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Aim: The aim of this study was to evaluate the effect of caffeine on collagen biosynthesis in 

human skin fibroblasts and the influence of hyaluronic acid (HA) on this process.

Materials and methods: Collagen, [3H]-thymidine incorporation, and prolidase activity were 

measured in confluent human skin fibroblast cultures that had been treated with 1, 2, and 5 mM 

caffeine and with caffeine and 500 µg/mL HA. Western immunoblot analysis was performed 

to evaluate expression of β
1
-integrin receptor, insulin-like growth factor receptor phospho-Akt 

protein and mitogen-activated protein kinase (phospho-extracellular signal-regulated kinase).

Results: Caffeine inhibited collagen biosynthesis in a dose-dependent manner. The mecha-

nism of this process was found at the level of prolidase activity. Caffeine significantly 

inhibited the enzyme activity. The addition of HA had no effect on collagen biosynthesis 

or prolidase activity in fibroblasts incubated with caffeine. Caffeine also had an inhibitory 

effect on DNA biosynthesis. HA, however, did not have any significant effect on this pro-

cess. The inhibition of the expression of β
1
-integrin and insulin-like growth factor receptor 

in fibroblasts incubated with the caffeine indicates a possible mechanism of inhibition of 

collagen biosynthesis.

Conclusion: Caffeine reduces collagen synthesis in human cultured skin fibroblasts. HA did 

not have any significant protective effect on this process. This is the first study to our knowledge 

that reports caffeine-induced inhibition of collagen synthesis in human skin fibroblasts.
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Introduction
Caffeine (methyltheobromine) is an alkaloid and a widespread ingredient of several 

pharmacy drugs. Caffeine is also present in soft drinks, energy drinks, and coffee 

infusions. Mean daily consumption of this substance oscillates between 3 and 7 mg/kg 

body mass. Cytochrome P450 is responsible for metabolizing this alkaloid. Caffeine 

exhibits anti-inflammatory activity through the inhibition of tumor necrosis factor 

synthesis and through increasing the internal cell concentration of cyclic adenosine 

monophosphate and has also displayed antioxidant and radioprotective properties.1 

It has been shown that caffeine has an influence on cell migration and proliferation.2 

However, regardless of concentration, caffeine disrupts the progression of the cell 

cycle, which leads to apoptosis.3,4 Hence, one of the adverse effects of caffeine use is 

the inhibition of the wound healing process.5

Collagen biosynthesis plays an important role in wound healing. Collagen, 

a dominant protein in the body, is the main element of the extracellular matrix. This 

protein affects the structure maintenance (elasticity and durability) of many organs, 
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including skin, bones, cartilage, and tendons.6 The amount of 

collagen in a cell is the resultant of its processes of synthesis 

and degradation. The influence of caffeine on these processes 

has not so far been explained. 

A substance proven to possess a protective effect on 

collagen synthesis is hyaluronic acid (HA).7,8 HA belongs 

to the glycosaminoglycan family of polysaccharides and is 

composed of a D-glucuronic acid connected via glycosidic 

bonds with a particle of N-acetylglucosamine.9,10 In the body 

of animals, hyaluronan is most abundant in the extracellular 

matrix, where, along with chondroitin sulfate, heparan sul-

fate, and scleroproteins, it becomes its main carbohydrate 

component. Hyaluronan forms a layer that determines the 

adhesion, migration, and shape of the cell around the exterior 

of the cell.7 Half of all HA in the body is contained in the 

skin. Preparations or implants containing HA accelerate the 

healing process in injuries to the retina, in diabetic foot, in 

bone and mucus membrane injuries, and in venous ulcers. 

The widespread use of caffeine in food products, often 

in very high concentrations, and its permeability into cells 

creates a need to monitor its effects on cellular processes.11,12 

The aim of this study was the assessment and recognition of 

the impairing mechanism of caffeine on the production of 

collagen in human skin fibroblasts and the evaluation of the 

role of HA in this process. 

Materials and methods
Cell culture
Human skin fibroblasts were purchased from the American 

Type Culture Collection (Rockville, MD, USA). The cells 

were maintained in Dulbecco’s modified Eagle medium 

supplemented with 10% fetal bovine serum (HyClone 

Laboratories, Logan, UT, USA), 2 mM glutamine, 50 U/mL 

penicillin, and 50 μg/mL streptomycin at 37°C in a 5% CO
2
 

incubator.

Collagen production
The method described by Peterkofsky and Diegelmann was 

used to determine the production of collagen.13 Radioac-

tive precursor 5[3H]-proline (5 μCi/mL, 28 Ci/mmol) was 

labeled on confluent cultures of fibroblasts cultured in growth 

medium with varying concentrations of caffeine and HA 

500 µg/mL for 24 hours and then in digested proteins with 

purified Clostridium histolyticum collagenase.

[3H]-thymidine incorporation
The effect of the studied substances on fibroblast [3H]-

thymidine incorporation was examined. In 24-well tissue 

culture dishes, cells were plated at 1×105 cells/well, using 

1 mL growth medium in each well. Forty-eight hours later 

(1.6±0.1×105 cells/well), various concentrations of caffeine 

with or without 500 μg/mL hyaluronan were added for 

24 hours at 37°C to the culture wells. Thereafter, 0.5 μCi 

[3H]-thymidine (6.7 Ci/mmol) was added to the wells and 

cultures were incubated at 37°C for 4 hours. Subsequently, 

the cells were rinsed three times with 1 mL 0.05 M Tris-HCl 

and twice with 5% trichloroacetic acid. This was followed 

by cell lysis in 1 mL 0.1 M NaOH containing 1% sodium 

dodecyl sulfate. Next, 4 mL scintillation liquid was added 

and radioactivity was measured in scintillation counter.

In general, [3H]-thymidine incorporation is considered 

to express cell proliferation.

Determination of prolidase activity
The method of Myara et al was used to determine the activ-

ity of prolidase,14 with colorimetric determination of proline 

applying Chinard’s reagent. Centrifugation at 200× g for 

15 minutes was done after harvesting the cells. Discarding 

the supernatant and suspension of the cell pellet were the 

next steps of the procedure. We used 1 mL 50 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

at pH 7.8 to suspend the cells and sonicated them for 

3×10 seconds at 0°C. After that, we centrifuged specimens 

(12,000× g, 30 minutes) at 4°C. We used the supernatant 

for protein determination (Bradford method) and to perform 

prolidase activity assays. To activate the prolidase incubation 

with Mn(II) the following is necessary: 100 μL cell extract 

supernatant to mix with 100 μL 50 mM HEPES at pH 7.8 

under the presence of MnCl
2
 to achieve a final concentration 

of 1 mM in the mixture. Next was incubation for 24 hours at 

37°C. After that, the prolidase reaction was initiated as fol-

lows: We added 100 μL of the activated mixture to 100 μL 

of 94 mM glycyl-proline for a final concentration of 47 mM. 

Then the samples were incubated for 1 hour at 37°C. To ter-

minate the reaction after that, 1 mL of 0.45 M trichloroacetic 

acid was added. To parallel blank tubes, trichloroacetic acid 

was added at time “zero.” After centrifugation of specimens 

at 10,000× g for 15 minutes, the released proline was deter-

mined as follows: we added 0.5  mL trichloroacetic acid 

supernatant to 2 mL of a 1:1 mixture of glacial acetic acid 

and Chinard’s reagent (25 g of ninhydrin dissolved at 70°C 

in 600 mL glacial acetic acid and 400 mL 6 M orthophos-

phoric acid) and incubated for 10 minutes at 90°C. We used 

colormetric absorbance at 515 nm to determine the amount of 

released proline and reported them as nanomoles per minute 

per milligram of protein. 
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Western blot analysis
For Western blot analysis, slab polyacrylamide-SDS/poly-

acrylamide gel electrophoresis (SDS/PAGE) was applied, 

as described by Laemmli.15 Equal amounts of total cellular 

protein (20 μg) were submitted to the electrophoresis on SDS-

PAGE gels. Samples were mixed with Laemmli sample buffer 

containing 2.5% SDS (with reducing agent). After SDS-

PAGE, the gels were stored for 5 minutes in 25 mM Tris, 0.2 

M glycine in 20% (v/v) methanol to equilibrate. The samples 

were transferred to 0.2 μm pore-sized nitrocellulose at 100 

mA for 1 hour by applying a LKB 2117 Multiphor II electro-

phoresis unit. The nitrocellulose was incubated with monoclo-

nal anti-phospho-mitogen activated protein kinase (MAPK) 

antibody (extracellular signal-regulated kinase [ERK]1/

ERK2) at a ratio of 1:1,000, monoclonal anti-phospho-AKT 

antibody at a ratio of 1:1,000, and polyclonal anti-β-actin 

antibody at ratio of 1:500 in 5% dried milk in Tris-buffered 

saline with Tween 20 (TBS-T) (20 mmol/L Tris-HCl buffer at 

pH 7.4, containing 150 mmol/L NaCl and 0.05% Tween 20) 

for 1 hour. To perform the analysis phospho-MAPK (ERK1/

ERK2) and phospho-AKT, anti-mouse immunoglobulin G 

(whole-molecule) alkaline phosphatase conjugate was added 

at ratio of 1:5,000 in TBS-T. The second antibody-alkaline 

phosphatase conjugated, anti-rabbit immunoglobulin G 

(whole-molecule), was added at ratio of 1:5,000 in TBS-T, 

to analyze β-actin, the second antibody-alkaline phosphatase 

conjugated, and was incubated for 30 minutes under slow 

shaking. Next, nitrocellulose was washed with TBS-T (5×5 

minutes) and submitted to 5-bromo-4-chloro-3-indolyl phos-

phate/nitro blue tetrazolium liquid substrate reagent.

Statistical methods
The mean values for at least three assays ± standard deviation 

(± SD) were calculated in all appropriate experiments. The 

statistical analysis was performed applying double-sided, 

unpaired Student’s t-test. SPSS version 16 was used, and 

P0.05 was acknowledged as statistically significant.

Results
To assess the activity of caffeine on collagen synthesis in 

human skin fibroblasts, cells were incubated for 24 hours in 

1, 2, and 5 mM caffeine as well as in caffeine with HA at 

a concentration of 500 µg/mL. In control cultures, collagen 

biosynthesis was intensive. It has been shown that caffeine 

significantly affects collagen synthesis (Figure 1). Exposure 

of the fibroblasts to different concentrations of the alkaloid 

led to the inhibition of the newly synthesized collagen by 

48.04% (2.38% ± SD; n=3), 72.90% (3.60% ± SD; n=3), and 

92.12% (3.81% ± SD; n=3), respectively, when compared 

with the control value. The addition of HA did not have a 

protective effect on the biosynthesis of collagen in cultures 

incubated with caffeine. The results presented provide 

evidence that caffeine has an inhibitory effect on collagen 

synthesis in confluent human skin fibroblasts, regardless of 

the presence of HA. 

The enzyme responsible for recycling proline for collagen 

resynthesis is prolidase. Its activity was assessed in cultures 

of human skin fibroblasts in conditions established in the 

current experiment. Figure 2 presents the results. The activ-

ity of prolidase in control cultures is expressed by the value 

of 280 nmol proline obtained from a synthetic substrate in 

1 minute, based on a milligram of protein extract of the cell 

homogenate. The addition of caffeine to cell cultures causes 

prolidase inhibition, respectively, at 17.50% (7.70% ± SD; 

n=3) in cultures incubated with caffeine at a concentration 

of 1 mM and at 28.75% (10.37% ± SD; n=3) and 38.75% 

(1.80% ± SD; n=3) in cultures incubated with caffeine at 
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Figure 1 Collagen biosynthesis measured as 5[3H]-proline incorporation into 
proteins susceptible to the action of bacterial collagenase in confluent human skin 
fibroblasts incubated for 24 hours with different concentrations of caffeine and 
hyaluronic acid (HA).
Note: Error bars represent ± standard deviation; n=3.
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Figure 2 Prolidase activity in confluent human skin fibroblasts incubated for 
24 hours with different concentrations of caffeine and hyaluronic acid (HA).
Note: Error bars represent ± standard deviation; n=3.
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concentrations of 2 and 5 mM. The addition of HA did not 

have a significant effect on prolidase activity in cultures 

incubated with caffeine. 

The influence of caffeine on prolidase activity may con-

stitute a mechanism of the inhibitory effect of this alkaloid 

on collagen biosynthesis. 

Research conducted so far states that caffeine has an 

inhibitory effect on cell division. For this reason, the influ-

ence of caffeine on DNA biosynthesis was also assessed. The 

dpm values of [3H]-thymidine incorporated in the DNA of 

these cells were assumed to constitute 100% (Figure 3). It has 

been ascertained that caffeine in a dose-dependent manner 

inhibits the biosynthesis of DNA. At the highest concentra-

tion, DNA biosynthesis was inhibited by 32%±0.98%. HA 

did not have any significant protective effect in counteracting 

the inhibition of DNA biosynthesis caused by the increased 

concentrations of caffeine. 

The β
1
-integrin receptor plays a key role in the regula-

tion of collagen biosynthesis, in DNA biosynthesis, and in 

prolidase activity. The expression of the integrin receptor has 

been assessed in cultures incubated with increasing concen-

trations of caffeine and in cultures incubated with HA and 

caffeine. The inhibition of the expression of the receptor in 

cultures incubated with the substances being studied indicates 

an inhibitory effect of caffeine that is directly proportional 

to the increase of its concentration. HA does not influence 

the level of expression of the receptor in cultures incubated 

with caffeine (Figure 4A). 

It is known that insulin-like growth factor 1 (IGF-1)-

dependent effects include activation of the expression of the 

collagen gene, prolidase activity, and cellular proliferation. 

In this study, we observed a similar effect as in integrin 

receptors. In this condition, the inhibition of the expression 

of the IGF-1 receptor was proportional to the increase of 

caffeine concentration. HA also does not influence the level 

of expression of this receptor (Figure 4B). 

The signal transmitted by the stimulated IGF-1 receptor 

and the β
1
-integrin receptor leads to the activation of MAPK 

and AKT,16,17 as can be seen in Figure 4C. In fibroblasts 

treated with caffeine, the expression of the MAPK kinases 

(phospho-ERK1/2) decreased in a dose-dependent manner 

when compared with control cells. The addition of HA to 

cells treated with caffeine had no effect on the decrease in the 

expression of phospho-ERK1/2. Caffeine added to cultured 

fibroblasts had no effect on the expression of phospho-AKT 

kinases and β-actin (Figure 4D). 

Discussion
Our research confirms our earlier observations that caffeine 

may have an adverse effect on the wound healing process, 

as well as on the aging process, of the human skin.18 This 

is connected to its influence on collagen biosynthesis. The 

presented research results show that the exposure of human 

skin fibroblasts to caffeine has a directly proportional effect 

to the concentration of this substance and causes the reduc-

tion of newly synthesized collagen by the cell. 

The rising popularity of energy drinks containing caf-

feine, as well as the popularity of the substance itself, war-

rants the importance of ascertaining the influence of this 

substance on the elements of the extracellular matrix. 

The research performed shows that the mechanism 

responsible for the impairment of collagen in human skin 

fibroblasts treated with the studied alkaloid may be the inhi-

bition of prolidase activity. On the one hand, this enzyme is 

responsible for proline scavenging for collagen resynthesis,12 

but on the other hand, it also plays a key role in the regula-

tion of numerous transcription factors (hypoxia-inducible 

factor 1-alpha, transforming growth factor beta, and nuclear 

factor kappa-light-chain-enhancer of activated B cells) 

responsible for processes connected with wound healing, 

inflammation, or angiogenesis.19 Both the process of collagen 

biosynthesis and the process regulating prolidase activity are 

controlled through signals generated by β-integrin receptors 

and IGF-1 receptors. This research has shown that caffeine 

impairs the expression of both of these receptors, which 

is directly relative to the applied dosage and the resulting 

proportional impairment of MAP kinases related to these 

receptors (ERK1/2). The impairment of the cellular signal 

generated by the above-mentioned receptors might be a 

mechanism of impairment of collagen biosynthesis caused 

by the presence of caffeine. This is the first report about 
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human skin fibroblasts (control) incubated for 24 hours with different concentrations 
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caffeine-induced inhibition of collagen synthesis in human 

skin fibroblasts.

The signal generated by integrin receptors and IGF-1 

receptors is a key element in the processes of cell prolifera-

tion and division. We have been able to show that caffeine, 

in a dose-dependent manner, causes significant impairment 

of DNA biosynthesis, and the mechanism of this process may 

explain disruptions in the signal transfer from these receptors, 

especially those disruptions in the expression of kinases of 

the MAPK group, which are important to this process.

The literature confirms that HA has a favorable effect on 

the regenerative processes connected with the impairment 

of collagen synthesis.20,21 In this case, however, the addition 

of HA did not reverse any changes in collagen that were 

caused by the caffeine. HA did not exert a protective effect 

on the disadvantageous influence of caffeine on individual 

regulatory elements of collagen biosynthesis. In contrast, 

caffeine may also lead to the impairment of HA effectiveness 

as a substance that has a protective influence on the level 

of collagen present in tissue during the processes of wound 

healing or counteraction of human skin aging.

Exposure of embryonic fibroblasts or forebrain neurons 

to energy drinks leads to the retardation of regenerative 

processes, especially in the process of wound healing.5 

In contrast, the elucidation of the molecular mechanism of 

the impairment of collagen synthesis by caffeine may explain 

the protective effect of caffeinated drinks on the induction of 

liver cirrhosis.22 The explanation of the molecular mechanism 

of the impairment of collagen biosynthesis by caffeine may 

create a drug target in the pharmacotherapy of this process. 
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