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Introduction

Cervical cancer is the third most common malignancy in 
women worldwide. Human papillomavirus (HPV) infec-
tion is the most frequent risk factor in the development of 
nearly all cases of cervical cancer.1,2 In early stage, cervi-
cal cancer is potentially curable through a combination of 
surgery, radiation therapy, or chemotherapy. The 5-year 
survival rate exceeds 90%. The routine use of Pap smear 
and HPV tests has significantly improved the outcome of 
cervical cancer in developed countries.3 Unfortunately, 
patients in lower income countries are often diagnosed at 
an advanced stage because of the lack of adequate screen-
ing, early diagnosis, and curative treatments.4 Despite the 

fact that most molecular research efforts have been based 
on the link between high-risk HPV types and cervical 
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Abstract
Carnosine has been demonstrated to play an antitumorigenic role in certain types of cancer. However, its underlying 
mechanism is unclear. In this study, the roles of carnosine in cell proliferation and its underlying mechanism were investigated 
in the cultured human cervical gland carcinoma cells HeLa and cervical squamous carcinoma cells SiHa. The results showed 
that carnosine exerted a significant inhibitory effect on the proliferation of HeLa cells, whereas its inhibitory action on the 
proliferation of SiHa cells was much weaker. Carnosine decreased the ATP content through inhibiting both mitochondrial 
respiration and glycolysis pathways in cultured HeLa cells but not SiHa cells. Carnosine reduced the activities of isocitrate 
dehydrogenase and malate dehydrogenase in TCA (tricarboxylic acid) cycle and the activities of mitochondrial electron 
transport chain complex I, II, III, and IV in HeLa cells but not SiHa cells. Carnosine also decreased the mRNA and protein 
expression levels of ClpP, which plays a key role in maintaining the mitochondrial function in HeLa cells. In addition, 
carnosine induced G1 arrest by inhibiting the G1-S phase transition in both HeLa and SiHa cells. Taken together, these 
findings suggest that carnosine has a strong inhibitory action on the proliferation of human cervical gland carcinoma cells 
rather than cervical squamous carcinoma cells. Mitochondrial bioenergetics and glycolysis pathways and cell cycle may be 
involved in the carnosine action on the cell proliferation in cultured human cervical gland carcinoma cells HeLa.
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cancer, the identification of novel molecular targets and 
mechanisms contributing to improved treatment for this 
disease will be meaningful.

Carnosine (β-alanyl-L-histidine), a naturally occurring 
dipeptide consisting of β-alanine and L-histidine, is synthe-
sized by carnosine synthetase. As an endogenous substance, 
it is highly concentrated in muscle and brain tissues and 
also presents in other organs such as lungs, kidney, and 
stomach.5 Since the discovery of carnosine, repeated clini-
cal efforts have been consistently made to determine its bio-
logical functions, and several physiological functions have 
been pointed out, including antioxidant activity, neurotrans-
mitter function, anti-inflammatory, and anti-senescence 
properties.5-9 So it is not surprising that the enigmatic pep-
tide is increasingly found to be implicated in an increasing 
number of pathological conditions. For example, it is found 
to be related to tumors. It has been reported that carnosine 
regulated some events that contribute to the tumor growth 
and metabolism, highlighting the critical importance of car-
nosine’s antitumorigenic effect.10-13 Although it has been 
suggested that carnosine is involved in cell proliferation, 
cell cycle arrest, cell apoptosis, and even the glycolytic 
energy metabolism of certain tumor cells, the molecular 
mechanisms of the antineoplastic activities of this dipeptide 
are still not completely understood.14

Recently, the importance of mitochondria as oxygen sen-
sors as well as producers of ATP has become a focal point of 
cancer research, and studies have showed an important phe-
nomenon that mitochondrial metabolism is important for 
the rapid proliferation of multiple cancer cell types.15,16 
Therefore, the current study was designed to explore 
whether carnosine could inhibit the proliferation of human 
cervical cancer cells, and whether the mitochondrial bioen-
ergetics or the glycolysis pathway and/or any other mecha-
nisms contribute to the carnosine action on the proliferation 
of human cervical cancer cells.

Materials and Methods

Reagents

L-Carnosine, rotenone, carbonyl cyanide ptrifluorometh-
oxyphenyl-hydrazone (FCCP), and Oligomycin were from 
Sigma (St Louis, MO). Dulbecco’s modified Eagle’s 
medium (DMEM) was from Hyclone (USA). Fetal bovine 
serum (FBS) was from NATOCOR (Argentina). Annexin 
V-FITC/PI apoptosis detection kit was from Lianke 
Biotechnology Co, Ltd. 3-[4,5-Dimethylthiazol-2-yl]-2,5-
diphenyltetra-zolium bromide (MTT), BCA protein assay 
kit, and ATP assay kit were from Beyotime Institute of 
Biotechnology (Nanjing, China). XF assay medium and XF 
calibrant solution were obtained from Seahorse Bioscience 
(USA). RNA Extraction Kit, PrimeScript RT reagent kit, 
and SYBR Premix Ex Taq were from TakaRa Biotechnology 

(Dalian) Co, Ltd (Dalian, China). Cell cycle detection kit 
and lactic acid assay kit were from Jiancheng Bioengineering 
Institute (Nanjing, China).

Cell Culture and Carnosine Treatment

The human cervical gland carcinoma cells HeLa and cervi-
cal squamous carcinoma cells SiHa were purchased from 
American Type Culture Collection (Rockville, MD). Cells 
were cultured in DMEM supplemented with 10% FBS and 
antibiotics (100 U/mL penicillin G and 100 µg/mL strepto-
mycin) at 37°C in a humidified atmosphere of 5% CO

2
. One 

mole of stock solution of carnosine was made in phosphate-
buffered saline (PBS) immediately before use, and cells 
were treated with carnosine at a final concentration of 20 
mM for 48 hours.

Colony Formation Assay

Cells were plated in 6-well plates at density of 200 to 300 
cells per well and then were treated with carnosine (20 
mM). Clones were allowed to grow for 14 days in DMEM 
culture medium supplemented with 10% FBS, 100 U/mL 
penicillin G, and 100 µg/mL streptomycin, and the medium 
was changed every 3 to 4 days. The cells were subsequently 
fixed with 4% paraformaldehyde and stained with crystal 
violet for analysis of colony formation.17

MTT Reduction Assay

Cell metabolic activity was monitored by the colorimetric 
MTT assay as described previously.18 Briefly, cells were 
cultured on 96-well plates and there were 10 wells in each 
group. At the end of experiments, the cells were incubated 
with 0.5 mg/mL MTT for 4 hours at 37°C. Then, the super-
natant layer was removed, and 100 µL of dimethyl sulfox-
ide was added into each well. MTT metabolism was 
quantitated spectrophotometrically at 570 nm in a BioRad 
microplate reader. Results were expressed as the percent-
age of MTT reduction, taking the absorbance of control 
cells as 100%.

Cell Apoptosis Analysis

The percentage of apoptotic cells was measured using an 
Annexin V-FITC apoptosis detection kit according to the 
manufacturer’s protocol. The HeLa and SiHa cells were 
treated with carnosine (20 mM) for 48 hours, and then 
were harvested and washed twice with PBS. The cells 
were resuspended in 500 µL binding buffer containing 5 
µL Annexin V-FITC and 10 µL PI. Then the cells were 
incubated away from light for 10 to 15 minutes at room 
temperature. Last, the stained cells were analyzed using a 
flow cytometer.
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Seahorse XF96 Flux Analyzer

The Seahorse XF96 Flux Analyzer (Seahorse Bioscience, 
Billerica, MA) was used to determine the metabolic profiles 
of HeLa and SiHa cells under the influence of carnosine. A 
total of 1.0 × 105 cells/well were seeded into XF96 micro-
plates and incubated at 37°C for 24 hours. Thereafter, the 
cells were treated for 48 hours with 20 mM carnosine. After 
treatment, the cells were switched to unbuffered DMEM 
supplemented with 2 mM sodium pyruvate and 20 mM car-
nosine 1 hour prior to the beginning of the assay and main-
tained at 37°C. After baseline measurements, oxygen 
consumption rates (OCRs) and extracellular acidification 
rates (ECARs) were measured after sequentially adding to 
each well 20 µL of oligomycin (which blocks the mitochon-
drial complex V, where the electron chain is coupled to ATP 
synthesis), FCCP (an uncoupling agent that allows maxi-
mum electron transport), and rotenone (which blocks com-
plex I, thereby eliminating mitochondrial respiration), to 
reach working concentrations of 1 µg/mL, 1 µM, and 1 µM, 
respectively. Each parameter, including ATP-linked OCR, 
proton leak, mitochondrial respiration OCR, and non-mito-
chondrial respiration OCR, is derived as described previ-
ously.19 OCR is reported in the unit of picomoles per minute, 
and ECAR is reported in milli-pH units (mpH) per minute.

Extracellular Lactic Acid Level Assay

After carnosine treatment, the concentration of lactic acid in 
the cell-free supernatant was measured by the lactic acid 
assay kit according to the manufacturer’s instruction.

Determination of ATP Production

The ATP assay was performed according to the manufac-
turer’s instruction. Briefly, after carnosine treatment, the 
cells were harvested and lysed with a lysis buffer, followed 
by centrifugation at 10 000 × g for 2 minutes at 4°C. Finally, 
in 96-well plates, the level of ATP was determined by mix-
ing 20 µL of the supernatant with 100 µL of luciferase 
reagent, which catalyzed the light production from ATP and 
luciferin. Luminance was measured by a monochromator 
microplate reader. Standard curves were also generated and 
the protein concentration of each treatment group was 
determined using the BCA protein assay kit. Total ATP lev-
els were expressed as nmol/mg protein.

Western Blot Analysis

The cells were treated with carnosine for 48 hours and then 
were lysed in Western and IP lysis buffer containing PMSF 
for 5 minutes on ice, followed by centrifugation at 13 000 × 
g for 25 minutes at 4°C. The supernatant was harvested,  
and the protein concentration was quantified using a BCA 

protein assay kit. Western blot analysis was carried out by 
standard protocol. The following antibodies were used: rab-
bit anti-c-Myc antibody (1:5000, ab32072), rabbit anti-
PCNA antibody (1:1000, ab92552), rabbit anti-Bcl-2 
antibody (1:1000, ab32124), rabbit anti-SDHA antibody 
(1:1000, ab137040), rabbit anti-IDH3A antibody (1:1000, 
ab58641), rabbit anti-MDH1 antibody (1:1000, ab180152), 
rabbit anti-ClpP antibody (1:1000, ab124822), rabbit anti-
ClpX antibody (1:1000, ab168338), rabbit anti-COX IV 
antibody (1:1000, ab66739) (from Abcam Inc). Mouse anti-
β-actin antibody (1:1000, AA128), HRP-labeled goat anti-
rabbit IgG (1:500, A0208), and HRP-labeled goat 
anti-mouse IgG (1:500, A0216) were from Beyotime 
Institute of Biotechnology (Nanjing, China).

Isolation and Purification of Mitochondria

Mitochondria purification was conducted as described previ-
ously.20 In brief, the cells were collected and homogenized in 
precooled homogenization buffer (0.25 M sucrose, 10 mM 
HEPES-NaOH, pH 7.4, 1 mM EDTA). Crude mitochondria 
were enriched by differential centrifugation and were further 
purified by centrifugation in a 30% to 55% sucrose density 
gradient at 135 000 × g for 15 minutes. Mitochondria fraction 
was collected at the interface of 40%/55% density and resus-
pended in mitochondria extraction buffer. An additional cen-
trifugation at 12 000 × g for 30 minutes was carried out to get 
the final purified mitochondria pellet.

Dehydrogenase Activity Assay

α-Ketoglutarate dehydrogenase (α-KGD) activity was 
assayed by measuring the reduction of NAD+ at 340 nm on 
the addition of 0.5 mM NAD+, 200 µM TPP, 130 µM CoA, 
and 2 mM α-KGD to 2 µg/µL mitochondria. Isocitrate 
dehydrogenase 3 (IDH3) activity was assayed by measuring 
the reduction of NAD+ at 340 nm on the addition of 167 µM 
NAD+ and 167 µM (+)-potassium Ds-threoisocitrate mono-
basic to 2 µg/µL mitochondria. Malate dehydrogenase 
(MDH) activity was assayed by measuring the reduction of 
NAD+ at 340 nm on the addition of 0.5 mM NAD+ and 5 
mM malate to 2 µg/µL mitochondria.21,22 Enzyme activity 
in the sample was calculated using an NADH extinction 
coefficient of 6.2 mM/cm.

Mitochondrial Electron Transport Chain (ETC) 
Complexes Activity Assays

Mitochondrial respiratory chain enzymatic activities (com-
plexes I-IV) were assessed as previously described.17

Complex I activity: Prepared mitochondria (2 µL; 2 µg/
µL) were added to the assay medium containing potas-
sium phosphate buffer (10 µL; 0.5 M; pH 7.5), fatty 
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acid-free BSA (12 µL; 25 mg/mL), NaN
3
 (1 µL; 0.5 M), 

NADH (1 µL, 10 mM), and distilled water (73 µL). After 
reading the baseline at 340 nm for 2 minutes, ubiquinone

1
 

(1 µL; 5 mM) was applied and the decrease in absorbance 
was recorded at 340 nm for 2 minutes. In parallel, the 
same quantity of reagents and samples but with the addi-
tion of rotenone solution (1 µL; 1 mM) was used.

Complex II activity: Prepared mitochondria (2 µL; 2 µg/
µL) were added to the assay medium containing potas-
sium phosphate buffer (5 µL; 0.5 M; pH 7.5), fatty acid-
free BSA (4 µL; 25 mg/mL), NaN

3
 (1 µL; 0.5 M), 

succinate (5 µL; 400 mM), DCPIP (14.5 µL; 0.015% 
[wt/vol]), and distilled water (67.5 µL). The mixture was 
incubated at 37°C for 8 minutes, and then the baseline 
was recorded at 600 nm for 2 minutes. Then DUB (1 µL; 
5 mM) was applied and the decrease in absorbance at 
600 nm was recorded for 2 minutes. In parallel, malonate 
(1 µL; 1 M) was used.

Complex III activity: Prepared mitochondria (2 µL; 2 µg/
µL) were added to the assay medium containing potas-
sium phosphate buffer (5 µL; 0.5 M; pH 7.5), oxidized 
cytochrome c (7.5 µL; 1 mM), NaN

3
 (1.5 µL; 0.5 M), 

EDTA (2 µL; 5 mM; pH 7.5), Tween-20 (1 µL; 2.5% 
[vol/vol]), and distilled water (80 µL). After reading the 
baseline at 550 nm for 2 minutes, decylubiquinol (1 µL; 
5 mM) was used and then the increase in absorbance at 
550 nm was recorded for 2 minutes. In parallel, the same 
quantity of reagents and samples with the addition of 
antimycin A (1 µL; 1 mg/mL) were used.

Complex IV activity: Reduced cytochrome c (5 µL; 1 mM) 
was added to the potassium phosphate buffer (25 µL; 100 
mM; pH 7.0) and distilled water (40 µL). The baseline 
activity was recorded at 550 nm for 2 minutes. Then the 
prepared mitochondria (2 µL; 2 µg/µL) were added to the 
assay medium, and the decrease in absorbance at 550 nm 
was recorded for 2 minutes. The specificity of complex IV 
activity was checked in parallel experiment, in which 
NaN

3
 (1 µL; 0.5 M) was added. The enzymatic activities 

for each mitochondrial enzyme should be calculated 
according to the following equation:

 

Enzyme activity nmol min mg  Dabsorbance

min 1

1 1( ) ( /

) /

− − =
×

∆
000 [[(

)
(

extinction coefficient

volume of sample used in mL
sa

×
×

mmple protein concentration in mg mL 1− )]

 

Quantitative Real-Time Polymerase Chain 
Reaction (PCR)

Total RNA was isolated with Trizol reagent according to the 
manufacturer’s guidelines and was quantified by Nanodrop 
spectrophotometry. cDNA was synthesized from 2000 ng 

total RNA using the PrimeScript RT reagent kit according 
to the manufacturer’s instructions. Real-time quantification 
PCRs of ClpP, pepT1, and pepT2 were performed using 
SYBR Premix Ex Taq. All expression values of target genes 
were calculated using the 2−ΔΔCt method.23,24 The primers 
used for the experiment were as follows: ClpP (Fw: 5′- 
ctcattcccatcgtggtgga-3′; Rev: 5′-gataacaaggctggcaacgc-3′), 
hpepT1 (FW: 5′-caatcctgattctgtacttcac-3′; Rev: 5′-acatggtc 
ttgaactttcc-3′), hpepT2 (FW: 5′-tcacttccacctgaaatatcac-3′; 
Rev: 5′-ctgtatcctttaccatcatgct-3′), β-actin (Fw: 5′-ggctgattc 
ccctccatcg-3′; Rev: 5′-ccagttggtaacaatgccatgt-3′).

Detection of the Cell Cycle Stage

The cell cycle of cervical cancer cells was measured by a 
cell cycle detection kit. The HeLa and SiHa cells were 
plated in 6-well plates and were maintained in fresh culture 
medium overnight, and were then treated with carnosine 
(20 mM) for 48 hours in the following day. The cervical 
cancer cells were collected after carnosine treatment and 
washed twice with PBS. Then, the cells were punched by 10 
µL permeabilization solution and labeled with 1 mL DNA 
staining solution for 30 minutes. The fractions of the cells in 
G1, S, and G2 phases were analyzed by flow cytometry.

Statistical Analysis

All data represent 3 or more independent experiments. 
Data were expressed as mean ± SD. Statistical analyses 
were conducted by SPSS 11.5 for Windows. One-way 
ANOVA (analysis of variance) followed by LSD (least 
significant difference) or Dunnett’s T3 post hoc test 
(where equal variances were not assumed) was applied 
for multiple comparisons, whereas Student’s t test was 
used for comparisons between 2 groups. P < .05 was con-
sidered statistically significant.

Results

Effect of Carnosine on HeLa and SiHa Cells 
Viability

To determine the effect of carnosine on HeLa and SiHa cells 
viability, MTT reduction assay was used. As shown in 
Figure 1A, carnosine at concentrations of 5, 20, and 50 mM 
markedly reduced cell viability to 88.09%, 67.82%, and 
21.89% of control in HeLa cells and to 97.59%, 81.58%, 
and 65.32% of control in SiHa cells, respectively. Carnosine 
at a concentration of 100 mM caused massive cell death 
both in HeLa and SiHa cells as most of the cells were floated 
in the culture medium (data not shown). Therefore, carno-
sine at a concentration of 20 mM was used in the following 
tests. We further used flow cytometry to assay whether car-
nosine could also cause apoptosis in cultured HeLa and 
SiHa cells. The results showed that 20 mM carnosine 
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Figure 1. Effect of carnosine on cell viability in cultured HeLa and SiHa cells. Cells were treated with 5, 20, and 50 mM carnosine 
for 48 hours, respectively, and then the cell viability was assayed using the MTT reduction assay (A). Results were expressed as 
percentage of control, and were showed as mean ± SD. N = 10-12. **P < .01 versus control group in cultured HeLa cells, &&P < .01 
versus control group in cultured SiHa cells. Apoptotic cell death was determined by PI and Annexin V-FITC staining followed by flow 
cytometry (B, C). Western blot analysis of the expression of Bcl-2 in HeLa and SiHa cells after carnosine treatment for 48 hours (D).

treatment for 48 hours did not induce apoptotic cell death in 
HeLa or SiHa cells (Figure 1B, C). Moreover, we also found 
that carnosine treatment did not affect the expression level 
of Bcl-2 (Figure 1D).

Chronic Treatment With Carnosine Inhibited 
HeLa Cells Colonies Formation

To examine whether chronic exposure to carnosine could 
affect the proliferative capacity of HeLa and SiHa cells, the 
cells were seeded at a low density (200-300 cells/well) and 
allowed to form colonies for 14 days in DMEM supple-
mented with 20 mM carnosine. As shown in Figure 2, 
chronic exposure to carnosine resulted in a significant reduc-
tion in colonies formation in HeLa cells (control group: 
100.00 ± 5.42%, carnosine-treated group: 38.74 ± 5.29%,  

P < .01) and a slight reduction in colonies formation without 
statistical significance in SiHa cells (control group: 100.00 ± 
7.98%, carnosine-treated group: 86.97 ± 8.66%, P = .128).

Carnosine Modulated Mitochondrial Bioenergetics 
and Glycolysis of Cultured HeLa Cells

We investigated the effects of carnosine on the oxygen con-
sumption rate and extracellular acidification rate in cultured 
HeLa and SiHa cells. As shown in Figure 3, after treatment 
with 20 mM carnosine for 48 hours, the basal cellular OCR 
was found to be 239.5 ± 21.6 pmol/min/mg protein (~83.7% 
of control) in HeLa cells and 436.1 ± 49.4 pmol/min/mg pro-
tein (~83.3% of control) in SiHa cells (Figure 3A, C). 
Carnosine treatment also markedly reduced the basal cellular 
ECAR both in HeLa and SiHa cells (Figure 3B). Carnosine 
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markedly reduced the absolute amount of ATP-linked respi-
ration and mitochondrial oxygen consumption rates in HeLa 
cells (Figure 3D, F), but it reduced non-mitochondrial oxy-
gen consumption rates in SiHa cells (Figure 3G).

Carnosine is a mobile organic pH buffer. So the extracel-
lular acidification rate assayed in the presence of carnosine 
cannot reflect the real glycolysis rate. So we also measured 
the extracellular lactic acid level to verify the effect of car-
nosine on glycolysis in cultured HeLa and SiHa cells. The 
results showed that carnosine treatment markedly reduced 
the extracellular lactic acid level to 69% of control in HeLa 
cells, whereas it did not affect the extracellular lactic acid 
level in SiHa cells (Figure 3H). Carnosine treatment also 

significantly reduced the cellular ATP production in HeLa 
cells but not in SiHa cells (Figure 3I).

Carnosine Reduced the Activities of IDH3 and 
MDH in Cultured HeLa Cells

We next examined the enzymes activation of α-KGD, IDH, 
and MDH in tricarboxylic acid (TCA) cycle under the influ-
ence of carnosine. We found that carnosine treatment did 
not affect the activity of α-KGD, whereas the activities of 
IDH3 and MDH were significantly decreased after carno-
sine treatment (Figure 4A-C). The western blot analysis 
showed that carnosine treatment did not affect α-KGD, suc-
cinate dehydrogenase complex, subunit A (SDHA), IDH3, 
and MDH proteins expression level in cultured HeLa and 
SiHa cells (Figure 4D).

Carnosine Decreased the Activities of 
Mitochondrial Electron Transport Chain (ETC) in 
Cultured HeLa Cells

We also determined whether carnosine can also affect the 
activities of ETC complex I, II, III, and IV in cultured HeLa 
and SiHa cells. The results showed that carnosine treatment 
did not affect the activities of complexes I to IV in SiHa cells. 
However, it markedly reduced the activities of complexes I to 
IV in HeLa cells (Complex I, control group: 100.00 ± 4.03%, 
carnosine-treated group: 86.85 ± 2.50%, P = .009; Complex 
II, control group: 100.00 ± 5.84%, carnosine-treated group: 
76.44 ± 3.83%, P = .004; Complex III, control group: 100.00 
± 6.69%, carnosine-treated group: 80.06 ± 5.21%, P = .015; 
Complex IV, control group: 100.00 ± 12.07%, carnosine-
treated group: 67.36 ± 4.57%, P = .012; Figure 5).

Carnosine Decreased the mRNA and Protein 
Expression Level of ClpP in Cultured HeLa Cells

ClpP is related to the enzyme activity of complex II. In the 
current study, we also detected the mRNA and protein 
expression levels of ClpP and ClpX under the influence of 
carnosine in HeLa and SiHa cells. The result in Figure 6 
showed that the mRNA and protein expressions of ClpP 
were both downregulated in HeLa cells after carnosine 
treatment, which is corresponding with complex II. 
However, the protein expression level of ClpX, which is the 
chaperone of ClpP, was not markedly changed.

Carnosine Retarded Cell Cycle and Reduced the 
Expression of c-Myc and PCNA Proteins in HeLa 
and SiHa Cells

In the current study, we also explored the role of carnosine in 
cell cycle progression in the cultured HeLa and SiHa cells. 
The data showed that carnosine treatment significantly 

Figure 2. Effect of carnosine on colony formation in cultured 
HeLa and SiHa cells. Cells were seeded at low density in DMEM 
supplement with or without carnosine (20 mM) for 14 days. The 
colonies were subsequently fixed with 4% paraformaldehyde 
and stained with crystal violet for analysis of colony formation. 
Representative images of the cloning wells, HeLa cells (A), SiHa 
cells (B). Quantitative image analysis of colonies in cultured 
HeLa and SiHa cells (C). Data were expressed as mean ± SD. N 
= 6. **P < .01 versus control group.
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increased the amount of cells in G1 phase (control group: 
56.74 ± 0.28%, carnosine-treated group: 63.86 ± 1.61%, P = 
.002) and decreased the amount of cells in S phase (control 
group: 38.78 ± 1.17%, carnosine-treated group: 28.51 ± 
0.12%, P = .000) in cultured HeLa cells (Figure 7A, B). We 
also found that carnosine caused a slight increase in the 
amount of cells in G1 phase (control group: 58.58 ± 4.97%, 
carnosine-treated group: 63.04 ± 3.95%, P = .291); however, 
it significantly decreased the amount of cells in S phase in 
cultured SiHa cells (control group: 23.55 ± 1.30%, carno-
sine-treated group: 18.71 ± 0.97%, P = .007; Figure 7A, C). 
Thus, all the data indicate that carnosine induces G1 arrest in 
HeLa and SiHa cells by inhibiting the G1-S phase transition. 
Next we measured the proteins expression level of prolif-
erating cell nuclear antigen (PCNA; high-expressed in S 

phase) and c-Myc, which promotes cell immortalization. 
The results showed that carnosine treatment significantly 
reduced the expression levels of PCNA and c-Myc both in 
the cultured HeLa and SiHa cells (Figure 7D).

The mRNA Expression Level of PepT1 and 
PepT2 in Cultured HeLa and SiHa Cells

In the current study, we found that the inhibitory effect of 
carnosine on the proliferative capacity in cultured HeLa 
cells is more effective than that in SiHa cells. We wondered 
whether this phenomenon is due to the different expression 
levels of pepT1 and pepT2, the peptide transporters respon-
sible for the transport of carnosine into the cells, in HeLa and 
SiHa cells. So we also examined the mRNAs expression 

Figure 3. Effects of carnosine on mitochondrial respiration and glycolysis in cultured HeLa and SiHa cells. Real-time analysis of oxygen 
consumption rates (OCR) (A) and extracellular acidification rates (ECAR) (B) of cultured HeLa and SiHa cells by perturbing them with 
small molecule metabolic modulators. Oligomycin (O, 1 µM), FCCP (F, 1 µM), and rotenone (R, 1 µM) were injected sequentially at the 
indicated time points into each well containing HeLa and SiHa cells after baseline rate measurement. (C) Basal OCR, (D) ATP-linked 
OCR, (E) proton leak, (F) mitochondrial respiration OCR, (G) non-mitochondrial respiration OCR, (H) extracellular lactic acid level, 
and (I) ATP content are shown. Each data represents mean ± SD. N = 6-8. *P < .05, **P < .01 versus control group.
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Figure 5. Effect of carnosine on the activity of mitochondrial ETC complexes in cultured HeLa and SiHa cells. The cells were treated 
with 20 mM carnosine for 48 hours, and then the activity of ETC complex I (A), complex II (B), complex III (C), and complex IV (D) 
was measured by spectrophotometry. Results were expressed as percentage of control, and were showed as mean ± SD. N = 3-4. *P 
< .05, **P < .01 versus control group.

Figure 4. Effects of carnosine on the activity and expression level of dehydrogenases in the TCA in cultured HeLa and SiHa cells. The cells 
were treated with 20 mM carnosine for 48 hours, and then the enzyme activity of α-KGD (A), IDH (B), and MDH (C) was measured by 
spectrophotometry. Results were expressed as percentage of control, and were expressed as mean ± SD. N = 3. *P < .05 versus control 
group. Western blot analysis of the expression of α-KGD, SDHA, IDH, and MDH in the mitochondria in cultured HeLa and SiHa cells (D).
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level of pepT1 and pepT2 in these 2 cell lines. We found that 
the mRNA expression level for pepT1 could be detected nei-
ther in HeLa nor in SiHa cells. However, the mRNA expres-
sion level for pepT2 in SiHa cells was much higher than that 
in HeLa cells (Figure 8).

Discussion

To our knowledge, this is the first study to evaluate the 
effects of carnosine on mitochondrial bioenergetics and cell 
proliferation in cultured human cervical carcinoma cells 
HeLa and SiHa. Our principal findings are as follows. First, 
carnosine significantly decreased the mitochondrial bioen-
ergetics, glycolysis, and the proliferative capacity of HeLa 
cells but not SiHa cells. Second, carnosine markedly 
decreased the activities of IDH and MDH in TCA cycle and 
the ETC complexes I to IV in HeLa cells. Third, carnosine 
may decrease the activities of ETC complexes I and II in 
HeLa cells by downregulation of CIpP. Thus, carnosine 
may decrease the proliferation of HeLa cells by a selective 
inhibition of their mitochondrial metabolism.

Carnosine shows an inhibitory effect on the growth of 
transformed cells both in vitro and in vivo.25 In the current 

study, we observed a significant decrease in cell prolifera-
tive capacity of HeLa cells but not SiHa cells, and this effect 
was not accompanied by apoptosis. It has been demon-
strated that carnosine may through suppressing glycolysis 
inhibit growth and proliferation of cancer cells.8,26 Here, we 
also found that carnosine treatment markedly suppressed 
glycolysis in cultured HeLa cells, and the results are consis-
tent with the previous studies.25 However, we do not know 
why carnosine treatment did not affect glycolysis in cul-
tured SiHa cells.

Recently, mitochondrial function was found to play an 
important role in tumorigenesis, development, and metasta-
sis of multiple cancer cell types.15,16,27 Thus, mitochondria 
have been considered as a novel and effective therapeutic 
target for treatment in some types of cancer. Our previous 
study found that carnosine also possesses a novel role as a 
regulator of mitochondrial respiration in cultured human 
gastric cancer SGC-7901 cells.18 In the current study, the 
Seahorse analysis showed that carnosine decreased the 
basal cellular OCR both in the HeLa and SiHa cells. This 
decrease was mainly due to the decreased mitochondrial 
respiration (ATP-linked respiration) in HeLa cells, whereas 
the decreased basal cellular OCR was mainly due to the 
decreased non-mitochondrial respiration (cytosolic oxygen 
consumption) in SiHa cells, indicating that the mitochon-
drial ATP output decreases in the carnosine-treated HeLa 
cells but not SiHa cells. Thus, carnosine may inhibit the 
proliferation of HeLa cells mainly by a suppression of gly-
colysis and mitochondrial bioenergetics. But the question 
remained of how carnosine regulates the mitochondrial 
bioenergetics.

The TCA cycle is a central metabolic pathway responsi-
ble for supplying reducing potential for oxidative phosphor-
ylation and anabolic substrates for cell growth, repair, and 
proliferation, and inactivation of any step can disrupt mito-
chondrial bioenergetics.28 In the current study, lower activi-
ties of IDH

3
, MDH (Figure 4B, C) and SDH (assayed as 

mitochondrial ETC complex II activity; Figure 5B) were 
observed in cultured HeLa cells under the influence of car-
nosine. Similarly, it was shown that the MDH activity has 
fairly good correlation with the growth rate of tumors. The 
slow-growing tumors revealed less MDH activity compared 
with fast growing tumors.29 However, recently Macedo et al 
showed that acute carnosine treatment enhanced cerebral 
cortex SDH activity, but it did not induce any change in 
MDH activity in rats.30 This difference between HeLa cells 
and cerebral cortex tissue in response to carnosine may be 
due to the different energy metabolism of the transformed 
and non-transformed cells.

In this study, we also explored the role of ETC com-
plexes I, II, III, and IV as potential pharmacological targets 
of carnosine in cultured HeLa and SiHa cells. We observed 
a statistically significant decrease of complexes I, II, III, 
and IV activities in HeLa cells but not in SiHa cells 

Figure 6. Effects of carnosine on the expression level of 
ClpP and ClpX in cultured HeLa and SiHa cells. The cells 
were treated with 20 mM carnosine for 48 hours, and the 
proteins expression levels of ClpP and ClpX were determined 
by western blot (A). Real-time PCR analysis of the mRNA 
expression level of ClpP in cultured HeLa and SiHa cells (B). 
Results were expressed as mean ± SD. N = 3. **P < .01 versus 
control group.



Bao et al 89

receiving carnosine treatment for 48 hours. A literature 
report showed that rats receiving carnosine acutely pre-
sented reduced activity of complexes I-III and II, as well as 
a trend of decrease in complexes II and III activities in skel-
etal muscle.31 However, in cerebral cortex tissue of rats, 
acute carnosine treatment enhanced the activities of com-
plexes I-III and II-III.30 It has been shown that in the yeast 
Saccharomyces cerevisiae, carnosine produced contrasting 
effects on growth and viability, which suggested to be 
related to the organism’s energy metabolism.32 Overall, 
these data indicate that carnosine can induce contrasting 
effects on the activities of the ETC complexes due to the 
different energy metabolism of the cells. Thus, the ETC 
complexes may be the potential pharmacological targets of 
carnosine. However, the molecular mechanisms behind this 
action of carnosine are still under investigation.

Figure 7. Carnosine inhibited cell cycle progression in cultured HeLa and SiHa cells. The HeLa and SiHa cells were treated with 
carnosine (20 mM) for 48 hours, and then the cell cycle distribution was measured by flow cytometry. Representative images of cell 
cycle progression analysis in cultured HeLa and SiHa cells (A). Statistical analysis of percentage of cells in each cell cycle phase in 
cultured HeLa cells (B) and SiHa cells (C). Western blot analysis of the expression level of c-Myc and PCNA in HeLa and SiHa cells 
after carnosine treatment for 48 hours (D). Densitometric analysis of bands for relative c-Myc (E) and PCNA (F) protein expression 
level. Data were shown as mean ± SD. **P < .01 versus control group.

Figure 8. Real-time PCR analysis of the mRNA expression for 
pepT2 in cultured HeLa and SiHa cells. Results were expressed 
as mean ± SD. N = 3. **P < .01 versus HeLa cells.
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The ETC complexes I, II, and IV are coupled to H+ 
pumping from the matrix to intermembrane space to create 
the electrochemical gradient during the process of electron 
transfer. Thus, it is possible that carnosine suppresses the 
activities of the ETC complexes I, III, and IV because of its 
H+ buffering capacity, impairing the electrochemical gradi-
ent which is for complex V to generate ATP in HeLa cells.

ClpP is one of the primary quality control proteases in 
the mitochondrial matrix. Recently, ClpP has been observed 
to maintain mitochondrial protein homeostasis and is 
involved in regulating the activities of ETC complexes I 
and II and mitochondrial respiration.33 In the current study, 
we found that carnosine treatment significantly reduced 
ClpP expression both at the transcription and translation 
levels in HeLa cells but not in SiHa cells. However, there 
was no significant difference observed in ClpX expression 
under the influence of carnosine in cultured HeLa and SiHa 
cells. Recently, it has been reported that reducing the levels 
of mitochondrial ClpP or ClpX renders human cancer cells 
more sensitive to cisplatin, a widely used anticancer drug.34 
Thus, we speculated that carnosine may inhibit the activi-
ties of complex I and complex II in HeLa cells by reducing 
ClpP expression. Therefore, ClpP may be a potential target 
for carnosine in cancer treatment.

On the other hand, carnosine has been reported to act as 
a regulator of cell cycle that plays a key role in regulating 
cell proliferation.11,35,36 Iovine et al reported that carnosine 
induces G1 arrest in human HCT116 colon cancer cells by 
inhibiting the G1/S phase transition.10 Our findings from 
flow cytometric analysis also showed that carnosine could 
suppress the transformation from G1 phase to S phase in 
cultured HeLa and SiHa cells. In addition, western blot 
analysis also demonstrated that carnosine reduced the 
expression levels of c-Myc, which plays a crucial role in 
cell growth and proliferation,36 and PCNA, which is not 
expressed in resting cells but in proliferating cells,37 both 
in cultured HeLa and SiHa cells. Thus, inhibition of prolif-
eration of HeLa and SiHa cells by carnosine may be at 
least partly due to its action on cell cycle and its associated 
proteins.

However, at present, we do not know why the inhibitory 
action of carnosine on the proliferation in HeLa cells is 
more effective than that in SiHa cells. We speculated that it 
may be due to the different intracellular carnosine concen-
trations in HeLa and SiHa cells. However, the data showed 
that the mRNA level for pepT2 in SiHa cells was much 
higher than that in HeLa cells, indicating that the intracel-
lular carnosine concentration in SiHa cells should not be 
lower than that in HeLa cells. It is currently not known 
whether the inhibitory effect of carnosine is mediated by 
one of its components, L-histidine or β-alanine, and whether 
the hydrolysis of the dipeptide is a prerequisite for its anti-
neoplastic effect. Although there are hints from the litera-
ture that L-histidine can mimic the effect of carnosine,38 it is 

not known whether hydrolysis of carnosine is required nor 
do we know whether carnosine degrading enzymes are 
active in HeLa and SiHa cells. We are aware that more 
experiments need to be performed in the future to address 
these interesting questions in order to delineate the molecu-
lar mechanisms responsible for the bioactivity of carnosine 
on human cervical gland carcinoma cells and cervical squa-
mous carcinoma cells.

Conclusions

Carnosine could significantly inhibit the proliferation of 
cultured human cervical gland carcinoma cells HeLa rather 
than cervical squamous carcinoma cells SiHa. Mitochondrial 
bioenergetics, glycolysis pathway, and cell cycle may be 
involved in the carnosine action on cell proliferation in cul-
tured human cervical gland carcinoma cells HeLa.
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