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Atherosclerosis is a complex pathology that involves several factors in its development, like oxidative stress,
inﬂammation, hyperlipidemia, platelet aggregation and thrombus formation. Several drugs and therapeutic
approaches have been developed to handle these aspects of atherosclerosis. However, some of these treatments
can be costly and have undesirable side eﬀects. Many constituents of mushrooms have been shown to have
potential anti-atherosclerotic eﬀects in several in vitro and in vivo studies. Recently, the possible mechanisms in
which they exert these eﬀects have also been elucidated. In this review, some of the research focusing on
mushrooms and their potential anti-atherosclerotic eﬀects are examined. Many mushroom species exhibited
anti-oxidative, anti-inﬂammatory and hypolipidemic eﬀects that can potentially attenuate the progression of
atherosclerosis, either through their isolated compounds or use of crude extracts. More studies are focused on the
eﬀect that mushrooms have on gene expressions that are involved in oxidative stress, inﬂammation, and hyperlipidemia. These studies could provide us with a better understanding on the mechanisms in which the
consumption of mushrooms could exert their possible anti-atherosclerotic eﬀects. Further research needs to be
done to uncover other possible mechanisms that are aﬀected by mushroom use.

1. Introduction

1.1. Atherosclerosis

According to the World Health Organization (WHO), cardiovascular
diseases (CVDs) are the number one cause of death globally (World Health
Organization, 2017). CVDs have multifactorial etiology, but atherosclerosis is the main underlining pathology (George & Johnson, 2010;
Mensink et al., 2003). Some potential risk biomarkers of CVDs include
lipid and lipoprotein metabolism, hemostatic function, oxidative damage,
homocysteine metabolism, and blood pressure (Guillamón et al., 2010).
Research for the past three decades has shown that various compounds obtained from a range of mushroom species have potent and
distinctive properties (Wasser, 2011). Mushrooms can be added to
normal diet and be consumed orally without the need to undergo
phases I/II/III trials. Thus, they are considered as a safe and convenient
approach for disease therapy (Lull, Wichers, & Savelkoul, 2005). These
research ﬁndings bring about an increased interest in mushrooms both
as a nutritional source and a potential mine of biopharmacological
products (Gao, Chan, & Zhou, 2004; Mattila, Suonpää, & Piironen,
2000). As such, this review aims to summarize some in vitro and in vivo
beneﬁcial eﬀects that several mushroom species have demonstrated
against the multiple factors of atherosclerosis.

Atherosclerosis is a disease in which the inner lining of arterial walls
gradually thicken due to the formation of atheromatous plaques (Libby,
Ridker, & Hansson, 2011; Lusis, 2000; Tortora & Derrickson, 2011). It is
a multi-faceted, chronic disease, with decades of development before
symptoms would become noticeable. It is thought that atherosclerosis is
initiated when the endothelium is damaged, and the injury subsequently alters the endothelial function. The damage triggers various
inﬂammatory and ﬁbro-proliferative responses. This response-to-injury
hypothesis was initially proposed by Russel Ross and colleagues about
30 years ago (Ross, Glomset, & Harker, 1977), and it has been further
developed since then. Several risk factors are associated with atherosclerosis, such as diabetes mellitus, hypercholesterolemia, hypertension, obesity, oxidative stress, smoking, and sedentary lifestyle, among
many others (Doll, Peto, Boreham, & Sutherland, 2005; Garcia,
McNamara, Gordon, & Kannel, 1974; World Health Organization, 2002;
Yusuf et al., 2004). The risk factors may exert their negative eﬀects
through intermediaries such as oxidized lipoproteins, free radicals like
reactive oxygen species (ROS), elevated plasma homocysteine concentration, low blood shear stress, and inﬂammatory signals like
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accumulation, and modiﬁcation of LDL particles within the intima lead
to further atherosclerotic development, especially when they are consumed by macrophages within the atherosclerotic plaque (Tabas et al.,
2007).

cytokines (Ross, 1999). To add to the complexity, some of the risk
factors may also interact in ways that would further worsen the disease
(Lusis, 2000). The following sections focus on the beginning and progression of the atherosclerotic plaque, and also how the diﬀerent risk
factors play their roles in atherogenesis.

1.1.2. Oxidative stress, foam cells and fatty streaks formation
ROS are involved in various intracellular signaling pathways, and
usually the body has its own antioxidant systems to balance these reactive species. Some examples of ROS include superoxide (O2 −) hydrogen peroxide (H2O2), peroxynitrite (ONOO−), and hypochlorous
acid (HOCl). Various enzymes can produce ROS in the body, such as
NADPH oxidase (NOX), xanthine oxidase, and nitric oxide synthase
(NOS). Although they are needed in several biological processes and
pathways, overproduction of these reactive species can upset and disrupt many physiological processes (Hamilton et al., 2004). These reactive species are implicated in various atherosclerotic processes such
as inﬂammation, apoptosis, vascular smooth muscle cells (VSMCs) replication, angiogenesis, and matrix turnover (Muzaﬀar, Shukla, &
Jeremy, 2005).
Lipoprotein oxidation, particularly the oxidation of LDL, is known
as one of the major risk factors in atherogenesis (Steinberg, 2002). The
oxidative modiﬁcation hypothesis postulates that oxidized LDL (oxLDL), or any other lipoprotein, is involved in the process of atherogenesis (Witztum & Steinberg, 2001). Ox-LDL has several properties
that makes it particularly proatherogenic, such as its enhanced uptake
by macrophages, its ability to induce monocyte chemoattractant protein-1 (MCP-1) and macrophage colony stimulating factor (M-CSF) from
ECs, it can cause an increase in collagen production in SMCs, it enhances the expression of VCAM-1, it can induce a number of proinﬂammatory cytokines in macrophages, and it can raise the tissue factor
activities in ECs which are implicated in the process of thrombogenesis
(Steinberg, 2009). The modiﬁed-LDL uptake by macrophages are believed to be mediated by several classes of scavenger receptors on the
cells, such as scavenger receptor (SR) classes A, B, and C (Li & Glass,
2002).
Foam cell formation is thought to occur when LDL particles, especially modiﬁed ones, are taken up by macrophages in the intima
(Witztum & Steinberg, 2001). Foam cells are relatively less mobile, and
they become trapped in the intima and medial layers. They release
cytokines, such as IL-1β and TNF-α, chemokines such as MCP-1, and
ROS, which cause further recruitment of leukocytes at the site of injury
and cause lipid modiﬁcation at the vessel wall (Moore & Rayner, 2010).
Macrophages also have the ability to remove excess lipids through
the reverse cholesterol transport (RCT) mechanism. This eﬄux mechanism is mediated by the ATP-binding cassette transporters (ABC
transporters), such as ABCA-1 and ABCG-1. Cholesterol eﬄux has
atheroprotective eﬀects, thus it has been proposed that initially, lipid
intake by macrophages is likely to be beneﬁcial at the onset of endothelial injury (Ouimet, Wang, Cadotte, Ho, & Marcel, 2008). However, as the lipid accumulation increases within the macrophages, it
overwhelms the eﬄux mechanism and ultimately results in the formation of foam cells (Moore & Rayner, 2010).
Chemokines and growth factors released by intimal cells and the
damaged endothelium further recruit more cells, such as the T cells, to
the site of injury (Boring, Gosling, Cleary, & Charo, 1998; Gosling et al.,
1999). Accumulated cells in the intima, like monocytes and T cells,
continue to release chemokines to further amplify the signaling and
increase the inﬂammatory condition. The monocytes diﬀerentiate into
macrophages when stimulated by various growth factors, like the MCSF, and cytokines such as interferon-γ (IFN-γ) and TNF-α (Lusis,
2000). Chemokines also promote macrophage retention, and encourage
VSMC migration and proliferation in the intima (Barlic, Zhang, Foley, &
Murphy, 2006). As the inﬂammation progresses, more pro-inﬂammatory cytokines are produced, such as IFN-γ, IL-1, IL-2, IL-18, and
TNF-α. However, some atheroprotective cytokines may also be released, like the transforming growth factor-β (TGF-β) and IL-10

1.1.1. Endothelial dysfunction and inﬂammation
Atherosclerosis is considered to be a lipid metabolism disorder, but
an estimated 50% of all strokes and myocardial infarction (MI) cases
happened in individuals without increased cholesterol levels. This observation suggests that some other underlying pathophysiologic processes also contribute to atherosclerosis (Ridker, 2003). As mentioned
previously, the “response-to-injury” hypothesis proposes maladaptive
and chronic inﬂammatory responses as one such process that might
promote this disease (Ross, 1999). Inﬂammation is a complex process
that requires the participation of diﬀerent cells, receptors, transcription
factors, cytokines and molecules. Some of the most recognized inﬂammatory mediators include interleukins (ILs) such as IL-1β, IL-6, and
IL-8, tumor necrosis factor-α (TNF-α), intercellular adhesion molecule1 (ICAM-1), inducible cyclooxygenase-2 (COX-2), prostaglandin E2
(PGE2), inducible nitric oxide synthase (iNOS), nuclear factor κB (NFκB), and activator protein-1 (AP-1), among many others. Overproduction of these mediators can bring about various cell damage
(Levine & Levine, 2012).
Endothelial dysfunction can be deﬁned as the impairment of the
vasorelaxation of the endothelium caused by the loss of nitric oxide
(NO) bioactivity in the vascular walls (Cai & Harrison, 2000). NO is a
small gaseous signaling molecule that is recognized as an atheroprotective species in the body, and it regulates several cardiovascular
processes such as blood pressure and ﬂow, smooth muscle cell (SMC)
contraction, inﬂammation, and platelet activation. When endothelial
dysfunction occurs as a result of reduced NO bioavailability and activity, it can lead to various vascular pro-inﬂammatory conditions
(Hamilton et al., 2004).
The intima is made up of a single layer of endothelium, which sits
atop of a basal lamina, while the media is mostly made up of smooth
muscle cells (SMCs) embedded in extracellular matrix (ECM). When the
endothelium is injured by aggravating stimuli (such as dyslipidemia,
hypertension, or pro-inﬂammatory molecules), the biological responses
elicited include upregulated adhesion molecule expression by endothelial cells (ECs), and increased permeability of the endothelium
(Libby et al., 2011; Tabas, Williams, & Borén, 2007).
Platelets are the ﬁrst to arrive at the site of injury, and they start
adhering to the endothelium and aggregate (Massberg et al., 2002).
These platelets are activated by various factors such as integrins, Pselectins, ﬁbrin, thromboxane A2 (TXA2), and tissue factors (Ross,
1999). Once activated, the platelets release a variety of inﬂammatory
factors, proteases, and vasoactive substances, thus further encouraging
the eﬀects of inﬂammation and endothelial damage (Langer & Gawaz,
2008).
In a normal healthy artery, leukocytes do not usually adhere to the
endothelium. But endothelial damage causes the increased expression
of adhesion molecules by the ECs, which results in leukocyte adhesion
(Libby et al., 2011). Damaged vascular cells also express chemokines to
signal and recruit leukocytes, such as monocytes, to the site of injury
(Libby, 2002). The leukocytes that are recruited originally adhere
weakly to the endothelium via adhesion molecules such as selectins,
then they roll on the endothelial surface before transmigrating into the
intima. Leukocyte extravasation from the arterial lumen into the intima
is aided by integrin and immunoglobulin superfamily (Ig superfamily)
molecules, such as the vascular cell adhesion molecule-1 (VCAM-1) and
ICAM-1 (Huo & Ley, 2001).
The increased permeability of the endothelium also helps in the
process of transmigration of the leukocytes (Huo & Ley, 2001). Other
molecules such as LDL particles may also invade into the intimal layer
due to the increased endothelial permeability. The retention,
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Willebrand factor (vWF) to the blood. Platelets adhere to these components via their speciﬁc receptors. Activated platelets secrete various
soluble messengers and proteins, synthesize TXA2 to recruit more platelets and inﬂammatory cells, and form a platelet plug that becomes the
center for other coagulation factors in order to form a stable clot (Rauch
et al., 2001).
The tethering of platelets to the endothelium is mediated by glycoprotein Ib (GPIb) on the platelets. GPIb interacts with vWF of the
endothelium to ﬁrst bind the platelets on the endothelium (Jackson,
Nesbitt, & Kulkarni, 2003; Varga-Szabo, Pleines, & Nieswandt, 2008).
Collagen receptors such as glycoprotein VI (GPVI), integrin α2β1, ﬁbronectin receptors α5β1, and integrin αIIbβ3 are needed for more stable
adhesion. The low-aﬃnity collagen receptor GPVI can activate several
signaling pathways once it binds to collagen, including activation of
integrins α2β1 and αIIbβ3 (Sachs & Nieswandt, 2007; Watson, Auger,
McCarty, & Pearce, 2005). Once integrin α2β1,which is a high-aﬃnity
collagen receptor, is activated, it strengthens the signaling induced by
GPVI (Inoue, Suzuki-Inoue, Dean, Frampton, & Watson, 2003; Kuijpers
et al., 2004).
Platelets also have mitogen-activated protein kinases (MAPK), that
includes the extracellular signal regulated kinase 2 (ERK2), p38 MAPK,
and c-Jun NH2-terminal kinase 1 (JNK-1), all of which are activated by
diﬀerent agonists (Adam, Kauskot, Rosa, & Bryckaert, 2008). There
have been reports indicating that ERK2 is involved in ADP-induced
TXA2 synthesis (Delgado-Lista, Garcia-Rios, Perez-Martinez, LopezMiranda, & Perez-Jimenez, 2011), while JNK-1 and p38 MAPK are
implicated in platelet aggregation due to collagen binding (Kauskot
et al., 2007). Thrombus that forms due to platelet aggregation can lead
to many clinical symptoms, and it accounts for 30%–40% acute
thrombotic events (Kolodgie, Burke, Wight, & Virmani, 2004).
Under normal circumstances, blot clot formation is needed to
maintain the integrity of the blood vessel. The ﬁbrin clot formed should
then be disassembled rapidly and removed eﬃciently by the ﬁbrinolytic
system. Central to this system is the Serine protease enzyme plasmin,
which is derived from the proenzyme plasminogen. Plasmin activators
(PAs) such as tissue-type plasmin activator (tPA) and urokinase-type
plasmin activator (uPA) are responsible for triggering the conversion of
plasminogen into plasmin. Plasmin can then cleave ﬁbrin to produce
soluble ﬁbrin degradation products and subsequently lead to clot disintegration (Collen, 1999). Various components such as ﬁbrin, speciﬁc
inhibitors, plasminogen and its activators, along with many others are
needed to regulate the ﬁbrinolytic system (Medved & Nieuwenhuizen,
2003). The overview of the platelet aggregation and ﬁbrinolytic system
is shown in Fig. 1.
Abnormal ﬁbrin accumulation is one of the common causes of cardiovascular diseases. A thrombus could occlude blood vessels, and may
cause conditions such as acute MI, high blood pressure, and stroke
(Hansson, 2005; Mine, Kwan Wong, & Jiang, 2005).

(Askenasy, Kaminitz, & Yarkoni, 2008; Tedgui & Mallat, 2006).
The combined actions of the platelet aggregation, foam cell formation, chemokine and cytokine release, and increase in inﬂammation
result in the formation of the fatty streak. Fatty streaks are prevalent in
young people, asymptomatic, and they are the ﬁrst visible indication of
atherogenesis (Hansson, 2005; Steinberg, 2002). At this point, the
atherosclerotic plaque is starting to develop and it marks the onset of
atherosclerosis, but this development can still regress (Hansson, 2005).
1.1.3. Advanced plaque
In the event that the fatty streaks continuously develop into becoming more complex, then an advanced plaque is formed, which is
characterized by the formation of a ﬁbrous cap. The plaque can become
established due to VSMC migration and proliferation in the intima,
deposition of ECM components into the lesion, and apoptosis of foam
cells. The VSMCs migrate from the medial layer into the intimal layer,
and they proliferate in the intima. Secretion of several types of proteases, such as matrix metalloproteinases (MMPs), helps ease the migration of VSMCs into the intima (Newby, 2006). The ﬁbrous cap is
formed by the VSMCs, where it acts as a protective layer between the
plaque and the arterial lumen (Libby et al., 2011). Several cytokines
and growth factors, like platelet-derived growth factor (PDGF), ﬁbroblast growth factor-2 (FGF-2) and TGF-β stimulate the ﬁbrous cap
formation. These cytokines and growth factors are produced by degranulated platelets, ECs, macrophages, foam cells, and VSMCs. The
VSMCs also secrete various ECM components into the lesion, further
augmenting the plaque (George & Beeching, 2006; George & Dwivedi,
2004).
In the lesion, T cells and macrophages further accumulate, and there
is a high chance for the immobile foam cells to undergo apoptosis,
which can be triggered by several inﬂammatory cytokines. The dead
cells deposit extracellular lipids, growth factors, and several other
contents, which further contribute to the inﬂamed state of the lesion.
The inability of the body to clear up the dead cell debris could lead to
the formation of a necrotic core in the plaque (Tabas, 2010). The
composition of a plaque is thought to contribute to its stability. A stable
plaque has a relatively smaller necrotic core, lower contents of inﬂammatory cells, and a thick ﬁbrous cap. In contrast, an unstable
plaque has a bigger necrotic core with a thin ﬁbrous cap, making it
more likely to become ruptured (Lusis, 2000; Tabas, García-Cardeña, &
Owens, 2015).
1.1.4. Unstable plaque
The unstable plaque is more likely to become ruptured due to several factors such as thinning of the ﬁbrous cap, degradation of the
matrix, and formation and thrombosis of microvessels in the plaque
(van der Wal & Becker, 1999). Thinning of the ﬁbrous cap can happen
when plaque cells undergo apoptosis and proteases degrade the ECM.
When VSMCs undergo apoptosis, the production of matrix contents is
reduced, thus decreasing the tensile strength of the ﬁbrous cap (Clarke
& Bennett, 2006; Libby, 2009).
The diﬀerent types of proteases produced in the plaque by diﬀerent
cell types worsen the inﬂammatory condition when they degrade the
ECM components and cause further thinning of the ﬁbrous cap.
Macrophages secrete serine proteases, cathepsins, and MMPs, while
mast cells produce serine proteases like chymase, tryptase, and cathepsin G, all of which further activate MMPs. Chymase can cause further
VSMCs apoptosis by degrading ECM ﬁbronectin and focal adhesion
kinase (George & Johnson, 2010; J. L. Johnson, Jackson, Angelini, &
George, 1998; Saarinen, Kalkkinen, Welgus, & Kovanen, 1994;
Shamamian et al., 2001).

1.2. Mushrooms
Mushrooms have been consumed and used in several regions and
cultures of the world since ancient times (Wasser, 2011). In China,
Japan, Korea, and eastern Russia, mushrooms like Ganoderma lucidum
(Ling Zhi/Reishi), Lentinula edodes (Shiitake), and Inonotus obliquus
(Chaga) have been gathered and used for therapeutic purposes for
hundreds of years (Wasser, 2002). In rural areas of parts of eastern
European countries, mushrooms such as I. obliquus, Fomitopsis oﬃcinalis, Formes fomentarius, and Piptoporus betulinus have been used to
treat various types of ailments (Poder, 2005). In Mesoamerican cultures, the genus Psilocybe was especially used in traditional remedies,
while in the African continent, reports of mushroom use can be traced
in countries like Algeria, Benin, Egypt, and Nigeria. The Fly Agaric
mushroom (Amanita muscaria) is especially prominent in various cultures or practices, such as in Buddhism, Celtic myths, and Siberia and
Tibetan shamanism (Van Griensven, 2009; Wasser, 2010, 2011; Wasser

1.1.5. Thrombogenesis
Thrombogenesis can occur when the atherosclerotic plaque is ruptured or eroded. The rupture or erosion of the vessel endothelium can
reveal many ECM components, such as collagen ﬁbers and Von
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Fig. 1. (a): The pathways that lead to the formation of ﬁbrin, which contributes to blood clot development.
(b): Overview of the ﬁbrinolytic system, in which the insoluble ﬁbrin is degraded by plasmin into soluble degradation product.

1992). However, the content, concentration, and type of these bioactive
components may substantially vary depending on the strain substrate,
cultivation techniques, developmental stage, age, storage condition,
processing, and cooking methods of the mushrooms (Barros et al., 2007;
Barros, Correia, Ferreira, Baptista, & Santos-Buelga, 2008; Mattila et al.,
2001).
The bioactive compounds of mushrooms include polysaccharides,
glycoproteins, proteins, lipids, and secondary metabolites (Lull et al.,
2005). The polysaccharides are usually cell wall components, such as βglucans (Sánchez, 2017). Some proteins from mushrooms have been
discovered to have biological activities, such as lectins, proteases and
protease inhibitors, ribosome-inactivating proteins, and fungal immunomodulatory proteins (Erjavec, Kos, Ravnikar, Dreo, & Sabotič,
2012). Some examples of secondary metabolites found in mushrooms
are phenolic compounds, organic acids, terpenes, steroids, terpenoids,
alkaloids, lactones, metal chelating agents, and vitamins (Sánchez,
2017; Valverde, Hernández-Pérez, & Paredes-López, 2015).

& Weis, 1999; Wasson, 1968).
According to Cheung (2010), mushrooms can generally be categorized into three groups, which are edible, medicinal, and poisonous.
Edible mushrooms are usually fruiting bodies that can be consumed,
either fresh (such as Agaricus bisporus and Pleurotus ostreatus), or in
dried form (such as L. edodes) (Cheung, 2010; Paterson & Lima, 2014).
Medicinal mushrooms are those not necessarily used for gastronomic
reasons due to their tough texture and bitter taste, and they have
bioactive constituents that have medicinal uses (such as G. lucidum)
(Paterson & Lima, 2014; Wasser, 2010). Medicinal mushrooms are
usually ingested in the form of powdered concentrates or extracts in hot
water (Paterson & Lima, 2014). Poisonous mushrooms are the ones that
have been conﬁrmed to be or suspected of being poisonous (such as
Amanita phalloides, the death cap) (Cheung, 2010). This review will
focus on mushrooms that have the potential to alleviate some aspects of
atherosclerosis, without necessarily distinguishing them as edible or
medicinal ones.
Contemporary research corroborates the use of mushrooms for
medicinal and therapeutic purposes. Some examples of medicinal
functions by mushrooms are antitumor, immunomodulating, antioxidant, radical scavenging, cardiovascular, antihypercholesterolemia,
antiviral, antibacterial, detoxiﬁcation, hepatoprotective, and antidiabetic eﬀects (Dai, Yang, Cui, Yu, & Zhou, 2009; Didukh, Wasser, &
Nevo, 2003; Gao, Chan, et al., 2004; Gao, Lan, Dai, Ye, & Zhou, 2004;
Gao, Zhou, Huang, & Xu, 2003; Ichinohe et al., 2010; Masuko et al.,
2005; Rowan, Smith, & Sullivan, 2003; Sullivan, Smith, & Rowan, 2006;
Wasser, 2010; M. Zhang, Cui, Cheung, & Wang, 2007).
The basic approach for mushroom extract preparation is to isolate,
characterize, and administer pure active compounds to examine their
biological eﬀects. However, diﬀerent components in a mushroom extract may act in a synergistic fashion in exerting their therapeutic effects (Borchers, Keen, & Gershwin, 2004; Vickers, 2002). For instance,
there have been multiple reports of one mushroom species with many
types of polysaccharides that have antitumor activities. This observation may be due to the diﬀerent polysaccharides interacting with different cell receptors, thus resulting in diﬀerent downstream responses.
Consequently, the use of diﬀerent combination of polysaccharides, with
their concerted eﬀort, may produce better antitumor eﬀect than an
application of only one single isolated polysaccharide (Borchers et al.,
2004). Therefore, sometimes a pure mushroom compound may be
utilized, but at other times the crude mushroom extracts might also be
used.

1.2.1.1. Polysaccharides. Polysaccharides are the renowned and most
potent mushroom-based substance, with beneﬁcial properties such as
anti-tumor,
antioxidative,
antidiabetic,
antimicrobial,
antiinﬂammatory, and immunomodulation (Bartczak et al., 2012;
Valverde et al., 2015). The total carbohydrate content of mushrooms,
comprising of both digestible and non-digestible ones, varies according
to the species, ranging from 35% to 70% dry weight (Diez & Alvarez,
2001; Longvah & Deosthale, 1998; Mau, Lin, Ma, & Song, 2001). The
digestible carbohydrates of mushrooms are usually present in small
quantities at < 1% DW, while glycogen tend to be around 5–10% DW.
Non-digestible carbohydrates include oligosaccharides like trehalose,
and non-starch polysaccharides, such as chitin, β-glucans, and mannans
(Cheung, 2010).
The major polysaccharide found in various mushrooms is the βglucan, and around half the mass of mushroom cell walls are made up
of β-glucans (Valverde et al., 2015). The β-glucans from several
mushroom species have been shown to have several health properties,
including anticancer, immunomodulating, anticholesterolemic, antioxidant, and neuroprotection. One possible explanation for these
properties is their ability to bind to membrane receptors to induce
biological responses (Falch, Espevik, Ryan, & Stokke, 2000; Ishibashi,
Miura, Adachi, Ohno, & Yadomae, 2001; Kataoka, Muta, Yamazaki, &
Takeshige, 2002; Khan, Tania, Liu, & Rahman, 2013). These β-glucans
are not recognized as self-molecules and they are not synthesized by
humans, thus β-glucans can induce both the innate and adaptive immune systems (Vetvicka & Yvin, 2004).
A number of biologically-active glucans have been isolated from
several mushroom species. For instance, pleuran from P. ostreatus

1.2.1. Bioactive compounds of mushrooms
Mushroom bioactive metabolites can be obtained from their fruiting
bodies, pure culture mycelia, and culture broth (Jong & Birmingham,
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Terpenes are one of the most diverse group of bioactive compounds
that can be found in mushrooms. Around 120 diﬀerent types of triterpenes have been isolated from G. lucidum (H. W. Kim & Kim, 1999).
Some of the triterpenes from G. lucidum have been shown to inhibit
cholesterol synthesis (Komoda, Shimizu, Sonoda, & Sato, 1989) and to
inhibit angiotensin converting enzymes (Morigiwa, Kitabake, Fujimoto,
& Ikekawa, 1986), as well as having anti-viral (El-Mekkawy et al.,
1998) and anti-platelet aggregation activities (Su, Shiao, & Wang,
1999).
The main sterol found in edible mushrooms is ergosterols, which has
been proven to have antioxidant activities (Ferreira, Barros, & Abreu,
2009). Diets rich in sterols have been shown to be important in the
prevention of CVDs (Kalač, 2013). Tocopherols, which are found in the
lipid portion, are natural antioxidants and they act as free radicals
scavengers (Heleno et al., 2012). Antioxidants are thought to confer
protection to various diseases such as degenerative diseases, cancer,
and CVDs (Hensley et al., 2004).

(Karácsonyi & Kuniak, 1994), lentinan from L. edodes (T. Sasaki &
Takasuka, 1976), schizophyllan from Schizophyllum commune (Bae
et al., 2004), Maitake D-fraction from Grifola frondosa (Nanba,
Hamaguchi, & Kuroda, 1987), and polysaccharide K (PSK) and polysaccharide-peptide (PSP) from Trametes versicolor. Some of these glucans have passed Phases I, II, and III in clinical trials in Japan and China
(Smith, Rowan, & Sullivan, 2002). Nevertheless, the standards of these
trials may not meet the current Western regulatory requirements.
However, considerable improvements in the quality of life and survival
of patients have been reported. A number of these compounds are
currently in use in Japan, Korea, and China as adjuncts to the standard
radio- and chemotherapy (Paterson & Lima, 2014).
Most of the studies involving polysaccharides use models to examine their eﬀects on immunomodulation, and fewer studies have been
carried out to discover their anti-inﬂammatory eﬀects (Ramberg,
Nelson, & Sinnott, 2010). The various bioactive properties of mushroom
polysaccharides have been demonstrated in a number of in vivo and in
vitro studies, however, the mechanisms of actions are still not fully
understood (Cheung, 2009; Reshetnikov, Wasser, & Tan, 2001; Wasser,
2002; M. Zhang et al., 2007).

1.2.1.4. Phenolic compounds. Phenolic compounds are secondary
metabolites, with aromatic ring structures that contain one or more
hydroxyl groups. Their structures can range from simple phenolic
molecule to complex polymer. Some examples of mushroom
phenolics
include
phenolic
acids,
hydroxybenzoic
acids,
hydroxycinnamic acids, lignans, tannins, and oxidized polyphenols
(Sánchez, 2017; Valverde et al., 2015).
These compounds display a wide array of physiological activities,
including antiatherogenic, anti-inﬂammatory, antimicrobial, antithrombotic, cardioprotective, and vasodilator eﬀect. These eﬀects are
often attributed to their antioxidant capabilities, which include their
ability as reducing agents, free radical scavengers, and metal ion chelators (Balasundram, Sundram, & Samman, 2006; Ferreira et al., 2009;
Heleno et al., 2012).
One study examined the content of phenolic compounds and antioxidant activities of A. bisporus, Boletus edulis, Calocybe gambosa,
Cantharellus cibarius, Craterellus cornucopioides, Hygrophorus marzuolus,
Lactarius deliciosus and P. ostreatus. The mushrooms C. cibarius and C.
cornucopioides showed the greatest antioxidant activities. In the study,
C. cornucopioides had the highest amount of myricetin while C. cibarius
had the highest amounts of caﬀeic acid and catechin compared to the
other mushrooms studied (Palacios et al., 2011). Another study was
conducted to examine the phenolics content and antioxidant activities
of edible (P. ostreatus, A. bisporus, F. velutipes, and P. eryngii) and
medicinal (A. blazei, Sparassis crispa, G. lucidum, I. obliquus, and Phellinus linteus) mushrooms from Korea. The phenolics compounds found
in the medicinal mushrooms studied, which include gallic acid,
homogentisic acid, 5-sulfosalicylic acid, catechin, caﬀeic acid, syringic
acid, p-coumaric acid, benzoic acid, myricetin, resveratrol, and
kaempferol, all showed positive correlation with their antioxidant
abilities (Kim et al., 2008).

1.2.1.2. Peptides and proteins. Mushrooms produce many bioactive
proteins, which are an essential portion of the functional component
in mushrooms, and they have the potential for pharmaceutical
applications. Mushrooms produce proteins and peptides with
biological activities, which include lectins, fungal immunomodulatory
protein (FIPs), ribosome inactivating proteins (RIPs), ribonucleases,
and laccases (Xu, Yan, Chen, & Zhang, 2011).
Lectins are nonimmune proteins or glycoproteins that bind speciﬁcally to cell surface carbohydrates. It is probably the most researched
mushroom protein, and over the past few years, several mushroomderived lectins have been discovered. Some of these lectins possess antiproliferative, antitumor, and immunomodulatory activities. Some lectins have been isolated from Pholiota adiposa, Hericium erinaceus, and
Russula lepida (Li, Zhang, Ng, & Wang, 2010b; Zhang, Sun, Wang, & Ng,
2009; Zhang, Sun, Wang, & Ng, 2010).
The ribosome inactivating proteins (RIPs) are enzymes that inactivate ribosomes by eliminating one or more adenosine residues from
rRNA. Many RIPs have been puriﬁed from a number of mushroom
species, including Calvatia caelata, Flammulina velutipes, Hypsizygus
marmoreus, Lyophyllum shimeji, and Pleurotus tuber-regium (Lam & Ng,
2001a, 2001b; Ng, Lam, & Wang, 2003; H. X. Wang & Ng, 2001).
Laccases are phenol oxidases that can be found in basidiomycetes
and ascomycetes. Some laccases isolated from mushrooms showed antiviral activities, such as those isolated from Pleurotus eryngii and P.
ostreatus (El-Fakharany, Haroun, Ng, & Redwan, 2010; H. X. Wang &
Ng, 2006), and those that showed antiproliferative activities, like those
puriﬁed from Tricholoma mongolicum and Clitocybe maxima (Li, Zhang,
Wang, & Ng, 2010a; Zhang, Wang, Zhang, Ng, & Wang, 2010).
The fungal immunomodulatory proteins (FIPs) are a new family of
bioactive proteins that have been isolated from mushrooms. These
proteins have biological activities including anti-tumor and immunomodulation. Researchers are studying the mechanisms of actions
of these proteins. Some FIPs have been isolated from F. velutipes,
Ganoderma microsporum, Agaricus blazei, Coprinus comatus, G. frondosa,
Volvariella volvacea, L. edodes, P. ostreatus, and Pleurotus citrinopileatus
(Chen, de Mejia, & Wu, 2011; Jeurink, Noguera, Savelkoul, & Wichers,
2008; Ko, Hsu, Lin, Kao, & Lin, 1995; Lin et al., 2010).

1.2.2. Safety of mushroom use
The safety of several mushrooms has been studied, with some accounts of toxicity. Despite this, mushroom polysaccharides have shown
few adverse eﬀects in Phase I clinical trials (Smith et al., 2002). A
number of puriﬁed mushroom polysaccharides have been in clinical use
in Japan, Korea, China, and recently in USA for several years, with no
reports of short-term or long-term toxicity. The safety of mushroom
polysaccharides is mainly based on the No-Observed-Adverse-EﬀectLevel (NOAEL) acute and/or chronic toxicity testing in rodents
(Paterson & Lima, 2014).
A study was conducted to evaluate the safety of orally-administered
L. edodes on male Wistar rats for 30 days. From this study, the authors
suggested that the daily intake of 100 mg/kg of L. edodes was safe
(Grotto et al., 2016). A pilot study was done to investigate the eﬀect of
L. edodes mycelia extract (L.E.M) on 7 patients undergoing chemotherapy in Japan. The patients underwent the ﬁrst course of

1.2.1.3. Lipids. Mushrooms in general have low fat content. Often, the
unsaturated fatty acids are predominant over saturated fatty acids
(Guillamón et al., 2010). Some of the common fatty acids found in
mushrooms include palmitic acid, oleic acid, and linoleic acid (Carneiro
et al., 2013; Reis, Martins, Barros, & Ferreira, 2012). The transisomers
of unsaturated fatty acids have not been detected in mushrooms (Barros
et al., 2007; Guillamón et al., 2010).
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Table 1
Some mushroom species and their eﬀects on cardiovascular diseases.
Mushroom species

Animal model

Eﬀects on cardiovascular diseases

Reference

Ganoderma lucidum
Grifola frondosa
Hypsizygus marmoreus
Lentinula edodes
Pleurotus nebrodensis
Pleurotus ostreatus

SHR rats
SHR rats
ApoE−/− mice
SHR rats
SHR rats
Wistar rats

Lowered blood pressure, plasma and liver total cholesterol
Decreased total cholesterol level and VLDL-cholesterol
Lowered serum total cholesterol, decreased atherosclerotic lesion
Decreased plasma free cholesterol level
Inhibited elevation of blood pressure
Decreased VLDL, LDL, and HMG-CoA reductase activity

Kabir et al. (1988)
Kabir et al. (1987)
Mori et al. (2008)
Kabir et al. (1987)
Miyazawa et al. (2008)
Bobek et al. (1995)

HMG-CoA reductase, 3-hydroxy-3-methylglutaryl CoA reductase; LDL, low-density lipoprotein; SHR, spontaneously hypertensive rats; VLDL, very low-density lipoprotein.

chemotherapy treatment on the ﬁrst 4 weeks, then a second course of
chemotherapy along with L.E.M. oral consumption at 1800 mg/day for
the following 4 weeks. The authors concluded that the ingestion of
L.E.M. was safe and eﬀective for cancer patients undergoing chemotherapy, but acknowledged the need for a larger scale study to be
conducted to verify the results obtained (Yamaguchi, Miyahara, &
Hihara, 2011).
One report documented the possible hepatotoxicity of Agaricus
subrufescens extract in advanced cancer patients. In this report, one
patient's liver function returned to normal after she stopped taking the
A. subrufescens extract, while the other two patients died due to fulminant hepatitis. The speciﬁc doses or duration of consumption of the
A. subrufescens extract by each patient was not reported. While there
were strong correlations between the A. subrufescens extract consumption and liver dysfunction in these patients, there are other possible
factors that might have also played a role in the observed hepatotoxicity and/or death (Mukai, Watanabe, Ando, & Katsumata, 2006;
Paterson & Lima, 2014; Ramberg et al., 2010). However a diﬀerent
study conducted on 46 healthy adults showed that ingestion of freezedried A. subrufescens was safe. The participants consumed the mushroom treatment (3 g) twice a day for 12 weeks, and there was no evidence of toxicity found at the end of the study (Kajimoto, Ikeda,
Yabune, Sakamoto, & Kajimoto, 2006). Another study conducted on
F344/DuCrj rats also showed that diet supplemented with A. subrufescens for 90 days did not cause any severe toxicity, even at the
highest dose of 5% supplementation (Kuroiwa et al., 2005).
There was one report of hepatotoxicity in a 78-year-old woman after
the ingestion of a powdered form of G. lucidum for 4 weeks. All her liver
biochemical parameters improved 5 months later, after she stopped
taking the G. lucidum powder formulation. It is worth noting that the
patient had been consuming G. lucidum preparation by boiling the
fungus in water for a duration of one year prior, and had no complications. However, she changed to the powdered formulation and began
consuming it for 4 weeks, after which her liver symptoms began appearing. It is possible that the powdered form had some additional
additives that might have contributed to the hepatotoxicity observed
(Yuen, Ip, Ng, & Lai, 2004).
One study on Charles River rats showed that consumption of
Coriolus versicolor (CV) biomass administered as food supplement for
90 days was safe, with the NOAEL of the CV biomass being 7.5 g/kg. In
a diﬀerent study, erinacine A from the mycelium of H. erinaceus was
orally-administered to Sprague-Dawley female rats. The results showed
no systemic toxicity could be attributed to the mushroom treatment,
and the NOAEL of the erinacine A is > 3 g/kg body weight/day (Li
et al., 2014).
Mushroom extracts are often considered to have low toxicity, even
when they are consumed on a regular basis and in high dosages (Chang
& Miles, 2004). Despite this, there are many more mushroom species
that still need to be veriﬁed in terms of their toxicological eﬀects and
safety. Adding to the complexity is the various methods of preparations
of mushrooms (e.g. crude extract, concentrated powder, puriﬁed extracts) and the lack of standardization for the determination of safety of
these mushrooms or mushroom preparations. This is a subject matter
that needs attention and more vigorous research. Double blind,

placebo-controlled with a large sample size studies should be conducted
to help shed some light into this issue (Wasser, 2011).
1.2.3. Mushrooms and cardiovascular diseases
Where CVDs are concerned, various mushroom species have been
shown to exert positive eﬀects in managing these diseases. L. edodes, H.
marmoreus, F. velutipes, and A. bisporus have been shown to have hypocholesterolemic eﬀects on murine models (Kaneda & Tokuda, 1966;
Mori, Kobayashi, Tomita, Inatomi, & Ikeda, 2008). P. ostreatus has been
shown to inhibit lipid peroxidation and suppress 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase) in normal and hypercholesterolemic animal models (Bobek & Galbavý, 1999; Bobek,
Hromadová, & Ozdín, 1995; Bobek, Ondreicka, Klvanova, & Ozdin,
1994; Bobek, Ozdín, & Galbavý, 1998). HMG-CoA reductase is an enzyme that is involved in a committed and rate-limiting step in the
cholesterol biosynthesis pathway. Inhibiting the activity of this enzyme
has been shown to aid in lowering plasma cholesterol level (Nelson,
Lehninger, & Cox, 2008). HMG-CoA reductase competitive inhibitors
have been isolated from mushrooms, such as mevinolin from the
Pleurotus sp. Mevinolin, also known as lovastatin, is the ﬁrst statin to be
approved for clinical use (Alberts, 1990). Mushroom species such as L.
edodes, G. lucidum, G. frondosa, and Pleurotus nebrodensis also show
hypotensive eﬀects in rats when blood pressure is already high (Kabir,
Kimura, & Tamura, 1988; Kabir, Yamaguchi, & Kimura, 1987;
Miyazawa, Okazaki, & Ohga, 2008). Furthermore, various antioxidant
and anti-inﬂammatory compounds of mushrooms may contribute in the
prevention or treatment of CVDs (Guillamón et al., 2010). Table 1
shows some mushroom species and their eﬀects on CVDs.
Up until now, the mechanism of action of most mushroom species in
the prevention or treatment of CVDs (and other diseases) remains unclear (Guillamón et al., 2010; Wasser, 2011). Despite that, some studies
have shown that mushrooms have the possibility to ameliorate certain
disease conditions (Ahn et al., 2004; Førland et al., 2011; GundeCimerman, 1999; Hsu, Hwang, Chiang, & Chou, 2008; Johnson et al.,
2009; RP et al., 2010). It is considered beneﬁcial to utilize mushrooms
in complementing standard medicinal practices (Chang & Miles, 2004).
2. Antioxidative eﬀects of mushrooms
Antioxidant defense in an organism depends on the endogenous
antioxidant systems, and also its dietary intake. The major ROS defense
mechanisms include the enzymatic and non-enzymatic systems. The
enzymatic system involves many diﬀerent antioxidant enzymes, and
some of the major ones include catalase (CAT), superoxide dismutase
(SOD), glutathione peroxidase (GPx), and glutathione reductase. The
non-enzymatic antioxidants include low-molecular weight molecules
such as vitamins A, C, and E, carotenoids, and polyphenols, large molecules such as albumin, cerruloplasmin, transferrin, and ferritin, trace
elements such as zinc, copper, manganese, iron, and selenium, hormones with antioxidative properties such as estrogen and angiotensin,
and some major antioxidative substances such as glutathione (GSH) and
melatonin (Chakrabarti, Lekontseva, & Davidge, 2008; Díaz-Reinoso,
Moure, Domínguez, & Parajo, 2007; Finkel & Holbrook, 2000; Kozarski
et al., 2015; Newman & Maisels, 1992; Strehlow et al., 2003).
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NQO1 and GST transcription in the liver and small intestine, and increased NQO1 enzyme activity. Eleven bioactive compounds were isolated from EAMA, of which dihydro-4-phenyl-2(3H)-furanone showed
the highest ability to induce NQO1. The major transcription factor for
activating ARE-dependent genes is the Nrf2. It is thought that under low
oxidative stress, Nrf2 is activated to stimulate the expression of antioxidant enzymes (Gloire, Legrand-Poels, & Piette, 2006). The results
showed that EAMA might have exerted its antioxidative eﬀects by
modulating the activity of Nrf2 at the transcription level (Kokubo et al.,
2011).
Many research has been done to test the in vivo antioxidative eﬀects
of diﬀerent mushroom extracts. Some examples of mushrooms include
Morchella esculenta, P. eryngii, P. ostreatus, L. edodes, and A. bisporus, all
of which have been shown to be able to increase antioxidant enzymes
such as CAT, SOD, GPx and/or GST in many murine models. A majority
of the mushroom species studied also had the ability to reduce MDA or
carbonyl levels in animal organs (Jayakumar, 2010; Meng et al., 2010;
Reis et al., 2012; Sun et al., 2014). More research are being carried out
to identify bioactive compounds that contribute to the antioxidative
properties of mushrooms. Some studies show that these bioactive
components might modulate the activity of transcription factors involved in activating antioxidant enzymes. Some of the results of the in
vitro and in vivo antioxidant eﬀects of several mushrooms have been
summarized in Table 2.

Various substances detected in the mushroom fruit body, mycelia,
and broth have been shown to contain antioxidative-related compounds
such as phenolics, ﬂavonoids, glycosides, polysaccharides, tocopherols,
ergothionine, and ascorbic acid (Kozarski et al., 2015). There are two
main types of mushroom antioxidants. The primary mushroom antioxidants have properties such chain-breaking and free radical-scavenging. The secondary or preventive mushroom antioxidants are able to
deactivate metals, inhibit or break down lipid hydroperoxides, and
induce regeneration of primary antioxidants. Some mushroom extracts
are also able to aﬀect cellular signaling, which enable them to cause
changes in gene expression and subsequently activate antioxidative
enzymes (Finley et al., 2011; Guo, Ji, & Ping, 2009; Jia et al., 2009;
Ping et al., 2009).
Over the past decade, vigorous in vitro and in vivo research has been
done to elucidate the antioxidative properties of diﬀerent mushroom
species. Fu, Wang, Wang, Yang, and Hao (2013) investigated the eﬀects
of Morchella esculenta extracellular polysaccharide (MEEP) in aging
mice models for 60 days (Fu et al., 2013). They found that subcutaneous insertion of MEEP at doses of 200 and 400 mg/kg of body
weight were able to signiﬁcantly increase the total antioxidant content
(T-AOC), SOD, and CAT enzymes in the blood, and increased in T-AOC,
SOD, CAT, and GPx enzymes in the liver of the animal models. Added to
that, at 400 mg/kg of MEEP, the extract was able to signiﬁcantly reduce
the malondialdehyde (MDA) levels in mice. MDA is a byproduct of lipid
peroxidation that is often used as an indicator of the extent of damage
done by oxidation, and a lower MDA level signiﬁes lesser oxidativeinduced damage (Fu et al., 2013). The authors suggested that the MEEP
might have exerted its antioxidative eﬀects by inducing the expressions
of endogenous antioxidative enzymes like SOD, GPx, and CAT. However their exact mechanisms were not known (Fu et al., 2013).
The in vitro and in vivo eﬀects of the ethanolic extract of A. bisporus
were studied (Liu, Jia, Kan, & Jin, 2012). However, they discovered
that the extract showed better antioxidant eﬀects in the in vivo experiments using mice than it did in the in vitro ones. In all of the in vitro
tests, which includes superoxide, hydroxyl, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and hydrogen peroxide scavenging assays, the control
using vitamin C had lower IC50 values in all of them than did the extract. However, the in vivo experiments showed otherwise, with mice
fed 1200 mg/kg of body weight of the ethanolic extract for 30 days
having higher levels of SOD, GPx, and CAT in their blood, liver, and
heart compared to saline- and vitamin C-treated mice. They suggested
that the in vivo results may be more important to be taken into consideration than did the in vitro ones when it comes to evaluating
mushrooms' antioxidant properties, since in vivo trials took into account
the various physiological and metabolic conditions in the body. The
main phenolic compounds identiﬁed from the ethanolic extract include
gallic acid, protocatechuic acid, catechin, caﬀeic acid, ferulic acid, and
myricetin. The antioxidative eﬀects of the studied A. bisporus ethanol
extract might be attributed to these phenolics. Further fractionation and
identiﬁcation of ethanolic compounds have to be carried out to better
understand their antioxidative mechanism of actions (Liu et al., 2012).
Another experiment was conducted to study Mycoleptodonoides
aitchisonii ethyl acetate extract (EAMA) on murine macrophage RAW
264.7 cells and on mice (Kokubo et al., 2011). RAW 264.7 cells that
were treated with 100 μg/mL and 200 μg/mL of EAMA showed increased expression of the Antioxidant Response Elements (ARE) than
untreated cells. Macrophage cells treated with 400 μg/mL of the extract
also showed increased levels of detoxifying enzymes such as NAD(P)H
dehydrogenase [quinone] 1 (NQO1), and glutathione S-tranferase
(GST), as well as endogenous antioxidant enzymes like heme oxygenase
1 (HO-1), and glutamate cysteine ligase catalytic subunit (GCLC). The
expressions of NQO1, GSTM1, HO-1, and GCLC were dose-dependently
induced by EAMA in peritoneal macrophages from wildtype mice, but
the induction of NQO1, GSTM1, and GCLC was not detected in the
macrophages of Nrf2-deﬁcient mice. For the in vivo approach, oral
feeding of EAMA to mice at 15 mg/day and 30 mg/day could increase

3. Anti-inﬂammatory eﬀects of mushrooms
In recent times, more attention has been given into utilizing
mushrooms and their metabolites for their anti-inﬂammatory activities.
For example, many water, methanolic, ethanolic, and ethyl acetate
extracts of mushrooms have been shown to lower the production of
inﬂammatory mediators by down-regulating the gene expression of
these molecules (Elsayed, El Enshasy, Wadaan, & Aziz, 2014).
3.1. Cytokines and transcription factors
A study on apolipoprotein-E deﬁcient male mice (ApoE−/−) showed
that the low-molecular weight extract of Grifola gargal (GGE) was able
to ameliorate atherosclerosis (Harada et al., 2015). Atherosclerosis was
induced in the animals via intraperitoneal injection (i.p.) of angiotensin
II (Ang II), then saline or GGE was administered to the mice by the same
route for 28 days. Atheroma lesions on the thoracic and abdominal
aorta were signiﬁcantly lowered in mice treated with GGE. Mice treated
with GGE had lower plasma level of MCP-1, but elevated levels of
CD4+ CD25+ T regulatory cells (Treg), CXCL12, and vascular endothelial growth factor (VEGF). Treg cells are a population of T cells that
suppress other immune cells once the immune response is completed.
Increase in this cell population is thought to alleviate atherosclerotic
eﬀects (Mor et al., 2007; Sasaki, Yamashita, Takeda, & Hirata, 2012;
Shimada, 2009). The authors proposed that G. gargal exerted its antiatherosclerotic eﬀects by stimulating Treg cell populations and increasing levels of CXCL12, VEGF and TGF-β1, all of which might contribute to better vascular repair while also reducing inﬂammation in the
lesions. Since only fractions with molecular weight of < 6000 Da were
used in this study, the oral consumption of GGE was expected to be
readily absorbed from the digestive tract (Harada et al., 2015).
The methanolic extract of Antrodia cinnamomea mycelia (MEMAC)
was able to reduce the levels of TNF-α, IL-6, NO, PGE2, iNOS, and COX2 in stimulated macrophage cells. Two compounds, camphorataanhydride A and camphorataimide B, which are maleic and succinic acid
derivatives, were isolated from the extract. These derivatives might
have contributed to the anti-inﬂammatory activities of A. cinnamomea
(Wen et al., 2011). Moro et al. (2012) studied the methanolic extracts of
A. bisporus, B. edulis, C. cibarius, C. cornucopioides, L. deliciosus, and P.
ostreatus. Of these, only A. bisporus, C. cibarius, C. cornucopioides, and L.
deliciosus extracts reduced iNOS mRNA expression and lowered NO
523

Extracellular polysaccharide (MEEP)

Morchella esculenta
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Methanolic extracts (gallic acid, protocatechuic acid, phydroxybenzoic acid, p-coumaric acid, cinnamic acid)

Ethyl acetate extract (EAMA)
(11 compounds puriﬁed and identiﬁed)

A. bisporus, P. ostreatus, P.
eryngii, Lentinula edodes

Mycoleptodo-noides aitchisonii

In vivo

In vitro

In vitro

In vivo

In vivo

In vivo

In vitro

In vivo

In vivo

In vitro

In vitro/in
vivo

15, 30 mg/day

200, 400 μg/mL

100, 200 μg/mL
25, 50, 100 μg/mL

0–20 mg/mL

200 mg/kg b. w.

1.0 g/kg b. w.

0–5.0 mg/mL
0–0.5 mg/mL
0–2.0 mg/mL
0–2.0 mg/mL
300, 600, 1200 mg/kg b.
w.

25, 50, 100, 200,
400 mg/kg b. w.

0.081, 9.163, 0.325,
0.650, 1.300 mg/mL
100, 200, 400 mg/kg b.
w.

Extract dose(s)

Dose-dependent eﬀect on hydroxyl and DPPH-scavenging activity and reducing
power.
Male ICR strain mice; extract administered via gastric intubation for 60 days:
↑ T-AOC, SOD, and CAT enzymes in mice blood.
↑ T-AOC, SOD, CAT, and GPx enzymes in mice liver.
↓ MDA levels in mice blood and liver.
Male Kunming mice; extract administered via oral gavage for 28 days:
↑ SOD, GPx enzymes, ↓ MDA levels in heart, liver, spleen, kidney and blood of
mice treated 400 mg/kg b. w. EPS.
O2− scavenging: IC50 value for extract: 8.08 mg/mL, Vc: 0.30 mg/mL.
Hydroxyl scavenging: IC50 value for extract: 5.23 mg/mL, Vc: 0.15 mg/mL.
DPPH scavenging: IC50 value: 0.38 mg/mL, Vc: 0.014 mg/mL.
H2O2 scavenging: IC50 value: 0.65 mg/mL, Vc: 0.16 mg/mL.
Female Kunming mice; extract administered by oral gavage for 30 days:
1200 mg/kg b. w. extract ↑ SOD, GPx, and CAT enzymes in serum.
600 and 1200 mg/kg body weight extract ↑ SOD, GPx, and CAT enzymes in
liver and heart.
Female speciﬁc pathogen-free (SPF) mice; fed diet supplemented with PESP for
4–5 weeks:
↑ GPx and SOD enzymes in mice serum.
↑ GPx enzyme and ↓ MDA in mice liver.
Male albino Wistar rats; extract administered via i.p. route for 30 days:
↑ CAT gene transcripts in liver and kidney of extract-treated rats
↓ carbonyl levels in liver and kidney of extract-treated rats
A. bisporus fruit bodies: Ferricyanide/Prussian blue assay EC50: White (1.80 mg/
mL); brown (1.47 mg/mL); DPPH scavenging EC50: White (3.13 mg/mL);
brown (2.29 mg/mL).
Beta-carotene/linoleate assay EC50: brown A. bisporus mycelia (0.15 mg/mL), P.
eryngii (1.43 mg/mL).
TBARs assay EC50: P. ostreatus mycelia (1.00 mg/mL)
↑ ARE expression in 100 and 200 μg/mL EAMA-treated RAW 264.7 cells.
Protection from H2O2-induced damage in 100 μg/mL EAMA-treated RAW 264.7
cells.
↑ NQO1, GST, HO-1, and GCLC in 400 μg/mL EAMA treated Nrf2+/+
macrophages.
Male C57BL/6N mice; EAMA administered via oral gavage every 24 h for
3 days:
↑ NQO1 and GST transcription in mice liver and small intestine in EAMAtreated mice.
↑ NQO1 enzyme activity in EAMA-treated mice.

In vitro and/or in vivo eﬀects

(Kokubo et al., 2011)

(Reis et al., 2012)

(Jayakumar, 2010)

(Sun et al., 2014)

(Jun Liu et al., 2012)

(Meng et al., 2010)

(Fu et al., 2013)

Reference

Symbols: ↑, increase; ↓ decrease. Abbreviations: DPPH, 2, 2-diphenyl-1-picrylhydrazyl; ARE, antioxidant response elements; b. w., body weight; CAT, catalase; EC50, eﬀective concentration; GCLC, glutamate cysteine ligase catalytic subunit; GPx,
glutathione peroxidase; GST, glutathione S-tranferase; HO-1, heme oxygenase 1; H2O2, hydrogen peroxide; i.p., intraperitoneal; MDA, malondialdehyde; NQO1, NAD(P)H dehydrogenase [quinone] 1; O2−, superoxide; SOD, superoxide dismutase;
TBARs, thiobarbituric acid reactive substances; T-AOC, total antioxidant content; TPC, total phenolic content.

Ethanolic extract

P. eryngii superﬁne powder (PESP)

Pleurotus eryngii

Pleurotus ostreatus

Ethanolic extract

Agaricus bisporus

Exo-polysaccharide (EPS)

Mushroom constituent(s)

Species

Table 2
The in vitro and in vivo antioxidative eﬀects of various mushroom species.
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VCAM-1 and ICAM-1 in IL-1β-stimulated HAECs, but the other three
extracts did not show any signiﬁcant reduction in these adhesion molecules. However, unlike the expressions of VCAM-1 and ICAM-1, all
four mushroom species were able to signiﬁcantly inhibit the expression
of E-selectin on stimulated HAECs. Added to that, all of the studied
mushroom species were also able to signiﬁcantly decrease the attachment of U937 human monocytes to the HAECs. These anti-inﬂammatory activities were attributed to the various bioactive compounds found in these mushrooms, including the polyphenols and the
antioxidant ergothioneine (Martin, 2010a). Ergothioneine is a naturally-occurring antioxidant, and it is exclusively synthesized in fungi,
cyanobacteria and mycobacteria (Cheah & Halliwell, 2012). In a different study, the bioactive agent ergothioneine was studied for its inhibitory eﬀects on adhesion molecules (Martin, 2010b). Ergothioneine
was shown to reduce VCAM-1, ICAM-1, and E-selectin expressions on
IL-1β-stimulated HAECs. Preincubation of HAECs with this compound
at 1 mM and 3 mM was also able to reduce the adhesion of U937 human
monocytes (Martin, 2010b).
Wu, Duan, Liu, and Cen (2010) studied the anti-inﬂammatory effects of F. velutipes polysaccharide on rats. They found that rats fed with
the polysaccharide, at both low (100 mg/kg body weight) and high
(300 mg/kg body weight) doses had signiﬁcantly lowered levels of
ICAM-1 in their plasma and colon (Wu et al., 2010). Another study was
conducted by Xu, HaiYan, JianHong, and Jing (2008), investigating the
eﬀects of L. edodes polysaccharide on high-fat-diet rats. They found that
rats fed with 300 mg/kg of body weight of the polysaccharide of L.
edodes had signiﬁcantly reduced mRNA levels of VCAM-1 in their
thoracic aorta (C. Xu et al., 2008).
These observations suggest that several mushroom bioactive compounds have the potential to be used for their anti-inﬂammatory
properties. There is a diverse set of compounds with anti-inﬂammatory
activities that can be found in mushrooms, ranging from glucans, glycoproteins, phenolics, organic acids, and other small molecular weight
compounds. It is also possible for these bioactive components to act in a
synergy to produce the bioactivity of mushrooms. Further research
needs to be done in order to identify the speciﬁc compounds responsible
for these anti-inﬂammatory activities, and their mechanism of action.
Some studies involving anti-inﬂammatory eﬀects of mushrooms in in
vitro and in vivo studies are compiled in Table 3.

levels in stimulated macrophages. The A. bisporus, C. cibarius, and L.
deliciosus extracts were also able to diminish the expression of IL-1β and
IL-6 mRNAs, but the C. cornucopioides extract could not. The compounds of all the six mushrooms studied showed that they had diﬀerent
varieties and compositions of cinnamic acid derivatives, hydroxybenzoic acid derivatives, ﬂavonoids, and pyrogallol. However, the
phenolic compounds identiﬁed in these mushrooms did not correlate
with their anti-inﬂammatory abilities. Interestingly, pyrogallol was
only found in A. bisporus, C. cibarius, C. cornucopioides, and L. deliciosus,
which might partly explain their ability to inhibit iNOS expression and
subsequent ability to reduce NO levels. It was suggested that the pyrogallol might have interacted with other ﬂavonoid or cinnamic acid
derivatives to produce the diﬀerent activities of the mushrooms (Moro
et al., 2012).
NF-κB is a family of transcription factors that is central to innate and
adaptive immunity. The more commonly found form of NF-κB dimer is
the p65 with either p52 or p50. The p65 and p50 proteins are expressed
in many types of cells (Ghosh, May, & Kopp, 1998; Silverman &
Maniatis, 2001; Verma, Stevenson, Schwarz, Van Antwerp, &
Miyamoto, 1995). Abnormal NF-κB activity contributes to a number of
inﬂammatory disorders, including atherosclerosis (Baeuerle & Henkel,
1994; Karin, Cao, Greten, & Li, 2002; Tak & Firestein, 2001). AP-1 is
another transcription factor that is also implicated in several diseases,
including inﬂammatory disorders (Ye, Ding, Wild, Shen, & Zhou, 2014).
A number of mushroom species have been shown to reduce the levels of
inﬂammatory mediators such as NO, PGE2, COX-2, and iNOS in stimulated macrophages. These observations might be attributed to the
mushrooms' abilities to modulate the activities of these transcription
factors. In one study, the glycoprotein PCP-3A isolated from P. citrinopileatus was able to reduce the expression of p50 and p65 subunits
in both the nuclear and cytoplasmic fractions of activated macrophages.
It was proposed that PCP-3A exhibited its anti-inﬂammatory activities
by inhibiting nuclear translocation of cytoplasmic NF-κB dimers. The
glycoprotein might also reduce the DNA-binding of activated NF-κB to
their pro-inﬂammatory target genes (Chen et al., 2011). Oyster mushroom concentrate (OMC) from P. ostreatus was shown to dose-dependently reduce the activity of AP-1, and at 100 μg/mL it was able to
slightly suppress NF-κB. The OMC contained soluble α- and β-glucans,
isoleucine, leucine, tyrosine, phenylalanine, cytidine phosphate, adenosine monophosphate, guanosine phosphate, and vitamin B2. The
glucans present in OMC might have contributed to its anti-inﬂammatory activities, as previously shown that mushroom glucans
have anti-inﬂammatory properties (Pacheco-Sánchez, Boutin, Angers,
Gosselin, & Tweddell, 2007). Previously, isoleucine and leucine were
shown to interfere with prostaglandin's actions and/or mechanism
(Saxena, Pendse, & Khanna, 1984), and vitamin B2 was shown to
suppress TNF-α, IL-1, IL-6, and iNOS (Kodama, Suzuki, Toyosawa, &
Araki, 2005; Toyosawa, Suzuki, Kodama, & Araki, 2004). These components might have contributed to the anti-inﬂammatory properties
observed in OMC (Jedinak, Dudhgaonkar, Wu, Simon, & Sliva, 2011). A
diﬀerent study showed that the chloroform fraction of H. erinaceus was
able to reduce the activity of AP-1 and NF-κB, as well as inhibiting the
phosphorylation of IκB. IκB is the inhibitor protein of NF-κB, and the
prevention of its phosphorylation ensures that the NF-κB dimers are not
activated. However, the composition of the H. erinaceus chloroform
fraction was not elucidated, thus the bioactives that might have contributed to its anti-inﬂammatory properties could not be identiﬁed
(Kim, Lee, Oh, & Rhee, 2012).

4. Hypolipidemic eﬀects of mushrooms
Hypercholesterolemia is one of the major risk factors associated
with atherosclerosis, and many mushroom species have been proven to
lower the level of lipids in animals and humans (Bobek & Galbavý,
1999; Bobek et al., 1994; Kaneda & Tokuda, 1966; Rony, Ajith, Nima, &
Janardhanan, 2014; Schneider et al., 2010). One possible mechanism
for this hypocholesterolemic property of mushrooms might be due to
the presence of HMG-CoA reductase inhibitors in these fungi species,
like mevinolin from P. ostreatus (Guillamón et al., 2010). Pleurotus
salmoneostramineus and P. eryngii were shown to have hypolipidemic
eﬀects on hypercholesterolemic mice. Hypercholesterolemic mice that
were fed with these mushrooms had signiﬁcantly lower plasma triglyceride, LDL-cholesterol, and total lipid than mice that were not. The
hepatocytes of mushroom-fed mice also bear similar appearance to
those of normal mice, whereas hypercholesterolemic mice had more
lipid-laden hepatocytes. These results show that both P. salmoneostramineus and P. eryngii had lipid-lowering eﬀects on the plasma and
liver of mice (Alam et al., 2011; Yoon, Alam, Shim, & Lee, 2012).
Despite several ﬁndings showing the hypolipidemic eﬀects of
mushrooms (Bobek, Kuniak, & Ozdín, 1993; Bobek et al., 1994, 1998;
Lee et al., 2007; Mori et al., 2008), the mechanisms of how mushrooms
can aﬀect lipid levels or atherosclerotic lesion formation are still obscure, and not many research has been done to discover these mechanisms. In one study, de Miranda et al. (2016) studied the eﬀects of
diet supplemented with Agaricus brasiliensis on the expression of some

3.2. Adhesion molecules
In one study, it was discovered that the extracts of A. bisporus, G.
frondosa, L. edodes, and P. ostreatus could inhibit the expression of
certain adhesion molecules on human aortic endothelial cells (HAECs)
and reduce the attachment of monocytes to HAECs (Martin, 2010a).
Extracts of A. bisporus could signiﬁcantly reduce the expression of
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In vitro

In vitro

In vitro

In vitro

Low molecular weight, water soluble extract (GGE)

Methanolic extract (MEMAC)
Glycoprotein (PCP-3A)

Chloroform fraction

Methanolic extracts (cinnamic acid derivatives, hydroxybenzoic acid
derivatives, ﬂavonoids, pyrogallol)

DMSO extracts

Oyster mushroom concentrate (OMC) (α- and β-glucans, isoleucine,
leucine, tyrosine, phenylalanine, cytidine monophosphate, adenosine
monophosphate, guanosine monophosphate and vitamin B2)

Grifola gargal

Antrodia cinnamomea

Pleurotus citrinopileatus

Hericium erinaceus

Agaricus bisporus, Boletus edulis, Cantharellus cibarus,
Craterellus cornucopioides, Lactarius deliciosus,
Pleurotus ostreatus

A. bisporus, Lentinula edodes, P. ostreatus, Grifola
frondosa

P. ostreatus

In vitro
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0, 12.5, 25, 50,
100 μg/mL

100 μg/mL

0.5 mg/mL

10, 25, 50 μg/mL

0.08, 1.56, 3.13,
6.25 μg/mL

25, 50, 75 μg/mL

100 μg/mL

In vitro
In vitro

10 mg/kg b. w.

Extract dose(s)

In vivo

In vitro

Ergothioneine

–

In vitro/in
vivo

Mushroom constituent(s)

Species

Table 3
The in vitro and in vivo anti-inﬂammatory eﬀects of various mushroom species.
Reference

(Martin, 2010b)
↓ VCAM-1, ICAM-1, and E-selectin levels in IL-1βstimulated HAECs.
↓ Attachment of U937 human monocytes to HAECs.
C57BL/6 mice; treated with angiotensin II and
(Harada et al.,
treatment of GGE via i.p. for 28 days:
2015)
↑ Treg cell population, ↓ total atheroma lesion,
granulocytes, and MCP-1 in GGE-treated mice.
↑ CXCL12, TGF-1β, and VEGF in mice lung ﬁbroblast
cells.
↓ TNF-α, IL-6, NO, PGE2, iNOS, and COX-2 in a dose(Wen et al., 2011)
dependent manner in stimulated RAW 264.7 cells.
(J.-N. Chen et al.,
In LPS-stimulated RAW 264.7 murine macrophage
2011)
cells:
↓ iNOS, NO, and PGE2 levels
↓ p65/p50 expressions in both nuclear and cytoplasmic
fractions
(Y.-O. Kim et al.,
In LPS-stimulated RAW 264.7 murine macrophage
2012)
cells:
↓ iNOS, COX-2, and PGE2 levels
↓ phosphorylation of ERK and JNK in a dose-dependent
manner
↓ AP-1 and NF-κB activities
Inhibited IκB phosphorylation
(Moro et al.,
In LPS-stimulated RAW 264.7 murine macrophage
2012)
cells:
↓ iNOS mRNA and NO levels by C. cibarius, C.
cornucopioides, L. deliciosus, A. bisporus.
↓ TNF-α and IL-6 mRNA by A. bisporus, C. cibarius, and
L. deliciosus.
(Martin, 2010a)
↓ VCAM-1 and ICAM-1 in IL-1β-stimulated HAECs
treated with A. bisporus.
↓ E-selectin in IL-1β-stimulated HAECs treated with all
mushrooms studied.
↓ Attachment of U937 human monocytes to HAECs
treated with all mushrooms studied.
(Jedinak et al.,
In RAW 264.7 murine macrophage cells:
2011)
↓ iNOS and COX-2 mRNA expression.
↓ TNF-α, IL-6, IL-12, NO, and PGE2 levels.
↓ AP-1 activity in dose-dependent manner
↓ NF-κB activity at 100 μg/mL
(continued on next page)
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100, 300 mg/kg
In vivo
Polysaccharide (GNP)
Flammulina velutipes

Symbols: ↑, increase; ↓ decrease. Abbreviations: AP-1, activator protein-1; COX-2, cyclooxygenase-2; DMSO, dimethyl sulfoxide; ERK, extracellular signal–regulated kinase; GPx, glutathione peroxidase; HAECs, human aortic endothelial cells; iNOS,
inducible nitric oxide synthase; ICAM-1, intercellular Adhesion Molecule 1; IFN-γ, interferon-γ; IL-12, interleukin-12; IL-1β, interleukin-1β; IL-2, interleukin-2; IL-6, interleukin-6; i.p.: intraperitoneal; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; MCP-1, monocyte chemoattractant protein-1; NO, nitric oxide; NF-κB, nuclear factor-κB; PGE2, prostaglandin E2; Treg, regulatory T cells; SOD, superoxide dismutase; TGF‑1β, transforming growth factor-1β; TNF-α, tumor necrosis
factor-α;VCAM-1, vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor.

(Wu et al., 2010)

(C. Xu et al.,
2008)

Male rats (strain not speciﬁed); rats fed high-fat diet,
and administered polysaccharide treatment via oral
gavage for 40 days:
↓ VCAM-1 mRNA levels in thoracic aorta endothelial
cells of rats treated with 300 mg/kg b. w. mushroom
treatment
↓ NO levels in rat serum.
↓ Total cholesterol, total triacylglycerol in rat serum.
↑ SOD and GPx in rat serum.
Male Wistar rats; fed diet containing GNP for 30 days:
↓ ICAM-1 and ↑ IL-10 in serum and colon of rats.
100, 200,
300 mg/kg b. w.
In vivo
Polysaccharide
L. edodes

In vitro/in
vivo
Mushroom constituent(s)
Species

Table 3 (continued)

Extract dose(s)

In vitro and/or in vivo eﬀects

Reference

N.A. Amirullah et al.

genes involved in cholesterol homeostasis (de Miranda et al., 2016).
They discovered that hypercholesterolemic rats that were fed with the
mushroom had higher mRNA levels of LDLr, PPAR-α, LXR, ABCG5 and
ABCG8. Liver X receptor (LXR) is a transcription factor that modulates
the sterol regulatory element-binding proteins (SREBPs), and these
SREBPs directly activate the expression of around 30 genes involved in
the synthesis and uptake of fatty acids, cholesterol, triacylglycerol, and
phospholipids. The peroxisome proliferator-activated receptor alpha
(PPAR-α) is a transcription factor that is vital in lipid metabolism in the
liver, and it is an attractive target for dyslipidemia. ABCG5/ABCG8
form a heterodimer that are responsible for cholesterol excretion from
the liver to the bile. Increasing the expressions of these genes is expected to be beneﬁcial in terms of cholesterol eﬄux in the liver. The
results obtained suggested that the consumption of A. brasiliensis could
modulate cholesterol excretion by aﬀecting some genes that encode for
proteins that are involved in cholesterol metabolism (de Miranda et al.,
2016).
Chen et al. (2014) studied the eﬀects of P. eryngii mycelia exopolysaccharide (EP) on the scavenger receptor CD36 expression on RAW
264.7 cells. The EP was able to lower the amount of lipid uptake by
foam cells, as well as down-regulate the expression of CD36 at the
mRNA and protein levels. This biological eﬀects observed were most
likely due to the structural feature of the EP, as the digested exopolysaccharide was not able to reduce lipid uptake as well as the undigested
EP (Chen et al., 2014).
In another study, Sato et al. (2013) studied the expression of several
genes involved in lipid metabolism in the liver of mice that were fed
with powdered G. frondosa. They found that hypercholesterolemic mice
fed with the mushroom had increased expressions of the Abcg5 and
Abcg8 genes. ABCG5/ABCG8 form a heterodimer that are responsible
for cholesterol excretion from the liver to the bile. Increasing the expressions of these genes is expected to be beneﬁcial in terms of cholesterol eﬄux in the liver. On the other hand, the gene Saa, which
encodes for serum amyloid A 1 (SAA), is downregulated in mice fed
with the mushroom. SAA acts as an inhibitor for SR-B1, which is a vital
scavenger receptor for RCT from the periphery to the liver. By downregulating the expression of SAA, it is speculated that SR-B1, and subsequently RCT, would be unhindered, leading to better cholesterol
transport. Several other genes were also aﬀected by the consumption of
G. frondosa by the mice. However, it is suﬃcient to say that this study
showed that mushrooms could possibly exert their hypocholesterolemic
eﬀects by altering the expression of several genes. Even if the change in
the expression of one particular gene is small, the cumulative eﬀect of
changing the expression of several genes could result in an obvious
change in the lipid proﬁle of an animal (Sato et al., 2013).
With all these discoveries, it is clear that there is an abundance of
evidence showing the beneﬁts that mushrooms have on hyperlipidemic
conditions. Table 4 shows the summary of some of these ﬁndings. More
research are now focused on the potential eﬀect of mushroom use on
the genetic proﬁle of animal models. Hopefully this will pave the way to
help researchers understand the mechanisms of mushrooms hypolipidemic bioactivities.
5. Anti-platelet aggregation eﬀects of mushrooms
Several research has been done to show that a variety of mushroom
species do possess antiplatelet activities. Lu et al. (2014) studied the
crude extract of Antrodia camphorata and its ability to inhibit aggregation. The mushroom extract was able to reduce collagen-induced
platelet aggregation in a dose-dependent manner, but it did not decrease aggregation of platelets that were induced by U46619 (a TXA2
mimetic), thrombin, and arachidonic acid. The extract was also shown
to lower collagen-induced Ca2 + mobilization in washed platelets.
However, the A. camphorata did not have any eﬀect on the phosphorylation of various proteins often implicated in platelet aggregation,
such as p38, ERK, and JNK. Further investigation showed that the
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Powdered fruit bodies

Excreted polysaccharide
(EP)

Agaricus brasiliensis

Pleurotus eryngii

528

Powdered fruit bodies

Grifola frondosa

In vivo

In vivo

In vivo

In vitro

In vivo

In vitro/in
vivo

Hypercholesterolemic diet supplemented with
10% mushroom

Hypercholesterolemic diet supplemented with
5% mushroom

Hypercholesterolemic diet supplemented with
5% mushroom

50, 100, 200 μg/mL

Hypercholesterolemic diet supplemented with
1% mushroom

Extract dose(s)

Female albino Fisher rats; fed with hypercholesterolemic diet (1% cholesterol, 25% soybean
oil) supplemented with 1% mushroom powder:
Total cholesterol, non-HDL, and HDL-cholesterol of mushroom-treated rats comparable to
simvastatin-treated group.
↓Total cholesterol in rat fecal matter.
↑ LDLr, PPAR-α, LXR, ABCG5 and ABCG8 mRNA levels
↓ Lipid content in a dose-dependent manner on ox-LDL-treated murine RAW 264.7
macrophage cells.
↓ cd36 mRNA levels in ox-LDL-treated murine RAW 264.7 macrophage cells at 200 μg/mL of
EP.
Female Sprague-Dawley rats; fed with hypercholesterolemic diet supplemented with P. eryngii
powder (1% cholesterol, 5% P. eryngii powder) for 42 days:
↓ Plasma triacylglycerol, LDL-cholesterol, and total lipid in mice.
Hepatocytes appearance almost similar to normal mice (not lipid-laden).
Female Sprague-Dawley rats; fed with hypercholesterolemic diet supplemented with P.
salmoneostramineus powder (1% cholesterol, 5% P. salmoneostramineus powder) for 42 days:
↓ Plasma triacylglycerol, LDL-cholesterol, and total lipid in mice.
Hepatocytes appearance almost similar to normal mice (not lipid-laden).
Male ICR mice; fed with hypercholesterolemic diet supplemented with G. frondosa powder (1%
cholesterol, 10% G. frondosa powder) for 4 weeks:
↑ ABCG5 and ABCG8 expressions.
↓ SAA expression.

In vitro and/or in vivo eﬀects

Sato et al. (2013)

Yoon et al. (2012)

Alam et al. (2011)

J. Chen et al. (2014)

de Miranda et al.
(2016)

Reference

Symbols: ↑, increase; ↓ decrease. Abbreviations: ABCG5, ATP-binding cassette sub-family G member 5; ABCG8, ATP-binding cassette sub-family G member 8; CD36, cluster of diﬀerentiation 36; HDL, high-density lipoprotein; LXR, liver X protein;
LDL, low-density lipoprotein; LDLr, low-density lipoprotein receptor; MDA, malondialdehyde; ox-LDL, oxidized LDL; PPAR-α, peroxisome proliferator-activated receptor-α; SAA, serum amyloid A; SOD, superoxide dismutase.

Powdered fruit bodies

Pleurotus salmoneostramineus

Powdered fruit bodies

Mushroom constituent(s)

Species

Table 4
The in vitro and in vivo hypolipidemic eﬀects of various mushroom species.
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Table 5
The in vitro and in vivo antiplatelet eﬀects of various mushroom species.
Species

Mushroom constituent
(s)

In vitro/
in vivo

Extract dose(s)

In vitro and/or in vivo eﬀects

Reference

Antrodia camphorata

Crude extracts

In vitro

56, 112, 224 μg/
mL

(Lu et al., 2014)

Paxillus curtisii

Curtisian E (CE)

In vitro

12.5, 25, 50, 100
200 μg/mL

Phellinus baumii

P. baumii methanol
extract (PBME)

In vitro

12.5, 25, 50, 100
200 μg/mL

Hypsizygus
marmoreus

H. marmoreus methanol
extract (HMME)

In vitro

0–400 μg/mL
25, 100 μg/mL

↓ collagen-induced aggregation.
↓ collagen-induced Ca2 + mobilization in washed platelets.
↓ phosphorylation of p47 and Akt.
↓ collagen, thrombin, and ADP-induced platelet aggregation in dose
dependent manner.
↓ intracellular Ca2 + levels.
↓ ATP release.
↓ phosphorylation of ERK, p38, and Akt
↑ cAMP in platelets, p-VASP.
↓ ﬁbrinogen binding to integrin ∝iibβ3.
↓ﬁbronectin binding to platelets.
↓ collagen-, thrombin-, and ADP-induced aggregation.
↓ Ca2 + concentration and ATP release.
↓ ﬁbrinogen binding in collagen-activated platelets.
↓ phosphorylation of ERK2 and JNK1, but not p38.
Inhibit aggregation induced by collagen, but not thrombin and ADP.
↓ Ca2 + elevation in washed platelets.
↓ ATP release in collagen-activated platelets.
↓ ﬁbrinogen binding to integrin ∝iibβ3 in collagen-activated platelets
at 200 μg/mL.
Inhibited collagen-induced platelet aggregation in a dose-dependent
manner in rabbit and human platelets, but not U46619 (TXA2
analogue), ADP, thrombin, or adrenaline, arachidonic acid, or
convulxin (GPVI agonist).

Hericium erinaceus

Hericenone B

In vitro

50, 100, 200 μg/
mL
0.3–100 μM

(Kamruzzaman et al.,
2013)

(Kamruzzaman et al.,
2011)

(J. Y. Park et al., 2011)

(Mori et al., 2010)

Symbols: ↑, increase; ↓ decrease. Abbreviations: JNK-1, c-Jun N-terminal kinase-1; cAMP, cyclic adenosine monophosphate; ERK, extracellular signal–regulated kinase; GPVI, glycoprotein VI; TXA2, thromboxane A2; p-VASP, phosphorylated vasodilator-stimulated phosphoprotein.

composition of PBME was not examined, thus no speciﬁc compounds
could be attributed to the antiplatelet aggregation activity
(Kamruzzaman et al., 2011).
In another study, the anti-platelet activity of H. marmoreus methanolic extract (HMME) was studied. HMME was able to inhibit aggregation induced by collagen, but not by thrombin and ADP. It was
also able to reduce Ca2 + elevation in washed platelets in a dose-dependent manner. HMME also lowered ATP release in collagen-activated
platelets. At 200 μg/mL, HMME was able to decrease the ﬁbrinogen
binding to integrin αIIbβ3 in stimulated platelets. However, it did not
have any eﬀect on the phosphorylation of ERK2. The ERK pathway is
complex, thus its role in platelet aggregation is not necessarily
straightforward. Thus, even though the HMME generally exhibited antiplatelet aggregation abilities by inhibiting the classical pathway, it is
not surprising that HMME did not aﬀect collagen-stimulated ERK activation. Further studies are needed to understand the signaling molecules involved in the pathway to resolve the discrepancies observed
(Park et al., 2011).
In a diﬀerent research, Mori et al. (2010) isolated the aromatic
compound hericenone B from H. erinaceus, which proved to have antiplatelet properties. Hericenone B was able to inhibit collagen-induced
platelet aggregation in rabbit and human platelets, but not aggregation
stimulated by U46619, ADP, thrombin, or adrenaline. Further investigation was carried out to examine the possibility that hericenone B
may inhibit aggregation due to arachidonic acid synthesis of TXA2 and
GPVI (using convulxin, a GPVI agonist). However, hericenone B did not
inhibit aggregation induced by arachidonic acid and convulxin, suggesting that hericenone B may inhibit platelet aggregation through a
mechanism upstream of arachidonic acid metabolism (Mori et al.,
2010).
These ﬁndings show that various mushrooms have antiplatelet potential, but the mechanism of action for each extract or compound may
be diﬀerent. Some compounds have antiplatelet activities due to their
ability to inhibit or decrease multiple pathways in the aggregation
process. On the other hand, some other compounds may exert their
aggregation-inhibition activities by inhibiting speciﬁc pathways. As
such, it can be seen that mushrooms possess antiplatelet activities, and

extract was able to signiﬁcantly reduce the phosphorylation of p47 and
Akt proteins. The phosphorylation of these proteins would eventually
lead to platelet activation. These ﬁndings suggested that the mushroom
extract exerted its antiplatelet activities by inhibiting Ca2 + mobilization and PKC cascade and Akt pathway, thus inhibiting platelet activation and subsequent aggregation (Lu et al., 2014).
Another research was conducted by Kamruzzaman et al. (2013) on
Paxillus curtisii, in which the p-terphenyl antioxidant compound Curtisian E (CE) was isolated and shown to have antiplatelet properties. This
compound was able to reduce aggregation triggered by collagen,
thrombin, and ADP in vitro in a dose-dependent fashion. Even at the low
dose of 50 μM, CE was able to reduce ATP release by platelets. The
compound was also able to reduce the phosphorylation of ERK, p38,
and Akt in a dose-dependent manner, and it was able to increase cyclic
adenosine monophosphate (cAMP) levels in platelets. At 200 μM, CE
was able to increase the phosphorylation of vasodilator-stimulatedphosphoprotein (VASP). Cyclic nucleotide monoamine phosphates such
cAMP has been shown to have a broad antiplatelet eﬀects through
VASP, thus an increase in concentration and/or activity of these factors
would contribute to increasing antiplatelet activities (Wentworth, Pula,
& Poole, 2006). However, when CE was incubated with H-89 (a PKA
inhibitor), the phosphorylation of VASP was reduced. This observation
suggested that CE may exert its antiplatelet eﬀects via the cAMP-PKAVASP pathway. CE was also shown to reduce ﬁbrinogen binding to
integrin αIIbβ3 and ﬁbronectin adhesion. These ﬁndings showed that CE
from P. curtisii did have potent antiplatelet activities by targeting several possible mechanisms in the aggregation process (Kamruzzaman
et al., 2013). Besides that, Kamruzzaman et al. (2011) also did a study
on the antiplatelet activities of the methanol extract of Phellinus baumii
(PBME). The extract was able to reduce platelet aggregation activated
by collage, thrombin, and ADP. PBME was also able to reduce Ca2 +
levels and ATP secretion respectively. It was able to decrease ﬁbrinogen
binding in collagen-activated platelets, and increase cAMP, leading to
reduced αIIbβ3 activation. PBME lowered the phosphorylation of ERK2
and JNK1, but not p38. These ﬁndings proved that PBME had various
antiplatelet potential due to its ability to inﬂuence several components
involved in the platelet aggregation reactions. However, the
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Mushrokinase (MsK) (metalloprotease)

Schizophyllum commune

In vitro

In vitro

–

0.1 mg/mL

5 μg
1 unit/2μL

0.051 mg/mL

0.075 mg/mL

Extract dose(s)

Enzyme had molecular weight of 32 kDa as determined by SDS-PAGE.
The optimal pH and temperature were 7.4 and 37 °C respectively.
Enzyme activity was inhibited by Fe2 +, PMSF, aprotinin, and pepstatin, but not TPCK and EDTA.
Enzyme could cleave ﬁbrin(ogen) directly and it cleaved the α-chain most eﬀectively.
Enzyme could degrade thrombin.
Enzyme puriﬁed by a combination of freeze-thaw treatment, ammonium sulphate precipitation, hydrophobic
interaction, and gel ﬁltration chromatographies.
The molecular masses of the enzyme as determined by gel ﬁltration and SDS- PAGE were 13.6 and 18.2 kDa.
Cleaved the α- and β-chains of ﬁbrinogen followed by the γ-chains, and also activated plasminogen into plasmin.
Enzyme was optimally active at 45 °C and pH 7.4.
Enzyme activity inhibited by EDTA.
Partial amino acid sequences were ATFVGCSATR, GGTLIHESSHFTR, and YTTWFGTFVTSR.
Enzyme puriﬁed using anion exchange chromatography and size exclusion gel ﬁltration chromatography
Enzyme estimated to be 21 kDa by SDS-PAGE and size exclusion gel ﬁltration.
N-terminal amino acid sequence was ITFQSASP.
A neutral protease with an optimal reaction pH and temperature of 8.0 and 37 °C.
Activity inhibited by Cu2 + and Co2 +.
Inhibited by PMSF, TPCK, and EDTA.
Two fold more activity than 1 unit of plasmin on ﬁbrin plate.
Preferentially hydrolysed the Aa-chain followed by the Bb- and γ-chain of ﬁbrinogen.
Molecular mass of 51 kDa.
The N-terminal sequence of herinase: VPSSFRTTITDAQLRG.
Enzyme activity was strongly inhibited by EDTA and EGTA.
It was able to degrade ﬁbrin clot directly and activate plasminogen. Rapid degradation of ﬁbrin and ﬁbrinogen αchains and slower degradation of γ-chains. It had no activity on the β-chains of ﬁbrin and ﬁbrinogen.
Maximum activity at 30 °C and pH 7.0.
Enzyme puriﬁed using anion-exchange column and gel ﬁltrations columns.
Enzyme was a monomeric subunit and was estimated to be 17 kDa.
The N-terminal amino acid sequence of the puriﬁed enzyme was identiﬁed as HYNIXNSWSSFID.
Reduced activity due to EDTA.
The optimum temperature for activity 45 °C, and over 87% of the enzymatic activity was maintained at pH range
4.0 to 6.0.
Enzyme has higher activity in plasminogen-rich ﬁbrin plate than plasminogen-free plate.

In vitro and/or in vivo eﬀects

(I. S. Park et al.,
2010)

(Choi et al., 2013)

(Moon et al., 2014)

(X. Liu et al., 2014)

(X. Liu et al., 2015)

Reference

Symbols: ↑, increase; ↓ decrease. Abbreviations: PMSF, phenylmethylsulfonyl ﬂuoride; TPCK, tosyl phenylalanyl chloromethyl ketone; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic
acid.

Herinase (metalloprotease)

Chymotrypsin-like Serine
metalloprotease

Lyophyllum shimeji

Hericium erinaceus

In vitro

Puriﬁed ﬁbrinolytic enzyme
(metalloprotease)

Pleurotus ostreatus

In vitro

In vitro

Plasmin-like protein

Cordyceps militaris

In vitro/in
vivo

Mushroom constituent(s)

Species

Table 6
The ﬁbrinolytic eﬀects of several enzymes isolated from mushrooms.
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mushrooms are Serine proteases, while others are metalloprotease, and
still some are Serine metalloproteases. The ﬁbrinolytic enzymes from
mushrooms can sometimes have direct lysis activity on ﬁbrin by
cleaving ﬁbrin chains directly. However, there are also enzymes that act
more like plasminogen activators, in which they can only exert their
ﬁbrinolytic activities in the presence of plasminogen. Fibrinolytic
agents from mushroom sources are hoped to be safer and more speciﬁc
in their activities. Thus, further research needs to be carried out to see
how these enzymes may exert their eﬀects, especially in in vivo settings.
Some ﬁbrinolytic enzymes from mushrooms and their antithrombotic
eﬀects are summarized in Table 6.

they are a valuable potential source for handling aggregation implicated in atherosclerosis. Table 5 shows the various mushroom species
and their antiplatelet eﬀects.
6. Anti-thrombotic eﬀects of mushrooms
At present, pathologic thrombus formation could be managed using
intravenous insertion of thrombolytic agents. Some examples of such
agents include plasminogen activators such as recombinant tPA (r-TPA)
and uPA, urokinase, streptokinase, and anisoylated plasminogen
streptokinase-activator complex. These agents have been shown to be
successful in restoring blood ﬂow in occluded arteries and veins (Liu
et al., 2005). However, these ﬁbrinolytic agents can be expensive and
there is the possibility of causing rapid degradation leading to uncontrollable acceleration of ﬁbrinolysis and hemorrhage. Thus, there is
a need to ﬁnd ﬁbrinolytic agents from other sources. Some ﬁndings
include ﬁbrinolytic enzymes found in food grade microorganism
(Deepak et al., 2008; Wong & Mine, 2004), insects (Ahn et al., 2003),
earthworm secretions (Wang et al., 2005), and various fermented food
products like the Chinese “douchi” (Wang et al., 2006), Japanese
“natto” (Sumi, Yanagisawa, Yatagai, & Saito, 2004), and Korean
“chunkookjang” (Kim et al., 1996).
In recent years, many ﬁbrin(ogen)olytic enzymes have been isolated
and characterized from several mushroom species. Recently a ﬁbrinolytic enzyme puriﬁed from Cordyceps militaris was studied (Liu
et al., 2015). This particular enzyme was able to directly degrade ﬁbrin
and ﬁbrinogen, suggesting that it might work more like plasmin. There
was no diﬀerence in terms of the cleaving area caused by the enzyme in
plasminogen-free and plasminogen-rich ﬁbrin plates, implying that the
enzyme did not act like a plasminogen activator. Interestingly, Liu and
colleagues also showed the enzyme's anticoagulant activity, since it was
shown to also degrade human thrombin. The authors suggested that
this particular enzyme could act as both an anticoagulant agent and a
ﬁbrinolytic agent (Liu et al., 2015). In a diﬀerent study, a ﬁbrinolytic
enzyme was isolated from P. ostreatus. Since this enzyme was greatly
inhibited by EDTA, it was assumed to be a metalloprotease. This particular enzyme was able to cleave the α- and β- chains of ﬁbrinogen
eﬀectively, followed by the γ-chain. Added to that, this enzyme was
able to degrade ﬁbrin in both plasminogen-free and plasminogen-rich
plates. The results suggested that it could directly cleave ﬁbrin and also
activate plasminogen into becoming plasmin (Liu et al., 2014).
Moon et al. (2014) isolated a novel ﬁbrinolytic enzyme from L.
shimeji with properties similar to α chymotrypsin. The activity of this
particular enzyme was signiﬁcantly inhibited by PMSF, TPCK, and
EDTA. PMSF and TPCK are well known Serine protease inhibitors,
while EDTA is a metalloprotease inhibitor. This result implied that the
enzyme puriﬁed from L. shimeji is a Serine metalloprotease. At 5 μg, the
ﬁbrinolytic enzyme exhibited two-fold higher activity on a ﬁbrin plate
than plasmin (Moon et al., 2014).
Choi et al. (2013) also managed to isolate a ﬁbrinolytic enzyme that
could act on both ﬁbrin and plasminogen from the medicinal mushroom
H. erinaceus. The enzyme, which is called herinase, was inhibited by
EDTA and EGTA, suggesting that it was a metalloprotease. However,
herinase did not show any ability to cleave the β-chain of ﬁbrin. Instead, it was able to cleave the α- and γ- chains, suggesting that it had
diﬀerent activity and may even have speciﬁc activity for the α-chain
(Choi et al., 2013).
Park et al. (2010) on the other hand isolated a ﬁbrinolytic enzyme
from S. commune. This enzyme was believed to be a metalloprotease, as
it was inhibited by EDTA, Phophoramidon, and Bestatin. However, the
enzyme from S. commune was only able to degrade ﬁbrin in plasminogen-rich plates, indicating that it acts more on plasminogen than on
ﬁbrin itself (Park et al., 2010).
These ﬁndings show that diﬀerent mushroom species have the potential to produce various types of ﬁbrinolytic agents. The agents are
varied in their properties and activities. Some puriﬁed enzymes from

7. Conclusion
Atherosclerosis is a complex pathology that involves numerous
factors in its initiation and progress. Some of the factors involved include oxidative stress, inﬂammation, hyperlipidemia, platelet aggregation and thrombus formation. As such, there are multiple ways in
which the development of the lesion could be slowed down or completely halted. Mushrooms of various species are rich in anti-oxidative,
anti-inﬂammatory and cholesterol lowering compounds that have the
potential to alleviate some aspects of atherosclerosis development.
These possible anti-atheroscloretic eﬀects could be exhibited by different mushroom species through the use of their crude extracts, or
through their isolated bioactive compounds. As such, it is clear that
mushrooms are a potential source for several biocompounds that could
be studied and utilized for handling the myriads of facets of atherosclerosis.
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