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Abstract: Propolis is a resinous product collected by bees from plants to protect and maintain the
homeostasis of their hives. Propolis has been used therapeutically by humans for centuries. This
review article attempts to analyze the potential use of propolis in metabolic syndrome (MetS) and
its associated chronic diseases. MetS and its chronic diseases were shown to be involved in at least
seven out of the top 10 causes of death in 2019. Patients with MetS are also at a heightened risk of
severe morbidity and mortality in the present COVID-19 pandemic. Propolis with its antioxidant
and anti-inflammatory properties is potentially useful in ameliorating the symptoms of MetS and its
associated chronic diseases. The aim of this article is to provide a comprehensive review on propolis
and its therapeutic benefit in MetS and its chronic diseases, with an emphasis on in vitro and in vivo
studies, as well as human clinical trials. Moreover, the molecular and biochemical mechanisms of
action of propolis are also discussed. Propolis inhibits the development and manifestation of MetS
and its chronic diseases by inhibiting of the expression and interaction of advanced glycation end
products (AGEs) and their receptors (RAGEs), inhibiting pro-inflammatory signaling cascades, and
promoting the cellular antioxidant systems.

Keywords: propolis; metabolic syndrome; antioxidant; anti-inflammation; chronic diseases; cardio-
vascular; diabetes mellitus; chronic kidney disease; fatty liver disease; Alzheimer’s disease

1. Introduction

The top ten causes of death in 2019 listed by the World Health Organization (WHO)
showed seven out of 10 leading causes of death were non-communicable diseases, namely,
ischemic heart disease, stroke, Alzheimer’s disease (and other dementias), cancers, diabetes
mellitus, and kidney disease [1]. Metabolic syndrome (MetS) has been shown to signifi-
cantly increase the risk of these chronic diseases [2–10]. The economic burden to the health
service of a patient with MetS is often a few-fold higher compared to a patient without
MetS [11]. MetS and its associated chronic diseases also greatly increase morbidity and
mortality in viral infections, such as COVID-19 [12–15]. Consequently, MetS has become a
major public health challenge all around the world [16–18].

MetS is a cluster of risk factors; abdominal obesity (population specific), increased
triglycerides (≥150 mg/dL or ≥1.7 mmol/L), reduced HDL (<40 mg/dL for men and
<50 mg/dL for women), increased blood pressure (systolic ≥ 130 mm Hg and/or dias-
tolic ≥ 85 mm Hg), and increased fasting glucose (>100 mg/dL or 5.5 mmol/L) [19–21].
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Lifestyle and dietary factors are considered the main drivers of MetS [22–24]. In addition
to lifestyle changes, nutraceutical supplementations such as micronutrients, pro- and pre-
biotics, polyphenols, plant extracts, and other natural products have been shown to be
effective in ameliorating the severity of MetS symptoms [25–32].

The present study attempts to review the potential therapeutic use of propolis in
MetS and its associated chronic diseases. Propolis is plant resin collected by bees. The
precise composition of propolis varies depending on the source. It comprises wax, resin,
balsam, essential oils, pollen, and other bioactive compounds such as amino acids, minerals,
vitamins, phenolics, flavonoids, and terpenoids [33–35]. The exact content of propolis is
variable depending on the source [36]. Propolis is important in the survival of a bee
colony as it serves several crucial functions, namely, maintenance of hive homeostasis,
physical protection, antimicrobial action, detoxification processes, immune modulation,
and stabilization of the beneficial microbiome [37–42].

The oldest record of the use of bee products by humans dates back to c. 13,000 BCE.
Ancient Egyptians, Greeks and Romans used propolis to alleviate many ailments [43].
Recent studies have demonstrated that propolis has a wide range of therapeutic and health
benefits for humans, such as antibacterial, antiviral, anti-inflammation, antioxidant, and
antiproliferative effects [44–49]. Recently, propolis has also been shown to be a potential
therapeutic agent against SARS-CoV-2 and COVID-19 disease [50–52]. The term “propolis”
in this review study includes propolis from all propolis-producing bees, namely, European
honey bees (Apis mellifera), Asian honey bees (Apis cerana), and stingless bees of the genera
Trigona, Melipona, Geniotrigona, Heterotrigona, and Tetragonula.

2. Cardiovascular Diseases (CVDs)
2.1. Atherosclerosis

Atherosclerosis is the major cause of CVD and has been shown to be strongly associ-
ated with oxidation and inflammation. Increased production of reactive oxygen species
(ROS) damages the functions of cellular lipids, proteins, and carbohydrates. Increased ROS
also induces lipid peroxidation. Oxidation of lipoproteins is the initial stage of atherosclero-
sis. The development and progression of the pathophysiology of atherosclerosis have been
shown to significantly involve the dysregulation of immune-related physiology and inflam-
matory responses [53–57]. There is an ongoing debate with regard to which lipoprotein is
the most important in the formation of atherosclerotic plaque: low-density lipoproteins
(LDLs), small dense LDL, VLDL, or remnant cholesterol [58–60].

Oxidized lipoproteins promote endothelial cell damage and endothelial dysfunction.
The endothelial dysfunction causes the recruitment of leukocytes in subendothelial space
of the tunica intima (the innermost layer of an artery) and induces the secretion of pro-
inflammatory cytokines such as tumor necrosis factor alpha (TNF-α), interleukin-1 (IL-1),
IL-4, IL-6, and interferon gamma (IFN-γ). The cytokines upregulate the expression of
various leukocyte adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1),
intercellular adhesion molecule-1 (ICAM-1), and E-selectin [61]. The adhesion molecules
further recruit and bind to circulating monocytes and T-lymphocytes. Monocytes, in the
subendothelial space, subsequently differentiate into macrophages through monocyte
chemotactic protein-1 (MCP-1), macrophage colony-stimulating factor (M-CSF), and IL-
8. These macrophages recognize and scavenge the oxidized lipids which results in the
formation of foam cells. These foam cells then undergo apoptosis and create cellular debris
and lipids [53–57]. The resulting inflammatory cascades and lipid-laden foam cells release
various cytokines and growth factors that promote the migration of smooth muscle cells
(SMCs) from middle layer of the artery walls (tunica media) to the tunica intima. Once in
the intima, the SMCs then proliferate and produce an array of extracellular matrix (ECM) in
the process of atheroma formation which consequently blocks blood vessels. SMC-derived
ECM forms a fibrous cap over the plaque. The collagen degradation of the ECM would
consequently rupture the plaque, which triggers the release of pro-coagulation factors that
lead to thrombosis and myocardial infarction [53–57].
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Propolis has been shown to have cardioprotective properties. Claus et al. (2000)
showed that the aqueous extract of propolis and its component, propol, reduced Cu2+-
induced oxidation of LDL in vitro. They also showed that the extract reduced oxidized
LDL-induced macrophage apoptosis [62]. Propolis extract reduced the activity of activated
macrophages and the expression of the matrix metalloproteinase-9 (MMP-9) gene in a
dose-dependent manner [63]. Matrix metalloproteinases are involved in the degradation
of proteins and proteoglycan components of extracellular matrix (ECM) which contributes
to the pathogenesis of atherosclerosis [64]. Propolis and its polyphenols were also shown
to inhibit platelet aggregation (anticoagulation) in vitro [65].

The cardioprotective property of propolis was demonstrated in various animal studies.
Daleprane et al. (2012) found that three types of Brazilian propolis extracts, red, green,
and brown, increased the expression of the metalloproteinase inhibitor TIMP-1 while
reducing the expression of VCAM, MCP-1, fibroblast growth factor (FGF), platelet-derived
growth factor (PDGF), vascular endothelial growth factor (VEGF), platelet endothelial cell
adhesion molecule (PECAM), and MMP-9 genes in LDL receptor gene (LDLr-/-) knockout
mice [66]. They demonstrated that all three types of propolis significantly inhibited the early
development atherosclerotic lesions. However, only red propolis inhibited the advanced
atherosclerotic lesions [66], highlighting the need for characterization and standardization
of the active compounds of propolis.

MicroRNAs (miRNAs) involved in the development or attenuation of atherosclerotic
plaques in LDLr-/- mice were shown to be modulated by propolis [67]. Propolis upreg-
ulated the expression of miR-181a, miR-106a, and miR-20b, which correlated with the
inhibition of VEGFA and hypoxia-inducible factor-1 (Hif1a) expression [67]. VEGFA is
one of the main pro-angiogenic factors in atherosclerotic lesions and Hif1a is expressed in
the necrotic nucleus of the atheroma [67–69]. Propolis prevented left ventricular hypertro-
phy (LVH), the formation of atherosclerotic lesions, arterial and ventricular inflammation,
and CD40L expression in LDLr-/- mice [70]. Propolis also increased the serum HDL-c
level in the LDLr-/- mice [70]. Fang et al. (2013) demonstrated that ethanolic extract of
propolis reduced total cholesterol, triglycerides, and non-HDL-C by 21%–32% compared
to control in ApoE (ApoE-/-) knockout mice [71]. Propolis also reduced the expression of
pro-inflammatory cytokines, IL-6 and IL-17, and vasoconstrictor peptide endothelin. More
importantly, propolis reduced the formation of atherosclerotic lesions in the aortic root and
whole aorta [71].

The efficacy of propolis in preventing cardiovascular diseases has also been demon-
strated in various human clinical trials. Mujica et al. (2017) carried out a randomized
placebo-controlled trial and found that propolis supplementation for 90 days increased
HDL-c from 53.9± 11.9 to 65.8± 16.7 mg/dL. It also increased serum glutathione (GSH) by
175% and reduced the thiobarbituric acid reactive substance (TBARS) level by 67% [72]. The
serum TBARS level has been shown to be an oxidative stress marker and a strong predictor
for cardiovascular events [73]. In addition, Samadi et al. (2017) found that propolis pre-
vented an increase in total cholesterol and LDL-c in type 2 diabetes patients [74]. However,
Zakerkish et al. (2019) found that propolis did not reduce LDL-c and total cholesterol but
instead increased the serum level of HDL-c in type 2 diabetes patients [75]. Furthermore,
Hesami et al. demonstrated that propolis reduced the level of oxidized LDL in type 2
diabetic patients [76]. It appears propolis has a net positive effect in terms of increasing
antioxidant status and improving the lipid profile.

2.2. Hypertension

Hypertension has been demonstrated to be related to many CVD outcomes including
ischemic heart and cerebrovascular diseases. Hypertension was shown to account for 41%
of all disability-adjusted life years (DALYs) in the Global Burden of Disease, Injuries, and
Risk Factor Study 2015 (GBD 2015) [77]. More importantly, significant numbers of sufferers
are not even aware of the condition. Furthermore, those diagnosed with hypertension are



Antioxidants 2021, 10, 348 4 of 20

frequently given inadequate treatments. Consequently, hypertension will remain as one of
major significant public health challenges worldwide regardless of income level [78–80].

Propolis and its phenolic and flavonoid components appear to have beneficial an-
tihypertensive effects. Mishima et al. (2005) demonstrated that various extracts (water
and ethanol) of propolis had hypotensive activity in spontaneously hypertensive rats [81].
It was shown that 25% ethanol extract was more efficacious than 70% ethanol. They also
identified that di- and tri-caffeoylquinic acids were characteristic compounds responsible
for the hypotensive effect in the 25% ethanol extract [81]. In addition, Maruyama et al. (2009)
showed that ethanol-eluted fractions of propolis were effective in treating spontaneously
hypertensive rats [82]. They isolated and identified four flavonoids, dihydrokaempferide,
isosakuranetin, betuletol, and kaempferide, as being the most effective in treating hyperten-
sion in the spontaneously hypertensive rats. These flavonoids worked in a dose-dependent
manner [82]. Furthermore, propolis was shown to exert an antihypertensive effect in Ot-
suka Long-Evans Tokushima fatty (OLETF) rats, without affecting the level of aldosterone,
suggesting that the effect of propolis is not through endocrine signaling pathways [83].

Several mechanisms of action of the antihypertensive effect of propolis have been
suggested. Gogebakan et al. (2012) investigated the antihypertensive effect of propolis
(30% ethanol extract) in chronic nitric oxide synthase (NOS)-inhibited rats by Nw-nitro-l-
arginine methyl ester (L-NAME) [84]. Propolis extract was shown to reduce the tyrosine
hydroxylase activity in the hypertensive L-NAME-treated rats. Tyrosine hydroxylase is
a rate-limiting enzyme in the synthesis of catecholamine. Excessive secretion of cate-
cholamine has been shown to promote the over-activation of the sympathetic nervous
system, which contributes to hypertension [85]. Propolis also reduced oxidative stress in
the hypertensive L-NAME-treated rats by decreasing the expression of malondialdehyde
(MDA) [86]. Salmas et al. (2017) investigated the effect of propolis, caffeic acid phenethyl
ester (CAPE), a propolis-derived compound, and bee pollen in hypertensive L-NAME-
treated rats. All treated rats were shown to have better biochemical markers associated with
oxidation and inflammation, namely, paraoxonase (PON1), oxidative stress index (OSI),
total antioxidant status (TAS), total oxidant status (TOS), asymmetric dimethylarginine
(ADMA), and nuclear factor kappa B (NF-κB) [87].

High-NaCl diet-induced hypertension has also been shown to be ameliorated by
propolis. Zhou et al. (2020) demonstrated that water-soluble propolis extract reduced the
severity of hypertension induced by a high-NaCl diet in rats [88]. They demonstrated that
the protective effect of a water-soluble extract of propolis was through several modes of
action, such as the upregulation of antioxidant enzyme catalase (CAT) activity and the
reduction in the vascular ROS level. Propolis also reduced inflammatory markers, such as
TNF-α and IL-6, and improved endothelial function [88]. Furthermore, Mulyati et al. (2021)
investigated the antihypertensive effect of propolis collected from three different regions
in Indonesia, namely, Riau Archipelago, Lampung, and South Sulawesi in NaCl-induced
hypertensive rats. It was found that all three propolis extracts ameliorated hypertension.
However, the antihypertensive effect was not uniform, with propolis from Riau Archipelago
and South Sulawesi being more effective compared to propolis from Lampung [89]. This
study illustrates the common problem in propolis research where chemical analysis data
are often lacking. Consequently, it is difficult to pinpoint the specific chemical compounds
or groups of chemical compounds responsible for the biological activity of propolis from
different sources and/or geographical locations.

3. Type 2 Diabetes Mellitus

Non-insulin-dependent/type 2 diabetes mellitus is characterized by insulin resis-
tance and/or abnormal insulin secretion (hyperinsulinemia), which subsequently cause
abnormally high blood glucose levels (hyperglycemia) [90,91]. Chronic hyperglycemia
damages and causes the failure of different organs, especially the eyes, kidneys, nerves,
heart, and blood vessels [92,93]. MetS is a strong predictor for the development of type 2
diabetes [94–96].
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Propolis ameliorated the symptoms of diabetes in animal models. Water-soluble and
ethanolic extracts of propolis were shown to be effective in reducing the increase in blood
glucose in alloxan-induced diabetic rats by 18.2%–29.5% in an 8-week experiment [97].
Ethanolic extract of propolis improved blood glucose control and insulin sensitivity in
streptozotocin-induced diabetic rats [98,99]. Propolis also had a protective effect on pancre-
atic β-cells [100,101]. Propolis significantly reduced blood glucose and plasma insulin in
Otsuka Long-Evans Tokushima fatty (OLETF) rats (spontaneously diabetic rats) [83]. Propo-
lis extract reduced blood glucose and improved glucose tolerance and insulin sensitivity in
ob/ob mice independent of changes in body weight and food intake [102]. It appeared that
the blood glucose reduction by propolis was dose-dependent [103].

Furthermore, the efficacy of propolis in reducing pre-diabetic and diabetic symp-
toms was evident in human clinical trials. Fukuda et al. (2015) investigated the effect of
supplementing type 2 diabetes patients with 226.8 mg Brazilian green propolis daily for
8 weeks [104]. They found that the propolis supplement prevented diabetic patients from
developing worse blood uric acid and estimated glomerular filtration rate (eGFR). Zhao
et al. (2016) demonstrated that propolis improved antioxidant status in type 2 diabetes
patients [105]. Serum GSH in the propolis group was increased by ~174% at the end of
an 18-week trial period. A reduction in other oxidative and inflammatory parameters,
such as serum carbonyls (~17% reduction), TNF-α (~21% reduction), and lactate dehy-
drogenase activity (~8% reduction), was also observed. However, they noted an increase
in IL-6 and IL-1β. They also did not find an improvement in glucose metabolism [105].
A propolis-induced increase in antioxidant parameters in type 2 diabetes patients was
confirmed by Gao et al. (2018) [106]. They found that after 18 weeks of propolis supple-
mentation, serum GSH was increased by ~236% in the propolis group when compared to
the placebo group [106].

El-Sharkawy et al. (2016) found that 400 mg daily propolis supplementation for
6 months significantly improved clinical parameters of type 2 diabetes patients. HbA1c
was reduced by ~11.0% after 6 months. A similar trend was observed in fasting blood
glucose. In addition, serum N€-(carboxymethyl) lysine (CML) was reduced by ~17% after
6 months [107]. They also found significant improvement in periodontal status in the
propolis group patients [107]. Samadi et al. (2017) found that 900 mg/day of propolis
consumption for 12 weeks reduced fasting blood glucose (by ~12%) and HbA1c (by ~9%)
in type 2 diabetes patients [74]. Furthermore, Zakerkish et al. (2019) investigated the
therapeutic benefit of supplementing type 2 diabetes patients with 1000 mg propolis/day
for 12 weeks [75]. Propolis significantly improved glucose metabolism and reduced clinical
parameters. Propolis reduced serum levels of HbA1c by ~11%, insulin by ~46%, home-
ostasis model assessment of insulin resistance (HOMA-IR) by ~39%, homeostasis model
assessment of β-cell function (HOMA-β) by 42%, and serum TNF-α by ~30%. Propolis also
prevented an increase in 2 h postprandial blood glucose and high-sensitivity C-reactive
protein (hs-CRP) level throughout the trial period [75].

4. Chronic Kidney Disease

Studies have shown a strong association of MetS with the development and severity
of renal dysfunction and chronic kidney disease (CKD) [108–110]. MetS patients have a
several-fold higher risk of developing CKD and it is often shown that renal dysfunction
manifests earlier than diabetes in MetS patients [111]. Patients with MetS often suffer
from hyperhomocysteinemia, hyperuricemia, lower glomerular filtration rate (GFR), and
increased albumin excretion [112,113].

Propolis has been shown to have renal protective properties in animal models. Propolis
significantly reduced malondialdehyde (MDA) and increased antioxidant parameters, such
as glutathione (GSH), superoxide dismutase (SOD) and catalase (CAT) activities, in renal
tissue of streptozotocin-induced diabetic rats [103,114]. Propolis also maintained the an-
tioxidant parameters of carbon tetrachloride (CCl4)-, diatrizoate-, and Nw-nitro-l-arginine
methyl ester (L-NAME)-induced oxidative-stressed in murine renal tissues [115–118]. The
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antioxidant properties were dose-dependent and correlated to the polyphenol contents of
the propolis extract [103,115].

Propolis has a protective effect on the membrane integrity of renal tissue. Bhadauria
(2012) showed that CCl4-damaged murine renal tissue treated with propolis retained
better kidney histoarchitecture, less glomerulus swelling, and more uniform space between
the glomerulus and capsule wall, when compared to CCl4-damaged murine renal tissue
without propolis treatment [116]. The activity of renal membrane-bound enzymes such
as adenosine triphosphatase (ATPase) and alkaline phosphatases (ACPase and ALPase)
were considerably restored [116]. Propolis maintained the thickness of the glomerular
basement membrane in renal tissues of diabetic rats [114]. Untreated diabetic rats had
a significant increase in glomerular basement membrane thickness [114]. Propolis also
reduced the CCl4-induced apoptosis of renal cells by downregulating the caspase-9 gene
and upregulating Bcl-2 gene expression [119].

Furthermore, propolis attenuated methotrexate-induced renal injury [120]. Propolis
treatment following methotrexate reduced the rate of apoptosis of renal cells and the
degradation of renal morphology, compared to untreated controls [120]. Propolis also
had a protective effect on gentamicin-induced renal injury. Propolis significantly reduced
gentamicin-induced blood urea nitrogen levels, tubular injury, collagen and reticular
deposition, and apoptosis of renal cells [121].

Propolis ameliorated proteinuria, serum creatinine retention, glomerulosclerosis, renal
macrophage infiltration, and oxidative stress in 5/6 renal ablated rats (Nx) [122]. Propolis
also appears to have a protective role in acute kidney injury. Propolis protected the kidney
against ischemic–reperfusion acute renal injury by reducing oxidative stress and upregu-
lating endothelial nitric oxide synthase and heme-oxygenase [123]. Histological analysis
showed that propolis-treated renal tissue after ischemic–reperfusion had a significantly
lower tubular necrosis score [123]. Propolis also inhibited pro-inflammatory signaling
pathways, namely, SMAD 2/3-dependent and SMAD-independent JNK/ERK activation in
the signaling cascades of TGF-β family, that have been implicated in the development of
tubulointerstitial fibrosis in advanced chronic kidney disease in animal models [124].

The effect of propolis in ameliorating kidney disease was evident in human clinical
trials. Silveira et al. (2019) demonstrated that the consumption of 500 mg/day of standard-
ized propolis extract significantly reduced proteinuria and the urinary level of monocyte
chemoattractant protein-1 (MCP-1), an inflammation marker, in a randomized, double-
blind, placebo-controlled trial in patients with chronic kidney disease [125]. It was found
that at the end of the trial period (12 months), proteinuria was significantly lower in the
propolis arm, 695 mg/24 h, compared to 1403 mg/24 h in the placebo arm. Urinary MCP-1
was also reduced in the propolis arm (58 pg/mg creatinine) compared to the placebo arm
(98 pg/mg creatinine) [125]. The same group also showed that propolis was effective
in reducing high-sensitivity C-reactive protein (hs-CRP) in hemodialysis patients [126].
Both studies demonstrated that propolis was safe for patients with kidney disease and no
adverse events were recorded [125,126].

5. Non-Alcoholic Fatty Liver Disease (NAFLD)

NAFLD is the major chronic liver disease in the world and represents the hepatic
symptom of MetS [127,128]. NAFLD affects one in four adults and is expected to increase
annually in parallel with the increase in MetS prevalence [129]. NAFLD is defined as
the appearance of hepatic steatosis with the absence of causes for secondary hepatic fat
accumulation, such as excessive alcohol consumption, use of steatogenic prescriptions,
or any hereditary disorder [130]. NAFLD is then further categorized into two types; non-
alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis (NASH) [130]. NAFL is
diagnosed by the presence of hepatic steatosis without the ballooning of the hepatocytes,
whereas NASH is defined by the evidence of hepatic steatosis and inflammation (hepatocyte
ballooning) with or without the presence of fibrosis [130].
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The hepatoprotective properties of propolis appear to be through antioxidant and
anti-inflammatory pathways. Propolis and its polyphenols were shown to protect cultured
hepatocytes from palmitic acid-induced lipotoxicity [131]. Propolis prevented palmitic acid
toxicity of HepG2 cells by maintaining energy provision and inhibiting apoptosis. It also
increased the antioxidant capacity of cells by upregulating the superoxide dismutase level
and antioxidant gene expressions, such as GSTA1, TXNRD1, NQO-1, HO-1, and Nrf2, while
reducing the expression of inflammatory genes of TNF-α and IL-8 [131]. Propolis-derived
flavonoids, pinocembrin, galangin, and chrysin, prevented HepG2 cell injury by inhibiting
ERK1/2-AHR-CYP1A1 signaling pathways [132]. ERK signaling pathways have been
shown to be significant in the formation of liver fibrosis [133].

Propolis attenuated liver damage in an experimental model of diabetes and NAFLD in
mice. Propolis reduced the level of alkaline phosphatase (ALP), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), gamma-glutamyl
transferase (GGT), and malondialdehyde in diabetic mice [134–136]. Elevated liver en-
zymes have been shown to be strongly associated with the severity of liver disease [137].
Conversely, propolis increased the protective antioxidant status, upregulated antioxidant
enzymes, namely, superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx), glutathione-S-transferase (GST), and glutathione reductase (GR), and increased the
glutathione level and hepatic total antioxidant capacity of diabetic mice [134–136]. Histo-
logical assessment also showed that propolis attenuated liver damage caused by diabetes.
Propolis-treated diabetic mice had fewer vacuolized cells, a lesser degree of vacuolization,
and less inflammation and infiltration of immune cells [134–136].

A similar trend was shown in NAFLD mice; propolis (and its component chrysin)
ameliorated the symptoms by reducing AST, ALT, ALP, GGT, liver triglycerides, liver choles-
terol, liver free fatty acids, and liver advanced glycation end products [138,139]. Propolis
also lowers pro-inflammatory cytokines, TNF-α and IL-6, in NAFLD liver tissue [138,139].
Chrysin was shown to inhibit the expression of the SREBP-1c gene and upregulate the
PPAR-α gene [139]. SREBP-1c plays an important role in the development of NAFLD,
whereas PPAR-α directly inhibits the pro-inflammatory signaling pathways [140,141].

Even though the majority of the animal studies exhibited a hepatoprotective effect
of propolis, Samie-Rad et al. (2014) demonstrated liver toxicity when very high doses
(2000–8000 mg/kg) of propolis were given to mice [142]. The histopathological changes
were dose-dependent and included central venous dilatation, steatosis, confluent necrosis,
apoptosis, and focal necroinflammation [142]. However, the dose in this study was in the
range of 10–40-fold that of the doses in the positive studies previously mentioned.

The hepatoprotective effect of propolis has been demonstrated in human clinical
trials. Soleimani et al. (2020) demonstrated that propolis supplementation of 250 mg twice
daily for 4 months had a beneficial effect among NAFLD patients [143]. A significant
improvement of hepatic steatosis was evident in the treatment group compared to the
placebo group. Propolis attenuated liver stiffness in the treatment group, whereas liver
stiffness increased in the placebo arm. Propolis also reduced high-sensitivity C-reactive
protein (hs-CRP) [143].

6. Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is characterized by the presence of amyloid plaques and
intracellular neurofibrillary tangles (phosphorylated tau proteins). AD is the most common
form of dementia and MetS has been shown to be highly correlated with the development
of AD [144,145]. The elevated level of advanced glycation end products (AGEs) associated
with hyperglycemia and hyperinsulinemia in MetS has been shown to promote the aggre-
gation of β-amyloid (Aβ) and glycation and phosphorylation of tau proteins [146–148].
An increased level of oxidative stress in MetS damages mitochondria and promotes the
development of AD [149,150]. An increased expression of pro-inflammatory cytokines
(associated with MetS), such as TNF-α and IL-6, plays a significant role in the neuroinflam-
mation and neurodegeneration associated with AD [9,151,152].
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Antioxidant and anti-inflammatory properties of propolis play a major role in its
neuroprotective capacity. Propolis protected microglia from hypoxia-induced inflammation
and cytotoxicity by inhibiting nuclear factor kappa B (NF-κB) activation through the
reduction of the expression of several key pro-inflammatory cytokines; IL-1β, IL-6, and
TNF-α [153,154]. Caffeic acid phenethyl ester (CAPE), a propolis-derived compound,
protected microglia by reducing the expression of neurotoxic factors iNOS and COX-2, and
inflammatory cytokines IL-6 and IL-1β. Conversely, CAPE upregulated the expression
of neuroprotective factor hemeoxygenase (HO)-1 and neurotrophic factor erythropoietin
(EPO) in microglia [155].

Propolis also protected neurons from oxidative damage caused by H2O2 [156]. Propo-
lis prevented the loss of cell viability by H2O2 and, more importantly, reversed the inhibi-
tion of brain-derived neurotrophic factor (BDNF)-induced Arc expression caused by Aβ

and IL-1β. Propolis also induced the expression of BDNF mRNA and Arc mRNA [156].
BDNF and Arc are crucial in maintaining synaptic efficacy and plasticity and cognitive
function [157,158].

The neuroprotective effect of propolis was demonstrated in various animal studies.
Naware et al. (2017) showed that propolis reversed the negative effect of β-amyloid-
induced cognitive impairment in mice. They found that propolis attenuated the damaging
effect of β-amyloid by increasing the activity of SOD and CAT, and GSH level, while
reducing maloaldehyde level [159]. The neuroprotective effect of propolis by restoring the
antioxidant system was also shown by Bazmandegan et al. (2017) [160]. Furthermore, the
neuroprotective effect of propolis was also demonstrated in its ability to increase the level
of catecholamines, norepinephrine, dopamine, and 5-hydroxy tryptamine, and reduce the
activity of acetylcholinesterase [159].

In addition, individual propolis-derived compounds exert neuroprotective properties
by activating different pathways. Cadmium (Cd)-induced neurotoxicity and neurode-
generation was attenuated by CAPE in mice [161]. CAPE increased the survival rate of
CdCl2-damaged neurons and reduced CdCl2-induced apoptosis. CAPE reduced the accu-
mulation of Aβ and phosphorylated tau (p-tau) protein, and inhibited the expression of
inflammatory markers such as TLR4, IL-6, IL1-β, and TNF-α [161]. In addition, chrysin
exerts a neuroprotective mechanism by inhibiting NF-κB activation through a separate
mechanism: upregulation of the A20 enzyme [154]. The A20 enzyme is a ubiquitin-editing
enzyme that is crucial in maintaining the homeostasis of the central nervous system by
regulating NF-κB signaling and its pro-inflammatory cytokines in microglia, neurons, and
astrocytes [162].

Zhu et al. (2018) demonstrated that propolis was beneficial in preventing cognitive
decline to mild cognitive impairment in elderly people that lived at a high altitude in a
2-year trial period [163]. The placebo group showed a decline in the Mini-Mental State
Examination (MMSE) over the trial period, 26.17 to 23.87, whereas the propolis group
showed an upward trend from 26.00 to 28.19. The MMSE scores correlated with the serum
pro-inflammatory cytokines of the participants. Over the trial period, the serum level of
IL-1β, IL-6, and TNF-α increased in the placebo arm and decreased in the propolis arm.
The placebo arm showed an increase in serum IL-1β, IL-6, and TNF-α by ~182%, 155%,
and 62%, respectively, whereas the propolis arm showed a decrease in serum IL-1β, IL-6,
and TNF-α by ~58%, 43%, and 50%, respectively, over the 24-month trial period [163]. This
confirms the importance of the anti-inflammatory action of propolis in its neuroprotective
capacity. Table 1 summarizes the potential therapeutic uses of propolis in MetS and its
chronic diseases.
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Table 1. Summary of various in vitro, in vivo, and human clinical trials with regard to the therapeutic uses of propolis in
MetS and its associated chronic diseases.

Diseases Types of Study Measured Outcome References

Cardiovascular diseases
(CVDs) in vitro and in vivo

Reduction in the triglyceride
and LDL level, LDL oxidation,

platelet aggregation, and
expression of atherogenic

growth factors and
immune-mediated

inflammation.

[62–71]

Atherosclerosis human clinical trials
Increase in HDL-c

concentration and antioxidant
status.

[72–76]

Hypertension in vivo

Reduction in hypertension,
oxidative stress, inflammatory

markers, and increase in
antioxidant status.

[81–89]

Type 2 diabetes mellitus in vivo

Improvement in blood
glucose metabolism, insulin
sensitivity, and antioxidant

status.

[97–103]

human clinical trials

Improvement in blood
glucose metabolism, insulin

sensitivity, antioxidant status,
periodontal status, and

reduction in inflammatory
markers.

[74,75,104–107]

Chronic kidney disease in vitro and in vivo

Reduction in inflammatory
markers and fibrosis.

Improvement in antioxidant
status and renal function.

[103,114–124]

human clinical trials
Reduction in proteinuria,

oxidative stress, and
inflammatory markers.

[125,126]

Non-alcoholic fatty liver
disease

in-vitro and in-vivo

Reduction in inflammatory
markers and hepatic steatosis

severity. Improvement in
antioxidant status.

[131–142]

human clinical trials
Reduction in hepatic steatosis

severity and inflammatory
markers.

[143]

Alzheimer’s disease
in vitro and in vivo

Reduction in the Aβ and tau
accumulation, and

inflammatory markers.
Improvement in antioxidant

status.

[153–162]

human clinical trials
Improvement in cognitive

ability and reduction in
inflammatory markers.

[163]

7. Discussion

MetS and its associated chronic diseases appear to have common denominators,
namely, chronic inflammation and increased oxidative stress. Inflammatory pathways such
as NF-κB, Jun N-terminal kinase (JNK), and inflammasomes have been shown to play a
significant role in the development of MetS pathophysiology [164–168]. Propolis has been
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demonstrated to modulate the inflammatory signaling pathways. CAPE, a propolis-derived
compound, completely inhibited the TNF activation of the NF-κB signaling pathway. CAPE
also prevents the nuclear translocation of the p65 subunit of NF-κB [169]. In addition, CAPE
was shown to inhibit inducible nitric oxide synthase (iNOS), an important inflammatory
enzyme, by directly modulating the NF-κB signaling pathway [170]. CAPE inhibits the
transcription and synthesis of IL-2, an important NF-κB-promoting cytokine [171]. CAPE
is also effective in ameliorating the calcification in human aortic valve interstitial cells by
inhibiting the AKT/NF-κB/NLRP3 inflammasome pathway [172].

In addition, propolis downregulates the expression of pro-inflammatory cytokines,
such as TNF-α, IL-1β, IL-4, IL-6, and IL-18 [173–175]. Propolis-derived compounds such as
artepillin C, chrysin, 3′,4′-dihydroxy-4-methoxydalbergione, 4-methoxydalbergion, and
cearoin are efficacious in inhibiting NF-κB and JNK signaling pathways [176–178]. Further-
more, propolis ameliorates adiponectin downregulation in adipocytes by inhibiting the
TNF-α-induced JNK signaling pathway [179]. The correlation of lowered adiponectin and
increased pro-inflammatory cytokine level was observed in MetS patients [180]. Propo-
lis supplementation was efficacious in reducing various pro-inflammatory cytokines in
chronic inflammation and MetS, namely, C-reactive protein (CRP), TNF-α, and IL-6 in
human clinical trials [181,182].

Metabolic syndrome increases the production of AGEs and reactive oxygen species
(ROS) [183–186]. The combination of these pathophysiological changes causes insulin
resistance, metabolic dysfunction, oxidative stress, and mitochondrial dysfunction, leading
to cell death [187–190]. AGEs are a group of modified proteins, lipids, or nucleic acids,
of which their amino groups react with the carbonyl group of a reducing sugar, and
subsequently become glycated and/or oxidized [191]. The interaction of AGEs with their
receptor (RAGE) induces ROS production and activates the undesirable inflammation
signaling pathways, such as NF-κB [192].

Propolis and its derived compounds have anti-AGE properties. Pinocembrin, a propolis-
derived flavanone, inhibits the expression of the receptors for advanced glycation end
products (RAGE) [193]. Propolis also directly reduces the in vitro formation of AGEs with
its derived compounds, such as pinobanksin-3-acetate, 2-acetyl-1,3-dicoumaroylglycerol,
pinobanksin, prenyl caffeate, and pinobanksin-5-methyl ether, being the most effective [194].
In addition, propolis in the form of nanoparticles was shown to inhibit the glycation and
fructation of hemoglobin by glucose and fructose, respectively [195]. Propolis appears to
have two main pathways in inhibiting AGE formation: by trapping the dicarbonyl inter-
mediates (pinobanksin derivatives) and by activating antioxidant mechanisms (caffeic acid
derivatives) [196].

Propolis exerts antioxidant properties by scavenging ROS and activating cellular an-
tioxidant systems. Propolis extracts from various regions have been demonstrated to have
radical-scavenging properties. The activity correlates with the polyphenol and flavonoid
content [89,197–200]. Moreover, propolis and its phenolic constituents promote endoge-
nous cellular antioxidant systems through various mechanisms. Propolis increases the
expression of antioxidant enzymes, such as CAT, GPx, GR, GST, and SOD, and endogenous
GSH [103,114,134–136]. Propolis also activates the important nuclear factor E2-related
factor 2 (Nrf2) antioxidant signaling pathway [201,202].

Figure 1 summarizes the mechanisms of action of propolis in ameliorating MetS symp-
toms. Sedentary lifestyle and overnutrition cause the development of MetS. One of the
MetS hallmarks is the increase in blood glucose, which promotes the formation of AGEs.
AGEs subsequently bind to their respective receptors (RAGEs). These interactions promote
the formation of ROS. MetS also simultaneously induces the formation of ROS indepen-
dent of the AGE–RAGE interactions. The increased ROS level consequently promotes
the inflammatory signaling cascades through the upregulation of NF-κB, ERK, JNK, and
NLRP3 inflammasome signaling pathways. The activation of these inflammatory pathways
increases the level of circulating pro-inflammatory cytokines, such as C-reactive protein
(CRP), TNF-α, and IL-6. The combination of increased oxidative stress and chronic inflam-
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matory conditions causes cellular, endothelial, and vascular dysregulation and dysfunction,
which manifest in the pathophysiology of MetS chronic diseases. Propolis appears to inhibit
the development and manifestation of MetS by at least three mechanisms of action: the
inhibition of the expression of AGE and RAGE and their interactions, the downregulation
of pro-inflammatory signaling cascades, and the upregulation of the cellular antioxidant
systems.

Figure 1. The mechanisms of action of propolis in ameliorating metabolic syndrome (MetS). MetS
is induced by overnutrition and/or sedentary lifestyle. The first step of preventing MetS from
developing is lifestyle modification. Once developed, MetS induces the formation of advanced
glycation end products (AGEs), oxidative stress in the form of increased level of reactive of oxygen
species (ROS), and chronic inflammation. AGEs bind to their receptors (RAGEs) and consequently
induce further ROS production. ROS promote cellular dysfunction and dysregulation by either
directly affecting the cells or inducing chronic inflammation. Chronic inflammation manifests in
increased levels of pro-inflammatory cytokines through the upregulation of NF-κB, ERK, JNK,
and NLRP3 inflammasome signaling pathways. Chronic and prolonged cellular, endothelial, and
vascular dysfunction and dysregulation from increased AGEs, ROS, and inflammation result in
the pathophysiology of MetS and its diseases. Propolis with its antioxidant and anti-inflammatory
properties acts by directly inhibiting AGEs and RAGEs, ROS production, and the inflammation
signaling pathways.

One of the main issues in propolis research and its eventual use as a therapeutic is the
significant variability of its chemical composition. The chemical composition of propolis is
dependent upon many variables. Several studies have shown the significant differences
in chemical compositions and hence the differences in biological activities by the propolis
collected by different bee species [203,204]. Geographical location also plays a significant
role in the propolis chemical compositions. Comprehensive reviews by Rivera-Yanez et al.
(2021) and Dezmirean et al. (2021) showed the variety of chemical compounds in propolis
from around the world [205,206]. The differences in chemical composition are also evident
in the propolis obtained from the same genus of plants but from different geographical
locations [206].
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In addition, the biological activities of propolis appear to be affected by seasonal varia-
tion. For example, Valencia et al. (2017) demonstrated that propolis obtained in different sea-
sons from the Sonoran region (Mexico) had different chemical compositions and different
antiproliferative activities against the the B-cell lymphoma cancer cell line M12.C3.F6 [207].
The antiproliferative activity (IC50) ranged from 11.6 µg/mL to 54.5 µg/mL, from spring
to autumn, respectively [207]. Reguiera et al. (2017) also noted seasonal variation in the
antimicrobial effect of Brazilian red propolis against Escherichia coli and Staphylococcus
aureus, but not Pseudomonas aeruginosa [208]. Furthermore, the solvents used in the extract
preparation play a significant role in determining the biological activities of propolis. As
an example, Mishima et al. (2005) showed that 25% ethanol extract of propolis was more
efficacious in terms of antihypertensive activity compared to 70% ethanol extract [81].
We propose that every study investigating the biological activities of propolis should be
accompanied by chemical analysis data and geographical indications of the propolis source.
The adoption of these parameters will significantly increase the reproducibility rate and
the quality of propolis research going forward. A higher reproducibility rate and research
quality will expedite the translation from laboratory benches to clinical uses of propolis.

8. Conclusions

Propolis is a sticky mixture of plant resins collected by the bees mixed with digestive
enzymes of the bees, and also sometimes beeswax, that has strong antimicrobial properties
that help protect the bee colony. Large numbers of in vitro, animal, and, more importantly,
human clinical trials have demonstrated the safety and efficacy of propolis. The present
review study illustrates the potential use of propolis in ameliorating MetS and its diseases.
The therapeutic benefits of propolis in MetS appear to be associated with its potent anti-
inflammatory and antioxidant properties. One of the main drawbacks of propolis as a
therapeutic involves the lack of standardization. However, it can promptly be overcome by
the chemical fingerprinting of its phenolics, flavonoids, terpenoids, and other bioactive
compounds. The standardization (or the lack thereof) issues can also be overcome by
assigning geographical indications.
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134. Oršolić, N.; Sirovina, D.; Končić, M.Z.; Lacković, G.; Gregorović, G. Effect of Croatian propolis on diabetic nephropathy and liver
toxicity in mice. BMC Complement. Altern. Med. 2012, 12, 117. [CrossRef] [PubMed]

135. Ibrahim, R.; Amin, A.; Mustafa, I.; Onanuga, I.; Folarin, R.; Balogun, W. Hepatoprotective and Pancreatoprotective Properties of
the Ethanolic Extract of Nigerian Propolis. J. Intercult. Ethnopharmacol. 2015, 4, 102. [CrossRef]

136. Nna, V.U.; Bakar, A.B.A.; Mohamed, M. Malaysian propolis, metformin and their combination, exert hepatoprotective effect in
streptozotocin-induced diabetic rats. Life Sci. 2018, 211, 40–50. [CrossRef]

137. Ekstedt, M.; Franzén, L.E.; Mathiesen, U.L.; Thorelius, L.; Holmqvist, M.; Bodemar, G.; Kechagias, S. Long-term follow-up of
patients with NAFLD and elevated liver enzymes. Hepatology 2006, 44, 865–873. [CrossRef] [PubMed]

138. Kismet, K.; Ozcan, C.; Kuru, S.; Gencay Celemli, O.; Celepli, P.; Senes, M.; Guclu, T.; Sorkun, K.; Hucumenoglu, S.; Besler, T. Does
propolis have any effect on non-alcoholic fatty liver disease? Biomed. Pharmacother. 2017, 90, 863–871. [CrossRef]

139. Pai, S.A.; Munshi, R.P.; Panchal, F.H.; Gaur, I.S.; Juvekar, A.R. Chrysin ameliorates nonalcoholic fatty liver disease in rats. Naunyn.
Schmiedebergs. Arch. Pharmacol. 2019, 392, 1617–1628. [CrossRef]

http://doi.org/10.1155/2012/235358
http://doi.org/10.3109/10641963.2013.863322
http://www.ncbi.nlm.nih.gov/pubmed/24490594
http://doi.org/10.5152/dir.2015.14075
http://www.ncbi.nlm.nih.gov/pubmed/26027766
http://doi.org/10.1002/tox.23010
http://www.ncbi.nlm.nih.gov/pubmed/32840962
http://doi.org/10.3109/0886022X.2016.1158070
http://doi.org/10.1016/j.nefro.2016.06.004
http://doi.org/10.1371/journal.pone.0116535
http://doi.org/10.1016/j.phymed.2015.03.017
http://www.ncbi.nlm.nih.gov/pubmed/26220625
http://doi.org/10.3390/toxins12060364
http://www.ncbi.nlm.nih.gov/pubmed/32498221
http://doi.org/10.1186/s12882-019-1337-7
http://doi.org/10.1093/ndt/gfaa142.P1574
http://doi.org/10.1002/hep.28431
http://www.ncbi.nlm.nih.gov/pubmed/26707365
http://doi.org/10.21037/tgh.2020.02.07
http://doi.org/10.1155/2020/6638306
http://www.ncbi.nlm.nih.gov/pubmed/33425804
http://doi.org/10.1053/j.gastro.2012.04.001
http://doi.org/10.1016/j.jff.2017.04.039
http://doi.org/10.1016/j.jff.2020.104166
http://doi.org/10.3390/ijms20112700
http://www.ncbi.nlm.nih.gov/pubmed/31159366
http://doi.org/10.1186/1472-6882-12-117
http://www.ncbi.nlm.nih.gov/pubmed/22866906
http://doi.org/10.5455/jice.20150202023615
http://doi.org/10.1016/j.lfs.2018.09.018
http://doi.org/10.1002/hep.21327
http://www.ncbi.nlm.nih.gov/pubmed/17006923
http://doi.org/10.1016/j.biopha.2017.04.062
http://doi.org/10.1007/s00210-019-01705-3


Antioxidants 2021, 10, 348 18 of 20

140. Aragno, M.; Tomasinelli, C.E.; Vercellinatto, I.; Catalano, M.G.; Collino, M.; Fantozzi, R.; Danni, O.; Boccuzzi, G. SREBP-1c
in nonalcoholic fatty liver disease induced by Western-type high-fat diet plus fructose in rats. Free Radic. Biol. Med. 2009, 47,
1067–1074. [CrossRef]

141. Tailleux, A.; Wouters, K.; Staels, B. Roles of PPARs in NAFLD: Potential therapeutic targets. Biochim. Biophys. Acta Mol. Cell Biol.
Lipids 2012, 1821, 809–818. [CrossRef]

142. Samiee-Rad, F.; Bagherkhani, S.; Gheibi, N. Histopathological Examination of the Effects of Oral Consumption of Various Doses
of Propolis in Mice Liver. J. Food Nutr. Res. 2019, 7, 785–793. [CrossRef]

143. Soleimani, D.; Rezaie, M.; Rajabzadeh, F.; Gholizadeh Navashenaq, J.; Abbaspour, M.; Miryan, M.; Razmpour, F.; Ranjbar, G.;
Rezvani, R.; Jarahi, L.; et al. Protective effects of propolis on hepatic steatosis and fibrosis among patients with nonalcoholic fatty
liver disease (NAFLD) evaluated by real-time two-dimensional shear wave elastography: A randomized clinical trial. Phyther.
Res. 2020. [CrossRef] [PubMed]

144. Frisardi, V.; Solfrizzi, V.; Seripa, D.; Capurso, C.; Santamato, A.; Sancarlo, D.; Vendemiale, G.; Pilotto, A.; Panza, F. Metabolic-
cognitive syndrome: A cross-talk between metabolic syndrome and Alzheimer’s disease. Ageing Res. Rev. 2010, 9, 399–417.
[CrossRef] [PubMed]

145. Tyagi, A.; Mirita, C.; Taher, N.; Shah, I.; Moeller, E.; Tyagi, A.; Chong, T.; Pugazhenthi, S. Metabolic syndrome exacerbates amyloid
pathology in a comorbid Alzheimer’s mouse model. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866. [CrossRef]

146. Pasinetti, G.M.; Eberstein, J.A. Metabolic syndrome and the role of dietary lifestyles in Alzheimer’s disease. J. Neurochem. 2008,
106, 1503–1514. [CrossRef]

147. Raffaitin, C.; Gin, H.; Empana, J.P.; Helmer, C.; Berr, C.; Tzourio, C.; Portet, F.; Dartigues, J.F.; Alpérovitch, A.; Barberger-
Gateau, P. Metabolic syndrome and risk for incident alzheimer’s disease or vascular dementia. Diabetes Care 2009, 32, 169–174.
[CrossRef] [PubMed]

148. Isabel Lira-De León, K.; Delia Bertadillo-Jilote, A.; Gustavo García-Gutiérrez, D.; Antonio Meraz-Ríos, M. Alzheimer’s Disease
and Type 2 Diabetes Mellitus: Molecular Mechanisms and Similarities. In Neurodegenerative Diseases-Molecular Mechanisms and
Current Therapeutic Approaches; Working Title; IntechOpen: London, UK, 2020.

149. Luque-Contreras, D.; Carvajal, K.; Toral-Rios, D.; Franco-Bocanegra, D.; Campos-Peña, V. Oxidative stress and metabolic
syndrome: Cause or consequence of Alzheimer’s disease? Oxid. Med. Cell. Longev. 2014, 2014, 497802. [CrossRef]

150. Wang, X.; Wang, W.; Li, L.; Perry, G.; Lee, H.-G.; Zhu, X. Oxidative stress and mitochondrial dysfunction in Alzheimer’s disease.
Biochim. Biophys. Acta Mol. Basis Dis. 2014, 1842, 1240–1247. [CrossRef]

151. Spielman, L.J.; Little, J.P.; Klegeris, L. Inflammation and insulin/IGF-1 resistance as the possible link between obesity and
neurodegeneration. J. Neuroimmunol. 2014, 273, 8–21. [CrossRef] [PubMed]

152. Minter, M.R.; Taylor, J.M.; Crack, P.J. The contribution of neuroinflammation to amyloid toxicity in Alzheimer’s disease.
J. Neurochem. 2016, 136, 457–474. [CrossRef]

153. Wu, Z.; Zhu, A.; Takayama, F.; Okada, R.; Liu, Y.; Harada, Y.; Wu, S.; Nakanishi, H. Brazilian green propolis suppresses
the hypoxia-induced neuroinflammatory responses by inhibiting NF- B activation in microglia. Oxid. Med. Cell. Longev.
2013. [CrossRef]

154. Li, Z.; Chu, S.; He, W.; Zhang, Z.; Liu, J.; Cui, L.; Yan, X.; Li, D.; Chen, N. A20 as a novel target for the anti-neuroinflammatory
effect of chrysin via inhibition of NF-κB signaling pathway. Brain. Behav. Immun. 2019, 79, 228–235. [CrossRef]

155. Tsai, C.F.; Kuo, Y.H.; Yeh, W.L.; Wu, C.Y.J.; Lin, H.Y.; Lai, S.W.; Liu, Y.S.; Wu, L.H.; Lu, J.K.; Lu, D.Y. Regulatory effects of caffeic
acid phenethyl ester on neuroinflammation in microglial cells. Int. J. Mol. Sci. 2015, 16, 5572–5589. [CrossRef] [PubMed]

156. Ni, J.; Wu, Z.; Meng, J.; Zhu, A.; Zhong, X.; Wu, S.; Nakanishi, H. The Neuroprotective Effects of Brazilian Green Propolis on
Neurodegenerative Damage in Human Neuronal SH-SY5Y Cells. Oxid. Med. Cell. Longev. 2017, 2017, 7984327. [CrossRef]

157. Lu, B.; Nagappan, G.; Lu, Y. BDNF and synaptic plasticity, cognitive function, and dysfunction. Handb. Exp. Pharmacol. 2015, 220,
223–250.

158. Minatohara, K.; Akiyoshi, M.; Okuno, H. Role of immediate-early genes in synaptic plasticity and neuronal ensembles underlying
the memory trace. Front. Mol. Neurosci. 2016, 8, 78. [CrossRef]

159. Nanaware, S.; Shelar, M.; Sinnathambi, A.; Mahadik, K.R.; Lohidasan, S. Neuroprotective effect of Indian propolis in β-
amyloid induced memory deficit: Impact on behavioral and biochemical parameters in rats. Biomed. Pharmacother. 2017, 93,
543–553. [CrossRef]

160. Bazmandegan, G.; Boroushaki, M.T.; Shamsizadeh, A.; Ayoobi, F.; Hakimizadeh, E.; Allahtavakoli, M. Brown propolis attenuates
cerebral ischemia-induced oxidative damage via affecting antioxidant enzyme system in mice. Biomed. Pharmacother. 2017, 85,
503–510. [CrossRef]

161. Hao, R.; Song, X.; Li, F.; Tan, X.; Sun-Waterhouse, D.; Li, D. Caffeic acid phenethyl ester reversed cadmium-induced cell
death in hippocampus and cortex and subsequent cognitive disorders in mice: Involvements of AMPK/SIRT1 pathway and
amyloid-tau-neuroinflammation axis. Food Chem. Toxicol. 2020, 144, 111636. [CrossRef] [PubMed]

162. Abbasi, A.; Forsberg, K.; Bischof, F. The role of the ubiquitin-editing enzyme A20 in diseases of the central nervous system and
other pathological processes. Front. Mol. Neurosci. 2015, 8, 21. [CrossRef] [PubMed]

163. Zhu, A.; Wu, Z.; Zhong, X.; Ni, J.; Li, Y.; Meng, J.; Du, C.; Zhao, X.; Nakanishi, H.; Wu, S. Brazilian Green Propolis Prevents
Cognitive Decline into Mild Cognitive Impairment in Elderly People Living at High Altitude. J. Alzheimer’s Dis. 2018, 63, 551–560.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.freeradbiomed.2009.07.016
http://doi.org/10.1016/j.bbalip.2011.10.016
http://doi.org/10.12691/jfnr-7-11-5
http://doi.org/10.1002/ptr.6937
http://www.ncbi.nlm.nih.gov/pubmed/33166032
http://doi.org/10.1016/j.arr.2010.04.007
http://www.ncbi.nlm.nih.gov/pubmed/20444434
http://doi.org/10.1016/j.bbadis.2020.165849
http://doi.org/10.1111/j.1471-4159.2008.05454.x
http://doi.org/10.2337/dc08-0272
http://www.ncbi.nlm.nih.gov/pubmed/18945929
http://doi.org/10.1155/2014/497802
http://doi.org/10.1016/j.bbadis.2013.10.015
http://doi.org/10.1016/j.jneuroim.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/24969117
http://doi.org/10.1111/jnc.13411
http://doi.org/10.1155/2013/906726
http://doi.org/10.1016/j.bbi.2019.02.005
http://doi.org/10.3390/ijms16035572
http://www.ncbi.nlm.nih.gov/pubmed/25768341
http://doi.org/10.1155/2017/7984327
http://doi.org/10.3389/fnmol.2015.00078
http://doi.org/10.1016/j.biopha.2017.06.072
http://doi.org/10.1016/j.biopha.2016.11.057
http://doi.org/10.1016/j.fct.2020.111636
http://www.ncbi.nlm.nih.gov/pubmed/32739455
http://doi.org/10.3389/fnmol.2015.00021
http://www.ncbi.nlm.nih.gov/pubmed/26124703
http://doi.org/10.3233/JAD-170630
http://www.ncbi.nlm.nih.gov/pubmed/29630549


Antioxidants 2021, 10, 348 19 of 20

164. Czaja, M.J. JNK regulation of hepatic manifestations of the metabolic syndrome. Trends Endocrinol. Metab. 2010, 21, 707–713. [CrossRef]
165. Henao-Mejia, J.; Elinav, E.; Jin, C.; Hao, L.; Mehal, W.Z.; Strowig, T.; Thaiss, C.A.; Kau, A.L.; Eisenbarth, S.C.; Jurczak, M.J.; et al.

Inflammasome-mediated dysbiosis regulates progression of NAFLD and obesity. Nature 2012, 482, 179–185. [CrossRef] [PubMed]
166. Esser, N.; Legrand-Poels, S.; Piette, J.; Scheen, A.J.; Paquot, N. Inflammation as a link between obesity, metabolic syndrome and

type 2 diabetes. Diabetes Res. Clin. Pract. 2014, 105, 141–150. [CrossRef]
167. Catrysse, L.; van Loo, G. Inflammation and the Metabolic Syndrome: The Tissue-Specific Functions of NF-κB. Trends Cell Biol.

2017, 27, 417–429. [CrossRef]
168. Pahwa, R.; Singh, A.; Adams-Huet, B.; Devaraj, S.; Jialal, I. Increased inflammasome activity in subcutaneous adipose tissue of

patients with metabolic syndrome. Diabetes. Metab. Res. Rev. 2020, e3383. [CrossRef] [PubMed]
169. Natarajan, K.; Singh, S.; Burke, T.R.; Grunberger, D.; Aggarwal, B.B. Caffeic acid phenethyl ester is a potent and specific inhibitor

of activation of nuclear transcription factor NF-κB. Proc. Natl. Acad. Sci. USA 1996, 93, 9090–9095. [CrossRef]
170. Song, Y.S.; Park, E.H.; Hur, G.M.; Ryu, Y.S.; Lee, Y.S.; Lee, J.Y.; Kim, Y.M.; Jin, C. Caffeic acid phenethyl ester inhibits nitric oxide

synthase gene expression and enzyme activity. Cancer Lett. 2002, 175, 53–61. [CrossRef]
171. Márquez, N.; Sancho, R.; Macho, A.; Calzado, M.A.; Fiebich, B.L.; Muñoz, E. Caffeic Acid Phenethyl Ester Inhibits T-Cell

Activation by Targeting Both Nuclear Factor of Activated T-Cells and NF-κB Transcription Factors. J. Pharmacol. Exp. Ther. 2004,
308, 993–1001. [CrossRef]

172. Liu, M.; Li, F.; Huang, Y.; Zhou, T.; Chen, S.; Li, G.; Shi, J.; Dong, N.; Xu, K. Caffeic Acid Phenethyl Ester Ameliorates Calcification
by Inhibiting Activation of the AKT/NF-κB/NLRP3 Inflammasome Pathway in Human Aortic Valve Interstitial Cells. Front.
Pharmacol. 2020, 11, 826. [CrossRef] [PubMed]

173. Bae, Y.; Lee, S.; Kim, S.H. Chrysin suppresses mast cell-mediated allergic inflammation: Involvement of calcium, caspase-1 and
nuclear factor-κB. Toxicol. Appl. Pharmacol. 2011, 254, 56–64. [CrossRef] [PubMed]

174. Hori, J.I.; Zamboni, D.S.; Carrão, D.B.; Goldman, G.H.; Berretta, A.A. The inhibition of inflammasome by Brazilian propolis
(EPP-AF). Evid. Based Complement. Altern. Med. 2013, 2013, 418508. [CrossRef]

175. Hsieh, C.Y.; Li, L.H.; Rao, Y.K.; Ju, T.C.; Nai, Y.S.; Chen, Y.W.; Hua, K.F. Mechanistic insight into the attenuation of gouty
inflammation by Taiwanese green propolis via inhibition of the NLRP3 inflammasome. J. Cell. Physiol. 2019, 234, 4081–4094.
[CrossRef]

176. Paulino, N.; Abreu, S.R.L.; Uto, Y.; Koyama, D.; Nagasawa, H.; Hori, H.; Dirsch, V.M.; Vollmar, A.M.; Scremin, A.; Bretz, W.A.
Anti-inflammatory effects of a bioavailable compound, Artepillin C, in Brazilian propolis. Eur. J. Pharmacol. 2008, 587, 296–
301. [CrossRef]

177. Ha, S.K.; Moon, E.; Kim, S.Y. Chrysin suppresses LPS-stimulated proinflammatory responses by blocking NF-κB and JNK
activations in microglia cells. Neurosci. Lett. 2010, 485, 143–147. [CrossRef] [PubMed]

178. Funakoshi-Tago, M.; Okamoto, K.; Izumi, R.; Tago, K.; Yanagisawa, K.; Narukawa, Y.; Kiuchi, F.; Kasahara, T.; Tamura, H.
Anti-inflammatory activity of flavonoids in Nepalese propolis is attributed to inhibition of the IL-33 signaling pathway. Int.
Immunopharmacol. 2015, 25, 189–198. [CrossRef] [PubMed]

179. Ikeda, R.; Yanagisawa, M.; Takahashi, N.; Kawada, T.; Kumazawa, S.; Yamaotsu, N.; Nakagome, I.; Hirono, S.; Tsuda, T. Brazilian
propolis-derived components inhibit TNF-α-mediated downregulation of adiponectin expression via different mechanisms in
3T3-L1 adipocytes. Biochim. Biophys. Acta Gen. Subj. 2011, 1810, 695–703. [CrossRef] [PubMed]

180. Matsushita, K.; Yatsuya, H.; Tamakoshi, K.; Wada, K.; Otsuka, R.; Takefuji, S.; Sugiura, K.; Kondo, T.; Murohara, T.; Toyoshima, H.
Comparison of circulating adiponectin and proinflammatory markers regarding their association with metabolic syndrome in
Japanese men. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 871–876. [CrossRef]

181. Shang, H.; Srikanth Bhagavathula, A.; Ali Aldhaleei, W.; Rahmani, J.; Karam, G.; Rinaldi, G.; Clark, C.; Salehisahlabadi, A.;
Yuan, Q. Effect of propolis supplementation on C-reactive protein levels and other inflammatory factors: A systematic review
and meta-analysis of randomized controlled trials. J. King Saud Univ. Sci. 2020, 32, 1694–1701. [CrossRef]

182. Jalali, M.; Ranjbar, T.; Mosallanezhad, Z.; Mahmoodi, M.; Moosavian, S.P.; Ferns, G.A.; Jalali, R.; Sohrabi, Z. Effect of Propolis
Intake on Serum C-Reactive Protein (CRP) and Tumor Necrosis Factor-alpha (TNF-α) Levels in Adults: A Systematic Review and
Meta-Analysis of Clinical Trials. Complement. Ther. Med. 2020, 50, 102380. [CrossRef]

183. Wautier, J.-L.; Guillausseau, P.-J. Diabetes, advanced glycation endproducts and vascular disease. Vasc. Med. 1998, 3, 131–137. [CrossRef]
184. Volpe, C.M.O.; Villar-Delfino, P.H.; Dos Anjos, P.M.F.; Nogueira-Machado, J.A. Cellular death, reactive oxygen species (ROS) and

diabetic complications review-Article. Cell Death Dis. 2018, 9, 119. [CrossRef] [PubMed]
185. Wang, X.; Bao, W.; Liu, J.; Ouyang, Y.Y.; Wang, D.; Rong, S.; Xiao, X.; Shan, Z.L.; Zhang, Y.; Yao, P.; et al. Inflammatory markers

and risk of type 2 diabetes: A systematic review and meta-analysis. Diabetes Care 2013, 36, 166–175. [CrossRef]
186. Yu, T.; Robotham, J.L.; Yoon, Y. Increased production of reactive oxygen species in hyperglycemic conditions requires dynamic

change of mitochondrial morphology. Proc. Natl. Acad. Sci. USA 2006, 103, 2653–2658. [CrossRef] [PubMed]
187. Unoki, H.; Yamagishi, S. Advanced Glycation End Products and Insulin Resistance. Curr. Pharm. Des. 2008, 14, 987–989. [CrossRef]
188. Tahara, N.; Yamagishi, S.I.; Matsui, T.; Takeuchi, M.; Nitta, Y.; Kodama, N.; Mizoguchi, M.; Imaizumi, T. Serum levels of advanced

glycation end products (AGEs) are independent correlates of insulin resistance in nondiabetic subjects. Cardiovasc. Ther. 2012, 30,
42–48. [CrossRef]

http://doi.org/10.1016/j.tem.2010.08.010
http://doi.org/10.1038/nature10809
http://www.ncbi.nlm.nih.gov/pubmed/22297845
http://doi.org/10.1016/j.diabres.2014.04.006
http://doi.org/10.1016/j.tcb.2017.01.006
http://doi.org/10.1002/dmrr.3383
http://www.ncbi.nlm.nih.gov/pubmed/32652811
http://doi.org/10.1073/pnas.93.17.9090
http://doi.org/10.1016/S0304-3835(01)00787-X
http://doi.org/10.1124/jpet.103.060673
http://doi.org/10.3389/fphar.2020.00826
http://www.ncbi.nlm.nih.gov/pubmed/32733235
http://doi.org/10.1016/j.taap.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21515303
http://doi.org/10.1155/2013/418508
http://doi.org/10.1002/jcp.27204
http://doi.org/10.1016/j.ejphar.2008.02.067
http://doi.org/10.1016/j.neulet.2010.08.064
http://www.ncbi.nlm.nih.gov/pubmed/20813161
http://doi.org/10.1016/j.intimp.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/25614224
http://doi.org/10.1016/j.bbagen.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21554928
http://doi.org/10.1161/01.ATV.0000208363.85388.8f
http://doi.org/10.1016/j.jksus.2020.01.003
http://doi.org/10.1016/j.ctim.2020.102380
http://doi.org/10.1177/1358836X9800300207
http://doi.org/10.1038/s41419-017-0135-z
http://www.ncbi.nlm.nih.gov/pubmed/29371661
http://doi.org/10.2337/dc12-0702
http://doi.org/10.1073/pnas.0511154103
http://www.ncbi.nlm.nih.gov/pubmed/16477035
http://doi.org/10.2174/138161208784139747
http://doi.org/10.1111/j.1755-5922.2010.00177.x


Antioxidants 2021, 10, 348 20 of 20

189. Coughlan, M.T.; Yap, F.Y.T.; Tong, D.C.K.; Andrikopoulos, S.; Gasser, A.; Thallas-Bonke, V.; Webster, D.E.; Miyazaki, J.I.; Kay, T.W.;
Slattery, R.M.; et al. Advanced glycation end products are direct modulators of β-cell function. Diabetes 2011, 60, 2523–2532.
[CrossRef] [PubMed]

190. Coletta, D.K.; Mandarino, L.J. Mitochondrial dysfunction and insulin resistance from the outside in: Extracellular matrix, the
cytoskeleton, and mitochondria. Am. J. Physiol. Endocrinol. Metab. 2011, 301, E749–E755. [CrossRef]

191. Nogueira-Machado, J.A.; Martins Chaves, M. From hyperglycemia to AGE-RAGE interaction on the cell surface: A dangerous
metabolic route for diabetic patients. Expert Opin. Ther. Targets 2008, 12, 871–882. [CrossRef] [PubMed]

192. Huttunen, H.J.; Fages, C.; Rauvala, H. Receptor for advanced glycation end products (RAGE)-mediated neurite outgrowth and
activation of NF-κB require the cytoplasmic domain of the receptor but different downstream signaling pathways. J. Biol. Chem.
1999, 274, 19919–19924. [CrossRef] [PubMed]

193. Liu, R.; Wu, C.X.; Zhou, D.; Yang, F.; Tian, S.; Zhang, L.; Zhang, T.T.; Du, G.H. Pinocembrin protects against β-amyloid-induced
toxicity in neurons through inhibiting receptor for advanced glycation end products (RAGE)-independent signaling pathways
and regulating mitochondrion-mediated apoptosis. BMC Med. 2012, 10, 105. [CrossRef]

194. Boisard, S.; Le Ray, A.M.; Gatto, J.; Aumond, M.C.; Blanchard, P.; Derbré, S.; Flurin, C.; Richomme, P. Chemical composition,
antioxidant and anti-AGEs activities of a French poplar type propolis. J. Agric. Food Chem. 2014, 62, 1344–1351. [CrossRef]

195. Kazemi, F.; Divsalar, A.; Saboury, A.A.; Seyedarabi, A. Propolis nanoparticles prevent structural changes in human hemoglobin
during glycation and fructation. Colloids Surf. B Biointerfaces 2019, 177, 188–195. [CrossRef]

196. Boisard, S.; Shahali, Y.; Aumond, M.C.; Derbré, S.; Blanchard, P.; Dadar, M.; Le Ray, A.M.; Richomme, P. Anti-AGE activity of
poplar-type propolis: Mechanism of action of main phenolic compounds. Int. J. Food Sci. Technol. 2020, 55, 453–460. [CrossRef]

197. Russo, A.; Longo, R.; Vanella, A. Antioxidant activity of propolis: Role of caffeic acid phenethyl ester and galangin. Fitoterapia
2002, 73, S21–S29. [CrossRef]

198. Kumazawa, S.; Hamasaka, T.; Nakayama, T. Antioxidant activity of propolis of various geographic origins. Food Chem. 2004, 84,
329–339. [CrossRef]

199. Ahn, M.R.; Kumazawa, S.; Usui, Y.; Nakamura, J.; Matsuka, M.; Zhu, F.; Nakayama, T. Antioxidant activity and constituents of
propolis collected in various areas of China. Food Chem. 2007, 101, 1383–1392. [CrossRef]

200. Fikri, A.M.; Sulaeman, A.; Marliyati, S.A.; Fahrudin, M. Antioxidant activity and total phenolic content of stingless bee propolis
from Indonesia. J. Apic. Sci. 2019, 63, 139–147. [CrossRef]

201. Yuan, W.; Chang, H.; Liu, X.; Wang, S.; Liu, H.; Xuan, H. Brazilian Green Propolis Inhibits Ox-LDL-Stimulated Oxidative
Stress in Human Umbilical Vein Endothelial Cells Partly through PI3K/Akt/mTOR-Mediated Nrf2/HO-1 Pathway. Evid. Based
Complement. Altern. Med. 2019, 2019, 5789574. [CrossRef]

202. Hotta, S.; Uchiyama, S.; Ichihara, K. Brazilian red propolis extract enhances expression of antioxidant enzyme genes in vitro and
in vivo. Biosci. Biotechnol. Biochem. 2020, 84, 1820–1830. [CrossRef]

203. Pazin, W.M.; Mônaco, L. da M.; Egea Soares, A.E.; Miguel, F.G.; Berretta, A.A.; Ito, A.S. Antioxidant activities of three stingless
bee propolis and green propolis types. J. Apic. Res. 2017, 56, 40–49. [CrossRef]

204. Pujirahayu, N.; Suzuki, T.; Katayama, T. Cycloartane-type triterpenes and botanical origin of propolis of stingless Indonesian bee
tetragonula sapiens. Plants 2019, 8, 57. [CrossRef] [PubMed]

205. Rivera-Yañez, N.; Rivera-Yañez, C.R.; Pozo-Molina, G.; Méndez-Catalá, C.F.; Méndez-Cruz, A.R.; Nieto-Yañez, O. Biomedical
properties of propolis on diverse chronic diseases and its potential applications and health benefits. Nutrients 2021, 13, 78.
[CrossRef] [PubMed]
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