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Abstract

:

Glucocorticoids are drugs of choice in Duchenne muscular dystrophy (DMD), prolonging patients’ ambulation. Their mode of action at the protein level is not completely understood. In DMD, muscle tissue is replaced by fibrotic tissue produced by fibroblasts, reducing mobility. Nuclear factor of activated T-cells 5 (NFAT5) is involved in fibroblast proliferation. By treating one DMD fibroblast cell culture and one of unaffected skeletal muscle fibroblasts with methylprednisolone (MP) or hydrocortisone (HC) for 24 h or 12 d, the antiproliferative properties of glucocorticoids could be unraveled. NFAT5 localization and expression was explored by immunocytochemistry (ICC), Western blotting (WB) and RT-qPCR. NFAT5 and glucocorticoid receptor (GR) colocalization was measured by ImageJ. GR siRNA was used, evaluating GR’s influence on NFAT5 expression during MP and HC treatment. Cell proliferation was monitored by IncuCyte ZOOM. In DMD fibroblasts, treatment with MP for 24 h induced dots (ICC) positive for NFAT5 and colocalizing with GR. After 12 d of MP or HC in DMD fibroblasts, NFAT5 expression was decreased (RT-qPCR and WB) and growth arrest was observed (Incucyte ZOOM), whereas NFAT5 expression and cell growth remained unchanged in unaffected skeletal muscle fibroblasts. This study may help understand the antiproliferative properties of glucocorticoids in DMD fibroblasts.
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1. Introduction


The major mode of action of glucocorticoids (GCs) was described in 1994 by Ray and Prefontaine [1]: the glucocorticoid receptor GR binds to the master regulator of inflammation nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). GCs induce reduced cell proliferation by cell cycle arrest in the G1-S phase [2,3]. Cortisol is the natural GC produced in the body in the cortex of the adrenal glands, during the acute stress response [4,5]. Many synthetic GCs are used in clinics such as beclomethasone, betamethasone, cortisone, dexamethasone, fluticasone, hydrocortisone (HC), methylprednisolone (MP), prednisolone and triamcinolone. MP is produced as methylprednisolone sodium succinate (MPSS) for better dissolution in plasma. However, after hydrolysis in the liver, only a fraction of MP remains available for therapeutic action. Besides, 75% of intravenous (IV) MP binds in plasma to albumin and corticoid binding globulin (CBG), also known as transcortin. This results in a nonlinear relationship between free and bound MP and an impact on MP bioavailability [6]. Several studies have been performed with different IV doses and report superimposable concentration curves for total MP in plasma following different IV doses [7]. A range of 0.1–8 µg/mL total MP in plasma at time point +0.5–18 h after IV or IM MP injection is found across the studies, independently of the used dose [7,8,9]. Free MP concentration in plasma varies in a range of 0.001–1 µg/mL plasma. Cell culture media are often supplemented with bovine serum naturally containing albumin and transcortin. MP hydrolysis has also been described in cell culture media: 10–43% of the drug is hydrolyzed in 2–4 days [10,11]. Hydrocortisone (HC) is produced as hydrocortisone sodium succinate (HCSS) and is very similar to endogenous cortisol. Up to 78% is bound in plasma [6]. Ranges from 0.39 to 1.21 µg/mL total cortisol in plasma and 0.05–0.39 µg/mL of free cortisol in plasma have been measured from time point + 0.5–5 h after IV administration [12].



Corticoids are also drugs of choice in Duchenne muscular dystrophy (DMD) [13]. Mutations in the dystrophin gene are the genetic cause of the inherited muscle disease DMD [14,15], characterized by chronic inflammation and hampered muscle regeneration [16]. The major debilitating factor in DMD is the formation of fibrotic scar tissue [17], which is an excess of extracellular matrix formation (ECM), especially collagen. Two major components induce fibrosis: chronic inflammation and chronic proliferation of fibroblasts [18].



In the first stage of muscle repair, fibroblasts provide essential temporary scaffolding elements to new muscle fibers and neuromuscular junctions such as laminin, proteoglycans, fibronectin, elastine and collagen types I and III [18]. This scaffold may become a permanent and impairing secondary tissue when inflammation becomes persistent after dysregulation in the ratio of the macrophages M1/macrophages M2 [19]. Mouse embryonic fibroblasts lose their proliferative capacity when the nuclear factor of activated T-cells 5 (NFAT5) is inhibited [20,21]. In a previous study, abnormal NFAT5 physiology was found in DMD fibroblasts from one patient. Both DMD and unaffected fibroblasts reached confluency around 15 days. Unaffected skeletal muscle fibroblasts showed a growth factor of 12–15 compared to control levels, with confluency around 80%. NFAT5 was merely located in the nucleus and did not respond to proinflammatory cytokines. DMD fibroblast growth was not hampered by this proinflammatory environment. This observation could explain permanent fibrotic matrix production in DMD [22]. NFAT5 is known as a member of the Rel family of transcription factors and harbors similar elements of NF-κB, which is inhibited by GCs by trapping it in cytoplasmic complexes [23,24].



In this study, one DMD (male, 11 years old) and one cell culture from unaffected skeletal muscle fibroblasts (male, 17 years old) used in a previous study [22] were treated with HC or MP, expecting an influence of the GCs treatment on NFAT5 localization and expression in DMD fibroblasts and a possible change in fibroblast proliferation over time. With GCs trapping NF-κB in the cytoplasm, the interaction between NFAT5 and GR was investigated.




2. Results


2.1. Hydrocortisone and Methylprednisolone only Decrease DMD Fibroblasts Growth


Both DMD fibroblasts (DMDFibro) and unaffected fibroblasts (UFibro) remained viable during the entire 12 d treatment with HC or MP ranging from 80 nM (0.025 ng/mL) to 80 mM (25 µg/mL). No statistical difference could be shown in DMDFibro viability despite differences visible in cell morphology under the phase contrast microscope after 12 days of treatment (Figure 1A and Figure 2). DMDFibro showed a statistically significant decrease in cell confluency when treated with 0.08 mM HC, 8 mM HC, 80 mM HC or 8 mM MP (p < 0.05). Treatment with 80 mM MP for 12 d led to a more significant decrease (p < 0.01). In UFibro, HC and MP were not able to reduce cell confluence over 12 d (Figure 1B,C).



As described above, free HC concentrations in plasma are 0.05–0.39 µg/mL and free MP concentrations are 0.001–1 µg/mL. Up to 80% of glucocorticoids bind to albumin and transcortin in plasma. With our cells remaining viable throughout the 12 d experiment, the following concentrations were chosen for all further experiments to stay as close as possible to in vivo parameters: 8 mM (=2.5 µg/mL) HC and 8 mM (=2.5 µg/mL) MP. Indeed, 20% of 2.5 µg/mL will be unbound in DMEM, yielding 0.5 µg/mL HC and 0.5 µg/mL MP that can interact with the cells. These concentrations are very close to the concentrations observed in vivo as described above.



NFAT5 is an important protein in embryonic fibroblast growth. NFAT5 expression was studied by RT-qPCR in DMDFibro. A significant downregulation in NFAT5 was observed after 12 d in DMDFibro with 8 mM MP (Figure 3A). NFAT5 protein was measured semiquantitatively by Western blotting (WB) in DMDFibro and UFibro. After 24 h of 8 mM HC or 8 mM MP treatment in DMDFibro, a significant decrease in NFAT5 protein was observed (p < 0.01 for HC and p < 0.001 for MP), which remained decreased at day 12 in both conditions (p < 0.05). A significant decrease was also observed in UFibro treated for 24 h with 8 mM MP (p < 0.001). However, this decrease was not visible at day 12 in both treatment conditions (Figure 3B). GR protein expression was significantly decreased in DMDFibro treated for 12 d with 8 mM HC (p < 0.05) or 8 mM MP (p < 0.01; Figure 3B).




2.2. Insight into the Effect of Hydrocortisone and Methylprednisolone on DMD Fibroblast Growth through NFAT5-GR Interaction


Visualizing NFAT5 and GR at time point + 24 h in DMDFibro and UFibro treated with 8 mM HC or 8 mM MP was performed by confocal microscopy (CM). NFAT5 goat antibody was used [25]. All specificity tests were applied and valid (Supplementary Figures S1–S5).



In DMDFibro, treatment for 24 h with HC resulted in the emergence of large round structures in the near vicinity of the nucleus and in the cytoplasm, which stained both for NFAT5 and GR, with red and green staining being superimposed (Figure 4). Besides, small yellow dots were observed in untreated DMDFibro where both NFAT5 and GR were superimposed. After 24 h with 8 mM HC, DMDFibro showed very small yellow structures in the nucleus (white star), which stain for NFAT5 and GR. Orange dots were visible both after 8 mM HC and 8 mM MP treatment for 24 h, with small orange dots in 8 mM MP and large ones in 8 mM HC. In orange dots, NFAT5 and GR were very close to each other but not superimposed. In UFibro, small yellow dots and large orange dots were seen in the absence of treatment or treatment for 24 h with 8 mM HC. After 24 h with 8 mM MP, UFibro revealed large amounts of yellow round structures in the perinuclear area, which stained for NFAT5 and GR (Figure 5).



Colocalization of NFAT5 with GR was further evaluated by ImageJ (Figure 6A). In DMDFibro, HC provided the highest colocalization indexes of NFAT5 with GR (Figure 6A, upper graph). This was only observed in UFibro treated for 24 h with 8 mM MP (Figure 6A, lower graph). By siRNA GR, the interaction between NFAT5 and GR was further validated. When GR was silenced, NFAT5 protein was present in the same amount as the controls on WB after 24 h treatment with 8 mM HC, both in DMDFibro and UFibro. In DMDFibro treated for 24 h with 8 mM MP, NFAT5 protein was even increased (Figure 6B).





3. Discussion


NFAT5 is known for modulating NF-κB under hyperosmolar conditions. More specifically, NFAT5- NF-κB complexes bind to the κB elements of NF-κB genes, thereby enhancing NF-κB activity [26]. The inhibition of NF-κB by GCs is a well described phenomenon. It occurs by induction of the IκB alpha inhibitory protein, trapping activated NF-κB in inactive cytoplasmic complexes [24,27]. In this work, only one culture of healthy skeletal muscle fibroblasts and one of DMD fibroblasts could be used. The COVID-19 pandemic abrogated further cell culture work. A larger study with more cell lines is planned. Here, DMD fibroblasts exposed for 24 h to HC and to a lesser extend MP showed NFAT5 colocalizing with GR in round structures located in the perinuclear area and the cytoplasm. In some DMD nuclei, similar structures were observed. These structures were also observed in unaffected skeletal muscle fibroblasts exposed for MP during 24 h. Interestingly, IκB masks the nuclear localization signal (NLS) of NF-κB, thereby blocking its nuclear translocation [28]. Localization of NFAT5-GR complexes in the cytoplasm could occur by masking of the NF-κB NLS, due to the presence of HC or MP induced IκB. With NFAT5 being merely located in the nucleus of DMD fibroblasts [22], GR could also bind to NFAT5 in the nucleus, inducing decreased cell growth over time. It could be conceivable after HC or MP treatment, DMD fibroblasts form NF-κB–NFAT-GR complexes in the cytoplasm and even the nucleus. In this study, a difference in DMD fibroblast confluence was noticed only after five days (120 h), whereas the control cells continued to grow for 12 d. This drop may be explained by the half-life of 10 h of NFAT5 [28,29]. The decrease in NFAT5 expression in unaffected skeletal muscle fibroblast after 24 h MP treatment was not noticed after 12 d treatment, possibly indicating to a cellular mechanism in healthy fibroblasts overcoming the NFAT5-GR binding. With NFAT5 being essential to fibroblasts survival, this mechanism could prevent fibroblasts from MP induced cell growth stop. However, treatment for 12 d with HC or MP revealed a significant decrease in GR in DMDFibro. The surgical left-over of the DMD patient was taken in a year where GCs intake by the patient is very likely. Differences in GCs sensitivity are a phenomenon also described in DMD [30]. If GR resistance is the underlying mechanism, which could explain this difference in sensitivity over time and GR interacting with NFAT5, an impact on NFAT5 expression could be expected in DMD fibroblasts. Indeed, if GR disappears over time, NFAT5 could re-emerge in DMD fibroblasts, thereby helping these cells regaining their fibrotic potential. This could be investigated further with longer cell culture times.



NFAT5 is also known for stimulating tumor growth factor TGF-β [31]. TGF-β is an important player in the formation of fibrosis [32], therefore a putative trapping of NFAT5 along with the well described downregulation of NF-κB in fibroblasts by HC and MP could explain the decreased fibroblast cell growth, which was observed. In DMD, prednisone therapy for 6 months results in significantly decreased endomysial connective tissue formation, the latter being mainly produced by fibroblasts [33]. The immunomodulatory effect of GCs is also well documented in DMD. These drugs have the ability to reduce the amount of mononuclear inflammatory cells and dendritic cells in DMD tissue [34]. However, the immune modulation cannot explain the entire range of effects of GCs in DMD [35]. MP is known for being 4 times relatively more potent than HC [36]. This was also observed in unaffected skeletal muscle fibroblasts at time point + 24 h with a significant decrease in NFAT5 protein expression after treatment with 8 mM MP, which was not observed after 8 mM HC. Appearance of round structures in the cytoplasm where NFAT5 and GR colocalized was noticed after treatment for 24 h with 8 mM MP. Hydrocortisone is equivalent to the naturally produced cortisol in the adrenal glands. The need for higher dosages of HC before an impact is noticed on NFAT5 could be a safeguard mechanism of the cell. Indeed, it would not be in the interest of fibroblasts to enter cell arrest after minor cortisone releases such as surgery or minor illnesses. At rest, adolescents produce 5–7 mg/m2/day of cortisol [37]. This production is increased by 3–5 times during surgery or minor illnesses, which returns to baseline within 24 h [38] and up to 10 times during severe trauma or surgery with up to 200–500 mg/day, which returns to baseline within 5 days [39]. It is not only important for cell viability that cortisol levels reenter physiological levels within days, also suppression of the hypothalamic-pituitary-adrenal (HPA) axis should be avoided in the body. DMD patients generally receive dosages of 0.75 mg/kg/day prednisolone, which averages 8 times the physiologic dose of hydrocortisone of 10 mg/m2/day, potentially leading to HPA axis disturbance [40] and could have an influence on other types of cells in the body. The 8 mM MP used in this study was within the range of plasma levels in DMD patients, meaning 8 times the physiological dosage of HC. When using 80 mM HC in this study, no decrease was observed in cell growth in unaffected skeletal muscle treated for 12 d with this dosage, possibly pointing to a safeguard mechanism in these cells to avoid loss of cell viability. However, at such dosages the HPA axis will be altered. The benefits of GCs usage in DMD should balance the downsides, which remains a physiological complex challenge.



In summary, treatment with 8 mM HC or 8 mM MP induced reduced cell growth in DMD fibroblasts, possibly due to colocalization of GR to NFAT5. Daily treatment with these GCs resulted in decreased NFAT5 and GR expression at 12 days. With NFAT5 being essential for fibroblast growth, these findings may help explain the influence of glucocorticoids in slowing down the process of fibrosis in DMD by modulating NFAT5 localization in the cell.




4. Materials and Methods


All methods were applied as described in our previous work [25].



4.1. Cell Lines


The Myobank Banque D’ADN (Paris, France) provided two primary fibroblast cell lines, obtained after patient’s consent. DMDFibro is a DMD fibroblast cell line originating from a DMD patient, male and 11 years old, from a surgical left-over from paravertebral muscle obtained during chirurgical treatment of scoliosis. UFibro are unaffected skeletal muscle fibroblasts donated by a healthy male donor, aged 17, from a surgical left-over of paravertebral muscle during scoliosis surgery. Both individuals were teenagers. More cell lines could not be cultured due to the COVID-19 pandemic.



Both cell lines were grown each in three different passages (n = number of passages; Supplementary Table S1) after Ethics Committee’s approval. DMEM contained all vital components and was supplemented with 10% FCS (Cambrex, Bioscience, Walkersville, MD, USA), penicillin (50 IU/mL, Gibco, Invitrogen, Carlsbad, CA, USA + streptomycin (50 mg/mL; Gibco), glucose and 1% L-glutamine (Life Technologies, Carlsbad, CA, USA) for healthy and germ free cell growth. Monthly checking for the presence of mycoplasma was performed with the MycoAlert Plus Kit (Lonza, Basel, Switzerland). All tests were negative for contamination during the entire experiment in both cell lines. Eurofins Genomics (Eurofins Scientific Group, Luxemburg, Luxemburg) identified both cell lines as explained in a previous work [22].




4.2. Cell Viability and Life Imaging by IncuCyte ZOOM


Fibroblasts seeded in low amounts (50 cells per cm2) shift toward the myofibroblast phenotype, which can be lost again in 3 d when seeded at high density (5.000 cells per cm2) [41]. Therefore, all seedings occurred at high density to conserve the fibroblast phenotype. DMDFibro and UFibro (n = 3) were seeded in a 24-NUNC well plate (Nalge Nunc International, Rochester, NY, USA; 4.000 cells/well, 1 mL/well and 1 well = 2 cm2) and incubated at 5% CO2 and 37 °C in the IncuCyte ZOOM (Essen Bioscience, Hertfordshire, UK) with real-time capturing of cell confluence over time. For 12 d, cells received daily addition of DMEM supplemented with following concentrations for HC (Solu-Cortef®, Pfizer, New York City, NY, USA) and MP (Solu-Medrol S.A.B.®, Pfizer): 80 nM (0.025 ng/mL), 8 µM (2.5 ng/mL), 80 µM (25 ng/mL), 8 mM (2.5 µg/mL) and 80 mM (25 µg/mL). Microscopic images (4 images/well) were taken every 2 h for the indicated time (24 h or 12 d). The IncuCyte Software (Essen Bioscience, Hertfordshire, UK) analyzed all data, resulting in cell confluency values. To determine the correct HC and MP dosages usable in cell cultures, cell viability was measured by CellTiter-Glo® (Promega, Madison, WI, USA) luminescent cell viability assay following the supplier’s protocol. Briefly, this assay measured the presence of ATP produced by the cells at time point + 12 d and their viability by means of a bioluminescent reaction in the presence of luciferine and luciferase, expressed in relative light units (RLU).




4.3. Treatment with Methylprednisolone or Hydrocortisone


Optimal concentrations were established for HC and MP based on the results obtained from the growth curves and cell viability assays, and chosen in the ranges of free MP and HC concentrations in plasma as described above. DMEM was supplemented with 8 mM HC or 8 mM MP except for the controls, which received only DMEM. These HC and MP concentrations were used in cells seeded in 8-chamber slides (LabTek II, Nunc, Penfield, Hudson, MA, USA) for ICC studies or to 75-cm2 flasks for WB and RT-qPCR. All cell lines were treated for 24 h or 12 d with 8 mM HC or 8 mM MP.




4.4. RT-qPCR


DMDFibro and UFibro confluently grown in 75-cm2 flasks were exposed to 8 mM HC or 8 mM MP for 24 h and up to 12 d. Lysis needed a minimum purity of 1.9/2 measured by the A260/A280 ratio on BioDrop™ Touch Duo PC (Harvard Bioscience Inc., Holliston, MA, USA) [42]. RT-qPCR was carried out following minimum information for publication of quantitative real-time PCR experiments (MIQE) guidelines [43] and results were obtained by calculation with qBase+ Software version 2.6 (www.qbaseplus.com; Biogazelle, Zwijnaarde, Belgium) [44]. The 3 most stable reference genes were chosen from a set of tested candidate reference genes using geNorm (Supplementary Table S2).




4.5. Quantitative Western Blotting (WB)


Primary antibodies were applied to proteins from total protein extracts, which had been transferred to nitrocellulose membranes by electroblotting (Supplementary Table S3). Differences in protein concentration between samples were corrected using antitubulin (Sigma-Aldrich, St. Louis, MO, USA). Chemiluminescence (WesternBright™ Sirius, Advansta, Menlo Park, CA, USA) allowed one to visualize the immunoreactions under the Proxima 2650 (Isogen Life Science, De Meern, The Netherlands). Selectivity of the NFAT5 antibody was tested using siRNA NFAT5 (h): sc-43968 (Santa Cruz Biotechnology, Dallas, TX, USA) in DMDFibro as described earlier [25].




4.6. GR siRNA


Mechanistic insight into the interaction of GC with NFAT5 in fibroblast proliferation was partly provided by GR siRNA. By silencing GR gene expression, fibroblasts were not able to produce mRNA coding for GR. The lack of GR resulted in GC inactivity. By studying NFAT5 expression at time point + 24 h (WB) and comparing to fibroblasts without GR silencing, the influence of GC on NFAT5 was determined. GR silencing was performed as follows: 4 µL GR siRNA (h): sc-35505 (Santa Cruz Biotechnology,) was diluted in 2 mL serum free DMEM (=20 nM). The specificity of GR siRNA was determined by diluting 2 µL scrambled RNA (scRNA) in 2 mL serum free “DMEM”. Transfection was obtained by addition and incubation for 5’ at RT of 75 µL lipofectamine 2000 (ThermoFisher Scientific, Waltham, MA, USA) in 2 mL serum free DMEM. Subsequently, vials were added to siRNA and scRNA solutions followed by gentle mixing for 20′ at RT. Finally, flasks were incubated at 37 °C with 5% CO2 for 24 h.




4.7. Immunocytochemistry (ICC) and Confocal Microscopy (CM)


Staining procedures have been described in an earlier work [25]. Briefly, incubation during 1 h of primary antibodies was followed by another hour with secondary antibody to which AlexaFluor-488 (green) or AlexaFluor-555 (red) were attached (Invitrogen, Waltham, MA, USA). Antibodies and concentrations can be found in Supplementary Table S4. All specificity tests were performed in both cell lines: secondary antibody specificity with and without IgG Mouse or IgG Goat in the same concentrations as in the primary antibodies, siRNA GR and siRNA NFAT5. Positive controls were performed in unaffected myoblasts [25].



Confocal images were captured with a Zeiss LSM880 confocal microscope and its 40×Plan-Apochromat/1.3 oil objective, where the pinhole was set at 1Airy Unit (Zeiss, Jena, Germany). Colocalization indexes M1 (NFAT5) and M2 (GR), Pearson’s correlation coefficient (r) and Mander’s Overlap coefficient (R) and were measured with Image J [25,45].




4.8. Statistical Analysis


By means of SPSS 27.0 (IBM, Armonk, NY, USA), mean and standard deviation were obtained for each cell line passage at each time point and for each condition: control, 8 mM HC and 8 mM MP. By using one-way ANOVA with Tukey’s multiple comparison test, means and standard deviations from three biological replicates led to one mean and one standard deviation, considering: * = p < 0.05, ** = p < 0.01 and *** = p < 0.005.
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	CBG
	corticoid binding globulin



	DAG
	donkey anti goat



	DAM
	donkey anti mouse



	DMD
	Duchenne muscular dystrophy



	DMDFibro
	Duchenne muscular dystrophy fibroblasts



	DMEM
	Dulbecco’s modified Eagle medium



	ECM
	extracellular matrix



	FITC
	fluorescein isothiocyanate



	GCs
	glucocorticoids



	GR
	glucocorticoid receptor



	HC
	hydrocortisone



	HCSS
	hydrocortisone sodium succinate



	HPA
	hypothalamic-pituitary-adrenal



	ICC
	immunocytochemistry



	IM
	intramuscular



	IV
	intravenous



	MIQE
	minimum information for publication of quantitative real-time PCR experiments



	MP
	methylprednisolone



	MPSS
	methylprednisolone sodium succinate



	N
	number of passages



	NFAT5
	nuclear factor of activated T-cells 5



	NF-κB
	nuclear factor kappa-light-chain-enhancer of activated B cells



	RLU
	relative light units



	RT-qPCR
	real-time quantitative PCR



	scRNA
	scrambled RNA



	siRNA
	silencing RNA



	UFibro
	unaffected skeletal muscle fibroblasts



	UMyo1
	unaffected myoblasts



	WB
	Western blotting







References


	



Ray, A.; Prefontaine, K.E. Physical association and functional antagonism between the p65 subunit of transcription factor NF-kappa B and the glucocorticoid receptor. Proc. Natl. Acad. Sci. USA 1994, 91, 752–756. [Google Scholar] [CrossRef]

	



Goya, L.; Maiyar, A.C.; Ge, Y.; Firestone, G.L. Glucocorticoids induce a G1/G0 cell cycle arrest of Con8 rat mammary tumor cells that is synchronously reversed by steroid withdrawal or addition of transforming growth factor-alpha. Mol. Endocrinol. 1993, 7, 1121–1132. [Google Scholar] [PubMed]

	



Frost, G.H.; Rhee, K.; Ma, T.; Thompson, E.A. Expression of c-Myc in glucocorticoid-treated fibroblastic cells. J. Steroid Biochem. Mol. Biol. 1994, 50, 109–119. [Google Scholar] [CrossRef]

	



Oakley, R.H.; Cidlowski, J.A. The biology of the glucorticoid receptor: New signaling mechanisms in health and disease. J. Allergy Clin. Immunol. 2013, 132, 1033–1044. [Google Scholar] [CrossRef] [PubMed]

	



Herbelet, S.; Herregods, L.; Coppens, M. Exploring strategies to reduce time span to bystander CPR in sudden cardiac arrest based on the mechanism of the witness acute stress response. Resuscitation 2018, 131, e7–e8. [Google Scholar] [CrossRef]

	



Honoré, P.M.; Jacobs, R.; De Waele, E.; De Regt, J.; Rose, T.; Van Gorp, V.; Joannes-Boyau, O.; Boer, W.; Spapen, H.D. What do we know about steroids metabolism and ‘PK/PD approach’ in AKI and CKD especially while on RRT-Current status in 2014. Blood Purif. 2014, 38, 154–157. [Google Scholar] [CrossRef]

	



Al-Habet, S.M.H.; Rogers, H.J. Methylprednisolone and pharmacokinetics after intravenous and oral administration. Br. J. Clin. Pharmac. 1989, 27, 285–290. [Google Scholar] [CrossRef]

	



Daley-Yates, P.T.; Gregory, A.J.; Brooks, C.D. Pharmacokinetic and pharmacodynamic assessment of bioavailability for two prodrugs of methylprednisolone. Br. J. Clin. Pharm. 1997, 43, 593–601. [Google Scholar] [CrossRef]

	



Behar-Cohen, F.F.; Gauthier, S.; El Aouni, A.; Chapon, P.; Parel, J.M.; Renard, G.; Chauvaud, D. Methylprednisolone concentrations in the vitreous and the serum after pulse therapy. Retina 2001, 21, 48–53. [Google Scholar] [CrossRef]

	



Sklar, R.M.; Brown, R.H. Methylprednisolone increases dystrophin levels by inhibiting myotube death during myogenesis of normal human muscle in vitro. J. Neurol. Sci. 1991, 101, 73–81. [Google Scholar] [CrossRef]

	



Sugiyama, K.; Kawada, T.; Sato, H.; Hirano, T. Comparison of suppressive potency between prednisolone and prednisolone sodium succinate against mitogen-induced blastogenesis of human peripheral blood mononuclear cells in-vitro. J. Pharm. Pharmacol. 2001, 53, 727–733. [Google Scholar] [CrossRef]

	



Jung, C.; Greco, S.; Nguyen, H.H.T.; Ho, J.T.; Lewis, J.G.; Torpy, D.J.; Inder, W.J. Plasma, salivary and urinary cortisol levels following physiological stress doses of hydrocortisone in normal volunteers. BMC Endocr. Disord. 2014, 14, 91. Available online: http://www.biomedcentral.com/1472-6823/14/91 (accessed on 6 May 2020). [CrossRef]

	



Herbelet, S.; Rodenbach, A.; De Paepe, B.; De Bleecker, J.L. Anti-inflammatory and general glucocorticoid physiology in skeletal muscles affected by Duchenne muscular dystrophy: Exploration of steroid-sparing agents. Int. J. Mol. Sci. 2020, 21, 4596. [Google Scholar] [CrossRef]

	



Koenig, M.; Hoffman, E.P.; Bertelson, C.J.; Monaco, A.P.; Feener, C.; Kunkel, L.M. Complete cloning of the Duchenne muscular-dystrophy (DMD) cDNA and preliminary genomic organization of the DMD gene in normal and affected individuals. Cell 1987, 50, 509–517. [Google Scholar] [CrossRef]

	



Hoffman, E.P.; Brown, R.H.; Kunke, L.M. Dystrophin—The protein product of the Duchenne muscular-dystrophy locus. Cell 1987, 51, 919–928. [Google Scholar] [CrossRef]

	



Abdel-Salam, E.; Abdel-Mequi, I.; Korraa, S.S. Markers of degeneration and regeneration in Duchenne muscular dystrophy. Acta Myol. 2009, 28, 94–100. [Google Scholar]

	



Banker, B.Q.; Engel, A.G. Basic reactions of muscle. In Myology; Engel, A.G., Franzini-Armstrong, C., Eds.; McGraw-Hill: New York, NY, USA, 2004; pp. 691–748. [Google Scholar]

	



Mann, C.J.; Perdiguero, E.; Kharraz, Y.; Aguilar, S.; Pessina, P.; Serrano, A.L.; Muñoz-Cánoves, P. Aberrant repair and fibrosis development in skeletal muscle. Muscle Nerv. 2001, 1, 21. [Google Scholar] [CrossRef]

	



Wynn, T.A.; Barron, L. Macrophages: Master regulators of inflammation and fibrosis. Semin. Liver Dis. 2010, 30, 245–257. [Google Scholar] [CrossRef]

	



Yoon, H.-J.; You, S.; Yoo, S.-A.; Kim, N.-H.; Kwon, H.M.; Yoon, C.-H.; Cho, C.-S.; Hwang, D.; Kim, W.-U. NFAT5 is a critical regulator of inflammatory arthritis. Arthritis Rheum. 2011, 63. [Google Scholar] [CrossRef]

	



Lee, S.; Kong, J.-S.; You, S.; Kwon, H.M.; Yoo, S.-A.; Cho, C.-S.; Kim, W.-U. Transcription factor NFAT5 promotes migration and invasion of rheumatoid synoviocytes via coagulation factor III and CCL2. J. Immunol. 2018, 201. [Google Scholar] [CrossRef]

	



Herbelet, S.; De Paepe, B.; De Bleecker, J.L. Abnormal NFAT5 physiology in Duchenne muscular dystrophy fibroblasts as a putative explanation for the permanent fibrosis formation in Duchenne muscular dystrophy. Int. J. Mol. Sci. 2020, 21, 7888. [Google Scholar] [CrossRef]

	



López-Rodríguez, C.; Aramburu, J.; Jin, L.; Rakeman, A.S.; Michino, M.; Rao, A. Bridging the NFAT and NF-κB families: NFAT5 dimerization regulates cytokine gene transcription in response to osmotic stress. Immunity 2001, 15, 47–58. [Google Scholar] [CrossRef]

	



Auphan, N.; DiDonato, J.A.; Rosette, C.; Helmberg, A.; Karin, M. Immunosuppression by glucocorticoids: Inhibition of NF-κB activity through induction of IκB synthesis. Science 1995, 270, 286–290. [Google Scholar] [CrossRef]

	



Herbelet, S.; De Vlieghere, E.; Gonçalves, A.; De Paepe, B.; Schmidt, K.; Nys, E.; Weynants, L.; Weis, J.; van Peer, G.; Vandesompele, J.; et al. Localization and expression of nuclear factor of activated T-cells 5 in myoblasts exposed to pro-inflammatory cytokines or hyperosmolar stress and in biopsies from myositis patients. Front. Physiol. 2018, 9, 126. [Google Scholar] [CrossRef]

	



Roth, I.; Leroy, V.; Kwon, H.M.; Martin, P.-Y.; Féraille, E.; Hasler, U. Osmoprotective transcription factor NFAT5/TonEBP modulates nuclear factor κB activity. Mol. Biol. Cell. 2010, 21, 3459–3474. [Google Scholar] [CrossRef]

	



Yamamoto, Y.; Gaynor, R.B. Therapeutic potential of inhibition of the NF-κB pathway in the treatment of inflammation and cancer. JCI 2001, 107, 135–142. [Google Scholar] [CrossRef]

	



Chen, L.-F.; Greene, W.C. Shaping the nuclear action of NF-κB. Nat. Rev. Mol. Cell Biol. 2004, 5, 392–401. [Google Scholar] [CrossRef] [PubMed]

	



Woo, S.K.; Dahl, S.C.; Handler, J.S.; Kwon, H.M. Bidirectional regulation of tonicity-responsive enhancer binding protein in response to changes in tonicity. Am. J. Physiol. Ren. Physiol. 2000, 278, F1006–F1012. [Google Scholar] [CrossRef]

	



Bonifati, D.M.; Witchel, S.F.; Ermani, M.; Hoffman, E.P.; Angelini, C.; Pegoraro, E. The glucocorticoid receptor N363S polymorphism and steroid response in Duchenne dystrophy. J. Neurol. Neurosurg. Psychiatry 2006, 77, 1177–1179. [Google Scholar] [CrossRef]

	



Tardif, G.; Pelletier, J.-P.; Fahmi, H.; Hum, D.; Zhang, Y.; Kapoor, M.; Martel-Pelletier, J. NFAT3 and TGF-β/SMAD3 regulate the expression of miR-140 in osteoarthritis. Arthritis Res. Ther. 2013, 15, R197. [Google Scholar] [CrossRef]

	



Meng, X.-M.; Nikolic-Paterson, D.J.; Lan, H. YTGF-β: The master regulator of fibrosis. Nat. Rev. Nephrol. 2016, 12, 325–338. [Google Scholar] [CrossRef]

	



Hussein, M.R.; Hamed, S.A.; Mostafa, M.G.; Abu-Dief, E.E.; Kamel, N.F.; Kandil, M.R. The effects of glucocorticoid therapy on the inflammatory and dendritic cells in muscular dystrophies. Int. J. Exp. Pathol. 2006, 87, 451–461. [Google Scholar] [CrossRef]

	



Angelini, C. The role of corticosteroids in muscular dystrophy: A critical appraisal. Muscle Nerve 2007, 36, 424–435. [Google Scholar] [CrossRef]

	



Vidal, B.; Serrano, A.L.; Tjwa, M.; Suelves, M.; Ardite, E.; De Mori, R.; Baeza-Raja, B.; Martínez de Lagrán, M.; Lafuste, P.; Ruiz-Bonilla, V.; et al. Fibrinogen drives dystrophic muscle fibrosis via a TGFβ/ alternative macrophage activation pathway. Genes Dev. 2008, 22, 1747–1752. [Google Scholar] [CrossRef]

	



Meikle, A.W.; Tyler, F.H. Potency and duration of action of glucocorticoids: Effects of hydrocortisone, prednisone and dexamethasone on human pituitary-adrenal function. Am. J. Med. 1977, 63, 200–207. [Google Scholar] [CrossRef]

	



Kerrigan, J.R.; Veldhuis, J.D.; Leyo, S.A.; Iranmanesh, A.; Rogol, A.D. Estimation of daily cortisol production and clearance rates in normal pubertal males by deconvolution analysis. J. Clin. Endocrinol. Metab. 1993, 76, 1505–1510. [Google Scholar]

	



Wood, A.J.; Lamberts, S.W.; Bruining, H.A.; de Jong, F.H. Corticosteroid therapy in severe illness. NEJM 1997, 337, 1285–1292. [Google Scholar]

	



Yong, S.L.; Coulthard, P.; Wrzosek, A. Supplemental perioperative steroids for surgical patients with adrenal insufficiency. Cochrane Database Syst. Rev. 2012, 12. [Google Scholar] [CrossRef]

	



Bowden, S.A.; Connolly, A.M.; Kinnett, K.; Zeitler, P.S. Management of adrenal insufficiency risk after long-term systemic glucocorticoid therapy in Duchenne muscular dystrophy: Clinical practice recommendation. J. Neuromuscl. Dis. 2019, 6, 31–41. [Google Scholar] [CrossRef]

	



Masur, S.K.; Dewal, H.S.; Dinh, T.T.; Erenburg, I.; Petridou, S. Myofibroblasts differentiate from fibroblasts when plated at low density. Proc. Natl. Acad. Sci. USA 1996, 93, 4219–4223. [Google Scholar] [CrossRef]

	



Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, RESEARCH0034. [Google Scholar] [CrossRef]

	



Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al. The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin. Chem. 2009, 55, 4. [Google Scholar] [CrossRef]

	



Hellemans, J.; Mortier, G.; De Paepe, A.; Speleman, F.; Vandesompele, J. qBase relative quantification framework and software for management and automated analysis of real-time quantitative PCR data. Genome Biol. 2007, 8, R19. [Google Scholar] [CrossRef]

	



Bolte, S.; Cordelieres, F.P. A guided tour into subcellular colocalization analysis in light microscopy. J. Microsc. 2006, 224, 213–232. [Google Scholar] [CrossRef]








[image: Ijms 21 09225 g001 550] 





Figure 1. Cell viability and relative cell confluence in Duchenne muscular dystrophy (DMD) and unaffected fibroblasts treated for 12 d with hydrocortisone (HC) or methylprednisolone (MP). Both in DMDFibro and UFibro, all cells keep their viability, translated in relative light units (RLU at 12 d) (A). Only DMDFibro shows decreased relative cell confluence as measured by Incucyte ZOOM (B) after treatment with HC (right panel in (B)) and MP (left panel in (B)). After statistical analysis of relative cell confluency in DMDFibro and UFibro treated for 12 d with HC or MP (C), significance was observed in DMDFibro after HC or MP treatment (left histogram in (C)); * = p < 0.05 and ** = p < 0.01; n = 3). 
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Figure 2. Cell morphology in DMD and unaffected fibroblasts treated for 12 d with hydrocortisone (HC) or methylprednisolone (MP). In DMDFibro, cells show detachment (black arrows) and shrinkage after treatment with 8 mM HC and 8 mM MP for 12 days. At day 12, UFibro show 80% cell confluency. 
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Figure 3. NFAT5 expression in DMD and unaffected fibroblasts treated for 12 d with hydrocortisone or methylprednisolone NFAT5 mRNA is significantly decreased in DMDFibro after 12 d treatment with 8 mM MP (p < 0.01) and UFibro after 24 h treatment with 8 mM MP (p < 0.001) (A). In Western blotting (WB), three passages are shown per condition (C1 = control passage 1, C2 = control passage 2, C3 = control passage 3, HC1 = hydrocortisone passage 1, HC2 = hydrocortisone passage 2, HC3 = hydrocortisone passage 3, MP1 = methylprednisolone passage 1, MP2 = methylprednisolone passage 2, MP3 = methylprednisolone passage 3). NFAT5 protein is significantly decreased in DMDFibro (p < 0.01 for HC and p < 0.001 for MP) after 24 h of 8 mM HC or 8 mM MP treatment. This decrease remains present after 12 days in both treatment conditions (p < 0.05). GR protein is significantly decreased in DMDFibro (p < 0.05 for HC and p < 0.01 for MP) after 12 days of 8 mM HC or 8 mM MP treatment. The only significant decrease in UFibro is present after 24 h treatment with 8 mM MP (p < 0.001) (B) (n = 3). 
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Figure 4. NFAT5 and GR localization in DMD fibroblasts treated for 24 h with hydrocortisone or methylprednisolone NFAT5 (red) and GR (green) are visualized by immunofluorescence. Nuclei are stained in DAPI (blue). Small yellow dots are seen in untreated DMDFibro (small white arrowheads). Here, both NFAT5 and GR are superimposed. Large yellow colocalization is only seen in DMDFibro with 8 mM HC (large white arrowheads). Orange dots are visible both after 8 mM HC and 8 mM MP treatment for 24 h, with small orange in 8 mM (small white arrow) and large ones in 8 mM HC (large white arrow). In orange dots, NFAT5 and GR are very close to each other but not superimposed. After 24 h with 8 mM HC, DMDFibro display very small yellow structures in the nucleus (white star), which stain for NFAT5 and GR (insets; n = 3). 
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Figure 5. NFAT5 and GR localization in unaffected skeletal muscle fibroblasts treated for 24 h with hydrocortisone or methylprednisolone NFAT5 (red) and GR (green) are visualized by immunofluorescence. Nuclei are stained in DAPI (blue). Small yellow dots (small white arrowheads) and large orange dots (large white arrows) are seen in untreated UFibro or after treatment for 24 h with 8 mM HC. After 24 h with 8 mM MP, UFibro display large amounts of yellow round structures in the perinuclear area (large white arrowheads), which stain for NFAT5 and GR (n = 3). 
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Figure 6. NFAT5 and GR colocalization indexes in DMD and unaffected skeletal muscle fibroblasts treated for 24 h with hydrocortisone or methylprednisolone and study of NFAT5 expression after GRsiRNA. Colocalization indexes were established by means of ImageJ. High indexes are observed in DMDFibro treated for 24 h with 8 mM HC and in UFibro treated with 8 mM MP for 24 h (n = 3) (A). After GRsiRNA in DMDFibro and UFibro, NFAT5 is expressed in both cell lines treated for 24 h with 8 mM HC or MP. GR is very weakly present after GRsiRNA compared to control cells (B). 






Figure 6. NFAT5 and GR colocalization indexes in DMD and unaffected skeletal muscle fibroblasts treated for 24 h with hydrocortisone or methylprednisolone and study of NFAT5 expression after GRsiRNA. Colocalization indexes were established by means of ImageJ. High indexes are observed in DMDFibro treated for 24 h with 8 mM HC and in UFibro treated with 8 mM MP for 24 h (n = 3) (A). After GRsiRNA in DMDFibro and UFibro, NFAT5 is expressed in both cell lines treated for 24 h with 8 mM HC or MP. GR is very weakly present after GRsiRNA compared to control cells (B).



[image: Ijms 21 09225 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
No treatment

DMDFibro
at 12 days

UFibro
at 12 days






nav.xhtml


  ijms-21-09225


  
    		
      ijms-21-09225
    


  




  





media/file2.png
DMDFibro after 12 days

treatiment

A

£

- . |

9 ] :

5 : NG
é i

0 32 8 0Ng & 80mM

”10“ Nw‘

Rd ative cdl confluency (ime=0)

300000

200000

100 000

4 8 12 days

HC

=)
glz
;10
o
g,
]
&6
B
g#-l
&
@ 2
o
0 12 da
y=
s 8 ar
Cg
o 12
U=
g‘!ﬂ
H | [ IIII
= b
gﬁo 008 8 80
3 m
EE aml “10‘
o
o

URbro after 12 days
treatiment

-

0 32 8 008 8 SOmM
g catll’ [ o

4 8 12 days
HC

4 8 12 days

0 32 s 008 & &OmM

xlo-u ulo 4

W= HC

| = MP

320nM

§ M

80 pM

SmM

mM

= HC
N= MP





media/file5.jpg
PR a5 e

DMDFb

[ s e

= -
o e —






media/file3.jpg
No treatment






media/file1.jpg
DMDFibro after 12 days URbroafer 12 days.

j —
é -
: ﬁ
=
ors e ow g
§lehaan el






media/file7.jpg





media/file10.png
25um






media/file12.png
GR

GR

Colocalization indexes of NFAT5 and GR

DMDFibro 24 h
0.999
® = control
. ® = 3mMHC
L ]
0.600 o ® =8mMMP
-
]
[ ]
0
0 0.2 0.6 1
NFAT5
UFibro 24 h
0.903
. ® = control
0.668
® = 8$mMHC
[
0.505 .
. ® =8mMMP
L]
0.405 ¢
0
0 0.2 0.6 1
NFATS
Western blotting of DM DFibro and UFibro after GRsiRNA
DMDVFibro UFibro
ey —— NFAT5
— - — - — GR
— ~— — Tubuline
o>

C Q C S
¢ S s & S
SRR & . S . S
> > > >





media/file9.jpg





media/file0.png





media/file8.png
DMDFibro 24 h

GR Merge + DAPI






media/file11.jpg
Colocalization indexes of NFATS and GR

a®

NeaTs






media/file6.png
Relative NFAT5 mRNA expression

A 03 after 24 h treatment
DMDFibro
0 =i
I
-0.2
4%
02
UFibro 0 )
22 _
B Western blotting of total
protein lysates after 24 h treatment
1 1 09 057 06 059 05 03 052
e
1 093 14 052 086 096 1 0.930.6!
D EEE
Fibro —
——— —
v QA Q G HC HCQ HC MP1 MP2 MP3
=l
_B P *x3
E > s
=51
8g, P —

DMDFibro
mean GR

UFibro

UFibro
mean NFAT5

UFibro
mean GR

1 09 14 1851 115 144 06 016 0

0.51 0.79 0.63 0.58 060 056 093 031
-

R R — — — - -
ca Q G HCO BQ HCG MR MP2 MP3

*%x

.

e

Relative NFAT5 mRNA expression
after 12 days treatment

-

T
ap L Y

Western blotting of total
protein lysates after 12 days treatment

1 19 211 029 047 O 057 0 O

1 119 13 012 061 051 0.42 0.005 007

W = G
Cl CQ CG HC1I HC HCI MPF1LMP2 MP3

| ——— ——

*=

‘ﬁ -
—_—
1 11 186 192 192 129 15 139 0.66

T

1 115 046 038 037 039 0.37 036 034

————

€1 €2 €3 HCI HC2 HCI MPL MP2 MP3

= [

L e

[y

D = control
. = §mM HC
. = § mM MP

* = p<0.05
= p<0.001

Densitometric
Analysis
NFATS/tubuline

NFATS

GR/tubuline
GR

Tubuline

D = control

. = 8mM MP

8 mM HC

* = p<0.05
= p<0.005
*** = p<0.001

Densitometric
Analysis
NFATS5/tubuline

NFATS

GR/tubuline
GR

Tubuline

D = control

__J SmMHC
. = 8mM MP
"= p<0.001





