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Abstract

:

Prolonged dexamethasone (Dex) administration leads to serious adverse and decrease brain and heart size, muscular atrophy, hemorrhagic liver, and presence of kidney cysts. Herein, we used an untargeted proteomic approach using liquid chromatography-tandem mass spectrometry (LC-MS/MS) for simultaneous identification of changes in proteomes of the major organs in Sprague–Dawley (SD rats post Dex treatment. The comparative and quantitative proteomic analysis of the brain, heart, muscle, liver, and kidney tissues revealed differential expression of proteins (n = 190, 193, 39, 230, and 53, respectively) between Dex-treated and control rats. Functional network analysis using ingenuity pathway analysis (IPA revealed significant differences in regulation of metabolic pathways within the morphologically changed organs that related to: (i) brain—cell morphology, nervous system development, and function and neurological disease; (ii) heart—cellular development, cellular function and maintenance, connective tissue development and function; (iii) skeletal muscle—nucleic acid metabolism, and small molecule biochemical pathways; (iv) liver—lipid metabolism, small molecular biochemistry, and nucleic acid metabolism; and (v) kidney—drug metabolism, organism injury and abnormalities, and renal damage. Our study provides a comprehensive description of the organ-specific proteomic profilesand differentially altered biochemical pathways, after prolonged Dex treatement to understand the molecular basis for development of side effects.
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1. Introduction


Dexamethasone (Dex) is an exogenous synthetic glucocorticoid (GC) with potent anti-inflammatory and immunosuppressive properties, which has made its use in clinics the mainstay for treatment of many inflammatory conditions, autoimmune diseases, and allergic reactions [1]. Glucocorticoids are known to regulate numerous physiological and metabolic processes [2] by genomic and non-genomic mechanisms [3] mediated through its binding to cytosolic glucocorticoid receptors (GRs). The GRs belong to a superfamily of ligand-regulated nuclear receptors that are widely expressed in the body and have gene targets of GRs signaling in a variety of tissues and cell types [4], including liver [5], adipocytes [6], and myotubes [7]. The presence of these widespread GRs allows the non-specific binding of Dex that result in the development of potentially harmful side effects that outweigh its benefits. Aside from this, the complexity of Dex action is increased with respect to its downstream signaling pathways, which vary differently among different tissues or organs, as well as within the same tissue but present at different locations. This differential action of Dex within the same organ was related to the differences in the tissue’s origin as well as to its microenvironment. Administration of Dex is known to preferentially increase central adiposity but also causes a decrease in the peripheral fat mass. It induces chondrogenesis of mesenchymal stem cells in the bone marrow while suppressing it in the synovium [8].



Long-term clinical use of Dex is discouraged as it leads to development of tissue-specific glucocorticoid resistance and serious side effects that include hypertension, diabetes, abdominal obesity and osteoporosis. The changes in the metabolite pattern in animal models treated with Dex were highlighted in our previous study that showed presence of hyperglycemia, weight change, osteoporosis, muscle atrophy, hemorrhage in the lung and liver [9], and kidney cysts [10]. These observed morphological changes might be the result of Dex-induced perturbations in the proteins related to the different metabolic and biochemical pathways in the different organs affected by its pharmacokinetics. Identification of this differential regulation of proteins and their involved pathways in different organs, either due to the direct or non-specific systemic binding, to the widely expressed GR, will help in furthering our understanding of the molecular actions of Dex. The morphogenic changes in the different organs, seen in our previous study, and identification of the cause of these changes will be of interest to explain the effects of prolonged Dex use. Single protein datasets from individual organs provide only lists of proteins. On the other hand, integration of the proteins from the different organs, at the same time, will provide a better picture of complete biochemical changes and protein dynamics taking place within the animals [11].



Proteomic techniques have become the mainstay in providing insights into the mechanisms of the biological process through characterization of cellular protein composition and functional linkages between protein molecules. Previous studies have used the proteomic approach to study changes in different rat tissues only one at a time, such as lens crystallins [12,13], retina [14], bone marrow mesenchymal stem cells [15], heart [16], and liver [17]. In a recent study, Biancotto et al. [18] identified proteins altered in bovine liver after Dex treatment by using an untargeted shot-gun proteomics approach based on tandem mass tags. The untargeted proteomic analysis provides an assessment tool to assess the metabolism and the adverse effects of the drug, which cannot be evaluated using classical drug assays that are limited to single molecules or targeted towards single pathways. Comprehensive biochemical profiling and characterization of these proteome-wide alterations in different tissues will enable us to understand the complex interacting metabolic events that occur within a cell, its pathophysiology, and determine signature proteins [19]. Recently, Hinkelbein et al. [20] carried out a simulataneous proteomic profiling of the rat organs to identify the affected pathways after short-term hypoxia. In the present study, we used a label-free quantitative proteomics-based liquid chromatography-tandem mass spectrometry (LC-MS/MS) approach to simultaneously study the unique protein signatures in different rat tissues after long-term exposure to Dex treatment as a snapshot in time.




2. Results


2.1. Clinical Phenotypes


During the experiment, the Dex-treated rats went through several phenotypic changes such as reduction in age-dependent body weight by ~20%, elevation in blood glucose and triglyceride (TG) levels with markedly reduced low-density lipoprotein in comparisonto the control group (p < 0.001), as reported previously [10]. During the sacrificing of the animals, distinct morphological changes in the soft-tissue mass and variation in organ size in the Dex-treated animals were noted [10]. Both the brain and the heart were determined to be smaller in size, the skeletal muscle showed atrophy, the liver demonstrated grossly hemorrhagic changes, and cystic changes of the kidney were noted in the Dex-treated animals as compared to the control group. A triplicate set of samples were taken for proteomics analysis from the same pool from each organ as detailed in Figure 1.



The protein expression datasets obtained after LC MS/MS mass spectrometric analysis, in samples from each of the individual organs, were compared by running a principal component analysis (PCA) analysis. The PCA plots constructed from them showed a clear separation between the control and Dex-treated samples for the brain, kidney, heart, and muscle samples (Figure 2A) and skeletal muscles and liver (Figure 2B).



The separation between the Dex-treated and control samples in different tissues was apparent in all the morphologically altered organs, where the cutoff values to filter these proteins were p-values < 0.05, and fold change > 1.5. The number of relatively expressed proteins identified between the Dex-treated group compared to the control in the five different organs and the proteins in common between them are depicted in the Venn diagram (Table 1, Figure 3).




2.2. Mass Spectromeric Protein Identification and Analyses


A label-free MS-based tool was used for quantitative and comparative expression analysis of the protein changes between the prolonged Dex-treated versus control rats in different organs. The proteomic analysis revealed 190 significantly differentially expressed proteins (ANOVA test, p < 0.05, >1.5 fold change (FC)) in the brain (91 up and 99 down), 193 proteins in the heart (78 up and 115 down), 39 proteins in the muscle (30 up and 9 down), 230 protein in the liver (128 up and 102 down), and 53 proteins in the kidney (38 up and 15 down) in the Dex-treated versus control rats. A list of all the differentially expressed proteins identified in the different organs with their fold changes is shown in Supplementary Materials Table S1. The detailed table of the list of proteins with their mass spectrometry data, mean abundances, and standard deviations can be accessed at the peptide atlas database [21].



We further analyzed the identified proteins statistically using the t-test and by applying false discovery rate (FDR)-corrected p-values (y-axis), and fold change (FC) (x-axis) analyses were evaluated and visualized graphically using the volcano plot. The significant features shown in the volcano plot in the brain (Figure 4A), heart (Figure 4B), liver (Figure 4C), muscle (Figure 4C), and kidney (Figure 4D) are the ones that passed the FC and FDR-corrected p-value thresholds of 1.5 and 0.05, respectively. Proteins shown in pink dots in the upper right and left corners of the plot, respectively, represent significantlydownregulated or upregulated features upon Dex treatment.



The differentially abundant protein sets identified from the brain, heart, muscle, liver, and kidney tissues were next uploaded and investigated further using the ingenuity pathway analysis (IPA) software to determine their functional and biological roles.



2.2.1. Gene Ontology and Functional Analysis of the Identified Proteins in the Five Organs


Gene ontology annotation and functional analysis of the identified proteins were carried out to ascertain the different types of identified proteins and major biochemical functions associated with them that were affected after prolonged Dex treatment. The significantly differentially abundant proteins in the different rat organs were classified according to their function and location. Proteins significantly enriched in the brain, heart, muscle, liver, and kidney were classified by the IPA as enzymes (n = 82, 104, 21, 126, 20, respectively), ion channel proteins (n = 4, 1, 1, 3, 0, respectively), kinase (n = 9, 7, 0, 8, 2, respectively), transcription and translation regulators (n = 8, 5, 2, 11, 0, respectively), transporter (n = 22, 19, 3, 20, 7, respectively), and others (n = 65, 57, 12, 62, 24, respectively). In terms of the location of the identified proteins in the brain, heart, muscle, liver, and kidney, in that order, they were localised by the IPA, mainly to the cytoplasm (n = 120, 137,27, 181, 32, respectively), plasma membrane (n = 22, 22,4, 15, 6, respectively), nucleus (n = 21, 19, 1, 6, 2, respectively), extracellular space (n = 16, 10, 2, 12, 9, respectively), and others (n = 6, 5, 5, 6, 4, respectively).



The molecular and functional processes affected by Dex treatment revealed the involvement of different biological processes within these organs. The two top significantly altered molecular functions (and number of associated proteins) that were identified in the brain were related to cellular compromise (n = 42) and molecular transport (n = 65); in the heart and liver they were related to amino acid metabolism (n = 21, 26, respectively) and small molecule biochemistry (n = 86, 103, respectively). In the muscle, these processes related to vitamin and mineral metabolism (n = 5) and energy production (n = 5), and in the kidney, they were related to drug metabolism (n = 5) and molecular transport (n = 16) (Supplementary Materials Table S3). Dex treatment was also found to affect and regulate the canonical pathways differently in each organ. The top canonical pathway affected in the brain post-prolonged Dex treatment was found to be the leucine degradation pathway, while that in the muscle was glutathione redox reactions. The top canonical function affected in the kidney, liver, and heart was found to be LPS/IL-1-mediated inhibition of LXR and RXR function. This is in line with previous studies that demonstrated glucocorticoid-mediated regulation of this pathway to affect lipid metabolism [22] (Supplementary Materials Table S4).




2.2.2. Network and Pathway Analysis


The protein expression datasets identified in the different organs were uploaded into the IPA software to identify the pathways related to these proteins. The networks generated by this approach are preferentially enriched for proteins with the most extensive and specific interactions using the ingenuity knowledge base. The interacting proteins are represented as nodes, the direct biological relationship among two nodes as a line and an indirect relationship as a hashed line.



Network analysis of the differentially expressed proteins between the Dex-treated and control rats in the brain identified the pathway with the highest score, related to cell morphology, nervous system development, and function and neurological disease (score = 38) (Figure 5A). The central node of the identified pathway was mitogen–activated protein (MAP) kinase whose activity was suggested to be reduced in the Dex-controlled rats versus controls. In the heart tissue, the pathway identified was related to cellular development, cellular function and maintenance, and connective tissue development and function (score = 43) (Figure 5B) with the protein kinase B (Akt) as its central node. The pathway identified in the muscle with the highest score related to nucleic acid metabolism, small molecule biochemistry, and vitamins and mineral metabolism (score = 50) (Figure 5C), and identified janus kinases (Jnk), protein kinase C, insulin, and extracellular-signal regulated kinases ERK as the central nodes involved in the regulation of Dex action. The highest scoring network pathway identified in the rat liver related to lipid metabolism, small molecular biochemistry, and nucleic acid metabolism (score = 41) (Figure 5D), and identified Akt and phosphoinositide 3-kinase (PI3 kinase) as the central nodes. In the kidney, the pathway identified with the highest score was related to drug metabolism, organism injury, and abnormalities and renal damage (score = 41) (Figure 5E), and showed Jnk, ERK, insulin, nuclear factor kappa-light-chain-enhancer of activated B cells NFkB, and p38 MAP kinases as the central nodes.






3. Discussion


The synthetic GC derivative Dex mimics the actions of natural glucocorticosteroids and affects nearly all the tissues and physiological processes that are regulated by them. The effectiveness of long-term therapy with Dex is limited due to the serious side effects that negate its clinical benefits. These effects, for the most part, are mediated via the genomic and non-genomic signaling pathways [23] through interactions with the pleiotropic GR, which is expressed in nearly every cell of the body [24]. The GRs have variable cell-type-specific effects on proliferation, differentiation, and apoptosis and are maintained as an inactive cytoplasmic complex with cofactors, such as heat-shock proteins and immunophilins [25]. A holistic understanding of the diverse cellular responses and heterogeneity in GR signaling in diseased tissues will aid in understanding the side effects that arise due to their pharmacological use. Numerous studies have been undertaken in the past to elucidate the mechanism of developments of Dex-related adverse reactions. However, even with this bulk of literature, the exact mechanism of the overall systemic Dex action has not yet been elucidated.



A majority of the previous studies used a targeted approach focusing on either a single pathway or a target organ to identify the mechanisms of development of adverse effects. In the present study, we used an untargetted LC-MS/MS quantitative proteomic approach to analyze the proteome of the morphologically altered individual organs (i.e., brain, heart, muscle, liver, and kidney) between the controlled and the Dex-treated SD rat model, after development of side effects. The Dex-treated male rats were found to suffer from a severe reduction in weight gain, high blood sugar, essential changes in serum lipid, and reduction in total serum alkaline phosphatase (ALP) [10]. The animal model provided us with an effective method for profiling the differences in protein expression within each tissue and also among them to allow identification of organ-specific Dex-related adverse effects [26].



3.1. Proteomic Profiling of the Major Tissues Affected by Dex Treatment


The proteomic profiling of the individual protein datasets, from the five different morphologically altered organs, identified the involvement of not only different proteins but also the number of proteins. The highest number of significantly altered proteins, between the Dex-treated and control rats, were found in the dataset of the liver (n = 230) followed by the heart (n = 193), brain (n = 190), kidney (n = 53), and the muscle (n = 39).



3.1.1. Proteins Related to the Reduced Brain Size after Dex Treatment


The action of Dex and glucocorticoids are known to affect the brain and the central nervous system, causing psychiatric and cognitive–behavioral and memory disturbances [27]. In their proteomic study, Feldman et al. [28] demonstrated that increased corticosterone levels mimic chronic stress and were associated with hippocampal atrophy and cognitive dysfunction. We found that the pathways in the rat brain related to cell morphology, nervous system development and function, and neurological disease with the central nodes focused around tau protein, Akt, and PI3K signaling pathways, and heat-shock proteins 70 and 90 (Figure 5A). Our findings are in line with Skynner et al. [29] who also showed a significant alteration in the morphology of the hippocampus and cerebral cortex in relation to cell morphology, and cellular assembly and organization. The decrease in brain weight seen in our study was similar to the findings of Devries and Bentson et al. [30,31], who also showed an increase in brain atrophy in chronically corticosteroid-treated patients. The main pathway that we could identify in the rats’ brain tissue was related to Akt signaling with decreased abundance of microtubule-associated tau protein (Mapt) [32]. The cytoskeletal Tau protein is a crucial regulator of neuronal malfunction found in stress-driven hippocampal pathology. Its decrease or absence blocks the stress-evoked hippocampal synaptic signaling and morpho-functional damages related to both neuronal structure and connectivity as well as subsequent behavioral deficits [33]. The decrease in the levels of Mapt was also shown by Haynes et al. [34], who showed that systemic administration of dexamethasone in rats caused a dose–dependent decrease in immunoreactivity to Mapt and activation of the microglia. The proteomic changes in the brain were confirmed by the serum metabolomic changes identified in our previous study that showed an increase in levels of kynurenine, 3-hydroxy-kenurenine, tryptophan, and secondarily serotonin that inhibited extracellular dopamine and glutamate release [35].




3.1.2. Proteins Related to Decreased Heart Size after Dex Treatment


Exogenous glucocorticoids such as Dex influence normal development and function of the heart and are known to have both positive and negative effects on it, although their direct role on signaling pathways remains unknown [36]. Prolonged Dex treatment leads to cardiac hypertrophy leading to the development of hypertension and insulin resistance. In their study, Ren et al. [37] found an increase in the hypertrophic markers that included an atrial natriuretic factor, β-myosin heavy chain and skeletal muscle α-actin. In growing animals, administration of Dex also causes decreased somatic growth and an increase in atherosclerotic events due to the presence of dyslipidemia [38]. The Dex-treated rats’ heart proteomes showed an increase in the levels of the enzyme hydroxysteroid 11-beta dehydrogenase 1(HSD11B1), which is known to augment GC action and increase the adverse effects of the drug, leading to increased insulin resistance, dyslipidemia, and hypertension [39]. The highest scoring network in the heart tissue between the Dex-treated and controlled rats related to pathways that were involved in cellular development, cellular function and maintenance, and connective tissue development and function. The central nodes were related to Akt and protein kinase C signaling pathways and also involved the heat-shock proteins 5 and 90 (Figure 5B). The heat-shock proteins functionally bind the GR to keep it in the normal inactive state and are released following Dex treatment for the translocation of the hormone-receptor complex into the nucleus for gene expression [23]. Involvement of the Akt signaling pathway in the heart tissue indicates the involvement of non-genomic actions of Dex in the development of side effects in the heart characterized by its reduced size compared to the controls. This can be related to the repressive effect of Dex on the proteins involved in the cell cycle [40] leading to suppression of the growth of cardiomyocytes [41] and a decrease in heart weight due to the inhibition of myocyte mitotic activity [30].




3.1.3. Proteins Related to Muscle Atrophy after Dex Treatment


Dexamethasone is a well-known inducer of muscle atrophy and myopathy [42] and is considered one of the causes for increased weight loss [43]. Prolonged use of the glucocorticoid is also known to have a catabolic and atrophic effect on skeletal muscle through increased gluconeogenesis [44], interfering with insulin-like growth factor-1 signaling [45] and influencing Akt1 signaling [46], resulting in increased degradation of muscle proteins. We found that the proteins identified in the muscle between the Dex-treated rats’ and controls’ datasets generated a network pathway which related to nucleic acid metabolism, small molecule biochemistry and vitamins, and mineral metabolism. It was interesting to note that the central nodes of the network were involved in the regulation of Akt, ERK, Jnk, AMPK, and the insulin signaling pathways (Figure 5C). Involvement of these pathways shows that Dex influences glucose metabolism, causes decreased protein synthesis and increased proteolysis, and causes morphological and functional damage to the muscle precursor cells such as the myoblast and also induces apoptosis. Involvement of AMPK signaling pathway, which acts on glucose utilization by increasing the expression of Glut4, and ERK signaling pathway also points to the important role of Dex in the regulation of insulin signals in muscle cells that have developed endoplasmic reticulum stress. These perturbations all relate to the development of insulin resistance myopathy observed post-Dex treatment [47]. Our findings are further confirmed with the distinct amino acid profile determined through our previous metabolomics study that showed decreased protein synthesis and an increased proteolysis characterized by an increase in the levels of amino acid glutamine by promoting protein catabolism.




3.1.4. Proteins Altered in the Liver After Dex Treatment


In the liver, treatment with Dex changes the expression of the different hepatic enzymes, and increases the activity of key enzymes of the lipid metabolism, gluconeogenic pathway, the amino acids metabolism, the urea cycle [48], and the cytochrome p450 system which regulate many xenobiotic-metabolizing enzymes. In addition to these molecular effects, it also leads to morphological changes such as hepatomegaly and fatty liver [22,49] due to the hepatocyte hypertrophy from increased glycogen storage or fat accumulation [50]. A recent study by Ayyar et al. [51] studied the proteome-wide effects of methylprednisolone and its responses in the rat liver by using a functional pharmacoproteomic approach. They identified differential regulation of proteins related to various aspects of energy metabolism, amino acid metabolism, carbohydrate metabolism, lipid/fatty acid metabolism, and the Krebs cycle. The liver protein dataset identified in our study also pointed to a similar increase in the proteins involved in lipid metabolism, and gluconeogenic and urea cycle pathways. The highest scoring network pathway, identified using the IPA, related to lipid metabolism, small molecular biochemistry, and the nucleic acid metabolism pathway. The central nodes of the network were found to focus around an increase in the cytochrome P450 reductase system and involved the Akt and PI3 kinase signaling pathways (Figure 5D). Involvement of these signaling pathways has been implicated in a number of physiological cellular responses including survival, proliferation, protein synthesis, migration, vesicular trafficking, and increased mitochondrial respiration, as well as in pathogenesis of multiple diseases ranging from chronic inflammation to cancer [52]. These findings are also in line with the metabolomics study that found an increase in the levels of the acylcarnitines indicating an increased lipolytic state and an increase in gluconeogenic amino acids indicating an increase in gluconeogenesis [53].




3.1.5. Proteins Altered in the Kidney After Dex Treatment


Dexamethasone is known to exert a direct action on the kidney on the renal tubular cells as well as the podocytes. It increases the renal vasodilatory effect, diuresis, the glomerular filtration rate, and the renal plasma flow [54]. The actions of Dex on the kidney are attributed to its inhibition of NFκB, which abrogates the inflammatory effects on both proteome and metabolome [55], and by increasing levels of angiotensin II and fibronectin which have been suggested to contribute to renal tubular fibrosis [56]. The protein dataset identified from the kidney in our study, when entered into the pathway analysis, identified with the highest score the network related to drug metabolism, organismal injury and abnormalities, and renal damage (Figure 5E). The central nodes of the network identified the involvement of insulin, ERK ½, p38 MAPK, Jnk, and NFκB signaling pathways highlighting the involvement and cross-talk among these related nodes. The coordinated stimulation of NFkB and Jnk cascades by inflammatory cytokines demonstrated by an increase in interleukins, IL 1 and IL18, in our dataset points towards alterations in proteins involved in glucose metabolism, apoptosis, and inflammation in the kidney, post-Dex treatment [57]. Involvement of these signaling pathways indicates an increase in Dex-mediated genomic regulation within the rat kidney that may lead to the development of side effects [3].



We found that among all five organs, the single signaling pathway that emerged as the point of commonality for the action of dexamethasone involved the Akt signaling pathway. This indicates that, more than the genomic actions, the development of side effects is due to the non-genomic actions of Dex mediated vis-a-vis the cytosolic GR. The GR, thus, mediates both the well-known genomic actions of the corticosteroid and is also involved in its much rapid non-genomic effects due the to complex interactions with various signaling processes [3].




3.1.6. Proteins Altered in All Organs Treated with Dex


The proteins identified in the different organs between the Dex-treated and control rats were grouped together, and an additional bioinformatics analysis was carried out to get an overall view of the general effect of prolonged Dex treatment. The network analysis of all the differentially expressed proteins identified the network related to endocrine system development and function and drug metabolism and biochemistry, with a score of 83 (Figure S1). The highlighting of this pathway is in line with the different adverse effects that were previously seen with prolonged Dex use on the neuroendocrine, cardiovascular, and renal systems [58].





3.2. Comparison Amongst the Morhologically Altered Organs after Dex Treatment


The datasets were explored to identify if the proteomes of the tissues under study had proteins in common among them. We found that the proteomic profiles of these tissues after prolonged Dex treatment differed substantially from one another (Figure 2). Among all organs, the highest number of proteins in common was found between the heart and brain (n = 49), followed by the heart and liver (n = 39), and lastly the liver and brain (n = 30). On further probing, we found that eight proteins were in common between these three tissues (Figure 3 and Table 1). The other organs showed less similarity with regards to the differentially abundant proteins (Figure 3). What was intriguing was that we found no proteins in common between the muscle and the kidney datasets, which goes to show that the mechanism of action of Dex in these two organs is different from the others. The top canonical pathways affected by prolonged Dex treatment were different for all the organs while those pathways found in common between the organs had varied involvement. The liver, kidney, and heart protein datasets showed the LPS/IL-1-mediated inhibition of RXR function (10.4%, 3.7%, 6.6%, respectively) in common, the kidney and heart datasets had glutathione-mediated detoxification (10% and 25%, respectively), while the muscle and brain showed the involvement of glutathione redox reaction (8.7% and 22.7%, respectively). These findings demonstrate the differences in the degrees of involvement of the metabolic pathways in different organs by Dex probably due to the differences in the glucocorticoid receptor isoforms and their activity.



A direct comparison of our results to other proteomic studies was difficult due to the differences in experimental techniques, duration, and type of treatments used, although similar results have been seen [18,29,51,59]. Our present study has, for the first time, demonstrated the effects of the treatment with Dex simultaneously on the major organ targets. Through this study, we have carried out a proteome mapping of each organ and demonstrated the immense complexity and differential actions of Dex within these different tissues, in essence, evaluating the drug’s effects.





4. Materials and Methods


4.1. Ethical Considerations


Prior to implementation, all procedures and protocols for the animal studies were reviewed and approved by the Animal Care and Use Committee (ACUC) at King Faisal Specialist Hospital and Research Center (KFSHRC) (approval number RAC2150016). The animal model details were published elsewhere [10], where Sprague–Dawley (SD) rats were housed in the animal facility of the Department of Comparative Medicine at KFSHRC (Riyadh, Saudi Arabia).




4.2. Experimental Design


A standard protocol of housing the study’s male SD rats was adopted, where the age of the rats ranged from 6 to 8 weeks (weight: 200–250 g). These rats were housed at the Department of Comparative Medicine under standard environmental conditions: temperature (20–24 °C), humidity (45–50%), and 12 h/12 h light/dark cycle with free access to food and water. Rats were randomly separated into two groups; Dex (n = 10) and control (n = 10) group. The Dex group was injected intramuscularly with 2.5 mg/kg twice a week for 14 weeks with Dex while the control with normal saline. This method was developed earlier by Li et al. [60] and Huang et al. [61] who considered giving equivalent long-term treatment of the drug for a chronic disease to develop the serious side effects of the drug. The clinical phenotype, anesthesia protocol, and the routine blood work analysis were monitored during this study and detailed previously [10]. After 14 weeks post-treatment, the animals were sacrificed (n = 5/group) and their major organs (brain, heart, muscle, liver, and kidney) collected, snap-frozen in liquid nitrogen, and then stored at −80 °C for further proteomics analysis. The other 5 animals included in the study were used for radiological studies as reported elsewhere [10].




4.3. Chemicals and Reagents


The dexamethasone phosphate drug, analytical solvents, and other standard chemicals for proteomics were obtained from Sigma–Aldrich (St. Louis, Missouri, USA). The reagents for routine chemistry analyses were purchased from Roche (Kaiseraugst, Switzerland).




4.4. Proteomics


4.4.1. Sample Preparation for Label-Free Protein In-Solution Digestion


Homogenized tissue lysates were prepared from rat brain, heart, muscle, liver, and kidney tissues and were subjected to proteomic analysis (Figure 1). For each sample, 100 µg total protein extract was subjected to in-solution tryptic digestion, as previously described [62] Briefly, proteins were denatured in 0.1% RapiGest SF (Waters, Manchester, UK) at 80 °C for 15 minutes, reduced in 10 mM Dithiothreitol (DTT) at 60 °C for 30 min, and alkylated in 10 mM Iodoacetamide (IAA) (1.0 µL IAA/10 µL) in the dark for 40 min at room temperature. Samples were trypsin-digested overnight at 37 °C and the RapiGest reaction quenched with 12 M HCl. All samples were diluted with aqueous 0.1% formic acid before to achieve concentrations of 1 μg/μL before LC-MS/MS analysis.




4.4.2. Protein Identification by LC-MSE SynaptG2 Platform


We undertook label-free quantitative expression profiling using 1-dimensional nanoACQUITY liquid chromatography combined with tandem mass spectrometry on a Synapt G2 HDMS instrument (Waters Scientific, Berkshire, UK). The electrospray ionization (ESI) mass spectrometry analyses were optimized and all acquisitions were carried out on a Trizaic Nano source (Waters) ionization in the positive ion mode nanoESI as previously described [62]. Briefly, the Mass Lynx IntelliStart was used to adjust for optimal instrument parameters including the following: detectors were set-up using 2 ng/μL leucine enkephalin (556.277 Da) and lock mass set-up and mass (m/z) calibration were achieved on a separate infusion line of 500 fmol (Glu) 1-fibrinopeptide B (GluFib, 785.8426 Da, capillary voltage 3 kV, sample cone 50 V, and extraction cone 5 V). Other parameters included source temperature 85 °C, cone gas 8 L/h, nano flow gas 0.5 bar, and purge gas 600 L/h.



Equal amounts of protein digest (3 μg) was loaded on a column (AcquityTrizaic Nano tile HSS T3 1.8 μm, 85 μm × 100 μm, Waters) and samples were processed using the Acquity sample manager with mobile phase comprising of A1 (99% water/1% acetonitrile/0.1% formic acid) and B1 (100% acetonitrile + 0.1% formic acid) with sample flow rate of 1 μL/min. Data independent acquisition (MSE)/iron mobility separation analyses were performed and data were acquired over a range of m/z 50–2000 Da with a scan time of 0.9 s and incremental transfer collision energy 20–50 V with a total acquisition time of 120 min. Data were acquired using the Mass Lynx program (version. 4.1, SCN833; Waters) operated in resolution and positive polarity modes and each sample was analyzed in triplicate runs (as a measure of reproducibility) and all samples were analyzed in the same batch run.



All automated data processing and database searching was done using Progenesis QI for proteomics (ProgenesisQIfp version 2.0.5387, Nonlinear Dynamics/Waters, London, UK). The generated peptide masses were searched against the non-redundant species-specific protein sequence in the Uniprot database [63].





4.5. Data Analysis and Informatics


Progenesis QI for proteomics (ProgenesisQIfp version 2.0.5387) was used to process all Mass Lynx generated raw data and database search for protein identification. Each run in the experiment was represented as an ion intensity map, including the m/z and retention time, aligned and propagated for peak picking and peptide abundance measurements. The generated list of peptide ions for identification was subjected to a static database for searching using a search engine in Progenesis and the list of identified protein datasets were reviewed using multivariate statistical analyses.



A rat-specific database containing thousands of reviewed entries from Uniprot was created prior to searching as previously described [62,64]. The following criteria were used for the search: one missed cleavage, maximum protein mass 1000 kDa, trypsin, carbamidomethyl C fixed, and oxidation M variable modifications. Normalized label-free quantification was achieved and subjected to statistical analyses to plot principal component analysis (PCA) against data split into multiple groups. The data were filtered to show only statistically (ANOVA) significantly altered proteins (p ≤ 0.05) with ≥3 peptides identified, and a fold change of more than 1.5 was considered as the significant minimum threshold. Additionally “Hi3” absolute quantification was performed using alcohol dehydrogenase (ADH P00330) as an internal standard to give an absolute amount of each identified protein (Waters) as previously described [65]. These features are available as incorporated into ProgenesisQIfp (Nonlinear Dynamics/Waters, London, UK).



The analysis features available in ProgenesisQIfp (Nonlinear Dynamics/Waters) allows data to be filtered to show only statistically (ANOVA) significantly altered proteins as well as fold change in the levels of protein expression among sample pairs being compared. In this instance, we chose the level of significance at the 95% confidence interval, i.e., p ≤ 0.05, while we chose a fold change of more than 1.5 as the significant minimum threshold. Each sample was run in triplicates and the program took the average of the three runs and used the value in the expression ration of one protein among samples being compared.



The proteomics expression profile was analyzed using MetaboAnalyst version 3.0 (McGill University, Montreal, Canada) [66]. The protein expression raw data among the study groups for each organ were uploaded to the software. The datasets were normalized to their sample total median for the specific organ set to ensure all samples were normally distributed. To visualize the proteomics differences among the study groups and make individual features more comparable, data were log-transformed and Pareto scaled, respectively. As the data were Gaussian distributed, the unpaired two-tailed Student’s t-test was used for binary comparison between the different study groups. Proteins were considered significant if they had an FDR-corrected p-value < 0.05 with 1.5 cut of fold change and visualized in a volcano plot.




4.6. Bioinformatics Analysis of Proteins in the Tissues and Network Pathway Analysis:


To understand the role of the identified proteins and interrogate the intracellular signaling pathways affected by alterations in these cellular proteins, gene ontology annotations were ascribed and network pathway analysis for the respective protein expression datasets for each organ were carried out. The quantitative protein data were imported into IPA software (Ingenuity® Systems, [67]) for identification of the protein–protein interactions. This software also helps to determine the functions and pathways most strongly associated with a protein list by overlaying experimental expression data on networks constructed from published interactions. The identified networks help to infer the identity of upstream regulatory molecules and the associated mechanisms to provide biological insight to the observed experimental expression changes seen by the proteomics experiment. A score greater than three (p ≤ 0.001) indicates a greater than 99.9% confidence that a protein network was not generated by chance alone [68]. The score does not indicate the quality or significance of the network, it simply calculates the approximate “fit” between the network and the focus protein from the input dataset. The networks generated by this approach are preferentially enriched for proteins with the most extensive and specific interactions. The interacting proteins are represented as nodes, and the biological relationship between two nodes is represented as a line. Although powerful, the biological significance of the network(s) identified by this approach must ultimately be verified by experiment.





5. Conclusions


Our study is the first to use an untargeted LC-MSMS mass spectrometric approach to carry out a simultaneous comprehensive organ-specific proteomic profiling in SD rats after prolonged Dex treatment. The proteome of the five different organs was identified, explored, and systematically mapped to diverse molecular network pathways that were functionally influenced by the treatment. Identification of these pathways will help in better understanding the protein–protein interactions, their dynamics, and the proteomic and molecular signatures of the drug’s effects and side effects within them. These proteins can be developed into markers with potential use in monitoring for adverse effects and developing strategies towards preventing them.








Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/20/13/3122/s1. Table S1. List of differentially expressed significant proteins, with the fold change and p-values, identified in different organs between Dex-treated versus control SD rats using a label-free quantitative LC-MS/MS approach. Table S2. Table showing the abbreviations (gene name) and full name for all proteins mentioned in Table 1. Table S3: Table showing the top three molecular and cellular functional categories significantly altered in each organ after long-term Dex treatment with their p-value range, number of molecules involved, and the gene names of the involved proteins. Table S4: Table showing the IPA identified canonical pathways altered by Dex treatment. Figure S1. Network analysis of all the differentially expressed proteins identified in the different organs between the Dex-treated and control rats. The network identifies an integrated pathway that demonstrates the overall effect of prolonged dexamethasone in the treatment versus the control rats with the network related to drug metabolism, endocrine system development and function, and biochemistry with the score of 83.





Author Contributions


A.K.M., F.A., and A.A.R. conceived the idea and designed the study. A.K.M., G.M., and F.A. designed and conducted the animal experiments. A.K.M., M.J., Z.S., and A.A.A. performed the proteomics lab work. A.K.M., A.M., H.B., M.D., and A.A.R. conducted the data analysis and prepared the manuscript. All authors read and approved the final manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors would like to express their most profound gratitude to the administration of King Faisal Hospital and Research Center (KFSHRC), in particular, Brian Meyer, Chairman of the Genetics Department, and Abdallah Assiri, Chairman of the Department of Comparative Medicine, for their continued financial, logistical, and moral support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Newton, R. Molecular mechanisms of glucocorticoid action: What is important? Thorax 2000, 55, 603–613. Available online: http://www.ncbi.nlm.nih.gov/pubmed/10856322 (accessed on 15 February 2018). [Google Scholar] [CrossRef] [PubMed]

	



Barnes, P.J. Anti-inflammatory actions of glucocorticoids: Molecular mechanisms. Clin. Sci. (Lond.) 1998, 94, 557–572. Available online: http://www.ncbi.nlm.nih.gov/pubmed/9854452 (accessed on 15 February 2018). [Google Scholar] [CrossRef]

	



Stahn, C.; Buttgereit, F. Genomic and nongenomic effects of glucocorticoids. Nat. Clin. Pract. Rheumatol. 2008, 4, 525–533. [Google Scholar] [CrossRef] [PubMed]

	



John, S.; Sabo, P.J.; Thurman, R.E.; Sung, M.H.; Biddie, S.C.; Johnson, T.A.; Hager, G.L.; Stamatoyannopoulos, J.A. Chromatin accessibility pre-determines glucocorticoid receptor binding patterns. Nat. Genet. 2011, 43, 264–268. [Google Scholar] [CrossRef] [PubMed]

	



Phuc Le, P.; Friedman, J.R.; Schug, J.; Brestelli, J.E.; Parker, J.B.; Bochkis, I.M.; Kaestner, K.H. Glucocorticoid receptor-dependent gene regulatory networks. PLoS Genet. 2005, 1, e16. [Google Scholar] [CrossRef]

	



Yu, C.Y.; Mayba, O.; Lee, J.V.; Tran, J.; Harris, C.; Speed, T.P.; Wang, J.C. Genome-wide analysis of glucocorticoid receptor binding regions in adipocytes reveal gene network involved in triglyceride homeostasis. PLoS ONE 2010, 5, e15188. [Google Scholar] [CrossRef] [PubMed]

	



Kuo, T.; Lew, M.J.; Mayba, O.; Harris, C.A.; Speed, T.P.; Wang, J.C. Genome-wide analysis of glucocorticoid receptor-binding sites in myotubes identifies gene networks modulating insulin signaling. Proc. Natl. Acad. Sci. USA 2012, 109, 11160–11165. [Google Scholar] [CrossRef]

	



Shintani, N.; Hunziker, E.B. Differential effects of dexamethasone on the chondrogenesis of mesenchymal stromal cells: Influence of microenvironment, tissue origin and growth factor. Eur. Cell. Mater. 2011, 22, 302–319; discussion 319–320. Available online: http://www.ncbi.nlm.nih.gov/pubmed/22116649 (accessed on 5 February 2018). [Google Scholar] [CrossRef]

	



McDonough, A.K.; Curtis, J.R.; Saag, K.G. The epidemiology of glucocorticoid-associated adverse events. Curr. Opin. Rheumatol. 2008, 20, 131–137. [Google Scholar] [CrossRef]

	



Malkawi, A.K.; Alzoubi, K.H.; Jacob, M.; Matic, G.; Ali, A.; Al Faraj, A.; Almuhanna, F.; Dasouki, M.; Abdel Rahman, A.M.A. Metabolomics based profiling of dexamethasone side effects in rats. Front. Pharmacol. 2018, 9, 46. [Google Scholar] [CrossRef]

	



Hohn, A.; Iovino, I.; Cirillo, F.; Drinhaus, H.; Kleinbrahm, K.; Boehm, L.; de Robertis, E.; Hinkelbein, J. Bioinformatical analysis of organ-related (heart, brain, liver, and kidney) and serum proteomic data to identify protein regulation patterns and potential sepsis biomarkers. BioMed. Res. Int. 2018, 2018, 3576157. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Liu, D.; Liu, P.; Yu, Y. Proteomics analysis of water insoluble-urea soluble crystallins from normal and dexamethasone exposed lens. Mol. Vis. 2011, 17, 3423–3436. Available online: http://www.ncbi.nlm.nih.gov/pubmed/22219638 (accessed on 7 August 2018). [Google Scholar] [PubMed]

	



Wang, L.; Zhao, W.C.; Yin, X.L.; Ge, J.Y.; Bu, Z.G.; Ge, H.Y.; Meng, Q.F.; Liu, P. Lens proteomics: Analysis of rat crystallins when lenses are exposed to dexamethasone. Mol. BioSyst. 2012, 8, 888–901. [Google Scholar] [CrossRef] [PubMed]

	



Miyara, N.; Shinzato, M.; Yamashiro, Y.; Iwamatsu, A.; Kariya, K.I.; Sawaguchi, S. Proteomic analysis of rat retina in a steroid-induced ocular hypertension model: Potential vulnerability to oxidative stress. Jpn. J. Ophthalmol. 2008, 52, 84–90. [Google Scholar] [CrossRef] [PubMed]

	



Celebi, B.; Elcin, A.E.; Elcin, Y.M. Proteome analysis of rat bone marrow mesenchymal stem cell differentiation. J. Proteome Res. 2010, 9, 5217–5227. [Google Scholar] [CrossRef] [PubMed]

	



Tsuzuki, Y.; Takeba, Y.; Kumai, T.; Matsumoto, N.; Mizuno, M.; Murano, K.; Asoh, K.; Takagi, M.; Yamamoto, H.; Kobayashi, S. Antenatal glucocorticoid therapy increase cardiac alpha-enolase levels in fetus and neonate rats. Life Sci. 2009, 85, 609–616. [Google Scholar] [CrossRef]

	



Man, W.J.; White, I.R.; Bryant, D.; Bugelski, P.; Camilleri, P.; Cutler, P.; Heald, G.; Lord, P.G.; Wood, J.; Kramer, K. Protein expression analysis of drug-mediated hepatotoxicity in the sprague-dawley rat. Proteomics 2002, 2, 1577–1585. [Google Scholar] [CrossRef]

	



Biancotto, G.; Bovo, D.; Mastrorilli, E.; Manuali, E.; Angeletti, R.; Stella, R. Tmt-based proteomics profiling of bovine liver underscores protein markers of anabolic treatments. Proteomics 2019, e1800422. [Google Scholar] [CrossRef]

	



Masood, A.; Benabdelkamel, H.; Alfadda, A.A. Obesity proteomics: An update on the strategies and tools employed in the study of human obesity. High-Throughput 2018, 7, 27. [Google Scholar] [CrossRef]

	



Hinkelbein, J.; Braunecker, S.; Danz, M.; Bohm, L.; Hohn, A. Time dependent pathway activation of signalling cascades in rat organs after short-term hyperoxia. Int. J. Mol. Sci. 2018, 19, 1960. [Google Scholar] [CrossRef]

	



Peptide Atlas. Institute for Systems Biology. 2004–2015. Available online: http://www.peptideatlas.org/PASS/PASS01328 (accessed on 15 February 2018).

	



Patel, R.; Patel, M.; Tsai, R.; Lin, V.; Bookout, A.L.; Zhang, Y.; Magomedova, L.; Li, T.; Chan, J.F.; Budd, C.; et al. LXRbeta is required for glucocorticoid-induced hyperglycemia and hepatosteatosis in mice. J. Clin. Investig. 2011, 121, 431–441. [Google Scholar] [CrossRef] [PubMed]

	



Barnes, P.J. Molecular mechanisms and cellular effects of glucocorticosteroids. Clin. N. Am. 2005, 25, 451–468. [Google Scholar] [CrossRef] [PubMed]

	



Cole, T.J.; Blendy, J.A.; Monaghan, A.P.; Krieglstein, K.; Schmid, W.; Aguzzi, A.; Fantuzzi, G.; Hummler, E.; Unsicker, K.; Schutz, G. Targeted disruption of the glucocorticoid receptor gene blocks adrenergic chromaffin cell development and severely retards lung maturation. Genes Dev. 1995, 9, 1608–1621. Available online: http://www.ncbi.nlm.nih.gov/pubmed/7628695 (accessed on 15 February 2018). [Google Scholar] [CrossRef] [PubMed]

	



Chivers, J.E.; Gong, W.; King, E.M.; Seybold, J.; Mak, J.C.; Donnelly, L.E.; Holden, N.S.; Newton, R. Analysis of the dissociated steroid ru24858 does not exclude a role for inducible genes in the anti-inflammatory actions of glucocorticoids. Mol. Pharmacol. 2006, 70, 2084–2095. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, H.; Eyers, C.E. Analysis of post-translational modifications by lc-ms/ms. Methods Mol. Biol. 2010, 658, 93–108. [Google Scholar] [CrossRef] [PubMed]

	



Scott, S.M.; Rose, S.R. Use of glucocorticoids for the fetus and preterm infant. Clin. Perinatol. 2018, 45, 93–102. [Google Scholar] [CrossRef] [PubMed]

	



Feldmann, R.E., Jr.; Maurer, M.H.; Hunzinger, C.; Lewicka, S.; Buergers, H.F.; Kalenka, A.; Hinkelbein, J.; Broemme, J.O.; Seidler, G.H.; Martin, E.; et al. Reduction in rat phosphatidylethanolamine binding protein-1 (pebp1) after chronic corticosterone treatment may be paralleled by cognitive impairment: A first study. Stress 2008, 11, 134–147. [Google Scholar] [CrossRef]

	



Skynner, H.A.; Amos, D.P.; Murray, F.; Salim, K.; Knowles, M.R.; Munoz-Sanjuan, I.; Camargo, L.M.; Bonnert, T.P.; Guest, P.C. Proteomic analysis identifies alterations in cellular morphology and cell death pathways in mouse brain after chronic corticosterone treatment. Brain Res. 2006, 1102, 12–26. [Google Scholar] [CrossRef]

	



de Vries, W.B.; van der Leij, F.R.; Bakker, J.M.; Kamphuis, P.J.; van Oosterhout, M.F.; Schipper, M.E.; Smid, G.B.; Bartelds, B.; van Bel, F. Alterations in adult rat heart after neonatal dexamethasone therapy. Pediatr. Res. 2002, 52, 900–906. [Google Scholar] [CrossRef]

	



Bentson, J.; Reza, M.; Winter, J.; Wilson, G. Steroids and apparent cerebral atrophy on computed tomography scans. J. Comput. Assist. Tomogr. 1978, 2, 16–23. Available online: http://www.ncbi.nlm.nih.gov/pubmed/670467 (accessed on 17 June 2018). [Google Scholar] [CrossRef]

	



Joshi, Y.B.; Chu, J.; Pratico, D. Stress hormone leads to memory deficits and altered tau phosphorylation in a model of alzheimer’s disease. J. Alzheimer’s Dis. 2012, 31, 167–176. [Google Scholar] [CrossRef] [PubMed]

	



Lopes, S.; Vaz-Silva, J.; Pinto, V.; Dalla, C.; Kokras, N.; Bedenk, B.; Mack, N.; Czisch, M.; Almeida, O.F.; Sousa, N.; et al. Tau protein is essential for stress-induced brain pathology. Proc. Natl. Acad. Sci. USA 2016, 113, E3755–E3763. [Google Scholar] [CrossRef] [PubMed]

	



Haynes, L.E.; Griffiths, M.R.; Hyde, R.E.; Barber, D.J.; Mitchell, I.J. Dexamethasone induces limited apoptosis and extensive sublethal damage to specific subregions of the striatum and hippocampus: Implications for mood disorders. Neuroscience 2001, 104, 57–69. Available online: http://www.ncbi.nlm.nih.gov/pubmed/11311531 (accessed on 17 June 2018). [Google Scholar] [CrossRef]

	



Rassoulpour, A.; Wu, H.Q.; Ferre, S.; Schwarcz, R. Nanomolar concentrations of kynurenic acid reduce extracellular dopamine levels in the striatum. J. Neurochem. 2005, 93, 762–765. [Google Scholar] [CrossRef] [PubMed]

	



Oakley, R.H.; Cidlowski, J.A. Glucocorticoid signaling in the heart: A cardiomyocyte perspective. J. Steroid Biochem. Mol. Biol. 2015, 153, 27–34. [Google Scholar] [CrossRef] [PubMed]

	



Ren, R.; Oakley, R.H.; Cruz-Topete, D.; Cidlowski, J.A. Dual role for glucocorticoids in cardiomyocyte hypertrophy and apoptosis. Endocrinology 2012, 153, 5346–5360. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, V.H.; Im, N.N.; Huilgol, S.V.; Yendigeri, S.M.; Narendar, K.; Rajasekhar, C.H. Dose dependent hepatic and endothelial changes in rats treated with dexamethasone. J. Clin. Diagn. Res. 2015, 9, FF08–FF10. [Google Scholar] [CrossRef]

	



Seckl, J.R.; Walker, B.R. Minireview: 11beta-hydroxysteroid dehydrogenase type 1- a tissue-specific amplifier of glucocorticoid action. Endocrinology 2001, 142, 1371–1376. [Google Scholar] [CrossRef] [PubMed]

	



Smith, E.; Redman, R.A.; Logg, C.R.; Coetzee, G.A.; Kasahara, N.; Frenkel, B. Glucocorticoids inhibit developmental stage-specific osteoblast cell cycle. Dissociation of cyclin a-cyclin-dependent kinase 2 from e2f4-p130 complexes. J. Biol. Chem. 2000, 275, 19992–20001. [Google Scholar] [CrossRef]

	



Porrello, E.R.; Meeker, W.F.; Thomas, W.G.; Widdop, R.E.; Delbridge, L.M. Glucocorticoids suppress growth in neonatal cardiomyocytes co-expressing at(2) and at(1) angiotensin receptors. Neonatology 2010, 97, 257–265. [Google Scholar] [CrossRef]

	



Shimizu, K.; Genma, R.; Gotou, Y.; Nagasaka, S.; Honda, H. Three-dimensional culture model of skeletal muscle tissue with atrophy induced by dexamethasone. Bioengineering (Basel) 2017, 4, 56. [Google Scholar] [CrossRef] [PubMed]

	



De Vos, P.; Saladin, R.; Auwerx, J.; Staels, B. Induction of ob gene expression by corticosteroids is accompanied by body weight loss and reduced food intake. J. Biol. Chem. 1995, 270, 15958–15961. Available online: http://www.ncbi.nlm.nih.gov/pubmed/7608151 (accessed on 15 May 2019). [Google Scholar] [CrossRef] [PubMed]

	



Konagaya, M.; Bernard, P.A.; Max, S.R. Blockade of glucocorticoid receptor binding and inhibition of dexamethasone-induced muscle atrophy in the rat by ru38486, a potent glucocorticoid antagonist. Endocrinology 1986, 119, 375–380. [Google Scholar] [CrossRef]

	



Singleton, J.R.; Baker, B.L.; Thorburn, A. Dexamethasone inhibits insulin-like growth factor signaling and potentiates myoblast apoptosis. Endocrinology 2000, 141, 2945–2950. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, E.P.; Nader, G.A. Balancing muscle hypertrophy and atrophy. Nat. Med. 2004, 10, 584–585. [Google Scholar] [CrossRef]

	



Hwang, S.L.; Jeong, Y.T.; Li, X.; Kim, Y.D.; Lu, Y.; Chang, Y.C.; Lee, I.K.; Chang, H.W. Inhibitory cross-talk between the AMPK and ERK pathways mediates endoplasmic reticulum stress-induced insulin resistance in skeletal muscle. Br. J. Pharmacol. 2013, 169, 69–81. [Google Scholar] [CrossRef] [PubMed]

	



Wong, S.; Tan, K.; Carey, K.T.; Fukushima, A.; Tiganis, T.; Cole, T.J. Glucocorticoids stimulate hepatic and renal catecholamine inactivation by direct rapid induction of the dopamine sulfotransferase sult1d1. Endocrinology 2010, 151, 185–194. [Google Scholar] [CrossRef]

	



Yin, G.; Cao, L.; Du, J.; Jia, R.; Kitazawa, T.; Kubota, A.; Teraoka, H. Dexamethasone-induced hepatomegaly and steatosis in larval zebrafish. J. Toxicol. Sci. 2017, 42, 455–459. [Google Scholar] [CrossRef]

	



Lee, S.K.; Park, S.; Cheon, B.; Kim, H.W.; Yu, D.; Choi, J. Body weight, blood pressure, and systemic changes following low-dosage prednisolone administration in dogs. Am. J. Vet. Res. 2017, 78, 1091–1097. [Google Scholar] [CrossRef]

	



Ayyar, V.S.; Almon, R.R.; DuBois, D.C.; Sukumaran, S.; Qu, J.; Jusko, W.J. Functional proteomic analysis of corticosteroid pharmacodynamics in rat liver: Relationship to hepatic stress, signaling, energy regulation, and drug metabolism. J. Proteom. 2017, 160, 84–105. [Google Scholar] [CrossRef]

	



Li, C.; Li, Y.; He, L.; Agarwal, A.R.; Zeng, N.; Cadenas, E.; Stiles, B.L. PI3K/AKT signaling regulates bioenergetics in immortalized hepatocytes. Free Radic. Biol. Med. 2013, 60, 29–40. [Google Scholar] [CrossRef] [PubMed]

	



Bordag, N.; Klie, S.; Jurchott, K.; Vierheller, J.; Schiewe, H.; Albrecht, V.; Tonn, J.C.; Schwartz, C.; Schichor, C.; Selbig, J. Glucocorticoid (dexamethasone)-induced metabolome changes in healthy males suggest prediction of response and side effects. Sci. Rep. 2015, 5, 15954. [Google Scholar] [CrossRef] [PubMed]

	



Baylis, C.; Handa, R.K.; Sorkin, M. Glucocorticoids and control of glomerular filtration rate. Semin. Nephrol. 1990, 10, 320–329. Available online: http://www.ncbi.nlm.nih.gov/pubmed/2200095 (accessed on 2 September 2018). [Google Scholar] [PubMed]

	



Barnes, P.J. Glucocorticosteroids: Current and future directions. Br. J. Pharmacol. 2011, 163, 29–43. [Google Scholar] [CrossRef] [PubMed]

	



de Haij, S.; Daha, M.R.; van Kooten, C. Mechanism of steroid action in renal epithelial cells. Kidney Int. 2004, 65, 1577–1588. [Google Scholar] [CrossRef] [PubMed]

	



Tak, P.P.; Firestein, G.S. NF-kappaB: A key role in inflammatory diseases. J. Clin. Investig. 2001, 107, 7–11. [Google Scholar] [CrossRef]

	



Zoorob, R.J.; Cender, D. A different look at corticosteroids. Am. Fam. Physician 1998, 58, 443–450. Available online: http://www.ncbi.nlm.nih.gov/pubmed/9713398 (accessed on 15 February 2018). [Google Scholar] [PubMed]

	



Acevedo, A.; Berthel, A.; DuBois, D.; Almon, R.R.; Jusko, W.J.; Androulakis, I.P. Pathway-based analysis of the liver response to intravenous methylprednisolone administration in rats: Acute versus chronic dosing. Gene Regul. Syst. Biol. 2019, 13, 1177625019840282. [Google Scholar] [CrossRef]

	



Li, Y.; Yang, W. Preventive effects of nitroglycerine on glucocorticoid-induced osteoporosis in growing rats. J. Huazhong Univ. Sci. Technol. Med.Sci. 2007, 27, 528–531. [Google Scholar] [CrossRef]

	



Huang, Y.; Liu, X.; Zhao, L.; Li, F.; Xiong, Z. Kidney tissue targeted metabolic profiling of glucocorticoid-induced osteoporosis and the proposed therapeutic effects of rhizoma drynariae studied using UHPLC/MS/MS. Biomed. Chromatogr. 2014, 28, 878–884. [Google Scholar] [CrossRef]

	



Alaiya, A.; Fox, J.; Bobis, S.; Matic, G.; Shinwari, Z.; Barhoush, E.; Marquez, M.; Nilsson, S.; Holmberg, A.R. Proteomic analysis of soft tissue tumor implants treated with a novel polybisphosphonate. Cancer Genom. Proteom. 2014, 11, 39–49. Available online: http://www.ncbi.nlm.nih.gov/pubmed/24633318 (accessed on 15 April 2019). [Google Scholar]

	



UniProt. Knowledgebase 2002–2019. Available online: https://www.uniprot.org/ (accessed on 15 February 2018).

	



Li, G.Z.; Vissers, J.P.; Silva, J.C.; Golick, D.; Gorenstein, M.V.; Geromanos, S.J. Database searching and accounting of multiplexed precursor and product ion spectra from the data independent analysis of simple and complex peptide mixtures. Proteomics 2009, 9, 1696–1719. [Google Scholar] [CrossRef] [PubMed]

	



Alaiya, A.A.; Aljurf, M.; Shinwari, Z.; Almohareb, F.; Malhan, H.; Alzahrani, H.; Owaidah, T.; Fox, J.; Alsharif, F.; Mohamed, S.Y.; et al. Protein signatures as potential surrogate biomarkers for stratification and prediction of treatment response in chronic myeloid leukemia patients. Int. J. Oncol. 2016, 49, 913–933. [Google Scholar] [CrossRef] [PubMed]

	



Xia, J.; Wishart, D.S. Web-based inference of biological patterns, functions and pathways from metabolomic data using metaboanalyst. Nat. Protoc. 2011, 6, 743–760. [Google Scholar] [CrossRef] [PubMed]

	



QIAGEN Bioinformatics. Ingenuity Pathway Analysis. Available online: https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis (accessed on 15 February 2018).

	



Long, F.; Liu, H.; Hahn, C.; Sumazin, P.; Zhang, M.Q.; Zilberstein, A. Genome-wide prediction and analysis of function-specific transcription factor binding sites. In Silico Biol. 2004, 4, 395–410. Available online: http://www.ncbi.nlm.nih.gov/pubmed/15506990 (accessed on 5 December 2018). [Google Scholar] [PubMed]








[image: Ijms 20 03122 g001 550]





Figure 1. A flow chart of the animal study design and proteomics based liquid chromatography-tandem mass spectrometry (LC-MS/MS) experiment. Sprague–Dawley rats were divided into two groups; control (n = 10) and Dex (n = 10). After 14 weeks of twice-weekly treatment with Dex, the proteomics profile of freshly collected tissue samples from major body organs were studied using shotgun proteomics analysis. 
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Figure 2. (A) Principal component analysis (PCA) plot of brain, heart, and kidney tissue samples using the protein expression dataset. Shown are the brain (orange, blue), heart (orange, green), and kidney (violet, purple) tissues between Dex-treated and control rats, respectively. (B) PCA plot of liver (blue, purple) and muscle (orange, green) tissues between Dex-treated and control rats, respectively. The separation seen between the treated and the control groups in each tissue sample represents the biological differences due to the prolonged Dex treatment. The letters in grey color in the background represent the accession numbers of all the implicated proteins in the analysis. (Data were generated using Progenesis QI for proteomics (ProgenesisQIfp version 2.0.5387, Nonlinear Dynamics/Waters.). 
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Figure 3. Organ-specific proteome expression: Venn diagram representation of the differentially expressed significant proteins (p ≤ 0.05, 1.5 fold change) identified within the morphologically altered organs from Dex-treated and control animals. Number of proteins expressed in common among various organs are shown in the intersections. The number of proteins specific for each organ namely the heart (n = 83), kidney (n = 12), brain (n = 81), liver (n = 131), and muscle (n = 18). The highest number of overlaps was found to be between the heart and brain (n = 42) followed by the heart and liver (n = 39) and the liver and brain (f = 30), while only eight proteins were common among the three groups and no proteins were in common between the muscle and kidney. The area of the Venn diagram is not representative of the numbers of identified proteins. 
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Figure 4. Plots showing the statistically significant expressed proteins in brain tissue (A), heart (B), skeletal muscle (C), liver (D), and kidney (E) after prolonged Dex administration false discovery rate (FDR-corrected p-value < 0.05), and fold change FC > 1.5 were visualized in each volcano plot in the left and right corners as down- and upregulated, respectively, in the Dex-treated rats. 
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Figure 5. Network analysis of the differentially expressed proteins between the Dex-treated and control rats identified by the IPA (ingenuity pathway analysis). (A) Brain network pathway converged on the central signaling pathway involving extracellular signal–regulated kinases (ERK1/2), janus kinase (Jnk), and Akt. The network with the highest score related to cell morphology, nervous system development, and function and neurological disease (score = 38). (B) Heart network pathway identified the involvement of Akt and phosphoinositide 3-kinase (PI3 kinase) signaling pathways. The network with the highest score related to cellular development, cellular function and maintenance, and connective tissue development and function (score = 43). (C) Skeletal muscle network pathway identified with the highest scoring network (score = 50) related to nucleic acid metabolism, small molecule biochemistry, and vitamins and mineral metabolism. (D) Liver network pathway was identified with the highest scoring network (score = 41) related to lipid metabolism, small molecule biochemistry, and nucleic acid metabolism. (E) Kidney network pathway was identified with the highest scoring network (score = 41) related to drug metabolism, organism injury, and abnormalities and renal damage. Nodes in green and red correspond to down- and upregulated proteins, respectively. Non-colored nodes were proposed by IPA and suggest potential targets functionally coordinated with the differential proteins. Solid lines indicate direct molecular interactions and dashed lines represent indirect relationships. 
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Table 1. This table shows the identity (gene name) of the proteins found to be overlapping between the different organs. The proteins found in common among the different organs are marked as: + common in heart, brain, liver; ++ common in heart, brain, kidney; ‡ common in kidney, heart, liver; ‡‡ liver, muscle, brain; † common in brain, heart, muscle; and †† common in brain, kidney, liver.
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