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Abstract

The main active metabolite of Vitamin A, all-trans retinoic acid (RA), is required for proper 

cellular function and tissue organization. Heart development has a well-defined requirement for 

RA, but there is limited research on the role of RA in the adult heart. Homeostasis of RA 

includes regulation of membrane receptors, chaperones, enzymes, and nuclear receptors. Cellular 

retinol-binding protein, type 1 (CRBP1), encoded by retinol-binding protein, type 1 (Rbp1), 
regulates RA homeostasis by delivering vitamin A to enzymes for RA synthesis and protecting 

it from non-specific oxidation. In this work, a multi-omics approach was used to characterize the 

effect of CRBP1 loss using the Rbp1−/− mouse. Retinoid homeostasis was disrupted in Rbp1−/− 

mouse heart tissue, as seen by a 33% and 24% decrease in RA levels in the left and right 

ventricles, respectively, compared to wild-type mice (WT). To further inform on the effect of 

disrupted RA homeostasis, we conducted high-throughput targeted metabolomics. A total of 222 

metabolite and metabolite combinations were analyzed, with 33 having differential abundance 

between Rbp1−/− and WT hearts. Additionally, we performed global proteome profiling to further 

characterize the impact of CRBP1 loss in adult mouse hearts. More than 2606 unique proteins 

were identified, with 340 proteins having differential expression between Rbp1−/− and WT hearts. 

Pathway analysis performed on metabolomic and proteomic data revealed pathways related to 

cellular metabolism and cardiac metabolism were the most disrupted in Rbp1−/− mice. Together, 

these studies characterize the effect of CRBP1 loss and reduced RA in the adult heart.
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1 | INTRODUCTION

Vitamin A is an essential diet-derived nutrient that plays key roles in many biological 

processes, including proper cell function and tissue organization.1 The main active 

metabolite of vitamin A is all-trans retinoic acid (RA), which is critical for nuclear-receptor 

mediated signaling for cell proliferation, differentiation, and apoptosis.2,3 Proper RA levels 

regulate cell differentiation and remodeling and are essential for proper vertebrate embryo 

development.4–11 In the developing heart, RA controls progenitor pool size, cardiomyocyte 

differentiation, inflow/outflow tract specification and determination, and epicardial control 

of myocardial compact zone growth and coronariogenesis.4–6,10

The role of RA has been extensively studied in the developing heart, and while it is known 

that the adult heart is responsive to RA,12 research on this subject is limited. Dysregulated 

RA levels have been associated with many diseases, including heart disease.3,13,14 In a 

study of patients with coronary artery disease, lower serum RA levels directly correlated 

with greater risk of mortality.15 Vitamin A insufficiency in heart tissue increases ventricular 

remodeling after myocardial infarction (MI), which leads to worsening disease.16 Several 

studies have also explored the use of RA as a therapeutic treatment after MI to prevent 

excessive ventricular remodeling that can result in hypertrophy.5,7,10,17–21 When left 

unchecked, unnecessary cardiac remodeling, and subsequent hypertrophy, causes heart 

failure.

It is apparent that RA levels must be tightly regulated to maintain proper cardiac 

cellular function. In cells, RA biosynthesis is highly conserved between species and 

controlled through interactions of synthesizing and catabolizing enzymes, as well as through 

interactions with retinol- and RA-binding proteins.1,22 Cellular retinol binding protein, type 

1 (CRBP1), encoded by retinol-binding protein, type 1 (Rbp1), is a widely expressed 

intracellular chaperone protein for retinol and retinal.23 CRBP1 regulates RA homeostasis 

by protecting retinol and retinal from non-specific oxidation and facilitating their delivery 

to the appropriate enzymes for RA biosynthesis.2,24 CRBP1 is ubiquitously expressed in the 

body, including the heart,25–29 and has also been shown to be affected by heart disease.27–30 

Decreased CRBP1 levels result in dysregulated RA biosynthesis because of the reduced 

retinol and retinal metabolism efficiency.31,32 Therefore, an animal model of CRBP1 

deficiency, such as Rbp1−/− mice, can provide insight into disrupted RA biosynthesis and 

signaling. In this study, Rbp−/− mice hearts are investigated via metabolomic and proteomic 

analyses to elucidate the role of CRBP1 and by extension RA metabolism in the adult heart 

using a systems biology approach.
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2 | MATERIALS AND METHODS

2.1 | Mice and husbandry

Rbp1 knockout mice (Rbp1−/−) in a C57BL/6 background and wild-type (WT; C57BL/6) 

mice were used according to institutional guidelines of the University of Maryland, 

Baltimore.33 WT mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) 

and Rbp1−/− mice were bred in-house from breeders obtained from Pierre Chambon and 

Norbert Ghyselinck (Institut de Genetique et de Biologie Moleculaire et Cellulaire, Institut 

National de la Sante et de la Recherche Medicale, Illkirch, France). Mice were fed a chow 

diet ad libitum (Harlan Teklad Global; 18% protein extruded rodent diet no. 2018SX with 

the equivalent of 30 IU/g Vitamin A (retinyl acetate); Harlan Laboratories, Indianapolis, IN, 

USA). Mice were chosen at random and grouped according to age, sex, and genotype for 

retinoid, metabolite, and protein analyses.

2.2 | Retinoids

2.2.1 | Retinoid sample preparation—Each age-matched cohort (WT and Rbp1−/−) 

had n = 10 female mice averaged 16.5 ± 4.0 months of age. The left and right ventricle were 

separated and snap frozen with liquid nitrogen and stored at −80°C until processed.

Samples were thawed on ice and placed into Kontes DUALL #21 glass homogenizer (DWK 

Life Sciences, LLC; Millville, NJ) on ice with 1.5 ml ice-cold 0.9% NaCl (normal saline). 

Tissue has homogenized and aliquoted for proteomics, retinoid extraction, and protein 

concentration as needed. The average tissue mass was 48.5 ± 29 mg and 47% of the 

homogenate was used for retinoid determination and 47% for proteomic analyses with 

the remainder used for protein determination. Only glass containers, pipettes, and syringes 

were used to handle retinoids. Extraction of retinoids was performed under yellow light 

using a two-step liquid-liquid extraction that has been described in detail previously using 

4,4-dimethyl-RA as an internal standard for RA and retinyl acetate as an internal standard 

for retinol and total retinyl ester.34–37

2.2.2 | Retinoid sample analysis—RA was quantified by liquid chromatography-

multistage tandem mass spectrometry (LC-MRM3) which is an LC-MS/MS method utilizing 

two distinct fragmentation events for enhanced selectivity.37 RA analysis was performed 

using a Shimadzu Prominence UFLC XR liquid chromatography system (Shimadzu, 

Columbia, MD) coupled to an AB Sciex 5500 QTRAP hybrid triple quadrupole mass 

spectrometer (AB Sciex, Framingham, MA) using atmospheric pressure chemical ionization 

(APCI) operated in positive ion mode as previously described in detail.37 Retinol and RE 

were quantified via HPLC-UV using a Waters H-Class ACQUITY UPLC equipped with 

a PDA detector operated in single wavelength detection mode according to previously 

published methodology.36,38 Retinoid levels were measured using n = 10 per group where 

the data is expressed as means ± SEM. Statistical significance was determined using an 

unpaired Student’s t-test between groups with p < .05 considered significant. Prior to 

conducting the Student’s t-test, analysis was performed to demonstrate that the data, which 

had been collected using a random sampling method, had normal distribution and equal 

variance.
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2.3 | Metabolomics

2.3.1 | Metabolomics sample preparation—Each age-matched cohort (WT and 

Rbp1−/−) had n = 5 male mice aged 10 weeks. Hearts were harvested and atria and ventricles 

were separated. Samples were flash frozen in liquid nitrogen and stored at −80°C until 

processed.

2.3.2 | High-throughput, targeted metabolomics—Targeted, quantitative 

metabolomics was performed using the Biocrates AbsoluteIDQ p180 kit (Biocrates, Life 

Science AG, Innsbruck, Austria). The AbsoluteIDQ p180 kit was prepared as described 

by the manufacturer. The assay quantifies or semiquantifies up to 188 metabolites from 

five metabolite classes: acylcarnitines, amino acids, biogenic amines, glycerophospholipids, 

sphingolipids, and hexose. Specific standards for each of the lipids and a subset of 

acylcarnitines are not commercially available, so their quantification is semi-quantitative. 

Internal standards, analyte derivatization and metabolite extraction are integrated into a 

96-well plate kit. Metabolite detection is done via pre-selected selected reaction monitoring 

(SRM) transitions.

Heart tissue was homogenized in 85:15 (methanol:ethanol, v/v) with 5 mM PBS at a 

ratio of 5 mg/ml. After centrifugation, 20 μl of tissue homogenate was loaded onto 

the 96 well kit. 10 μl of internal standard cocktail was added followed by drying with 

nitrogen. A 5% solution of phenylisothiocyanate in ethanol:water:pyridine (1:1:1, v/v/v) 

was added for derivatization of biogenic amines and amino acids. Metabolite extraction 

was achieved with 5 mM ammonium acetate in methanol. Analyses were performed 

according to the manufacturer’s instructions on a tandem mass spectrometry platform that 

consisted of a Shimadzu Prominence UFLC XR high-performance liquid chromatograph 

(HPLC) (Shimadzu, Columbia, MD) coupled to an AB Sciex QTRAP® 5500 hybrid 

tandem quadrupole/linear ion trap mass spectrometer (AB Sciex, Framingham, MA). 

MetIQ software (Biocrates) controlled the assay workflow including sample registration, 

calculation of metabolite concentrations, and assay validation. A total of 182 analytes passed 

QC, with an additional 40 metabolite combinations derived from those analytes passed QC.

2.3.3 | Metabolomic nomenclature—Lipid notations listed as “Class CXX:Y” notate 

particular lipids indicating the XX total carbon number in the fatty acid chains and the Y 

number of double bonds. For example, PCaa C36:3 is phosphatidylcholine (PC) 36:3; i.e., a 

phosphatidylcholine with 36 total carbons among the two alkyl chains with 3 double bonds 

present. PC lipids listed as “PCaa” have both moieties at the sn-1 and sn-2 position as 

fatty acids bound to the glycerol backbone via ester bonds. PC lipids listed as “PCae” have 

one of the moieties, either the sn-1 or sn-2 position, as a fatty alcohol bound via an ether 

bond. For sphingomyelins (SM), the number of double bonds or the presence of a hydroxyl 

group (OH) are indicated for the fatty acid in the amide bond with the assumption that the 

backbone is sphingosine (d18:1). SFA refers to a sum of PC lipids containing fully saturated 

fatty acids (SFA), MUFA refers to a sum of PC lipids containing monounsaturated fatty 

acids (MUFA), and PUFA refers to a sum of PC lipids containing polyunsaturated fatty acids 

(PUFA). Lipid species measurements include potential isobaric and isomeric species.39
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2.3.4 | Metabolomic bioinformatics—Statistical analyses were performed using the 

MetaboAnalyst web-based statistical package and GraphPad Prism (v 7.03, La Jolla, 

CA).40–43 The data generated from the AbsoluteIDQ p180 kit which included analyte name 

and calculated concentration were imported into MetaboAnalyst for multivariate analysis. 

The metabolite data were normalized via autoscaling (mean-centered and divided by the 

standard deviation of each variable). Multivariate analysis included principal component 

analysis (PCA) and partial least square discriminate analysis (PLS-DA). The univariate 

analysis was performed in GraphPad Prism 7.03.

2.4 | Proteomics

2.4.1 | Proteomic sample preparation—Each cohort had n = 10 female mice aged 

16.5 ± 4.0 months. Left and right ventricle tissues were homogenized in phosphate 

buffered saline using Precellys CK14 lysing kit (Bertin Corp., Rockville, MD). Proteins 

were extracted, purified from tissue lysates and trypsinolyzed and desalted as described 

previously.44 Protein concentrations were measured by bicinchoninic acid assay and purified 

from tissue lysates by trichloroacetic acid precipitation.

2.4.2 | Liquid chromatography-tandem mass spectrometry data acquisition—
Tryptic peptides were separated on a nano-ACQUITY UPLC analytical column (BEH130 

C18, 1.7 μm, 75 μm × 200 mm, Waters) over a 165-min linear acetonitrile gradient (3%–

40%) with 0.1% formic acid on a Waters nano-ACQUITY UPLC system and analyzed on a 

coupled Thermo Scientific Orbitrap Fusion Lumos Tribrid mass spectrometer as described 

previously.45 Full scans were acquired at a resolution of 120 000 with an automatic gain 

control (AGC) target value of 106 and a maximum injection time of 50 ms. Precursors were 

selected for fragmentation by higher-energy collisional dissociation at a normalized collision 

energy of 32% for a maximum 3-s cycle. Products were analyzed in orbitrap at a resolution 

of 15 000 with an AGC target value of 103 or in ion trap with an AGC target value of 104 

in parallel within a maximum injection time of 246 ms by applying an abundance dependent 

decision tree logic. Interrogated ions were dynamically excluded from reselection for 60 s.

2.4.3 | Liquid chromatography-tandem mass spectrometry data analysis—
Tandem mass spectra were searched against a UniProt mouse reference proteome using a 

Sequest HT algorithm and a MS Amanda algorithm with a maximum precursor mass error 

tolerance of 10 ppm and a maximum product mass error tolerance of 0.5 Da in ion trap or 

20 ppm in orbitrap, respectively.46,47 Cysteine carbamidomethylation, asparagine/glutamine 

deamidation, and methionine oxidation were treated as static and dynamic modifications, 

respectively. Resulting hits were validated at a maximum false discovery rate of 0.01 using 

a semi-supervised machine learning algorithm Percolator.48 Label-free quantifications were 

performed using Minora (Thermo Fisher Scientific), an aligned AMRT (Accurate Mass 

and Retention Time) cluster quantification algorithm. Abundance ratios were measured by 

comparing the MS1 peak volumes of peptide ions, whose identities were confirmed by MS2 

sequencing as described above. Samples were normalized by total protein.

2.4.4 | Proteomic bioinformatics—Pathway and upstream regulator analysis were 

performed with Qiagen Ingenuity databases as described.49 Proteins showing at least a 
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change (FC) of which |z| ≥ 1 (standard score) with a false discovery rate (FDR) adjusted 

ANOVA p-value < .05 were considered significantly changed and used for further analysis. 

Ingenuity Pathway Analysis (IPA) was used to predict canonical pathways and upstream 

regulators according to the proteins that were significantly different using an absolute 

activation z-score of >2 for at least one condition with a Benjamini-Hochberg corrected 

Fisher’s exact test p-value < .05.

2.4.5 | Proteomic data availability—The mass spectrometry proteomics data have 

been deposited to the ProteomeXchange Consortium via the PRIDE partner repository50 

with the dataset identifier PXD029349.

3 | RESULTS

3.1 | RA levels are decreased in Rbp1−/− mice hearts

RA, retinol, and retinyl esters (RE) were quantified in right (RV) and left (LV) ventricles 

of WT and Rbp1−/− mice using LC-MS/MS and HPLC-UV (Figure 1).34–38,51 RA levels 

in Rbp1−/− mice were decreased by 33% (p = .0017) and 24% (p = .032) in LV and RV, 

respectively (Figure 1A). 9-cis-RA was not detectable above the LC-MS/MS assay limit 

of detection in biological matrices, which is 0.014 pmol/g. Retinol levels were decreased 

by 65% (p = .0002) and 69% (p = .0001) in LV compared to RV of WT and Rbp1−/− 

mice, respectively (Figure 1B). Total RE was similar between all tested genotypes and tissue 

regions (Figure 1C). Since RA is significantly decreased in Rbp1−/− mice hearts and is a 

known potent regulator of proper cellular function and tissue organization,1 a multi-omics 

approach was developed to identify the global impact of reduced RA and reduced RA 

signaling in the adult heart.

3.2 | Unique metabolomic profiles of Rbp1−/−mice hearts

The Biocrates AbsoluteIDQ p180 kit was used for high-throughput, targeted, quantitative 

metabolomics of multiple metabolite classes: acylcarnitines, amino acids, biogenic amines, 

glycerophospholipids, sphingolipids, and hexose. A total of 222 metabolite and metabolite 

combinations were analyzed for each cohort of Rbp1−/− and WT mice. Multivariate analysis 

was performed with MetaboAnalyst to identify metabolites that differ between WT and 

Rbp1−/− mice LV, RV, and atria (Figures 2 and S1–S4).40,41 PLS-DA was used because 

its supervised nature better identifies features that define differences between two groups 

compared with PCA (Figures 2 and S1). PLS-DA plots were able to distinguish between WT 

and Rbp1−/− mice atria, RV and LV tissues (Figure 2A, R2 = 0.98, Q2 = 0.91, and Figure 

S1). In both WT and Rbp1−/− mice, LV and RV metabolites clustered together (Figure 

2A). Metabolomic profiles of WT LV and RV were also compared to interrogate baseline 

ventricular differences (Figure S5).

Univariate analysis (Table 1, Figure S1) was able to identify 33 metabolites and metabolite 

combinations that had differential abundance between WT and Rbp1−/− (Table 1) (p < .05, 

false discovery rate <5%). Of those 33 metabolites, 21 were significantly different in RV, 

24 in LV, and 15 in Atria (Table 1). Of these metabolites, 5 were acylcarnitines, 5 amino 

acids, 5 biogenic amines, 9 glycerophospholipids, and 2 sphingolipids. The acylcarnitines 
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were decreased in Rbp1−/− atria, LV and RV, compared to WT tissues. All amino acids, 

except aspartate were decreased in Rbp1−/− compared to WT in all three tissue regions. 

Two of the five biogenic amines, histamine and methionine sulfoxide, were decreased 

in Rbp1−/− atria compared to WT atria. While all significant biogenic amines except 

N-acetylornithine, were decreased in both LV and RV of Rbp1−/− compared to WT. Only 

2 glycerophospholipids, lyso-phosphatidylcholine acyl C16:1 and lyso-phosphatidylcholine 

acyl C18:1, were decreased in all Rbp1−/− tissue types compared to WT. Both sphingolipids 

were increased in Rbp1−/− tissues compared to WT.

Pathway analysis was also performed with MetaboAnalyst to identify the most impacted 

pathways between WT and Rbp1−/− mice atria, left ventricle, and right ventricles (Figure 

3, Table 2). Multiple amino acid biosynthesis and amino acid metabolism pathways were 

most significantly impacted in Rbp1−/− hearts compared to WT. Histidine metabolism and 

arginine biosynthesis pathways were significantly impacted in all three tissue regions.

3.3 | Unique proteomic profiles of Rbp1−/− hearts

The heart proteome in left and right ventricles of Rbp1−/− and WT mice was assessed 

via LC-MS/MS to identify proteins that were altered by reduced RA levels and reduced 

RA signaling. A total of 2606 unique proteins were quantified and protein abundance 

was compared between the right and left ventricles of WT and Rbp1−/− mouse hearts. 

Proteins with significantly altered abundances are shown in Figures 4, S6 and S7. A protein 

expression fold change FC >2-fold and FDR corrected ANOVA p-value cut off <.05 was 

used to identify significant changes in protein expression. A total of 340 proteins were 

differentially expressed between the tissue types. 48 proteins were downregulated, and 

103 proteins were upregulated in Rbp1−/− RV compared to Rbp1−/− LV. 44 proteins were 

downregulated, and 103 proteins were upregulated in WT RV compared to WT LV. 75 

proteins were downregulated, and 95 proteins were upregulated in Rbp1−/− RV compared to 

WT RV. 77 proteins were downregulated, and 90 proteins were upregulated in Rbp1−/− LV 

compared to WT LV.

Bioinformatic pathway analysis was also performed to provide further information about 

the impact of dysregulated RA signaling. Ingenuity Pathway Analysis (IPA) was used to 

predict canonical pathways and upstream regulators according to the proteins that were 

significantly different using an absolute activation z-score of >2 for at least one condition 

with a Benjamini-Hochberg corrected Fisher’s exact test p-value < .05. The calculated 

z-score is a statistical measure of the match between expected relationship direction from 

published literature and observed gene expression from the experimental dataset and it is 

used to infer likely activation states of pathways or upstream regulators based on comparison 

with a model that assigns random regulation directions. Nine canonical pathways were 

significantly altered in the Rbp1−/− RV compared to WT RV, with all upregulated in Rbp1−/− 

RV except Integrin Signaling (Table 3). One canonical pathway, LXR/RXR Activation, 

was significantly upregulated in the Rbp1−/− LV compared to WT LV. Nine inferred 

upstream regulators were significantly activated (5) or inhibited (4) between the RV and 

LV of Rbp1−/− and WT mice (Table 4). IPA upstream regulator analysis, with a Benjamini-

Hochberg corrected p-value < .01, was also to identify proteins that were significantly 
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associated with retinoic acid activity. In the left ventricle, sixteen proteins associated with 

retinoic acid activity were found to be significantly perturbed by loss of CRBP1, with 11 

upregulated and 6 downregulated (Figure 5). In the right ventricle, ten proteins associated 

with retinoic acid activity were found to be significantly perturbed by loss of CRBP1, with 4 

upregulated and 6 downregulated (Figure 6).

4 | DISCUSSION

Our present study investigated the metabolomic and proteomic differences between WT and 

Rbp1−/− mice hearts as well as their retinoid status. CRBP1 is important for maintaining 

retinoid homeostasis and retinoid quantification in heart was consistent with this function. 

RA levels were decreased in both the left and right ventricle of Rbp1−/− compared to WT 

mice, whereas ROL and Total RE values did not differ between the mice genotypes (Figure 

1). This result is consistent with previous reports of decreased RA levels in Rbp1−/− tissues 

and is consistent with reduced RA biosynthesis.31,32 Since the adult heart is responsive 

to RA and RA is essential for proper cellular function,1,12 the decreased levels of RA 

in Rbp1−/− mice hearts would likely disrupt multiple pathways. Through metabolome and 

proteome analysis, the pathways that were most affected by ablation of Rbp1 and disrupted 

cardiac RA signaling involved cellular metabolism and cardiac remodeling. The main 

metabolism pathways that were disrupted in Rbp1−/− mice included carnitine homeostasis, 

amino acid biosynthesis and metabolism, and LXR/RXR activation. The main cardiac 

remodeling pathways that were disrupted in Rbp1−/− mice included the Ras homolog gene 

family, member A (RhoA) signaling, Hippo, and Renin-Angiotensin pathways.

4.1 | Retinoid metabolism pathway

Whereas there were no differences in ROL and total RE levels between Rbp1−/− and WT, 

the amount of ROL is significantly decreased in the left ventricle of both Rbp1−/− and WT 

mice. Though steady state levels of RA were not different between LV and RV, the higher 

levels of retinol endow the RV with higher retinol precursor levels which may play a role in 

shaping local RA signaling. Of note, in addition to differences in physiology and repose to 

injury, the RV and LV are developmentally derived from different populations of myocardial 

progenitors.4,52 Differences in metabolomic profiles of WT LV and RV are seen in Figure 

S5. Given that RA plays an important role in the anterior-posterior patterning of the heart,53 

we present here evidence of asymmetrical retinoid metabolism in the two cardiac regions 

that persists in the adult heart.

Of the proteins involved in retinoic acid biosynthesis, retinaldehyde dehydrogenase 1 

(RALDH1) and retinol dehydrogenase 5 (RDH5) were detected in the proteomic analyses. 

RALDH1 catalyzes the oxidation of retinal to RA and was found at 1 and 1.4 times 

greater levels in the Rbp1−/− and WT mice right ventricle compared to the left ventricle, 

respectively.1 Interestingly, RALDH1 has been shown to be downregulated in human heart 

failure.54 However, previous publications have also shown RALDH1 levels can be inversely 

proportional to changes in RA.55,56 Previous reports show intense expression of RDH5 in 

the heart,57 but this protein was only found in left ventricles of both Rbp1−/− and WT 
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mice, which suggests that regionalization of retinoid enzyme expression might contribute to 

asymmetric retinoid metabolism in the heart.

Many proteins identified in the proteomic analysis contain a known or putative retinoic acid 

response element (RARE), like PTGDS and PDK4,58,59 or are known RAR/RXR targets, 

like APOE,60 and have altered expression between Rbp1−/− and WT mice. IPA upstream 

regulator analysis identified sixteen proteins in the left ventricle and ten proteins in the right 

ventricle that are associated with retinoic acid activity and were significantly perturbed by 

loss of CRBP1 (Figures 5 and 6, respectively). APOE and STAT1 were upregulated in both 

right and left ventricles and both proteins are further discussed below. KRT1 and KRT16 

were downregulated in both right and left ventricles. RA has been shown to directly impact 

KRT1 mRNA stability.61 KRT16 is induced with AP-1 activation, which is regulated by 

RA.62 ITGB1 was downregulated in the right ventricle but upregulated in the left ventricle. 

ITGB1 is also present in 6 of the 9 canonical pathways altered in Rbp1−/− RV and the 

expression of ITGB1 is altered by RA.63

4.2 | Carnitine and lipid biosynthetic pathway

Carnitines are essential for transporting long-chain fatty acids into the mitochondrial matrix 

for metabolism.64 In the heart, this reduces oxidative stress and inflammation, producing a 

cardioprotective effect.65 Several studies have shown that supplementation with L-carnitine 

(levocarnitine, C0) can treat many cardiac problems, including ischemia-reperfusion injury, 

ventricular dysfunction, cardiac arrhythmia, and toxic myocardial injury.65,66 In this study, 

C0 was significantly decreased in both the right and left ventricles of Rbp1−/− mice 

compared to WT mice (Table 1, Figures 2, S3 and S4). This decrease is likely attributed 

to a decrease in TMLHE, the enzyme responsible for the first step of carnitine biosynthesis, 

converting trimethyllysine into hydroxymethyllysine,64 and had significantly decreased 

levels in the left ventricle of Rbp1−/− mice compared to left ventricle of WT mice. 

CPT1A, another protein in the carnitine biosynthetic pathway, was found in higher levels 

in the right ventricle of both Rbp1−/− and WT mice (data not shown).64 CPT1A is an 

important biomarker of diet-related metabolic alterations,67,68 and has also been identified 

as a potential biomarker of heart disease detection.69 Previous studies have shown that 

RA treatment activates fatty acid oxidation, leading to increased expression of Cpt1a 
expression.70–72

Our analysis also revealed differences in the levels of various phospholipid species. These 

differences were seen in comparing LV versus RV and also in comparing the two genotypes, 

Rbp1−/− and WT mice. Levels of unsaturated PC such as PC 34:2, 36:2, and 38:4 and PUFA 

in general were consistently higher in the RV versus LV of both WT and both Rbp1−/− mice 

and also in LV and RV of Rbp1−/− versus corresponding ventricle of WT mice. The right-left 

differential composition was also observed in both healthy and injured human hearts.73

4.3 | Amino acid biosyntehsisand metabolism

The heart is highly active, pumping over 6000 L of blood a day, and consumes large 

amounts of oxygen and metabolites for energy daily.74 In instances of prolonged stress 

or ischemia, when oxygen and fatty acids levels decrease, the heart relies on other 
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molecules, such as amino acids, for energy.74 Statistical analysis of our data identified a 

variety of amino acids and amino acid derivatives that were significantly different between 

Rbp1−/− and WT mice (Table 1, Figures 2 and S1–S4). Pathway analysis performed by 

MetaboAnalyst software also identified multiple amino acid biosynthesis and metabolism 

pathways that were changed between the Rbp1−/− and WT mice hearts (Figure 3, Table 

2). Most of the top 5 most impacted pathways per tissue region (Table 2) are related 

to amino acid metabolism or biosynthesis. The pathway with the largest impact value 

calculated from pathway topology analysis was phenylalanine, tyrosine, and tryptophan 

biosynthesis (Impact:1, Figure 3). Studies have shown that these aromatic amino acids are 

not metabolized by a healthy heart and provide a strong marker of protein flux.74 Histidine 

metabolism and arginine biosynthesis pathways were impacted in all three tissue types. 

Those two amino acids (as well as alanine, aspartate, glutamate, and glutamine) can be 

used by the oxygen-limited heart for energy.74 The decrease levels of these amino acids 

could also be attributed to decreased proteolysis, a common occurrence in heart disease.74 

Branched-chain amino acid (BCAA) metabolism has been shown to be impaired in heart 

disease,75,76 however, our results did not show any significant decreased levels of leucine, 

isoleucine, or valine.

4.4 | LXR/RXR activation

Liver X receptor/retinoid X receptor (LXR/RXR) signaling is essential for regulating lipid 

and glucose metabolism, inflammation, and cholesterol homeostasis.77 Systemic LXR/RXR 

activation is also important for providing myocardial protection against many diseases, 

including atherosclerosis, hypertension, and diabetes.77 Recently, several studies have 

established that dysregulated LXR/RXR activation was associated with heart disease.78–80 

LXR is activated by oxysterols and there were no oxysterols on our metabolomic panel. 

In this study, proteins related to the LXR/RXR activation pathway had altered levels in 

Rbp1−/− mice compared to WT mice, in both the left and right ventricles (Table 3). These 

proteins include APOE, SERPINA1, SERPINF1, and A1BG. APOE is a ligand for low 

density lipoprotein (LDL) receptors and plays important roles in cholesterol metabolism.81 

APOE can increase risk of heart disease,81 and APOE levels were increased in the right 

and left ventricle of Rbp1−/− mice compared to WT. SERPIN1A is a serine protease 

inhibitor, which is essential for anti-inflammatory effects and SERPINA1 levels have been 

shown to be increased in chronic heart failure patients compared to healthy controls.82 

SERPINA1 has also been shown to promote tumorigenesis.82 Therefore, SERPINA1 levels 

must be highly regulated for proper heart health. The proteomics data shows SERPIN1A 

levels were increased in the right and left ventricle of Rbp1−/− mice compared to WT. 

SERPINF1 is a secreted glycoprotein with antiangiogenic and antitumorigenic properties 

and SERPINF1 levels are increased in patients with metabolic syndrome and type 2 

diabetes.83 SERPINF1 has been shown to protect cardiac function after acute myocardial 

infarction through degradation of triglyceride.83 The proteomics data shows SERPIN1F 

levels were increased in the right and left ventricle of Rbp1−/− mice compared to WT. 

A1BG is a member of the immunoglobulin family and while little is known of this protein’s 

function, polymorphisms in the gene A1BG play a role in cardiovascular outcomes of 

patients response to antihypertensive medicine.84 The proteomics data shows A1BG levels 

were increased in the right and left ventricle of Rbp1−/− mice compared to WT.
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4.5 | Cardiac remodeling

RA levels are essential for proper cardiac remodeling. Insufficient RA leads to increased 

ventricular remodeling after injury, which negatively impacts heart function.16 While these 

repair processes are necessary for cardiac regeneration after injury, they can easily become 

unchecked and lead to hypertrophy and, eventually, heart failure.5,19 RA supplementation 

has even been studied as a promising therapeutic for attenuating ventricular remodeling 

after MI.5,7,10,17,19–21 This therapeutic scheme is successful because of the many cardiac 

remodeling pathways regulated by RA, including RhoA, Hippo, and Renin-Angiotensin 

pathways.

4.5.1 | Ras homolog gene family, member A—RhoA is a small GTPase that 

plays important roles in embryonic development and regulates the actin cytoskeleton.85 

RhoA/Rho-associated protein kinase (ROCK) signaling regulates retinoid metabolism.85 

Additionally, RA promotes cytoskeletal remodeling of epicardial cells via the RhoA-

signaling pathway, because RAR directly binds to RAREs within the promoters of Rho 

effectors.5,7 Therefore, RhoA/ROCK signaling and RA is important for cardiac tissue 

regeneration after injury. In this study, the RhoA signaling pathway and the Signaling by 

Rho Family GTPases were both significantly altered in the right ventricle of Rbp1−/− mice 

compared to WT mice (Table 3). Additionally, three proteins involved in RhoA signaling 

were dysregulated between the two mice populations in both ventricles. MYLK3 was 

downregulated in both right and left ventricle of Rbp1−/− mice compared to WT. MYL7 

existed in higher levels in both right and left ventricle of Rbp1−/− mice compared to WT. 

ITGB1 was downregulated in the right ventricle but upregulated in the left ventricle of 

Rbp1−/− mice compared to WT.

4.5.2 | Hippo signaling pathway—The Hippo signaling pathway controls organ size 

by regulating cell proliferation and apoptosis, and is important for cardiac fibroblast 

development.86 The Hippo effectors YAP and TAZ directly affect expression levels of 

DHRS3, a retinal reductase with expression inversely related to RA levels. The Hippo 

pathway was not identified as significantly impacted in the proteomic pathway analysis, but 

two proteins involved in the pathway, MYH7 and NPPA, were dysregulated between the 

mice populations (Figure 5). MYH7 is expected to be upregulated during RA deficiency,87 

and was increased in the left ventricle of Rbp1−/− mice compared to WT. NPPA is regulated 

by RAR/RXR,88 and was found at decreased levels in the left ventricle of Rbp1−/− mice, but 

increased levels of right ventricle compared to WT.

4.5.3 | Renin-angiotensin system—Renin-angiotensin system (RAS) regulates blood 

pressure and volume, and RAS plays important roles in many cardiovascular disorders.89 

In instances of hemodynamic overload, RAS becomes active and this leads to myocyte 

hypertrophy and fibrosis.19 Unresolved hypertrophy and cardiac remodeling cause heart 

failure. Studies have shown that RA signaling prevents cardiac remodeling by inhibiting 

RAS, which halted the hypertrophy to heart failure conversion.19,90 While this pathway 

was not identified as significantly impacted during the proteomic pathway analysis, many 

individual proteins (collagen, CAMK2A, and LAMA3) involved in RAS and hypertrophy 

were significantly altered between Rbp1−/− and WT mice. Collagen, including COL1A2 and 
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COL4A1 (Figure 5), lead to changes in the extra cellular matrix and RA has been shown 

to increase their gene expression.91–93 Collagen was found in larger amounts in Rbp1−/− 

left ventricle compared to WT left ventricle. CAMK2A leads to cardiomyopathy and RA 

has been shown to regulate CAMK2A activation.13,14,22,91,94 Camk2a levels are increased in 

failing hearts.91 CAMK2A was found at higher concentrations in the left ventricle compared 

to right ventricle in both Rbp1−/− and WT mice. LAMA3 is an extracellular matrix protein 

important for RAS signaling and RA increases its gene expression.95 LAMA3 was found 

at higher concentrations in right ventricle of Rbp1−/− mice compared to right ventricle of 

WT. In a study of acute pressure overload in rats, angiotensin II activates the JAK/STAT 

pathway.96 STAT1 is upregulated in both the right and left ventricles of Rbp1−/− mice and 

was identified as a top upstream regulator disrupted by CRBP1 loss (Figures 5 and 6). 

STAT1 protein levels are modulated by RA.97

4.6 | Conclusion

This study provides a systems biology analysis regarding RA homeostasis in the adult 

mouse heart. Rbp1−/− mice were used as a model of reduced RA in adult mice. Overall, 

this study elucidates that RA remains essential in the adult heart, especially in pathways 

related to metabolism and cardiac remodeling. Dysregulation of the retinoid pathway of 

Rbp1−/− mice hearts was examined through quantitation of retinoids, including RA, the 

active form of Vitamin A. Through a targeted metabolomics approach, 33 metabolites 

significantly affected by loss of CRBP1 and disrupted retinoic acid signaling were identified. 

The most significantly affected pathways included amino acid biosynthesis and metabolism. 

Through an untargeted mass-spectrometry approach, 340 proteins significantly perturbed by 

loss of CRBP1 and disrupted retinoic acid signaling were identified. The most significantly 

affected canonical pathways included LXR/RXR activation, actin cytoskeleton signaling, 

PAK signaling, and RhoA signaling.

This study provides valuable metabolomic and proteomic data but includes some limitations. 

Our proteomic methodology is a direct sampling technique with limitations in the detectable 

range. Proteins of lower abundance may be present or possibly changed but may not be 

detected due to abundance. Metabolites are limited to those contained in the Biocrates 

AbsoluteIDQ p180 kit, which is a subset of the whole metabolomic profile. The Biocrates 

kit has only been validated for plasma, but it has been previously used by us and by other 

groups for analyzing heart tissue.98–101 Hearts were not perfused upon collection consistent 

with other studies in the literature using the Biocrates kit for analysis of heart tissue,98–100 

however it is possible blood contained within the tissue contributes signal towards the total 

protein and metabolite content. Samples were limited to availability of animals at the time, 

and future studies would be necessary to inform on any metabolomic and/or proteomic 

gender or age differences in Rbp1−/− mice. WT and Rbp1−/− mice were not littermates and 

derived from independently bred lines. All mice were fed a normal diet, and previous studies 

have shown no differences between WT and Rbp1−/− mice food consumption and body 

weight on this diet, but differences in adiposity and retinoid metabolites have been seen in 

Rbp1−/− mice fed a high-fat or vitamin a deficient diet.51,102 This study may be useful in 

developing a molecular classification of heart disease through targeted analysis coupled with 

absolute quantitation of proteins and metabolites which could potentially represent markers 
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for different forms and stages of heart disease. Finally, by using an adult genetic model of 

decreased RA, this study provides information about the effects of reduced RA on adult 

hearts while avoiding the confounding effects of dietary vitamin A deficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

AA amino acids

AC acylcarnitines

APCI atmospheric pressure chemical ionization

BA biogenic amines

BCAA branched-chain amino acids

C0 levocarntine, L-carnitine

CRBP1 cellular-retinol binding protein, type 1

FC fold change

FDR false discovery rate

FIA flow injection analysis

HPLC high-performance liquid chromatography

IPA ingenuity pathway analysis

LC-MRM3 liquid chromatography-multistage-tandem mass 

spectrometry
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LC-MS/MS liquid chromatography-tandem mass spectrometry

LDL low density lipoprotein

LV left ventricle

LXR/RXR liver X receptor/retinoid X receptor

MI myocardial infarction

MUFA sum of PC lipids containing monounsaturated fatty acids

OH hydroxyl group

PC glycerophospholipids

PC phosphatidylcholine

PCA principal component analysis

PLS-DA partial least square discriminate analysis

PUFA sum of PC lipids containing polyunsaturated fatty acids

QC quality control

RA all-trans-retinoic acid

RAR/RXR retinoic acid receptor/retinoid x receptor

RARE retinoic acid response element

Rbp1 −/− cellular retinol-binding protein, type 1 (Rbp1) knockout 

mice

RE retinyl esters

RhoA Ras homolog gene family, member A

ROCK RhoA/Rho-associated protein kinase

RV right ventricle

SFA sum of PC lipids containing fully saturated fatty acids

SM sphingolipids

SM sphingomyelins

TAZ tafazzin

YAP yes-associated protein
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FIGURE 1. 
Quantitation of retinoid metabolites in left ventricle (LV) and right ventricle (RV) of WT 

and Rbp1−/− mice. (A) RA levels are reduced in LV and RV of Rbp1−/− compared to WT. 

(B) Retinol levels were decreased in both WT and Rbp1−/− mice LV compared to RV. (C) 

RE levels were statistically unchanged between mice population and tissue type. Error bars 

represent standard deviation. *p-value < .05, **p-value < .01, and ***p-value < .001 as 

determined by an unpaired Student’s t-test. Data is mean ± SEM; n = 10 each genotype
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FIGURE 2. 
Multivariate analysis and hierarchical clustering displays statistical metabolite differences 

between WT and Rbp1−/− mice atria, LV and RV. (A) PLS-DA plot comparing Rbp1−/− 

Atria (Red), Rbp1−/− LV (Green), Rbp1−/− RV (Blue), WT Atria (Cyan), WT LV (Magenta), 

WT RV (Yellow). R2 = 0.98. Q2 = 0.91. N = 5 per group. Each point represents a data set 

from an individual animal tissue. The 95% confidence intervals are indicated by elliptical 

patterns per group. (B) PLS-DA plot comparing all Rbp1−/− samples (black) and WT 

samples (gray). R2 = 0.99. Q2 = 0.96. n = 15 per group. The 95% confidence intervals are 

indicated by elliptical patterns per group. (C) Heatmap displaying the top 25 metabolites 

based on t-test/ANOVA, Euclidean distancing, and Ward clustering
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FIGURE 3. 
Pathway analysis of metabolites differentially expressed in WT compared to Rbp1−/− mice 

hearts. Atria, LV, and RV tissues were grouped together for WT and Rbp1−/− mice
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FIGURE 4. 
Expression of proteins most changed in both left and right ventricles of Rbp1−/− mice 

compared to WT. Minimum 2-fold change and FDR adjusted p-value < .05 were criteria for 

inclusion
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FIGURE 5. 
Proteins in left ventricle regulated by retinoic acid and significantly perturbed in Rbp1−/−. 

Proteins with minimum 2-fold change and FDR adjusted p-value < .05 were selected 

for upstream regulator interference at a cutoff of Benjamini-Hochberg adjusted Fisher’s 

exact test p-value < .01. Red color indicates significant upregulation and green indicates 

downregulation, with intensity of color corresponding to magnitude of upregulation
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FIGURE 6. 
Proteins in right ventricle regulated by retinoic acid and significantly perturbed in Rbp1−/−. 

Proteins with minimum 2-fold change and FDR adjusted p-value < .05 were selected 

for upstream regulator interference at a cutoff of Benjamini-Hochberg adjusted Fisher’s 

exact test p-value < .01. Red color indicates significant upregulation and green indicates 

downregulation, with intensity of color corresponding to magnitude of upregulation
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