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Several studies have linked impaired glucose uptake and in-
sulin resistance (IR) to functional impairment of the heart.
Recently, endocannabinoids have been implicated in cardiovas-
cular disease. However, the mechanisms involving endocan-
nabinoid signaling, glucose uptake, and IR in cardiomyocytes
are understudied. Here we report that the endocannabinoid
2-arachidonoylglycerol (2-AG), via stimulation of cannabinoid
type 1 (CB1) receptor and Ca>*/calmodulin-dependent protein
kinase 3, activates AMP-activated kinase (AMPK), leading to
increased glucose uptake. Interestingly, we have observed that
the mRNA expression of CB1 and CB2 receptors was decreased
in diabetic mice, indicating reduced endocannabinoid signaling
in the diabetic heart. We further establish that TNFa induces
IR in cardiomyocytes. Treatment with 2-AG suppresses TNFa-in-
duced proinflammatory markers and improves IR and glucose
uptake. Conversely, pharmacological inhibition or knockdown
of AMPK attenuates the anti-inflammatory effect and reversal
of IR elicited by 2-AG. Additionally, in human embryonic stem
cell-derived cardiomyocytes challenged with TNFa or FFA, we
demonstrate that 2-AG improves insulin sensitivity and glucose
uptake. In conclusion, 2-AG abates inflammatory responses,
increases glucose uptake, and overcomes IR in an AMPK-depen-
dent manner in cardiomyocytes.

Cardiac insulin resistance (IR),* at its most fundamental
level, inhibits the myocardial uptake of glucose in response to
insulin. Insulin-resistant cardiomyocytes therefore preferen-
tially metabolize FFA rather than glucose. IR contributes to the
development of myocardial dysfunction, ultimately leading to
diabetic cardiomyopathy (DCM), a major cause of morbidity
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and mortality in developed nations (1). Chronic lipid overload
leads to increased cardiac lipid uptake and, via processes
remaining to be fully elucidated, causes IR (2). Furthermore,
local and systemic inflammatory processes participate in the
development of cardiac IR (3). Previous studies demonstrated
the development of IR by application of the proinflammatory
cytokine TNFa (4, 5). TNFe, via induction and increased
nuclear translocation of its downstream effector nuclear factor
k light chain enhancer of activated B cells p105 subunit
(NFKB1) and IL-6 and IL-8 (CXCLS8), along with chemokines
like monocyte chemoattractant protein 1 (CCL2), participate in
the activation and maintenance of intracellular pathways that
promote the development of IR. However, irrespective of
whether cardiac IR is induced by lipid overload or inflammatory
stress, in both cases, cardiomyocytes down-regulate glucose
utilization in long-term precipitating DCM. Vice versa, im-
provement of glucose metabolism and anti-inflammatory
actions could improve IR and therefore prevent DCM.

Recent developments identify the endocannabinoid system
(ECS) as a physiological signaling network and therapeutic tar-
get for the treatment of various pathological conditions, includ-
ing cardiovascular disease (6). The endocannabinoids 2-arachi-
donoylglycerol (2-AG) and anandamide (AEA) are endogenous
lipid mediators that predominantly act as a ligand for the G
protein-coupled cannabinoid type 1 (CB1R) and type 2 (CB2R)
receptors, respectively. Before its recent withdrawal from the
market because of its association with increased incidence of
psychiatric adverse events, the CB1R antagonist rimonabant
was shown to improve body weight and metabolic and inflam-
matory abnormalities in several trials in obese subjects. Con-
versely, evidence suggests that endocannabinoids have impor-
tant protective roles in pathophysiological conditions such as
ischemic shock and myocardial infarction (7, 8). However, the
underlying molecular and cellular mechanisms of endocan-
nabinoid action remain elusive.

In this study, we have demonstrated that 2-AG, in a CaMKKp-
dependent manner, activates the AMPK signaling pathway. In
an inflammatory stress-induced model of IR, we have demon-
strated that 2-AG exerts anti-inflammatory effects, restores the
dysfunctional insulin signaling pathway, and stimulates glucose
uptake in cardiomyocytes. Additionally, we have created a
novel model mimicking human cardiomyocyte insulin resis-
tance by differentiating human embryonic stem cells into func-
tional cardiomyocytes and exposing them to inflammatory
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Figure 1. Characterization of TNFa-induced IR. A, relative mRNA levels of proinflammatory markers. *, p < 0.01 by unpaired Student’s t test. B, representative
Western-blotting analysis of the insulin (Ins) signaling pathway following insulin stimulation. p, phospho; t, total. C, relative mRNA level of Glut4. *, p < 0.01 by
unpaired Student's ttest. D, insulin-stimulated GLUT4-myc translocation. *, p = 0.047 by two-way ANOVA with Bonferroni’s multiple comparisons post hoc test.
E, insulin-stimulated glucose uptake. *, p = 0.041 by two-way ANOVA with Bonferroni’s multiple comparisons post hoc test. ACTB, B-actin. F, representative
periodic acid-Schiff staining for intracellular glycogen content. Scale bar = 100 wm, X40 magnification. G, glucose oxidase assay for quantitation of intracellular
glycogen content. *, p < 0.01 by unpaired Student’s t test. Data are expressed as mean = S.D. n = 4-5 independent experiments in HL-1 cardiomyocytes.

stress or lipid overload. In this unique model, we have demon-
strated that 2-AG exerts strong anti-inflammatory effects and
restores insulin sensitivity in differentiated cardiomyocytes.
Opverall, our study provides a novel and detailed analysis of the
molecular mechanism linking 2-AG with cardiomyocyte insu-
lin resistance and indicates a potential beneficial role in the
treatment of cardiometabolic diseases.

Results
TNFa induces IR in HL-1 cardiomyocytes

Initially, we investigated the effect of TNF« on insulin signal-
ing and insulin-induced glucose uptake in HL-1 cardiomyo-
cytes. TNFa exposure significantly induced gene expression of
the key proinflammatory markers Nfkb1, 116, Cxcl8, and Ccl2,
suggesting that TNFa induces an inflammatory response in
cardiomyocytes (Fig. 14). Next, untreated and TNFa-treated
cardiomyocytes were stimulated with insulin for a short time.
In TNFa-challenged cardiomyocytes, insulin-induced phos-
phorylation of protein kinase B (AKT), AKT substrate 160
(AS160), and glycogen synthase kinase 38 (GSK-38) was dra-
matically reduced, suggesting a deregulation of the insulin sig-
naling pathway by TNF« (Fig. 1B). Furthermore, TNFa expo-
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sure led to a significant decrease in basal Glut4 mRNA level
(Fig. 1C) and insulin-stimulated plasmalemmal GLUT4 trans-
location (Fig. 1D). Subsequently, as a functional consequence of
perturbed insulin signaling, insulin-stimulated glucose uptake
was significantly abrogated upon TNFa challenge compared
with untreated cardiomyocytes (Fig. 1E). Additionally, in
TNFa-challenged cardiomyocytes, periodic acid-Schiff stain-
ing indicated lowered glycogen content, visible as pink color-
ation (Fig. 1F), and quantitative analysis by glucose oxidase
assay confirmed a decrease in glycogen (~25%) compared with
untreated cells (Fig. 1G). Overall, these results demonstrate
that TNF« induces an inflammatory response and perturbs the
insulin signaling pathway, coupled with decreased GLUT4
translocation, glucose uptake, and glycogen content, ultimately
leading to IR in cardiomyocytes.

2-AG-induced activation of the AMPK signaling pathway is
mediated via the upstream kinase CaMKK3

Previously, it was reported that cannabinoid derivative trans-
A°-tetrahydrocannabinol activates the AMPK signaling path-
way (9). Therefore, we initially investigated the time- and dose-
dependent effect of the endocannabinoid 2-AG on AMPK
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Figure 2. 2-AG activates the AMPK signaling pathway in cardiomyocytes. A, phospho (p-) and total (t-) ACC and AMPK protein levels upon 2AG
treatment in HL-1 and primary cardiomyocytes. veh, vehicle. B, phospho and total ACC and AMPK protein levels upon 2-AG treatment for 1 h, preceded
by treatment with AM251 or AM630 for 1 h in HL-1 cardiomyocytes. C, relative mRNA levels of Cb7rand Cb2r in cardiac tissues obtained from db/+ (n =
4) and db/db (n = 6) mice.*, p < 0.01 by unpaired Student’s t test. D, relative mRNA levels of Cb7rand Cb2rin HL-1 cardiomyocytes upon 2-AG treatment
for 1 h, preceded by treatment with AM251 or AM630 for 1 hin HL-1 cardiomyocytes. *, p < 0.01 by one-way ANOVA with Tukey’s multiple comparisons

post hoc test. Ct/, control. E, phospho and total AMPK protein levels upon

2-AG treatment for 1 h, preceded by treatment with KN, STO, or OZ for 1 hiin

LKB1-deficient HeLa cells. F, phospho and total AMPK protein levels upon 2-AG treatment for 1 h, preceded by treatment with CC, KN, STO, or OZ for 1 h
in primary rat cardiomyocytes. G, glucose uptake in primary rat cardiomyocytes upon 2-AG treatment for 1 h, preceded by treatment with CC, KN, STO,
or OZ for 1 h. ACTB, B-actin.*, p < 0.01 by one-way ANOVA with Tukey’s multiple comparisons post hoc test. Data are expressed as mean = S.D.n = 4-5

independent experiments.

activation in HL-1 cardiomyocytes (supplemental Fig. 1). Based
on previous reports (10, 11), a working concentration of 10 um
2-AG was chosen for the experiments. We observed that
2-AG treatment led to rapid phosphorylation of AMPK within
1 h (supplemental Fig. 14). Upon further investigation, we
observed that 2-AG in the range of 1-20 um dose-dependently
increased AMPK phosphorylation in HL-1 cardiomyocytes
(supplemental Fig. 1B). Additionally, 2-AG treatment also led
to rapid phosphorylation (within minutes) of both AMPK and
ACC in HL-1 cardiomyocytes and isolated primary rat car-
diomyocytes (Fig. 2A4). Furthermore, cells were pretreated with
specific antagonists of CB1R (AM251, 5 um) or CB2R (AM630,
5 um), followed by treatment with 2-AG (Fig. 2B). In the pres-
ence of AM251, 2-AG failed to increase the phosphorylation of
AMPK and ACC, but no significant inhibition was observed
with AM630 treatment (Fig. 2B). Next, we explored the cardiac
expression pattern of cannabinoid receptors in a physiological
model of IR, viz. leptin receptor-deficient db/db mice. Interest-
ingly, both CbIr and Ch2r gene expression is significantly low-
ered in diabetic, insulin-resistant db/db mice in comparison
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with their heterozygous, non-diabetic (db/+) counterpart (Fig.
2C). This suggests that, in the context of cardiac tissue, the ECS
is dysfunctional in type 2 diabetes. As an additional control for
the receptor specificity, the well known 2-AG-induced gene
expression of ChIrwas significantly inhibited in the presence of
AM251 but not by AM630. 2-AG had no significant effect on
Cb2r gene expression (Fig. 2D). Next, to understand the down-
stream mechanism involved in 2-AG-induced AMPK activa-
tion, we pretreated LKB1-deficient HeLa cells with pharmaco-
logical inhibitors of known upstream AMPK kinases—KN93
(KN, Ca®"/calmodulin-dependent protein kinase II, 10 um),
STO-609 (STO, a CaMKKR inhibitor, 20 um), or OZ/(5Z)-7-
oxozeanol (OZ, TGFB-activated kinase 1, 5 um)—followed by
2-AG treatment. 2-AG-induced phosphorylation of AMPK
was completely abrogated in the presence of STO but not KN
or OZ (Fig. 2E). Similar results were obtained in primary
rat cardiomyocytes, where pretreatment with STO or an
AMPK inhibitor (compound C (CC), 10 um) suppressed
2-AG-induced phosphorylation of AMPK, whereas KN or
0OZ did not show any significant effect (Fig. 2F). Additionally,
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Figure 3. 2-AG reverses inflammatory stress-induced IR. A, representative Western-blotting analysis of the insulin (Ins) signaling pathway following insulin
stimulation. p, phospho; t, total. B, insulin-stimulated GLUT4-myc translocation. *, p < 0.01; #, p = 0.043; two-way ANOVA with Bonferroni’s multiple compar-
isons post hoc test. Ct/, control. C, insulin-stimulated glucose uptake.*, p < 0.01 by two-way ANOVA with Bonferroni’s multiple comparisons post hoc test. ACTB,
B-actin. D, relative mRNA levels of the proinflammatory markers Glut4 and Ppargcla.*, p < 0.01 by one-way ANOVA with Tukey’s multiple comparisons post
hoc test. E, glucose oxidase assay for quantitative determination of intracellular glycogen content in cardiomyocytes subjected to 1-h pretreatment with STO
or CC, followed by 16 h of TNFa and/or 2-AG treatment as indicated. *, p < 0.01 by one-way ANOVA with Tukey’s multiple comparisons post hoc test. Data are
expressed as mean * S.D. n = 4-5 independent experiments in primary rat cardiomyocytes.

2-AG significantly induced glucose uptake in adult rat car-
diomyocytes, whereas both STO and CC pretreatment
markedly reduced this effect (Fig. 2G). Overall, these results
indicate that 2-AG-induced AMPK activation and increased
glucose uptake require the CB1 receptor and CaMKKf in
cardiomyocytes.

2-AG inhibits TNFa-induced IR

Next, to determine the effect of 2-AG on reversing IR, car-
diomyocytes were challenged with TNFa in the presence or
absence of 2-AG, followed by insulin stimulation (Fig. 34).
2-AG co-treatment markedly reversed the inhibitory effect of
TNFa on the insulin signaling pathway (i.e. it restored AKT,
AS160, and GSK3 phosphorylation upon insulin stimulation)
and increased both AMPK and ACC phosphorylation. Addi-
tionally, TNFa-induced activation of NF-«B (as represented by
the phosphorylation of the p65 subunit of NF-kB) and JNK/
stress-activated protein kinase signaling pathway was signif-
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icantly inhibited upon co-treatment with 2-AG (supplemen-
tal Fig. 2A). Furthermore, the inhibitory effect of TNFa on
plasmalemmal GLUT4-myc translocation (Fig. 3B) and insulin-
stimulated glucose uptake (Fig. 3C) was restored upon 2-AG
co-treatment. Interestingly, AEA also partially restored insulin
signaling and increased glucose uptake along with AMPK acti-
vation in TNFa-challenged cardiomyocytes (supplemental Fig.
2, B and C), indicating that both endocannabinoids ameliorate
inflammatory stress-induced IR. However, in comparison with
AEA, 2-AG exhibited stronger beneficial effects.

Next, to determine the molecular mechanism involved in
2-AG-mediated reversal of IR, we pharmacologically inhibited
the CaMKKp and AMPK signaling pathways in primary car-
diomyocytes. In the presence of either STO or CC, 2-AG failed
to increase AMPK or ACC phosphorylation and failed to
restore the TNFa-induced reduction in AKT, AS160, or
GSK3p phosphorylation (supplemental Fig. 2D). Similarly, in
the presence of STO or CC, 2-AG failed to enhance glucose
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uptake or restore insulin-stimulated glucose uptake in TNFa-
challenged cardiomyocytes (supplemental Fig. 2E).

Furthermore, we determined the anti-inflammatory effect of
2-AG and the involvement of AMPK in the context of TNFa-
induced IR. Gene expression analysis demonstrated that TNFo
significantly induced the mRNA levels of the proinflammatory
markers Nfkb1, 1l6, Cxcl8, and Ccl2 (Fig. 3D). Conversely,
TNFa exposure led to a decrease in gene expression of both
Glut4 and Ppargcla, the latter being a master cardiac transcrip-
tional coactivator (12). 2-AG co-treatment decreased inflam-
matory stress, as evidenced by a decrease in the mRNA levels of
Nfkb1, 116, Cxcl8, and Ccl2, and increased cardiomyocyte
energy efficiency by up-regulating Glut4 and Ppargcla mRNA
levels. However, pretreatment with either STO or CC blocked
the beneficial effects of 2-AG in cardiomyocytes. Similarly, the
2-AG-mediated increase in intracellular glycogen content,
either in the presence or absence of TNFa, was dramatically
reduced in the presence of the inhibitors (Fig. 3E). Overall,
these results strongly indicate that 2-AG, via CaMKKp3, acti-
vates AMPK, exerts anti-inflammatory effects, reverses IR,
and restores insulin-stimulated glucose uptake in TNFa-chal-
lenged cardiomyocytes.

2-AG-induced inhibition of IR is attenuated upon knockdown
of CaMKKpB and AMPK

Next, we applied lentiviral knockdown of the AMPKf32 sub-
unit (shAMPKp2), the predominant 3 isoform of the AMPK
afyheterotrimer in the heart. Western-blotting analyses com-
paring the effects of sShAMPK2 with scrambled shRNA lenti-
virus (shScr) on AMPKf2 and total AMPKa (t-AMPKa) pro-
tein levels demonstrate the efficiency of AMPKfB2 knockdown
in cardiomyocytes (Fig. 44). In shScr lentivirus-infected cells,
TNFa-induced inhibition of insulin-stimulated AKT, AS160,
and GSK3p phosphorylation was restored upon 2-AG co-treat-
ment, but this beneficial effect on insulin signaling was absent
in shAMPKpB2-infected cells (Fig. 44). Both increased AMPK
and ACC phosphorylation, normally elicited by 2-AG treat-
ment, was abrogated upon AMPKB2 knockdown. Further-
more, in shScr cells, 2-AG inhibited the TNFa-induced
increases in the mRNA levels of the proinflammatory marker
genes Nfkb1,116, and Ccl2, but this inhibitory effect of 2-AG was
significantly ablated in the presence of shAMPKp2 (Fig. 4B).
Similarly, TNFa-mediated inhibition of Glut4 and Ppargcla
mRNA levels was reversed upon co-treatment with 2-AG,
whereas shAMPKB2-infected cells failed to respond to 2-AG
stimulation. Furthermore, in line with the mRNA and protein
levels, 2-AG failed to reverse the TNFa-induced inhibition of
insulin-stimulated GLUT4-myc translocation (Fig. 4C) and
glucose uptake (Fig. 4D) in shAMPKfB2-infected cardiomyo-
cytes. These results were further validated upon lentiviral
knockdown of CaMKK in HL-1 cardiomyocytes (supplemen-
tal Fig. 3). As expected, knockdown of CaMKKp disrupts the
2-AG signaling cascade. This was evidenced by the failure of
2-AG to restore insulin signaling (via AKT phosphorylation) or
to activate AMPK (supplemental Fig. 34) in shCaMKKp-in-
fected cardiomyocytes. Additionally, 2-AG failed to reverse the
TNFa-induced inhibition of insulin-stimulated GLUT4-myc
translocation (supplemental Fig. 3B) and glucose uptake (sup-

SASBMB

2-AG ameliorates cardiomyocyte insulin resistance

plemental Fig. 3C) in shCaMKKp-infected cardiomyocytes.
Taken together, these results demonstrate that AMPK is the
key mediator of 2-AG-induced attenuation of TNFa-induced
inflammatory stress and IR in cardiomyocytes.

2-AG inhibits IR in hESC-CMs

To address the role of 2-AG in in vitro human pathological
models of IR, we challenged hESC-CMs with either TNFa or
FFA (the latter representing an overarching, well established
cell model of diet-induced IR in vivo). Differentiation of hESC
to functional cardiomyocytes was confirmed by gene expres-
sion analysis showing a robust induction of the key cardiac
structural and functional markers a-myosin heavy chain
(MYHS6) and cardiac troponin T type 2 (TNNT2), respectively
(Fig. 5A). Both TNF« (Fig. 5B) and FFA (supplemental Fig. 44)
increased gene transcription of the proinflammatory markers
NFKBI, IL6, and CXCL8 and inhibited PPARGCIA gene
expression. Conversely, co-treatment of 2-AG led to a marked
decrease in the mRNA levels of all proinflammatory markers
along with an increase in PPARGCIA gene expression. Pre-
treatment with the inhibitors AM251, STO, or CC, represent-
ing key checkpoints in the 2-AG-AMPK signaling pathway,
abolished the anti-inflammatory effect of 2-AG on TNFa- or
FFA-induced inflammation. Similarly, insulin-stimulated phos-
phorylation of AKT, AS160, and GSK3p was strongly inhibited
by both TNF« (Fig. 5C) and FFA (supplemental Fig. 4B), and
2-AG co-treatment restored the phosphorylation levels of these
key proteins involved in the insulin signaling pathway along
with induction of AMPK and ACC phosphorylation. Finally,
both TNFa- and FFA-mediated inhibition of insulin stimulat-
ed-glucose uptake were significantly reversed in the presence of
2-AG, and, as expected, pretreatment with inhibitors com-
pletely blocked the ameliorative effect of 2-AG in IR (Fig. 5D
and supplemental Fig. 4C). The results obtained in hRESC-CMs
suggest that 2-AG, via CBIR and CaMKKp, activates the
AMPK pathway to counteract FFA- and TNFa-induced inflam-
matory stress and IR and subsequently restores metabolic
homeostasis of cardiomyocytes by potentiating insulin-stimu-
lated glucose uptake (Fig. 6). Overall, these results clearly indi-
cate that 2-AG ameliorates FFA- and TNFa-induced IR.

Discussion

Evidence points to inflammation-induced cytokine produc-
tion and/or high plasma fatty acid levels as primary etiologic
factors in the development of cardiac IR. Here we demonstrated
that inflammation induces IR and perturbs glucose metabolism
in cardiomyocytes. Similarly, exposure to FFA produced IR in
cardiomyocytes, in accordance with earlier findings (2). We
show that, irrespective of the cause, IR can be alleviated by
2-AG treatment. Mechanistically, 2-AG, via the CB1 recep-
tor and CaMKKp, activates AMPK. Treatment with 2-AG
decreased the gene expression of proinflammatory cytokines,
reversed IR, and enhanced glucose uptake, thus restoring met-
abolic homeostasis of cardiomyocytes. Pharmacological inhibi-
tion or genetic interference with the AMPK signaling pathway
impaired these 2-AG actions, suggesting that AMPK is mediat-
ing the beneficial effects. These findings identify 2-AG as a key
signaling molecule against IR and inflammation, prominent
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Figure 4. Knockdown of AMPK attenuates the ameliorative effect of 2-AG on IR. HL-1 cardiomyocytes were infected with shRNA scramble (shScr) or
AMPKRB2 (shAMPKB2) and selected for puromycin resistance, followed by treatments as indicated. A, representative Western-blotting analysis of the insulin (/ns)
signaling pathway following insulin stimulation. p, phospho; t, total. B, relative mRNA levels of the proinflammatory markers Glut4 and Ppargcia.*, p = 0.03,
0.05,0.041,0.022, and 0.026, respectively, by one-way ANOVA with Tukey’s multiple comparisons post hoc test. C, insulin-stimulated GLUT4-myc translocation.
*,p = 0.044; #,p < 0.01; two-way ANOVA with Bonferroni’s multiple comparisons post hoc test. D, insulin-stimulated glucose uptake. ACTB, B-actin.*, p = 0.047;
#, p < 0.01; two-way ANOVA with Bonferroni’s multiple comparisons post hoc test. Data are expressed as mean = S.D. n = 5 independent experiments.

derangements observed during DCM (3), pointing to a possible
therapeutic application.

Previous reports have demonstrated the detailed mechanism
of TNFa-mediated inhibition of insulin signaling to induce IR
in various metabolically relevant tissues (4, 5). Here we have
delineated the effect of TNFa on insulin signaling and the func-
tional consequences on cardiomyocytes, a topic that is remark-
ably understudied. Our data demonstrated that TNF« inhibits
the insulin-stimulated phosphorylation of its downstream
effectors AKT, AS160, and GSK3 to promote IR. The cardiac
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system normally responds to injury by altering substrate
metabolism from the use of fatty acids toward glucose uptake
and utilization. IR prevents this adaptive response and aggra-
vates the injury by contributing to lipotoxicity and inflamma-
tion, among other stressors. These effects are in line with our
observation of reduced insulin-stimulated GLUT4 transloca-
tion, glucose uptake, and intracellular glycogen content
in TNFa-challenged cardiomyocytes, constituting a novel
model to study metabolic derangements observed during
cardiac inflammation.
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Figure 5. The ameliorative effect of 2-AG on inflammatory stress-induced insulin resistance in hESC-derived cardiomyocytes. A, relative mRNA level of MYH6
and TNNT2.*, p < 0.01 by unpaired Student's t test. B, relative mRNA level of proinflammatory markers and PGCTa. *, p = 0.037, 0.041, 0.044, and 0.041, respectively,
by one-way ANOVA with Tukey’s multiple comparisons post hoc test. Ct/, control. C, representative Western-blotting analysis of the insulin (Ins) signaling pathway
following insulin stimulation. p, phospho; t, total; A, AM251; S, STO-609; C, compound C. D, insulin-stimulated glucose uptake. ACTB, B-actin. *, p = 0.03 and 0.044,
respectively, by one-way ANOVA with Tukey’s multiple comparisons post hoc test. Data are expressed as mean = S.D. n = 5 independent experiments.
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Figure 6. Proposed model of 2-AG action in stressed cardiomyocytes.
Inflammation (induced by TNF«) and lipid oversupply (FFA) perturbs insulin
sensitivity and restricts glucose uptake in cardiomyocytes in the long term,
leading to DCM. The endocannabinoid 2-AG, via CB1R and CaMKKp, activates
the AMPK signaling pathway to inhibit inflammation, restore insulin sensitiv-
ity, and facilitate glucose uptake in cardiomyocytes, implying that 2-AG treat-
ment can be a viable therapeutic approach to restore cardiometabolic home-
ostasis via energy balance in IR.

A previous report (9) has indicated that the plant-derived
cannabinoid trans—Ag—tetrahydrocannabinol can activate AMPK,
an important integrator of signals managing energy balance
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and acting as a protective response to energy stress during met-
abolic deregulations (13, 14). Being highly expressed in the car-
diac system, AMPK has been demonstrated to have cardiopro-
tective effects (15). We observed that the endocannabinoid
2-AG activates the AMPK signaling pathway in various cell
types in a CBIR-CaMKKpB-dependent manner. This observa-
tion is in line with previous reports suggesting that 2-AG
induces a rapid, transient increase in intracellular Ca** via
CBI1R stimulation (16); on the other hand, increased intracellu-
lar Ca®>" leads to AMPK activation (17). Additionally, we
observed that 2-AG, via AMPK activation, enhances basal glu-
cose uptake in cardiomyocytes, in accordance with the contrac-
tion-stimulated rise in AMPK activity and consequent increase
of substrate uptake (15). However, conflicting results regarding
the ECS under pathological conditions has emerged from
recent studies, with experimental disease models demonstrat-
ing that pharmacological approaches that modulate the same
specific targets of the ECS can have both positive and negative
effects (18, 19). In this context, it should be noted that a sub-
stantial amount of 2-AG has been detected in various tissues,
including the liver, kidney, spleen, several regions of the brain,
lung, and plasma, as well as in human milk (20, 21). Further-
more, stimulus-induced generation of 2-AG in various tissues
adds to the complexity in ascertaining the systemic effects of
2-AG. Therefore, the biosynthetic pathways for 2-AG appear to
differ depending on the types of tissues and cells and the types
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of stimuli. Thus, on one hand, an elevated level of 2-AG upon
chronic alcohol challenge has been implicated in the progres-
sion of alcoholic steatohepatitis (19), 2-AG-induced activation
of JNK signaling pathway has been shown to aberrantly trigger
hepatic gluconeogenesis (11), and rodent models with CB1R
deficiency or antagonism have been demonstrated to be resistant
to diet-induced obesity and insulin resistance, specifically in liver
(22—24). On the other hand, our results as well as several previous
studies have strongly indicated potential beneficial effects of 2-AG
in the context of the cardiovascular system, neurotransmission,
and immunomodulation (7, 8, 18, 20, 24). Nevertheless, the precise
physiological function of 2-AG in acute and chronic inflammation
and/or immune responses remains relatively obscure. Several
questions still remain to be answered. What does the serum level
of 2-AG indicate? How does it change in the context of metabolic
disease, such as type 2 diabetes? In this context, our results dem-
onstrating diminished cardiac CbIr and Cb2r gene expression in
db/db mice indicate a potential correlation between a dysfunc-
tional ECS and cardiac IR. However, further studies are necessary
for a better understanding of the metabolism and mode of action
of 2-AG in a cell type- and tissue-specific manner to decipher the
role of this highly complex signal transduction system in distinct
pathological conditions.

Both in vitro and in vivo, the ECS has been shown to exhibit
immunomodulatory properties (25). In our inflammation-in-
duced IR model, 2-AG reverses IR by inhibiting the gene
expression of proinflammatory cytokines, restoring the insulin
signaling pathway, and enhancing glucose uptake. Further-
more, 2-AG treatment also led to an increase in Glut4 and
Ppargcla mRNA levels under these conditions. These findings
are important in the context of DCM, as overexpression of
human GLUT4 in db/db mice was demonstrated to normalize
cardiac contractile dysfunction (26). Several reports indicate
that PGCla, in response to physiologic stressors, initiates bio-
logical responses that equip cardiomyocytes to meet energy
demands by augmenting mitochondrial biogenesis, cellular res-
piration rates, and substrate utilization (12). Interestingly, both
Ca®" and AMPK have been positively implicated in the regula-
tion of PGCla. Indeed, we observed that pharmacological inhi-
bition or genetic interference of CaMKKp and AMPK resulted
in attenuation of 2-AG-mediated induction of Ppargcla as well
as Glut4. Hence, we speculate that they are key contributors in
mediating the beneficial effects of 2-AG in TNFa-induced IR
and, possibly, for treatment of DCM.

Because the majority of ECS-related studies have been per-
formed in mouse models, the relevance of 2-AG in humans, in
the context of inflammation and IR, has remained largely elu-
sive. In this study, we addressed this issue by utilizing hESC-
CMs as a model to mimic adult human cardiomyocytes. The
responsiveness of hESC-CMs to FFA- and TNFa-induced IR fur-
ther indicates the possible value of this model as a novel tool for
metabolic characterization of various human pathological condi-
tions. Furthermore, in line with our previous results in rodent car-
diomyocytes, the ameliorative effect of 2-AG on inflammatory
stress, insulin signaling, and substrate utilization was observed to
occur via the CBIR-CaMKKfS-AMPK signaling cascade, indicat-
ing that this novel signaling cascade is conserved in humans.
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Overall, our study unravels an unprecedented role of 2-AG in
the regulation of inflammation-induced IR. Endocannabinoids
are crucial to bioregulation, and, because of their hydrophobic
nature, their main actions are limited to autocrine or paracrine
effects rather than systemic. With scientific evidence suggest-
ing their conflictive roles in inflammation, IR, and energy
metabolism, e.g. in the heart as opposed to the liver, tissue-
specific application of endocannabinoids may be a valuable tool
to counter cardiac IR. Further investigation of this exciting field
will provide insights into the mechanisms of health and disease
and provide novel therapeutic avenues.

Experimental procedures
Materials and methods

Noladin ether (2-AG ether, referred to as 2-AG), AM251,
AM630, and (5Z)-7-oxozeaenol were purchased from Tocris
Bioscience. Recombinant human TNF« was purchased from
R&D Systems. BSA (fraction V, essentially fatty acid-free),
DMSO, FFA (palmitic acid), STO-609, and KN93 were pur-
chased from Sigma-Aldrich. CC was purchased from Calbi-
ochem. [’H]2-deoxyglucose was obtained from GE Healthcare.
Lipofectamine™ 2000 was from Invitrogen. Ortho-phenylene-
diamine H,0O, fizzing tablets were from AbD Serotec (Kidling-
ton, UK). The plasmid encoding GLUT4-myc was kindly pro-
vided by Dr. J. Eckel (German Diabetes Center, Diisseldorf,
Germany). HL-1 cardiomyocytes (a gift from Dr. W. Clay-
comb), isolated primary rat cardiomyocytes, and hESC-CMs
were incubated for 16 h with TNFa (10 ng/ml) or FFA (250 um),
in the presence or absence of 2-AG (10 um) as indicated. For
experiments with inhibitors, cardiomyocytes were pretreated
with the indicated inhibitors for 1-2 h, followed by TNF« treat-
ment in the absence or presence of 2-AG. For insulin stimula-
tion experiments, cardiomyocytes were stimulated with insulin
(100 nM™, 30 min) following the indicated treatments.

Cell culture and transient transfection of HL-1 atrial
cardiomyocytes

HL-1 cells were kindly provided by Dr. W. Claycomb (Loui-
siana State University, New Orleans, LA) and cultured in Clay-
comb medium (supplemented with 10% FBS, 0.1 mM norepi-
nephrine, 2 mM L-glutamine, 100 units/ml penicillin, and 100
pg/ml streptomycin) at 37 °C and 5% CO.,. Cells were trans-
fected as described previously (27, 28).

Isolation and culturing of primary rat cardiomyocytes

Cardiac myocytes were isolated from male Lewis rats (200 —
250 g) using a Langendorff perfusion system and a Krebs-
Henseleit bicarbonate medium equilibrated with a 95% O,/5%
CO, gas phase at 37 °C as described previously (27, 28).

Animals

Male heterozygous non-diabetic (db/+) and diabetic (db/db)
C57BL/Ks mice (10 weeks of age) were purchased from Charles
River Laboratories. The animals were housed in the specific
pathogen-free animal facility of Eindhoven University of Tech-
nology in individually ventilated cages and in the conventional
facility of Muenster University under controlled temperature
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(23 °C) and humidity (50%) with a 12:12-h dark-light cycle. The
mice had ad libitum access to water and food (5K52 LabDiet, 22
kcal% protein, 16 kcal% fat, 62 kcal% carbohydrates). The ani-
mals were sacrificed by cervical dislocation under isoflurane
anesthesia, and the heart was excised and frozen in liquid nitro-
gen for quantitative PCR analysis. All procedures conformed to
Directive 2010/63/EU of the European Parliament and were
approved by the Animal Experimental Committees of Maas-
tricht University (The Netherlands).

Antibodies and Western-blotting analysis

Antibodies against the MYC epitope, AKT (Ser(P)-473 and
total), ACC (Ser(P)-79 and total), AMPKa (Thr(P)-172 and
total), total AMPKp2, a-tubulin, GSK-38 (Ser(P)-9 and total),
AS-160 (Thr(P)-642 and total), INK/stress-activated protein
kinase (Thr(P)-183/Tyr(P)-185 and total), NF-kB p65 (Ser(P)-
536 and total), Caveolin 3, and 3-actin were from Cell Signaling
Technology. Cells were lysed in radioimmune precipitation
assay buffer, and protein concentrations were determined by
BCA (Thermo Scientific). Equal amounts of protein were sep-
arated by SDS-PAGE, transferred to nitrocellulose membranes,
blocked with 5% nonfat dry milk in Tris-buffered saline with
0.1% Tween, incubated with primary antibodies overnight, and
washed prior to incubation with HRP-conjugated secondary
antibodies. Proteins were detected by enhanced chemilumines-
cence (PerkinElmer Life Sciences).

RNA expression analysis

For quantitative PCR analysis, RNA was isolated using TRIzol
(Amresco), and 1 ug was used to synthesize cDNA (high-capacity
cDNA reverse transcription kit, Life Technologies). Amplification
was performed using iTaq Universal SYBR Green Supermix
(Bio-Rad) and the ABI 7900HT fast real-time PCR system (Life
Technologies). The genes Cyclophilin A (for HL-1 and primary rat
cardiomyocytes) and TBP (for hESC-CMs) were used for normal-
ization, and the average of the control cell values was used for
calculating relative expression using the “*CT method.

Glucose uptake

Following the indicated treatments, the medium was re-
placed with Krebs-Ringer bicarbonate buffer with 0.5% BSA,
and cells were treated with PBS and 100 nM insulin for 30 min
and then incubated with [?H]2-deoxyglucose (1:20 in cold 10
mM 2-deoxyglucose) for 10 min. Cells were lysed in 1% Triton
X-100, and radioactivity was determined by f scintillation
counting. Values were normalized to protein content (BCA).

Biochemical intracellular glycogen measurement

Extraction of intracellular glycogen was performed as de-
scribed previously (29). Final hydrolysates were used for glu-
cose determination using a glucose (GO) assay kit (Sigma)
according to the instructions of the manufacturer and ex-
pressed as microgram of glucose per milligram of protein.

GLUT4-myc translocation assay (GLUT4-myc cell surface
staining)

Plasmalemmal GLUT4 was detected using a GLUT4 variant
carrying a myc tag on its first extracellular epitope, as described
previously (30).
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Lentiviral infection

pLKO.1 puro was a gift from Bob Weinberg (Addgene plas-
mid 8453). HEK-293T cells were co-transfected with psPAX2
and pMD2.G lentivirus packaging vectors with pLKO.1
scramble (shScr), pLKO.1 AMPKB2 (shAMPK2), or pLKO.1
CaMKKpB (shCaMKKp) using Lipofectamine™ 2000 accord-
ing to the protocol of the manufacturer. After a 48-h infection,
the lentivirus particles were collected from the HEK-293T cells
and transfected into HL-1 cells. Infected cells were selected for
puromycin resistance (4 ug/ml) for 5 days, and Western-blotting
analysis was performed to determine knockdown efficiency.

Cardiomyocyte differentiation from hES cells

All experiments were performed using the H7 (NIHhESC-
1079%°") hESC lines, kindly provided by the WiCell Research
Institute (Madison, W1I). hESCs were maintained and differen-
tiated according to the protocol of the manufacturer (Gibco)
and as described previously (31). Briefly, undifferentiated
hESCs were detached from the culture plate with 0.5 mMm EDTA
(UltraPure 0.5 M EDTA (pH 8.0), Invitrogen) and seeded onto
Geltrex-coated plates (Geltrex LDEV-free hESC-qualified
reduced growth factor basement membrane matrix, Gibco).
Cells were refed daily with Essential 8 medium (Essential 8 basal
medium containing 15 mm HEPES, L-glutamine, and sodium
bicarbonate at 1.743 g/liter, supplemented with Essential 8 sup-
plement (Gibco)) to expand the culture. When the cells reached
a 30 -50% confluent state (*+ 4 days of culture), cardiac differ-
entiation was induced by replacement of Essential 8 medium
with cardiomyocyte differentiation medium (PSC cardiomyo-
cyte differentiation kit (Gibco) containing differentiation
medium A, differentiation medium B, and maintenance
medium). Cells were kept in differentiation medium A for 2
days, which was replaced with differentiation medium B for the
following 2 days, after which cells were further maintained on
maintenance medium. Cultures were refed every other day and
monitored daily for signs of contractile capacity. After 30 days
of in vitro differentiation, cells were ready for experimental pur-
poses. All treatments were performed as indicated for HL-1 and
primary rat cardiomyocytes.

Statistical analysis

Student’s unpaired ¢ tests or ANOVA were performed in
GraphPad Prism v.6.01. Differences were considered statisti-
cally significant at p < 0.05.
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