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Abstract

Background: An ancient family of arrestin-fold proteins, termed alpha-arrestins, may have 

conserved roles in regulating nutrient transporter trafficking and cellular metabolism as adaptor 

proteins. One alpha-arrestin, thioredoxin-interacting protein (TXNIP), is known to regulate 

myocardial glucose uptake. However, the in vivo role of the related alpha-arrestin, arrestin 

domain-containing protein 4 (ARRDC4), is unknown.

Methods: We first tested whether interaction with glucose transporters (GLUTs) is a conserved 

function of the mammalian alpha-arrestins. To define the in vivo function of ARRDC4, we 

generated and characterized a novel Arrdc4 knockout (KO) mouse model. We then analyzed the 

molecular interaction between arrestin domains and the basal glucose transporter 1 (GLUT1).

Results: ARRDC4 binds to GLUT1, induces its endocytosis, and blocks cellular glucose uptake 

in cardiomyocytes. Despite the closely shared protein structure, ARRDC4 and its homologue 

TXNIP operate by distinct molecular pathways. Unlike TXNIP, ARRDC4 does not increase 

oxidative stress. Instead, ARRDC4 uniquely mediates cardiomyocyte death through its effects on 

glucose deprivation and endoplasmic reticulum (ER) stress. At baseline, Arrdc4-KO mice have 

mild fasting hypoglycemia. Arrdc4-KO hearts exhibit a robust increase in myocardial glucose 

uptake and glycogen storage. Accordingly, deletion of Arrdc4 improves energy homeostasis 

during ischemia and protects cardiomyocytes against myocardial infarction (MI). Furthermore, 

structure-function analyses of the interaction of ARRDC4 with GLUT1 using both scanning 

mutagenesis and deep-learning Artificial Intelligence identify specific residues in the C-terminal 

Address for Correspondence: Jun Yoshioka, MD, PhD, 160 Convent Avenue, Townsend Harris Hall, Room 205M, New York, NY 
10031, Phone: 1-212-650-7876, jyoshioka@med.cuny.edu.
* Current affiliation: Takeda Pharmaceuticals, Inc.

Disclosures
None

Supplemental Materials
Expanded Materials & Methods 
Online Figures S1-S2 and Table S1
Online Datasets 1 and 2
Major Resources Table 
References 45–55

HHS Public Access
Author manuscript
Circ Res. Author manuscript; available in PMC 2023 September 02.

Published in final edited form as:
Circ Res. 2022 September 02; 131(6): 510–527. doi:10.1161/CIRCRESAHA.122.321351.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



arrestin-fold domain as the interaction interface that regulates GLUT1 function, revealing a new 

molecular target for potential therapeutic intervention against myocardial ischemia.

Conclusion: These results uncover a new mechanism of ischemic injury in which ARRDC4 

drives glucose deprivation-induced ER stress leading to cardiomyocyte death. Our findings 

establish ARRDC4 as a new scaffold protein for GLUT1 that regulates cardiac metabolism in 

response to ischemia and provide insight into the therapeutic strategy for ischemic heart disease.
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Introduction

Although acute-phase mortality after myocardial infarction (MI) has declined over the last 

few decades, the incidence of post-MI complications has increased1. Continuous efforts to 

provide new targets for therapeutic intervention remain crucial. Ischemic tissues undergo 

metabolic stress due to shortages in the supply of oxygen and nutrients. While fatty acids are 

the predominant fuel for the adult heart, the heart switches its substrate preference toward 

glucose during ischemia2. This confers an adaptive advantage for cardiomyocytes and 

prevents irreversible tissue damage, as glycolysis is the primary anaerobic source of energy. 

Increased glucose uptake is facilitated by translocation of glucose transporters (GLUTs), 

GLUT1 and GLUT4, to the plasma membrane of cardiomyocytes during ischemia3, 4. 

Nevertheless, the mechanisms by which acute ischemic stress regulates this process remain 

elusive, despite the potential to identify new strategies to reduce myocardial ischemic 

damage5.

The complexity of cardiomyocyte signaling requires scaffolding proteins to coordinate the 

cellular processes driven by receptors and transporters. Scaffold protein domains, which 
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themselves usually lack intrinsic catalytic activity, bind with target molecules to facilitate 

signaling events. Beta-arrestins and visual-arrestins are prototypical intracellular scaffold 

proteins that bind to phosphorylated G protein-coupled receptors and arrest their activation6. 

More recently, a larger and more ancient family of structurally-related arrestins has been 

identified in yeast, which shares functions in regulation of receptor trafficking7. The function 

of these proteins, termed alpha-arrestins, is now emerging in mammals8.

Humans and mice have six members of alpha-arrestins, including thioredoxin-interacting 

protein (TXNIP) and the arrestin domain-containing (ARRDC) proteins 1–59, 10. The best-

studied member of alpha-arrestins, TXNIP, has evolved a specialized and unique ability to 

form stable intermolecular disulfide bonds with thioredoxin and inhibit its anti-oxidative 

properties10. TXNIP also functions as a crucial regulator of glucose metabolism11. While 

TXNIP was originally thought to connect oxidative stress to metabolism, multiple lines 

of evidence now suggest that TXNIP inhibits glucose uptake independent of its binding 

to thioredoxin10, 12. TXNIP serves as an adaptor protein to facilitate endocytosis of 

GLUT1 and suppresses glucose influx13, 14. This mechanism may be conserved throughout 

evolution, since alpha-arrestins respond to glucose availability and promote endocytosis of 

nutrient transporters via endocytic pathways in yeast cells15.

A related mammalian alpha-arrestin, ARRDC4, has been shown to be a potent inhibitor of 

cellular glucose uptake in insulin-insensitive cell lines in vitro10. This evidence supports 

the concept that the functions of two alpha-arrestins, TXNIP and ARRDC4, are related 

to their conserved arrestin domains. However, unlike TXNIP16, the physiological role of 

ARRDC4 remains largely unknown in vivo. In this study, we hypothesized that ARRDC4 

is a second example of an alpha-arrestin that plays a critical role in regulating cellular 

glucose uptake and the metabolic response of the myocardium to ischemia. We, therefore, 

generated a novel Arrdc4-knockout (KO) mouse model using CRISPR/Cas9 technology 

and found an essential role of ARRDC4 in glucose metabolism in the heart. The results 

revealed exciting findings that inhibition of ARRDC4 reduces myocardial ischemic injury 

and improves outcomes after acute MI. In addition, using biochemical and bioinformatics 

approaches, we dissected the protein-protein interaction of ARRDC4 with GLUT1. The data 

provide relevant insight into the therapeutic strategy that enhances cardiomyocyte survival in 

metabolically-challenging environments.

Methods

A detailed description of Materials and Methods can be found in the Supplemental 

Materials.

Results

ARRDC4 interacts with GLUT 1 and inhibits cellular glucose uptake.

Recent evidence suggests that the glucose-uptake function is intrinsic to the arrestin domains 

of TXNIP9. To determine which alpha-arrestins share the ability to inhibit glucose transport, 

we measured the uptake of a glucose analogue, 2-[3H]deoxy-glucose, in insulin-insensitive 

HEK293 cells transfected with different alpha-arrestins (Figure 1A). The result showed that 
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TXNIP and ARRDC4, but not ARRDC1–3, strongly decreased glucose uptake. We tested 

whether, like TXNIP13, 17, ARRDC4 inhibits glucose transport due to an interaction with 

GLUTs. A pulldown assay using magnetic Streptactin beads confirmed the interaction of 

ARRDC4 with the basal glucose transporter GLUT1 but not with the insulin-regulated 

glucose transporter GLUT4 (Figure 1B).

Glucose uptake is normally associated with GLUT expression on the cell surface18. To 

determine the effect of ARRDC4 on GLUT1 localization, mouse neonatal cardiomyocytes 

were infected with an adenoviral gene vector of Arrdc4 or an empty vector. Following 

confirmation of the successful gene transduction (Figure S1A), confocal microscopic 

analysis visualized endogenous GLUT1 (Figure 1C). Immunofluorescence for GLUT1 

showed rich and relatively uniform expression at the plasma membrane in empty-vector 

transfected cardiomyocytes. By contrast, GLUT1 localized in intracellular puncta in cells 

overexpressing ARRDC4, indicating that GLUT1 had been internalized. Consistently, 

Western blot showed a weaker band of GLUT1 protein in the plasma membrane 

fraction from ARRDC4-overexpressed cardiomyocytes than from empty-vector transfected 

control cells (Figure 1D–E). As a result, 2-[3H]deoxy-glucose uptake was repressed by 

overexpression of Arrdc4 in cardiomyocytes (Figure 1F). To more rigorously quantify 

GLUT1 surface expression, we generated a plasmid that encodes mCherry-conjugated 

GLUT1 with a HA epitope tag in the first exofacial loop (55–64 amino acid). After 

overexpressing ARRDC4, surface expression of GLUT1 was quantified by fluorescence 

levels of Alexa Fluor 405-conjugated secondary antibody against anti-HA antibody in non-

permeabilized HEK293 cells (Figure 1G). In agreement with confocal images and Western 

blot analyses, ARRDC4 significantly decreased HA-GLUT1 surface expression compared 

with empty vector control (Figure 1H). We also found that hypoxia increased the relative 

amount of HA-GLUT1 on the cell surface of control cells; however, overexpression of 

ARRDC4 reduced translocation of GLUT1 to the plasma membrane in response to hypoxia.

To further scrutinize the effect of ARRDC4 on GLUT1 trafficking, co-localization was 

analyzed by confocal imaging of HEK293T cells expressing GLUT1-mCherry fusion and 

ARRDC4-GFP fusion. Cells transfected with an empty vector showed higher expression 

of surface GLUT1-mCherry on the plasma membrane (Figure 1J). In contrast, in cells 

overexpressing ARRDC4, GLUT1-mCherry was predominantly found inside cytoplasmic 

vesicles co-localized with ARRDC4-GFP. Then, we tested whether ARRDC4 promotes 

GLUT1 endocytosis through a clathrin-dependent pathway. Immunostaining showed that 

upon internalization, both clathrin and its adaptor protein AP-2 were co-localized with 

GLUT1 in intracellular puncta (Figure S1B–C). During clathrin-mediated endocytosis, 

dynamin, a GTPase, drives vesicle scission from the plasma membrane (Figure 1I)19. When 

cells were treated with a dynamin inhibitor Dyngo, which blocks membrane scission at the 

neck of a clathrin-coated pit, the puncta of GLUT1-mCherry remained at the edge of the 

plasma membrane with intracytoplasmic granules of ARRDC4-GFP (Figure 1J). Further, 

when cells were preincubated with a selective cell membrane permeable clathrin inhibitor 

Pitstop120, ARRDC4-mediated GLUT1 endocytosis was abolished in a dose-dependent 

manner (Figure 1K). These data suggest that ARRDC4 inhibits cellular glucose uptake by 

promoting GLUT1 endocytosis through a clathrin-dependent pathway.
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ARRDC4 overexpression promotes cellular stress.

We previously showed that TXNIP mediates cell death by inhibiting glucose metabolism 

in a thioredoxin-independent manner10, 12. We, therefore, hypothesized that cytotoxicity is 

also a function conserved between TXNIP and ARRDC4. We overexpressed ARRDC4 in 

mouse neonatal cardiomyocytes or in efficiently-transfectable HT1080 cells and found that 

ARRDC4 was cytotoxic to both cell types. The cytotoxicity was demonstrated by multiple 

techniques, including increased lactate dehydrogenase (LDH) release (Figure 2A), cellular 

trypan blue uptake (Figure 2B), activation of caspase-3/7 (Figure 2C), increased Annexin 

V-positive apoptosis (Figure 2D) and DNA Nuclear Green DCS1-positive necrosis (Figure 

2E and Figure S2A). These results are consistent with the depletion of intracellular ATP 

(Figure 2F), which is a part of the common machinery of apoptosis and necrosis21.

Since ARRDC4 greatly decreased cell viability associated with inhibition of glucose uptake, 

we next sought to explore a regulatory relationship between ARRDC4-mediated metabolic 

inhibition and cellular stress. Based on the established role of TXNIP in regulating 

redox homeostasis, we estimated levels of reactive oxygen species (ROS) in ARRDC4-

overexpressed cells. Unlike TXNIP12, ARRDC4 did not change the level of the anti-oxidant 

glutathione (Figure 2G) or the activation of nuclear factor erythroid 2-related factor 2 

(NRF2), a sensitive marker for ROS (Figure 2H). As an alternative mechanism, glucose 

depletion triggers the accumulation of misfolded proteins in the endoplasmic reticulum (ER) 

lumen to activate the unfolded protein response (UPR)22. The canonical UPR transcriptional 

factors include activating transcription factor 6 (ATF6), ATF4, C/EBP homologous protein 

(CHOP), and X-box binding protein 1 (XBP1), which function downstream of major ER-

localized stress sensors23. Interestingly, ARRDC4 increased transcriptional expression of 

multiple UPR genes, including ATF6, ATF4, CHOP, and XBP1 (Figure 2I). ARRDC4 

rendered cells more sensitive to the UPR under tunicamycin treatment than in control 

groups. Then, we employed a more quantitative method to detect a spliced form of XBP1 
to measure ER stress. Cells were transfected with a plasmid containing a reporter gene 

in which luciferase was fused with the 3’ exon side of the intron region of XBP1. 

Overexpression of ARRDC4 caused ER stress, which spliced the XBP1 intron sequence, 

leading to a formation of the luciferase-fused XBP1s (activated XBP1) with an increased 

luciferase activity (Figure 2J). These results indicate that ARRDC4 led to a pronounced 

increase in splicing of XBP1, revealing ARRDC4 as an ER stress inducer. Of the UPR 

gene regulatory network, the ATF4/CHOP arm mediates the expression of genes that 

promote glucose deprivation-induced cell death24. Western blot analysis confirmed that 

overexpression of ARRDC4 induced protein expression of ATF4 and CHOP (Figure 2K–L).

Given that glucose provides glycosylation precursors, we determined whether inadequate 

intracellular levels of glucose disturb the ER apparatus by interfering with N-linked 

protein glycosylation25. Overexpression of Arrdc4 decreased the level of N-linked protein 

glycosylation in cardiomyocytes detected by concanavalin A26 (Figure 2M). Because N-

acetylglucosamine (GlcNAc) and uridine diphosphate-GlcNAc (UDP-GlcNAc) are donor 

molecules for post-translational modification of N-glycosylation25, we tested the ability of 

supplemental GlcNAc or UDP-GlcNAc to restore N-glycosylation (Figure 2M) and suppress 

ER stress (Figure 2N). ARRDC4-induced CHOP expression was partially but significantly 
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inhibited by these substrates. Thus, the results support the concept that inhibition of GLUT1 

trafficking and intracellular glucose starvation by ARRDC4 is involved in the UPR signaling 

network that determines cell fate.

Generation of the Arrdc4-knockout mouse model.

To investigate the physiological function of ARRDC4 in vivo, we created a novel Arrdc4-

KO mouse model by CRISPR/Cas9 genome editing. A pair of gRNA was designed to target 

the Arrdc4 gene locus and microinjected with Cas9 mRNA into C57BL/6 embryos, resulting 

in deletion of exon 1–8 in the Arrdc4 gene (Figure 3A). PCR of genomic DNA demonstrated 

targeted deletion of Arrdc4 with primers F, R1, and R2, allowing amplification of the deleted 

region; a 964-bp fragment for the wild-type allele and a 768-bp fragment for the Arrdc4-KO 

(Figure 3B). DNA sequencing verified the loss of 13630 base pairs of genomic DNA within 

the Arrdc4 gene locus in a homozygous Arrdc4-KO mouse (Figure 3C). Quantitative PCR of 

multiple tissues detected no significant expression of Arrdc4 mRNA in Arrdc4-KO animals 

(Figure 3D). These results confirmed the successful generation of an Arrdc4-KO animal. 

To profile the transcriptional response to Arrdc4 deficiency, we performed unbiased high-

throughput RNA-seq in heart tissues. Among 14411 genes identified (the Gene Expression 

Omnibus accession number GSE186336), Arrdc4 was the only gene whose expression was 

greatly changed in Arrdc4-KO hearts (log2 fold change: −7.0) compared with wild-type 

hearts (Figure 3E and Online Dataset 1).

Since we discovered that ARRDC4 is a crucial regulator of GLUT1 function in vitro, the 

systemic metabolic phenotype was examined. Arrdc4-KO and wild-type littermates aged 

13 weeks old did not significantly differ in body weight (Figure S2B). The serum levels 

of lactate dehydrogenase, lipid profile (triglycerides, total and HDL cholesterol), hepatic 

enzymes (alanine transaminase and aspartate transaminase), and renal function (blood 

urea nitrogen and creatinine) were all within the normal range in Arrdc4-KO mice, and 

comparable to wild-type controls in a 6-hr fasted state (Figure 3F–I). Interestingly, fasting 

blood glucose levels were significantly lower in Arrdc4-KO mice than in wild-type mice 

at two different ages (Figure 3J), even though no difference was found in random blood 

glucose levels between wild-type (112±5 mg/dL) and Arrdc4-KO mice (110±5 mg/dL, 

N=10, P=N.S.). The serum insulin levels were comparable between the genotypes in 

the fasted state (wild-type 3.1±0.4 vs. Arrdc4-KO 3.7±0.8 μIU/mL, N=10, P=N.S.). To 

determine whether loss of Arrdc4 changes insulin-mediated glucose uptake, a homeostatic 

model assessment of insulin resistance (HOMA-IR) was calculated. There was no difference 

in HOMA-IR between the genotypes (Figure 3K). We examined the kinetics of serum 

glucose clearance after an intraperitoneal glucose bolus in fasted mice (Figure 3L). The 

glucose tolerance test showed a similar rise in serum glucose levels between Arrdc4-KO 

and wild-type mice, suggesting a normal rate of glucose clearance by peripheral tissues 

under hyperglycemia in the Arrdc4-KO animals. Thus, the hypoglycemic phenotype was 

only evident under a fasted state in the Arrdc4-KO animals.

To assess cardiac structure and function, echocardiographic parameters were measured. 

There were no differences in left ventricular (LV) parameters between wild-type and Arrdc4-

KO mice at baseline (Figure 3M–S).

Nakayama et al. Page 6

Circ Res. Author manuscript; available in PMC 2023 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Arrdc4-KO mice survive better after acute myocardial infarction.

The heart responds to oxygen deprivation by increasing glucose uptake and glycolytic 

metabolism to meet the demands under anaerobic metabolism27, 28. This shift prevents tissue 

damage in the ischemic heart. To address whether GLUT1 inhibition by ARRDC4 mediates 

cardiac ischemic injury, 12-week-old Arrdc4-KO and their age- and gender-matched wild-

type mice were subjected to sham or experimental MI surgeries. Following coronary artery 

ligation, there was no difference between the genotypes in the degree of ST-segment 

elevation on electrocardiograms or in the area at risk evaluated by phthalocyanine blue 

staining (Figure 4A–C). However, the infarct size was significantly smaller at day 7 post-MI 

in Arrdc4-KO mice than in wild-type mice (Figure 4D).

Of 30 Arrdc4-KO (15 males and 15 females) and 30 wild-type (16 males and 14 females) 

mice that underwent sham surgeries, no mouse died from the sham procedure during the 

entire experimental study period. Of 57 Arrdc4-KO (28 males and 29 females) and 58 

wild-type (28 males and 30 females) mice that underwent MI surgeries, 5 Arrdc4-KO (2 

males and 3 females) and 13 wild-type (5 males and 8 females) mice died throughout the 

7-day protocol. No mouse died during the perioperative phase (within 12 hr after surgery). 

The survival rates were statistically different between the genotypes, as determined by 

Kaplan-Meier analysis (Figure 4E). Acute MI increased heart weight normalized by the 

tibial length in both Arrdc4-KO (sham 48±1 vs. MI 54±1 mg/cm, P<0.05) and wild-type 

(sham 50±1 vs. MI 56±1 mg/cm, P<0.05) mice (P=N.S. between the genotypes).

To assess cardiac structure and function, 2-dimensional echocardiographic parameters 

were measured at 7 days after MI or sham surgeries (Table 1). While LV function was 

significantly reduced by MI in both genotypes, Arrdc4-KO mice subjected to MI had smaller 

LV dimensions/volumes and higher fractional shortening than wild-type mice. Consistent 

with better cardiac function, Arrdc4-KO post-MI hearts exhibited a decreased mRNA 

expression of B-type natriuretic peptide (Bnp), a biomarker for heart failure, compared with 

wild-type post-MI hearts (Figure 4F).

The echocardiographic LV mass over body weight was significantly increased by MI in 

both genotypes, but the increase was smaller in Arrdc4-KO mice than in wild-type mice 

(Table 1). Histologically, MI did not induce cardiomyocyte hypertrophy in the remote area 

measured by the myocyte cross-sectional area (Figure 4G–H). Since posterior wall thickness 

was minimally changed in the non-infarcted myocardium (Table 1), the discrepancy between 

LV mass/body weight and myocyte cross-sectional area might be due to the type of LV 

remodeling post-MI which is primarily a state of volume overload29, leading to eccentric 

hypertrophy.

MI caused significant fibrosis within the infarct and borderline myocardium (Figure 4I–J) 

in both wild-type and Arrdc4-KO animals. In accordance with smaller infarct size, collagen 

deposition was less prominent in Arrdc4-KO hearts than in wild-type hearts. The transcript 

levels of collagen type I (Col1a1) and III (Col3a1) alpha 1 chains supported the histological 

evidence, showing less induction of the fibroblast markers in MI hearts from Arrdc4-KO 

mice than in wild-type animals (Figure 4K–L). These results demonstrate that deletion 
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of Arrdc4 allowed animals to have improved survival with smaller infarct size and better 

cardiac function following acute MI.

Deletion of Arrdc4 protects cells from ischemic stress.

Hypoxia or lactic acidosis (Figure S2C) has been shown to trigger ARRDC4 induction 

in cells30. Since glucose deprivation is a pivotal contributor to cell death during hypoxic 

stress, we tested the hypothesis that ARRDC4 is a key determinant of cell survival under 

hypoxia. Hypoxic stimuli (1% O2, 24 hr) increased cellular LDH release in HT1080 cells 

(Figure 5A). Adenoviral overexpression of ARRDC4 further enhanced the hypoxia-induced 

cytotoxicity, suggesting that cellular survival is dependent on ARRDC4 expression under 

hypoxia. We then determined whether hypoxia-induced cytotoxicity is rescued by gene-

silencing ARRDC4 with siRNA. Our approach produced a knockdown efficiency of 62±1% 

(Figure S2D), sufficient to decrease cellular LDH release under hypoxia relative to the 

non-targeting siRNA control (Figure 5B). Downregulation of ARRDC4 preserved higher 

levels of cellular ATP content (Figure 5C) and suppressed activation of XBP1 splicing 

(Figure 5D) during hypoxia. We validated the role of ARRDC4 in isolated adult mouse 

cardiomyocytes (Figure S2E). Hypoxic stimuli (1% O2) increased cellular LDH release 

(Figure 5E) and expression of Chop (Figure 5F) in a time-dependent manner. Interestingly, 

cardiomyocytes derived from adult Arrdc4-KO mice showed greater resistance to hypoxia 

than cardiomyocytes from wild-type animals. These results indicate that ARRDC4 plays a 

causal role in the induction of ER stress and cytotoxicity in hypoxia.

Consistent with the in vitro evidence, we found that the heart responded to ischemia and 

upregulated Arrdc4 in wild-type mice but not in Arrdc4-KO animals in vivo (Figure 5G). 

To determine whether MI-induced Arrdc4 expression involves oxidative stress, tissue levels 

of H2O2 were probed by H2DCFDA on the myocardium (Figure 5H). Although the ROS 

level surged by MI in border and infarct areas in wild-type hearts, Arrdc4-KO hearts had 

equivalent levels of ROS in MI. On the other hand, upregulation of Arrdc4 by MI was 

accompanied by parallel elevations in the UPR as measured by multiple transcriptional 

markers of Xbp1, Atf6, Atf4, and Chop in wild-type hearts (Figure 5I). Upregulation of 

CHOP was also confirmed by Western blotting analysis (Figure 5J–K). The induction 

of ER stress was significantly blocked by deletion of Arrdc4 in Arrdc4-KO MI hearts. 

CHOP favors ER-stress-mediated apoptosis31. MI significantly increased the number of 

TUNEL-positive apoptotic cardiomyocytes in border and infarct areas in wild-type hearts. 

However, Arrdc4-KO hearts exhibited fewer apoptotic cells than wild-type hearts (Figure 

5L–M). These data demonstrate that deletion of Arrdc4 protects the heart during severe 

ischemia and that the beneficial effect was correlated with decreased levels of ER stress and 

cardiomyocyte death in Arrdc4-KO hearts.

Arrdc4-KO hearts are tolerant of ischemia with greater myocardial glucose uptake.

We found that GLUT1 was more abundantly expressed on the plasma membrane in Arrdc4-

KO hearts than in wild-type hearts (Figure 6A–C). Normally, the rate of glucose transport in 

cardiomyocytes is GLUT1 dependent under insulin-deficient conditions28. Thus, we tested 

whether Arrdc4 deficiency increases myocardial glucose utilization and modulates cardiac 

mechanical function in isolated perfused hearts from adult mice. Arrdc4-KO hearts exhibited 
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a two-fold increase in myocardial 2-[3H]deoxy-glucose uptake over wild-type hearts during 

insulin-free aerobic perfusion (Figure 6D). An increase in glucose uptake in isolated cardiac 

fibroblasts or inflammatory monocytes was relatively mild in Arrdc4-KO mice (a 1.3-fold 

or 1.2-fold increase over wild-type cells, respectively), suggesting that a major contributor 

to the cardiac metabolic shift is cardiomyocytes (Figure S2F). Myocardial glycogen storage 

was greater in Arrdc4-KO hearts than in wild-type hearts at baseline (Figure 6E). During 

anaerobic perfusion (with buffer equilibrated with 95% N2-5% CO2), deletion of Arrdc4 
even more robustly enhanced myocardial glucose uptake (Figure 6D). In contrast, the rate 

of palmitate oxidation was equivalent between wild-type and Arrdc4-KO hearts during 20 

min of hypoxic perfusion (Figure 6F). No significant difference in tissue ATP content was 

detected under normoxic perfusion between the genotypes, but following 60 min of hypoxia, 

ATP content was better preserved in Arrdc4-KO hearts than in wild-type hearts (Figure 6G).

Because Arrdc4 deficiency reprogrammed glucose metabolism to maintain higher anaerobic 

ATP production within the myocardium under hypoxia, we investigated whether ARRDC4 

is a causal determinant of myocardial mechanical function. In these experiments, the 

perfusion buffer contained glucose as the sole oxidative energy substrate; thus, the 

mechanical function was primarily supported by glucose uptake and glycolysis. Exposure 

to hypoxic perfusion fluid caused bradycardia and impaired LV mechanical performance in 

wild-type and Arrdc4-KO mice (Figure 6H). LV developed pressure fell (Figure 6I–J), and 

LV end-diastolic pressure rose (Figure 6K) progressively throughout 60 min of hypoxia in 

wild-type hearts. In contrast, Arrdc4-KO hearts maintained better mechanical performance 

after 10 min of hypoxia. We also tested this hypothesis in isolated perfused hearts subjected 

to a simulated period of global ischemia followed by reperfusion in the presence of insulin 

(6.0 μIU/mL) (Figure 6M). A 15-minute period of ischemia substantially impaired cardiac 

function in both genotypes. Upon reperfusion, LV developed pressure fell (Figure 6N–O) 

and LV end-diastolic pressure rose (Figure 6P) compared with pre-ischemic baseline in 

wild-type hearts. However, Arrdc4-KO hearts had improved post-ischemic recovery of LV 

mechanical function. There was no difference in heart rate between the genotypes (Figure 

6L and Q). These results support our hypothesis that Arrdc4 deletion provides a functional 

advantage to the hypoxic or ischemic myocardium through enhanced myocardial glucose 

utilization. The data also suggest that the beneficial effect of Arrdc4 deficiency is cardiac 

autonomous as the cardioprotection was demonstrated in the isolated heart.

Loss of the ARRDC4-GLUT1 interaction restores glucose metabolism.

Given that the ARRDC4-GLUT1 interaction plays a role in ischemic injury, the question 

arises as to whether disruption of the interaction may confer an adaptive advantage 

against metabolic stress. To address this issue, we determined the details of the molecular 

interaction between ARRDC4 and GLUT1.

First, to identify a specific domain that contributes to the metabolic function of ARRDC4, 

we tested N-terminal or C-terminal truncations of ARRDC4 protein (Figure 7A). Strep/

FLAG (SF)-tagged full-length ARRDC4 (1–419) and five truncations were successfully 

subcloned into an expression plasmid (Figure 7B) and transfected into HEK293T cells. 

Similar to previous findings on TXNIP32, the yield of protein expression of N-terminal 
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truncated ARRDC4 was significantly less than that of full-length or C-terminal truncations. 

Thus, we only used full-length or C-terminal truncations for the pulldown assay. Western 

blot analysis for elution of protein complexes revealed that the anti-HA antibody detected a 

strong band with a molecular weight of 45 kDa and a weaker band of 55 kDa (Figure 7C), 

which corresponded to the known molecular weights of the GLUT1 protein33. The pulldown 

assay showed that ARRDC4 truncated at the tail domain (1–318) retained the ability to 

interact with GLUT1. Further truncation into the C-terminal domain (1–222) fully abolished 

the interaction with GLUT1. The results indicate that the C-terminal domain containing the 

region 222–318 is vital in the interaction with GLUT1.

Then, because ARRDC4 and TXNIP had similar metabolic regulatory effects while 

ARRDC1–3 did not (Figure 1A), we hypothesized that motifs conserved in ARRDC4 

and TXNIP but not ARRDC1–3 might identify molecular mechanisms to control GLUT1 

function. Alignments of alpha arrestins revealed seven-candidate motifs in the C-terminal 

domains (Figure 7D). We constructed point mutations in all these conserved motifs 

in the C-terminal domain by replacing the ARRDC4 residue with alanine by alanine-

scanning mutagenesis34. The mutation (C-mutant) only partially blocked the interaction 

with GLUT1 (Figure 7E) and did not fully recover the cellular glucose uptake (Figure 7G). 

GLUT1 expression remained in intracellular puncta in cells expressing ARRDC4 C-mutant, 

indicating that GLUT1 had been still endocytosed (Figure 7F).

To map the specific binding sites between ARRDC4 and GLUT1, we next employed a 

deep-learning method based on the AlphaFold database35 to build the structural model of the 

ARRDC4-GLUT1 complex (Figure 7H). Using the HDOCK algorithm36, our computational 

analyses constructed the model (Table S1) that predicted the contact possibility between 

the C-terminal domain of ARRDC4 (the side chain of Lys243, thr244, Asp290, and 

Glu308) and the intracellular loops of GLUT1 (Figure 7I). Surprisingly, when these residues 

were all mutagenized, it caused a total loss of interaction with GLUT1 (Figure 7J). Wild-

type ARRDC4 inhibited cellular glucose transport robustly, but the interaction-defective 

ARRDC4 restored the level of glucose transport to that of empty-vector control (Figure 

7K). Consistently, confocal imaging verified that, while cells expressing wild-type ARRDC4 

had a granular GLUT1-mCherry expression in cytoplasmic vesicles, the mutation of the 

docking site preserved the level of GLUT1-mCherry on the plasma membrane (Figure 

7L). The interaction-defective ARRDC4 failed to fully induce the ATF4/CHOP mRNA 

expression compared to wild-type ARRDC4 (Figure 7M). These data suggest that the 

C-terminal domain element is a prerequisite for the ability of ARRDC4 to control GLUT1 

function and that disruption of the ARRDC4-GLUT1 interaction rescues cells from the 

ARRDC4-mediated metabolic stress.

Discussion

Nutrient limitation is a feature of the cardiomyocyte environment under severe ischemia. 

The characteristics of cell injury involve rapid disruption of cell membrane integrity and an 

accumulation of unfolded or misfolded proteins in the ER, rendering cardiomyocytes more 

susceptible to cell death. The mediators that regulate crosstalk between energy deprivation 

and the maladaptive response to ischemia are still elusive. In this study, using a combination 
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of molecular and physiologic approaches, we demonstrate a unique role of an alpha-arrestin 

ARRDC4 in glucose metabolism and cardiomyocyte survival. Building on the unexpected 

finding that MI upregulates Arrdc4, our model integrates the observations that (a) ARRDC4 

serves as an adaptor protein for GLUT1 to promote its endocytosis, (b) upregulation of 

ARRDC4 inhibits glucose transport, (c) inhibition of glucose transport is linked to ER stress, 

and (d) this mediates deleterious effects on cardiomyocyte survival in MI. Importantly, we 

discovered that deletion of Arrdc4 mitigates the energy crisis during ischemia by enhancing 

glucose transport, rescuing cardiomyocytes from enhanced vulnerability. The data also 

suggest that this mechanism of action of ARRDC4 gives new and relevant insight into 

the therapeutic strategy through the direct interaction with GLUT1.

The results presented here, along with previous studies13, suggest that alpha-arrestins 

are part of a feedback loop in glucose homeostasis. Ischemia recruits GLUTs from 

intracellular stores to the plasma membrane, and if oxygen deprivation is prolonged, 

the transcription is modified27, 28. The net result of these changes by ischemia is an 

increase in the maximal velocity of glucose transport. Upregulation of ARRDC4, in turn, 

promotes the internalization of GLUT1 to brake further glucose uptake. However, under 

the condition where ischemic stress is severe and persistent, this feedback may lead 

to a maladaptive response by blocking a preferential anaerobic bioenergetics pathway. 

The remarkable shared phenotypes between Arrdc4-KO and Txnip-KO hearts strongly 

support their common regulatory mechanisms in cardiac metabolism, including enhanced 

myocardial glucose uptake, increased myocardial glycogen storage, and less cardiomyocyte 

death during ischemia16. The concept that shifting the energy substrate preference toward 

glucose metabolism effectively treats acute MI has been long proposed37. Cardiac-specific 

overexpression of GLUT1 protects the heart from ischemic injury in mice38. Hence, it is 

reasonable to conclude that cellular homeostasis is better preserved through the interplay 

with GLUT1 in the Arrdc4-KO heart under myocardial ischemia.

GLUT1 internalization proceeds through clathrin-dependent or -independent endocytosis 

pathways13. Early studies demonstrated that alpha-arrestins interact with subunits of the 

endosomal sorting complexes required for transport machinery7, 39. Two distant relatives of 

alpha-arrestins (Art4 and Art8) cause endocytosis of high-affinity glucose transporter (Hxt6) 

in budding yeast40. TXNIP functions as an adaptor protein to recruit GLUT1 into clathrin-

coated pits and promotes endocytosis of GLUT1 in human cells13. Given that ARRDC4 is 

most closely related to TXNIP in homology10, it is intriguing that ARRDC4 and TXNIP 

share the same ability to regulate GLUT1 trafficking. Whereas TXNIP usually is localized 

in the nucleus, ARRDC4 is already present at the plasma membrane10 showing a greater 

inhibition of glucose uptake than does TXNIP. Because two members of the alpha-arrestin 

family are now shown to interact with GLUT1, these results emphasize the importance of 

the evolutionally-conserved arrestin fold in transporter trafficking and suggest the possibility 

that multiple arrestins may work together to control basal glucose metabolism.

Although TXNIP has been shown to interact with GLUT in a 1:1 molecular ratio14, 

the interaction interface of TXNIP that controls GLUT1 has been uncharacterized. Our 

truncation and targeted mutagenesis studies focused on 7 conserved motifs between TXNIP 

and ARRDC4 in the C-terminal arrestin domain. Then, we took the investigation one step 
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further using Artificial Intelligence to map the specific binding sites within the domain. 

Based on its high accuracy in structure determination35, this approach was successful 

in detailed predictions such that those motifs, when mutated, showed significant effects. 

Among the set of 4 amino acid residues identified, one was conserved (Thr244) in ARRDC4 

and TXNIP, while the others (Lys243, Asp290, and Glu308) were not. We speculate that 

Thr244 is a crucial site responsible for alpha-arrestin to bind to GLUT1, and the others may 

support rigid docking. Despite the ability of the interaction-deficient mutant to completely 

restore cellular glucose uptake (Figure 7K), the induction of ER stress was only partially 

inhibited by the mutant (Figure 7M). This raises the possibility that there are alternative 

mechanisms involved. For example, TXNIP has pleiotropic functions by interacting with 

multiple binding partners, including protein disulfide isomerase41 and nucleotide-binding 

domain nod-like receptor protein 3 (NLRP3) inflammasome42. While no other signaling 

molecule has been identified so far as a binding partner for ARRDC4, ARRDC4 may also be 

involved in various biological processes other than GLUT1 regulation.

GLUT1 is the most ubiquitously distributed of the transporter isoforms and is constitutively 

present on peripheral tissue surfaces. Transgenic mice that overexpress GLUT1 in skeletal 

muscle exhibit reduced plasma glucose levels43. The present study showed that deletion of 

Arrdc4 exerts mild but significant effects on systemic glucose metabolism. The beneficial 

impact of Arrdc4 deficiency was demonstrated in the isolated heart (Figure 6); thus, the 

cardioprotection likely accounts for the mechanisms within the heart. Further investigation 

will be required to address the cardiac-specific function of ARRDC4 fully. Nevertheless, we 

believe that the current study with the systemic-KO model provides valuable information. 

For instance, protein-protein interaction (PPI) inhibitors emerge as a new therapeutic 

approach44. We envision a possible therapeutic strategy that disrupts the ARRDC4-GLUT1 

interaction with a commonly applicable approach (e.g., oral drugs). Therefore, the 

cardioprotection by systemic inhibition of ARRDC4 highlights the translational potential.

In conclusion, our work forges a new mechanistic link between alpha-arrestin domains and 

glucose transport regulation. These results expand our understanding of structure-function 

relationships for mammalian alpha-arrestin recruitment to GLUT1. Notably, the data shed 

light on the ARRDC4-GLUT1 axis and emphasize its importance to energy homeostasis 

under metabolic stress, during which GLUT1 is a crucial player. The molecular pathways 

defined herein provide a new target for therapeutic intervention aimed at improving 

cardioprotection under myocardial ischemia and infarction.
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Novelty and Significance

What is known?

• ARRDC4 (arrestin domain-containing protein 4) is closely related to TXNIP 

(thioredoxin-interacting protein) in homology among the alpha arrestin 

superfamily.

• TXNIP acts as an adaptor protein to facilitate endocytosis of GLUT (glucose 

transporter) 1 and suppresses glucose influx, although the direct interface 

between TXNIP and GLUT1 remains uncharacterized.

• Unlike TXNIP, the physiological role of ARRDC4 in the heart is largely 

unknown.

What new information does the article contribute?

• The present study is the first to demonstrate that ARRDC4 is a second 

example of an arrestin that acts as an adaptor protein for GLUT1, suggesting 

that the control of basal glucose metabolism is an evolutionarily conserved 

function of the alpha-arrestin family.

• Furthermore, we identify completely novel molecular structure-function 

characterization of the interaction between alpha-arrestins and GLUT1 and 

uncover that interaction-defective ARRDC4 restores GLUT1 function.

• Finally, we provide direct in vivo evidence that ARRDC4 inhibits myocardial 

glucose uptake and accelerates myocardial ischemic injury.

The heart responds to oxygen deprivation by increasing glucose uptake and glycolytic 

metabolism for the anaerobic energy source. In cardiomyocytes, glucose uptake is 

facilitated by glucose transporters GLUT1 and GLUT4. Here, we discovered that 

ARRDC4, a member of a previously obscure protein family termed alpha-arrestin, 

serves as a regulatory scaffold protein for GLUT1 and facilitates GLUT1 endocytosis 

in cardiomyocytes. ARRDC4 inhibits cellular glucose utilization, induces endoplasmic 

reticulum (ER) stress, and sensitizes cardiomyocytes to cellular damage under hypoxia. 

By creating a novel Arrdc4-knockout (KO) mouse model, we found that inhibition 

of ARRDC4 augments myocardial glucose uptake and mitigates the energy crisis, 

thereby improving cardiac outcomes following acute myocardial infarction (MI). 

Using biochemical and bioinformatics approaches, we dissected the structure-function 

relationship between ARRDC4 and GLUT1. We found that the C-terminal domain 

element in ARRDC4 is a prerequisite for the ability of ARRDC4 to control the GLUT1 

function. Further analysis revealed that disruption of the ARRDC4-GLUT1 interaction 

rescues cells against metabolic stress. These results emphasize the regulatory mechanism 

of glucose homeostasis by ARRDC4 as an adaptor protein for GLUT1 and provide 

insight into the new therapeutic strategy to protect the heart against MI.
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Figure 1. Interaction between ARRDC4 and GLUT1.
A. 2-[3H]deoxy-D-glucose uptake was measured in HEK293 cells transfected with a 

plasmid containing each alpha-arrestin or empty vector (EV). Uptake was normalized to 

the total protein content (One-way ANOVA post-hoc Bonferroni test). B. ARRDC4-Strep/

FLAG (SF)-tag or EV-SF-tag (negative control) was co-expressed with GLUT1-HA-tag, 

GLUT4-HA-tag, or EV-HA-tag in HEK293T cells. Complexes were pulled down with 

Strep-Tactin resin, subjected to SDS-PAGE, and immunoblotted with anti-HA or anti-FLAG 

antibodies. C-F. Mouse neonatal cardiomyocytes were infected with an adenoviral vector 

expressing Arrdc4 or EV. Endogenous GLUT1 was detected by the anti-GLUT1 antibody 

conjugated with Alexa Fluor 488. Cell membrane was stained with lipophilic carbocyanine 

blue dye. Confocal images. Scale bars, 10 μm. Western blot analyzed GLUT1 or pan-

cadherin (a membrane marker) expression in plasma membrane fractions (P=1.0 × 10−1 

by Mann-Whitney U test). 2-[3H]deoxy-D-glucose uptake was measured in cardiomyocytes 
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after adenoviral induction of Arrdc4 or EV. Uptake was normalized by total protein content 

(t-test). G and H. Cellular localization of GLUT1 was determined with a plasmid that 

encodes mCherry-conjugated GLUT1 with an HA epitope tag in the first exo-facial loop 

(55–64 AA). After overexpressing ARRDC4-SF or EV-SF, surface expression of GLUT1 

was quantified by Alexa Fluor 405 against anti-HA antibody in non-permeabilized HEK293 

cells using a microplate reader. The fluorescent levels of Alexa Fluor 405 were normalized 

by the total expression of GLUT1 estimated by fluorescent values of mCherry (two-way 

ANOVA post-hoc Bonferroni test). Cells were exposed to normoxia or hypoxia (1% O2, 3 

hr). I-K. GLUT1-mCherry fusion or EV-mCherry was co-expressed in HEK293T cells with 

ARRDC4-eGFP fusion or EV-eGFP in the absence (control) or presence of pharmacological 

inhibitors. A dynamin inhibitor Dyngo (30 μM, 8 hr) inhibited dynamin to form a helical 

collar around the neck of a clathrin-coated pit, where it popped the vesicle from the 

plasma membrane. Cell membrane was detected by lipophilic carbocyanine blue dye. Arrow 

indicates budding clathrin-coated vesicle (J). A selective cell membrane permeable clathrin 

inhibitor (Pitstop1, 8 hr) blocked GLUT1-mCherry endocytosis in a dose-dependent manner. 

Confocal images. Scale bars, 5 μm.
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Figure 2. ARRDC4 as a metabolic stress inducer.
A. Adenoviral overexpression of Arrdc4 increased lactate dehydrogenase (LDH) release into 

culture media compared to empty vector (EV) control in mouse neonatal cardiomyocytes 

(t-test). B-F. After adenoviral induction of ARRDC4 in HT1080 cells, cellular damage was 

detected by trypan blue staining (B), activation of caspase-3/7 (C), FITC-Annexin V-positive 

apoptosis (D), nuclear green DCS1-positive necrosis (E) and cellular ATP levels (F) (A and 

C-F, t-test; B, Mann-Whitney U test). G and H. The amount of glutathione was estimated 

in live cells. NRF2 activation was quantified as a cellular response to oxidative stress. 

HT1080 cells were transfected with a plasmid containing a reporter gene in which luciferase 

was fused with the NRF2 ubiquitination domain; thus, oxidative stressor would stabilize 

the luciferase-fusion protein and increase luciferase activities. H2O2 (500 μM for 2 hr) as 

a positive control. P=N.S. (t-test). I. The induction of major endoplasmic reticulum (ER) 

stress markers was quantified by quantitative PCR in Arrdc4-overexpressing mouse neonatal 
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cardiomyocytes and HT1080 cells. Tunicamycin (1 μg/ml, 2 hr) was added to aggravate 

ER stress (St-t, t-test; MW-U, Mann-Whitney U test). J. XBP1s activation was quantified 

by luciferase assay in HT 1080 cells (t-test). K and L. Protein expression of ATF4 or 

CHOP was analyzed by Western blot analysis and quantified by densitometry (St-t, t-test; 

MW-U, Mann-Whitney U test). M and N. N-linked protein glycosylation was detected by 

fluorescently-labeled concanavalin A. The addition of N-acetylglucosamine (GlcNAc, 10 

mM, 8 hr) or uridine diphosphate-GlcNAc (UDP-GlcNAc, 1 mM, 8 hr) partially restored 

ARRDC4-mediated induction of CHOP (one-way ANOVA post-hoc Bonferroni test) in 

Arrdc4-overexpressing mouse neonatal cardiomyocytes.
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Figure 3. The novel Arrdc4-knockout mouse model.
A. A pair of gRNA was designed to target the Arrdc4 locus. The gRNAs and Cas9 mRNA 

were microinjected into C57BL/6 embryos. B. Homozygous and heterozygous Arrdc4-

knockout (KO) and wild-type (WT) mice were characterized by PCR with primers F, R1, 

and R2. C. Successful deletion of Arrdc4 exon1–8 was confirmed by DNA sequencing in the 

mouse. D. No significant Arrdc4 mRNA was expressed in multiple tissues from Arrdc4-KO 

mice quantified by quantitative PCR. E. Volcano plot of differentially expressed transcripts 

with spots representing up- or down-regulated genes in Arrdc4-KO hearts with fold change 

on X-axis and P-value on Y-axis. F-J. Detailed clinical chemistry was analyzed. After a 

fasting period of 6 hr, blood was obtained for biochemical analysis in 13-week-old mice 

(F-I, Mann-Whitney U test; J, t-test). K. Homeostatic model assessment of insulin resistance 

(HOMA-IR) was calculated from blood sugar and responsive serum insulin levels. P=N.S. 

(Mann-Whitney U test). L. Glucose tolerance test was performed by an intraperitoneal 
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injection of 2 g glucose/kg body mass in mice (two-way ANOVA with repeated measures 

followed by Bonferroni test or *t-test for baseline comparison). M-S. Echocardiographic left 

ventricular (LV) parameters were measured in WT and Arrdc4-KO mice at baseline. P=N.S. 

between the genotypes (Mann-Whitney U test).
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Figure 4. Arrdc4-knockout mice with myocardial infarction.
A-D. Ligation of the left anterior descending coronary artery was performed. The heart 

was excised to mount on an isolated heart perfusion apparatus and perfused with 0.3% 

phthalocyanine blue. Non-jeopardized or ischemic left ventricular (LV) tissues were 

identified by blue or non-blue coloration, respectively. The ST-segment elevation was 

confirmed in the limb lead of EKG during and after the myocardial infarction (MI) 

surgery. Planimetry image analysis was performed to estimate the size of the area at risk 

(P=N.S., Mann-Whitney U test) and infarction (t-test). E. Kaplan-Meier curves show a 

better survival rate at day 7 following experimental MI in Arrdc4-knockout (KO) mice 

than in wild-type (WT) mice (Log-rank test). F. The mRNA expression level of Bnp was 

measured by quantitative PCR in the apical areas of the heart tissue (two-way ANOVA 

post-hoc Bonferroni test). Values are expressed as fold change of the parameter with respect 

to WT Sham. G and H. Histological assessments with picrosirius red staining revealed no 
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significant change in myocyte cross-sectional area between the genotypes in sham hearts 

and the remote regions of MI hearts (P=N.S., Kruskal-Wallis post-hoc Dunn’s test). Scale 

bars, 50 μm. I and J. Myocardial collagen (red) content were assessed by picrosirius red 

fluorescence intensity. Values are expressed as fold change of the parameter with respect to 

WT Sham. Scale bars, 100 μm (two-way ANOVA post-hoc Bonferroni test in MI hearts). K 
and L. The mRNA expression levels of Col1a1 and Col3a1 were measured by quantitative 

PCR in whole heart homogenates (two-way ANOVA post-hoc Bonferroni test). Values are 

expressed as fold change of the parameter with respect to WT Sham.
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Figure 5. ARRDC4 mediates stress response to ischemia.
A. Adenoviral overexpression of Arrdc4 enhanced lactate dehydrogenase (LDH) release into 

culture media in HT1080 cells under hypoxia (1% O2, 24 hr) compared with empty vector 

(EV) control (two-way ANOVA post-hoc Bonferroni test). B. Mild ARRDC4 knockdown 

decreased LDH release under hypoxia (1% O2, 24 hr) relative to the non-targeting (NC) 

siRNA control. CTRL indicates cells without siRNA (two-way ANOVA post-hoc Bonferroni 

test). C and D. Hypoxia (1% O2, 6 hr)-induced ATP deprivation and XBP1s activation were 

diminished by ARRDC4 knockdown (two-way ANOVA post-hoc Bonferroni test). E and F. 
Adult mouse cardiomyocytes were isolated from wild-type (WT) or Arrdc4-knockout (KO) 

animals. LDH release (two-way ANOVA post-hoc Bonferroni test) and gene expression of 

Chop (Mann-Whitney U test) were analyzed under hypoxia (1% O2). G. Arrdc4 mRNA 

expression was upregulated at day 7 in the myocardial infarction (MI) heart from WT 

mice. No significant mRNA expression was detected by quantitative PCR in whole heart 
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homogenates from Arrdc4-KO mice (t-test). H. Frozen sections of the mouse heart were 

stained with a fluorogenic dye H2DCFDA that measures ROS within the myocardium. The 

fluorescence intensity was expressed in the remote, border, or infarct area as a relative 

change over the WT Sham group. P=N.S. between genotypes in all areas (Kruskal-Wallis 

test followed by post-hoc Dunn’s test). I-K. Relative transcript levels of Xbp1, Atf6, Atf4, 

and Chop were measured in heart homogenates by quantitative PCR and normalized to the 

level of Gapdh. Protein levels of CHOP were analyzed by Western blot analysis in heart 

homogenates and normalized to the level of GAPDH (2WA/B, two-way ANOVA post-hoc 

Bonferroni test; 2WA/T, two-way ANOVA post-hoc Tukey test; KW/D, Kruskal-Wallis 

post-hoc Dunn’s test; MW-U, Mann-Whitney U test). Values are expressed as fold change 

of the parameter with respect to WT Sham. L-M. Apoptotic cells were analyzed by triple 

staining with TUNEL (green), an anti-sarcomeric alpha-actinin antibody (red), and DAPI 

(MW-U, Mann-Whitney U test; St-t, t-test). Values are expressed as fold change of the 

parameter with respect to WT Sham.
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Figure 6. Cardiac metabolism and ischemic tolerance in Arrdc4-knockout hearts.
A-C. Protein expression of GLUT1 was analyzed by Western blot analysis in the membrane 

fraction and total tissue homogenates from the mouse heart. Pan-cadherin and GAPDH 

served as loading control for membrane and cytosolic proteins (t-test). D. The Arrdc4-

knockout (KO) or wild-type (WT) heart was subjected to global hypoxia (with buffer 

equilibrated with 95% N2, 5% CO2) or normoxia (95% O2, 5% CO2) in the Langendorff 

perfusion system. The perfusate was switched from Krebs-Henseleit (KH) buffer to a 

solution containing [3H] 2-deoxy-D-glucose. The heart was perfused with the radiolabeled 

glucose for 20 min and washed with the standard KH buffer for 5 min. The radioactivity 

was measured in whole heart homogenates by liquid scintillation counting (Mann-Whitney 

U test). E. Myocardial glycogen storage was quantified in heart homogenates at baseline 

and normalized by heart weight (Mann-Whitney U test). F. Exogenous oxidation rates of 

[3H]-palmitate were determined by measuring the release of 3H2O into the perfusion buffer 
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and normalized by myocardial uptake of [3H]-palmitate. P=N.S. between the genotypes 

(Mann-Whitney U test). G. Cellular ATP content per heart weight was measured in 

isolated hearts following 60 min of normoxic or hypoxic perfusion (t-test). H and M. 
Representative tracing of left ventricular (LV) pressure in the WT or Arrdc4-KO heart under 

hypoxic perfusion or following global ischemia-reperfusion. I-L and N-Q. Arrdc4-KO 

hearts maintained better cardiac mechanical function during hypoxic perfusion (1 hr) or 

after ischemia (15 min) and reperfusion, as shown by the higher LV dP/dt maximum (I 

or N) and minimum (J or O) and lower LV end-diastolic pressure (K or P) than those in 

WT hearts. Heart rate slowed down during hypoxic perfusion (L) or after reperfusion (Q) 

in both genotypes (the P-value indicates the comparison between Arrdc4-KO hypoxia or 

ischemia vs. WT hypoxia or ischemia by two-way ANOVA with repeated measures followed 

by Bonferroni test).
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Figure 7. Identification of the ARRDC4-GLUT1 docking sites
A. Schematic of Strep/FLAG (SF)-tagged constructs for full-length human ARRDC4 

(residues 1–419) and five truncations. B. Expression of all ARRDC4 constructs was 

verified by Western analysis of cell lysates with anti-FLAG and GAPDH antibodies. Arrows 

indicate protein expression of N-terminal domain truncations. C. Full length or truncation 

of ARRDC4-SF-tag or empty vector (EV)-SF-tag was co-expressed with GLUT1-HA-tag 

in HEK293T cells. Complexes were pulled down with Strep-Tactin resin, subjected to 

SDS-PAGE, and immunoblotted with anti-HA or anti-FLAG antibodies. D. Alignment of 

C-terminal domain of human alpha arrestins identified candidate motifs conserved between 

ARRDC4 and TXNIP. E. ARRDC4-wild-type (WT)-SF-tag, ARRDC4-C-terminal domain 

motifs mutant (C-mutant)-SF-tag or ARRDC1-SF-tag was co-expressed with GLUT1-HA-

tag in HEK293 cells. Complexes were pulled down as described above. F. Confocal 

microscopic images showed GLUT1-mCherry fusion (red) on the plasma membrane in 
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HEK293T cells transfected with EV containing tandem GFP marker gene (green). GLUT1 

localized in intracellular puncta in cells overexpressing ARRDC4 WT or C-mutant. Blue, 

DAPI. Scale bars, 5 μm. G. 2-[3H]deoxy-D-glucose uptake was measured in HEK293 

cells overexpressing EV, ARRDC4 WT, or C-mutant. Uptake was normalized to total 

protein content (one-way ANOVA post-hoc Bonferroni test). H and I. Artificial Intelligence 
predicted Lys243, Thr244, Asp290, and Glu 308 in the C-terminal domain as possible 

docking sites with GLUT1. J. Interaction-defective (Int-def) ARRDC4 was created by 

mutating all four amino acids to alanine. Pull-down assay was performed for ARRDC4 

WT-SF-tag, Int-def ARRDC4-SF-tag, or EV-SF-tag in HEK293 cells co-expressed with 

GLUT1-HA-tag. K and L. Int-def ARRDC4 restored the inhibitory effect of ARRDC4 WT 

on 2-[3H]deoxy-D-glucose uptake in HEK293 cells (Kruskal-Wallis post-hoc Dunn’s test). 

Confocal images showed intracellular internalization of GLUT-mCherry by overexpression 

of ARRDC4 WT-eGFP but not by Int-def ARRDC4-eGFP. Blue, DAPI. Scale bars, 5 

μm. M. The mRNA expression of ATF4 and CHOP in cellular lysates was measured 

by quantitative PCR and normalized to the level of GAPDH (one-way ANOVA post-hoc 

Bonferroni test).
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