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1. Abstract

Herein, short chain fatty acid butyrate was introduced as an im-
portant auxiliary agent to combine with ferroptosis inducer for
enhancing the ferroptosis in the inhibition of colon cancer. It was
found that butyrate could not induce the ferroptosis independent-
ly, whereas the combination of butyrate and ferroptosis inducer
(Erastine or Sorafenib) could enhance the extent of ferroptosis.
The affected indexes included the iron accumulation, oxidative
damage to lipids, the expression of GPX4, a key antioxidant en-
zyme, as well as the morphological characteristics under scrutiny.
Via enhancing ferroptosis, the combination of butyrate and ferrop-
tosis inducer could effectively inhibit the growth of colon cancer
cell line HCT116. Moreover, butyrate plus Erastine was a better
pair than Butyrate plus Sorafenib in aggravating the ferroptosis
process. This work raised possible approaches for treating colon
cancer via enhancing ferroptosis.

2. Introduction

Colon carcinoma is a prevalent malignant tumor of the gastroin-
testinal tract, characterized by inconspicuous early symptoms and
severe systemic manifestations in advanced stages, including ane-
mia, weight loss, bloody stool, and diarrhea [1-4]. Among diges-
tive system malignancies, colon cancer ranks second in terms of
incidence and mortality rates, following gastric cancer, esophageal
cancer, and primary liver cancer [5]. Despite its prevalence, the
precise mechanisms underlying colon cancer remain unclear. The
majority of colon cancer cases are adenocarcinomas, with a few
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instances of squamous cellular or mucinous carcinoma, posing
challenges for effective treatment due to their ability to metastasize
via lymph and blood circulation [6]. Consequently, the focus of
colon cancer treatment has shifted towards understanding metab-
olism-related mechanisms, with particular interest in ferroptosis,
given its strong association [7-9]. Ferroptosis, a newly discovered
form of iron-dependent programmed cell death, differs from ap-
optosis, necrosis, and autophagy, exhibiting distinct morphologi-
cal, biological, and mechanistic pathways. The intricate signaling
pathways governing ferroptosis have been implicated in the devel-
opment of various diseases [10-14]. Recent studies have identified
several key indicators of ferroptosis, including levels of ferrous
ions (Fe2+), glutathione (GSH), and glutathione peroxidase 4
(GPX4) [15]. Inducing ferroptosis in cancer cells using specific
agents such as Sorafenib and Erastine represents a promising ther-
apeutic strategy to overcome drug resistance and develop combi-
nation approaches. Monitoring molecular markers enables precise
and controllable treatment modalities [13, 16-18]. However, given
that current agents can only induce ferroptosis to a limited extent,
there is a need for additional methods to enhance therapeutic ap-
proaches [19-23].

In this groundbreaking study, we explore the potential of short-
chain fatty acids (SCFAs) as effective agents for enhancing ferrop-
tosis in colon cancer when combined with a ferroptosis inducer.
SCFAs are organic fatty acids with fewer than six carbon atoms in
their molecular structure, including acetic acid, propionic acid, and
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butyric acid [24, 25]. These SCFAs are produced by beneficial in-
testinal bacteria through the fermentation of dietary fiber and car-
bohydrates, and they play crucial roles in maintaining health and
preventing diseases [25-29]. Butyric acid, a representative SCFA,
serves as a vital energy source for colon cells. It provides over 90%
of the total energy required by colon cells and helps maintain the
integrity of the intestinal wall, preventing conditions such as intes-
tinal fistulas and chronic inflammation [30-33]. By fulfilling the
energy demands of colon cells, the reliance on aerobic glycolysis
in tumor cells is significantly reduced, thereby increasing the met-
abolic pressure on tumor cell mitochondria. This leads to specific
apoptosis of tumor cells and inhibition of tumor growth. In this
study, we investigate the combination of butyrate, a short-chain
fatty acid, with a ferroptosis inducer to inhibit colon cancer by
enhancing ferroptosis, while closely monitoring the occurrence of
ferroptosis [34-36]. This research sheds light on a novel approach
that holds promise for developing effective therapies against colon
cancer by harnessing the synergistic effects of SCFAs and ferrop-
tosis inducers.

3. Experimental

The detailed experimental protocols of the cell culturing, cell im-
aging, flow cytometry assays, western blot analysis, transmission
electron microscope (TEM) imaging, immunofluorescence stain-
ing, concentration determination, and cell survival rate assay were
described in Supplementary Materials.
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4. Results and Discussion
4.1. Determination of the Iron Overload

As we mentioned, that ferroptosis exhibits characteristics such as
iron overload and lipid peroxidation, with key indicators including
Fe2+ levels and GPX4 (Scheme 1). Therefore, the evaluation of the
extent of ferroptosis should commence with the determination of
iron overload. In this study, the HCT116 human colon cancer cell
line was chosen for intracellular analysis. The cells were divided
into six groups as follows: 1) Control; 2) Butyrate only; 3) Erastine
only; 4) Sorafenib only; 5) Butyrate plus Erastine; 6) Butyrate plus
Sorafenib. This grouping strategy was maintained throughout all
subsequent experiments. To assess the Fe2+ levels, FeRhoNox-1
(an Fe2+ indicator) was utilized, while Hoechst (a nuclear dye for
living cells) was employed to locate the living cells (Figure 1A &
1B). In the control group, the fluorescence signal of FeRhoNox-1
in the red channel was relatively weak. Treatment with Butyrate
alone did not result in an increase in the signal, indicating that Bu-
tyrate alone could not induce ferroptosis. However, the addition of
Erastine or Sorafenib independently led to a noticeable enhance-
ment of the fluorescence signal in the red channel. Furthermore,
when Butyrate was combined with Erastine or Sorafenib, the red
fluorescence signal was further amplified. Hence, the combination
of Butyrate with the ferroptosis inducers (Erastine or Sorafenib)
resulted in higher Fe2+ levels, thereby increasing the iron overload
in living colon cancer cells.

Scheme 1: The Classical Induction Mechanism of Ferroptosis.
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Figure 1: (A) Fluorescence microscopic images of the HCT116 cells. The cells were treated with 0.01% DMSO, Butyrate (500 uM), Erastine (10 pM),
Sorafenib (10 uM), Butyrate (500 uM) with Erastine (10 uM), and Butyrate (500 uM) with Sorafenib (10 pM) in DMEM medium at 37 °C for 24 h.
After being washed with PBS buffer for three times, the cells were cultured with FeRhoNox-1 dye (5 uM) for another 30 min. Then the cells were
incubated with Hoechst for 15 min. Each group of the data had blue channel, red channel, and merged channel. The blue channel was collected with
the excitation at 405 nm and the emissions from 430 to 480 nm, the red channel was collected with the excitation at 488 nm and the emissions from
560 to 620 nm. Scale bar: 25 pm. (B) Quantification of imaging data (A). n = 3, error bars were + SD., Statistical analysis was performed with two-way
ANOVA with multiple comparisons. The administration group was compared with the control group: ****p value < 0.0001, ***p value < 0.001, *p
value < 0.05. The combined administration group was compared with the single administration group: ##p value < 0.01. (C) The cells were pretreated
the same as (A). After being washed with PBS buffer for three times, the cells were cultured with DCFH-DA (10 uM) for another 30 min. Fluorescence
images were collected the excitation at 405 nm and emissions from 500 to 560 nm. Scale bar: 25 um. (D) Quantification of imaging data (c). n = 3,
error bars were + SD., Statistical analysis was performed with two-way ANOVA with multiple comparisons. The administration group was compared
with the control group: ****p value <0.0001, ***p value < 0.001, **p value < 0.01. The combined administration group was compared with the single
administration group: ##p value < 0.01.

4.2. Determination of the lipid peroxidation

Subsequently, the feature of lipid peroxidation was checked. With
the same division of groups, the generation of reactive oxygen spe-
cies (ROS) was imaged by the incubation with DCFH-DA (a ROS
indicator) with the fluorescence signal in the green channel (Fig-
ure 1C & 1D). The control and Butyrate-treated groups exhibited
weak green fluorescence signals. The pre-treatment with Erastine
or Sorafenib independently resulted in the remarkable enhance-
ment of the fluorescence intensity, which meant that the ferroptosis
inducers could lead to the generation of ROS. The combination
of Butyrate and Erastine led to significant further increase of the
green fluorescence signal, while the combination of Butyrate and
Sorafenib showed the similar fluorescent intensity to that of the
Sorafenib-only group. Thus, for enhancing the generation of ROS,
Butyrate could merely cause further increase via the combination
of Erastine rather than Sorafenib.

Afterwards, BODIPY Cl11 dye was selected to reflect the lipid per-
oxidation in a ratio (green/red) mode. The accumulation of ROS
can be visualized as the fluorescence enhancement in the green
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channel as well as the intensity decrease in the red channel. The
results were present as images and ratio values (Figure 2A & 2B).
In the control and Butyrate-treated groups, there were weak sig-
nals in the green channel and relatively strong signals in the red
channel, which indicated the low ROS level. In the groups treated
with Erastine and Sorafenib, the fluorescence signals in the green
channels exhibited a significant increase, approaching and nearly
matching those observed in the red channels. Thus, the ferropto-
sis inducers independently caused the accumulation of ROS. The
combination of Butyrate and each ferroptosis inducer could fur-
ther increase the green/red ratio value. Therefore, on the basis of
using ferroptosis inducer, the supplement of Butyrate could lead to
further lipid peroxidation. In addition, compared with Sorafenib,
Erastine was more suitable for the combination with Butyrate due
to the larger increase of the green/red ratio value. The same cell
groups were analyzed by FCM (flow cytometry) in APC-A chan-
nel (Red) and PE-A (Green) channels. In the two-dimensional map
in Figure 2C, the results agreed with that of confocal images and
quantification analysis.
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Figure 2: (A) Fluorescence microscopic images of the HCT116 cells. The cells were treated with 0.01% DMSO, Butyrate (500 uM), Erastine (10 pM),
Sorafenib (10 uM), Butyrate (500 uM) with Erastine (10 uM), and Butyrate (500 uM) with Sorafenib (10 pM) in DMEM medium at 37 °C for 24 h.
After being washed with PBS buffer for three times, the cells were cultured with BODIPY C11 dye (5 uM) for another 30 min. Each group of the data

had green, red, merged, ratio and zoom channels. The green channel was collected with the excitation at 488 nm and the emissions from 500 to 550 nm;

the red channel was collected with the excitation at 488 nm and the emissions from 580 to 630 nm, the ratio images were obtained from green channel/

red channel. Scale bar: 25 um. (B) Quantification of imaging data (A). n = 3, error bars were + SD., Statistical analysis was performed with two-way

ANOVA with multiple comparisons. ns meant not significantly different, the administration group was compared with the control group: ****p value

<0.0001, ***p value < 0.001, **p value < 0.01. The combined administration group was compared with the single administration group: ##p value <
0.01. (C) The cells were pretreated the same as (A). Then 20000 cells were collected by FCM (flow cytometry). Flow scatter diagram showed APC-A

channel (Red) and PE-A (Green) channels.

4.3. Morphological observation of ferroptosis

After the determination of the two typical features of iron over-
load and lipid peroxidation, the morphological observation under
transmission electron microscopy (TEM) was conducted to further
confirm the extent of ferroptosis (Figure 3). Compared with the
mitochondria morphology in the control group, there was no obvi-
ous variation in the Butyrate-treated group. However, in the other
four groups, the mitochondria became smaller with more dense
membrane structures, and there were fewer ridges. This result was
consistent with the morphological characteristics of ferroptosis.

4.4. Determination of the GPX4 expression

Following the determination on the typical features in Fe2+, ROS
and mitochondria morphology, the key enzymes in the process of
ferroptosis, represented by GPX4, should be checked. Both the
immunofluorescence staining analysis and western blot analysis
were carried out. In the immunofluorescence staining analysis, the
dye Alex488 with green fluorescence was added on the second-
ary antibody to image GPX4, while DAPI was used to show the
location of the nucleus. The differences of the fluorescence inten-
sity in the green channel were revealed by the confocal images
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(Figure 4A) as well as the quantification analysis (Figure 4B). In
the control and Butyrate-treated groups, the notable fluorescence
signals in the green channel suggested the normal GPX4 expres-
sion level. The treatment with Erastine or Sorafenib resulted in
the decrease of the green fluorescence intensity, which indicated
the down-regulation of GPX4 expression. Both the Butyrate with
Erastine group and the Butyrate with Sorafenib group exhibited
further decrease of the fluorescence signals in the green channel,
compared with that of the ferroptosis inducer-treated groups with-
out Butyrate. Moreover, the Butyrate with Erastine group showed
the weakest fluorescence intensity. This result once again verified
that the addition of Butyrate could enhance the induction effect of
ferroptosis inducer.

On the other hand, the GPX4 expression level was checked by
western blot analysis (Figure 4C & 4D). As seen in the stripes and
quantification analysis, the results agreed with that of the immuno-
fluorescence staining analysis. Therefore, by measuring the GPX4
level, the auxiliary effect of Butyrate on the ferroptosis inducers
was convinced.
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Figure 3: Transmission electron microscopy of the HCT116 cells. The cells were pretreated with 0.01% DMSO, Butyrate (500 uM), Erastine (10 pM),
Sorafenib (10 uM), Butyrate (500 uM) with Erastine (10 puM), and Butyrate (500 uM) with Sorafenib (10 pM) in DMEM medium at 37 °C for 24 h.
The cell samples were prepared according to the procedure, sliced and then observed by the electron microscope. The white arrowheads indicated where

the shape of the mitochondria and ridges change. Scale bar: 2 pm, 1 pm, 500 nm.

Figure 4: (A) Immunofluorescence imaging of the HCT116 cells. The cells were pretreated with 0.01% DMSO, Butyrate (500 pM), Erastine (10 pM),
Sorafenib (10 uM), Butyrate (500 uM) with Erastine (10 uM), and Butyrate (500 uM) with Sorafenib (10 pM) in DMEM medium at 37 °C for 24 h.
Then the cells were immobilized and permeated. Immunofluorescence staining analysis of GPX4 was conducted. A secondary antibody labeled with

Alex488 was incubated. The fluorescence images were collected with the excitation at 488 nm and the emissions from 500 to 560 nm. Scale bar: 25 pm.

(B) Quantification of imaging data (A). n = 3, error bars were + SD., Statistical analysis was performed with two-way ANOVA with multiple compar-

isons. The administration group was compared with the control group: ****p value < 0.0001, ***p value < 0.001, **p value < 0.01, **p value < 0.01.

The combined administration group was compared with the single administration group: ##p value < 0.01, #p value < 0.05. (C) Western blot analysis

of GPX4 in the HCT116 cells (the cells were pretreated the same as (A)). (D) Quantification of western blot analysis (E). Statistical analysis was per-

formed with two-way ANOVA with multiple comparisons. The administration group was compared with the control group: ****p value < 0.0001, ***p

value < 0.001. The combined administration group was compared with the single administration group: #p value < 0.05.

4.5. Other Indexes and Cell Viability

On the complement indexes of the ferroptosis induction, other
indexes including GSH, superoxide dismutase (SOD) and LPO
levels were also evaluated. Regulated by GPX4, the GSH level
usually decreases during ferroptosis. In Figure 5A, the GSH level
of each group was illustrated. Compared with the control group
(~60 pg/mL), the Butyrate-treated group suggested no significant
variation on the GSH level (~55 pg/mL). In the Erastine-treated
and Sorafenib-treated groups, the GSH level decrease to about half
of that of the control group (35-40 pg/mL). With the combination
of Butyrate, the treatment of the ferroptosis inducers could achieve
lower GSH levels in HCT116 cells (< 30 pg/mL). Typically, the

combination of Butyrate and Erastine cause a GSH level as low
clinicsofoncology.org

as almost 20 ug/mL. This result agreed with that of the GPX4
determination. Meanwhile, the SOD level was shown in Figure
5B. The control group showed a SOD level of ~90 U/mL. The
Butyrate-treated group indicated no significant difference. Either
treated with Erastine or Sorafenib led to obvious decrease of the
SOD level to ~80 U/mL. Additionally, the combination of Butyrate
and the ferroptosis inducer resulted in further decrease of the SOD
level to ~60 U/mL. For this index, the Butyrate plus Erastine group
and the Butyrate plus Sorafenib group did not show obvious dif-
ference. On the contrary of the reductive indexes such as GSH
and SOD, the oxidative index was also tested directly in spite of
the imaging results. In the control and Butyrate-treated groups, the
LPO (MDA) levels were quite low (~0.1 nmol/mL). The treatment
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with Erastine or Sorafenib resulted in remarkable enhancement
(3-5 folds) of the LPO level. Based on the level induced by the
ferroptosis inducers (Erastine or Sorafenib), the combination with
Butyrate could lead to a further increase of the LPO level to almost
two folds (~0.7 nmol/mL).

Finally, after the fully confirmation of ferroptosis, the inhibition
of colon cancer was investigated to discover whether the en-
hancement of ferroptosis by combining Butyrate could improve
the anti-cancer effect. After the treatment according to the group
division, the cell viability of HCT116 cells was measured (Figure
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5D & S6). Basically, all the groups involving ferroptosis (treated
by Erastine only, Sorafenib only, Butyrate plus Erastine, and Bu-
tyrate plus Sorafenib) indicated the inhibition of the cell growth in
a dose-dependent manner. At each concentration of the ferropto-
sis inducer, no matter Erastine or Sorafenib, the combination with
Butyrate caused a lower cell viability. Accordingly, the inhibition
of colon cancer cell line was positively related to the induction
of ferroptosis. Therefore, the combination of Butyrate towards the
ferroptosis inducers could lead to more potent inhibition effect on
colon cancer cells.

Figure 5: (A-C) Total GSH. SOD. LPO content in cells. The HCT116 cells were pretreated with 0.01% DMSO, Butyrate (500 uM), Erastine (10
uM), Sorafenib (10 pM), Butyrate (500 pM) with Erastine (10 pM), and Butyrate (500 pM) with Sorafenib (10 uM) in DMEM medium at 37 °C for
24 h. After the cells were collected, the cells were broken, and the supernatant of the cells was collected by the centrifugation. The test was conducted

in strict accordance with the relevant kit methods. Statistical analysis was performed with two-way ANOVA with multiple comparisons. ***p<0.001,
**p<0.01, *p<0.05, ns: no significant difference. (D) The HCT116 cells were incubated with various concentrations of Erastin (0, 0.5, 1.0, 5.0, 10.0
20.0, 40.0, 80.0 uM), Sorafenib (0, 0.5, 1.0, 5.0, 10.0 20.0, 40.0, 80.0 uM), Butyrate (500 pM) with Erastine, and Butyrate (500 uM) with Sorafenib.

5. Conclusion

To sum up, in this work, Butyrate (representing SCFAs) was intro-
duced as an important auxiliary agent to combine with ferropto-
sis inducer for enhancing the ferroptosis in the inhibition of colon
cancer. The ferroptosis process was checked through the determi-
nation of iron overload, lipid peroxidation, GPX4 expression, and
the morphological observation. The inhibition of the colon cancer
cell line HCT116 was confirmed with the cell viability. The re-
sults revealed that Butyrate could not induce the ferroptosis inde-
pendently, whereas the combination of Butyrate and ferroptosis

clinicsofoncology.org

inducer (Erastine or Sorafenib) could enhance the extent of ferrop-
tosis from that of ferroptosis inducer-treated groups. Butyrate plus
Erastine was a better pair than Butyrate plus Sorafenib in aggravat-
ing the ferroptosis process. The information in this work might be
helpful for exploiting therapeutical approaches on treating colon
cancer by enhancing the ferroptosis extent with the combination
of auxiliary agent and ferroptosis inducers. The successful combi-
nation of butyrate and ferroptosis inducers to enhance ferroptosis
and inhibit colon cancer opens up promising avenues for further
research and potential clinical applications.
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