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High-density lipoprotein delivered after myocardial
infarction increases cardiac glucose uptake and
function in mice
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Protecting the heart after an acute coronary syndrome is a key therapeutic goal to support cardiac recovery and
prevent progression to heart failure. A potential strategy is to target cardiac glucose metabolism at the early
stages after ischemia when glycolysis is critical for myocyte survival. Building on our discovery that high-density
lipoprotein (HDL) modulates skeletal muscle glucose metabolism, we now demonstrate that a single dose of
reconstituted HDL (rHDL) delivered after myocardial ischemia increases cardiac glucose uptake, reduces infarct
size, and improves cardiac remodeling in association with enhanced functional recovery in mice. These findings
applied equally to metabolically normal and insulin-resistant mice. We further establish direct effects of HDL on
cardiomyocyte glucose uptake, glycolysis, and glucose oxidation via the Akt signaling pathway within 15 min of
reperfusion. These data support the use of infusible HDL preparations for management of acute coronary syndromes
in the setting of primary percutaneous interventions.
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INTRODUCTION
To minimize cardiac infarct size, support functional recovery, and
prevent progression to heart failure, protecting the myocardium after
an acute coronary syndrome is a key therapeutic goal. Under con-
ditions of ischemia and during the early stages of reperfusion, glycol-
ysis is critical for myocyte survival (1, 2). Glycolysis is an important
generator of anaerobic adenosine triphosphate (ATP) both acutely
during ischemia and during reperfusion of a limited-duration coro-
nary occlusion. This mechanism protects the myocardium against cell
damage and subsequent cardiac dysfunction to maintain cardiac con-
tractility. Thus, targeting cardiac glucose metabolism during the acute
phase after a cardiac ischemic event is a potential strategy to preserve
the myocardium and promote mechanical recovery. Such approaches
may be particularly relevant for individuals with type 2 diabetes mellitus
where cardiac insulin resistance further impairs glucose uptake and
glycolysis, contributing to poorer outcomes after acute coronary syn-
dromes (3, 4).

Previous experimental studies have provided supportive evidence
for interventions targeting glucose metabolism during ischemia and
reperfusion (5–7). Specifically, glucose administered either during is-
chemia (1) or early reperfusion (8) improved functional recovery.
Although clinical studies have delivered mixed results (9), in the
IMMEDIATE (Immediate Myocardial Metabolic Enhancement Dur-
ing Initial Assessment and Treatment in Emergency Care) trial, (10)
the delivery of an acute glucose-insulin-potassium infusion early
(before hospital admission) after an ST elevation myocardial infarction
reduced composite cardiovascular end points (11). A subgroup anal-
ysis also found that at 30 days after infarction, median infarct size was
reduced by 80% with glucose-insulin-potassium infusion compared
with placebo (10). These data support targeting glucose utilization
as a viable approach to limit myocardial damage and functional de-
cline resulting from acute coronary syndromes.

High-density lipoprotein (HDL) has been recognized as a novel
regulator of glucose metabolism in skeletal muscle (12–18). These
findings raise the possibility that HDL has similar actions in cardiac
muscle with the potential for application of infusible HDL therapies,
currently in clinical trials, in the setting of acute coronary syndromes
(19). This indication is completely distinct from the current trials
investigating the efficacy of different classes of HDL therapies for
chronic HDL-cholesterol elevation, which have varying effects on
HDL metabolism and function. With regard to an effect of HDL on
glucose metabolism, the major apolipoprotein (apo) of HDL, apoAI,
has recently been shown to stimulate cardiac glucose uptake in mice
(20). Whether HDL modulates cardiac glucose metabolism after my-
ocardial infarction has yet to be examined, despite experimental evi-
dence suggesting beneficial effects of HDL on heart recovery when
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Fig. 1. rHDL increases cardiac glucose uptake after an oral glucose load. Cardiac
glucose [[3H]2-deoxyglucose (2-DG)] uptake after an intravenous bolus of saline or

rHDL (80 mg/kg) in chow- and HFD-fed mice after an oral glucose load (n = 8 to
10 per group). Data are means ± SEM. Two-way analysis of variance (ANOVA); **P <
0.01, treatment effect; ###P < 0.001, diet effect; no treatment-diet interaction.
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delivered before ischemia (21–23). In particular, it is unknown wheth-
er HDL administered after ischemia, in a clinically relevant therapeutic
context akin to primary percutaneous coronary intervention, is suffi-
cient to improve cardiac glucose uptake and functional recovery. Fur-
thermore, no study has examined post-ischemic HDL treatment in the
setting of insulin resistance, where cardiac glucose metabolism and
functional recovery are particularly impaired.

To address this, we investigated whether reconstituted HDL (rHDL;
CSL-111) delivered at a clinically relevant dose (12) could modulate car-
diac glucose metabolism after an oral glucose load in the absence of
ischemia in metabolically normal and insulin-resistant mice [high-fat diet
(HFD) model]. We examined the effects of a single intravenous injection
of rHDL administered after a 30-min occlusion of the left anterior descend-
ing coronary artery. Cardiac glucose uptake was assessed after 60 min of
Heywood et al., Sci. Transl. Med. 9, eaam6084 (2017) 11 October 2017
reperfusion, and cardiac function, left ventricle infarct size, capillary density,
and fibrosis were measured 15 days later. To determine whether HDL di-
rectly targeted cardiomyocellular mechanisms, we also examined effects on
glucose metabolism and intracellular signaling in a primary cardiomyocyte
model and in cardiac tissue early after reperfusion.
RESULTS
rHDL increases cardiac glucose uptake after an oral
glucose load
Mice treated with a single dose of rHDL had significantly higher car-
diac glucose uptake in both dietary groups after an oral glucose load
[chow saline, 492 ± 91 disintegrations per minute (dpm)/mg tissue
versus chow rHDL, 829 ± 95 dpm/mg tissue; HFD saline, 925 ±
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97 dpm/mg tissue versus HFD rHDL,
1250 ± 101 dpm/mg tissue] (Fig. 1, P <
0.01 for treatment and diet). The higher
cardiac glucose uptake in the HFD-fed
group versus the chow-fed group corre-
sponded with a doubling of plasma insu-
lin (P < 0.001) and greater plasma glucose
(P < 0.001) after the glucose load, but
there was no significant effect of treatment
(fig. S1).

rHDL delivered post-ischemia
increases myocardial
glucose uptake
After 30 min of cardiac ischemia, mice
were treated with rHDL or saline. After
the subsequent 60 min of reperfusion,
there was greater myocardial uptake of
the [18F]-fluorodeoxyglucose (FDG) trac-
er on positron emission tomography/
computed tomography (PET/CT) im-
aging in both chow-fed mice (saline,
72 ± 11 mm3 versus rHDL, 111 ± 22 mm3;
P < 0.05) and HFD-fed mice (saline, 59 ±
11 mm3 versus rHDL, 95 ± 20 mm3; P <
0.05) (Fig. 2). There was no diet effect on
[18F]-FDG uptake or any interaction be-
tween treatment and diet.

rHDL improves post-ischemic left
ventricular function
rHDL treatment increased cardiac output
by 11 ± 2% and 23 ± 2% in chow- and
HFD-fed mice, respectively (Fig. 3A, P <
0.05). Ejection fraction and stroke vol-
ume were also increased by rHDL in
both diet groups (Fig. 3, B and C; P <
0.05), whereas heart rate was reduced
(Fig. 3D, P < 0.05). rHDL did not mod-
ulate any left ventricular (LV) functional
parameters in control sham-operated ani-
mals (fig. S2, A to D).

The cardiac output of HFD-fed mice
was lower than that of chow-fed mice mea-
sured 15 days after ischemia-reperfusion
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Fig. 2. rHDL increases post-ischemicmyocardial glucose uptake. (A) Myocardial [18F]-FDG uptakemeasured as viable
tissue volume by PET/CT after myocardial ischemia-reperfusion in chow- and HFD-fed mice treated with either saline or

rHDL (80 mg/kg) at the beginning of reperfusion (n = 11 per group). (B and C) Representative axial views of [18F]-FDG
uptake (red, higher) in the thorax, taken at themiddle region of PET image slices from thewhole heart. This corresponds to
the mid ventricle, which is supplied by the left anterior descending coronary artery. (B) Chow saline and (C) chow rHDL.
Data aremeans ± SEM. Two-way ANOVA; *P < 0.05, treatment effect, with no diet effect or any treatment-diet interaction.
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Fig. 3. rHDL increases post-ischemic LV function. Cardiac function measured 15 days after ischemia-reperfusion in
chow- and HFD-fed mice treated with either saline or rHDL (80 mg/kg) (n = 14 to 18 per group). (A) LV cardiac output,

(B) ejection fraction, (C) stroke volume, and (D) heart rate. Data are means ± SEM. Two-way ANOVA; *P < 0.05, treatment
effect; #P < 0.05 and ###P < 0.001, diet effect.
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(Fig. 3A, P < 0.05). This difference appeared to be driven by a lower
heart rate because there was no difference in stroke volume between
dietary groups (Fig. 3, C and D; P < 0.001). There was no difference
between dietary groups in any of the cardiac functional parameters
before surgery-induced myocardial infarction (fig. S2, E to H).

rHDL reduces LV infarct size and fibrosis and increases
capillary density
Both chow- and HFD-fed mice had reduced infarct size when treated
with rHDL compared to saline (Fig. 4, A and B; P < 0.05). rHDL treat-
ment also reduced interstitial fibrosis and increased capillary density
(capillary-to-cardiomyocyte ratio) in the peri-infarct region of both di-
etary groups (Fig. 4, C to F; P < 0.01). The HFD-fed mice had a
smaller infarct size compared to chow-fed mice (Fig. 4A, P < 0.05)
and higher capillary density (Fig. 4E, P < 0.01); however, there was
no effect of diet on collagen deposition (Fig. 4C). In sham-operated
mice, HFD also increased LV capillary density compared to chow
mice but had no effect on collagen deposition (fig. S3).
Heywood et al., Sci. Transl. Med. 9, eaam6084 (2017) 11 October 2017
nHDL increases in vitro glucose utilization
in cardiomyocytes
To determine whether HDL has direct effects on cardiac glucose me-
tabolism, we treated primary rat neonatal ventricular cardiomyocytes
(NVCMs) with lipidated native human HDL (nHDL). Both 50 and
500 mg/ml of nHDL, in the absence of insulin, increased glucose
([3H]2-DG) uptake relative to saline by 53 ± 14% and 89 ± 16%, respec-
tively (Fig. 5A, P < 0.05). There was no significant difference in the mag-
nitude of the glucose uptake stimulated by the nHDL treatments and
insulin and no additive effect of cotreatment with insulin (P > 0.05).
nHDL (50 mg/ml) increased basal glycolysis by 38 ± 7%, glycolytic capac-
ity by 44 ± 6%, and glycolytic reserve by 69 ± 13% compared to saline-
treated cardiomyocytes (Fig. 5B, P < 0.05). These results indicate that
nHDL directly increased in vitro glucose uptake and anaerobic glycolysis.

nHDL (50 mg/ml) treatment also increased basal respiration mea-
sured by oxygen consumption rate (OCR) and respiration linked to
ATP turnover by 59 ± 8% and 59 ± 12%, respectively (Fig. 5C, P <
0.05 for both). Moreover, cotreatment with a mitochondrial uncoupler,
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Fig. 4. rHDL reduces LV infarct size and fibrosis and increases capillary density. Cardiac remodeling assessed 15 days after ischemia-reperfusion in chow- and HFD-fed
mice treated with either saline or rHDL (80 mg/kg). (A) LV infarct size (n = 11 to 17 per group), (C) collagen deposition (fibrosis, n = 10 per group), (E) capillary density (number
of capillaries per myocyte, n = 6 to 12 per group), and corresponding representative sections: (B) Masson’s trichrome, (D) Sirius red, (F) endothelial cells (BS-1 lectin, green);
cardiomyocytes (wheat germ agglutinin, red). Data are means ± SEM. Two-way ANOVA; *P < 0.05 and **P < 0.01, treatment effect; #P < 0.05 and ##P < 0.01, diet effect.
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carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone, demonstrated
that HDL can increase both maximum respiratory capacity and mito-
chondrial reserve capacity by 113 ± 30% and 150 ± 45%, respectively
(Fig. 5C, P < 0.01 for both). These data were substantiated by the obser-
vation that nHDL (50 mg/ml) also increased production of [14CO2] and
therefore glucose oxidation rate by 28 ± 5% (Fig. 5D, P < 0.05).

nHDL rapidly and transiently activates the Akt
signaling pathway
Akt phosphorylation increased within 5 min of treatment with nHDL
(50 mg/ml) and returned to basal expression by 30 min after treatment
(Fig. 6A, P < 0.05). In parallel, the Akt substrate of 160 kDa (AS160)
and the downstream Akt target glycogen synthase kinase-3b (GSK3-b)
were phosphorylated within 5 and 10 min of nHDL (50 mg/ml) treat-
ment (Fig. 6, B and C; P < 0.05 for both). These transient increases
returned to the basal phosphorylation state by 30 min after treatment.
Before treatment of cardiomyocytes with a validated Akt inhibitor
(Akti 1/2) for 30 min abolished the nHDL-mediated increase in glu-
cose uptake (Fig. 6D).

rHDL activates the Akt signaling pathway in the early
post-ischemic period and stimulates glucose uptake in vivo
Cardiac tissue harvested from chow-fed mice 15 min after treatment
with rHDL (80 mg/kg), delivered at the commencement of reperfusion,
Heywood et al., Sci. Transl. Med. 9, eaam6084 (2017) 11 October 2017
showed significantly increased phospho-
rylation of Akt (by 58%) and its down-
stream target AS160 (by 66%) (Fig. 7, A
and B; P < 0.05). There was no change
in the corresponding amounts of total Akt
or AS160 (Fig. 7, C andD; P > 0.05). In vivo
[18F]-FDGPET/CT experiments in chow-fed
mice confirmed that rHDL resulted in
a greater cardiac glucose uptake in the
reperfusion period between 20 and 30 min
after ischemia [ratio of standardized uptake
value (SUV)mean in cardiac tissue versus
blood; saline, 1.30 ± 0.04 versus rHDL,
1.44 ± 0.03; P < 0.05; fig. S4].
DISCUSSION
A single bolus of rHDL delivered after is-
chemia rapidly increased myocardial glu-
cose uptake, reduced infarct size, and
improved structural remodeling in associ-
ation with enhanced cardiac functional re-
covery in mice (fig. S5). These effects were
evident in both metabolically normal
mice and those rendered insulin-resistant
by an HFD. Our in vitro studies support
a direct modulatory effect of HDL on
multiple aspects of cardiomyocyte glucose
metabolism. These experimental observa-
tions have direct clinical translational
relevance to HDL infusion formulations
(19), which are in clinical development
and amenable for delivery in the context of
primary percutaneous coronary intervention.
HDL increases myocardial glucose uptake and improves
cardiac recovery after ischemia
In the absence of ischemia, we showed that rHDL increased cardiac
glucose uptake after an oral glucose load by a similar magnitude in
both chow-fed mice and insulin-resistant HFD-fed mice. Translational
potential was then demonstrated by our observation that a single bol-
us of rHDL delivered after ischemia also increased cardiac glucose
uptake in the absence of a glucose load. The higher viable tissue vol-
ume estimated by [18F]-FDG PET/CT imaging did not differ in mag-
nitude between the chow- and HFD-fed mice. These results are relevant
to therapeutic strategies for myocardial salvage after acute coronary syn-
dromes and suggest that benefit may apply equally in the presence and
absence of insulin resistance.

Without using metabolizable glucose (1-[11C]-glucose) and lactate
([11C]-lactate) tracers, it can only be speculated that rHDL would ad-
ditionally increase glucose catabolism. On the basis of our findings in
cultured cardiomyocytes, this is a plausible hypothesis because HDL
treatment significantly increased key parameters of glycolysis, as well
as glucose oxidation and mitochondrial respiration. The coupling of
glucose oxidation to glycolysis has emerged as an important consid-
eration for therapeutic approaches that target glucose metabolism to
treat myocardial ischemia (6, 7). Our in vitro data suggest that HDL is
able to maintain efficient oxidative ATP production, because despite
increases in both basal and maximal respiratory capacity, the ratio of
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Fig. 5. nHDL increases in vitro glucose utilization in cardiomyocytes. (A) Cardiomyocyte 2-DG uptake in re-
sponse to saline (Con), insulin (Ins; 100 nM), nHDL (50 or 500 mg/ml), or nHDL (500 mg/ml) + insulin (100 nM)
cotreatment (n = 5 independent experiments per group). (B) Glycolytic parameters included extracellular acidifica-
tion rate (ECAR): basal glycolysis, glycolytic capacity, and glycolytic reserve after saline (control) or nHDL (50 mg/ml)
treatment (n = 10 independent experiments per group). (C) Mitochondrial stress test parameters included OCR:
basal respiration (basal), ATP turnover, maximum respiratory capacity (max resp), and mitochondrial reserve capac-
ity (mito reserve) after saline (control) or nHDL (50 mg/ml) treatment (n = 7 independent experiments per group).
(D) Glucose oxidation after saline (control) or nHDL (50 mg/ml) treatment (n = 7 independent experiments per
group). Data are means ± SEM. (A) Kruskal-Wallis (K-W) one-way ANOVA followed by Student-Newman-Keuls post
hoc test. (B to D) Unpaired Student’s t test for each parameter. *P < 0.05 versus control, **P < 0.01 versus control.
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coupled (ATP-producing) to uncoupled respiration was unchanged.
These findings suggest that HDL may provide post-ischemic protection
of the myocardium by maintaining cardiac efficiency and stimulating
ATP turnover (24).

The ~20% reduction in infarct size after rHDL treatment in both
diet groups is clinically relevant, particularly considering the relatively
mild (30 min) ischemic insult. This apparent increase in myocardial
salvage after rHDL treatment was associated with improved remodeling
and functional recovery in terms of resting LV ejection fraction, stroke
volume, and cardiac output. The extent to which these gains relate di-
rectly to improvements in cardiac glucose metabolism was not inves-
tigated. It is likely that the inflammatory response and oxidative stress
associated with ischemia were reduced secondary to HDL-mediated
effects on myocardial glucose metabolism. In addition, myocardial sal-
vage may also relate to the direct antioxidative and anti-inflammatory
actions of HDL (25). Finally, proangiogenic effects of rHDL have been
clearly demonstrated both in vitro and in vivo (26) and particularly
under hypoxic conditions such as ischemia-reperfusion, where HDL
activates the hypoxia-inducible factor–1a signaling pathway via SR-B1
with downstream expression of proangiogenic factors such as vascular
endothelial growth factor-A and CXCL12 (27, 28).
Heywood et al., Sci. Transl. Med. 9, eaam6084 (2017) 11 October 2017
These findings have potential translational relevance for manage-
ment of acute coronary syndromes. Primary percutaneous coronary
intervention is now the gold standard treatment for acute coronary
presentations and provides a practical opportunity for delivery of an
intravenous therapy. At the same time, at least two pharmaceutical
companies have infusible formulations of reconstituted and recombi-
nant HDLs in clinical trials (CSL Behring and Cerenis). This includes
CSL-112, a reformulation of the agent used in the current investiga-
tion (modified excipients), which has recently delivered encouraging
safety data in a phase 2b trial of patients with acute coronary syndrome
(29). Translation of our observations with regard to glucose metabolism
would require subsequent trials delivering rHDL as early as possible
after myocardial infarction and catheter laboratory presentation.

HDL mediates cardiac glucose uptake via the Akt pathway
We, and others, have found that in addition to the direct actions on
skeletal muscle (12, 15), HDL may modulate glucose metabolism in-
directly via pancreatic insulin secretion (12, 15, 16, 20) and blood flow
effects. To remove these potential confounders, we undertook in vitro
cell culture studies to determine whether HDL can directly stimulate
cardiomyocyte glucose metabolism. We showed that HDL treatment
 by guest on O
ctober 15, 2017
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potently increased all aspects of glucose
breakdown in isolated cardiomyocytes
in the absence of insulin. Moreover, a
blockade of insulin signaling has previ-
ously been shown to have little effect
on apoAI-mediated cardiac glucose uptake
in HFD-fed mice (20). Collectively, these
data suggest that HDL has direct gluco-
stimulatory effects on myocardial cells,
which are insulin-independent and may
be amplified by other extra-muscular
actions, including on insulin secretion
and blood flow.

Our in vitro cardiomyocyte experi-
ments found that human nHDL-mediated
glucose uptake occurred via a mechanism
involving Akt signaling. A link between
HDL, Akt, and glucose metabolism in
cardiomyocytes has not been previously
made, but it is aligned with the well-
defined role of Akt in insulin-mediated
glucose uptake (30). HDL-mediated pro-
tection against ischemic injury in various
animal models of coronary artery disease
has been previously attributed to Akt
signaling, but the connection to glucose
metabolism has not been made (31, 32).
Thus, our data support a mechanism by
which HDL activates the insulin-mediated
glucose uptake pathway in cardiomyocytes,
independently of insulin.

The demonstration that rHDL phos-
phorylates Akt and its downstream target
AS160 within 15 min after delivery at the
time of reperfusion is consistent with rap-
id activation of glucose uptake mechanisms
in vivo (Fig. 7). Although this finding alone
does not prove myocardial salvage through
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effects on glucose metabolism, the evidence for this possibility is
strengthened by cardiac glucose uptake measurements made early after
reperfusion. Our [18F]-FDG PET/CT findings also confirm that rHDL
increases cardiac glucose uptake within 20 to 30 min of delivery
(fig. S4). These data suggest that rHDL administration preserves my-
ocardial function through supporting glycolysis and myocyte survival
in the early stages of reperfusion. However, it is also possible that other
mechanisms downstream of Akt including specific elements of the
reperfusion injury salvage kinase (RISK) pathway contribute to myo-
cyte survival and, indirectly, to enhanced glucose uptake (33).

The effects of HFD on glucose uptake and cardiac structure
and function
Some commentary is required to address the increased resting cardiac
glucose uptake after an oral glucose load in HFD-fed mice (Fig. 1) and
the fact that viable tissue volume measured by radio-labeled glucose
([18F]-FDG) uptake visualized on PET/CT was not different between
diets after ischemia in the absence of a glucose load (Fig. 2). Although
lower cardiac glucose uptake might have been expected in an insulin-
resistant model, it is important to acknowledge that HFD-fed mice
had plasma insulin concentrations about double than those of chow-
Heywood et al., Sci. Transl. Med. 9, eaam6084 (2017) 11 October 2017
fed mice. These data are consistent with this model being one of
compensated insulin resistance akin to prediabetes (34).

The HFD animals exhibited a smaller infarct size and higher LV
capillary density relative to chow-fed mice. The insulin-resistant sham-
operated mice also had a higher LV capillary density compared to meta-
bolically healthy mice (fig. S3), which again aligns with the HFD being a
well-compensated model of insulin resistance, as demonstrated in pre-
vious studies (35). These counterintuitive cardioprotective effects have
been reported previously in different rodent dietary models also
incorporating ischemia-reperfusion (36, 37). High-fat feeding has also
been shown to promote angiogenesis in skeletal muscle (38). How-
ever, other studies, particularly those involving diets with a higher fat
content than used in the current study (60% versus 43%), have shown
a negative impact of HFD on capillary density and cardiac function
(35, 39, 40). Collectively, these studies suggest early compensatory re-
sponses to hyperglycemia, which progress to detrimental effects with
continued exposure. With regard to our primary aims, HDL treatment
was equipotent between diets in increasing post-ischemic myocardial
glucose uptake, reducing infarct size and fibrosis, increasing capillary
density, and improving cardiac functional recovery.

HDL therapeutics have potential applications in the context
of acute coronary syndromes
HDL therapeutics are currently controversial because of the failure of
multiple phase 3 trials of therapies to chronically raise HDL-cholesterol
concentration, highlighting gaps in our understanding of both HDL
biology and therapeutic manipulation. Research focus has now evolved
from raising plasma HDL-cholesterol concentration to targeting the
function of HDL particles, which are known to be both complex and
heterogeneous in composition. The current investigation highlights a
new aspect of HDL biology with regard to cardiac glucose metabolism,
which is relevant to the management of acute coronary syndromes.
HDL formulations delivered via infusion can increase the circulating
pool of functional HDL (19, 41) and, as demonstrated in the current
study, when delivered after an experimentally induced ischemic insult,
represent a potential therapeutic modality to preserve the myocardium
and improve functional recovery after an acute coronary syndrome.
This window of opportunity for HDL administration is consistent with
the timing of primary percutaneous coronary intervention, underpinning
a rationale for the use of HDL-based therapies in this context. Further
studies will be required to determine the key constituents of HDL,
which mediate its beneficial actions, specifically in the context of
improving glucose utilization.

Mechanistic links between HDL-mediated increases in myocardial
glucose metabolism and reduction in myocardial damage and function
are highly plausible, although other elements of the RISK pathway
may also contribute (33). The current study used an in vitro neonatal
cardiomyocyte model to assess the direct actions of HDL on cardio-
myocyte glucose metabolism independent of potential in vivo confoun-
ders, such as insulin or vasodilation. Clinical studies will be required to
determine whether these effects of HDL translate to humans. Further-
more, whether concurrent administration of glucose with rHDL might
be of additional clinical benefit is a further area of potential investigation
(10, 11).

Our data provide evidence that HDL can modulate cardiac glucose
metabolism. rHDL administered at the beginning of reperfusion
increased myocardial glucose uptake, improved cardiac function,
and reduced infarct size with equal efficacy in both metabolically
normal and insulin-resistant mice. Supporting in vitro and in vivo
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Fig. 7. rHDL activates the Akt pathway in vivo in the early post-ischemic
period. Western blot and quantitation of phosphorylation of (A) Akt (pAkt473)
and its downstream target (B) AS160 (pAS160) compared with corresponding
(C) total Akt (tAkt) and (D) total AS160 (tAS160), 15 min after myocardial ischemia-
reperfusion and saline (control) or rHDL (80 mg/kg) treatment in the left ventricle of
chow-fedmice (n = 8 to 9 per group). Data aremeans ± SEM. Unpaired Student’s t test,
*P < 0.05 versus saline. GAPDH, glyceraldehyde-phosphate dehydrogenase.
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data suggest that modulation of cardiac glucose metabolism by HDL is
mediated through a mechanism involving downstream Akt signaling.
These findings provide a rationale for clinical investigations of rHDL
delivery in the setting of primary percutaneous coronary intervention
for acute coronary syndromes.
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MATERIALS AND METHODS
Study design
All studies used metabolically normal and insulin-resistant mice (HFD
model). We first examined the effects of rHDL on cardiac glucose me-
tabolism after an oral glucose load in the absence of myocardial ische-
mia. We then examined the effects of a single intravenous injection of
rHDL administered immediately after a 30-min occlusion of the left
anterior descending coronary artery on cardiac glucose uptake using
[18F]-FDG PET/CT. Cardiac function (echocardiography), left ventri-
cle infarct size, capillary density, and fibrosis (histochemistry) were
assessed 15 days later. The effects of HDL on glucose metabolism were
further investigated in a primary cardiomyocyte model (Seahorse XF
Bioanalyzer). Signaling pathways (Western blot analysis) were also
assessed in this primary cardiomyocyte model and in cardiac tissue
early after reperfusion. All treatments were randomly allocated, and
all analyses were done by investigators blinded to treatment allocation.

Mice
All animal research was conducted in accordance with National Health
and Medical Research Council (NHMRC) of Australia guidelines and
was approved by the Alfred Medical Research and Education Precinct
(AMREP) Animal Ethics committee. Eight- to ten-week-old male
C57BL/6 mice bred in-house (AMREP Animal Services) were fed either
a standard chow (14 MJ/kg; 8% fat, 21% protein, and 71% carbohy-
drates; Specialty Feeds) or an HFD [19 MJ/kg; 43% fat (lard), 21% pro-
tein, and 36% carbohydrates; SF04-001, Specialty Feeds] for 8 to 10 weeks.
Body weight and composition were monitored, and glycemic control
was assessed using an oral glucose tolerance test to verify HFD-induced
obesity and insulin resistance (42).

rHDL preparation
rHDL (CSL-111; CSL Behring) is a complex of human apoAI purified
from plasma and soy bean phosphatidylcholine to form particles re-
sembling nascent HDL. Each vial was reconstituted with 50 ml of
sterile 0.9% sodium chloride solution to a final concentration of
25 mg apoAI/ml.

In vivo glucose uptake after an oral glucose load
Mice received an intravenous bolus via tail vein injection of either sa-
line or rHDL (80 mg/kg body weight) and [3H]2-DG tracer (10 mCi
per mouse; PerkinElmer) immediately before an oral glucose load (2-g
glucose/kg lean mass). Hearts were collected 60 min after injection,
and 20 to 40 mg of crushed cardiac tissue was homogenized in 1500 ml
of dH2O. Samples were spun at 6500g for 10 min at 4°C. To determine
total [3H]2-DG radioactivity, we counted 500 ml of the supernatant by
liquid scintillation. Free [3H]2-DG was determined by separating 500 ml
of supernatant by ion exchange chromatography on Dower I-X8 columns
(acetate form). The columns were rinsed twice with dH2O, and 2 ml of
the eluate was counted by liquid scintillation. Phosphorylated [3H]2-DG
was calculated as the difference between free and total [3H]2-DG. Tissue
uptake was expressed as the amount of phosphorylated [3H]2-DG relative
to tissue weight (mg) expressed as (dpm/mg) (43).
Heywood et al., Sci. Transl. Med. 9, eaam6084 (2017) 11 October 2017
Coronary artery occlusion and reperfusion surgery
Left anterior descending coronary artery ligation surgery was per-
formed to induce myocardial ischemia in mice (44). Briefly, mice re-
ceived an intraperitoneal injection of anesthetic [ketamine (100 mg/kg;
Parnell Laboratories), xylazine (20 mg/kg; Troy Laboratories), atropine
(0.96 to 1.2 mg/kg; Pfizer), and carprofen (5 mg/kg; Pfizer)]. A left
thoracotomy was made via the third intercostal space, and a releasable
7-0 silk suture was placed around the left anterior descending coro-
nary artery to induce myocardial ischemia. The suture was exterior-
ized and the thoracic incision was closed. After 30 min of occlusion
(ischemia), the ligature was released, and reperfusion was commenced.
Sham control animals underwent the same surgical procedure without
coronary artery occlusion.

In vivo myocardial glucose uptake after ischemia
and reperfusion
To examine the effects of rHDL on cardiac glucose uptake after a
30-min left anterior descending coronary occlusion (ischemia), mice
received an intravenous bolus of saline or rHDL (80 mg/kg body
weight) and [18F]-FDG (300 mCi per mouse; Cyclotek) at the
beginning of reperfusion. PET/CT was used to assess cardiac glucose
uptake 60 min after the intravenous rHDL injection. Viable tissue vol-
ume was defined as the sum of the voxels with an SUV of more than
50% of SUVmax as previously validated (45) and expressed as a vol-
ume (mm3).

Cardiac glucose uptake was also measured between 20 and 30 min
after reperfusion. Given the presence of radiation in the blood, and so
in the LV cavity, at this early time point after [18F]-FDG injection, the
data are expressed as the ratio of the SUVmean in the cardiac tissue and
the blood (measured in the aorta). PET/CT analyses were performed
blinded to treatment group.

LV function
Fifteen days after ischemia-reperfusion surgery, echocardiography was
performed to examine LV function. Briefly, mice were anesthetised
with isoflurane (usual maintenance dose ~1.7 to 1.8%) and placed
in a supine position on a heating pad with body temperature main-
tained between 35.5° and 36.5°C. Heart rates were maintained at
>400 beats/min during all echocardiography recordings (with slight
adjustment of amount of anesthesia as necessary). Echocardiograms
were performed blinded to treatment group and were then analyzed
by another individual also blinded to treatment group. A VisualSonics
Vevo 2100 Imaging System with a 40-MHz probe was used to obtain a
parasternal long-axis view of the left ventricle in B mode. The following
parameters were calculated using Vevo 2100 software (v1.6.0): LV end-
systolic and end-diastolic volume, stroke volume, ejection fraction, and
cardiac output. All measurements were performed in triplicate by the
same individual and averaged.

Infarct size, fibrosis, and capillary density
After echocardiography, left ventricles were excised, frozen in liquid
nitrogen, and sectioned at a thickness of 7 mm. Masson’s trichrome
was used to assess infarct size as a percentage of LV area, and Sirius
red was used to measure myocardial interstitial fibrosis at the infarct
border zone (peri-infarct region). Capillary density in the same region
was calculated as the number of capillaries per cardiomyocyte. Capillaries
were visualized and counted by endothelial cell BS-1 lectin staining
(1:100, fluorescein isothiocyanate–conjugated Griffonia simplicifolia,
Sigma-Aldrich) and cardiomyocytes with wheat germ agglutinin (1:200,
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Texas Red–conjugated, Thermo Fisher Scientific). For each heart, five
different sections from the point of left anterior descending artery
occlusion to the apex were quantified and averaged. Image analysis
and measurements were performed using ImageJ software (National
Institutes of Health Image).

Cardiomyocyte studies
NVCMs were isolated from 1- to 2-day-old Sprague Dawley rats (30
isolations with an average of six pups per isolation). Ventricles were
digested with trypsin (1 mg/ml, Sigma-Aldrich) and heart collagenase
type 2 (2.5 mg; Worthington). Cardiomyocytes were cultured in 5 mM
glucose Dulbecco’s modified Eagle’s medium (Gibco Life Technologies)
with 10% fetal calf serum (Thermo Fisher Scientific).

Native HDL isolated from healthy human plasma (eight batches
supplied by the Australian Red Cross Blood Service) using ultra-
centrifuge purification was used for in vitro studies. rHDL is a delipidated
form of HDL, which is lipidated immediately upon entry into the cir-
culation where it integrates into the native HDL pool (46). Delivery of
rHDL in vivo therefore provides a mechanism to boost the circulating
functional nHDL pool. Therefore, we used functional native (lipidated)
HDL for our in vitro experiments.

Glucose uptake was measured using [3H]2-DG and a Seahorse XF
Bioanalyzer to assess glycolytic function and mitochondrial respiration
(47). Briefly, NVCMs were preincubated with nHDL (50 mg/ml) for
1 hour. Basal glycolysis was determined through fluorescent sensor
detection of protons (H+) after addition of 10 mM glucose (Novachem),
maximal glycolytic capacity was determined after addition of the ATP
synthase inhibitor oligomycin (1 mM, Sigma-Aldrich), and nonglycolytic
proton production was determined after addition of 50 mM 2-DG
(Sigma-Aldrich). Nonglycolytic proton production was subtracted from
basal and maximal glycolysis measures. Glycolytic reserve was
calculated as the difference between basal glycolysis and maximal gly-
colytic capacity. For assessment of mitochondrial respiration after
nHDL treatment (50 mg/ml), the following drugs were injected in order:
1 mM oligomycin (Sigma-Aldrich) for measurement of ATP turnover,
1 mM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (Sigma-
Aldrich) to depolarize the mitochondrial membrane for a measure of
maximal respiratory capacity, and 1 mM rotenone (Sigma-Aldrich)
in combination with 1 mM antimycin A (Sigma-Aldrich) to inhibit
complex 1 and complex 3 of the electron transport chain for a measure
of nonmitochondrial respiration. Nonmitochondrial respiration rate
was considered background and subtracted from all data. Glucose ox-
idation was quantitated by measuring captured CO2 production after
cells underwent [14C]-glucose incubation (44). Protein expression was
assessed by Western blotting. All primary antibodies [pSer473Akt
(1:2000 dilution), tAkt (1:2000), pGSK3-ab (1:1000), tGSK3-b
(1:1000), and b-actin (1:2000)] were obtained from Cell Signaling except
for pThr642AS160 (1:1000, Biosource). The well-validated Akt inhibitor
(Akti 1/2, Sigma-Aldrich) was added 30 min before relevant treatments.

In vivo Akt signaling
Immediately after myocardial ischemia-reperfusion, mice received
an intravenous bolus of saline or rHDL (80 mg/kg). Fifteen minutes
after injection of treatment, left ventricles were excised, frozen in liq-
uid nitrogen, and then homogenized for protein expression analysis
via Western blot. All primary antibodies [pSer473Akt (1:2000 dilu-
tion), tAkt (1:2000), pThr642AS160 (1:1300), and GAPDH (1:2,000)]
were obtained from Cell Signaling except for tAS160 (1:1000, Upstate
Biotechnology).
Heywood et al., Sci. Transl. Med. 9, eaam6084 (2017) 11 October 2017
Statistical analysis
Logarithmic transformation was applied to nonnormally distributed data.
Mouse data were compared using ANOVA to determine the effects of
treatment (rHDL, saline), diet (chow, HFD), and their interaction. For
cell culture, unpaired t tests, ANOVA, or K-W tests were applied as ap-
propriate, and Fisher’s LSD (ANOVA) or Student-Newman-Keuls
(K-W) post hoc tests were used for comparison of individual means
when ANOVAs or K-W were significant. Results are expressed as
means ± SEM, and P < 0.05 was deemed significant. Statistical analy-
ses were conducted using SigmaStat (v3.5). Individual subject-level
data are presented in table S1.
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/411/eaam6084/DC1
Fig. S1. HFD-fed mice have higher plasma glucose levels than chow mice.
Fig. S2. rHDL does not modulate LV functional parameters in control sham-operated mice, and
HFD does not affect LV function.
Fig. S3. rHDL does not modulate capillary density or fibrosis.
Fig. S4. rHDL increases cardiac glucose uptake in the early post-ischemic period.
Fig. S5. Schematic overview of proposed mechanisms.
Table S1. Individual subject-level data.
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