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Depleting inositol pyrophosphate 5-InsP7 

protected the heart against ischaemia–reperfusion 
injury by elevating plasma adiponectin
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Aims Adiponectin is an adipocyte-derived circulating protein that exerts cardiovascular and metabolic protection. Due to the futile deg
radation of endogenous adiponectin and the challenges of exogenous administration, regulatory mechanisms of adiponectin bio
synthesis are of significant pharmacological interest.

Methods 
and results

Here, we report that 5-diphosphoinositol 1,2,3,4,6-pentakisphosphate (5-InsP7) generated by inositol hexakisphosphate kinase 1 
(IP6K1) governed circulating adiponectin levels via thiol-mediated protein quality control in the secretory pathway. IP6K1 bound to 
adiponectin and DsbA-L and generated 5-InsP7 to stabilize adiponectin/ERp44 and DsbA-L/Ero1-Lα interactions, driving adiponec
tin intracellular degradation. Depleting 5-InsP7 by either IP6K1 deletion or pharmacological inhibition blocked intracellular adipo
nectin degradation. Whole-body and adipocyte-specific deletion of IP6K1 boosted plasma adiponectin levels, especially its high 
molecular weight forms, and activated AMPK-mediated protection against myocardial ischaemia–reperfusion injury. 
Pharmacological inhibition of 5-InsP7 biosynthesis in wild-type but not adiponectin knockout mice attenuated myocardial ischae
mia–reperfusion injury.

Conclusion Our findings revealed that 5-InsP7 is a physiological regulator of adiponectin biosynthesis that is amenable to pharmacological inter
vention for cardioprotection.
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1. Introduction
Adiponectin is an adipocyte-derived circulating protein with anti-diabetic, 
anti-inflammatory, and anti-apoptotic properties.1 Plasma levels of adipo
nectin are reduced in obese and type 2 diabetic patients.2 Lower plasma 
levels of adiponectin are associated with higher rates of cardiovascular 
events.3 Replenishing adiponectin has been demonstrated to confer bene
ficial effects in reducing cardiac ischaemic injury.4 The pleiotropic physio
logical functions of adiponectin are regulated by membrane receptors 
AdipoR1, AdipoR2, and T-cadherin. Adiponectin binds to its receptors 
to activate multiple signalling pathways, such as AMPK (AMP-activated pro
tein kinase), p38 MAPK (p38 mitogen-activated protein kinase), PPARα 
(peroxisome proliferator-activated receptor), and ceramidase.5,6 In the 
bloodstream, adiponectin exists in three major oligomeric forms: trimer, 
hexamer, and a high molecular weight (HMW) multimer. The latter plays 
a major role in conferring the protective effects of adiponectin, especially 
in the cardiovascular system.7 These adiponectin complexes are assembled 
in adipocytes prior to secretion and do not interconvert after secretion.1

Because the high basal level and rapid elimination rate of adiponectin 
make exogenous administration challenging,8–10 elevating endogenous adi
ponectin is an alternative approach. Roughly 50% of de novo-synthesized 
adiponectin is retained and degraded intracellularly.11 Thiol-mediated 
protein quality control in the secretory pathway is orchestrated by 

ERp44 (ER protein of 44 kDa), DsbA-L (disulfide-bond A oxidoreductase- 
like protein), and Ero1-Lα (ER oxidoreductase 1-Lα), which control the 
intracellular retention of adiponectin12–15 and the assembly of HMW adi
ponectin complexes.16,17 However, the mechanisms of coordinating 
ERp44, DsbA-L, and Ero1-Lα to regulate adiponectin are unclear.

In this study, we identify the intracellular signalling molecule 5-dipho
sphoinositol 1,2,3,4,6-pentakisphosphate (5-InsP7) as a critical regulator 
of endogenous adiponectin levels. 5-InsP7 levels are increased in obese 
and type 2 diabetic animal models and contributes to the related disor
ders.18,19 5-InsP7 is synthesized from InsP6 in mammals by a family of three 
inositol hexakisphosphate kinases (IP6K1, IP6K2, and IP6K3) within specific 
subcellular areas to mediate diverse cellular processes, including glucose 
metabolism and protein stability.20–22 Functions of individual IP6Ks have 
been revealed by studies of knockout (KO) mice.22 For example, IP6K1 
regulates glucose metabolism; IP6K2 determines cell death; and IP6K3 par
ticipates in cytoskeletal remodelling.18 IP6K1 produces >70% of 5-InsP7, is 
the major isoform, and has been proposed to be a therapeutic target for 
treating metabolic diseases.18,21,22 Pharmacological inhibition of 5-InsP7 

biosynthesis demonstrates therapeutic benefit for diabetes,23 myocardial 
infarction,24 non-alcoholic fatty liver disease,25 chronic kidney disease,26

etc.22 However, the mechanisms by which depleting 5-InsP7 attenuates 
cardiac ischaemia–reperfusion injury have been elusive.

We found that deleting IP6K1 or depleting its product 5-InsP7 attenu
ated myocardial ischaemia–reperfusion injury by elevating plasma levels 
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of adiponectin, especially the HMW form. Pharmacological inhibition of 
5-InsP7 biosynthesis in wild-type (WT) but not adiponectin KO mice alle
viated myocardial ischaemia–reperfusion injury. IP6K1, via its enzymatic 
product 5-InsP7, drove intracellular retention and degradation of adiponec
tin by strengthening adiponectin/ERp44 and DsbA-L/Ero1-Lα complex for
mation. Our findings reveal a novel molecular mechanism governing 
adiponectin biosynthesis that is pharmacologically targetable.

2. Methods
2.1 Cell culture and transfection
Human embryonic kidney (HEK) 293 cells and 3T3-L1 pre-adipocytes 
were purchased from ATCC (American Type Culture Collection). WT 
mouse embryonic fibroblast (MEF) cells and IP6K1 KO MEF cells were iso
lated as previous report and cultured in DMEM medium (Thermo Fisher 
Scientific) supplemented with 10% (v/v) FBS (Thermo Fisher Scientific), 
100 U/mL penicillin, and 100 μg/mL streptomycin (Thermo Fisher 
Scientific). All cells were maintained at 37°C with 5% CO2. Before treating 
cells, the existing cell culture medium was exchanged with fresh medium. 
Transfections were conducted with Lipofectamine 3000 (Thermo Fisher 
Scientific). Cycloheximide (#2112) was purchased from Cell Signaling 
Technology. Chloroquine (C6628) and N2-(m-(trifluoromethyl)benzyl) 
N6-(p-nitrobenzyl)purine (TNP cat. no. T3955), an inhibitor of IP6K, 
were purchased from Millipore Sigma. MG132 (S2619) was purchased 
from Selleck Chemicals.

2.2 Animal experiments
WT and IP6K1 KO mice were littermates from heterozygous breeding. 
Adipocyte-specific IP6K1 KO mice (adipoq-cre; IP6K1f/f) were generated by 
crossing adipoq-cre strain with IP6K1flox/flox (IP6K1f/f). Cardiomyocyte-specific 
IP6K1 KO mice (αMyHC-cre; IP6K1f/f) were generated by crossing αMyHC-cre 
strain with IP6K1f/f. Adiponectin KO mice were obtained from The Jackson 
Laboratory.

Mouse myocardial ischaemia–reperfusion injury: Male mice aged 8–12 
weeks were anaesthetized by using 2% isoflurane and placed in a supine 
position on a heating pad (37°C), followed by a left thoracotomy between 
the third and fourth ribs to expose the heart. The left anterior descending 
coronary artery was ligated by using a 7-0 Prolene suture. The occlusion 
was removed after 30 min to allow myocardial reperfusion for 24 h.

Evans blue and 2,3,5-triphenyltetrazolium chloride (TTC) staining: Mice 
were anaesthetized by using 1.2% 2,2,2-tribromoethanol (TBE; Cas:75- 
80-9, Aladdin) in order to produce less bradycardia with less effect on car
diac loading and ventricular function than does xylazine–ketamine,27 then 
injected with 0.5% (w/v) Evans blue (AAA1677409, Thermo Fisher 
Scientific) via jugular vein after occlusion of left anterior descending coron
ary artery. The animal was euthanized, and the heart was then excised, 
washed with PBS, and frozen at −20°C for 20 min. The heart was cut 
transversely into 2 mm thin slices and was incubated with 2% (w/v) solution 
of TTC (AAA1087009, Thermo Fisher Scientific) in PBS buffer (pH 7.4 at 
37°C) for 20 min. The heart slices were then fixed for 30 min in 4% (w/v) 
paraformaldehyde. The non-ischaemic portion was stained blue, viable tis
sue within the region at risk was stained bright red, and infarcted tissue was 
white. The images were analysed using ImageJ, and the infarct size ratio was 
calculated by dividing the infarct volume to the left ventricle volume, and 
infarct volume to the area at risk.

Echocardiography: Mice were anaesthetized with 2% isoflurane and 
placed in a supine position on a heating pad (37°C). Echocardiogram was 
performed by using a Vevo 2100 system and MS-400 linear probe. A short- 
axis view of the left ventricle at the level of the papillary muscles was ob
tained, and M-mode recordings were obtained from this view. Fractional 
shortening and ejection fraction were calculated or measured from 
M-mode echocardiography.

TNP was dissolved in DMSO:Tween 80:water (1:1:8) and was injected 
intraperitoneally (20 mg/kg; body weight) for 1 week. Blood was collected 
by cardiac puncture. Ischaemia–reperfusion injury was performed after 

TNP treatment, and animals were sacrificed 24 h later. Evans blue and 
TTC staining was performed to analyse the infarction area.

All animal-related procedures were conducted in accordance with the 
NIH Guide for Care and Use of Laboratory Animals and approved by 
the Animal Care and Use Committee of Tianjin Medical University. The ap
proval number for animal experiments is TMUaMEC 2019005.

2.3 TUNEL staining assay
Animals were euthanized by CO2, perfused with PBS, and fixed with 4% 
(w/v) paraformaldehyde. Hearts were excised and incubated in 4% (w/v) 
paraformaldehyde for at least 48 h. TUNEL staining was performed on 
heart sections according to the manufacturer’s suggestions (One-step 
TUNEL Apoptosis Assay Kit, Abbkine Scientific). The nucleus was counter
stained with diamidino-2-phenylindole (DAPI). Cardiomyocytes were 
stained by utilizing anti-cardiac troponin I antibodies (66376-1-lg, 
Proteintech). Pictures were recorded by using a confocal microscope 
(Zeiss LSM 800).

2.4 Isolate and culture of primary adipocytes
Male C57BL/6 mice (8–9 weeks of age) were euthanized by CO2. The sub
cutaneous fat pads were harvested, washed in PBS (pH 7.4) buffer at room 
temperature, and minced thoroughly (2–3 mm in diameter) in collagenase 
solution (0.2 mg/mL collagenase I). This mixture was incubated at 37°C 
with shaking at 220 rpm for 1 h. After digestion, the mixture was filtered 
through a 70 μm mesh into a 50 mL conical polypropylene tube and al
lowed to stand for 2–3 min. The floating layer of adipocytes was collected 
and washed three times. The cells were incubated in alpha modified Eagle’s 
medium containing 20% foetal bovine serum.

2.5 Western blotting and 
immunoprecipitation
Tissues and cells were homogenized at 4°C in lysis buffer containing 
50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 0.5% Igepal CA630, 5 mM 
MgCl2, and protease/phosphatase inhibitors (Millipore Sigma). Lysates 
were pulse sonicated and centrifuged at 13 000 g for 10 min at 4°C. The 
supernatants were collected. Protein concentrations were determined 
using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). SDS load
ing buffer (Solaribo) containing 5% β-mercaptoethanol was added, and the 
samples were boiled for 5 min.

For immunoprecipitation, tissues and cells were homogenized at 4°C in 
the aforementioned lysis buffer. Lysates were passed through 30-gauge 
needles 20 times and centrifuged at 13 000 g for 10 min at 4°C. The super
natants were collected and pre-cleaned with protein A/G beads (Santa 
Cruz) for 90 min at 4°C. Lysates were centrifuged briefly, and the super
natants were collected while the protein A/G beads were discarded. 
Primary antibody was added to cell lysates and incubated at 4°C overnight. 
Protein A/G beads were then added to the cell lysates and incubated for 
2 h at 4°C. The beads were washed with cold lysis buffer three times. 
1.5 × SDS loading buffer containing 5% β-mercaptoethanol was added, 
and the samples were boiled for 5 min.

Samples were run on 10% polyacrylamide gels and transferred to nitro
cellulose membranes (Thermo Fisher Scientific). Membranes were blocked 
with 5% non-fat milk in TBST, or 5% bovine serum albumin (BSA; Thermo 
Fisher Scientific) in TBST for phospho-antibodies, for 30 min at room tem
perature, washed with TBST, and incubated with primary antibodies in 5% 
BSA in TBST overnight at 4°C. The following day, membranes were 
washed with TBST, incubated with secondary antibodies for 1 h at room 
temperature, and washed again with TBST. Chemiluminescent substrate 
(Thermo Fisher Scientific) was used to visualize protein bands.

Antibodies against IP6K1 (sc-374292), IP6K2 (sc-373770), myc-tag (clone 
9E10), ERp44 (sc-393687), Ero1-Lα (sc365526), T-cadherin (sc-166875), 
adipoR2 (sc-514045), and GRP78 (sc-166490) were purchased from Santa 
Cruz Biotechnology. Antibodies against adiponectin (ab22554) and 
adipoR1 (ab70362) were purchased from Abcam. Antibodies against 
β-actin (66009-1-Ig), cardiac troponin I (66376-1-lg), and DsbA-L (GSTK1 
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Figure 1 Knocking out IP6K1 attenuated myocardial ischaemia–reperfusion injury. (A) Evans blue and TTC double staining of the hearts at 24 h after myo
cardial ischaemia–reperfusion injury. The non-ischaemic area was indicated by blue, the area at risk (AAR) by red and white, and the infarct area (IA) by white. 
LV, left ventricle. Data were presented as mean ± SEM, ns = not significant, Student’s t-test, n = 5 mice per group. Scale bar: 5 mm. (B) TUNEL staining of the 
ischaemia–reperfusion injured hearts in the border zones. Cardiac troponin I was co-stained for cardiomyocytes. Data were presented as mean ± SEM, 
Student’s t-test, n = 5 mice per group. Scale bar: 20 μm. (C ) Plasma levels of hs-cTn-I at 24 h after myocardial ischaemia–reperfusion injury. Data were pre
sented as mean ± SEM, Student’s t-test, n = 5 mice per group. (D) Protein levels of cleaved caspase 3 in the border zones of ischaemia–reperfusion injured                                                                                                                                                                                                             
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cat. no. 14535-1-AP) were purchased from Proteintech. Antibodies against 
AMPK (9158s), phospho-AMPKα (Thr172; 2535s), ubiquitin (3936s), 
cleaved caspase 3 (9664s), acetyl-CoA carboxylase (3676s), and 
phospho-acetyl-CoA carboxylase (Ser79; 11818s) were purchased from 
Cell Signaling Technology. Antibody against IP6K3 (PA5-106525) was pur
chased from Thermo Fisher Scientific. Antibody against IP6K1 
(HPA040825) and flag-tag (MAB3118) was purchased from Millipore Sigma.

2.6 Enzyme-linked immunosorbent assay
Animals were euthanized by CO2. Blood samples were collected via cardiac 
puncture. The plasma concentrations of adiponectin were determined by 
using a Mouse Adiponectin ELISA Kit, following the manufacturer’s instruc
tions (PA002, Beyotime). The plasma levels of high-sensitivity cardiac tropo
nin I (hs-cTn-I) were determined by using a mouse hs-cTn-I ELISA Kit, 
following the manufacturer’s instructions (BY-EM222975, BYabscience).

2.7 Western blot analyses of plasma 
adiponectin oligomerization
Plasma samples were mixed with buffer containing 62.5 mM Tris-HCl (pH 
6.8), 10% glycerol, and 0.01% bromophenol blue. Samples were separated 
by the native polyacrylamide gel electrophoresis. Proteins were then trans
ferred to a PVDF membrane. Primary antibody against adiponectin was 
used to detect the oligomers of adiponectin.

2.8 Immunofluorescence staining
Cultured cells were washed with PBS and fixed with 4% (w/v) paraformalde
hyde for 10 min. The samples were blocked with 10% (v/v) goat serum 
(MilliporeSigma) for 10 min at room temperature and then incubated with pri
mary antibodies at 4°C overnight. The samples were washed multiple times 
with PBS for 3 h at room temperature and then incubated with fluorescent- 
dye conjugated secondary antibodies for 1 h at room temperature. Nuclei 
were stained with DAPI (Thermo Fisher Scientific) for 10 min. Slices were 
mounted with ProLong Gold Antifade Mountant (Thermo Fisher Scientific). 
Pictures were taken under a confocal microscope (Zeiss LSM 800). Alexa 
Fluor 568 Goat Anti-Rabbit and Alexa Fluor 488 Goat Anti-Mouse secondary 
antibodies were purchased from Thermo Fisher Scientific.

2.9 RNA isolation and real-time PCR
Total RNA was isolated from mice tissues using the TransZol up Plus RNA Kit 
(TransGen Biotech) and was reverse transcribed to cDNA using 
SuperScript® III (Invitrogen) according to the manufacturer’s recommended 
protocol. Real-time quantitative PCR was performed with the Brilliant II 
SYBR Green qPCR Master Mix (Stratagene) and the ABI 7900HT Real-time 
PCR System (Life Technologies). β-Actin was used as loading control.

2.10 Plasmid cloning
Myc-tagged IP6K1, myc-tagged GFP, flag-tagged GFP, flag-tagged adiponec
tin, flag-tagged DsbA-L, flag-tagged ERp44, flag-tagged Ero1-Lα, GST-fused 

ERp44, and GST-fused DsbA-L were cloned into the pCDH 
-EF1-MCS-T2A-copGFP vector (System Biosciences). The PCR products 
were generated by using Prime Star DNA Polymerase (Takara Bio) and in
serted into the vectors using the In-Fusion HD Enzyme (Takara Bio). All 
newly constructed plasmids were sequence verified.

2.11 Subcellular fractionations
Isolation of the endoplasmic reticulum (ER) was performed by using an ER 
isolation kit (Sigma-Aldrich, ER0100) according to the manufacturer’s 
instructions.

2.12 Chemical synthesis
5-PCF2Am-InsP5 (CF2) and 5-PCP-InsP5 (5PCP) were synthesized as previ
ously described.28,29 The inositol pyrophosphates 1-diphosphoinositol pen
takisphosphate (1-InsP7), 3-diphosphoinositol pentakisphosphate (3-InsP7), 
and 5-InsP7 were synthesized using similar methods to those previously de
scribed.30 All synthetic compounds were purified by ion-exchange chroma
tography, fully characterized by 1H, 31P, and 13C NMR spectroscopy and 
where feasible quantified by total phosphate analysis. Commercially available 
InsP6 (MilliporeSigma) was utilized. 1/3-position 5PCP-resin was synthesized 
as previously described.31 SC-919 was synthesized as previously described.26

2.13 In vitro protein binding assay
To assess the binding of adiponectin with ERp44, flag-tagged adiponectin and 
GST-fused ERp44 were overexpressed in HEK293 cells. Cell lysates were pre
cleaned with protein A/G beads (Santa Cruz Biotechnology), and anti-flag-tag 
antibody was added to cell lysates expressing flag-tagged adiponectin over
night. Flag-tagged adiponectin was pulled down by protein A/G beads and 
washed three times. Separately, Glutathione Sepharose (GE Life Sciences) 
was used to pull down GST-fused ERp44, and PreScission Protease 
(Beyotime Biotechnology) was applied to cleave GST and release ERp44 
into the buffer. Buffer with purified ERp44 was added to protein A/G agarose- 
bound flag-tagged adiponectin in the presence of InsP6, 5-InsP7, 5PCP, CF2, 
1-InsP7, 3-InsP7, InsP3, InsP4, or InsP5 overnight at 4°C. The beads were 
then collected and washed three times. The samples were loaded with 
1.5 × SDS loading buffer containing 5% β-mercaptoethanol and boiled for 
5 min. The in vitro binding of DsbA-L with Ero1-Lα was performed by utilizing 
flag-tagged Ero1-Lα and GST-fused DsbA-L, which were produced in HEK293 
cells. Purified DsbA-L was added to protein A/G agarose-bound flag-tagged 
Ero1-Lα in the presence of InsP6, 5-InsP7, 5PCP, CF2, 1-InsP7, 3-InsP7, InsP3, 
InsP4, or InsP5 overnight at 4°C. The beads were then collected and washed 
three times. The samples were loaded with 1.5 × SDS loading buffer containing 
5% β-mercaptoethanol and boiled for 5 min.

To assess the binding of adiponectin to 5PCP, the control and 
5PCP-resin were equilibrated with cell lysis buffer. Adiponectin, prepared 
from GST-fused adiponectin via Glutathione Sepharose and PreScission 
Protease, was added onto the 5PCP-resin and incubated overnight at 4°C. 
The resins were collected and washed three times. The samples were 
mixed with 1.5 × SDS loading buffer containing 5% β-mercaptoethanol 

Figure 1 Continued 
hearts. Data were presented as mean ± SEM, Student’s t-test, n = 5 mice per group. (E) Representative echocardiographic images of WT and IP6K1 KO mice at 
24 h after the myocardial ischaemia–reperfusion injury. Data were presented as mean ± SEM, Student’s t-test, n = 5 mice per group. (F ) Phosphorylation levels 
of AMPK in the border zones of the ischaemic hearts. Data were presented as mean ± SEM, Student’s t-test, n = 6 mice per group. (G) Phosphorylation levels 
of AMPK in WT and IP6K1 KO hearts at baseline. Data were presented as mean ± SEM, Student’s t-test, n = 6 mice per group. (H ) Phosphorylation levels of 
AMPK in cultured WT and IP6K1 KO MEF cells. Data were presented as mean ± SEM, ns = not significant, Student’s t-test, n = 6 from three independent 
repeats. (I ) Phosphorylation levels of AMPK in WT MEFs that were treated with plasma from WT or IP6K1 KO mice. Data were presented as mean ±  
SEM, Student’s t-test, n = 6 mice per group. (J ) Plasma adiponectin concentrations that were determined by ELISA. Data were presented as mean ± SEM, 
Student’s t-test, n = 8 mice per group. (K ) Total circulating adiponectin levels in WT and IP6K1 KO mice, n = 3 mice per group. (L) Adiponectin oligomers 
in the plasma of WT and IP6K1 KO mice. Data were presented as mean ± SEM, Student’s t-test, n = 6 mice per group. (M ) Adiponectin oligomers in the plasma 
of WT and IP6K1 KO mice at 24 h after the myocardial ischaemia–reperfusion injury. Data were presented as mean ± SEM, Student’s t-test, n = 6 mice per 
group.
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and boiled for 5 min. The binding of DsbA-L to 5PCP was performed by 
the same method. DsbA-L was prepared from GST-fuse DsbA-L via 
Glutathione Sepharose and PreScission Protease.

D-myo-inositol-1,4,5-triphosphate (InsP3, cat. no. 10008205), D-myo-inosi
tol-1,3,4,5-tetraphosphate (InsP4, cat. no. 60980), and D-myo-inositol-1,3,4,5,6- 
pentaphosphate (InsP5, cat. no. 10007784) were purchased from Cayman 
Chemical. D-myo-inositol-1,2,3,4,5,6-hexakisphosphate (InsP6, cat#P8810) 
was purchased from MilliporeSigma.

2.14 Statistical analysis
All statistical data were presented as means ± SEM. Experiments were re
peated at least three times for the quantifications. Unpaired two-tailed 
Student’s t-test was used to test for significance when comparing two 
groups. One-way ANOVA was used for comparation of more than two 
groups, and the adjusted P value was determined by Dunnett’s multiple 
comparisons test. ImageJ was used to analyse western blots. Volocity soft
ware (V6.3, PerkinElmer Inc.) was used to quantify the co-localization. 
Differences were considered significant at *P < 0.05, **P < 0.01, and 
***P < 0.001. GraphPad Prism 7.0 was used for all statistical analyses.

3. Results
3.1 Knocking out IP6K1 protected the heart 
from myocardial ischaemia–reperfusion injury
We utilized IP6K1 KO mice to study the role of IP6K1 in myocardial ischae
mia–reperfusion injury. Animals were subjected to 30 min ischaemia fol
lowed by 24 h reperfusion; the myocardial infarction was analysed by 
Evans blue/TTC staining (Figure 1A). Compared to WT littermates, the 
size of the infarct area was smaller in the IP6K1 KOs (Figure 1A). At the cel
lular level, there were fewer apoptotic cardiomyocytes in the border zone 
of IP6K1 KO hearts than in WT littermates after ischaemia–reperfusion in
jury (Figure 1B). The plasma levels of hs-cTn-I, a marker for cardiomyocyte 
damage, were lower in the IP6K1 KOs than WT littermates after ischae
mia–reperfusion injury (Figure 1C). We performed western blots to check 
the levels of cleaved caspase 3, a marker for apoptosis, in the border zone. 
Its levels were lower in the IP6K1 KO preparations than WT littermates 
(Figure 1D). Cardiac functions revealed by echocardiogram showed that 
the ejection fraction and fractional shortening were similar in WT and 
IP6K1 KO littermates at baseline (see Supplementary material online, 
Figure S1), but were higher in IP6K1 KO mice than those of WT littermates 
after ischaemia–reperfusion injury (Figure 1E). These results suggested that 
deletion of IP6K1 protected the heart from myocardial ischaemia– 
reperfusion injury.

The AMPK signalling pathway has been shown to protect against myo
cardial ischaemia–reperfusion injury.32 Western blots showed that the le
vels of phospho-AMPK were higher in the IP6K1 KO hearts than those of 
WT littermates at both ischaemic and non-ischaemic conditions (Figure 1F 
and G), suggesting that activation of the AMPK signalling may contribute to 
the attenuated ischaemia–reperfusion injury observed in IP6K1 KO mice. 
We utilized in vitro cultured MEF cells to validate whether deletion of 
IP6K1 directly increases AMPK phosphorylation in the same cell system 
(Figure 1H). However, we did not observe activation of the AMPK pathway 
in IP6K1 KO MEFs in the in vitro cell culture (Figure 1H), which is consistent 
with a recent finding that depletion of 5-InsP7 does not itself activate the 
AMPK pathway in HCT116 cells.33 This puzzle prompted us to check 
the animal plasma to establish whether deletion of IP6K1 might augment 
certain factors to activate the AMPK pathway. Cells were treated 
with plasma from WT and IP6K1 KO littermates. The levels of 
phospho-AMPK were elevated when cells were treated with plasma 
from IP6K1 KO mice (Figure 1I). Adiponectin has been shown to activate 
the AMPK pathway to protect against myocardial ischaemia–reperfusion 
injury.4 We found that the plasma levels of adiponectin were higher in 
IP6K1 KO animals (Figure 1J). Western blots confirmed that the plasma le
vels of both the total and HMW adiponectin were elevated in IP6K1 KO 
mice (Figure 1K and L). The expression levels of adiponectin receptors 

AdipoR1, AdipoR2, and T-cadherin were equal between WT and IP6K1 
KO littermates (see Supplementary material online, Figure S2), suggesting 
that the activated AMPK signalling in IP6K1 KOs was not through upregula
tion of adiponectin receptors. The plasma HMW adiponectin levels were 
still higher in IP6K1 KO mice after ischaemia–reperfusion injury (Figure 1M).

3.2 Adipocyte-specific deletion of 
IP6K1 attenuated myocardial 
ischaemia–reperfusion injury
To confirm the in vivo effects of IP6K1 deletion upon adiponectin, we gen
erated adipocyte-specific IP6K1 KO mice (adipoq-cre; IP6K1f/f). Similar to 
the effects of whole-body KO of IP6K1, adipocyte-specific deletion of 
IP6K1 (adipoq-cre; IP6K1f/f) boosted the plasma levels of adiponectin 
(Figure 2A). Consistently, the HMW forms of plasma adiponectin were 
higher in the adipocyte-specific IP6K1 KO mice (adipoq-cre; IP6K1f/f) than 
those of control animals (IP6K1f/f; Figure 2B). The elevated plasma levels 
of adiponectin in adipocyte-specific IP6K1 KO mice also activated the 
AMPK pathway in the heart (Figure 2C).

We utilized the adipocyte-specific IP6K1 KO mice (adipoq-cre; IP6K1f/f) 
to explore the protective effect of the elevated adiponectin against cardiac 
ischaemia–reperfusion injury. After the ischaemia–reperfusion injury, the 
adipocyte-specific IP6K1 KO mice (adipoq-cre; IP6K1f/f) showed lower plas
ma levels of the cardiomyocyte damage marker hs-cTn-I than the controls 
(IP6K1f/f; Figure 2D). The size of infarct area was smaller in the 
adipocyte-specific IP6K1 KO mice (adipoq-cre; IP6K1f/f) than those of con
trols (IP6K1f/f; Figure 2E). The echocardiogram revealed that the adipocyte- 
specific IP6K1 KO mice (adipoq-cre; IP6K1f/f) had higher ejection fraction 
and fractional shortening than the controls (IP6K1f/f) after ischaemia– 
reperfusion injury (Figure 2F). The levels of phospho-AMPK were higher 
in the border zone of ischaemia–reperfusion injured hearts of adipocyte- 
specific IP6K1 KO mice (adipoq-cre; IP6K1f/f) compared to controls 
(IP6K1f/f; Figure 2G), whereas the expression levels of the cleaved caspase 
3 were lower in the border zone of ischaemia–reperfusion injured hearts 
in adipocyte-specific IP6K1 KO mice (adipoq-cre; IP6K1f/f) compared to 
controls (IP6K1f/f; Figure 2H). Thus, deletion of IP6K1 in adipocytes elevated 
circulating adiponectin levels and alleviated myocardial ischaemia– 
reperfusion injury.

3.3 Cardiomyocyte-specific deletion of 
IP6K1 did not elevate adiponectin 
and did not attenuate myocardial 
ischaemia–reperfusion injury
Cardiomyocytes also express adiponectin, which attenuates ischaemia– 
reperfusion injury in an autocrine manner.34 To examine whether deletion 
of IP6K1 could also elevate cardiomyocyte-derived adiponectin to protect 
the ischaemic heart, we generated cardiac-specific IP6K1 KO mice 
(αMyHC-cre; IP6K1f/f). Deletion of IP6K1 in cardiomyocytes did not affect 
the adiponectin protein levels in the heart (see Supplementary material 
online, Figure S3A). The plasma levels of adiponectin were similar between 
control (IP6K1f/f) and cardiac-specific IP6K1 KO (αMyHC-cre; IP6K1f/f) mice 
(see Supplementary material online, Figure S3B). The phosphorylation le
vels of AMPK in the heart were similar between control (IP6K1f/f) and 
cardiac-specific IP6K1 KO (αMyHC-cre; IP6K1f/f) mice at baseline (see 
Supplementary material online, Figure S3C).

We examined whether specific deletion of IP6K1 in cardiomyocytes 
could attenuate cardiac ischaemia–reperfusion injury (see Supplementary 
material online, Figure S3D and E). The results showed that the AMPK 
pathway in the ischaemia–reperfusion injured heart was not activated 
in the cardiac-specific IP6K1 KO (αMyHC-cre; IP6K1f/f) mice (see 
Supplementary material online, Figure S3D). The infarct sizes were similar 
between control (IP6K1f/f) and cardiac-specific IP6K1 KO (αMyHC-cre; 
IP6K1f/f) mice (see Supplementary material online, Figure S3E). Thus, 
cardiomyocyte-specific deletion of IP6K1 did not elevate adiponectin and 
did not attenuate myocardial ischaemia–reperfusion injury.

Depleting 5-InsP7 alleviated cardiac I/R injury by elevating plasma adiponectin                                                                                                              959
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/120/8/954/7585181 by guest on 30 August 2024

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae017#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae017#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae017#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae017#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae017#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae017#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae017#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae017#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae017#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae017#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae017#supplementary-data


A

C

HMW

trimer

hexamer

IP6K1f/f
adipoq-cre; 
IP6K1f/f 

E

F

B

adiponectin

total plasma adiponectin 

IP6K1f/f
adipoq-cre; 
IP6K1f/f 

kD

-30

t-AMPK

p-AMPK

β-actin

p-ACC

t-ACC

at baseline

adipoq-cre; 
IP6K1f/f IP6K1f/f

kD
-62

-62

-280

-280

-45

p-AMPK

t-AMPK

β-actin

adipoq-cre; 
IP6K1f/f 

IP6K1f/f

at 24 h after myocardial I/R

kD

-62

-45

-62

G H

D

Cleaved 
Caspase-3

kD

-19

β-actin

adipoq-cre; 
IP6K1f/f IP6K1f/f

at 24 h after myocardial I/R

-45

adipoq-cre
IP6K1f/f

IP6K1f/f

at 24 h after myocardial I/R

base apex

adipoq-cre
IP6K1f/f

IP6K1f/f

IP 6 K 1
f / f
a d ip o q -c r e
IP 6 K 1

f / f

0

50

100

150

200

250

h s -cT n I

h
s
-c
T
n
I
(p
g
/m

L
)

p = 0 .0012
* *

IP 6 K 1
f / f
a d ip o q -c r e ;
IP 6 K 1

f / f

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

HMW ad iponec tin

R
e
la
ti
v
e
t o

I P
6
K
1
f/
f
(f
o
ld
)

* * *
p < 0 .0 0 1

IP 6 K 1
f / f
a d ip o q -c r e
IP 6 K 1

f / f

0

1

2

3

4

pAM PK leve ls

R
e
la
ti
v
e
to

IP
6
K
1
f/
f
(f
o
ld
)

* *

p = 0 .0 0 9 8

IP 6 K 1
f / f
a d ip o q -c r e
IP 6 K 1

f / f

0

10

20

30

40

IA /LV
IA
/L
V
(%

)

* * *

p < 0 .0 0 1

IP 6 K 1
f / f
a d ip o q -c r e
IP 6 K 1

f / f

0

20

40

60

80

IA /AAR

IA
/A
A
R
(%

)

* * *

p < 0 .0 0 1

IP 6 K 1
f / f
a d ip o q -c r e
IP 6 K 1

f / f

0

20

40

60

E
je
c
ti
o
n
F
ra
c
ti
o
n
(%

) p < 0 .0 01
* * *

E jec tion F rac tion

IP 6 K 1
f / f
a d ip o q -c r e
IP 6 K 1

f / f

0

10

20

30

40

F rac tiona l S ho rten ing

F
ra
c
ti
o
n
a
l
S
h
o
rt
e
n
in
g
(%

)

p = 0 .0 01
* * *

IP 6 K 1
f / f
a d ip o q -c r e
IP 6 K 1

f / f

0

20

40

60

A
A
R
/L
V
(%

)

A AR /LV

ns
p = 0 .2 4 5 4

IP 6 K 1
f / f
a d ip o q -c r e ;
IP 6 K 1

f / f

0

1

2

3

4

5

pAM PK leve ls

R
e
la
ti
v
e
to

IP
6
K
1
f/
f
(f
o
ld
)

* *
p = 0 .0 0 1 5

IP 6 K 1
f / f
a d ip o q -c r e
IP 6 K 1

f / f

0 .0

0 .5

1 .0

1 .5

C asp ase3 le ve ls

R
e
la
ti
v
e
to

IP
6
K
1
f/
f
(f
o
ld
) p = 0 .0042

* *

Figure 2 Adipocyte-specific deletion of IP6K1 attenuated myocardial ischaemia–reperfusion injury. (A) Total circulating adiponectin levels in control 
(IP6K1f/f) and adipocyte-specific IP6K1 KO mice (adipoq-cre; IP6K1f/f). n = 3 mice per group. (B) Levels of plasma adiponectin oligomers in control and 
adipocyte-specific IP6K1 KO mice. Data were presented as mean ± SEM, Student’s t-test, n = 6 mice per group. (C ) Phosphorylation levels of AMPK in heart 
tissues of control and adipocyte-specific IP6K1 KO mice. Data were presented as mean ± SEM, Student’s t-test, n = 6 mice per group. (D) Plasma levels of 
hs-cTn-I at 24 h after myocardial ischaemia–reperfusion injury in control and adipocyte-specific IP6K1 KO mice. Data were presented as mean ± SEM, 
Student’s t-test, n = 5 mice per group. (E) Evans blue and TTC double staining of the hearts in control and adipocyte-specific IP6K1 KO mice at 24 h after 
myocardial ischaemia–reperfusion injury. The non-ischaemic area was indicated by blue, the area at risk (AAR) by red and white, and the infarct area (IA) 
by white. LV, left ventricle. Data were presented as mean ± SEM, Student’s t-test, n = 6 mice per group. Scale bar: 5 mm. (F ) Representative echocardiographic 
images of control and adipocyte-specific IP6K1 KO mice at 24 h after myocardial ischaemia–reperfusion injury. Data were presented as mean ± SEM, Student’s 
t-test, n = 5 mice per group. (G) Phosphorylation levels of AMPK in the border zones of the ischaemic hearts of control and adipocyte-specific IP6K1 KO mice 
at 24 h after myocardial ischaemia–reperfusion injury. Data were presented as mean ± SEM, Student’s t-test, n = 6 mice per group. (H ) Protein levels of 
cleaved caspase 3 in the border zones of the ischaemic hearts of control and adipocyte-specific IP6K1 KO mice at 24 h after myocardial ischaemia–reperfusion 
injury. Data were presented as mean ± SEM, Student’s t-test, n = 5 mice per group.
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3.4 IP6K1 bound to adiponectin
We tested whether IP6K1 regulates adiponectin transcription. The mRNA 
levels of adiponectin in adipocytes were similar between WT and IP6K1 
KOs (see Supplementary material online, Figure S4), indicating that IP6K1 
did not regulate adiponectin transcription.

To investigate the molecular mechanism by which IP6K1 regulated adi
ponectin, we performed immunoprecipitations of IP6K1 to look for its 
binding partners. Protein electrophoresis, silver staining, and mass spec
trometry revealed that adiponectin was co-immunoprecipitated by 
IP6K1 in hearts, adipose tissues, and skeletal muscles of mice (Figure 3A), 
which was confirmed by western blots (Figure 3B). As a negative control, 
we show that immunoprecipitation of IP6K1 pulled down adiponectin in 
WT but not IP6K1 KO preparations (Figure 3C and D). To rule out non- 
specific activity of the IP6K1 antibody, we overexpressed flag-tagged adipo
nectin and myc-tagged IP6K1 together and validated the IP6K1/adiponectin 
binding by immunoprecipitation of flag-tag and myc-tag (Figure 3E and F ). 
IP6K2 and IP6K3 are two other isoforms of IP6Ks and share similar kinase 
activities with IP6K1. IP6K1 functions mainly in the cytosol and at the plas
ma membrane, while IP6K2 is primarily a nuclear protein. IP6K3 is highly 
expressed in heart and brain. We performed immunoprecipitations and 
western blots to test whether IP6K2 and IP6K3 interact with adiponectin. 
Immunoprecipitation of IP6K2 did not pull down adiponectin (Figure 3G 
and H; see Supplementary material online, Figure S5A). IP6K3 and adiponec
tin did not bind each other (Figure 3H; see Supplementary material online, 
Figure S5B and C). Thus, only IP6K1 bound to adiponectin.

We utilized the adipocyte-specific IP6K1 KO mice (adipoq-cre; IP6K1f/f) to 
examine the interaction of IP6K1 with adiponectin in the heart and adipose tis
sue (Figure 3I and J ). Immunoprecipitations of IP6K1 in the heart co-pulled 
down similar amounts of adiponectin in the control (IP6K1f/f) and adipocyte- 
specific IP6K1 KO (adipoq-cre; IP6K1f/f) animals, suggesting that the interaction 
of IP6K1 with adiponectin in the hearts was not affected by the deletion of 
IP6K1 in adipocytes (Figure 3I). In contrast, immunoprecipitations of IP6K1 in 
adipose tissues co-pulled down adiponectin in the control (IP6K1f/f) mice but 
not in the adipocyte-specific IP6K1 KO (adipoq-cre; IP6K1f/f) mice (Figure 3J).

Adiponectin is secreted through the ER–Golgi pathway. To test whether 
IP6K1 is present in the ER–Golgi pathway, we performed immunostaining 
of IP6K1 and GRP78 for ER. Confocal microscopy revealed that IP6K1 was 
partially co-localized with GRP78 (see Supplementary material online, 
Figure S6A). We isolated the subcellular fraction of ER. Western blots 
showed that IP6K1 was present in the ER fraction (see Supplementary 
material online, Figure S6B).

3.5 5-InsP7 enhanced the binding of 
adiponectin with ERp44
Thiol-mediated protein quality control by ERp44 is a key mechanism that 
governs adiponectin biosynthesis and permits tight regulation of circulating 
adiponectin levels.12–14 Deletion of IP6K1 reduced the binding of adipo
nectin with ERp44 (Figure 4A and B). Confocal microscopy also revealed 
that the co-localization of adiponectin with ERp44 was decreased in the 
IP6K1 KO adipocytes (Figure 4C).

We performed immunoprecipitations to examine whether IP6K1 inter
acts with ERp44 (see Supplementary material online, Figure S7). The results 
showed that IP6K1 did not bind ERp44 (see Supplementary material online, 
Figure S7); thus, IP6K1 did not function as a scaffolding protein to mediate 
the interaction of adiponectin/ERp44.

To test whether 5-InsP7 mediated the binding of adiponectin with 
ERp44, we utilized TNP, an IP6K inhibitor,35 to block 5-InsP7 biosynthesis 
in adipocytes. Immunoprecipitations and western blots revealed that adi
ponectin co-immunoprecipitated less ERp44 in TNP-treated cells 
(Figure 4D). Similarly, ERp44 co-immunoprecipitated less adiponectin 
when 5-InsP7 biosynthesis was inhibited (Figure 4E), indicating that 
5-InsP7 was required for the interaction of adiponectin with ERp44. This 
result was further confirmed by utilizing SC-919 (see Supplementary 
material online, Figure S8), a selective IP6K inhibitor.26

To test whether 5-InsP7 bound adiponectin and/or ERp44, resin-bound 
5PCP,31 a metabolically resistant analogue of 5-InsP7, was used as a bait to 

pull down adiponectin and ERp44 (Figure 4F). 5PCP was immobilized to the 
resin via a linker at the 1-, 2-, or 3-position in equal parts. A resin with mono
phosphate attached via the same linker was used as control.31 5PCP-resin 
pulled down both endogenous adiponectin from adipocyte whole cell lysates 
(Figure 4F) and the purified adiponectin (see Supplementary material online, 
Figure S9). In contrast, 5PCP-resin did not pull down ERp44 (Figure 4F), suggest
ing that 5-InsP7 bound adiponectin but not ERp44.

We performed an in vitro binding assay to test whether 5-InsP7 could medi
ate the interaction of adiponectin with ERp44. Compared with InsP6, the im
mediate precursor of 5-InsP7, 5-InsP7 enhanced the binding of adiponectin 
with ERp44 more strongly (Figure 4G). Two different non-hydrolysable analo
gues of 5-InsP7, 5PCP36 and CF2,28 both strengthened the interaction of adipo
nectin with ERp44 (Figure 4H). We also used ‘no InsP’, Ins(14,5)P3, Ins(1,3,4,5) 
P4, and Ins(1,3,4,5,6)P5 as controls to determine if the interaction was mediated 
simply by increased electrostatic charge. The in vitro binding results showed that 
5-InsP7 but not Ins(14,5)P3, Ins(1,3,4,5)P4, or Ins(1,3,4,5,6)P5 enhanced the adi
ponectin/ERp44 interaction (Figure 4I). 1-InsP7, 3-InsP7, and 5-InsP7 are inositol 
pyrophosphates with the pyrophosphate at 1-, 3-, and 5-positions of the inosi
tol ring, respectively. The in vitro binding assay showed that 1-InsP7 and 3-InsP7 

displayed weaker effects compared to 5-InsP7 in mediating the adiponectin/ 
ERp44 interaction (Figure 4J). The above results indicated that the interaction 
was due specifically to 5-InsP7 but not simply increased electrostatic charge.

3.6 5-InsP7 enhanced the binding of DsbA-L 
with Ero1-Lα
DsbA-L and Ero1-Lα form complexes with adiponectin and ERp44 and are 
critical regulators of thiol-mediated quality control of adiponectin biosyn
thesis.12,17,37 We performed immunoprecipitations and western blots to 
show that IP6K1 bound DsbA-L (Figure 5A and B) but not Ero1-Lα (see 
Supplementary material online, Figure S10). Although IP6K1 bound both adi
ponectin and DsbA-L, deletion of IP6K1 did not affect the interaction between 
adiponectin and DsbA-L (see Supplementary material online, Figure S11). In 
contrast, the interaction between DsbA-L and Ero1-Lα was reduced in 
IP6K1 KO adipocytes (Figure 5C and D). Notably, IP6K1 did not function as a 
scaffolding protein to mediate the interaction of DsbA-L with Ero1-Lα because 
IP6K1 did not bind Ero1-Lα (see Supplementary material online, Figure S10).

We utilized 5PCP-resin to pull down DsbA-L and Ero1-Lα. The results 
showed that DsbA-L, but not Ero1-Lα, was pulled down by 5PCP-resin, 
indicating that 5-InsP7 bound DsbA-L (Figure 5E; see Supplementary 
material online, Figure S12), but not Ero1-Lα (Figure 5E). We performed 
an in vitro binding assay to examine whether 5-InsP7 could mediate the 
interaction of DsbA-L with Ero1-Lα. InsP6, the precursor of 5-InsP7, was 
used as a control. Results showed that 5-InsP7 enhanced the protein– 
protein interaction of DsbA-L with Ero1-Lα (Figure 5F). The two non- 
hydrolyzable analogues of 5-InsP7, 5PCP and CF2, displayed similar effects 
to 5-InsP7 in mediating the binding of DsbA-L with Ero1-Lα (Figure 5G).

We used ‘no InsP’, Ins(14,5)P3, Ins(1,3,4,5)P4, and Ins(1,3,4,5,6)P5 as con
trols to test the specificity of 5-InsP7 in mediating the interaction of DsbA-L 
with Ero1-Lα. Results showed that Ins(14,5)P3 and Ins(1,3,4,5,6)P5 did not 
enhance the binding in the in vitro binding assay (Figure 5H). However, 
Ins(1,3,4,5)P4 displayed similar effects to 5-InsP7 in mediating the inter
action of DsbA-L with Ero1-Lα (Figure 5H). We also compared 5-InsP7 
with 1-InsP7 and 3-InsP7 in the in vitro binding assay (Figure 5I). Results de
monstrated that 1-InsP7 and 3-InsP7 did not display similar effects to 
5-InsP7 in mediating the interaction of DsbA-L with Ero1-Lα (Figure 5I).

Neither IP6K1 nor its product 5-InsP7 interacted with Ero1-Lα or 
ERp44 directly, and deletion of IP6K1 did not affect the binding of 
Ero1-Lα with ERp44 (see Supplementary material online, Figure S13).

3.7 5-InsP7 elicited adiponectin intracellular 
degradation
Nearly 50% of newly synthesized adiponectin is degraded intracellularly via 
ERp44-dependent protein quality control,12,38 which might be regulated 
when the adiponectin–ERp44 interaction is disrupted by depleting 
5-InsP7. To address this possibility, we examined adiponectin protein levels 
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Figure 3 IP6K1 bound to adiponectin. (A) Immunoprecipitation of IP6K1 in mice tissues. Silver stain and mass spectrometry revealed that adiponectin 
(arrow) was co-pulled down by IP6K1 in the heart, adipose tissue, and skeletal muscle, but not in the brain, liver, or kidney. (B) Western blots showed 
that adiponectin was pulled down by IP6K1 in adipose tissue, heart, and skeletal muscle. (C ) Immunoprecipitation of IP6K1 pulled down adiponectin (arrow) 
in WT but not IP6K1 KO adipose tissues. (D) Pulling down IP6K1 co-immunoprecipitated adiponectin (arrow) in WT but not IP6K1 KO hearts. (E) Myc-tagged 
IP6K1 and flag-tagged adiponectin were overexpressed together. Pulling down myc-tag IP6K1 co-immunoprecipitated flag-adiponectin. Myc-tagged GFP was 
used as a negative control. (F ) Flag-tagged adiponectin and myc-tagged IP6K1 were overexpressed together. Pulling down flag-tagged adiponectin 
co-immunoprecipitated myc-IP6K1 (arrow). Flag-tagged GFP was used as a negative control. (G) Adiponectin (arrow) was co-pulled down by IP6K1 but 
not IP6K2 in WT adipose tissues. (H ) Adiponectin (arrow) was co-immunoprecipitated by IP6K1 but not IP6K2 or IP6K3 in WT hearts. 
(I) Immunoprecipitations of IP6K1 co-pulled down similar amounts of adiponectin in the hearts of control (IP6K1f/f) and adipocyte-specific IP6K1 KO 
(adipoq-cre; IP6K1f/f) mice. Data were presented as mean ± SEM, Student’s t-test, n = 3. (J ) Immunoprecipitation of IP6K1 co-pulled down adiponectin (arrow) 
in adipose tissues of control (IP6K1f/f) but not adipocyte-specific IP6K1 KO mice (adipoq-cre; IP6K1f/f).
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Figure 4 5-InsP7 enhanced the binding of adiponectin with ERp44. (A) Immunoprecipitation of adiponectin pulled down less ERp44 in IP6K1 KO adipose 
tissues. Data were presented as mean ± SEM, Student’s t-test, n = 3 independent repeats. (B) Pulling down ERp44 co-immunoprecipitated less adiponectin in 
IP6K1 KO adipose tissues. Data were presented as mean ± SEM, Student’s t-test, n = 3 independent repeats. (C ) Immunostaining of adiponectin and ERp44 in 
WT and IP6K1 KO adipocytes. The co-localization of ERp44 and adiponectin was decreased in IP6K1 KO adipocytes. Data were presented as means ± SEM 
from 30 images of three independent experiments. Student’s t-test. Scale bar: 10 μm. (D, E) 3T3-L1 adipocytes were treated with TNP (3 μM for 24 h) to block 
5-InsP7 synthesis. Immunoprecipitation of adiponectin or ERp44 pulled down less of each other in the TNP-treated cells than in the DMSO-treated control 
cells. Data were presented as mean ± SEM, Student’s t-test, n = 3 independent repeats. (F ) 5PCP-resin pulled down endogenous adiponectin but not ERp44 in 
whole cell lysates of adipocytes. (G) Compared with InsP6, 5-InsP7 enhanced the interaction of adiponectin with ERp44 in an in vitro binding assay. Data were 
presented as mean ± SEM, Student’s t-test, n = 5 independent repeats. (H ) Both 5PCP and CF2 promoted the binding of adiponectin with ERp44 in an in vitro 
binding assay. Data were presented as mean ± SEM, one-way ANOVA, n = 5 independent repeats. (I ) 5-InsP7 but not InsP3, InsP4, or InsP5 enhanced the bind
ing of adiponectin with ERp44. Data were presented as mean ± SEM, one-way ANOVA, n = 3 independent repeats. (J ) 1-InsP7 and 3-InsP7 did not display 
similar effects to 5-InsP7 in mediating the binding of adiponectin with ERp44. Data were presented as mean ± SEM, one-way ANOVA, n = 3 independent 
repeats.
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Figure 5 5-InsP7 enhanced the binding of DsbA-L with Ero1-Lα. (A, B) Myc-IP6K1 and flag-DsbA-L were overexpressed together. (A) Immunoprecipitation 
of flag-tag DsbA-L co-pulled down myc-IP6K1 (arrow). Flag-GFP was used as a negative control. (B) Immunoprecipitation of myc-tag IP6K1 co-pulled down 
flag-DsbA-L. Myc-GFP was used as a negative control. (C ) Immunoprecipitation of DsbA-L pulled down less Ero1-Lα in IP6K1 KO adipocytes than in WTs. Data 
were presented as mean ± SEM, Student’s t-test, n = 3 independent repeats. (D) Pulling down Ero1-Lα co-immunoprecipitated less DsbA-L in IP6K1 KO adi
pocytes than in WTs. Data were presented as mean ± SEM, Student’s t-test, n = 3 independent repeats. (E) 5PCP-resin pulled down endogenous DsbA-L but 
not Ero1-Lα in the whole cell lysates of adipocytes. (F ) Compared with InsP6, 5-InsP7 enhanced the interaction of Ero1-Lα with DsbA-L in an in vitro binding 
assay. Data were presented as mean ± SEM, Student’s t-test, n = 5 independent repeats. (G) Both 5PCP and CF2 promoted the binding of Ero1-Lα with 
DsbA-L in an in vitro binding assay. Data were presented as mean ± SEM, one-way ANOVA, n = 5 independent repeats. (H ) 5-InsP7 and InsP4 but not 
InsP3 or InsP5 enhanced the binding of Ero1-Lα with DsbA-L. Data were presented as mean ± SEM, one-way ANOVA, n = 3 independent repeats. 
(I) 1-InsP7 and 3-InsP7 did not display similar effects to 5-InsP7 in mediating the binding of Ero1-Lα with DsbA-L. Data were presented as mean ± SEM, one-way 
ANOVA, n = 3 independent repeats.
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in 3T3-L1 adipocytes when de novo protein synthesis was inhibited by cy
cloheximide. Results showed that adiponectin protein levels were rapidly 
reduced when de novo protein synthesis was inhibited by cycloheximide 
(Figure 6A), but the half-life of adiponectin was longer when 5-InsP7 was de
pleted by TNP treatment (Figure 6B).

We compared the adiponectin degradation in vivo by examining its ubi
quitination levels in WT and IP6K1 KO adipose tissues. Equal amounts of 
adiponectin were immunoprecipitated from WT and IP6K1 KO adipose 

tissues and blotted for ubiquitin. Results showed that the adiponectin ubi
quitination levels were lower in IP6K1 KO preparations than those of WTs, 
indicating less degradation of adiponectin in the IP6K1 KO adipocytes 
(Figure 6C). Proteasomal and lysosomal activities are known to mediate adi
ponectin intracellular degradation.39 We utilized MG132 and chloroquine 
to block proteasomal and lysosomal activities, respectively, and tested 
whether inhibiting 5-InsP7 synthesis could affect adiponectin ubiquitin le
vels (Figure 6D and E). Immunoprecipitation and western blots showed 

A B

C D E

F G

H

adiponectin

β-actin

time (h)    0       4       8

cycloheximide (CHX)

kD

-30

-45

adiponectin

β-actin

time (h)    0       4       8

cycloheximide (CHX)+TNP

kD

-30

-45

adiponectin

IP: adiponectin

IP6K1   +/+     -/-

ubiquitin

kD

-30 adiponectin

MG132    +        +
TNP     -        +
IP: adiponectin

ubiquitin

kD

-30 adiponectin

ubiquitin

chloroquine    +        +
TNP    -        +
IP: adiponectin

kD

-30

β-actin

TNP (μM)    0     1     3     5

adiponectin
kD

-30

-45

adiponectin

β-actin

SC-919 (μM)   0  1    3    5   10
kD

-30

-45

adipose tissue

adiponectin

IP6K1

β-actin

WT    IP6K1 KO
kD

-30

-45

-54

adipose tissue

adiponectin

IP6K1

β-actin

IP6K1f/f
adipoq-cre; 
IP6K1f/f 

kD

-30

-45

-54

I

D M S O C HX 4 h C HX 8 h
0

50

100

150

ad iponec tin p ro te in leve ls

R
e
la
ti
v
e
to

D
M
S
O
(%

)

* *

* * *

p = 0 .0 0 2 6

p < 0 .0 0 1

6 0 %

3 0 %

D M S O C HX 4 h

T NP

C HX 8 h

T NP

0

50

100

150

ad iponec tin p ro te in leve ls

R
e
la
ti
v
e
t o

D
M
S
O
(%

) * * *

p = 0 .0 2 0 9

p < 0 .0 0 1

*

8 0 %

6 0 %

D M S O T NP (5 mM )
0

1

2

3

4

ad iponec tin p ro te in leve ls

R
e
la
ti
v
e
to

D
M
S
O
(f
o
ld
)

* * *
p < 0 .0 0 1

W T IP 6 K 1 K O
0

1

2

3

ad iponec tin p ro te in leve ls

R
e
la
ti
v
e
to

W
T
(f
o
ld
)

* * *
p < 0 .0 0 1

IP 6 K 1
f / f
a d ip o q -c r e ;

IP 6 K 1
f / f

0

1

2

3

4

5

ad iponec tin p ro te in leve ls

R
e
la
ti
v
e
to

IP
6
K
1
f/
f
(f
o
ld
)

* * *

p < 0 .0 0 1

D M S O S C 9 1 9 (5 mM )
0

1

2

3

4

5

ad iponec tin p ro te in leve ls

R
e
la
ti
v
e
to

D
M
S
O
(f
o
ld
)

*

p = 0 .0 1 0 2

Figure 6 5-InsP7 elicited adiponectin intracellular degradation. (A, B) 3T3-L1 adipocytes were treated with cycloheximide (CHX, 100 μM) to block protein syn
thesis. (A) Adiponectin protein levels were determined by western blots. Data were presented as mean ± SEM, one-way ANOVA, n = 3 independent repeats. 
(B) Cells were co-treated with TNP (3 μM) to block 5-InsP7 synthesis. Adiponectin protein levels were determined by western blots. Data were presented as mean  
± SEM, one-way ANOVA, n = 3 independent repeats. (C) Adiponectin was immunoprecipitated in WT and IP6K1 KO adipose tissues and blotted for ubiquitin. 
(D) 3T3-L1 adipocytes were treated with TNP (3 μM for 24 h) to block 5-InsP7 synthesis followed by MG132 treatment (10 μM for 4 h) to block proteasomal 
degradation. Adiponectin was immunoprecipitated and blotted for ubiquitin. (E) 3T3-L1 adipocytes were treated with TNP (3 μM for 24 h) to block 5-InsP7 syn
thesis followed by chloroquine treatment (50 μM for 24 h) to block autophagy. Adiponectin was immunoprecipitated and blotted for ubiquitin. (F) 3T3-L1 adipo
cytes were treated with TNP for 24 h. Adiponectin (arrow) protein levels were determined by western blots. Data were presented as mean ± SEM, Student’s t-test, 
n = 3 independent repeats. (G) 3T3-L1 adipocytes were treated with SC-919 for 24 h. Adiponectin (arrow) protein levels were determined by western blots. Data 
were presented as mean ± SEM, Student’s t-test, n = 3 independent repeats. (H ) Adiponectin protein levels in WT and IP6K1 KO adipose tissues. Arrow points to 
IP6K1. Data were presented as mean ± SEM, Student’s t-test, n = 6 mice per group. (I) Adiponectin protein levels in the adipose tissues of control (IP6K1f/f) and 
adipocyte-specific IP6K1 KO mice (adipoq-cre; IP6K1f/f). Arrow points to IP6K1. Data were presented as mean ± SEM, Student’s t-test, n = 6 mice per group.
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that inhibiting 5-InsP7 synthesis by TNP treatment decreased adiponectin 
ubiquitination levels (Figure 6D and E). This was confirmed by using another 
IP6K inhibitor, SC-919 (see Supplementary material online, Figure S14). In 
contrast, the adiponectin protein levels in adipocytes were elevated when 
5-InsP7 synthesis is inhibited by either TNP or SC-919 (Figure 6F and G). 
The adiponectin protein levels were higher in the adipose tissues of 
IP6K1 KO mice than those of WT littermates (Figure 6H). Similarly, adipo
nectin protein levels were higher in the adipose tissues of adipocyte- 
specific IP6K1 KOs (adipoq-cre; IP6K1f/f) than those of controls (IP6K1f/f; 
Figure 6I).

Metabolic dysfunction is linked to decreased levels of adiponectin in the 
bloodstream. To determine if IP6K1 expression levels are altered in this 
pathological condition, we compared its expression levels in adipose tis
sues of obese (ob/ob) and non-obese control mice. Western blots showed 
that the protein levels of IP6K1 were higher in the adipose tissues of obese 
(ob/ob) mice (see Supplementary material online, Figure S15A), which may 
contribute to the decreased levels of adiponectin. The expression levels of 
adiponectin follow a circadian rhythm.40,41 We collected the adipose tis
sues at different time points of a 24 h period to test whether the expres
sion of IP6K1 might show daily circadian rhythms. The IP6K1 protein levels 
were similar, indicating that it did not regulate adiponectin’s circadian 
rhythm (see Supplementary material online, Figure S15B).

3.8 Pharmacological inhibition of 5-InsP7 
biosynthesis attenuated myocardial 
ischaemia–reperfusion injury in WT but not 
adiponectin KO animals
To evaluate the role of 5-InsP7 in regulating adiponectin in vivo, TNP was 
administered to WT mice to block 5-InsP7 biosynthesis. Although no ob
vious accumulation of adiponectin in adipose tissues was observed (see 
Supplementary material online, Figure S16), the plasma levels of HMW adi
ponectin were elevated after TNP treatment (Figure 7A). To test whether 
pharmacological inhibition of 5-InsP7 biosynthesis could ameliorate myo
cardial ischaemia–reperfusion injury, animals were treated with TNP for 
1 week and then subjected to cardiac ischaemia–reperfusion injury. 
Results showed that the infarct size was smaller in the TNP-treated 
mice than that of vehicle-treated controls (Figure 7B).

We utilized adiponectin KO mice to validate whether adiponectin med
iates the protective effect of IP6K1 inhibition. We were unable to generate 
the IP6K1/adiponectin double KO mice by crossing the IP6K1 KO mice with 
adiponectin KO mice. Knocking out IP6K1 together with adiponectin may 
cause reproduction defects because deletion of IP6K1 elicits male infertil
ity,42,43 and deletion of adiponectin affects both male and female repro
ductive systems.44 As an alternative, we utilized TNP administration to 
block 5-InsP7 synthesis in adiponectin KO mice. Adiponectin protein was 
absent in both adipose tissues and plasma of adiponectin KO mice 
(Figure 7C and D). Deletion of adiponectin compromised the protective ef
fects of TNP against myocardial ischaemia–reperfusion injury (Figure 7E), 
indicating that the cardioprotective effects of IP6K1 inhibition required en
dogenous adiponectin.

4. Discussion
Increased levels of IP6K1 protein and its product 5-InsP7 are implicated in 
aging and disease, and inhibiting IP6K1-mediated 5-InsP7 biosynthesis pro
vides therapeutic benefits.21,22,45 We explored the role of IP6K1/5-InsP7 in 
cardiac ischaemia–reperfusion injury and found that deletion of IP6K1 or 
pharmacological inhibition of 5-InsP7 biosynthesis could attenuate myocar
dial infarction by elevating plasma adiponectin levels. IP6K1 bound adipo
nectin and DsbA-L, a critical chaperone for adiponectin biosynthesis. 
Deletion of IP6K1 disrupted the interactions of the adiponectin/DsbA-L 
complex with the ERp44/Ero1-Lα complex (Figure 8). IP6K1 generates a 
local pool of 5-InsP7, which strengthened adiponectin/DsbA-L binding to 
ERp44/Ero1-Lα, and caused intracellular retention and degradation of 

adiponectin. Depleting 5-InsP7 by either knocking out IP6K1 or pharmaco
logical inhibition of IP6K1 kinase activity allowed adiponectin to avoid 
ERp44-mediated degradation (Figure 8). In addition, whole-body and 
adipocyte-specific deletion of IP6K1 elevated circulating adiponectin pro
tein levels, particularly the HMW forms, and protected the heart from 
myocardial ischaemia–reperfusion injury. Pharmacological inhibition of 
5-InsP7 biosynthesis attenuated myocardial ischaemia–reperfusion injury 
in WT but not adiponectin KO mice confirming that adiponectin mediated 
the cardioprotective effects of IP6K1 inhibition. Our study demonstrates 
that IP6K1 could be a potential therapeutic target for ischaemic heart dis
ease and reveals a mechanism whereby IP6K1/5-InsP7 governs circulating 
adiponectin levels.

Adiponectin exerts pleiotropic protective effects. Low plasma levels of 
adiponectin are in part responsible for the pathogenesis of cardiovascular 
diseases in obese and diabetic patients. Replenishing adiponectin appears 
to be a promising therapeutic strategy. However, due to its high basal 
concentration and rapid elimination, exogenous adiponectin administra
tion remains challenging.8–10 Ubiquitin pathway–mediated adiponectin 
intracellular degradation is a major contributor of reduced circulating 
adiponectin.46–48 Preventing futile intracellular degradation of adiponectin 
is an alternative strategy to boost adiponectin blood levels. ERp44, 
Ero1-Lα, and DsbA-L are chaperones that modulate adiponectin multimer
ization, retention, and secretion.12–17 Interactions of these molecules are 
required for adiponectin biosynthesis. However, on the other hand, the 
binding of ERp44 to adiponectin is also responsible for the intracellular 
degradation of adiponectin, although the mechanisms have not been fully 
delineated. Results from our study indicated that IP6K1 via its product 
5-InsP7 strengthened the interactions of ERp44/adiponectin/Ero1-Lα/ 
DsbA-L, which led to adiponectin degradation. Releasing adiponectin 
from the interaction with ERp44 represents one of the rate-limiting steps 
for its secretion and effectively elevates plasma adiponectin levels.49–51

Consistently, our study demonstrated that depleting 5-InsP7 was able to 
release adiponectin from binding with ERp44 and thereby elevated plasma 
adiponectin levels. Therefore, IP6K1-generated 5-InsP7 might represent a 
molecular target to boost plasma adiponectin levels.

In this study, we demonstrated that administering the IP6K inhibitor 
TNP could protect the heart from myocardial ischaemia–reperfusion in 
mice. Our TNP administration paradigm aimed to show that 5-InsP7 spe
cifically, not IP6K1’s non-enzymatic functions, raised adiponectin and that 
the resulting increase in circulating adiponectin protected the heart from 
myocardial ischaemia–reperfusion injury in vivo. For clinical application, it 
is ideal to administer pharmacological agents after myocardial ischaemia in
jury. Future studies are needed to determine if administering IP6K inhibi
tors after myocardial ischaemia is still effective and to understand its 
mechanisms.

Recently, it has been proposed that the increased insulin sensitivity in 
IP6K1 KO mice may come from enhanced adiponectin signalling.23,52

While this suggests a possibility that IP6K1 or 5-InsP7 might be involved 
in modulating adiponectin biosynthesis, the mechanism and physiological 
relevance were not elucidated in these studies. Our study revealed that 
IP6K1 generates a local pool of 5-InsP7 to elicit adiponectin intracellular re
tention and degradation via mediating the formation of an adiponectin/ 
ERp44/DsbA-L/Ero1-Lα complex (Figure 8). Knocking out IP6K1 or 
pharmacological inhibition of IP6K1 kinase activity could prevent adiponec
tin intracellular degradation and boost its biosynthesis, which activated the 
AMPK signalling pathway in the heart and protected cardiomyocytes from 
ischaemic death. The 5-InsP7-enhanced adiponectin/ERp44 and DsbA-L/ 
Ero1-Lα interactions were unlikely to involve protein pyrophosphorylation 
by 5-InsP7, because the effects were recapitulated by synthetic non- 
hydrolyzable analogues of 5-InsP7 that cannot transfer a phosphate group. 
The enhanced protein–protein interactions were due specifically to 5-InsP7 

but not simply by increased electrostatic charge, because 1-InsP7 and 
3-InsP7 were much less effective. Ins(14,5)P3 and Ins(1,3,4,5,6)P5 did not 
display similar effects to 5-InsP7; however, Ins(1,3,4,5)P4 was able to en
hance the binding of DsbA-L with Ero1-Lα, whose mechanism was not 
clear. There might be a common structural mechanism that is shared be
tween Ins(1,3,4,5)P4 and 5-InsP7. The detailed structural mechanisms of 
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5-InsP7-mediated adiponectin/ERp44 and DsbA-L/Ero1-Lα interactions 
warrant future studies. Depleting 5-InsP7 reduces the level of 
1,5-bis-diphosphoinositol 2,3,4,6-tetrakisphosphate (1,5-InsP8), which 
possesses two pyrophosphates at both 1- and 5-positions of the inositol 
ring.53 We did not exclude the possibility that 1,5-InsP8 could also bind adi
ponectin or DsbA-L. However, the physiological concentration of 5-InsP7 

is far higher than that of 1,5-InsP8
54; besides, the weak activity of 1-InsP7 

makes it unlikely that 1,5-InsP8 will bind better than 5-InsP7.
55 InsP6 has 

been shown to have anti-oxidant properties, which might be enriched in 
IP6K1 KOs.56 However, 5-InsP7 displays better effects than InsP6 in medi
ating the binding of adiponectin with ERp44 and the binding of DsbA-L with 
Ero1-Lα. Therefore, 5-InsP7, not InsP6, is likely a physiological regulator of 
adiponectin.

Circulating adiponectin is predominantly produced by adipocytes, but it 
also is expressed in cardiomyocytes and skeletal muscle cells.7,57 The regu
latory mechanisms of cardiomyocyte-derived adiponectin have been elu
sive and may be different to those in adipocytes.58,59 Our study revealed 
that deletion of IP6K1 elevated adiponectin protein levels in adipocytes 
but not in cardiomyocytes, although IP6K1 bound adiponectin in both adi
pocytes and cardiomyocytes. The physiological functions of IP6K1/adipo
nectin interaction in cardiomyocytes are currently unknown. IP6K1 has 
been proposed as a potential therapeutic target for treating diseases, in
cluding cardiovascular disease.22 IP6K1 protein levels and activity are 
modulated by energy status. For instance, an increased ATP/ADP ratio en
hances IP6K1 activity. However, its functions and mechanisms in cardio
myocytes remain to be delineated.22 It has been reported that inhibiting 
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Figure 7 Pharmacological inhibition of 5-InsP7 biosynthesis attenuated ischaemia–reperfusion injury in WT but not adiponectin KO mice. (A) WT animals 
were injected with TNP for 1 week. The plasma adiponectin oligomers (arrows) were determined by western blots. Data were presented as mean ± SEM, 
Student’s t-test, n = 6 mice per group. (B) Evans blue and TTC double staining of the hearts after ischaemia–reperfusion injury. The non-ischaemic area is 
indicated by blue, the area at risk (AAR) by red and white, and the infarct area (IA) by white. LV, left ventricle. Data were presented as mean ± SEM, 
Student’s t-test, n = 6 mice per group. Scale bar: 5 mm. (C ) Adiponectin protein levels in adipose tissues of WT and adiponectin KO mice, n = 4 mice per group. 
(D) Plasma adiponectin oligomers (arrows) in WT and adiponectin KO mice, n = 3 mice per group. (E) Adiponectin KO mice were injected with TNP for 1 week 
and were subjected to ischaemia–reperfusion injury. The ischaemia–reperfusion injured hearts were stained with Evans blue and TTC. The non-ischaemic area 
is indicated by blue, the AAR by red and white, the IA by white. LV, left ventricle. Data were presented as mean ± SEM, ns = not significant, Student’s t-test, n =  
5 mice per group. Scale bar: 5 mm.
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5-InsP7 biosynthesis by TNP treatment protects cardiomyocytes from is
chaemia–reperfusion injury, but the mechanism remains elusive.24 Our 
study also demonstrated that TNP treatment attenuated myocardial is
chaemia–reperfusion injury. The TNP-mediated protective effects re
quired endogenous adiponectin, because TNP treatment alleviated 
ischaemia–reperfusion injury in WT but not adiponectin KO mice, indicat
ing that the cardioprotective effect of TNP was attributable to the elevated 
adiponectin levels elicited by inhibiting 5-InsP7 biosynthesis.

Adiponectin is a natural molecule that protects hearts from ischaemia– 
reperfusion injury. Ischaemia–reperfusion in adiponectin-deficient mice 
resulted in increased myocardial infarct size.4,60 In contrast, increasing adi
ponectin levels are associated with beneficial effects in both young and old 
mice.61 In low-risk patients, higher levels of adiponectin exert cardiopro
tective effects.62,63 Paradoxically, higher levels of adiponectin are asso
ciated with a higher mortality rate in patients with cardiovascular and 
metabolic disorders. The high levels of adiponectin may result from adipo
nectin resistance, thus reflecting a compensatory response in an attempt to 
restore heart function, rather than accelerating the disease progression.3,62

Whether inhibition of IP6K1 provides long-term cardiovascular benefits 
remains to be investigated.

Adiponectin plasma levels are substantially higher in females than in 
males.64 As females are less sensitive to myocardial ischaemia injury, we 
used male animals in this study to explore the impact of inhibiting IP6K1 
on elevating plasma adiponectin and reducing myocardial ischaemia injury. 
The impact of inhibiting IP6K1 on myocardial ischaemia injury in females 
necessitates a comprehensive study.

In this study, we found that IP6K1 was present in the ER. IP6K1 has been 
found to affect the Golgi apparatus via its product 5-InsP7.

65,66 Multiple in
ositol polyphosphate phosphatase 1 is an ER resident and hydrolyses InsP5, 
InsP6, and 5-InsP7 in the ER–Golgi apparatus biosynthetic-secretory path
way.67–71 Taken together, these findings suggest that 5-InsP7 and other 
higher InsPs play important roles in the ER and Golgi apparatus. Their func
tions and molecular mechanisms warrant further studies.

Our results are in agreement with a previous report that the plasma adi
ponectin concentration inversely correlates with body fat mass,72 because 
IP6K1 KO mice have reduced fat tissue content (see Supplementary 
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material online, Figure S17). This is in striking contrast to leptin, the plasma 
concentrations of which have been found to be lower in IP6K1 KO ani
mals.21,73 A genetic study has linked IP6K1 with human obesity,74 and 
IP6K1 expression levels are elevated in obese individuals,75 which may con
tribute to the reduction of adiponectin under conditions of obesity. In con
trast, global and adipocyte-specific knocking out of IP6K1 increase insulin 
sensitivity and energy expenditure and protect experimental animals 
from high-fat-diet-induced obesity.21,23,73

Depletion of 5-InsP7 by inhibiting IP6K1 simultaneously elevated adipo
nectin and reduced leptin levels, which could be an ideal strategy to treat 
cardiovascular disorders.3 IP6K1 has been proposed to be a potential 
therapeutic target for diabetes and chronic kidney diseases.23,26,73 Our 
findings suggest that IP6K1 might be a candidate drug target for treating is
chaemic heart diseases.
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Translational perspective
Adiponectin is an adipocyte-derived circulating protein that protects cardiomyocytes from ischaemic injury. The high basal level and rapid elimination 
rate of adiponectin make exogenous administration challenging. Using global and tissue-specific IP6K1 knockout animals, this study elucidates depleting 
5-InsP7 by genetic deletion or pharmacological inhibition of IP6K1 boosts plasma adiponectin, alleviating myocardial ischaemia–reperfusion injury. 
Mechanistically, we demonstrate that IP6K1 via its product 5-InsP7 stabilizes adiponectin/ERp44 and DsbA-L/Ero1-Lα interactions, driving adiponectin 
intracellular degradation, which is responsible for up to 50% of futile intracellular loss of adiponectin. Our study may provide novel strategies for car
dioprotection by elevating plasma adiponectin.
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