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Abstract
The naturally occurring dipeptide carnosine (β-alanyl-l-histidine) inhibits the growth of tumor cells. As its component 
l-histidine mimics the effect, we investigated whether cleavage of carnosine is required for its antineoplastic effect. Using 
ten glioblastoma cell lines and cell cultures derived from 21 patients suffering from this malignant brain tumor, we deter-
mined cell viability under the influence of carnosine and l-histidine. Moreover, we determined expression of carnosinases, 
the intracellular release of l-histidine from carnosine, and whether inhibition of carnosine cleavage attenuates carnosine’s 
antineoplastic effect. We observed a significantly higher response of the cells to l-histidine than to carnosine with regard to 
cell viability in all cultures. In addition, we detected protein and mRNA expression of carnosinases and a low but significant 
release of l-histidine in cells incubated in the presence of 50 mM carnosine (p < 0.05), which did not correlate with carno-
sine’s effect on viability. Furthermore, the carnosinase 2 inhibitor bestatin did not attenuate carnosine’s effect on viability. 
Interestingly, we measured a ~ 40-fold higher intracellular abundance of l-histidine in the presence of 25 mM extracellular 
l-histidine compared to the amount of l-histidine in the presence of 50 mM carnosine, both resulting in a comparable decrease 
in viability. In addition, we also examined the expression of pyruvate dehydrogenase kinase 4 mRNA, which was comparably 
influenced by l-histidine and carnosine, but did not correlate with effects on viability. In conclusion, we demonstrate that 
the antineoplastic effect of carnosine is independent of its cleavage.
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Introduction

In 1900, Gulewitsch and Amiradzibi investigated the 
chemical components of Liebig’s meat extract (Gul-
ewitsch and Amiradzibi 1900), discovering the first 
peptide, carnosine (β-alanyl-l-histidine). Carnosine is 
one of several imidazole-containing dipeptides such as 
homocarnosine (γ-aminobutyryl-l-histidine) and anserine 
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(β-alanyl-N-π-methyl-l-histidine), which are present in high 
concentrations in the central nervous system and the skeletal 
muscle of vertebrates (Boldyrev et al. 2013). In the human 
body, carnosine levels are controlled by three enzymes. The 
formation of imidazole-containing dipeptides is catalyzed 
by the ATP-requiring Carnosine Synthase 1 [EC 6.3.2.11, 
also known as ATP-Grasp Domain-Containing Protein 1 
(ATPGD1)]. The enzyme is encoded by the CARNS1 gene, 
which is in humans primarily expressed in skeletal muscle, 
heart muscle, and olfactory neurons (Drozak et al. 2013). 
The degradation of carnosine can be carried out by two 
metalloproteases. The extracellular occurring carnosine 
dipeptidase 1 (CN1; EC 3.4.13.20; also known as serum 
carnosinase and encoded by the CNDP1 gene) is supposed to 
be mainly produced in brain (Jackson et al. 1991), although 
it may also be synthesized in the liver (Peters et al. 2011). It 
hydrolyses carnosine with high specificity, but is also able 
to cleave anserine (β-alanyl-3-methyl-l-histidine), l-alanyl-
l-histidine, l-glycyl-l-histidine, and homocarnosine (deam-
ino-3-aminomethyl-alanyl-l-histidine) (reviewed in Bellia 
et al. 2014). The second enzyme (CN2; EC 3.4.13.18; also 
known as cytosolic non-specific dipeptidase or formerly 
known as tissue carnosinase; encoded by the CNDP2 gene), 
is expressed intracellularly and occurs ubiquitously in human 
tissue (Teufel et al. 2003). Although CN2 was shown to have 
optimum activity at pH 9.5 with regard to cleavage of carno-
sine (Lenney et al. 1985), the dipeptide can be hydrolyzed 
intracellularly, but at a much lower rate compared to other 
histidine containing dipeptides, as demonstrated by experi-
ments with HEK293T cells (Okumura and Takao 2017). 
Since the discovery of carnosine, several physiological func-
tions have been ascribed to it, such as Ca2+ regulation, pH-
buffering, metal ion chelating, scavenging of reactive oxygen 
species, and protection against advanced glycation end prod-
ucts and lipid peroxidation (for a comprehensive review see 
Boldyrev et al. 2013). Furthermore, we and others reported 
the antineoplastic effect of carnosine on cancer cells from 
different origin such as glioblastoma (Renner et al. 2008), 
colon (Horii et al. 2012; Iovine et al. 2014), gastric (Shen 
et al. 2014), and cervix carcinoma (Ditte et al. 2014).

In Europe, glioblastoma is the most common and in the 
United States the second most common primary tumor of 
the central nervous system (Ostrom et al. 2016; Sant et al. 
2012). Under the currently recommended therapy consisting 
of surgical removal of the tumor, radiotherapy, and adju-
vant chemotherapy with temozolomide, median survival of 
patients is only 14.6 months (Stupp et al. 2005). Therefore, 
new therapeutic options are urgently needed. Although car-
nosine has been intensively discussed as a potential anti-
tumor drug (Gaunitz et al. 2015; Gaunitz and Hipkiss 2012; 
Hipkiss and Gaunitz 2014), up to now, the molecular mech-
anisms of carnosine’s antineoplastic effects are not com-
pletely understood. In addition, it is not known whether the 

intact molecule or one of its moieties (β-alanine/l-histidine) 
is responsible for tumor growth inhibition. Previously, we 
reported that l-histidine is able to mimic the antineoplas-
tic effect of carnosine in glioblastoma cell lines (Letzien 
et al. 2014). In these experiments, l-histidine also induced 
expression of pyruvate dehydrogenase kinase 4 (PDK4) 
in a comparable manner to carnosine. l-histidine released 
from the dipeptide may then become a substrate for further 
reactions such as decarboxylation or deamination leading to 
histamine or urocanate formation, respectively. In fact, both 
compounds are known to be able to induce gene expression 
(Romero et al. 2016; Kaneko et al. 2008). Therefore, we 
hypothesized that cleavage of the dipeptide may be required 
to deploy its effect.

Materials and methods

Reagents

Unless stated, otherwise, all chemicals were purchased 
from Sigma-Aldrich (Taufkirchen, Germany). Carnosine 
was kindly provided by Flamma (Flamma s.p.a. Chignolo 
d’Isola, Italy).

Cell lines and primary cell cultures

The glioblastoma cell lines G55T2, 1321N1, and U373 were 
obtained from Sigma-Aldrich (Taufkirchen, Germany), the 
cell lines U87, T98G, and LN229 from the American-Type 
Culture Collection (ATCC; Manassas, USA); MZ54 and 
MZ18 were originally obtained from Donat Kögel (Frank-
furt, Germany) and the lines LN405 and U343 were obtained 
from the “Deutsche Sammlung von Mikroorganismen und 
Zellkulturen” (DMSZ; Braunschweig, Germany). Primary 
cell cultures were established from tissue samples obtained 
during standard surgery performed at the Neurosurgery 
Department of the University Hospital Leipzig during 2011 
and 2015 (see Table 1 for age and gender of patients). All 
patients provided written informed consent according to the 
German laws as confirmed by the local committee. All glio-
blastoma samples were diagnosed and have been approved 
by the Neuropathology Department of the Leipzig Univer-
sity Hospital. Primary cultures from glioblastoma tissue 
were established as described before (Renner et al. 2008). 
Briefly, tissue specimens from the tumor were cut into 
approximately 1 mm3 large pieces and then separately placed 
into 25 mm2 culture flasks (TPP, Trasadingen, Switzerland) 
until tumor cells grew out. When more than 90% confluence 
was reached, specimens were removed and primary cell cul-
tures were transferred into 75 mm2 culture flasks (TPP) for 
further cultivation. Cell cultures were maintained in high 
glucose DMEM (Dulbecco’s Modified Eagle Medium with 
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4.5 g glucose/mL) supplemented with 2 mM GlutamaxTM, 
1% penicillin/streptomycin (all from Gibco Life Technolo-
gies, now Thermo Fisher Scientific, Darmstadt, Germany) 
and 10% Fetal Bovine Serum (FBS; Biochrom GmbH, Ber-
lin, Germany), further referred to as “culture medium”, and 
kept in incubators (37 °C, 5% CO2/95% air).

Cell based assays

For cell viability assays, cells were counted and seeded 
into sterile 96-well plates (µClear, Greiner Bio-One, Fric-
kenhausen, Germany) at a density of 5000 cells/well in 
200 µL culture medium (for passage number of primary 
cultured cells refer to Table 1). After 24 h of cultivation 
(37 °C, 5% CO2/95% air), the medium was removed and 
replaced with fresh medium (100 µL/well) containing carno-
sine (10, 25, 50, 75 mM) or l-histidine (10, 25, 50 mM) for 

the determination of viability after 48 h of incubation. For 
testing the effect of the CN2 inhibitor bestatin (also known 
as Ubenimex) on viability of cells from the glioblastoma 
lines G55T2 and LN405, the cells received 0 mM or 50 mM 
carnosine and different concentrations of bestatin (0 µM, 
10 µM, 50 µM, or 100 µM). In these cells viability was deter-
mined after 24, 48, and 72 h of incubation. Cells used for the 
determination of viability after 48 and 72 h received fresh 
medium with the corresponding compounds after 24 h and 
48 h to account for a possible instability of bestatin in the 
medium. After incubation, the CellTiter-Glo Luminescent 
Cell Viability Assay (CTG, Promega, Mannheim, Germany) 
was employed to determine viable cells by measuring ATP 
in cell lysates and the CellTiter-Blue Cell Viability Assay 
(CTB, Promega) was used to quantify the metabolic capac-
ity in living cells. All assays were carried out according to 
manufacturer’s protocols. Luminescence and fluorescence 
were measured using a SpectraMax M5 multilabel reader 
(Molecular Devices, Biberach, Germany).

Real‑time quantitative polymerase chain reaction

Real-time quantitative polymerase chain reaction (qRT-
PCR) experiments were carried out as described (Letzien 
et al. 2014). Briefly, 106 cells were seeded in 10 mL of 
medium into 10-cm cell culture dishes (TPP, Trasadingen, 
Switzerland) with 10 mL culture medium. After 24 h of 
incubation, cells received fresh medium without test com-
pounds or containing 25 mM l-histidine or 50 mM carno-
sine. RNA was isolated after 24 h of incubation using the 
miRNeasy mini kit (Qiagen, Hilden, Germany) according to 
manufacturer’s instructions. The RNA was stored at − 80 °C 
until further use. 500 ng of RNA was used for reverse tran-
scription employing the ImProm-II™ Reverse Transcrip-
tion System (Promega, Mannheim, Germany) according to 
manufacturer’s instructions using random primer sets. DNA 
amplification was performed on a Rotor-Gene 3000 system 
(Qiagen) employing SYBR Green (Maxima SYBR Green/
ROX qPCR Master Mix, Thermo Scientific). Copy num-
bers of individual mRNAs were determined using linearized 
plasmid DNA (described in Letzien et al. 2014) containing 
the corresponding target sequence. The relative expression 
of pyruvate dehydrogenase kinase 4 (PDK4), serum car-
nosinase (CNDP1) and cytosolic non-specific dipeptidase 
(CNDP2) was obtained by normalization to the copy num-
ber of the mRNA encoding the TATA box-binding protein 
(TBP) which was used as reference gene. Data analysis was 
performed using the RotorGene 6 software and all amplifica-
tion reactions were controlled for the appropriate products 
by melting curve analysis. The following primer sequences 
were used: For CNDP1: CNDP1 forward primer: 5ʹ GAA 
GAA TAC CGG AAT AGC AG 3ʹ and CNDP1 reverse 
primer: 5ʹ CGG CCA GGT ATG ACT GTT 3ʹ; for CNDP2: 

Table 1   Patients of primary glioblastoma cell cultures

Primary cultures of glioblastoma cells established from freshly iso-
lated tumor tissue. Table shows the patient ID with the corresponding 
age at time of the operation, gender and cell culture passages used 
for the experiments of this study. Primary cell cultures used for cor-
responding experiment are marked with “x”
qRT-PCR quantitative reverse transcription polymerase chain reac-
tion, CBA cell based assays, HPLC-MS high-performance liquid chro-
matography coupled with mass spectrometry

Patient Age (years) Gender Passage Experiments

CBA/
qRT-
PCR

HPLC-MS

P0052 69 Male 6 x
P0076 51 Female 4 x
P0082 52 Male 5 x
P0086 59 Male 5 x
P0087 76 Male 7 x
P0091 79 Male 21 x
P0109 55 Female 6 x
P0138 80 Female 5–10 x x
P0167 60 Female 4 x
P0174 61 Female 4 x
P0223 64 Male 3 x
P0233 53 Male 3–4 x x
P0240 55 Male 2 x
P0244 63 Female 3–6 x x
P0250 79 Female 3 x
P0258 56 Female 3 x
P0297 77 Female 2–3 x x
P0306 75 Male 3–9 x x
P0310 71 Female 5 x
P0336 54 Male 5 x
P0355 58 Male 4 x
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CNDP2 forward primer: 5ʹ AGA AGC CCT GCA TCA CCT 
AC 3′ and CNDP2 reverse primer: 5ʹ CCA CCA AAG AGC 
CCA TC 3ʹ; for PDK4: PDK4 forward primer: 5′ CTG TGA 
TGG ATA ATT CCC 3′ and PDK4 reverse primer: 5′ GCC 
TTT AAG TAG ATG ATA GCA 3′. For the reference gene 
TBP: TBP forward primer: 5′ TTG ACC TAA AGA CCA 
TTG CAC 3′ and TBP reverse primer: 5′ GCT CTG ACT 
TTA GCA CCT GTT 3′; (all from Biomers, Ulm, Germany).

Western blot

For isolation of protein, 106 glioblastoma cells were seeded 
into 10-cm cell culture dishes (TPP, Trasadingen, Switzer-
land) with 10 mL medium. After 24 h cells received fresh 
media and were subjected to additional 24 h of incubation. 
Then, cells were washed twice with ice-cold washing buffer 
(137 mM NaCl, 5.4 mM HCl, 0.41 mM MgSO4, 0.49 mM 
MgCl2, 0.126 mM CaCl2, 0.33 mM Na2HPO4, 0.44 mM 
KH2PO4, 2 mM HEPES, pH 7.4) and finally collected in 
1 mL washing buffer. After a brief centrifugation (5 min, 
500×g, 4 °C), and cells were resuspended in 150 µl of ice-
cold radioimmunoprecipitation assay buffer (RIPA buffer: 
50 mM Tris, 150 mM NaCl, 0.25% sodium deoxy cholate, 
0.1% SDS, 1% Nonidet P40) supplemented with PhosS-
tOP™ and an in-house protease inhibitor cocktail (0.025 g/L 
aprotinin, 0.025 g/L leupeptin, 0.01 g/L pepstatin A, 1 mM 
dithiothreitol, 2.5 mM phenylmethylsulfonylfluoride, and 
2.5 mM benzamidine). After 10 min of incubation on ice, 
cells were lysed by sonification (Bioruptor, Diagenode, Sera-
ing, Belgium; settings: power: high, interval: 0.5, time: 7 
min). The resulting cell fraction was centrifuged (5 min at 
4 °C and 5500×g) and the resulting supernatant was trans-
ferred into a new 1.5 mL reaction vial and stored at − 80 °C 
until further use. Protein concentration was determined using 
the Pierce 660 nm-assay reagent according to manufacturer’s 
instructions. Electrophoresis was performed using a vertical 
electrophoresis unit (Mini-Protean-Cell, Bio-Rad, Munich, 
Germany) and separation was carried out in 12% polyacryla-
mide gels. Before loading onto the gel, 30 µg protein was 
mixed with 4 µL sample buffer (0.5 mM Tris, 40% glycerol, 
275 mM sodium dodecyl sulfate, 0.125% bromophenol blue, 
20% 2-mercaptoethanol, pH 6.8) and volume was adjusted 
to 16 µL with double distilled water, followed by denatura-
tion (5 min, 95 °C). Separated proteins were transferred 
overnight at 4 °C onto a low fluorescence polyvinylidene 
fluoride membrane (ab133411 Abcam, Cambridge, United 
Kingdom) using a wet blot system (Mini Trans-Blot Cell, 
Bio-Rad) with BSN-buffer (48 mM Tris, 39 mM glycine, 
20% methanol). After transfer, membranes were blocked for 
1 h at room temperature under constant shaking in Tris-
buffered saline with Tween20 (TBST: 20 mM Tris, 134 mM 
NaCl, 0.1% Tween 20, pH 7.6) supplemented with 2% (w/v) 
bovine serum albumin. Then, the solution was exchanged, 

adding primary antibodies diluted in TBST (mouse anti 
CNDP2 clone AT15E5 [Abnova; MAB11202] 1:1000; rab-
bit anti ACTB [abcam; ab8227] 1:5000) followed by incu-
bation of 1 h at room temperature under constant shaking. 
The primary antibodies were removed by three washes with 
TBST and a mixture of two secondary antibodies (anti-rab-
bit-IRDye680 [LI-COR; 925-68071] 1:8000; anti-mouse-
IRDye800 [LI-COR; 925-32210] 1:8000) diluted in TBST 
was added to the membrane. After 1 h incubation at room 
temperature and constant shaking, secondary antibodies 
were removed by three washes with TBST. The membrane 
was dried overnight between two Whatman filter papers. 
Membranes were scanned using an Odyssey Imaging Sys-
tem (LI-COR, Bad Homburg, Germany) and band intensities 
were determined by the Image Studio 5 software (LI-COR).

Determination of intracellular l‑histidine

To quantify intracellular amounts of histidine, a modified 
method of Csámpai et al. (2004) was used. Cells from ten 
glioblastoma lines and from five primary cultures were 
seeded at a density of 300,000 cells per well into a 6-well-
plate in 2 mL of culture medium. After 24 h of cultivation, 
the culture medium was removed and replaced with fresh 
medium containing 50 mM carnosine or 25 mM l-histidine 
or no compound (control). Then, cells were incubated for 
additional 24 h before they were washed thrice with 1 mL 
ice-cold washing buffer followed by extraction using 400 µL 
ice-cold methanol. After 10 min of gentle shaking on ice, 
extracts were collected in 1.5 mL Eppendorf-vials, wells 
were rinsed twice with 400 µL high-quality water (Milli-Q) 
and 800 µL obtained were combined with the first 400 µL. 
Samples were evaporated to dryness by lyophilization (Mar-
tin Christ Gefriertrocknungsanlagen, Osterode, Germany). 
For derivatization, the freeze-dried extracts were dissolved 
in 100 µL high-quality water (Milli-Q) and 0.5% (w/v) 
ortho-phthalaldehyde (dissolved in 100 µL methanol) was 
added. Derivatization was carried out at 37 °C for 45 min, 
followed by the addition of 800 µL 0.1% formic acid (in 
HPLC grade water). The obtained solution (200 µL) was 
transferred into 250 µL conic glass inserts of 2 mL ND10 
vials, followed by high-performance liquid chromatography 
coupled to mass spectrometry (HPLC-MS) with 100 µL of 
sample.

HPLC‑MS set up and data analysis

The system used for detection was an Agilent HPLC 1100 
(Agilent, Waldbronn, Germany) consisting of a variable 
wavelength detector (VWD), a well plate auto sampler and a 
binary pump, coupled with a Bruker Esquire 3000 plus elec-
trospray ionization mass spectrometer run by Esquire Con-
trol 5.3 (Bruker, Bremen, Germany). The employed column 
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was a Phenomenex Gemini 5 µ C18 110 Å, 150 mm × 2 mm 
with a 2 mm guard column of the same material (Phenom-
enex Ltd., Aschaffenburg, Germany). The eluent system 
consisted of two solvents, with eluent A: 0.1% formic acid in 
acetonitrile and eluent B: 0.1% formic acid in HPLC grade 
water. Mobile phase flow rate was 0.5 mL/min with the fol-
lowing gradient for separation: 0–10 min 90% B, 90–0% 
B within 15 min, 25–35 min 0% B, 0–90% B within 5 min 
and 40–47 min 90% B for column equilibration. The mass 
spectrometer operated in positive mode (target mass: m/z 
300; scan range: m/z 70–400), the dry gas temperature was 
set to 360°C (with a flow rate of 11 L/min; nebulizer: 70 
psi). Data were analyzed using OpenChrom version 2.0.103.
v20150204-1700 (Wenig and Odermatt 2010). Histidine was 
identified by an authentic standard. The selective ion chro-
matogram of m/z = 272 was used for quantification by peak 
integration.

Data presentation and statistical analysis

If not stated otherwise, data are presented as mean ± stand-
ard deviation (SD). For pairwise comparisons, Welch’s t test 
(unpaired two-sample test with unequal variances) was per-
formed using the algorithm implemented in Excel (Micro-
soft, Redmond, USA; Version: 14.0.7212.5000 32-Bit). For 
multivariate statistical analysis, a Kruskal–Wallis–ANOVA 
was performed, followed by a Welch’s t test for pairwise 
comparisons. To consider the false discovery rate of multiple 
comparisons, p values were adjusted according to Benjamini 
and Hochberg (1995), and a value < 0.05 was presumed to be 

significant. Correlation analysis (Pearson correlation coef-
ficient) and Kruskal–Wallis–ANOVA were carried out by 
OriginPro 2017G (OriginLab Corporation, Northampton, 
USA; Version: 2017G 64-bit SR1).

Results

Cell viability in cultured primary glioblastoma cells 
and cell lines derived from glioblastoma cultivated 
in medium with different concentrations of carnosine 
and l‑histidine

First, we analyzed the viability of ten cell lines and 21 pri-
mary cell cultures derived from glioblastoma after 48 h 
of incubation in the presence of various concentrations of 
carnosine (0, 10, 25, 50, and 75 mM) and l-histidine (0, 
10, 25, and 50 mM). As can be seen in Fig. 1, viability 
of glioblastoma cells was significantly reduced by a con-
centration of 50 (p = 1.45 × 10−9) and 75 (p = 5.19 × 10−22) 
mM carnosine as determined by the CTB and at a concen-
tration of 25 (p = 2.8 × 10−2), 50 (p = 7.44 × 10−8) and 75 
(p = 3.63 × 10−14) mM carnosine as determined by the CTG 
assay (for the individual responses of all cultures see sup-
plemental Fig. 1–e). With regard to l-histidine, even the 
lowest concentration employed (10 mM) was able to signifi-
cantly reduce the relative amount of ATP (p = 2.13 × 10−2) 
and dehydrogenase activity (p = 6.77 × 10−4) in the tested 
glioblastoma cells. In the presence of 25  mM (CTB: 
p = 3.94 × 10−2; CTG: p = 5.53 × 10−3) and 50 mM (CTB: 

Fig. 1   Viability of primary glioblastoma cell cultures and glioblas-
toma cell lines under the influence of carnosine and l-histidine. Pri-
mary glioblastoma cell cultures (21) and glioblastoma cell lines (10) 
were exposed for 48 h to different concentrations of carnosine (0, 10, 
25, 50 or 75 mM) or l-histidine (0, 10, 25, or 50 mM). Viability was 
determined by assessing metabolic activity (CTB; a) and by measur-
ing the amount of ATP in cell lysates (CTG; b). Each dot within the 
boxplot represents the mean obtained from six independent measure-

ments of an individual culture which was normalized to the untreated 
control (set to 100%). Dark gray dots represent cell lines treated with 
carnosine or histidine, and light gray dots represent primary cell cul-
tures treated with carnosine or histidine. Statistical significance com-
pared to untreated control and between equal concentrations of carno-
sine and l-histidine was determined by Welch’s t test with: *p < 0.05; 
**p < 0.005; ***p < 0.0005. The individual results of each cell culture 
are presented in Supplemental Fig. 1a–e
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p = 1.49 × 10−3; CTG: p = 2.54 × 10−3) of l-histidine, cells 
from lines revealed a significantly stronger loss of viability 
than primary cultured cells. Overall, comparing equal con-
centrations, l-histidine was 1.37 ± 0.14-fold (median) more 
effective than carnosine in decreasing cell viability.

Expression of serum carnosinase and cytosolic 
non‑specific dipeptidase in human glioblastoma 
cells

As the experiments presented in the previous section suggest 
that carnosine may need first to be cleaved to l-histidine and 
β-alanine to deploy its effect, we asked whether the glioblas-
toma cells express the mRNA of the required enzymes at all. 
Therefore, we analyzed CNDP1 and CNDP2 expression in 
31 glioblastoma cell cultures by qRT-PCR. As can be seen 
in Fig. 2, CNDP2 was expressed in all analyzed samples 
with a relative expression ranging from 0.59 to 30.24 copy 
numbers per TBP copy (note that TBP mRNA has ~ 100 
copies per ng RNA). In contrast to that, CNDP1 was only 
weakly expressed or not detectable with a relative expres-
sion ranging from 0 to 0.14 copy numbers per TBP copy. 
Next, we asked whether the presence of CNDP2 mRNA in 
glioblastoma cells also results in a corresponding protein 
expression. In the western blot presented in Fig. 3, it can 
be seen that CN2 protein was detectable in all investigated 
samples, suggesting the possibility that carnosine could 
indeed be cleaved intracellularly. Noteworthy, by quanti-
fying CN2 band intensity, we could not find a correlation 

between protein and mRNA expression (Pearson correlation; 
r = − 5.68 × 10−4; p = 0.999).

Cell viability under the influence of carnosine 
and bestatin

Next, we asked, whether the CN2 inhibitor bestatin attenu-
ates the effect of carnosine on cell viability. In Fig. 4, viabil-
ity in the presence of 50 mM carnosine and different con-
centrations of bestatin are presented, relative to viability of 
cells with only the indicated concentrations of bestatin but 
without carnosine (set as 100% for each concentration of 
bestatin). As illustrated, bestatin does not attenuate the effect 
of carnosine in both cell lines, independent of the employed 
concentrations of bestatin and the time of measurement. 
Only at concentrations of 50 µM and 100 µM bestatin and 
in the case of LN405 with regard to ATP in cell lysates after 
72 h of incubation, the effect of carnosine on viability was 
statistically not significant (p = 0.31 and 0.33, respectively). 
However, this was most likely caused by an already strong 
effect of bestatin on viability after 72 h exposure even in 
the absence of carnosine which resulted in a high standard 
deviation (50 µM: 42 ± 17% viability without and 27 ± 13% 
with carnosine, 100 µM: 26 ± 16% viability without, and 
13 ± 7% with carnosine). At this point, it has to be noted that 
we observed a negative effect on viability with increased 
concentrations of bestatin and exposure time, even in the 
absence of carnosine (see supplemental Fig. 2). More impor-
tant, comparing viability in the presence of carnosine and 
different concentrations of bestatin and incubation time does 

Fig. 2   Expression of CNDP1 
and CNDP2 mRNA in primary 
glioblastoma cell cultures 
and glioblastoma cell lines. 
Total RNA from 21 primary 
glioblastoma cell cultures and 
ten glioblastoma cell lines was 
extracted, reverse transcribed 
and analyzed by qRT-PCR. 
CNDP1 and CNDP2 mRNA 
copy numbers were determined 
using standards and relative 
expression was calculated by 
the normalization to the TBP 
mRNA copy number of each 
sample. Data are represented as 
mean and standard deviation of 
three measurements. An x-axis 
break has been used because of 
the high differences between the 
absolute expression of CNDP1 
and CNDP2 mRNA
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not indicate an influence of the CN2 inhibitor on carnosine’s 
effect on viability.

Comparison of intracellular l‑histidine in primary 
cultured glioblastoma cells and cell lines derived 
from glioblastoma exposed to extracellular carnosine

The experiments presented in the previous section indi-
cated that a release of l-histidine may not be required for 
the antineoplastic effect of carnosine. However, as via-
bility was obviously negatively affected by the inhibitor 
bestatin itself, these experiments do not unequivocally 
demonstrate that the antineoplastic effect of carnosine is 
independent of the release of l-histidine in the absence 
of the inhibitor. Therefore, we investigated whether the 
release of l-histidine and the effect of carnosine on viabil-
ity show any correlation. As can be seen in Fig. 5a, except 
for P0297 and G55T2, treatment with 50 mM carnosine 
resulted in a significant 1.22 to 2.5-fold increase of the 
intracellular abundance of histidine (with p values reach-
ing from 3.12 × 10−4 to 7.12 × 10−3). This indicates that the 
dipeptide is cleaved to a certain amount inside the cells. 
However, there was no correlation between the expres-
sion of CN2 (Fig. 3) and the relative release of l-histidine. 
This is seen, for example, in the low expression of CN2 in 
MZ18 compared to its higher expression in LN229, which 
is not reflected by a corresponding difference in l-histidine 
release. More important, we did not see any significant 
correlation between the decrease of viability under the 
influence of 50 mM carnosine and the relative release of 
l-histidine (supplemental Fig. 3). This also indicates that 
the antineoplastic effect is independent of the cleavage 
of the dipeptide. Analyzing the intracellular abundance 
of l-histidine in the presence of 25  mM extracellular 

l-histidine (a concentration resulting in a similar decrease 
of viability as observed in the presence of 50 mM car-
nosine, Fig. 1), we detected a ~ 40-fold higher abundance 
of intracellular l-histidine compared to incubation in the 
presence of 50 mM carnosine (Fig. 5). This observation 
also confirms the notion that cleavage of carnosine is not 
required for its antineoplastic effect.

Expression of PDK4 mRNA under the influence 
of carnosine and l‑histidine and correlation 
between viability and influence on expression

Finally, we investigated whether the effect of l-histidine 
(25 mM) and carnosine (50 mM) on viability correlates 
with their influence on PDK4 expression. As can be seen 
in Fig. 6a, carnosine significantly induced the expression 
of PDK4 mRNA in eight samples, whereas a significantly 
reduced expression was found in four samples. Under the 
influence of l-histidine, PDK4 mRNA expression was sig-
nificantly induced in 21 samples. Comparing the effect of 
the two compounds on PDK4 expression (Fig. 6b), 18 cell 
cultures responded in the same way (both carnosine and 
l-histidine induced or reduced PDK4 mRNA expression 
when treatment of at least one compound was significantly 
different compared to the untreated control), whereas six 
cell cultures responded in an opposite way. Furthermore, 
there was a significant correlation between the influence 
of carnosine and l-histidine on PDK4 mRNA expression 
(Pearson correlation; r = 0.419; p = 0.019). Comparing the 
effect on PDK4 expression with the effect on viability, no 
correlation was found neither for l-histidine (Fig. 6c) nor 
for carnosine (Fig. 6d).

Fig. 3   Expression of CN2 
protein in glioblastoma cell 
lines. Protein from ten glio-
blastoma cell lines was isolated 
and subjected to SDS-PAGE. 
Western blotting was performed 
using antibodies against CN2 
(53 kDa) and β-actin (42 kDa). 
Upper panel: western blot image 
as analyzed by an Odyssey 
Imaging System. Lower panel: 
quantitative analysis of bands 
from the upper panel deter-
mined by Image Studio 5
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Discussion

The antineoplastic effect of carnosine, which was first 
described by Nagai and Suda (1986), has been confirmed 
in vitro (Ditte et al. 2014; Iovine et al. 2014; Renner et al. 
2008; Shen et  al. 2014) and in vivo (Horii et  al. 2012; 
Renner et  al. 2010) by several research groups. Hence, 
its potential as an anti-tumor agent has been discussed in 
a number of review articles (Gaunitz et al. 2015; Gaunitz 
and Hipkiss 2012; Hipkiss and Gaunitz 2014). As we pre-
viously demonstrated that l-histidine is able to mimic the 
antineoplastic effect of the dipeptide (Letzien et al. 2014), 
we wondered whether carnosine has to be cleaved to inhibit 
tumor cell growth. Comparing the viability of 21 primary 

cell cultures and ten cell lines originated from glioblastoma, 
we observed that with regard to the effector concentrations 
required to induce similar losses of viability, l-histidine 
was more effective at lower concentrations than carnosine. 
We also observed increased concentrations of intracellular 
l-histidine when cells were exposed to carnosine. As we 
identified the presence of CN2, we assume that this intra-
cellular l-histidine is produced by cleavage of carnosine 
catalyzed by the enzyme. Comparing CN2 expression with 
the amount of intracellular l-histidine, we found no correla-
tion. However, at this point, it has to be taken into account 
that because of different cell sizes, it is almost impossible 
to precisely compare the exact changes of intracellular con-
centrations of l-histidine between different cells. However, 

Fig. 4   Viability of G55T2 and LN405 glioblastoma cells under the 
influence of carnosine and the dipeptidase-inhibitor bestatin. Via-
bility of cells from the lines G55T2 and LN405 in the presence of 
50 mM carnosine and different concentrations of bestatin (0, 10, 50, 
or 100 µM) was compared to the viability of cells with the inhibitor 
bestatin but without carnosine, setting the viability without carnosine 
for each concentration of bestatin to 100 percent. After 24, 48, and 

72  h of incubation, viability was determined by determining meta-
bolic activity [dehydrogenase (DH) activity] and by measuring the 
amount of ATP in cell lysates (ATP in cell lysates). Data are repre-
sented as mean and standard deviation of six independent measure-
ments. Statistical significance was determined by Welch’s t test with: 
*p < 0.05; **p < 0.005; ***p < 0.0005
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cleavage appears to be weak as the intracellular concentra-
tion of l-histidine in the presence of 25 mM l-histidine in 
the medium is ~ 40-times higher than the amount of l-histi-
dine in cells incubated in the presence of 50 mM carnosine. 
At this point, it also has to be noted that Teufel et al. (2003) 
claimed that the intracellular pH is far from the optimal pH 
required for effective cleavage of carnosine by CNDP2. A 
very low release of l-histidine from carnosine has also been 
demonstrated by Son et al. (2008), investigating the intracel-
lular concentration of amino acids of Caco-2 cells cultivated 
in the presence of 50 mM carnosine for 6 and 27 h. In these 
experiments, the intracellular amount of l-histidine in the 
presence of carnosine was more than 50 times lower than 
that observed in the presence of 50 mM l-ala-l-his.

Obviously, carnosine does not need to be cleaved into its 
single amino acids to deploy its antineoplastic effect, but the 
question remains, whether l-histidine bound to the β-alanine 
moiety in carnosine is sufficient to induce the antineoplastic 
effect of carnosine and whether β-alanine may be substi-
tuted by another moiety. This question has to be elaborated 
by further experiments, as it bears the interesting aspect 
that it could lead to the development of anti-cancer drugs 
which may have an advantage over carnosine. It also has to 
be asked whether l-histidine could be used as a supplement 
instead of carnosine. As demonstrated by cell injury assays 
with cultivated rat hepatocytes, this appears to be no good 
choice (Rauen et al. 2007). In these experiments, highly 
increased lactate dehydrogenase (LDH) release, as an indica-
tor of cellular necrosis, was seen in the presence of 198 mM 
(92 ± 1%), 76  mM (91 ± 1%), and 50  mM l-histidine 

(74 ± 18%), whereas a concentration of 198 mM carnosine 
resulted in only 39 ± 3% LDH release compared to 20 ± 5% 
LDH release in untreated control cells. This also points to 
the possibility that other mechanisms are responsible for the 
increased toxicity of l-histidine than those responsible for 
the specific antineoplastic effect of carnosine. At this point, 
it should also be noted that we recently demonstrated that 
in co-cultures of tumor cells with non-tumor cells, carnos-
ine selectively eliminated the tumor cells (Oppermann et al. 
2018). In these experiments, in which the cells were incu-
bated up to several weeks, lower concentrations of carnosine 
have been employed than those that were used in the experi-
ments presented in the present study. This has to be noted, as 
we are aware that it may be difficult to achieve the compound 
concentrations employed in the present investigation in vivo. 
On the other hand, it is also difficult to estimate, which intra-
cellular concentrations may be achievable when carnosine 
is delivered orally, as we do not know whether carnosine 
can efficiently be protected from degradation by CN1 (see 
below). We also do not know whether it can be transported 
to the target cells, whether it may be resynthesized from 
the single amino acids, and whether it may accumulate in 
cells which could take it up. Anyway, the most frequently 
discussed obstacle using carnosine as an orally given drug is 
its rapid degradation by serum carnosinase in humans (Len-
ney et al. 1982). Despite the observation that the dipeptide 
is effective as a drug in different diseases (Baraniuk et al. 
2013; Boldyrev et al. 2008; Chengappa et al. 2012; Chez 
et al. 2002) and despite the fact that it may be protected 
by deposition in liver (Gardner et al. 1991) or erythrocytes 

Fig. 5   Intracellular abundance of histidine in glioblastoma cells incu-
bated in the presence of 50  mM carnosine and 25  mM histidine. a 
Cells from ten lines (dark gray) and five primary glioblastoma 
cell cultures (light gray) were exposed for 24  h to 50  mM carnos-
ine. Then, amino acids were extracted and analyzed by HPLC-MS. 
Changes of the relative intracellular abundances of l-histidine are 
shown as mean percent and standard deviation (using error propa-

gation) compared to untreated control cells from six independent 
experiments. Statistical significance was determined by Welch’s t test 
with: *p < 0.05; **p < 0.005; ***p < 0.0005. b Relative intracellular 
abundance of l-histidine in cells from 10 cell lines incubated in the 
presence of 50  mM carnosine or 25  mM l-histidine. Each dot rep-
resents the mean obtained from six independent measurements of an 
individual culture
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(Chaleckis et al. 2016), the high activity of CN1 in human 
serum will certainly strongly affect the effective concentra-
tion achievable in a patient’s tumor tissue when given orally. 
In addition, it has to be asked whether cleavage of carnosine 
by CN1 may increase serum concentrations of l-histidine to 
hepatotoxic concentrations. Therefore, it would be interest-
ing to analyze whether other l-histidine- or imidazole-con-
taining compounds which are not degradable by CN1 and 
are not toxic to other cells, may be useful alternatives. How-
ever, it has to be taken into account that these compounds 
need to be able to be taken up by tumor cells, can pass the 

blood–brain barrier in case of brain tumors, and are selec-
tive in preventing cancer cell proliferation. For the purpose 
of further drug development, it is also of major importance 
to understand the molecular mechanisms responsible for the 
antineoplastic effect.

Aside from a plethora of reports on carnosine’s influ-
ence on signaling molecules in different models (for review, 
see Gaunitz et al. 2015), the currently best described effect 
of carnosine on transcription in glioblastoma cells is its 
influence on transcription of PDK4 (Letzien et al. 2014). 
Therefore, we also investigated whether we could see any 

Fig. 6   Expression of PDK4 mRNA after exposure to carnosine or 
l-histidine. 21 primary glioblastoma cell cultures and ten glioblas-
toma cell lines were incubated in the presence of 50 mM carnosine, 
25 mM l-histidine, or vehicle control for 24 h. Then, total RNA was 
extracted, reverse transcribed and analyzed by qRT-PCR. PDK4 
mRNA copy numbers were determined using standards and relative 
expression was calculated by the normalization to the TBP mRNA 
copy number of each sample. a Fold enhancement of PDK4 expres-
sion compared to untreated control cells. Data are represented as 
mean and standard deviation of three measurements compared to the 

untreated control (set to 1). Statistical significance was determined by 
Welch’s t test with: *p < 0.05; **p < 0.005; ***p < 0.0005. b Com-
parison of PDK4 mRNA expression under the influence of carnosine 
and l-histidine. The data presented in a are here depicted with fold 
increase of relative PDK4 mRNA expression under the influence car-
nosine on the x-axis, and with fold increase under the influence of 
l-histidine on the y-axis. c Comparison between viability and PDK4 
mRNA expression under the influence of 25 mM l-histidine. d Com-
parison between viability and PDK4 mRNA expression under the 
influence of 50 mM carnosine
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correlation between carnosine and l-histidine regarding 
their effect on PDK4 mRNA expression (Fig. 6). As we 
could demonstrate that carnosine and l-histidine influence 
PDK4 mRNA expression in 18 out of 31 cell cultures in the 
same way, this may indicate that at least in some cultures 
l-histidine and carnosine share similarities with regard to 
their influence on transcription. Although this only moder-
ate correlation may be tempered by a limited sample size, 
it is at least obvious that there is no correlation between 
carnosine’s and l-histidine’s effect on viability and expres-
sion of PDK4 mRNA. Therefore, we conclude that changes 
of PDK4 expression may not be responsible for carnosine’s 
antineoplastic effect.

In summary, we demonstrate that the cleavage of car-
nosine and the release of l-histidine is not required for the 
antineoplastic effect of the dipeptide, which can be deduced 
from three observations: (1) The CN2 inhibitor bestatin does 
not attenuate the effect of carnosine on tumor cell viability. 
(2) Intracellular cleavage of carnosine is observable, but 
has a low efficiency. (3) Roughly 40-times higher amounts 
of intracellular free l-histidine in the presence of 25 mM 
extracellular l-histidine have the same effect on tumor cell 
viability as concentrations of free l-histidine observed in the 
presence of 50 mM extracellular carnosine.
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