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A B S T R A C T   

Adipose tissue is now recognized as an endocrine organ that secretes bioactive molecules called adipokines. 
These biomolecules regulate key physiological functions, including insulin sensitivity, energy metabolism, 
appetite regulation, endothelial function and immunity. Dysregulated secretion of adipokines is intimately 
associated with obesity, and translates into increased risk of obesity-related cardiovasculo-metabolic diseases. In 
particular, emerging evidence suggests that adipokine imbalance contributes to the pathogenesis of athero
sclerosis. One of the promising diet regimens that is beneficial in the fight against obesity and cardiometabolic 
disorders is intermittent fasting (IF). Indeed, IF robustly suppresses inflammation, meditates weight loss and 
mitigates many aspects of the cardiometabolic syndrome. In this paper, we review the main adipokines and their 
role in atherosclerosis, which remains a major contributor to cardiovascular-associated morbidity and mortality. 
We further discuss how IF can be employed as an effective management modality for obesity-associated 
atherosclerosis. By exploring a plethora of the beneficial effects of IF, particularly on inflammatory markers, 
we present IF as a possible intervention to help prevent atherosclerosis.   

1. Introduction 

Obesity is a complex, multifactorial condition that presents a major 
health burden [1]. According to The Obesity Society, obesity is a disease 
entity that not only increases the risk of debilitating diseases but also 
represents a serious condition by itself [2,3]. The increasing rates and 
global prevalence of obesity are largely attributed to a sedentary life
style and decreased physical activity. The World Health Organization 
(WHO) estimates that 39 % of adults above 18 years of age are over
weight or obese [1]. Extensive studies have demonstrated an association 

between obesity and chronic diseases, such as type 2 diabetes mellitus, 
cardiovascular diseases, nonalcoholic fatty liver disease, musculoskel
etal diseases and several malignancies [4]. One detrimental effect of 
obesity and its related comorbidities is a reduction in life expectancy and 
an increase in mortality [5,6]. Indeed, the median survival is reduced by 
8–10 years in individuals with body mass index (BMI) between 40 and 
45 kg/m2, and such reduction is largely attributed to obesity-related 
cardiovascular complications [7]. 

Adipose tissue is a loose connective tissue composed of adipocytes 
and stromal vascular fraction that comprises vascular endothelial cells, 
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preadipocytes, immune cells, fibroblasts, smooth muscle cells and blood 
cells. In addition to its role as a reservoir for energy storage, the adipose 
tissue also serves as an endocrine organ and secretes a number of bio
logically active molecules known as adipokines [8,9]. These molecules 
regulate various biological functions via autocrine, paracrine, and 
endocrine mechanisms. Interestingly, adipokines can have different and 
even opposite functions, and they are mainly grouped into ones with 
pro-inflammatory or anti-inflammatory properties [10]. 

Under healthy conditions, there is a balance between pro- 
inflammatory (i.e., tumor necrosis factor-alpha (TNF-α), Leptin, resis
tin, interleukins (IL-6, IL-18), among others) and anti-inflammatory (i. 
e., adiponectin) adipokines. However, obesity is associated with a shift 
in this balance in favor of pro-inflammatory adipokines, instigating a 
state of subclinical inflammation in obese patients. This dysregulation of 
adipokine secretion is a key player in the pathogenesis of obesity-related 
cardiovascular and metabolic disorders [11]. To this end, extensive ef
forts have been invested to evaluate the possibility of using adipokines 
as therapeutic targets in the fight against obesity-associated car
diometabolic morbidities. 

With the global rise in obesity rates, lifestyle modifications like diet 
changes or exercise can favorably modulate the risk of obesity- 
associated cardiovascular and metabolic diseases [12]. Dietary in
terventions cause weight loss by inducing a state of energy deficit, and 
this can be achieved by calorie restriction through intermittent energy 
restriction, modification of macromolecular diet composition, avoid
ance of specific foods or following specific dietary patterns [13]. IF in
cludes the cyclic alternation between fasting and unrestricted eating 
periods, and it includes three major types: time-restricted feeding (TRF), 
alternate-day fasting (ADF) and the 5:2 diet (Table 1). Interestingly, 
emerging evidence suggests that this type of dietary modification is 
effective in eliciting weight loss and improving insulin resistance [14]. 
In this review, we discuss the key adipokines associated with obesity, 
focus on the association between these adipokines and atherosclerosis, 
and present IF as a possible therapeutic intervention to reduce the risk of 
obesity-associated cardiometabolic diseases. 

2. Adipose tissue heterogeneity 

The adipose tissue plays a major role in maintaining energy hemo
stasis by virtue of its ability to buffer variations in energy supply and 
expenditure. During periods of excess nutrients, adipose tissue serves as 
a caloric reservoir, storing energy in the form of triglycerides. 
Conversely, during energy deficits, stored triglycerides are broken down 
into glycerol and fatty acids, which are then mobilized to other tissues to 
restore energy balance [15,16]. Beyond this role, accumulating evidence 
implicates the adipose tissue in modulating various physiologic and 
pathologic processes, including glucose and lipid metabolism, insulin 
sensitivity, whole-body inflammatory profile, and vascular endothelial 
function [15]. Contrarily, dysfunction of adipose tissue contributes to 
the metabolic and cardiovascular complications associated with obesity 
[16]. 

The adipose tissue can be classified into three main types, white 
adipose tissue (WAT), brown adipose tissue (BAT) and beige adipose 
tissue. WAT is the predominant form of AT in adults and serves as the 
primary site of energy storage and release. BAT, on the other hand, is 
confined to discrete regions in humans and is responsible for the dissi
pation of energy as heat. Beige adipose tissue consists of specialized 
adipocytes that emerge within white adipocytes in response to cold 
exposure, exhibiting characteristics similar to those of BAT [17]. 

WAT is primarily composed of white adipocytes, which are charac
terized by a single large lipid droplet and a relatively low number of 
mitochondria. This cellular makeup allows for a reduced oxidative po
tential and an enhanced capacity for lipid storage, thereby protecting 
against the potential harmful effects of lipids on peripheral tissues [18]. 
WAT’s role in energy balance regulation is evident through its ability to 
undergo dynamic changes in cellular composition, modulated by 
various metabolic and endocrine responses. In instances of excessive 
caloric intake, WAT responds to the positive energy balance by 
increasing both the number (hyperplasia) and size (hypertrophy) of 
adipocytes [19]. 

Development of obesity leads to an aberrant expansion of WAT, 
accompanied by detrimental alterations in the microenvironment of 
adipose tissue. These changes are accompanied by tissue inflammation, 
modified secretion of adipokines, and impaired insulin sensitivity [20]. 
Notably, it is widely acknowledged that adipose tissue expansion 
through hypertrophy is primarily implicated in the metabolic abnor
malities observed in obesity [21]. In this context, hypertrophic adipo
cytes eventually outgrow their blood supply, leading to local tissue 
hypoxia [22]. This promotes the expression of hypoxia-inducible factor 
(HIF)-1α, which in turn induces the production of pro-inflammatory and 
pro-fibrotic factors. Hypertrophic adipocytes also undergo necrotic 
changes, further intensifying the inflammatory [23]. As such, chronic 
low-grade inflammatory response becomes the hallmark of obese WAT, 
leading to alterations in populations and phenotypes of immune cells 
within the tissue environment. 

Inflamed adipose tissue display increased numbers of neutrophils, 
TH1 cells, CH4+and CH8+ T cells, and B cells [24]. Adipose tissue 
macrophages play rather significant roles in adipose tissue inflamma
tion, and the accumulation of pro-inflammatory immune cells promotes 
the M1 phenotype of macrophages. Induction of M1 phenotype leads to 
increased production of pro-inflammatory cytokines and free radicals, 
further exacerbating local inflammation and tissue [25]. 

It is abundantly evident now that adipose tissue inflammation trig
gers a systemic, chronic pro-inflammatory state that contributes to in
sulin resistance. In support of this notion, M1 macrophages have been 
shown to promote insulin resistance in obese humans [26], whereas 
elimination of M1 cells in obese animal models was sufficient to restore 
insulin sensitivity [27]. Insulin resistance in adipose tissue disrupts its 
capacity to store excess energy and leads to unregulated released of fatty 
acids. Consequently, ectopic fat accumulation occurs in vital metabolic 
organs such as the liver, skeletal muscle, and pancreas, thus promoting 
lipotoxicity and exacerbating insulin resistance in these organs [28]. 

Table 1 
Comparison of major types of intermittent fasting.  

Type of IF Description Fasting window Feeding window 

Alternate day 
fasting 
(ADF) 

Subjects consume 
25 % of their energy 
needs on the Fasting 
day and consume ad 
libitum the 
alternating day. 

24 h 24 h 

Modified 
intermittent 
fasting 

Subjects fast for a 
specified number of 
days per week where 
they limit their 
caloric intake to 25 
% of baseline. 
Subjects consume ad 
libitum the 
remaining days of 
the week. 
Example: 5:2 diet 
where subjects 
restrict their calories 
for two days and eat 
ad-libitum for five 
days. 

24 h/day for two 
nonconsecutive 
days 

24 h/day for five 
nonconsecutive 
days 

Time 
restricted 
feeding 
(TRF) 

Limiting calorie 
intake to a certain 
window of time 
every day and 
fasting the 
remaining of the day 

16/14/12 h 8/10/12 h  
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Moreover, aberrant adipose tissue remodeling in obese individuals is 
associated with disrupted adipokine secretion, which in turn accentu
ates cardiometabolic complications associated with obesity [29] 
(Fig. 1). 

BAT is a distinct type of adipose tissue found exclusively in mam
mals. It is highly vascularized and can generate heat through non
shivering thermogenesis. Unlike white adipocytes, brown ones possess 
multilocular lipid droplets and abundant mitochondria that express 
uncoupling protein 1 (UCP-1). This enables the uncoupling of cellular 
respiration from ATP synthesis, thereby generating energy in the form of 
heat [30]. In human infants, the major BAT depots are the cervical/ 
axillary and perirenal regions, and they serve to combat hypothermia 
and maintain adequate core temperature [31]. However, with advanced 
age, BAT diminishes and becomes difficult to identify. Nonetheless, 
based on advanced functional imaging techniques, hot spots of BAT have 
been consistently identified in the supraclavicular, cervical and para
vertebral regions of human adults [32–34]. 

The discovery of metabolically active BAT in adult humans has 
revitalized interest in understanding its function and potential role in 
weight control and cardiometabolic health. Evidence suggests that 
activation of BAT promotes weight loss and improves insulin resistance 
and dyslipidemia in mouse models of diet-induced obesity [35–37]. 
Moreover, BAT transplantation into obese mice has been associated with 
reduced adiposity and improved whole-body energy metabolism 
[38–40]. In line with this, BAT abundance is inversely correlated with 
body mass index in humans [33,34], and individuals with higher BAT 

activity have lower odds of developing cardiometabolic diseases [41]. 
Furthermore, cold-induced BAT activation is associated with increased 
energy expenditure and improved insulin sensitivity in hyper
insulinemic individuals [42,43]. 

Beige AT is a third type of adipose tissue characterized by the pres
ence of brown-like adipocytes within WAT depots. Similar to BAT, beige 
fat exhibits increased expression of UCP-1. The development of beige 
adipocytes within WAT depots, known as browning of WAT, can be 
induced by cold exposure or β-3 adrenergic agonist stimulation [44]. 
Induction of beige adipocytes in WAT appears to protect mice against 
diet-induced obesity [45–47]. Interestingly, the metabolic effects of 
brown and beige AT are not solely dependent on UCP-1 activity. For 
instance, studies on UCP-1 deficient mice have revealed resistance to 
diet induced obesity at room temperature [48,49]. Furthermore, trans
plantation studies in mice suggests that brown and beige adipose tissues 
have an endocrine role, evident by their release of metabolically active 
molecules which differ from those released by WAT. These molecules, so 
called batokines, regulate body weight and metabolic health by acting in 
an autocrine, paracrine and endocrine fashion [50]. 

3. Adipokines 

3.1. Adiponectin 

Adiponectin, originally recognized as an insulin-sensitizing hormone 
[51,52], is an adipokine that is mainly secreted by adipocytes of WAT 

Fig. 1. Changes in adipose tissue phenotype during obesity. Obesity is associated with adipose tissue dysfunction characterized by adipocyte hypertrophy and 
hyperplasia, adipocyte cell death and increased infiltration of pro-inflammatory immune cells. Furthermore, adipose tissue displays altered cytokine secretion 
pattern, increased insulin resistance and elevated Leptin/Adiponectin ratio. 
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[53]. It is a 30 kDa protein that consists of 244 amino acids, and it in
cludes four regions: an N-terminal signal sequence, a variable region, a 
collagenous domain, and a C-terminal globular domain [54–56]. Before 
its secretion into the circulation, adiponectin undergoes post- 
translational modification by glycosylation and hydroxylation, and is 
assembled into oligomeric forms (low molecular weight trimer, middle 
molecular weight (MMW) hexamer, high molecular weight (HMW) 
multimer) [57,58]. MMW and HMW isoforms account for the majority 
of circulating adiponectin [59]. 

Adiponectin exerts its effects on a variety of tissues, leading to an 
overall increase in insulin sensitivity and fatty acid oxidation, and a 
decrease in hepatic glucose production [60]. Though secreted by adi
pose tissue, serum levels of adiponectin are negatively correlated with 
BMI [61,62]. However, not all obese individuals exhibit hypo
adiponectinemia, and recent reports show that adiponectin levels are 
influenced by adipose tissue distribution [63]. Essentially, truncal fat, 
but not lower extremity fat, is associated with low adiponectin levels, 
suggesting that the metabolic dysfunction in patients with truncal 
obesity may be attributed in part to the low levels of adiponectin 
[64,65]. In this regard, low levels of adiponectin are associated with an 
increased risk of cardiometabolic disorders, including hypertension, 
insulin resistance and cardiovascular disease [66,67]. Consistent with 
these findings, adiponectin deficiency in adiponectin knockout mice 
results in the development of obesity-related disorders, which could be 

reversed by adiponectin replenishment [68–70]. 
Adiponectin exerts its actions by binding to its receptors, AdipoR1 

and AdipoR2 [71]. These are transmembrane proteins with an intra
cellular NH2-terminal domain and extracellular COOH domain [72]. 
While AdipoR1 is preferentially expressed in the skeletal muscles, Adi
poR2 is predominantly present in the liver [73]. In addition, both re
ceptors have been identified in other tissues, such as macrophages, 
endothelial cells, myocardium and pancreatic β cells [74,75]. And they 
both can mediate adiponectin effects regarding insulin sensitivity and 
glucose homeostasis. Transgenic mice that overexpress AdipoR1 or 
AdipoR2 exhibit enhanced glucose metabolism and insulin sensitivity, 
whereas knock-out (KO) mice of these two receptors suffer from glucose 
intolerance and insulin resistance [76]. Targeted disruption of AdipoR1 
appears to lead to decreased activity of the AMP-activated protein kinase 
(AMPK) signaling pathway, whereas AdipoR2 disruption causes a 
decreased adiponectin-induced peroxisome proliferator-activated re
ceptor alpha (PPAR-α) activation [77]. Surprisingly, AdipoR1 and Adi
poR2 do not necessarily exert redundant functions, and may sometimes 
elicit opposing effects. Indeed, while AdipoR1 KO mice exhibit glucose 
intolerance associated with increased adiposity and decreased energy 
expenditure, AipoR2 KO mice show improved glucose tolerance and 
resistance to high-fat-diet induced obesity [78]. 

The binding of adiponectin to its receptors provokes the activation of 
the adaptor protein APPL1, which contains a pleckstrin homology 

Fig. 2. Adiponectin signaling pathways. AdipoR1 and AdipoR2 serve as adiponectin receptors. Binding of adiponectin to either of its receptors activates adaptor 
protein APPL1. Activated APPL1 then initiates multiple signaling pathways through activation of AMPK, p38-MAPK and PPARα. APPL1 also interacts with IRS1/2 
and potentiates insulin signaling transduction. Adiponectin can also activate signaling cascades in an APPL1-independent manner through the activation of CaMKK- 
AMPK pathway. Moreover, adiponectin promotes ceramidase activity, thereby decreasing ceramide and preventing apoptosis. APPL1: Adaptor protein, phospho
tyrosine interacting with PH domain and leucine zipper 1; AMPK: AMP-activated protein kinase; p38-MAPK: p38 mitogen-activated protein kinase; PPARα: 
Peroxisome proliferator-activated receptor alpha; IRS: Insulin receptor substrate; PI3K: Phosphoinositide 3-kinase; CaMKKB: calcium/calmodulin-dependent protein 
kinase kinase B. 
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domain, a phosphotyrosine domain, and a leucine zipper motif that 
interact with the intracellular domain of the receptors [79]. Activated 
APPL1 then initiates a complex signal transduction that results in the 
activation of PPAR-α, MAPK and AMPK signaling pathways [80]. One 
other important role of APPL1 is its mediation of the insulin-sensitizing 
role of adiponectin. Indeed, once activated, APPL1 recruits and com
plexes with insulin receptor substrate 1/2 (IRS1/2) and Akt, which then 
translocates to the plasma membrane where it modulates insulin sensi
tivity through the insulin receptor signaling pathway [81]. Notably, 
adiponectin can activate signaling cascades in an APPL1-independent 
manner by promoting Ca2+ accumulation in the cytoplasm. This acti
vates calmodulin-dependent protein kinase kinase B (CaMKKB), which 
in conjugation with liver kinase B1 (LKB1), activates AMPK [82]. 
Moreover, adiponectin can potentiate ceramidase activity, which 
prompts the conversion of ceramides to sphingosine 1-phosphate (S1P), 
thereby improving insulin sensitivity and preventing apoptosis in car
diomyocytes, pancreatic β-cells and hepatocytes (Fig. 2) [83]. 

Numerous studies demonstrate that adiponectin exerts anti- 
atherogenic effects. For instance, increased serum adiponectin is asso
ciated with regression of atherosclerotic lesions in apolipoprotein E- 
deficient (apoE− /− ) mice. Indeed, adiponectin suppresses the expression 
of vascular cell adhesion molecule-1 (VCAM-1), class A scavenger re
ceptor, and TNF-α without affecting CD36 expression [84]. In human 
coronary artery endothelial cells (HCAECs), adiponectin can also sup
press vascular endothelial growth factor (VEGF)-induced signaling 
pathways and HCAEC migration via cellular cyclic adenosine mono
phosphate (cAMP)/protein kinase A (PKA) pathway [85]. As for its ef
fects on macrophages, adiponectin inhibits foam cell formation by 
suppressing the expression of class A macrophage scavenger receptor 
(MSR) [86]. Consistent with these findings, clinical studies confirm the 
anti-atherogenic role of adiponectin by showing that in patients with 
coronary artery disease, serum adiponectin is inversely associated with 
disease severity and serum triglycerides level [87,88]. Contrarily, low 
serum adiponectin levels in non-diabetic patients correlate with intimal 
thickening, lipid-rich plaque and atherogenic serum lipoproteins profile 
(elevated low-density lipoproteins (LDL) and triglycerides, and low 
high-density lipoprotein cholesterol (HDL) [89]. Together, these studies 
show the potency of adiponectin in ameliorating the atherosclerotic 
phenotype. 

3.2. Leptin 

Leptin is a 167-amino acid polypeptide hormone that is encoded by 
the ob gene and is mainly expressed and secreted by the WAT adipocytes 
[90]. Originally identified for its role in regulating body weight and 
energy homeostasis, leptin suppresses energy intake by acting on the 
hypothalamus. In ob/ob mice, leptin deficiency results in hyperphagia 
and severe obesity [91]. In addition to appetite regulation, leptin has 
pleiotropic effects affecting a variety of body functions, such as blood 
pressure, glucose and lipid metabolism, immune function, behavior, 
reproduction, among others [92]. Serum leptin levels positively corre
late with adipose tissue mass and BMI, and the energy state, in turn, 
regulates leptin secretion. As such, obese individuals have higher levels 
of circulating leptin [93], and hormone secretion is markedly decreased 
during starvation and increased by re-feeding [94]. Despite its high 
serum levels, leptin fails to suppress appetite in obese individuals, sug
gesting that its physiologic functions are impaired in obese populations 
[95]. 

Leptin receptor (LepR) belongs to the family of class I cytokine re
ceptors. Six isoforms of LepR (a-f) have been identified and are classified 
into three groups: long-form (LepRb), short form (LepRa, c, d, f) and 
secretory form (LepRe) [96,97]. All LepR isoforms have a common 
extracellular domain, which is a ligand-binding domain. LepRe is a 
soluble form that is secreted into the bloodstream; it serves as a carrier 
protein for the hormone and regulates its serum concentration. Long and 
short isoforms share a common transmembrane domain, and they differ 

by the length of their intracellular domain. LepRb intracellular domain 
contains motifs that activate Janus kinase (JAK) / signal transducer and 
transcriptional activator (STAT), phosphatidylinositol 3-kinase (PI3K) / 
protein kinase B (Akt), AMPK, extracellular signal-regulated kinase 
(ERK) and IRS signaling pathways. Short isoforms (LepRa) have only 
some of these motifs (Fig. 3) [98,99]. As such, LepRb appears to be the 
major mediator of leptin biological effects. 

db/db mice are animal models with a mutation in the gene encoding 
the leptin receptor. They synthesize a truncated transcript of LepRb with 
a short intracellular domain, which produces a phenotype like that of 
ob/ob mice. These mice are unable to relay leptin signals, despite 
elevated serum leptin levels. This leads to morbid obesity, diabetes, 
hypothalamic hypogonadism and elevated levels of glucocorticoids 
[100]. The hypothalamic arcuate nucleus (AN) is a major site of action 
for leptin-mediated control of energy hemostasis. Leptin binds to LepRb 
expressed on anorexigenic proopiomelanocortin (POMC) neurons and 
orexigenic agouti-related peptide (AgRP)/neuropeptide Y (NPY) neu
rons of the AN, and leptin signaling activates POMC neurons and inhibits 
AgRP/NPY neurons, thereby promoting satiety [101,102]. 

The effects of leptin on the cardiovascular system vary according to 
the state of health and disease. Under healthy conditions, leptin appears 
to exert a protective role against cardiovascular events [103]. However, 
disruption of leptin signaling in obese individuals impairs the hormone’s 
ability to maintain cardiometabolic health. Several studies have 
demonstrated that hyperleptinemia is associated with insulin resistance 
and cardiovascular diseases like hypertension, cardiac hypertrophy, 
congestive heart failure and coronary artery disease [95,104]. More
over, available data emphasize the role of leptin resistance in potenti
ating obesity-associated endothelial dysfunction [105,106]. In this 
context, it is also noted that leptin resistance contributes to atherogen
esis in obese patients [107]. The underlying molecular mechanisms 
appear to be based on animal studies which show that leptin upregulates 
caveolin-1 expression in vascular endothelial cells, which impairs leptin- 
dependent ERK1/2 and eNOS activation [108]. Moreover, it has been 
found that apoE mediates leptin-induced ROS formation and smooth 
muscle cell proliferation by stabilizing caveolin-1 enriched cell mem
brane microdomains [109]. 

3.3. Resistin 

Resistin is an adipocytokine that was originally identified in mice by 
virtue of its role in resisting insulin action, and it has been proposed as a 
link between obesity and diabetes. Human resistin is a 12.5 kDa poly
peptide comprising 108 amino acids. It is encoded by the RETN gene on 
chromosome 19. Unlike rodent resistin, human resistin is mainly 
secreted by peripheral blood mononuclear cells (PBMCs) and macro
phages and, in small amounts, by adipocytes. Similar to adiponectin, 
human resistin circulates in different high and low molecular weight 
isoforms [110]. 

Resistin-specific receptors have not yet been identified, but evidence 
suggests that Toll-like receptor 4 (TLR4) and adenylyl cyclase-associated 
protein 1 (CAP1) can serve as functional receptors for resistin in humans 
[111,112]. In the hypothalamus, the direct binding of resistin to TRL4 
results in the activation of pro-inflammatory pathways and insulin 
resistance [113]. Moreover, resistin binding to CAP1 in monocytes 
upregulates the cAMP/protein kinase A (PKA) signaling pathway and 
promotes the expression of NF-κB-related inflammatory cytokines, such 
as IL-6 and TNF-α [110,111]. 

The inflammation-promoting role of resistin suggests that the hor
mone plays a vital role in chronic inflammatory disorders, such as 
obesity, insulin resistance and atherosclerosis. In atherosclerotic lesions, 
infiltrating macrophages secrete resistin, which exerts its effects on 
endothelial cells and vascular smooth muscle cells (VSMCs) [114]. 
Endothelial cells exposed to resistin show increased expression of 
intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion 
molecule-1 (VCAM-1) via p38MAPK activation, which in turn enhances 

M. Al Zein et al.                                                                                                                                                                                                                                



Biochemical Pharmacology 218 (2023) 115876

6

monocyte-endothelial cell adhesion [115]. Resistin also increases the 
expression of proinflammatory mediators by endothelial cells, such as 
endothelin-1 and matrix metalloproteinases, and downregulates endo
thelial nitric oxide synthase [116,117]. Furthermore, resistin drives 
VSMC proliferation and migration, increases lipid accumulation in 
macrophages, promotes foam cell formation, and stimulates platelet 
activation [118,119]. In addition to its proatherogenic role, resistin 
promotes insulin resistance and increases the risk for type 2 diabetes, 
independent of other risk factors [120]. Resistin has also been impli
cated in other cardiometabolic diseases, such as congestive heart failure, 
hypertension, and ischemic strokes [121]. 

3.4. TNF-α 

Tumor necrosis factor alpha (TNF-α) is a pleiotropic cytokine that is 
predominantly produced by monocytes and macrophages, as well as 
other cell types, including neutrophils, endothelial cells, adipocytes and 

cardiac muscle cells [122]. Originally identified for its role in causing 
hemorrhagic necrosis of certain tumor types in rodents, TNF-α has been 
implicated in a variety of inflammatory conditions, such as cardiovas
cular diseases, infections, some cancers, rheumatologic conditions and 
neurodegenerative diseases [123]. Its role in inflammation is demon
strated by the efficacy of TNF-α inhibitor therapy in the treatment of 
various inflammatory diseases such as rheumatoid arthritis and in
flammatory bowel disease [124]. 

Cellular responses to TNF ensue upon its binding to its receptors, 
TNFR1 and TNFR2. These are transmembrane proteins with cysteine- 
rich domains (CRD) in their extracellular portion [125]. While TNFR1 
is expressed on almost all cell types, TNFR2 is expressed mainly on 
hematopoietic cells [126]. TNFR1 is a death receptor that contains a 
death domain (DD), allowing the receptor to interact with other DD- 
containing cytoplasmic proteins. TNFR2, on the other hand, lacks DD 
and interacts with TNF-associated factor (TRAF). Activation of TNFR1 
results in programmed cell death pathways and NFκB-mediated pro- 

Fig. 3. Leptin signaling pathways. Leptin binding to LepRb triggers conformational change in the receptor, which result in receptor dimerization and activation of 
JAK2. Activated JAK2 phosphorylates 3 conserved tyrosine residues within the cytoplasmic domain of LepRb (Tyr985, Tyr1077, Tyr1138), each serving as a binding site 
for Src homology 2 (SH2) domain. Phosphorylated Tyr985 (highlighted in orange) binds to the SH2 domain of SHP2, which promotes the activation of leptin- 
stimulated ERK pathway. Phosphorylated Tyr1077 (highlighted in green) results in the activation of STAT5, while Phosphorylated Tyr1138 (highlighted in red) 
mediates the activation of STAT3. Activated STAT3 autophosphorylates itself, forms a dimer and translocates to the nucleus where it upregulates the expression of 
target genes, including SOCS3. SOCS3 then negatively regulates leptin-mediated JAK/STAT signaling by inhibiting the phosphorylation of tyrosine residues. Besides 
JAK/STAT signaling pathway, leptin-induced activation of JAK2 upregulates other signaling pathways, including IRS/PI3K, MAPK and AMPK. JAK2: Janus kinase 2; 
STAT3: Signal transducer and activator of transcription 3; STAT5: Signal transducer and activator of transcription 5; SOCS3: Suppressor of cytokine signaling 3; IRS: 
Insulin receptor substrate; PI3K: Phosphoinositide 3-kinase; AMPK: AMP-activated protein kinase; MAPK: mitogen-activated protein kinase. 
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inflammatory pathways. However, TNFR2 activation is only associated 
with the activation of NFκB pathway [127]. 

TNF-α expression is not constitutive but rather induced by inflam
matory triggers, and its increased serum levels are observed during 
acute and chronic inflammatory conditions. Interestingly, expression of 
TNF-α is upregulated in the adipose tissue of obese individuals [128], 
and weight loss has been associated with decreased cytokine levels 
[129]. Moreover, a high level of TNF- α is proposed to contribute to 
obesity-related insulin resistance [130]. Indeed, the lack of TNF-α or its 
receptors protects obese mice against insulin resistance. At the cellular 
level, TNF-α reduces the expression of insulin-regulated glucose trans
porter type 4 (GLUT-4) in adipose tissue and skeletal muscle cells. This 
cytokine also triggers the phosphorylation of IRS-1 and IRS-2 through a 
MAPK-dependent pathway, which renders them inactive and impairs 
insulin signaling [131]. 

Accumulating evidence suggests that TNF- α plays a central role in 
the pathogenesis of atherosclerosis [132–136]. TNF- α stimulates the 
release of inflammatory mediators by the endothelial cells and leuko
cytes [137], as well as the expression of endothelial ICAM-1 and VCAM- 
1 [138]. Moreover, VSMCs exposed to TNF- α undergo abnormal pro
liferation and migration [139]. Its effects on lipid metabolism are 
evident by the notion that it increases the transcytosis of LDL across 
endothelial cells, thus leading to LDL retention in vascular walls [140]. 
These findings demonstrate the active role of TNF- α in the progression 
of atherosclerosis [141]. Not surprisingly, others reports that high levels 
of TNF- α are associated with an increased risk of heart failure [142]. In 
patients with myocardial infarction, elevations of TNF-α were associated 
with an increased risk of recurrent coronary events [143]. 

3.5. Fibroblast growth factor 21 

Fibroblast growth factor 21 (FGF21) functions as an endocrine hor
mone, is primarily secreted by the liver, and it elicits favorable effects on 
both glucose and lipid metabolism. FGF-21 can also be secreted from 
other metabolic tissues, including the pancreas, gastrointestinal tract, 
and adipose tissue. This extrahepatic secretion of FGF21 is mostly pro
voked by specific physiological triggers such as fasting, exercise, cold 
exposure, alongside several metabolic disorders like obesity and type 2 
diabetes[144]. FGF21 operates by activating FGFR1c in conjunction 
with β-Klotho as a cofactor, both of which are predominantly expressed 
in the adipose tissue [145]. In support of this notion, systemic admin
istration of FGF21 into mouse models characterized by diet-induced or 
genetically induced obesity resulted in increased energy expenditure, 
improved glucose tolerance, and the restoration hyperinsulinemia and 
hypertriglyceridemia [146,147]. These effects, however, were attenu
ated upon selective ablation of either FGFR1c or β-Klotho [148,149]. 
Moreover, lipodystrophic mice treated with recombinant FGF21 showed 
resistance to the molecule’s beneficial effects on body weight, insulin 
sensitivity and lipid profile. Importantly, these effects were restored 
following adipose tissue transplantation [150]. 

Of note, adiponectin appears to be an important effector of FGF21 in 
WAT and mediates the effects of FGF21 on insulin sensitivity in liver and 
skeletal muscle. FGF21 administration in non-human primates and in
dividuals with type 2 diabetes promptly elevated adiponectin levels 
[149,151,152]. Moreover, adiponectin-knockout mice showed resis
tance to FGF21-induced changes in energy expenditure, insulin sensi
tivity or lipid profile [153,154]. Furthermore, accumulation of 
intracellular lipids, including the sphingolipid ceramide, is implicated in 
the development of in insulin resistance within insulin-responsive tis
sues. Remarkably, FGF21 administration abrogated the accumulation of 
ceramide in obese animals, but this action was dependent on the pres
ence of adiponectin [154]. Thus, the FGF21-adiponectin-ceramide axis 
emerged as a potent regulator of glycemic control and insulin sensitivity 
[154]. 

Within the context of atherosclerosis, FGF21 ameliorates hypercho
lesterolemia by suppressing the hepatic expression of sterol regulatory 

element-binding protein-2, a transcription factor involved in cholesterol 
biosynthesis [155]. Additionally, FGF21-elevated levels of adiponectin 
alleviates atherosclerotic plaque formation via suppressing endothelial 
dysfunction, proliferation and migration of smooth muscle cells, and 
uptake of oxidized LDL by macrophages [156]. Recent evidence have 
also highlighted FGF21′s role in fortifying defenses against oxidative 
stress. For instance, FGF21 suppressed the cytotoxic and apoptotic ef
fects of hydrogen peroxide in human umbilical vein endothelial cells 
(HUVECs). Furthermore, in atherogenic rat models, FGF21 exerts an 
anti-oxidant activity manifested by elevated levels of superoxide dis
mutase, reduced glutathione, and decreased malondialdehyde [157]. In 
light of its multifaceted impact on key aspects of atherosclerosis, ranging 
from lipid regulation and plaque formation to oxidative stress mitiga
tion, FGF21 emerges as a promising therapeutic target in the fight 
against this disease. 

3.6. Osteopontin 

Osteopontin (OPN) is a 40–80 kDa glycoprotein that belongs to the 
small integrin-binding ligand N-linked glycoprotein (SIBLING) family. It 
was initially identified in the bovine osteoid matrix, where it was noted 
for its capacity to serve as a link between cells and hydroxyapatite 
crystals within the bone tissue [158]. Functionally, OPN operates as an 
extracellular matrix protein, engaging with cell surface receptors like 
integrins to orchestrate crucial physiological processes including bone 
mineralization, inflammation, and tissue remodelling. Given its 
involvement in inflammatory pathways, it is not surprising that OPN is 
clinically linked to chronic conditions such as rheumatoid arthritis, 
Crohn’s disease, cancer and cardiovascular disorders. 

In the adipose tissue, OPN is secreted by adipocytes and stromal 
vascular cells, predominantly macrophages. Several studies have lucidly 
correlated OPN with obesity-related adipose tissue inflammation and 
systemic insulin resistance. The expression of OPN in the adipose tissue 
of high-fat-diet or genetically obese mice is increased by 40 and 80 folds, 
respectively [159]. Likewise, murine models exposed to diet-induced 
obesity show increased OPN expression in macrophages infiltrating 
the adipose tissue [160]. Interestingly, contrasting findings emerged 
among obese mice that have OPN deficiency due to loss-of-function 
mutations or OPN-neutralizing antibodies. Such mice exhibited 
decreased macrophage infiltration in adipose tissue, accompanied by 
decreased adipose tissue expression of inflammatory markers such as IL- 
6, TNF-α, MCP-1, and iNOS [160,161]. Attenuation of obesity- 
associated adipose tissue inflammation conferred protection against 
high fat diet-induced insulin resistance [162]. Notably, OPN deficiency 
had no impact on diet-induced obesity or energy expenditure [160]. 

Expression of OPN is known to increase in human atherosclerotic 
plaques [163,164]. This heightened expression significantly contributes 
to ulceration, instability and inflammation of plaques in patients who 
underwent carotid endarterectomy [165]. Moreover, serum OPN levels 
are higher in patients with acute coronary syndrome when compared to 
those with chronic coronary syndrome, supporting the positively cor
relation between OPN and rapid plaque progression or in-stent reste
nosis [166]. 

There are different mechanisms by which OPN promotes the pro
gression of atherosclerosis. For instance, sustained expression of OPN 
stimulates proliferation and migration of VSMCs in atherosclerosis and 
neointimal hyperplasia, thus substantiating plaque formation [167]. 
Additionally, OPN augments plaque inflammation through its ability to 
recruit and activate macrophages via integrins or CD-44 receptors 
[167]. In line with this, OPN deficiency has been shown to suppress the 
development of atherosclerosis in atherogenic apoE− /− mice models 
[168,169]. 

3.7. Apelin 

Apelin is an endogenous peptide that acts through its G protein 
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coupled receptor APJ. Both Apelin and APJ are widely expressed in 
various peripheral tissues including the lung, heart, liver and several 
endocrine system organs, as well as in distinct brain areas [170]. 
Notably, apelin secretion has been detected in human and murine adi
pocytes, leading to its classification as an adipokines [171]. Activation 
of APJ triggers a multitude of physiological effects across a diverse 
spectrum of organs. These effects encompass the regulation of cardio
vascular functions, angiogenesis, fluid hemostasis, and the overall 
metabolism of the entire body [170]. In particular, the apelin/APJ 
pathway modulates cardiovascular homeostasis, manifesting in the 
reduction of hypertension, protection against myocardial infarction, and 
mitigating cardiac remodeling [172]. Apelin/APG signal through the 
pro-survival kinases PKC and ERK ½ to induce the opening of sodium 
and calcium channels, resulting in a favorable inotropic effect on the 
myocardium [173]. Additionally, apelin prompts vasodilation by stim
ulating endothelial cells to release nitric oxide through the activation of 
the Akt pathway. This action effectively counteracts the renin- 
angiotensin-aldosterone system system and consequentially mitigates 
hypertension [174]. 

Although apelin is synthesized by adipocytes, the association be
tween apelin and obesity have been inconclusive. Several investigations 
involving obese individuals have reported elevated apelin levels in 
comparison to non-obese controls [175]. However, differing studies 
have surfaced as well, particularly in the context of pubertal obesity. 
Specifically, obese boys were observed to possess lower apelin levels 
during puberty when contrasted with their lean counterparts [176]. 
Conversely, within the same study, obese girls displayed higher levels of 
apelin. This phenomenon could potentially be attributed to the interplay 
between sex hormones and apelin [176]. Notably, a correlation was 
identified between the decline in apelin levels and the concurrent in
crease in testosterone and DHEAS among obese boys during puberty 
[177,178]. Interestingly, the increase in apelin in obese individuals was 
found to be related specifically to insulin resistance and hyper
insulinemia. In fact, it has been proposed that heightened plasma apelin 
might serve as a compensatory mechanism aimed ameliorating insulin 
resistance. This role is further highlighted by the positive correlation 
between elevated apelin and improved glycemic control as well as 
enhanced insulin sensitivity in individuals with type 2 diabetes [179]. 
Remarkable, when insulin resistance is decreased following weight loss 
interventions, apelin levels tend to normalize [180]. 

3.8. Visfatin 

Visfatin, recently discovered adipokines, is secreted by adipocytes, 
macrophages and inflamed endothelial cells. Although the name “vis
fatin” initially implied its production by visceral fat, studies have shown 
that it is also produced by subcutaneous fat [181]. It is now acknowl
edged that visfatin acts as a nicotinamide phosphoribosyltransferase 
(Nampt), catalyzing the rate-limiting step in the salvage pathway that 
synthesizes nicotinamide adenine dinucleotide (NAD+), an essential 
coenzyme involved in multiple redox reactions in humans [182]. 

Recent investigations have revealed the significant role of visfatin in 
cardiovasculo-metabolic disease, including atherosclerosis [183,184]. It 
has been proposed that visfatin’s insult to the vascular endothelia is a 
contributing factor in atherosclerosis. Apparently, visfatin enhance 
sendothelial cell proliferation and migration, potentially via VEGF and 
VEGF receptors [185]. Visfatin also stimulates the production of mole
cules like IL6 and fibroblast growth factor-2 (FGF-2), which can drive 
angiogenesis [186]. By decreasing the levels of matrix metalloproteinase 
inhibitors, visfatin upregulates matrix metalloproteinases, which then 
increases extracellular matrix degradation and enhances angiogenesis 
[185]. Additionally, visfatin promotes inflammation by activating the 
NF-кB pathway [187]. In line with this, elevated visfatin levels have 
been associated with increased homocysteine, a marker of endothelial 
dysfunction, and the formation of unstable atherosclerotic lesions in 
patients with coronary artery disease [188]. Likewise, high visfatin 

levels are correlated with advanced carotid atherosclerosis in patients 
with type 2 diabetes, as evidenced by increased intima-media thickness 
in the carotid artery [189]. Together, these studies support a role for 
visfatin in the pathogenesis of atherosclerosis. 

4. Metabolic changes during IF 

It is now established that caloric restriction devoid of malnutrition 
increases longevity across a diverse spectrum of organisms including 
yeasts, drosophila, nematodes, and non-human primates.[190] 
Furthermore, caloric restriction can mitigate the emergence of age- 
associated pathologies, including but not limited to diabetes mellitus, 
cardiovascular diseases, and cancers [191,192]. The beneficial effects 
ensuing from caloric restriction has been attributed to its ability to 
attenuate the generation of reactive oxygen species.[193]. More 
recently, a wealth of data has illuminated the significant roles played by 
both the timing of dietary intake and the composition of the ingested 
regimen in optimizing health outcomes, thereby dismantling the con
ventional notion that longevity promotion is solely reliant upon caloric 
restriction [194]. With the increasing popularity of IF diets in the realm 
of enhancing cardiometabolic health, there has been increased emphasis 
on the concomitant metabolic adaptations that accompany the fasting 
state. One of the proposed mechanisms through which IF may exert its 
health benefits is by inducing a metabolic switch from glucose utiliza
tion to fatty acid-derived ketones as an energy source. Indeed, studies on 
animal models and human subjects have demonstrated that this meta
bolic switching represents an evolutionary cornerstone with the capac
ity to improve health and increase disease resistance [195]. 

The liver and adipose tissue function as primary energy reservoirs 
within the human body. The glucose-fatty acid cycle, as proposed by 
Randle et al., illustrates the dynamic competition between glucose and 
fatty acids for oxidation during feeding and fasting periods, a process 
that is finely modulated by hormonal regulation of their concentrations 
in the circulation [196]. Following periods of food intake, glucose levels 
in the circulation abruptly increase. In response, pancreatic islets in
crease insulin secretion while reducing glucagon secretion. The 
increased insulin/glucagon ratio promotes hepatic glycogenesis and 
enhances glucose uptake and oxidation in muscle tissue. Simulta
neously, the release of fatty acids and glycerol from adipose tissue is 
inhibited, effectively reducing the formation of ketone bodies in the 
liver. Consequently, glucose serves as the immediate energy source, 
while triglycerides are stored in adipose tissue after a meal [197]. 
During fasting intervals, hepatic glycogen reserves gradually deplete, 
and the contribution of carbohydrate oxidation to overall energy 
expenditure slowly declines. In tandem, blood insulin levels decrease, 
while concentrations of catabolic hormones such as glucagon, cortisol 
and norepinephrine rise. Hepatic metabolism shifts from glycogenesis to 
gluconeogenesis to maintain blood glucose levels. In parallel, lipolysis is 
augmented, leading to an increased reliance on adipose tissue-derived 
fat as the principal substrate for energy [198]. Triglycerides are 
broken into fatty acids and glycerol, which subsequently fuel energy 
production. The liver facilitates the conversion of fatty acids into 
β-hydroxybutyrate and acetoacetate, collectively known as ketone 
bodies. These ketone bodies are then released into the bloodstream, 
serving as a significant energy sources for various body tissues, espe
cially the brain [199]. This is evident through the continuous increase in 
ketone body concentrations during fasting. This cyclic transition in ad
ipose tissue metabolism during intermittent fasting, known as metabolic 
switch, triggers a series of well-coordinated cellular and systemic ad
aptations that enhance functionality and bolster resistance against dis
ease [200]. 

Importantly, the role of ketone bodies goes beyond being mere 
alternative energy substrates. Elevated ketone levels can trigger 
signaling pathways that activate protective mechanisms within cells 
[201]. During periods of food abstinence, the metabolism of ketone 
bodies induces controlled mitochondrial stress, characterized by 
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augmented production of reactive oxygen species and increased ratios of 
NAD+/NADH and AMP/ATP. This state of moderated oxidative stress 
elicits a danger signal response via the activation key molecules regu
lating cell-protective activities. These include adenosine mono
phosphate (AMP)-activated protein kinase (AMPK), peroxisome 
proliferator-activated receptor coactivator 1α (PGC-1α), sirtuins, and 
nuclear factor erythroid 2-related factor 2 (Nrf2), among others. 
Importantly, reactive oxygen species generated by ketone bodies 
interact with the reactive cysteine residues of Kelch-like ECH-associated 
protein 1 (KEAP1), As a result, Nrf2 evades Keap1-mediated proteaso
mal degradation, leading to the accumulation of Nrf2 [202]. Nrf2 then 
translocates to the nucleus, where it regulates gene expression by 
binding to the antioxidant response element (ARE) in the promoter re
gion of antioxidant genes such as heme oxygenase 1 and NAD(P)H: 
quinone oxidoreductase [203]. Furthermore, Nrf2 attenuates inflam
mation and oxidative damage by suppressing the activity of nuclear 
factor-κB (NF-κB) [204]. The reduction in the NAD+/NADH ratio, which 
constitutes another danger signal induced by ketone bodies, leads to the 
activation of NAD-dependent histone decacetylase sirtuins 1 and 3 
[205]. These enzymes, in turn, upregulate the expression of antioxidant 
and anti-inflammatory genes. Concurrently, the reduced AMP/ATP ratio 
upregulates AMP-activated protein kinase (AMPK), which also enhances 
cell-protective activities [206]. Collectively, the activation of these 
cellular pathways results in increased anti-inflammatory and anti- 
oxidant activity, augments mitochondrial function and supports DNA 
repair processes [207]. 

Metabolic alterations induced by intermittent fasting (IF) diets have 
been demonstrated to beneficially impact lipid profiles. In animal 
models of diet-induced obesity, IF over a 12-week period within a 24- 
week high-fat, high-sugar diet regimen resulted in a notable decrease 
in LDL levels in comparison to control group [208]. In human studies, a 
systematic review and meta-analysis of clinical trials exploring the in
fluence of intermittent energy restriction on lipid profiles revealed sig
nificant reductions in total cholesterol, LDL cholesterol (LDL-C), and 
triglyceride concentrations, as well as a significant increase in HDL-C 
[209]. Consistently, another systematic review and meta-analysis 
demonstrated that intermittent fasting favorably reduces total choles
terol, LDL-C, and triglycerides. Notably, there were no substantial 
changes observed in HDL-C levels [210]. 

5. Effect of IF on atherosclerosis 

Atherosclerosis is a chronic inflammatory disease characterized by 
the buildup of fibrofatty deposits in the inner walls of medium and large- 
sized arteries. It is the leading cause of vascular disease worldwide 
[211]. The development of atheromatous plaques causes arteries to 
narrow thus impeding blood flow. Such narrowing can precipitate 
ischemic heart disease, ischemic stroke and peripheral artery disease. 
Moreover, rupture of the atheromatous plaque can cause acute coronary 
syndromes and cerebrovascular events. This greatly contributes to the 
significant morbidity and mortality associated with atherosclerosis 
[212]. 

An initiating event in atherosclerosis has been suggested to be 
endothelial dysfunction secondary to chronic exposure to cardiovascular 
disease risk factors. Indeed, impaired endothelial function results in the 
accumulation of LDL in the subendothelial area, where they are sus
ceptible to oxidative modification to form ox-LDL. This ox-LDL, in turn, 
triggers an inflammatory response that provokes the expression of 
adhesion molecules and the release of chemoattractant by endothelial 
cells. This leads to the recruitment of leukocytes, mainly monocytes, 
which then differentiate to macrophages that express MSRs and inter
nalize ox-LDL, forming foam cells. Infiltrating leukocytes release in
flammatory cytokines and growth factors that promote smooth muscle 
cell proliferation, migration, and extracellular matrix molecules depo
sition. Together, this increase in phenotypic switch leads to the forma
tion of an atherosclerotic plaque [213,214]. 

Adipose tissue dysfunction, characterized by the upregulation of pro- 
inflammatory adipokines and downregulation of anti-inflammatory 
adipokines, plays an important role in the pathogenesis of atheroscle
rosis. IF has been shown to reduce oxidative stress and inflammation in 
the cardiovascular system, thus decreasing the risk of atherosclerosis 
(Fig. 4). Multiple animal studies consistently support the anti- 
atherogenic effects of IF. For instance, TRF appears to attenuate diet- 
induced obesity and inflammation, while improving atherogenic 
indices in mice fed on high-fat diet [215–217]. Moreover, obese mice on 
a high-fat diet exhibited improved endothelial function after six weeks 
on a TRF diet [218]. Surprisingly, two recent studies reported that 
despite suppressing weight gain, liver adiposity, and cholesterol levels, 
TRF failed to decrease atherosclerotic plaques in hypercholesterolemic 
apoE− /− mice [219,220]. These findings suggest that the effects of TRF 
on atherosclerosis may be complex and influenced by other factors 
[219,220]. 

ADF, on the other hand, can reduce atherosclerotic plaque size in the 
aortic root of apoE− /− mice, but only under a regular chow diet. How
ever, it failed to alleviate atherosclerosis induced by a high-fat, high- 
cholesterol diet [221]. In contrast, a 3:1 IF diet has demonstrated pro
tective effects against high-fat diet-induced atherosclerosis in pro- 
atherogenic low-density lipoprotein receptor deficient (LDLR− /− ) 
mice. This diet resulted in decreased atherosclerotic lesions and 
increased plaque stability [222]. In humans, the anti-atherogenic role of 
IF is reflected by its effects on serum adipose tissue parameters, where it 
increases the level of anti-inflammatory cytokines (e.g. adiponectin) and 
decreases the level of pro-inflammatory adipokines (e.g. leptin, resistin 
and TNF-α) (Table 2) [223]. Several studies conducted in various animal 
models also confirm the anti-atherogenic effect of IF. More recently, it 
was clearly shown that IF resolves atherogenic dyslipidemia in mice 
[224]. Furthermore, IF can robustly suppress high fat-diet induced 
atherosclerosis in pro-atherogenic mice by virtue of its ability to favor
ably modulate hypercholesterolemia and monocyte activity [225]. 

Adiponectin plasma concentration is negatively correlated with BMI, 
and hypoadiponectinemia is associated with an increased risk of 
atherosclerosis. IF, on the other hand, augments the secretion of adi
ponectin by adipocytes [226]. Supportedly, mice kept on an IF diet for 
three months had a two-fold elevation in circulating adiponectin plasma 
concentration when compared to mice on an ad libitum diet [227]. 
However, in human studies, there is considerable heterogeneity 
regarding the effect of IF on adiponectin levels. A systematic review and 
meta-analysis of 12 trials reported a significant increase in adiponectin 
levels with IF, which was not associated with a significant reduction in 
fat mass [228]. Conversely, another systematic review and meta-analysis 
demonstrated that energy-restricted regimens, rather than IF, led to 
increased adiponectin levels. Furthermore, such increase was more 
pronounced when energy intake was restriced to ≤ 50 % normal 
required daily energy intake [229]. The observed heterogeneity among 
the included studies may be attributed to differences in the dietary 
intervention protocols, duration of interventions, and characteristics of 
the study subjects. 

Several studies demonstrate an association between IF and a 
decrease in serum pro-atherogenic adipokines. For instance, a meta- 
analysis revealed that IF during Ramadan is associated with a significant 
decrease in leptin levels, particularly among normal-weight individuals 
compared to overweight/obese individuals [230]. Additionally, two 
other meta-analyses also supported the effectiveness of IF diets in 
reducing leptin levels [228,229]. In line with this, IF has also been 
shown to decrease resistin levels. For instance, mice on ADF exhibit 
lower resistin concentrations compared to animals on an ad libitum diet 
[231]. Similarly, a reduction in resistin levels after a 4-week ADF diet in 
obese individuals has been documented [226]. However, the effects of IF 
on inflammatory biomarkers have yielded inconsistent results. A sys
tematic review and meta-analysis indicated that IF during Ramadan is 
associated with significant but small reductions in C-reactive protein 
(CRP), TNF-α, and interleukin 6 (IL-6) [232]. Conversely, another 
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systematic review of randomized controlled trials failed to detect sig
nificant reductions in TNF-α and IL-6 following IF, only observing a 
reduction in CRP [233]. Together, these findings support the notion IF 
plays a rather important role in combatting many of the underlying 
factors implicated in atherosclerosis, yet there is an increasing need for 
further studies including large cohort ones. 

6. Adverse effects of IF 

IF stands as a promising therapeutic approach for facilitating weight 
loss and optimizing cardiometabolic health. However, it is not without 
some potential adverse effects. Unfortunately, clinical insights into the 
potential side effects of IF remains limited. This is primarily due to the 
relatively short duration of conducted trials and observational studies, 
typically spanning from weeks to a few months. In the conducted trials, 
there has been notation of some side effects like headache, dizziness, 
diminished energy levels, bad breath and increased feelings of hunger 
[234–238]. Additionally, mild cognitive symptoms such as difficulties in 
concentration have also been reported [234–238]. 

One serious side effect associated with IF is hypoglycemia, particu
larly prevalent among individuals with diabetes who are utilizing hy
poglycemic agents, such as sulfunylureas or insulin. This risk was 
underscored in a randomized trial involving patients with type 2 dia
betes, wherein 17 % of participants utilizing sulfonylureas and/or in
sulin reported instances of hypoglycemia during periods of energy 
restriction [239]. To better understand this notion, a randomized 
controlled trial investigating the risk of hypoglycemia during 
consecutive-day and non-consecutive-day fasting regimens found that 

fasting days contributed to a two-fold increase in the occurrence of 
hypoglycemic episodes among patients with type 2 diabetes, despite 
structured adjustments made to their medication regimens. Interest
ingly, the overall risk of hypoglycemia on both fasting and non-fasting 
days was found to be lower than that within comparable populations, 
indicating that hypoglycemia is highly dependent on individual char
acteristics [240]. Supporting these findings, the CREED study revealed 
that individuals who had previously experienced hypoglycemic episodes 
before Ramadan fasting exhibited a significantly increased risk of hy
poglycemia during the fasting period itself [241]. 

The utilization of IF in patients with eating disorders remains an area 
of limited investigation, prompting speculation about the potential risk 
of precipitating or exacerbating such conditions.. Several studies have 
illustrated that IF endorses eating disorder symptomatology when 
compared to community norms, and individuals practicing IF have re
ported greater engagement in eating disorder behaviors [242–245]. 
Hoddy et al. noted an increase in restrictive eating alongside a notable 
enhancement in body image following an 8 week-period of ADF [246]. 
Restrictive eating serves as a key indicative symptom in eating disorder 
assessments. Importantly, the improved body image associated with the 
fasting regimen may further reinforce restrictive behavior and promote 
unhealthy eating patterns [247]. The aforementioned data emphasize 
the need for comprehensive consideration when implementing inter
mittent fasting, particularly within populations diagnosed with eating 
disorders. 

Fig. 4. Metabolic responses to IF. IF induces significant changes in the secretion profile of adipokines, reduces adipose tissue inflammation and increases lipolysis. 
Free fatty acids released into bloodstream are transported to the liver and converted to ketone bodies, serving as an energy source for various body tissues. Ketone 
bodies also play a role in promoting antioxidant and anti-inflammatory responses within cells. Furthermore, IF exerts a positive impact on the gut environment, 
promoting the development of a protective microbiome while reducing gut permeability and inflammation. These combined effects work, in an orchestrated fashion, 
to mitigate the development of atherosclerosis. TG: triglycerides; FFA: free fatty acids; β-HB: beta-hydroxybutyrate. 
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7. Summary and conclusion 

Atherosclerosis is one of the most serious cardiovascular conditions 
that may precipitate many complications if left untreated. IF decreases 

the risk of developing atherosclerosis on many levels. It increases adi
ponectin levels and reduces levels of leptin, resistin and other inflam
matory markers such as TNF-α. However, much remains to be 
determined regarding the underlying mechanisms by which IF affects 

Table 2 
Clinical trials investigating the effect of intermittent fasting on inflammatory makers and adipokines.  

Study Title NCT Number Number of 
subjects 
enrolled 

Conditions Duration Outcomes 

Twelve Months of Time-restricted Eating and Resistance 
Training Improves Inflammatory Markers and 
Cardiometabolic Risk Factor 

NCT04668378 20 Healthy subjects who practiced resistance 
training for at least 5 continuously years 

12 
months 

↓TNF-α (p =
0.0008) 
↓ IL-6 (p =
0.0003) 
↓ IL-1β (p <
0.0001) 
↓ leptin (p =
0.0002) 
↑ adiponectin 
(p < 0.0001) 

Intermittent energy restriction ameliorates adipose tissue- 
associated inflammation in adults with obesity: A 
randomised controlled trial 

NCT02169778 28 Obese adults with BMI = 35.6 ± 3.2 kg/ m2 12 weeks ↓ IL-1β (p =
0.046) 
↓leptin (p <
0.001) 
↓ resistin (p =
0.033) 
↓ adiponectin 
(p = 0.024) 

Intermittent energy restriction is comparable to 
continuous energy restriction for cardiometabolic health 
in adults with central obesity: A randomized controlled 
trial; the Met-IER study 

NCT02679989 43 Adults aged 35–75 years with a waist 
circumference exceeding the cut-off determined 
by the WHO to confer a high risk of 
cardiometabolic disease 

4 weeks ↓ adiponectin 
(p = 0.015) 
↓ leptin (p =
0.001) 
↓ TNF-α (p =
0.038) 

Intermittent Fasting Improves Cardiometabolic Risk 
Factors and Alters Gut Microbiota in Metabolic 
Syndrome Patients 

NCT03608800 39 Patients aged 30–50 years with metabolic 
syndrome 

8 weeks ↓ leptin (p =
0.004) 
↑ adiponectin 
(p = 0.022) 
↔ TNF-α 
↔ IL-6 

The alternate-day fasting diet is a more effective approach 
than a calorie restriction diet on weight loss and hs-CRP 
levels 

– 80 Patients with metabolic syndrome 4 months ↓ CRP (p = 0.03) 

Alternate day fasting and endurance exercise combine to 
reduce body weight and favorably alter plasma lipids in 
obese humans 

– 64 Obese adults aged 25–65 years with BMI between 
30 and 39.9 kg/m2 

12 weeks ↔ CRP 

The effect of intermittent energy and carbohydrate 
restriction v. daily energy restriction on weight loss and 
metabolic disease risk markers in overweight women 

– 115 Women with BMI between 24–45 kg/m2 and 
family history of breast cancer 

4 months ↓leptin 
↔ TNF-α 
↔ adiponectin 

Effects of Ramadan Intermittent Fasting on Gut Hormones 
and Body Composition in Males with Obesity 

– 30 Males aged 20–30 years with BMI ≥ 30 kg/m2 1 month ↓ leptin (p =
0.01) 

Effects of eight weeks of time-restricted feeding (16/8) on 
basal metabolism, maximal strength, body composition, 
inflammation, and cardiovascular risk factors in 
resistance-trained males 

– 34 Resistance-trained males 8 weeks ↓ leptin (p =
0.0000) 
↓TNF-α (p =
0.0000) 
↓IL-1β (p =
0.0000) 
↓IL-6 (p =
0.0378) 
↑ Adiponectin(p 
= 0.0000) 

Time-restricted feeding improves markers of 
cardiometabolic health in physically active college-age 
men: a 4-week randomized pre-post pilot study 

– 23 Men aged 22 ± 2.5 years with BMI BMI 28.5 ±
8.3 kg/m2 

4 weeks ↑ Adiponectin 
(P < 0.05) 
↔ CRP 

Effects of Ramadan intermittent fasting on inflammatory 
and biochemical biomarkers in males with obesity 

– 28 Males with BMI between 30 and 40 kg/m2 1 month ↓ TNF-α (p =
0.01) 
↓IL-6 (p = 0.02) 
↔ CRP 

Alternate day fasting for weight loss in normal weight and 
overweight subjects: a randomized controlled trial 

– 32 Subjects aged 35–65 years with BMI between 20 
and 29.9 kg/m2 

12 weeks ↓ CRP (p = 0.01) 
↓ leptin (p =
0.03) 
↑ adiponectin 
(p < 0.01) 
↔ resistin 

Abbreviations: ↔, not statistically significant (p > 0.05); IL-6, interleukin 6; IL-1β, interleukin 1 β; CRP, C-reactive protein; TNFα, tumor necrosis factor α; WHO: World 
Health Organization. 
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cardiovascular health. That said, it is reasonable to start incorporating IF 
into public health recommendations to decrease the prevalence of 
atherosclerosis-induced morbidity and mortality worldwide. 
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