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Abstract

Introduction: In the rehabilitation of musculoskeletal 

injuries, ultrasound is widely used in clinical practice. 

Objective: To evaluate the effects of pulsed ultrasonic 

therapy on the viability and modulation of genes involved 

in inflammation (IL-6) and neovascularization (VEGF) 

processes of L929 fibroblast cells. Methods: For irradiation 

with ultrasound the cells were subdivided into groups: 

G1 (without irradiation), G2 (0.3 W/cm2-20%) and G3 (0.6 

W/cm2-20%), with periods of treatment at 24, 48 and 72 

hours. The cell viability assay was analyzed by the MTT 

method and gene modulation was analyzed by RT-qPCR 

method. Results: After the comparative analysis between 

groups, only G2 and G3 (48-hour) presented statistically 

significant differences in relation to the control. In relation 

to the gene expression, the selection of the groups 

analyzed was delimited according to the comparative 

analysis of the values obtained by the MTT test. After 

the achievement of RT-qPCR, it could be observed that 

in G2 the amount of VEGF gene transcripts increased 

by 1.125-fold compared to endogenous controls, and 

increased 1.388-fold in G3. The IL-6 gene, on the other 

hand, had its transcripts reduced in both G2 (5.64x10-9) 

and G3 (1.91x10-6). Conclusion: Pulsed ultrasound in 

L929 fibroblasts showed a significant biostimulatory effect 

in the 48-hour period, with increased cell viability, and the 

same effect in the modulation of gene expression related 

the neovascularization and inflammation, mediating the 

acceleration of the tissue repair cascade.
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Introduction

In the clinical practice, ultrasound is widely used 

in the most diverse skeletal muscle dysfunctions, 

whether acute or chronic,1,2 especially because it is an 

economical, safe, non-invasive physical procedure ,with 

healing capacity and considered a promising modality 

as an alternative to surgery.3-6

Since 1952, after its implantation by the American 

Council of Physical Medicine and Rehabilitation, its 

relation with osteomyoarticular injuries has been a 

constant target of study.7,8 However, clinical practice 

still adopts a multiplicity of dosimetries, i.e. there 

is no standardized consensus on the optimal dose 

response, but there is a gap in the literature between 

the therapeutic tool, the appropriate dosimetry and the 

desired cell biomodulation.7-9

In general, this feature has thermal properties 

(continuous wave) and non-thermal (pulsed wave),10,11 

but the predominance of one or the other is linked to the 

parameters used in the treatment, since both cannot be 

completely segmented.10,12

In this sense, the interaction of therapeutic ultrasound 

(TUS) with tissues can increase the permeability of 

the membranes with substances loading, analgesia,13 

protein synthesis,14 chondrogenesis, osteogenesis,8 

anti-inflammatory signaling (decrease of leucocytes 

and macrophages), increase of metabolic reactions, 

microcirculation stimulation and angiogenesis, and, 

finally, fibroblastic activation.3,4

From these meanings, we can highlight more 

specifically three biological events, which together 

corroborate in the potentiation of tissue healing. 

Among them, the activation of fibroblast cells, which is 

fundamental, because they are present in most tissues 

and organs of the body,15 because they are precursors 

of collagen and highly metabolic.12-15

Moreover, the main mechanosensitive cells are 

considered for their ability to transform external 

mechanical excitations into intracellular responses. 

Thus, by signal capture and mechanotransduction, 

fibroblasts permeate biological events involving cell 

proliferation and conformation, cytokine release and 

gene expression, such as growth factors, collagen, IL-6 

and VEGF.15-17

The angiogenic potential of the VEGF gene modulates 

the formation of new blood vessels18 and triggers the 

cascade of anti-inflammatory reactions identified by the 

multifunctional cytokine IL (interleukin)-6 that regulates 

the immune syste.19

In this context, it is evident the ability of the TUS to 

trigger bioeffects, but, these are dependent on their 

wave type and exposure characteristics,20 therefore, 

justified the research relevance of the ideal dose-effect 

relationship and which spectra of biological changes are 

achieved, precisely due to the fact that these data are 

limited in the literature.21

In this line of thought, in vitro studies allow more 

systematic and controlled analyzes concerning the 

exposure elements of the TUS that interposes the 

cellular response and how they correlate with the 

remodeling of lesions.22

Resumo

Introdução: Na reabilitação de lesões musculoesqueléticas, o 

ultrassom é amplamente utilizado na prática clínica. Objetivo: 

Avaliar os efeitos da terapia ultrassônica pulsada sobre a 

viabilidade e modulação de genes envolvidos nos processos 

de inflamação (IL-6) e neovascularização (VEGF) de fibroblastos 

L929. Métodos: Para irradiação com ultrassom, as células foram 

subdivididas em grupos: G1 (sem irradiação), G2 (0,3 W/cm2-

20%) e G3 (0,6 W/cm2-20%), com períodos de tratamento de 

24, 48 e 72 horas. O ensaio de viabilidade celular foi analisado 

pelo método MTT e a modulação gênica pelo método RT-

qPCR. Resultados: Após a análise comparativa entre os 

grupos, apenas G2 e G3 (48 horas) apresentaram diferenças 

estatisticamente significantes em relação ao controle. Em 

relação à expressão gênica, a seleção dos grupos analisados ​​

foi delimitada de acordo com a análise comparativa dos valores 

obtidos pelo teste MTT. Após a obtenção do RT-qPCR, pôde-se 

observar que no G2 a quantidade de transcritos do gene VEGF 

aumentou 1,125 vezes em relação aos controles endógenos 

e 1,388 vezes no G3. O gene IL-6, por outro lado, teve seus 

transcritos reduzidos tanto no G2 (5,64x10-9) quanto no G3 

(1,91x10-6). Conclusão: O ultrassom pulsado em fibroblastos 

L929 apresentou efeito bioestimulador significativo no período 

de 48 horas, com aumento da viabilidade celular, e o mesmo 

efeito na modulação da expressão gênica relacionou  

neovascularização e inflamação, mediando a aceleração da 

cascata de reparação de tecidos.

Palavras-chave: Reabilitação. Fibroblastos. Expressão genética. 

Regeneração. Terapia ultrassônica. 
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Thus, the objective of this study was to evaluate the 

effects of low and medium intensity pulsed ultrasonic 

therapy on the viability and modulation of genes 

involved in inflammation (IL-6) and neovascularization 

(VEGF) processes of L929 fibroblast cells.

Methods

The experiments were developed using mouse 

connective tissue derived fibroblasts from the L929 

strain (ATCC CCL-1 NCTC) and supplied by the Adolfo 

Lutz-SP Institute, Brazil. The study is characterized as 

experimental and received approval from the Ethics 

Committee of the Universidade do Norte do Paraná 

(UNOPAR), under protocol n. 462.478/2013.

Cell culture	

L929 cells were routinely cultured in 25 cm2 (TPP, 

Zollstrasse-Switzerland) flasks with MEM medium 

(Minimum Essential Medium, Gibco TM-Invitrogen 

Corporation, Grad Island, USA) supplemented with 10% 

Bovine Fetal Serum (Gibco®, by Life Technologies) and 

1% antibiotic-antimycotic (Gibco®, by Life Technologies), 

maintained in 5% CO2 incubator at 37 °C (Thermo Forma 

Scientific, Waltham, MA).

The cells used in this experiment had the replacement 

of the culture medium every 48 hours and followed the 

recommendations for use for the in vitro toxicity test 

contained in ISO 10993-5.

Ultrasound

Ultrasonic exposure was performed with an 

equipment of the brand KLD® - (Biossistemas Equipa-

mentos Eletrônicos Ltda.), Avatar III model, with a head 

of 1 MHz and effective radiation area (ERA) of 1 cm2, duly 

calibrated by the manufacturer.

Ultrasonic irradiation

After obtaining 80% confluency, cultures of L929 

cells were subcultured into 12-well, 24 mm diameter 

TPP plates at a density of 1 x 105 cells/ml. Subsequently, 

they remained for 24 hours at rest for sedimentation, 

and then separated into the following groups to perform 

the ultrasonic exposure: G1 - Control (did not receive 

irradiation), G2 – 0.3 W/cm2 with a pulse rate of 20% (2:8 

work cycle), and G3 – 0.6 W/cm2 with a pulse rate of 20% 

(2:8 work cycle).

To obtain adequate coupling of the ultrasound 

interface (distance from the cell layer to the transducer: 

18 mm) and propagation of the mechanical wave, the 

volumes of the wells were filled with MEM medium to the 

edge, and each irradiated well, always kept in the same 

relative to the face of the ultrasound transducer.

As for the application time, the irradiation was 

carried out for 2 minutes in each well, respecting the 

relation between area and age, at room temperature, 

in the intervals of 24, 48 and 72 hours. The experiment 

was carried out in triplicate for analysis of viability and in 

triplicate for gene expression.

MTT Assay

Viability experiments were evaluated by the MTT 

assay [3-(4,5-dimethylthiazole)-2,5-diphenyltetrazolium 

bromide]. L929 cell cultures received ultrasonic irradiation 

at the 24, 48 and 72 hour intervals, and after 24 hours of 

each irradiation MTT test was performed according to 

the following assay: after removal of the MEM medium, 

each well received 500 μL of MTT, a final concentration of 

0.5 mg/mL and incubated for 1 hour at 37 °C in 5% CO2 

atmosphere. Then, 500 μL of Dimethyl Sulfoxide (DMSO) 

was added to each well. The plates were allowed to 

stir for 15 minutes to solubilize the formazan crystals. 

Its concentration was quantified spectroscopically by 

means of a microplate reader (SpectraCount - Packards 

Istrument, Germany) at wavelength of 546 nm.

Extraction of RNA and Conversion to cDNA

For extraction of total RNA the Cells-to-cDNA™ II Kit® 

(I Life Technologies Corporation) was used according to 

the manufacturer's instructions. After extraction, the RNA 

was quantified in NanoDrop Lite spectrophotometer 

(Thermo Scientific). RNA extraction was performed 24 

hours after the last irradiation, followed by the RT-qPCR 

polymerase chain reaction.

In order to minimize variations in the performance 

of reverse transcriptase and the possibility of the Monte 

Carlo effect, three distinct reactions of cDNA synthesis 

were performed for each experiment, whose products 

were incorporated to obtain a single mixture for each 

sample in its respective condition of cultivation.
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Real-Time Quantitative Polymerase Chain Reaction 

(RT-qPCR)

Real-time polymerase chain reaction (PCR) was 

performed on a StepOne Plus System thermocycler 

(Applied Biosystems) under the following conditions: 10 

minutes at 95 °C, 40 cycles of 15 seconds at 95 °C and 

60 seconds at 60 °C followed by the melting curve under 

the following conditions: 95 °C for 15 seconds, 60 °C for 

60 seconds and to finish 95 °C for 15 seconds. 

The final 20 μl reaction contained 10 μl of the 

TaqMan® Universal Master Mix II (Applied Biosystems), 

1 μl of the TaqMan® Gene Expression Assays-primer 

(Applied Biosystem), 8 μl of ultra-pure H2O and 1 μl of 

cDNA. 

To determine the relative expression of the genes 

of interest (VEGF: Mm01281449_m1-Mouse and IL-6: 

Mm 00446190_m1-Mouse) in the different conditions 

evaluated, the threshold (Ct) of each sample was 

initially obtained by fluorescence. Endogenous genes 

were β-Actin gene (Mm 00607939_s1 - Mouse) and 

GAPDH (Mm 99999915_g1 - Mouse). In the sequence, 

the mean Ct was calculated between the target and 

endogenous genes of each sample, obtaining ΔCt. To 

obtain the values in the control situation (no treatment) 

were used as a reference for comparison, and the 

calculations were normalized from the endogenous 

β-Actin gene (Mm 00607939_s1 - Mouse) and 

GAPDH (Mm 99999915_g1 - Mouse). Due to the low 

applicability of the direct and unique use of the ΔCt 

values, the relative quantity (RQ) 2-ΔΔCT based on its 

own mathematical model of relative quantification of 

data obtained by real-time PCR,23-25 with correction of 

efficiency. Only values of Cq (quantification cycle) with 

a variation of ± 0.5 between the reaction triplicates 

were considered.

Statistical analysis

Data were expressed as values of mean and standard 

deviation, with normality verified by the Shapiro-Wilk 

test. To compare and verify the statistically significant 

differences between the groups, the Kruskal Wallis test 

and Dunn's post hoc test were used, and the Friedman 

test was used for the comparison between the time 

evaluations. In the statistical analysis, the program 

GraphPadPrism 6.0 (GraphPad Software, San Diego, CA, 

USA) was used.

Results

After the comparative analysis between the different 

dosages, only the groups G2 and G3 presented 

statistically significant differences in relation to their 

respective control group (p < 0.05) in the period of 48 

hours, according to Figure 1. 
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Figure 1 - Comparison of percentages of cell viability intra and 

between groups in the different treatment periods (24, 48 and 

72 hours).

Note: Values presented in mean and standard deviation (mean ± SD).   

*Statistically significant difference (p < 0.05) between 24 and 48 hours 

and groups from the 48-hour period with G1 (control) and G2 (0.3 W/

cm2-20%), as well as G1 (control) and G3 (0.6 W/cm2-20%).

Figure 1 shows the intra-group data analysis, 

focusing on the time variable, in which the cell viability 

reached growth in relation to the control with significant 

difference in the G2 group from the first to the second 

evaluation (24 to 48 hours) and in G3, at the same time 

intervals.

In relation to the gene expression, the selection of 

the groups analyzed was delimited according to the 

comparative analysis of the values obtained by the 

MTT test, in which only G2 and G3 obtained statistically 

significant results in the second evaluation (48 hours). 

Thus, after the achievement of RT-qPCR, it can 

be observed that in group G2, the amount of VEGF 

gene transcripts increased by 1.125-fold compared to 

endogenous controls and, with a prominent behavior in 

group G3, the relative expression increased by about 

*

*

*
*
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1.388 times. It is noteworthy that both gene expressions 

were relatively superior to the proportionality of their 

normalizing genes (Figure 2). On the other hand, the 

IL-6 gene had its transcripts reduced in both the G2 and 

G3 groups, so that the decrease in the first was 5.64 x 

10-9 and in the second, 1.91 x 10-6 fold lower than their 

reference genes (Figure 2). 

However, it is important to note that the relative 

expressions of VEGF and IL-6 when compared to the 

cellular viability of their groups, especially when observed 

in the G3 group may suggest that the ultrasound did not 

deleteriously act on the cells and that in none of these 

groups did the fibroblasts remain inert to the ultrasonic 

action.

Figure 2 - Relative gene expression in groups G1 (control), G2 (0.3-20%) and G3 (0.6-20%) in time 48 hours. (A) VEGF gene expression 

and (B) IL-6 gene expression. 

Discussion

In physical therapy, ultrasound therapy is usually used 

for the purpose of tissue repair by triggering various 

biomodulatory effects on the exposed tissue, although 

such responses are tied to a series of combinations 

between intensity, pulse rate, frequency, treatment time, 

cell type and culture, leading to a relationship between 

responses and dosimetry, where some parameters are 

more effective than others.26-28

At first, the combination of mechanisms between 

acoustic transmission energy and stable cavitation act 

as a trigger, exciting the cell as a whole through the 

membrane. However, not all phases of the cycle starting 

with external excitement to the final chain, such as gene 

release, are fully understood.

Currently, ultrasound is known to promote various 

effects on tissues to biological factors, such as increased 

metabolism, angiogenesis, tissue extensibility, tissue 

regeneration, cell membrane permeability, and growth 

factors, counteracting the reduction of mediators of 

inflammatory process, free radicals and bacterial action. 

Together, all these factors provide relief in pathological 

signs and symptoms, with the advancement in the 

speed of healing and quality of the newly formed tissue, 

justifying their notorious applicability in physical therapy 

by seeking analgesia, edema reduction and healing. At 

first, the combination of acoustic transmission energy 

mechanisms and stable cavitation act as a trigger, 

exciting the cell as a whole through the membrane. 

However, not all stages of the cycle and details of basic 

science that begin with external excitement to the final 

chain are fully understood and described.2,9,10,16,17,28

In this sense, the results found in the present study 

showed that only the G2 and G3 groups, at 48 hours, 

presented cell growth statistically significant in relation 

to its respective control group (p < 0.05), confirming 

the aforementioned theory. Under certain conditions, 

however, ultrasonic mechanical stimulation can improve

state of cell culture and, consequently, its proliferation.29
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In in vitro cultured L929 fibroblasts, Bertin et al.3 

observed, in similar methodology and cell type, the 

increase in the number of viable cells, with intensities of 

0.2 and 0.4 W/cm2 and pulses of 10 or 20%, as well as 

Oliveira et al.30 in the 72-hours period in schedules of 0.2 

and 0.6 W/cm2 - 10 or 20%, and Oliveira et al.4 in 48 and 

72 hours, with dose of 0.5 W/cm2-10%.

Furthermore, other authors also achieved statistically 

significant fibroblast expansion in human cells (1 MHz; 

140 ou 200 mW/cm2; 20%),31 of murine mice (1 MHz; 

307 and 46 mW/cm2; 75%)32 or in other cell types such 

as rat gingival epithelial tissue (3MHz; 160 or 240 mW/

cm2; 24, 72 and 120 hours),33 human chondrocytes (1.5 

MHz; 30 mW/cm2),34 C2C12 myoblasts (30 mW/cm2; 

20%; 144 and 192 hours)35 and rabbit intervertebral disc 

cells (1.5 MHz; 7.5, 15, 30 mW/cm2; 20%; 120 hours).36

Despite the relevance of the human cell lineage, 

however, rodent derivatives such as ling fibroblasts, 

Chinese hamster ovary, osteoblasts, keratinocytes, 

chondrocytes, mouse myocytes, murine hepatocytes 

and primates such as monkey kidney fibroblasts (Vero 

line) are chosen as a first choice for safety reasons, for the 

wide knowledge of the conditions of cultivation and use, 

as well as their physiological and genetic patterns.37-39

On the other hand, in groups G2 in 24 hours and G3 

in 24 and 72 hours, maintenance was observed with very 

few variations or small reduction in cellular viability in 

relation to their respective controls, although it was not 

statistically significant. At the same time, other authors 

detected similar behaviors such as Udroiu et al.40 (1 MHz; 

1, 11.8, 15.2 and 19.3 mW/cm2; 75%) and Zhang et al.41 

(0.5 MHz; 3,97-11 mW/cm2; 10-50%) in rat fibroblasts, 

and Mostafa et al.42 (1.5 MHz; 30 mW/cm2) and Harle et 

al.43 (3 MHz; 140-990 mW/cm2) in human fibroblasts.

Not unlike fibroblastic cells, other strains reduced 

or not undergone changes in their proliferation by 

ultrasonic exposure, as in osteoblasts (1.5 MHz; 30 mW/

cm2; 20%),44 in stem cells (1 MHz; 0.3 e 0.5 W/cm2; 20%; 

48 horas)39 and, finally, in synovial membrane cultures of 

rabbits (3 MHz; 30 mW/cm2; 20%).45 Still on the present 

theme, Uenaka et al.46 adds that the density of cells 

seeded in the wells interferes directly in the result, be 

it viability or gene modulation, due to the lack of cell-

cell interaction, in small concentrations or with nutrient 

shortage in populations. After all, in their studies with 

chondrocytes and pulsed ultrasound (1.5MHz; 30 mW/

cm2; 20%), each used density, 1, 2, and 4 x 107 cells/cm2 

showed divergent results.

In addition, the sonolysis of the aqueous medium 

by the pulsed ultrasonic waves may allow the release of 

free radicals and these byproducts of the reaction may 

boost apoptosis in vitro and changes in intracellular 

metabolism.47

Bohari et al.48 suggested that there is a tendency to 

induce gene expression in rat fibroblasts using a 20% 

pulsed ultrasonic action compared to human fibroblasts, 

although increasing DNA analysis has not undergone 

genetic modulation using ultrasound.49 As for the 

modulation of the VEGF and IL-6 genes in the 48-hour 

period, that is, after two irradiations, the data indicate 

a stimulatory effect on the expression of the first and 

suppression of the second in groups G2 and G3  relative 

to their endogenous genes in the control group.Thus, 

according to our findings, Doan et al.31 reported that 

in their experiments in in vitro fibroblasts with pulsed 

ultrasound (10, 20 and 30%) at 1 MHz and intensities at 

5, 15, 30 and 50 mW/cm2, the production in interleukin 

1 and 6 transcripts was very low, whereas VEGF was 

positively stimulated, mainly at 0.1 and 0.4 W/cm2.

Similarly, more specifically on the induction of 

angiogenic factors under direct ultrasonic action in 

vitro, other authors described their induction (1 MHz; 

0.1, 0.4, 0.7 and 1 W/cm2; 20%) fibroblasts in disks with 

water, where there was an increase between 67 and 

100% of angiogenic response.50 This also occurred in 

real-time PCR analyzes of osteoblasts, after 24, 48 and 

72 hours after irradiation at doses of 0.1, 0.3 and 0.5 W/

cm2 in 1 MHz-25% and pre-osteoblasts (1 MHz; 30 mW/

cm2; 20%).51,52 Additionally, in experiments on rabbit 

chondrocytes (1.5 MHz; 30 mW/cm2; 20%) the VEGF 

gene grew by 1.532 times,53 and in vivo the expression 

was four fold higher in the tendon of sheep treated with 

30 mW/cm2 (1.5 MHz; 20%) than in untreated animals.54 In 

addition, Ichijo et al.55 demonstrated through histological 

analysis in mice in vivo that pulsed ultrasound therapy 

significantly increased the number of blood vessels in the 

treated regions.

Finally, concerning the modulation of interleukin 

transcripts, Reher et al.,56 unlike our findings, do not 

describe any reduction or change in the secretion of IL-6 

cytokines in fibroblasts (1 MHz; 0.1; 0.4; 0.7; and 1 W/

cm2; 20%). In contrast, osteoblasts cultivated primarily 

and treated with UST (1 MHz, 600 mW/cm2; 20%) showed 

a significant attenuation in IL-6 concentrations after 72 

and 96 hours,57 accelerating the onset of the first phase 

of the healing cascade, by of the anti-inflammatory 
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properties of ultrasound.58 These findings make it 

evident that although the ultrasound has been the 

subject of long-term study, the literature generally does 

not present a standardization between the ideal and safe 

dosage to obtain the desired biomodulatory responses.9 

After all, since this therapeutic resource is usually used 

in physical therapy, contributing to the process of tissue 

regeneration requires the investigation and elucidation 

of this theme.59

A systematic review gathered studies involving 

therapeutic ultrasound applied to fibroblastic cells in 

vitro and concluded that the biophysical characteristics of 

this equipment can produce the most diverse biological 

reactions. However, they add that the available literature 

is still insufficient to state with certainty which is the best 

dosimetry to be chosen in order to obtain the most 

effective and safe results, confirming the need for further 

investigation on this subject.9

As a way of exemplifying the applicability in in vivo 

studies, in the investigations of Fu et al.59 low-intensity 

pulsed ultrasound restored mechanical strength and 

collagen alignment in the tendons of rat patellar injury 

models in parallel with bone-tendon junction healing 

in rabbits.60 Collaborating with the findings mentioned 

above, Best et al.61 affirm in a systematic review that 

although not standardized, there is support in scientific 

evidence for the treatment of soft tissue injuries (tendon, 

muscle, ligament and bone-tendon junction) with pulsed 

ultrasound and specifically in tendons and ligaments. 

Recovery has higher tensile strength, stiffness and 

energy absorption, better organization and amount of 

collagen fibers when compared to untreated tissues.

Although the in vitro findings cannot be directly 

extrapolated to clinical practice, they collaborate in the 

understanding at the molecular level of the possible 

mechanisms of action of the ultrasound in different 

experimental conditions. Thus, the findings of this study 

suggest that low-dose pulsed ultrasound already has 

biological responses concerning better vascularization 

capacity, cell growth and inflammatory reduction, reducing 

the possible side risks of high intensities. So, cell-culture-

based investigations are fundamental for complementing 

in vivo research, especially when assessing the potential 

of ultrasound, by allowing more rigid controls over 

several variables, with the possibility of more systematic 

questioning. This allows to contribute with the prevention 

of possible damages to the patient or optimization of 

results within the physical therapy.3,4,9,16,21,28,62

Conclusion

The results showed that the pulsed ultrasonic therapy 

in culture of L929 fibroblasts presented a significant 

biostimulatory effect in the period of 48 hours in the 

dosages of 0.3 and 0.6 W/cm2 at 20% and 1 MHz, with 

cellular viability growth, as well as, it may be suggested 

that it acts on the modulation of gene expression by 

increasing the level of Endothelial Growth Factor (VEGF) 

secretion and reducing the transcripts of the Interleukin 

6 (IL-6) gene, mediating the acceleration of the cascade 

of tissue repair.

The limitations of this study are summarized in 

what in spite of collaborating in understanding the 

mechanism of action experimental conditions in vitro 

may not represent cellular responses in vivo, therefore, 

they cannot be completely generalizable in humans.
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