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Abstract: Available knowledge shows that obesity is associated with an impaired en-
dothelial function and an increase in cardiovascular risk, but the mechanisms of this
association are not yet fully understood. Adipose tissue dysfunction, adipocytokines pro-
duction, along with systemic inflammation and associated comorbidities (e.g., diabetes
and hypertension), are regarded as the primary physiological and pathological factors.
Various strategies are now available for the control of excess body weight. Dietary
regimens alone, or in association with bariatric surgery when indicated, are now widely
used. Of particular interest is the understanding of the effect of these interventions on
endothelial homeostasis in relation to cardiovascular health. Substantial weight loss
resulting from both diet and bariatric surgery decreases circulating biomarkers and
improves endothelial function. Extensive clinical trials and meta-analyses show that
bariatric surgery (particularly gastric bypass) has more substantial and long-lasting
effect on weight loss and glucose regulation, as well as on distinct circulating biomark-
ers of cardiovascular risk. This review summarizes the current understanding of the
distinct effects of diet-induced and surgery-induced weight loss on endothelial function,
focusing on the key mechanisms involved in these effects.

Keywords: weight loss; endothelial function; bariatric surgery; biomarkers

1. Introduction
Obesity is a systemic disease characterized by an excessive accumulation of body

fat, usually identified by a body mass index (BMI) above 30 kg/m2. Additional indi-
cators, like waist circumference, waist–hip ratio, and the percentage of body fat, are
used to better define visceral adiposity and improve CV risk prediction [1–3]. Recently,
the prevalence of obesity has experienced an unstoppable growth, with 41% of the
United States (U.S.) population being overweight (BMI > 25 kg/m2) and around 16%
being obese (https://www.tfah.org/report-details/state-of-obesity-2022/, accessed on 27
January 2025). This is expected to increase, especially in women and in low economic status
populations [4]. Obesity is associated with high morbidity and mortality, and affected
patients may present diabetes mellitus (DM), arterial hypertension, and atherosclerosis,
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with an enormous impact on the cardiovascular (CV) prognosis. The clustering of obe-
sity (especially visceral), with CV risk factors such as insulin-resistance, dyslipidaemia,
and hypertension, defines the metabolic syndrome, which further contributes to the CV
burden. The pathogenesis of obesity is multifactorial, involving dietary, socioeconomic,
genetic, and metabolic factors [5]. Adipose tissue has different structural and functional
characteristics: white adipose tissue (WAT), mostly visceral, contains a single lipid droplet
per adipocyte and is associated with an increased vasoconstriction and an increased CV
risk, whereas brown adipose tissue (BAT) contains multiple lipid droplets and a large
number of mitochondria, bearing a thermogenic, anti-inflammatory function; ultimately,
beige adipose tissue represents an intermediate entity, with cardioprotective functions [6]
(Figure 1). In obesity, the accumulation of visceral WAT has proinflammatory activity,
due to the enhanced production of pro-inflammatory cytokines (adipocytokines), which
contribute to the local recruitment of activated inflammatory macrophages [7]. Endothelial
dysfunction, defined as the inability of the endothelium to regulate the main vascular
functions (vasodilation, coagulation, permeability), is considered a pathological event that
precedes atherosclerosis. In obesity, systemic inflammation, adipose tissue dysfunction,
free radical production, the concomitant presence of insulin resistance, and elevated levels
of oxidized LDL all contribute to an impaired endothelial homeostasis, a critical event that
occurs well before overt CV disease [8].

The increasing interest in studying endothelial pathology reflects the need for clini-
cians to improve CV prevention and prognosis. Endothelial homeostasis can be assessed
by different methods that represent different “windows” to look at systemic alterations.
These techniques can be summarized in (1) functional assessments, aimed at measur-
ing endothelial vasodilator response, permeability, and anti-thrombotic activity in vivo,
i.e., endothelial function [9], (2) circulating biomarkers (soluble adhesion molecules, ni-
tric oxide (NO) metabolites, and circulating endothelial cells), which provide an insight
in endothelial activation and turnover and can give a hint of possible damage mecha-
nisms [10,11], and (3) in vitro studies which allow us to explore the mechanisms of en-
dothelial injury/dysfunction and to perform a “liquid biopsy” of the patient’s endothelium
(primary cultures) [12]. In this context also vascular remodelling—defined by the pres-
ence of structural changes of the entire vascular wall—is of certain interest, even if it is
not a direct measure of endothelial behaviour but rather a consequence of the structural
modifications involving the intima and media layers of the vessels’ walls.

Weight reduction approaches, based on lifestyle advice or surgical treatments, have
shown an undeniable beneficial role in metabolic status and systemic inflammation, and
a role in the improvement of vascular homeostasis and the CV outcome [13]. Dietary
regimens are primarily based on lowering food consumption and adjusting nutrient ratios.
Bariatric surgery (BS) is a highly effective weight-loss method, primarily achieved through
the reduction in stomach capacity or the creation of a digestive bypass. While lifestyle
interventions such as diet have been proven to reduce CV events and death, especially
when reaching a threshold of a 10% weight reduction, BS has been reported to have a more
important impact on all-cause mortality, CV mortality, and the incidence of heart failure,
myocardial infarction, and stroke, as compared to standard care [14,15].

This review aims to summarise the available knowledge on the effects of weight loss
on the endothelial function and homeostasis, considering various methods for achieving a
significant weight reduction, and attempts to elucidate the apparent greater influence of BS
on the CV system. While recognizing the impact of approved drugs to treat obesity, this
review will only focus on the non-pharmacological treatments.
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Figure 1. Different types of adipose tissue. White adipose tissue (WAT) is the most represented type 
of AT, while brown represents around 4% of total fat and beige 1–2%. White and brown AT originate 
from cells being different both from the structural and functional standpoints. It has a lower con-
centration of mitochondria compared to other AT types. WAT directly mediates endothelial dys-
function via the secretion of cytokines and mediators involved in vascular pathophysiology. Brown 
adipose tissue (BAT) bears a thermogenic action and thus it displays higher numbers of mitochon-
dria. It increases triglyceride clearance and insulin sensitivity and produces mediators involved in 
the angiogenesis and the lowering of the vascular inflammation, globally playing a cardio- and a 
vasculo-protective function. Beige adipose tissue is an intermediate entity which appears less detri-
mental to CV health, with research still ongoing. Upon stimulation, WAT can transform into beige 
(“WAT browning”), with a mechanism that is reversible upon the stimulus’ withdrawal. The con-
tinuous arrows between WAT-beige AT and between BAT-WAT indicate the possibility of AT trans-
formation depending on the presence of different stimuli.. Similarly, BAT can undergo a “whiten-
ing” process, especially in the presence of metabolic alterations. ↓: decrease; ↑: increase; AT: adipose 
tissue, ECs: endothelial cells, FGF21: fibroblast growth factor 21, FFAs: free fatty acids. Image cre-
ated with Biorender (www.biorender.com, accessed on 27 January 2025). 

2. Diet-Induced Weight Loss and Vascular Endothelium  
Diet and/or dietary composition have a significant impact on vascular health, and the 

Mediterranean diet in particular has been shown to possess beneficial effects on the endo-
thelial function [16] and has been proven to prevent CV events in high-risk populations 
[17]. 

Different dietary regimens have been proposed to achieve a significant weight reduc-
tion: a very-low-caloric diet, a low-fat diet, a low-carbohydrates diet, a low-fat high-

Figure 1. Different types of adipose tissue. White adipose tissue (WAT) is the most represented
type of AT, while brown represents around 4% of total fat and beige 1–2%. White and brown AT
originate from cells being different both from the structural and functional standpoints. It has a
lower concentration of mitochondria compared to other AT types. WAT directly mediates endothelial
dysfunction via the secretion of cytokines and mediators involved in vascular pathophysiology.
Brown adipose tissue (BAT) bears a thermogenic action and thus it displays higher numbers of
mitochondria. It increases triglyceride clearance and insulin sensitivity and produces mediators
involved in the angiogenesis and the lowering of the vascular inflammation, globally playing a cardio-
and a vasculo-protective function. Beige adipose tissue is an intermediate entity which appears
less detrimental to CV health, with research still ongoing. Upon stimulation, WAT can transform
into beige (“WAT browning”), with a mechanism that is reversible upon the stimulus’ withdrawal.
The continuous arrows between WAT-beige AT and between BAT-WAT indicate the possibility of
AT transformation depending on the presence of different stimuli.. Similarly, BAT can undergo a
“whitening” process, especially in the presence of metabolic alterations. ↓: decrease; ↑: increase;
AT: adipose tissue, ECs: endothelial cells, FGF21: fibroblast growth factor 21, FFAs: free fatty acids.
Image created with Biorender (www.biorender.com, accessed on 27 January 2025).

2. Diet-Induced Weight Loss and Vascular Endothelium
Diet and/or dietary composition have a significant impact on vascular health, and the

Mediterranean diet in particular has been shown to possess beneficial effects on the endothe-
lial function [16] and has been proven to prevent CV events in high-risk populations [17].

Different dietary regimens have been proposed to achieve a significant weight re-
duction: a very-low-caloric diet, a low-fat diet, a low-carbohydrates diet, a low-fat high-
carbohydrates (CHO) diet, to cite a few. The evaluation of the effects of the different diets is
complex. The most consistent data indicate that the Mediterranean diet is associated with
CV protection. It is more difficult to discern the endothelial impact of low-carbohydrates
diets due to the variable use of animal proteins that can modify the CV effect [16,18,19].
For the purpose of this review, we will consider all the dietary regimens together, provided
that an effective weight loss was achieved at the end of the observation period.

www.biorender.com
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Diet-induced weight loss (DIWL) is normally estimated at around 5–17%, depending
on the study design, populations, and food restriction approaches [20,21]. Available evi-
dence shows that DIWL is associated with a broad spectrum of beneficial metabolic changes,
including oxidative stress reduction, increased mitochondrial energy efficiency, and better
control of CV risk factors [22]. Similarly, DIWL leads to a significant improvement in
endothelial homeostasis [23].

It is difficult to measure the impact of different dietary regimens on CV health because
diets are often associated with physical activity, which per se may reduce body weight and
influence endothelial homeostasis through different mechanisms, thus promoting positive
CV effects [24,25].

2.1. Endothelial Function in DIWL

Studies report that after DIWL, an improvement of endothelial functional capacity is
observed. Flow-mediated dilation (FMD) of the brachial artery is the most frequent and
most accessible method to assess the endothelial function, and its decline is correlated
to an increased CV risk [26]. Thus, FMD reflects endothelium-dependent vasodilation,
e.g., the capability of endothelial cells (ECs) to promote vasodilation (via nitric oxide,
NO) in response to hyperaemic stimulus. Raitakari et al. showed a 60% improvement
in FMD, compared to baseline, after 6 weeks of a very-low-caloric diet, regardless of sex,
smoking and presence of systemic hypertension. These changes were associated with
a concomitant decrease in plasma glucose levels, as well as an increase in adiponectin
levels [21]. In line with these findings, a large metanalysis by Joris et al., carried out
on patients treated with diet alone and/or BS, showed a significant increase in FMD
after weight loss. However, heterogeneity in weight reduction regimens and the small
proportion of studies including BS limit the significance of the results [27]. In addition, in
this metanalysis, healthy individuals and patients with CV comorbidities or diabetes were
included, and several trials were sex-specific, including only men or women. In a study
where FMD was evaluated pre- and post-DIWL in a population of healthy men following a
6-week caloric restriction program, in comparison to a “no-weight loss” group, no effect of
FMD was observed [28]. Thus, the heterogeneity of the studies, the dietary measures, and
populations likely plays a role in the conflicting results observed in FMD.

2.2. Circulating Biomarkers in DIWL

The effect of DIWL on the levels in plasma of biomarkers potentially reflecting the
behaviour of vascular endothelium has been extensively studied. In particular, the effect
of different dietary regimens was tested in a metanalysis published by Mathur et al. [29].
Overall, a consistent decrease in circulating intercellular adhesion molecule 1 (ICAM1),
vascular cell adhesion molecule 1 (VCAM1), E-selectin, and vascular endothelial growth
factor (VEGF) were observed, with a concomitant increase in nitrite/nitrate (NOx) after
a low-caloric diet during a period ranging from 3 to 52 weeks. ICAM1, VCAM1, and
E-selectin, expressed on activated ECs, are useful markers of endothelial dysfunction and
activation [30]. E-selectin is an endothelial cell surface molecule involved in neutrophil
adhesion; it is upregulated on the endothelial cell surface in response to inflammatory
stimuli, such as interleukin 1 and tumour necrosis factor alpha (TNF), and altered shear
stress, in a tight cross-talk with vascular smooth muscle cells (VSMCs) [31,32]. Thus,
E-selectin is a marker of activated endothelial cells [33]. VEGF belongs to a family of
powerful angiogenic factors promoting neovascularization, vascular permeability and EC
proliferation [34]. Finally, NOx are NO metabolites, and their increased levels may reflect
increased NO production by vascular endothelium and bioavailability.
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DIWL has been reported to markedly reduce systemic inflammation as a result of
weight loss and of the type of diet adopted [22,35]. A randomized controlled trial, including
93 obese subjects undergoing a very low-energy diet, showed that at least a 10% of weight
loss is required to significantly reduce C-reactive protein (CRP) levels in plasma [36].
Further research, carried out on subjects undergoing either a 6-week low-caloric diet or a
12-week very low-fat diet, confirmed the significant reduction in systemic inflammation
after weight loss [21,37].

Thus, the effects of DIWL on endothelial behaviour include both the normalization of
vascular function and of circulating biomarkers, which are parallel to the improvement of
systemic inflammation, in turn contributing to reset vascular homeostasis. The heterogene-
ity of study designs, the different time points analysed, and different populations are all
factors that should be taken into account in the interpretation of these data.

Figure 2 summarizes the available evidence on DIWL and CV health.
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Interestingly, studies on DIWL showed that FMD improvements do not correlate with
weight reduction but rather with glucose levels [21,38]. Also, Mathur et al. showed no
correlation between the levels of endothelial circulating biomarkers and the weight loss
percentage [29]. The same is true for BS studies, where improvements in FMD were shown
to be independent of body weight reduction [38,39].

These somehow conflicting data suggest that additional factors, as, for instance, im-
proved glycaemic control, might represent the main factors in CV improvements after
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weight loss. Also, waist circumference, rather than weight loss or BMI, represents a
more reliable parameter reflecting CV health, but unfortunately it was not used in all
the studies. The role of glucose metabolism on vascular health is discussed in a separate
paragraph below.

3. Surgery-Induced Weight Loss and Endothelial Function
BS includes all the surgical techniques aimed at reducing body weight. According to

the guidelines, BS can be applied to patients with BMI ≥ 35 kg/m2, or >30 kg/m2 in the
presence of associated comorbidities [40,41]. There are various mechanisms of action in BS
procedures: restrictive, malabsorptive, and hybrid (hormonal neurotransmitter-mediated).
All procedures act differently on gastro-intestinal physiology, with concomitant effects,
which can be both restrictive and hormone-related. The mainly restrictive operations
(sleeve gastrectomy, gastric banding and endoscopic gastroplasty) aim at reducing the
gastric volume while maintaining anatomical intestinal transit, whereas the malabsorptive
techniques (including the gastric bypass and all its variants) lead to the exclusion of part of
the gastrointestinal tract, with altered micronutrient absorption and an increased risk of
malnutrition (Figure 3).
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Figure 3. Schematic representation of vascular effects of surgery-induced weight loss (SIWL). Af-
ter bariatric surgery, an improvement in circulating biomarkers involved in vascular homeosta-
sis is observed. Moreover, patients display improved endothelial function (increased FMD, and
endothelium-dependent vasodilation) and vascular remodelling, represented by a decrease in intima-
media thickness and an increase in brachial arterial diameter. Notably, hybrid surgical techniques
exist combining both restrictive and malabsorptive BS. ↓: decrease; ↑: increase. CV: cardiovascular,
ICAM1: intercellular adhesion molecule 1, VEGF-A: vascular endothelial growth factor A, PAI-
1: plasminogen activator inhibitor-1, FMD: flow-mediated dilation, IMT: intima-media thickness,
RYGB: Roux-en-Y gastric bypass, BPD: biliopancreatic diversion. Image created with Biorender
(www.biorender.com, accessed on 27 January 2025).

Surgery-induced weight loss (SIWL) is estimated to result in a reduction of 50 to 77%
of excess body weight (EBW) [42–44]. This drastic weight reduction is normally obtained
in the first 6 to 12 months from surgery, with significant differences between surgical

www.biorender.com
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techniques. Regardless of the technique used, BS has been proven to consistently reduce
CV events and mortality, as compared to lifestyle interventions, especially in the presence
of DM [13,45].

3.1. Endothelial Function in SIWL

Endothelial functional capacity is improved after SIWL. A metanalysis from Lupoli
et al., including eight studies mainly using the Roux-en-Y gastric bypass (RYGB), showed
that, after 3 to 24 months from surgery, RYGB was associated with an overall improvement
in FMD, especially in the first year after surgery, with BMI, body weight reductions,
male gender, dyslipidaemia, and impaired fasting glucose being the main predictors of
FMD improvement [46]. It should be considered, however, that this metanalysis included a
significant number of studies involving diabetic patients, known to have altered endothelial
function not related to obesity. In a recent metanalysis, which involved mainly non-diabetic
patients who underwent RYGB, the overall FMD improved from 6 to 12 months from
surgery, but no association was found between the BMI changes and the FMD of the
brachial artery [39]. Instead, an overall improvement in the endothelial functional capacity
after BS was found in the coronary bed [47,48].

Few studies compared the effect of DIWL with that of SIWL on endothelial functional
capacity. Surgical treatment with RYGB was compared to diet interventions, in a small
trial, with a 3-month follow-up. In this study, both SIWL and DIWL significantly increased
FMD, with the gastric bypass surgery being more effective. In both cases, no correlation
was found between FMD changes and body weight reductions, while a strong negative
correlation was reported with fasting glucose levels [38]. The same team evaluated DIWL
and SIWL at a 12-month follow-up and found a significant increase in FMD in patients
achieving at least 10% of weight loss, regardless of the technique used [49].

3.2. Circulating Biomarkers in SIWL

SIWL is reported to be associated with the decrease in several circulating biomarkers in-
volved in vascular homeostasis. A metanalysis of 771 studies included patients undergoing BS,
with follow-ups from 15 days to 84 months post-surgery (restrictive and malabsorptive tech-
niques), and indicated a significant reduction in ICAM-1 and PAI-1 after BS [50]. These data
were confirmed by another metanalysis carried in men and women undergoing BS (mostly
RYGB). Subgroup analyses did not find differences between different sex, comorbidities or
surgical techniques [51]. It should be noted, however, that most of the above-mentioned data
refer to metanalyses that include different study designs, surgical techniques, and follow-up
periods, all factors that should be taken into account in our evaluation.

Systemic inflammation is a major determinant of cardiovascular health, and increased
levels of inflammatory cytokines are often found in the blood of obese individuals [52].
The modifications in inflammatory markers after SIWL may likely play a role in CV risk.
In a prospective study carried out on severely obese patients (40% diabetic, 60% female),
a reduction in MCP-1, IL-6, CRP, ferritin, and PAI-1 was observed 1 year after the sleeve
gastrectomy [53]. In a metanalysis performed by Rao on 48 prospective studies (mainly
RYGB), the decrease in CRP and IL-6 levels were confirmed during follow-ups after 1
to 48 months [54]. These findings have been confirmed by a subsequent metanalysis, in
which a significant decrease in TNF after BS was reported [50,55]. RYGB, in particular,
seems to induce a more pronounced improvement in systemic inflammation and metabolic
profile, which is also maintained in the long term and regardless of additional behavioural
measures [56]. Figure 3 summarizes the available evidence concerning SIWL and CV health.

In summary, the available knowledge suggests a beneficial role of both DIWL and
SIWL on circulating endothelial markers and endothelial homeostasis, despite the het-
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erogeneity of patient characteristics, study design, and therapeutical measures. SIWL,
compared to DIWL, induces earlier and more drastic vascular and metabolic modifications,
explaining the increased CV protection observed. However, it is essential to perform further
studies to assess the relative impact of diet or exercise on vascular endothelium, according
to the different BS treatments used, taking into account the fact that RYGB is the most
represented surgical technique. Dietary measures and surgical interventions are likely
to result in distinct hormonal and metabolic alterations, which may in turn contribute to
cardiovascular effects.

4. Mediators Linking Weight Loss and Vascular Endothelium
As discussed above, weight loss and obesity are associated with intricate hormonal

and metabolic shifts that extend far beyond the digestive system. Research has found
that multiple mediators are disrupted in obese individuals, and studies are focused on
discovering these changes in obesity in relation to the weight loss achieved. Research in
this area is still ongoing, and we reviewed the available evidence concerning the primary
mediators that play a role in endothelial health before and after DIWL and SIWL.

4.1. GLP-1

Glucagon-like peptide 1 (GLP-1) is a hormone secreted by the gastrointestinal tract
and the central nervous system (CNS) in response to food ingestion [57]. Its role consists
in promoting satiety (inhibiting gastric emptying) and improving glycaemic control by
stimulating insulin secretion and inhibiting glucagon production [58] (Figure 4). In normal-
weight individuals, GLP-1 levels are very low after overnight fasting, increase rapidly
with food intake, and do not return to the fasting levels during the day [59]. In obese
patients, lower levels of GLP-1 are observed, especially in the post-prandial period [60].
The mechanisms behind decreased GLP-1 production remain unclear, but this factor might
contribute to an altered “satiety” response in obese individuals. The wide distribution of
the GLP-1 receptor (GLP-1R) over different organs accounts for the pleiotropic actions of
this hormone, notably on the CV system. Indeed, GLP-1 action encompasses cardiomyocyte
protection and improved endothelial function, promoting cell survival, reducing oxidative
stress, and increasing NO production [61]. Long term dietary programs have been proven
to significantly increase GLP-1 levels in obese subjects [62,63], and a 2-year dietary program
conducted on obese women confirmed the significant post-prandial increase in GLP-1
associated with the amount of weight loss and influenced by the dietary regimen [64].
However, these findings have not been confirmed in other studies [65–67]. Finally, Aukan
et al. very recently showed a significant increase in post-prandial GLP-1 after sleeve
gastrectomy and RYGB, but not after diet alone [68].

Generally speaking, an overall increase in post-prandial GLP-1 levels is reported after
BS [69]. RYGB and sleeve gastrectomy showed the most consistent results, with a more
rapid and pronounced modification of GLP-1 levels after surgery, up to 1 year after the in-
tervention, as compared to diet alone [68]. Also, after a biliopancreatic diversion/duodenal
switch (BPD/DS, mixed restrictive/malabsorptive technique), increased post-prandial
GLP-1 levels were observed up to 2 years from surgery, which positively correlate with the
percentage of weight loss [70]. Interestingly, gastric bypass has been shown to induce a
significant increase in postprandial GLP-1, but not gastric banding [71]. Other studies on
RYGB patients showed a lower GLP-1 post-prandial increase in patients with poor weight
loss, compared to patients reaching the goal of a robust weight loss (usually >30 to 60% of
total body weight) [72,73].
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Figure 4. The main actions that GLP-1 exerts on the cardiovascular system, based on the available
scientific evidence from human and animal models. GLP-1 secretion is stimulated by food transit in
the gastrointestinal tract. GLP-1 exerts metabolic and vasculo-protective actions, both contributing to
an improvement in the CV outcome. For instance, GLP-1 can increase myocardial glucose uptake and
decrease oxidative stress and cardiomyocytes apoptosis, while improving NO release and natriuresis,
positively affecting vascular tone. ↓: decrease; ↑: increase. Positive signs in green indicate stimulation.
Green arrows indicate production. GLP-1: glucagon-like peptide 1; GLP-1R: GLP-1 receptor; CNS:
central nervous system; NO: nitric oxide; RAS: renin angiotensin system; Ang II: angiotensin II. Image
created with Biorender (www.biorender.com, accessed on 27 January 2025).

Given the role of GLP-1 on the CV system, it is reasonable to speculate that BS-
induced GLP-1 increase contributes to an improved vascular health. Interestingly, studies
in animal models have suggested that GLP-1 changes might directly have a role in the
cardioprotective effects occurring after BS. GLP-1 levels rapidly increased in obese rats after
RYGB, which was directly associated with improved endothelial function and independent
of weight loss [74]. Additionally, a role of GLP-1 in the stimulation of WAT browning,
with an improvement in lipolysis, fatty acid, and glucose metabolism, has been suggested,
based on experimental studies on animals [75,76]. Data acquired from humans confirm this
observation, showing positive changes in BAT metabolic activity in healthy subjects treated
with GLP-1R agonists [77], suggesting that at least a part of GLP-1’s positive CV effects are
mediated by either the WAT browning or by an increased BAT function.

4.2. Ghrelin

Ghrelin is an orexigenic hormone secreted by the gastric fundus and the duodenum in
response to a negative energy balance (“empty stomach”) [78,79]. Its “classical” action is
appetite stimulation via the interaction with neurons in the hypothalamic arcuate nucleus,
which produce anabolic mediators, such as the agouti-related protein (AgRP) [80]. Circulat-
ing levels of ghrelin correlate inversely with the body mass index and have been found to
be reduced in obesity [81]. Ghrelin is produced mainly by the gastric system (<60–70%)
but also by other organs, including kidneys, lungs and hypothalamus. Ghrelin receptors
(GHS-R) are located not only in the hypothalamus, but also in the different areas of the CV
system [82]. Circulating ghrelin exists in two forms: unacylated (UAG) or acylated (AG),
but the research on the role of each isoform in the different areas of the cardiovascular
system is still ongoing. In healthy subjects, acylated ghrelin improves cardiac functional
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parameters, but not endothelial function [83,84]. Similarly, in patients with heart failure
acylated ghrelin significantly improves cardiac function [85]. On the other hand, unacy-
lated ghrelin significantly ameliorates endothelial-dependent vasodilation, increasing NO
availability in metabolic syndrome patients [86], and improves endothelial cells survival
in vitro [87]. Also, ghrelin was shown to inhibit proinflammatory responses and directly
promote NO production within endothelial cells in vitro. Unfortunately, in this study the
type of ghrelin isoform was not specified [88].

Ghrelin is also known to have a role in glucose metabolism, and studies in human
and animal models have shown that it alters glucose tolerance and increases insulin levels.
Interestingly, it has been shown that acylated ghrelin worsens glucose tolerance [81],
whereas, in a co-administration with the unacylated form, it significantly improves insulin
sensitivity [89] (see Figure 5 for a schematic representation of the CV effects of ghrelin).
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role in inflammation and glucose sensitivity [94]. It modulates and inhibits all the athero-
genesis steps, starting from endothelial injury to LDL uptake and macrophage infiltration 
[95]. In physiological conditions, adiponectin inhibits the adhesion molecules expression 
and apoptosis and increases NO bioavailability in endothelial cells [96,97]. It also reduces 
macrophage-to-foam cell transformation, VSMCs proliferation and migration, and blocks 
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Figure 5. The Main actions of ghrelin on the cardiovascular system, based on available scientific
evidence from human and animal models. In the conditions of a negative energy balance, ghrelin is
produced by the gastric fundus and induces the synthesis of anabolic mediators at the central nervous
system level. In parallel, it can impact the CV system. Preliminary data indicate that unacylated
ghrelin (UAG) ameliorates vascular endothelial function, as compared to the acylated form (AG), but
further research is needed. A crosstalk between ghrelin action and glucose metabolism is observed,
as insulin contributes to increased NO bioavailability via the activation of PI3K/Akt pathway, as does
ghrelin. ↓: decrease; ↑: increase. Positive signs in green indicate stimulation. Green arrows indicate
production. GHS-R: growth hormone segretagogue receptor, GOAT: ghrelin O-acyltransferase, AgRP:
agouti-related protein, NPY: neuropeptide Y, ACTH: adrenocorticotropic hormone, GH: growth
hormone, IGF-1: insulin-like growth factor 1, NO: nitric oxide, PI3K: phosphoinositide 3-kinase, Akt:
Akt serine-threonine protein kinase. Image created with Biorender (www.biorender.com, accessed on
27 January 2025).
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Overall, one can hypothesise that the unacylated form of ghrelin has vasculo-protective
effects, whereas its acylated form elicits cardioprotective actions directly, negatively im-
pacting glucose metabolism [90]. It should be noted that patients may differ according to
their capacity to produce the unacylated form of ghrelin, or alternatively, they may differ
according to their capacity to produce the enzyme ghrelin O-acyl-transferase (GOAT), with
a consequent unbalance of ghrelin isoforms. Further studies will allow to differentiate the
role of these isoforms on the CV system in healthy and diseased patients.

DIWL induces a compensatory increase in ghrelin levels, leading to a frequent sen-
sation of hunger and, thus, a higher likelihood of weight regain. On the contrary, BS
(especially RYGB) is associated with suppressed ghrelin levels and a modification in eating
behaviour (loss of appetite, consumption of low-caloric foods), probably secondary to
gastric fundus removal [20]. The comparison between the effects of different BS techniques
(sleeve gastrectomy, RYGB) on ghrelin levels has provided conflicting results, showing
either an increase in post-prandial levels in both RYGB and sleeve gastrectomy, no effects,
or an isolated increase after sleeve gastrectomy alone [91–93]. The fact that DIWL and SIWL
are associated with opposite modifications in ghrelin levels while maintaining a beneficial
effect on the CV system is interesting, and hints at the different adaptive mechanisms fol-
lowing these weight loss techniques. The earlier and more drastic improvement in glucose
metabolism observed after BS is probably at least partly mediated by the suppression of
ghrelin levels after surgery. Also, the differential outcome of the ghrelin infusion in healthy
or metabolic syndrome patients may indicate the presence of a threshold effect or a variable
GOAT enzymatic activity.

4.3. Adiponectin

Adiponectin is a hormone mainly produced by adipocytes, with a well-recognised
role in inflammation and glucose sensitivity [94]. It modulates and inhibits all the athero-
genesis steps, starting from endothelial injury to LDL uptake and macrophage infiltra-
tion [95]. In physiological conditions, adiponectin inhibits the adhesion molecules expres-
sion and apoptosis and increases NO bioavailability in endothelial cells [96,97]. It also
reduces macrophage-to-foam cell transformation, VSMCs proliferation and migration, and
blocks nuclear factor kappa B (NF-kB) activation in ECs, modulating the inflammatory
response within the vessels’ walls [98]. Adiponectin levels are decreased in obesity, dia-
betes, metabolic syndrome, coronary artery disease, and systemic hypertension [99,100].
A low level of adiponectin in plasma due to missense mutations of the adiponectin gene
contributes to higher incidence of CV diseases and diabetes [101]. Moreover, its plasmatic
concentrations can be restored by using Renin-Angiotensin System (RAS) blockers or by
anti-hypertensive combination therapy [102]. Evidence from both human and animal
models is summarized in Figure 6.

The amount of weight loss achieved and the type of diet after DIWL have been shown
to influence adiponectin levels. Ratliff et al. reported a 21% increase in adiponectin levels
in overweight men after a carbohydrate-restricted diet for 12 weeks, even with a mild
reduction in body weight (~6%) [35]. In a study carried out in obese men undergoing
a very-low-caloric diet, it was observed that at least 10% of weight loss is required for
a short- or long-term increase in adiponectin levels [36]. A similar study confirmed the
significant increase in adiponectin levels after a 14-week hypocaloric diet, an effect related
to the changes in the lipid profile. In that study, an inverse correlation between adiponectin
concentrations and HDL catabolism was reported [103]. Similar data were found in a study
carried out in obese women undergoing a low-caloric diet [104].

Adiponectin levels globally increase after BS [50,105,106]. Studies on sleeve gas-
trectomy (the most common restrictive technique) indicate a significant increase in
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adiponectin concentration after weight loss, even if to a lesser extent when compared
to other surgical approaches [106,107]. Interestingly, studies involving mixed restric-
tive/malabsorptive BS (such as biliopancreatic diversion with duodenal switch) showed
conflicting results [108,109].

The changes observed in adiponectin concentrations support a stronger effect of SIWL,
compared to DIWL. The stimulus leading to increased adiponectin secretion from adipose
tissue remains, however, a matter of debate. The reduction in dysfunctional adipocytes and
the restoration of AT physiological secretory activity following weight loss might possibly
restore physiological adiponectin production as well. These changes might also explain the
wider cardioprotective action of BS, which indeed proved to be more beneficial than DIWL
in reducing CV events [14].

Biomedicines 2025, 13, x FOR PEER REVIEW 12 of 22 
 

of adiponectin in plasma due to missense mutations of the adiponectin gene contributes 
to higher incidence of CV diseases and diabetes [101]. Moreover, its plasmatic concentra-
tions can be restored by using Renin-Angiotensin System (RAS) blockers or by anti-hy-
pertensive combination therapy [102]. Evidence from both human and animal models is 
summarized in Figure 6.  

The amount of weight loss achieved and the type of diet after DIWL have been shown 
to influence adiponectin levels. Ratliff et al. reported a 21% increase in adiponectin levels 
in overweight men after a carbohydrate-restricted diet for 12 weeks, even with a mild 
reduction in body weight (~6%) [35]. In a study carried out in obese men undergoing a 
very-low-caloric diet, it was observed that at least 10% of weight loss is required for a 
short- or long-term increase in adiponectin levels [36]. A similar study confirmed the sig-
nificant increase in adiponectin levels after a 14-week hypocaloric diet, an effect related to 
the changes in the lipid profile. In that study, an inverse correlation between adiponectin 
concentrations and HDL catabolism was reported [103]. Similar data were found in a 
study carried out in obese women undergoing a low-caloric diet [104]. 

Adiponectin levels globally increase after BS [50,105,106]. Studies on sleeve gastrec-
tomy (the most common restrictive technique) indicate a significant increase in adiponec-
tin concentration after weight loss, even if to a lesser extent when compared to other sur-
gical approaches [106,107]. Interestingly, studies involving mixed restrictive/malabsorp-
tive BS (such as biliopancreatic diversion with duodenal switch) showed conflicting re-
sults [108,109]. 

The changes observed in adiponectin concentrations support a stronger effect of 
SIWL, compared to DIWL. The stimulus leading to increased adiponectin secretion from 
adipose tissue remains, however, a matter of debate. The reduction in dysfunctional adi-
pocytes and the restoration of AT physiological secretory activity following weight loss 
might possibly restore physiological adiponectin production as well. These changes might 
also explain the wider cardioprotective action of BS, which indeed proved to be more ben-
eficial than DIWL in reducing CV events [14]. 

 
Figure 6. The main actions adiponectin exerts on the cardiovascular system, based on the avail-
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produced by the adipocytes in three isoforms with different molecular weights. The beneficial roles
of adiponectin on the cardiovascular system are mediated by three peripheral receptors (AdipoR1 to
3) that are expressed in different cell types, including endothelial cells and vascular smooth muscle
cells. Adiponectin can improve endothelial function by directing increasing NO bioavailability and
reducing LDL uptake and accumulation within the vascular wall. It can also ameliorate glucose
metabolism (indirectly promoting vascular homeostasis) and attenuates negative vascular remod-
elling via decreased vascular smooth muscle cells migration and proliferation. Ultimately, it blocks
NF-kB signalling, reducing vascular inflammation and apoptosis. ↓: decrease; ↑: increase. Green
arrow indicates production. ICAM-1: intercellular adhesion molecule 1, VCAM-1: vascular cell adhe-
sion molecule 1, NO: nitric oxide, LDL: low-density lipoprotein, VSMCs: vascular smooth muscle cells,
NF-kB: nuclear factor kB, ECs: endothelial cells. Image created with Biorender (www.biorender.com,
accessed on 27 January 2025).

4.4. Leptin

Leptin in an adipocyte-derived hormone involved in energy balance and bearing
an anorexigenic function. It is mainly secreted by adipose tissue (especially WAT) under
different stimuli, such as food intake, increased insulin concentrations and production of
pancreatic peptides [110]. Similarly to other previously described mediators, leptin acts via
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Ob-R receptors that exist in six isoforms and account for its pleiotropic action. Increased
levels of leptin are independently associated with insulin resistance, cardiovascular disease,
CV events, and the extension of coronary artery disease [111]. Moreover, its structural
analogy with C-reactive protein suggests a possible role of leptin in modulating systemic
inflammation, providing a rationale for its CV effects.

Obese patients display higher levels of circulating leptin, secondary to the so-called
“leptin resistance”. Such condition is characterised by the inability of leptin to reach the
target organs/cells, leading to the loss of efficacy of both endogenous and exogenous
leptin on target organs. Recent evidence from animal models shows that leptin-signalling
impairment leads to an increased vascular neointima formation, thus altering endothelial
homeostasis [112]. In humans, a leptin resistance adversely affects various tissues including
the vasculature, but it is not clear whether this is dependent on a resistance to leptin or on
an excess of leptin action. Available data indicate that there is a threshold effect related to
leptin levels, implying that any variation from typical levels might lead to compromised
CV health: according to studies mainly conducted on animal models, elevated leptin levels
cause cardiac hypertrophy; however, these changes are reversible once normal leptin levels
are restored [113]. Also, data from preclinical studies indicate that adipocyte-derived leptin
induces endothelial dysfunction, whereas endothelium-derived leptin has protective effects
on it, with significant differences in males and females [114] (Figure 7).
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Figure 7. The main actions leptin exerts on the cardiovascular system, based on the available
scientific evidence from human and animal models. Leptin is mainly produced by adipose tissue in
response to increased food intake and insulin levels. Its action is essentially anorexigenic (stimulates
satiety), but different effects on the CV system were described—predominantly in animal models—
suggesting that only normal leptin values provide CV protection, whereas any other variation
from a set point might negatively affect the CV system. Besides, leptin can stimulate sympathetic
activity, an action that is maintained even in leptin-resistance conditions. ↓: decrease; ↑: increase.
Positive signs in green indicate stimulation. Green arrows indicate production. Blue line indicates
inhibition. WAT: white adipose tissue, AgRP: agouti-related protein, NPY: neuropeptide Y, POMC:
proopiomelanocortin, LVH: left ventricular hypertrophy, CV: cardiovascular. Image created with
Biorender (www.biorender.com, accessed on 27 January 2025).
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DIWL (with or without exercise) induces a reduction in leptin levels [115]. This reduc-
tion has been shown to parallel the improvement in the obesity-associated procoagulant
phenotype in a study on obese women undergoing very-low-caloric diet [116]. However,
circulating leptin levels are deeply affected by dietary composition [117]. Leptin levels
are significantly reduced after malabsorptive BS, especially within the first 12 months of
follow ups [50,118]. Interestingly, this reduction correlates with the degree of improvement
in carotid intima-media thickness at 2 months post-surgery [119]. The same trend was
found after restrictive BS, such as vertical banded gastroplasty, where leptin was shown
to progressively decrease up to 48 months after surgery [120]. A prospective trial carried
out on 148 patients undergoing sleeve gastrectomy revealed a non-significant decrease
in leptin levels at 12 months; however, when considering the leptin/adiponectin ratio,
the reduction was significant and mainly driven by an adiponectin increase [121]. These
partially conflicting data probably result from the fact that, in humans, the levels of leptin
may vary according to the population studied. Interestingly, females were shown to have
increased leptin levels in plasma, compared to males.

Interestingly, studies on animal models showed that a decrease in circulating leptin
is required to promote the positive effects of GLP-1, such as weight reduction, increased
insulin signalling, and systemic inflammation [122].

4.5. Glucose

An improved glucose metabolism, after either DIWL or SIWL, has positive effects on
CV health through the prevention of pathological arterial remodelling and atherosclerosis.
Insulin stimulates the PI3K/Akt pathway, directly promoting the NO synthase activation,
with a consequent vasodilation, due to the increased glucose uptake [123]. In parallel, it
induces VEGF and ET-1, promoting neoangiogenesis and vasoconstriction. An impaired
glucose tolerance directly affects endothelial cells, altering the balance of vasodilator
synthesis and/or release, with a reduction in NO levels and an even more significant
decrease in ET-1 in experimental animals, through mechanisms that have not been as yet
fully elucidated [124]

The beneficial effect of DIWL on glucose metabolism is not a consistent finding and
this variability probably depends on study designs and follow up duration [20,125].

Interestingly, data concerning the effect of SIWL on glucose or insulin levels are
consistent, suggesting that the surgical procedure has a beneficial role. SIWL (especially
RYGB) is associated with a pronounced and early improvement in insulin sensitivity,
fasting glucose and insulin secretion, together with an increase in glucose transporters, with
frequent cases of type II DM remission after surgery [126]. The comparison between surgical
techniques confirmed the earlier improvement (1 week after surgery) in glycaemic control
after RYGB, compared to sleeve gastrectomy. However, both restrictive and malabsorptive
techniques significantly ameliorate glucose metabolism during both early and late follow
up [50,91].

5. Conclusions and Gaps in Evidence
The available knowledge strongly supports the benefit of weight loss on the vascular

endothelium in overweight and obese adults, treated with a diet alone, or in combination
with BS, when appropriate. Direct and indirect signs of endothelial dysfunction, which
occur in obesity and overweight, are both modified by DIWL and SIWL, and data indicate
that inflammation and glucose levels are one of the main drivers that alter endothelial func-
tion. Available data also suggest that weight-independent mechanisms sustain improved
endothelial function after weight loss. The faster improvement in glucose metabolism
occurring in patients after BS due to the weight loss and partially due to the suppressed
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ghrelin levels, and the reduction in systemic inflammation, may collectively account for
the amelioration of the endothelial function and the reduction in CV outcomes following
BS. We should also consider that BS patients undergo significant modifications in gastric
volume and appetite, all factors that further contribute to the long-term maintenance of the
achieved body weight, limiting the rebound effect observed in DIWL.

However, it should be noted that the gaps in the evidence concerning weight loss
approaches and endothelial function protection are still multiple: (1) DIWL studies are
non-standardised, include different dietary regimens (which may differentially affect en-
dothelial function), and often are associated with exercise; (2) only a few studies analyse
the results while differentiating between overweight and obesity, as well as hormonal and
non-hormonal obesity; (3) DIWL and SIWL studies differ on follow-up lengths and are
often gender-specific, including a large proportion of women, especially in BS. Finally,
(4) the role of possible nutrient malabsorption on endothelial function assessment after BS
has not been systematically investigated and represents a possible confounding element,
especially in studies analysing early time points.

Further research is needed to unveil the metabolic mechanisms involved in the restora-
tion of endothelial function after weight loss, according to the different diets or surgical
approaches. Also, the role of sex and genetic predisposition in obesity prevalence and the
metabolic and hormonal responses to weight loss must also be taken into account [127,128].

Thus, on the basis of the available knowledge, we can conclude that the beneficial
effects of BS do not rely solely on food restriction and malabsorption for substantial
weight loss, but involve a complex hormonal system that can lead to significant changes in
endothelial and cardiovascular health.

Author Contributions: Conceptualization and methodology: M.T., P.G. and E.T.; writing and original
draft preparation: M.T. and E.T.; review and editing: M.T., F.V.D.S., P.G., M.C., D.B. and E.T.;
visualization: M.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Suwala, S.; Junik, R. Body Mass Index and Waist Circumference as Predictors of Above-Average Increased Cardiovascular Risk

Assessed by the SCORE2 and SCORE2-OP Calculators and the Proposition of New Optimal Cut-Off Values: Cross-Sectional
Single-Center Study. J. Clin. Med. 2024, 13, 1931. [CrossRef]

2. Gruzdeva, O.; Borodkina, D.; Uchasova, E.; Dyleva, Y.; Barbarash, O. Localization of fat depots and cardiovascular risk. Lipids
Health Dis. 2018, 17, 218. [CrossRef] [PubMed]

3. Ross, R.; Neeland, I.J.; Yamashita, S.; Shai, I.; Seidell, J.; Magni, P.; Santos, R.D.; Arsenault, B.; Cuevas, A.; Hu, F.B.; et al. Waist
circumference as a vital sign in clinical practice: A Consensus Statement from the IAS and ICCR Working Group on Visceral
Obesity. Nat. Rev. Endocrinol. 2020, 16, 177–189. [CrossRef] [PubMed]

4. Ward, Z.J.; Bleich, S.N.; Cradock, A.L.; Barrett, J.L.; Giles, C.M.; Flax, C.; Long, M.W.; Gortmaker, S.L. Projected U.S. State-Level
Prevalence of Adult Obesity and Severe Obesity. N. Engl. J. Med. 2019, 381, 2440–2450. [CrossRef] [PubMed]

5. Bluher, M. Obesity: Global epidemiology and pathogenesis. Nat. Rev. Endocrinol. 2019, 15, 288–298. [CrossRef]
6. Koenen, M.; Hill, M.A.; Cohen, P.; Sowers, J.R. Obesity, Adipose Tissue and Vascular Dysfunction. Circ. Res. 2021, 128, 951–968.

[CrossRef]
7. Santillana, N.; Astudillo-Guerrero, C.; D’Espessailles, A.; Cruz, G. White Adipose Tissue Dysfunction: Pathophysiology and

Emergent Measurements. Nutrients 2023, 15, 1722. [CrossRef]
8. Li, M.; Qian, M.; Kyler, K.; Xu, J. Adipose Tissue-Endothelial Cell Interactions in Obesity-Induced Endothelial Dysfunction. Front.

Cardiovasc. Med. 2021, 8, 681581. [CrossRef]
9. Mucka, S.; Miodonska, M.; Jakubiak, G.K.; Starzak, M.; Cieslar, G.; Stanek, A. Endothelial Function Assessment by Flow-Mediated

Dilation Method: A Valuable Tool in the Evaluation of the Cardiovascular System. Int. J. Environ. Res. Public Health 2022, 19,
11242. [CrossRef]

https://doi.org/10.3390/jcm13071931
https://doi.org/10.1186/s12944-018-0856-8
https://www.ncbi.nlm.nih.gov/pubmed/30219068
https://doi.org/10.1038/s41574-019-0310-7
https://www.ncbi.nlm.nih.gov/pubmed/32020062
https://doi.org/10.1056/NEJMsa1909301
https://www.ncbi.nlm.nih.gov/pubmed/31851800
https://doi.org/10.1038/s41574-019-0176-8
https://doi.org/10.1161/CIRCRESAHA.121.318093
https://doi.org/10.3390/nu15071722
https://doi.org/10.3389/fcvm.2021.681581
https://doi.org/10.3390/ijerph191811242


Biomedicines 2025, 13, 381 16 of 21

10. Farinacci, M.; Krahn, T.; Dinh, W.; Volk, H.D.; Dungen, H.D.; Wagner, J.; Konen, T.; von Ahsen, O. Circulating endothelial cells as
biomarker for cardiovascular diseases. Res. Pract. Thromb. Haemost. 2019, 3, 49–58. [CrossRef]

11. Chia, P.Y.; Teo, A.; Yeo, T.W. Overview of the Assessment of Endothelial Function in Humans. Front. Med. 2020, 7, 542567.
[CrossRef] [PubMed]

12. Gallogly, S.; Fujisawa, T.; Hung, J.D.; Brittan, M.; Skinner, E.M.; Mitchell, A.J.; Medine, C.; Luque, N.; Zodda, E.; Cascante, M.;
et al. Generation of a Novel In Vitro Model to Study Endothelial Dysfunction from Atherothrombotic Specimens. Cardiovasc.
Drugs Ther. 2021, 35, 1281–1290. [CrossRef] [PubMed]

13. Sjostrom, L.; Peltonen, M.; Jacobson, P.; Sjostrom, C.D.; Karason, K.; Wedel, H.; Ahlin, S.; Anveden, A.; Bengtsson, C.; Bergmark,
G.; et al. Bariatric surgery and long-term cardiovascular events. JAMA 2012, 307, 56–65. [CrossRef] [PubMed]

14. Abdul Wahab, R.; le Roux, C.W. A review of the evidence on cardiovascular outcomes from obesity treatment. Obes. Pillars 2023,
7, 100071. [CrossRef]

15. van Veldhuisen, S.L.; Gorter, T.M.; van Woerden, G.; de Boer, R.A.; Rienstra, M.; Hazebroek, E.J.; van Veldhuisen, D. Bariatric
surgery and cardiovascular disease: A systematic review and meta-analysis. Eur. Heart J. 2022, 43, 1955–1969. [CrossRef]

16. Fatima, K.; Rashid, A.M.; Memon, U.A.A.; Fatima, S.S.; Javaid, S.S.; Shahid, O.; Zehri, F.; Obaid, M.A.; Ahmad, M.; Almas, T.; et al.
Mediterranean Diet and its Effect on Endothelial Function: A Meta-analysis and Systematic Review. Ir. J. Med. Sci. 2023, 192,
105–113. [CrossRef]

17. Estruch, R.; Ros, E.; Salas-Salvado, J.; Covas, M.I.; Corella, D.; Aros, F.; Gòmez-Gracia, E.; Ruiz-Gutiérrez, V.; Fiol, M.; Lapetra, J.;
et al. Primary Prevention of Cardiovascular Disease with a Mediterranean Diet Supplemented with Extra-Virgin Olive Oil or
Nuts. N. Engl. J. Med. 2018, 378, e34. [CrossRef]

18. Gao, J.W.; Hao, Q.Y.; Zhang, H.F.; Li, X.Z.; Yuan, Z.M.; Guo, Y.; Wang, J.F.; Zhang, S.L.; Liu, P.M. Low-Carbohydrate Diet Score
and Coronary Artery Calcium Progression: Results from the CARDIA Study. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 491–500.
[CrossRef]

19. Jovanovski, E.; Zurbau, A.; Vuksan, V. Carbohydrates and endothelial function: Is a low-carbohydrate diet or a low-glycemic
index diet favourable for vascular health? Clin. Nutr. Res. 2015, 4, 69–75. [CrossRef]

20. Cummings, D.E.; Weigle, D.S.; Frayo, R.S.; Breen, P.A.; Ma, M.K.; Dellinger, E.P.; Purnell, J.Q. Plasma ghrelin levels after
diet-induced weight loss or gastric bypass surgery. N. Engl. J. Med. 2002, 346, 1623–1630. [CrossRef]

21. Raitakari, M.; Ilvonen, T.; Ahotupa, M.; Lehtimaki, T.; Harmoinen, A.; Suominen, P.; Elo, J.; Hartiala, J.; Raitakari, O. Weight
reduction with very-low-caloric diet and endothelial function in overweight adults: Role of plasma glucose. Arterioscler. Thromb.
Vasc. Biol. 2004, 24, 124–128. [CrossRef]

22. Aleksandrova, K.; Koelman, L.; Rodrigues, C.E. Dietary patterns and biomarkers of oxidative stress and inflammation: A
systematic review of observational and intervention studies. Redox Biol. 2021, 42, 101869. [CrossRef] [PubMed]

23. van Bussel, B.C.; Henry, R.M.; Ferreira, I.; van Greevenbroek, M.M.; van der Kallen, C.J.; Twisk, J.W.; Feskens, E.J.; Schalkwijk,
C.G.; Stehouwer, C.D. A healthy diet is associated with less endothelial dysfunction and less low-grade inflammation over a
7-year period in adults at risk of cardiovascular disease. J. Nutr. 2015, 145, 532–540. [CrossRef] [PubMed]

24. Liang, C.; Song, Z.; Yao, X.; Xiao, Q.; Fu, H.; Tang, L. Exercise interventions for the effect of endothelial function in hypertensive
patients: A systematic review and meta-analysis. J. Clin. Hypertens. 2024, 26, 599–614. [CrossRef]

25. Tao, X.; Chen, Y.; Zhen, K.; Ren, S.; Lv, Y.; Yu, L. Effect of continuous aerobic exercise on endothelial function: A systematic review
and meta-analysis of randomized controlled trials. Front. Physiol. 2023, 14, 1043108. [CrossRef] [PubMed]

26. Ras, R.T.; Streppel, M.T.; Draijer, R.; Zock, P.L. Flow-mediated dilation and cardiovascular risk prediction: A systematic review
with meta-analysis. Int. J. Cardiol. 2013, 168, 344–351. [CrossRef]

27. Joris, P.J.; Zeegers, M.P.; Mensink, R.P. Weight loss improves fasting flow-mediated vasodilation in adults: A meta-analysis of
intervention studies. Atherosclerosis 2015, 239, 21–30. [CrossRef]

28. Joris, P.J.; Plat, J.; Kusters, Y.H.; Houben, A.J.; Stehouwer, C.D.; Schalkwijk, C.G.; Mensink, R.P. Diet-induced weight loss improves
not only cardiometabolic risk markers but also markers of vascular function: A randomized controlled trial in abdominally obese
men. Am. J. Clin. Nutr. 2017, 105, 23–31. [CrossRef]

29. Mathur, R.; Ahmid, Z.; Ashor, A.W.; Shannon, O.; Stephan, B.C.M.; Siervo, M. Effects of dietary-based weight loss interventions
on biomarkers of endothelial function: A systematic review and meta-analysis. Eur. J. Clin. Nutr. 2023, 77, 927–940. [CrossRef]

30. Zhang, J. Biomarkers of endothelial activation and dysfunction in cardiovascular diseases. Rev. Cardiovasc. Med. 2022, 23, 73.
[CrossRef]

31. Chappell, D.C.; Varner, S.E.; Nerem, R.M.; Medford, R.M.; Alexander, R.W. Oscillatory shear stress stimulates adhesion molecule
expression in cultured human endothelium. Circ. Res. 1998, 82, 532–539. [CrossRef] [PubMed]

32. Chiu, J.J.; Chen, L.J.; Lee, C.I.; Lee, P.L.; Lee, D.Y.; Tsai, M.C.; Lin, C.W.; Usami, S.; Chien, S. Mechanisms of induction of endothelial
cell E-selectin expression by smooth muscle cells and its inhibition by shear stress. Blood 2007, 110, 519–528. [CrossRef] [PubMed]

33. Zhang, J.; Huang, S.; Zhu, Z.; Gatt, A.; Liu, J. E-selectin in vascular pathophysiology. Front. Immunol. 2024, 15, 1401399. [CrossRef]
[PubMed]

https://doi.org/10.1002/rth2.12158
https://doi.org/10.3389/fmed.2020.542567
https://www.ncbi.nlm.nih.gov/pubmed/33117828
https://doi.org/10.1007/s10557-021-07151-9
https://www.ncbi.nlm.nih.gov/pubmed/33608862
https://doi.org/10.1001/jama.2011.1914
https://www.ncbi.nlm.nih.gov/pubmed/22215166
https://doi.org/10.1016/j.obpill.2023.100071
https://doi.org/10.1093/eurheartj/ehac071
https://doi.org/10.1007/s11845-022-02944-9
https://doi.org/10.1056/NEJMoa1800389
https://doi.org/10.1161/ATVBAHA.120.314838
https://doi.org/10.7762/cnr.2015.4.2.69
https://doi.org/10.1056/NEJMoa012908
https://doi.org/10.1161/01.ATV.0000109749.11042.7c
https://doi.org/10.1016/j.redox.2021.101869
https://www.ncbi.nlm.nih.gov/pubmed/33541846
https://doi.org/10.3945/jn.114.201236
https://www.ncbi.nlm.nih.gov/pubmed/25733469
https://doi.org/10.1111/jch.14818
https://doi.org/10.3389/fphys.2023.1043108
https://www.ncbi.nlm.nih.gov/pubmed/36846339
https://doi.org/10.1016/j.ijcard.2012.09.047
https://doi.org/10.1016/j.atherosclerosis.2014.12.056
https://doi.org/10.3945/ajcn.116.143552
https://doi.org/10.1038/s41430-023-01307-6
https://doi.org/10.31083/j.rcm2302073
https://doi.org/10.1161/01.RES.82.5.532
https://www.ncbi.nlm.nih.gov/pubmed/9529157
https://doi.org/10.1182/blood-2006-08-040097
https://www.ncbi.nlm.nih.gov/pubmed/17371946
https://doi.org/10.3389/fimmu.2024.1401399
https://www.ncbi.nlm.nih.gov/pubmed/39100681


Biomedicines 2025, 13, 381 17 of 21

34. Eichmann, A.; Simons, M. VEGF signaling inside vascular endothelial cells and beyond. Curr. Opin. Cell Biol. 2012, 24, 188–193.
[CrossRef] [PubMed]

35. Ratliff, J.C.; Mutungi, G.; Puglisi, M.J.; Volek, J.S.; Fernandez, M.L. Eggs modulate the inflammatory response to carbohydrate
restricted diets in overweight men. Nutr. Metab. 2008, 5, 6. [CrossRef] [PubMed]

36. Madsen, E.L.; Rissanen, A.; Bruun, J.M.; Skogstrand, K.; Tonstad, S.; Hougaard, D.M.; Richelsen, B. Weight loss larger than 10% is
needed for general improvement of levels of circulating adiponectin and markers of inflammation in obese subjects: A 3-year
weight loss study. Eur. J. Endocrinol. 2008, 158, 179–187. [CrossRef] [PubMed]

37. Heilbronn, L.K.; Noakes, M.; Clifton, P.M. Energy restriction and weight loss on very-low-fat diets reduce C-reactive protein
concentrations in obese, healthy women. Arterioscler. Thromb. Vasc. Biol. 2001, 21, 968–970. [CrossRef]

38. Gokce, N.; Vita, J.A.; McDonnell, M.; Forse, A.R.; Istfan, N.; Stoeckl, M.; Lipinska, I.; Keaney, J.F., Jr.; Apovian, C.M. Effect of
medical and surgical weight loss on endothelial vasomotor function in obese patients. Am. J. Cardiol. 2005, 95, 266–268. [CrossRef]

39. Jamialahmadi, T.; Alidadi, M.; Atkin, S.L.; Kroh, M.; Almahmeed, W.; Moallem, S.A.; Al-Rasadi, K.; Rodriguez, J.H.; Santos, R.D.;
Ruscica, M.; et al. Effect of Bariatric Surgery on Flow-Mediated Vasodilation as a Measure of Endothelial Function: A Systematic
Review and Meta-Analysis. J. Clin. Med. 2022, 11, 4054. [CrossRef]

40. Eisenberg, D.; Shikora, S.A.; Aarts, E.; Aminian, A.; Angrisani, L.; Cohen, R.V.; De Luca, M.; Faria, S.L.; Goodpaster, K.P.S.;
Haddad, A.; et al. 2022 American Society of Metabolic and Bariatric Surgery (ASMBS) and International Federation for the
Surgery of Obesity and Metabolic Disorders (IFSO) Indications for Metabolic and Bariatric Surgery. Obes. Surg. 2023, 33, 3–14.
[CrossRef]

41. De Luca, M.; Zese, M.; Bandini, G.; Zappa, M.A.; Bardi, U.; Carbonelli, M.G.; Carrano, F.M.; Casella, G.; Chianelli, M.; Chiappetta,
S.; et al. SICOB Italian clinical practice guidelines for the surgical treatment of obesity and associated diseases using GRADE
methodology on bariatric and metabolic surgery. Updates Surg. 2024. Available online: https://link.springer.com/article/10.100
7/s13304-024-01996-z (accessed on 27 January 2025). [CrossRef] [PubMed]

42. O’Kane, M.; Parretti, H.M.; Pinkney, J.; Welbourn, R.; Hughes, C.A.; Mok, J.; Walker, N.; Thomas, D.; Devin, J.; Coulman, K.D.;
et al. British Obesity and Metabolic Surgery Society Guidelines on perioperative and postoperative biochemical monitoring
and micronutrient replacement for patients undergoing bariatric surgery-2020 update. Obes. Rev. 2020, 21, e13087. [CrossRef]
[PubMed]

43. Brethauer, S.A.; Heneghan, H.M.; Eldar, S.; Gatmaitan, P.; Huang, H.; Kashyap, S.; Gornik, H.L.; Kirwan, J.P.; Schauer, P.R. Early
effects of gastric bypass on endothelial function, inflammation, and cardiovascular risk in obese patients. Surg. Endosc. 2011, 25,
2650–2659. [CrossRef] [PubMed]

44. Woodard, G.A.; Peraza, J.; Bravo, S.; Toplosky, L.; Hernandez-Boussard, T.; Morton, J.M. One year improvements in cardiovascular
risk factors: A comparative trial of laparoscopic Roux-en-Y gastric bypass vs. adjustable gastric banding. Obes. Surg. 2010, 20,
578–582. [CrossRef]

45. Syn, N.L.; Cummings, D.E.; Wang, L.Z.; Lin, D.J.; Zhao, J.J.; Loh, M.; Koh, Z.J.; Chew, C.A.; Loo, Y.E.; Tai, B.B.; et al. Association of
metabolic-bariatric surgery with long-term survival in adults with and without diabetes: A one-stage meta-analysis of matched
cohort and prospective controlled studies with 174 772 participants. Lancet 2021, 397, 1830–1841. [CrossRef]

46. Lupoli, R.; Di Minno, M.N.; Guidone, C.; Cefalo, C.; Capaldo, B.; Riccardi, G.; Mingrone, G. Effects of bariatric surgery on markers
of subclinical atherosclerosis and endothelial function: A meta-analysis of literature studies. Int. J. Obes. 2016, 40, 395–402.
[CrossRef]

47. Nerla, R.; Tarzia, P.; Sestito, A.; Di Monaco, A.; Infusino, F.; Matera, D.; Greco, F.; Tacchino, R.M.; Lanza, G.A.; Crea, F. Effect of
bariatric surgery on peripheral flow-mediated dilation and coronary microvascular function. Nutr. Metab. Cardiovasc. Dis. 2012,
22, 626–634. [CrossRef]

48. Crane, J.D.; Joy, G.; Knott, K.D.; Augusto, J.B.; Lau, C.; Bhuva, A.N.; Seraphim, A.; Evain, T.; Brown, L.A.E.; Chowdhary, A.; et al.
The Impact of Bariatric Surgery on Coronary Microvascular Function Assessed Using Automated Quantitative Perfusion CMR.
JACC Cardiovasc. Imaging 2024, 17, 1305–1316. [CrossRef]

49. Bigornia, S.J.; Mott, M.M.; Hess, D.T.; Apovian, C.M.; McDonnell, M.E.; Duess, M.A.; Kluge, M.A.; Fiscale, A.J.; Vita, J.A.; Gokce,
N. Long-term successful weight loss improves vascular endothelial function in severely obese individuals. Obesity 2010, 18,
754–759. [CrossRef]

50. Khosravi-Largani, M.; Nojomi, M.; Aghili, R.; Otaghvar, H.A.; Tanha, K.; Seyedi, S.H.S.; Mottaghi, A. Evaluation of all Types
of Metabolic Bariatric Surgery and its Consequences: A Systematic Review and Meta-Analysis. Obes. Surg. 2019, 29, 651–690.
[CrossRef]

51. Seyyedi, J.; Alizadeh, S. Effect of Surgically Induced Weight Loss on Biomarkers of Endothelial Dysfunction: A Systematic Review
and Meta-Analysis. Obes. Surg. 2020, 30, 3549–3560. [CrossRef] [PubMed]

52. Popko, K.; Gorska, E.; Stelmaszczyk-Emmel, A.; Plywaczewski, R.; Stoklosa, A.; Gorecka, D.; Pyrzak, B.; Demkow, U. Proin-
flammatory cytokines Il-6 and TNF-alpha and the development of inflammation in obese subjects. Eur. J. Med. Res. 2010, 15
(Suppl. S2), 120–122. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ceb.2012.02.002
https://www.ncbi.nlm.nih.gov/pubmed/22366328
https://doi.org/10.1186/1743-7075-5-6
https://www.ncbi.nlm.nih.gov/pubmed/18289377
https://doi.org/10.1530/EJE-07-0721
https://www.ncbi.nlm.nih.gov/pubmed/18230824
https://doi.org/10.1161/01.ATV.21.6.968
https://doi.org/10.1016/j.amjcard.2004.09.016
https://doi.org/10.3390/jcm11144054
https://doi.org/10.1007/s11695-022-06332-1
https://link.springer.com/article/10.1007/s13304-024-01996-z
https://link.springer.com/article/10.1007/s13304-024-01996-z
https://doi.org/10.1007/s13304-024-01996-z
https://www.ncbi.nlm.nih.gov/pubmed/39419949
https://doi.org/10.1111/obr.13087
https://www.ncbi.nlm.nih.gov/pubmed/32743907
https://doi.org/10.1007/s00464-011-1620-6
https://www.ncbi.nlm.nih.gov/pubmed/21416179
https://doi.org/10.1007/s11695-010-0088-0
https://doi.org/10.1016/S0140-6736(21)00591-2
https://doi.org/10.1038/ijo.2015.187
https://doi.org/10.1016/j.numecd.2010.10.004
https://doi.org/10.1016/j.jcmg.2024.05.022
https://doi.org/10.1038/oby.2009.482
https://doi.org/10.1007/s11695-018-3550-z
https://doi.org/10.1007/s11695-020-04710-1
https://www.ncbi.nlm.nih.gov/pubmed/32483744
https://doi.org/10.1186/2047-783X-15-S2-120
https://www.ncbi.nlm.nih.gov/pubmed/21147638


Biomedicines 2025, 13, 381 18 of 21

53. Gumbau, V.; Bruna, M.; Canelles, E.; Guaita, M.; Mulas, C.; Bases, C.; Celma, I.; Puche, J.; Marcaida, G.; Oviedo, M.; et al.
A prospective study on inflammatory parameters in obese patients after sleeve gastrectomy. Obes. Surg. 2014, 24, 903–908.
[CrossRef] [PubMed]

54. Rao, S.R. Inflammatory markers and bariatric surgery: A meta-analysis. Inflamm. Res. 2012, 61, 789–807. [CrossRef] [PubMed]
55. Askarpour, M.; Khani, D.; Sheikhi, A.; Ghaedi, E.; Alizadeh, S. Effect of Bariatric Surgery on Serum Inflammatory Factors of

Obese Patients: A Systematic Review and Meta-Analysis. Obes. Surg. 2019, 29, 2631–2647. [CrossRef]
56. Stolberg, C.R.; Mundbjerg, L.H.; Funch-Jensen, P.; Gram, B.; Bladbjerg, E.M.; Juhl, C.B. Effects of gastric bypass surgery followed

by supervised physical training on inflammation and endothelial function: A randomized controlled trial. Atherosclerosis 2018,
273, 37–44. [CrossRef]

57. Holst, J.J. The physiology of glucagon-like peptide 1. Physiol. Rev. 2007, 87, 1409–1439. [CrossRef]
58. Meloni, A.R.; DeYoung, M.B.; Lowe, C.; Parkes, D.G. GLP-1 receptor activated insulin secretion from pancreatic beta-cells:

Mechanism and glucose dependence. Diabetes Obes. Metab. 2013, 15, 15–27. [CrossRef]
59. Elliott, R.M.; Morgan, L.M.; Tredger, J.A.; Deacon, S.; Wright, J.; Marks, V. Glucagon-like peptide-1 (7-36)amide and glucose-

dependent insulinotropic polypeptide secretion in response to nutrient ingestion in man: Acute post-prandial and 24-h secretion
patterns. J. Endocrinol. 1993, 138, 159–166. [CrossRef]

60. Lean, M.E.; Malkova, D. Altered gut and adipose tissue hormones in overweight and obese individuals: Cause or consequence?
Int. J. Obes. 2016, 40, 622–632. [CrossRef]

61. Ferhatbegovic, L.; Mrsic, D.; Macic-Dzankovic, A. The benefits of GLP1 receptors in cardiovascular diseases. Front. Clin. Diabetes
Healthc. 2023, 4, 1293926. [CrossRef] [PubMed]

62. Alyar, G.; Umudum, F.Z.; Akbas, N. Changes in ghrelin, GLP-1, and PYY levels after diet and exercise in obese individuals. Rev.
Assoc. Med. Bras. 2024, 70, e20230263. [CrossRef] [PubMed]

63. Verdich, C.; Toubro, S.; Buemann, B.; Lysgard Madsen, J.; Juul Holst, J.; Astrup, A. The role of postprandial releases of insulin and
incretin hormones in meal-induced satiety—Effect of obesity and weight reduction. Int. J. Obes. Relat. Metab. Disord. 2001, 25,
1206–1214. [CrossRef] [PubMed]

64. Otten, J.; Ryberg, M.; Mellberg, C.; Andersson, T.; Chorell, E.; Lindahl, B.; Larsson, C.; Holst, J.J.; Olsson, T. Postprandial levels
of GLP-1, GIP and glucagon after 2 years of weight loss with a Paleolithic diet: A randomised controlled trial in healthy obese
women. Eur. J. Endocrinol. 2019, 180, 417–427. [CrossRef]

65. Sumithran, P.; Prendergast, L.A.; Delbridge, E.; Purcell, K.; Shulkes, A.; Kriketos, A.; Proietto, J. Long-term persistence of
hormonal adaptations to weight loss. N. Engl. J. Med. 2011, 365, 1597–1604. [CrossRef]

66. Adam, T.C.; Jocken, J.; Westerterp-Plantenga, M.S. Decreased glucagon-like peptide 1 release after weight loss in overweight/obese
subjects. Obes. Res. 2005, 13, 710–716. [CrossRef]

67. Svendsen, P.F.; Jensen, F.K.; Holst, J.J.; Haugaard, S.B.; Nilas, L.; Madsbad, S. The effect of a very low calorie diet on insulin
sensitivity, beta cell function, insulin clearance, incretin hormone secretion, androgen levels and body composition in obese
young women. Scand. J. Clin. Lab. Investig. 2012, 72, 410–419. [CrossRef]

68. Aukan, M.I.; Rehfeld, J.F.; Holst, J.J.; Martins, C. Plasma concentration of gastrointestinal hormones and subjective appetite
ratings after diet or bariatric surgery: 1-year results from the DISGAP study. Int. J. Obes. 2024. Available online: https:
//www.nature.com/articles/s41366-024-01658-5 (accessed on 27 January 2025). [CrossRef]

69. Calik Basaran, N.; Dotan, I.; Dicker, D. Post metabolic bariatric surgery weight regain: The importance of GLP-1 levels. Int. J.
Obes. 2024. Available online: https://pubmed.ncbi.nlm.nih.gov/38225284/ (accessed on 27 January 2025).

70. Elias, K.; Webb, D.L.; Diaz Tartera, H.O.; Hellstrom, P.M.; Sundbom, M. Impact of biliopancreatic diversion with duodenal switch
on glucose homeostasis and gut hormones and their correlations with appetite. Surg. Obes. Relat. Dis. 2022, 18, 1392–1398.
[CrossRef]

71. Bose, M.; Machineni, S.; Olivan, B.; Teixeira, J.; McGinty, J.J.; Bawa, B.; Koshy, N.; Colarusso, A.; Laferrère, B. Superior appetite
hormone profile after equivalent weight loss by gastric bypass compared to gastric banding. Obesity 2010, 18, 1085–1091.
[CrossRef]

72. le Roux, C.W.; Welbourn, R.; Werling, M.; Osborne, A.; Kokkinos, A.; Laurenius, A.; Lönroth, H.; Fändriks, L.; Ghatei, M.A.;
Bloom, S.R.; et al. Gut hormones as mediators of appetite and weight loss after Roux-en-Y gastric bypass. Ann. Surg. 2007, 246,
780–785. [CrossRef] [PubMed]

73. Dirksen, C.; Jorgensen, N.B.; Bojsen-Moller, K.N.; Kielgast, U.; Jacobsen, S.H.; Clausen, T.R.; Worm, D.; Hartmann, B.; Rehfeld, J.F.;
Damgaard, M.; et al. Gut hormones, early dumping and resting energy expenditure in patients with good and poor weight loss
response after Roux-en-Y gastric bypass. Int. J. Obes. 2013, 37, 1452–1459. [CrossRef] [PubMed]

74. Osto, E.; Doytcheva, P.; Corteville, C.; Bueter, M.; Dorig, C.; Stivala, S.; Buhmann, H.; Colin, S.; Rohrer, L.; Hasballa, R.; et al.
Rapid and body weight-independent improvement of endothelial and high-density lipoprotein function after Roux-en-Y gastric
bypass: Role of glucagon-like peptide-1. Circulation 2015, 131, 871–881. [CrossRef] [PubMed]

https://doi.org/10.1007/s11695-014-1186-1
https://www.ncbi.nlm.nih.gov/pubmed/24566661
https://doi.org/10.1007/s00011-012-0473-3
https://www.ncbi.nlm.nih.gov/pubmed/22588278
https://doi.org/10.1007/s11695-019-03926-0
https://doi.org/10.1016/j.atherosclerosis.2018.04.002
https://doi.org/10.1152/physrev.00034.2006
https://doi.org/10.1111/j.1463-1326.2012.01663.x
https://doi.org/10.1677/joe.0.1380159
https://doi.org/10.1038/ijo.2015.220
https://doi.org/10.3389/fcdhc.2023.1293926
https://www.ncbi.nlm.nih.gov/pubmed/38143794
https://doi.org/10.1590/1806-9282.20230263
https://www.ncbi.nlm.nih.gov/pubmed/38511748
https://doi.org/10.1038/sj.ijo.0801655
https://www.ncbi.nlm.nih.gov/pubmed/11477506
https://doi.org/10.1530/EJE-19-0082
https://doi.org/10.1056/NEJMoa1105816
https://doi.org/10.1038/oby.2005.80
https://doi.org/10.3109/00365513.2012.691542
https://www.nature.com/articles/s41366-024-01658-5
https://www.nature.com/articles/s41366-024-01658-5
https://doi.org/10.1038/s41366-024-01658-5
https://pubmed.ncbi.nlm.nih.gov/38225284/
https://doi.org/10.1016/j.soard.2022.08.010
https://doi.org/10.1038/oby.2009.473
https://doi.org/10.1097/SLA.0b013e3180caa3e3
https://www.ncbi.nlm.nih.gov/pubmed/17968169
https://doi.org/10.1038/ijo.2013.15
https://www.ncbi.nlm.nih.gov/pubmed/23419600
https://doi.org/10.1161/CIRCULATIONAHA.114.011791
https://www.ncbi.nlm.nih.gov/pubmed/25673670


Biomedicines 2025, 13, 381 19 of 21

75. Beiroa, D.; Imbernon, M.; Gallego, R.; Senra, A.; Herranz, D.; Villarroya, F.; Serrano, M.; Fernø, J.; Salvador, J.; Escalada, J.; et al.
GLP-1 agonism stimulates brown adipose tissue thermogenesis and browning through hypothalamic AMPK. Diabetes 2014, 63,
3346–3358. [CrossRef]

76. Kooijman, S.; Wang, Y.; Parlevliet, E.T.; Boon, M.R.; Edelschaap, D.; Snaterse, G.; Pijl, H.; Romijn, J.A.; Rensen, P.C.N. Central
GLP-1 receptor signalling accelerates plasma clearance of triacylglycerol and glucose by activating brown adipose tissue in mice.
Diabetologia 2015, 58, 2637–2646. [CrossRef]

77. Janssen, L.G.M.; Nahon, K.J.; Bracke, K.F.M.; van den Broek, D.; Smit, R.; Sardjoe Mishre, A.S.D.; Koorneef, L.L.; Martinez-Tellez,
B.; Burakiewicz, J.; Kan, H.E.; et al. Twelve weeks of exenatide treatment increases [(18)F]fluorodeoxyglucose uptake by brown
adipose tissue without affecting oxidative resting energy expenditure in nondiabetic males. Metabolism 2020, 106, 154167.
[CrossRef]

78. Kojima, M.; Hosoda, H.; Date, Y.; Nakazato, M.; Matsuo, H.; Kangawa, K. Ghrelin is a growth-hormone-releasing acylated peptide
from stomach. Nature 1999, 402, 656–660. [CrossRef]

79. Date, Y.; Kojima, M.; Hosoda, H.; Sawaguchi, A.; Mondal, M.S.; Suganuma, T.; Matsukura, S.; Kangawa, K.; Nakazato, M. Ghrelin,
a novel growth hormone-releasing acylated peptide, is synthesized in a distinct endocrine cell type in the gastrointestinal tracts
of rats and humans. Endocrinology 2000, 141, 4255–4261. [CrossRef]

80. Kamegai, J.; Tamura, H.; Shimizu, T.; Ishii, S.; Sugihara, H.; Wakabayashi, I. Central effect of ghrelin, an endogenous growth
hormone secretagogue, on hypothalamic peptide gene expression. Endocrinology 2000, 141, 4797–4800. [CrossRef]

81. Tong, J.; Prigeon, R.L.; Davis, H.W.; Bidlingmaier, M.; Kahn, S.E.; Cummings, D.E.; Tschöp, M.H.; D’Alessio, D. Ghrelin suppresses
glucose-stimulated insulin secretion and deteriorates glucose tolerance in healthy humans. Diabetes 2010, 59, 2145–2151. [CrossRef]
[PubMed]

82. Katugampola, S.D.; Pallikaros, Z.; Davenport, A.P. [125I-His(9)]-ghrelin, a novel radioligand for localizing GHS orphan receptors
in human and rat tissue: Up-regulation of receptors with athersclerosis. Br. J. Pharmacol. 2001, 134, 143–149. [CrossRef] [PubMed]

83. Nagaya, N.; Kojima, M.; Uematsu, M.; Yamagishi, M.; Hosoda, H.; Oya, H.; Hayashi, Y.; Kangawa, K. Hemodynamic and
hormonal effects of human ghrelin in healthy volunteers. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2001, 280, R1483–R1487.
[CrossRef] [PubMed]

84. Vestergaard, E.T.; Andersen, N.H.; Hansen, T.K.; Rasmussen, L.M.; Moller, N.; Sorensen, K.E.; Sloth, E.; Jorgensen, J.O. Cardiovas-
cular effects of intravenous ghrelin infusion in healthy young men. Am. J. Physiol. Heart Circ. Physiol. 2007, 293, H3020–H3026.
[CrossRef]

85. Tesauro, M.; Schinzari, F.; Iantorno, M.; Rizza, S.; Melina, D.; Lauro, D.; Cardillo, C. Ghrelin improves endothelial function in
patients with metabolic syndrome. Circulation 2005, 112, 2986–2992. [CrossRef] [PubMed]

86. Lund, L.H.; Hage, C.; Pironti, G.; Thorvaldsen, T.; Ljung-Faxen, U.; Zabarovskaja, S.; Shahgaldi, K.; Webb, D.L.; Hellström,
P.M.; Anderssonn, D.C.; et al. Acyl ghrelin improves cardiac function in heart failure and increases fractional shortening in
cardiomyocytes without calcium mobilization. Eur. Heart J. 2023, 44, 2009–2025. [CrossRef] [PubMed]

87. Shimada, T.; Furuta, H.; Doi, A.; Ariyasu, H.; Kawashima, H.; Wakasaki, H.; Nishi, M.; Sasaki, H.; Akamizu, T. Des-acyl ghrelin
protects microvascular endothelial cells from oxidative stress-induced apoptosis through sirtuin 1 signaling pathway. Metabolism
2014, 63, 469–474. [CrossRef]

88. Li, W.G.; Gavrila, D.; Liu, X.; Wang, L.; Gunnlaugsson, S.; Stoll, L.L.; McCormick, M.L.; Sigmund, C.D.; Tang, C.; Weintraub, N.L.
Ghrelin inhibits proinflammatory responses and nuclear factor-kappaB activation in human endothelial cells. Circulation 2004,
109, 2221–2226. [CrossRef]

89. Gauna, C.; Meyler, F.M.; Janssen, J.A.; Delhanty, P.J.; Abribat, T.; van Koetsveld, P.; Hofland, L.J.; Broglio, F.; Ghigo, E.; van der
Lely, A.J. Administration of acylated ghrelin reduces insulin sensitivity, whereas the combination of acylated plus unacylated
ghrelin strongly improves insulin sensitivity. J. Clin. Endocrinol. Metab. 2004, 89, 5035–5042. [CrossRef]

90. Lear, P.V.; Iglesias, M.J.; Feijoo-Bandin, S.; Rodriguez-Penas, D.; Mosquera-Leal, A.; Garcia-Rua, V.; Gualillo, O.; Ghè, C.; Arnoletti,
E.; Muccioli, G.; et al. Des-acyl ghrelin has specific binding sites and different metabolic effects from ghrelin in cardiomyocytes.
Endocrinology 2010, 151, 3286–3298. [CrossRef]

91. Peterli, R.; Wolnerhanssen, B.; Peters, T.; Devaux, N.; Kern, B.; Christoffel-Courtin, C.; Drewe, J.; von Flüe, M.; Beglinger,
C. Improvement in glucose metabolism after bariatric surgery: Comparison of laparoscopic Roux-en-Y gastric bypass and
laparoscopic sleeve gastrectomy: A prospective randomized trial. Ann. Surg. 2009, 250, 234–241. [CrossRef]

92. Karamanakos, S.N.; Vagenas, K.; Kalfarentzos, F.; Alexandrides, T.K. Weight loss, appetite suppression, and changes in fasting
and postprandial ghrelin and peptide-YY levels after Roux-en-Y gastric bypass and sleeve gastrectomy: A prospective, double
blind study. Ann. Surg. 2008, 247, 401–407. [CrossRef] [PubMed]

93. Lee, H.; Te, C.; Koshy, S.; Teixeira, J.A.; Pi-Sunyer, F.X.; Laferrere, B. Does ghrelin really matter after bariatric surgery? Surg. Obes.
Relat. Dis. 2006, 2, 538–548. [CrossRef] [PubMed]

94. Kadowaki, T.; Yamauchi, T.; Kubota, N.; Hara, K.; Ueki, K.; Tobe, K. Adiponectin and adiponectin receptors in insulin resistance,
diabetes, and the metabolic syndrome. J. Clin. Investig. 2006, 116, 1784–1792. [CrossRef] [PubMed]

https://doi.org/10.2337/db14-0302
https://doi.org/10.1007/s00125-015-3727-0
https://doi.org/10.1016/j.metabol.2020.154167
https://doi.org/10.1038/45230
https://doi.org/10.1210/endo.141.11.7757
https://doi.org/10.1210/endo.141.12.7920
https://doi.org/10.2337/db10-0504
https://www.ncbi.nlm.nih.gov/pubmed/20584998
https://doi.org/10.1038/sj.bjp.0704228
https://www.ncbi.nlm.nih.gov/pubmed/11522606
https://doi.org/10.1152/ajpregu.2001.280.5.R1483
https://www.ncbi.nlm.nih.gov/pubmed/11294772
https://doi.org/10.1152/ajpheart.00496.2007
https://doi.org/10.1161/CIRCULATIONAHA.105.553883
https://www.ncbi.nlm.nih.gov/pubmed/16260640
https://doi.org/10.1093/eurheartj/ehad100
https://www.ncbi.nlm.nih.gov/pubmed/36916707
https://doi.org/10.1016/j.metabol.2013.12.011
https://doi.org/10.1161/01.CIR.0000127956.43874.F2
https://doi.org/10.1210/jc.2004-0363
https://doi.org/10.1210/en.2009-1205
https://doi.org/10.1097/SLA.0b013e3181ae32e3
https://doi.org/10.1097/SLA.0b013e318156f012
https://www.ncbi.nlm.nih.gov/pubmed/18376181
https://doi.org/10.1016/j.soard.2006.06.002
https://www.ncbi.nlm.nih.gov/pubmed/17015210
https://doi.org/10.1172/JCI29126
https://www.ncbi.nlm.nih.gov/pubmed/16823476


Biomedicines 2025, 13, 381 20 of 21

95. Yanai, H.; Yoshida, H. Beneficial Effects of Adiponectin on Glucose and Lipid Metabolism and Atherosclerotic Progression:
Mechanisms and Perspectives. Int. J. Mol. Sci. 2019, 20, 1190. [CrossRef] [PubMed]

96. Ouchi, N.; Kihara, S.; Arita, Y.; Maeda, K.; Kuriyama, H.; Okamoto, Y.; Hotta, K.; Nishida, M.; Takahashi, M.; Nakamura, T.;
et al. Novel modulator for endothelial adhesion molecules: Adipocyte-derived plasma protein adiponectin. Circulation 1999, 100,
2473–2476. [CrossRef]

97. Kobayashi, H.; Ouchi, N.; Kihara, S.; Walsh, K.; Kumada, M.; Abe, Y.; Funahashi, T.; Matsuzawa, Y. Selective suppression of
endothelial cell apoptosis by the high molecular weight form of adiponectin. Circ. Res. 2004, 94, e27–e31. [CrossRef]

98. Matsuzawa, Y.; Funahashi, T.; Kihara, S.; Shimomura, I. Adiponectin and metabolic syndrome. Arterioscler. Thromb. Vasc. Biol.
2004, 24, 29–33. [CrossRef]

99. Hotta, K.; Funahashi, T.; Arita, Y.; Takahashi, M.; Matsuda, M.; Okamoto, Y.; Iwahashi, H.; Kuriyama, H.; Ouchi, N.; Maeda, K.;
et al. Plasma concentrations of a novel, adipose-specific protein, adiponectin, in type 2 diabetic patients. Arterioscler. Thromb. Vasc.
Biol. 2000, 20, 1595–1599. [CrossRef]

100. Trujillo, M.E.; Scherer, P.E. Adiponectin--journey from an adipocyte secretory protein to biomarker of the metabolic syndrome. J.
Intern. Med. 2005, 257, 167–175. [CrossRef]

101. Kondo, H.; Shimomura, I.; Matsukawa, Y.; Kumada, M.; Takahashi, M.; Matsuda, M.; Ouchi, N.; Kihara, S.; Kawamoto, T.;
Sumitsuji, S.; et al. Association of adiponectin mutation with type 2 diabetes: A candidate gene for the insulin resistance
syndrome. Diabetes 2002, 51, 2325–2328. [CrossRef] [PubMed]

102. Furuhashi, M.; Ura, N.; Higashiura, K.; Murakami, H.; Tanaka, M.; Moniwa, N.; Yoshida, D.; Shimamoto, K. Blockade of the
renin-angiotensin system increases adiponectin concentrations in patients with essential hypertension. Hypertension 2003, 42,
76–81. [CrossRef] [PubMed]

103. Ng, T.W.; Watts, G.F.; Barrett, P.H.; Rye, K.A.; Chan, D.C. Effect of weight loss on LDL and HDL kinetics in the metabolic
syndrome: Associations with changes in plasma retinol-binding protein-4 and adiponectin levels. Diabetes Care 2007, 30,
2945–2950. [CrossRef] [PubMed]

104. Summer, S.S.; Brehm, B.J.; Benoit, S.C.; D’Alessio, D.A. Adiponectin changes in relation to the macronutrient composition of a
weight-loss diet. Obesity 2011, 19, 2198–2204. [CrossRef]

105. Garcia de la Torre, N.; Rubio, M.A.; Bordiu, E.; Cabrerizo, L.; Aparicio, E.; Hernandez, C.; Sànchez-Pernaute, A.; Dìez-Valladares,
L.; Torres, A.J.; Puente, M.; et al. Effects of weight loss after bariatric surgery for morbid obesity on vascular endothelial growth
factor-A, adipocytokines, and insulin. J. Clin. Endocrinol. Metab. 2008, 93, 4276–4281. [CrossRef]

106. Gomez-Martin, J.M.; Balsa, J.A.; Aracil, E.; Insenser, M.; Priego, P.; Escobar-Morreale, H.F.; Botella-Carretero, J.I. Circulating
adiponectin increases in obese women after sleeve gastrectomy or gastric bypass driving beneficial metabolic changes but with
no relationship with carotid intima-media thickness. Clin. Nutr. 2018, 37 Pt A, 2102–2106. [CrossRef]

107. Shimizu, H.; Hatao, F.; Imamura, K.; Takanishi, K.; Tsujino, M. Early Effects of Sleeve Gastrectomy on Obesity-Related Cytokines
and Bile Acid Metabolism in Morbidly Obese Japanese Patients. Obes. Surg. 2017, 27, 3223–3229. [CrossRef]

108. Kotidis, E.V.; Koliakos, G.; Papavramidis, T.S.; Papavramidis, S.T. The effect of biliopancreatic diversion with pylorus-preserving
sleeve gastrectomy and duodenal switch on fasting serum ghrelin, leptin and adiponectin levels: Is there a hormonal contribution
to the weight-reducing effect of this procedure? Obes. Surg. 2006, 16, 554–559. [CrossRef]

109. Adami, G.F.; Gradaschi, R.; Andraghetti, G.; Scopinaro, N.; Cordera, R. Serum Leptin and Adiponectin Concentration in Type 2
Diabetes Patients in the Short and Long Term Following Biliopancreatic Diversion. Obes. Surg. 2016, 26, 2442–2448. [CrossRef]

110. Tsai, M.; Asakawa, A.; Amitani, H.; Inui, A. Stimulation of leptin secretion by insulin. Indian. J. Endocrinol. Metab. 2012, 16
(Suppl. S3), S543–S548.

111. Stepien, M.; Stepien, A.; Wlazel, R.N.; Paradowski, M.; Rizzo, M.; Banach, M.; Rysz, J. Predictors of insulin resistance in patients
with obesity: A pilot study. Angiology 2014, 65, 22–30. [CrossRef] [PubMed]

112. Hubert, A.; Bochenek, M.L.; Schutz, E.; Gogiraju, R.; Munzel, T.; Schafer, K. Selective Deletion of Leptin Signaling in Endothelial
Cells Enhances Neointima Formation and Phenocopies the Vascular Effects of Diet-Induced Obesity in Mice. Arterioscler. Thromb.
Vasc. Biol. 2017, 37, 1683–1697. [CrossRef] [PubMed]

113. Vilarino-Garcia, T.; Polonio-Gonzalez, M.L.; Perez-Perez, A.; Ribalta, J.; Arrieta, F.; Aguilar, M.; Obaya, J.C.; Gimeno-Orna, J.A.;
Iglesias, P.; Navarro, J.; et al. Role of Leptin in Obesity, Cardiovascular Disease, and Type 2 Diabetes. Int. J. Mol. Sci. 2024, 25,
2338. [CrossRef] [PubMed]

114. Mellott, E.; Faulkner, J.L. Mechanisms of leptin-induced endothelial dysfunction. Curr. Opin. Nephrol. Hypertens. 2023, 32, 118–123.
[CrossRef]

115. Khalafi, M.; Hossein Sakhaei, M.; Kheradmand, S.; Symonds, M.E.; Rosenkranz, S.K. The impact of exercise and dietary
interventions on circulating leptin and adiponectin in individuals who are overweight and those with obesity: A systematic
review and meta-analysis. Adv. Nutr. 2023, 14, 128–146. [CrossRef]

https://doi.org/10.3390/ijms20051190
https://www.ncbi.nlm.nih.gov/pubmed/30857216
https://doi.org/10.1161/01.CIR.100.25.2473
https://doi.org/10.1161/01.RES.0000119921.86460.37
https://doi.org/10.1161/01.ATV.0000099786.99623.EF
https://doi.org/10.1161/01.ATV.20.6.1595
https://doi.org/10.1111/j.1365-2796.2004.01426.x
https://doi.org/10.2337/diabetes.51.7.2325
https://www.ncbi.nlm.nih.gov/pubmed/12086969
https://doi.org/10.1161/01.HYP.0000078490.59735.6E
https://www.ncbi.nlm.nih.gov/pubmed/12796280
https://doi.org/10.2337/dc07-0768
https://www.ncbi.nlm.nih.gov/pubmed/17686833
https://doi.org/10.1038/oby.2011.60
https://doi.org/10.1210/jc.2007-1370
https://doi.org/10.1016/j.clnu.2017.10.003
https://doi.org/10.1007/s11695-017-2756-9
https://doi.org/10.1381/096089206776944940
https://doi.org/10.1007/s11695-016-2126-z
https://doi.org/10.1177/0003319712468291
https://www.ncbi.nlm.nih.gov/pubmed/23267236
https://doi.org/10.1161/ATVBAHA.117.309798
https://www.ncbi.nlm.nih.gov/pubmed/28705795
https://doi.org/10.3390/ijms25042338
https://www.ncbi.nlm.nih.gov/pubmed/38397015
https://doi.org/10.1097/MNH.0000000000000867
https://doi.org/10.1016/j.advnut.2022.10.001


Biomedicines 2025, 13, 381 21 of 21

116. Morel, O.; Luca, F.; Grunebaum, L.; Jesel, L.; Meyer, N.; Desprez, D.; Robert, S.; Dignat-George, F.; Toti, F.; Simon, C.; et al.
Short-term very low-calorie diet in obese females improves the haemostatic balance through the reduction of leptin levels, PAI-1
concentrations and a diminished release of platelet and leukocyte-derived microparticles. Int. J. Obes. 2011, 35, 1479–1486.
[CrossRef]

117. Mendoza-Herrera, K.; Florio, A.A.; Moore, M.; Marrero, A.; Tamez, M.; Bhupathiraju, S.N.; Mattei, J. The Leptin System and Diet:
A Mini Review of the Current Evidence. Front. Endocrinol. 2021, 12, 749050. [CrossRef]

118. Yadav, R.; Hama, S.; Liu, Y.; Siahmansur, T.; Schofield, J.; Syed, A.A.; France, M.; Pemberton, P.; Adam, S.; Hong, J.H.; et al. Effect
of Roux-en-Y Bariatric Surgery on Lipoproteins, Insulin Resistance, and Systemic and Vascular Inflammation in Obesity and
Diabetes. Front. Immunol. 2017, 8, 1512. [CrossRef]

119. Lambert, G.; Lima, M.M.O.; Felici, A.C.; Pareja, J.C.; Vasques, A.C.J.; Novaes, F.S.; Rodovalho, S.; Hirsch, F.F.P.; Matos-Souza, J.R.;
Chaim, E.A.; et al. Early Regression of Carotid Intima-Media Thickness after Bariatric Surgery and Its Relation to Serum Leptin
Reduction. Obes. Surg. 2018, 28, 226–233. [CrossRef]

120. Siejka, A.; Jankiewicz-Wika, J.; Kolomecki, K.; Cywinski, J.; Piestrzeniewicz, K.; Swietoslawski, J.; Stępień, H.; Komorowski,
J. Long-term impact of vertical banded gastroplasty (VBG) on plasma concentration of leptin, soluble leptin receptor, ghrelin,
omentin-1, obestatin, and retinol binding protein 4 (RBP4) in patients with severe obesity. Cytokine 2013, 64, 490–493. [CrossRef]

121. Rafey, M.F.; Fang, C.E.H.; Ioana, I.; Griffin, H.; Hynes, M.; O’Brien, T.; McAnena, O.; O’Shea, P.; Collins, C.; Davenport, C.; et al.
The leptin to adiponectin ratio (LAR) is reduced by sleeve gastrectomy in adults with severe obesity: A prospective cohort study.
Sci. Rep. 2020, 10, 16270. [CrossRef] [PubMed]

122. Zhao, S.; Li, N.; Xiong, W.; Li, G.; He, S.; Zhang, Z.; Zhu, Q.; Jiang, N.; Ikejiofor, C.; Zhu, Y.; et al. Leptin Reduction as a Required
Component for Weight Loss. Diabetes 2024, 73, 197–210. [CrossRef] [PubMed]

123. Huang, X.; Liu, G.; Guo, J.; Su, Z. The PI3K/AKT pathway in obesity and type 2 diabetes. Int. J. Biol. Sci. 2018, 14, 1483–1496.
[CrossRef] [PubMed]

124. Vicent, D.; Ilany, J.; Kondo, T.; Naruse, K.; Fisher, S.J.; Kisanuki, Y.Y.; Bursell, S.; Yanagisawa, M.; King, G.L.; Kahn, C.R. The role
of endothelial insulin signaling in the regulation of vascular tone and insulin resistance. J. Clin. Investig. 2003, 111, 1373–1380.
[CrossRef]

125. Madigan, M.J., Jr.; Racette, S.B.; Coggan, A.R.; Stein, R.I.; McCue, L.M.; Gropler, R.J.; Peterson, L.R. Weight Loss Affects
Intramyocardial Glucose Metabolism in Obese Humans. Circ. Cardiovasc. Imaging 2019, 12, e009241. [CrossRef]

126. Oh, J.H.; Kang, C.W.; Wang, E.K.; Nam, J.H.; Lee, S.; Park, K.H.; Lee, E.J.; Cho, A.; Kur, C.R. Altered Glucose Metabolism and
Glucose Transporters in Systemic Organs After Bariatric Surgery. Front. Endocrinol. 2022, 13, 937394. [CrossRef]

127. de Luis, D.A.; Primo, D.; Izaola, O.; Aller, R. Effect of two different dietary fatty acid profiles and variant rs266729 in ADIPOQ on
weight loss and adiponectin concentrations. Endocrinol. Diabetes Nutr. 2020, 67, 374–382. [CrossRef]

128. de Luis, D.A.; Primo, D.; Izaola, O.; Gomez Hoyos, E.; Lopez Gomez, J.J.; Ortola, A.; Aller, R. Role of the variant in adiponectin
gene rs266729 on weight loss and cardiovascular risk factors after a hypocaloric diet with the Mediterranean pattern. Nutrition
2019, 60, 1–5. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/ijo.2011.19
https://doi.org/10.3389/fendo.2021.749050
https://doi.org/10.3389/fimmu.2017.01512
https://doi.org/10.1007/s11695-017-2839-7
https://doi.org/10.1016/j.cyto.2013.07.026
https://doi.org/10.1038/s41598-020-73520-3
https://www.ncbi.nlm.nih.gov/pubmed/33004989
https://doi.org/10.2337/db23-0571
https://www.ncbi.nlm.nih.gov/pubmed/37935033
https://doi.org/10.7150/ijbs.27173
https://www.ncbi.nlm.nih.gov/pubmed/30263000
https://doi.org/10.1172/JCI15211
https://doi.org/10.1161/CIRCIMAGING.119.009241
https://doi.org/10.3389/fendo.2022.937394
https://doi.org/10.1016/j.endinu.2019.09.004
https://doi.org/10.1016/j.nut.2018.08.018

	Introduction 
	Diet-Induced Weight Loss and Vascular Endothelium 
	Endothelial Function in DIWL 
	Circulating Biomarkers in DIWL 

	Surgery-Induced Weight Loss and Endothelial Function 
	Endothelial Function in SIWL 
	Circulating Biomarkers in SIWL 

	Mediators Linking Weight Loss and Vascular Endothelium 
	GLP-1 
	Ghrelin 
	Adiponectin 
	Leptin 
	Glucose 

	Conclusions and Gaps in Evidence 
	References

