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Abstract
The diversity of the bacterial community in the gut is closely related to human health. Gut microbes accomplish multiple 
physiological and biochemical functions. Sitosterols are a series of phytochemicals that have multiple pharmacological 
activities and are used as cholesterol-lowering drugs in clinical practice. In this study, we investigated the roles of bacteria 
and short-chain fatty acids (SCFAs) to the anti-colorectal cancer (anti-CRC) effects of sitosterols in BALB/c nude mice. 
Sitosterols were administered orally and gut microbiota composition and intestinal SCFAs changes were analyzed. The cor-
relation between gut microbiota, SCFAs, and tumor apoptosis was assessed by a series of in vivo and in vitro experiments. 
Tumor growth in the mice was inhibited by sitosterol-treatment. Mechanistic studies revealed that sitosterol-treatment reduced 
the expression of PI3K/Akt, promoted the activation of Bad, decreased Bcl-xl, and enhanced cyto-c release, leading to cas-
pase-9 and caspase-3 activation, PARP cleavage, and apoptosis. 16S rDNA analysis revealed that the diversity of microbiota, 
particularly phyla Bacteroidetes and Firmicutes, reduced dramatically in the gut of tumor-bearing mice, whilst treatment with 
sitosterols reversed these changes. The levels of SCFAs in the fecal samples of sitosterol-treated mice increased, leading to 
cancer cell apoptosis in vitro. Moreover, tumor apoptosis was induced after mice received a daily dose of 2 × 108 CFU/0.2 mL 
Lactobacillus pentosus or 20 mM/0.2 mL SCFAs. Taken together, these results demonstrate that sitosterols maintain a diverse 
microbial environment and enrich the content of L. pentosus in the gut, leading to the production of beneficial metabolites 
including SCFAs that promote tumor apoptosis.
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Abbreviations
CRC​	� Colorectal cancer
SCFAs	� Short-chain fatty acids

NC	� Normal control
TC	� Tumor control
ST	� β-Sitosterol
STG	� β-Sitosterol-glucoside
STGL	� β-Sitosterol-glucoside-linoleate
LAC	� Lactobacillus pentosus

Introduction

Colorectal cancer (CRC) is one of the most commonly 
diagnosed cancers in both men and women [1]. Recent sta-
tistical data estimates that CRC will lead to over 140,000 
new cases and over 50,000 deaths in the United States in 
2018, accounting for 8% of all cancer-related deaths [2, 3]. 
In industrialized countries, the lifetime risk of developing 
CRC is approximately 5%, and the risk of non-cancerous 
colorectal tumors (which can develop into CRC) is 20% [4]. 
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Although definitive progress in the diagnosis, surgery and 
chemotherapy of CRC has occurred, it remains one of the 
top three leading causes of death in cancer patients, and a 
major cause of relapse and metastasis [4–6]. The etiology 
of CRC remains unclear, although several genetic risk fac-
tors have been proposed based on epidemiological studies 
[7–12], chronic bioassays for mutagens identified in ani-
mal models [13, 14], and germline mutations: 3% of cases 
are caused by hereditary nonpolyposis colorectal cancer 
(HNPCC) and 1% are caused by familial adenomatous poly-
posis (FAP) [15, 16]. Recent studies have shown that diets 
rich in red meat and processed meat, alcohol consumption, 
and chronic inflammation of the gastrointestinal tract are 
associated with CRC [17–20]. Most causative factors are 
closely associated with diet, and changes in the complex gut 
microbiota community.

Gut microbiota, resident in the large intestine of healthy 
adults at a density of more than 1011 cells/gram contents, are 
regarded as an extra “organ” owing to their roles in provid-
ing nourishment, regulating epithelial development, and reg-
ulating innate immunity [21]. Accumulating evidence sug-
gests that the composition and metabolism of gut microbiota 
influence several types of cancer by affecting inflammation, 
DNA damage and apoptosis [22]. In healthy adults, the 
major metabolites of the microbiota are gases and organic 
acids, mainly the three short-chain fatty acids (SCFAs); ace-
tic, propionic and butanoic acid. Non-digestible carbohy-
drates are the primary substrates for microbial fermentation, 
including the structural polysaccharides of plant cell walls, 
resistant starch and soluble oligosaccharides [22]. Approxi-
mately 90% of SCFAs are rapidly absorbed in the gut 
amongst which butyrate is utilized as the preferred energy 
source by colonocytes, reaching only low concentrations in 
the systemic circulation. Propionate is primarily metabo-
lized in the liver, whilst acetate passes more freely into the 
peripheral circulation reaching relatively high levels in the 
plasma [23]. Butyrate and propionate inhibit histone dea-
cetylases (HDACs) in colonic epithelial and immune cells, 
promoting the hyperacetylation of histones. Subsequently, 
butyrate and propionate regulate CRC-related transcription 
factors and reduce the incidence of carcinogenesis. Further-
more, SCFAs regulate the activity of surface-exposed host 
cell receptors, mainly G protein-coupled receptors including 
GPR41, GPR43 and GPR109A [22].

In this study, we explored the influence of three sitos-
terols including β-sitosterol (ST), β-sitosterol-glucoside 
(STG), and β-sitosterol-glucoside-linoleate (STGL) iso-
lated from sweet potato, on CRC development. Their 
structures are shown in Fig. S1. The anticancer activity of 
constituents from natural plants or foods has been widely 
reported. For example, Naoshad and colleagues showed 
that bitter melon extract inhibits breast cancer growth in 
preclinical models [24]. The anticancer effects of STGL 

have not been reported, whilst ST is since generally rec-
ognized as a safe and effective natural nutritional supple-
ment possessing several benefits including anti-oxidant, 
anti-microbial, angiogenic, immunomodulatory, anti-dia-
betic, anti-inflammatory, anti-nociceptive, and anti-cancer 
activities, with no significant toxicity [25]. Importantly, 
the three sitosterols do not inhibit the proliferation of CRC 
cell lines HCT-116, HT-29 and SW-480 (data not shown) 
in our preliminary in vitro experiments. Based on these 
results, we hypothesized that the anti-CRC activity of 
sitosterols may be largely related to the metabolic activity 
of gut microbiota. Subsequently, the BALB/c nude mouse 
model was employed to evaluate the anti-CRC effect of 
sitosterols and Illumina sequencing was used to investi-
gate the differences in gut microbiota amongst normal, 
tumor-bearing, and sitosterol-treated mice. The inhibitory 
mechanism of gut microbiota on CRC was also studied.

Materials and methods

Materials

ST, STG, and STGL were purified in our lab by silica-gel 
column chromatography and semi-preparative high-perfor-
mance liquid chromatography; they have purities all over 
98.0%. Dulbecco’s Modified Eagle medium (DMEM), fetal 
bovine serum (FBS), penicillin, streptomycin and trypsin 
were acquired from Gibco Life Technologies (Burlington, 
Ontario, Canada). Propidium iodide (PI), RNase, and 10% 
neutral-buffered formalin were obtained from Sangon Bio-
tech Co., Ltd (Shanghai, China). Twelve Tumor Markers 
Test Kit (Microarray Chemiluminescent Immunoassay) 
was purchased from Ming Yuan Shu Kang Biochip Co., 
Ltd (Shanghai, China). “In Situ Cell Death Detection Kit” 
was obtained from Roche Diagnostics GmbH (Germany). 
Human CRC cell lines, HCT-116, HT-29, SW-480, and 
normal colorectal epithelial FHC cells were acquired from 
the Cell Bank of Chinese Academy of Sciences (Shanghai, 
China). Lactobacillus pentosus (ATCC 8041) was com-
mercially provided by North of Shanghai Biological Tech-
nology Co., Ltd (Shanghai, China). Acetic acid, propionic 
acid and butanoic acid were provided by Adamas Reagent, 
Ltd (China). Four-week-old male BALB/c nude mice were 
supplied by Weitonglihua Co., Ltd (Beijing, China). Spe-
cific-pathogen-free (SPF)-grade feedstuff was purchased 
from Tengxin Co., Ltd (Chongqing, China). Antibodies 
against PI3K, Akt, Bad, Bcl-xl, Bax, Bcl-2 cyto-c, cas-
pase-3, and caspase-9 were commercially provided by Pro-
teintech Group, Inc (USA). Stool DNA Kit was purchased 
from Novogene Biological Information Technology Co., 
Ltd (Beijing, China).
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In vivo tumor xenograft study of sitosterols

Four-week-old male BALB/c nude mice were housed in a 
pathogen-free room in the Animal Experimental Center of 
Southwest University (Chongqing, China), with free access 
to food and water. All animal experimental protocols were 
approved by the Institutional Animal Ethics Committee of 
Southwest University, China. Animal experiments were car-
ried out as described earlier [26]. Briefly, 25 BALB/c nude 
mice were randomly distributed into five groups with five 
animals in each: ST (treated with ST), STG (treated with 
STG), STGL (treated with STGL), normal control (NC), 
and tumor control (TC) groups. Animals from the same 
group are raised in the same cage. HCT-116 cells (7 × 106 
per mouse) were harvested and suspended in a serum-free 
medium, followed by inoculating them into the right forelegs 
of mice of ST, STG, STGL, and TC groups, except for the 
NC group. After inoculation, mice in the ST, STG, or STGL 
groups received a daily oral administration of ST, STG, or 
STGL at the same dose of 60 mg/kg body weight, or 0.2 mL 
of 0.9% saline solution when they were in NC and TC group.

The growth of the tumor was measured by a vernier cali-
per every third day along two orthogonal axes i.e., length (L) 
and width (W). The volume (V) of the tumor was calculated 
by the equation for the ellipsoid (V = W2 × L/2). In addition, 
the body weight of each mouse was recorded every third 
day. Fresh fecal samples (200 mg) from each group were 
collected in sterile containers with ice box on day 0, 15, 
and 30 and immediately stored at − 80 °C. After mice were 
sacrificed on day 30, the organs and tumors were quickly 
dissected and stored at − 80 °C for further examination. The 
serum tumor markers CEA, CA125, CA242 and CA199 
were detected using multi-tumor marker protein chip diag-
nosis system, according to the manufacturer’s instructions 
(Ming Yuan Shu Kang Biochip Co., Ltd, China).

Western blotting

Tumor tissues from mice were homogenized and lysed by 
RIPA lysis buffer with protease inhibitor cocktail tablet and 
1 mM PMSF for 15 min on a shaker at 4 °C. As for proteins 
from in vitro cultured cells, HCT-116 cells were harvested. 
Proteins were collected from the lysed tissues by centrifug-
ing for 15 min at 12,000×g and then quantified for the west-
ern blotting analysis, followed by the addition of the loading 
buffer. After boiling for 5 min, the protein samples were 
separated through 12% SDS polyacrylamide gel electropho-
resis and then transferred onto the polyvinylidene difluoride 
(PVDF) membranes. Subsequently, the membranes were 
blocked with 5% non-fat milk prepared in TBST buffer (Tris 
10 mM, NaCl 150 mM, pH 7.6, 0.1% Tween 20) at room 
temperature for 1 h, and then probed with primary antibod-
ies specific to β-actin, phosphoinositide 3-kinase (PI3K), 

Akt, Bad, Bcl-xl, cyto-c, caspase-3, caspase-9, Bax, Bcl-2, 
or PARP at 4 °C overnight. Primary antibodies were diluted 
2000 times uniformly in TBST. The membranes were then 
incubated with horseradish peroxidase-conjugated second-
ary antibody (with 4000 times dilution) at room temperature 
for 1 h. The protein bands from antibody-antigen reactions 
were visualized using WesternBright™ ECL prime western 
blotting detection reagent.

Immunohistochemistry study

Tumor tissues were fixed with formalin and embedded 
in paraffin according to standard histological procedures. 
The tissues were cut into 4 μm sections, and then depar-
affinized, rehydrated, and subjected to antigen recovery 
using 0.1 M citrate buffer in a microwave oven at high tem-
perature for 30 min. Endogenous peroxidase activity was 
quenched by adding 3% H2O2 for 15 min; subsequently, the 
sections were blocked in 10% normal goat serum for 1 h. 
The expressions of caspase-3 and caspase-9 were presented 
through the specific binding with their relevant polyclonal 
antibody (rabbit polyclonal, 1:600 dilution) and with the 
HRP-conjugated secondary antibody. After phosphate-
buffered saline (PBS) washing, the chromogenic signal was 
developed with 3,3′-diaminobenzidine tetrahydrochloride in 
50 mM Tris–HCl (pH 7.5) for 5 min. finally, the sections 
were counterstained with hematoxylin and visualized under 
a light microscope.

TUNEL reaction

The TUNEL technique was carried out using the “In Situ 
Cell Death Detection Kit”, according to the manufacturer’s 
instructions. Briefly, the sections were air-dried for 15 min 
and fixed with 4% paraformaldehyde for 20 min. Then, they 
were washed thrice with PBS and treated with the fresh per-
meabilization solution (0.1% Triton X-100, 0.1% sodium 
citrate) on ice for 2 min. subsequently, the sections were 
rewashed with PBS and incubated with the TUNEL reaction 
mixture in the dark at 37 °C for 1 h. The sections were then 
washed with PBS, counterstained with DAPI (4′,6-diamid-
ino-2-phenylindole) for the detection of nuclei and rewashed 
three times with PBS, after which they were examined under 
the microscope (Nikon Eclipse 80i, Japan).

Illumina sequencing analysis of gut microbiota

The genomic DNAs of gut microbiota from BALB/c 
nude mice were extracted according to the manufacturer’s 
directions of the Stool DNA Kit and their concentrations 
were determined using NanoDrop spectrophotometry. 
Subsequently, the DNA samples were amplified with the 
515F-806R primers specific for the V4 hypervariable 
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regions of the 16S rDNA gene (5′-GTG​CCA​GCMGCC​GCG​
GTAA-3′ and 5′-ACTACHVGGG​TWT​CTAAT-3′). The 
PCR reactions were performed as described in our previous 
work [27]. Sequencing was performed on Illumina MiSeq 
platform according to the manufacturer’s instructions, pro-
vided by Beijing Novogene Genomics Technology Co. Ltd. 
(China). Based on the unique barcode, the paired-end reads 
were assigned to samples and merged using FLASH. Subse-
quently, the raw tags were filtered under specific conditions 
to obtain high-quality clean tags according to the QIIME 
(V1.7.0). Sequences with ≥ 97% similarity were assigned 
to the same operational taxonomic units (OTUs) using the 
Uparse software package (Uparse v7.0.1001). The repre-
sentative sequence for each OTU was screened, using the 
RDP classifier algorithm on the Green Gene Database to 
annotate taxonomic information.

To study the phylogenetic relationship between differ-
ent OTUs, multiple sequence alignment was conducted 
using the MUSCLE software among the dominant species 
in different groups. The complexity of species diversity 
within one sample was compared by Alpha diversity analy-
sis, including 6 factors i.e., ACE, Chao1, good-coverage, 
observed-species, Shannon, and Simpson; in contrast, the 
complexity of species diversity among different samples was 
compared by Beta diversity analysis.

Cell proliferation assay for the metabolic products 
of L. pentosus and SCFAs

L. pentosus was grown in Soybean-Casein Digest Agar 
Medium (containing 15 g of casein trypsin digest, 5 g of 
soybean-papain digest, 5 g of sodium chloride, 15 g of 
agar in 1000 mL purified water, pH 7.3) at 37 °C for 24 h 
under microaerophilic conditions. After overnight culture, 
the medium contained L. pentosus at a concentration of 
4.5 × 108 CFU/mL. Then, it was diluted with fresh medium 
to 2.0 × 108 CFU/mL and centrifuged at 1100 g for 15 min. 
The supernatant was filtered through a 0.2 mm membrane 
filter to remove the residual bacteria and debris. Subse-
quently, the pH of the supernatant was adjusted to 7.0 with 
1 mol/L NaOH solution for the cell proliferation assay.

MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide] staining assay was employed to investigate 
the effects of L. pentosus metabolites and SCFAs on CRC 
cell proliferation. Human CRC cell lines (HCT-116, HT-29, 
SW-480 for L. pentosus metabolites and HCT-116 for 
SCFAs) and normal colorectal epithelial (FHC) cells were 
cultured in DMEM supplemented with 15% FBS, 55 mg/mL 
streptomycin and 55 IU/mL penicillin at 37 °C in a humidi-
fied atmosphere with 5% CO2. Initially, cells from four dif-
ferent strains were transferred onto a 96-well culture plate 
at a density of 7000 cells/well. After overnight incubation, 
the cells were treated with 0.1% (final concentration, v/v) of 

the supernatant above for different durations, or treated with 
different concentrations of SCFAs for 24 h. After further 
culture for 24 h at 37 °C, MTT reagent (20 μL, 1.5 mg/mL 
in PBS) was added to each well and the cells were further 
incubated for 4 h. Then, the supernatant was removed and 
200 μL DMSO was added to each well to dissolve the intra-
cellular formazan crystals. Finally, the relative survival rates 
of cells were obtained by measuring the absorbance of each 
well in a microplate reader at 490 nm.

Hoechst staining

HCT-116 cells were seeded at a density of 7000 cells/well 
in a 96-well plate and were treated with 0.1% (v/v) of the 
L. pentosus metabolic product supernatant for 0, 8, 16, and 
24 h. Subsequently, the cells were washed thrice with PBS, 
added with 5 μg/mL Hoechst 33,258, and then stained for 
10 min at 37 °C in a humidified atmosphere containing 5% 
CO2. Morphological evaluations of nuclear condensation 
and fragmentation were carried out immediately after stain-
ing by a fluorescent microscope at 550 nm of emission.

Flow cytometry

Apoptosis analysis was carried out by dual dye staining 
using Annexin V-EGFP/PI. HCT-116 cells (5 × 104 cells/
well) were treated with the supernatant containing meta-
bolic products of L. pentosus (0.05%, v/v) for 0, 8, and 16 h. 
Subsequently, cell apoptosis was detected using Annexin V 
and PI kit according to the manufacturer’s instructions. The 
stained cells were subjected to a BD FacsVantage SE Flow 
Cytometer (BD Biosciences, San Jose, CA, USA) and the 
results were analyzed using the Flow Jo 7.6.1 software (Tree 
Star Inc., Ashland, OR, USA).

GC/MS analysis for SCFAs

The fecal samples (100 mg) were weighed and homog-
enized in 1.0 mL of methanol solution. After ultrasonic 
extraction for 10 min, sulfuric acid was used to adjust the 
pH of the suspensions to 3.0 and the samples were centri-
fuged at 3500 rpm for 10 min. The supernatants were filtered 
through a 0.2 mm membrane filter to remove the remain-
ing fecal residue for the ensuing gas chromatography-mass 
spectrometry analysis using the Shimadzu GCMS-QP2010 
mass spectrometer (EI mode, 70 eV) equipped with a Rtx-
5MS capillary column (30 m × 0.25 mm × 0.25 μm). The gas 
flow rate was controlled at 1 mL/min with nitrogen as the 
carrier. The oven temperature was initially held at 100 °C 
for 0.5 min and raised to 180 °C at a rate of 8 °C per min. 
Then, it was raised to 200 °C at a rate of 20 °C per min and 
maintained at 200 °C for 5 min. The detector temperature 
was controlled at 240 °C and the inlet temperature was set 
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at 200 °C. The procedure time for each sample was 10.0 min 
and the injection volume of the samples was 1 μL.

In vivo anti‑tumor study of L. pentosus and SCFAs

Animal raising conditions were the same as mentioned in 
the Sect. 2.2. Twenty male BALB/c nude mice were ran-
domly divided into four groups: L. pentosus (LAC), short 
chain fatty acids (SCFAs), NC, and TC groups. Each mouse 
in the LAC, SCFAs, and TC groups received inoculation 
with 7 × 106 HCT-116 cells into the right foreleg. Mice 
were treated daily with L. pentosus (2 × 108 CFU/0.2 mL, 
suspended in purified water), or SCFAs (20 mM/0.2 mL, 
containing 71.5% of acetic acid, 11.8% of propionic acid, 
and 16.7% of butyric acid, according to the ratio of SCFAs 
in STGL-treated mice feces), or 0.9% saline solution by 
oral gavage. At day 30, mice were sacrificed; the organs 
and tumors were dissected to further explore the roles of L. 
pentosus and SCFAs in the development of CRC.

Immunofluorescence study

Tumor tissues were dissected and fixed in 4% paraformal-
dehyde at 4 °C overnight followed by soaking in 10, 20 and 
30% sucrose solutions for 24 h. Subsequently, they were cut 
into 30 µm sections and blocked in a solution containing 
1% bovine serum albumin and 0.4% Triton X-100 for 2 h at 
room temperature. After that, tissue sections were incubated 
with rat anti-rabbit caspase-9 or caspase-3 primary antibody 
at 4 °C for 72 h. After washing with PBS, the sections were 
incubated with fluorescein isothiocyanate-conjugated anti-
rabbit IgG secondary antibody in the dark for 2 h at room 
temperature. Finally, the sections were washed with PBS 
again, mounted on gel-coated slides and observed under a 
fluorescence microscope.

Statistical analysis

Data were expressed as mean ± SD. Statistical analysis was 
performed by the Duncan’s Multiple Range Test using the 
SAS software package (Version 6.12, Cary, NC, USA). The 
P-value (probability) with P < 0.05 was considered as sta-
tistical difference and P < 0.01 was considered as significant 
difference.

Results

Inhibition of tumor growth by sitosterols

Following a test period of 30 days, the body weights of 
mice in the NC group reached 24.88 ± 2.49 g, whilst those 
of the TC group decreased to 18.72 ± 2.45 g. Sitosterol 

administration partly recovered the loss in body weight. 
Amongst the three drug groups, mice in the STGL group 
displayed higher average body weights of 22.79 ± 1.94 g 
(Fig. 1b). Tumor volumes in the TC group were the highest, 
reaching 914.2 ± 117.7 mm3 at day 30 (Fig. 1a, c). STGL 
displayed the highest capacity to control tumor growth 
among the sitosterol-treated groups, achieving one-third 
of the average tumor volume of the TC group at day 30 
(374.1 ± 41.6 mm3, P < 0.01). ST and STG also signifi-
cantly suppressed tumor growth, with tumor volumes of 
697.8 ± 87.9 mm3 and 515.8 ± 64.5 mm3 in ST and STG 
groups at day 30 (P < 0.05 and P < 0.01, compared with TC 
group), respectively.

Previous studies have shown that serum carbohydrate 
antigens and carcinoembryonic antigens including CEA, 
CA125, CA242 and CA199, are important biomarkers for 
clinical cancer diagnosis [28]. The serum levels of CA125, 
CA242 and CA199 in mice were measured using the multi-
tumor marker protein chip diagnostic system. As shown in 
Fig. 1d–g, the levels of CEA, CA125, CA199 and CA242 in 
the TC group were significantly higher than those of the NC 
group. Following sitosterol treatment, the levels of the four 
tumor biomarkers declined, particularly following STGL 
treatment (CEA: 41.6% decrease, CA125: 49.9% decrease, 
CA199: 40.5% decrease, CA242: 63.2% decrease compared 
to the TC group, P < 0.01). These results indicate that sitos-
terols have beneficial anti-tumor effects.

Tumor apoptosis

PI3K catalyzes the production of phosphatidylinositol-3,4,5-
trisphosphate during cell survival and regulates cell metab-
olism and cytoskeletal rearrangements. As such, PI3K is 
pivotal to the growth and survival of cancer cells [29, 30]. 
We found that STG and STGL significantly (P < 0.01) inhib-
ited PI3K/Akt in tumor tissue compared to untreated mice 
(Fig. 2a–c). The three sitosterols also altered the expres-
sion of apoptosis-related proteins (Bad, Bcl-cxl, cyto-c, 
caspase-9, caspase-3, and PARP) which are downstream 
effectors of PI3K/Akt signaling (Fig. 2d–j). Bad expression 
increased up to 61.9% and 42.8% in the STGL and STG 
groups, compared to the TC group, respectively (P < 0.01). 
Bcl-xl levels decreased by 56.9% and 34.3% in the STGL 
and STG groups (P < 0.01). Moreover, the production of 
cyto-C was enhanced by STGL and STG treatment. The 
expression of cleaved-caspase-9 increased 73.9% and 60.9% 
in the STGL and STG groups respectively (P < 0.01). The 
expression of cleaved-caspase-3 increased by 81.5% and 
52.3% in STGL and STG-treated groups, respectively 
(P < 0.01). Accordingly, the total levels of uncleaved PARP 
(116 kD) significantly decreased in the sitosterol-treated 
groups, whilst the levels of cleaved PARP (89 kD) increased 
(P < 0.01).
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Immunohistochemistry was performed on tumor tissue to 
assess caspase-9 and caspase-3 distribution as an indicator 
of tissue proliferation and apoptosis. As shown in Fig. 2k–n, 
sitosterol treatment significantly increased caspase-9 and 
caspase-3 expression, the most notable increase occurring 
in STGL treated groups. The levels of apoptosis as assessed 
by TUNEL staining were also higher in the sitosterol-treated 
groups (Fig. 2o). Taken together, these data reveal that 

sitosterol administration induces tumor apoptosis through 
PI3K/Akt signaling and caspase-3 activation in mice.

Alteration of gut microbiota structure

To determine if the anti-CRC effects of sitosterols in mice 
are associated with changes of gut microbiota, 16S rDNA 
Illumina sequencing was performed in fecal samples. 

Fig. 1   Sitosterols suppressed 
tumor growth in mice. Mice in 
the TC, ST, STG, STGL groups 
were injected with HCT-116 
tumor cells. The tumor-bearing 
mice were treated daily with 
60 mg/kg of sitosterols or 
0.2 mL of 0.9% saline solu-
tion by intragastric gavage for 
30 days (n = 5 in each group). 
After sacrificing, tumor tis-
sues were stripped and serum 
carcinoembryonic antigen CEA 
and carbohydrate antigens 
CA125, CA242 and CA199 
were measured. a The appear-
ance of tumors in each group. 
b Body weight gain. c Tumor 
volume gain. d Level of CEA. 
e Level of CA125. f Level of 
CA199. g Level of CA242. Data 
were expressed as mean ± SD. 
Statistical comparisons were 
performed by one-way ANOVA 
analysis and two-sample 
student’s t tests. *P < 0.05, 
**P < 0.01 versus TC group
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Fig. 2   Expression of PI3K/Akt and the downstream signaling trans-
duction pathway in tumor tissues by western blotting, as well as the 
immunohistochemical analysis of caspase-9 and caspase-3. Tumor 
tissues from mice which were treated with 60 mg/kg/d of ST, or STG, 
or STGL were used for western blotting (n = 5 per group). a–j The 
expressions of p-PI3K, p-Akt (Ser473), Bad, Bcl-xl, cyto-C, cleaved-
caspase-9, cleaved-caspase-3, and PARP. k–l Three representative 
panels of caspase-9 or caspase-3 staining of the tumor tissues in each 

group (10 sections for each group); image magnification: × 20. m 
Mean caspase-9 score in each group. n Mean caspase-3 score in each 
group. o TUNEL checking for tumor tissues (n = 5); image magnifi-
cation: × 20. Data were expressed as mean ± SD. Statistical compari-
sons were performed by one-way ANOVA analysis and two-sample 
student’s t tests. *P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01, com-
pared with the TC group
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Using 97% identity clustering analysis, sequences were 
classified into 815 OTUs. Taxonomic profiling demon-
strated non-significant microbiota variations in the NC 
group over the experiment period (Fig. 3a). The propor-
tions of phyla Bacteroidetes and Firmicutes decreased in 
the TC group over time, whilst Verrucomicrobia increased. 
Interestingly, sitosterol treatment reinforced the propor-
tion of Firmicutes and reduced the relative abundance of 
Verrucomicrobia. A general survey of the microbiological 

composition through the feeding period revealed little dif-
ference between days 15 and 30 in each group, indicating 
the formation of a relatively stable microbial community 
after 15 days. UPGMA clustering of the top 10 phyla of 
gut microbiota based on Weighted Unifrac distance indi-
cated a statistically significant separation between NC, TC 
and sitosterol treated groups (Fig. 3b). Differences were 
also observed between the ST-treated group and STG- or 
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STGL-treated groups, which may be associated with the 
superior ability of STG and STGL to inhibit tumor growth.

The total number of bacterial phylotypes in each group 
were classified into OTUs and shown as petals in Fig. 3c. 
The number on a petal denotes the particular OTUs for one 
group, otherwise, it represents the communal OTUs to all 
groups when located centrally. The total gut microbiota 
diversity increased with time: only 441 OTUs were evident 
on day 0, which increased to 645 at day 15, reaching 689 at 
day 30. The numbers in the center of petals i.e. the OTUs 
existing in all groups declined over time, from 326 at day 0, 
to 238 at day 15, which decreased to 184 at day 30. As for 
each individual group, gut microbiota diversity in the NC 
group maintained a relatively steady abundance of approxi-
mately 360 OTUs throughout the experiment period. How-
ever, a decreased of 338–236 occurred in the TC group. This 
illustrated that tumor growth reduced the diversity of gut 

microbiota. Sitosterol treatment led to the improvement of 
bacterial species in mice and 298 OTUs were observed in 
the STGL-treated group at day 30.

Redundancy analysis (RDA) was employed to identify 
the specific bacterial phylotypes at the genus level that were 
altered during tumor-growth and sitosterol treatment. As 
shown in Fig. 3d, amongst the top 35 genera, the propor-
tions of more than 10 genera in phylum Firmicutes reduced 
in tumor-bearing mice. Interestingly, treatment with sitos-
terols prevented this decline and improved the diversity of 
microbiota. The relative bacterial abundance in STG- and 
STGL-treated groups were richer than those of the TC 
group. Notably, Lactobacillus was present in low propor-
tions in NC and TC groups, whilst sitosterol treatment led 
to an enrichment of Lactobacillus to different extents in the 
treated groups. These results indicated that sitosterols are 
beneficial to the recovery of the diversity of gut microbiota 

Fig. 3   Sitosterols altered the gut microbiota composition in mice. 
Microbiota composition at day 0, 15, and 30 in faeces of mice in the 
NC group or in the sitosterols-treated group (n = 5 for each group). 
a Taxonomy classification of top 10 reads at the phylum level over 
time. b Unweighted pair-group method with arithmetic mean 
(UPGMA) clustering analysis of top 10 intestinal bacteria at the phy-
lum level based on Weighted Unifrac distance. c Operational taxo-

nomic unit (OTU) analysis of the gut bacterial community in differ-
ent groups at the same time points. Each petal represents one group 
and the number on it denotes its particular OTUs. The numbers in 
the center represent the communal OTUs to all groups. Sequences 
beyond 97% identity were clustered into one OTU. OTUs are organ-
ized according to their phylogenetic positions. d Heat map formed by 
the redundancy analysis of top 35 genera of each group
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that was reduced by tumor-growth, maintaining an abundant 
bacterial community in mice.

The top 10 most altered bacteria species whose relative 
content in the NC group exceeded 0.1‰ were counted and 
are presented in Table S1. The most amplified species in the 
TC group was Lachnospiraceae_bacterium_A2 (19.036 fold 
increase compared to the NC group) whilst Robinsoniella_
sp._KNHs210 decreased to the greatest levels (83.8% decline 
compared to the NC group). However, L._bacterium_A2 
was almost eliminated in the gut of STG- and STGL-treated 
mice. As for ST treated mice, the largest increase in bac-
terial species was L._bacterium_COE1 that had a relative 
abundance 27.741 fold higher than the NC group, followed 
by L. pentosus which was 26.136 fold higher. In addition, 
L. pentosus had the largest increase in both STG and STGL 
groups, reaching 108.773 and 166.045 fold augmentation, 
respectively.

L. pentosus’s metabolic products induce apoptosis 
in vitro

Due to the abundance of gut L. pentosus in sitosterol-treated 
mice, we explored the effects of this bacteria on CRC. 
Supernatants of Soybean-Casein Digest Agar Medium in 
which L. pentosus was cultured overnight and thus contained 
bacterial metabolites, was assessed in CRC cell prolifera-
tion assays. As shown in Fig. 4a, the metabolites displayed 
no obvious toxicity to normal colorectal epithelial FHC 
cells (viability ≥ 90%). The proliferation of HCT-116 cells 
was, however, significantly inhibited (P < 0.01) in a time-
dependent manner, reaching 47.6% and 73.7% inhibition 
at 24 h and 48 h, respectively. Similarly, the metabolites 
inhibited the proliferation of SW-580 and HT-29 cells 34.7% 
and 39.2% after 24 h, which decreased to 53.7% and 59.4% 
after 48 h, respectively. Western blot analysis showed that 
PARP levels decreased in response to the metabolites, whilst 

Bax expression decreased and Bcl-2 expression increased 
(Fig. 4b). The levels of cleaved-PARP increased 1.3- and 
7.2-fold in the presence of 0.1% and 0.2% of the metabo-
lites. In the 0.2% metabolite-treated group, Bax expression 
increased by 173.5%, whilst Bcl-2 expression decreased by 
86.4%.

The number of apoptotic cells with condensed or frag-
mented chromatin also increased in a time-dependent 
manner (Fig. 4c). The effect of the L. pentosus’s metabo-
lites on the apoptosis of HCT-116 cells was assessed by 
Annexin V-EGFP/PI staining and flow cytometry. As 
shown in Fig. 4d, the number of apoptotic cells increased 
to 15.3 ± 2.5% at 8 h and 28.4 ± 2.3% at 16 h, in comparison 
with 7.5 ± 1.8% in the NC group. Both Hoechst and annexin 
V-EGFP/PI staining confirmed the ability of the L. pento-
sus’s metabolites to induce apoptosis in vitro.

SCFAs levels increase in sitosterol‑treated mice

Since we detected microbiota shifts in the fecal samples and 
their potential role in CRC cell apoptosis, we next assessed 
the nature of the metabolites that mediate these effects. 
We analyzed the SCFA content of fresh faecal samples of 
sitosterol-treated and untreated mice by gas chromatogra-
phy-mass spectrometry (Fig. S2). There were no significant 
differences in the content of propionic acid and butanoic 
acid between the fecal samples of TC and ST groups, but the 
levels of acetic acid significantly increased in the ST group 
(18.27 ± 2.81% vs. 3.50 ± 0.58%, P < 0.01). In STG-treated 
mice, both acetic acid and propionic acid were consider-
ably higher than the TC group (P < 0.01). In particular, the 
relative content of acetic acid in the STGL-treated group 
increased to 32.13 ± 2.10% (P < 0.01), whilst the propionic 
acid content reached 5.32 ± 0.61% (from 0.45 ± 0.18% in 
the TC group, P < 0.01). The butanoic acid content reached 
7.51 ± 0.78% (from 0.25 ± 0.07% in the TC group, P < 0.01).

SCFAs promote apoptosis in vitro

The inhibitory effects of SCFAs on HCT-116 cells were 
confirmed in cell proliferation assays. After treatment 
for 24 h, a concentration-dependent decrease in cell pro-
liferation occurred in response to SCFAs. When treated 
with acetic acid at concentrations of 0.125 μL/mL and 
2.0 μL/mL (v/v), the relative survival rates of the cells 
were 92.33 ± 0.74% and 17.07 ± 1.38%; compared to 
91.26 ± 0.81% and 27.93 ± 1.65% in the propionic acid 
group, and 56.64 ± 1.46% and 25.19 ± 1.81% in the butanoic 
acid group (P < 0.01) (Fig. 5a).

Western blot assays were used to assess the expression 
of apoptotic proteins in HCT-116 cells cultured in 0.5 μL/
mL acetic acid, propionic acid, or butanoic acid for 24 h. 
All three treatments suppressed PI3K/Akt activation and 

Fig. 4   L. pentosus’s metabolic products induced apoptosis in  vitro. 
After culturing over night, the Soybean-casein digest agar medium 
containing L. pentosus at 4.5 × 108  CFU/mL. The medium was 
diluted to contain L. pentosus at 2.0 × 108 CFU/mL and filtered by a 
0.2 mm membrane to remove the bacteria and debris; the supernatant 
was used as the metabolites. a The inhibitory effect of 0.1% of the 
supernatant on the proliferation of FHC, SW-480, HT-29, and HCT-
116 cells at different treated times (n = 6). *P < 0.05, **P < 0.01, 
#P < 0.05, ##P < 0.01, △P < 0.05, △△P < 0.01, ▽P < 0.05, ▽▽P < 0.01, 
versus the untreated group of each cell line. b Western blot results for 
HCT-116 cells after the cells were treated with 0.05%, 0.1%, or 0.2% 
of the metabolites for 24 h. **P < 0.01 c Hoechst staining for HCT-
116 cells after treatment with 0.1% of the metabolites for 0, 8, 16, and 
24  h. d Annexin V-EGFP/PI staining of HCT-116 cells after treat-
ment with 0.05% of the supernatant for different time periods. Repre-
sentative scatter plots of PI (y-axis) versus annexin V (x-axis) (n = 6). 
●P < 0.01, ●●P < 0.01, compared with 0  h. Data were expressed as 
mean ± SD. Statistical comparisons were performed by one-way 
ANOVA analysis and two-sample student’s t tests

◂
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Fig. 5   SCFAs promoted cell apoptosis in  vitro. a The inhibitory 
effect of SCFAs on the proliferation of HCT-116 cells at different 
concentrations for 24  h (n = 6). *P < 0.01, #P < 0.01, △P < 0.01, ver-
sus the untreated group. b Western blot results after treating HCT-

116 cells with 0.5  μL/mL of SCFAs for 24  h. NC normal control 
group, AcA acetic acid group, PrA propionic acid group; BuA buta-
noic acid group. **P < 0.01, versus TC group. Data were expressed 
as mean ± SD
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the expression of caspase-9 and caspase-3. PI3K levels 
decreased 31.9% in the acetic acid group, 23.2% in the pro-
pionic acid group, and 46.4% in the butanoic acid group, 
all of which were significant (P < 0.01). Caspase-3 expres-
sion increased by 57.1% in the acetic acid group, 128.6% in 
the propionic acid group, and 142.8% in the butanoic acid 
group (P < 0.01). The levels of uncleaved PARP significantly 
decreased in SCFAs treated cells. Acetic acid decreased 
PARP expression by 47.0%, compared to 70.6% in the pro-
pionic acid group, and 82.4% in the butanoic acid group 
(Fig. 5b).

L. pentosus and SCFA decrease tumor development 
in vivo

Due to the change in content of the SCFAs in the faeces 
of the mice, we speculated their negative association with 
tumor growth. SCFAs from L. pentosus culture medium 
were analyzed in which 3.89% acetic acid, 1.76% propionic 
acid, and 2.84% butyric acid were present (Fig. S3a, b). No 
SCFAs were present in the initial composition, highlight-
ing that L. pentosus is capable of producing SCFAs. We 
investigated HCT-116 cells growing as xenograft tumors 
in BALB/c nude mice to explore the anti-cancer effects of 
L. pentosus and SCFAs. Mice were treated daily with L. 
pentosus (2 × 108 CFU/0.2 mL), SCFAs (20 mM/0.2 mL, 
containing 71.5% acetic acid, 11.8% propionic acid, and 
16.7% butyric acid, according to the ratio of SCFAs in the 
STGL-treated mice faeces), or 0.9% saline solution for 
30 days. The results showed that SCFAs and L. pentosus 
similarly improved tumor-induced weight loss (Fig. S3d). 
Distinct inhibitory effects on tumor growth were observed 
in both LAC and SCFAs groups over the treatment period 
(Fig. S3c, e). L. pentosus-treated mice had the slowest 
tumor growth rates compared to those receiving no therapy 
or SCFAs (61.5% of the tumor volume of mice in the TC 
group, 585.9 ± 41.7 mm3 versus 952.3 ± 54.6 mm3).

In addition, L. pentosus and SCFAs reduced PI3K-
Akt-related expression resulting in caspase-3 activation 
and tumor apoptosis. As shown in Fig. 6a–h, a significant 
decrease in p-PI3K was observed in mice administered L. 
pentosus and SCFAs for 30 days (30.5% and 67.4% decrease, 
respectively), (P < 0.05). The expression of the downstream 
signaling proteins p-Akt (Ser473), Bad, Bcl-xl, cyto-C, 
cleaved-caspase-9, and cleaved-caspase-3 showed a simi-
lar trend. SCFA-treated mice also displayed elevated levels 
of bad expression, but this increase was not significant in 
comparison to the TC group. Caspase-3 increased by 32.1% 
and 101.5% after treatment with SCFAs and L. pentosus, 
respectively. Caspase-9 and caspase-3 were redistributed 
and highly expressed in CRC tumors treated with L. pento-
sus- and SCFA, confirming their ability to induce apoptosis 
(Fig. 6i–l).

Discussion

CRC is the third most common form of cancer and the 
second leading cause of cancer-related deaths in the west-
ern world [31]. ST and STG, but not STGL, exist in natu-
ral plants and were extracted from sweet potato in this 
study. The three compounds showed no anti-tumor effects 
in vitro on HCT-116, HT-29 or SW-480 cells even at their 
saturated solubility in water (< 0.1 mg/mL). When these 
compounds were administered to tumor-bearing mice, the 
growth of tumors was significantly arrested.

In 1996, the American Society of Clinical Oncology 
(ASCO) first published evidence-based clinical practice 
guidelines for the use of tumor markers in breast cancer 
[32]. In addition, with the advances in genomic technolo-
gies, multiparameter detection of serum carbohydrate anti-
gens and carcinoembryonic antigens have been practiced 
clinically. Our results indicate that the serum tumor bio-
markers CEA, CA125, CA242 and CA199 significantly 
increased in the TC group, but decreased following sitos-
terol treatment, particularly in the STGL group. Genes 
in the PI3K/AKT signaling axis are the most frequently 
mutated networks in human cancer; moreover, aberrant 
activation of this pathway is related to tumorigenesis, 
cancer progression, and drug resistance [33]. Diverse tar-
gets in this pathway include AKT, p110, p85, mTOR, and 
PTEN, providing multiple areas of anti-cancer therapeu-
tic intervention [34–37]. We found that STG and STGL 
administration remarkably reduced the phosphorylation 
of PI3K and Akt (Ser473) in tumor tissue. Decreased 
PI3K/Akt activity resulted in enhanced Bad expression in 
sitosterol-treated mice. Furthermore, Bcl-xl, a mitochon-
drial protein that is regulated by Bad, displayed reduced 
expression. The release of cyto-C from the mitochon-
drial intermembrane space into the cytosol is an impor-
tant phenomenon in caspase-dependent tumor apoptosis 
[38]. We observed that the release of cyto-C increased in 
sitosterol-treated mice when Bcl-xl expression decreased. 
Accordingly, caspase-9 and caspase-3 levels increased in 
sitosterol-treated mice, enhancing PARP cleavage. This 
led to sitosterol induced apoptosis, observed by immuno-
histochemistry and TUNEL staining.

The diverse community of bacteria in the human gut 
plays regulate host metabolism and immunity, in addition 
to the digestion and conversion of dietary constituents [39, 
40]. Approximately 20% of human malignancies are asso-
ciated with bacteria and the relationship between cancer 
and microbes is complex [41]. Harmful microbes lodged 
in mucosal sites can become part of the tumor microenvi-
ronment of aerodigestive tract malignancies. In addition, 
intratumoral bacteria can affect the growth and metastasis 
of tumors [42–45]. In contrast, salutary microorganisms 
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in the gut are involved in detoxifying dietary components, 
reducing inflammation, and maintaining a balance during 
host cell growth and proliferation [46]. Our analysis of 
the gut microbiota of mice revealed that tumor growth 
dramatically reduced the diversity of gut microbiota, par-
ticularly in the phyla Bacteroidetes and Firmicutes. Inter-
estingly, treatment with sitosterols reversed this decrease. 
The genus Lactobacillus were in small proportions in both 
normal and tumor-bearing mice, but sitosterols largely 
enriched its abundance in the gut. L. pentosus, which is 
beneficial to the human body and shows strong resistance 
to the acidic environment of the gastrointestinal tract [46, 
47] increased 166.045 fold in STGL-treated mice. The 
metabolites of L. pentosus inhibited the growth of HCT-
116, HT-29, and SW-480 CRC cells and induced their 
apoptosis. In confirmatory experiments in tumor-bearing 
mice, L. pentosus at a daily dose of 2 × 108 CFU/0.2 mL 
inhibited tumor growth through the induction of apop-
tosis. The relationship between L. pentosus and CRC is 
rarely reported. We have illustrated that gut microbiota 
play a vital role in cancer development and sitosterols are 
beneficial for maintaining a healthy and diverse bacterial 
community.

SCFAs are the major fermentative products of carbohy-
drates and proteins of bacteria in the gut [48, 49]. SCFAs 
mediate many of the functions assigned to the microbiota 
through classical endocrine signaling such as modulating 
the release of enteroendocrine serotonin (5-HT) and pep-
tide YY (PYY) [50, 51]. As the gut microbiota diversity 
of mice improves in response to sitosterols, the concen-
tration of SCFAs in the gut simultaneously increase. The 
ability of acetic acid, propionic acid, and butanoic acid to 
induce tumor cell apoptosis was confirmed both in vitro 
and in vivo. Remarkable tumor apoptosis induction was 
observed following daily treatment with 20 mM/0.2 mL 
SCFAs. Reduced tumor growth in response to acetate 
occurred as a consequence of the suppression of ACSS2 
and lipid synthesis [27, 52]. Thus, SCFAs display anti-
cancer properties through inducing tumor cell apoptosis.

In summary, we have demonstrated that sitosterols can 
maintain a diverse gut microbial milieu and enrich the abun-
dance of beneficial bacteria such as L. pentosus. This leads 
to the production of valuable metabolites, especially the 
SCFAs, which weaken the signal transduction of PI3K/Akt 
and change the expression levels of several apoptosis-related 
proteins, ultimately resulting in tumor apoptosis. Thus, our 
work may provide a novel strategy for using dietary supple-
ments to enhance the gut microbiota to ameliorate cancers, 
especially the digestive tract cancers.
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