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             T e interrelationships between cardiovas-
cular disease (CVD) and insulin resistance 
syndromes provide both challenges and op-
portunities to translational cardiometabolic 
research. On the one hand, the accelerating 
worldwide epidemics of obesity and insulin 
resistance are and will continue to be the 
major drivers of CVD (1). Conversely, one 
of the major hurdles for the development 
of new drugs for type 2 diabetes (T2D) is 
cardiovascular safety. Indeed, the U.S. Food 
and Drug Administration has stipulated 
that all new human-tested T2D drugs must 
undergo a clinical trial to show absence of 
adverse cardiovascular ef ects. In reality, 
the best T2D drugs would go beyond this 
minimum requirement and have protec-
tive actions against both metabolic disease 
and CVD. To meet this ideal, we must have 
a deep mechanistic understanding of the 
many cellular pathways that contribute to 
T2D and CVD, regardless of cell type, and 
then identify common upstream pathogenic 
pathways that can be therapeutically target-
ed. In this Perspective, we will outline a few 
examples that have emerged from the recent 
literature in these areas (2–5) (Fig. 1). 

Atherothrombotic coronary artery 
disease (CAD) is a major cause of death 
among subjects with T2D (6). Acute CAD 
results from the progression of a relatively 
small percentage of atherosclerotic lesions 
into plaques that undergo rupture or ero-
sion, which then leads to local exposure of 
thrombogenic material and acute lumenal 
thrombosis (7). A key process in this pro-
gression is the development of a “necrotic 
core” in the plaque that promotes inf am-
mation, tissue degradation, and biome-

chanical stress. Macrophages, which rep-
resent the major cell type in developing 
atherosclerotic lesions, undergo apoptosis 
in the plaque and contribute to necrosis 
(8). T ese apoptotic macrophages become 
secondarily necrotic because of inef  cient 

phagocytic clearance of the dead cells (ef e-
rocytosis), which is a defect known to occur 
in advanced human lesions.

ENDOPLASMIC RETICULUM STRESS

T e causes of advanced lesional macrophage 
apoptosis are multifactorial. However, ac-
cording to mechanistic studies in cultured 
macrophages, molecular-genetic causation 
studies in mice, and observational stud-
ies that use human atherosclerotic plaques, 
an apoptotic signaling pathway triggered 
by prolonged endoplasmic reticulum (ER) 
stress signaling appears to be particularly 
important (8). ER stress signaling manifest-
ed by the unfolded protein response (UPR) 
is normally transiently activated in response 
to short-term ER functional disequilibrium 
and serves to restore homeostasis (9). Al-
though physiological ER stress signaling is 
involved to ensure proper function and sur-
vival in many cell types, severe and/or non-
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The interactions between cardiovascular disease (CVD) and insulin resistance syndromes 
suggest the possibility of joint targets for cardiometabolic research. The best drugs 
would go beyond minimizing adverse ef ects and have protective actions against both 
metabolic disease and CVD. In this perspective, we will outline a few examples in which 
a deep mechanistic understanding of the many cellular pathways that contribute to type 
2 diabetes and CVD, regardless of cell type, have resulted in common upstream patho-
genic pathways that can be therapeutically targeted.

Fig. 1. Common upstream pathogenic targets in cardiometabolic disease. Cardiometabolic 
disease represents the integrative pathophysiology of insulin-resistant syndromes and CVD. Under-
standing the mechanisms of integration is critical because of the acceleration of heart disease in 
subjects with insulin resistance and because all new diabetes drugs have to go through cardiac 
safety trials. Shown here are examples of four separate components of the cellular pathobiology of 
cardiometabolic disease: macrophage apoptosis in advanced atherosclerosis [panel adapted with 
permission from (2)], cardiomyocyte dysfunction in heart failure [panel adapted with permission 
from (3)], altered hepatocyte function associated with excessive HGP and defective insulin signaling 
[panel adapted with permission from (4)], and pancreatic β cell apoptosis in diabetes [panel adapted 
with permission from (5)]. Despite the diff erent cell types and diff erent pathobiological end points, 
all four processes involve the common pathogenic processes of ER and oxidative stress, disordered 
intracellular calcium (Ca2+

i) signaling, and defective infl ammation resolution. Thus, therapeutic tar-
geting of these processes in metabolic disease will increase the probability that the drugs will not 
have adverse cardiac eff ects and, in the best case scenario, will have the added benefi t of being 
proactively cardioprotective. 
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resolving ER stress in certain disease pro-
cesses leads to prolonged activation of the 
UPR, which can trigger cell death pathways 
(10). In advanced lesional macrophages, 
various cytotoxic lipids can cause this sce-
nario, leading to prolonged expression of a 
proapoptotic UPR ef ector called CHOP, or 
GADD153, which is amplif ed in the face of 
insulin resistance. Indeed, there is a strong 
correlation among necrotic plaques, CHOP 
expression, and cell death in human coro-
nary artery lesions, and genetic disruption 
of CHOP in mice suppresses plaque necro-
sis (11, 12). Moreover, the UPR is activated 
in other types of cells in advanced lesions, 
namely endothelial cells and smooth-
muscle cells, which further implicates the 
involvement of ER stress in atherosclerosis.

T ese cell-intrinsic atherothrombotic 
processes in arterial wall lesions can be ex-
acerbated by systemic risk factors. Among 
the most important of these are dyslip-
idemia and hyperinsulinemia driven by 
obesity and insulin resistance (6). Just as 
chronic ER stress in arterial wall cells drives 
advanced plaque progression, there is in-
creasing evidence that chronic ER stress 
in hepatocytes drives insulin resistance 
and dyslipidemia in obesity (13). Although 
most of the data exploring hepatic ER stress 
in obesity comes from animal studies, there 
is an association between relief of ER stress 
and improvement in metabolic parameters 
af er bariatric surgery in humans (14). 
Among the likely causes of hepatocyte ER 
stress in obesity are intracellular accumula-
tion of saturated fatty acids and excessive 
glucagon signaling. Saturated fatty acids 
probably disturb ER membrane structure, 
and excessive glucagon action suppresses a 
protective arm of the UPR involving a tran-
scription factor called activating transcrip-
tion factor 6 (ATF6) and a chaperone called 
P58IPK (6, 15). When intracellular levels of 
P58IPK are decreased, there is activation of a 
potentially pathogenic arm of the UPR con-
trolled by the ER kinase PERK.

One consequence of chronic UPR ac-
tivation in hepatocytes is activation of the 
mitogen-activated protein kinase c-Jun 
N-terminal kinase (JNK), which disturbs 
insulin signaling through Ser-phosphoryla-
tion of insulin receptor substrate–1 (IRS1) 
(16). Moreover, PERK activation leads 
to the induction of a transcription factor 
called ATF4, which induces an inhibitor 
of insulin-induced AKT activation called 
Tribbles 3 (15). T e PERK pathway also 
induces another transcriptional regulator, 

ATF3, which contributes to dyslipidemia by 
promoting the secretion of apolipoprotein 
B-containing lipoprotein (17).

T e detrimental metabolic consequenc-
es of chronic UPR activation in hepatocytes 
contributes over time to activation of the 
UPR in another key metabolic cell type, the 
pancreatic β cell (18). In response to he-
patic insulin resistance, as well as excessive 
hepatic glucose production, β cells com-
pensate by secreting high levels of insulin. 
T e protein translational stress imposed by 
this scenario triggers a chronic, pathogenic 
ER stress response in β cells. T us, similar 
to the ef ect of chronic UPR activation in 
macrophages in advanced atherosclerotic 
lesions, chronic ER stress in β cells can trig-
ger apoptosis, leading to end-stage diabetes.

Because ER stress in dif erent cell types 
contributes to both advanced atherosclero-
sis and T2D, drugs that are able to suppress 
excessive and chronic ER stress, without 
compromising the physiologic UPR re-
sponse, may have benef cial ef ects on both 
disease processes. Indeed, administration 
of a drug called 4-phenylbutyric acid (PBA) 
relieves ER stress in the liver of obese mice, 
where it improves markers of insulin resis-
tance, and decreases lesional macrophage 
death and atherosclerosis in hypercholes-
terolemic mice (16, 19). Similarly, treat-
ment of obese, insulin-resistant patients 
with tauroursodeoxycholic acid (TUDCA), 
a bile-acid derivative known to relieve ER 
stress, increases insulin sensitivity in liver 
and skeletal muscle and suppresses the 
development of atherosclerotic lesions in 
hypercholesterolemic mice (20, 21). More 
advanced and mechanistically def ned 
UPR-suppressing drugs are in development 
and may be useful in protecting obese sub-
jects from both T2D and CVD.

INTRACELLULAR CALCIUM SIGNALING

Another common pathway with therapeu-
tic promise involves pathologic intracellular 
calcium signaling. A downstream proapop-
totic mechanism of excessive CHOP expres-
sion in macrophages is prolonged increase 
in cytosolic calcium (22). T is abnormality 
is triggered by a combination of oxidative 
stress-induced inositol 1,4,5-trisphosphate 
receptor (IP3R) calcium channel activation 
and lipid-mediated sarco(endo)plasmic 
reticulum Ca2+–adenosine triphosphatase 
(SERCA) inactivation (22, 23). Elevated cy-
tosolic Ca2+ leads to excessive activation of 
a calcium-sensitive kinase called calcium/
calmodulin–dependent protein kinase II 

(CaMKII), which in turn triggers a number 
of downstream apoptotic pathways in mac-
rophages (24). Inhibition of CaMKII of ER-
stressed macrophages protects them from 
cell death and eliminates signs of cytotox-
icity, which suggests a therapeutic target to 
suppress macrophage death in advanced 
atherosclerosis.

Notably, the same combination of IP3R 
activation, SERCA inactivation, elevated 
cytosolic Ca2+, and CaMKII hyperactiva-
tion occurs in hepatocytes in the setting of 
obesity and contributes to both increased 
hepatic glucose production (HGP) and de-
fective insulin signaling (15, 25–27). In fact, 
the same isoform of CaMKII, CaMKIIγ, is 
the predominant CaMKII isoform in both 
macrophages and hepatocytes. In the case 
of hepatocytes, IP3R activation is caused by 
excessive glucagon signaling, and SERCA 
inactivation is caused by alterations in ER 
phospholipids. T e downstream metabolic 
ef ects of CaMKII hyperactivation in hepa-
tocytes involve two separate pathways. One 
CaMKII pathway leads to elevated expres-
sion of FoxO1-induced genes that mediate 
HGP, and the other pathway blocks insulin 
signaling through the ATF6 suppressive 
mechanism described in the previous sec-
tion. As such, genetic inhibition of CaMKII 
in hepatocytes in obese mice lowers plasma 
glucose and insulin and improves glucose 
and insulin tolerance.

T us, as was the case with ER stress sig-
naling, partial suppression of CaMKIIγ to 
prevent hyperactivation could be a com-
mon therapeutic target to improve me-
tabolism in T2D and, by suppressing mac-
rophage apoptosis and plaque necrosis in 
advanced atherosclerotic lesions, protect 
against acute cardiac events. It should also 
be mentioned that a closely related isoform 
of CaMKII, CaMKIIδ, is activated in heart 
failure, and it gets further activated by oxi-
dation and O-GlcNAc modif cation in the 
setting of diabetes. Moreover, activated 
CaMKII amplif es the detrimental intra-
cellular calcium signaling through a feed-
forward cycle involving ryanodine receptor 
phosphorylation (28). Because heart failure 
can be induced or worsened by both T2D 
and some of the drugs used to treat T2D, an 
inhibitor that prevents the hyperactivation 
of both CaMKIIγ and CaMKIIδ may f nd 
a niche in this area. Last, targeting MAP-
KAPK2, which mediates the metabolic ac-
tions of CaMKII in liver, may also benef t 
both atherosclerosis and heart failure (15, 
29, 30).
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INFLAMMATION RESOLUTION

A third example of a common pathologic 
pathway in heart disease and T2D is defec-
tive inf ammation resolution. T e normal 
inf ammatory response mounts an acute, 
robust attack to kill pathogenic organisms 
and then triggers a resolution phase to 
prevent excessive oxidative and proteolytic 
collateral damage and restore tissue homeo-
stasis (27). T e resolution phase is mediated 
by multiple lipid-derived and protein me-
diators that block inf ammatory cell inf ux 
and promote their egress; clear pathogens, 
cellular debris, inf ammatory cytokines, and 
dead cells (ef erocytosis); and carry out the 
necessary processes to repair tissue damage. 
Among the molecules that mediate resolu-
tion processes are specialized pro-resolving 
mediators (SPMs), which are endogenous 
lipids that are actively generated during 
inf ammation (31). SPM families include 
lipoxins, resolvins, protectins, and mares-
ins (31). Lipoxins are derived from ome-
ga-6 arachidonic acid, whereas resolvins, 
protectins, and maresins are derived from 
omega-3 eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) (31).

In chronic disease processes in which 
the inciting pathologic process is not read-
ily neutralized, the resolution phase is de-
fective, leading to a cycle of persistent tis-
sue injury. In both atherosclerosis and T2D, 
there are signs of defective inf ammation 
resolution (32–34). For example, advanced 
atherosclerotic lesional macrophages are 
chronically activated and display defec-
tive ef erocytosis, and both adipose tissue 
and liver in obesity have continual inf ux 
of inf ammatory cells and excessive oxida-
tive stress. In atherosclerosis, the persistent 
stimulus is subendothelial-retained apoli-
poprotein B–containing lipoproteins (35), 
whereas in T2D, factors in the diet or re-
sponses to the diet may promote SPM ca-
tabolism (34). Moreover, the host’s ability to 
activate resolution programs may be weak-
ened by excessive nutrient sensing through 
pattern recognition receptors, alterations in 
membrane f uidity, nuclear receptor activa-
tion, and/or lipid raf  formation (31, 32).

With the knowledge that failed inf am-
mation resolution contributes to the pa-
thology of cardiometabolic diseases, un-
derstanding new approaches to stimulate 
resolution are of immense interest (35). 
One characteristic of SPMs is that they 
stimulate the termination of inf ammation 
without being immunosuppressive (36). 
T is feature, which is critical when contem-

plating therapies for chronic diseases, dis-
tinguishes SPMs from classic anti-inf am-
matory drugs, which of en compromise 
host defense. T ere are as yet no reports 
on the application of SPM therapy in ath-
erosclerosis, but a recent proof-of-concept 
study showed that a resolution-mediator 
peptide called Ac2-26 packaged in a type of 
nanoparticle designed to target vascular le-
sions could suppress ischemia-reperfusion 
injury in mice by promoting resolution 
(37). In terms of metabolic disease, there 
are several recent examples of exogenous 
SPM treatment in obese T2D models (34). 
For example, resolvin D1 (RvD1) has been 
shown to promote insulin sensitivity in 
obese diabetic mice, in part by enhancing 
insulin signaling in adipose tissue (38). 
Moreover, defective ef erocytosis, which 
is involved in the progression of athero-
sclerosis (above), is an important cause of 
impaired wound healing in T2D, and RvD1 
rescues defective macrophage ef erocytosis 
and enhances wound healing in diabetic 
subjects (39).

In conclusion, knowledge of upstream 
pathogenic pathways that are common 
features of dif erent cells types in cardio-
metabolic disease—such as chronic ER 
stress, disturbed intracellular calcium sig-
naling, and defective inf ammation reso-
lution—of ers a potentially improved ap-
proach to new therapeutic strategies. T e 
standard approach of targeting specif c 
cell types and end points can lead to frag-
mented therapy. Moreover, because these 
upstream pathways have also important 
physiological functions in diverse biologi-
cal processes, an in-depth understanding 
of the associated outcomes is required in 
order to prevent possible side ef ects. In 
the case of designing new diabetes drugs, 
rather than “hoping” that a drug designed 
to af ect liver metabolism or β cell func-
tion is heart-safe, the integrated approach 
suggested here increases the probability of 
cardiac safety and even raises the possibil-
ity of a T2D drug that also suppresses one 
or more pathophysiological pathways in 
heart disease per se. However, for this type 
of approach to be successful more work is 
needed to understand the mechanisms and 
molecular targets of the three pathways 
discussed here and to identify additional 
common pathways. Biological systems do 
not exist in isolation, and only by studying 
the intersections of disease can we come up 
with integrated therapies for the expanding 
epidemic of cardiometabolic disease.
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