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Immunomodulatory Properties
of Plants and Mushrooms
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Plants and mushrooms are used for medicinal purposes and the screening of
molecules possessing biological activities. A single plant or mushroom may
produce both stimulatory and inhibitory effects on immune cells, depending on
experimental conditions, but the reason behind this dichotomy remains
obscure. We present here a large body of experimental data showing that
water extracts of plants and mushrooms usually activate immune cells,
whereas ethanol extracts inhibitimmune cells. The mode of extraction of plants
and mushrooms may thus determine the effects produced on immune cells,
possibly due to differential solubility and potency of stimulatory and inhibitory
compounds. We also examine the possibility of using such plant and mush-
room extracts to treat immune system disorders.

Plants and Mushrooms As Sources of Immunomodulatory Compounds

Plants and mushrooms have been used since prehistoric times for their medicinal properties.
Recent molecular evidence suggests that our Neanderthal ancestors living ~50 000 years ago
used medicinal plants such as yarrow and chamomile [1]. The Tyrolean Ice Man, Otzi —a 5300-
year-old mummy discovered in the ltalian Alps in 1991 — had a polypore mushroom among his
possessions; apparently as a remedy to treat an intestinal parasite infection [2]. Similarly,
archeological evidence indicates that early civilizations in Mesopotamia and China also used
plants and mushrooms for their medicinal properties [3].

Although synthetic drugs have largely replaced herbal medicine in the 20th century, many
cultures continue to use herbal remedies to prevent and treat disease; notably in developing
countries where plants still represent the main source of medicines. In Asia, ancient medical
systems such as traditional Chinese medicine (TCM) (see Glossary) and Indian Ayurveda
medicine still rely on the use of plants and medicinal mushrooms for the formulation of
remedies. Around 30% of Americans consume herbal remedies and natural health supple-
ments [4], representing annual sales of US$5 billion [5]. Although the influence of herbal
remedies within the pharmaceutical industry is perhaps less widespread than it used to be,
many pharmaceutical companies continue to use plants as sources of drug candidates, and it
is estimated that around half of current pharmaceutical drugs have been derived, directly or
indirectly, from natural sources [6]. Surveys suggest that the recent recrudescence of interest in
herbal medicine and alternative medicine stems mainly from consumers’ interest in disease
prevention and disappointment with allopathic medicine [7].

Many plant and mushroom extracts act by modulating immune system activities, but the reason
why these extracts may activate or inhibit immune cells remains unclear. In this opinion article,

@ CrossMark

Trends in Pharmacological Sciences, November 2017, Vol. 38, No. 11

http://dx.doi.org/10.1016/j.tips.2017.07.006
© 2017 Elsevier Ltd. All rights reserved.

Cell

REVIEWS

Trends

Plants and mushrooms contain mole-
cules that modulate immune cell activ-
ities, but the factors that determine
whether a plant or mushroom may
activate or inhibit immune cells remain
unclear.

Recent studies suggest that the sol-
vent used to prepare a plant or mush-
room extract may determine whether
the extract produces immunosuppres-
sive or immunostimulant effects.
Accordingly, water extracts tend to
activate immune cells, while ethanol
extracts inhibit immune cell activity.

Meta-analyses of randomized clinical
trials suggest that many herbal and
mushroom-based preparations may
reduce immune disorder symptoms
in humans.

Understanding the effects of solvent
extraction may be useful not only to
identify new immunomodulatory com-
pounds from plants and mushrooms,
but also to facilitate the preparation of
extracts producing specific immunolo-
gical effects on humans.
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we describe the effect of extracts of plants and mushrooms on the immune system. We also
discuss the advantages and limitations of using extracts of plants and mushrooms for the
prevention and treatment of human disease, as well as the clinical studies performed to
determine the effects of herbal remedies on immune system disorders.

Water versus Ethanol Extracts of Plants and Mushrooms

Plant and mushroom extracts are usually prepared in water or ethanol, often in the form of
soups or decoctions, in order to extract active compounds. We recently observed that water
extracts of four different medicinal mushrooms (Agaricus blazei Murrill, Antrodia cinnamomea,
Ganoderma lucidum and Ophiocordyceps sinensis) induce natural Killer (NK) cell cytotoxic
activity against cancer cells, whereas ethanol extracts of the same medicinal mushrooms inhibit
NK cell activity [8]. The water extracts activate intracellular pathways in NK cells and trigger the
release of the cytolytic proteins perforin and granulysin, which mediate the cytolytic effects. In
contrast, ethanol extracts of the same mushrooms produce opposite effects on NK cells,
reducing intracellular pathway activation and cytolytic protein secretion.

This observation prompted us to survey the literature to examine the effects of plant and
mushroom extracts on the immune system. Surprisingly, most (83%) studies that investigated
the immunomodulatory effects of mushroom extracts on cells and animals indicated that water
extracts activate immunological responses, while ethanol or methanol extracts inhibit immune
cell activity (see Supplementary Table 1 in [8]). Similarly, most (85%) studies that examined the
effects of plant extracts followed the same trend (Table 1). With few exceptions, water extracts
of plants activate immune reactions, while plant extracts prepared with organic solvents inhibit
immune cell activities. For instance, arabinogalactan proteins isolated from a water extract of
the plant Echinacea pallida induce proliferation and proinflammatory cytokine secretion in
mouse spleen cells and macrophages [9], whereas an ethanol extract of the same plant
reduces activation of mouse macrophages [10].

Notably, the immunomodulatory reactions described in the previous studies cited above cover
a wide range of immune cell types [B cells, dendritic cells (DCs), macrophages, mast cells,
neutrophils, NK cells, splenocytes, and T cells], immune cell lines (ANA-1, GG2EE, HeNC2,
J774A.1, NK92, NR8383, R309, RAW264.7, THP-1, and U937), and animal disease models
(allergy, arthritis, asthma, cancer, colitis, gastritis, immunosuppression, infection, inflammation,
and peritonitis), as well as various animal species (humans, mice, and rats) and immune
reactions (antibody production; cell differentiation, proliferation and maturation; cytokine
expression and secretion; phagocytosis; targeted cell killing; and cell migration and chemo-
taxis) ([8], Table 1), indicating that this phenomenon is not limited to specific immune cells or
particular experimental conditions.

The observation that most water extracts of plants and mushrooms activate immune cells while
ethanol extracts inhibit these cells appears to be due to differential solubility and potency of the
main active compounds found in these extracts (see Table 2 for a list of compounds extracted
by water, ethanol, and other commonly used solvents; Figure 1, Key Figure). For instance,
polysaccharides that are soluble in water usually activate immune responses when interacting
directly with immune cells [11,12], and these polysaccharides appear to represent the most
potent immunomodulatory compounds found in water extracts. In contrast, many hydrophobic
compounds found in ethanol extracts have been shown to represent potent inhibitors of the
immune system, including flavonoids (e.g., quercetin and luteolin) and terpenoids (e.g.,
sesquiterpene lactones and curcumin). These compounds may represent the most potent
immunomodulatory molecules found in ethanol extracts.
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Nonetheless, a few exceptions to this trend have been noted ([8], Table 1). For instance, a single
water extract of the medicinal mushroom Ophiocordyceps sinensis induces the activity of
immature DCs but produces inhibitory effects on mature DCs [13]. Studies such as this one
illustrate the importance of the physiological state of the tested cell type or organism. In addition
to the solvent used for extraction, additional factors, including the source of the plant or fungal
material, the physiological condition of the organism on which the specimen is tested, and the
route of administration in animals, may therefore play a role in determining the type of
immunological activity observed.

Impact of the Gut Microbiota

Another factor that may affect the immunological activity of plant and mushroom extracts is the
gut microbiota (Figure 1). The gut microbiota consists of a large number of bacteria found in the
small and large intestines of animals, and has been shown to participate in various physiological
processes, including immunological reactions [14,15]. We observed earlier that a water extract
of the medicinal mushroom G. lucidum reduces obesity and induces anti-inflammatory effects
in mice fed with a high-fat diet (HFD) [16]. The effects of the water extract are transferable by
feces transplantation to HFD-fed mice, indicating that the gut microbiota mediates these
effects. Further experiments showed that water-soluble polysaccharides of large molecular
weight (>300 kDa) found in the water extract also produce antiobesity and anti-inflammatory
effects in HFD-fed mice [16].

Dietary polysaccharides isolated from plants or mushrooms are large molecules that are not
readily absorbed by the gut mucosa of animals. In humans, most orally ingested polysac-
charides are not digested by gastric or intestinal enzymes, which lack the required hydrolytic
activity [17,18]. Whole, undigested polysaccharides thus reach the large intestine where the
colonic microbiota may digest them to produce short-chain fatty acids (SCFAs), such as
acetate, butyrate, and propionate [17,18]. SCFAs may produce systemic anti-inflammatory
effects on the host, and are thought to be responsible for many of the beneficial effects of
dietary polysaccharides and fiber [17-19]. While polysaccharides are usually considered as
water-soluble immunostimulants (Tables 1 and 2), it appears that the gut microbiota may
influence the immunomodulatory effects of mushroom polysaccharides in vivo, including the
water extract of G. lucidum that we studied. Similarly, plant-derived polysaccharides consumed
orally are also converted into SCFAs by the gut microbiota in the colon, producing systemic,
anti-inflammatory effects on the host [20].

The gut microbiota may therefore represent another factor that influences the immunological
effects produced by water extracts of plants and mushrooms. As such, plants and mushrooms
containing large amounts of water-soluble polysaccharides may produce anti-inflammatory
effects when consumed orally.

Effects of Whole Extracts versus Isolated Compounds

Although it appears that the mode of extraction may determine the kind of compounds
extracted from plants and mushrooms, questions remains about the mechanism of action
of complex extracts. Plant and mushroom extracts contain a complex mixture of compounds
that may affect several physiological pathways in the body. For instance, our study showing that
the water extract of G. lucidum mycelium produces antiobesity, antidiabetic, and anti-inflam-
matory effects in HFD-fed mice indicated that the mushroom extract targets a multitude of
physiological pathways, including the gut mucosa, gut microbiota composition, pancreas
activity, and adipocyte function [16]. This ‘herbal shotgun’ approach contrasts with the strategy
of many modern pharmaceutical drugs, which is often described as the ‘magic bullet’
approach, since a single pure compound is used to target a specific cellular or physiological
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Glossary

Alkaloids: family of compounds
found in plants, fungi, bacteria, and
animals, containing basic nitrogen
atoms; these compounds have a
wide range of biological activities,
which has led to the development of
many pharmaceutical drugs (e.g.,
atropine, caffeine, cocaine,
ephedrine, morphine, nicotine, and
quinine).

Ayurveda medicine: ancient
medical system based on the use of
herbal remedies and surgical
procedures used in India for
thousands of years.

Cytolytic proteins: proteins such as
perforin and granzymes that are
released by cytolytic T lymphocytes
and NK cells. Perforin induces the
formation of pores in the membrane
of target cells (e.g., virus-infected
cells and cancer cells), allowing the
release of apoptosis-inducing
proteins (e.g., granzymes) into the
cell.

Flavonoids: class of plant and
fungal compounds with a 15-carbon
skeleton consisting of two phenyl
rings and a heterocyclic ring; these
compounds possess various
biological activities.

Lentinan: polysaccharide isolated
from the medicinal mushroom
Lentinula edodes (shiitake) and
consisting of B-1,3-glucan with B-1,6
branching; approved in Japan since
1985 as adjuvant therapy for cancer
patients.

Medicinal mushrooms:
mushrooms that have been used to
prevent or treat human disease;
many having a long tradition of use
in TCM. The main species in this
group include Agaricus blazei Murril
(Brazilian mushroom), Antrodia
cinnamomea (niu zhang zhi),
Ganoderma lucidum (lingzhi, reishi),
Lentinula edodes (shiitake),
Ophiocordyceps sinensis (caterpillar
fungus) and Trametes versicolor
(turkey tail).

Short-chain fatty acids (SCFAs):
fatty acid molecules, such as
acetate, butyrate, and propionate,
containing 2—-6 carbon atoms and
derived from the digestion of dietary
polysaccharides and fiber by the
colonic microbiota of animals and
humans. These molecules produce
beneficial effects by serving as
energy source for colonic cells and
by producing systemic anti-
inflammatory effects in the host.
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pathway [21]. Given that most chronic diseases involve multiple pathways throughout the body,
the herbal shotgun approach appears to represent a good strategy for disease treatment. As
such, this approach is also used in conventional medicine where several pharmaceutical drugs
affecting different targets are often combined within a single treatment.

Synergistic interaction may also occur between molecules found in plant and mushroom
extracts. For instance, a study showed that two ethanol extracts of the roots and leaves of
Echinacea produce synergistic effects on LPS-induced monocytes in vitro, reducing the
production of the proinflammatory cytokine tumor necrosis factor (TNF)-a to a level inferior
to that produced by either one of the two separate extracts [22]. Another study reported that a
G. lucidum polysaccharide enhanced the antitumor activity of the chemotherapeutic drugs
arsenic and cisplatin in drug-resistant urothelial carcinoma cells [23]. Synergistic interactions
may thus occur between the various compounds found in an herbal remedy, between the
extracts of an herbal remedy, or between plant extracts and conventional drugs.

Some compounds found in plants enhance the absorption and bioavailability of other com-
pounds present in the extract. For instance, the alkaloid compound piperine from black pepper
can increase the bioavailability of curcumin in human subjects by as much as 20 fold [24].
Piperine has been shown to inhibit various intestinal and hepatic enzymes that metabolize
dietary or xenobiotic compounds [25], which may explain the increased bioavailability of
compounds consumed with piperine. The use of black pepper as a seasoning on various
dishes may actually enhance the absorption and bioavailability of other compounds found in
foods; an observation that has important implications in the field of nutrition.

Plant compounds may also reduce the toxicity of other molecules found in a complex whole
extract. An ethanol/ethyl acetate extract of Tripterygium wilfordii roots —a TCM remedy used to
treat rheumatoid arthritis — has been shown to reduce rheumatoid arthritis symptoms in clinical
studies [26,27], supporting our observation that plant extracts produced with ethanol extrac-
tion (or related organic solvents such as ethyl acetate) usually inhibit immune system activities.
Further studies concluded that T. wilfordii produces better results and is associated with fewer
side effects compared to the pharmaceutical drug sulfasalazine, which is commonly used to
treat arthritis [28,29]. Although the active compound responsible for the effects of T. wilfordii,
diterpenoid triptolide, is toxic when administered alone, the use of the whole T. wilfordii root
extract reduces toxicity, indicating that compounds found in the whole extract may improve the
tolerability of this extract [30,31].

In some cases, plant extracts may produce more potent effects than pharmaceutical drugs. For
instance, turmeric powder at a dose of 200 mg/kg/day (equivalent to ~2 g/day in humans)
reduced arthritic symptoms and proinflammatory cytokine levels to larger extent than the
nonsteroidal anti-inflammatory drug indomethacin in rats (1 mg/kg/day; roughly equivalent to
the recommended daily dose for humans), increasing disease recovery by 10.2% compared to
the drug [32]. Although the benefits of conventional drugs are obvious, plant and mushroom
preparations may be useful in some situations as discussed below.

Effects of Plant and Mushroom Remedies in Humans

In humans, optimal immune responses may be seen as equilibrium between activation and
inhibition. The immune system is activated in response to pathogens or tissue damage to fight
infection and allow tissue repair. After clearance of the pathogens, the immune response must
be dampened to prevent further tissue damage and allow repair. Continuous stimulation of the
immune system may lead to unwanted, chronic inflammation or autoimmune reactions,
whereas prolonged inhibition of the immune system may lead to susceptibility to infections
and cancer.
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Statins: anticholesterol drugs first
isolated from fungi and found to
inhibit an enzyme (i.e., HMG-CoA
reductase) in the cholesterol-
synthesis pathway in the liver; in
addition to reducing cholesterol,
statins also produce anti-
inflammatory effects.

Terpenoids: large class of naturally
occurring compounds consisting of
repeated five-carbon isoprene
subunits and containing heteroatoms
such as nitrogen or oxygen. Well-
known plant-derived terpenoid
compounds include menthol,
camphor, and curcumin.
Traditional Chinese medicine
(TCM): consisting of therapies such
as herbal medicine, acupuncture,
gigong, massage, and yoga, TCM is
an ancient medical system that has
been used for thousands of years in
China and neighboring countries.
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Table 1. Studies on Immunomodulatory Effects of Plant Extracts and Isolated Compounds

Species (common name)

8Acorus calamus (sweet flag)

Acorus calamus (sweet flag)
Actinidia arguta (hardy kiwi)
Allanblackia floribunda
Allium sativa (garlic)

Allium sativa (garlic)
Alstonia scholaris
Archidendron clypearia
®Argyreia speciosa

Artemisia annua
(sweet wormwood)

Artemisia asiatica
Artemisia princeps
Artemisia ludoviciana
Asparagus racemosus
Astralagus membranaceus
Bletilla striata (orchid)
Boerhaavia diffusa
Boerhaavia diffusa
Boerhaavia diffusa
Brassica oleracea (kale)
Capsosiphon fulvescens
Cassia occidentalis
Cerbera manghas
Cheonggukjang

Chinese herb mixture
Chinese herb mixture
Chlorophytum borivilianum
Chrysenthemum indicum
Cinnamomum camphora
Cinnamomum cassia
Cinnamomum verum
Codariocalyx motorius
Codium fragile

Coffee

Colocasia esculenta (taro)
Conyza canadensis
@Cortex phellodendron
Corydalis tuber

Curcuma longa (turmeric)
Curcuma longa (turmeric)

Dryopteris crassirhizoma

Extraction (compound)
Water (polysaccharide)
Ethanol

Methanol

Water (polysaccharide)
Water

Water (polysaccharide)
Ethanol (alkaloid)
Methanol

Ethanol

Ethanol

Ethanol (flavonoid)
Water

Ethanol (terpenoid)
Water (oligosaccharide)
Water (polysaccharide)
Water (polysaccharide)
Ethanol

Ethanol

Ethanol (flavonoid)
Water (protein)

Water (polysaccharide)
Water

Methanol

Water (polysaccharide)
Ethanol

Ethanol

Water (polysaccharide)
Ethanol

Methanol

Ethanol

Ethanol

Ethanol (flavonoid)
Methanol

Water (polysaccharide)
Water (polysaccharide)
Methanol

Water

Methanol (alkaloid)
Ethanol (terpenoid)
Ethanol (terpenoid)

Ethanol (flavonoid)

Effect
+/—

REVIEWS
Main observation Refs
Th1 immune response in mice (+); Th2 response in mice (—) [49]
Human PBMC proliferation and IL-2 and TNF-a secretion [50]
NO production in mouse RAW264.7 macrophages [51]
PBMC proliferation and IFN-y secretion in vitro [52]
IFN-y and iNOS expression in mouse macrophages 53]
Mouse macrophage phagocytosis [54]
Proinflammatory mediators and ear edema in mice [55]
Mouse macrophage activation in vitro and colitis symptoms in mice [56]
Delayed-type hypersensitivity and antibody response in mice [57]
Splenocyte proliferation and IgG production in ovalbumin-treated mice [58]
Macrophage activation in vitro and gastric ulcer symptoms in mice [59]
TNF-o/iNOS/NO/NF-«B in RAW264.7 macrophages [60]
NF-kB activity in cervix epithelial cells [61]
Human NK cell activity [62]
Proliferation and cytokine production in mouse B cells and macrophages  [63]
INOS/TNF-a/IL-1B expression in mouse RAW264.7 macrophages [64]
Human NK cell cytotoxicity; IL-2 and TNF-a secretion in PBMCs [65]
Human PBMC proliferation and mixed lymphocyte culture [66]
Human PBMC proliferation and NK cell cytotoxicity [67]
Antibody production by lymphocytes in vitro and in mice [68]
TNF-q, IL-6 and COX-2 in mouse RAW264.7 macrophages [69]
Antibody and bone marrow cell count in immunosuppressed mice [70]
NO/INOS/COX-2/NF-kB in macrophages and gastritis in mice [71]
TNF-o/NF-kB/IL-2/IFN-vy in mouse macrophages and splenocytes [72]
TNF-q, IL-18/6, COX-2 and PGE2 in mouse RAW264.7 macrophages [73]
Cytokines, chemokines, and acute phase proteins in LPS-treated mice [74]
NK cell activity and humoral response in rats and primary PBMCs [75]
TNF-o/IL-1B/COX-2/PGE2/INOS in mouse RAW264.7 macrophages [76]
IL-1B/IL-6/TNF-a/PGE2 in mouse RAW264.7 macrophages [77]
TNF-a/COX-2/PGE2/NO/iINOS in mouse RAW264.7 macrophages [78]
Pro-inflammatory cytokines and collagen-induced arthritis in mice [79]
Macrophage activation in vitro and gastric ulcer symptoms in mice [80]
TNF-a/COX-2/PGE2/NO/INOS in mouse RAW264.7 macrophages [81]
Activation of murine B and T lymphocytes [82]
TNF-o/IL-6 in macrophages and antimetastatic effect in mice [83]
TNF-o/IL-1B/IL-6/COX-2/PGE2/INOS in mouse RAW264.7 macrophages  [84]
IL-1B/IL-6/NF-kB/iINOS in LPS-treated mice [85]
Vascular permeability and edema in mice [86]
Increased expression of anti-inflammatory IL-10 gene variant [87]
Total lymphocyte count in asthmatic rats [88]
Gastritis symptoms in HCl/ethanol-treated mice [89]
Trends in Pharmacological Sciences, November 2017, Vol. 38, No. 11~ 971
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Table 1. (continued)

Species (common name) Extraction (compound) Effect Main observation Refs
Echinacea pallida Ethanol — NO release in mouse RAW264.7 macrophages [10]
Echinacea pallida Water (arabinogalactan-protein)  + Proliferation and IL-6 production in mouse spleen cells and macrophages  [9]
8Echinacea purpurea Ethanol (alkylamide) +/— TNF-a release in mouse RAW264.7 macrophages [90]
2Enicostema axillare Methanol +/— Leukocyte proliferation in mice (+); delayed hypersensitivity in mice (—) [91]
@Emblica officinalis Ethanol + Cell proliferation and IL-2/IFN-y production in rat lymphocytes [92]
°E. officinalis+E. alsinoides Water — Lymphocyte proliferation and arthritis symptoms in rats [93]
@Euphorbia cheiradenia Methanol + Delayed-type hypersensitivity and antibody response in mice [94]
Evodia lepta Methanol — Macrophage activation in vitro and gastritis symptoms in mice [95]
Fagopyrum cymosum Ethanol — Proinflammatory cytokines and adjuvant-induced arthritis in rats [96]
Flos sophora Ethanol — IL-4/TNF-a and degranulation in mast cells and allergic dermatitis in mice  [97]
Glycyrrhiza glabra (licorice) Water (polysaccharide) + Spleen lymphocyte proliferation in mice (ex vivo) [98]
2Gyeiji-tang (herbal mixture) Water — TNF-a, IL-6, COX-2 and PGE2 in mouse RAW264.7 macrophages [99]
Haussknechtia elymatica Methanol — Delayed-type hypersensitivity and antibody response in mice [100]
®Herbal mixture Water - IL-8 production in cultured human primary dermal fibroblasts [101]
Hibiscus cannabinus Ethanol — IL-3/IL-12/TNF-o/PGE2/NO in mouse RAW264.7 macrophages [102]
Hippophae rhamnoides Water (polysaccharide) + Lymphocyte proliferation and macrophage activity in tumor-bearing mice ~ [103]
Hopea odorata Methanol — Gastritis symptoms and ear edema in mice [104]
ALycium fruit Water - TNF-o/IL-6/NO/INOS/COX-2/PGE2 in mouse RAW264.7 macrophages [105]
Mahonia oiwakensis Ethanol (alkaloid) — Proinflammatory cytokines and paw edema in mice [108]
Myrsine seguinii Ethanol (flavonoid) — NO/INOS/PEG2/COX-2 in macrophages and peritonitis in mice [107]
®Nigella sativa (blackseed) Water +/— Splenocyte proliferation (+); IL-6/TNF-a/NO in mouse macrophages (—) [108]
Panax notoginseng (ginseng) Methanol — Proinflammatory cytokines in mouse RAW264.7 macrophages [109]
Panax ginseng (ginseng) Water + Bacterial clearance in rats [110]
P. ginseng (ginseng) Water (polysaccharide) + Macrophage cytotoxic activity and phagocytosis in vitro [111]
P. ginseng (ginseng) Water + Bacterial clearance and TNF-a/IFN-y production in mice [112]
Panax quinquefolius (ginseng) Water + Proinflammatory cytokines and lung bacterial clearance in rats [113]
P. quinquefolius (ginseng) Water + IL-2 and IFN-vy in mouse splenocytes [114]
P. ginseng (ginseng) Water (polysaccharide) + Proinflammatory cytokines in mouse splenocytes [115]
Persicaria chinensis Methanol (flavonoid) — NO/PEG2/NF-kB in macrophages and gastritis in mice [116]
Persimmon vinegar Water (polysaccharide) + TNF-a, IL-6, IL-12 and NO in mouse RAW264.7 macrophages [117]
Phaseolus angularis (bean) Ethanol - NO/INOS/PEG2/COX-2/NF-kB in macrophages and gastritis in mice [118]
Phyllanthus acidus Methanol — NO/INOS/PEG2/COX-2 in macrophages and gastritis in mice [119]
Pimpinella anisum (anise) Water (polysaccharide) + IL-1B/IL-10/NO/INOS in mouse RAW264.7 macrophages [120]
Piper betle Methanol — Lymphocyte proliferation in vitro and inflammation in mice [121]
Pollen typhae Ethanol - Splenocyte proliferation and IgG production in ovalbumin-treated mice [122]
Polygonom hydropiper Methanol (flavonoid) — NO/INOS/PEG2/COX-2/TNF-a/NF-«kB in macrophages and colitis in mice  [123]
Pseuderanthemum palatiferum  Ethanol — Ear edema in rats [124]
Rhamnus davurica (+others) Methanol — Degranulation of cultured mast cells and ear allergic reaction in mice [125]
Saposhnikovia divaricata Ethanol - Proinflammatory cytokines in macrophages and osteoarthritic mice [126]
Sasa senanensis (bamboo) Water + NK cell cytotoxicity and IL-2/IL-12/IFN-y in mice [127]
Saussurea lappa (kushta) Methanol (terpenoid) - TNF-a in mouse RAW264.7 macrophages [128]
S. lappa (kushta) Methanol (terpenoid) - TNF-a in mouse RAW264.7 macrophages and lymphocyte proliferation [129]



Cell

REVIEWS
Table 1. (continued)
Species (common name) Extraction (compound) Effect Main observation Refs
Sedum sarmentosum Ethanol - Splenocyte proliferation and IgG production in ovalbumin-treated mice [130]
Semen persicae (taoren) Ethanol - Splenocyte proliferation and IgG production in ovalbumin-treated mice [131]
Siegesbeckia orientalis Ethanol — Splenocyte proliferation and IgG production in ovalbumin-treated mice [132]
2Sosihotang (plant mixture) Water - TNF-q, IL-6 and NO in mouse RAW264.7 macrophages [133]
Sophora flavescens Ethanol (flavonoid) — Proinflammatory cytokines and adjuvant-induced arthritis in rats [134]
Spica prunellae Ethanol — Splenocyte proliferation and IgG production in ovalbumin-treated mice [135]
Stachys obtusicrena Methanol — Delayed-type hypersensitivity and antibody response in mice [136]
Synurus deltoides Ethanol - Proinflammatory cytokines in macrophages and ear edema in mice [137]
Tephrosia purpurea Ethanol (flavonoid) — Delayed-type hypersensitivity and antibody response in mice [138]
Tinospora cordifolia Water (protein) + NO production in mouse macrophages [139]
T. cordifolia Water + Phagocytosis and ROS production in neutrophils [140]
aTinospora crispa Ethanol + Phagocytosis/chemotaxis in neutrophils and TNF-a/IL-2/IFN-y in rats [141]
Toddalia asiatica Ethanol - Proinflammatory cytokines and collagen-induced arthritis in mice [142]
Trigonella foenum (fenugreek) Water + Delayed-type hypersensitivity and macrophage phagocytosis in mice [143]
aTrachelospermum jasminoides — Water — Proinflammatory cytokines and paw edema in mice [144]
Wercklea insignis Methanol — TNF-o/IL-1B/IL-6/COX-2/PGE2/INOS in mouse RAW264.7 macrophages  [145]
Xanthium strumarium Ethanol — Proinflammatory cytokines and adjuvant-induced arthritis in rats [1486]

The studies listed in this table support the hypothesis described in the present article (i.e., water extracts activate immune cells, whereas ethanol and methanol extracts
inhibit immune cells), except for the studies marked (%) whose results are inconsistent with the said hypothesis. Studies in which no extraction was described or studies
that used solvents other than water, ethanol or methanol were omitted. Studies in which <70% ethanol or methanol was used for extraction were also omitted. The
studies listed here were taken from aliterature search using keywords such as ‘immunological effects’ and ‘plants and mushrooms,’ along with searching the references
within the retrieved studies. The number of studies was arbitrarily limited to 100. COX-2, cyclooxygenase-2; IFN-v, interferon-v; IL, interleukin; iNOS, inducible nitric
oxide synthase; NF-«B, nuclear factor-kB; NK, natural killer; NO, nitric oxide; PBMC, peripheral blood mononuclear cell; PGE2, prostaglandin E2; TNF-a, tumor-

necrosis factor-a.

Many clinical studies have demonstrated the potential of plant remedies to produce anti-
inflammatory effects in humans. For instance, a randomized, double-blind, placebo-controlled
trial involving 116 patients with irritable bowel syndrome showed that treatment with stan-
dardized or individualized TCM herbal remedies in dried powder form for 16 weeks improved
bowel symptom scores compared to placebo [33]. In another study, postoperative Crohn’s

Table 2. Phytochemicals Extracted by Commonly Used Solvents

Water Methanol Ethanol Acetone Hexane Chloroform
Anthocyanins Alkaloids Alkaloids Flavonoids Alkaloids Flavonoids
Glycoproteins Anthocyanins Flavonoids Lignans Fatty acids Terpenoids
Lectins Flavonoids Lignans Steroids
Polysaccharides Lactones Polyacetylenes Terpenoids
Proteins/peptides Lignans Polyphenols
Saponins Phenones Tannins
Tannins Polyphenols Terpenoids

Quassinoids Sterols

Saponins

Tannins

Terpenoids

Xanthoxyllines

Adapted from [147-150].
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Figure 1. Plant and mushroom extracts are usually prepared in either water or ethanol, leading to the isolation of hydrophilic or hydrophobic compounds. Plant
polysaccharides, which are water-soluble and extracted with water, tend to activate (+) immune system responses. In contrast, hydrophobic compounds, such as
flavonoids and terpenoids, which are more soluble in ethanol or methanol, usually inhibit () immune cell responses. In some cases, the gut microbiota may convert
water-soluble polysaccharides into hydrophobic short-chain fatty acids (SCFAs) that produce systemic, anti-inflammatory effects on the host.

disease patients were randomized to receive T. wilfordii tablets (1 mg/kg) or the pharmaceutical
drug mesalazine (4 g) daily for 52 weeks [34]. The number of clinical and endoscopic disease
recurrences was lower in the group receiving T. wilfordii compared to the mesalazine group,
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indicating that the plant material was more effective than commonly used pharmaceutical drugs
in this context.

Only a few immunostimulants are used in the clinic, mainly vaccine adjuvants, cytokine treat-
ments and immunotherapy. Echinacea has been used to prevent and treat common cold and
many randomized controlled clinical trials indicate that it can reduce the severity and duration of
common colds [35-37]. In contrast, a subsequent meta-analysis of 24 controlled clinical
studies involving 4631 participants concluded that Echinacea shows no positive effects in
treating the common cold but noted that the trials consistently showed a positive trend in
preventing the condition [38].

In the case of polysaccharides ingested orally, a small proportion may be absorbed into the
blood where these molecules can enhance the immunological reactions of monoclonal anti-
bodies against tumor cells, leading to enhanced tumor regression and animal survival [39].
Another study showed that mushroom polysaccharides ingested orally by mice may be
internalized by DCs and macrophages in Peyer’s patches, followed by transportation of the
cells to the spleen, where they induce systemic T cellimmune response against tumor antigens
[40]. In addition, other modes of administration including intraperitoneal injection may be used
in humans. For instance, peritoneal injection of lentinan, a polysaccharide isolated from
shiitake mushrooms and used in Japan since 1985, stimulates several aspects of the cellular
and humoral arms of the immune system in cancer patients [41]. Similarly, polysaccharide K
(also known as krestin) is a polysaccharide—protein complex isolated from the mushroom
Trametes versicolor and used in Asia as an adjuvant to anticancer treatment [42]. Clinical
studies have shown that adjuvant treatment with lentinan or polysaccharide K reduces the side
effects of chemotherapy and increases survival and quality of life in cancer patients [41-43].

Although meta-analyses of randomized clinical trials have obtained inconclusive or negative
results for immune system conditions such as otitis, atopic eczema, and chronic obstructive
pulmonary disease (COPD), several meta-analyses have shown that herbal remedies may
produce beneficial effects and reduce disease symptoms in allergic rhinitis, asthma, cough,
osteoarthritis, and sinusitis (Table 3). Herbal remedies were tested mainly as adjuvant therapy to
existing conventional pharmaceutical drugs and showed that the combination of pharmaceu-
tical drugs and herbal remedies produces beneficial effects superior to those of conventional
therapy alone. A few herbal remedies showed positive results against placebos, and most
clinical trials reported only mild adverse effects, supporting the notion that many herbal
remedies are safe (Table 3). However, many of these meta-analyses were based on clinical
studies of poor or moderate methodological quality and low numbers of patients, requiring
more studies before clear recommendations can be made.

Most clinical studies reported in these meta-analyses were based on the use of dried plant
powder without solvent extraction using either water or ethanol. Based on the information
presented in the present article and depending on whether a particular disease condition may
require anti-inflammatory or immunostimulatory effects, it is tempting to speculate that the
preparation of extracts using water or ethanol may improve the effects of herbal remedies in
clinical studies.

In addition to providing interesting advantages over single drug compounds, plant and
mushroom extracts are likely to be more widely available and cost less than pharmaceutical
drugs. Based on these observations, some authors have suggested that consumption of plant-
derived extracts may be appropriate for long-term consumption and disease prevention [4,44].
In contrast, single pharmaceutical drugs or molecules may be more appropriate to treat acute
disease symptoms.
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Table 3. Meta-Analyses Evaluating Effectiveness of Herbal Remedies for Treatment of Immune System Conditions in Humans

Remedy

Echinacea

Herbal remedy
Herbal remedy
Herbal remedy
Herbal remedy
Herbal remedy
Herbal remedy
Herbal remedy
Herbal remedy
Herbal remedy
Herbal remedy
Herbal remedy
Ophiocordyceps sinensis
TCM herbal remedy
TCM herbal remedy
TCM herbal remedy
TCM herbal remedy
TCM herbal remedy
TCM herbal remedy
TCM herbal remedy
TCM herbal remedy
TCM herbal remedy
TCM herbal remedy
TCM herbal remedy
Tripterygium wilfordii
T. wilfordii

T. wilfordii

Yupingfeng formula

Condition

Common cold
Allergic rhinitis
Asthma

COPD

Cough
Osteoarthritis
Osteoarthritis

Otitis

Rheumatoid arthritis
Rheumatoid arthritis
Rhinosinusitis
Sinusitis

Kidney transplant rejection
Allergic rhinitis
Atopic eczema
Common cold
COPD

Multiple sclerosis
Multiple sclerosis
Osteoarthritis
Osteoarthritis
Prostatitis

Psoriasis vulgaris
Psoriasis vulgaris
Nephrotic syndrome
Rheumatoid arthritis
Rheumatoid arthritis

Respiratory tract infection

Effectiveness

Inconclusive (vs. placebo)

Effective (vs. placebo or active comparator)
Effective (adjunct therapy)

Not effective (adjunct therapy)

Effective (vs. placebo)

Effective (adjunct therapy)

Effective (vs. placebo or active comparator)
Inconclusive (adjunct therapy)

Inconclusive (vs. placebo or active comparator)
Inconclusive (vs. placebo or active comparator)
Effective (adjunct therapy)

Effective (adjunct therapy or vs. placebo)
Inconclusive (adjunct therapy)

Effective (vs. placebo)

Inconclusive (vs. placebo)

Effective (vs. placebo)

Effective (adjunct therapy)

Effective (adjunct therapy or vs. placebo)
Effective (adjunct therapy)

Effective (adjunct therapy or vs. placebo)
Inconclusive (adjunct therapy)

Effective (vs. placebo)

Effective (adjunct therapy)

Inconclusive (vs. placebo or active comparator)
Effective (adjunct therapy or vs. placebo)
Effective (adjunct therapy or vs. placebo)
Effective (adjunct therapy)

Effective (adjunct therapy)

Trial quality
Poor

Good

Poor

Good

Low bias risk
Moderate
Poor

Poor
Moderate
Poor
Moderate
N/A

Poor

Poor

Poor

Low bias risk
Poor

Poor

Poor

Poor

Poor
Moderate
Poor

Poor

Low bias risk
Poor

Poor

Poor

Adverse effects
Mild/severe
Mild/severe
Mild

Mild

Mild

Mild

Mild

Mild

Mild
Mild/severe
Mild

Mild

Mild

Mild

Mild

Mild

Mild

Mild

Mild

Mild

Mild

Mild

Mild

Mild

N/A
Mild/severe
Mild

Mild

Refs
[38]

[151]
[152]
[153]
[154]
[158]
[156]
[157]
[158]
[159]
[160]
[161]
[162]
[163]
[164]
[165]
[166]
[167]
[168]
[169]
[170]
[171]
[172]
[173]
[174]
[175]
[176]
[177]

Information regarding effectiveness, trial quality and adverse effects was based on the conclusions reported in each study. In some cases, the wording of the conclusion
was revised using synonyms to allow comparison between studies. COPD, chronic obstructive pulmonary disease; N/A, non-available.

Limitations of the Use of Herbal Remedies

Given that herbal remedies are considered as dietary supplements, manufacturers are not
required to prove the effectiveness of their products. Although some countries do require basic
toxicological and product composition analyses to be performed before natural health products
can be made available on the market, the low level of requirements and regulation in this area
has led to several issues related to the quality, standardization, and safety of herbal remedies
[4]. For instance, one fifth of Ayurvedic herbal remedies were found to contain unsafe levels of
heavy metals [45,46], while other Asian patent medicines were shown to be laced with
pharmaceutical drugs or other naturally occurring toxins [47]. We recently proposed that
producers of herbal remedies and natural health supplements need to safeguard the public
and provide more information about the composition, efficacy, and safety of their remedies [48].
Similarly, issues related to the effective dose to be used or possible interactions with
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conventional drugs need to be considered. Further research is thus needed before any attempt
to combine such remedies with conventional medical treatments can be seriously considered.

Concluding Remarks and Future Perspectives

The opposite effects produced by water and ethanol extracts of plants and mushrooms on the
immune system provide essential information for the preparation of plant and mushroom
extracts that may be used for the prevention and treatment of human disease. This information
may also be used to identify novel active compounds from traditional plants and medicinal
mushrooms; a research field that continues to be explored by scientists and the pharmaceutical
industry (see Outstanding Questions). Given that a large fraction of plants and mushrooms
remains to be studied in detall, it is likely that many new immunostimulatory compounds will be
identified and characterized in the near future. Regarding herbal medicine, new regulatory
guidelines will be needed to assure the quality, efficacy, and safety of extracts derived from
plants and mushrooms. Such endeavors are also important to preserve the heritage and
medical knowledge of our ancestries.
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Outstanding Questions

Compared to whole extracts, are sin-
gle compounds isolated from plants
and mushrooms better suited for the
development of pharmaceutical drugs
aimed at ftreating acute disease
symptoms?

Besides the type of extraction, which
factors determine whether plant and
mushroom extracts will activate or
inhibit immune system reactions? For
instance, how does the mode of
administration (e.g., oral, intravenous,
intraperitoneal,  subcutaneous, or
intramuscular) influences the effects
produced on the immune system?

Can new plant- or mushroom-derived
immunosuppressive  molecules  be
developed that do not substantially
increase the risk of infection or cancer?

Can new plant- or mushroom-derived
immunostimulant compounds be used
to prevent infection and cancer, with-
out producing severe side effects?

What is the best strategy to monitor
and assure the quality, safety, and effi-
cacy of herbal remedies and natural
health products on the market?
Should these issues be the responsi-
bility of manufacturers or the
government?

Can herbal remedies shown to be
effective and safe for the treatment
of human disease be used in combi-
nation with conventional medical treat-
ments? If so, what is the best product
preparation, dose and treatment
schedule?
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