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Abstract. Colorectal cancer is a common malignant tumor 
of the gastrointestinal tract. Currently, the main treatment is 
surgical resection, which can be combined with other treat‑
ments. However, treatment efficacy is poor, and colorectal 
cancer is prone to relapse and metastasis; thus, identifying 
an effective anti‑cancer drug is an urgent requirement. The 
present study examined the antagonistic effect of penicillin on 
cultured colorectal cancer cells and the related mechanism. A 
MTT assay was used to assess the growth of the colorectal 
cancer cells treated with penicillin and to determine the 
optimal drug concentration. The wound healing and Transwell 
invasion assays were performed to investigate the effect of 
penicillin on the migration and invasion of the colorectal 
cancer cells. Live cell mitochondrial energy metabolism anal‑
ysis was performed to detect changes in mitochondrial energy 
metabolism of the colorectal cancer cells, while western blot 
analysis was used to measure the expression of cytochrome c 
and autophagy‑related protein, LC3. RFP‑GFP‑LC3 lentivirus 
was used to detect autophagic flux, and autophagosomes were 
observed using a transmission electron microscope, while 
flow cytometry was used to analyze the effect of penicillin 
on cell cycle progression and apoptosis of the colorectal 
cancer cells. After penicillin treatment, the growth, migra‑
tion and invasion ability of the colorectal cancer cells were 
inhibited. The mitochondrial energy metabolism of the cell 
was impaired, and the basic respiratory capacity, maximum 

respiratory capacity, respiratory potential, and ATP produc‑
tion were all reduced. The protein expression levels of the 
autophagy‑related proteins, LC3‑II/LC3‑I increased in a 
dose‑ and time‑dependent manner. In addition, autophagy 
flux and the number of autophagosomes increased, and mito‑
chondrial structural damage was observed. The cell cycle was 
arrested at the G1 phase, the number of early apoptotic cells 
increased and the protein expression level of cleaved caspase‑3 
increased, while penicillin‑induced apoptosis was blocked 
by the autophagy inhibitor 3‑MA. In conclusion, penicillin 
disrupted mitochondrial function and energy metabolism in 
the colorectal cancer cells, which resulted in the induction of 
autophagic apoptosis and ultimately the inhibition of cancer 
cell growth and metastasis.

Introduction

Colorectal cancer (CRC), including colon and rectal cancer, is 
the third most common cancer in both males and females, with 
~1.36 million new cases per year and the fourth leading cause of 
cancer‑related deaths worldwide (1). With the development of the 
economy and changes in the dietary structure of individuals, the 
morbidity and mortality rates of CRC have increased in recent 
years (2‑4). The 5‑year survival rate of CRC is only 50‑60% (5). 
At present, the survival time of patients has increased with the 
development of science and technology, and the improvement of 
medical standards; however, patients still have poor prognosis 
and distant metastasis. The quality of life is also affected in 
patients with CRC (6). Multidisciplinary comprehensive treat‑
ment is an important treatment principle for CRC, including 
surgery, radiation therapy, chemotherapy, immunotherapy and 
Chinese traditional treatment (7). Surgical treatment to remove 
the lesion is the preferred treatment for CRC, which also reduces 
the symptoms, prolongs the life span of the patient and improves 
the quality of life (8). As the early symptoms of CRC are not 
obvious, once clinical symptoms appear, the patient is already 
in late stage cancer, therefore surgery is not suitable and medical 
treatment is administered instead (9). Traditional anticancer 
drugs have low selectivity and high toxicity, whereas developing 
new drugs is time consuming and is associated with high costs. 
Thus, in recent years, the idea of ‘new use of old drugs’ provided 
a new research direction for the treatment of CRC (10).
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Penicillin is an old and widely used antibiotic, with low 
toxicity and high efficiency (11). It can be used for pharyngitis, 
scarlet fever, cellulitis caused by hemolytic streptococcus, pneu‑
monia caused by pneumococcus, otitis media, meningitis, tetanus 
and gas gangrene caused by clostridium (12). The mechanism of 
action of penicillin is to hinder the formation of the bacterial 
wall and destroy the structure of the bacterial wall. As human 
cells have no cell wall, penicillin has the least side effects among 
various types of antibiotics (13). In addition, penicillin has almost 
no toxic effects on the human body, and previous studies have 
used penicillin in human experimental studies, indicating that 
penicillin is harmless to human cells (14,15). The degradation 
product of penicillin, as a hapten, which can be combined with 
protein to produce IgE, which is the basis of immediate allergic 
reactions (16). There are few studies investigating the use of 
antibiotics in antitumor treatment alone (17,18), and no reports 
of the anti‑cancer effect of penicillin. In the present study, peni‑
cillin was used to treat CRC cells to observe their effects on the 
growth, migration and invasion.

The mitochondrion is a double‑membraned organelle (19). 
Its main function is to produce ATP via oxidative phosphory‑
lation, to provide energy for eukaryotic cells (20). The second 
function of mitochondria is associated with apoptosis following 
changes in mitochondrial membrane permeability (21). Under 
the stimulation of certain cell death signals, such as reactive 
oxygen species (ROS. and DNA damage, the outer membrane 
permeability of mitochondria increases, and a series of 
changes occur, including cytochrome c release, reduction of 
the mitochondrial transmembrane potential and a change in 
the redox state in the cell (22). As a result, the mitochondrial 
respiratory chain and electron transfer are blocked, and the 
energy metabolism of the cell is impaired (23). Finally, cyto‑
chrome c and other pro‑apoptotic proteins (Bax and Bid) are 
released into the cytoplasm, promoting apoptosis (24). 

Autophagy refers to a phenomenon in which cells use 
lysosomes to degrade misfolded proteins or damaged organ‑
elles to maintain a normal intracellular environment, which 
is common in eukaryotic cells (25). Studies have found that 
autophagy has a two‑way role in the survival and death of tumor 
cells (26,27). Moderate autophagy can clear damaged organ‑
elles, so that cells can respond correctly to external stimuli 
and damage, and survive. However, excessive autophagy can 
promote cell apoptosis and cause cell damage (28). During 
autophagy, microtubule‑associated protein 1 light chain 3 
(LC3) enzymatically decomposes a small piece of poly‑
peptide and becomes LC3‑I, after which LC3‑I binds with 
phosphatidylethanolamine to become LC3‑II. Therefore, the 
ratio of LC3‑II/LC3‑I is often used in experimental studies 
to assess the level of autophagy (29). In another study, the 
mRFP‑GFP‑LC3 dual‑fluorescence autophagy system was 
used to track changes in LC3 and the autophagic flux. The 
level of autophagy activity and autophagic flux was evaluated 
by observing the bright spots of green fluorescent protein 
(FP) and monomeric red FP under fluorescence and confocal 
microscopy (30). Observation of autophagosomes by transmis‑
sion electron microscopy is the gold standard for determining 
changes in autophagy. Under electron microscopy, autopha‑
gosomes appear as double‑layered or multi‑layered vacuoles 
containing cytoplasmic components, including mitochondria, 
endoplasmic reticulum, and ribosomes (31).

In the present study the effect of penicillin on the growth 
and metastasis of CRC cells was investigated first, then the 
underlying mechanism. The results provide a new experi‑
mental basis and research direction for the clinical treatment 
of CRC.

Materials and methods

Cell culture and treatment. The human CRC cell lines, 
HCT116, HT29 and SW620 were purchased from the Cell 
Bank of Shanghai Chinese Academy of Sciences. Long‑acting 
penicillin (powder was purchased from North China 
Pharmaceutical Group Corp and dissolved in PBS. The cells 
were cultured in RPMI‑1640 (Gibco; Thermo Fisher Scientific, 
Inc.), supplemented with 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc. and 1% (Penicillin/Streptomycin) at 37˚C in a 
humidified incubator with 5% CO2.

Western blot analysis. The HCT‑116 cell line was washed twice 
with PBS and lysed in RIPA buffer (Beijing Solarbio Science 
and Technology Co., Ltd.) containing 2 mM phenylmethylsul‑
fonyl fluoride (PMSF). Protein concentration was determined 
using the bicinchoninic acid method (CoWin Biosciences). The 
proteins were separated using 12% SDS‑PAGE and transferred 
to 0.45 µm PVDF membranes, blocked with 10% skimmed 
milk at room temperature for 2 h. The membrane was then 
incubated with the following primary antibodies overnight 
at 4˚C: β‑actin (1:1,000; cat. no. 4ab020185; 4A Biotech Co., 
Ltd.), LC3 (1:1,000; cat. no. NB100‑2220; Novus Biologicals), 
cytochrome c (1:1,000; cat. no. NB100‑56503; Novus 
Biologicals), cleaved caspase‑3 (1:1,000; cat. no. 9661; Cell 
Signaling Technology, Inc.), caspase‑3 (1:1,000; cat. no. 14220; 
Cell Signaling Technology, Inc.), COX4 (1:1,000; cat. no. 4844; 
Cell Signaling Technology, Inc.). Then, the membrane was 
incubated with HRP‑labeled secondary antibodies [(goat 
anti‑rat, cat. no. A0192; goat anti‑rabbit, (cat. no. A0208) (both 
1:10,000) (both from Beyotime Institute of Biotechnology)] at 
room temperature for 1 h. The proteins bands were detected 
with a gel imaging and analysis system (Tanon Scuence and 
Technology Co., Ltd.). Densitometry was performed using 
ImageJ software (National Institutes of Health). The HCT‑116 
cells were seeded into 6‑well plates, at a density of 5.0x105, 
cells/well in 2 ml medium, then divided into four groups: 
Control, 10 mM 3‑methyladenine (3'MA; MedChemExpress), 
500 U/ml penicillin and penicillin+3‑MA groups. After the 
cells were incubated for 24 h, the protein was extracted for 
western blot analysis.

Mitochondrial isolation. The HCT116 cell line (1x107) was 
collected and washed with PBS, and cytochrome c release 
was determined using a mitochondrial isolation kit (Beyotime 
Institute of Biotechnology). First, Mitochondria Isolation 
Solution containing PMSF (Beijing Soleibao Technology Co., 
Ltd., China) was added to the cells and they were incubated in 
an ice bath for 15 min. A glass homogenizer was used to grind 
the cells followed by centrifugation at 1,000 x g for 10 min 
at 4˚C. The liquid supernatant was moved to a fresh tube and 
centrifuged again at 11,000 x g for 10 min at 4˚C. The sedi‑
ment was mixed with Mitochondrial Lysate Solution to obtain 
the mitochondrial proteins. The supernatant was centrifuged 
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at 12,000 x g for 20 min at 4˚C to obtain cytosolic proteins, 
then analyzed using western blot analysis.

Cell viability assay. Viability of the HCT‑116, HT‑29 and 
SW620 cell lines was determined using a MTT assay at the 
indicated times. The HCT‑116, HT29 and SW620 cell lines 
(2x103 cells/well) were seeded in 96‑well plates (Corning 
Inc.) and cultured for 24 h in RPMI‑1640 supplemented 
with 10% FBS. The cells were then treated with penicillin 
(0, 50, 100, 200, 500 and 1,000 U/ml) for 1‑4 days, then 10 µl 
MTT (Sigma‑Aldrich, Merck KGaA) solution (5 mg/ml in 
PBS) was added to each well. The plates were incubated for 
another 3‑4 h at 37˚C. Intracellular formazan crystals were 
dissolved by adding 100 µl dimethyl sulfoxide (Sigma‑Aldrich; 
Merck KGaA) to each well. Cell proliferation was determined 
by measuring the absorbance at 490 nm with a spectropho‑
tometer (Multiskan MK3; Thermo Fisher Scientific, Inc.). The 
experiments were performed 3 times. 

Wound healing assay. For the wound healing assay, the 
HCT‑116, HT‑29 and SW620 cell lines (3‑5x105 cells/well) 
were seeded in 6‑well plates and cultured until 100% conflu‑
ence. The monolayer was carefully scratched with a sterile 
200 µl pipette tip. Floating cells were removed by a gentle 
wash with cold PBS, then cells were cultured with RPMI‑1640 
containing 2% FBS and incubated with or without long‑acting 
penicillin (500 U/ml) for 72 h. Representative images were 
captured under an inversion fluorescence microscope and 
the gap closures were quantitated using the ImageJ software 
(v1.8.0.112; National Institutes of Health). All the experiments 
were performed at least 3 times.

Transwell invasion assay. Transwell invasion assays were 
performed using Transwell chambers with 8‑µm pore size 
filter membranes (EMD Millipore). The polycarbonate 
filter was coated with Matrigel (30 µg/well; BD Matrigel 
Matrix) at 37˚C for 1 h. Then, the chambers were inserted 
into 24‑well culture plates. The HCT‑116, HT‑29 and SW620 
cell lines were starved overnight in assay media (RPMI‑1640 
without FBS), then single‑cell suspensions were seeded into 
the upper chamber (5x104 cells/well in RPMI‑1640 without 
FBS). The lower chamber was filled with 600 µl RPMI‑1640 
containing 10% FBS. Following incubation at 37˚C for 24 h, 
the non‑invaded cells on the upper side of the filter were 
removed with a cotton swab. The invaded cells were fixed in 
methanol for 30 min at room temperature, stained with 0.1% 
crystal violet at room temperature for 15 min, and observed 
under a f luorescent microscope (Olympus corporation 
at x100 magnification. All the experiments were performed 
at least 3 times.

Immunofluorescence. The HCT‑116 cells were seeded 
at 1x104 cells/ml in an 8‑well plate and transfected with 
the GFP‑RFP‑LC3 lentivirus after cell adherence. Tandem 
fluorescent‑tagged LC3 (GFP‑RFP‑LC3) lentiviral vector 
was purchased from Shanghai GeneChem Co., Ltd. The cells 
were treated with long‑acting penicillin (500 U/ml) for 1 day 
following transfection for 72 h, then observed under a confocal 
microscope (Olympus Corp.). After the cells were transfected 
with LC3‑GFP‑RFP lentivirus, LC3 had both green and red 

colors in the cytoplasm, but only showed green puncta when in 
the autophagolysosomes. All the experiments were performed 
at least 3 times.

Flow cytometry. Apoptosis of the HCT‑116 cell line was 
determined using the Annexin V‑PE Apoptosis Detection 
kit (BD Biosciences). Briefly, the cells were seeded into 
6‑well plates, then treated with long‑acting penicillin 
(0, 50, 100, 200 and 500 U/ml) at 37˚C for 24 h. Following 
which, the cells were washed twice with cold PBS, then resus‑
pended in 1X binding buffer. A total of 100 µl cell suspension 
was transferred to a 1.5 ml culture tube, to which 1 µl Annexin 
V‑PE and 1 µl 7‑AAD were added. The mixture was incu‑
bated for 15 min at room temperature in the dark. The results 
were immediately analyzed using a FACS flow cytometer 
(FACSARIA II; BD Biosciences) and the FlowJo software 
(v10.0.7r2; FlowJo LLC). All experiments were performed at 
least 3 times.

The cell cycle staining solution (MultiSciences Biotech 
Co., Ltd.) was used to analyze the cell cycle of the cells. The 
HCT‑116 cell line was seeded (5x105 cells/well) into 6‑well 
plates, then treated with long‑acting penicillin (0, 50, 100, 200 
and 500 U/ml) at 37˚C for 24 h. The treated and untreated 
cells were washed twice in cold PBS. After centrifuga‑
tion at 2,000 x g for 3 min at 4˚C, the washed pellets were 
resuspended in 300 µl DNA staining solution, containing 3 µl 
permeabilization solution and incubated at room temperature 
for 30 min in the dark. DNA content was analyzed using a flow 
cytometer (FACSARIA II; BD Biosciences). The results were 
analyzed using the cell cycle analysis software ModFit LT v4.1 
(Verity Software House, Inc.,). All the experiments were 
performed at least 3 times.

Electron microscopy. The HCT‑116 cell line was fixed in 4% 
paraformaldehyde in 0.1 M phosphate buffer for 4 h at 4˚C. 
The cells were washed with 0.1 M phosphate buffer and 
post‑fixed in 1% osmium tetroxide for 2 h at 4˚C. Then, the 
cells were dehydrated with ethanol and embedded in Epon‑812 
resin, and, finally, polymerized for 2 days at 65˚C. Ultrathin 
sections (70 to 90 nm) were stained with uranyl acetate and 
lead citrate at room temperature for 30 min. The ultrathin 
sections were observed under a Hitachi‑7000 electron micro‑
scope (Hitachi Ltd.).

Energy metabolism analysis of living cell mitochondria. 
The HCT‑116 cell line was transferred at a density of 
1x104 cells/well in unbuffered DMEM (Gibco; Thermo Fisher 
Scientific, Inc.) at pH 7.4 to an XF24 Seahorse assay plate to 
measure the mitochondrial oxygen consumption rate (OCR) 
with an XF analyzer (XF24; Seahorse Bioscience, Inc.) at 
different time points (0, 20, 40, 60 and 80 min). The cells were 
incubated at 37˚C without CO2 for 1 h for equilibration before 
initiating the assay. To measure bioenergetics, the basic OCR 
was measured first. The cells were treated with oligomycin 
(1 µmol/l) to inhibit ATP synthase, then carbonyl cyanide 
was added to trifluoromethoxyphenyl hydr (1 µmol/l) to 
produce maximum uncoupled respiration. Non‑mitochondrial 
respiration was determined by adding rotenone (0.5 µM) and 
antimycin A (0.5 µM). Under these well‑defined conditions, 
the effects of penicillin on the mitochondrial basal respiration, 
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ATP‑linked respiration, maximum respiration capacity and 
reserve respiration capacity of the CRC cells was analyzed.

Statistical analysis. SPSS v19.0 (IBM Corp.) was used for data 
analysis and GraphPad Primer v8 (GraphPad Software, Inc.) 
was used for graph generation. Data conforming to the normal 
distribution are presented as the mean ± SD. An unpaired 
t‑test was used to compare two groups and one‑way ANOVA 
followed by Bonferroni's post hoc test was used to compare 
>2 groups. P<0.05 was considered to indicate a statistically 
significant difference. 

Results

Penicillin has an inhibitory effect on the growth, migra‑
tion and invasion of the CRC cell lines. First, 0‑1,000 U/ml 
long‑acting penicillin was used to treat the HCT‑116, HT29 
and SW620 cell lines to determine its effect on cell growth. As 
shown in Fig. 1A, as the concentration of long‑acting penicillin 
increased, the activity of the CRC cells gradually weakened. 
In addition, cell viability decreased after the first day, and 

500 U/ml was the most effective inhibition concentration. At 
1,000 U/ml, the inhibitory effect on cells began to stabilize. 
The results of the three CRC cell lines showed the same trend. 

Next, the most effective inhibitory concentration of 
long‑acting penicillin (500 U/ml) was used to treat the CRC 
cell lines to determine its effect on the migration and invasion 
abilities of the CRC cell lines. As shown in Fig. 1B, at 72 h, 
the control group of the three different CRC cell lines had 
migrated substantially toward the middle of the scratch, while 
the penicillin‑treated cells migrated significantly less compared 
with that in the control group. As shown in Fig. 1C, for all three 
cell lines, the control group had more invading cells compared 
with that in the penicillin group. Thus, penicillin could inhibit 
the migration and invasion abilities of the CRC cell lines.

Penicillin disrupts mitochondrial function of the HCT‑116 cell 
line. To investigate whether penicillin caused dysregulation of 
mitochondrial energy metabolism in the HCT‑116 cell line, a 
mitochondrial energy metabolism experiment was performed 
and the results are shown in Fig. 2A. After treatment of the 
HCT‑116 cells with long‑acting penicillin (250 and 500 U/ml) 

Figure 1. Penicillin has an inhibitory effect on the growth, migration and invasion of the CRC cell lines. (A) MTT, (B) wound healing and (C) Transwell 
invasion assays showed that penicillin inhibited the growth, migration and invasion of the 3 CRC cell lines. **P<0.01, ***P<0.001 vs. control. Ctrl, control. 
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for 24 h, the entire OCR curve of the HCT‑116 cell line mito‑
chondrial aerobic respiration shifted downward. A significant 
change was observed even at a 250 U/ml. In addition, inhibition 
was observed for the main parameters of mitochondrial aerobic 
respiration, including basal respiration capacity, ATP produc‑
tion, maximum respiration capacity and respiration potential. 
To further determine whether dysfunction of the mitochondria 
in the HCT‑116 cell line occurred, western blot analysis was 
used to measure cytochrome c protein expression and the results 
are shown in Fig. 2B. After the HCT116 cell line was treated 
with 500 U/ml penicillin, the cytochrome c protein expression 
level in the mitochondria and the cytoplasm was measured. The 
results showed that the protein expression level of cytochrome 
c in the mitochondria and cytoplasm decreased and increased, 
respectively indicating that cytochrome c moved from the mito‑
chondria into the cytoplasm. Thus, penicillin could cause energy 
metabolism disorders in the mitochondria of CRC cell lines. 

Penicillin induces autophagy in the HCT‑116 cell line. To 
investigate the effect of penicillin on autophagy in the HCT‑116 
cell line, western blot analysis of autophagy‑related proteins, 
transmission electron microscope and LC3 autophagy lentivirus 
were used to examine the level of autophagy. First, different 

concentrations of long‑acting penicillin (0, 50, 100, 200, and 
500 U/ml) were used to treat the HCT‑116 cell line for 24 h, then 
long‑acting penicillin at 500 U/ml was also added to the cells 
for different periods of time (0, 1, 2 and 3 days) to observe the 
protein expression level of autophagy‑related protein, LC3. As 
shown in Fig. 3A, penicillin increased the conversion of cyto‑
plasmic LC3‑I to membrane‑type LC3‑II and the expression 
level of LC3‑II/LC3‑I increased with the increase in penicillin 
concentration, showing dose dependence. 

Transmission electron microscopy was also used to further 
observe changes in autophagosomes after penicillin treatment 
of the HCT‑116 cell line. As shown in Fig. 3B, after the HCT‑116 
cell line was treated with 500 U/ml long‑acting penicillin for 
24 h, autophagosomes with double membrane structure (blue 
arrows) were observed under the electron microscope, mainly 
mitochondrial swelling and irregular mitochondrial crest. 
The control group showed normal mitochondria (red arrows), 
and no autophagosomes. Therefore, penicillin could induce 
autophagy in the HCT‑116 cell line and could damage the 
mitochondrial structure of CRC cells.

As shown in Fig. 3C, after treating the HCT‑116 cell line 
with 500 U/ml long‑acting penicillin for 24 h, GFP‑LC3 
green fluorescent spots, RFP‑LC3 red fluorescent spots, and 

Figure 2. Penicillin disrupts mitochondrial function of the HCT116 cell line. (A) The mitochondrial energy metabolism experiment showed changes in respira‑
tion rates and ATP production in the HCT116 cell line treated with penicillin. (B) Proteins from mitochondria and cytoplasm were extracted and detected 
using western blot analysis, and normalized to COX4 in the mitochondria and β‑actin in the cytosol in the HCT116 cell line. **P<0.01, ***P<0.001 vs. control. 
Ctrl, control; Cyto c, cytochrome c. 
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RFP‑LC3 and GFP‑LC3 double‑positive fluorescent spots 
all increased, further demonstrating that following penicillin 
treatment of the HCT‑116 cells, intracellular autophagosomes 
and autophagy increased. 

Effects of penicillin on the cell cycle and apoptosis in the 
HCT116 cell line. Next, flow cytometry was used to examine 
the effect of penicillin on the cell cycle and cell apoptosis in 
the HCT‑116 cell line. Different concentrations of long‑acting 

Figure 3. Penicillin induces autophagic apoptosis in the HCT116 cell line. (A) Western blot analysis showed that the expression level of the autophagy‑related 
proteins LC3II/LC3‑I was upregulated. *P<0.05, **P<0.01, ***P<0.001 vs. control. (B) The HCT116 cell line was treated with long‑acting penicillin 500 U/ml 
for 24 h, and the changes in autophagosomes were observed under a confocal microscope after LC3 lentivirus infection. Magnification, x600. (C) Transmission 
electron microscopy showed increased autophagosomes and damage to the mitochondria. The red arrows indicate normal mitochondria, the blue arrows 
indicate autophagosomes. Magnification x12,000. Ctrl, control. 
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Figure 4. Penicillin blocks the CRC cell cycle in the G1 phase and increases the number of early apoptotic cells in the HCT116 cell line. The HCT116 cell line 
was treated with long‑acting penicillin (0, 50, 100, 200, and 500 U/ml. for 24 h, then (A) cell cycle and (B) apoptosis was analyzed. (C) Different concentrations 
of penicillin (0, 100, 200, 500 U/ml) were added to the HCT116 cell line for 24 h and the protein expression level of cleaved caspase‑3 was increased and was 
dose‑dependent. (D) After the autophagy inhibitor, 3‑MA inhibited autophagy, the protein expression level of caspase‑3 was decreased. **P<0.01, ***P<0.001 
vs. control. Ctrl, control; pen, penicillin. 
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penicillin (0, 50, 100, 200, and 500 U/ml) were used to treat the 
HCT‑116 cell line for 24 h and the results are shown in Fig. 4. 
Penicillin significantly increased the number of HCT‑116 cells 
in the G1 phase and decreased the number of cells in the S phase, 
indicating that penicillin could block cell cycle progression in the 
HCT‑116 cell line at the G1 phase. A concentration dependence 
was also observed. In addition, after treatment with long‑acting 
penicillin, the percentage of early apoptotic cells increased 
significantly. Furthermore, different concentrations of penicillin 
(0, 100, 200, 500 U/ml) were added to the HCT‑116 cell line for 
24 h, then western blot analysis was used to detect the expres‑
sion of apoptosis‑related protein, caspase‑3. The results showed 
that penicillin could promote the apoptosis of the HCT‑116 cell 
line. After the autophagy inhibitor, 3‑MA inhibited autophagy, 
the protein expression level of caspase‑3 was downregulated. 

Discussion

As a common malignant tumor in the world, CRC is one 
of the leading causes of cancer‑associated death. In recent 
years, the number of new patients with CRC has exceeded 
1 million, resulting in 700,000 deaths worldwide each 
year (32). Therefore, identifying a safe and effective drug is 
important in the current research on CRC. Previously, it has 
been reported that antibiotics could enhance the therapeutic 
effect of chemotherapy drugs on CRC (33); however, to the 
best of our knowledge, there has been no report on whether 
antibiotics alone can treat tumors. Penicillin is an antibacte‑
rial drug commonly used in clinical practice; it has few toxic 
side effects and is cheaper compared with other antibiotics 
(streptomycin, cephalosporins and vancomycin) (34). In view 
of its clinical safety, we hypothesized that it could be used in 
antitumor therapy. 

In the present study, long‑acting penicillin was used to treat 
the CRC cell lines and it was found that penicillin inhibited the 
growth of the CRC cell lines, and 500 U/ml was the optimal 
inhibitory concentration. In addition, the wound healing and 
Transwell invasion assays showed that penicillin significantly 
inhibited the migration and invasion of the CRC cell lines. 
These findings suggested that penicillin had antitumor proper‑
ties, and could inhibit the growth, migration and invasion of the 
CRC cell lines. During normal cell growth, abnormal apoptosis 
and cell cycle progression can cause malignant cells to prolif‑
erate. Inhibiting tumor cell proliferation can be achieved by 
regulating abnormal cell apoptosis and abnormal cell cycle (35). 
In the present study, it was found that penicillin blocked the cell 
cycle of the HCT116 cell line at the G1 phase and increased the 
number of early apoptotic cells, suggesting that penicillin could 
increase the apoptosis by blocking the cell cycle.

Studies have shown that mitochondria not only produce 
and provide energy, but also participate in a variety of physi‑
ological and pathological reactions (21,36,37). Mitochondrial 
dysfunction can lead to various pathological changes, such 
as the inflammatory response, oxidative stress response 
and apoptosis. Changes caused by mitochondrial structure 
and function injury, such as abnormal function of cellular 
respiratory chain enzymes, membrane potential decline and 
permeability change, calcium ion overload and pro‑apoptotic 
protein overexpression, ultimately lead to apoptosis and are 
an important way to inhibit cell growth (38). The release of 

cytochrome c is associated with the increase in mitochondrial 
outer membrane permeability and membrane potential (39). 
Existing studies show that CRC cell growth inhibition and 
mitochondrial function is associated (40‑42). To identify the 
mechanism by which penicillin inhibited CRC cell growth 
migration and invasion, mitochondrial energy metabolism was 
analyzed to examine the cell mitochondrial energy metabo‑
lism, and it was found that penicillin caused mitochondria 
energy metabolic disorders, where basic respiration capacity, 
maximal respiration capacity, respiration potential, and 
ATP generation were significantly inhibited. Mitochondrial 
energy metabolism disorder leads to increased mitochondrial 
membrane permeability, which releases cytochrome c into the 
cytoplasm, further promoting the release of apoptotic factors 
and finally leading to cell apoptosis (43). In the present study, 
the protein expression level of cytochrome c was significantly 
upregulated by penicillin treatment in a dose‑dependent 
manner. This suggested that penicillin caused mitochondrial 
function damage in the HCT116 cell line, led to energy metab‑
olism disorder and promoted the release of cytochrome c.

There are numerous ways to induce tumor cell death, 
including several non‑apoptotic forms of death in addition 
to apoptosis, in which autophagic cell death is an important 
one (44). Autophagy is a basic physiological process widely 
present in eukaryotic cells. It removes harmful protein 
aggregates, damaged organelles and some pathogens through 
lysosomal degradation, to maintain the homeostasis of 
the cells (45,46). Appropriate autophagy is crucial to cell 
homeostasis, but if autophagy is dysregulated, it causes a 
several diseases, including neurodegeneration and tumors, 
and excessive autophagy can lead to cell death (47). Therefore, 
autophagy plays an important role in antitumor drug therapy. In 
the present study, penicillin induced autophagy in the HCT116 
cell line, which in turn caused apoptosis. LC3 is known to be 
in two forms, LC3‑I and LC3‑II. When autophagy begins, 
inactive LC3‑I binds with phosphatidylethanolamine and 
is transformed into the active LC3‑II, and activated LC3‑II 
aggregates on the autophagic membrane; therefore, the ratio 
of LC3‑II/LC3‑I reflects the degree of autophagy to a certain 
extent (48,49). In the present study, the ratio of LC3‑II/LC3‑I 
was significantly upregulated by penicillin in a time‑ and 
dose‑dependent manner. The number of autophagosomes 
increased following penicillin treatment as observed using 
confocal microscopy. Furthermore, mitochondrial structure 
damage was observed with transmission electron microscopy.

Some studies have shown that the use of antibiotics 
increases the risk of CRC or colorectal adenoma, particularly 
in the proximal colon (50,51), and other studies have shown 
that long‑term antibiotics, such as tetracycline, can reduce the 
risk of rectal cancer (52,53). A previous study also showed 
that when the ampicillin/amoxicillin treatment strategy is 
switched from anti‑anaerobic to anti‑aerobic, the incidence 
of CRC is reversed (54). The size and pattern of the effect 
of oral antibiotics on the risk of CRC differs depending on 
the anatomical location of the cancer. The proximal colon 
is the first location to be exposed to antibiotics and different 
colorectal anatomical locations determine the distribution 
of different advocacy flora (55). Oral anti‑anaerobic drugs 
can destroy the microbiota organization and structure in the 
colon and significantly impact the risk of CRC (56). As the 
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intestinal flora is mainly composed of anaerobic bacteria, it is 
of note that the CRC tissue is rich in a multi‑microbial invasive 
biofilm, particularly the right tumor (57). The greater impact 
of antibiotics on the proximal colon may reflect the destruction 
of biofilm formation related to carcinogenesis (51). Antibiotics 
can reduce the risk of CRC; however, the intestinal flora is also 
affected. In the current study, it was found that penicillin had 
an antitumor effect, which is a new finding; however, further 
research should be performed in a clinical setting.

In conclusion, the role of penicillin in antimicrobial therapy 
has been widely known; however, reports of penicillin use in 
antineoplastic therapy are rare. In the present study, using 
cultured CRC cell lines it was demonstrated that penicillin 
could inhibit the growth and promote CRC cell apoptosis. The 
results provide the basis for evaluating the antitumor effects 
of penicillin. To further understand the antitumor properties 
of penicillin, the inhibitory effects of penicillin on CRC cells 
should be investigated in animal experiments, which is the aim 
of our future experiments, to establish a cell derived xenograft 
tumor model to further verify the inhibitory effect of penicillin 
on CRC cell lines. Such experiments would further reveal the 
effects of penicillin on the growth and metastasis of CRC 
cells, and provide a basis for the clinical treatment of CRC.
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