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Carnosine suppresses human colorectal cancer cell proliferation
by inducing necroptosis and autophagy and reducing angiogenesis
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Abstract. Carnosine ($-alanyl-L-histidine) is found in beef
and fish. The present study aimed to investigate the effects
of carnosine on the cell proliferation of human colorectal
cancer cells. After human colorectal cancer HCT-116 cells
were treated carnosine for 72 or 96 h, the cell proliferation,
apoptosis, autophagy, necroptosis, angiogenesis and the
expression of related regulatory molecules were detected
using MTT assays, fluorescence image analysis and RT-qPCR
in this study. Treatment of HCT-116 cells with 5, 10 or
15 mM carnosine for 72 or 96 h significantly decreased cell
viability (P<0.05). The mRNA expression of [3-catenin and
transcription factor 4 (Tcf-4) was significantly reduced by
15-23% and 11-80%, respectively (P<0.05). When HCT-116
cells were treated with 15 mM carnosine, the mRNA levels
of 1A/1B-light chain 3 and phosphatidylinositol 3-kinase
were significantly increased by 235% and 249%, respectively
(P<0.05). The mRNA level of Beclin-1 and autophagy levels
were significantly increased by 137-141% in HCT-116 cells
treated with 5, 10 or 15 mM carnosine (P<0.05). Carnosine
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(15 mM) also increased reactive oxygen species levels and
mixed lineage kinase domain-like protein mRNA expression
and depleted ATP levels (P<0.05). The angiogenesis-regu-
lating molecules vascular endothelial growth factor,
epidermal growth factor receptor and hypoxia-inducible
factor 1-a were all significantly decreased by 10 or 15 mM
carnosine treatment. These results showed that carnosine
could suppress human colorectal cell proliferation by
reducing [-catenin/Tcf-4 signaling, inducing autophagy and
necroptosis and inhibiting angiogenesis. It was demonstrated
that carnosine is a potential compound from dietary food for
the future clinical treatment and/or prevention of colorectal
cancer.

Introduction

Carnosine (f3-alanyl-L-histidine) is a natural dipeptide that is
found in muscle and brain tissue, especially in lean beef, fish
and chicken (1). Previous studies have shown that carnosine
has a number of physiological effects, including antiaging
effects (2), cerebral protection (3), antioxidation (4), inhib-
iting inflammation (5), reducing Parkinson's disease (6) and
inhibiting metastasis (7,8). Carnosine has been shown to
inhibit the proliferation of human gastric carcinoma cells by
regulating Akt and mammalian target of rapamycin (mTOR)
signaling (9). In addition to the physiological effects of
carnosine itself, there are various physiological and regula-
tory effects that are induced by the metabolites of carnosine.
During methylation, carnosine will be reacted to anserine and
ophidine. These reactions lead to methylhistidine formation,
which is an important indicator of muscle breakdown (10).
However, the hydrolysis of carnosine produces histidine and
p-alanine. B-alanine is involved in the synthesis of CoA,
nucleic acids and histidine, the decarboxylation of which
yields histamine (11). Carnosine reduces apoptosis in murine
podocytes by reducing Bcl-2-associated X protein (Bax) and
increasing B-cell lymphoma-2 (Bcl-2) mRNA levels (12).
Lee et al (13) also show that carnosine can induce apop-
tosis and cell cycle arrest to lead to reduced cell viability in
human colorectal HCT-116 cells. However, the investigation
of carnosine-mediated suppression of cell proliferation and
induction of cell growth in human colorectal cells is remains
an important issue.
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Worldwide, colorectal cancer (CRC) is the third most diag-
nosed cancer and the fourth leading cause of mortality (14). In
addition, the incidence of CRC was 10.2% and the mortality
was 9.0% in 2018 according to global cancer statistics (15).
Instead of clinical cancer treatments, such as surgery,
chemotherapy and radiotherapy, chemoprevention by active
compounds in food to reduce or inhibit cancer cell prolif-
eration could be a good strategy for reducing cancer-related
damage to human health. Between the various forms of cell
death such as necrosis, apoptosis, autophagy and necroptosis,
a balance exists between normal cell proliferation and growth,
abnormal cancer cell proliferation and programmed cell death
induction (16). Wnt/B-catenin/transcription factor 4 (Tcf-4)
signaling activation serves an important role in regulating cell
proliferation (17). This transcription process can modify the
cell cycle distribution and cell proliferation (17). Apoptosis
serves a major role in the regulation of carcinogenesis (18).
Apoptosis is controlled by a large number of genes, such as
the Bcl-2 family genes and cysteine proteases and is regulated
by signaling pathways (19). Autophagy is triggered by various
types of intracellular stress, including DNA damage and low
nutrient levels (20). The hyperactivation of autophagy can
lead to autophagic cell death. Akt/mTOR/1A/1B-light chain 3
(LC3) signaling is an important pathway for autophagy induc-
tion (21). Recently, necroptosis was demonstrated to be a new
form of programmed cell death that differs from apoptosis but
is similar to necrosis (22). Necroptosis is involved in specific
physiological and pathological processes (22). Receptor inter-
action protein 3 (RIP3) and mixed lineage kinase domain-like
protein (MLKL) are both required for the activation of necrop-
tosis (23). Excessive reactive oxygen species (ROS) production
not only acts as a signal to stimulate apoptosis and DNA
damage but is also associated with necroptosis (24). In addition,
angiogenesis, which is involved in tumorigenesis, is regulated
by specific molecules, such as vascular endothelial growth
factor (VEGF), epidermal growth factor receptor (EGFR) and
hypoxia-inducible factor 1-a (HIF-a) (25). These molecules
are also important for tumorigenesis (26). Proliferation and cell
death pathways are involved in inhibiting tumorigenesis (26).
The present study investigated the effects of carnosine on
reducing cell proliferation and inhibiting tumorigenesis as a
potential chemoprevention strategy and aimed to investigate the
effects of carnosine on cell proliferation, apoptosis, autophagy,
necroptosis and angiogenesis in human CRC cells.

Materials and methods

Reagents. Carnosine {2ST-2-[(3-amino-1-oxopropyl)
amino]-3-(3H-imidazol-4-yl)} propanoic acid;
[-alanyl-L-histidine was purchased from Sigma-Aldrich (Merck
KGaA).

Cell culture and carnosine treatment. The human colon
carcinoma cell line HCT-116 was purchased from the
Bioresource Collection and Research Center. HCT-116
cells (passages 43-65) were maintained in DMEM (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/strep-
tomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37°C in a
5% CO, humidified atmosphere.

In the present study, 1x10° HCT-116 cells per 30-mm
culture plate were used for mRNA expression analysis and
5x10° HCT-116 cells per 60-mm culture plate were used to
determine cell viability, apoptosis and autophagy percentages
and ROS and ATP levels. After a series of preliminary tests,
the optimum experimental concentration of carnosine was
confirmed to be 0.5-15 mM. To determine the effects of carno-
sine on cell viability, various cell death-regulating molecules
were analyzed in cultured cells that were treated with 0.5, 1, 5,
10 or 15 mM carnosine for 72 or 96 h. Carnosine was dissolved
in sterilized H,O and cells that were treated with only H,O
were used as a control group.

Cell viability and morphological analysis. The
3-(4,5-dimethyl-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT; Sigma-Aldrich; Merck KGaA) assay and morphological
examination were used to assess cell viability. The MTT assay
was performed as described by Denizot and Lang (1986) (27).
HCT-116 cells were treated with 0.5, 1, 5, 10 or 15 mM carno-
sine for 72 or 96 h; MTT reagent (5 mg/ml) was then added and
the cells were incubated for 3 h at 37°C, followed by extraction
with 1 ml of isopropanol after the cells were washed with cold
phosphate-buffered saline (PBS; 3.2 mM Na,HPO,, 0.5 mM
KH,PO,, 1.3 mM KCl, 135 mM NaCl, pH 7.4). Cell viability
was determined by measuring the optical density at 570 nm
using a Microplate Biokinetics Reader (BioTek Instruments,
Inc.). A phase-contrast inverted fluorescence microscope was
used to determine morphological changes (Olympus IX 51;
Olympus Corporation).

Analysis of apoptosis and autophagy percentages. To deter-
mine the apoptosis percentage, an Annexin V Assay using
the NucleoCounter® NC-3000 System (ChemoMetec Inc.)
was used. HCT-116 cells were treated with 0.5, 1, 5, 10 or
15 mM carnosine for 96 h and then washed with cold PBS
twice. HCT-116 cells were suspended in 100 ul of Annexin V
binding buffer with 2 ul of Annexin V-CF488A conjugate
(FITC-labeled Annexin V; staining early stage apoptoic cells)
and 2 ul of Solution 15 (10 ug/ml Hoechst 33342 to stain the
total population). Then, the cells were incubated for 15 min
at 37°C and centrifuged at 400 x g for 5 min at 4°C. After the
supernatant was removed, the cell pellets were resuspended in
300 ul of Annexin V binding buffer and centrifuged at 400 x g
for 5 min at 4°C. The cell pellets were resuspended in 100 pul of
Annexin V binding buffer and 2 pl of Solution 16 (500 pxg/ml
propidium iodide; staining late apoptotic cells) was added.
Using 8-chamber NC-Slides A8, analysis was performed
via NucleoCounter® NC-3000 fluorescence image cytometer
(ChemoMetec Inc.).

HCT-116 cell autophagy in response to carnosine treat-
ment was analyzed by a CYTO-ID® autophagy detection kit
(cat. no. ENZ-51031; Enzo Life Sciences, Inc.). HCT-116 cells
were treated with 0.5, 1, 5, 10 or 15 mM carnosine at 37°C in a
5% CO, incubator for 96 h and then washed with PBS at room
temperature twice. Then, the cells were centrifuged at 400 x g
for 5 min at room temperature. After the supernatant was
removed, the cell pellets were resuspended in 200 ul PBS at
room temperature for 20 min and 0.4 yl Cyto-ID Green stain
solution was added for 5 min of staining at room temperature
and then 0.2 pl Hoechst 33342 stain solution was added for
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Table I. List of primer sequences used for reverse transcription-quantitative PCR analysis.

Gene Forward sequence (5'-3") Reverse sequence (5'-3") GenBank accession no.
[-actin ATGTGCAAGGCCGGCTTC GAATCCTTCTGACCCATGCC NMO001101.3
Tef-4 ACCAGCAACCAGCACTTTCC GCCCAACATTCCTGCATAGC NMO001083962.2
Bax TGTTTTCTGACGGCAACTTCA AGCCCATGATGGTTCTGATCA NMO001291428.1
Bcl-2 CCTGTGGATGACTGAGTACCTGAAC CAGCCAGGAGAAATCAAACAGA NMO000633.2
Caspase-3 TGGATTATCCTGAGATGGGTTTATG GCTGCATCGACATCTGTACCA NMO004346.3
Caspase-8 TCCAAATGCAAACTGGATGATG TTTTCAGGATGTCCAACTTTCCTT NMO001080124.1
PARP TGGTCAAGACACAGACACCCA ACGGAGGCGCTGGTTTCT NMO001618.4
MLKL CCTGGGCACAGGAAGATCAG TTTCTAATCGTCTCAGTGAAGCTTCT NMO001142497.2
Beclin-1 CTGGACACGAGTTTCAAGATCCT GTTAGTCTCTTCCTCCTGGGTCTCT NMO001313998.1
LC3 TCCTGGACAAGACCAAGTTTTTG ACCATGCTGTGCTGGTTCAC NMO032514.3
PI3K III TTGGAGACAGGCACCTGGAT CCATTTCTTTATTCAGCTTCATTGG NMO001308020.1
VEGF CGAGGGCCTGGAGTGTGT TGGTGAGGTTTGATCCGCATA NM_001025366.2
EGFR GGCGTCCGCAAGTGTAAGAA TCGTAGCATTTATGGAGAGTGAGTCT NM_005228.5
HIF-1a TAACTTTGCTGGCCCCAGC ACTTCCTCAAGTTGCTGGTCATC NM_001243084.1

Tcf-4, transcription factor 4; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2; PARP, poly(ADP-ribose) polymerase; MLKL, mixed
lineage kinase domain like pseudokinase; LC3, 1A/1B-light chain 3; PI3K, phosphatidylinositol 3-kinase; VEGF, vascular endothelial growth
factor; EGFR, epidermal growth factor receptor; HIF-a, hypoxia-inducible factor 1-alpha.

20 min of staining at room temperature. The number of autoph-
agic vacuoles was measured after the cells were harvested
and stained with Cyto-ID Green fluorescent dyes (excitation,
~480 nm; emission, ~530). Using 2-chamber NC-Slides A2,
analysis was performed using a NucleoCounter® NC-3000
fluorescence image cytometer (ChemoMetec Inc.).

Reverse transcription-quantitative (RT-q)PCR analysis of the
mRNA expression of autophagy-, necroptosis- and angiogen-
esis-associated genes. A total of ~5x10° HCT-116 cells/30-mm
plate were incubated in the absence or presence of 0.5, 1,5, 10 or
15 mM carnosine for 96 h with 5% CO, at 37°C and total RNA
was isolated using a modified version of the method described
by Chomczynski and Sacchi (1987) (28). The cells were added
to 1 ml TRIzol reagent (Sigma-Aldrich; Merck KGaA) and
mixed thoroughly, and then 200 ul chloroform was added and
mixed thoroughly. Cooling on ice for 5 min was followed by
centrifugation at 16,200 x g for 15 min at 4°C. To precipitate
RNA, the aqueous phase (500 ul) was transferred to a fresh
tube and mixed with 500 pl isopropanol cooled on ice for
5 min, followed by centrifugation at 16,200 x g for 15 min
at 4°C. The RNA pellet was washed with 75% (v/v) ethanol and
the supernatant was removed. The pellet was air-dried at room
temperature and then resuspended in 30-50 1 DEPC-treated
water and stored at -80°C until use. The total RNA purity
was determined by measuring the absorbance on an Epoch
microplate spectrophotometer (BioTek Instruments, Inc.). The
absorption ratios (260/280 nm) of all RNA samples were >2,
and this indicated that the total RNA was of high quality. The
RNA samples were stored at -80°C until use. Total RNA (3 ug)
was used for RT, which was performed using Superscript 111
reverse transcriptase (Thermo Fisher Scientific, Inc.) and oligo
d(T)21 as a primer, and the reaction conditions used were as
recommended by the manufacturer. Real-time PCR primers

for B-catenin, Tcf-4, Bax, Bcl-2, Caspase-3, Caspase-8,
poly(ADP-ribose) polymerase (PARP), MLKL, Beclin-1,
LC3, PI3K III, VEGF, EGFR and HIF-a were prepared and
designed as previously described (7). The thermal profile for
the real-time quantitative PCR was 95°C for 2 min and 95°C for
10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for
1 min, according to the manufacturer's protocol. Gene expres-
sion is presented as the fold change relative to the B-actin level,
which was calculated as 242°4 as previously described (29)
and is shown in Table I. In addition, melting curve analysis was
performed to assure the specificity of the PCR products in this
experiment. The results were obtained from three independent
experiments (n=3).

Statistical analysis. All experimental data were analyzed using
SPSS statistical analysis software for Windows, version 20.0
(IBM Corp.). One-way analysis of variance and Tukey's post
hoc test were used to evaluate the significance of differences
between two mean values. P<0.05 was considered to indicate a
statistically significant difference.

Results

Carnosine suppresses the proliferation of HCT-116 cells.
When HCT-116 cells were treated with 5, 10 or 15 mM carno-
sine for 72 h, the viability was 93.0+1.8%, 90.0+4.3% and
89.0+£2.9%, respectively. The viability of HCT-116 cells was
87.9+0.2%, 83.5+£1.9% and 79.4+5.2% following treatment with
5, 10 or 15 mM carnosine for 96 h, respectively. The viability
was significantly lower than that of the control group (100%)
(P<0.05) after 72 and 96 h of incubation (Fig. 1A). However,
cell morphology was examined by inverted microscopy and
cell number in each of the various carnosine treatment groups
was similar to that in the control group (Fig. 1B). Therefore,
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Figure 1. Effect of carnosine on the viability and proliferation-related molecule expression of HCT-116 cells. HCT-116 cells (5x10° cells per 60-mm plate for
the cell viability and morphology assays and 1x10° cells per 30-mm plate for the mRNA expression analysis) were treated with 0.5, 1, 5, 10 or 15 mM carnosine
for 72 or 96 h. The control group was treated with sterilized H,O. (A) Cell viability, (B) morphological changes (magnification, x100), (C) -catenin mRNA
expression and (D) Tcf-4 mRNA expression were examined. (A and B) cell viability was tested at 72 and 96 h; (C and D) expression levels were detected at
96 h. The values are presented as the mean = SD (n=3-5). “P<0.05. Tcf-4, transcription factor 4.
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Figure 2. Effect of carnosine on apoptosis levels and the mRNA expression of apoptosis-related molecules in HCT-116 cells. HCT-116 cells (1x10° cells per
30-mm plate for the mRNA expression analysis and 5x10° cells per 60-mm plate for the apoptosis assay) were treated with 0.5, 1,5, 10 or 15 mM carnosine for
96 h. The control group was treated with sterilized. The mRNA expression of (A) Bax, (B) Bcl-2, (C) Caspase-3, (D) Caspase-8, (E) PARP, (F) the levels of
apoptosis and (G) apoptosis via FITC-labeled Annexin V staining of HCT-116 cells were examined. The values are presented as the mean + SD (n=3-5). Bax,
Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2; PARP, poly(ADP-ribose) polymerase.

the employed carnosine concentrations were used in all tests
in this study. Fig. 1C shows that the [3-catenin mRNA levels
were significantly reduced in HCT-116 cells treated with 1, 5,
10 or 15 mM carnosine for 96 h by 15-23% compared with
those in the control group (P<0.05). When HCT-116 cells were
treated with 1, 5, 10 or 15 mM carnosine, the Tcf-4 mRNA
levels were significantly reduced by 11-76% compared with
those of the control group (P<0.05) (Fig. 1D). These results
demonstrate that carnosine can reduce cell proliferation and
the carnosine-induced reduction in B-catenin/Tcf-4 signaling
activation may be involved in HCT-116 cell proliferation.

Carnosine did not induce apoptosis in HCT116 cells. RT-qPCR
analysis showed that the treatment of HCT-116 cells with 5,
10 or 15 mM carnosine did not affect the mRNA expression
of Bax, Bcl-2, Caspase-3, Caspase-8, or PARP (Fig. 2 A-E).
In addition, after HCT-116 cells were incubated with 5, 10 or
15 mM carnosine, the apoptosis percentage was no different
from that of the control group (Fig. 2F and G). Carnosine
(1-15 mM) did not induce apoptosis in HCT-116 cells even
after 96 h of treatment.

Carnosine induces autophagy in HCTI16 cells. Beclin-1
mRNA expression in HCT-116 cells was significantly increased
by 6-38% after 5, 10 or 15 mM carnosine treatment for 96 h
compared with those in the control group (P<0.05; Fig. 3A). The

LC3 mRNA expression levels were also significantly increased
by 144% after the cells were treated with 15 mM carnosine
for 96 h compared with those in the control group (Fig. 3B)
and PI3K III mRNA levels were significantly increased by
149% compared with those of the control group (P<0.05;
Fig. 3C). In addition, the formation of autophagosomes (stained
by LYSO-ID1 Green dye) increased after carnosine treatment
compared with the control group (Fig. 3D). Autophagy was
significantly increased by 13-41% after 1,5, 10 or 15 mM carno-
sine treatment for 96 h (P<0.05; Fig. 3D and E). These results
showed that 15 mM carnosine can induce autophagy by regu-
lating the indicated regulatory molecules. However, 0.5 mM
carnosine did not exert any effect and was equal to control.

Carnosine induces necroptosis in HCT116 cells. As shown
in Fig. 4A, the levels of ROS in HCT116 cells treated with
15 mM carnosine for 96 h were significantly increased
by 67% compared with those in the control group (100%;
P<0.05). The ATP levels in HCT-116 cells treated with 10
or 15 mM carnosine were both significantly decreased by
13% compared with those in the control group (100%; P<0.05;
Fig. 4B). The MLKL mRNA expression level in HCT-116 cells
treated with 15 mM carnosine was significantly increased
by 221% compared with that in the control group (P<0.05;
Fig. 4C). These results showed that 10-15 mM carnosine could
induce necroptosis in HCT-116 cells.
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Figure 3. Effect of carnosine on autophagy levels and the mRNA expression of autophagy-related molecules in HCT-116 cells. HCT-116 cells (1x10° cells per
30-mm plate for the mRNA expression analysis and 5x10° cells per 60-mm plate for the autophagy assay) were treated with 0.5, 1, 5, 10 or 15 mM carnosine
for 96 h. The control group was treated with sterilized H,O. The mRNA expression of (A) Beclin-1, (B) LC3, (C) PI3K III, (D) autophagy via Cyto-ID Green
staining of HCT-116 cells and (E) autophagy levels were examined. The values are presented as the mean + SD (n=3-5). “P<0.05. LC3, 1A/1B-light chain 3;
PI3K, phosphatidylinositol 3-kinase.



ONCOLOGY LETTERS 23: 44, 2022

A B C ol
% *
> *
¥ * *
200 = 125 " 49 *
= e 3 5
2 100 2
£ 150 £ Z_ 31
8 8 = £
Z Z 2%
< 5 75 53
§ 100 + 5 2: % 2 4
3 T S0 £3
. = 22 N
2 E 2 < N\
& < s \
2 .
0 0 0 L R 0 | N
Control 0.5 1 5 15 Control 0.5 1 5 10 Control 0.5 1 5 10
Carnosine (mM) Carnosine (mM) Carnosine (mM)

Figure 4. Effect of carnosine on the mRNA expression of necroptosis-related molecules in HCT-116 cells. HCT-116 cells (1x10° cells per 30-mm plate for
the mRNA expression analysis or 5x10° cells per 60-mm plate for the ROS and ATP level assays) were treated with 0.5, 1, 5, 10 or 15 mM carnosine for 96 h.
The control group was treated with sterilized H,O. the levels of (A) ROS, (B) ATP and (C) MLKL mRNA were examined. The values are presented as the
mean = SD (n=3-5). "P<0.05. ROS, reactive oxygen species; MLKL, mixed lineage kinase domain like pseudokinase.

*
A . B C .
%
k
Ca— * R
1.5 = 15 % 15 =

g * % *
2~ 2 g~

2 z iz . 0

:;1.0 ?E 1.0 52 1.0

zZ = < i

20 zZe 53

ER o= E =

&< g~ SE

o o =

5] ol T~ 0'5

§ 0.5 5 0.5 &

=] T
0.0 0.0 0.0 —
0.5 1 5

Control 0.5 1 5 Control 0.5

1

Control 10

5

Carnosine (mM)

Carnosine (mM)

Carnosine (mM)
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Carnosine suppresses angiogenesis in HCT116 cells. The
mRNA levels of VEGF in HCT-116 cells treated with 10 or
15 mM carnosine for 96 h were significantly lower (24% or 70%,
respectively) than the control group (100%; P<0.05; Fig. 5A),
while EGFR mRNA expression significantly decreased
by 15-22% following treatment with 0.5, 1, 5, 10 or 15 mM
carnosine for 96 h (P<0.05; Fig. 5B). However, the mRNA
levels of HIF-a in cells exposed to 10 and 15 mM carnosine
for 96 h significantly decreased by 29% and 33%, respectively,
compared with those in the control group (Fig. 5C). Carnosine
significantly reduced HCT-116 cell angiogenesis by reducing
these angiogenesis-regulating molecules.

Discussion

In the present study, carnosine significantly suppressed the
proliferation and viability of HCT-116 human CRC cells by
inducing necroptosis and autophagy and inhibiting angiogen-
esis. In the current study, the mRNA expression of 3-catenin
and Tcf-4, two key molecules in cell proliferation-associated
signaling, was decreased after HCT-116 cells were treated with
carnosine. Carnosine could increase the mRNA expression

levels of Beclin-1 and PI3K and reduced LC-3 mRNA expres-
sion, leading to autophagy in HCT-116 cells. When HCT-116
cells were treated with carnosine, ATP levels were significantly
decreased and ROS levels and MLKL mRNA expression were
significantly increased. Carnosine could induce necroptosis to
decrease the viability of HCT-116 cells. In addition, VEGF,
EGFR and HIF-a mRNA levels were significantly reduced
after HCT-116 cells were treated with carnosine. Carnosine
could reduce angiogenesis in HCT-116 cells by reducing these
angiogenesis-regulatory molecules. These results showed that
carnosine can reduce colorectal cell proliferation and induce
cancer cell death. However, the molecular regulatory mecha-
nism and gene expression modifications require further study.

In the clinic, there are several chemotherapeutic drugs
that have been reported to participate in cell proliferation,
autophagy, apoptosis and angiogenesis. For example, 5-fluoro-
uracil can regulate cell proliferation by reducing Wnt/p-catenin
signaling (30), temozolomide and sorafenib both can induce
autophagy by inducing LC3 expression (31,32), dabrafenib can
induce necroptosis by regulating MLKL expression (33) and
lenvatinib can exhibit anti-angiogenesis effects by reducing
VEGEF expression (34). In the present study, carnosine could
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reduce cell proliferation, induce autophagy and necroptosis
and suppress angiogenesis. It has a marked potential for cancer
prevention and therapy.

The proliferation of normal cells includes cell growth and
division to replace lost cells (35). The cell cycle serves a central
role in cell growth and proliferation. Abnormal regulation of
the cell cycle can lead to the over proliferation of cells and
an accumulation of abnormal numbers of cells (35). However,
apoptosis is usually an important pathway for the removal of
excess and impaired cells in normal tissue and organs (36).
Investigating how to suppress abnormal cell proliferation and
cell growth by active compounds is an important issue in
cancer proliferation and cell growth (37).

The present study showed that the treatment of HCT-116 cells
with 0.5-15 mM carnosine for 96 h did not induce apoptosis.
The results showed that the mRNA levels of the proapoptotic
factor Bax and the apoptotic factor Bcl-2 in HCT-116 cells were
not affected by treatment with carnosine for 96 h. In addition,
there were similar results showing that the intrinsic apoptotic
pathway marker Caspase-3, the extrinsic apoptotic pathway
marker Caspase-8 and PARP in HCT-116 cells were not affected
by carnosine treatment. However, Lee et al (13) showed that
200 mM carnosine can induce apoptosis in HCT-116 cells after
24 h by increasing Bax, Caspase-3 and cyclin D1 protein levels.
Carnosine (200 mM) can also induce apoptosis in SGC-7901
and MKN45 human gastric carcinoma cells by reducing Bcl-2
and increasing Bax and PARP protein expression (9). In addition,
Shi and Zhang (38) (2011) showed that 20 mM carnosine could
protect human umbilical vein endothelial cells (HUVECs) from
high glucose-induced apoptosis. Carnosine (5-20 mM) can also
protect murine podocytes from high glucose-induced apoptosis
by reducing Bax and Caspase-3 levels (12). Tiwari (36) (2011)
showed that exogenous and endogenous compounds induce,
suppress, or exhibit no effects on apoptosis and the cellular dose
response and kinetics must be considered. The dose and treat-
ment times of compounds determine not only the sensitivity
and tolerance time but also the form of cell death (36). These
aforementioned studies (9,12,13,38) have shown that carno-
sine regulates apoptosis and the dose-response relationship
between apoptosis and the treatment agent. These results differ
from those of the present study regarding apoptosis induction.
Different experimental models, carnosine doses and treatment
times may cause differences in apoptosis induction.

Although carnosine did not induce apoptosis, it did block the
reduction in 3-catenin and Tcf-4 activation by reducing 3-catenin
and Tcf-4 expression in the present study. Wnt/B-catenin/Tcf-4
signaling is a major transcriptional regulator of c-myc, cyclin D1
and VEGF, which are important regulators of the cell cycle,
cell proliferation and angiogenesis (39,40). In addition,
Sebio et al (41) showed aberrant Wnt/B-catenin signaling
is a characteristic feature of colorectal cancer (CRC). In the
present study, carnosine reduced B-catenin and Tcf-4 expres-
sion, which may be important in reducing the proliferation of
HCT-116 cells. Previous studies (39,40,42.,43) have shown that
when HCT-116 cells were treated with celecoxib, a selective
cyclooxygenase-2 inhibitor, Tcf-4 expression was significantly
inhibited and Wnt/(3-catenin and Tcf-4 expression was blocked,
reducing human colon cancer cell proliferation (42). Quercetin
can also reduce SW480 cell proliferation through the down-
regulation of Wnt/pB-catenin/Tcf-4 expression (43). In cancer

prevention and therapy, the regulation of B-catenin/Tcf4
signaling to reduce abnormal cell proliferation with active
components could be a potential strategy. In addition, carnosine
also reduced the mRNA expression of VEGF. VEGF transcrip-
tion is also regulated by Wnt/p-catenin/Tcf-4 signaling (39,40).
Previous studies (44,45) have shown that tolfenamic acid, a
fenamic acid-derived nonsteroid anti-inflammatory drug, can
downregulate B-catenin mRNA expression in a dose- and
time-dependent manner to reduce the proliferation of human
colon cancer cell lines. Tolfenamic acid also decreases the
expression of the f-catenin target gene VEGF, leading to
reduced angiogenesis in human colon cancer cell lines (44).
Ginkgo biloba exocarp extracts (GBEE) can suppress Wnt3a
and p-catenin protein expression and VEGF mRNA levels in
Lewis lung cancer (LLC) cells (45). GBEE can also inhibit
the growth of LLC-transplanted tumors in C57BL/6 mice in
a dose-dependent manner by suppressing tumor growth in the
lungs by reducing (3-catenin and VEGF protein expression (45).
These studies and the present results show that carnosine can
reduce cell proliferation and that angiogenesis may inhibit the
Wnt/B-catenin/Tcf-4 signaling pathway. In the future, investi-
gating the cellular Wnt expression and p-catenin-DNA binding
activity may aid understanding of the effect of carnosine in cell
proliferation through regulating the Wnt/catenin signaling.

In the present study, carnosine significantly increased
Beclin-1, PI3K III and LC-3 mRNA levels and the level of
autophagy. These results showed that carnosine reduced
not only cell proliferation but also cell viability by inducing
autophagy. Beclin-1 is one of three core activated autophagic
complex proteins: Beclin-1, Vps34 and Bcl-2 (46). When
Bcl-2 is phosphorylated, Beclin-1 is activated, followed by
PI3K III and LC3-II, triggering autophagosome formation (47).
Beclin-1/PI3K III/LC3-II signaling pathways are involved
in preautophagosome formation (48). Therefore, the above
molecules are changed by carnosine, which leads to autophagy
in HCT-116 cells. A previous study shows that quercetin
can induce autophagy in human gastric cells by increasing
LC3-II and Beclin-1 expression (25). The clinical chemo-
therapy imatinib induces cellular autophagy by increasing
the levels of PI3K and LC-3 and inhibiting the viability of
leukemia cells (49). Previous studies (50-53) have shown that
Grias neuberthii extract can induce autophagy in human colon
cancer cells by increasing intracellular Beclin-1 and LC-3
levels (50). Our previous studies also showed that sedanolide
and a-phellandrene, which are active components of celery,
can increase PI3K, Beclin-1 and LC-3 protein levels, leading to
autophagy induction in human colorectal HCT-116 cancer cells
and liver J-5 cancer cells (51,52). Salidroside, a natural active
ingredient extracted from Rhodiola rosea, has been shown to
decrease the expression of autophagy proteins, suggesting that
salidroside induces autophagy through the PI3K/Akt/mTOR
pathway in human gastric cancer (53). Based on the aforemen-
tioned studies (25,49-52), the autophagic induction mechanism
of carnosine is similar to the autophagic induction by quercetin,
imatinib, Grias neuberthii extract and a-phellandrene, and this
may be attributed to the induction of autophagy via the upregu-
lation of Beak-1, PI3K and LC3 expression. However, except for
the Beclin-1/PI3K III/LC3-II signaling pathways investigated in
the present study, the effects of carnosine on PI3K/Akt/mTOR
signaling pathway in autophagy need future investigation.
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Figure 6. Potential mechanisms by which carnosine inhibits the proliferation of HCT-116 cells. ROS, reactive oxygen species; Tcf-4, transcription factor 4;
MLKL, mixed lineage kinase domain like pseudokinase; PI3K, phosphatidylinositol 3-kinase; LC3, 1A/ 1B-light chain 3; VEGF, vascular endothelial growth
factor; EGFR, epidermal growth factor receptor; HIF-a, hypoxia-inducible factor 1-alpha.

Necroptosis is another mode of programmed cell death
that differs from apoptosis (54). Necroptosis is also a cell
death pathway, including programmed necroptosis, coercion,
iron death and mitochondrial permeability transition, which
is regulated by intracellular molecules. Among them, necrop-
tosis is regulated by RIP3 and MLKL (55). Additionally,
ROS production involves the stabilization of the necrosome
complex composed of RIP1 and RIP3 (56). In the present
study, carnosine significantly increased ROS and MLKL
levels but decreased ATP levels. These are all major regula-
tory molecules of necroptosis. A previous study showed that
apigenin could induce necroptosis by increasing ROS levels
and reducing ATP levels and MLKL phosphorylation (57).
Liu er al (58) showed that tanshinone A, a major compound
of Salvia miltiorrhiza Bunge (Danshen), could induce necrop-
tosis by increasing ROS, depleting ATP and downregulating
MLKL to reduce the viability of lung NCI-H1299 and A549
cells. The findings of the present study revealed that carno-
sine could increase the expression of ROS and MLKL but
decreased ATP levels to induce necroptosis in HCT-116 cells.

HIF-1, a heterodimer that binds to hypoxia-responsive
elements, is one of the major regulatory molecules involved in
cancer cell proliferation and metastasis and activates VEGF
transcription (59). VEGF is involved in tumor cell proliferation
and the regulation of blood vessel density (60). Additionally,
activated EGFR signaling leads to the proliferation of epidermal
cells to induce tumor formation under hypoxic conditions (60).
In the present study, carnosine significantly reduced angio-
genesis by decreasing VEGF, EGFR and HIF-1a expression.
Huang er al (61) showed that wogonin, a plant-derived flavone,
can reduce the angiogenesis of human breast MCF-7 cells by

degrading HIF-1a protein and reducing VEGF and EGFR
expression. In human astrocytoma U251 cells, hepatoma
Hep3B cells and an HUVEC culture experimental model, the
oligomer procyanidin, which is isolated from grape seeds, can
inhibit angiogenesis by suppressing the HIF-1a-dependent
pathway (62). The results of the present study and the above
studies show that if cellular VEGF, EGFR and HIF-1a expres-
sion is decreased, cells can reduce angiogenesis in various cell
culture models. An investigation of the suppression of carno-
sine in tumorigenesis in animal models is required.
Carnosine serves an important role in inhibiting
non-enzyme protein glycosylation (63,64). Glycosylation, a
crucial post-translational process in protein modification, is
characteristic of physiological and pathological functions (64).
The tumor microenvironment produces altered glycans by
glycosylation that contributes to cancer progression and aggres-
siveness (64). Glycosylation of tumor-cell-surface glycans is
involved in enhancing transient cell cycle arrest (65), regulating
autophagosome forming leading to induce autophagy (66) and
degrading the extracellular matrix to activate the angiogen-
esis (67). The reactive glycosylation rate occurs rapidly with the
lysine-histidine sequence (68). Carnosine has a glycine-histi-
dine structure similar to the lysine-histidine sequence, but it
inhibits sugar-mediated cross-linking of a specific protein (69).
The tumor microenvironment produces altered glycans that
contribute to cancer progression and aggressiveness. Abnormal
glycosylation is widely observed in tumor angiogenesis.
Hipkiss and Gaunitz (69) showed that carnosine could reduce
the glycosylation then reduce cell proliferation and migration.
As shown in Fig. 6, carnosine suppressed cell proliferation
by reducing (-catenin/Tcf-4 signaling activation, including
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inhibition of the expression of f-catenin and Tcf-4. In addi-
tion, carnosine suppressed angiogenesis by reducing VEGF,
EGREF and HIF-a expression. Carnosine induced necroptosis,
through reduced ATP levels and increased ROS and MLKL
levels and autophagy, through increasing Beclin-1 and PI3KIII
expression. In this present study, only the mRNA expression
of important protein regulators involved in cell proliferation,
apoptosis, autophagy and angiogenesis was analyzed but not
the protein levels. There are consistent results between the
mRNA expression of these molecules and the physiological
functions. Li et al (70) show that accurate determination of
mRNA levels can be used in both laboratory and clinical studies
to describe the biological, pathological and clinical roles of
genes in health and disease. For speedy and precise analysis
of the regulatory mechanism of these regulators and cell
physiological effects, mRNA analysis was used in the present
study. However, the protein contents should be measured in
the future; if the mRNA expression proves different from the
physiological functions of these molecules it may be that some
post-translation modification is involved (71).

In conclusion, the present study showed that carnosine
can reduce human CRC cell viability and proliferation.
Mechanistically, carnosine induced autophagy and necroptosis
and reduced angiogenesis in HCT-116 cells. In the context of
cancer prevention and therapy, understanding the molecular regu-
latory mechanisms and animal studies are required in the future.
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