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Abstract
Background/Aims: Wounds, especially non-healing wounds are characterized by elevated 
tissue lactate concentrations. Lactate is known for being able to stimulate collagen synthesis 
and vessel growth. Lately it has been shown that lactate, in vivo, plays an important role in 
homing of stem cells. With this work we aimed to show the influence of lactate on the gene 
expressionprofile of human mesenchymal stem cells (hMSC). Materials and Methods: hMSCs 
were obtained from bone marrow and characterized with fluorescence-activated cell sorting 
(FACS) analysis. Subsequently the hMSCs were treated with either 0, 5, 10 and 15 mM lactate 
(pH 7,4) for 24 hours. RNA Isolation from stimulated hMSCs and controls was performed. 
The Microarray analysis was performed using AffymetrixHuGene 1.0 ST Gene Chip. Selected 
targets were subsequently analysed using quantitative real time PCR (RTq-PCR). Results: We 
were able to show that lactate in moderate concentrations of 5 respectively 10 mM leads to 
an anti-inflammatory, anti-apoptotic but growth and proliferation promoting gene expression 
after 24 h. In contrast, high lactate concentrations of 15 mM leads to the opposed effect, 
namely promoting inflammation and apoptosis. Hypoxia induced genes did not show any 
significant regulation. Contrary to expectation, we were not able to show any significant 
regulation of candidates associated with glycolysis. Conclusion: We were able to show that 
lactate alters gene expression but does not change the cell phenotype, which might be helpful 
for further investigations of new treatment strategies for chronic non-healing wounds as well 
as tumor-therapy and neuronal plasticity.
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Introduction

Wounds, especially non-healing wounds are characterized by elevated tissue lactate 
concentrations [1]. In the past accumulation of lactate was thought to be the result of tissue hypoxia, 
and therefore considered a redundant metabolic by-product. Today some authors even speak of 
„lacterome“ because of the multiple, hormone-like functions of lactate [2]. It has also been shown 
that the oxygen supply has little impact on the lactate concentration [3]. Wound lactate levels 
remain high (5 - 15 mM) even under sufficient oxygenation [4]. Two well known effects of lactate 
are the stimulation of collagen synthesis [5] and vascular endothelial growth factor induced new 
vessel growth [6] in vitro and in vivo. More recently Milovanova et al. demonstrated that lactate 
stimulates vasculogenic stem cells through an autocrine activation loop [7]. Human mesenchymal 
stem cells are multipotent cells, which are present in adult bone marrow and multiple other tissues. 
hMSCs can differentiate to various mesenchymal tissues like bone, fat or marrow stroma [8].

The link between wound healing and human mesenchymal stem cells (hMSC) has become a 
focus of attention lately. It has been shown that wound repair and even reconstitution of the wound 
bed can be accelerated by multipotent adult stem cells [9].This study aimed to show the influence 
of lactate on the gene expressionprofile of human mesenchymal stem cells (hMSC).

Materials and Methods

Cell Culture
This study has been approved by the local institutional ethics committee. The bone marrow was obtained 

under sterile conditions in sterile heparinised syringes. The isolation of the hMSCs was performed with 
BiotestLymphoflot© (Lymphoflot©, Biotest, Dreireich, Germany). The hMSCs were incubated under standard 
conditions (37°C, 95% air, 5% CO2) with Lonza Medium MEM Alpha Eagle (MEM Alpha Eagle, Lonza, Walkersville 
Inc., USA). The medium was changed every 24 hours and non-adherent cells were removed. The characterization of 
the cultivated adherent cells was performed with fluorescence-activated cell sorting (FACS) analysis. Subsequently 
the obtained and characterized hMSCs were treated with the above mentioned Lonza MEM Alpha Eagle Medium 
supplemented with either 5, 10  and 15 mM lactate (pH 7,4) (l-lactate, Sigma Aldrich, Deisenhofen, Germany) for 
24 hours. hMSCs incubated in the above mentioned media without lactate served as controls.

RNA Isolation
RNA from stimulated hMSCs and controls was extracted using QiagenRNeasy© Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions. The RNA quality and quantity were verified using the 
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, USA) and the NanoDrop ND-1000 spectrophotometer 
(PeqLab Biotechnologies, Germany).

Microarray data generation and statistical analysis
The microarray analysis was performed at the Microarray Facility Tübingen (MFT, Calwerstr.7, 72076 

Tübingen, Germany) using Affymetrix Whole Transcirpt Sense Target Labeling Kit and AffymetrixHuGene 1.0 
ST Gene Chip (Affymetrix, Germany). The lactate-stimulated hMSCs were compared with their corresponding 
controls after 24 hours of treatment. Statistical and bioinformatic analyses were performed using R-language 2.8.1 
(www.r-project.org) and bioconductor packages „affy“, „affyPLM“, affyQCReport“ and „ROC“ from Bioconducotor 
project (www.bioconductor.org). 

For the quality control, the non-normalized arrays were used to create a linear model resulting in normalized, 
not scaled standard error (NUSE), relative logarithmic expression (RLE) as well as signal distribution of all 
summarized signals after normalization. In addition a positive (exon-based) and negative (intron-based) control 
probe Receiver-Operator-Characteristics for each array was created.

The background fluorescence was detected with antigenomic background probes.
As a result of the normalization, for each condition the log2 ratio of the fold change of the lactate-stimulated 

hMSCs versus their respective controls was computed as criteria for differential gene expression.

FACS analysis
FACS analysis was performed with FACScan (BD Biosciences, San Jose, USA) using BD CellQuest Pro 

software. At subconfluency (1x106 cells), the cells were detached with Accutase (PAA Laboratories, Cölbe, Germany) 
and washed (phosphate-buffered saline (PBS) + AccuMax (PAA Laboratories, Cölbe, Germany).

http://dx.doi.org/10.1159%2F000343342
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Each probe contained a cell suspension with 5x105 cells in FACS buffer (PBS+1% bovine serum albumin 
(Sigma Aldrich, Deisenhofen, Germany) + 0,1% FCS (Cambrex Bio Science, Hopkinton, USA). The anti-human 
clusters of differentiation (CD)) 4, 8, 14, 29, 34, 43, 44, 45, 56, 59, 71, 73, 90, 105, 106, 117, 135, 146, 166, 271, GD2, 
HLA ABC, HLA RPQ were added. After an incubation time of 20 minutes and two washing steps, the probe was 
ready for analysis. All antibodies were from BD Biosciences. The complete FACS analysis results are shown in  
Table 1.

Quantitative Real Time PCR (RTq-PCR)
The cDNA transcription was performed using Roche Transcriptor First Strand cDNA Synthesis Kit (Roche, 

Mannheim, Germany) according to the manufacturer’s instructions. All primers were purchased from Sigma 
Aldrich (Sigma Aldrich, Deisenhofen, Germany). The complete list of the primer sequences can be seen in Table 2.

The RTq-PCR was performed with the Roche Light Cycler 2.0 (Roche, Mannheim, Germany) using the 
following protocol.

Table 1. FACS analysis  h68 MSC

Table 2. Primer / Sequence / Oligo Name (Sigma Aldrich)

http://dx.doi.org/10.1159%2F000343342
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Pre-incubation for 300 s at 95°C for 1 cycle (20°C/s), amplification for 42 cycles each with denaturation for 
10 s at 95°C (20°C/s), annealing for 5 s at 60°C (20°C/s) and extension for 15 s at 72°C (20°C/s), melting curve  
15 s at 50°C (20°C/s) then continuous ascent with 0,1°C/s until 95°C for 1 cycle, followed by cooling 30 s at 40°C 
for 1 cycle (20°C/s).

Analysis was carried out using the relative quantification [10] and the relative expression software tool 
(REST©) [11]. Human hydroxymethyl-bilane synthase (HMBS) was used as reference gene for the relative 
quantification [10]. 

Results

Microarray Results
The complete microarray data can be reviewed at GEO – GSE40205 

RTq-PCR Results
For better illustration, the results were divided into the groups inflammation, proliferation 

and growth, apoptosis, hypoxia and glycolysis.

Fig. 1. Relative expression 
ratios of gene associated 
with inflammation. (A) 
shows the raw data with 
corresponding p-values, 
(B) shows relative 
expression rates of 5 mM 
lactate, (C) shows relative 
expression rates of 10 
mM lacatate, (D) shows 
relative expression rates 
of 15 mM lactate.

Fig. 2. Relative 
expression ratios of 
genes associated with 
proliferation and growth. 
(A) shows the raw data 
with corresponding 
p-values, (B) shows 
relative expression 
rates of 5 mM lactate, 
(C) shows relative 
expression rates of 10 
mM lacatate, (D) shows 
relative expression rates 
of 15 mM lactate.

http://dx.doi.org/10.1159%2F000343342
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RTq-PCR – differential gene expression– inflammation
Figure 1 shows the differential gene expression of genes associated with inflammation.  We 

were able to show that lactate in moderate concentrations of 5 and 10 mM leads to a moderate 
down regulation of IL1ß (0,692-fold; p=0,169) respectively 0,737-fold;  p=0,339) and IL8 (0,698-
fold; p=0,339 respectively 0,742-fold; p=0,17). In contrast, we were able to show that high lactate 
concentrations of 15 mM lead to an up-regulation of the cytokines IL1ß (2,368-fold; p<0,001), IL6 
(3,892-fold; p<0,001), IL8 (2,383-fold; p<0,001) and IL26 (3,293-fold; p<0,001).

RTq-PCR – differential gene expression– proliferation and growth
Figure 2 shows the differential gene expression of genes associated with proliferation and 

growth. Our analysis showed a moderate up-regulation of transforming growth factor ß1 (TGFß1) 
at 10 mM lactate (1,794-fold; p=0,339), whereas at 5 respectively 15 mM we could not show any 
alteration. Additionally we investigated the Growth Associated Protein 43 (GAP43) and were able 
to demonstrate an up-regulation (1,753-fold; p<0,001, 3,426-fold; p<0,001, 3,074-fold; p<0,001) in 
a dose dependant manner (5, 10, 15 mM) with the highest expression rate change at 10 mM lactate, 
similar to TGFß1. For tetraspanin 2 (TSPAN2) and tetraspanin 13 (TSPAN13) we could show a 
5,26-fold; p<0,001 respectively 3,652-fold; p<0,001 up-regulation at 10 mM lactate. For TSPAN2 
also a 3,84-fold; p<0,001 up-regulation at 15 mM lactate. Additionally we were able to show a 
moderate up-regulation of WEE1-related kinases (WEE1) at 10 mM lactate (1,348-fold; p=0,339), 
whereas at 5 respectively 15 mM lactate the expression was even more up-regulated (1,798-fold; 
p=0,339 respectively 2,473-fold; p<0,001). Also were able to show an increasing expression rate 
of vascular endothelial growth factor A (VEGF-A) (2,175-fold; p=0,49 respectively 2,794-fold; 
p<0,001) at the lactate concentrations 10 mM respectively 15 mM and of vascular endothelial 
growth factor B (VEGF-B) (1,714-fold; p<0,001) at 15 mM.

RTq-PCR – differential gene expression–apoptosis
Figure 3 shows the differential gene expression of genes associated with apoptosis. We were 

able to show a moderate up-regulation of Bcl-2 associated X protein (BAX) (1,484-fold; 
p<0,001 respectively 1,724-fold; p=0,169)at the lactate concentrations 5 mM respectively 10 
mM. At 10 mM we could demonstrate a slight suppression of tumor protein 53 (p53) (0,824-
fold; p=0,83) and effector caspase 3 (CASP3) (0,871-fold; p<0,001). In contrast we found an 
up-regulation of BAX (3,864-fold; p<0,001), p53 (2,44-fold; p<0,001), Caspase 9 (CASP9) 
(1,73-fold; p<0,001) and NFκB (1,652-fold; p<0,001) at 15 mM lactate.

RTq-PCR – differential gene expression – hypoxia
Figure 4 shows the differential gene expression of genes associated with hypoxia. We could 

not show any up- or down-regulation of hypoxia inducible factor 1α (HIF1α) and von Hippel-
Lindau tumor suppressor protein (vHL).

Fig. 3. Relative 
expression ratios of 
genes associated with 
apoptosis. (A) shows 
the raw data with 
corresponding p-values, 
(B) shows relative 
expression rates of 5 mM 
lactate, (C) shows relative 
expression rates of 10 
mM lacatate, (D) shows 
relative expression rates 
of 15 mM lactate.
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RTq-PCR – differential gene expression– glycolysis
Figure 5 shows the differential gene expression of genes associated with glycolysis. Again, 

we could not show any up- or down-regulation of pyruvate dehydrogenase kinase 1 (PDK1) and 
pyruvate kinase isoemzyme M2 (PKM2). Only a moderate up-regulation (1,752-fold; p<0,001) 
of phosphoglycerat kinase 1 (PGK1) and PKM2 (1,184-fold; p<0,001) at 15 mM lactate could be 
found.

Discussion

This study was conducted to show the influence of lactate on the gene expression profile of 
human mesenchymal stem cells (hMSC). We were able to show that lactate alters gene expression 
in a dose dependent manner. Our research group previously could show that lactate does not 
change the cells’ phenotype in terms of significant induction of alterations in expression of cell 
surface epitope patterns [12]. 

Human mesenchymal stem cells are multipotent cells which are present in adult bone marrow 
and almost every other tissue, and can differentiate to various mesenchymal tissues like bone, fat, 
muscle or marrow stroma [8]. 

Milovanova et al. demonstrated that lactate stimulates vasculogenic stem cells through an 
autocrine activation loop [7]. 

The link between wound healing and human mesenchymal stem cells (hMSC) has become a 
focus of attention lately. It has been shown that wound repair and even reconstitution of the wound 

Fig. 4. Relative expression 
ratios of genes associated 
with hypoxia. (A) shows 
the raw data with 
corresponding p-values, 
(B) shows relative 
expression rates of 5 mM 
lactate, (C) shows relative 
expression rates of 10 
mM lacatate,(D) shows 
relative expression rates 
of 15 mM lactate.

Fig. 5. Relative expression 
ratios of genes associated 
with glycolysis. (A) 
shows the raw data with 
corresponding p-values, 
(B) shows relative 
expression rates of 5 mM 
lactate, (C) shows relative 
expression rates of 10 
mM lacatate, (D) shows 
relative expression rates 
of 15 mM lactate.
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bed can be accelerated by multipotent adult stem cells [9]. hMSCs enter the site of injury by a 
process called homing [13] and contribute to the wound healing process in two different ways. On 
the one hand hMSCs are able to differentiate into specific tissue related cells and therefore replace 
damaged tissue [14]. On the other hand a paracrine mode of action has been described, showing 
that hMSCs can lead to functional improvement after myocardial infarction [15].

Wounds are characterized by elevated tissue lactate concentrations [1]. Lately it has been 
shown that especially non-healing wounds appear with high wound fluid lactate levels [16]. In 
the past this accumulation of lactate was thought to be caused by tissue hypoxia, and therefore 
considered as an irrelevant metabolic by-product. Today some authors emphasize the multiple, 
hormone-like functions of lactate with some even using the term „lacterome“ [2]. Two well known 
effects of lactate are the stimulation of collagen synthesis [5] and vascular endothelial growth factor 
induced blood vessel formation [6] in vitro and in vivo. It has also been demonstrated that the 
oxygen supply has little impact on the lactate concentration [3], wound lactate levels remain high 
(5 - 15 mM) even under sufficient oxygenation [4]. 

Considering these facts, we investigated the role of lactate at different concentrations (5, 10, 
15 mM) on the differential gene expression of hMSCs. The wound healing process consists of the 
following phases: inflammation, proliferation, and tissue remodeling [17]. For better illustration, 
the results are divided into the groups inflammation, proliferation and growth, apoptosis, hypoxia 
and glycolysis and will be discussed separately.

After 24 h incubation of samples treated with lactate concentrations of 5 and 10 mM, anti-
apoptotic, anti-inflammatory and growth and proliferation promoting gene expression could be 
observed in comparison to high lactate concentrations of 15 mM that led to the opposed effect, 
namely promoting apoptosis and inflammation.

Inflammation
The first phase of the wound healing process is characterized by the inflammatory 

response. Under physiological conditions this inflammatory phase abates during the 
regeneration, whereas a persisting inflammation can be found in chronic, non-healing 
wounds [16]. Major players in this early wound healing process are interleukin 1β (IL1β), 
interleukin 6 (IL6), interleukin 8 (IL8), and interleukin 12 (IL12) [18]. Interleukin 1 
 is a high-potency cytokine which is able to trigger an intense inflammatory reaction through for 
instance chemotaxis of neutrophils, acute phase proteins and interleukin 6 [19].  Interleukin 6 
(IL6) is another major player of acute and chronic inflammation. IL6 is induced by the nuclear 
factor kappa light chain enhancer of activated b cells (NFκB) and used as a clinical marker for 
vascular inflammation [20]. Interleukin 8 (IL8), also a pro-inflammatory mediator, is important 
for chemotaxis of neutrophils. It also promotes proliferation of endothelial cells, inhibits apoptosis 
and takes regulatory action in angiogenic processes, whether physiological in wound healing or 
pathological in tumorgenesis and metastasis [21–23]. 

Interleukin 26 (IL26) is a member of the Interleukin 10 (IL10) family, which contribute to the 
wound healing process with their anti-inflammatory attributes [24].  

We were able to show that lactate in moderate concentrations of 5 and 10 mM leads to a 
moderate down regulation of IL1ß and IL8. In contrast, we were able to show that high lactate 
concentrations of 15 mM lead to an up-regulation of the cytokines IL6, IL26, IL8. Our data suggest 
that with an increasing lactate concentration the expression rate of pro-inflammatory genes is up 
regulated.

Proliferation and Growth
The second phase of the wound healing process is characterized by proliferation and growth. 

We further investigated transforming growth factor ß1 (TGFß1), a growth factor with multiple 
functions involved in processes like cell growth, proliferation, differentiation and apoptosis [21].  
Analysis showed a moderate up-regulation at 10 mM lactate, whereas at 5 respectively 15 mM we 
could not show any alteration.

Additionally we investigated the Growth Associated Protein 43 (GAP43) a neuron-
specific phosphoprotein, which plays a critical role in axon growth and synapse function during 

http://dx.doi.org/10.1159%2F000343342
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neurogenesis [25–27]. During neurogenesis, GAP43 is physiologically down-regulated [28]. Were 
able to demonstrate an up-regulation of GAP43 in a dose dependant manner (5, 10, 15 mM) 
with the highest expression rate change at 10 mM lactate, similar to TGFß1. This up-regulation of 
GAP43 suggesting neuronal plasticity and growth will have to be investigated further. This is not 
only a matterofparticularinterest in terms wound healing. 

Tetraspanin 2 (TSPAN2) and tetraspanin 13 (TSPAN13) are members of the tetraspanin family 
[29]. These approximately 30 differentmembrane proteins are highly conserved in multicellular 
organisms [30]. They play key roles in processes like cell-cell-communication, signal transduction, 
cell motility and tissue-organization [31, 32]. It could be exhibited that TSPAN24/CD151 knock-
out mice lacking TPSAN24 showed defective wound healing, primarily owing to impairment of 
the re-epithelialization process [33]. At 10 mM lactate, we could show an up-regulation of TPSAN2 
as well as of TSPAN13.

The function of the WEE1-related kinases is a highly conserved process that controls the 
timing of entry into mitosis. As early as 1978, Fantes and Nurse could show in fission yeast that 
WEE1 is part of a cell-size checkpoint that prevents entry into mitosis before cells have reached a 
critical size. Loss of WEE1 function causes fission yeast to enter mitosis before sufficient growth 
has occurred, leading to formation of daughter cells that are smaller than normal [34, 35]. In 
contrast to normal cells that repair damaged DNA during the G₁-arrest, cancer cells often have 
a deficient G₁-arrest and are therefore regulated largely via the G₂-arrest. Here, WEE1 kinase is 
the key molecule in maintaining G₂-cell-cycle checkpoint arrest for premitotic DNA repair. An 
over-expression of WEE1 in various cancer types like glioblastoma [36] and breast cancer [37] has 
been reported. Other studies demonstrated decreased cancer cell viability, reduced tumor burden 
and improved survival after WEE1 inhibition [36, 38]. It has been shown that MK-1775, a potent 
WEE1 inhibitor is able to achieve tumor regressions selectively in p53-deficient pancreatic cancer 
xenografts [39]. Recently Hong et al. could show that hypoxia induces the WEE1 expression both at 
mRNA and protein levels [40]. We found the expression of WEE1 under normoxicconditions only 
moderately up regulated at 10 mM lactate, whereas at 5 respectively 15 mM lactate the expression 
was even more up regulated. 

As already described by Constant et al. we also were able to show an increasing expression rate 
of vascular endothelial growth factor Acorresponding toan increasing lactate concentration at 10 
mM respectively 15 mM [6]. In general our data show a considerable increase of genes associated 
with growth and proliferation predominantly at 10 mM lactate.

Apoptosis
Apoptosis is a vital component of wound healing that is involved in the removal of inflammatory 

cells and the transformation of granulation tissue into scar tissue, whereas a dysregulationof the 
apoptotic process can lead to pathological forms of wound healing like hypertrophic scarring [41]. 

The Bcl-2 associated X protein (BAX) activation by the tumor protein 53 (p53) induces 
apoptosis [42]. The effector caspase 3 (CASP3) is the final common pathway of the extrinsic 
and intrinsic activated apoptosis resulting in DNA fragmentation, degradation of cytoskeletal 
and nuclear proteins [43]. At moderate lactate concentrations of 5 respectively 10 mM we 
found predominantly anti-apoptotic expression rates. P53 co-factor BAX showed a moderate 
up-regulation. At 10 mM we demonstrated a slight suppression of p53 and CASP3. In contrast 
we found more pro-apoptotic effects at 15 mM lactate including up-regulations of BAX, p53, 
Caspase 9, and NFκB.

Hypoxia
Although the lactate concentration simulated a hypoxic environment, contrary to expectation, 

we could not show any up- or down-regulation of hypoxia inducible factor 1α (HIF1α) and von 
Hippel-Lindau tumor suppressor protein (vHL) [44].

Glycolysis
Again, contrary to expectation, we could not show any up- or down-regulation in the 

glycolysis associated candidates pyruvate dehydrogenase kinase 1 (PDK1) and pyruvate kinase 

http://www.dict.cc/englisch-deutsch/matter.html
http://www.dict.cc/englisch-deutsch/of.html
http://www.dict.cc/englisch-deutsch/particular.html
http://www.dict.cc/englisch-deutsch/interest.html
http://dx.doi.org/10.1159%2F000343342


Cell Physiol Biochem 2012;30:1547-1556
DOI: 10.1159/000343342
Published online: December 10, 2012

© 2012 S. Karger AG, Basel
www.karger.com/cpb 1555

Schneider/Ateschrang/Königsrainer et al.: Lactate and hMSC

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

isoemzyme M2 (PKM2), even though lactate is the metabolic end-product of this pathway [45]. 
Only a moderate up-regulation of phosphoglycerat kinase 1 (PGK1) and PKM2at 15 mM lactate 
could be found.

Conclusion

We are aware of the fact that these are gene expression rates and that the levels of the 
corresponding proteins need to be further investigated since various regulatory processes may 
occur during translation and post-translational modification.

Nevertheless our data suggest that lactate is able to modulate the gene expression of hMSCs 
involved in wound healing in a concentration dependent manner. Furthermore lactate might be 
involved in the regulation of processes like tumorgenesis and neuronal plasticity and growth. These 
data could be helpful for investigating new treatment strategies for chronic non-healing wounds as 
well as tumor therapy and neuronal plasticity or regeneration. 
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