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Abstract

Corticosteroids (CS) are anti-inflammatory agents that cause extensive pharmacogenomic and 

proteomic changes in multiple tissues. An understanding of the proteome-wide effects of CS in 

liver and its relationships to altered hepatic and systemic physiology remains incomplete. Here, we 

report the application of a functional pharmacoproteomic approach to gain integrated insight into 

the complex nature of CS responses in liver in vivo. An in-depth functional analysis was 

performed using rich pharmacodynamic (temporal-based) proteomic data measured over 66 hours 

in rat liver following a single dose of methylprednisolone (MPL). Data mining identified 451 

differentially regulated proteins. These proteins were analyzed on the basis of temporal regulation, 

cellular localization, and literature-mined functional information. Of the 451 proteins, 378 were 

clustered into six functional groups based on major clinically-relevant effects of CS in liver. MPL–

responsive proteins were highly localized in the mitochondria (20%) and cytosol (24%). 

Interestingly, several proteins were related to hepatic stress and signaling processes, which appear 

to be involved in secondary signaling cascades and in protecting the liver from CS-induced 

oxidative damage. Consistent with known adverse metabolic effects of CS, several rate-controlling 

enzymes involved in amino acid metabolism, gluconeogenesis, and fatty-acid metabolism were 

altered by MPL. In addition, proteins involved in the metabolism of endogenous compounds, 

xenobiotics, and therapeutic drugs including cytochrome P450 and Phase-II enzymes were 

differentially regulated. Proteins related to the inflammatory acute-phase response were up-

regulated in response to MPL. Functionally-similar proteins showed large diversity in their 

temporal profiles, indicating complex mechanisms of regulation by CS.
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INTRODUCTION

Functional pharmacoproteomics is an emerging area that aims to elucidate relevant 

biological functions of proteins altered by drugs and define mechanisms of drug action at the 

molecular level. By understanding the functions of proteins altered by drug treatment, 

mechanistic connections between molecular-level perturbations and ultimate systemic 

responses can be clarified. Routinely performed static ‘-omics’ studies assess a single 

moment of genomic or proteomic expression [1]. However, the regulation of protein 

expression by most drugs is not static but rather a dynamic (i.e. time-dependent) 

phenomenon. Alterations in protein expression may emerge in a delayed manner and persist 

for several hours after the drug has been cleared from the system. Thus, pharmacodynamic 

(i.e. temporal) changes following drug dosing must be assessed in order to more 

comprehensively analyze proteomic alterations as well as understand the mechanisms 

underlying the temporal nature of drug responses in vivo.

Corticosteroids (CS), the synthetic analogues of endogenous glucocorticoid (GC) hormones, 

are a class of potent anti-inflammatory drugs used extensively in treating various diseases 

such as rheumatoid arthritis [2], asthma [3], and some lymphomas [4]. However, high-dose 

or chronic CS therapy leads to a magnification of GC’s normal metabolic effects, which are 

manifested adversely as diabetes, insulin resistance, osteoporosis, and obesity [5, 6]. Most of 

these effects are mediated through genomic mechanisms by the steroid binding to cytosolic 

glucocorticoid receptors (GR) which subsequently leads to activation, dimerization, and 

translocation of the drug-receptor complex into the nucleus, thereby producing widespread 

changes in mRNA and protein expression [7].

The liver plays a central role in maintaining systemic energy homeostasis and is one of the 

most sensitive organs to CS exposure [8]. The CS induce extensive biochemical changes in 

liver [9], altering the homeostasis of several biological processes. In addition to being the 

principal site for gluconeogenesis, liver stores glucose in the form of glycogen, which is 

released in response to hormonal signals to maintain systemic glucose concentrations. The 

liver also plays a critical role in lipid metabolism, which is altered upon CS treatment [10]. 

Hence, long-term CS use causes numerous side-effects that stem from a dysregulation of 

liver function. Since CS cause large-scale perturbations in mRNA and protein expression, 
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direct assessment of drug-induced proteomic changes in vivo combined with extensive data 

mining and functional analyses will provide molecular-level insights into the functional and 

mechanistic aspects of numerous proteins altered by CS.

We conducted a study whereby a population of animals received a single dose of the 

synthetic CS methylprednisolone (MPL), with multiple animals sacrificed at 11 time points 

following dosing, and livers from these animals harvested for proteomic analysis. The 

development of a robust and reproducible ion-current-based quantitative nano-LC/MS 

method that enabled assessment of drug-induced dynamic proteomic changes in vivo, and its 

application in examining the temporal proteomic response of liver from these animals was 

reported [11]. In addition, tandem changes in the temporal responses of mRNA from a 

similar set of animals [12, 13] and protein expression from this animal set were also 

analyzed [14]. Since proteins are better predictors of phenotypic change as compared to 

mRNA [15, 16], a natural extension to our studies was performing a proteome-wide 

functional analysis to better understand the liver-specific effects of CS.

The present report describes the functional analysis and classification of proteins that were 

differentially regulated in rat liver following MPL dosing. Systems-based ‘omics’ 

approaches coupled with intensive literature-based data mining were applied to the rich 

proteomic time-series data in order to functionally annotate, describe, and classify 451 

differentially-regulated CS-responsive proteins. The rich functional information of the MPL-

responsive proteins coupled with characterization of their temporal responses provides 

added insights into the physiological and pharmacological effects of CS in liver.

MATERIALS AND METHODS

Animals

Liver tissues for the proteomic analysis were obtained from a large, population-based animal 

study conducted in our laboratory. Fifty-five adrenalectomized (ADX) male Wistar rats were 

given methylprednisolone sodium succinate (Solu-Medrol) at 50 mg/kg by intramuscular 

injection, and killed at 11 different time points (0.5, 1, 2, 4, 5.5, 8, 12, 18, 30, 48 and 66 hr) 

after MPL dosing, with 5 replicate animals for each time point. After perfusion and sacrifice, 

livers were harvested, flash frozen in liquid nitrogen and stored at −80°C until further 

analysis. Each time point group was compared with five vehicle (saline)-dosed animals that 

were sacrificed at random times after injection. The ADX rats were used to abrogate the 

circadian rhythm of endogenous GC production and provide a stable pharmacodynamic 

baseline. Perfused liver tissue was used for the proteomic analyses in order to remove the 

high concentrations of blood proteins. A summary of the animal study design is provided in 

Supplementary Figure 1. All animal protocols adhered to “Principles of Laboratory Animal 

Care” (NIH publication 85-23, revised in 1985) and were approved by the University at 

Buffalo IACUC committee (PHC08128N). The institution’s animal welfare assurance 

number is D16-00231.
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Experimental

Proteomics—Proteins from perfused and flash frozen livers were extracted, digested, and 

analyzed using a nano-LC/MS instrument. A total of 80 mg of powdered liver tissue was 

added to 800 μL of detergent-cocktail lysis buffer [150 mM sodium chloride, 1% sodium 

deoxycholate, 2% Nonidet P-40 (NP-40), and 2.5% sodium dodecyl sulfate and protease 

inhibitors (Complete tablets, EDTA-free, Roche, Inc.)] and homogenized using a Polytron 

homogenizer (Kinematica, Switzerland). The samples were then sonicated using a high-

energy sonicator (Qsonica, Newtown, CT). The extract was centrifuged at 20,000 g for 60 

min at 4 °C. Total protein concentrations in the supernatant was measured by the 

Bicinchoninic Acid Assay. 100 μg of protein was diluted with the lysis buffer to a final 

concentration of 2 mg/mL, which was then subjected to a precipitation/on-pellet-digestion 

procedure. The Nano Flow Ultra-High Pressure LC system (nano-UPLC) consisted of a 

Spark Endurance autosampler (Emmen, Holland) and an ultra-high pressure Eksigent 

(Dublin, CA) Nano-2D Ultra capillary/nano-LC system, with a LTQ/Orbitrap XL mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA) used for detection. Separation was 

performed on a long column [100 cm long and 50-μm inner diameter (ID)] with small 

particles (Pepmap 2-μm C18, 100 Å) under high pressure (~9000–11,000 psi with heating at 

52 °C). The LC/MS raw data were searched against the Uniprot reviewed rat protein 

database (released October 2012) with 7,853 protein entries using SEQUEST-based 

Proteome Discoverer® (version 1.2.0.208, Thermo-Scientific). Mass tolerances for 

precursor and fragment ion masses were 15 ppm and 0.5 amu. Two missed cleavages were 

permitted for fully tryptic peptides. Carbamidomethylation of cysteines was set as a fixed 

modification and a variable modification of methionine oxidation was allowed. The false 

discovery rate was estimated by a target-decoy search strategy, using a concatenated 

database containing both forward and reversed sequences. Protein quantification was based 

on the area under the curve (AUC) of the ion-current peaks. Technical details on the ion-

current based quantification method is described in a previous publication [17]. Strict criteria 

were applied for peak detection and frame generation, e.g., S/N > 10 for peptide precursor 

peaks and the elimination of peptides with ambiguous assignment, to ensure good 

quantitative accuracy and precision. The AUC data was interfaced to a PHP script, which 

transformed the quantitative data, followed by normalization for each individual sample. The 

protein ratios of time-course groups versus vehicle controls were computed by aggregating 

the AUC data on peptide levels to protein levels using a weighting model based on relative 

variances [11, 18]. A step-by-step summary of the proteomic profiling methodology is 

provided in Supplementary Figure 1 in the supporting information (SI). A more detailed 

description of our analytical methodology was published [11, 17]. The detailed quantitative 

data on peptide identification and protein levels across all the time-points are provided in 

Supplemental Tables 1 and 2 in the SI.

Measurements of plasma MPL and glucose concentrations—Plasma MPL 

concentrations were determined by a normal-phase high-performance liquid 

chromatography method [19]. The limit of quantitation was 10 ng/mL for MPL. The inter-

day and intra-day coefficients of variation (CV) were less than 10%. A two-compartment 

pharmacokinetic model with dual absorption pathways as described previously [20] was 

used to fit the MPL plasma concentration-time profile. Plasma glucose concentrations were 
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measured by the glucose oxidase method (Sigma GAGO-20; Sigma-Aldrich, St. Louis, 

MO). The manufacturer’s instructions were modified such that the assay was carried out in a 

1-ml assay volume, and a standard curve consisting of seven concentrations over a 16-fold 

range was prepared from the glucose standard and run with each experimental set in 

triplicate.

Data Analysis

Analysis of Differentially Regulated Proteins—From approximately 3000 proteins 

identified in the LC/MS analysis, 1753 unique protein groups were quantified with sufficient 

quality (S/N, number of peptides, etc.) across the time points based on stringent cut-off 

criteria [11]. The 1753 quantified proteins were filtered to include only the protein groups 

that were quantified at all 11 time-points, yielding 959 proteins for further analysis. Next, 

the data set was filtered for differential expression over time using software for the 

Extraction and Analysis of Gene Expression (EDGE) [21]. Within-class differential 

expression was employed in order to identify proteins that showed a differential expression 

profile over time. Only proteins that varied significantly over time (p value < 0.05 and q-

value < 0.01) were utilized in the subsequent analysis.

UniProt/Swiss-Prot ID Matching and Manual Filtering—The significantly altered 

proteins were listed according to their unique Universal Protein Resource (UniProt) 

accession number (AC) or identifier (ID) and fed into the UniProt database [22, 23]. Proteins 

were mapped based on their UniProt AC/ID into the UniProt knowledgebase to obtain 

information regarding corresponding gene and/or protein names. Redundancies in the final 

protein list were manually analyzed and filtered.

Characterization of Response Profiles—The pharmacodynamic response versus time 

profiles of each significantly altered protein was visually inspected. Based on all of the 

profiles observed in the dataset, each protein was classified into either up-regulated, down-

regulated, or complex (biphasic) patterns of expression. Proteins showing biphasic behavior 

were annotated as either “up/down” or “down/up” to denote the dynamics of their temporal 

response.

Cellular Localization and Functional Clustering—Uniprot accession numbers 

corresponding to each of the significantly altered proteins were analyzed using various 

online tools and databases, including National Center for Biotechnology Information 

(NCBI) Basic Local Alignment Search Tool (BLAST), Gene Ontology Consortium - Gene 

Ontology Database [24], and GeneCards to confirm the identity and the annotations of the 

proteins provided in the UniProt database as well as check for alternate protein names. 

Preliminary gene ontology analysis of the significantly changing proteins was done using the 

functional annotation tool DAVID (Database for Annotation, Visualization and Integrated 

Discovery; NIH) [25], where functional classification was performed using medium-level 

stringency. Utilizing this information as a starting-point, extensive literature searches were 

performed to identify the liver-specific functions and other relevant information for the 

differentially expressed proteins. Cellular component information for the proteins were 

derived from the Gene Ontology Annotation (GOA) resource, which provides gene 
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annotation information to the UniProt database [26] and applied to identify the sub-cellular 

locations of steroid-induced proteomic changes. Direct use of results from DAVID and other 

currently available pathway analysis tools were avoided for final functional clustering, as the 

databases for these tools are not complete (i.e., they do not contain functional information on 

all the identified proteins), and do not take into account liver-specific physiological functions 

of the proteins. Therefore, six functional clusters were devised based on the clinically 

relevant effects of MPL in liver. The proteins were then allocated into a functional cluster 

based on literature-derived functional information. Additional sub-clustering was performed 

within the classes of energy regulation and drug metabolism. Proteins that did not fit any of 

the six functional categories were grouped into an additional cluster referred to as ‘other 

MPL-regulated proteins’.

RESULTS

The main goal of this pharmacoproteomic analysis was to functionally annotate, describe, 

and classify the 451 hepatic proteins that were significantly altered by CS treatment in vivo. 

The major steps applied in the data analysis are summarized in Figure 1. Starting from the 

1753 proteins that were quantified at one or more time-points in our proteomic study [11], 

proteins that were not quantified at each of the 11 time-points were filtered, which left 959 

proteins for further analysis. Next, proteins with complete time-courses were analyzed using 

the EDGE software [21] in order to identify those which were differentially-regulated by 

MPL with respect to time. Using this method, 478 out of 959 proteins were found to show 

significantly varying temporal profiles (meeting the cut-offs p value < 0.05 and q-value < 

0.01). The significantly altered proteins were then manually filtered in order to remove any 

redundancies (e.g. duplicate listings or identical protein subunits) that were present in the 

data set. However, if one or more subunits of a large protein complex (e.g. 60S ribosomal 

protein) possessed distinct identity and/or functionality, the protein subunits of the complex 

were retained for further analysis. After this step, a final group of 451 unique proteins were 

available for analyzing their regulation, localization, and function.

Figure 2 depicts the concentration-time profile of drug in the rats following a single 50 

mg/kg intramuscular bolus of MPL. Following the absorption phase of about 30 minutes, the 

drug concentrations declined in a bi-exponential fashion and fell below the level of detection 

by 8 h. This profile in ADX rats is similar to that observed following intramuscular MPL 

dosing in intact (i.e. non-adrenalectomized) rats [20].

Direction of temporal regulation by CS

Tables 1–6 present identified regulated proteins based on function. It is evident based on 

previous temporal cluster analyses of our genomic and proteomic studies that multiple 

patterns of changes in mRNA and protein expression occur in response to MPL dosing [13, 

14, 27]. The direction of regulation of each altered protein is listed under “Regulation” in 

these tables. Of the total 451 proteins, 77% were enhanced or up-regulated, 18% displayed 

biphasic behavior, and 5% were down-regulated. Figure 3 provides representative examples 

of the characteristic patterns of behavior of the proteins. Shown are the expression profiles 

of two proteins, metallothionein-1 (Figure 3A) and tryptophan 2,3-dioxygenase (Figure 3B), 
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where enhancement of expression is observed followed by a return to baseline. Both proteins 

display dynamic behavior that is similar to numerous mRNAs whose expression is enhanced 

by MPL in liver, including the prototypic CS-regulated gene, tyrosine aminotransferase 

(TAT) [7]. Mechanistically, such patterns of enhancement are often observed for proteins 

encoded by gene sequences containing glucocorticoid-response elements (GREs) in their 

promoter region [28]. While metallotheonein-1 indeed contains a pair of adjacent GREs in 

its promoter region [29], conflicting mechanistic explanations may exist for tryptophan 2,3-

dioxygenase. Specifically, its regulation by MPL could occur either directly through the 

presence of a GRE-like sequence [30], or via a CS-regulated, short-lived transcription factor 

which indirectly alters tryptophan 2,3-dioxygenase expression [31]. Also depicted are the 

expression profiles of two proteins, glutathione peroxidase-1 (Figure 3C) and cytochrome 

P450 2A1 (Cyp2a1; Figure 3D), which display biphasic patterns of expression. While such 

patterns of expression are more difficult to decipher mechanistically, the involvement of 

secondary biosignals (e.g. transcription factors) has been postulated [7]. The temporal 

responses of two proteins, murinoglobulin-2 (Figure 3E) and peroxisomal 3-ketoacyl-CoA 

thiolase B (Figure 3F) illustrate down-regulation. While murinoglobulin-2 shows down-

regulation only at 10 hours after dosing and returns to baseline by 48 hours, peroxisomal 3-

ketoacyl-CoA thiolase B shows rapid down-regulation followed by a return to an ‘apparent’ 

baseline which is lower than in untreated animals. Together, the data presented in Figure 3 

illustrate that changes in protein expression in response to CS are diverse in their dynamics 

and may involve multiple mechanisms of regulation.

Cellular localization of CS-responsive proteins

Gene ontology analysis was performed based on information available from the Gene 

Ontology Annotation (GOA) resource, which provides the latest evidence-based gene 

ontology annotations to proteins in the UniProt knowledgebase [26]. The sub-cellular 

distributions of the altered proteins are shown in Figure 4. There were 184 proteins localized 

to the cytosol, 101 to the mitochondria, and 68 to the endoplasmic reticulum. The fact that a 

large portion of MPL-regulated proteins were localized to the mitochondria is consistent 

with the effects of CS on hepatic energy metabolism [32–34]. Several cytosolic proteins 

were involved in either hepatic signaling processes (Table 2) or xenobiotic/drug metabolism 

(Table 4). In addition, 57 proteins localized to the nucleus were altered by MPL, which is 

indicative of the transcriptional mechanisms of CS effects. A few instances exist where a 

functional protein was found to be localized to more than one cellular component. 

Furthermore, less than 3% of the altered proteins were localized to other compartments (e.g. 

cell junction), which are not presented in the figure.

Functional clustering of CS-responsive proteins

From data mining and extensive literature searches, biological and/or pharmacological 

functions for the 451 altered proteins were identified. While direct use of functional gene 

ontology analysis tools such as DAVID were avoided for functional clustering (due to 

reasons cited in the “Discussion”), the UniProt knowledgebase was used to trace relevant 

literature information for some proteins that were functionally annotated on the database 

based on ‘evidence at the experimental-level’ (i.e. information derived from published 

reports). The proteins were further clustered into six functional groups. Proteins with 
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biological functions that did not fit into any of the six clusters were grouped into an 

additional cluster referred to as ‘other MPL-regulated proteins’ (Table 7). Tables list 

identifying criteria, brief functional descriptions, and temporal responses following acute 

MPL dosing. For each protein listed in the tables, the UniProt accession number 

(“UProt_ID”) and corresponding gene and protein names are provided. Further, the 

biological function(s) of each protein along with other information (important substrates, 

mechanistic interactions, etc.) where relevant and/or are available are presented. The 

responses of the protein to MPL dosing as up-regulated (up), down-regulated (down), or 

complex/biphasic (some combination of both) are listed. Quantitative values at each time-

point for the 451 proteins included in the analysis are provided in Supplemental Table 3 in 

the SI.

Cellular Stress and Signal Transduction

Cell stress and signaling corresponds to the largest functional group, representing 107 

proteins (Table 1). In general, proteins in this group include those which serve as 

intermediary components of various signal transduction pathways such as kinases, 

chaperone proteins, immunophilins, transcription factors, or enzymes involved in the 

termination (inactivation or catabolic breakdown) of hormone and neurotransmitter 

signaling. Figure 5 presents representative examples in this category. Creatine kinase (CK) 

isozymes catalyze the transfer of the phosphate group of phosphocreatine to ADP, to yield 

ATP and creatine in high-demand metabolic organs such as muscle, brain, and heart. 

However, conflicting results exist regarding its expression in liver [35–37]. Our results 

indicate that CK M-type is expressed in liver and strongly enhanced (~6-fold) in response to 

MPL (Figure 5A). Up-regulation of CK by GC has been reported previously in the 

developing rat skeletal muscle, but not in liver [38]. Interestingly, 11β-dehydrogenase 

type-1, the isozyme that catalyzes the conversion of inactive cortisone (11-

dehydrocorticosterone in rodent) to active cortisol (corticosterone) [39], displayed a biphasic 

profile where expression showed a sustained increase (~1.4-fold) up to 30 hours followed by 

a decline below baseline at 48 and 66 hours post-dosing (Figure 5B). Since regulation of 

11β-dehydrogenase type-1 is an important determinant of synthetic CS pharmacokinetics 

[40], alterations in this enzyme could influence CS pharmacodynamics. Two well-

established molecular chaperones of cytoplasmic GR, heat-shock protein (hsp) 90-alpha [41] 

and FK506 binding protein 4 (encoded by Fkbp52), were up-regulated by MPL (data not 

shown). Since the FKBP-hsp90 chaperone complex functions to modulate steroid receptor 

activity [42], their enhancement in expression might serve as a protective mechanism against 

the presumably high intracellular steroid concentrations. This group is also represented by a 

number of enzymes which are responsive to cellular oxidative stress - suggestive of a 

protective mechanism against the oxidative stress-inducing effects of CS in tissues [43–45]. 

For instance, expression of aldehyde dehydrogenase 7 family member A1 (Aldh7a1; 

antiquitin), which plays a major role in the detoxification of aldehydes generated by alcohol 

metabolism, lipid peroxidation, and other cases of oxidative stress [46, 47] was altered over 

time. Antiquitin showed a complex time-profile where expression peaked at 2 hours 

followed by a decline below baseline by 12 hours and remained fairly steady up to 66 hours 

(Figure 5C). The expression of two major isoforms of the heavy-metal and free-radical 

binding proteins metallothionein (MT-I and MT-II) [48], were strongly enhanced by MPL. In 
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fact, of all the proteins quantified in the study, the strongest drug-induced change was 

observed for MT-II (~100-fold; Figure 5D). This observation is in agreement with previous 

findings at the transcriptional level [49]. Similar to MT-I (shown in Figure 3A), 

enhancement of MT-II by CS is regulated by a pair of adjacent GREs in its promoter region 

[29].

Energy Metabolism

Proteins involved in energy metabolism formed the second-largest group, consisting of 102 

proteins (Table 2), and representative examples are presented in Figure 6. Since pathways 

controlling energy metabolism are highly complex and involve multiple biochemical 

processes for macromolecular breakdown to yield energy, this group was further sub-

clustered into proteins involved in protein/amino acid metabolism, carbohydrate metabolism, 

lipid/fatty acid metabolism, and the Krebs cycle.

Drug-responsive proteins involved in hepatic amino acid metabolism are listed in Table 2A. 

Aminotransferase (or transaminase) enzymes catalyze the redistribution of nitrogen between 

amino acids and corresponding oxoacids participating in both protein metabolism and 

gluconeogenesis [50]. Significant MPL-induced up-regulation was observed for four 

aminotransferases: alanine aminotransferase (AAT), cytosolic aspartate aminotransferase 

(cASAT), ornithine aminotransferase (OAT), and tyrosine aminotransferase (TAT). 

Interestingly, although CS stimulate expression of all four aminotransferases through GRE-

binding [51–53], the kinetics and dynamics (i.e. magnitude) of induction by MPL markedly 

differ among the enzymes. For instance, the induction of cASAT peaked near 30 h and 

continued until 48 h after drug dosing before returning to baseline, whereas TAT expression 

showed a sharp rise to peak by 12 hours and returned to baseline by 18 hours (Figure 6A). 

Such differences in response profiles may be attributed to the differential rates of protein 

turnover, viz compare the half-lives of TAT (~4 h) versus cASAT (5–11 days) [11]. In 

addition to the aminotransferases, phenylalanine hydroxylase (PAH), which catalyzes the 

rate-limiting step of phenylalanine catabolism into tyrosine, was also significantly up-

regulated in response to MPL, peaking at 30 hours (Figure 6B). This observation is in line 

with previous findings that GC administration stimulates PAH enzyme activity in rat liver in 
vivo [54]. Furthermore, tryptophan 2,3-dioxygenase, a sensitive GC-inducible enzyme that 

catalyzes amino acid tryptophan metabolism [55], was also strongly up-regulated (~7-fold) 

by 8 hours after MPL dosing (Figure 3B). These examples, along with others listed in Table 

2A illustrate that MPL induces a number of hepatic amino-acid metabolizing enzymes that 

in turn provide gluconeogenic substrates for glucose production [56].

Drug-responsive proteins involved in hepatic glucose metabolism are listed in Table 2B. Net 

utilization and/or production of hepatic glucose production is controlled by the relative 

expression and activity of specific enzymes involved in the glycolytic or gluconeogenic 

pathways. Hepatic gluconeogenesis, the production of glucose from non-carbohydrate 

sources, is, activated either under fasting-conditions [56] or upon CS treatment [57, 58]. 

Hepatocytes contain rate-controlling enzymes specific for gluconeogenesis [pyruvate 

carboxylase (PC), phosphoenolpyruvate carboxykinase (PEPCK), fructose 1,6-

bisphosphatase (1,6-FBPase), and glucose-6-phosphatase (G-6-P)] [59]. The time-course of 
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PEPCK, the rate-limiting enzyme in gluconeogenesis, is shown in Figure 6C. It is evident 

that MPL strongly enhances the expression of PEPCK (~ 3.5-fold) by 5.5 hours, whereas PC 

and 1,6-FBPase are altered to much lower extents (data not shown). Mechanistically, 

stimulation of PEPCK transcription rate by CS occurs via GRE-binding in its promoter 

region [60]. The time-course of PEPCK enhancement correlated with plasma glucose 

concentrations measured in the same animals (Figure 6D).

MPL-responsive proteins involved in the processes of hepatic lipid and/or fatty acid 

metabolism are listed in Table 2C. The CS stimulate lipolysis in white adipose tissue 

producing free fatty acids for use by other tissues [61] and glycerol for gluconeogenesis 

[62]. In addition, CS also inhibit hepatic fatty acid β-oxidation [63], the process by which 

fatty acids are broken down in the mitochondria and/or in peroxisomes to generate acetyl-

CoA which subsequently feeds into the Krebs cycle. Together, these effects trigger hepatic 

fat accumulation (steatosis) which is associated with the metabolic syndrome. Acyl-CoA 

dehydrogenases (ACAD) are mitochondrial enzymes that catalyze the initial rate-limiting 

step in the beta-oxidation of fatty acyl-CoA [64]. Multiple ACADs including long-chain 

specific acyl-CoA dehydrogenase (Acadl), medium-chain acyl-CoA dehydrogenase 

(Acadm), short/branched chain acyl-CoA dehydrogenase (Acadsb), and short-chain specific 

acyl-CoA dehydrogenase (Acads) were diversely altered by MPL, mostly displaying 

biphasic profiles (data not shown). In addition, as shown in Figure 3F, expression of 

peroxisomal 3-ketoacyl-CoA thiolase B, which catalyzes the final step in the peroxisomal β-

oxidation of straight-chain acyl-CoA, was strongly down-regulated (~60%) by MPL by 18 

hours.

Altered proteins related to the Krebs (tricarboxylic acid) cycle are listed in Table 2D. 

Requirement of a separate Krebs cycle group is justified by the fact that this process serves 

as key metabolic pathway that unifies carbohydrate, fat, and protein metabolism. Metabolic 

intermediates produced from all three energy sources feed into the Krebs cycle and undergo 

oxidative reactions to ultimately generate ATP. While metabolic stress as well as GC are 

known to influence the activity of the Krebs cycle [65], little information exists regarding the 

specific proteins altered by CS. The time-profiles of two well-known Krebs cycle-related 

proteins, succinate dehydrogenase (Figure 6E) and malate dehydrogenase (Figure 6F), are 

shown. Both proteins were modestly up-regulated (~1.5-fold), the former peaking around 5.5 

hours whereas the latter peaked by 8 hours.

Transcription, Translation, and Protein-processing

Another highly populated group consisting of 73 proteins altered by MPL contains those 

related to transcription, translation, and post-translational protein processing (Table 3). 

Representative examples are presented in Figure 7. A majority of proteins in this group 

function as nuclear proteins regulating transcription, specialized ribosomal protein subunits 

involved in translation, and enzymes or chaperone proteins which facilitate post-translational 

protein folding and/or glycosylation. A number of heterogeneous nuclear ribonucleoproteins 

(hnRNPs), which are present as complexes of RNA and protein in the cell nucleus during 

gene transcription of the newly synthesized RNA (pre-mRNA) [66], were up-regulated in 

response to MPL. In particular, hnRNPU, which is reported to interact with nuclear GR 
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complex to regulate transcription in vivo [67], was modestly up-regulated by 2 hours before 

a slow return to baseline (Figure 7A). The hnRNPA2/B1, which is involved in DNA 

replication and repair, gene transcription, pre-mRNA splicing, and nucleo-cytoplasmic 

mRNA export [68], showed a sharp (12-fold) rise to peak at 4 hours and promptly returned 

to baseline by 5.5 hours (Figure 7B). In addition, nucleolin, a histone chaperone that 

regulates chromatin remodeling and gene transcription [69], and also interacts with GR [70] 

was up-regulated to peak by 18 hours and returned to baseline only at 66 hours (Figure 7C). 

In regard to protein translation, a number of ribosomal protein subunits of both 60S and 40S 

complexes were altered over time, mostly being up-regulated by MPL. While functional 

information on all the subunits is unavailable, specialized roles of some ribosomal proteins 

are listed in Table 3. Additionally, expression of isozymes involved in the post-translational 

modification (PTM) of nascent peptides such as dolichyl-diphosphooligosaccharide 

glycosyltransferases, protein disulfide-isomerases, and peptidyl-prolyl cis-trans isomerases 

were diversely altered in response to MPL (data not shown).

Metabolism and Transport of Small Molecules

The proteins classified under this group are involved in the production, processing, and 

degradation, or transport of endogenous compounds, xenobiotics, and therapeutic drugs. The 

liver is highly involved in the elimination of potentially toxic endogenous by-products as 

well as in the biotransformation of exogenous lipophilic chemicals (e.g. drugs and 

pesticides) into more water-soluble products that are excretable in urine. For the purpose of a 

more in-depth functional classification, hepatic metabolizing enzymes were further sub-

clustered into groups comprising the cytochrome P450 (CYP) (Phase-I) enzymes (Table 

4A), Phase-II enzymes (Table 4B), or other metabolic enzymes (Table 4C), while proteins 

involved in the active or facilitated transport of endogenous and/or drug compounds are 

listed in Table 5. A total of 62 hepatic metabolizing enzymes were found to be differentially 

regulated by MPL of which 20 were CYP enzymes, 14 Phase-II enzymes, and 28 other 

enzymes involved in small molecule metabolism.

While a number of CYPs were up-regulated by MPL, dynamic changes in protein abundance 

of three CYP enzymes, CYP2C13, CYP2D10, and CYP3A2 (Figures 8A–C) as measured by 

proteomic profiling are shown. In all three instances, hepatic CYP protein expression was 

increased by 2–3 fold, peaking at 5.5 hours (2C13 and 2D10) or at 12 hours (3A2). In 

addition, CYP2A1 showed complex biphasic regulation over time (Figure 3D). In rat, 

CYP3A2 is the main constitutive liver enzyme; sharing 73% homology in the amino acid 

sequence, some substrate preference and functional analogies to human CYP3A4 [71], 

which metabolizes a wide range of drugs and endogenous compounds. Our finding that MPL 

enhances CYP3A2 expression in the rat is in line with previous findings that dexamethasone 

(DEX) induces CYP3A2 mRNA and protein expression as well as enzyme activity in rat 

liver [72].

The expression profiles of two major Phase-II conjugation enzymes, sulfonyltransferase 1A1 

(SULT1A1) and UDP-glucuronosyltransferase 1A1 (UGT1A1) are depicted in Figures 8D 

and 8E. Both enzymes showed distinct and interesting patterns of regulation. SULT1A1 was 

up-regulated to peak expression by 18 hours (~2 fold) and remained enhanced until 48 
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hours, before starting to decline to baseline at 66 hours. UGT1A1 displayed strong biphasic 

behavior; expression was down-regulated (~40%) by 2 hours, followed by a sharp rise to 

peak around 8 hours before eventually returning to baseline. SULT1A1 is involved in the 

conjugation of 3′-phosphoadenosine-5′-phosphosulfate (PAPS) to several endogenous and 

exogenous substrates such as hormones (e.g. thyroid hormone) [73], neurotransmitters (e.g. 

dopamine) [73], and phenolic compounds [74]; whereas UGT1A1 catalyzes the conjugation 

of UDP-glucuronic acid to small, hydrophobic molecules such as bilirubin [75], 

ethinylestradiol [76], opioids [77], and the active metabolite of irinotecan, SN-38 [78].

Other MPL-regulated enzymes related to small molecule metabolism are listed in Table 4C. 

Carboxylesterases are ubiquitously distributed in mammalian tissues, and show highest 

activity in liver microsomes [79]. They play an important role in the hydrolytic 

biotransformation of several drugs, especially those containing ester or amide bonds [79] 

such as methylphenidate and clopidogrel. Carboxylesterase 1D showed an unusual profile in 

response to MPL, where expression remained at baseline levels until 12 hours before sharply 

rising to peak (~6-fold) by 18 hours and eventually returning to baseline by 48 hours (Figure 

8F). NADPH:CYP oxidoreductase (POR) is an essential component for all microsomal CYP 

monooxygenases, to which it transfers electrons originating from NADPH [80]. POR 

expression showed a delayed enhancement profile, where it increased in a time-dependent 

manner (~2.5-fold) for up to 30 hours, before declining to baseline (Figure 8G).

There were 25 proteins involved in the intracellular transport and/or excretion (i.e. influx or 

efflux) of endogenous compounds and xenobiotics that were significantly altered by MPL 

dosing (Table 5). Of note, protein expression of bile salt export pump (BSEP), an important 

liver-specific efflux transporter located on the canalicular membrane of hepatocytes involved 

in the biliary excretion of monovalent bile salts [81], was modestly up-regulated (~1.7-fold) 

by 8 hours after MPL dosing (Figure 8H). This observation is consistent with previous 

reports of DEX-mediated Bsep mRNA induction in cultured rat hepatocytes [82].

Immune Regulation

Table 6 lists and describes 11 proteins related to immune and/or inflammatory processes that 

were significantly altered by MPL, with representative examples presented in Figure 9. Over 

half of these proteins were found to be involved in the hepatic acute phase response, which 

plays a significant role in tissue and organ protection in response to diverse stimuli [83]. The 

serine anti-proteinases, α1-antitrypsin (serpin A1) and α 1-antichymotrypsin (serpin A3n), 

which play a prominent role in proteolytic cascades, including the mammalian coagulation 

pathways [84], were up-regulated in response to MPL. In addition, signal transducer and 

activator of transcription-3 (STAT3), an important upstream transcription factor that is 

regulated by CS and co-interacts with GR [85] to regulate several downstream inflammatory 

responses was also enhanced following MPL. In fact, STAT3 signaling is reported to play a 

role in downstream serpin activation [86], which might explain the observed increases in 

serpin A1 and A3n protein expression. The temporal protein expression profiles of STAT3, 

serpin A3n, and serpin A1 (Figures 9A–C) are shown. STAT3 is up-regulated (~3.3-fold) by 

8 hours and shows a wide response window before returning to baseline after 48 hours. 

While both serpins peaked at ~12 hours, serpin A1 protein expression was enhanced to a 

Ayyar et al. Page 12

J Proteomics. Author manuscript; available in PMC 2018 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lesser extent compared to serpin A3n (2.5-fold vs. 5-fold). Our observation of the MPL-

induced increase in STAT3 protein expression is consistent with previous work showing up-

regulation of STAT3 mRNA by MPL in liver [87].

Other MPL-regulated proteins

Of the 451 differentially regulated proteins, 73 proteins that did not meet functional criteria 

for classification into any one of the six clusters were grouped separately as ‘other MPL-

regulated proteins’. These proteins are listed along with their description in Table 7. Several 

proteins involved in cytoskeletal structure and membrane anchorage such as Titin, Talin-1, 

Vimetin, Tubulin, and Coronin-1B were diversely altered by MPL. Interestingly, kynurenine 

3-monooxygenase (KMO), which metabolizes kynurenine (tryptophan metabolite) into 

kynurenic acid and quinolinic acid was modestly up-regulated by MPL (~ 2-fold; profile not 

shown). Increased production of kynurenine and quinolinic acid metabolites in brain by 

KMO has been suggested to play a role in the pathogenesis of multiple neurological 

disorders via modulation of N-methyl-D-aspartate receptor (NMDAR) activity and 

glutamatergic signaling [88]. While the role of inflammatory cytokines in mediating KMO-

induced neurotoxicity has been reported [89], GC-regulation of KMO in brain and its 

potential role in CS-induced neurotoxicity [90] have not been previously documented.

DISCUSSION

This report describes the mining of a rich proteomic time-series dataset obtained from the 

analysis of liver tissues obtained from a population of 60 adrenalectomized rats given a 

single 50 mg/kg intramuscular bolus of MPL and killed at select times over the course of 66 

hours after dosing. An in-depth functional analysis was performed to better elucidate the 

complex nature of CS effects in liver in vivo. Analysis of global changes in transcriptomic 

expression has been an integral part in studying mechanisms of actions of various 

pharmacological agents, and have been extensively performed in our laboratory to 

understand the tissue-specific effects of CS [12, 13, 27, 87, 91]. Although highly useful in 

understanding the mechanisms of pharmacogenomic regulation by CS, genomic approaches 

fall short in that changes in mRNA expression may not directly correlate with, and hence be 

reflective of drug effects occurring in the tissue ‘proteome’ [16, 92]. Proteomics can be 

viewed as being complementary to genomics as it focuses on the gene products which 

mediate cellular responses [93]. While measurement of dynamic proteomic changes is 

highly desirable, several challenges exist in accurately quantifying large-scale proteomic 

changes in vivo. We reported the development of a sensitive and robust label-free 

quantification strategy for large-scale quantitative proteomics [11]. The complexities in 

mRNA-protein correlation were highlighted in our previous report where tandem changes in 

MPL-induced mRNA and protein expression in liver were analyzed. The concordance 

between mRNA and protein dynamics were observed only for a small number of genes [14]. 

Since proteins better reflect drug-induced physiological changes, mining of functional 

information at the proteomic-level coupled with characterizing temporal responses of 

important proteins can provide mechanistic insight into the physiological and 

pharmacological effects of CS.
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Significance analysis for differentially-regulated proteins was performed using the EDGE 

software, which analyzes time course differential expression using spline-based methods for 

longitudinal fitting of data [21, 94]. There were 478 out of 959 proteins that showed 

significantly varying temporal profiles (p value < 0.05; q-value < 0.01). Following further 

manual filtering for redundancies in the dataset, a final group of 451 proteins became the 

subject of intensive analysis of MPL-induced regulation, cellular localization, and biological 

function.

Upon exploratory data analysis of time-courses of protein expression following MPL, it was 

evident that great diversity exists in the shapes of protein response profiles over time. In 

general, this observation is consistent with mRNA response profiles observed at the 

transcriptomic level in liver as well as in other tissues [13, 14, 95]. Proteins were annotated 

on the basis of temporal regulation by simply visually inspecting all 451 profiles for “up” 

and “down”-regulation based on deviation from baseline. In many cases, temporal response 

profiles met both criteria, indicating complex biphasic regulation. Around 75% of all 

proteins showed up-regulation in response to MPL, while approximately 20% displayed 

biphasic behavior. A small number of proteins (~5%) were purely down-regulated by MPL 

dosing. However, it is possible that some other down-regulated proteins were not detected 

due to their low abundance following suppression by MPL. The widely accepted mechanism 

for CS-mediated enhancement of target gene expression involves binding of free steroid to 

its cytosolic receptor, translocation of drug-receptor complex into the nucleus, homo-

dimerization followed by binding to GREs located in the 5′-promoter region of target genes, 

and consequent alteration of the rates of transcription of select genes. Alternatively, CS may 

also post-transcriptionally regulate the rate of mRNA expression by altering mRNA stability 

[96]. However, it is possible that these understandings of pharmacogenomic regulation by 

CS are too simplistic [27], especially in cases where complex patterns in mRNA and/or 

protein expression emerge over time. Indeed, mechanistic studies have revealed the 

involvement of transcription factors which serve as secondary biosignals or coactivators of 

GR signaling such as STAT3 [85] (Figure 9A) or CCAAT/enhancer-binding protein [97, 98]. 

It can be hypothesized that such secondary signals might synergize with or antagonize GR-

mediated transcriptional or post-transcriptional effects, which in turn produce complex 

patterns of mRNA and protein expression. Based on work by Ramamoorthy and Cidlowski 

[99], CS-induced repression of the target genes may occur via GR-NCoR1-histone 

deacetylase 3 interactions with negative GREs.

It is known that CS mediate their pharmacologic effects by inducing molecular and cellular 

changes via genomic (receptor/gene-mediated) and non-genomic mechanisms [100, 101]. 

However, there is at present no integrated knowledge regarding the subcellular localization 

of genes or proteins that are affected by CS. We found that significant portions were 

localized to the cytosol (24%), mitochondria (20%), and endoplasmic reticulum (13%). The 

indication that a large number of mitochondrial proteins were altered by MPL is consistent 

with current knowledge regarding MPL-effects on metabolic pathways such as 

gluconeogenesis, fatty acid oxidation, and the Krebs cycle, which primarily occur within the 

mitochondria [5, 65]. Among the small number of proteins that were localized to the 

peroxisome (~5%), a few proteins were involved in fatty acid oxidation in that organelle as 

well (e.g. peroxisomal 3-ketoacyl-CoA thiolase B), which is reasonable since both 
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mitochondria and the peroxisome are known sites for lipid metabolism [102]. A number of 

drug metabolizing CYP450 enzymes were altered in response to MPL (Table 4A). There 

were 19 out of the 20 CYP enzymes regulated by MPL found to be microsomal; i.e. 

localized to endoplasmic reticulum in vivo. A significant number (57 proteins) were 

localized to the nucleus, of which a number of proteins were involved in the regulation of 

replication, gene transcription, and also interacting with GR. There were a few instances 

where an active protein was localized to more than one organelle. For example, programmed 

cell death-8 (PCD8), an apoptotic factor, is released from the mitochondrion intermembrane 

space into the cytosol and to the nucleus in response to cellular stress, where it functions as a 

proapoptotic factor [103]. In such instances, proteins were counted to be present in more 

than one organelle. Collectively, these results illustrate that CS mediate effects that are 

widespread at the scale of subcellular location.

We utilized a function-based approach to understand how CS-induced perturbations at the 

proteome-level related to adverse and/or therapeutic pharmacologic effects of CS therapy in 

the liver. The liver is a vital organ involved in regulating essential physiological processes in 

the body, with hepatocytes as the major cell type occupying close to 80% of the total liver 

volume [104]. The liver functions to detoxify and eliminate potentially toxic products such 

as endogenous metabolic waste-products or foreign compounds (e.g. drugs). It is also 

involved in the synthesis of plasma proteins (e.g. albumin), clotting factors (e.g. fibrinogen), 

and certain globulins which transport substances such as cholesterol, vitamin D, and iron 

[105, 106]. In addition, the liver produces acute-phase proteins in response to microbes or 

hepatic stressors, which are associated with inflammation, tissue repair, and immune cell 

activities [107]. Another crucial function of the liver is the regulation of systemic energy 

metabolism, which is under complex control by hormones such as insulin, glucagon, and 

importantly, GC [56].

A summary of the functional cluster analysis of proteins differentially regulated by MPL is 

shown in Figure 10. A number of proteins altered by CS belonged to biological processes 

that are critical to hepatic and whole-body function. The two largest functional clusters 

belonged to the processes of hepatic stress and signaling (24%) and energy regulation (22%) 

(Figure 10; left). With respect to cell signaling, a number of proteins such as annexin A6, 

regucalcin, profilin-1, calnexin, and calreticulin, which are involved in upstream- and/or 

downstream-regulation of intracellular calcium (Ca2+) were diversely regulated upon MPL 

dosing. While this may or may not be a direct consequence of MPL effects on the proteins, 

alterations in the highly-sensitive Ca2+-pathway are quite likely involved in mediating 

further downstream effects, suggestive of complex higher-order regulation of biological 

processes following MPL. In addition, a number of glutathione S-transferase isozymes, 

which are involved in the detoxification of electrophilic xenobiotics (e.g. chemical 

carcinogens, antitumor agents) as well as endogenous unsaturated aldehydes, quinones, 

epoxides, and hydroperoxides formed during oxidative stress, were up-regulated (refer to 

Table 1). This effect is suggestive of a protective mechanism against the oxidative stress-

inducing effects of CS in tissues [43–45]. Approximately 100 proteins related to various 

aspects of energy metabolism (amino acid metabolism, carbohydrate metabolism, lipid/fatty 

acid metabolism, and the Krebs cycle) were identified as differentially regulated by MPL 

(Figure 10; bottom right). Our observations of MPL-induced up-regulation in amino acid 
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degrading enzymes such as TAT are consistent with previous findings at the mRNA level 

[13, 108]. Furthermore, the time-course of TAT protein expression strongly complemented 

that of TAT activity measured using a colorimetric assay [108] in livers obtained from the 

same animals (Supplementary Figure S2 in the SI). We found that expression of glutamine 

synthetase, an amino-acid metabolizing gene extensively studied in skeletal muscle [109, 

110], was slightly up-regulated in liver as well. Interestingly, glutamine synthetase is 

reported to be expressed in a rim of hepatocytes surrounding hepatic veins [111], which 

provides a plausible explanation for its regulation by CS in liver. The temporal profile of 

PEPCK protein expression showed good correlation with previously reported PEPCK 

mRNA and activity profiles [112]. Furthermore, the profile of PEPCK, which is the rate-

limiting enzyme of gluconeogenesis, showed good correspondence to systemic plasma 

glucose concentrations measured from the same rats, demonstrating the mechanisms through 

which CS induce their hyperglycemic effects in vivo. Peroxisomal 3-ketoacyl-CoA thiolase 

B, which catalyzes the final step in the peroxisomal β-oxidation of straight-chain acyl-CoA, 

was down-regulated by MPL. Interestingly, lack of peroxisomal 3-ketoacyl-CoA thiolase B 

is associated with decreased β-oxidation under conditions of metabolic stress in mice [113]. 

Together, these findings suggest that peroxisomal 3-ketoacyl-CoA thiolase B may play an 

important role in CS-induced dysregulation of hepatic fatty acid metabolism.

Another important group of proteins altered by MPL are those involved in the metabolism of 

endogenous substrates, xenobiotics, or therapeutic drugs. Of the metabolizing enzymes 

regulated by MPL, 32% were CYP enzymes, 23% Phase-II conjugating enzymes, and the 

remaining other enzymes (including non-CYP Phase-I enzymes). While it is evident from 

Figure 8 that MPL regulates the protein expression of important CYP enzymes (e.g. 

CYP3A2) and Phase-II enzymes (e.g. UGT1A1 and SULT1A1), these findings do not imply 

that MPL has a direct impact on the metabolism and pharmacokinetics of drug substrates for 

these enzymes. Instead, these findings serve to generate mechanistic hypotheses for further 

evaluating potential drug-interactions with MPL. Collectively, these results provide global 

insight into the effect of CS at the proteomic level and its relationship to physiological 

processes occurring in liver.

An important element that is often overlooked while investigating drug action is the time-

dependent nature of pharmacological responses. Assessment of effects at a single point in 

time does not fully characterize the actions of the drug. This approach can be even more 

misleading for characterizing of the magnitude of expression change, since the magnitude of 

effect will be dependent on the particular time-point examined, as exemplified in this study. 

Through use of our “giant-rat” study paradigm, pharmacodynamic changes in the liver 

proteome was assessed across 66 hours after dosing. Although drug concentrations were 

dissipated by 8 hours, temporal responses of several proteins showed that many biological 

cascades remained active well after the drug was cleared from the system. Furthermore, the 

temporal proteomic data enabled us to more rigorously functionally characterize MPL-

induced changes in liver; especially in cases where changes in protein expression began to 

occur several hours after dosing. Male ADX rats were used in our animal experiments in 

order to prevent the confounding effects of endogenous corticosterone on tissue gene 

expression, and hence create stable pharmacodynamic baselines. However, in reality, 
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expression of several GC-regulated mRNA and proteins occur in a circadian fashion in 

peripheral tissues [114], due to rhythmic corticosterone production by the adrenal cortex.

Our approach for functionally annotating and classifying significantly altered proteins is 

similar to one applied in our microarray studies [27, 87, 115]; literature-based functional 

information for each protein was mined and annotated. Each protein was then assigned to a 

functional cluster devised based on the physiologically and pharmacologically relevant 

effects of CS. Direct use of DAVID and other currently available gene ontology and pathway 

analysis tools were avoided for final functional clustering for several reasons. First, although 

highly comprehensive in terms of genomic and proteomic coverage [116], the functional 

information on the proteins contained in the databases for these tools are not complete. 

Second, as noted by us and others [115, 116], these tools do not take into account tissue-

specific or context-specific physiological functions of proteins. Finally, gene ontology 

analyses based on “biological process” and “molecular function” yielded overly broad or 

specific functional clusters. For instance, functional clustering based on gene ontology tools 

would cluster MPL-responsive CYP enzymes which are involved in drug metabolism into 

either “iron-binding” (biological process) or as an “oxidoreductase” (molecular function). 

While both these classifications are in technical terms not incorrect, they do not serve in 

identifying any further implications for CS action. For instance, information regarding drug 

substrates of the CYP enzyme could provide insight into potential drug interactions with 

MPL. However, this is not to imply that our approach is devoid of limitations. Our stringent 

criteria for selecting differentially-regulated protein may have led to the exclusion of 

potentially useful information on some down-regulated proteins, which are consistently 

detected in controls but detected at fewer times in the treated animals. However, the stringent 

selection criteria set in this study was tailored towards i) ensuring that protein fold-changes 

were reported with high confidence across each time-point, and ii) meeting the goals of 

subsequent data analyses. Therefore, proteins which are undetectable in the treatment group 

at one or two time-points could still warrant consideration for further analyses, depending on 

the downstream application of the results. An inherent difficulty in manually clustering 

based on functionality is that a protein could (and often does) mediate multiple biological 

effects, and hence can be clustered into more than one functional group. In instances where a 

protein functionally met criteria for classification into more than one cluster, the protein was 

allocated to the cluster with greater relevance to MPL-induced effects in liver. Although this 

system may bear some caveats, these groupings together with the proteomic expression 

profiles provide insight into the global impact of CS on liver physiology.

For over a decade, our laboratories have utilized genomic microarray data in conjunction 

with mechanism-based pharmacokinetic/pharmacodynamic (PK/PD) modeling [117] to 

better understand the receptor/gene-mediated effects of steroids in multiple organ systems 

[7, 118, 119]. In order to identify common mechanisms underlying MPL-induced mRNA 

expression of genes, unifying mathematical models were developed to describe temporally-

clustered groups of genes. While this approach is extremely useful in understanding 

mechanisms of CS-induced gene regulation at the level of mRNA, a functional clustering 

approach is required at the protein level as it provides insight into designing systems PK/PD 

models based on the biological function of proteins as opposed to temporal patterns alone. 

An initial question that was addressed during the analysis was whether proteins clustered on 
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the basis of function would show similar trends in their temporal responses. However, to the 

contrary, it was interesting to note that the time-course of proteins are highly varied within 

functional groups–reflecting diversity in response times of proteins mediating similar 

functions. Future work involves developing mechanistic PK/PD models that quantitatively 

integrate and describe the large-scale changes observed in our transcriptomic and proteomic 

datasets to gain a more holistic understanding of CS pharmacodynamics. To our knowledge, 

this is the first effort that merges pharmacodynamics with large-scale functional 

pharmacoproteomics to gain an understanding of drug-induced changes in vivo. The time 

profiles of proteins mediating important biological functions provided new insights into the 

diverse temporal changes and their implications associated with gene transcription and 

protein translation, cell stress and signaling, energy regulation (amino acid metabolism, 

gluconeogenesis, fatty acid oxidation), hepatic drug metabolism, and inflammatory 

responses.
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Highlights

• An approach for function-based clustering of pharmacoproteomic data is 

described.

• Cytosolic and mitochondrial proteins are highly altered by corticosteroid in 

liver.

• Relationship of altered hepatic proteomics to systemic steroid effects is 

described.

• Functionally similar steroid-regulated proteins display diverse temporal 

patterns.
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SIGNIFICANCE

Clinical use of corticosteroid (CS) therapy is frequent and chronic. However, current 

knowledge on the proteome-level effects of CS in liver and other tissues is sparse. While 

transcriptomic regulation following methylprednisolone (MPL) dosing has been 

temporally examined in rat liver, proteomic assessments are needed to better characterize 

the tissue-specific functional aspects of MPL actions. This study describes a functional 

pharmacoproteomic analysis of dynamic changes in MPL-regulated proteins in liver and 

provides biological insight into how steroid-induced perturbations on a molecular level 

may relate to both adverse and therapeutic responses presented clinically.
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Figure 1. 
Workflow for the functional analysis and clustering of the proteomic data.
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Figure 2. 
MPL concentrations in rat plasma following a single 50 mg/kg intramuscular dose of drug. 

MPL concentrations were determined by normal-phase HPLC analysis of plasma samples 

obtained from individual animals. Closed circles depict observed measurements from each 

animal and the solid line model fitting results.
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Figure 3. 
Temporal response profiles of representative proteins showing (A and B) enhanced 

expression, (C and D) biphasic expression, and (E and F) down-regulation. Closed circles 

represent the mean and the error bars one standard deviation.
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Figure 4. 
Gene Ontology-based annotation of cellular distribution of significantly altered proteins 

based on sub-cellular organelles. Solid bars represent the number of proteins altered in each 

cellular compartment.
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Figure 5. 
Temporal response profiles of four proteins involved in hepatic stress and/or cellular signal 

transduction. Closed circles depict the mean and the error bars one standard deviation.
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Figure 6. 
Temporal response profiles of representative proteins involved in the regulation of hepatic 

energy metabolism. Closed circles represent the mean and the error bars one standard 

deviation.
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Figure 7. 
Temporal response profiles of three proteins involved in the regulation of transcription, 

translation, and protein processing. Closed circles represent the mean and the error bars one 

standard deviation.
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Figure 8. 
Temporal response profiles of representative proteins involved in transport and metabolism 

of endogenous substrates, xenobiotics, and/or drugs. Closed circles represent the mean and 

the error bars one standard deviation.
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Figure 9. 
Temporal response profile of representative immune-related proteins involved in the acute 

phase response. Closed circles represent the mean and the error bars one standard deviation.
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Figure 10. 
Summary of functional clustering results for MPL-altered proteins involved in diverse 

biological processes. The pie-chart on the left summarizes the percentage of proteins 

involved in each of the functional categories. The chart on the top-right summarizes the 

percentage of proteins in the sub-clusters related to hepatic endogenous substrate, 

xenobiotic, and/or drug metabolism. The chart on the bottom-right summarizes the 

percentage of proteins in the sub-clusters related to hepatic energy regulation.
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