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A B S T R A C T

Obesity has many deleterious effects on the cardiovascular system, mediated by changes in insulin sensitivity,
dyslipidaemia, oxidative stress and inflammation. Current therapies mainly focus on caloric intake suppression
and bariatric surgery, however the efficacy of these approaches remains elusive as most patients regain their
body weight within the next 5 years. A better understanding of the pathophysiology of obesity is of paramount
importance for the development of new therapeutic strategies to prevent vascular complications. Autophagy has
emerged as key self-degrading process responsible for the maintenance of cellular homeostasis. Defects in au-
tophagy homeostasis are implicated in metabolic disorders, including obesity, insulin resistance, diabetes mel-
litus and atherosclerosis. Most importantly, autophagy regulates animal lifespan. Albeit ample preclinical evi-
dence supports the therapeutic promise of autophagy modulators for the treatment of obesity and metabolic
diseases, the clinical efficacy of pharmacological modulation of autophagy remains to be proven. Recent work
has shown that GLP-1-based therapeutic approaches may positively affect autophagy in perivascular adipose
tissue, thus improving obesity-related endothelial dysfunction. In the present review we discuss current evidence
on the role of autophagy in obesity, with a specific focus on DPP-4 inhibitors (DPP-4i) and GLP-1 receptor
agonists (GLP-1 RA) as modulators of this process. Experimental evidence on GLP-1-based approaches is criti-
cally discussed in light of recent clinical trials with DPP-4i and GLP-1 RA.

1. Obesity, PVAT and endothelial dysfunction

Worldwide, almost 3 million people die each year due to compli-
cations of being overweight or obese. The International Diabetes
Federation has recently estimated that by the year 2040 almost 600
million people will be overweight or obese [1]. Excess body weight has
many deleterious effects on the cardiovascular system, mediated by
changes in insulin sensitivity, dyslipidaemia, oxidative stress and in-
flammation [2,3]. Current therapies to fight obesity mainly focus on
caloric intake suppression and bariatric surgery, however the efficacy of
these approaches remains to be proven as most of patients regain their
weight within 5 years [4]. A better understanding of the pathophy-
siology of obesity is of paramount importance for the development of
new therapeutic strategies to prevent vascular complications and
mortality in these patients. Emerging evidence indicates that obesity
alters both the endocrine and paracrine actions of adipocyte-derived
factors, with subsequent disruption of vascular homeostasis, eventually
leading to endothelial dysfunction and arterial hypertension.

Perivascular adipose tissue (PVAT) has recently shown to be heavily
implicated in the pathophysiology of obesity-related endothelial dys-
function [5]. Under physiological conditions, PVAT attenuates agonist-
induced vasoconstriction by releasing vasoactive molecules including
hydrogen peroxide, angiotensin 1–7, adiponectin, methyl palmitate,
hydrogen sulfide, NO and leptin [5]. By contrast, in the setting of
obesity, PVAT undergoes molecular alterations favouring a pro-in-
flammatory phenotype, with enhanced secretion inflammatory adipo-
cytokines, leading to an impairment of PVAT-vasorelaxing effects [6,7].
The vasodilator response to acetylcholine is reduced only in PVAT-
containing, but not in PVAT-free thoracic aorta isolated from diet-in-
duced obese mice, indicating a unique role for PVAT in obesity-induced
vascular dysfunction [8]. Furthermore, PVAT dysfunction has also been
observed in small arteries isolated from visceral fat arteries of obese
individuals [9]. Altogether, current evidence suggests that PVAT re-
presents an attractive therapeutic target to rescue endothelial dys-
function in obesity. Although previous work has provided key insights
in this field, therapeutic strategies aimed at rescuing obesity-related
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PVAT dysfunction have yet to be developed.

2. Role of autophagy in cardiometabolic states

Accumulating evidence indicates that autophagy plays an essential
role in a variety of human diseases [10]. The autophagic response is a
complex biological process promoting lysosomal degradation of un-
necessary or dysfunctional cellular components, namely misfolded or
aggregated proteins as well as damaged organelles (i.e. mitochondria,
endoplasmic reticulum). Under physiological conditions, a basal au-
tophagic activity allows the turnover of cytosolic components [11].
Systemic or tissue-specific deletion of autophagy-related genes in var-
ious organisms, including mice, may lead to serious malformations and
even death, supporting the hypothesis that autophagy is an essential
process that contributes to health and overall well-being [12]. In re-
sponse to adverse stimuli (nutrient deprivation, oxidative stress, toxic
bioproducts) the activity of the autophagic machinery is significantly
amplified with the aim of recycling nutrients and generating energy for
maintenance of cell viability under unfavourable conditions. Although
basal autophagy is critical to maintain cellular and whole-body home-
ostasis, both increases and decreases in autophagy to excessive degree
can be maladaptive. In cardiac hypertrophy, heart failure, and
ischemia/reperfusion, autophagic flux is abnormally elevated, thus
contributing to cardiac dysfunction [13]. By contrast, in conditions
such as aging, autophagic activity and processing are attenuated, thus
perturbing cellular homeostasis and contributing to cardiac disease.
Notably, a recent study has shown that genetically-modified mice with
constitutive activation of autophagy display increased lifespan and
healthspan as compared to their wild-type littermates [14]. Autophagy
is also implicated in the pathophysiology of diabetes and athero-
sclerosis. Genetic disruption of autophagy components (i.e. Atg7) leads
to the formation of large inclusion bodies containing polyubiquitinated
proteins in pancreatic β cells, with subsequent cellular hypertrophy,
impaired insulin production and hyperglycemia [15]. Interestingly,
reactivation of autophagy in secretory-deficient β-cells preserves in-
sulin secretion and cell viability [16]. In experimental models of
atherosclerosis, mild oxidative stress seems to activate autophagy,
which in turn facilitates the removal of damaged organelles [17]. Under
these conditions, autophagy appears to play a protective role against
atherogenesis, in part due to a reduction in the number of macrophages
in the atherosclerotic plaque. As a consequence of defective autophagic
flux, dysfunctional organelles (i.e. mitochondria) start accumulating in
cells exposed to ambient hyperglycemia or in vascular cells from dia-
betic mice. Since mitochondria are the primary site of the production of
reactive oxygen species (ROS), diabetes-related impairment of autop-
hagy may favour the accumulation of ROS in vascular cells, thus af-
fecting NO bioavailability, inflammatory response and insulin signal-
ling [18]. Hence, hyperglycemia-induced defects of the autophagic
machinery may significantly alter the molecular phenotype and func-
tionality of several cells constituting the vessel wall. More recently,
autophagy has shown to be sensitive to changes in nutrient status, as
shown in experimental models of obesity [19]. Risk factors often clus-
tering in obesity and metabolic syndrome, such as dyslipidaemia, high
blood pressure and dysglycemia, are actively involved in the impair-
ment of the autophagic flux [20]. In turn, defective autophagy might
promote metabolic dysregulation and adipogenesis [21]. The role of
autophagy in adipose tissue development, adipogenesis and lipid me-
tabolism has gained increasing attention over the last years. Pharma-
cological inhibition of autophagy in human adipose tissue explants
resulted in elevated secretion of pro-inflammatory cytokines, sug-
gesting an inhibitory role for autophagy in adipose tissue inflammation
[22]. Although these studies have contributed to elucidate the key role
of autophagy in the regulation of inflammatory and metabolic pro-
cesses, we are still far from having developed breakthrough therapeutic
approaches to restore autophagy in patients with metabolic and car-
diovascular disease. Indeed, ample preclinical evidence supports the

therapeutic promise of autophagy modulators for the treatment of
obesity and metabolic diseases, whereas the clinical efficacy of phar-
macological modulation of autophagy remains elusive.

3. GLP-1-based interventions and PVAT autophagy

Recent evidence has shown that DPP4 inhibitors (DPP-4i), a class of
drugs widely used for the management of hyperglycaemia in patients
with type 2 diabetes (T2D), exert a variety of pleiotropic effects on
obesity-related disorders, namely inflammation and hepatic steatosis
[22,23]. The dipeptidyl peptidase 4 (DPP-4) protease cleaves proline
dipeptides from the N-terminus of polypeptides including glucagon-like
peptide 1 (GLP-1), a gut-derived hormone that stimulates insulin while
inhibiting glucagon secretion [24]. GLP-1-based therapeutic interven-
tions were recently shown to induce autophagy via the AMPK/mTOR
pathway, thus attenuating non-alcoholic fatty liver disease in experi-
mental models of obesity [25,26]. In a recent issue of Vascular Phar-
macology, Zhu and colleagues showed that modulation of autophagy by
DPP-4i may contribute to ameliorate obesity-related alterations of
PVAT, thus rescuing endothelial dysfunction [27]. In aortic segments
from diet-induced obese mice, the presence of PVAT significantly im-
paired endothelium-dependent vasodilation, while the DPP-4i alo-
gliptin prevented this phenomenon. PVAT dysfunction in obese mice
was associated with defective autophagy whereas DPP-4 blockade was
capable of restoring the autophagic flux (Fig. 1). Consistently, phar-
macological modulation of autophagy – either by the autophagy in-
hibitor CQ or the autophagy activator rapamycin - reversed PVAT-in-
duced endothelial dysfunction, thus supporting a causal role of
autophagy in this setting [27]. Notably, the beneficial effects of DPP-4i
on PVAT autophagy were GLP-1 dependent. Indeed, in cultured adi-
pocytes exposed to palmitic acid, alogliptin alone failed to rescue fatty
acid-induced impairment of autophagy, while concomitant adminis-
tration of GLP-1 was able to reactivate autophagy [27]. These results
were confirmed by the observation that GLP-1 receptor blockade by
exendin 9–39 abolished the effects of alogliptin on autophagy. Re-
storation of autophagy by alogliptin and GLP-1 was able to restore
adiponectin levels while blunting the secretion of tumour necrosis
factor-α (TNF-α) in PVAT [27]. Given the pivotal role of adiponectin
and TNF-α as modulators of endothelial function in obesity, the find-
ings of Zhu et al. may have potential impact for the prevention of
vascular complications in cardiometabolic patients. Although these
results provide insights into new therapies modulating autophagy in
PVAT, it remains unclear how restoration of autophagy affects the
transcriptional profile and secretome of PVAT. Previous work has
shown that defective autophagy may foster pro-inflammatory and se-
nescent phenotypes due to endoplasmic reticulum (ER) stress [28].
However, further studies are needed to demonstrate the causal link
between ER stress, PVAT dysfunction and vascular disease in obesity.
Another important evidence gap in this field is whether autophagy has a
causal or circumstantial role in the vascular complications of obesity.
Modulation of autophagy might also contribute to explain the recent
findings by Osto et al., where a GLP-1-mediated mechanism was found
to rescue obesity-induced endothelial dysfunction in obese patients
undergoing RYGB [29]. These latter findings suggest that RYGB pa-
tients might benefit from GLP-1 based interventions. Although PVAT
has shown to be a pivotal target of GLP-1, we cannot exclude that other
cell types are involved in the GLP-1-dependent effects on vascular
phenotype. A recent study using glp1r-Cre mice crossed with fluorescent
reporter strains, showed that GLP1-RA is expressed in pancreatic β- and
δ-cells, vascular smooth muscle, cardiac atrium, gastric antrum/py-
lorus, enteric neurones, as well as vagal and dorsal root ganglia [30].
Moreover, GLP1-RA was found to be expressed in several inflammatory
cells including macrophages [31]. Hence, one can assume that the ef-
fects of GLP-1 on perivascular adipose tissue may be also mitigated by
inflammatory cells in the perivascular space. GLP-1-dependent changes
of macrophage polarization and macrophage secretome might impact

S. Costantino and F. Paneni Vascular Pharmacology 115 (2019) 64–68

65



on endothelial function and vascular remodelling in obesity. Further
studies will help to elucidate the contribution of different inflammatory
cells in the GLP-1-related effects on the obese vasculature.

4. Insights from clinical trials

The effects of GLP-1 in modulating autophagy and PVAT function-
ality may partially contribute to explain the recent success of GLP1-
based therapies in patients with T2D. However, randomized controlled
trials (RCTs) with GLP1-RA and DPP-4i led to conflicting results in
patients with T2D, thus highlighting the need to better understand the
mechanism of action of these drug classes [32]. Out of 7 FDA-approved
GLP-1RA RCTs, to date only liraglutide and albiglutide have shown a
significant reduction of CV events in LEADER and HARMONY OUTC-
OMES trials, respectively [33,34]. Similar benefits were observed with
semaglutide in the SUSTAIN-6 trial, however the sample size was re-
latively small, and the trial was designed and powered as a non-in-
feriority trial [35]. Along the same line, the EXSCEL trial showed
overall positive results, although the cardiovascular endpoint did not
reach statistical significance [36]. In patients with acute coronary
syndrome, treatment with lixisenatide failed to reduce cardiovascular
events in the ELIXA trial [37]. In the HARMONY OUTCOMES trial,
treatment with albiglutide was associated with a significant reduction
of the primary composite outcome as compared to placebo (HR 0.78,
95% CI 0·68–0·90), with p < 0·0001 for non-inferiority and p=0·0006
for superiority [34]. The very recent PIONEER 6 trial – a randomized
non-inferiority trial testing an oral formulation of semaglutide against
placebo in patients with T2D – showed a statistically significant 51%
relative reduction in the risk of CV death, as well as a 49% relative
reduction in all-cause mortality, whereas no differences were observed
for nonfatal MI or stroke between the two treatment arms [38]. Al-
though most of trials with GLP-1RA showed a reduction of CV and total
mortality, only few studies showed a reduction of “atherosclerotic”
endpoints such as non-fatal MI and stroke. The HARMONY OUTCOMES

trial was indeed the only trial where treatment with GLP-1RA was
clearly associated with a reduction in the rate of non-fatal MI [34].

On the other hand, clinical trials with DDP-4i were rather dis-
appointing from a cardiovascular perspective [39,40]. Several meta-
analyses of retrospective studies have shown that DPP-4i (individually
and as a class) were associated with reductions in CV events [41,42].
However, the studies examined were not specifically designed to ap-
praise the effect of DPP-4i on CVD. Three randomized trials - SA-
VOR–TIMI, EXAMINE and TECOS - were conducted over the last few
years to systematically investigate the CV safety and efficacy of DPP-4i
in patients with T2DM. Although treatment with DPP-4i was safe, none
of these studies demonstrated a reduction of CV events. The SAVOR-
TIMI 53 and EXAMINE trial even showed an increase in the risk of heart
failure in patients receiving saxagliptin and alogliptin, respectively
[43]. In the recent CARMELINA trial, the DPP-4i linagliptin added to
usual care failed to impact on cardiac and renal endpoints in T2D pa-
tients over a median flow-up of 2.2 years [44]. Although both GLP-1 RA
and DPP-4i increase GLP-1 levels, these 2 drug classes present sub-
stantial differences in their ability to warrant consistent and selective
restoration of GLP-1 levels [45]. While GLP1-RA lead to a “supraphy-
siological” elevation of endogenous GLP-1 levels, DPP-4i may only se-
cure the restoration of physiological concentrations of the hormone.
Hence, circulating levels of GLP-1 are sensibly higher after treatment
with GLP1-RA as compared with DPP-4i [46]. Moreover, DPP-4i are less
specific, as they do not only potentiate the actions of GLP-1, but also
increase the levels of SDF-1 (stromal cell-derived factor 1), NPY (neu-
ropeptide Y), and substance P, eventually leading to activation of
sympathetic nervous system, stimulation of β-adrenergic receptors and
subsequent cardiomyocyte apoptosis, presumably through a CaMKII
(Ca++/calmodulin-dependent protein kinase II) pathway [47]. The
increase in sympathetic activation may explain the increased risk of
heart failure observed with DPP-4i in SAVOR–TIMI and EXAMINE
trials. Indeed, β-blockers seemed to have attenuated the risk of heart
failure with DPP-4 inhibition in a large-scale trial [48].

Fig. 1. Schematic showing the effects of GLP-1-based therapies on PVAT autophay and vascular function in obesity. PVAT, perivascular adipose tissue.
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In the experimental study by Zhu and colleagues [27], administra-
tion of the DPP-4i alogliptin in mice was able to rescue obesity-induced
endothelial dysfunction and PVAT autophagy in a GLP-1-dependent
manner. Although the beneficial effects of DDP-4i on intermediate
cardiovascular endpoints are supported by several experimental studies
conducted in obese and diabetic mice, most of these findings are
somehow “lost in translation”, given the recent failure of this class of
drugs in reducing cardio-renal endpoints in patients with cardiometa-
bolic disturbances [47]. The modest elevation of GLP-1 levels following
treatment with DPP4i may require RCTs with longer follow-up to better
appreciate putative cardiovascular benefits of this class of drugs.
However, the concomitant elevation of other peptides, namely SDF-1,
NPY and substance P may exert detrimental effects on the cardiovas-
cular system and may therefore vanish any GLP-1-related benefit [47].

5. Future perspectives

The work by Zhu et al. [27] should be interpreted as a proof-of-
concept study supporting the notion that therapies aimed at boosting
GLP-1 levels may rescue endothelial dysfunction by reactivation of
autophagic flux in PVAT. Autophagy has recently emerged as key self-
degrading process responsible for the maintenance of cellular home-
ostasis. Defects in autophagy homeostasis are implicated in metabolic
disorders, including obesity, insulin resistance, diabetes mellitus and
atherosclerosis [21]. Most importantly, recent genetic evidence in-
dicates that autophagy has a crucial role in the regulation of animal
lifespan [14]. Basal level of autophagic activity is elevated in many
longevity paradigms and the activity is required for lifespan extension.
Hence, therapeutic modulation of autophagy represents an attractive
approach to prevent premature vascular aging, improve healthspan and
promote longevity [49]. The effects of autophagy on lifespan deserve
particular attention if we consider that obese patients display telomere
shortening and premature aging features [50]. Autophagy is also
heavily implicated in the onset and development of obesity-related
metabolic cardiomyopathy [51]. In the heart, autophagy helps to meet
metabolic requirements during pressure overload, hypertension and
ischaemic heart disease. High fat diet in mice leads to elevated levels of
LC3II and p62 in the heart, suggesting the adequate initiation of au-
tophagy with inhibition of autophagosome degradation in obesity [52].
Hence, GLP-1-based therapies might contribute to reactivate autophagy
not only in PVAT but also in the heart, thus leading to a global cardi-
oprotective effect. In this regard, RCTs with longer follow-up are re-
quired to appreciate putative beneficial effects of GLP-1RA on heart
failure-related outcomes and atherosclerotic outcomes. Although many
drugs that produce beneficial metabolic effects are capable of mod-
ulating autophagic flux, autophagy might not be their only and main
mechanism of action. For example, metformin has shown to modulate
autophagy, however its beneficial effects are mainly driven by activa-
tion of AMPK and subsequent induction of GLUT4 translocation and
glucose uptake [53]. The same could apply to GLP-1-based therapies,
hence further studies are needed to appraise whether autophagy is the
main mechanism whereby DPP-4i and GLP-1RA reduce vascular risk in
patients. The latter possibility is currently hampered by technical dif-
ficulties in measuring autophagy activity or flux in humans [54].
Moreover, obesity is a complex disorder involving multiple metabolic
derangements which exhibit tissue specificity. Hence, the global in-
hibition or activation of autophagy, or the local modulation at an in-
correct time point might be counterproductive. Last but not least, most
drugs “targeting” autophagy do not directly or specifically modulate
autophagy but rather influence upstream pathways, eventually leading
to alterations in autophagy. In conclusion, targeting autophagy as a
therapeutic strategy for the management of obesity and obesity-related
complications has shown promise in preclinical studies. Further studies
should focus on the better understanding the role of DPP-4i and GLP-1
as specific modulators of autophagy in patients with cardiometabolic
disturbances.
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