GB have been related to anti-inflammatory
activity in diseases such as diabetes, non-alcoholic fatty liver, and cancer [1,2].

In this regard, high intake of choline and GB has been associated with breast cancer
prevention and with lower mortality after breast cancer diagnosis [5]. Furthermore, GB
has been related to tumoricidal effects in the human cervical cancer cell line HeLa and
the prostate cancer cell line DU-145 [6,7]. In addition, Seyyedsalehi and others reported
the association between GB intake and a significant decrease in colorectal cancer (CRC)
risk [8,9]. However, other studies do not support such an association [10,11].
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In 2020, over 1.9 million new CRC cases and 930,000 deaths were estimated world-
wide [12]. The management of CRC includes surgery and its combination with chemother-
apy and/or radiotherapy [13]. These treatments have unfavorable side effects for patients
such as loss of appetite, dental problems, changes in taste and smell, diarrhea, constipa-
tion, fatigue, and depression [14]. As a complementary strategy to cancer treatment, the
European Society for Clinical Nutrition and Metabolism (ESPEN) suggests monitoring
the nutritional status of patients and the nutritional quality of the foods they consume to
promote a good prognosis for the disease and reduce the side effects of therapies [15,16].
Among these components is GB, which is found in a variety of foods, including mollusks,
wheat, quinoa, spinach, and beets [17]. It may also be obtained from supplements [18]. GB
has been shown to have effects against cancerous cells through the activation of genes such
as p53, which is involved in proliferation and cell cycle regulation [7,19] and caspase-3, also
known as effector caspase, responsible for inducing apoptosis or programmed cell death in
in vitro studies [6,7,20,21].

To date, the effect of GB on the colon adenocarcinoma cell line HT-29 has not been yet
elucidated. Therefore, the present study aimed to evaluate the effect of GB against HT-29
cells, using p53 and caspase-3 expression levels to determine the effect on proliferation and
apoptosis, respectively.

2. Results
2.1. Cellular Viability and Proliferation

To study the effect of GB on HT-29 cells’ viability, they were incubated with GB at
concentrations ranging from 0.2 mg/mL to 500 mg/mL for 24 h. Alterations in cellular
morphology of HT-29 were observed in cells treated with GB at concentrations above
31.2 mg/mL; these alterations were smaller cellular appearance, less refracted, rounded,
contraction, cellular blebbing, and damaging interactions with near cells (Figure 1a). Fur-
thermore, results of cellular viability measured by the MTT reduction assay indicated a via-
bility ranging from 91% to 100% of cells treated with GB at 0.25 mg/mL to 15.6 mg/mL, 78%
viability of cells treated with 30 mg/mL GB, 50% viability of cells treated with 62.5 mg/mL
GB, and 29%, 15%, and 9% viability of cells incubated with 125 mg/mL, 250 mg/mL, and
500 mg/mL GB, respectively (Figure 1b).

HT-29 cells treated with GB at concentrations from 5 mg/mL to 125 mg/mL were
considered for further experiments. The proliferation of cells treated with GB was assessed
using the colorimetric MTT reduction assay and reported as optical density (O.D.) values
and as a percentage of control at 24 h, 48 h, and 72 h. Results of viability of HT-29 cells
incubated with GB showed the highest absorbance at 570 nm, which is considered propor-
tional to the cell number, in cells incubated 72 h with GB at 5 mg/mL and 15.6 mg/mL,
as compared with cells incubated 24 h and 48 h at 5 mg/mL and 15.6 mg/mL GB. There
was no significant difference between the O.D. of cells incubated with GB at concentrations
of 5 mg/mL and 15.6 mg/mL for 24 h, 48 h, and 72 h, as compared with their controls
(Figure 2a). In contrast, a significant (p < 0.05) reduction in absorbance (hence in cell num-
ber) was observed in cells treated with GB at 62.5 mg/mL and 125 mg/mL for 24 h, 48 h,
and 72 h, as compared with the control without GB (Figure 2b). Moreover, cell viability
(percentage of control) decreased to 40% and 55% at GB concentrations of 62.5 mg/mL and
125 mg/mL, respectively, at 24 h, 48 h, and 72 h (Figure 2b).
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Figure 1. HT-29 cells viability. HT-29 cells were incubated for 24 h with various concentrations of
GB. (a) Images of HT-29 cells incubated with GB observed under optical-inverted light microscopy,
alterations in cells morphology such as smaller appearance, less refracted, rounded, contraction, and
cellular blebbing were observed in cells treated with GB at concentrations above 31.2 mg/mL. Scale
bar: 200 µm. (b) HT-29 cells viability after incubation with GB by the MTT reduction assay indicated
50% viability of cells treated with 62.5 mg/mL (p < 0.05). Data represents the mean of at least three
determinations from three independent experiments. Once the normality of the data was confirmed,
a one-way ANOVA test was performed, with a confidence level of p < 0.05, an asterisk (*) represents
a statistically significant difference in comparison with HT-29 cells without GB. Key variable: GB
concentration. Units of measure: mg/mL of GB and % of viability respect to control.

2.2. p53 Levels in GB-Treated HT-29 Cells

HT-29 cells were incubated with GB at 5 mg/mL, 15 mg/mL, 31.2 mg/mL, and
62.5 mg/mL) for 24 h, after which the relative expression and protein levels of p53 were de-
termined. Cells incubated with GB at concentrations ranging from 5 mg/mL to 31.2 mg/mL
did not have a statistically significant difference in p53 relative expression, as compared
with the control, whereas in cells treated with 62.5 mg/mL GB, p53 relative expression
increased fivefold (p < 0.05), as compared with the control (Figure 3a). In addition, p53 pro-
tein levels (45 U/mL) were significantly (p < 0.05) higher in cells treated with 62.5 mg/mL
GB, as compared with the untreated control (21.45 U/mL) (Figure 3b).



Int. J. Mol. Sci. 2025, 26, 10751 4 of 12

Figure 2. GB effect on HT-29 cells’ proliferation and viability. (a) GBs effect on cell proliferation
(absorbance at 570 nm, which is proportional to cell number in the MTT assay). HT-29 cells were
treated with 5 mg/mL to 125 mg/mL GB for 24 h, 48 h, and 72 h. (b) GB effect on viability (percentage
of control). HT-29 cells were treated with 5 mg/mL to 125 mg/mL GB for 24 h, 48 h, and 72 h. Control
cells were grown in a medium without GB. Data represents the mean ± SD of triplicate determinations
from three independent experiments. An asterisk (*) represents a statistically significant difference
(p < 0.05) in comparison with HT-29 cells without GB.
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Figure 3. p53 levels in GB-treated HT-29 cells. (a) p53 mRNA relative expression levels in HT-29 cells
incubated with GB (p53/GAPDH). (b) Soluble protein levels of p53 in HT-29 cells incubated with
GB. Data represents the mean ± SD of triplicate determinations from three independent experiments.
Different letters indicate statistical significance (p < 0.05) between treatments.

2.3. Caspase-3 Levels in GB-Treated HT-29 Cells

The mRNA relative expression and protein levels of caspase-3 were determined in
HT-29 cells incubated with GB at 5 mg/mL, 15 mg/mL, 20 mg/mL, 31.2 mg/mL, and
62.5 mg/mL) for 24 h. In cells incubated with GB at concentrations between 5 mg/mL
and 31.2 mg/mL, the caspase-3 mRNA relative expression was not significantly different,
as compared with the control. In contrast, in cells treated with 62.5 mg/mL GB, we
observed a significant (p < 0.05) 11-fold increase in the caspase-3 mRNA relative expression,
as compared with the control (Figure 4a). A significant (p < 0.05) increase in caspase-3
(30 ng/mL) protein level was also observed in cells incubated with 62.5 mg/mL GB, as
compared with the control (20 ng/mL) (Figure 4b).
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Figure 4. Caspase-3 levels in GB-treated HT-29 cells. (a) Caspase-3 mRNA relative expression levels
in HT-29 cells incubated with GB (caspase-3/GAPDH), (b) soluble protein levels of caspase-3 in HT-29
cells treated with GB. Data represents the mean ± SD of triplicate determinations from three indepen-
dent experiments. Different letters indicate statistical significance (p < 0.05) between treatments.

3. Discussion
The potential therapeutic effects of GB consumption in humans have not been well

described yet. Few clinical trials provided evidence that GB may decrease the risk of
CRC [22]. In addition, doses ranging from 25 mg/kg/day to 150 mg/kg/day have shown
to improve the response to chemotherapy in leukemia patients [23]. In the present study,
we first determined the effect of GB on HT-29 cells’ viability. These cells were incubated
with GB at various concentrations, based on previous studies reporting its use at low and
high concentrations to study anti-cancer properties [6,7,24]. HT-29 cells incubated with GB
at concentrations of 31.2 mg/mL and 62.5 mg/mL for 24 h showed morphology alterations
and the presence of cellular debris (Figure 1a), and cellular viability dropped to 78% and
50%, respectively. In this regard, previous research reported that GB concentrations higher
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than 5 mg/mL in HeLa cells were associated with changes in morphology and membrane
blebbing [7].

GB-induced HT-29 cells proliferation was assessed using the MTT reduction assay and
reported as O.D. values and as a percentage of control at 24 h, 48 h, and 72 h. We observed
that cellular proliferation and viability significantly decreased in cells incubated with GB
at concentrations of 62.5 mg/mL or higher. Previous reports showed a dose-dependent
effect of GB in inhibiting cellular proliferation and decreasing viability in cancer cell lines;
in HeLa cells, proliferation decreased by 40% to 80%, and in HepG2 cells, it decreased by
25% [7,25]. In addition, in the human cells oral squamous cell carcinoma cell lines HSC-4
and HSC-7, GB effectively suppressed cellular proliferation, triggered early apoptosis, and
reduced cell migration [26].

To determine if cell viability and proliferation were associated with p53 and caspase-3
expression in GB-treated cells, we evaluated p53 and caspase-3 protein relative expression in
HT-29 cells. Cells incubated with GB at concentrations between 5 mg/mL and 31.2 mg/mL
did not show significant differences, as compared with untreated cells. Nevertheless, in
cells incubated with GB at 62.5 mg/mL, p53 and caspase-3 levels were overexpressed
compared with the control (p < 0.05). In this regard, previous studies reported an increased
expression of p53 and caspase-3 in HeLa cells at concentrations of GB between 20 mg/mL
and 100 mg/mL [7], and an increased expression level of caspase-3 was associated with
cellular death in the human prostate cancer cell line DU-145 incubated with 50 mg/mL of
GB [6]. Moreover, the use of whey (which is rich in GB) in HT-29 inhibited cell proliferation,
and induced cell cycle arrest and apoptosis via caspase-3 activation [20]. Therefore, the anti-
cancer effect of GB was associated with p53 activation, whereas caspase-3 activation induces
cellular apoptosis [27]. Other studies have shown the effect of beetroot extract (rich in
GB) on the human breast cancer MCF-7 cell line), showing an increase in apoptotic-related
proteins, such as p53 [28].

In the present study, we aimed, as a first objective, to evaluate the effect of GB at
various concentrations on HT-29 cells proliferation, without considering the use of anti-
cancer drug controls (vincristine or cisplatin) as positive controls, because we previously
reported that vincristine caused 60% HT-29 cell growth inhibition from 0.0037 µg/mL [29].
Moreover, although the HT-29 cells model to study human colon cancers is widely used, it
fails to accurately mimic the in vivo growth characteristics of tumor cells [30].

Several studies in vitro and in vivo models support the therapeutic potential of GB
as an anti-inflammatory and preventive agent in processes related to colorectal inflamma-
tion [22]. GB administration significantly reduced the incidence of tumor formation and the
level of inflammation in colonic tissues [9]. One of the mechanisms described for the anti-
cancer effect of GB is reactive oxygen species (ROS) suppression in cancerous cells, as well
as inflammatory cytokines such as TNF-α, IL-6, iNOS, and COX-2. GB also inhibited the
LPS-mediated activation of NF-κB and inflammatory cytokines in the murine macrophage
cell line RAW 264.7 [31]. Furthermore, the therapeutic properties of GB (concentrations like
50 mg/day) have been studied thought viability assays in cancer cell lines, showing an
inhibition in cellular proliferation [6]. In this regard, Hassan and colleagues reported the
effect of GB in cellular suppression of several human types of cancer, such as breast, cervical,
lung, colon, and prostate, whose main biochemical mechanism involves the methyl donor
potential of GB [9]. In most cancers, methylation abnormalities are the most common cause
of cancer development [32]. It exists evidence that alterations in this process may activate
pro-oncogenes such as c-Myc and deactivate tumor suppressor genes, including p16; this
process may exacerbate oxidative stress and promote tumor generation [32,33]. GB may
also increase the levels of glutathione and S-adenosyl methionine and diminish the levels
of other compounds related to cellular damage, such as homocysteine. Moreover, other
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mechanism of the effect of GB against cancer might be due to enhanced mitochondrial
function contributing to a reversal of the Warburg effect, as it improves cytochrome c
oxidase activity and mitochondrial respiration, which in turn, increases mitochondrial
membrane potential, cellular energy levels, and generates excessive reactive oxygen species
(ROS), leading to cancerous cell death [34].

4. Materials and Methods
4.1. Type of Study

This research is classified as a descriptive, quantitative, and exploratory study. Cell
morphology and viability, gene expression, and protein quantification of p53 and caspase-3
were demonstrated as dependent variables, whereas GB (at specific concentrations to treat
HT-29 cells) was considered independent.

4.2. HT-29 Cell Culture

GB assays were performed in the epithelial cell line HT-29 (ATCC® 15707), a human
colorectal adenocarcinoma cell line originally obtained in 1972 from a 44-year-old Cau-
casian female of blood group A and Rh-positive [18]. HT-29 cells were grown in Roswell
Park Memorial Institute-1640 (RPMI, Corning, Manassas, VA, USA) culture medium sup-
plemented with 10% fetal bovine serum (FBS, Corning, CA, USA), 1 mM sodium pyruvate,
0.1 mM L-glutamine (Gibco, Grand Island, NY, USA), 100 U/mL penicillin, and 100 µg/mL
streptomycin, 0.25 µg/mL Amphotericin B (Antibiotic-Antimycotic solution, Caisson,
Smithfield, UT, USA) and incubated at 37 ◦C, 95% humidity, and in an atmosphere of
5% CO2. Assays were performed using cells from not more than 20 passages. Treatments
were with GB at various concentrations, and the determination of mRNA and proteins
were performed in triplicate with three independent experiments.

4.3. Proliferation Assays

HT-29 cells were treated with GB (Betaine BioUltra ≥ 99.0%, Sigma-Aldrich, Darm-
stadt, Germany) at concentrations ranging from 0.25 mg/mL to 500 mg/mL. We used the
colorimetric MTT (Sigma-Aldrich, St. Louis, MO, USA) reduction assay to determine cell
viability. In brief, HT-29 cells (15,000 cells/mL per well in a 96-well plate) had their culture
medium removed and were washed twice with PBS. Next, 10 µL of MTT (5 mg/mL final
concentration) was added to each well and incubated for 3 h at 37 ◦C, in 95% humidity, and
in a 5% CO2 atmosphere. MTT was then removed and 100 µL/well of acidified isopropyl
alcohol was added until the formazan crystals dissolved at room temperature. The plate
was incubated for 15 min at room temperature, and O.D.s were determined in a microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA) at wavelengths of 570 nm and 630 nm.
As a result of the viability assays, GB concentrations for subsequent experiments were
established as 5 mg/mL, 15.6 mg/mL, 31.2 mg/mL, and 62.5 mg/mL.

4.4. RNA Purification and cDNA Synthesis

Total RNA was purified from HT-29 cells treated with GB at 5 mg/mL, 15.6 mg/mL,
31.2 mg/mL, and 62.5 mg/mL, by the Trizol method, following the manufacturer’s in-
structions (Life Technologies, Carlsbad, CA, USA). RNA concentration and quality were
assessed using a Nanodrop spectrophotometer, and integrity was evaluated by 1% agarose
gel electrophoresis. Next, single-stranded cDNA was synthesized using 1000 ng of total
RNA in a final volume of 20 mL, using a RevertAid H Minus First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, Waltham, MA, USA) and oligo dT. The reaction mixture
was incubated at 25 ◦C for 10 min, at 42 ◦C for 60 min, and at 70 ◦C for 10 min. The
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cDNA product of reverse transcription was stored at −80 ◦C, until used as a template in
qPCR reactions.

4.5. Relative Gene Expression of p53 and Caspase-3

cDNA from HT-29 cells treated with GB was used as a template to determine the
gene expression of the proliferation marker gene p53 (AB082923.1 Homo sapiens mRNA for
p53) and the apoptosis for the gene-specific effector caspase-3 (BC016926.2 Homo sapiens
caspase-3). In addition, for relative quantification, all samples were normalized using
GAPDH as an internal reference gene. Gene amplification was performed using the
Maxima SYBR Green/Rox qPCR Master Mix kit (Thermo Fisher Scientific, Waltham, MA,
USA). Reactions were performed using the quantitative PCR (qPCR) method. For each
reaction, 1 µL of cDNA was used as a template, plus 5 µL of the SYBR green mix (2.5 mM
MgCl2), 1 µL of sense primer (10 mM), 1 µL of antisense primer (10 mM), and 2 µL of
H2O. The final reaction volume was 10 µL. The primer sequences are shown in Table 1.
Amplification was performed using the QuantStudio Real-Time PCR Systems (Applied
Biosystems, Waltham, MA, USA), under the following conditions: initial denaturation at
94 ◦C for 5 min, 40 cycles of 94 ◦C for 30 s, 60 ◦C for 30 s, 72 ◦C for 30 s, and a final extension
of 72 ◦C for 5 min. The relative expression was calculated using the 2−∆∆Ct method. For
each gene, we calculated the ∆Ct (∆Ct of the gene of interest—∆Ct of the reference gene
GAPDH); subsequently, the ∆∆Ct was calculated by subtracting the ∆Ct of a sample—∆Ct
of the untreated control, later this value will be normalized using the 2−∆∆Ct formula [35].

Table 1. Primers sequences.

Gene Primers (5′–3′) Amplification Size (pb) Reference

p53 Fwd: ATCTACTGGGACGGAACAGC
136 [36]Rev: GTGAGGCTCCCCTTTCTTG

Caspase-3 Fwd: CCTGGTTCATCCAGTCGCTT
100 [37]Rev: TCTGTTGCCACCTTTCGGTT

GAPDH
Fwd: CTGCACCACCAACTGCTTAGC

180 [37]Rev: TCATGTTCTGGAGAGCCCCG

4.6. Determination of p53 and Caspase-3 Protein Levels

To determine the protein levels of p53 in cells treated with GB, a human p53 ELISA
kit (Cat BMS256) was used, whereas the protein levels of caspase-3 were determined with
the Human Caspase 3 Instant ELISA Kit (eBioscience, San Diego, CA, USA), following the
manufacturer’s instructions. O.D’s were read in a Varioskcan spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) at 450 nm as the primary wavelength and 620 nm as
the reference wavelength.

4.7. Statistical Analysis

Data represents the mean ± SD of triplicate determinations from three independent
experiments. Statistical analysis was performed using GraphPad Prism 10 (GraphPad
Software Inc., San Diego, CA, USA) statistics software, first analyzing the normality of the
data to determine the appropriate statistical test with the Shapiro–Wilk and Kolmogorov–
Smirnov test. Once the normality of the data was confirmed, a one-way ANOVA test was
performed, with a confidence level of p < 0.05.

5. Conclusions
Our study demonstrated the effect of exogenous GB in the human colorectal adeno-

carcinoma cell line HT-29. We initially showed a reduction in cellular proliferation by
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GB at concentrations of 62.5 mg/mL or higher. GB at 62.5 mg/mL was also associated
with increased p53 and caspase-3 expression levels, which are related to cellular apoptosis.
Therefore, exogenous GB induces apoptosis via p53 and caspase-3 in HT-29 cells in a
dose-dependent manner. Although more studies are needed, adequate supplementation
with GB may potentially be an adjuvant in the treatment of colorectal cancer.
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