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Abstract: While 5-fluorouracil (5FU) plays a central role in chemotherapy for colorectal
cancer (CRC), resistance to 5FU remains a major challenge in CRC treatment, and its under-
lying mechanisms remain unclear. In this study, we investigated the relationship between
5FU resistance acquisition, stemness, and energy metabolism. Among the two CRC cell
lines, HT29 cells exhibited glycolytic and quiescent properties, while CT26 cells relied on
oxidative phosphorylation (OXPHOS) for energy. In contrast, the 5FU-resistant sublines
(HT29R and CT26R), developed through continuous exposure to low concentrations of 5FU,
demonstrated enhanced stemness. This was associated with glycolytic dominance, low
proliferation, and reduced reactive oxygen species (ROS) production. However, treatment
with the medium-chain fatty acid lauric acid shifted the cells to OXPHOS, reducing stem-
ness, increasing ROS levels, and inducing cell death, therefore reversing 5FU resistance.
These findings suggest that an enhancement in stemness and the reprogramming of energy
metabolism play key roles in acquiring 5FU resistance in CRC. While lauric acid reversed
5FU resistance, further clinical studies are required.

Keywords: 5-fluorouracil; drug resistance; colorectal cancer; oxidative stress; energy
metabolism; cancer stemness

1. Introduction
Various anticancer drugs have been developed to treat solid cancers and their efficacy

has improved steadily over time [1,2]. This progress has been driven by advancements in
drug discovery, especially through genome analysis [3]. Molecular-targeted drugs have
emerged, focusing on the environmental response mechanism of cancer cells, including
hypoxia [4], interactions between cancer cells and the stroma [5,6], and the delivery systems
of anticancer agents [7,8]. However, developing resistance to anticancer drugs by cancer
cells remains a significant barrier to long-term drug efficacy [4].

In recent years, research on anticancer drug resistance has highlighted the role of en-
ergy metabolism and stemness in cancer cells [9–14]. Multidrug resistance in cancer is often
linked to cancer stem cells (CSCs), which exhibit unique resistance mechanisms, including
the expression of stem cell-specific factors such as adenine triphosphate (ATP)-binding
cassette transporters and aldehyde dehydrogenase, changes in the CSC microenvironment,
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and epithelial–mesenchymal transition [15–17]. Energy metabolism is intricately linked
to the maintenance of CSCs. Cancer cells predominantly rely on glycolysis for energy
production through the Warburg effect, facilitated by enhanced sugar uptake [18]. This
increased glycolytic activity supports rapid energy production and enhances stemness
through metabolites produced during glycolysis [19].

CSCs maintain their stemness through a dual strategy involving glycolysis and ox-
idative phosphorylation (OXPHOS) [20–22]. CSCs are heterologous, comprising low-
proliferative CSCs (dormant CSCs or quiescent CSCs) and high-proliferative CSCs, with
the former being more resistant to treatment [22–24].

In colorectal cancer (CRC), approximately 50% of cases are diagnosed at stage III
or higher, with a 5-year survival rate of <10% for metastatic CRC [25]. Consequently,
chemotherapy plays a crucial role in treating advanced CRC, with 5-fluorouracil (5FU),
a single agent or in combination with various anticancer drugs, playing a central role in
CRC [25,26]. However, resistance to 5FU is a major clinical challenge. The key mechanisms
contributing to 5FU resistance in CRC cells include overexpression of thymidylate syn-
thase (TS), an enzyme targeted by 5FU [27,28]; degradation of 5FU by dihydropyrimidine
dehydrogenase (DPD) [29,30]; downregulation of methylenetetrahydrofolate reductase
(MTHFR) [30] and thymidine phosphorylase (TYMP) [29,31], and enhanced DNA damage
repair [32,33].

Recently, the relationship between energy metabolism and stemness has gained at-
tention as a contributor to 5FU resistance. Our previous studies on gemcitabine-resistant
pancreatic cancer cell lines demonstrated that metabolic reprogramming from OXPHOS to
glycolysis, combined with enhanced glutaminolysis, contributes to resistance. This shift
reduces mitochondrial oxidative stress to promote drug resistance [34]. Furthermore, stabi-
lization of hypoxia-inducible factor-1α (HIF1α) enhances stemness, further contributing to
gemcitabine resistance [35]. These findings suggest that energy metabolism and stemness
are interdependent factors in acquiring drug resistance. However, their specific roles in
5FU resistance in CRC remain poorly understood.

Lauric acid (LAA), a medium-chain fatty acid (MCFA), has been shown to overcome
gemcitabine resistance in pancreatic cancer cell lines [35]. MCFAs have characteristic
metabolic properties including faster intestinal absorption and tissue transport, compared
with long-chain fatty acids [36–38]. Moreover, they promote OXPHOS through rapid β-
oxidation by carnitine shuttle-independent mitochondrial transport [38,39]. In cancer cells
with mitochondrial damage, MCFAs can induce excessive mitochondrial oxidative stress
and cell death [35,40,41].

In this study, we investigated the roles of energy metabolism and stemness in 5FU
resistance using two types of CRC cell lines. We further investigated the potential of LAA
as a modulator of 5FU resistance.

2. Results
2.1. Differences in Proliferation, Differentiation, and Energy Metabolism

Examination of two CRC cell lines, HT29 and CT26, with stemness properties different
from the cell lines we previously reported [42,43] showed higher proliferation of CT26 cells
compared with HT29 cells under normal culture conditions (Figure 1A). Investigation of
the degree of differentiation of the two cancer cell lines into the colonic mucosal epithelium
revealed higher gene expression of alkaline phosphatase (ALP) and mucin 2 (MUC2), which
are colonic mucosal epithelial markers, in CT26 cells compared with HT29 cells (Figure 1B).
The assessment of OXPHOS demonstrated a higher basal oxygen consumption rate (OCR),
maximum OCR, and ATP production in CT26 cells compared with HT29 cells (Figure 1C,D).
In contrast, glycolysis was enhanced more in HT29 cells than in CT26 cells (Figure 1E). The
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energy metabolism profiles of the two cancer cell lines showed that HT29 cells tended to be
more quiescent than CT26 cells (Figure 1F).
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CT26 cells than in HT29 cells (Figure 2A,B). The mitochondrial hydrogen peroxide, 

Figure 1. Differences in proliferation, differentiation, and energy metabolism between two CRC cell
lines. HT29 and CT26 cells were cultured in a regular medium. (A) Cell growth. (B) Protein levels
during colonocyte-associated differentiation. (C) Mitochondrial stress test results. (D) OXPHOS
parameters. (E) Glycolytic stress test results, including the maximum ECAR. (F) Energy metabolism
phenotypes. Error bars: standard deviation of three independent trials. Asterisk, p < 0.05. Statistical
differences were calculated using ordinary ANOVA with Bonferroni correction. CRC, colorectal
cancer; ALP, alkaline phosphatase; MUC2, mucin 2; OCR, oxygen consumption rate; ECAR, extra-
cellular acidification rate; Max, maximum; OXPHOS, oxidative phosphorylation; ANOVA, analysis
of variance.

2.2. Differences in Oxidative Stress

Investigation of mitochondrial oxidative stress showed higher mitochondrial volume
in HT29 cells than in CT26 cells and higher mitochondrial membrane potential (MMP)
in CT26 cells than in HT29 cells (Figure 2A,B). The mitochondrial hydrogen peroxide,
superoxide, and lipid peroxide (4-hydroxynonenal, 4HNE) levels were higher in CT26 cells
than in HT29 cells (Figure 2C–E).
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expression of naïve markers (Krüppel-like factor 4 [KLF4] [46] and proline dehydrogenase 
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ness, Lin28a [48], and DNA methyltransferase-3b (DNMT3B) [49] was high in CT29 cells. 
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Figure 2. Differences in oxidative stress between two CRC cell lines. HT29 and CT26 cells were
cultured in a regular medium. (A) Assessment of MtVol with mitogen. (B) MMP assessed using
TMRE. (C) H2O2 levels assessed using DHR123. (D) MtSOX. (E) 4HNE. Scale bar: 50 µm. Right
panel: semi-quantification of fluorescence images. Error bars: standard deviation of three indepen-
dent trials. Asterisk, p < 0.05. Statistical differences were calculated using ordinary ANOVA with
Bonferroni correction. CRC, colorectal cancer; MtVol, mitochondrial volume; MMP, mitochondrial
membrane potential; TMRE, tetramethylrhodamine ethyl ester; DHR123, dihydrorhodamine 123;
mtSOX, mitochondrial superoxide; 4HNE, 4-hydroxynonenal; ANOVA, analysis of variance.

2.3. Differences in Stemness

Gene expression of leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5)
and nucleostemin NS, CRC stemness markers expressed in both cell types, was higher in
HT29 cells than in CT26 cells (Figure 3A). Sensitivity to 5FU was lower in HT29 cells than
in CT26 cells (Figure 3B). Pluripotent stem cells showed naïve or prime stemness, with the
latter demonstrating enhanced proliferation and differentiation [44,45]. The expression of
naïve markers (Krüppel-like factor 4 [KLF4] [46] and proline dehydrogenase [PRODH]) [47]
was high in HT29 cells, while the expression of markers for prime stemness, Lin28a [48],
and DNA methyltransferase-3b (DNMT3B) [49] was high in CT29 cells.

These results suggest that HT29 cells are less proliferative and have a glycolysis-
dominated energy metabolism, thus showing naïve-like stemness. In contrast, CT26 cells
are highly proliferative and have OXPHOS-dominated energy metabolism, thus showing
prime-like stemness.
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Figure 3. Differences in stemness between two CRC cell lines. HT29 and CT26 cells were cultured
in a regular medium. (A) Expression of stemness marker genes LGR5 and NS. Right panel: semi-
quantification of RT-PCR signals. (B) Sensitivity to 5FU. (C) Expression of naïve/prime transition-
associated genes KLF4, PRODH, LIN28a, and DNMT3B. Right panel: semi-quantification of RT-PCR
signals. (D) Sphere areas. Error bars: standard deviation of three independent trials. Asterisk, p < 0.05.
Statistical differences were calculated using ordinary ANOVA with Bonferroni correction. CRC, col-
orectal cancer; LGR5, leucine-rich repeat-containing G-protein coupled receptor 5; NS, nucleostemin;
ACTB, β-actin; RT-PCR, reverse transcription polymerase chain reaction; 5FU, 5-fluorouracil; KLF4,
Krüppel-like factor 4; PRODH, proline dehydrogenase; DNMT3B, DNA methyltransferase 3B.

2.4. Characterization of 5FU-Resistant Cell Lines

The IC50 values of the HT29R and CT26R 5FU-resistant cell lines increased from 9.5 to
14.1 and from 7.6 to 10.8, respectively (Figure 4A). The proliferation of both resistant cell
lines was reduced compared to those of the parent cell lines (Figure 4B). The expression
levels of known 5FU resistance-related genes (TS, DPD, MTHFR, and TYMP) did not
differ significantly between the parent and resistant cell lines (Figure 4C). Assessment of
OXPHOS revealed reduced basal OCR, maximum OCR, and ATP in both resistant cell lines
compared with the parent cell lines (Figure 4D–F). In contrast, glycolysis was enhanced
in both resistant cell lines compared with the parent cell lines (Figure 4G). The energy
metabolism profiles of both resistant cell lines showed glycolytic changes (Figure 4H).
Mitochondrial volume and MMP were lower in both resistant cell lines compared with the
parent cell lines (Figure 4I,J). In contrast, oxidative stress was decreased in both resistant
cell lines compared with the parent cell lines (Figure 4K–M). Furthermore, oxidative stress
upon 5FU treatment decreased in the resistant cell lines (Figure 4N–P).
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Figure 4. Characterization of 5FU-resistant cell lines derived from two CRC cell lines. The HT29R
and CT26R cell lines resistant to 5FU were established from HT29 and CT26 cells, respectively, by
continuous treatment with low-dose 5FU (IC5) for 50 passages. (A) 5FU sensitivity, indicated by
IC50. (B) Cell growth in regular medium. (C) Expression of 5FU-resistance-related genes TS, DPD,
MTHFR, and TYMP. (D–F) OXPOHS parameters: basal OCR (D), maximum OCR (E), and ATP (F).
(G) Max ECAR. (H) Energy metabolism phenotype. (I) MtVol assessed using MitoGreen. (J) MMP
assessed using TMRE. (K) Mitochondrial H2O2 levels were assessed using DHR123. (L) MtSOX.
(M) 4HNE. (N–P) HT29R and CT26R treated with 5FU (5 µg/mL for 48 h). H2O2 (N), mtSOX (O),
4HNE (P). Error bars: standard deviation of three independent trials Asterisk, p < 0.05. Statistical dif-
ferences were calculated using ordinary ANOVA with Bonferroni correction. CRC, colorectal cancer;
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5FU, 5-fluorouracil; IC, inhibitory concentration; TS, thymidylate synthase; DPD, dihydropyrimidine
dehydrogenase; MTHFR, methylenetetrahydrofolate reductase; TYMP, thymidine phosphorylase; OX-
PHOS, oxidative phosphorylation; OCR, oxygen consumption rate; ECAR, extracellular acidification
rate; MtVol, mitochondrial volume; MMP, mitochondrial membrane potential; TMRE, tetramethyl-
rhodamine ethyl ester; DHR123, dihydrorhodamine 123; mtSOX, mitochondrial superoxide; 4HNE,
4-hydroxynonenal; ANOVA, analysis of variance.

Both resistant cell lines showed decreased apoptosis compared with the parent cell
lines (Figure 5A). Moreover, 5FU-induced apoptosis was also reduced (Figure 5B). Mi-
tophagy was also increased in both resistant cell lines compared with the parent cell lines
(Figure 5C). Gene expression of HIF1α [35], which promotes the development of drug
resistance in pancreatic cancer cell lines, and cytosolic NADPH dehydrogenase 1 (malic
enzyme 1, ME1) [50,51], which promotes glutaminolysis and is related to stemness in
oral cancer cells, were increased in HT29R and CT26R cells, whereas only HIF1α showed
increased expression in CT26R cells (Figure 5D). The sphere formation ability was increased
in both resistant cell lines (Figure 5E). Furthermore, examination of the expression levels
of the naïve-like stem cell-associated marker PRODH and prime-like stem cell-associated
marker LIN28A showed increased PRODH expression in both resistant cell lines, whereas
the expression of LIN28A observed in CT26 cells was almost completely lost in CT26R cells
(Figure 5F).
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Figure 5. Stemness of 5FU-resistant cell lines derived from two CRC cell lines. 5FU-resistant
HT29R and CT26R cell lines were established from HT29 and CT26 cells, respectively, by continuous
treatment with low-dose 5FU (IC5) for 50 passages. (A) Apoptosis. (B) 5FU (5 µg/mL for 48 h).
(C) Mitophagy. Scale bar: 50 µm. Right panel: semi-quantification of fluorescence images. (D) Expres-
sion of stemness-associated genes HIF1α and ME1. Right panel: semi-quantification of RT-PCR signals.
(E) Sphere areas. (F) Expression of the naïve/prime transition-associated genes PRODH and LIN28a.
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Right panel: semi-quantification of RT-PCR signals. Error bars: standard deviation of three indepen-
dent trials. Asterisk, p < 0.05. Statistical differences were calculated using ordinary ANOVA with
Bonferroni correction. CRC, colorectal cancer; 5FU, 5-fluorouracil; ACTB, β-actin; RT-PCR, reverse
transcription polymerase chain reaction; PRODH, proline dehydrogenase; HIF1A, hypoxia-inducible
1α; ME1, cytosolic NADPH dehydrogenase 1 (malic enzyme 1); ANOVA, analysis of variance.

Thus, the resistant cells established from the two CRC cell lines showed enhanced
glycolysis due to the reprogramming of energy metabolism and the promotion of naïve-like
changes in stemness.

2.5. Effect of LAA on 5FU-Resistant CRC Cell Lines

We previously demonstrated the effectiveness of LAA against drug resistance in
pancreatic cancer cell lines [35]. Therefore, we examined the effect of LAA on the two 5FU-
resistant cell lines established in the current study (Figure 6). LAA significantly inhibited
cell proliferation in resistant cells treated with 5FU equivalent to the IC50 (Figure 6A).
No change was observed in oxidative stress for treatment with 5FU alone, whereas a
high degree of induction was observed early in LAA co-treatment (Figure 6B). Apoptosis
increased in the middle phase for treatment with 5FU alone, whereas it increased early
in LAA co-treatment (Figure 6C). LAA co-treatment enhanced ATP production, which
decreased in the late phase (Figure 6D). In contrast, LAA co-treatment enhanced lactate
concentration in the culture medium, a marker of glycolysis (Figure 6E). Treatment with
5FU alone increased HIF1α and ME1 protein levels, whereas those levels were suppressed
by simultaneous treatment with LAA (Figure 6F,G). Finally, the sphere formation ability
showed an early decrease during simultaneous treatment with LAA (Figure 6H).

Int. J. Mol. Sci. 2025, 26, 664 8 of 19 
 

 

independent trials. Asterisk, p < 0.05. Statistical differences were calculated using ordinary ANOVA 
with Bonferroni correction. CRC, colorectal cancer; 5FU, 5-fluorouracil; ACTB, β-actin; RT-PCR, re-
verse transcription polymerase chain reaction; PRODH, proline dehydrogenase; HIF1A, hypoxia-
inducible 1α; ME1, cytosolic NADPH dehydrogenase 1 (malic enzyme 1); ANOVA, analysis of 
variance. 

Thus, the resistant cells established from the two CRC cell lines showed enhanced 
glycolysis due to the reprogramming of energy metabolism and the promotion of naïve-
like changes in stemness. 

2.5. Effect of LAA on 5FU-Resistant CRC Cell Lines 

We previously demonstrated the effectiveness of LAA against drug resistance in pan-
creatic cancer cell lines [35]. Therefore, we examined the effect of LAA on the two 5FU-
resistant cell lines established in the current study (Figure 6). LAA significantly inhibited 
cell proliferation in resistant cells treated with 5FU equivalent to the IC50 (Figure 6A). No 
change was observed in oxidative stress for treatment with 5FU alone, whereas a high 
degree of induction was observed early in LAA co-treatment (Figure 6B). Apoptosis in-
creased in the middle phase for treatment with 5FU alone, whereas it increased early in 
LAA co-treatment (Figure 6C). LAA co-treatment enhanced ATP production, which de-
creased in the late phase (Figure 6D). In contrast, LAA co-treatment enhanced lactate con-
centration in the culture medium, a marker of glycolysis (Figure 6E). Treatment with 5FU 
alone increased HIF1α and ME1 protein levels, whereas those levels were suppressed by 
simultaneous treatment with LAA (Figure 6F,G). Finally, the sphere formation ability 
showed an early decrease during simultaneous treatment with LAA (Figure 6H). 

 

Figure 6. Effect of lauric acid (LAA) on stemness in 5FU-resistant CRC cell lines. The 5FU-resistant 
cell lines HT29R and CT26R were treated with 5FU (10 µg/mL) with or without LAA (40 µg/mL) for 

Figure 6. Effect of lauric acid (LAA) on stemness in 5FU-resistant CRC cell lines. The 5FU-resistant
cell lines HT29R and CT26R were treated with 5FU (10 µg/mL) with or without LAA (40 µg/mL) for



Int. J. Mol. Sci. 2025, 26, 664 9 of 18

40 h. (A) Cell growth. (B) 4HNE. (C) Apoptosis. (D) ATP. (E) Lactate levels in the culture medium.
(F,G) Protein levels of HIF1α (F) and ME1 (G). (H) Sphere areas. Error bars: standard deviation of
three independent trials. Asterisk, p < 0.05. Statistical differences were calculated using ordinary
ANOVA with Bonferroni correction. CRC, colorectal cancer; 5FU, 5-fluorouracil; LAA, lauric acid;
4HNE, 4-hydroxynonenal; HIF1α, hypoxia inducible 1α; ME1, cytosolic NADPH dehydrogenase 1
(malic enzyme 1); ANOVA, analysis of variance.

Thus, simultaneous treatment with 5FU and LAA can overcome 5FU resistance by
enhancing oxidative stress through forced promotion of OXPHOS and suppression of the
expression of stemness-associated proteins.

3. Discussion
In this study, we used two colon cancer cell lines, HT29 and CT26, to examine changes

in stem cell properties and energy metabolism during the acquisition of 5FU resistance.
Compared with CT26 cells, which are OXPHOS-dominant and energetic, HT29 cells show
glycolytic and quiescent properties. However, upon acquiring 5FU resistance, both cell
lines exhibited enhanced stemness and changed to a state of low proliferative ability with
glycolytic dominance and reduced reactive oxygen species (ROS) production. In contrast,
LAA reversed 5FU resistance by inducing OXPHOS, increasing ROS levels, and inducing
cell death.

The relationship between CSCs and normal stem cells has attracted considerable re-
search attention. Compared with tissue stem cells, which are almost quiescent, pluripotent
stem cells (PSCs) exhibit vigorous proliferation [52,53]. Therefore, CSCs resemble PSCs [54].
Unlike somatic cells, PSCs possess a unique metabolic pathway highly dependent on
glycolysis [55]. In this respect, CSCs that exhibit the Warburg effect resemble PSCs. The
crista morphology also shows immature and fragmented mitochondria in PSCs [56,57],
resembling CSCs that exhibit the Warburg effect [55,58]. Conversely, enhanced OXPHOS
is associated with a loss of pluripotency [59] and was correlated with higher colonocyte
differentiation in CT26 cells than in HT29 cells in the current study.

Pluripotency is currently recognized in two distinct states: naïve and primed. The
naïve state corresponds to the pre-implantation state, while the prime state corresponds
to the post-implantation state, which is more mature and has a degree of differentiation
bias [60]. To examine the correspondence between these two states and CRC cells, we
investigated the expression of KLF4 [46] and PRODH [47] as markers of the naïve state and
LIN28A [48] and DNMT3B [49] as markers of the prime state. We observed that HT29 cells
predominantly expressed KLF4 and PRODH, which suggests that HT29 cells exhibit a naïve-
like phenotype. In contrast, CT26 cells predominantly expressed LIN28A and DNMT3B
and exhibited a prime-like phenotype. These findings correlated with the proliferation,
energy metabolism, ROS production, and differentiation of both CRC cell lines. In contrast,
after acquiring 5FU resistance, both CRC cell lines showed increased expression of naïve
markers and decreased proliferation, MMP, and ROS production, suggesting a change to a
naïve-like state. In particular, Lin28a expression was lost in CT26R cells, indicating that
the stem cell phenotype changed from primed to naïve, suggesting that this may be due to
reprogramming of energy metabolism. In CSCs, low MMP levels reduce mitochondrial
ROS levels [61]. Thus, naïve-like stemness and changes in energy metabolism may be
associated with 5FU resistance.

In this study, HIF1α and ME1 expression levels were higher in the 5FU-resistant cell
lines. Although our experimental system was not hypoxic, increased ROS levels stabilized
the HIF1α protein [62]. This suggests that 5FU-induced ROS production activated HIF1α
in the 5FU-resistant cells. HIF1α increases dynamin-related protein 1-dependent mito-
chondrial fission and promotes the Warburg phenotype [63–66]. Hypoxia, which induces
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HIF1α, also causes resistance to anticancer drugs through HIF1α-dependent mitochon-
drial changes [67] and HIF1α-induced glycolytic flux [52,53,68]. Fission mitochondria are
present in cells that do not require high respiratory activity [69]. HIF1α also suppresses
mitochondrial biogenesis and PTEN-induced kinase 1 transcription [70]. Moreover, we pre-
viously showed that stabilization of HIF1α promotes energy metabolism reprogramming
and induces early gemcitabine resistance [35].

ME1 directly converts the malate produced in the tricarboxylic acid (TCA) cycle to
pyruvate, while increased pyruvate levels promote glutaminolysis [71]. Glutaminolysis is a
metabolic phenotype associated with CSCs, especially those with KRAS mutations [72], and
has attracted attention as a potential therapeutic target [73,74]. Glutaminolysis promotes
stemness by activating Yes-associated proteins, transcriptional coactivators with PDZ-
binding motifs, and WNT [72,75]. We previously demonstrated the correlation between
increased ME1 expression and malignancy in oral squamous cell carcinomas, particularly
invasiveness due to epithelial–mesenchymal transition at the cancer front [50,51].

In the current study, LAA promoted OXPHOS in the resistant cell lines, accompanied
by increased mitochondrial ROS. This effect promotes apoptosis and may explain the antitu-
mor effects of LAA. Similar results were reported in previous studies [36,37]. However, LAA
does not increase mitochondrial ROS levels in normal cells [76–78]. Thus, the effects in can-
cer cells may be attributed to mitochondrial disorders in these cells [79–81]. Mitochondrial
gene mutations are frequently observed in cancer and cancer cells by altering mitochondrial
DNA copy number, energy metabolism, oxidative stress, nuclear–mitochondrial interac-
tions, and the cancer microenvironment [82–84]. This may contribute to carcinogenicity [85].
Therefore, LAA may have different thresholds of cytotoxicity between cancer and normal
cells and could be used as a cancer treatment that distinguishes between normal and
cancer tissues.

In this study, we focused on a small molecule called LAA and clarified its antitu-
mor effect, especially its ability to suppress anticancer drug resistance. In addition, small
molecule compounds that are expected to overcome anticancer drug resistance are at-
tracting attention. Thiocolchicoside has a muscle relaxant effect through inhibition of
nicotinic acetylcholine receptors and GABA. Like LAA, thiocolchicoside also enhances
skin permeability and improves drug delivery [86]. Salinomycin, an antibiotic, suppresses
cancer stemness through autophagy and enhances drug sensitivity [87]. Beta-elemene is an
extract of Curcuma wenyujin that inhibits the ATP-binding cassette subfamily B member
1 transporter and induces apoptosis and autophagy through the suppression of exosome
transmission, promoting drug sensitivity [88]. Metformin, a type 2 diabetes drug, is ex-
pected to contribute to overcoming anticancer drug resistance by inducing apoptosis and
ferroptosis in cancer cells through regulation of AMPK activity and effects on the immune
system [89,90]. In addition, berberine, a Berberis extract, is expected to be effective against
drug resistance because it suppresses cancer stem cell activity [91]. In addition, pterostil-
bene, a blueberry component, is expected to be effective against drug resistance because it
promotes cell death in cancer stem cells through mitochondrial iron accumulation [92–94].
By combining such small molecule compounds with existing chemotherapy or molecular
targeted drugs, it is expected to promote drug efficacy, suppress the acquisition of resis-
tance, and reduce side effects. The results of this study demonstrated that CRCs develop
resistance to 5FU due to changes in stemness accompanied by the reprogramming of en-
ergy metabolism, similar to the development of gemcitabine resistance in pancreatic cancer
cell lines. Moreover, we showed that LAA is effective against developing 5FU resistance.
However, the molecular mechanisms underlying these alterations in stemness have not
yet been fully elucidated. Additional studies are needed to elucidate this mechanism and
develop strategies for preventing resistance to anticancer drugs. In addition, in this and our
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previous studies, we investigated key anticancer drugs used in chemotherapy: gemcitabine
for pancreatic cancers and 5FU for CRCs. Further studies are needed to examine the role
of alterations in stemness and reprogramming of energy metabolism in the mechanism
of resistance acquisition for other anticancer drugs used in various tumors and whether
LAA is effective in overcoming these other drug resistances. Ultimately, its efficacy must
be established in humans through therapeutic experiments in animal models as well as
clinical studies.

4. Materials and Methods
4.1. Cell Lines

HT29 human CRC cell lines were purchased from Dainihon Pharmacy Co. (Tokyo,
Japan). The CT26 murine CRC cell line was a gift from Professor I. J. Fidler (MD Anderson
Cancer Center, Houston, TX, USA). The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum at 37 ◦C in 5% CO2. The cells
were treated with 5FU (Sigma-Aldrich, St. Louis, MO, USA) and/or LAA (40 µg/mL, Wako
Pure Chemical Corporation, Osaka, Japan). The 5FU-resistant cell lines were derived from
HT29 and CT26 cells by continuous low-dose 5FU treatment (IC5) for 50 passages. Apopto-
sis was assessed via the examination of 1000 cells, which were stained with Hoechst 33342
dye (Life Technologies, Carlsbad, CA, USA) and viewed using a fluorescent microscope.

4.2. [3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]
(MTS) Assay

MTS assays were performed using a CellTiter 96 aqueous one-solution cell proliferation
assay kit (Promega Biosciences Inc., San Luis Obispo, CA, USA). The plates were read using
a Multiskan FC (Thermo Fisher Scientific, Waltham, MA, USA) microplate photometer at a
wavelength of 490 nm. The MTS value of cells cultured with the control oligonucleotide
was used as the control.

4.3. Mitochondrial Imaging

Mitochondrial function was examined using fluorescent probes. After treatment with
or without LAA (40 µg/mL), the cells were incubated with the probes for 30 min at 37 ◦C
and then photographed using an All-in-One fluorescence microscope (KEYENCE, Osaka,
Japan). We used dihydrorhodamine 123 (DHR123) (100 µM, Dojindo, Kumamoto, Japan) to
measure mitochondrial H2O2, MitoSOX (mitochondrial superoxide) (10 µM, AAT Bioquest
Inc., Sunnyvale, CA, USA) to assess oxidative stress, MitoGreen (100 nM, PromoCell
GmbH, Heidelberg, Germany) to assess mitochondrial volume, and tetramethylrhodamine
ethyl ester (TMRE) (200 nM, Sigma-Aldrich) to assess mitochondrial membrane potential.
Mitophagy was detected using the Mitophagy Detection Kit (Dojindo) according to the
manufacturer’s instructions.

4.4. Protein Extraction

Whole-cell lysates were prepared as previously described using radioimmunoprecipi-
tation assay buffer containing 0.1% sodium dodecyl sulfate (Thermo Fisher Scientific, Tokyo,
Japan) [95]. Protein assays were performed using the Protein Assay Rapid Kit (Wako).

4.5. Enzyme-Linked Immunosorbent Assay (ELISA) and Fluorometric Assay

We used an ELISA kit to measure the concentrations of 4HNE, lactate, ALP, MUC2,
ATP, HIF1α, and ME1 in whole-cell lysates (Table 1). The assay was performed according
to the manufacturer’s instructions.



Int. J. Mol. Sci. 2025, 26, 664 12 of 18

Table 1. RT-PCR primers and ELISA kits.

RT-PCR Primers

Gene Species ID Left Right

Actb Mouse NM_007393.5 AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA
ACTB Human NM_001101.3 GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG
Lgr5 Mouse NM_010195.2 CATTCACTTTTGGCCGTTTT AGGGCCAACAGGACACATAG
LGR5 Human AF061444.1 CTCTTCCTCAAACCGTCTGC GATCGGAGGCTAAGCAACTG
Klf4 Mouse NM_010637.3 CTGAACAGCAGGGACTGTCA GTGTGGGTGGCTGTTCTTTT

KLF4 Human KJ901962.1 CCCACACAGGTGAGAAACCT CCCACACAGGTGAGAAACCT
Ns Mouse BC037996.1 ATGTGGGGAAAAGCAGTGTC TGGGGGAGTTACAAGGTGAG
NS Human BC001024.2 ATTGCCAACAGTGGTGTTCA AATGGCTTTGCTGCAAGTTT

Lin28a Mouse NM_145833.1 GTGTCCAACCAGCAGTTTGC CTCTTCCTCTTCCTCCCGGA
LIN28A Human NM_024674.6 CGTGTCCAACCAGCAGTTTG TGGCTTTCCCTGTGCACTAG
Prodh Mouse AF120279.1 AAGCAGTATCAGGTGCACCC CCTCCTCAGTGAACCGTGAC

PRODH Human AF120278.1 GGTAGAGTCAGCGATGACGG TGTGTTGAAGATGAGCGGCT
Dnmt3b Mouse BC105677.1 TGTGGGGAAAGATCAAGGGC CGTTCTCGGCTCTCCTCATC

DNMT3B Human AF331857.1 TTCTCCGAGGTCTCTGCAGA CTGCCACAAGACAAACAGCC
Hif1a Mouse AF003695.1 TGCTTGCCAAAAGAGGTGGA CAGAAGGACTTGCTGGCTGA

HIF1A Human AF208487.1 GAAAGCGCAAGTCCTCAAAG TGGGTAGGAGATGGAGATGC
Me1 Mouse NM_008615.2 GGAGTTGCTGCAATTGGTGG TGCAGGCCACGGATAACAAT
ME1 Human NM_002395.5 GGATTGCACACCTGATTGTG TCTTCATGTTCATGGGCAAA

Ts Mouse NM_021288.4 TTCAAGAAGGAGGACCGCAC CACGCCCAGACCCATATCTC
TS Human NM_001071.4 CTGGGGCAGATCCAACACAT CTGGCGATGTTGAAAGGCAC

Dpd Mouse NM_170778.3 GTATGGCCCTGGACAAAGCT GCAGTTCCTGACACTCCTCC
DPD Human NM_000110.4 GTATGGCCCTGGACAAAGCT GCAATGGAGGTCACAGCTCT
Mthfr Mouse NM_001161798.1 CAGCTGGGCACTGTTATCCA GCTTCCCAGTGGTCACCTAC

MTHFR Human NM_001330358.2 TCTACCGTACCCAGGAGTGG GTGGGCTGGATGATCTCTCG
Tymp Mouse NM_138302.3 CTGGAGGTGGAAGAAGCGTT GGGAGGACAAGTTCAGCGAA

TYMP Human BC018160.1 CAAGGTGCCAATGATCAGCG CAGGTCCCTTAAGTCTGGCG

ELISA

Target Species Cat# Company

Alp Mouse ab285274 Abcam, Waltham, MA, USA
ALP Human ab285149 Abcam, Waltham, MA, USA
Muc2 Mouse M0EB0548 AssayGenie, Dublin, Ireland
MUC2 Human ab282871 Abcam, Waltham, MA, USA
4HNE - ab287803 Abcam, Waltham, MA, USA
Lactate - ab65331 Abcam, Waltham, MA, USA

ATP - ab83355 Abcam, Waltham, MA, USA
Hif1α Mouse #88-8022-88 Thermo Fisher, Tokyo, Japan
HIF1α Human #A43658 Thermo Fisher, Tokyo, Japan
Me1 Mouse E1556Mo Bioassay Technology Laboratory, Shanghai, China
ME1 Human ABIN6231269 Antibodies-online.com, Limerick, PA, USA

RT-PCR, reverse transcription polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; ACTB,
β-actin; LGR5, leucine-rich repeat-containing G-protein coupled receptor 5; KLF4, Krüppel-like factor 4; NS,
nucleostemin; PRODH, proline dehydrogenase; 4HNE, 4-hyrdoxynonenal; Dnmt3b, DNA methyl transferase 3B;
HIF1A, hypoxia-inducible factor 1-alpha; ME1, cytosolic NADPH dehydrogenase 1 (malic enzyme 1); ALP, alkaline
phosphatase; MUC2, mucin 2; ATP, adenine triphosphate; TS, thymidylate synthase; DPD, dihydropyrimidine
dehydrogenase; MTHFR, methylenetetrahydrofolate reductase; TYMP, thymidine phosphorylase.

4.6. Sphere Assay

Cells (1000 cells/well) were seeded on uncoated bacteriological 35 mm dishes (Corning
Inc., Corning, NY, USA) with 3D Tumorsphere Medium XF (Sigma-Aldrich) and cultured
with or without LAA (40 µg/mL). After seven days, sphere images were captured using a
computer and the sphere numbers were measured using NIH ImageJ software (version
1.52, Bethesda, MD, USA).
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4.7. Mitochondrial Stress Test

To analyze mitochondrial respiration and ATP production, we used a Seahorse XF Ana-
lyzer (Agilent Technologies, Santa Clara, CA, USA) to measure extracellular flux in live cells.
The cells were collected immediately after LAA treatment (40 µg/mL, 48 h), transferred to
an XF plate at densities of 2 × 104 cells/well, and incubated overnight. The following day,
the medium on the XF plate was replaced with XF DMEM, 1 h before the assay. Mito Stress
Test (Seahorse XF Cell Mito Stress Test, Agilent Technologies) was performed according to
the manufacturer’s protocol. The OCR was measured under the following conditions: 2 µM
oligomycin, 0.5 µM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, and 0.5 µM
rotenone/antimycin A. The OCR was normalized to the total cellular protein concentration,
which was determined after protein extraction from the analyzed cells.

4.8. Glycolytic Stress Test

The extracellular acidification rate (ECAR) of CRC cells was measured using a modi-
fied glycolytic stress test on a Seahorse XFe24 Extracellular Flux Analyzer instrument with
Seahorse XF24 FluxPaks (Agilent Technologies, Santa Clara, CA, USA). CRC cells were
cultured in growth medium in six-well plates with ascites or culture medium before the
Seahorse experiments. CRC cells (1 × 104 cells/well) were plated in XF base medium
(Agilent Technologies, Santa Clara, CA, USA) containing 200 mM L-glutamine and 5 mM
HEPES, as recommended by the manufacturer for glycolytic assays. The sensor cartridge
apparatus was rehydrated one day in advance by adding 1 mL XF Calibrant to each well
and incubating at 37 ◦C until needed. The injection ports of the sensor cartridge apparatus
were then loaded with the following drugs, in chronological order of four injections, to
meet the indicated final concentrations in the wells: 10 mM glucose, 1 µM oligomycin,
1 µM rotenone and 5 µM antimycin A (combined injection), and 50 mM 2-deoxyglucose.
Treatment with the rotenone/antimycin combination allowed the assessment of the impact
of electron transport on ECAR by respiratory acidification coupled with the passage of
some glycolytic pyruvate through the TCA cycle to supply respiration.

4.9. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

To assess human and murine mRNA expression, RT-PCR was performed using 0.5 µg
of total RNA extracted from the three cell lines using an RNeasy kit (Qiagen, Germantown,
MD, USA). The primer sets are listed in Table 1 and were synthesized by Sigma Genosys
(Ishikari, Japan). The PCR products were electrophoresed on a 2% agarose gel and stained
with ethidium bromide. β-Actin mRNA was amplified and used as the internal control.

4.10. Statistical Analysis

Statistical significance was calculated using a two-tailed Fisher exact test, ordinary
analysis of variance, and InStat software version 3.1 (GraphPad, San Diego, CA, USA).
Two-sided p < 0.05 was considered statistically significant.
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Abbreviations

5FU 5-fluorouracil
CRC colorectal cancer
OXPHOS oxidative phosphorylation
ROS reactive oxygen species
CSC cancer stem cell
TS thymidylate synthase
DPD dihydropyrimidine dehydrogenase
MTHFR methylenetetrahydrofolate reductase
TYMP thymidine phosphorylase
HIF1α hypoxia-inducible factor-1α
LAA lauric acid
MCFA medium-chain fatty acid
ALP alkaline phosphatase
MUC2 mucin 2
MMP mitochondrial membrane potential
4HNE 4-hydroxynonenal
LGR5 leucine-rich repeat-containing G-protein coupled receptor 5
NS Nucleostemin
KLF4 Krüppel-like factor 4
PRODH proline dehydrogenase
Dnmt3b DNA methyltransferase-3b
ME1 cytosolic NADPH dehydrogenase 1 (malic enzyme 1)
PSC pluripotent stem cell
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