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Cinnamon and Chronic Diseases

Mitra Hariri and Reza Ghiasvand

Abstract Cinnamon (Cinnamomum zeylanicum and Cinnamon cassia), the eternal
tree of tropical medicine, belongs to the Lauraceae family and is one of the most
important spices used daily by people all over the world. It contains a lot of
manganese, iron, dietary fiber, and calcium. Cinnamon contains derivatives, such as
cinnamaldehyde, cinnamic acid, cinnamate, and numerous other components such
as polyphenols and antioxidant, anti-inflammatory, antidiabetic, antimicrobial,
anticancer effects. Several reports have dealt with the numerous properties of cin-
namon in the forms of bark, essential oils, bark powder, and phenolic compounds,
and each of these properties can play a key role in human health. Recently, many
trials have explored the beneficial effects of cinnamon in Alzheimer’s disease,
diabetes, arthritis, and arteriosclerosis, but still we need further investigations to
provide additional clinical evidence for this spice against cancer and inflammatory,
cardioprotective, and neurological disorders.

Keywords Cinnamon � Cinnamaldehyde � Cinnamate � Cinnamic acid � Chronic
disease

1 Introduction

According to Malaysian researchers and researchers from the United States
(US) Department of Agriculture, cinnamon is one of the most important spices used
daily by people all over the world. It contains about 38 % of your daily requirement
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of manganese and contains 10 % of your daily requirement for iron and dietary
fiber [1]. It also is high in calcium. Beyond this, there are several other reasons why
cinnamon is a must-have spice. Cinnamon primarily contains vital oils and other
derivatives, such as cinnamaldehyde, cinnamic acid, cinnamate, and numerous
other components such as polyphenols [2]. In addition to being an antioxidant,
anti-inflammatory, antidiabetic [3], antimicrobial [4], anticancer [5], lipid-lowering
[6], and cardiovascular disease-lowering compound [7], cinnamon has also been
reported as useful for metabolic syndrome, insulin sensitivity, polycystic ovary
syndrome, increasing lean body mass, and gastric emptying [8, 9]. It is useful
against neurological disorders, such as Parkinson’s and Alzheimer’s diseases [10].

Cinnamon is a common ingredient used in tea for nausea during pregnancy. It is
also used following delivery to decrease hemorrhage. The health benefits of cin-
namon can be attributed to its antibacterial, antifungal, antimicrobial, astringent,
and anticlotting properties [11].

Researchers in Europe, the Middle East, India, China, and the United States are
not necessarily using the same type of cinnamon when they do their research. This
sometimes leads to confusion and to contradictory research findings. There is
overwhelming evidence that cinnamon has numerous therapeutic benefits; however,
these benefits are not universally reported by researchers in all countries. Also,
cinnamon powder rapidly loses its freshness, which means that its active compo-
nents may volatilize into the air. Thus, research that was done with different types
of cinnamon, with an old inventory of cinnamon, with irradiated cinnamon, or
cinnamon that was given with certain pharmaceutical drugs may not produce the
same results when compared to other cinnamon studies.

In the United States, the word cinnamon can refer to spices that come from
various parts of the world and from quite different varieties of plants. Thus, not all
cinnamon or all cinnamon essential oil is the same.

This is important, because the different plant varieties do not have the same
composition of active components. Ground cinnamon and cinnamon sticks are
made from the bark of several related tropical evergreen trees in the Lauraceae
(laurel) family. Cinnamon essential oil is distilled from the bark, stems, and leaves
of these trees [12].

Most cinnamon spice sold is actually not true cinnamon. It is a closely related
spice called cassia. Cassia (Cinnamomum cassia): also known as “Chinese
Cinnamon,” is what is usually sold as cinnamon.

True cinnamon is Ceylon Cinnamon (Cinnamomum zeylanicum or sometimes
Cinnamomum verum). This “true cinnamon” is the preferred variety in Europe and
Mexico. It is milder than cassia, but has a more subtle and complex flavor than cassia.

Most of the scientific studies that we will review in this chapter have used
ground cinnamon or specific components of cinnamon that have been derived from
cinnamon by use of a water process. Some studies have used essential oil of
cinnamon, which is produced from distillation.

Conflict between studies about useful effect of cinnamon may be related to
various methodological factors such as the use of different varieties of cinnamon, to
the use of an old stock of ground cinnamon, to using an inappropriately high or low
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dose of cinnamon, to using irradiated cinnamon, to the simultaneous use of phar-
maceutical medications, or to other problems in research methodology.

2 Physiochemical Properties of Cinnamon

Cinnamon consists of a variety of resinous compounds, including cinnamaldehyde,
cinnamate, cinnamic acid, and numerous essential oils [13] (Table 1). Singh et al.
[14] reported that the spicy taste and fragrance are due to the presence of cin-
namaldehyde and occur due to the absorption of oxygen. As cinnamon ages, it
darkens in color, improving the resinous compounds [14]. Sangal reported various
physiochemical properties of cinnamon (Table 2). The presence of a wide range of
essential oils, such as trans-cinnamaldehyde, cinnamyl acetate, eugenol, L-borneol,
caryophyllene oxide, b-caryophyllene, L-bornyl acetate, E-nerolidol, -cubebene, -

Table 1 Chemical constituents of different parts of cinnamon

Part of the plant Compound

Leaves Cinnamaldehyde: 1.00–5.00 %
Eugenol: 70.00–95.00 %

Bark Cinnamaldehyde: 65.00–80.00 %
Eugenol: 5.00–10.00 %

Root bark Camphor: 60.00 %

Fruit Trans-Cinnamyl acetate (42.00–54.00 % and caryophyllene (9.00–
14.00 %)

C. zeylanicum buds Terpene hydrocarbons: 78.00 %
alpha-Bergamotene: 27.38 %
alpha-Copaene: 23.05 %
Oxygenated terpenoids: 9.00 %

C. zeylanicum
flowers

(E)-Cinnamyl acetate: 41.98 %
Trans-alpha-Bergamotene: 7.97 %
Caryophyllene oxide: 7.20 %

Table 2 Physicochemical properties of cinnamon

Parameter Leaf oil Bark oil

Specific gravity
(20 °C)

1.030–1.050 1.010–1.030

Optical rotation (°)
(20 °C)

1.96′–0.40′ Slightly laevorotatory

Refractive index
(20 °C)

1.529–1.537 1.573–1.591

Aldehyde content 4 % 65–76 %

Eugenol content 77.3–90.5 % 4–10 %

Solubility
characteristics

Soluble in 1.5 volumes of
70 % alcohol

Soluble in 2.0–3.0 volumes of
70 % alcohol
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terpineol, terpinolene, and -thujene, has been reported. The chemical structures of
some important constituents of cinnamon are shown in Figs. 1 and 2.

3 Modulation of Cell Signaling Pathways by Cinnamon

New evidence recently demonstrated that a mixture of polyphenols from an
aqueous extract of cinnamon possessed anticancer properties by blocking cell cycle
progression of leukemic cell lines at the G2/M phase [15]. They indicated treatment
of asynchronously growing cells with cinnamon caused an enhancement of cell
percentage in G2/M that is because of an increase in activated p38 MAPK by
phosphorylation of p38 MAPK in cinnamon-treated cells compared with the
non-treated control cells.

Cinnamon has been said to have an insulin-mimetic and insulin-sensitizing
action [16]. Cinnamon cassia plays a significant role in phosphorylation of sig-
naling proteins and enhancement of expression of insulin-sensitive glucose trans-
porters, which results in mitigation of the insulin resistance [16, 17]. Eugenol
component in cinnamon oil can inhibit peroxynitrite-induced nitration and lipid
peroxidation in in vitro models [18].

A recent study reported that 2′-hydroxycinnamaldehyde isolated from C. cassia
bark exhibited an inhibitory effect on the production of nitric oxide by inhibiting the
activation of the nuclear factor kappa-light-chain enhancer of activated B cells
(NF-jB), indicating that this substance can potentially be used as an

Fig. 1 Endocyclic double bond-containing compounds

Fig. 2 Cinnamyl group-containing compounds
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anti-inflammatory agent [19]. The ethanolic extract of C. cassia showed significant
anti-inflammatory effects by reducing the activation of Src/spleen tyrosine-kinase
(Src/Syk)-mediated NF-jB [20, 21]. Various compounds contained in
Cinnamomum ramulus showed anti-inflammatory effects by suppressing the
expression of inducible nitric oxide synthesis (iNOS), cyclooxygenase-2 (COX-2),
and nitric oxide (NO) production in the central nervous system (CNS).
Cinnamophilin is a novel thromboxane A2 receptor antagonist isolated from
Capillaria philippinensis [22]. A study reported that cinnamophilin confers pro-
tection against ischemic damage in rat brains when administered at 80 mg/kg at
different time intervals (2, 4, and 6 h) after insult. The effects were found to have a
considerable effect (by 34–43 %) on abridged brain infarction [23] and further
enhance neurobehavioral outcomes. Cinnamophilin also dramatically condenses the
oxygen glucose deprivation-induced neuronal damage in organotypic hippocampal
slices in experimental rats. A substance called procyanidin type A trimer (trimer 1)
isolated from cinnamon’s water-soluble extract showed that trimer 1 may reduce
cell swelling by controlling the movement of intracellular calcium [Ca2+] [24].
Trimer 1 also considerably alleviates the oxygen glucose deprivation-induced
diminishing effects on glutamate uptake. The protective effects of trimer 1 in
attenuating the diminution in glutamate uptake are possibly arbitrated via their
effects on the mitochondria.

4 Role of Cinnamon in Chronic Diseases

4.1 Cinnamon Used to Reduce Blood Sugar in Diabetics

C. zeylanicum [true cinnamon] is a popular kitchen spice widely investigated for
insulin potentiating effects. Researchers in India investigated water-soluble
polyphenols (oligomeric procyanidins) to evaluate their effect on insulin and
blood sugar [25]. The polyphenol-enhanced extracts were shown to be safe, while
offering good antioxidant potential. The diabetic rats that were treated with the
polyphenol-enhanced extracts experienced reduced blood sugar during the 30-day
experiment [3]. The same benefit was obtained by a group of 15 human volunteers
with chronically elevated fasting blood sugar levels who were not using medication
to control blood sugar [26].

A review of studies conducted by California researchers examined cinnamon’s
effect on blood sugar and lipid (blood fat) levels in diabetic patients. Ten random
control trials with a total of 543 patients were examined. Cinnamon doses of
120 mg per day to 6 g per day were given for a period of 4–18 weeks. (6 g is
slightly more than 2 teaspoons.) Among the findings was an average reduction in
fasting blood sugar levels of 24.59 mg/dL. The reductions ranged from 40.52 to
8.67 mg/dL depending on the study. The studies did not affect hemoglobin A1c
levels [27].

Cinnamon and Chronic Diseases 5



A group of researchers from England investigated the blood glucose lowering
effect of cinnamon on HbA1c, blood pressure, and lipid profiles in poorly con-
trolled type 2 diabetic patients. Fifty-eight type 2 diabetic patients aged 45–65 years
of age, who were being treated only with hypoglycemic agents and who had HbA1c
test results of more than 7 % were randomly assigned to receive either 2 g of
cinnamon or placebo per day for 12 weeks. At the end of the study, the cinnamon
group had an 8.22 % average reduction in HbA1c. Average blood pressures were
also significantly reduced [28]. Systolic blood pressure fell from 132.6 to
129.2 mmHg, and the diastolic pressure fell from 85.2 to 80.2 mmHg.

A significant reduction in fasting plasma glucose, waist circumference, and body
mass index was observed at week 12 compared with the values at the beginning of
the study for the cinnamon group. However, these changes were not significant
when compared to the placebo group. The researchers concluded that intake of 2 g
(slightly less than a teaspoon) of cinnamon for 12 weeks significantly reduces the
HbA1c and blood pressure for poorly controlled type 2 diabetes patients. Cinnamon
supplementation could be considered as an additional dietary supplement option to
regulate blood glucose and blood pressure levels along with conventional medi-
cations to treat type 2 diabetes mellitus [29].

In a study conducted by Chinese researchers, the effects of giving cinnamon
polyphenols to diabetic mice were investigated. The mice were fed a high-sugar,
high-fat diet. Their results were similar with other studies, which produced
reductions in blood sugar, blood insulin levels, and markers of oxidative stress.
What was even more interesting was that damage to the pancreatic beta cells in the
islets of the pancreas was ameliorated. These benefits may have actually resulted
from the repair of pancreatic beta cells and from improvements in their antiox-
idative capacity, which came from the use of cinnamon polyphenols [30].

Studies which employed the largest doses of cinnamon relative to carbohydrate
in the test meal (carbohydrate/cinnamon ratio of 15 or lower [31, 32]) appear to
have had the most potent effects on reducing postprandial glycemia [33]. Recent
data indicate that the addition of 3 g cinnamon to a low-fat rice pudding test meal
had no significant effect on postprandial glycemia in healthy individuals [34].
However, cinnamon did significantly lower serum insulin levels and increase
glucagon-like peptide-1 (GLP-1) concentrations, a gastric inhibitory (GI) peptide,
which has been shown to increase glucose-dependent secretion of insulin, delay
gastric emptying (GE) and reduce glucose absorption and postprandial glycemia
[35, 36].

Scientists from Spain also conducted research on polyphenols. They noted that
polyphenols have been reported to prevent chronic diseases such as cardiovascular
disease, cancer, diabetes, and neurodegenerative diseases [37]. In one study, rats
were fed a high-fat and high-sugar diet and were given various polyphenolic plant
extracts. They tested extracts from almond, apple, cinnamon, orange blossom,
hamamelis, lime blossom, grape vine, and birch. Rats were treated for 56–64 days.
Their results showed that only apple and cinnamon extracts were finally considered
as potentially important anti-obesity extracts due to their ability to reduce body fat.

6 M. Hariri and R. Ghiasvand



They also noted that apple polyphenols reduced metabolic complications associated
with obesity [38].

Chinese researchers were interested in studying the ability of Chinese cinnamon
(C. cassia) to prevent diabetic nephropathy (kidney disease). This disease is very
difficult to treat, and prevention is a much better option.

Chinese cassia is one of the most popular natural spices and flavoring agents in
many parts of the world. Since previous reports indicated that Chinese cinnamon
extract could be used for the treatment of diabetes, the researchers studied its ability
to prevent diabetic kidney disease. They isolated several compounds from cinna-
mon extract. Their results showed that some of the isolates did prevent certain
actions which would lead to kidney disease. Thus, they suggested that Chinese
cinnamon could be used as a functional food against diabetic nephropathy [39].
Cinnamon can be a natural herb used to lower the high creatinine level and high
blood urea nitrogen (BUN) level as a home remedy. Cinnamon can be regarded as a
diuretic, which can help increase the urine output. If patients still have urine, they
can take cinnamon to lower their high creatinine and high BUN level, because with
the increase in the urine output, the wastes in blood can also be filtered out into
urine, which contain the creatinine and BUN [40].

Canadian researchers reviewed and evaluated the effects of short-term adminis-
tration of cinnamon on blood pressure regulation in patients with prediabetes and
type 2 diabetes by looking at randomized, placebo-controlled clinical trials. They
found that cinnamon significantly decreased systolic blood pressure by an average of
5.39 mm Hg (reductions ranged from 6.89 to 3.89). Diastolic blood pressure was
reduced by an average of 2.6 mm Hg (ranging from 4.53 to 0.66) [41]. Cinnamon
can decrease weight in diabetic patients too. Researchers prepared a water-based
extract from cinnamon bark and gave it to obese rats for 5 weeks. They observed two
important changes. First, the rats voluntarily reduced their intake of food, and there
was an increase in a neurotransmitter called 5-HT serotonin (5-hydroxy tryptamine).
Elevated levels of this neurotransmitter are seen in persons with anorexia. Thus,
cinnamon seems to increase this level in overweight rats, which reduces their desire
to overeat [42]. The antidiabetic effect of cinnamon has generated broad interest
during the past decade. Researchers from Taiwan investigated the ability of essential
oil of cinnamon to reduce blood sugar and to protect the pancreas from damage [43].
The essential oil was made from indigenous cinnamon leaves. Several groups of
diabetic rats were tested with different doses of cinnamon oil.

All the doses of cinnamon oil significantly lowered fasting blood sugar and
fructosamine. A very interesting finding involved the levels of insulin levels in the
blood. They found that the lowest dose of cinnamon oil reduced plasma insulin
levels better than higher doses. The low dose was 12.5 mg per kg of body weight
for the rats; 25 and 50 mg per kg of body weight was not effective for ameliorating
the accumulation of insulin.

In addition, the low dose of cinnamon oil significantly reduced pancreatic values
of thiobarbituric acid-reactive substances and activities of superoxide dismutase and
glutathione reductase in diabetics to an extent greater than that of higher cinnamon
doses. In conclusion, appropriate doses of cinnamon of the linalool chemotype
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exhibited therapeutic potential in blood sugar control that partially resulted from
improved insulin secretion. The reduction in oxidative stress and inflammation in the
pancreas by cinnamon oil may provide a protective effect on pancreatic cells [43].

4.2 Cinnamon for Arthritis and Pain Relief

Rheumatoid arthritis is a disease of inflammation, so adding anti-inflammatory
herbs and spices to your diet might sound like a good idea. Arthritis is a general
term that refers to pain, swelling, and stiffness in your joints [44]. There are a
variety types of arthritis. Osteoarthritis is known as the wear-and-tear arthritis and
occurs as you age or due to an injury. Other forms of arthritis are autoimmune in
nature and include rheumatoid arthritis and juvenile rheumatoid arthritis [45]. These
conditions are caused when your body’s immune system attacks the joints in your
body. According to the National Institutes of Health, there are more than 100 types
of arthritis. “U.S. News” reports that 46 million Americans suffer with some form
of arthritis and that by 2030, 40 % of all American adults are expected to suffer
from arthritis [46]. While pain medications are used to treat arthritis, many are
turning to natural alternatives like honey and cinnamon. Cinnamon bark from C.
zeylanicum (verum) is one of the oldest traditional medicines used in India for
inflammatory and pain-related disorders. Researchers in India evaluated the efficacy
of the polyphenol fraction from C. zeylanicum bark in animal models of inflam-
mation and rheumatoid arthritis. They worked with several groups of rats that were
induced with various health conditions. These included rat paw inflammation,
localized immune system distress (granuloma), or adjuvant-induced polyarthritis.
Many scientific pharmacological investigations have also reported on the
anti-inflammatory potential cinnamon [47]. The anti-inflammatory action of the
Japanese species Cinnamomum seiboldii and Cinnamomi cortex [48] has been
attributed to a series of tannins. An herbal ophthalmic medicament called
Ophthacare, which contains 0.5 % cinnamon, was tested for its anti-inflammatory
activity on ocular inflammation in rabbits and found to be effective [49]. The
antinociceptive activity (analgesic) [50] and antipyretic (fever-reducing) activity of
cinnamon (C. verum) bark were also reported.

Another important activity is the immunomodulatory effects exerted by cinna-
mon. An interesting fact about cinnamon is that it can act both as an immune
stimulant and an immune suppressant depending on the species and dose [51]. In
vitro inhibitory activity against the complement formation has been documented for
cinnamon cortex and cinnamon oil [51]. The extract of cinnamon bark is reported to
have anticomplementary activity [52] and immunosuppressive activity [53].
Cinnamon bark’s potential for relieving inflammation and pain, and enhancing the
immune system, makes it a good candidate as an antiarthritic agent.

Furthermore, cinnamon polyphenol extract (CPE) from the cinnamon bark of
various varieties has shown potential for the management of certain human health
conditions.

8 M. Hariri and R. Ghiasvand



Procyanidins or condensed tannins are flavonoid oligomers whose building
blocks are catechin and epicatechin. They are oligomeric end products of the fla-
vonoid biosynthetic pathway and are now identified and recognized for their
favorable effects in human beings.

Recently, the immunomodulatory effect of the water extract of cinnamon on
anti-CD3-induced cytokine responses and p38, JNK, ERK1/2, and STAT4 acti-
vation [53] has been shown. CPE is known to affect immune responses by regu-
lating anti- and pro-inflammatory and glucose transporter type 4 (GLUT4) gene
expression as seen in an in vitro study on mouse RAW264.7 macrophages [54].
However, a functional outcome of these effects in an animal model of rheumatoid
arthritis has not been investigated.

Researchers observed dose-dependent decreases in inflammation, edema, pain
reactions, and cytokine activity. In conclusion, they determined that cinnamon
polyphenols have prominent action in animal inflammation and arthritis and
therefore can be considered a potential antirheumatic agent, which can be used to
treat these diseases [55].

4.3 Cinnamon and Heart Disease

Cinnamon inhibits the release of inflammatory fatty acids such as arachidonic acid,
from the blood’s platelet membranes. It also works to reduce the formation of
thromboxane A2, which is an inflammatory molecule found in the blood stream.
This is helpful as an anti-inflammatory, but in addition, it helps to keep the blood
the proper thickness. Platelets help the blood to clot together whenever there is an
emergency, such as a cut. In many people, the platelets work too hard and can
thicken the blood significantly [32]. This can cause a rise in blood pressure, which
in turn can damage the arteries and other organs of the body. Cinnamon stops the
platelets from thickening the blood too much. The result of study by McGowan
et al. [57] demonstrated that cinnamon water extract (CWE) was able to interfere
with monocyte differentiation and macrophage scavenger activity, indicating its
potential in preventing the development of atherosclerotic lesions [56]. According
to study by Jin S at 2011, cinnamon has anti-atherosclerotic activity in hyperc-
holesterolemic zebrafish. In this study, cinnamon had the strongest inhibition of
activity against copper-mediated low-density lipoprotein (LDL) oxidation and LDL
phagocytosis by macrophages [7]. In addition to the benefits already listed, another
way that cinnamon is helpful in preventing heart disease is by simply providing
nutrients to the body. The high level of calcium and fiber in cinnamon aids the body
in flushing toxins from the body [57]. In addition, many believe cinnamon to be
helpful in reducing high cholesterol levels in some people. This can help preventing
atherosclerosis and the development of heart disease. Several studies have
demonstrated that abnormal blood lipids and lipoproteins are the major risk factors
for cardiovascular diseases including ischemic heart disease and atherosclerosis [58,
59]. Dyslipidemia is one of the symptoms of metabolic syndrome that associates
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with obesity, diabetes, and other comorbidities. Dyslipidemia and hypercholes-
terolemia result in endothelial dysfunctions, decreased nitric oxide production, and
increased reactive oxygen species (ROS) generation [60]. On the other hand, it is
suggested that supplementation with antioxidant nutrients and other medicinal
plants in humans and animals can attenuate ROS-mediated damage to the heart after
an ischemic insult. Cinnamon usually has excellent antioxidant activities.

New evidence shows methanol extract has maximum antioxidant property as
compared to the ethanolic and water extract [61]. The antioxidant property is due to
the eugenol component, which inhibited peroxynitrite-induced nitration and lipid
peroxidation in in vitro models [18]. The oil is said to form a phosphomolybdenum
complex, which is responsible for its antioxidant activity [62]. Antioxidant activity
of leaf and fruit extracts and essential oils has been reported in several in vitro and
in vivo studies [63].

4.4 Cinnamon and Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive, irreversible brain disorder with an
unclear etiology and no cure. Symptoms include memory loss, confusion, impaired
judgment, disorientation, and loss of language skills [64]. In the past two decades, a
large number of experimental studies have established a pathological role for
amyloid beta (Aß) in AD [65]. However, recent debates have focused on whether
Aß amyloid fibrils or Aß-soluble oligomers are the main neurotoxic species, which
contribute to neurodegeneration and dementia. Recent studies have shown inhibi-
tion of Aß plaque formation in vitro and in vivo by compounds from natural sources
[66–68]. Still, evidence for the capability of common edible elements to inhibit Aß
oligomerization in vivo remains a challenge.

Researchers from California [69] found that cinnamon contains cinnamaldehyde
and epicatechin, which inhibit the aggregation of a particular protein called tau. Tau
is needed for the normal structure and function of neurons in the brain. However, if
this protein begins to accumulate, it can form neurofibrillary tangles, which is a
characteristic of Alzheimer’s disease. Cinnamaldehyde and epicatechin were found
to protect tau from oxidative damage that can lead to dysfunction [69]. A study
found that cinnamon extract (CE) inhibits the formation of toxic Ab oligomers and
prevents the toxicity of Ab on neuronal PC12 cells. In another study, the oral
administration of CE to an aggressive AD transgenic mice model led to the
reduction in plaques and improvement in cognitive behavior. The results showed
that the use of natural compounds such as cinnamon can inhibit toxic oligomeric
Ab species formation in AD [70].

Uncontrolled activation of microglia results into neuroinflammation, which is
strongly involved in the progression of neurodegenerative diseases such as
Alzheimer disease, Parkinson’s disease, and multiple sclerosis [71]. Activation of
microglia occurs in response to some stimuli such as b-amyloid, glutamate,
arachidonate, and lipopolysaccharides. Regarding the lower rate of
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neurodegenerative diseases in Asians, especially those who regularly consume
spices, Ho and colleagues at 2013 decided to conduct a series of studies to evaluate
the effect of cinnamon on progression of neuroinflammation. They showed that
cinnamon has strong antioxidant activity and can scavenge NO, superoxide anion,
and peroxynitrite [72], and also cinnamon can effectively suppress synthesis of NO
and iNOS in LPS-activated macrophage [73]. Also they showed that cinnamon can
suppress TLR4 oligomerization and attenuate the LPS-elicited intracellular sig-
naling process, and hence, it can restore redox capacity and alleviate NFjB acti-
vation of LPS-activated microglia [72]. Additionally, other investigations show that
cinnamon has some other neuroprotective effects and proanthocyanidin trimer and
cinnamaldehyde of cinnamon can suppress the formation of intracellular tau neu-
rofibrillary tangles, in Alzheimer’s disease [74]. Also Frydman-Marom et al. [70] at
2011 showed that cinnamon decreased transformation of amyloid monomers into
the toxic oligomer in Alzheimer’s disease animal models. In conclusion, afore-
mentioned studies suggest cinnamon as a nutraceutical agent with antineu-
roinflammatory effects that can be used as a dietary adjuvant against
neurodegenerative diseases.

5 Anti-inflammatory Effects of Cinnamon in Allergies

During the last decades, prevalence of allergic diseases has increased dramatically.
Regarding the major side effects of pharmaceutical treatment, it is actually a matter
of great concern to find new therapies for allergic diseases. Therefore, using foods
as a nutraceutical agent with less side effects and more acceptance should be
considered. According to recent studies, it has been reported that cinnamon may
have anti-inflammatory effects in allergies due to its role in inhibition of histamine
production from lipid precursors during allergic diseases. Corren and colleagues
during a double-blind randomized clinical trial stated that [75] a botanical product
containing cinnamon may be helpful to reduce nasal allergy symptoms and PG D2
release in patients with seasonal allergic rhinitis. They demonstrated that a treat-
ment with a botanical product containing cinnamon has both statistically and
clinically significant meaningful effect on allergic symptoms in comparison with
placebo group. This result was also consistent with their previous in vitro study
which reported the same effect. Although they were unable to determine which of
the ingredients of the product contributed most to these effect—which is very
common in botanical products!—they stated that cinnamon that was found in the
product inhibited complement-dependent allergic reaction by reducing immuno-
logical hemolysis, chemotactic migration of neutrophils, and the generation of
chemotactic factors by mast cells in response to complement-activated serum [75,
76]. Another in vivo study, which studied the anti-inflammatory and immunoreg-
ulatory effects of cinnamon and concluded that cinnamon can be suggested as a new
nutraceutical treatment candidate for anti-allergic therapy, was conducted by
Hagenlocher et al. [77] in 2013. They orally administrated cinnamon to mice and
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then analyzed the release of mediators and phosphorylation of signaling molecules.
They stated that oral administration of cinnamon resulted in statistically significant
lower expression of the mast cell MCP6 and MC-CPA also lowers expression of
tryptase in human mast cells isolated from intestinal tissue. In this study, cinnamon
treatment also almost completely blocked the de novo synthesis of cysteinyl leu-
kotrienes and cytokines. In addition, 80 % of the release of b-hexosaminidase was
reduced by cinnamon in human mast cells isolated from intestinal tissue. As
commonly known, mast cells are key effector cells of mediated-type allergic
reactions and other inflammatory pathways [77]. Mast cells apply their
pro-inflammatory effects by producing a wide variety of inflammatory compounds
such as stored histamine and proteases, as well as de novo synthesized cytokines
such as TNFa, CXCL8, CCL2, CCL3, CCL4, and eicosanoids upon activation. By
downregulation of such cytokines and by blocking of degranulation, cinnamon can
act as a prophylactic agent for treatment of allergic diseases. According to the
results of the aforementioned study, oral administration of cinnamon leads to a
strong inhibition of release of mast cell mediators, and it also reduces the expression
of mast cell mediators and proteases in mice duodenal tissue, and human mast cells
isolated from intestinal tissue. Thus, they suggested that cinnamon can be used as a
new nutraceutical agent capable of attenuating allergic reactions, according to its
beneficial effects on inhibition of mast cell activation. A recent animal study also
demonstrated that a cinnamon-based herbal product showed significant anti-allergic
effects on animal model with allergic rhinitis when administered intranasal [78], and
according to their results, cinnamon may be helpful to attenuate symptoms of
allergic rhinitis due to downregulation of IgE and histamine release.

6 Anti-inflammatory Effect of Cinnamon on Colitis

Inflammatory bowel disease is a group of inflammatory condition of the colon and
small intestine, which falls into class of autoimmune diseases. Antigen-presenting
cells are a heterogeneous population constituting different types of cells including
dendritic cells, B cells, and macrophages that produce and present a wide range of
antigens on major histocompatibility complex molecules and play critical roles in
various immune responses. Antigen-presenting cells can activate the immune system
against pathogens or cause an immunotolerance to self-antigens. So
antigen-presenting cells play pivotal roles in maintenance of immunological
homeostasis and regulation of these cells has a possible therapeutic effect to block
diverse types of inflammatory and autoimmune disorders [79]. Kwon and colleagues
at 2011 evaluated the effect of cinnamon on regulation of antigen-presenting cells’
activity. They administered cinnamon extract containing 2.9 and 7.9 mg/g
trans-cinnamic acid to 6- to 8-week-old male mice for 20 days. Then, experimen-
tal colitis was induced by intrarectal injection of 2,4,6-trinitrobenzenesulfonic acid
(TNBS). Clinical symptoms such as weight loss were detectable in both treatment
and control groups after 2 days of injection. Cinnamon-treated group began to regain
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weight after day 3 and day 5, while the control group continued to lose weight. In
addition, the survival rate in cinnamon-treated mice was about 90 %, while control
group had a 50 % rate of survival. In line with weight loss and survival rate,
symptoms of colonic inflammation were significantly reduced in cinnamon-treated
group compared with control group. They demonstrated that treatment with cinna-
mon extract resulted in more tolerogenic characteristics of antigen-presenting cells,
which inhibited T-cell proliferation, T-cell polarization into Th1 type, while leading
to IL-10 produced by CD4 T cells. In addition, oral cinnamon treatment significantly
inhibited the progression of experimental colitis by increasing IL-10 production
while decreasing the levels of pro-inflammatory cytokines. In addition, treatment
with cinnamon significantly downregulated expression levels of MHCII and cos-
timulatory molecules (B7.1 and B7.2) in macrophage cell lines, primarily MCHII +
APCs and CD11c + DCs. Administration of cinnamon in a dose-dependent manner
also significantly increased expression of B7-DC (PD-L2) as a result of primary
MCHII + APCs, which has strong anti-inflammatory properties to suppress T-cell
activation [80]. Hence, an increment in B7-DC expression levels by cinnamon
possibly will mediate its anti-inflammatory properties [81]. Taking together, Kwon
and colleagues stated that cinnamon strongly inhibits maturation of APCs and
provides them with abilities to produce high levels of anti-inflammatory cytokines.
In addition, cinnamon strongly betters TNBS-induced experimental inflammatory
bowel disease due to increasing IL-10 levels while downregulating
pro-inflammatory cytokines. Also in another study, Lima and colleagues showed
that methyl cinnamate, which is the methyl ester of cinnamic acid and is widely used
as a flavoring agent, is able to inhibit the gastrointestinal spasms according to
involvement of tyrosine kinase pathways. It also has some anti-inflammatory effects
to ameliorate experimental model of acute colitis [82]. On the other hand, some
evidence from a cross-sectional study suggest that consumption of spicy foods
including cinnamon may be associated with lower gastrointestinal disorders that are
related to mast cells and inflammatory pathways. Hence, it seems that the use of
cinnamon to treat inflammatory GI disorders may still need more investigations [83].

7 Anti-inflammatory Effects of Cinnamon on Helicobacter
pylori-induced Gastritis

From old times, cinnamon is used to treat a wide range of GI disorders such as
gastritis, dyspepsia, bloating, vomiting, and diarrhea [84, 85].

Helicobacter pylori (formerly Campylobacter pylori) is a helical shape,
gram-negative, noninvasive bacteria, which usually found in the stomach. More than
50 % of the world population harbor it in their stomach. This infection is more
prevalent in less developed countries and is tending to decrease in developed
countries. Although H. pylori infection is a noninvasive infection and more than
80 % of infected individuals are asymptomatic, it is associated with gastritis, GI
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ulcers, and even stomach cancer [86]. It also stimulates inflammatory and immune
responses and results in increased levels of inflammatory cytokines such as IL-1,
IL-6, IL-8, and TNF-a. In addition, H. pylori has an indirect effect on IL-8 (which is
a major chemotactic agent and activates neutrophils and recruits acute inflammatory
cell into the mucosa [87] through activation of NF-jB which in turn stimulates IL-8
production). Zaidi and his colleagues in their study examined the effects of cinnamon
on inflammatory pathways causing H. pylori-induced gastritis. They showed that
cinnamon has some anti-inflammatory effects in H. pylori-induced gastritis, and
unlike several other medicinal plants, cinnamon did not show any anti-adhesive
characteristics against H. pylori. Hence, its effect is not due to interference with
binding of H. pylori to the stomach cells. They stated that cinnamon has a strong
IL-8 inhibitory effect on H. pylori-infected and TNF-a-stimulated cells [88] and this
effect was dose dependent. Moreover, cinnamon resulted in inhibition of phospho-
rylation of p56 and degradation of IjBa, which caused inactivation and downreg-
ulation of NF-jB, and hence reduction in IL-8. In this study, they also showed that
cinnamon is an activator of Nrf2-orchestrated antioxidant response in epithelial cells
of human’s colon and it enhances cellular inflammation response by NF-jB. In
conclusion, they demonstrated that cinnamon may play a role at suppressing the
gastritis by IL-8 expression via deactivation of NF-jB. So cinnamon can be con-
sidered as potential nutraceutical agent to treat H. pylori-induced gastritis [88].

Regarding the usefulness of cinnamon to alleviate the H. pylori inflammation
and despite its well-known antibacterial effects [89], there is no strong evidence to
support such an effect in vivo. The only article on the antibacterial effect of cin-
namon on H. pylori is a clinical trial conducted by Nir et al. [90], which evaluates
the effect of 40 mg of an alcoholic extract of cinnamon twice daily for 4 weeks.
They concluded that cinnamon extract at aforementioned dose as a single treatment
is not effective to eradicate H. pylori. However, combination of cinnamon with
other antimicrobial herbals or higher doses may be useful [90]. There are other
researchers who conducted evaluation on antimicrobial effects of cinnamon. Quale
and Rosti at 1996 reported beneficial effects of cinnamon to treat candidiasis in HIV
patients and chronic salmonellosis, respectively [74, 91], but clinical trials are
necessary to prove these claimed antimicrobial effects of cinnamon.

8 Biological Activity of Cinnamon in Human

Awide range of cinnamoncompoundsmay actively participate in biological processes
and have the ability to affect a biological pathway. In vivo effects of various species of
cinnamon include the following: lowering HbA1c and fasting blood glucose, reduc-
tion in LDL-C, triglycerides, circulating insulin level, and increasing HDL-C.
Cinnamon also inhibits excess weight loss during acute phase of diabetes [92].

The biological effect of CZ on glycemic control may be due to its ability to
reduce intestinal absorption of glucose by blocking the activity of pancreatic
a-amylase and a-glucosidase the enzymes which actively control the metabolism of
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carbohydrates in intestine. CZ also increases the number of GLUT-4 receptors in
cell membrane and increases the tyrosine phosphorylation activity of insulin
receptors. In addition, results of studies on CZ suggest that cinnamon zeylanicum
consumption leads to stimulation of glycogen synthesis and insulin secretion and
blocking of gluconeogenesis. Hydroxychalcone derived from CZ can also act as a
mimetic for insulin in adipocytes [93]. Hence, it would actively improve glycemic
control in diabetic subject and reduce the risk factors related to diabetes [94]. Some
researchers have suggested that at least some these biological activities of cinnamon
are related to its polyphenols.

A several of the many few in vivo studies in human to investigate the effect of
cinnamon on lipid profile showed that it could not significantly affect lipid con-
centration [95–98]. While the mechanism for the lipid-lowering effects is not clearly
described in literature, there is evidence that supports the hypothesis that cinnamon
may reduce serum TG, LDL-C, and total cholesterol due to its effect on increased
insulin sensitivity [99] and the high dietary fiber content of CZ.

Cinnamon zeylanicum is found to be a strong antioxidant and to be effective in
free radical scavenging activity particularly against DPPH radicals
(2,2-diphenyl-1-picrylhydrazyl), ABTS radicals (2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid)), hydroxyl and superoxide radicals. The
majority of antioxidant activity of cinnamon is due to phenolic constituents of it.
Results from human studies show that cinnamon can cause a significant reduction
in lipid peroxidation level and can improve total antioxidant power and total thiol
molecules, in human subjects [100].

Other studies also support from the anti-inflammatory and antimicrobial activ-
ities of cinnamon, which are, respectively, considered to arise mainly from the
potential of tristetraprolin to destabilizing of pro-inflammatory mRNA and
hydrophobic aromatic oils to disrupt the bacterial membrane, which results in ion
leakage, but these studies have used a small sample size and the exact mechanism
for these effects is not established yet [54, 101].

9 Biological Activity of Cinnamon in Animals

Like human studies on cinnamon, animal researches on the effect of cinnamon have
also focused on its antidiabetic and lipid-lowering biological activities. Reviewing
the literature shows that the effect of cinnamon on insulin sensitivity [102], insulin
secretion [103], and its insulin-like activity improves glycemic control in animal
models [104]. Qin et al. [105] also suggested that early administration of cinnamon
extract to rats prohibited the development of insulin resistance through improving
insulin signaling. Couturier also showed that cinnamon extract would alter the body
composition by enhancing insulin sensitivity [106].
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Several animal experiments were conducted to investigate effects of cinnamon
on lipid profile. They showed that cinnamon may be able to improve lipid profile in
animal models [105, 107, 108]. These effects are considered to be related to the
effect of cinnamon to regulation of the expression of genes involved in insulin
sensitivity and metabolism of lipids. In addition, it has been stated that cinnamon
may ameliorate postprandial production of apo B-48 by improving intestinal insulin
sensitivity and regulation of TNF-a production in rats [107].

Cinnamon (cinnamomum aromaticum) is claimed to have anti-inflammatory and
anticancer effects. Cinnamomum aromaticum can effectively inhibit production of
Cox-2 and NO and transcriptional activity of NF-jB [19, 109].

Another biological activity of cinnamomum aromaticum is its antimicrobial
characteristics. Results from animal studies show that antimicrobial activity of
cinnamon is mainly due to the destabilizing effect of its essential oils on membranes
of microorganisms [110]. It has been stated that cinnamomum aromaticum extract
is a potent inhibitor of HIV-1 and HIV-2 replication in MT-4 cells infected with
HIV [111].

Several studies also have investigated the antioxidant properties of cinnamon
zeylanicum and cinnamomum aromaticum and stated that the polyphenolic com-
pounds in cinnamon show potent antioxidant activities in animals [61, 62, 112],
which can reduce the complications of diabetes and metabolic syndrome in animal
models [106]. The structure of these polyphenolic compounds is very stable and
their antioxidant properties are dose dependent [113].

10 How Much Cinnamon Can Be Consumed Per Day

Recommended ranges for cinnamon include 1–4 g per day or 1–6 g per day [11,
114, 115]. According to the European Food Safety Authority, a teaspoon of cassia
cinnamon powder contains 5.8–12.1 mg of coumarin. The tolerable daily intake for
humans is 0.1 mg/kg body weight, meaning a daily teaspoon might exceed the limit
for smaller individuals [116]. People with irritable bowel disease might experience
diarrhea. Some people might experience overall warming and even sweating.
Taking too much cinnamon can cause nausea and vomiting. In small amounts,
cinnamon can calm a queasy stomach.

11 Conclusion

According to scientific evidence, cinnamon has numerous health benefits, but there
is some confusion about which type of cinnamon is best, and how much ground
cinnamon or cinnamon essential oil is needed for a certain condition. People will
need to start slowly and evaluate how the treatment is helping their ailments.
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Silymarin and Its Role in Chronic Diseases

Neha, Amteshwar S. Jaggi and Nirmal Singh

Abstract Silymarin is the active constituent of Silybum marianum (milk thistle)
which is a C-25 containing flavonolignan. Milk thistle has a lot of traditional
values, being used as a vegetable, as salad, as bitter tonic, and as galactogogue in
nursing mothers and in various ailments such as liver complications, depression,
dyspepsia, spleenic congestions, varicose veins, diabetes, amenorrhea, uterine
hemorrhage, and menstrual problems. In this present chapter, a comprehensive
attempt has been made to discuss the potential of silymarin in chronic disorders. An
insight into modulation of cellular signaling by silymarin and its implication in
various disorders such as liver disorders, inflammatory disorders, cancer, neuro-
logical disorders, skin diseases, and hypercholesterolemia is being provided.

Keywords Silybum marianum � Silymarin � Silybin � Isosilybin � Hepatitis �
Cancer � Oxidative stress � Immunomodulation

1 Introduction

The commonly known plant milk thistle (Silybum marianum L. Gaertn., Cardus
marianus L., Compositae/Asteraceae) is an ancient plant which is used over
2000 years for the treatment of various disorders [1]. Milk thistle is a tall, biennial
herb up to 5–10 ft. with large prickly leaves, large purple flowering heads, and
strongly spinescent stems (Fig. 1). The plant derives its name due to the presence of
milky veins on the leaves [2]. The plant grows in Kashmir, southern and Western
Europe, Southern America, and North America [3]. Traditionally, milk thistle was
used as a vegetable in Europe. Leaves were used as salad, and seeds were used as
galactogogue in nursing mothers, bitter tonic, and antidepressant, in liver compli-
cations (including gallstones), dyspepsia, spleenic congestions, varicose veins,
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diabetes, amenorrhea, uterine hemorrhage, and menstrual problems [4]. Presently,
milk thistle seed, its purified extracts, and its active constituents are mainly used in
liver diseases. The active constituent of S. marianum (milk thistle) is silymarin,
which is a C-25 containing flavonolignan. It is a mixture of 65–80 % of flavono-
lignans, i.e. silybin A and silybin B, isosilybin A, isosilybin B, silychristin and
silydianin, small amounts of flavonoids, and 20–30 % of fatty acids, betaine, api-
genin, silybonol, proteins, fixed oil, and polyphenolic compounds (Figs. 2, 3 and 4)
[5]. Among these chemical constituents, silybin is the biological active component.
Silybin is a mixture of two diastereomers A and B in approximately 1:1 proportion.
Silymarin is insoluble in water so usually given in capsule form. It is excreted in
bile and its half-life is 6–8 h [6].

Fig. 1 Milk thistle (Silybum
marianum) plant with large
prickly leaves, purple
flowering heads, and spine
scent stems

Fig. 2 Chemical structure of silybin
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Fig. 3 Chemical structures of silybin A and silybin B

Fig. 4 Chemical structures of isosilybin A, silychristin, silydianin, taxifolin, and
2,3-dehydrosilybin
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2 Physicochemical Properties of Silymarin

Silymarin is extracted from the seeds of S. marianum after the isolation of fatty oils.
Seeds are rich in fatty acid composition. The concentration of fatty oils is about 17–
31 % and has similar fatty acid composition, i.e. linoleic acid > oleic acid >
palmitic acid > stearic acid [7]. It has been reported that seeds of milk thistle have
very low moisture content in the range of 4.24–4.72. The physiochemical properties
of S. marianum oil are described in Table 1 [8]. From Table 1, it has been reported
that S. marianum is rich in oil and fatty acids which is important from medicinal
point of view. The seeds could be utilized as edible oil and proteins [9].

3 Modulation of Cell Signaling Pathways by Silymarin

Apart from its hepatoprotective and antioxidant effects, the use of silymarin has
been broadened to other actions such as cardioprotection, skin protection, neuro-
protection, and chemoprotection. This mounting attention in use of silymarin is due
to its effect on cellular and molecular levels. The modulation of various cell sig-
naling pathways is described as follows:

1. Modulation of steroid hormone receptors

Many compounds have been reported to inhibit or activate the expression of
nuclear receptors. Polyphenolic compounds inhibit the steroid receptors due to their
anti-androgenic and anti-estrogenic activities. Reports suggest that silymarin par-
tially activates estrogen receptors (ER) whereas silybin has weak ER-mediated
activity and diastereomer silybin A was found to be inactive [10]. It has been
reported that both silymarin and silybin showed an anti-androgenic activity in
prostate cancer cells [11].

Table 1 Physiochemical
properties of Silybum
marianum

Characteristics Value (%)

Saponification value 180.9

Ester value 193.9–195

Acid value 1.82

Iodine value 109.57

Peroxide value 14.97–17.37

Free fatty acid value 16.62–19.22

Refractive index 1.452

Color/optical density 0.3413

Anisidine value 1.8979

Chlorophyll content 0.55

28 Neha et al.



2. Modulation of drug transporters

Multidrug resistance (MDR) occurs as a result of prolonged exposure of cells to a
single drug. This causes a problem in the treatment of various bacterial infections
and cancers. This resistance may occur via a number of mechanisms. Among these,
the drug depletion in cells by membrane efflux proteins such as P-glycoprotein
(Pgp) is an important mechanism. Pgp is a phosphorylated glycoprotein of size
170 kDa encoded by human MDR1 gene. This Pgp is important for the systemic
disposition of various lipophilic, amphipathic drugs, toxins, carcinogens, etc. [12].
Reports suggest that silymarin is inhibitor of Pgp. Silymarin augments the dox-
orubicin cytotoxicity in Pgp-positive cells [13]. Silymarin has been reported to
inhibit the Pgp-mediated efflux of digoxin and vinblastine resulting in their accu-
mulation in intestinal Caco-2 cells [14]. Reports indicate that silymarin increases
the accumulation of daunomycin and vinblastine by inhibiting the other drug
transporter such as MRP1 (multidrug resistance-associated protein 1) [15]. Silybin
was reported to be a potent, non-competitive inhibitor of trypanosomal purine
transporter TbAT1. Silybin also inhibited melarsen-induced lysis of bloodstream
form trypanosomes. This makes silybin a good contender for anti-parasital and/or
adjuvant anti-parasite treatment [16].

3. Modulation of inflammation and apoptosis

Silymarin modulates inflammation by the inhibition of transcription factor NF-jB
that is involved in the production of interleukins (IL-1, IL-6), tumor necrosis factor
(TNF-a), lymphotoxin, interferon (IFN-c), and granulocyte-macrophage colony-
stimulating factor (GM-CSF) [17]. Silymarin inhibits TNF-a-induced activation of
NF-jB which is mediated through the inhibition of phosphorylation and degrada-
tion of inhibitory protein IjBa [18]. Silymarin also inhibits TNF-a-induced acti-
vation of mitogen-activated protein kinase and c-Jun N-terminal kinase. Silybin has
been reported to depress the growth and induce the apoptosis of ECV 304 cells.
This occurs as a result of DNA fragmentation, cleaved and condensed nuclear
chromatin, and DNA hypoploidy. Silymarin decreases the nuclear level of p65
subunit of NF-jB and change in the ratio of Bax/Bcl-2 that favors apoptosis. It also
induces the release of cytochrome c and activation of caspase-3, caspase-9,
cleavage of poly (ADP-ribose) polymerase (PARP), and inhibition of cell growth
[19]. These results propose that silybin may exert its anti-cancer effect by inhibiting
angiogenesis through induction of endothelial apoptosis via modulation of NF-jB,
Bcl-2 family of proteins, and caspases.

4. Modulation of b-catenin signaling

It has been reported that nuclear b-catenin accumulation results in tumor pro-
gression and metastasis. Non-phosphorylated b-catenin interacts with T-cell factor
transcription factor and controls the target genes such as cyclins, c-myc, and matrix
metalloproteinases that are involved in cellular proliferation and migration [20].
Presence of mutated b-catenin is related to the tumor progression [21]. It has been
reported that silymarin increases the expression of GSK-3b and CK-1a that leads to
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phosphorylation of b-catenin. This results in degradation of b-catenin and decline in
nuclear accumulation [22]. Many reports also indicate that silymarin increases the
binding of b-TrCP to phosphorylated b-catenin which results in degradation or
inactivation of b-catenin [23].

5. Modulation of EGFR-MAPK/ERK1/2/AKT/mTOR/PP2A signaling

It has been evidenced that silymarin treatment inhibits transforming growth factor
a-mediated activation of erbB1 in human prostate carcinoma cells. Along with this,
it also inhibits the tyrosine phosphorylation of an adaptor protein Shc which is the
immediate downstream target erbB1 [24]. It is reported that silymarin treatment
inhibits activation of ERK1/2 that further impairs the activation of erbB1 [25].
Silymarin is suggested to be involved in suppressing the PP2Ac/AKT
Ser473/mTOR pathway in colorectal cancer [26].

6. Modulation of IGF receptor Signaling

Silymarin is documented to increase accumulation of insulin-like growth factor
binding protein-3 (IGFBP-3) in androgen-independent prostate cancer PC-3 cells.
In addition to this, silybin is suggested to decrease insulin receptor substrate 1
(IRS-1) tyrosine phosphorylation that indicates the inhibitory effect on the IGF-R1
receptor-mediated signaling pathway [27].

7. Modulation of PPAR-Gamma Pathway

One of the components of silymarin extract such as isosilybin is reported to act as a
PPAR-gamma agonist [28]. Therefore, it is suggested as a good candidate for the
treatment of diabetes. Isosilybin causes transactivation of PPAR-gamma-dependent
luciferase reporter in a concentration-dependent manner. This effect is reversed by
PPAR-gamma antagonist T0070907 that indicates agonistic activity of isosilybin
[28].

8. Modulation of LXR pathway

Administration of silymarin has been reported to increase the expression of per-
oxisome proliferator-activated receptor gamma coactivator (PGC)-1a/b, peroxi-
some proliferator-activated receptor (PPAR)-a, forkhead box protein O1 (FOXO1),
sterol regulatory element-binding protein (SREBP)-1c, liver X receptor (LXR)-b,
and fatty acid synthase (FAS) [29].

9. Modulation of nitric oxide pathway

Silymarin is reported to have restorative potential in endothelial damage and vas-
cular tone which is dependent on nitric oxide [30]. Silymarin is reported to inhibit
the iNOS gene expression and NO production that is responsible for its
anti-inflammatory action.
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4 Role of Silymarin in Chronic Diseases

Silymarin is being explored for a wide variety of disorders such as oxidative stress,
inflammatory disorders, cancer, liver disorders, gastrointestinal disorders, dyspep-
sia, spleenic congestions, varicose veins, diabetes, amenorrhea, uterine hemorrhage,
and menstrual problems. The exhaustive role of silymarin in various disorders is
described below (Fig. 5):

1. Silymarin and oxidative stress

Many evidences report that silymarin is powerful antioxidant. It acts as a free
radical scavenger and inhibits lipid peroxidation. It protects from oxidative stress by
decreasing the levels of reduced glutathione [31]. It has been reported that silibinin
is a powerful iron chelator, thereby inhibiting the oxidation of linoleic acid cat-
alyzed by Fe2+ salts [32]. Silymarin maintains the normal membrane fluidity by
directly interacting with cell membrane components, thereby preventing alteration
in the content of lipid fraction [33].
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Fig. 5 Therapeutic profile of silymarin in various disorders
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2. Silymarin and inflammatory disorders

Silymarin acts as an anti-inflammatory agent in the treatment of arthritis. It acts as
an anti-inflammatory agent as it inhibits the migration of neutrophils to the site of
inflammation [34]. It inhibits the Kupffer cells, prostaglandins, leukotrienes, and
transcription factor NF-jB which regulates various genes involved in the inflam-
matory process [35–37]. Silymarin has been reported to inhibit the tumor necrosis
factor-alpha (TNF-a), interferon-c, IL-2, and inducible nitric oxide synthase (iNOS)
[38, 39].

3. Silymarin and cancer

Silymarin has been used in variety of cancers. Silymarin has been to inhibit the
growth of tumors and regression of established tumors. The chemoprotective effect
of silymarin is due to its antioxidant and free radical scavenger activity. It has also
been reported to modulate the multiple signaling pathways such as NF-jB,
EGFR-MAPK/ERK 1/2 signaling, and IGF signaling [40]. The use of silymarin in
various types of cancers is explained as follows:

• Bladder carcinoma

Silymarin has been reported to arrest G2/M phase in transition cell carcinoma-
human bladder cancer cell lines (TCC-SUP). It also modulates CDK1-CDK cyclin
cascade pathway and activates caspase-3 resulting in growth inhibition and apop-
totic death of TCC cells [41].

• Hepatocellular carcinoma

Silymarin inhibits the increase in b-catenin which will suppress the proliferation of
hepatocellular carcinoma HepG2 cells. It has also been reported to inhibit mito-
chondrial membrane potential of HepG2 cells that causes disruption in membrane
permeability [42]. Reports indicate that silybin inhibit the growth of Hep3B hep-
atocellular carcinoma cells by arresting both G1 and G2-M phases. Silymarin also
modulates the activity of CDK-2, CDK-4, and CDC-2 kinase activity [43].

• Cervical cancer

Silibinin leads to significant inhibition of cell growth and DNA synthesis along
with loss of cell viability in cervical cancer [44]. Silymarin has been reported to
induced and augmented human cervical cancer cell apoptosis through p38/JNK
MAPKs [45].

• Prostate cancer

Silymarin acts as anti-proliferative, pro-apoptotic, and anti-angiogenic in prostate
tumor. It inhibits the growth of prostate cancer cells both in vitro and in vivo.
Silymarin also modulates MAPK, ERK 1/2, and IGF signaling pathways [46].
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• Skin cancer

Skin cancers occur due to ultraviolet light-induced immunosuppression and
oxidative stress. It has been noticed that topical and dietary administration of
silymarin to mouse prevents photocarcinogenesis. This can occur by inducing
apoptosis, increase in catalase activity, and induction in cyclo-oxygenase and
ornithine decarboxylase activity [47].

• Lung cancer

Silibinin significantly induces growth inhibition, a moderate cell cycle arrest, and a
strong apoptotic cell death in small-cell and non-small-cell human lung carcinoma
cells [48]. Treatment of human lung cancer A549 cells with silymarin inhibits
phosphorylation of ERK 1/2 and reduces the level of MMP-2 and u-PA [49].

4. Silymarin and Liver disorders

Liver plays a major role in detoxification of drugs and homeostasis. Exposure to
toxins and pharmaceutical drugs may lead to liver damage. Silymarin has been
reported to be effective in a variety of liver disorders. This effect is attributed due to
its antioxidant, anti-inflammatory, anti-fibrotic activity, and many others. The role
of silymarin in various liver disorders is as follows:

• Anti-hepatotoxic potential

Silymarin is one of the common plant extracts used for the treatment of liver
diseases. Silymarin has shown its efficacy in toxin-induced liver damage such as
acetaminophen [50], arsenic [51], and carbon tetrachloride [52]. Silymarin has been
reported to protect from hepatic injury induced by Amanita phalloides, phenoth-
iazines, and butyrophenones [53]. These toxins disrupt liver membrane and block
hepatic protein synthesis. Silymarin blocks the binding sites of these toxins.

• Alcoholic liver disease/cirrhosis

Much evidence suggests that metabolism of ethanol results in the production of free
radicals leading to oxidative stress in liver. Silymarin restores the normal liver
function due to its antioxidant and hepatoprotective activities [54]. In addition to
this, it has also been noticed that silymarin lowers the level of bilirubin, aspartate
aminotransferase (AST), alanine aminotransferase (ALT) levels in alcoholic cir-
rhosis while the level of gamma glutamyl transferase and procollagen III peptide
level decreased [55].

• Hepatitis

Silymarin is reported to be effective in both acute and chronic hepatitis. Silymarin
decreases the serum bilirubin, AST, and ALT levels. Liver function tests and his-
tological improvement are noted after the administration of silymarin in chronic
hepatitis [56].
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• Liver Fibrosis

In liver fibrosis, the hepatic stellate cells start converting into myofibroblasts
leading to remodeling in the liver structure. Silymarin has been reported to inhibit
the conversion of stellate cells into myofibroblasts, indicating the downregulation
gene expression involved in fibrosis [57].

• Liver tissue regeneration

Silymarin acts not only on the cell membrane, but also on the nucleus where it
increases the formation of ribosomes and DNA synthesis resulting in protein
synthesis by stimulating RNA polymerase I and the transcription of rRNA. This is
an important step in the repair of cellular injury and is essential for restoring
structural proteins and enzymes damaged by toxins [58].

5. Silymarin and Immunomodulation

Silymarin exhibits immunomodulatory effect by inhibiting the activation of human
T-lymphocytes, human polymorphonuclear leukocyte, inflammatory mediators
(IFN-c, IL-2, 4, TNF-a, and nitric oxide), expression of histocompatibility com-
plex, and nerve cell damage [59]. Silymarin has also been reported to suppress
ultraviolet radiation-induced immune suppression [60].

6. Silymarin and Hypercholesterolemia

Reports suggest that silymarin affects the metabolism of cholesterol in different
ways. Silybin has been reported to inhibit the key enzyme HMG-CoA reductase
involved in the synthesis of cholesterol [61]. Silymarin inhibits the synthesis of
phospholipids and triacylglycerols which is the major mechanism behind its
anti-atherosclerotic and anti-hypocholesterolemic activities. Silymarin also inhibits
lipids peroxidation and thereby inhibits the synthesis of triglycerides. It has been
reported to reduce the level of biliary cholesterol and phospholipids in both rats and
humans [62]. Silymarin decreases the plasma level of cholesterol and low-density
lipoproteins (LDL) in hyperlipidemic rats. In type II hyperlipidemic patients,
silymarin reduces the total cholesterol and high-density lipoproteins [63, 64].

7. Silymarin and Neurological disorders

Silymarin has been used in a number of neurological disorders due to its antioxi-
dant activity and various other mechanisms. Silymarin inhibits the activation of
microglia, TNF-a, NF-jB, and nitric oxide, thereby protecting the dopaminergic
neurons from lipopolysaccharide-induced neurotoxicity [65]. A comparative
8-week pilot double-blind study on 35 patients suffering from obsessive compulsive
disorder was conducted to evaluate the efficacy of silymarin. Results indicated that
silymarin has positive effects on obsession and compulsion starting from the fifth
week [66].
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8. Silymarin and Cardiac Disorders

During chemotherapy some drugs such as doxorubicin results in cardio-toxicity
mediated by oxidative stress and apoptosis. Silymarin has been reported to protect
from cardio-toxicity due to its antioxidant activity [67]. Silymarin has been reported
to be involved in cardiac preconditioning and hence protects the cardiac tissue from
ischemia [68]. Amiodarone is an anti-arrhythmic drug, but due to some serious side
effects, its use has been limited. Amiodarone leads to toxicity due to free radical
generation, direct cytotoxicity, development of lysosomal phospholipids, indirect
immunologically mediated toxic effects, and membrane destabilization. Silymarin
administration along with amiodarone decreases the development of lysosomal
phospholipids [69].

9. Silymarin and Lung Disorders

Silymarin has shown activity against bronchial anaphylaxis, post anaphylactic, or
platelet-activating factor-induced hyper-reactivity in guinea pigs. Silymarin has
been reported to be effective in asthmatic disorders by decreasing responsiveness to
histamine [70]. In addition to this, silymarin has been used in lung cancer which is
discussed above.

10. Silymarin and Gastrointestinal Disorders

Silymarin has been reported to exhibit anti-ulcer activity in rats. Reports suggest
that silymarin undergoes excessive entero-hepatic circulation which forms a loop
between intestine and liver. This prevents the disturbance in the secretion of bile
resulting in the increased secretion of bile, cholate, and bilirubin excretion. It has
been observed that alloxan induces diabetes mellitus. Alloxan results in the pro-
duction of hydrogen peroxide and free radicals. Administration of silymarin along
with alloxan prevented high plasma glucose levels and damage in pancreatic cells
[71]. Silymarin has shown its efficacy in colitis and colon cancer.

11. Silymarin and Skin Disorders

Exposure to UV radiation results in a number of skin disorders such as erythema,
edema, sunburn, cell formation, hyperplasia, immune suppression, DNA damage,
photoaging, melanogenesis, and skin cancers. This may be due to the generation of
free radicals, which causes oxidative stress in skin cells. It has been noticed that
topical and dietary administration of silymarin to mouse prevents photocarcino-
genesis. This can occur by inducing apoptosis, increase in catalase activity, and
induction in cyclo-oxygenase and ornithine decarboxylase activity [59]. Silymarin
has been reported to shown efficacy in psoriasis because it inhibits cAMP phos-
phodiesterase and leukotriene synthesis [72]. Silymarin decreases intracellular
production of hydrogen peroxide, nitric oxide, and catalase activity in
UVB-irradiated mouse skin. It also inhibits COX-2, PGE2, PGF2, PGD2 expres-
sion which plays a major role in tumor production [73]. Silymarin has been reported
to inhibit the skin edema, formation of sunburn and apoptotic cells, and infiltration
of inflammatory mediators [74]. Many experiments suggest that silymarin is
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effective against sunburn response, DNA damage, and immunosuppression.
Moreover, further studies need to be investigated to determine the effect of sily-
marin on skin.

12. Silymarin and Renal Disorders

Silymarin helps to maintain normal renal function. Alloxan-induced diabetes
mellitus in rats produces free radicals which damage renal tissues. Administration
of silymarin along with alloxan protects the renal tissues from oxidative damage via
increase gene expression of antioxidant enzymes. Therefore, silymarin is useful in
the treatment of diabetic nephropathy [75]. Silymarin inhibits the expression of
NF-jB, which is involved in the activation of oncogenic process. Therefore, sily-
marin is useful in the treatment of renal carcinoma [76]. It has been noticed that
silymarin (210 mg/day for 8 weeks) in peritoneal dialysis patients inhibits the effect
of pro-inflammatory cytokines such as TNF-a [77].

13. Silymarin and Viral Infections

Silymarin does not affect viral replication, but it has beneficial role in viral hepatitis
due to its inhibitory action on inflammatory and cytotoxic processes induced by
viral infection. It has also been reported to inhibit mitochondrial membrane
potential of HepG2 cells that causes disruption in membrane permeability [54].
Reports indicate that silybin inhibit the growth of Hep3B hepatocellular carcinoma
cells by arresting both G1 and G2-M phases. Silymarin also modulates the activity
of CDK-2, CDK-4, and CDC-2 kinase activity [55]. Silymarin exerts anti-viral
effect by inhibited expression of TNF-a and NF-jB in human hepatocellular car-
cinoma cells [78].

5 Biological Activities of Silymarin in Animal Models

(a) Cardiovascular effects

It has been reported that silymarin is effective in carbon tetrachloride-induced
cardiac damage [79]. It has been found that silymarin ameliorates the inflammatory
response-induced cardiac infarction as well as oxidative DNA damage and apop-
tosis caused by the toxic effects of CCl4.

(b) Renal effects

Silymarin has been reported to prevent cisplatin-induced glomerular and tubular
nephrotoxicity in rats [80]. Silymarin has been reported to protect the kidney tissues
of rat from ischemic reperfusion injury [81]. Silymarin is shown to prevent tubular
dilatation and vacuolization, pelvic inflammation, interstitial inflammation, perire-
nal adipose infiltration, and tubular and glomerular necrosis in Sprague Dawley
rats. Along with this, Silymarin prevented I/R-induced renal damage on the basis of
various kidney markers such as serum creatinine, urea, and cystatin C
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concentrations, serum enzymatic activity of glutathione peroxidase and serum and
tissue MDA and NO levels [81].

(c) Hepatoprotection and hepatitis

Many reports indicate that administration of silymarin to rats, mice, rabbits, and
dogs showed a significant protection against Amanita mushroom poisoning [82].
Before exposure to chemical hepatotoxins, pretreatment of rats and mice with
silymarin attenuates lipid peroxidation and hepatotoxicity [83]. It has also been
evidenced that silymarin protects the liver from alcohol toxicity. In rats with bile
duct obstruction, silymarin protects due to its anti-fibrotic effect [84].

(d) Anti-lipemic effects

Treatment of silymarin to rats fed with cholesterol-enriched diet increases hepatic
LDL clearance, which indicates silymarin has protective role in diet-induced
hypercholesterolemia [85]. Silymarin has been reported to be useful in high-fat
diet-induced dementia in mouse [86].

(e) Anti-diabetic and pancreatic protectant

Silymarin has been reported to protect the pancreas from damage in experimentally
induced diabetes mellitus [87]. Silymarin and Silibinin stimulate insulin secretion
from b-pancreatic cells of rats which is attributed to its anti-diabetic potential. It has
been found that silymarin induces insulin resistance in Wistar rats through an
increase of PTEN (Phosphatase and Tensin Homolog) [88].

(f) Anticancer

Silymarin has been used in different mouse models of cancer. Reports suggest that
silymarin treatment protects the mice from chemical and UVB tumors [89]. The
chemoprotective effect of silymarin is due to its antioxidant and free radical
scavenger activity. It has also been reported to modulate the multiple signaling
pathways such as NF-jB, EGFR-MAPK/ERK 1/2 signaling, and IGF signaling
[40]. Silymarin inhibits the increase in b-catenin which suppresses the proliferation
of hepatocellular carcinoma HepG2 cells.

(g) Antioxidant

Pretreatment of rats with silymarin has efficacy against ischemia-induced gastric
ulcers [90]. Silymarin has been reported to act as antioxidant in three ways, i.e., by
direct free radical scavenging activity, by preventing the free radical formation by
inhibiting specific enzymes responsible for free radical production, and by main-
tenance of optimal redox status of the cell by activating a range of antioxidant
enzymes and non-enzymatic antioxidants, mainly via transcription factors, includ-
ing Nrf2 and NF-jB [90].
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6 Biological Activities of Silymarin in Humans

As we know the use of herbal drugs is increasing throughout the world and among
these herbal preparations many formulations are derived from milk thistle. Mainly
this drug is used in the treatment of liver diseases from Greco-Roman era, but till
now no convincing clue is obtained on its clinical efficacy. A number of clinical
trials have been carried out, but these trials fail due to the number of shortcomings
such as small sample size, lack of etiology, and severity of disease. Some of the
biological activities of silymarin in humans are described as follows:

(a) Hepatoprotection

Silymarin is the most commonly used drug when liver damage and alcohol are the
major factors for the liver cirrhosis. It has been observed that Europeans use sily-
marin in larger extent to cure liver damage due to different factors. It has been
noticed that administration of milk thistle extract (Legalon) in an open label study
of 2367 patients in different liver disorders for eight weeks showed a significant
decline in increased liver enzymes [91]. Administration of silybin to Amanita
mushroom poisoning protects from severe liver damage [92]. It has been evidenced
that administration of silymarin in alcohol-induced liver disease in 300 patients
showed a significant improvement in liver enzymes within 4 weeks [93].

(b) Hepatitis

Reports showed that administration of silymarin to patients with chronic hepatitis
twice daily for two months results in a significant decrease in AST and ALT levels
[94]. In other study, 57 patients with viral hepatitis receiving silymarin at the dose
of 140 mg thrice a day for three weeks indicates lowering of bilirubin, AST, and
ALT levels in 3–4 weeks as compared to the placebo-treated humans [95].

(c) Anti-lipemic

Reports indicate that silymarin inhibits the hepatic synthesis of cholesterol. On the
basis of this, the efficacy of silymarin has been investigated in hypercholes-
terolemia. Studies showed that patients receiving silymarin (420 mg daily for
1 month) had significant decrease in biliary cholesterol when compared to placebo
indicating inhibition of hepatic cholesterol synthesis [96].

(d) Anti-diabetic

In a study comprising 60 patients with hepatic cirrhosis and insulin-resistant/
insulin-dependent diabetes, administration of silymarin (200 mg thrice a day daily)
is observed to result in a decrease in fasting glycemia, blood glucose, glycosuria,
and insulin levels within 6 months of treatment [97].

(e) Anti-inflammatory

Silymarin has shown anti-inflammatory potential in some clinical studies. In a
double-blind placebo-controlled trial involving 40 patients with alcoholic cirrhosis,
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treatment of silymarin is reported to elevate lectin-induced lymphoblast transfor-
mation, and attenuate percentage of OKT8+ cells [98]. Silymarin has also been
reported to enhance leukocyte motility.

(f) Anticancer

It has been indicated that self-medication with 450 mg silymarin daily to
52-year-old man with hepatocellular carcinoma is resolved spontaneously [99].
Silymarin and silybin demonstrated chemopreventive effects in human epidermal,
prostrate, and breast and cancer cell lines.

(g) Antioxidant

Silymarin showed an antioxidant effect by increasing the levels of superoxide
dismutase in erythrocyte and lymphocytes in patients with alcoholic cirrhosis [100].
In human mesangial cell cultures incubated with glucose, silybin acts as an
antioxidant by inhibiting the formation of malondialdehyde. In human leukocytes,
silymarin protected against hydrogen peroxide-induced DNA damage. Silymarin
has also shown antioxidant effects in human platelets.

7 Conclusion

Since herbal drugs are used for a number of approaches as they are safer and better
than the standard medical drugs. Extensive research has been carried to use herbal
drugs for the treatment of number of disorders. Silymarin is a well-researched drug
and nowadays being explored in a variety of disorders due to its number of
properties such as antioxidant, anti-inflammatory, and anti-carcinogenic. It is shown
to be quite safe, has less serious side effects, and well tolerated in humans.
Sufficient data are now available that document silymarin as an important thera-
peutic agent with lot of potential in the treatment of liver disorders, cancer,
inflammatory disorders, renal disorders, skin disorders, lung disorders, and many
more. Nonetheless, more effective clinical trials are required to fully explore the
benefits of silymarin in these chronic disorders.
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Eugenol and Its Role in Chronic Diseases

S. Fujisawa and Y. Murakami

Abstract The active components in cloves are eugenol and isoeugenol. Eugenol
has recently become a focus of interest because of its potential role in alleviating
and preventing chronic diseases such as cancer, inflammatory reactions, and other
conditions. The radical-scavenging and anti-inflammatory activities of eugenol
have been shown to modulate chronic diseases in vitro and in vivo, but in humans,
the therapeutic use of eugenol still remains to be explored. Based on a review of the
recent literature, the antioxidant, anti-proliferative, and anti-inflammatory activities
of eugenol and its related compounds are discussed in relation to experimentally
determined antioxidant activity (stoichiometric factor n and inhibition rate constant)
and theoretical parameters [phenolic O–H bond dissociation enthalpy (BDE), ion-
ization potential (IP according to Koopman’s theorem), and electrophilicity (x)],
calculated using a density functional theory method. Dimers of eugenol and its
related compounds showed large antioxidant activities and high x values and also
exerted efficient anti-inflammatory activities. Eugenol appears to possess multiple
antioxidant activities (dimerization, recycling, and chelating effect) in one mole-
cule, thus having the potential to alleviate and prevent chronic diseases.

Keywords Eugenol � Antioxidant activity � Theoretical parameter �
Anti-inflammatory activity � Preventing chronic diseases

1 Introduction

Cloves are an important spice with a wide range of traditional uses in non-Western
countries, mainly as a medicinal antiseptic, analgesic, and antimicrobial agent [1, 2].
The main component of cloves is eugenol, and its isomer—isoeugenol—is produced
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from eugenol via a reaction that occurs naturally in cloves. These compounds are
incorporated into a variety of dental materials and household and personal hygiene
products including perfumes, cream lotions, soaps, and detergents and are used as
flavoring agents in non-alcoholic drinks, baked foods, and chewing gum [1]. Eugenol
and its related compounds are effective antioxidants that can prevent free
radical-mediated diseases such as cancers, inflammatory conditions, type-2 diabetes
mellitus (DM), cardiovascular disease, neurodegenerative disorders, and periodontal
disease [2–4]. They can act as free radical scavengers or generators, depending
on their nature and concentration, and this dual effect may influence cell viability
and anti-inflammatory activity to various degrees [5]. Investigations in our laboratory
have focused on the antioxidant, anti-proliferative, and anti-inflammatory activities
of eugenol and its related compounds, particularly dimers of eugenol and isoeugenol.
Various dimers have been previously synthesized from 4-allyl-2-methoxyphenol
(eugenol), 4-hydroxy-3-methoxy-1-propenylbenzene (isoeugenol), 2-t-butyl-4-
methoxyphenol (BHA), 2-methoxy-4-methylphenol (MMP), and 4-hydroxy-3-
methoxycinnamic acid (ferulic acid) monomers; and eugenol-dimer, dehydrodi-
isoeugenol (DHDI), a-diisoeugenol (R-1-ethyl-5-hydroxy-t-3-(4-hydroxy-3-methoxy
phenyl)-6-methoxy-c-2-methylindane), MMP-dimer, BHA-dimer, and ferulic
acid-dimer (bis-ferulic acid) (Fig. 1) [3, 6–9]. The antioxidant, anti-proliferative, and
anti-inflammatory activities of these compounds together with curcumin, tetrahy-
drocurcumin (THC), magnolol, honokiol, 2,2′-biphenol, 4,4′-biphenol, etc., have also
been investigated [10–24]. Their antioxidant activity was determined using the
induction period method developed in our laboratory [6–9] and also the well-known
1,1-diphenyl-2-picrylhydrazyl (DPPH) assay. The anti-proliferative activity was
determined by the [3-(4,5-di-methylthazol-2-yl)-2,5-diphenyltetrazolium bromide,
yellow tetrazole (MTT)] assay, and the anti-inflammatory activity by the assessment
of the inhibitory effects of cyclooxygenase (Cox)-2 and/or nuclear factor kappa B
(NF-jB) on lipopolysaccharide (LPS)- or Porphylomonas gingivalis (Pg)-
fimbria-stimulated RAW264.7 cells (a murine macrophage-like cell line) using
northern blotting, Western blotting, and other techniques [10–24]. Here, we present
our results and discuss the antioxidant, anti-proliferative, and anti-inflammatory
activities of eugenol and its related compounds, which are of significance for
selecting and designing novel nonsteroidal anti-inflammatory drug (NSAID)-like
phenolic compounds for the treatment of chronic diseases. Also, the role of eugenol
in the prevention of chronic diseases is discussed in relation to experimentally
determined antioxidant activity [stoichiometric factor n and inhibition rate constants
(kinh/kp)] and theoretical parameters (BDE, IP, and x), which were calculated using a
density functional theory (DFT) method [3, 9, 14, 19–24]. The biological activity of
eugenol in animals and humans was also investigated by a review of the literature.
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2 Physicochemical Properties of Eugenol

2.1 Chemistry and Metabolites

Eugenol is generally well soluble in organic solvents and sparingly soluble in water
(log P = 2.49). Since the environments inside most living organisms are hetero-
geneous, a certain degree of hydrophobicity is necessary in order for antioxidants to
penetrate cellular membranes. Eugenol lowers the phase transition temperature and
decreases the enthalpy (DH) of L-a-dipalmitoylphosphatidylcholine (DPPC) lipo-
somes in a biomembrane model and also shows little diffusion from eugenol/DPPC
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liposomes (1:4 molar ratio) due to its strong hydrophobic interaction with DPPC, as
determined by differential scanning calorimetry (DSC) and NMR studies, respec-
tively [25, 26]. This indicates that eugenol directly penetrates the lipid bilayer of
liposomes, and exists on the surface. Eugenol is able to prevent free radical-
mediated lipid peroxidation in cellular membranes containing unsaturated fatty
acids by acting as an antioxidant. Indeed, eugenol has been shown to inhibit
non-enzymatic peroxidation in liver mitochondria [27]. Also, eugenol binds to
proteins such as serum albumin through hydrophobic interaction [28]. On the other
hand, eugenol can also act as a prooxidant. Under alkaline conditions at pH 9.5,
eugenol produces a phenoxyl radical at room temperature with a half-life of about
3.5 min, as determined by electron spin resonance spectroscopy (ESR), suggesting
that the eugenol phenoxyl radical can exist for relatively long time in cellular
systems [6]. Eugenol is converted to eugenol quinone methide (QM) via the
one-electron oxidation pathway, and eugenol-QM intermediates bind to thiols such
as glutathione (GSH). In the formation of oxidized GSH, oxygen consumption is
increased, and a thiyl radical becomes detectable. GSH then reacts with the
eugenol-QM, resulting in the formation of a eugenol-GSH conjugate [29]. The
metabolism of eugenol leads to the production of cytotoxic compounds, particularly
involving two pathways: a peroxidation reaction and a reaction catalyzed by P-450
microsomal enzymes [29]. This may lead to production of the 2′,3′-oxide of
eugenol. Another study has revealed that the anti-DPPH radical activity of eugenol
shows slow kinetics, whereas that of isoeugenol shows rapid kinetics [30]. This
suggests that eugenol produces a phenoxyl radical, whereas isoeugenol produces a
benzyl radical [13]. In humans, eugenol is rapidly absorbed and metabolized after
oral administration, and almost completely excreted into urine as 4-hydroxy-
3-methoxyphenyl-propane, isoeugenol, and other compounds [31].

2.2 Antioxidant Activity (Stoichiometric
Factor N and Kinh/Kp)

Antioxidants have two forms [32]: peroxide-decomposing (preventive) antioxidants
and conventional chain-breaking antioxidants. In biological systems, a variety of
enzymes (such as superoxide dismutase (SOD), catalase, GSH peroxidase, GSH
reductase), scavenge reactive oxygen species (ROS, comprising the hydroxyl rad-
ical OH−, nitric oxide NO, the peroxy radical ROO�, and the alkyl radical R�), and
mediate cellular events such as induction of apoptosis and necrosis. Biological
systems can generate high amounts of ROS following an oxidant challenge, such as
the presence of LPS, bacterial fimbriae, pro-inflammatory cytokines, or chemical
and physical factors [3, 4]. Enzymes such as antioxidants prevent the generation of
radicals indirectly, whereas eugenol-related compounds scavenge the radicals
directly and are known as chain-breaking antioxidants. In general, the repro-
ducibility of lipid peroxidation by free radicals in biological systems is poor
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because of auto-oxidation initiated by minute and highly variable quantities of
impurities (e.g., peroxide and transition metal ions). Therefore, some kinetic studies
have examined the use of ROO� or R� radicals. The induction period (IPt) method
has been generally applied for evaluating the inhibition rate constant (kinh) of
various phenols and amines in the chlorobenzene/styrene-azoinitiator system [32]
and also in linoleic acid/sodium dodecyl sulfate micelles initiated by the
water-soluble azoinitiator system under O2 at 760 torr [33]. However, these studies
were carried out in air, and some compounds were not detectable because their
indicated induction period was too small to measure using this system [33]. By
contrast, we have previously proposed the use of DSC and the induction period
method in a methyl methacrylate (MMA)–benzoyl peroxide (BPO) system under
nearly anaerobic conditions. This IPt method has proved to be reliable for evalu-
ating the activity of phenolic compounds because the DSC technique is very sen-
sitive and extraordinarily precise [3, 6–9]. Also, living organisms have a low
oxygen tension (15 torr) [32] and cancer cells are well known to exhibit anaerobic
metabolism (i.e., they do not utilize oxygen). Although such initiators employed in
chemical studies are not present in biological systems, data obtained in kinetic
studies are useful for interpreting the mechanisms of free radical-mediated bio-
logical activities. The antioxidant activities of 23 eugenol-related compounds are
shown in Table 1.

The n value (the number of free radicals trapped by one mole of phenolic
antioxidant moiety) is calculated from the IPt in the presence of inhibitors [IH] as
follows:

n ¼ Ri � IPt½ �ð Þ= IH½ � ð1Þ

where Ri is the rate of initiator BPO decomposition at 70 °C, i.e., 2.28 � 10−6

mol l−1 s−1 in this work [8, 9].
kinh/kp can be calculated using the following equation:

kinh=kp ¼ MMA½ �= ½IPt� � Rpinh½ �ð Þ ð2Þ

where Rpinh is the rate constant for chain propagation in the presence of an inhi-
bitor. [MMA] is the concentration of methyl methacrylate and is 9.4 mol/l.

The n value of 10 monophenols and 2 polyphenols (hesperatin and hesperidin)
declined in the following order: 4-hydroxyanisole (2.4) > BHA (2.2) > 2,6-di-t-
butyl-4-methoxyphenol, DTBMP (2.00 as a control) > isoeugenol (1.7) > ferulic
acid � MMP (1.6) > eugenol (1.4) > guaiacol (1.1) > hesperetin (0.9) > DHDI
(0.8) > vanillin (0.2) > hesperidin (0.04). In general, a monofunctional phenol
reacts with two ROO� radicals to give a product that is stable, giving an n of 2. If the
products themselves become inhibitors, this monophenol would lead to higher
n values (n > 2), which would vary according to the nature of the second reaction,
and this was the case for BHA and 4-hydroxy anisole with substituted OCH3 at the
para position. By contrast, the n value of eugenol, ferulic acid, MMP, and iso-
eugenol was reduced to 1.3–1.7 and that of guaiacol, DHDI, and hesperetin to
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Table 1 Antioxidant activities and theoretical parameters (IP and BDE) for eugenol-related
compounds

ID Compound, CAS No. IPM Anti-DPPH. IP BDE

na kinh/kp
b IC50 (mM)c eV kJ mol−1

(A) Guaiacol group

1 Eugenol, 97-53-0 1.4 7.07 0.082 5.45 346.8

2 Eugenol-dimer,
4433-08-3

2.3 6.71 0.042 5.19 (5.46) 336.5 (354.0)

3 Isoeugenol, 97-54-1 1.7 9.0 0.055 5.18 339.2

4 a-diisoeugenol 2.7 5.87 0.05 5.28 (5.30) 343.2 (347.2)

5 DHDI, 2680-81-1 0.8 18.29 1.3 5.2 –

6 Vanillin, 21-33-5 0.2 101.1 27.4 6.08 361.9

7 Guaiacol, 90-05-1 1.1 15.71 0.108 5.53 364.6

8 MMP, 93-51-6 1.6 8.96 0.09 5.38 344.1

9 MMP-dimer 2.4 6.26 0.02 5.11 (5.02) 338.1 (338.2)

10 Curcumin, 458-37-7 3.9 4.89 0.043 5.27 (5.37) 344.0 (347.0)

11 THC, 36062-04-1 3.2 5.04 0.035 – –

12 Ferulic acid, 537-98-4 1.6 10.56 0.145 5.7 355.7

13 bis-Ferulic acid – – 3.16d 5.77 (5.89)d 360.2 (360.9)d

14 Hesperetin, 520-33-2 0.9 18 – – –

15 Hesperidin, 520-26-3 0.02 362 – – –

(B) Biphenol group

16 Honokiol, 35354-74-6 3.2 4.77 – 5.87 (5.53) 396.4 (403.3)

17 Magnolol, 528-43-8 2.2 6.71d – 5.51 (5.47) 392.4 (405.1)

18 2,2′-biphenol, 1806-29-7 0.8 32.19 – 5.97 (5.67) 287.3 (449.1)

19 4,4′-biphenol, 92-88-6 2.4 10.21 – 5.35 (5.44) 346.1 (346.1)

(C) Anisole group

20 4-hydroxyanisole,
150-76-5

2.4 8.16 – 5.35 343.6e

21 BHA, 121-00-6 2.15 6.53d – 5.3 325

22 BHA-dimer 2.1 6.65 0.012 5.38 (5.15) 312.8 (319.7)

23 DTBMP, 489-01-0 (2.00) 8.21d 0.09 – 327.3e

IPM Induction period method; IP Ionization potential according to Koopman’s theorem; BDE
Phenolic O–H bond dissociation enthalpy
aStoichiometric factor n: the number of free radicals trapped by one mole of phenolic antioxidant
moiety
bThe ratio of the rate constant of inhibition to propagation, kinh/kp
cThe amount of inhibition necessary to decrease to the initial DPPH concentration by 50 %, DPPH
0.1 mM
dThis work
eTaken from [37]; ( ), 2nd oxidation value (see the text)
Note that IDs 1–10 and 21–22 were taken from [8, 9]. IDs 11, 12, and 20 were taken from [14, 21,
24], respectively. IDs 16 and 17 from [23]. IDs 18 and 19 from [22]

50 S. Fujisawa and Y. Murakami



approx. 1. Such a reduction is probably due to the strong hydrogen bond between
the phenolic O–H and OCH3 substituents on the benzene ring, and compounds
having an n value of less than 2 would undergo dimerization due to the ortho–ortho
coupling reactions derived from antioxidant phenoxyl radicals [30, 34]. The free
radical coupling reaction of the guaiacol non-enzymatically leads to the formation
of dimeric intermediates [35]. For the n values of the guaiacol group see Table 1.
By contrast, the n value for vanillin, a guaiacol group, was 0.2, making it a very
weak antioxidant, which may be explained by the presence of electron-withdrawing
CHO substituent at the para position. For phenol dimers, the n values of curcumin,
THC, honokiol, and a-diisoeugenol were 3–4 and they were strong antioxidants. In
contrast, the n values of 4,4′-biphenol and magnolol and the dimers of eugenol,
BHA, and MMP were 2.1–2.4 and these compounds were weak antioxidants.
Interestingly, the n value of 2,2′-biphenol, a stereoisomer of 4,4′-biphenol, was
about 1, suggesting the formation of a dimeric compound from 2,2′-biphenol
molecules. Note that the n value of fully oxidized phenol dimers should be 4.

The anti-DPPH� radical activity of eugenol-related compounds is also shown in
Table 1. The activity of vanillin was poor. The IC50 value of DHDI and bis-ferulic
acid was 1.3 and 3.2 mM, respectively, indicating that these compounds were
considerably weak antioxidants. By contrast, the IC50 values for curcumin, THC,
a-diisoeugenol, eugenol-dimer, MMP-dimer, and BHA-dimer were 0.02–0.05 mM,
their antioxidant activity being higher than that of DHDI, bis-ferulic acid, or the
corresponding monophenols.

The kinh/kp values for a series of 23 selected eugenol-related compounds deter-
mined by the IPt are also shown in Table 1. Hesperidin and hesperetin are polyphe-
nols, but are grouped as monophenols because they have one hydroxyl substituent in
the B ring. The kinh/kp values of monophenols declined in the following order: hes-
peridin (362) > vanillin (101) > DHDI (18)� hesperetin (18) > guaiacol (16) > ferulic
acid (11) > MMP � isoeugenol (9) > DTBMP � 4-hydroxyanisole (8) > BHA (7)�
eugenol (7). By contrast, the kinh/kp values of the dimers declined in the order 2,2′-
biphenol (32) > 4,4′-biphenol (10) > magnolol� eugenol-dimer� BHA-dimer (7) >
MMP-dimer � a-diisoeugenol (6) > THC � honokiol � curcumin (5). For
monophenols, the kinh/kp values for eugenol and BHAwere the smallest, followed by
4-hydroxy anisole. BHA and 4-hydroxy anisole are well known to be polymerization
inhibitors. Eugenol and BHA were the most efficient radical scavengers. Among the
dimers, honokiol, THC, and curcumin were the most potent antioxidants. In the
present study, there was a good significant relationship between anti-DPPH radical
activity (IC50) and the kinh/kp value for compounds classified as guaiacols (n = 15,
r2 = 0.98, p < 0.01); the IC50 value increased along with the kinh/kp value. However,
there was a weak relationship between the IC50 and the stoichiometric factor n. value
(n = 15, r2 = 0.30, p < 0.05). Considering the effectiveness of the n and kinh/kp values,
the n value may be useful for estimation of intermediates and by-products produced
during the IPt.

To clarify the co-oxidation mechanism of thiols, the radical-scavenging activity
of eugenol, isoeugenol, and curcumin in the presence of mercaptomethylimidazole
(MMI), a thiol, was investigated using the IPt method in the BPO-MMA system.
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MMI was used as a representative thiol, since attempts to use N-acetylcysteine
(NAC) and GSH-bearing SH groups were unsuccessful because of the fact that
NAC and GSH show only limited solubility in MMA. The IPt for the combination
of curcumin, isoeugenol, or eugenol with MMI was compared to that without MMI.
The curcumin/MMI (1:1 molar ratio) and isoeugenol/MMI (1:1) complex, partic-
ularly the former, showed a decrease in IPt, indicating an antagonistic effect
between the antioxidant and MMI. Conversely, the eugenol/MMI complex (1:1)
showed an increase in the IPt, indicating a synergistic effect [7]. Therefore, it was
assumed that MMI reacted with the eugenol phenoxyl radical and reduced it back to
the parent eugenol compound. Such a synergistic (recycling) effect and the for-
mation of eugenol conjugates have been reported previously [29].

2.3 Theoretical Parameters (BDE and IP) Versus Kinh/Kp

In recent years, theoretical methods in combination with physical organic chemistry
theory have found broad applications in studies of antioxidants. Theoretical cal-
culation can offer a deep insight into differences in radical-scavenging mechanisms
and antioxidant activities among various phenolic compounds with a wide range of
structures [36]. The BDE, the lowest unoccupied molecular orbital (LUMO) energy
(ELUMO), the highest occupied molecular orbital (HOMO) energy (EHOMO), the IP
value according to Koopman’s theorem (absolute HOMO value), and the η, v, and
x values for eugenol-related compounds were taken from our previous reports [3, 8,
9, 14, 19–24], and all calculations were performed using the density function theory
(DFT)Becke-3-LYP (B3LYP)/ 6-31G* method [8, 9].

BDE is the most widely used parameter of radical-scavenging activity for
phenolic antioxidants and is also correlated well with the logarithm of the inhibition
(radical-scavenging) rate constant (kinh) for chain-breaking antioxidants. From a
kinetics viewpoint, the thermodynamically preferred mechanism accords with the
following equation [36, 37]:

�RT ln kinh ¼ DG0
# � BDE ð3Þ

where DG#
0 is the activation free energy. Equation 3 indicates a certain correlation

between the kinh/kp and BDE values. Note that kp is a propagation rate constant for
MMA. The relationship between the kinh/kp and BDE values for 17 selected
eugenol-related compounds was investigated. Except for magnolol and honokiol, a
significant linear relationship in terms of BDE (note, however, that the BDE for
dimers is BDE2nd, a second H atom abstraction from the phenoxyl radical) was
observed as follows:
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Log kinh=kp ¼ �1:14 �0:28ð Þ þ 0:01 �0:08ð ÞBDE
n ¼ 17; r2 ¼ 0:33; p\ 0:05; p ¼ 0:015
� � ð4Þ

As the BDE increased, the kinh/kp also increased. Thus, the BDE of
eugenol-related compounds probably plays a key role in the determination of
antioxidant activity, reflecting the importance of hydrogen atom (H) transfer for
radical scavenging.

Another report has demonstrated a good relationship between the kinh/kp and
BDE or IP value of 2-methoxyphenols in each descriptor (n = 5, r2 = 0.95,
p < 0.01) [8]. Also, in the present study, a significant relationship between the kinh/
kp and IP values of 23 eugenol-related compounds was observed, but the r2 value
was smaller than that of the BDE in Eq. (4). Although there was a significant
relationship between the antioxidant activity and the BDE or IP value for
eugenol-related compounds, the molecular mechanism regulating the antioxidant
activity may be more complex than hydrogen (H)-atom abstraction, electron
transfer, or proton transfer [38].

3 Modulation of Cell Signaling Pathways by Eugenol

Chronic inflammatory diseases are mediated by oxidative stress, which can activate
a variety of transcription factors including NF-jB, activator protein-1 (AP-1), p53,
hypoxia-inducible factor-1a (HIF-1a), peroxisome proliferator-activated receptor-c
(PPAR-c), b-catenin/Wnt, and nuclear factor erythroid 2-related factor 2 (Nrf2) and
other factors. Activation of these transcription factors can lead to the expression of
over 500 different genes, including those of growth factors, inflammatory cytokines,
chemokines, cell cycle regulatory molecules, and anti-inflammatory molecules [4].
The anti-proliferative and anti-inflammatory activities of eugenol and its related
compounds are described in the following paragraphs.

3.1 Anti-proliferative Activity

A number of studies have investigated the mechanism responsible for the antiox-
idant activity of eugenol. In the HSG (human submandibular) cell line, the cyto-
toxicity of eugenol determined by the MTT method was one order of magnitude
lower than that of isoeugenol (CC50: eugenol, 0.395 mM; isoeugenol, 0.052 mM),
and production of ROS (determined by carboxy-2′,7′ dichlorofluorescein diacetate
(CDF) staining) was induced significantly by isoeugenol, but not by eugenol. In the
presence of H2O2 plus horseradish peroxidase, or under visible light irradiation
(which induces oxidative stress), eugenol triggered biphasic ROS production that
was enhanced at lower concentrations (5–10 lM) and decreased at higher
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concentrations (500 lM). In contrast, isoeugenol enhanced ROS production over a
wide range of concentrations (5–500 lM). Isoeugenol at cytotoxic high concen-
trations of 1000 lM was reduced to below the detectable levels. The high cyto-
toxicity of isoeugenol may be attributed to its induction of high ROS production
and low GSH levels [13]. The decrease in the ROS level at higher concentrations of
eugenol may be responsible for its ROS scavenging activity. Indeed, eugenol
scavenged hydroxyl radicals (OH−) effectively and also trapped OH− directly, as
determined by the electron spin resonance (ESR) spectroscopy, and was subse-
quently metabolized to the dimer in vitro [39]. Thus, ROS at high concentrations
may have been scavenged by eugenol, and therefore, cell viability was not altered.
This action of eugenol appears to be greatly different from that of isoeugenol. In
general, elevated levels of ROS lead to oxidation of proteins, lipids, and nucleic
acids. ROS are the main products of cellular redox processes and exert a dual effect;
a low concentration of ROS can be beneficial for cellular redox signaling and
immune function, but a high concentration may result in oxidative stress and
subsequent damage to cell function and structure [40]. As an antioxidant, eugenol
may be a substance that can scavenge harmful free radicals such as ROS and help
reduce the incidence of damage due to oxidative stress, thus helping to maintain
cellular redox balance.

With regard to the kinetics of their antioxidant action, cloves, eugenol and
isoeugenol, are known to produce dimeric compounds and other metabolites, which
probably have cell-type specificity. It has been reported that the CC50 values of
isoeugenol for HL-60 cells, human gingival fibroblasts (HGF), and human pulp
cells (HPC) were 30, 32, and 37 lM, respectively, whereas those of eugenol were
178, 232, and 214 lM, respectively. By contrast, the corresponding values of
eugenol-dimer were 105, 666, and 369 lM, respectively [8]. The cytotoxicity of
isoeugenol for all cell types was one order greater than that of eugenol, and
interestingly, eugenol-dimer was active on HL-60 cells. In another study,
eugenol-dimer was more toxic than eugenol to HL-60 cells, and DNA fragmenta-
tion was induced most strongly by eugenol-dimer, followed in order by eugenol,
MMP, and MMP-dimer. Furthermore, in HL-60 cells, the expression of mRNAs for
manganese (Mn) SOD and copper (Cu)/zinc (Zn) SOD, particularly the latter, was
inhibited by eugenol at 1 mM and the inhibition was strongly potentiated by the
addition of GSH [11]; eugenol suppressed Cu/Zn SOD activity and increased the
intracellular superoxide concentration, possibly acting as an inhibitor of cytosolic
(Cu, Zn) at higher concentration through its action as a metal-ion chelator. In
another study using HL-60 cells, eugenol treatment reduced the mitochondrial
membrane potential and also resulted in reduction of bcl2, release of cytochrome c,
and activation of caspase-9 and caspase-3 [41]. On the other hand, some dimeric
forms of eugenol (C2-symmetric structure, as shown in Fig. 1) showed
anti-proliferative activity against melanoma cells, indicating that eugenol-dimer has
mild activity, whereas curcumin and a racemic mixture of brominated biphenyl
have potent activities. Some synthesized curcumin-related hydroxylated biphenyls
have been reported to show higher anti-proliferative activities than curcumin itself
[42]. In another study, eugenol at a concentration of 0.5 lM inhibited the growth of
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SBC12 primary melanoma cells and VM3211 cells in radial growth phase by 50 %,
whereas isoeugenol did not inhibit melanoma cell growth up to a concentration of
0.5 lM. Eugenol, but not isoeugenol, inhibits the proliferation of melanoma cells
by arresting them in S-phase of the cell cycle and inducing apoptosis [43].

In another context, where interleukin (IL)-1b-stimulated HGF cells and peri-
odontal ligament fibroblasts have been reported to produce large amounts of IL-8,
treatment with eugenol stimulated the production of IL-8 [44]. In HPC cells,
eugenol inhibited IL-8 production at a higher concentration [44]. Also, in HSC-2
cells (human oral squamous cancer cell), eugenol induced non-apoptotic cell death
[45]. Taken together, these results imply that eugenol is probably capable of
manipulating the equilibrium between pro- and anti-apoptotic proteins [46] and also
has cell-type specificity.

There are some stereoisomers among eugenol-related compounds. The mecha-
nism responsible for the cytotoxicity of isomers and stereoisomers is complex. In
studies using RAW264.7 cells, magnolol, honokiol, 2,2′-biphenolm and 4,4′-
biphenol were tested for their potential cytotoxicity, and the data indicated that
magnolol was more cytotoxic than honokiol, and 4,4′-biphenol was more cytotoxic
than 2,2′-biphenol [22, 23]. Magnolol and 2,2′-biphenol had lower IP values than
the corresponding stereoisomer, and the lower IP value enhanced the cytotoxicity.
A low IP may enhance prooxidant activity via direct transfer of an electron to
oxygen [47].

Phenol-induced cytotoxicity is related to the phenoxyl radical, an oxygen-
centered radical; this radical may interact with redox-sensitive cysteines in
DNA-binding domains of transcription factors, or it may represent a slightly
enhanced transport of the phenoxyl radical in a cellular environment. The strong
correlation between the IP and BDE values suggests that phenol-induced cyto-
toxicity might be attributable to the radical-mediated mechanism [48]. A significant
linear relationship between cytotoxicity (log 1/CC50) to HSG or HGF cells and the
kinh/kp value was observed for both 2-methoxy- and 2-t-butyl-phenols (n = 13,
r2 = 0.5, p < 0.01) [9]. This suggests that the cytotoxicity of these compounds may
also be related to the BDE value, resulting from Eq. (4). In general, compounds
with higher BDE (or IP) values were less toxic. For phenolic compounds, electron-
donating groups reduce their BDE and IP value, whereas electron-withdrawing
groups have opposite effects [47]. These findings indicate that eugenol-induced
cytotoxicities, toxicities, and anticancer activities are probably related to its inter-
mediates, including antioxidant-derived radicals.

3.2 Cox-2 Inhibition

Cox-2 is a major contributor to increases in the spinal level of prostaglandin E2,
which augments the processing of nociceptive stimuli following inflammation. We
therefore focused on the Cox-2-inhibitory activity of selected eugenol-related
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compounds. The inhibitory effects of eugenol-related compounds in macrophage
cell lines activated with LPS or Pg. fimbriae have been investigated in our labo-
ratory in order to develop more effective chemopreventive agents and to elucidate
their mechanism of action [10–24], and the results are shown in Table 2.

The 50 % inhibitory concentration of COX-2 (IC50, lM) declined in the following
order: eugenol (500 <) > MMP (308) > eugenol-dimer (287) > hesperetin (256) >
hesperidin (254) > MMP-dimer (250) > guaiacol (205) > vanillin (125) > ferulic acid
(52) > THC (24) > isoeugenol (23) > honokiol � magnolol (20) > 4-hydroxyanisole
(15) > bis-ferulic acid (10) > BHA-dimer (9.2) > 2,2′-biphenol (7) > curcumin (6) >
DHDI (0.1). The Cox-2-inhibitory activity of DHDI was the highest, followed by
curcumin. NF-jB is a signaling molecule acting upstream of Cox-2 expression and
also regulates the production of pro-inflammatory cytokines such as IL-6, tumor
necrosis factor (TNF)-a, and prostaglandin E2. The inhibitory effect of
eugenol-related compounds on NF-jB activation is also shown in Table 2.

Table 2 Anti-inflammatory activities of eugenol-related compounds

Compound COX-2 IC50 value NF-jB inhibition References

(stimulated
RAW264.7 cell)

(stimulated
RAW264.7 cell)

(lM) (lM)

Eugenol >500 −(500) [10, 11]

Eugenol-dimer 286.8 ++(500) [10, 11]

Isoeugenol 23.4 ne This work

DHDI 0.1 ++(0.1) [16]

a-diisoeugenol >10 ne [16]

MMP 307.9 ne [11]

MMP-dimer 250 ne [11]

Hesperetin 256.2 ne [15]

Hesperidin 254.1 ne [15]

Ferulic acid 52.1 ne [14, 19]

bis-Ferulic acid 9.8 ++(10) [14, 19]

Guaiacol 205 −(250) [20]

Vanillin 125 ++(250) [20]

2,2′-biphenol 6.9 ++(10) [22]

4,4′-biphenol >10 ne [22]

4-hydroxyanisole 15.3 +(10) [24]

BHA >10 −(10) [17, 18]

BHA-dimer 9.2 ++(10) [17, 18]

Curcumin 5.8 ++(10) This work

THC 23.6 +(20) [21]

Magnolol 20.2 ++(40) [23]

Honokiol 20.4 ++(40) [23]

++, 75 % inhibition <; +, 50 % inhibition �; −, no inhibition; ne, no experiment
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In drug screening, it is generally considered that if the concentration of drug
required for 50 % inhibition of COX-2 (IC50) is less than 3 lM, this compound can
be regarded as a strong enzyme inhibitor. When carrying out screening based on the
activation of the Cox-2 pathway by serum-free stimulation of the human lung
cancer cell line, A549, the IC50 threshold for candidate compounds should be less
than 10 lM [49]. As has already been reported, eugenol demonstrated slightly
higher Cox-2-inhibitory activity when assayed at a concentration of 1000 lM [50].
In the present study, the IC50 value of Cox-2 inhibition by eugenol was >500 lM.
The IC50 values of vanillin and hesperidin, with a lower antioxidant activity, were
125 and 260 lM, respectively. The values of eugenol-dimer, MMP, and
MMP-dimer were 250–300 lM, respectively. The IC50 values of magnolol, hon-
okiol, and THC were approx. 20 lM, and these compounds were placed in a
moderate activity group. Screening of 20 different analogs of curcumin at 50 lM
showed that the inhibitory activity of curcumin on TNF-induced NF-jB-dependent
reporter gene expression was most potent, followed in order by eugenol and zin-
gerone [51]. The most effective curcumin is a compound with an aromatic o-
methoxy phenolic group, a, b-unsaturated b-diketo moiety, and a seven-carbon
linker, which is a C4-symmetric guaiacol dimer. As descried above, magnolol and
honokiol without an o-methoxy group, 4-allylphenol dimers, showed the moderate
activity; however, 4-allylphenol did not show Cox-2 inhibition at a concentration of
50 lM [52]. In another report, the IC50 values of honokiol and magnolol were
relatively smaller concentration of approx. 15 lM [53]. Interestingly, the
anti-inflammatory activity of C2-symmetric dimers, eugenol-, MMP-, BHA-,
4-allylphenol, and phenol-dimer (Fig. 1) was higher than that for the corresponding
monophenols. The C2-symmetric dimers, with structural conformation, enhanced
Cox-2 inhibition as well as antioxidant activity. Molecules having two symmetric
potential binding moieties bearing a flexible unit of suitable length and nature
would enhance binding affinity providing higher activity than those lacking these
elements. The Cox-2-inhibitory activity of ferulic acid was weak, and notably, its
dimer (bis-ferulic acid) with two symmetric potential binding moieties (Fig. 1)
showed potent activity. Some kind of bioactive dimeric compound of ferulic acid
should be produced via intracellular radical oxidation, as estimated from the n value
of 1.6 for ferulic acid. Also, ferulic acid has been reported to interfere with the
biological pathways involved in apoptosis induced by oxidative stress and
inflammation caused by misfolding and aggregation of the amyloid-b peptide (Ab)
[54]. These beneficial effects may be enhanced by the formation of bioactive
dimeric compounds.

The inhibitory effect of DHPI, an isoeugenol-dimer on NF-jB activation, was
the most potent, followed by curcumin, bis-ferulic acid, and BHA-dimer.

Quantum chemical calculation might provide a closer insight into the molecular
mechanisms of anti-inflammatory activity. The electronegativity (v = − (EHOMO +
ELUMO)/2) and chemical hardness (η = (ELUMO − EHOMO)/2) principle can be
applied at the level of ligand-receptor binding in order to predict the genotoxicity
and carcinogenicity of various chemicals [55]. The molecular v is first equalized
with that of the receptor, leading to selection of a molecular fragment with v
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complementary to that of the receptor, or adjustment of the receptor pocket to fit
with the ligand v. From these hypotheses, it is assumed that the Cox-2 enzyme and
NF-jB proteins activated by pro-inflammatory stimuli such as LPS, ROS, and
bacterial fimbriae may be controlled by the v value of phenolic antioxidants such as
biphenols and polyphenols. In a similar context, the x value (x = v2/2η) in par-
ticular has been used for electrophilic ranking of reactive compounds, as it seems to
be related to both biological effects and the reactivity of unsaturated compounds
with nucleophilic additions [56, 57]. Therefore, the x value may be highly appli-
cable for estimating the inhibitory effect of eugenol-related compounds on Cox-2
expression [3]. The x value may be related to the anti-inflammatory activity of
these compounds because v and η are key indicators of the overall reactivity of the
molecules.

For monophenols, the x values for eugenol, isoeugenol, guaiacol, MMP, BHA,
4-allylphenol, and DHDI were 1.13, 1.66, 1.16, 1.12, 1.40, 0.95, and 1.64 eV,
respectively, whereas those for eugenol-dimer, MMP-dimer, and BHA-dimer were
1.69, 1.62, and 2.15 eV, respectively, and those for curcumin, magnolol, honokiol,
and 2,2′-biphenol were 4.65, 2.36, 2.45, and 2.10 eV, respectively [3, 9, 23]. Note that
thex values for monophenols lie within the one-electron oxidation pathway, whereas
those for dimers lie within the two-electron oxidation pathway. Curcumin had the
largest x value, followed in order by magnolol, honokiol, BHA-dimer, and 2.2′-
biphenol. Curcumin with the highest x value showed efficient anti-inflammatory
activity. However, despite the potent anti-inflammatory activity of DHDI, this
compound did not have a high x value, and therefore, the activity of DHDI may be
attributable to other factors such as the formation of dimeric compounds. Further
studies to clarify the molecular mechanism of DHDI will be necessary.

4 Role of Eugenol in Chronic Diseases

Extensive research has demonstrated the mechanism by which persistent oxidative
stress can lead to chronic inflammation, which in turn could cause many chronic
diseases such as cancer, type-2 DM, stroke, obesity, arthritis, and others. Oxidative
stress is defined as a disturbance in the balance between the production of ROS and
antioxidant defenses through elimination by protective mechanisms [4]. ROS play a
central role both upstream and downstream of the NF-jB and TNF-a pathways,
which are located at the center of the inflammatory response. Chronic diseases are
radical-mediated, and eugenol and its related compounds scavenge free radicals and
help reduce the incidence of oxidative stress-induced damage, thus preventing
chronic inflammatory diseases. We have been actively searching for phytophenol
antioxidants that might have preventive effects against chronic periodontal disease
(PD) and other oral diseases, including cancers, in view of the possible link between
such oral diseases and systemic diseases.
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For this purpose, we have investigated the anti-inflammatory activity of eugenol
and its related compounds in vitro using RAW264.7 cells stimulated with LPS or Pg.
fimbriae. Chronic PD is induced by an inflammatory host immune response to Pg
pathogenic bacteria. LPS and Pg fimbriae produce large amounts of ROS and damage
both the gingival tissue and alveolar bone [58]. Eugenol at relatively high concen-
trations inhibited Cox-2 expression in RAW264.7 cells stimulated with LPS or Pg
fimbriae, and some eugenol-related compounds exerted potent anti-inflammatory
activity at relatively low concentrations (Table 2). In another study, eugenol
dose-dependently inhibited the receptor activator of NF-jB ligand (RANKL)-
induced formation of multinucleated osteoclasts and tartrate-resistant acid phos-
phatase (TRAP) activity in RAW264.7 macrophages [59]. The therapeutic role of
eugenol for chronic inflammatory diseases will be discussed in the following sections.

5 Biological Activities of Eugenol in Animal Models

Studies to demonstrate the chemopreventive efficacy of eugenol against free
radical-mediated chronic diseases in vivo have been limited [60]. Some anticancer
studies using chemically induced tumor models have been reviewed. Skin tumors
were initiated by the application of 7,12-dimethylbenzanthracene (DMBA) and
promoted by 12-o-tetradecanoylphorbol-13-acetate (TPA). Initiation with DMBA
led to significant upregulation of p53 expression with a concomitant increase in p21
(WAF1) levels in epidermal cells, indicating induction of DNA damage. However,
pretreatment with eugenol led to overexpression of these genes, which probably
helped stimulate apoptosis of the damaged cells. Eugenol inhibited the activation of
NF-jB and markedly protected against chemically induced skin cancer [61].

Also, eugenol exhibited chemopreventive effects against N-methyl-N′-
nitro-N-nitrosoguanidine (MNNG)-induced gastric carcinogenesis in Wistar rats, as
determined by the analysis of markers of apoptosis, invasion, and angiogenesis.
Administration of eugenol induced apoptosis via the mitochondrial pathway by
modulating the Bcl-2 family proteins, Apaf-1, cytochrome c, and caspases, and by
inhibiting invasion and angiogenesis, as evidenced by changes in the activities of
their markers. Administration of eugenol significantly reduced the incidence of
MNNG-induced gastric tumors by suppressing NF-jB activation and modulating
the expression of NF-jB target genes that regulate cell proliferation and survival.
Eugenol is an attractive candidate for the prevention of tumor progression [46].
Another report has indicated that thioacetamide (TA)-induced hepatic injury in
adult Wistar rats was suppressed by eugenol. Eugenol pretreatment prevented liver
injury by decreasing cytochrome P4502E1 (CYP2E1) activity, lipid peroxidation
indices, protein oxidation, and inflammatory markers. Eugenol pretreatment pre-
vented DNA strand breaks induced by TA. Increased expression of the Cox-2 gene
induced by TA was also abolished by eugenol [62]. These studies demonstrated that
eugenol inhibits the upstream signaling molecule, NF-jB and NF-jB-regulated
genes, and markedly protects against chemically induced breast, skin, gastric, or
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hepatic cancer, possibly by virtue of its anti-proliferative, anti-inflammatory, and
antioxidant activities.

On the other hand, both transition metals and radicals are well known to play key
roles in a number of chronic diseases. Many natural products such as, ascorbic acid,
a-tocopherol, and GSH are also known to possess both metal-chelating and
radical-scavenging properties. Eugenol can also bind the transition metal ion, Zn2+

[3]. Zn is an essential component of numerous proteins involved in defense against
oxidative stress, and deficiency of Zn may enhance DNA damage via impairment of
DNA repair mechanisms. Additionally, Zn has an impact on the immune system
and possesses neuroprotective properties [63]. Zn insufficiency has been associated
with vulnerability to development of many tumors, whereas conversely, Zn treat-
ment can inhibit tumor development. The fact that eugenol efficiently inhibits
chemically induced tumorigenesis in animal models may be related to its simul-
taneous metal-chelating and radical-scavenging properties. Intrinsically, eugenol
with Zn may be incorporated into the cellular bilayer due to the high liphophilic
activity of eugenol. Pretreatment and administration of eugenol may help to protect
the cells, tissues, and organs from damage due to tumor invasion and angiogenesis.

It has been reported that in male C57BL/6 J mice with hyperglycemia induced
by a high-fat diet (HFD), eugenol significantly inhibited glucagon-induced glucose
production and enhanced adenosine monophosphate (AMP)-activated protein
kinase (AMPK) phosphorylation in HepG2 cells and primary rat hepatocytes. In an
animal study, plasma glucose and insulin levels of eugenol-treated mice were
decreased by 31–63 % in comparison with HFD controls. Eugenol effectively
ameliorates hyperglycemia through inhibition of hepatic gluconeogenesis by
modulating the calcium calmodulin kinase kinase (CAMKK)-c-AMP-response
element-binding protein (AMPK-CREB) signaling pathway [64].

It has been considered that dehydrodiisoeugenol (DHDI) may effectively ame-
liorate hyperglycemia [65]. Type-2 DM is caused by a combination of insulin
resistance and pancreatic b cell insufficiency. One of the receptor targets for the
treatment of Type-2 DM is peroxisome PPARc, which is a master ligand-activated
transcription factor belonging to the nuclear receptor family. One potent anti-DM
drug is a high-affinity agonist of PPARc [66], bearing hydrogen bond donor and
acceptor groups for interacting with threonine (Thr) 473. Thus, Thr 473 might be a
critical site of interaction between the PPARc ligand-binding domains and its
agonists. A molecular modeling study has shown that DHDI exerts anti-DM
activity in vitro [65].

Eugenol is well known to have antimicrobial, antinociceptive, and antiviral
activities [1] and is effective for prophylaxis and treatment of vaginal and oral
candidiasis in immunosuppressed rats [67, 68]. Thus, eugenol exerts anti-
tumorigenic, anti-hyperglycemic, or immunosuppressive activity against chronic
diseases in animal models. However, no well-controlled clinical studies of eugenol
in human patients with various chronic diseases have yet been performed.
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6 Biological Activities of Eugenol in Humans

Eugenol in cloves has been used to prevent infection and reduce pain and was
approved in monographs of the expert panel German Commission E published
between 1983 and 1993. Eugenol is widely used as the liquid constituent of zinc
oxide eugenol (ZOE) chelate cement and 2-ethoxybenzoic acid (EBA)-modified
ZOE cement in dentistry. ZOE has been used for pulp capping, root canal filling,
and as an impression and surgical pack material. ZOE has been used as standard
cement for fillings in dental work [3]. Although early evidence suggests that ZOE
has promise for use in dentistry, its use as an impression material and surgical pack
material is limited due to its weak allergenicity [69]. Eugenol is generally
non-allergenic, although in sensitized individuals it may cause a range of tissue
reactions from low-grade local to systemic. Low concentrations of eugenol are well
known to exert local anti-inflammatory, antiseptic, and anesthetic effects on dental
pulp. A eugenol-containing zinc oxide gel has been used as an intra-pocket delivery
system for treatment of periodontitis. The gel can release eugenol into the gingival
pocket at a very low concentration to prevent bacterial infection [70]. Also, eugenol
may have antibacterial effects that are beneficial for dental hygiene, being included
in materials such as toothpastes and mouthwashes. Since isoeugenol has potent
allergenicity, isoeugenol-related compounds were evaluated by patch testing in
2262 patients, demonstrating a high degree of concomitant reactivity [71].
Reduction of sensitization potency achieved by dimerization of isoeugenol may
lead to development of safer cosmetic ingredients. In the guinea pig maximization
test, isoeugenol, the dimer beta-O-4-dilignol, and another dimer DHDI were clas-
sified as having extreme, weak, and moderate allergenicity, respectively [72]. These
dimers may be promising candidates for cosmetic ingredients with a low sensiti-
zation risk, but no clinical trials have yet been performed. By contrast, isoeugenol
acetate is present in perfumes, aftershaves, etc., but may cause contact allergy in
isoeugenol-sensitized individual [73]. Many eugenol-related compounds are aller-
genic themselves, but are activated in the skin (e.g., metabolically) or before skin
contact (e.g., via air oxidation) to form skin sensitizers [74]. Although many studies
have investigated the use of eugenol for preventing chronic diseases in in vitro and
animal models, the therapeutic use of eugenol in humans still remains unexplored.

7 Conclusions

We have presented the results of our experiments to determine the antioxidant,
anti-proliferative, and anti-inflammatory activities of eugenol and its related com-
pounds and discussed the molecular basis of their action when used for the pre-
vention of chronic diseases on the basis of experimental antioxidant parameters and
theoretical parameters with reference to the recent literature. Eugenol and its related
compounds prevent free radical-induced chronic diseases due to their efficient

Eugenol and Its Role in Chronic Diseases 61



antioxidant activities (as a chain-breaking antioxidant). Also, eugenol exerts
anti-inflammatory activities in in vitro and animal models through suppression of
pro-inflammatory cytokines such as NF-jB, TNF-a, and ILs. Eugenol and its
related compounds, particularly their dimers, may have beneficial effects in the
prevention of various chronic diseases.
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Catechins and Its Role in Chronic Diseases

Yohei Shirakami, Hiroyasu Sakai, Takahiro Kochi, Mitsuru Seishima
and Masahito Shimizu

Abstract The mechanisms of action of polyphenols have attracted much attention.
Catechins are generally known as tea polyphenols. Researchers have extensively
investigated the molecular mechanisms of these substances, especially (−)-epi-
gallocatechin gallate of green tea catechin, and have provided new insights in the
prevention and therapy for chronic diseases. This chapter summarizes catechins and
their effects on chronic diseases, including metabolic syndromes, cardiovascular
diseases, neurodegenerative diseases, and cancer, focusing on the effects of green
tea catechins.

Keywords Catechin � Green tea � Cancer � Chemoprevention � Obesity �
Metabolic syndrome � Cardiovascular disease � Neurodegenerative disease

1 Introduction

Catechins are generally known as tea polyphenols. Tea, produced from the plant
Camellia sinensis and brewed from its dried leaves, is one of the most widely
consumed beverages throughout the world; three major types of tea are consumed
globally: green, black, and Oolong teas. Green tea is usually consumed in Asian
countries, while black tea is dominant in Western countries. Green, black, and
Oolong teas are processed differently during manufacturing. Green tea is produced
by drying and steaming fresh green tea leaves by hot steam to inactivate oxidation
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of polyphenols and to prevent fermentation. Therefore, green tea is known as
“non-fermented” tea. Tea leaves from black or Oolong teas are fully or partially
fermented, respectively [1]. Compared to black and Oolong teas, green tea pos-
sesses a large amount of green tea catechins (GTCs), which are major polyphenols
in green tea [2]. A cup of green tea with 2 g of tea leaves in 200 mL of hot water
usually contains 500–700 mg of dry materials, of which 30–40 % are catechins [3].
The four major catechins are (−)-epigallocatechin gallate (EGCG), (−)-epigallo-
catechin (EGC), (−)-epicatechin gallate (ECG), and (−)-epicatechin (EC) [4].

Inflammation and oxidative stress are considered to be major causes of various
chronic diseases [5, 6]. Various epidemiological studies have demonstrated that tea
exerts beneficial effects on human health and that consumption of tea is related to
decreased incidence of various chronic diseases [7]. Reported health benefits of tea
consumption include antioxidation, anti-inflammation, prevention of cancer, pre-
vention of obesity, and reduced risk of heart disease. Various experimental studies
in animal models have also indicated that tea, especially green tea, or its con-
stituents suppress the development of various diseases [8]. Therefore, the possible
effects of tea on health promotion have received much attention and are still being
extensively examined.

This chapter summarizes catechins and their effects in chronic diseases, focusing
on the effects of GTCs, especially EGCG, on metabolic syndromes, cardiovascular
diseases, neurodegenerative diseases, and cancer.

2 Physicochemical Properties of Catechins

Among the four major catechins, EGCG is the most abundant, accounting for
approximately 70 % of the total catechins in tea, followed by EGC, ECG, and EC
[4]. Figure 1 shows the structures of EGCG. There are smaller quantities of GTCs,
including gallocatechin gallate, gallocatechin, catechin gallate, catechin, epigallo-
catechin digallates, epicatechin digallate, 3-O-methyl EC, 3-O-methyl EGC, and

Fig. 1 Chemical structure of
(–)-epigallocatechin-3-gallate
(EGCG)
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afzelechin. Flavonols and caffeine are also present in tea [9, 10]. Catechins possess
antioxidant activities because of their ability to neutralize free radicals. Among tea
catechins, ECG has the strongest potency as a radical scavenger, followed by
EGCG, EGC, EC, and catechin [11, 12]. The metal-chelating properties of GTCs
also contribute to the antioxidant effects [11]. The antioxidant properties are attri-
butable to the phenolic groups, the molecular structures of which are sensitive to
oxidation and can generate quinones. The antioxidative activity is enhanced by the
presence of the trihydroxyl structure in the D-ring in EGCG [13, 14].

As a large number of natural phenolic compounds exhibit antioxidant and cell
protective effects in cell culture models, the antioxidant property of catechins is
considered to be highly beneficial to human health [15, 16] as it increases the
activities of important detoxifying enzymes [17]. Reactive oxygen species
(ROS) are markers for oxidative stress and are key agents in regulating cell sig-
naling by acting as secondary messengers [18]. Generation of ROS plays an
important role in physiological processes and can activate endogenous defense
systems, while excess production of ROS induces cytotoxicity and various diseases
and conditions, including arteriosclerosis, cancer, and aging.

Catechins appear to be able to generate as well as scavenge free radicals and
show their beneficial effects due to a combination of both mechanisms [19, 20].
Previous studies have reported the oxidative effects of catechins, indicating that
catechins possess a dual function of antioxidation and pro-oxidation, depending on
the dose, administration duration, and interaction with other dietary contents [11].
The pro-oxidant activity is thought be attributable to the catechin–quinone redox
system. The antioxidant efficacy of catechins is exerted through various mecha-
nisms: scavenging ROS, chelating metal ions, inducing antioxidant enzymes,
inhibiting pro-oxidant enzymes, and producing phase II detoxification enzymes and
antioxidant enzymes [21].

GTCs are absorbed in the small intestine, but large quantities of catechins reach
the large intestine because of the low absorption rate of the small intestine. Previous
reports have indicated that less tea constituents were observed in the plasma
compared to the total amount ingested orally. This has been investigated in a study
where only 0.2–2.0 % of the ingested amount of tea catechin was detected in the
plasma [22]. The low bioavailability of catechins may be owing to their short
half-life, which ranges from 1.87 to 4.58 h for a dose of 50–1600 mg (approxi-
mately 0.7–23 mg/kg body weight, based on a body weight of 70 kg) [23]. The
pharmacokinetics of catechins, including EGCG, have been revealed in several
clinical investigations in healthy subjects. The serum level of EGCG reaches 1 lM
after consumption of a cup of green tea [24]. Orally administered 1600 mg of
EGCG led plasma concentrations higher than 1 lM, with peak concentrations from
1.3 to 2.2 h. The plasma kinetics and safety of multiple-dose administration of
EGCG mixed with other green tea catechins, called polyphenon E, was evaluated
by Chow et al. [25]. In this study, 400 and 800 mg of EGCG were administered
once and twice a day for more than four weeks; the results indicated that peak
plasma concentrations of EGCG was at a high nano-molar range and that chronic
intake increases bioavailability. Varied responses are obtained to EGCG or other
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catechins in different human populations because of genetic polymorphisms in the
enzymes involved in polyphenol metabolism.

3 Modulation of Cell Signaling Pathways by Catechins

In previous investigations, a number of specific phytochemicals, including cate-
chins, have been identified to exert anticancer effects in experimental systems [26].
Various mechanisms of action of catechins against cancers have been extensively
examined, including anti-inflammatory and antioxidation, induction of drug
metabolizing and detoxifying enzymes, promotion of DNA repair, and modulation
of tumor suppressor genes [27]. In addition, recent studies have revealed that GTCs,
especially EGCG, exert an anticancer effect by regulating several types of receptor
tyrosine kinases (RTKs) and their downstream signaling pathways, which are
associated with gene expressions involved in cell proliferation, angiogenesis, and
apoptosis [8, 26, 28, 29]. In this section, catechin-modulated cell signaling path-
ways are summarized focusing on signaling against cancer. Among them, major
signaling pathways are shown in Fig. 2. Other pathways altered by catechins are
also described.

GTCs, especially EGCG, have been extensively investigated and are reported to
exhibit various anticancer effects, such as induction of apoptosis and cell-cycle
arrest, inhibition of NF-jB, suppression of cyclooxygenase-2 (COX-2) overex-
pression, and inhibition of the activation of various types of RTKs [15, 30–36].
Regulation of the apoptotic process is a critical step in the prevention or treatment
of cancer. Apoptosis is known to play a significant role in eliminating precancerous
and cancer cells and function as protective mechanisms against cancer [37]. Cell
experiment researches have shown that EGCG is capable of inhibiting the growth of
various types of mouse and human cancer cells through induction of apoptosis [38,
39]. Shanker et al. [40] have reported that treatment of human pancreatic cancer
cells with EGCG induces apoptosis through ROS generation and activation of
caspase-3 and caspase-9 and that EGCG also regulates the expressions of cyclin
D1, cdk4, p21CIP1, and p27KIP1, which induce cell-cycle arrest during the G1 phase.
EGCG in combination with other tea polyphenols has also been reported to inhibit

Fig. 2 Modulation of cell signaling pathways by catechins
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cellular growth via cell-cycle arrest at the G2/M phase in human lung cancer cells
[41]. In addition, it is reported that EGCG treatment increases the proportion of
cancer cells during the G1 phase, decreases cyclin D1, and increases p21CIP1 and
p27KIP1 in head and neck squamous cell carcinoma (HNSCC) cell lines [32]. In
another study using human colon cancer cells, treatment with EGCG increases the
number of cells in the G1 phase, decreases cyclin D1 and Bcl-xL, and increases
caspase-3 and caspase-9 activities [35]. Moreover, an in vivo-based examination
employing azoxymethane (AOM)-induced colon carcinogenesis model has
demonstrated that orally administered EGCG decreases the level of cyclin D1
protein in colonic mucosa, leading to a significant suppression of colon precan-
cerous lesions [42].

Cyclooxygenase-2 (COX-2) expression is controlled by many factors, including
mitogens, tumor promoters, cytokines, and growth factors, and overexpression of
COX-2 has been noticed in a variety of premalignant and malignant conditions
[43]. Previous studies have indicated that EGCG suppresses mitogen-stimulated
COX-2 expression in human prostate carcinoma cells [44] and decreases the
expression of COX-2 in human mammary and colon cancer cells [34, 45]. In
addition, Peng et al. have found that the suppressive effects of EGCG on COX-2
expression may be due to the down-regulation of COX-2 promoter activity through
inhibition of nuclear factor kappa B (NF-jB) activation [46].

NF-jB, known as a nuclear transcriptional factor, is considered to be closely
associated with inflammation and cancer development [47]. EGCG treatment can
inhibit NF-jB activation in human HNSCC and breast cancer cells [30]. Treatment
with EGCG also down-regulates NF-jB by inducing kinase expression in human
lung cancer cells [48]. Nuclear translocation of NF-jB induces the activation of
NF-jB, which is associated with the suppression of cellular apoptosis and induction
of proliferation, invasion, transformation, metastasis, and inflammation. Gupta et al.
[49] have reported that EGCG is capable of reducing nuclear translocation of
NF-jB in epidermoid carcinoma cells in a dose- and time-dependent manner.
EGCG is also shown to inhibit nuclear translocation of NF-jB p65 subunit and
degradation of IjB-a [50].

Receptor tyrosine kinases (RTKs) play essential roles in various fundamental
cellular processes. Their overexpression or constitutive activation is observed in
various types of diseases, including cancers. Previous studies have revealed that
RTKs and their downstream signaling, such as Ras/ERK and PI3K/Akt signaling
pathways, regulate the expression of various target genes associated with cellular
proliferation and apoptosis [51, 52]. Premalignant and malignant cells tend to
exhibit inappropriate activation of RTKs through mutation or overexpression [53,
54]. Among the RTK superfamily, the epidermal growth factor receptor (EGFR)
family includes four members: EGFR (erbB1), HER2 (neu/erbB2), HER3
(neu/erbB3), and HER4 (neu/erbB4). Insulin-like growth factor-1 receptor
(IGF-1R) and vascular endothelial growth factor receptor (VEGFR) are also
involved in other RTK subgroups. Abnormalities in certain RTKs, especially
EGFR, IGF-1R, and VEGFR2, are thought to be significantly associated with the
acquisition of malignant properties [53–55]. Recently, RTKs are considered to be
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possible targets of GTCs against malignancy [15, 28]. A previous important study
has been carried out to observe the effects of EGCG on the activation of receptor
HER2 in human HNSCC and breast cancer cells, indicating that treatment with
EGCG inhibits tyrosine phosphorylation of HER2 and cellular growth [31].
Another study has been performed to investigate the effects of EGCG on the
receptor HER2-overexpressing breast cancer cells, and the findings show that
EGCG decreases the activation of basal HER2 and reduces downstream signaling
pathways [56]. EGCG treatment inhibits the activation of EGFR and HER3 as well
as HER2 and their downstream signaling in various human cancer cell lines [30, 32,
35]. The researchers have also reported that treatment with EGCG, alone or com-
bination with other GTCs, reduces phosphorylation of EGFR and HER2, leading to
decreased downstream signaling pathways, such as ERK and Akt [35]. The effect of
GTCs, including EGCG, on other RTKs family has also been well examined and
documented. The development of prostate cancer and its metastatic lesions are
suppressed by the administration of GTCs, at a 0.1 % concentration in drinking
water, in a rodent prostate cancer model [57]. This treatment induces decreased
IGF-1 levels and restoration of IGF binding protein-3 (IGFBP-3) levels, which are
associated with reduced levels of PI3K and phosphorylated forms of Akt and ERK
[57, 58]. Other in vivo experimental results reported by Shimizu et al. showed that
drinking EGCG decreases serum IGF-1 levels and increases serum IGFBP-3 levels
in AOM-induced colon carcinogenesis model, which appears to suppress the
development of colon precancerous lesions [42]. In this study, the researcher also
showed down-regulated levels of both total and activated IGF-1R in colonic
mucosa. Decreased levels of IGF-1 and IGF-1R by EGCG treatment are demon-
strated in a cell experiment as well using human colon cancer and hepatoma cells.
These studies have together shown that EGCG exerts an inhibitory effect on the
IGF/IGF-1R axis [33, 59].

The effects of EGCG on the VEGF/VEGFR axis have also been studied. Masuda
et al. [30] have indicated that in human cancer cell lines, VEGF production is
suppressed by treatment with EGCG through down-regulating activation of signal
transducer and activator of transcription (STAT)-3 and NF-jB. Other studies have
been carried out to determine that EGCG reduces VEGF expression and activation
of VEGFR2, ERK, and Akt, leading to the suppression of xenograft growth in mice
generated from human cancer cells [60, 61]. In addition, EGCG treatment inhibits
phosphorylation of both VEGFR1 and VEGFR2 and induces apoptosis in B cell
chronic lymphocytic leukemia cells [62].

The mechanism action of EGCG on cell signaling pathways has not been
completely characterized and elucidated. As one possible mechanism, the 67-kDa
laminin receptor has identified as a cell surface receptor for EGCG, which responds
to EGCG in various cancer cells during physiological concentrations [63].
Detergent-insoluble ordered plasma membrane domains have also identified as
another promising target of EGCG for its activity, especially those associated with
RTKs. The membrane domains are known as “lipid rafts,” which play a vital role as
signal processing hubs of RTKs. Adachi et al. [64, 65] have demonstrated that
EGCG alters the lipid organization in the cell membrane, induces internalization of
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EGFR into endosomes, and prevents ligands from binding to EGFR. The degra-
dation of EGFR following its internalization is induced by the phosphorylation of
the receptor at serine 1046/1047, which is associated with the activation of p38
MAPK caused by EGCG [66]. Because most RTKs function on lipid rafts, this
suggested mechanism for EGCG activity is considered to account for the ubiquitous
effects of EGCG in the regulation of the expressions and signaling pathways of
various types of RTKs.

GTCs are also known to have anti-obesity potential, which have been investi-
gated in cell culture, animal, and human subjects. The activities of catechins against
obesity may be as follows: inhibition of pre-adipocyte differentiation, decrease in
lipogenesis and adipocyte proliferation, and promotion of lipolysis and adipocyte
apoptosis [67]. Peroxisome proliferator-activated receptor gamma (PPAR-c) and
CCAAT/enhancer-binding protein alpha (C/EBPa) are two key regulators of adi-
pocyte differentiation, which regulate the expression of genes related to adipoge-
nesis and lipogenesis. The expression levels of PPAR-c and C/EBPa are inhibited
by EGCG treatment; this may be due to the activation of adenosine
monophosphate-activated protein kinase (AMPK) in 3T3L1 adipocytes [68].
EGCG has also been reported to induce G2/M growth arrest in mature 3T3L1
adipocytes [68] and to up-regulate the levels of uncoupling protein-2, a key protein
for thermogenesis [69].

4 Biological Activities of Catechins in Animal Models

EGCG is the most abundant catechin in green tea infusions and possesses highest
antioxidant activity compared to other catechins [70]. Therefore, EGCG has
attracted the most attentions among catechins in the medical chemistry field. This
section summarizes animal studies and the inhibitory effects of catechins, especially
EGCG on metabolic syndrome, tumorigenesis, cardiovascular disease, and neu-
rodegenerative diseases. These are shown in Table 1.

Metabolic syndrome consists of abdominal obesity, hyperglycemia, elevated
blood pressure, and dyslipidemia. EGCG have been shown to exert preventive
effects against such disorders. Bose et al. [71] have publicized that supplementation
with dietary EGCG treatment of high-fat-diet-fed mice for 16 weeks reduces body
weight and percent body fat and visceral fat weight compared to control mice,
accompanied by increased fecal lipids, attenuated insulin resistance, plasma
cholesterol, and monocyte chemoattractant protein concentrations. It has been
reported that administration of EGCG has prevented the progression to glucose
intolerance in genetically obese and diabetic C57BL/KsJ-db/db (db/db) mice via
preservation of the islet structure [72]. In a rat model, Snoussi et al. [73] have
reported that the EGCG decoction improved glucose tolerance and reduced weight
gain of high-fat-induced obesity due to reduction in intestinal SGLT1/GLUT2 ratio,
which is indicative of the regulation of glucose absorption in enterocytes and
enhancement of adipose GLUT4. The preventive role of EGCG against obesity and
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its related disorders, especially hypercholesterolemia and hyperglycemia, is also
described [74]. In addition, the beneficial properties of EGCG against hypertension
have been reported using spontaneously hypertensive rats, where EGCG improved
endothelial function and insulin sensitivity and reduced blood pressure through
nitric oxide (NO) production from the endothelium using PI-3-kinase pathway [75].

Inhibition of tumorigenesis at different organ sites, including the oral cavity,
esophagus, stomach, small intestine, colon, liver, lung, skin, prostate, and bladder,
has been reported in many laboratories worldwide and has been previously
reviewed [76, 77]. Reports have demonstrated that green tea suppresses chemically
induced oral carcinogenesis in a hamster model [78], esophageal tumorigenesis in a
rat model [79], and that EGCG inhibits carcinogen-induced tumorigenesis in rat
stomach [80]. In ApcMin/+ mice that develop a number of adenomas in the intestine
by the same mechanism or process as seen in humans, EGCG inhibits intestinal
tumorigenesis through increase in E-cadherin levels in the cell plasma membrane as
well as decrease in nuclear b-catenin, c-Myc, phosphorylated-Akt and
phosphorylated-Erk levels in tumors [81]. Shirakami et al. [82] have reported that
administration of EGCG and polyphenon E, a mixture of GTCs, attenuate
inflammation-related mouse colon carcinogenesis induced by AOM and dextran
sodium sulfate. Kochi et al. [83] demonstrated that supplementation of EGCG
suppressed colitis-associated colon carcinogenesis using Kyoto Apc Delta rat, a
novel adenomatous polyposis coli mutant rat strain.

Recently, metabolic syndrome has been recognized as major risk factors for the
development of certain carcinoma including the colon and liver [84, 85]. Shimizu
and colleagues have shown that EGCG is available to attenuate obesity-related
carcinogenesis using db/db mice in the colon [42] and liver [86]. Consumption of
green tea has also shown to inhibit chemically induced lung carcinogenesis in A/J
mice [87] and hamsters [88]. Oral administration of tea suppresses UVB-induced
skin tumorigenesis, which is closely associated with lowered level of tissue fat in
SKH-1 hairless mice [89]. In transgenic mice, which spontaneously develop
prostate cancer, supplementation with GTCs prevents prostate tumor progression
accompanied by clusterin overexpression [90]. Moreover, the preventive effects of
GTCs on chemically induced urinary bladder tumorigenesis in Wister rats have
been documented [91].

GTCs have been shown to exert preventive effects against cardiovascular dis-
eases. Oxidative stress and ROS are involved in endothelial dysfunction and pro-
gression to atherosclerosis and injury in sustained myocardial infarctions [92]. The
major vasoprotective molecule produced by endothelial cells is NO, which is
involved in the relaxation of blood vessels. The effects of GTC on the modulation
of the production of endothelial NO synthase (eNOS) and NO in in vivo experi-
ments are demonstrated. In stroke-prone spontaneous hypertensive rats, consuming
green tea polyphenols attenuates increase in blood pressure through attenuation of
oxidative stress [93]. The oxidation of LDL and subsequent infiltration into the
subendothelium is the initial event in the generation of atherosclerotic plaques. In
ApoE-deficient mice that show accumulation of cholesterol-rich remnants in the
plasma and arteriosclerosis, administration of EGCG prevents the development of
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atherosclerosis and decreases aortic cholesterol and triglyceride levels [94]. In
addition, EGCG is capable of attenuating cardiac hypertrophy, increasing left
ventricular systolic dimensions, and deterioration in systolic functions in an
aorta-constricted rat model [95]. Moreover, EGCG has shown to exert protective
effects on ischemic/reperfusion injury in isolated rat hearts via antioxidant
anti-apoptotic activities [96].

Oxidative stress and ROS are implicated in senescence and related dysfunctions
[97]. GTCs have been shown to exert suppressive effects against morphologic and
functional regression in the brain [98] and memory regression in aged mice with
accelerated senescence [99]. Oxidative stress is also strongly related to ischemic
stroke [100]. Although it is not fully elucidated whether catechins pass through the
blood-brain barrier or not, EGCG has been reported to exert protective effects
against neuronal damage after ischemia using gerbils [101–103]. It has also been
documented that inhibitory effects of EGCG on b-amyloid, involved in Alzheimer’s
disease, induce cognitive dysfunction in ICR mice and modulate amyloid precursor
protein cleavage and reduce cerebral amyloidosis in Tg APPsw mice [104].

5 Biological Activities of Catechins in Humans

Tea polyphenols are basic tea constituents and have physiological properties, including
antioxidant and anti-inflammatory activities [105, 106]. In particular, GTCs, the major
polyphenolic components of green tea, have strong antioxidant activity and prevent
ROS formation [107]. In addition, the anti-inflammatory property of GTCs has been
demonstrated in recent experimental animal studies [82, 108–110], which are also
described in a previous section. Here, the oxidative stress and inflammation are thought
to be associated with the pathogenesis of chronic diseases, including metabolic syn-
drome (MetS), cardiovascular diseases (CVDs), neurodegenerative diseases [111], and
malignant diseases [5, 6], indicating that GTCs can improve or prevent these chronic
disorders. Accumulating evidence from clinical studies has demonstrated that the
consumption of green tea, the most optimal source of catechins among the food
products [112], yielded beneficial effects on metabolism, cardiovascular system, neu-
rodegenerative diseases [113, 114], and cancer [5, 6]. In this section, we summarize the
beneficial role of catechins, especially GTCs, on chronic human diseases by reviewing
recent clinical studies.

Obesity is serious health problems worldwide and leads to various
obesity-related disorders, including diabetes mellitus and MetS [115], indicating
that obesity is a critical therapeutic target for the prevention of these metabolic
disorders. The effects of green tea consumption on body weight and biomarkers of
MetS have been studied in many randomized controlled trials (RCTs) during the
past decade. A meta-analysis of 11 randomized trials has reported the beneficial
effects of green tea consumption in improving obesity and the features of MetS
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[116]. A recent RCT with 35 obese subjects has indicated that daily supplemen-
tation of 870 or 928 mg of GTCs for 8 weeks significantly reduces body weight
and lipid peroxidation compared to the control group [117]. In other RCTs, GTC
supplementation to obese individuals reduces not only body weight but also the
waist circumference [118–121]. Moreover, a retrospective cohort study of 17,413
Japanese adults has reported that daily consumption of more than six cups of green
tea lower the incidence of diabetes by 33 % [122]. Thus, a number of clinical
studies have reported the beneficial effects of GTCs in the improvement of obesity
and its related metabolic disorders, including diabetes and MetS. However, not all
human studies have demonstrated positive results for obesity-related measures. In
contrast to the above-mentioned beneficial effects, several clinical trials have
reported that the consumption of green tea or GTCs does not cause changes in body
weight, body mass index, fat mass, energy and fat metabolism, and LDL cholesterol
levels [123–126]. Therefore, the effects of GTCs on human obesity remain con-
troversial. The discrepancies among these clinical studies may result from differ-
ences in the length of the study and characteristics of the study subjects, such as
extent of obesity, dietary intake, physical activity intensity, genetic background of
the populations, body composition, and dietary habits [115]. Therefore, more
well-controlled, long-term human studies are needed to confirm the positive effects
of GTCs on obesity in humans.

It is reported that obesity and MetS are one of the risk factors for CVDs [127,
128]. As demonstrated above, recent clinical studies have reported that the con-
sumption of green tea or GTCs not only reduces body weight, abdominal fat mass,
and LDL cholesterol levels, but also improves hypertension and insulin resistance
[129, 130], indicating that GTCs may prevent the emergence of CVDs. A large
cohort study in Japan (n = 40,530) has reported that CVD-related death are
decreased dose-dependently by green tea consumption [131]. Besides, in another
trial with 76,979 Japanese adults, green tea consumption is associated with lower
mortality in patients with CVDs [132]. Thus, drinking green tea is considered to be
beneficial for the prevention of CVDs. Interestingly, a meta-analysis of 18 clinical
trials has demonstrated that a reduced risk of coronary artery disease observed in
subjects treated with green tea is not confirmed in subjects treated with black tea
[133]. Moreover, it is reported that only higher consumption of green tea (at least 7
cups per day) may have a prophylactic effect on CVDs [134]. Here, green tea
contains more catechins compared to black tea [134]. Furthermore, GTCs are
known to be the major polyphenolic components in green tea. Therefore, it is
considered that GTCs may have a beneficial effect in the prevention of CVDs.

Alzheimer’s disease (AD) and Parkinson’s disease (PD), which are neurode-
generative diseases, are the leading causes of mortality in the USA [135]. A recent
publication has demonstrated that oxidative stress and its related ROS generation
play a key role in the pathogenesis of neurodegenerative diseases [136].
Considering the antioxidative activity of GTCs, the consumption of green tea,
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especially GTCs, may protect the neurons from excess oxidative stress, resulting in
the inhibition of neurodegenerative diseases. Indeed, a cross-sectional study has
revealed that green tea consumption significantly reduced the risk of AD [137].
Moreover, a population study has reported that long-term consumption of tea has an
inverse correlation with the onset of PD [138]. Therefore, a number of clinical
studies have reported the beneficial effects of tea catechins in neurodegenerative
diseases. As shown by an epidemiological study [139], however, higher GTC
intake than the recommended daily allowance is needed for these beneficial effects.

Many researchers have extensively examined the effects of drinking green tea on
the risk of cancer, including lung, esophagus, stomach, liver, pancreas, colon,
breast, and prostate. Only some of these investigations, however, have demon-
strated a protective effect of green tea against cancer. In addition, epidemiological
studies have not yet provided conclusive findings in order to confirm the chemo-
prevention of cancer by green tea consumption [76]. For instance, a meta-analysis
investigating the relationship between green tea intake and the risk for colorectal
cancer has reported that several case–control studies showed an inverse relationship
between green tea consumption and colorectal cancer risk, while other cohort
studies found no association [140]. On the other hand, cell experimental and animal
carcinogenesis studies have consistently indicated that GTCs, especially EGCG,
exert anticancer efficacy in a large number of malignant cases.

Several clinical trials have been conducted to investigate the cancer chemo-
preventive effects of tea catechins and EGCG. Among them, a double-blinded trial
has revealed that oral administration of mixed tea products for 6 months causes a
marked decrease in the size of leukoplakia, a precancerous lesion of the oral mucosa
[141]. Another randomized, double-blind, placebo-controlled study has found that
oral administration of 600 mg/day of GTCs for 12 months is able to suppress the
progression from high-grade prostate intraepithelial neoplasia to prostate cancer
[142]. On the other hand, no evidence of beneficial effects of tea catechins has been
provided in other interventional studies to examine the efficacy of green tea against
prostate cancer [143–145]. In a pilot study, the effects of administration of green tea
extracts (GTEs) on the development of colorectal adenoma, a precancerous lesion
in the colorectum, are investigated [146]. The participants are patients who have
undergone polypectomy for removal of colorectal adenomas. Researchers have
found that administration of 1.5 g/day of GTEs for 1 year successfully inhibits the
development of metachronous colorectal adenoma in comparison with an untreated
control group (Fig. 3). The study has also demonstrated that the size of recurrent
adenomas in the green tea extract-administered group was significantly smaller than
that in the untreated control group, and no adverse events are observed in the
treatment group. A similar clinical trial that is currently being planned and con-
ducted with a large sample size and longer observation period will provide con-
vincing evidence on the effect of GTE on recurrence of colorectal adenomas [147].
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6 Conclusions

In the research field for human diseases, the mechanisms of action of plant-derived
natural agents, such as polyphenols, have gained considerable attention.
Researchers have extensively investigated the molecular mechanisms of these
substances, especially EGCG of GTC, and have provided new insights in the
prevention and therapy for chronic diseases, including metabolic syndrome (MetS),
cardiovascular diseases (CVDs), neurodegenerative diseases, and malignant
diseases.

Although preventive and/or therapeutic efficacy of catechins on various diseases
is demonstrated in a number of cell experimental and animal studies, epidemio-
logical and interventional examinations do not always produce consistent results of
the effects of GTCs and EGCG. As described in previous sections, the bioavail-
ability and plasma concentration of GTCs following tea consumption are relatively

Characteristic GTE Group Control Group P

Total no. of patients 60 65 ̶

No. of patients with metachronous adenomas (%) 9 (15) 20 (31) < 0.05

Size of relapsed adenomas (mm), mean ±SD 3.0 ± 1.0 4.0 ± 1.3 < 0.001

(b)

1st Colonoscopy
(polypectomy)

2nd Colonoscopy
(confirmation of no polyp)

3rd Colonoscopy
(end-point)

0 12 24 months

Daily Green tea

Daily Green tea + GTE tablets

Control Group

GTE Group

(a)

Fig. 3 A pilot study investigating the chemopreventive effects of green tea extracts (GTEs) on
metachronous adenomas after endoscopic polypectomy. a Study protocol. The study included 136
participants who underwent endoscopic resection of colorectal adenomas. The participants
received another total colonoscopy in 12 months to confirm the absence of the remaining
detectable adenoma. Then the participants were randomized into two groups: The GTE group
(n = 71) was given three GTE tablets per day for 12 months, and the control group (n = 65)
received no supplement. After 12 months of GTE administration, a follow-up (end-point)
colonoscopy was conducted in 125 patients (60 in the GTE group and 65 in the control group) to
examine the presence of new adenomas. One tablet of GTE (500 mg), which contains 52.5 mg
EGCG, 58 mg of other types of GTCs, and 15.7 mg caffeine, is equivalent to approximately two
Japanese-size cups of green tea. b Effects of GTE supplementation on the incidence and size of
metachronous adenomas at the end-point observation by colonoscopy
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low, and researchers should consider this when reviewing the findings of in vivo
experimental and human clinical studies on the absorption, distribution, and
metabolism of tea catechins [148]. In fact, the concentrations of EGCG required to
exert biological effects are significantly higher in many cellular experiments than
the detected levels in plasma and tissue in human trials or experimental animal
studies [149]. Therefore, it still needs to be clarified whether the results obtained
from in vitro studies using EGCG can be directly extrapolated to those in experi-
mental animal and human studies. For obtaining higher serum concentrations of
GTCs, several trials have been carried out using increased doses of tea catechins in
non-traditional forms, such as pills and capsules [150]. Although there have been
case reports of adverse events by supplemented catechins, which include increased
gas production, nausea, heartburn, stomachache, abdominal pain, dizziness, and
hepatotoxicity [25, 150], GTCs can be considered as relatively safe phytochemicals
based on the long consumption history.

In order to understand the molecular mechanisms and recognized and newly
discovered effects of catechins on human diseases, future research should be con-
ducted to investigate the effect of GTCs in the prevention and treatment of human
chronic diseases in various organ sites. For the clinical application of catechins as
preventive and therapeutic agents, a greater number of well-designed epidemio-
logical and interventional studies should be performed to elucidate the activity and
mechanism in human subjects.
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Capsaicin and Its Role in Chronic Diseases

E.S. Fernandes, A.R.A. Cerqueira, A.G. Soares and Soraia K.P. Costa

Abstract A significant number of experimental and clinical studies published in
peer-reviewed journals have demonstrated promising pharmacological properties of
capsaicin in relieving signs and symptoms of non-communicable diseases (chronic
diseases). This chapter provides an overview made from basic and clinical research
studies of the potential therapeutic effects of capsaicin, loaded in different appli-
cation forms, such as solution and cream, on chronic diseases (e.g. arthritis, chronic
pain, functional gastrointestinal disorders and cancer). In addition to the
anti-inflammatory and analgesic properties of capsaicin largely recognized via,
mainly, interaction with the TRPV1, the effects of capsaicin on different cell sig-
nalling pathways will be further discussed here. The analgesic, anti-inflammatory or
apoptotic effects of capsaicin show promising results in arthritis, neuropathic pain,
gastrointestinal disorders or cancer, since evidence demonstrates that the oral or
local application of capsaicin reduce inflammation and pain in rheumatoid arthritis,
promotes gastric protection against ulcer and induces apoptosis of the tumour cells.
Sadly, these results have been paralleled by conflicting studies, which indicate that
high concentrations of capsaicin are likely to evoke deleterious effects, thus sug-
gesting that capsaicin activates different pathways at different concentrations in both
human and rodent tissues. Thus, to establish effective capsaicin doses for chronic
conditions, which can be benefited from capsaicin therapeutic effects, is a real
challenge that must be pursued.
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1 Introduction

1.1 Physico-Chemical Properties of Capsaicin

In parallel to the popular use of red and green chilli peppers as spices and/or
additives in food, over the last 70 years, at least 12,000 Medline reports have
assigned the pharmacological and physiological contribution of capsaicin, an
alkaloid isolated from chillies as a medicinal plant, to treat pain, cough [222, 224]
and other host conditions, such as cancer (vide review: 47), allergic [228] and
gastro-intestinal diseases [235]. It is believed that the gates were opened to the field
of neurogenic inflammation with the work produced by Jancsó et al. in the mid-60s
[121]; however, the effects of capsaicin on heat regulation stem from the early 50s
[116, 117].

Along with studies dating back to the 40s, the chemistry and biology of cap-
saicin, the major alkaloid found in chilli (Capsicum sp.) has been extensively
explored (for review see: [187]). It is believed that Capsicum species are native
from Central or South America. Nowadays, it is known that at least 20 Capsicum
species are endemic or are already cultivated in distinct regions worldwide,
including tropical America, Central and South America (e.g. Mexico and Colombia
swamps, and in Bolivia and Peru highlands), Southern Europe, all Asian countries
and Africa [79, 234].

Capsaicin chemical structure (8-Methyl-N-vanillyl-trans-6-nonenamide) was
first identified by Tresh in 1876, but its molecular structure was only described
more than 20 years later by Dawson, in 1919 (Fig. 1; for review see: [187]). Since
then, structure–activity relationship studies (SARs) based on capsaicin structure
were carried out, leading to the discovery, in chilli peppers, of at least ten unsat-
urated and saturated amides, named capsaicinoids, as well as the production of
synthetic analogues [137], which displayed some similarities or more potent
responses than capsaicin [9, 153, 211]; for review see: [187]. The capsaicinoids
nordihydrocapsaicin, homodihydrocapsaicin and homocapsaicin exhibit only half
of the pungency (spicy flavour) of capsaicin and dihydrocapsaicin. On the other
hand, the naturally occurring chemical found in resin spurge (Euphorbia resini-
fera), named Resiniferatoxin (RTX), is an ultrapotent (100–10,000 fold) analogue
of capsaicin (for review see: [210]).

Based on SARs studies, capsaicin molecule can be divided into three regions:
aromatic, amide bond and hydrophobic side chain. It has two hydrogen-bond
donors, three hydrogen-bond acceptors, nine rotatable bonds, Log P of *3.0, a
polar surface of 58.6 Å, a melting point of 65 °C, a boiling point of 210–220 °C at
0.01 mm Hg, sublimates at 115 °C and presents a spectral point for UVmax at 227,
281 nm (e = 7000, 2500). Changes in capsaicin primary structure (e.g. replacing
positions in the aromatic ring, and groups in the hydrophobic side chain) are
essential to affect either its agonist activity or potency [18, 130]. The properties of
hydrogen bonds (donor and acceptor) of the phenol group of capsaicin and
analogues/agonists also contribute to the potent biological activities [130]. Thus,
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changes in the number of both hydrogen- and rotatable bonds may interfere with
drug distribution, making these compounds more or less lipophilic.

In order to display maximum potency at molecular target transient receptor
potential vanilloid 1 (TRPV1), capsaicin and capsaicinoids structures might possess
a specific aromatic A-ring configuration, the presence of a hydrogen bond-donating
group in the B region, and a hydrophobic hydrocarbon C-region tail of 8–12
carbons [5, 233]. Commercially available, capsaicin is presented as a crystalline
hydrophobic and colourless alkaloid highly volatile with a pungent odour but freely
soluble in alcohol, ether or benzene. Its burning taste when placed into the oral
cavity can be detectable in 1 part in 100,000 ([182]; for review see: [187];
International Union of Pure and Applied Chemistry-IUPAC). Although capsaicin
presents cis/trans isomerism, the trans isomer is the most stable structure as a
consequence of the steric hindrance between the isopropyl group [–CH(CH3)2] and
the long hydrocarbon chain in the cis isomer (Fig. 1; for review see: [11, 187]).

At least two distinct pathways are involved in the synthesis of capsaicinoids: one
related to the formation of the aromatic molecule and another to the hydrophobic side
chain, and both are joined by an amine bond. Capsaicin can be synthesized in vivo by
two pathways: (i) phenylpropanoid, involved in the synthesis of the aromatic ring;
and (ii) fatty acid metabolic, which determines its fatty acids [11, 178]. In the event of
a reduction of the capsaicin in the acyl chain, the molecule is turned into dihydro-
capsaicin (Fig. 1; see review: [187]). Such changes might be processed by the action
of enzyme family dehydrogenase/reductase. ETR (2-noyl thioester reductase) reduces
the hydrophobic chain converting capsaicin in dihydrocapsaicin. Interfering with the
acyl formation before the complete formation of the molecule might have a similar
effect with less energy expenditure [4, 14, 41, 230].

Fig. 1 Capsaicin and dyhidrocapsaicin chemical structures differing among the removal on the
double bond on the 6th carbon position for the latter, which increase the degree of its flexibility.
Both capsaicin and dyhidrocapsaicin chemical structures comprise a lateral chain with 8-carbon
long lateral chain, an aromatic region (I), amide bond (II) and the hydrophobic side chain (III).
Changes in the capsaicinoids ring will reflect in changes in their potency, mainly in the 3 and 4
ring positions
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Increased capsaicin concentration is paralleled by fruit development, and it peaks
40–50 days later after development [51]. Different types of chilli vary widely in
their heat. Likewise, capsaicin biosynthesis and accumulation in vivo varies from
plant to plant depending on genetic and environmental factors, such as hydric stress
[102, 187]. In fact, augmented concentration of this alkaloid in chillies is commonly
seen following water shortage (via the phenylpropanoid pathway) and augmented
activity of enzymes involved in capsaicin production, such involved in capsaicin
production, such as phenylalanine ammonia lyase (PAL), cinnamic acid
4-hydroxylase (Ca4H) and capsaicinoid synthetase (CS) [80, 207].

In the cayenne pepper (Capsicum annuum L.), both capsaicin (MW
305.41 g/mol) and dihydrocapsaicin (MW 307.42 g/mol) comprise 79 % to 90 %
of the existing capsaicinoids [19]. Capsaicin and dihydrocapsaicin chemical and
molecular structures are identical, differing only in the saturation of an acyl group
(Fig. 1). In terms of activity, capsaicin and dihydrocapsaicin appear to promote, but
evidence shows that on different cell lines, such as human colon cancer (HCT116),
breast cancer (MCF-7), normal lung epithelial and fibroblast cells (WI38), the latter,
at high concentrations, evokes a more pronounced effect on cell viability than the
former [179]. Likewise, short-lasting treatment with dihydrocapsaicin on human
lung carcinoma cell line (A549) induced a marked acute response compared with
capsaicin [99, 179].

The implication of Pal, Ca4h, Comt, Kas, Acl and Fat genes on capsaicin
metabolism has been suggested elsewhere [7, 60]. In particular, Pun1 locus (pro-
duct of Pun1) participates in the development of vesicles, where the capsaicinoids
are stored, and the relative spiciness of the chilli [11].

1.1.1 Activities and Modulation of Cell Signalling
Pathways by Capsaicin

A significant number of scientific studies have described the biological and toxi-
cological actions of capsaicin in different systems. In spite of capsaicin’s popular
therapeutic property being officially described over 150 years ago [227], an
endogenous target for capsaicin effects was only proposed in the 70s by Szolcsányi
and Gábor [218]. In addition, in the early 90s, binding studies using an specific
[3H]RTX provided the first and indirect evidence of a specific membrane recog-
nition site, named vanilloid receptor, thought to be expressed almost exclusively by
primary sensory neurons, involved in nociception and neurogenic inflammation
[211]. It was suggested that the vanilloid receptor structure was very complex (size
around 270 ± 25 kDa) and could only be recognized by the homovanillic acid
present in capsaicinoids and RTX. The affinity order to both RTX and capsaicin
binding to vanilloid receptors in rat tissues is higher for RTX [209, 212].

It was not established until the mid-90s, whether endogenous ligands would
regulate the activity of the vanilloid receptor, nor whether this receptor belonged to
the TRPs family [209]. Soon after, numerous evidence arose to suggest that the
vanilloid receptor is not only a single receptor but rather a family of receptors,
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capable of recognizing RTX, capsaicin and related structural analogues among
others, thus suggesting that new specific vanilloid receptor subtype compounds
should be synthesized exempt from the detrimental side effects of capsaicin [213].
During that period, evidences suggested that resiniferatoxin is only similar to
capsaicin in potency for induction of pain; however, it is much more effective to
provoke desensitization [214].

In the later 90s, structure–activity analysis in whole animal experiments pro-
vided further evidence for biologic dissociation, strongly arguing for the existence
of vanilloid receptor subclasses. In fact, studies by Biró et al. [25] showed that
whereas multiple high-affinity vanilloid receptor subclasses mediate vanilloid
responses, the subclass of vanilloid receptors sensitive to resiniferatoxin does not
seem to be the voltage-independent, cation-nonselective ion channel. In the same
period, Caterina et al. [38] cloned a capsaicin receptor from C-fibre small-diameter
sensory neurons and named it as vanilloid-gated nonselective cation channel (VR1)
due to its structural relationship (six transmembrane domains and a short,
pore-forming hydrophobic stretch between the fifth and sixth transmembrane
domains) with members of the transient receptor potential (TRP) channel family,
first identified as a component of the Drosophila phototransduction pathway [170].

Soon after VR1 was later named as TRPV1, and , an avalanche of studies began
to explore its expression and signalling mechanisms. This receptor was found to be
also expressed in a variety of non-neuronal cells [185, 225, 245]; for review see:
Fernandes et al. [82]. Differences in the magnitude of agonist responses to the VR1
were described to animal species and population expression in tissues, thus showing
some intra- and inter-species heterogeneity for this receptor [126].

In parallel, a significant number of unrelated vanniloid substances or stimuli,
such as increase in temperature in the noxious range (>43 °C; Caterina et al. [38]),
low pH [23], voltage dependence [199], lipids [255] and animal toxins isolated
from spider, snake and wasp venom, seem to display a capsaicin like effect on
sensory nerve fibres [53–58, 61, 63, 201, 250].

1.1.2 Capsaicin Effects on Neuronal and Non-neuronal Cells

To date, the best studied effects of capsaicin are related to sensory neurons. The
binding of capsaicin to TRPV1, expressed on sensory neurons, may trigger extra-
cellular Ca+2influx, a response that becomes usually desensitized upon continuous
stimulation with capsaicin [38, 150, 247]. Desensitization has been associated with
the availability of extracellular Ca+2 [38]. Interestingly, capsaicin sensitizes TRPV1
to endogenous and exogenous agonists, even at concentrations unable to induce
cation influx [111]. Capsaicin effects might be amplified following cell exposure to
other stimuli known to activate TRPV1, e.g. pH and heat <43 °C [38, 191].

It is well known that capsaicin given to newborn rats, at high concentration,
induces selective degeneration (death) of a distinct population of primary sensory
neurones in vivo [119], via a mechanism dependent on excessive ion influx and,
perhaps necrosis rather than apoptosis of sensory neurons [24]. However, capsaicin,
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at low concentration (nM range), induces apoptosis in cultured rat cortical and in
dorsal root ganglion (DRG) cells [200, 237]. These effects are suggested to be
TRPV1-mediated [24, 200] and to involve the downstream activation of kinases
[200]. Interestingly, Guo et al. [96] showed that capsaicin protects rat hippocampal
neurons from hypoxia-reoxygenation-induced apoptosis via phosphorylation of Akt
and phosphoinositide 3-kinase (PI3K), independently of TRPV1-mediated cap-
saicin actions.

Capsaicin is a lipophilic compound and evidence accounts to suggest that cap-
saicin binding site on TRPV1 is intracellular [91, 127]; for review see: Rosenbaum
and Simon [190]. Indeed, capsaicin binds to the residues Arg114 and Glu761 in the
intracellular N- and C-termini, respectively [128], and to the residues Tyr511,
Ser512 and Thr550 in the third and fifth TRPV1 transmembrane domains [91, 126].
Either in vitro or in vivo studies on cellular and molecular mechanisms show that
TRPV1 activation by capsaicin is followed by downstream phosphorylation of
protein kinase (ERK) in small-diameter DRG neurons [62]. Either the p38
mitogen-activated protein kinase [167] or ERK5 [166] plays a similar role in
TRPV1-mediated capsaicin effects in small- and medium-sized DRG rat neurons.
To sense nociceptive effects, it has been shown that TRPV1 activation by capsaicin
followed by downstream phosphorylation of ERK, p38 and ERK5 is mandatory
[62, 166, 167].

Countless studies have demonstrated the ability of capsaicin to trigger neu-
ropeptides release, such as substance P (SP) and calcitonin-gene-related peptide
(CGRP), from sensory neurons in a Ca+2-depending manner, which in turn com-
monly leads to neurogenic inflammation [55, 84, 90, 109, 192]. Most of these
neuropeptide-mediated responses were later shown to be resultant on TRPV1
activation by capsaicin [76, 83, 196]. More recently, it has been shown that acti-
vation of PKC following capsaicin-induced TRPV1 activation is essential for
neuropeptide release from sensory neurons [243]. In fact, previous studies by the
same authors show that TRPV1 mRNA and protein levels in skin sensory neurons
are rapidly increased via a PKC-dependent mechanism, which involves
capsaicin-mediated TRPV1 activation in vivo [242]. Likewise, PAR-4 mRNA
levels were significantly increased in DRG neurons exposed to capsaicin [42]. This
finding is of relevance as it may amplify TRPV1-mediated responses by exogenous
and, in special, by endogenous agonists.

Although a number of supporting evidences have shown that capsaicin actions
on sensory neurons are mediated by TRPV1, an emerging intriguing finding by
Yang et al. [246] shows an inhibitory effect of capsaicin on voltage-gated potassium
channels in cultured trigeminal ganglions, independently of TRPV1 activation, but
dependently on protein kinase A (PKA) activation on these cells.

In addition to the related actions of capsaicin on neuronal cells, a group of
evidence has emerged in the 70s, showing capsaicin effects on peripheral target
tissues. These evidences were based on the fact that TRPV1 was found to be
functionally expressed on non-neuronal cells [82, 119, 129]. This has highlighted
the importance of understanding capsaicin effects on others structures, which may
be mediated or not by TRPV1.
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As previously described for sensory neurons, capsaicin, at µM concentrations,
produces toxicity in non-neuronal cells in vitro, including different cancer cell lines:
HeLa, ovarian carcinoma, mammary adenocarcinoma, HL-60 cells [154, 155, 171],
HepG2 human hepatoma cells [132, 145] and pancreatic cancer cells [251, 252].
The capsaicin-induced apoptosis in cancer cells is thought to be mediated through
reactive oxygen species (ROS) generation, such as hydrogen peroxide, which is
linked to cell cycle arrest and activation of apoptosis-related molecules such as
caspase-3 and p53. An important capsaicin-induced endoplasmic reticulum
(ER) stress-dependent apoptosis was also described [149]. Nonetheless, a signifi-
cant number of studies do not show clear evidence for capsaicin-induced apoptosis
in cancer cells via TRPV1, as they required high concentrations of capsaicin (µM)
to evoke its effects [134, 175]. In agreement, the pretreatment of pancreatic cancer
cells with capsazepine, a non-selective TRPV1 antagonist, failed to prevent
capsaicin-induced apoptosis [251, 252]. Accordingly, at high but not low concen-
trations, capsaicin evokes toxic effects in human keratinocytes [136], normal human
epidermal keratinocytes and HaCaT cells [183]. Of note, at nM concentrations,
capsaicin evokes apoptosis in neurons [183].

Capsaicin effects on cancer cells have been associated with increases in intra-
cellular Ca+2 [110, 155], thus suggesting that it is possible that although TRPV1
may be implicated in Ca+2 influx in these cells, its activation does not influence
ROS generation and apoptosis. Besides TRPV1 was shown to be functionally
expressed on normal human epidermal keratinocytes [115]; the effects resultant
from high concentrations of capsaicin on these cells have been suggested to be
TRPV1-independent [13, 126, 183]. The in vivo intra tumoural injection of cap-
saicin into a mouse fibro sarcoma [22] or mouse with pancreatic cancer induced
tumour apoptosis [149].

Interestingly, capsaicin also evoked toxicity in both the cultured human epi-
dermal fibroblasts [136] and human lung epithelial fibroblast cells (WI38 cells), in
addition to promoting cell death at high doses [180]. Exposure of human lung
fibroblasts to capsaicin led to different levels of p53, associated with ER stress,
which induced cell cycle arrest and subsequent apoptosis [180]. Capsaicin when
incubated with fibroblast-like SW982 cell line, at 1 µM range, triggers ROS pro-
duction in a TRPV1-dependent manner [236]. Moreover, both mRNA and protein
expressions of TRPV1 at cultured human synovial fibroblasts have been shown
elsewhere [108, 138, 139, 236].

Capsaicin may also present different effects on other cell types depending on the
stimuli. When incubated with HUVEC cells, high concentrations of capsaicin
protect these cells against oxLDL-induced apoptosis, via inhibition of oxidative
stress, reduction of caspase-3 expression and increase of the anti-apoptotic protein
Bcl-2 [40]. Conversely, capsaicin further increases anandamide-induced death in
HUVEC cells via TRPV1 [244]. Capsaicin effects on endothelial cells go beyond
cell survival. Indeed, capsaicin at a relatively low concentration induces
endothelial-dependent relaxation in pig coronary arteries by activation of TRPV1,
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and downstream production of nitric oxide via eNOS and opening of K+ channels
[33]. Similarly, a study by Kark et al. [129] showed that capsaicin (up to 10 nM)
causes relaxation of rat muscle arterioles by acting on endothelial cells. These
findings were later supported by a study in which mice were fed with capsaicin diet
for 7 months [245]. In the latter study, dietary capsaicin increased the activation of
PKA and eNOS, triggering release of NO and subsequent relaxation, via TRPV1
activation. Additionally to its effects on endothelial cells, capsaicin is also able to
evoke responses in smooth muscle cells. The same study by Kark et al. [129]
presented evidence of a constrictor effect for high concentrations of capsaicin. This
effect was dependent on TRPV1 expression and activation on smooth muscle cells.

Recently, studies have shown the expression of TRPV1 on mouse and human
adipocytes. Indeed, capsaicin was shown to reduce adipogenesis in
3T3-L1-preadipocytes, via TRPV1, and to increase its expression in vitro [253]. As
for other cell types, high concentrations of capsaicin reduced the viability of
3T3-L1-preadipocytes [107]. However, incubation of these cells with lower con-
centrations of this compound did not alter cell survival [146]. The same study
showed that capsaicin stimulates lipolysis in adipocytes, possibly due to the sup-
pression of protein expression of the adipogenic transcription factors, peroxisome
proliferator-activated receptor-g (PPAR-c) and CCAAT enhancer-binding protein-a
(C/EBP-a) during the stage of adipocyte differentiation [107]. Capsaicin also
increases the mRNA expression of HSL, CPT-Ia and UCP2, involved in lipid
catabolism in adipocytes [146]. Interestingly, in vivo topical application of 0.075 %
capsaicin cream in the mouse abdominal skin for 8 weeks reduced mesenteric and
epididymal adipose tissue as lipid accumulation in adipocytes was diminished in
mice fed with high-fat diet [147]. Analysis of their mesenteric adipose tissue
demonstrated lower levels of tumour necrosis factor-a (TNF-a) and interleukin-6
(IL-6) levels in comparison with obese control animals. This was accompanied by
increased mRNA expression of adipokines and genes related to lipid metabolism:
adiponectin, adipsin, visfatin, lipoproteinlipase (LPL), PPAR(a, b/d, c), UCP2,
fatty acid-binding protein 4(FABP4), fatty acid transporter 1 and acyl-CoA syn-
thetase long-chain family member 1 (ACSL1) [147]. Novel evidence in vivo
showed that capsaicin only prevents lipid accumulation at lower doses, while at
higher doses it enhances accumulation of lipids [15]. The same study suggests that
capsaicin inhibitory actions on adipocyte differentiation are TRPV1-mediated.

Altogether the evidence accounts to suggest that capsaicin (and its TRPV1
receptor) represents a potential alternative therapeutic class to treat a range of
inflammatory diseases, including those related to chronic stage.

1.1.3 Do Capsaicin and Its TRPV1 Receptor Represent a Target
for Multiple Chronic Diseases Therapy?

Chronic diseases, also named as Non-Communicable Diseases (NCD), as they do
not pass from one person to another, are usually of difficult diagnosis, long duration
(>3 months) and generally slow progression. They can be defined as any pathology

98 E.S. Fernandes et al.



that has no cure and, regardless of being caused by genetic or environmental
factors, the chronic diseases cannot be pharmacologically prevented, but can be
controlled, thus improving the life quality of patients [35]. According to medical
criteria, chronic diseases require frequent medical appointments, examinations and
treatments and, in particular, are potential causes of early disability or significant
reduction of life expectancy.

Among the chronic diseases, some are highlighted by the World Health
Organization (241), including cardiovascular diseases (CVD), diabetes, arthritis and
related pain process, chronic obstructive pulmonary diseases, gastrointestinal dis-
eases and cancer. They are the leading causes of mortality and by far can be blamed
for 60 % of all deaths worldwide [238, 241]. These diseases promote high
healthcare expenditures and are associated with high morbidity rates and disabili-
ties, leading to loss of work and depression [32, 77, 181, 238].

The current therapy may not effectively control the progress of chronic diseases;
thus, the search for alternative treatments is still the subject of intense research. In
this context, over the last thirty years, scientific database research, such as Medline
and Embase, has retrieved more than 19,000 articles on the therapeutic potential of
capsaicin to treat pain, and a range of non-communicable diseases. Of these, at least
55 % are related to basic research, and a minor percentage (3 %) is correlated with
capsaicin and clinical studies (Fig. 2). The vast majority of these capsaicin studies
focus on chronic pain (1598), followed by cancer research (1289), arthritis
(517) and others.

Fig. 2 Displays the
cumulative number (19,585)
and corresponding percentage
of capsaicin studies assigned
to chronic diseases in basic
and clinical science in
PubMed (Medline) database
from 1980 to Jan 2016.
Embase database contains
approximately the same
number
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1.1.4 Effects of Capsaicin on Arthritis

Arthritis is a common word to refer to an inflammatory response on one or more
joints that causes pain and stiffness, which commonly leads to disability. There are
at least 100 types of arthritis, commonly known as the connective tissue disorders
that can affect individuals of all ages, sexes and races; however, there is significant
evidence to suggest that both the elderly and women are more affected [202].

Among different types of arthritis, the degenerative arthritis (osteoarthritis—OA)
and inflammatory arthritis, such as rheumatoid arthritis (RA), are the leading cause
of disability worldwide [74, 156, 202].

Rheumatoid arthritis (RA) is a systemic inflammatory autoimmune disease,
characterized by impairment of the synovial membrane of peripheral joints, whereas
OA is a progressive disorder of the joints caused by gradual loss of cartilage, thus
leading to bony spurs and cysts development at the margins of the joints. In the
USA, one in five adults (22.7 %) develops arthritis [35]. Likewise, arthritis is the
greatest cause (10 million people) of disability in the UK, whose most prevalent
forms are RA and OA, affecting approximately seven thousand and eight million
people, respectively [125, 172, 202].

By comparison, animal models of arthritis were developed in the last 50 years in
rodents, in addition to a variety of animal strains and genetically modified animals
introduced in recent years, which have greatly helped rheumatologists and
researchers to achieve a better understanding of inflammatory joint diseases and
thus, develop new treatments for arthritic conditions [6]. Arthritis models share
some similarities with the different forms of arthritis in humans, including innate
and adaptive immunological characteristics. There are animal models of RA
induced by streptococcal cell wall (SCW), collagen (CIA), Freund’s complete
adjuvant antigen (e.g. methylated bovine serum albumin—mBSA) injection.
Several forms of acute arthritis, typically monoarticular, are widely used and can be
induced by a single intra-articular injection of carrageenan (CGN) CFA, and kaolin,
administered simultaneously or isolated [12, 34, 36, 67, 78, 85].

Of note, it seems that the first report on the protective effect of capsaicin in
experimental arthritis was shown more than thirty years ago [50, 75, 193].
According to Colpaert et al. [50], capsaicin (20–80 mg/kg) injected s.c. reduced
significantly Mycobacterium butyricum-induced inflammatory articular response in
the rat, and this effect lasted longer than 20 days, being reproducible prior or post
the onset of inflammation, as well as when inflammatory response peaked. Using an
animal model of Complete Freund’s adjuvant (CFA)-induced arthritis, the same
authors observed that treatment with capsaicin reduced levels of substance P in
neuronal tissues, suggesting a role for substance P in CFA-induced arthritis man-
ifestations. Corroborating these findings, the involvement of substance P and its
peripheral tachykinin NK1 receptor was later shown in a CGN model of arthritis in
the rat temporomandibular joint (TMJ; Denadai-Souza [67]). Indeed, Carleson et al.
[37] showed previously the pretreatment of animals with capsaicin or the dener-
vation of the mandibular branch of the trigeminal nerve prevented the arthritis
evoked by unilateral injection of a suspension containing heat-killed
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Mycobacterium butyricum into the TMJ of female Lewis rats, as well as signifi-
cantly lowered the levels of substance P-LI in the trigeminal ganglia and
TMJ. Together, these findings show a close relationship between sympathetic
neurones and neuropeptide release from sensory this model.

Further, Inman et al. [114] observed that capsaicin concomitantly administered
with mBSA into the rat knee markedly reduced the severity of arthritis in com-
parison with the contralateral inflamed knee treated with vehicle, supporting a
protective role for capsaicin in reducing the severity of antigen-induced arthritis in
felines. Likewise, by injecting uric acid or Freund’s complete adjuvant into the rat
knee, a severe model of monoarthritis associated with long-lasting hyperalgesia was
developed. Either uric acid or Freund’s complete adjuvant-induced arthritis
exhibited a high and dose-dependent sensitivity to capsaicin (s.c.), similar to that
produced by the non-steroid anti-inflammatory agents, indomethacin and ibuprofen,
[64]. Barton et al. [20] suggest that TRPV1 channels were involved in the mech-
anism of joint inflammation and mechanical hypersensitivity seen in CFA-induced
arthritis.

Considering that the research into capsaicin-mediated amelioration of experi-
mental arthritis has advanced, it has become clear that this alkaloid could also exert
a protective effect against different forms of arthritis and pain-related processes in
humans. Deal and co-workers [65], in 1991, demonstrated possibly for the first time
in a double-blind randomized study the efficacy of capsaicin cream 0.025 %, four
times a day, in reducing 57 % the painful knees in patients with OA (n = 70) and
RA (n = 31). Soon after, McCarthy and McCarty [162] suggest, in a 4-week
double-blind study, that topical capsaicin in higher concentration, 0.075 %, was
more effective in reducing the painful joints in both RA and OA patients than that
response with capsaicin at smaller concentration.

Interestingly, clinical research continued to provide new insights into a novel
cream formulation containing glyceryl trinitrate (1.33 %) and small concentrations
of capsaicin (0.025 %), which applied daily over the affected joint during 6-week
period, produced a superior analgesic effect in painful OA compared to capsaicin
alone [163]. Importantly, this association reduced the patient tolerance to capsaicin.
Later on, Kosuwon et al. showed that capsaicin gel (0.0125 %) was markedly
effective for treating mild to moderate degrees of OA in the elderly patient com-
pared with placebo gel. Three years later, the same authors reported that this
therapeutic scheme using capsaicin gel not only promoted the desired therapeutic
effect, but also increased patient adherence to the treatment [140]. Soon after this
study, Schnitzer et al. [194] showed that civamide, a capsaicin analogue (cis isomer
of capsaicin), at 0.075 % in a topical cream formulation exhibited great therapeutic
efficacy in the treatment of OA symptoms and, more importantly, exhibited low
toxicity even during long term therapy.

Recently, a meta-analysis study concluded that topical capsaicin treatment
applied during long periods and at a frequency of four times a day evokes moderate
analgesic effect in addition to being well tolerated up to 20 weeks in patients with
moderate pain or OA [144]. In contrast, a previous computer-assisted search of the
Cochrane Central Register of Controlled Trials (CENTRAL) in 2010, revealed that
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topical capsaicin appears modestly effective compared to placebo in reducing pain
in patients with RA (Richards et al. [188]).

Despite these conflicting studies on the role of capsaicin, clinical trials in pro-
gress continue trying to demonstrate the superiority of capsaicin in promoting
analgesic effect, patient quality of life and satisfaction with the pain management
with several other classic analgesics (NCT02403687).

1.1.5 Management of Chronic Pain by Capsaicin

It is well established that pain is a defensive mechanism in humans or contextually
speaking, the painful sensation will act as a signalling mechanism to the body in
response to a potential or aversive stimulus present in the environment that can
cause damage to the body. In contrast to acute pain, chronic pain by definition has
been recognized as a process that persists past normal healing time [30], and it is
often characterized as a persistent pain process lasting longer than 3–6 months.
Unlike acute pain form, chronic pain has no protective character, and its estab-
lishment entails marked psychological damage to the affected individual [161, 226].
In animals, the painful sensation induced by skin contact with a very hot surface, a
sharp object or evoked by a chemical compound evokes learning behaviours of
protection against such stimuli.

It is estimated that 10.1–55.2 % of the world population suffers from some type
of chronic pain [101]. According to WHO, at least 1 in 10 adult individuals is
diagnosed with chronic pain each year and, more importantly, 1 in five individuals
worldwide suffers from moderate to severe chronic pain, thus leading to significant
disruption of social lifestyle and depression with suicidal thoughts ([113]; for
review see: Goldberg and McGee [92]).

Despite the huge impact and relevance of chronic pain, the exact mechanisms
involved in the establishment of this framework are not fully understood. It is
known that short- and long-term changes in parts of the central nervous system
(CNS) and peripheral nervous system are involved in this process, which are very
often caused by diseases (e.g. cancer and different types of arthritis such as RA and
osteoarthritis), long-term tissue damage (e.g. nociceptive pain) or nerve fibres
lesions (neuropathic pain), as stated elsewhere [48, 161]. In addition, the severity of
the painful picture may even be graduated based on its intensity, pain-related dis-
tress and functional impairment [226].

Of recent interest a new International Classification of Diseases (ICD) version
for chronic pain, that comprises 7 types of most common clinically relevant dis-
orders, has been proposed by pain specialists and reviewed by the WHO Steering
Committee, and they are as follows: (1) chronic primary pain, (2) chronic cancer
pain, (3) chronic posttraumatic and postsurgical pain, (4) chronic neuropathic pain,
(5) chronic headache and orofacial pain, (6) chronic visceral pain and (7) chronic
musculoskeletal pain [226, 239].
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Despite the analgesic effectiveness of NSAIDS and opioids, in many cases the
chronic pain process is, resistant to these therapies. Thus, the search for therapeutic
alternatives and better understanding of the mechanisms involved remain targets of
intense research. In this review, due to the nature and complexity of chronic pain
diseases, this article will address the role of capsaicin treatment in general models,
including neuropathic pain (e.g. peripheral nerve injury, traumatic spinal cord
injury (SCI), chemotherapeutic drug-induced (paclitaxel; see review: Jaggi et al.
[118]) and related clinical neuropathies.

The protective or detrimental effect of capsaicin to chronic pain responses has
been extensively explored. To date, the PubMed search tool for the term “cap-
saicin” retrieved more than 19,000 references and, when this search was performed
with both terms capsaicin and “chronic pain”, retrieved about 170 references for
animal models and 21 references for clinical trials (see Fig. 2). We have decided not
to include all, but mainly the original and directly relevant experimental and clinical
references related to chronic pain and capsaicin.

Capsaicin has been historically used a pharmacological tool since the mid-60s to
inhibit or induce neurogenic inflammation and some nociceptive responses.
Historically, the literature suggests that a possible first contribution of capsaicin in
the pain field was proposed in a work by Baraz et al. in the mid-60s, which
demonstrated the stimulatory effects of capsaicin on receptors and sensory fibres of
the cat small intestine [16, 17]. In parallel, Jancsó et al. showed the direct evidence
that the denervation of primary sensory neurons by capsaicin treatment during
neonatal period prevented neurogenic inflammation [121], potentially via depletion
of neuropeptides (e.g. substance P) and changes in peripheral processes running in
that and other nerves, including cranial and vagus nerve [90, 120, 121].

From the end of the 70s and during the 80s, an avalanche of experimental studies
employing capsaicin was launched, some conflicting, but most have suggested and
reinforced the importance of capsaicin in the control of anti-nociceptive processes.
In this context, Jancsó et al. [120] showed that capsaicin applied to the peripheral
nerve evoked long-lasting impairment of C fibres function in response to noxious
heat or chemical induced-pain response [120]. Previously, Szolcsányi and
co-workers, in 1975, demonstrated the long-lasting desensitizing ability of local or
systemic treatment with capsaicin in certain nerve endings of the rat cornea, which
was not reversed by pretreatment with actinomycin-D, 8-azaguanine, 6-azauracil,
aminopterin, mannomustin or cycloheximide; however, either the alkaloid colchi-
cine or the chemotherapy vinblastine potentiated the capsaicin action time, sug-
gestive of axonal flow inhibition. Soon after this finding, the same author
concluded, by using different pharmacological approaches, that capsaicin is a
selective sensory blocking agent, acting firstly by stimulation and, subsequently,
can lead to sensory blockage of polymodal nociceptors and warm receptors [216].
Jancsó and Jancsó-Gábor [120] observed that the treatment of adult rat with cap-
saicin attenuated substantially the analgesic effect of morphine, whereas capsaicin
pretreatment during the neonatal period (2nd day of life) did not affect morphine
analgesia. These authors suggest that only adult, but not selective neonatal cap-
saicin treatment, can account to induce impairment of determined hypothalamic
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preoptic neurones, known as an important region involved in endogenous pain
control [120]. Furthermore, Szolcsányi [217], by using new technique approaches
of nociceptive responses concluded that polymodal-type nociceptors, in addition to
the interaction of other nociceptors and secondary dynamic changes in these
structures, play a role in the anti-nociceptive effect of capsaicin.

Capsaicin, applied for a long period, at a topical range of 0.75 and 1 %, neither
affected levels of neuropeptides nor caused cell death, but produced a transient
nociceptive response followed by a decrease in sensitivity of the rat C fibres [164],
reduced sensitivity to noxious stimuli (e.g. mechanical or heat) of primate
spinothalamic neurons [46] and reduced sensitivity to mechanical hyperalgesia, but
not cold allodynia evoked by spinal nerve transection [133]. Likewise, local
long-lasting topical application of capsaicin produced a significant therapeutic effect
in different types of neuropathic pain, such as peripheral neuropathy induced by
loose ligation of the sciatic nerve with chromic gut suture [249], diabetic
(streptozotocin-induced) neuropathy [26, 86, 203] and nerve injury-induced neu-
ropathic pain in mice [186].

In addition, capsaicin receptor TRPV1 has been shown to act as a target to
mediate nociceptive responses. In this way, the intrathecal injection of a siRNA
against the TRPV1 suppressed cold allodynia in rat with mononeuropathic pain and
diminished spontaneous visceral pain behaviour induced by capsaicin application to
the rectum of mice [45]. The per sciatic injection of the mixture QX-314 and
capsaicin greatly increased the mechanical and thermal withdrawal thresholds in rat
with nerve constriction-induced neuropathic pain, thus suggesting that TRPV1
expressing in nociceptors contribute to neuropathic pain [198].

Interestingly, the use of nanotechnology in drug delivery has been shown to
reduce toxicity and side effects of drugs among other risks to the patient. Due to
capsaicin pungency and cytotoxicity, when applied in high concentration,
nanoformulation containing capsaicin has been satisfactorily developed [44, 204,
254], which have been demonstrated to enhance and prolong the intestinal
absorption of capsaicin in addition to reduced gastric mucosal irritation, thus
supporting the idea that capsaicin can be loaded in nanoformulations for improved
oral bioavailability, and thus be used as an effective p.o. drug for the treatment of
neuropathic pain.

Based on advances in understanding the protective mechanisms of capsaicin in
different animal models of chronic pain, scientific and clinical pioneering studies
began over 20 years ago to show evidences supporting the use of capsaicin in
topical formulation in chronic pain, mainly of neuropathic origin [69] for chronic
neuropathic pain in adults. Cochrane Database Syst Rev 2013 [195].

In fact, in 1991, the topical effect of capsaicin cream 0.075 %was evaluated in the
pain associated with diabetic neuropathy during a multicenter study [223]. In
agreement with the data obtained in experimental studies, this study revealed that
applying capsaicin cream 0.075 % a frequency of four times a day during 8 weeks
relieves significantly the neuropathic pain-associated process, and importantly, at
least 69 % of the patients exhibited pain improvement based on the global evaluation
scale (the capsaicin study group; PMID 1953227). In contrast, the results from a
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20-week double-blind crossover randomized study with patients suffering from
painful diabetic neuropathy (PDN) showed that the topical administration of cap-
saicin gel, in a smaller concentration (0.024 %) for 8 weeks, with a washout period of
4 weeks between the two treatments, did not induce significant pain relief in patients
with PDN, even though the treatment was well tolerated by the patients [141]. The
discrepancies between both the earlier and the later studies suggest that applying
capsaicin cream at higher not low concentration, is effective to ameliorate/control the
PND. In the same period, a clinical trial involved 1044 patients with peripheral
neuropathic pain and showed that the application of a cutaneous patch containing
capsaicin 8 % is effective and safe to treat different neuropathic conditions; however,
this study missed out showing a paired control group [157]. Using the same phar-
maceutic form (patch), but in a smaller concentration of capsaicin (5 %), another
more recent trial in a multicenter, randomized (1:1) blinded study performed in
patients with peripheral neuropathic pain revealed that the application of a capsaicin
patch 5 % in addition to previous treatment with the local anaesthetic lidocaine (4 %)
or the opioid tramadol (50 mg;—30 min, p.o.) improved the peripheral neuropathic
pain. Curiously, this therapeutic manoeuvre made the capsaicin patch 8 % much
more tolerable and thus should be considered as an alternative pretreatment option in
patients receiving long-lasting topical capsaicin treatment [124]. On the other hand,
soon after this finding, Kern et al. [131] criticized the need of lidocaine or opioid in
addition to the capsaicin patch 8 % for the treatment of peripheral neuropathic pain;
as according to the survey made by the authors, the application of capsaicin a patch
8 % is overall tolerable and associated with a minor and short-lived discomfort.
Furthermore, capsaicin patch 8 % by itself evokes similar efficacy and tolerability
compared to capsaicin associated with lidocaine treatment [131].

In recent studies, the efficacy of a capsaicin 8 % patch has been compared with
pregabalin, a GABA analogue used as a current standard therapy in peripheral
neuropathic pain, which revealed that, similarly to pregabalin, the 8 % capsaicin
patch produced equal pain relief with a faster onset of action, fewer systemic side
effects [98] and a better cost-benefit in patients with peripheral neuropathic pain
who have failed previous systemic treatments [159]. Likewise, a comparative
clinical study to evaluate the cost-effectiveness of the 8 % capsaicin patch and
existing therapies for post-herpetic neuralgia revealed that capsaicin patch had
superior effective rates than the oral agents, and its cost-effective analysis was
within an accepted cost compared to the oral products [10].

1.2 Effects of Capsaicin on Functional
Gastrointestinal Disorders

Digestive diseases or the functional gastrointestinal disorders (FGIDs), by defini-
tion, are a heterogeneous group of chronic or recurrent gastrointestinal conditions
that do not have an identified underlying pathophysiology that account for the
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symptoms [52, 73]. According to the Rome diagnostic criteria, these GI diseases
can be into oesophageal, gastroduodenal, bowel, biliary, anorectal and abdominal
pain subcategories [72].

Among these GI disorders, the best known is the chronic inflammatory bowel
disease (IBD), defined as a complex inflammatory disease associated with an
altered systemic immune response of unknown aetiology, which comprehends
ulcerative colitis (UC), Crohn’s disease (CD) and a very uncommon intermediate
form of both. Whereas the UC is restricted to the colon, CD may affect any part of
the digestive tract, from the mouth to the anus; however, the terminal ileum is the
main disease site.

The incidence of IBD varies greatly worldwide, and a high incidence is seen in
North America, mainly in the USA (e.g. up to 1.4 million people), and Europe (e.g.
250,000 people in the UK), whereas in developing countries, such as Africa and
Asia, the incidence is still low [151, 169, 176], but recent evidences have suggest
that these diseases are becoming more common in these countries [106, 176]. On
the other hand, there is still no effective treatment or medical cure.

For the past six decades, controversial research on the protective effects of
capsaicin and its receptor (TRPV1) on gastrointestinal disorders has been shown
elsewhere [81, 105, 152, 184]. In fact, since ancient times, the popular use of
capsaicin in culinary worldwide has been paralleled with discrepant experimental
findings, showing GI disturbances caused by capsaicin or hot chilli, the source of
this alkaloid [66, 220, 232]. For instance, in a pioneering experimental study,
Makara et al. [158] showed that capsaicin application into the rat stomach led to
aggravation of gastric ulceration in these animals [158]. In agreement, Szolcsányi
and Barthó [221] revealed, possibly for the first time, in a series of experiments in
which gastric ulcers were developed by either pylorus ligation or by acid distension,
that prior treatment of rats (via s.c.) with capsaicin led to a marked blockage of
capsaicin-sensitive nerve-ending function and a subsequent gastro-protection
impairment, thus indicating that these fibres play an important role in the occur-
rence of peptic ulcers. A few years later, Szolcsányi and Mózsik [215] observed that
lesion formation in response to intragastric application of distinct noxious stimuli
(e.g. 96 % ethanol, 0.6 M HCl, 0.2 M NaOH or 25 % NaCl) was not prevented by
capsaicin-induced nerve desensitization, apart from reducing the severity of the
mucosal neurogenic inflammation/damage.

Corroborating previous studies, Szolcsányi et al. [104] observed that the
chemical depletion of sensory neuron contents by capsaicin during the neonate
period exacerbated indomethacin-induced ulcer, independently of the local con-
centration of prostaglandin E2 (PGE2), a known endogenous mediator involved in
gastro-protection. In addition, a significant concentration of calcitonin-gene-related
peptide (CGRP), a potent vasodilator, has been found in the GI-surrounding tissue
of control but capsaicin-pretreated rat suggesting that this neuropeptide played a
neuroprotective role in GI tissues [205, 219]. Of note, the gastro-protective
mechanism regulated by subepithelial microcirculation increment is unlikely to be
the same as the one observed for epithelial cells cytoprotection, in which PGE2

plays an important role [189].
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Besides establishing that chemical ablation of primary afferent sensory neurons
by neonatal capsaicin treatment exacerbates gastric inflammation in the rodent
mucosa as stated above, it is worth mentioning that the sole stimulation of the
afferent nerve endings by intragastric administration of capsaicin has produced a
significant protection against ethanol-induced gastric mucosa damage [103]. It has
been suggested that both the C- and Ad polymodal nociceptor groups of primary
afferent neurons are involved in capsaicin-sensitive visceral sense [219].

Reinforcing the protective role of capsaicin in GI disorders, Bass et al. [21],
using a rabbit model of esophagitis produced by ethanol 50 %, showed that the
pretreatment of animals with capsaicin (1 %) produced a marked GI mucosa pro-
tection. Furthermore, others demonstrated that the intragastric application of cap-
saicin, at high and low doses, produced differential protective responses in
experimental gastric ulcer evoked by intragastric taking aspirin, ethanol or HCl
0.6 M in rats. Whereas higher doses of capsaicin induced mucosal damage, lower
doses of this alkaloid promoted gastric protection against ulcer or did not affect the
mucosa [1].

In addition to being widely used as a pharmacological tool to elucidate and the
physiopathology of both the inflammatory and nociceptive events, growing interest
in the actions of capsaicin on GI diseases has led to the clinical research into the
protective effects of capsaicin against chronic GI manifestations. Similarly to
experimental studies, controversial findings on the protective role of capsaicin have
also been shown.

For instance, almost 30 years ago, an interesting double-blind study evaluated the
effects of intragastric administration of test meals containing high concentrations of
red and black pepper and compared the effects in healthy individuals taking aspirin
(655 mg). The analysis for both red pepper and black pepper groups revealed that in
addition to mucosal microbleeding a significant increase in parietal secretion, pepsin
secretion, potassium loss and gastric cell exfoliation was found in gastric washes,
which did not significantly differ from aspirin responses in any of the studied
parameter [173]. In contrast, soon after, the same group carried out a diagnostic
clinical study, using video endoscopy images, which revealed severe gastric erosions
in individuals taking aspirin and having eaten blended meal after 24 h and, in
contrast, no significant mucosal damage was observed in healthy individuals taking
spicy Mexican meal, thus ruling out the association of chilli food (capsaicin)
ingestion and development of gastric mucosal injury in healthy individuals [95].
Yeoh et al. [248] demonstrated other controversial findings, in which they observed
that the oral ingestion of chilli (20 g) reduced the aspirin-induced gastric mucosal
injury score, thus supporting a gastro-protective effect of chilli in human subjects.

After nearly fifteen years, a more refined clinical study by Mózsik et al. [174]
designed to employ capsaicin as a tool to investigate the human gastrointestinal
physiology, pathology and pharmacology, reinforced the protective role of cap-
saicin in GI disorders and revealed that the administration of capsaicin has reduced
the gastric basal output and enhanced the nonparietal component of gastric secre-
tory responses, gastric emptying and glucagon release. Furthermore, the gastric
mucosal injury (microbleeding) evoked by both indomethacin and ethanol intake
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was significantly inhibited in individuals taking concomitantly capsaicin, and
capsaicin itself enhanced the gastric transmucosal potential difference [174]. In
addition, with the aid of immunohistochemical investigation the varied expression
of TRVP1 (and neuropeptides CGRP and SP) in the GI mucosa of patients with
distinct acute and chronic GI disorders has been shown elsewhere [39, 174].

Interestingly, randomized, double-blinded and crossover study on patients with
diarrhoea-predominant irritable bowel syndrome (IBS) suggests that chronic
ingestion of chilli (capsaicin source) desensitizes TRPV1 in the proximal gut and
rectum, thus leading to decrease of IBS-D symptoms, such as postprandial
abdominal burning and increased rectal sensory threshold [8]. On the other hand,
when capsaicin was applied via rectal mucosa in patients with IBS and visceral
hypersensitivity to rectal distension, no benefits were recorded and these patients
experienced an increased pain perception to rectal application of capsaicin, as well
as an increased anxiety response, associated with absence of TRPV1 upregulation
in rectal biopsies [235]. Of note, Bortolotti and Porta [31], evaluated the chronic
effect of rectal administration of red pepper powder loaded in enteric-coated pills on
IBS symptoms and observed a significant reduction of IBS symptoms (e.g. intensity
of abdominal pain and bloating) compared with the placebo group.

The positive influence of capsaicin-containing red pepper sauce suspension on
upper gastrointestinal motility, thus leading to a faster transit through the small
bowel, has been shown in healthy volunteers [43, 94], but this response has failed in
patients with Barrett’s oesophagus [135] or IBS [197]. In parallel, the effects of
capsaicin on gut pain and hyperalgesia have been shown by several studies in
healthy individuals [71, 93] as well as in individuals with GI diseases, such as IBS,
known to exhibit lower rectal sensitivity threshold [2, 93, 235]. The results obtained
in these studies are discrepant, as some have shown that capsaicin intake or
administrated via rectal in healthy patients led to increased mechanical hyperalgesia
and rectal pain threshold and, in contrast, did not increment this response in indi-
viduals with IBS. Others observed the opposite, whereas the ingestions of chilli in
meals by IBS patients exerted a pronounced pain and burning sensation; the same
treatment did not evoke similar effects in healthy volunteers. It should be stated that
the decrease of abdominal pain and burning sensation in IBS patients submitted
long-lasting use of capsaicin, which in turn causes neuronal desensitizing effect.

1.3 Capsaicin and Cancer

Cancer is a serious disease of high incidence, in which abnormal cells divide
without control, and usually invade nearby tissues. According to the recent esti-
mates from the International Agency for Research on Cancer available at
GLOBOCAN database, in [89], at least 14.1 million people were diagnosed with
some type of cancer and there were more than 32 million people living with cancer
within 5 years of diagnosis. In addition, more than 8 million cancer deaths were
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reported worldwide, of which the incidence was higher (57 %) in developing
countries (WHO 2012).

By comparison, the literature exhibits an increasing number of controversial
studies showing the beneficial properties or potential dietary risk of phytochemi-
cals, such as capsaicin. In addition, the pharmacological potential of capsaicin (and
the role played by its receptor TRPV1) on human and experimental cancer types,
acting in different steps of the growing tumour cells, such as survival, proliferation,
invasion, angiogenesis and metastasis has been shown elsewhere (see reviews: [27,
29, 47, 97).

Among the topics addressed, perhaps this topic contains the most controversial
evidence of the protective and harmful actions of capsaicin. Therefore, here, we
have attempted to summarize evidences related to the effects of capsaicin on car-
cinogenesis steps, as the number of available information, sometimes using the
same technical approach, show a role for capsaicin as pro-, co- or anti-carcinogenic.

The in vivo study by LaHann [143] was possibly the first to evaluate the effects
of capsaicin treatment in a mouse model of skin tumorigenesis induced by the
phorbol ester, known as TPA (phorbol 12-myristate 13-acetate), which is derived
from croton seed, a well-known tumour promoter. However, capsaicin failed to
affect the incidence and rate of TPA-induced skin papillomas and instead, it opti-
mized the tumour growth time. Parallel to these findings, Agrawal et al. [3] rein-
forced this evidence showing a co-promoter effect of chilli extract in both the
DMN-OAc (methyl(acetoxymethyl)nitrosamine)-induced stomach tumours and
BHC (Lindane)-induced mouse liver carcinogenesis. In addition, Bode et al. [28]
showed that TPA-induced skin carcinogenesis is markedly enhanced in capsaicin
receptor (TRPV1) knockout (KO) mice compared with wild-type (WT) mice, thus
indicating that the blockade or absence of TRPV1 may cause severe consequences
in existing tumour cells or perhaps increase the risk of cancer development (Bode
et al. [28]).

Curiously, and, in a mechanistic study by Hwang et al. [112] it was shown that
the co-carcinogenic effect of capsaicin on TPA-induced skin tumorigenesis in vivo
occurs through the epidermal growth factor receptor (EGFR), and independently of
TRPV1, since TRPV1 KO mice exhibited more incidence and larger skin tumours
associated with increased COX-2 expression than in TRPV1 WT. These conclu-
sions were also based on in vitro studies, in which they observed that the inhibition
of EGFR/MEK signalling pathway in vitro led to the suppression of
TPA/capsaicin-induced increased COX-2 expression in fibroblast obtained from
TRPV1 KO mice. This indicates a role for EGFR (and related downstream sig-
nalling) for COX-2 increment. Recently, additional mechanistic findings for cap-
saicin co-carcinogenic effects show that up-regulation of phosphorylated NF-jB,
Erk, p38 and both inflammation-related factors COX-2 and iNOS are implicated in
the mouse skin model of DMBA-initiated and TPA-promoted larger skin tumours,
hyperplasia and tumour proliferation compared to mice without capsaicin
pretreatment.

Capsaicin and Its Role in Chronic Diseases 109



Furthermore, in a pulmonary adenoma model developed in newborn NIH
(GP) mice by s.c. injection of polycyclic aromatic hydrocarbons, benzo(a)pyrene
(BP) or 9,10-demethyl-1,2-benzanthracene (DMBA), the authors show that
long-lasting administration of capsaicin 0.01 % given in the diet caused a signifi-
cant inhibitory effect on the incidence and tumour rate, which was more pro-
nounced in the female group [122]. Shortly after, Surh et al. [208] suggest that the
in vitro chemoprotective effects of capsaicin on vinyl carbamate (VC)- and
N-nitrosodimethylamine (NDMA)-induced mutagenesis or tumorigenesis in
Salmonella typhimurium TA100 are partially dependent on the inhibition of cyto-
chrome P-450 IIE1 [208].

More recently, the inhibitory capsaicin properties in vivo on cell growth were
evaluated in combination with genistein, a phytoestrogen belonging to the iso-
flavones family, in a mature female Sprague–Dawley rat model of mammary glands
cancer and in vitro in a human mammary cancer cell line (MCF-7 human breast
cancer cell line). In fact results show that the topical application of TPA, as shown
before, led to inflammation/carcinogenesis, breast cancer cell, proliferation [165]
and increased COX-2 expression in either the animal skin or breast cancer cell
cultures. These effects were suppressed by the association of capsaicin and genis-
tein, through the modulation of AMPK and COX-2 expression [110]. A further
study using a gastric cancer cell line HGC-27 demonstrated that capsaicin exhibits a
marked ability against the cell line HGC-27, thus reinforcing a role for capsaicin as
potential medicine to be used for treating gastric carcinoma.

Likewise, using an in vivo murine model of prostate cancer, which resembles the
human prostate disease (TRAMP), Venier et al. [229] showed that the oral treatment
of mice with capsaicin associated with radiotherapy (RT) resulted in a marked growth
delay and reduction in the tumour growth rate compared with either capsaicin or RT
treatment alone, possibly via reduction in proliferation and NFjB expression. These
authors suggest that capsaicin can be used as a radio-sensitizing agent, capable of
sensitizing tumour cells to the lethal effects of radiotherapy (RT), thus allowing lower
doses of radiation paralleled to reduced side effects of RT to normal tissues.

1.4 Capsaicin and Asthma

Chronic respiratory diseases are those affecting the airways and other lung-related
structures. Among them, special highlights have been given to asthma and chronic
obstructive pulmonary diseases (COPD). It is estimated that at least 235 million
people suffer from asthma worldwide, which incidence occurs independently of the
level of countries development [240].

Asthma is a chronic disease characterized by recurrent attacks of breathlessness
and wheezing, which may vary in severity and frequency from person to person.
Common asthma hallmarks in both human and experimental animal models include
bronchoconstriction, bronchospasm and mucus secretion. It can be triggered by
infections microorganisms, pollutants and other environmental allergens,
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non-specific stimuli and inflammatory process (see reviews: [59, 168]). A high
parasympathetic tone leading to bronchoconstriction and neurogenic inflammation
may occur in the asthmatic lung, thus leading to the release of neuropeptides (e.g.
neurokinin A, substance P and CGRP) from sensory nerves, which in turn con-
tributes to evoke muscular constriction and increased vascular permeability [70];
for review see: [59].

Over 300 articles have been published in scientific databases showing a
conflicting relationship between protective and deleterious effects of capsaicin on
asthma. Additionally, capsaicin has been widely used as a tool in diagnosis for
asthmatic individuals, as capsaicin challenge evokes airway hypersensitivity [59,
70, 177]. Previously, Collier and Fuller [49] showed that short exposure of humans
to inhaled capsaicin (at lM increasing concentrations) produces a significant and
rapid (in sec) dose-dependent coughing in both healthy and mild asthmatic vol-
unteers; besides it does not evoke breathlessness feeling or changes in the forced
expiratory flow. Also, the cough response was not altered by sodium cromoglycate,
a mast cell stabilizer, but it was significantly affected by the local anaesthetic
lidocaine, thus suggesting that stimulation of sensory nerve terminals in the larynx
might be involved in capsaicin-induced cough.

As stated elsewhere, dose-dependent cough response evoked by capsaicin
nebulization has been widely used as a pharmacological approach in experimental
asthma models and in patients [87, 88, 100, 148]. Curiously, Ventresca et al. [231]
showed that inhaled furosemide inhibits cough induced by a solution containing
low chloride concentration, but not by capsaicin. In contrast, a recent study shows
that the ingestion of capsaicin capsules during four weeks, followed by placebo
capsules, for further 4 weeks significantly decreased the cough sensitivity and
symptoms, thus indicating that persistent TRPV1 activation might lead to receptor
desensitization [222].

2 Conclusive Remark and Future Direction

The analgesic, anti-inflammatory and the apoptotic effects of capsaicin has showed
promising effects in non-communicable disease studies, such as arthritis, neuro-
pathic pain, gastrointestinal disorders and cancer, since the oral or topical appli-
cation of capsaicin reduces inflammation and pain associated with rheumatoid
arthritis, promotes gastric protection against ulcer and induces apoptosis of tumour
cells. While the capsaicin anti-inflammatory and analgesic properties have been
recognized, via interactions with the TRPV1, the effects of capsaicin-induced
apoptosis in cancer cells are thought to be mediated through reactive oxygen
species (ROS) generations, such as hydrogen peroxide, which in turn result in cell
cycle arrest and activation of apoptosis-related molecules, such as caspase-3. This
chapter provides an overview made from capsaicin basic and clinical research
studies of the potential therapeutic effects of capsaicin, loaded in different appli-
cation forms, on five chronic diseases (e.g. arthritis, chronic pain, functional
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gastrointestinal disorders, cancer and asthma). This has been paralleled by
conflicting capsaicin studies on the same subject, which support the idea that high
concentrations of capsaicin are likely to evoke deleterious effects, thus suggesting
that capsaicin activates different pathways at different concentrations in both the
human and the rat tissues. Therefore, to establish the effective dose for use in the
various pathologies that can benefit from the therapeutic action of capsaicin is a
challenge that must be pursued.
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Diallyl Sulfide and Its Role in Chronic
Diseases Prevention

Shankar Suman and Yogeshwer Shukla

Abstract Diallyl sulfide (C6H10S, DAS) is one of the novel natural organosulfur
compounds, which is mostly obtained from the genus Allium plants. Numerous
studies have revealed several unique properties of DAS in terms of its
health-promoting effects. DAS has proved to be anticancer, antimicrobial,
anti-angiogenic, and immunomodulatory like unique functions as demonstrated by
the multiple investigations. Diallyl sulfide can also impede oxidative stress and
chronic inflammation as suggested by the literature. Studies also explored that DAS
could thwart the development of chronic diseases like cancer, neuronal, cardio-
vascular disease through modulating mechanistic pathways involved in pathogen-
esis. In this book chapter, we have attempted to give the comprehensive view on
DAS about the physiochemical and biological properties, and its preventive role in
chronic diseases with a mechanistic overview.

Keywords Diallyl sulfide � Chronic disease � Signaling pathways � Biological
activities

1 Introduction

Diallyl sulfide (C6H10S) is a lipophilic thioallyl-ether and one of the organosulfur
compounds extracted most commonly from garlic (Allium sativam L.). From the
late nineteenth century, organosulfur compounds are recognized as the pungent
smelling material of garlic, and diallyl sulfide is one of the components of distilled
garlic oil [1]. Diallyl sulfide is one among the dietary phytochemicals, which
showed many beneficial health effects in various experimental studies [2–4]. There
is a growing body of literature, where the implications of diallyl sulfide in various
chronic diseases, including cancer, neuronal, cardiovascular, liver, and numerous
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other diseases have been reported [2, 5–7]. A plethora of studies revealed that
diallyl sulfide possesses versatile medicinal properties, including antioxidant [8],
cardioprotective [9], antihepatotoxic [10], immunomodulatory, and antineoplastic
[11]. The details of its diverse health benefits of diallyl sulfide are mentioned in
Table 1. In the present chapter, the characteristics and varied applications of diallyl
sulfide are mentioned incorporating recent studies.

2 Diallyl Sulfide as an Important Ingredient of Garlic

The medicinal uses of garlic are used to recognize for ages, and it is well recognized
for various biological activities for human health benefits against many diseases [2,
5, 12–15]. For example, diallyl sulfide has shown to be a selective inhibitor of
cytochrome P450 2E1 (CYP2E1), a known enzyme for xenobiotic metabolism of a
large number of compounds, such as alcohol and analgesic drugs in liver [3, 16,
17]. In the xenobiotic metabolism, reactive oxygen species (ROS) and reactive
metabolites are produced, which damages DNA, protein, and lipid, hence impair
liver. Additionally, not only diallyl sulfide is minimizing the cellular toxicity laid by
alcohol and drug, but it may also thwart HIV protein and diabetes-mediated

Table 1 Beneficial health effects of diallyl sulfide

Sr.
No.

Effects Studies References

1 Antioxidant
activities

Oral administration protects against
pentachlorophenol-induced oxidative damage
Modulate GSH-related antioxidant system
reacting with free radical generated by
UVC-activated hydrogen peroxide

[8, 91, 92]

2 Protection against
coronary heart
disease

Long-term administration inhibits platelet
aggregation
Protect LDL for oxidation and glycation

[9, 62]

3 Antimicrobial
activity

Against gram-positive and gram-negative
bacterial
Against Helicobacter pyroli and Pseudomonas
aerogenosa

[21, 93]

4 Antimutagenic
activities

Reduce mutagenicity of styrene oxide and
4-nitroquinoline-1-oxide in Ames test
Inhibited micronuclei formation
Antimutagenic potential of
cyclophosphamide-induced chromosomal
aberration

[82, 84,
94]

5 Immunomodulatory
Mechanism

Diallyl sulfide-modulated interleukin (IL)-
1beta, and IL-6 and IL-10

[14]

6 Anticancer
activities

Inhibit two-stage tumorigenesis in mouse skin
tumorigenesis

[57]
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toxicities through inhibiting CYP2E1 selectively in multiple cell types [3]. Garlic
extracts possess several of bioactive compounds, including sulfur compounds,
amino acids, vitamins (A, B1, and C) as well as nutrients (germanium, calcium,
copper, iron, selenium, zinc, potassium, magnesium) [2]. In a study, the range of
organic sulfide recoveries is 77.1–99.8 % from garlic sprouts [18]. Various garlic
extracts showed a therapeutic benefit for several diseases [19]. In the primary sulfur
compounds, the major constituents are Ƴ-glutamyl-S-alk(en)yl-L-cysteines, Ƴ-
glutamyl-S-alk(en)yl-L-cysteine sulfoxide, and alliin [20]. Whenever garlic is
damaged by external factors (crushed, cut or chewed, pulverized or attacked by
microbes), the vacuolar enzyme alliinase rapidly degrades allinin to cytotoxic and
oliferous compound, including allicin [20]. Allicin and other sulfonates decompose
instantly to hundred soluble organosulfur compounds, including diallyl sulfide,
diallyl disulfide, diallyl trisulfide, diallyl tetrasulfide, allyl methyl sulfide, methyl
allyl disulfide, methyl allyl trisulfide, dithin, and ajoene compounds [21]. Among
all these compounds, diallyl sulfide is one of the important organosulfur
compounds.

3 Physiochemical Properties of Diallyl Sulfide

Diallyl sulfide is the most commonly extracted compound from the distilled oil and
sprouts of garlic. Moreover, it is also produced by the decomposition of allicin
present in the plant of Alliaceae family. Diallyl sulfide is colorless, water insoluble,
and possesses strong garlic odor (more details of physiochemical characteristics of
diallyl sulfide are mentioned in Table 2). Diallyl sulfide has been also used as a
synthetic food flavoring agent in many countries [22]. Diallyl sulfide has known to
possess high chemical activities. For example, allyl sulfides, including diallyl sul-
fide, is one of the reactive substrates for olefin metathesis reaction (a chemical
reaction involving the bimolecular process through exchange of bonds between the
reacting chemical species) catalyzed by ruthenium and demonstrated as traceless
promoters in relayed ring-closing metathesis reactions [23]. Diallyl sulfide

Table 2 Details of physical and chemical properties of diallyl sulfide

Physical properties References

Chemical formula C6H10S

Molecular weight 114.2086 g/mol

Appearance Colorless liquid [95]

Density 0.888 at 27/4 °C [96]

Boiling point and
melting point

139 and −85 °C [97]

Solubility Soluble in ethanol and oils and insoluble in water
alcohol, chloroform, ether, and carbon tetrachloride

[96]

Vapor pressure 9.22 mm Hg at 25° C [98]
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can be converted to diallyl sulfoxide (DASO) and diallyl sulfone (DASO2) by
CYP2E1 in liver [24]. Furthermore, diallyl sulfide is chemically oxidized to allicin
with hydrogen peroxide or peracetic acid [25]. Reaction of diallyl sulfide with
liquid sulfur gives the mixture of diallyl polysulfides, which are useful materials for
medicines and agriculture such as environmentally benign nematicides [26, 27].

4 Modulation of Cell Signaling Pathways
by Diallyl Sulfide

The experimental observations from the various investigations revealed diallyl
sulfide as potential compound to combat deadly diseases. Diallyl sulfide modulates
cell signaling pathways related to the pathogenesis of several chronic diseases. In
cancer, supplementation of diallyl sulfide retarded onset, multiplicity, growth in
cancer cell lines, and chemically induced carcinogenic model [10, 28–30]. Diallyl
sulfide is also found to modulate cell cycle regulators and apoptotic genes, indi-
cating its potential function as an anticancer compound [4, 5, 7, 31, 32]. In
tumorigenesis, a variety of signaling pathways are deregulated and garlic products
showed their potential effect against these pathways in both in vitro and in vivo
studies [5]. The important pathways modulated by diallyl sulfide are as follows.

4.1 Cell Cycle-Associated Pathways

Diallyl sulfide affects cell cycle regulation and apoptosis in many cancer types. In
cervical cancer (Ca Ski) cells, it regulates cell cycle and apoptosis by increasing
G0/G1 phase arrest and increasing expression of p21, p27, and p53 with decreasing
expression of CDK2, CDK6, and CHK2 [31]. Flow cytometry assay indicated that
diallyl sulfide promoted Ca2+ accumulation and lowering of mitochondrial mem-
brane potential in Ca Ski cells and also revealed that diallyl sulfide might act as a
chemotherapeutic agent for cervical cancer [31]. Wild-type p53 is understood as
guardian or gatekeeper of the cell cycle, in the major cancer types, wild-type p53
expression is down-regulated, and mutant type p53 expression is increased in many
cancers [33]. Studies from our laboratory showed that topical application of diallyl
sulfide induces wild-type p53 expression and down-regulated the expression of
mutant p53 in skin tumorigenic model, which may delay the skin tumorigenesis
process [34]. Study also showed that liposomized diallyl sulfide formulations ensued
upregulation of p53wt and p21/Waf1 and down-regulation of p53mut through which
it acts as a chemopreventive agent against DMBA-induced skin papilloma animals
[35]. Several other characteristics of allyl sulfides included their ability to suppress
the proliferative pathways via depressing cell cycle progression and inducing
apoptosis. Knowles et al. studied the effect of diallyl sulfide in reducing cell division
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concomitant with an increase of G2/M percentage in the cell cycle as an anticancer
effect [32].

4.2 Cellular Mechanistic Pathways

Study has shown that diallyl sulfide increases heme oxygenase-1 (HO-1) protein and
mRNA levels without toxicity in HepG2 cells in a dose- and time-dependent manner
[36]. HO-1 plays an important role in the cellular defensemechanism during oxidative
stress. Gong et al. revealed that diallyl sulfide induced HO-1 by increasing production
of ROS, Nrf2, and MAPK (ERK and p38), and hence, diallyl sulfide-mediated HO-1
induction may show protective antioxidative effects [36]. From our laboratory, we
observed the chemopreventive ability of diallyl sulfide together with pomegranate
fruit extract either alone or in combination through which it decreased the expression
of phosphorylated ERK1/2, JNK1, and activated the expression ofNF-jB/p65, IKKa,
phosphorylated IjBa in the mouse tumor model [37]. Our studies also revealed that
diallyl sulfide increased the expression of pro-apoptotic protein (Bax) and led to the
down-regulation of survivin and Bcl-2 [38]. It also modulates Ras oncoprotein, and
associated signaling molecules like PI3K/Akt and MAPKs [38]. In the
7,12-dimethylbenz[a]anthracene (DMBA)-induced skin carcinoma, diallyl sulfide
reduces PI3K/Akt and p38MAPK expression [38]. Diallyl disulfide activates mito-
chondrial biogenesis through NOS-Nrf2-Tfam pathways, which is defective in
isoproterenol-induced cardiac hypertrophy in rats [39].

4.3 Inflammatory Pathways

Ho et al. studied that diallyl sulfide reduces TNF-a- and histamine-induced
proinflammatory responses in rat aortic smooth muscle (A7r5) cells, and hence,
they suggested that diallyl sulfide might prevent oxidative stress-induced inflam-
mation [40]. Inflammatory pathways are governed by oxidation of low-density
lipoprotein (Ox-LDL), which promotes majority of vascular dysfunctioning. The
enhanced Ox-LDL level subsequently produces inflammatory mediators like tumor
necrosis factor (TNF)-a, nitric oxide (NO), interleukin (IL)-6, arachidonic acid,
which are associated with inflammatory pathways involved in several of chronic
diseases, including atherosclerosis, cancer, cardiovascular diseases. Diallyl sulfide
is also responsible to modulate the glutathione (GSH) redox cycle and inhibits
nuclear factor kappa B (NF-ĸB) activation in human T cells [7]. Diallyl sulfide
blocks the inflammatory response induced by monosodium urate and
interleukin-1beta (IL-1b), through inhibiting Cox-2 and NF-ĸB. Further, these
anti-inflammatory characteristics of diallyl sulfide may be useful for the treatment
of joint inflammation [41]. Study also revealed the diallyl sulfide attenuated
bleomycin-induced pulmonary fibrosis. The administration of bleomycin in Wistar
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rats reduces the catalase (CAT), superoxide dismutase (SOD), and glutathione
peroxidase (GPx) activities in the lung tissues, which lead to an increase in the lipid
peroxidase (LPO) and myeloperoxidase (MPO) activities and reduced glutathione
(GSH) level [42]. Immunohistochemical analysis demonstrated that diallyl sulfide
lowered the activation of inducible nitric oxide synthase (iNOS) and nuclear factor
kappa B (NF-ĸB) as well as decreased the augmented levels of the early inflam-
matory cytokines, tumor necrosis factor (TNF)-a, and IL-1b in the lung tissues
activated by bleomycin [42]. Ovalbumin is the key agent which induces allergic
asthma, and Ho et al. studied that diallyl sulfide imparts protection to
ovalbumin-induced pulmonary inflammation of allergic asthma in BALB/c mice by
modulating microRNA-144,-34a, and -34b/c-based Nrf2 activation [43].
Intraperitoneal injection of diallyl sulfide is able to attenuate paraquat-induced acute
lung injury in rats by minimizing pulmonary edema by inhibiting NF-KB and
TNF-a expression in lung tissue [44]. Diallyl sulfide is useful to cure periodontal
inflammation as it diminished Porphyromonas gingivalis lipopolysaccharide-
stimulated cytokine expression and nuclear factor kappa B (NF-jB) activation in
human gingival fibroblasts (HGFs) [45].

5 Protective Effects of Diallyl Sulfide in Various Diseases

Several in vitro and in vivo studies delineated variety of protective effects of diallyl
sulfide in various chronic diseases based on the experimental evidences. These
actions suggest the potential role of diallyl sulfide against several diseases by
cellular protection as mentioned below (Fig. 1).

5.1 Neuronal Diseases

Diallyl sulfide displayed significant anti-neuroinflammatory activity in
lipopolysaccharide (LPS)-stimulated BV2 microglia cells [46]. The neuroprotective
effect of diallyl sulfide against ischemia or reperfusion injury is well demonstrated
in recent studies. Lin et al. [46] demonstrated that diallyl sulfide protects against
transient focal cerebral ischemia through anti-apoptotic mechanism in rats. Diallyl
sulfide also acts as a potent inhibitor of CYP42E1 and potentiated selective
dopamine neuron degeneration in C57/BL mice [47]. The treatment with diallyl
sulfide induces apoptosis in human neuroblastoma cells (SY5Y cells) [48].
Furthermore, diallyl sulfide also reduces toxicity by inhibiting CYP2E1 [49], which
is responsible for induction of oxidative stress and cytotoxicity in the
glutathione-depleted cerebellar granule neurons, and thus, diallyl sulfide decreases
risk of neuronal diseases [50]. Presence of diallyl sulfide decreases ROS production
from ethanol through inhibiting of alcohol-inducible (CYP2E1) enzyme in rat
neurons and thymocytes [51].
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5.2 Cancer Chemoprevention and Chemotherapeutic
Properties

Diallyl sulfide is involved in multiple signaling pathways for mediating apoptosis in
mouse skin tumors [38]. P-glycoprotein is a key protein, which has major function
as multiple drug resistance in cancer. Arora et al. [52] showed that diallyl sulfide
can modulate this multidrug resistance protein. Diallyl sulfide was also found to
inhibit the angiogenesis in Ehrlich ascites carcinoma bearing mice in a
dose-dependent manner [53]. Study also suggested that diallyl sulfide had
chemopreventive and chemotherapeutic properties with multiple mechanisms of
actions [53]. Garlic organosulfur compounds are reported to inhibit proliferation
and promotion of different types of cancer [11, 52, 54–57]. Studies also delineated
that garlic constituents inhibit the growth of transplanted tumors and proliferative
activity in a number of cancer types [52, 55]. Studies also suggested that diallyl
sulfide inhibits the development of skin, and pulmonary cancer in experimental
induced animals [11, 58]. Diallyl sulfide also showed an effective in modulating
proliferative genes and apoptotic gene expression in non-small cell lung cancer cells
[59]. Study demonstrates the induction of apoptosis with antiproliferative effect of
diallyl sulfide in solid cancer as evident by flow cytometry analysis [11]. Terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) of the
skin tumor-derived diallyl sulfide-supplemented animals showed an increase of
apoptotic population compared to the control group that did not receive diallyl

Fig. 1 Diallyl sulfide may target multiple signaling cascades, which are commonly involved in
the various chronic diseases in including cancer and neuronal diseases
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sulfide supplementation [11]. The administration of diallyl sulfide after carcinogen
administration showed an induction of apoptosis, which may be the major con-
tributing factor for antitumorigenic properties of diallyl sulfide [11].

5.3 Diabetes and Cardiovascular Diseases

Organosulfur agents are known as active compounds in diabetes and cardiovascular
diseases. Studies revealed that these compounds increase catalase, glutathione
peroxidase activities, and alpha-tocopherol retention of low-density lipoproteins
(LDL) in blood plasma (P < 0.05) [60]. Further, these agents including diallyl
sulfide oxidize and glycate LDL against additional oxidative or glycative deterio-
ration, which might benefit the patients with diabetes-related vascular diseases [60].
Studies on garlic oil, a potential source of diallyl sulfide, revealed that it can
significantly reduce interleukin-6, phosphorylated extracellular signal-regulated
kinase-5, calcineurin, p-mitogen-activated protein kinase-5, nuclear factor of acti-
vated T-cell transcription factor, and p-GATA binding protein-4 in a hamster model
[61]. Hence, garlic oil was suggested as an option for the treatment of
hypertrophy-associated cardiovascular diseases [61]. Cardiovascular diseases are
majorly associated with increased serum total cholesterol, LDL, LDL oxidation,
platelet aggregation, and hypertension, and several of in vitro studies have revealed
that garlic inhibits enzymes involved in lipid synthesis, platelet aggregation, lipid
peroxidation of oxidized erythrocytes and LDL and angiotensin-converting enzyme
as well as increased antioxidant capacity [7, 9, 61–63].

5.4 Lung Diseases

Diallyl sulfide has known its beneficial effects against several lung diseases. Study
showed that intraperitoneal injection of diallyl sulfide can attenuate the extent of
acute lung injury and ameliorate pathological changes in lung tissue of rats by
paraquat poisoning [44]. Diallyl sulfide also acts against ovalbumin-induced
allergic reaction, such as inflammatory cell infiltration and hyper-secretion of
mucus in lung tissues of BALB/c mice [43]. Study has also revealed that diallyl
sulfide attenuates the excessive collagen production and apoptosis in
bleomycin-induced pulmonary fibrosis in the rat model through protease-activated
receptor-2 (PAR-2) [43]. It is also showed that diallyl sulfide protects lung fibrosis
through reducing bleomycin-induced activation of inducible nitric oxide synthase
(iNOS) and nuclear factor kappa B (NF-ĸB) and early inflammatory cytokines such
as tumor necrosis factor (TNF)-a and IL-1b, in the lung tissues [42]. The diallyl
sulfide also activated the antioxidant enzymes in rat lungs, which prevent oxidative
stress-induced lung injury in rats [64].
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5.5 Intestinal Disease

Diallyl sulfide also showed the protective effects against intestinal diseases. The
co-administration of diallyl disulfide reduces the severity of naproxen-induced
small intestinal damage, inflammation, and bleeding in a dose-dependent manner
[65]. Further, it also attenuated naproxen-induced cytotoxicity in bile on cultured
enterocytes and prevented the naproxen-induced changes in the intestinal micro-
biota [65]. Ansar et al. [66] studied that diallyl sulfide attenuated ferric nitrilotri-
acetate (Fe-NTA)-induced renal toxicity, increase in LPO, hydrogen peroxide
generation, and protein carbonyl formation in rats. Diallyl sulfide also ameliorates
thioacetamide-induced hepatotoxicity and immunotoxicity in Sprague Dawley rats
[16]. Study revealed that oral administration of 100, 200, and 400 mg/kg of diallyl
sulfide for three consecutive days in as a corn oil formulation for three consecutive
days, the activity of CYP 2E1-selective p-nitrophenol hydroxylase was suppressed
in a dose-dependent manner. The treatment of diallyl sulfide induces CYP
2B-selective benzyloxyresorufin O-debenzylase and pentoxyresorufin-O-depenty-
lase, which indicated that thioacetamide may activate to its toxic metabolite(s) by
CYP 2E1, not by CYP 2B, in rats and mice [16].

5.6 Hepatotoxicity and Liver Diseases

Diallyl sulfide is also an important dietary phytochemical to reduce toxicity of
various toxicant exposures in the animal model. Study revealed that pre-treatment
with diallyl sulfide ameliorates several kinds of changes in biochemical parameters
and has also shown that it effectively reduced thallium acetate (a cumulative poi-
son)-induced liver toxicity in rat [67]. Study also revealed that allyl disulfide
supplementation had a positive impact on liver regeneration and proliferation and
against oxidative damage in an experimental hepatectomy model [68]. Diallyl
sulfide also demonstrates its inhibitory effect in preneoplastic altered hepatic foci
(AHF) in Wistar rats [30]. The supplementation of diallyl sulfide restores the
normal enzyme level of glutathione S-transferase placental form, gamma-glutamyl
transpeptidase, adenosine triphosphatase (ATPase), glucose-6-phosphatase, and
alkaline phosphatase activity by exposing diethylnitrosamine (DEN)-initiated and
2-acetyl-aminofluorene (2-AAF)-promoted, two-stage carcinogenic process of AHF
formation [30]. Hence, it has a protective role in rat hepatocarcinogenesis through
suppressing DEN and 2-AAF-induced AHF development in Wistar rats [30].
Diallyl sulfide was also reported as a potent inhibitor in liver tumorigenesis and also
revealed treatments with diallyl sulfide may protect most of the measured liver
toxicity parameters, which is disturbed by liver tumorigenesis-promoting chemicals
like N-nitrosodiethylamine (NDEA) [69]. Allyl sulfides from garlic have protective
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effect on arylamine N-acetyltransferase activity in Klebsiella pneumonia [70].
Diallyl sulfide has been reported to protect against DNA damage by alfatoxin B
though increasing the glutathione S-transferase (GST) and glutathione peroxidase
(GPx) activities [71].

6 Biological Activities of Diallyl Sulfide in Animal Models

Till date, a large number of animal models were utilized to study the biological
effects of diallyl sulfide for numerous diseases. Diallyl sulfide studied as inhibitory
agents of CYP2E1 participates in carcinogen as well as other xenobiotic metabo-
lism [72]. Inflammatory bowel disease (IBD) is considered as incurable disease,
which affects millions of people. Diallyl sulfide and diallyl disulfide exert high
therapeutic effects in the dinitrobenzene sulfonic acid-induced colitis model [15].
These compounds can control the production of, IL-6, hydrogen sulfide or nitric
oxide and STAT-1 expression in intestinal cells, which might explain the protective
action of diallyl sulfide and diallyl disulfide in experimental IBD model [15].
Diabetes mellitus (DM) is understood as a risk factor for hepatocellular carcinoma
(HCC); it is mainly due to metabolic reprogramming as DM directs glucose to
sorbitol and fructose in polyol pathway (PP) [73, 74]. Co-induction of DM and
HCC together in rats led to increase liver tissue lesion, serum alpha-fetoprotein,
erythrocyte sorbitol, hepatocyte aldose reductase, and sorbitol dehydrogenase [73].
Treatment with diallyl sulfide and ascorbic acid lowered erythrocyte sorbitol by
preventing hepatocyte aldose reductase activity in rats. Hence, diallyl sulfide and
ascorbic acid combination showed promising results as chemopreventive and
antidiabetic combination [73]. Studies from our laboratory revealed the chemo-
preventive properties of diallyl sulfide against several chemically induced car-
cinogenic models. The chemopreventive properties of diallyl sulfide possibly
occurred by a number of mechanisms. We studied that diallyl sulfide administration
leads to modulation of levels of p21/ras oncoprotein in the DMBA-induced rodent
model [75]. The study on kindled rats, a common model for behavioral studies,
showed that the use of diallyl sulfide with ketogenic diet (high-fat and
low-carbohydrate diet used to treat neuronal disease like epilepsy) does not elevate
amygdaloid after the discharge threshold (which is the discharge of neural impulses
after terminating the initiation stimulus) in fully kindled rats, but the effect was not
prominent by ketogenic diet only [76]. Ketogenic diet with diallyl sulfide also
elevated the blood acetone level, while in the absence of diallyl sulfide, it was not
changed significantly [76]. Diallyl sulfide is also well reported its protective effects
in hepatic ischemia reperfusion injury in the rat model by reducing oxidative stress
inducing heme oxygenase-1 and inhibiting CYP2E1 in rats [77]. Liposomal for-
mulation of diallyl sulfide is reported to disseminate opportunistic fungal infections
like Candidiasis albicans in a mice model [78].
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6.1 Antioxidant Activity

Oxidative stress plays a vital role in pathophysiology of disease progression.
Antioxidant activity has great significance as this activity suppresses chronic dis-
eases. Diallyl sulfide decreases thiobarbituric acid-reactive substances (TBARS),
and it acts as an effective antioxidant. It also plays a significant role in the defense
against lipid peroxidation in trichinellosis [22]. Diallyl sulfide ameliorates
gentamicin-induced nephrotoxicity as it increases the creatinine and urea in serum,
N-acetyl-b-D-glucosaminidase, total protein, and necrosis of proximal tubular cell
urinary secretion [79]. Diallyl sulfide inhibits CYP2E1-led bioactivation of acry-
lamide to glycidamide, a toxic product in liver [80]. Current ongoing investigations
also revealed the several of diallyl sulfide analogs act as inhibitor CYP2E1 and also
utilized against many of the diseases, including HIV and diabetes [3]. As mentioned
above that diallyl sulfide is subsequently converted into diallyl sulfoxide, diallyl
sulfones by action of CYP2E enzyme. These compounds can reduce the incidence
of chemically induced tumors in animals [24]. It was found that the converted
compounds impede phase I activation of carcinogens and may account for reduction
of tumor incidence [24]. Despite these, compounds also reduce N-
nitroso-dimethylamine, carbon tetrachloride, and acetaminophen-induced toxicity
in rodent animals [24]. Study also revealed that diallyl sulfide and diallyl sulfone
inhibit the bioactivation of 4-(methyl-nitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) and lung tumorigenesis in A/J mice. Yang et al. also reported that diallyl
sulfide induced CYP and phase II enzymes, and decreases hepatic catalase activity
[24]. In vivo study on diallyl sulfide showed that cyclophosphamide causes
inflammation and dark coloration, whereas allyl sulfide-treated Swiss albino mice
showed almost normal bladder morphology [6]. Histopathological analysis also
showed that cyclophosphamide-treated group showed severe necrosis in tissues, but
sulfur compounds showed normal bladder pathology [6]. Allyl sulfides, including
diallyl sulfide, showed an effective action on the phase I and phase II
drug-metabolizing enzymes with structure-function relationship [81].

6.2 Antigenotoxic Potential

Data from our group revealed that various compounds including diallyl sulfide pos-
sesses chemopreventive potential andminimizes the genotoxicity. The study revealed
that these compounds reversed Salmonella typhimurium mutation and in vivo cyto-
genetic assays. The dietary constituent showed protective effects against Benzo(a)
pyrene (BaP)- and cyclophosphamide (CP)-induced cytogenetic damage in mouse
bone marrow cells [82]. Diallyl sulfide showed a significant reduction of micronu-
cleus (MN) in human mesothelial cells (HMC) induced by exposing asbestos fibers
[83]. Diallyl sulfide enhances phase II enzymes, including quinone reductase

Diallyl Sulfide and Its Role in Chronic Diseases Prevention 137



(QR) activity and total and mu glutathione S-transferase activities, and reduces
mutagenicity by mutagenicity of (+)-anti-7beta, 8-alpha-dihydroxy-
9alpha,10-alpha-oxy-7,8,9,10-trahydrobenzo[a]pyrene (BPDE), and styrene oxide
(SO) [84]. Despite these, diallyl sulfide inhibits arylamine N-acetyltransferase
(NAT) activity and 2-aminofluorene-DNA adduct formation in human promyelocytic
leukemia cells (HL-60) in a dose-dependent manner [85]. Diallyl sulfide also studied
to protect diethylstilbestrol (DES)-inducedDNA damage in normal breast cells, and it
is reported as effective to recover cell viability, attenuation of DNA strand breaks, and
lowering lipid peroxidation in MCF-10A cells [86].

6.3 Immunostimulation

Oral intake of garlic dose enhances immunomodulation in human health, and daily
supplementation increases IL-12 level, which is a potent stimulator of T cell’s
immune response. In both garlic-treated groups, IL-8 and TNF-a were not signif-
icantly different from baseline and placebo levels in urine samples [13]. It was
described that garlic oil derivatives differentially suppress the production of nitric
oxide (NO) and prostaglandin E-2 (PGE2) in the activated macrophages. The
results indicated that these garlic compounds possess a significant effects on the
secretion of activated cytokines, such as inflammatory tumor necrosis factor (TNF)-
a, interleukin (IL)-1b, and IL-6, and anti-inflammatory (IL-10) [14]. Diallyl sulfide
inhibited the production of all stimulated cytokines in a concentration-dependent
manner, which was closely associated with the suppression of NO and PGE2
production. DADS repressed the production of stimulated TNF-a and IL-10 as well
as increased the production of activated IL-1b and IL-6 [14].

6.4 Antibacterial Activity

Garlic oil has reported for antibacterial activity, and it has been shown that different
concentration of garlic oil inhibited the growth of Staphylococcus aureus,
Escherichia coli, and Bacillus subtilis [87]. The diallyl sulfide possesses a potent
bacteriocidal effect on the growth of Klebsiella pneumoniae. It also elicits strong
antimicrobial activity against planktonic and sessile Campylobacter jejuni and
hence application in reducing prevalence of these microbes in foods and biofilm
reduction [88]. Diallyl sulfide as well possesses multiple protective functions
against methicillin-resistant Staphylococcus aureus (MRSA) infection, in which
diallyl sulfide could be considered as novel therapeutic agents for the treatment of
MRSA infection [88].
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6.5 Anticarcinogenic Effects

Diallyl sulfide inhibits cancer cell proliferation through multiple mechanisms of
action. Allyl compounds are able to decreased level of cyclin-dependent kinase
(Cdks)-Cdk7 protein levels, which arrest cell cycle to govern antiproliferative
effects [4]. Gene expression analysis showed that diallyl sulfide inhibits arylamine
N-acetyltransferase (NAT) activity (N-acetylation of 2-aminofluorene) in human
colon cancer cell lines [28]. From our laboratory, we showed that diallyl sulfide
possesses an antitumour activity in polycyclic aromatic hydrocarbon-induced
mouse skin carcinogenesis model [56]. Diallyl sulfide also showed anticarcinogenic
potential of diethylstilbestrol (DES) induces human cancer [10]. Study showed that
diallyl sulfide inhibited DES-induced DNA adduct formation in a dose-dependent
manner [10]. DES induces ROS through lipid peroxidation in breast tissue, and
diallyl sulfide inhibits the production of ROS, which suggests that diallyl sulfide
effectively inhibits DES bioactivation in female ACI rats [29]. Our study also
showed that diallyl sulfide inhibits two-stage tumorigenesis in mouse skin
tumorigenesis [57]. Guyonnet et al. [89] studied the anticancer effect on N-nitro-
sodiethylamine (NDEA) and phenobarbital-mediated hepatocarcinogenesis in rat.
Morris et al. studied the mechanism of allyl sulfides and in vitro metabolism of
esophageal carcinogen methyl-N-pentylnitrosamine (MPN) [90]. Diallyl sulfide
plays a protective effect against NDEA-induced liver carcinogenesis [69].

7 Conclusions

In the contemporary, chronic diseases are the most common disease burden and
emerged as a global concern for human health. Diallyl sulfide (organosulfur
compound) is one of the dietary phytochemicals and acts as useful for preventing
the incidence of chronic diseases, including cancer, diabetes, cardiovascular, and
neuronal diseases. The protective effects of diallyl sulfide against chronic disease
are due to possessing high antioxidant, antigenotoxic, and antiorganotoxic poten-
tial, etc. Studies from the laboratory and elsewhere revealed the mechanism of
action of diallyl sulfide against chronic disease. Noticeably, diallyl sulfide has
shown as a useful compound with high cancer chemopreventive potential against
numerous cancer types. In overall, amalgamating research advancement of diallyl
sulfide against chronic diseases has depicted a great significance of diallyl sulfide
for human health benefits.
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Lupeol and Its Role in Chronic Diseases

Fan-Shiu Tsai, Li-Wei Lin and Chi-Rei Wu

Abstract Lupeol belongs to pentacyclic lupane-type triterpenes and exhibits in
edible vegetables, fruits and many plants. Many researches indicated that lupeol
possesses many beneficial pharmacological activities including antioxidant,
anti-inflammatory, anti-hyperglycemic, anti-dyslipidemic and anti-mutagenic
effects. From various disease-targeted animal models, these reports indicated that
lupeol has anti-diabetic, anti-asthma, anti-arthritic, cardioprotective, hepatoprotec-
tive, nephroprotective, neuroprotective and anticancer efficiency under various
routes of administration such as topical, oral, subcutaneous, intraperitoneal and
intravenous. It is worth mentioning that clinical trials of lupeol were performed to
treat canine oral malignant melanoma and human moderate skin acne in Japan and
Korea. The detailed mechanism of anti-inflammatory, anti-diabetic, hepatoprotective
and anticancer activities was further reviewed from published papers. These evidence
indicate that lupeol is a multi-target agent to exert diverse pharmacological potency
with many potential targeting proteins such as a-glucosidase, a-amylase, protein
tyrosine phosphatase 1B (PTP 1B) and TCA cycle enzymes and targeting pathway
such as IL-1 receptor-associated kinase-mediated toll-like receptor 4 (IRAK-TLR4),
Bcl-2 family, nuclear factor kappa B (NF-kB), phosphatidylinositol-3-kinase
(PI3-K)/Akt and Wnt/b-catenin signaling pathways. This review also provides
suggestion that lupeol might be a valuable and potential lead compound to develop as
anti-inflammatory, anti-diabetic, hepatoprotective and anticancer drugs.
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1 Introduction

Chronic diseases such as heart disease, stroke, cancer, liver disease, chronic res-
piratory diseases and diabetes comprise the leading cause of mortality in the world
[101]. World Health Organization reports chronic non-communicable diseases to be
by far the leading cause of mortality in the world, representing 35-million deaths in
2005 and over 60 % of all deaths. These diseases might be prevented by behavioral
changes such as sport, using a healthy diet and keeping good living habit [139].
Triterpenes are natural components which are largely derived from vegetable oils,
cereals and fruits. There are very large amounts of published data suggesting the
effects of triterpenes for the treatment of many disease conditions [2, 74].

Lupeol (the structure shown in Fig. 1), also called as clerodol, farganasterol,
fagarasterol, lupeol and monogynol B, belongs to one of the pentacyclic
lupane-type triterpene compounds. Lupeol exists in many edible vegetables and
fruits such as aloe plants, bitter root, black tea, carrot root, cucumber, date palm,
figs, guava, ivy gourd, tomato, mango pulp, melon seeds, mulberries, pea, soy bean,
strawberries red grapes, quebracho bark, uva ursi and white cabbage, pepper [26].
From quantitative analysis by high-performance liquid chromatography or gas
chromatography, there are wide range of lupeol contents in microgram per gram of
the above edible vegetables and fruits such as mango fruit (1.80 lg/g pulp), olive
fruit (3 lg/g), ginseng oil (152 lg/g oil), Japanese pear (175 lg/g twig bark), aloe
leaf (280 lg/g dry leaf) and elm plant (800 lg/g bark) [16, 45]. Lupeol has been
also reported to be present in diverse species of plant families [21], but rare in
fungal and animal kingdom (except for propolis) [46, 47, 99, 132, 141]. Lupeol is a
principal active constituent of some medicinal herbs especially plants of
Euphorbiaceae, Fabaceae and Rutaceae, [102, 113]. In Euphorbiaceae plants,
Emblica officinalis is widely used in ayurvedic description and has anti-microbial,
anti-inflammatory and antioxidant properties [35, 53, 145]. Aegle marmelos and
Zanthoxylum riedelianum are two well-known lupeol-rich Rutaceae plants.
A. marmelos is often used to treat chronic diarrhea and peptic ulcers in Indian, and

Fig. 1 Structure of lupeol
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recent reports indicated that it possessed broad range of therapeutic effects such as
anti-diabetic, anti-bacterial, anti-diarrheal, antioxidant, anti-viral, cardioprotective,
gastroprotective, hepatoprotective and radioprotective effects [14, 31]. Z. riedelia-
num is mainly employed to relief tooth pain in Brazilian and possessed the
anti-inflammatory and analgesic activity [60]. Cajanus cajan, Cassia fistula,
Glycine max, Glycyrrhiza glabra, Pisum sativum and Tamarindus indica are the
most frequently reported Fabaceae plants contain lupeol. Three Apocynaceae plants
—Aspidosperma nitidum, Hemidesmus indicus and Himatanthus sucuuba—are
used to treat reproductive tract inflammation, rheumatic arthritis, fever and malaria
in the Amazon region. Allanblackia monticola (Guttiferae), Bombax ceiba
(Malvaceae), Careya arborea (Barringtoniaceae), Crataeva nurvala
(Capparidaceae), Echinops echinatus (Asteraceae) and Leptadenia hastata
(Asclepiadaceae) are used in ayuverdic or other alterative therapy to treat repro-
ductive system disorders, urolithiasis, tumors as well as an antidote to snake venom.

Triterpenes including lupeol are generally considered as secondary metabolites
of plants to interrelate with their environment especially infection or external
damage [18]. Many scientists have indicated that complete biosynthetic pathway of
lupeol is considered as one of the most complex reactions occurring in nature and is
orchestrated by triterpene synthases [89, 135]. The basic biosynthetic pathway of
lupeol is quite well comprehended because lupeol is comprised of five,
six-membered rings (ursanes and lanostanes) or four, six-membered rings and one,
five-membered ring (lupanes and hopanes). Lupeol biosynthesis occurs in the
cytosol and constitutes mevalonate (MVA) pathway, where a five-carbon unit
isopentenyl pyrophosphate (IPP) and its allyl isomer dimethylallyl pyrophosphate
(DMAPP) are formed from acetyl-CoA and sequentially catalyzed by farnesyl
pyrophosphate synthase (FPS) to farnesyl pyrophosphate (FPP). Next, this pre-
cursor FPP is polymerized into squalene by squalene synthase (SQS). Squalene
epoxidase (SQE) oxidizes squalene to 2, 3-oxidosqualene. Then, the last interme-
diate 2, 3-oxidosqualene is cyclized in a chair–chair–chair conformation by a
member of the oxidosqualene cyclases family (OSCs) such as lupeol synthases
(LUS) to form lupenyl cation through successive electrophilic additions, rear-
rangement and ring expansion. Finally, lupenyl cation is converted into lupeol by
deprotonation of 29-methyl group (Fig. 2) [89, 135].

2 Physio-chemical Properties of Lupeol

The IUPAC name of lupeol is (1R,3aR,5aR,5bR,7aR,9S,11aR,11bR,13aR,13bR)-
3a,5a,5b,8,8,11a-hexamethyl-1-prop-1-en-2-yl-1,2,3,4,5,6,7,7a,9,10,11,11b,12,13,
13a,13b-hexadecahydrocyclopenta[a]chrysen-9-ol. Its chemical formula is
C30H50O, and HPLC–MS studies show that the exact mass is 426.386 and a parent
ion peak of olefinic moiety is identified at m/z 409 (M + H − 18)(+) [11, 102].
Lupeol, needle form recrystallized from alcohol or acetone, is very soluble in
ethanol, acetone and chloroform, but is insoluble in dilute acid and alkalis. The
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melting point of lupeol is 212–216 °C, and the density is 0.9457 g/cm3. The specific
optical rotation of lupeol is +26.2° at 25 °C [29].

Because lupeol belongs to pentacyclic lupane-type triterpene, its olefinic moiety
can be identified by infrared spectrum and NMR spectrum. The infrared spectrum
of lupeol shows the presence of an olefinic moiety and a hydroxyl group at a
spectrum of 1639 and 3326 cm−1 [102]. The 1H and 13C NMR spectrum of lupeol
shows the typical signals of a pentacyclic lupane-type triterpene with olefinic
protons/carbons at 4.69 and 4.57 (brs, H-29)/109.3 and 151.0 (C-29 and 20,
respectively), the hydroxymethine proton/carbon at 3.19 (dd, 4.8 and 11.6 Hz,
H-3)/79.0 (C-3) and seven singlet signals assigned to the tertiary methyl groups at
0.77, 0.80, 0.84, 0.95, 0.97, 1.03, 1.20/28.4, 15.8, 16.5, 16.3, 14.9, 18.9, 19.7
(H/C-23–28 and 30, respectively) [11, 29]. On the other hand, the crystal structure
of lupeol was elucidated on the basis of X-ray diffraction analysis with the space
group P43 and the stereochemistry specified by biosynthesis [22].

Due to the lower solubility of lupeol, its absorption and bioavailability are
widely questioned. Siddique et al. [112] reported that serum lupeol levels were only
3.08 and 5.22 lM at 4 and 8 h after single treatment of lupeol (200 mg/kg) in mice.
If treatment with lupeol (40 mg/kg) for 8-week, serum lupeol levels were only 10
and 20 lM at 4 week and 8 week administration, respectively. Fortunately,

Fig. 2 Schematic representation of the critical steps of biosynthesis of lupeol in plants; DMAPP
dimethylallyl pyrophosphate; IPP isopentenyl pyrophosphate; FPS farnesyl diphosphate synthase;
FPP farnesyl pyrophosphate; SQE squalene epoxidase; OSC oxidosqualene cyclase; LUS lupeol
synthase. Other abbreviations: CBC chair–boat–chair; CCC chair–chair–chair
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lupeol has a valuable bioactive lupane-type skeleton which not only possesses a
high number of natural stereogenic centers, but also can be easily functionalized at
two positions C-3 and C-20. Thus, some derivatives of lupeol were isolated from
natural plants or synthesized to be as prodrugs improving the water solubility,
absorption, distribution, metabolism, excretion (ADME), bioavailability and
potency of lupeol. Firstly, lupeol esters such as acetate, palmitate, cinnamate,
succinate or linoleate at C-3 position are usually found to be accompanied with
lupeol in natural plants [5, 19, 20, 29, 30, 65, 78, 91, 136]. These natural derivatives
especially lupeol linoleate were observed to exhibit more pharmacological efficacy
than lupeol in the anti-inflammatory, anti-oxidative, anti-urolithic, cardioprotective
hepatoprotective and nephroprotective effects [33, 119–124, 127, 130]. Lupeol
acetate was found to exhibit inhibitory effect on melanoma cell growth [39]. In
addition, C-3 esterification of lupeol by long-chain alkanoic acid or fatty acid also
possessed more anti-fungal, anti-bacterial and anti-malarial activities than lupeol
[29, 30, 91]. In fact, some researchers have demonstrated that esterification of
triterpenes enhanced the efficiency of parent drug by increasing its penetration and
retention ability into the cell membrane and improving the oral bioavailability [78,
83]. Besides, further C-3 esterification of lupeol was carried out by subjecting
various aromatic and aliphatic acids. Reddy et al. [86] found that lupeol esters by
adding nicotinic acid or 2 (pyridin-2-yl) acetic acid to C-3 position possessed the
better anti-hyperglycemic and anti-dyslipidemic activity. However, adding aliphatic
groups leads to the loss of anti-hyperglycemic activity of lupeol [50]. Srivastava
et al. [117] also indicated that lupeol-derived chalcones by adding NO2-substitued
or halogen-substituted chalcones to C-2 and C-3 positions of lupeol possessed more
anti-dyslipidemic and antioxidant activities. The addition of alkyl- and
halogen-substituted indole to C-2 and C-3 positions of lupeol enhanced the
inhibitory effect on TNF-a release [17]. The dicarboxyl group such as succinyl
substitution at C-3 position helps to strengthen anti-tumor activities of lupeol [59].
For modification at the other functional position C-20, the terminal double bond
between C-20 and C-30 in lupeol is very necessary in its anticancer activities [59]
and the insertion of a,b-unsaturated carbonyl carbon between C-20 and C-30 in
lupeol increases the potency of glucose uptake stimulation [50].

3 Modulation of Cell Signaling Pathways by Lupeol

3.1 Cell Signaling Pathways of Anti-inflammatory
Mechanism

Lupeol, a major constituent of Pimenta racemosa var. ozua (Myrtaceae), reduced
the inflammation in 12-o-tetradecanoylphorbol acetate (TPA)-treated mice through
the reduction in myeloperoxidase (MPO) activity [27] and it also reduced pros-
taglandin E2 (PGE2) and cytokines (tumor necrosis factor (TNF)-a and interleukin
(IL)-1b) production in A23187-stimulated or lipopolysaccharide (LPS)-treated
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macrophages [28]. The anti-inflammatory effect of lupeol probably relates to the
opioid system, as indicated by complete blockade of opioid antagonist naloxone. In
addition, lupeol reduced the number of inducible nitric oxide synthase (iNOS) cells
and its anti-inflammatory effect was potentiated by TNF-a inhibitor pentoxifylline
(PTX), indicating the participation of pro-inflammatory cytokines (such as TNF-a
and IL-1b) and nitric oxide (NO) system [65]. However, lupeol was unable to
inhibit the matrix metalloproteinase (MMP)-9 and cyclooxygenase (COX)-2
expression increased by phorbol 12-myristate 13-acetate (PMA) in cells [9].
Therefore, published studies provided evidence that the anti-inflammatory efficacy
of lupeol may be mediated to modulate the expression or activity of
pro-inflammatory cytokines IL-2, IL-4, IL-5, IL-b, TNF-a via nuclear factor kappa
B (NF-kB) pathway (Fig. 3) [128].

3.2 Cell Signaling Pathways of Hepatoprotective Effects

Acetaminophen induces hepatotoxicity results in formation of the reactive oxygen
species (ROS) and modulation of antioxidant status including glutathione

Fig. 3 Flowchart represents the anti-inflammatory mechanism of action of lupeol
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(GSH) depletion triggering the pathway of cell death. Acetaminophen downregulates
Bcl-2 and upregulates Bax level in hepatocytes and simultaneously promotes binding
of the pro-apoptotic protein Bax with the outer mitochondrial membrane involving
oxidant/antioxidant imbalance and causes mitochondrial permeability transition. It
enables the loss of mitochondrial membrane potential and release of cytochrome c
from intermembrane compartment to cytosol. Further, activation of caspase-9/3
initiates self-digestion of cells and nuclear DNA fragmentation, eventually leading to
cell death. Lupeol was found to effectively inhibit the key steps in this mechanism of
cell death and provide protection against acetaminophen-mediated hepatotoxicity
in vitro [54, 55]. In 7,12-dimethylbenz(a)anthracene (DMBA)-treated mice, down-
regulation of anti-apoptotic Bcl-2 and upregulation of pro-apoptotic Bax and caspase
3 in liver were observed. These alterations were restored by lupeol, indicating
inhibition of apoptosis [93]. Lupeol also improved survival rate and alleviation of
liver injury induced by D-galactosamine (GalN) and lipopolysaccharide
(LPS) through inhibition of IL-1 receptor-associated kinase (IRAK)-mediated
toll-like receptor (TLR)4 signaling pathway, which may inhibit the expression of
inflammatory cytokines [52]. Thus, the hepatoprotective mechanism of lupeol might
be combined with upregulation of anti-apoptotic Bcl-2, downregulation of
pro-apoptotic Bax and inhibition of the IRAK-mediated TLR4 signaling pathway via
its antioxidant and anti-inflammatory activities.

3.3 Cell Signaling Pathways of Anticancer Effects

1. Melanoma cell

From 2000 to 2015, there were thirteen reports demonstrated that the anticancer
effects of lupeol in melanoma cells and tumors mainly contained four levels: cell
cycle arrest, apoptosis induction, survival inhibition and differentiation induction.
Lupeol caused cell cycle arrest in G1–S phase in human metastatic 451Lu and
non-metastatic WM35 melanoma cells by decreasing the expression level of
cyclin-dependent kinase (cdk)-2 and cyclin D1 to modulate cyclin D1/cdk2/p21
complex. Lupeol also induced apoptosis in 451Lu and WM35 melanoma cells via
downregulation of Bcl-2 and upregulation of Bax, following the activation of
caspase-3 and the induction of poly(ADP-ribose)polymerase (PARP) cleavage
[107]. Mitogen-activated protein kinase (MAPK) cascade including extracellular
signal-regulated kinase (ERK) 1/2, p38 kinase and c-Jun N-terminal protein kinases
(JNK) was demonstrated to be involved in the cell survival, proliferation and dif-
ferentiation. Lupeol induced morphological differentiation (rearrangement of the
actin cytoskeleton and dendrite formations) through inhibition of Rho signaling on
short-term (8 h) treatment in B16 2F2 cell, and functional differentiation (activation
of tyrosinase and melanogenesis) through activation of p38 signaling via
cAMP-PKA pathway on long-term (48 h) exposure [39, 40, 82]. Wnt/b-catenin
signaling pathway is known to play an important role in surviving, proliferating,
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and acquiring highly aggressive characteristics of various malignancies including
melanoma, colorectal and prostate cancer because the translocation of b-catenin–
TCF-4 complex to nucleus leads to transcriptional activation of target genes such as
c-myc, MMP-2 and cyclin D1. Lupeol decreased the growth of Mel 928 cell with
constitutive activation of Wnt/b-catenin signaling pathway via the restriction in the
translocation of b-catenin from the cytoplasm to the nucleus and sequence the
decrease in the expression of Wnt target genes c-myc and cyclin D1. Furthermore,
they also found that lupeol decreased the ratios of MMP-9/TIMP1 and
MMP-2/TIMP2 to regulate the angiogenesis [134]. In addition, lupeol inhibited
DMBA-induced alterations on skin cell proliferation via G2/M-phase cell cycle
arrest (induction in p21/WAF1 expression and inhibition in cyclin B1/cdc25C/cdc2
activation) and induction of mitochondria-mediated apoptosis (downregulation in
Bcl-2 and survivin expression, and upregulation in Bax and caspase-3 expression)
in mouse. Thus, the anticancer mechanism of lupeol on melanoma included cell
cycle arrest via increasing p53 expression to induce p21 expression and inhibit
cyclins/cdc2 activation, cell apoptosis via activating mitochondria-mediated apop-
tosis pathway and modulating Wnt/b-catenin signaling pathway, and cell differ-
entiation via activating cAMP-PKA-p38 pathway (Fig. 4).

Fig. 4 Flowchart represents the anticancer mechanism of lupeol in melanoma
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2. Prostate cancer

Published studies provide evidence that lupeol may have a potential to be an
effective agent against prostate cancer. The serial studies of Saleem et al. [106, 108,
109] indicated lupeol in a dose-dependent manner activated the Fas
receptor-mediated apoptotic pathway (including the initiator caspases (caspases-8
and caspase-9) activation, PARP cleavage and FADD protein expression) in
androgen-sensitive prostate cancer LNCaP and CWR22Rt1 cells. Lupeol also
inhibited cell proliferation through decreasing the stabilized b-catenin by restoring
the levels of active glycogen synthase kinase (GSK)-3b–axin protein complex to
inhibit the transcription of proliferation-associated genes in prostate cancer LNCaP
and DU145 cells. Lupeol further induced G2/M cell cycle arrest through decreasing
the levels of cyclins and cdk-2, and disrupted microtubule assembly via decreasing
the levels of microtubule regulatory proteins such as stathmin and survivin in
prostate cancer LNCaP and DU145 cells. Thus, lupeol is suggested as an androgen
receptor inhibitor, microtubule targeting agent and potent inhibitor of b-catenin
signaling pathway to have numerous beneficial effects against the development,
growth and progression of early (androgen dependent) as well as advanced stage
(androgen independent) of prostate cancer in humans (Fig. 5).

Fig. 5 Flowchart represents the anticancer mechanism of lupeol in prostate cancer
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3. Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the most common liver malignant tumor and
primarily develops from chronic infections caused by hepatitis B and hepatitis C
viruses, alcoholic injury. Lupeol induced apoptosis in HCC SMMC7721 cells by
downregulation of death receptor 3 (DR3)-mediated apoptotic pathway to cause
caspase-3 activation and PARP cleavage, but not by Fas-mediated apoptotic
pathway [42, 149]. Siveen et al. [114] found that lupeol can negatively regulate
signal transducer and activator of transcription signaling 3 (STAT3) activation
through the suppression of upstream kinases (c-Src, JAK1 and JAK2) and induction
of protein tyrosine phosphatase SHP-2 to exert its anticancer potency in HCC cell
lines. They further indicated that lupeol induced apoptosis and cell cycle accu-
mulation at sub-G1 phase via downregulation of the expression of Bcl-2, Bcl-xL
and survivin, processing of caspase-8 and caspase-9, activation of caspase-3 and
cleavage of PARP. Brain-derived neurotrophic factor (BDNF) has been confirmed
to induce cell invasion via binding tropomysin-related kinase B (TrkB) and trigger
downstream signaling molecules such as phosphatidyl inositol 3-kinase (PI3-K)/
Akt, which regulates cell survival, cell cycle progression and apoptosis. Lupeol
induced cell death and suppressed proliferation, which associated with a marked
decrease in the protein expression of BDNF and GSK-3b, with concomitant sup-
pression of PI3-K/Akt1, b-catenin, c-myc and cyclin D1 mRNA expression in HCC
cells. Lupeol also inhibits LiCl-induced activation of Wnt/b-catenin signaling
pathway via activating GSK-3b and exerts anti-invasive activity in Huh-7cells
[148]. These results demonstrate that lupeol can inhibit tumor progress by (1) re-
versing the dysregulation of GSK-3b protein and suppressing Wnt/b-catenin sig-
naling pathway, which is mediated through PI3-K/Akt inactivation caused by
declining BDNF secretion; (2) DR3-mediated apoptotic pathway, (3) inhibiting
STAT-3/JAK pathway through upregulation of SHP-2 (Fig. 6).

4. Colorectal cancer

Lupeol induced cell apoptosis and decreased colonogenic potential in a
concentration-dependent manner through decreasing Wnt target genes expression
by inhibiting the translocation of b-catenin from the cytoplasm to the nucleus.
Therefore, the anticancer effects of lupeol were restricted to cancer cells that harbor
constitutively active Wnt/b-catenin signaling while negligible effects were observed
in normal cells that lack constitutively active Wnt/b-catenin signaling [133].

5. Pancreatic cancer

Pancreatic cancer is one of the most fatal cancers. Lupeol induced apoptosis and
inhibited growth through multiple signaling pathways including the decrease in
Bcl-2 family pathways (increasing the levels of Bax and activating caspases −3, −8,
and −9 to cause cleavage of PARP), the modulation of NF-kB mediated by
Ras-induced pathways such as protein kinase C (PKC)-a/ornithine decarboxylase
(ODC), PI3-K/Akt and MAPK signaling in human pancreatic adenocarcinoma
AsPC-1 cell [105] and through the decrease in the levels of p-AKT and p-ERK in
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human pancreatic cancer proliferating cell nuclear antigen 1 (PCNA-1) cells [64].
Lupeol also inhibited the proliferation of PCNA-1 cells and arrested cell cycle in
G0/G1 phase by upregulating p21 and p27 and downregulating cyclin D1.

6. Lung cancer

Present study clearly demonstrates that lupeol induces cell death in A549 lung
cancer cells in a time- and dose-dependent manner and the predominant process of
cell death is autophagy rather than apoptosis and necrosis. Furthermore, the
mechanism of lupeol-induced cell death is mediated by accumulating ROS,
upregulation of Beclin 1 and inhibition of mTOR signaling pathway [37].

7. Gastric cancer

Lupeol inhibited the proliferation of gastric cancer cell lines BGC823, N87 and
HGC27 through increasing the proliferation and the killing effect of NK cells.
These promoting effects of lupeol on NK cells might be related to increase the
expression of pore-forming protein (PFP), IFN-c and CD107a via the activation of
PI3-K/Akt and Wnt/b-catenin signaling pathways [140].

Fig. 6 Flowchart represents the anticancer mechanism of lupeol in hepatocellular carcinoma
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8. Gallbladder carcinoma

Lupeol inhibited the proliferation, migration, invasion of gallbladder carcinoma
GBC-SD cells through downregulating the expression of p-EGFR, p-AKT and
MMP-9 levels [62, 63].

9. Epidermoid carcinoma

Lupeol inhibited human epidermoid carcinoma A431 cells via inducing apoptosis
and inhibiting survival and proliferation. Lupeol-induced apoptosis was related to
caspase-dependent mitochondrial cell death pathway through ROS generation and
the loss of mitochondrial membrane potential to induce imbalance of Bcl-2/Bax
family, caspases activation and subsequent cleavage of PARP. The inhibition of
survival caused by lupeol is mediated by inhibiting Akt/PKB signaling pathway via
inhibition of Bad (Ser136) phosphorylation and 14-3-3 expression, and blocking the
activation of NF-kB via upregulation of Ikk-a [95].

4 Role of Lupeol in Various Chronic Diseases

Lupeol is reported to exhibit various pharmacological activities including
anti-microbial, anti-oxidative, anti-inflammatory, anti-atherosclerotic, hypotensive
and hypoglycemic effects. This efficacy is applied against various disease condi-
tions which include microbial infections, inflammatory and oxidative stress-related
disorders such as arthritis, hepatotoxicity, renal disorder and cancer, and metabolic
disorders such as cardiovascular ailments, diabetes and dyslipidemia (Fig. 7) [8, 10,
13, 23, 32, 36, 48, 51, 52, 55, 56, 61, 92, 103, 117, 125–127, 137, 146, 148].

Fig. 7 Diagram represents the pharmacological effects of lupeol and its application in several
chronic diseases
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4.1 Oxidative Stress-Related Disorders

Physiologically, normal metabolic processes of body produce significant amounts of
ROS. The damaging effects brought by ROS are being counteracted by the cellular
antioxidant defense system which consists of enzymatic (such as superoxide dis-
mutase, catalase and thioredoxin reductase) and non-enzymatic components (such as
ascorbic acid and thioredoxin). However, oxidative stress is triggered due to the
imbalance between the production of ROS and the antioxidant systems at certain
conditions [115]. Oxidative stress is related to high-risk health conditions such as
cardiovascular disease, neurodegenerative diseases, diabetes, cancer and inflamma-
tion [97]. Lupeol, isolated from many natural plants, may be responsible for the
exhibited antioxidant property of these plants. Santiago andMayor [110] showed that
lupeol provided 34.4 % protection against low-density lipoprotein oxidation in vitro.

4.2 Inflammatory Disorders Including Arthritis, Asthma
and Wound

Inflammation is a part of complex biological response of body tissues to harmful
stimulation, and it happens as a response to either injurious agents or foreign
materials such as chemical irritants, toxins and pathogens [69]. The immune
response occurs when immunologically competent cells are activated in response to
foreign organisms or antigenic substances liberated during acute or chronic
inflammatory response. The outcome of the immune response for the host may be
beneficial, as when it causes invading organisms to be phagocytosed or neutralized.
On the other hand, the outcome may be deleterious if it leads to chronic inflam-
mation without resolution of the underlying injurious process [49].

Some medicinal plants such as Compositae plants, A. monticola, H. sucuuba,
Mortonia greggii and P. racemosa possessed anti-inflammatory effects in
TPA-induced ear edema or carrageenan-induced paw edema via their major con-
stituents such as lupeol [6, 24, 27, 75, 98]. Then, topical administration of lupeol (0.5
and 1 mg/ear) suppressed ear edema induced by TPA via preventing the production
of some pro-inflammatory mediators in mice [28]. Lupeol (9.37 mg/kg, po) showed
maximum reduction (about 57.14 %) in paw edema at 0.5 h after carrageenan
injection [75]. Lucetti et al. [65] also found that lupeol possessed the
anti-inflammatory effect on formalin-, carrageenan- and dextran-induced inflam-
mation and paw edema via the opioid system, as indicated by complete blockade of
the opioid antagonist naloxone. Furthermore, this effect was related to the inhibition
of pro-inflammatory cytokines and the NO system, which PTX (a TNF-a inhibitor)
potentiated it and the number of iNOS cells was decreased [12, 17]. Oral adminis-
tration of lupeol at 12.5–200 mg/kg suppressed the cytotoxic (CD8) and helper
(CD4) T cells to inhibit the secretion of pro-inflammatory cytokines such as TNF-a,
IFN-c, IL-2, and IL-4 in Balb/c mice [15]. However, [3] indicated that lupeol
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(25–100 mg/kg, po) decreased exudate volume in carrageenan-induced pleurisy and
the levels of TNF-a, IFN-c and IL-2 but not IL-4 in the pleural exudate with the most
significant effect at 100 mg/kg. In particular, lupeol does not exhibit any
antinociceptive and ulcerogenic actions in arthritic animals when compared to
well-known anti-inflammatory drugs indomethacin and aspirin, suggesting that the
anti-inflammatory mechanism of lupeol is different from nonsteroidal
anti-inflammatory drugs [33, 96].

Furthermore, Geetha et al. [32–34] found that lupeol (50 mg/kg, po) for 8 days
decreased the destruction of structural macromolecules and modulated the gener-
ation of inflammatory factors such as collagen in adjuvant-induced arthritic
inflammation. Saratha and Subramanian [111] further indicated that lupeol
(50 mg/kg, po) for 4 weeks decreased the confusion of hematological parameters
and the levels of pro-inflammatory cytokines in adjuvant-induced arthritic inflam-
mation. Lupeol (60 mg/kg, po) also reduced cellularity and eosinophils in the
bronchoalveolar lavage fluid, overall inflammation in the lung, and Th2-associated
cytokines (IL-4, IL-5 and IL-13) levels in an allergic airway inflammation model
induced by ovalbumin [137]. Therefore, lupeol is known to be a potential
anti-inflammatory agent to exert anti-arthritic and anti-asthma activity.

In excision, incision and dead space wound models in rodents, topical appli-
cation of lupeol had higher rate of wound contraction, lesser macrophages and
shorter period in epithelization, and induced collagenization [38]. Lupeol not only
protected polymorphonuclear cells, peripheral blood mononuclear cells and plate-
lets from E. carinatus venom-induced oxidative stress, but also against E. carinatus
venom-induced proteolytic cleavage of integrin a2b1, GP VI, DDR1 and CX3CR1
receptors present on these inflammatory cells [48]. Hence, this study has proved
that lupeol is possible to be one of the potent wound healing and anti-inflammatory
agents. Lupeol could promote the binding of collagen with collagen or integrin
receptors to relieve inflammatory response and promote tissue repair.

4.3 Cardiovascular Disorders

Cyclophosphamide, a drug used in the treatment of cancer and autoimmune dis-
orders, causes cardiotoxicology via free radicals attack generated from metabolites
of cyclophosphamide such as phosphoramide mustard and acrolein. Lupeol (50 and
200 mg/kg) restored myocardial permeability, the activities of myocardial mito-
chondrial TCA cycle enzymes such as succinate dehydrogenase, malate dehydro-
genase, and isocitrate dehydrogenase [125, 127]. Lupeol also preserved lysosomal
integrity to decrease cardiac damage caused by cyclophosphamide [126]. Lupeol
(50 mg/kg) prevented the hypertrophic cardiac histology and restored the normal
ultrastructural architecture by minimizing the lipid abnormalities and abnormal
biochemical changes induced by high-cholesterol diet in rats [121]. To normalize,
lipid profiles by lupeol might be downregulated the mRNA level of hepatic fatty
synthesis genes including 3-hydroxy-3-methylglutaryl-CoA reductase, fatty acid
synthase, acetyl-CoA carboxylase and sterol response element binding protein 2
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[10]. Thus, some researchers suggested that lupeol has cardioprotective activity due
to its ability to ameliorate lipidemic–oxidative abnormalities in the early stage of
hypocholesterolemic atherosclerosis in rats.

4.4 Hepatic Injury

Early studies indicated that lupeol (100–150 mg/kg, po) for 1, 3 or 7 days
decreased the higher levels of serum AST and ALT levels caused by acet-
aminophen, cadmium or aflatoxin B1 via increasing intracellular antioxidant
defense systems in rats [96, 130]. Kumari and Kakkar [54, 55] explored the
cytoprotective potential of lupeol against acetaminophen-induced toxicity in vitro
and in vivo. Lupeol exerted its cytoprotective effect on acetaminophen-induced
hepatic injury through multiple pathways including modulation of hepatic redox
homeostasis (induction of antioxidant capacity and suppression of ROS formation)
and disruption of mitochondria-mediated apoptotic pathway (upregulating intra-
cellular Bcl-2 levels, downregulating Bax level, and subsequently preventing
caspase-9/3 activation and DNA damage). In the hypercholesterolemic serial
studies of [123], lupeol (50 mg/kg, po) for 15 days also afforded protection against
the hepatic abnormalities and lipoprotein peroxidation in rats. DMBA is metabo-
lized by cytochrome P4501A1 and cytochrome P4501B1 in liver microsomes to
form diol epoxides and other toxic ROS and then causes oxidative damage in
hepatic liver. Lupeol (25 mg/kg, po) for 7 days reduced DMBA-induced hepato-
toxicology via decreasing oxidative stress-induced cell apoptosis in mice. GalN and
LPS-induced hepatic failure, similar to acute hepatic failure in the clinic, is a widely
used animal model of liver injury. The Ga1N/LPS model causes improper activa-
tion of cytokine cascade and then leads to hepatocyte death. Kim et al. [52] found
that lupeol (100 mg/kg, po) protected against fulminant hepatic failure induced by
GalN and LPS through inhibiting IRAK-mediated TLR4 inflammatory signaling. In
short, lupeol shows the hepatoprotective effect partially through the antioxidant and
anti-inflammatory activities.

4.5 Urolithiasis and Renal Disorders

Lupeol (40 mg/kg, po) for 15 days protected renal damage caused by chronic
cadmium exposure via reversing renal antioxidant status [72]. The association
between hypercholesterolemia and kidney damage has been well known for the past
few decades, hypercholesterolemic condition upregulates the oxidative stress and
inflammatory responses to cause renal injury. Sudhahar et al. [119] found that
lupeol (50 mg/kg, po) for 15 days restored the activities of renal marker enzymes
such as alkaline phosphatase (ALP) and c-glutamyl transferase (c-GT), decreased
renal lysosomal acid hydrolase or xanthine oxidase activities, and reversed the renal
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antioxidant defense levels to ameliorate the renal injury induced by high-cholesterol
diet in rats. The generation of free radicals under oxalate overloading caused the
alteration of renal anti-oxidative status and then damaged renal tissue. Sudhahar
et al. [124] also reported that lupeol (50 mg/kg, po) for 15 days restored renal
abnormal antioxidant status to reach its nephroprotective effect.

Several researchers have indicated that oral administration of lupeol (25 mg/kg
for 15 days or 35 mg/kg for 21 days) inhibited calcium oxalate crystal aggregation
and deposition and then reduced the extent of renal tubular damage caused by 2 %
ammonium oxalate solution or pyridoxine-deficient diet containing 3 % glycolic
acid in rats [66, 138]. Manjula et al. [67] found that lupeol (50 and 100 mg/kg, po)
for 28 days decreased the levels of serum creatinine, uric acid, calcium and
phosphate and reduced calcium oxalate deposition in the kidney induced by 0.75 %
of ethylene glycol. Thus, lupeol at 25–100 mg/kg possessed the anti-urolithic and
nephroprotective effects by restoring antioxidant status, increasing the solubility of
calcium oxalate crystal deposits and then restoring normal renal tubules

4.6 Pancreatitis

Pancreatitis, a serious and complicated disease, is initiated in two phases. Firstly,
intracellular enzyme activation occurs, which results in acinar cell injury. Then, a
pancreatic inflammatory response occurs. Lupeol (10–50 mg/kg, ip) attenuated
pancreatic edema and neutrophil infiltration caused by cerulein. In addition, lupeol
inhibited elevation of digestive enzymes and cytokine levels such as TNF-a, IL-1
and IL-6. In conclusion, this result suggests that lupeol exhibits protective effects on
cerulein-induced pancreatitis in mice [51].

4.7 Diabetic Mellitus and Dyslipidemia

Some medicinal plants for example A. marmelos, Cenostigma macrophyllum,
Eysenhardtia platycarpa, Rhizophora apiculata, Solanum xanthocarpum and
Tournefortia hartwegiana, which used by traditional physicians in treating diabetes,
possessed anti-diabetic effects in alloxan-induced or streptozotocin-induced diabetic
rodents via their major constituents such as lupeol [31, 57, 73, 84, 90]. In vitro and
in vivo studies evidenced pentacyclic lupane-type triterpenoids such as lupeol and
lupenone display anti-diabetic activity partially via inhibit the a-amylase,
a-glucosidase and protein tyrosine phosphatase 1B (PTP 1B) activity [7, 25, 71, 74,
80, 84, 88]. Reddy et al. [86] found that lupeol (100 mg/kg) lowered the blood
glucose levels by 17.8 and 19.6 % at 5 and 24 h in streptozotocin-induced diabetic
rats, respectively. Administration of lupeol (20–100 mg/kg) for 21 days reduced
serum glucose and glycated hemoglobin levels in streptozotocin-induced diabetic
rats, with a concomitant increase in serum insulin level [36]. Khan et al. [50] and
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Pereira et al. [88] showed that the anti-diabetic efficacy of lupeol might reduce
blood glucose, at least in part, through stimulating glucose utilization by skeletal
muscles or adipocytes. Gandhi et al. [31] also found that lupeol increased insulin
levels through promoting b-cell regeneration or preventing b-cell damage, which
decreasing the oxidative stress in b-cell.

On the other hand, lupeol supplement (50 mg/kg/day) for 15 days modulated the
abnormalities of serum lipid status in high-cholesterol diet-induced hypercholes-
terolemic rats [122]. Lupeol (100 mg/kg, po) also decreased plasma levels of total
cholesterol and triacylglycerol (about 11 %) in Triton-induced hyperlipidemic rats
[117]. As in vitro anti-diabetic efficacy from its a-amylase, a-glucosidase and PTP
1B inhibitor, lupeol at 20–100 mg/kg possessed the anti-hyperglycemic activities in
streptozotocin-induced diabetes. While at the same dose range, lupeol also pos-
sessed anti-dyslipidemic activity in high-cholesterol diet-induced hypercholes-
terolemia or Triton-induced hyperlipidemia.

4.8 Neurodegenerative Disorders

There is a close relationship between neuroinflammation and neurodegeneration
such as Alzheimer’s disease, Parkinson’s disease and Huntington’s disease. LPS is
known to be a potent stimulator of brain macrophages. LPS attaches to the
TLR4/CD14 receptor complex and initiates the generation of ROS and
pro-inflammatory cytokines such as IL-1b and TNF-a via MAPK or NF-kB
pathway, which results in neuronal apoptosis. Lupeol (50 mg/kg, ip) inhibited
LPS-induced release of inflammatory markers such as TNF-a, IL-1b and NO via
the P38-MAPK and JNK pathways and decreased the neuronal apoptosis in mice
[13]. Therefore, lupeol has the potential to attenuate LPS-induced neuroinflam-
mation and neurodegeneration.

4.9 Mutagenesis and Cancer

Substantial epidemiological data on populations indicate there is a close association
between cancers and environmental carcinogens such as exposure to harmful UV
irradiation and potent mutagens/carcinogens. Thus, anti-mutagenic and anticancer
effects of lupeol were evidenced from two-type experimental models:
carcinogen-induced mutants or cancers, and xenograft-implanted cancers. Benzo[a]
pyrene (B[a]P), benzoyl peroxide (BPO), DMBA, TPA and N-butyl-N-
(4-hydroxybutyl) nitrosamine (BBN) are usually used to induce DNA or chromo-
some mutation, genotoxicity and cancer. Lupeol has also been investigated for its
strong anti-mutagenic activity in vitro and in vivo (Table 1). Earlier reports have
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Table 1 Studies of lupeol on carcinogen-induced mutagenesis or toxicology

Lupeol
treatment

Carcinogen Effect and mechanism References

2 lmol prior to
TPA treatment

Initiated with DMBA (50 lg) to
ICR mouse back and then with
TPA (1 lg, twice weekly)

1. Inhibit tumor
promotion

Yasukawa
et al. [142]

0.75–1 mg prior
to BPO

Topical with BPO (20 mg) to
Swiss mice

1. Inhibit tumor
promotion
2. Inhibit ODC activity
and DNA synthesis
3. Decrease free radical
mediated damage to the
cellular
macromolecules

Saleem et al.
[104], Sultana
et al. [129]

1–2 mg 30 min
prior to TPA
treatment

TPA (3.2 nmol) to dorsal side of
CD-1 mouse skin

1. Modulate NF-kB and
PI3-K/Akt pathways

Saleem et al.
[103]

25 mg/kg
(po) for 1 week
after DMBA

DMBA (50 mg/kg, po) to Swiss
mice

1. Restore antioxidant
enzyme activities and
mitochondria function
2. Downregulate the
expression of Bcl-2
3. Upregulate the
expression of Bax and
Caspase 3

Prasad et al.
[93]

50–200 lg prior
or post to
DMBA
treatment

DMBA (100 lg) to
interscapular region of Swiss
mice

1. Inhibit DNA
alkylation damage

Nigam et al.
[77]

1 mg/animal
(po) for 1 week

B[a]P (100 mg/kg, ip) to Swiss
mice

1. Increase mitotic
index
2. Decrease micronuclei

Prasad et al.
[94]

50 mg/kg
(po) 1 week
before DMBA
treatment

0.5 % DMBA (0.5 %, third
weekly) for 14 weeks on buccal
pouches of golden Syrian
hamsters

1. Decrease the
expression of p53 and
Bcl-2
2. Increase the
expression of Bax
3. Increase the activities
of caspase 3 and 9
4. Modulate phase I and
II xenobiotic
metabolizing enzymes

Manoharan
et al. [68],
Palanimuthu
et al. [85]

50 mg/kg
(po) post to
BBN treatment
for 28 weeks

BBN (150 mg, twice weekly)
for 8 weeks and then DMA
(100 ppm) for 28 weeks to
Wistar rats

1. Inhibit tumor growth
2. Increase PTEN
expression
3. Decrease COX-2
levels and the
expression of NF-kB
and TNF-a

Prabhu et al.
[92]
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shown that lupeol inhibited BPO-induced DNA damage in vitro conditions [129].
Lupeol (50–200 lg/mouse) showed the preventive effects in DMBA-induced DNA
strand breaks in dose-dependent manner. Lupeol (1 mg/mouse) supplement inhib-
ited the induction of chromosomal aberration (42.4 %) and micronuclei (48.6 %)
caused by B[a]P. Lupeol (0.75 and 1.5 mg/mouse) also showed a significant inhi-
bition of BPO-induced cutaneous ODC activity and a significant reduction in
BPO-enhanced [3H] thymidine uptake in cutaneous DNA [104]. Topical application
of lupeol (1–2 mg/mouse) also afforded significant inhibition against TPA-mediated
increase in skin edema or DMBA-mediated neoplastic events [76]. Further study
indicated that lupeol (50 mg/kg, po) for 14–16 weeks completely inhibited the
formation of oral tumors in DMBA-induced oral carcinogenesis [68, 85]. Lupeol
(2 lmol/mouse) for 20 weeks decreased tumor formation (96 %) by TPA in
DMBA-initiated mice [142]. Lupeol treatment (50 mg/kg, po) for 28 weeks showed
the inhibition of bladder carcinogenesis induced by BBN [92]. Therefore, these
results showed that lupeol reduced the incidence of DNA and chromosome mutation
and inhibited tumor promotion induced by carcinogens.

Recently, lupeol was reported to inhibit the growth of several cancer types by
modulating key molecular pathways, which are involved in proliferation, survival
and apoptosis (Table 2). In tumorigenicity studies, lupeol (1 mg/mouse, 3
times/week, ip) treatment for 12 weeks reduced tumor growth and serum
prostate-specific antigen levels in athymic nude mice implanted with CWR22Rt1
cells [106]. At the same treatment for 7 weeks, lupeol also reduced tumor growth
and modulated the expression of proliferation markers in athymic nude mice
implanted with 451Lu cells [107]. Lupeol (40 mg/kg, 3 times/week, ip) treatment
for 9 weeks reduced Mel 928-implanted tumor volume (35 %), Mel 928-implanted
tumor burden (50 %) and AsPC-1-implanted tumor growth in athymic nude mice
[70, 134]. At later study of Siddique et al. [112], lupeol treatment for 56 days also
reduced tumor volume in athymic nude mice implanted with ADPC (LNCaP) or
CRPC (C4-2b) cells. He et al. [42] also found that lupeol (80 mg/kg, 3 times/week,
ip) treatment for 30 days inhibited the growth of transplanted HCC tumors
(SMMC7721 cells). Lupeol (30 and 60 mg/kg, iv) for 7–10 days reduced
PCNA-1-implanted tumor volume (37.71 and 58.25 %) or GBC-SD-implanted
tumor volume (337.75 and 56.91 %) in Balb/c nude mice [63, 64]. In
melanoma-bearing mouse model, systemic administration of lupeol inhibits the
growth and proliferation of highly aggressive human metastatic melanoma cells by
inducing apoptosis in C57BL/6 mice [79]. Therefore, these findings showed lupeol
possessed the anticancer efficacy against some tumor cells implantation in nude
mice. The most noticeable observation is that lupeol did not display any toxic effect
on normal human cells at the dose which it kills cancer cells [70]. Furthermore,
lupeol could target liver tumor-initiating cells and increase the sensitization of
chemotherapeutic agents or radiotherapy to HCC cells through phosphatase and
tensin homolog (PTEN)-Akt-ABCG2 pathway [44, 58].
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Table 2 Studies of lupeol on tumor growth, proliferation and differentiation in vitro and in vivo
(2010–2015)

Cancer model Tumor cell Effect and mechanism References

In vitro melanoma and
in vivo xenograft-implanted
athymic mice

Mel 928, Mel
1011 and Mel
1241 melanoma
cells

1. Decrease cell viability
2. Induce cell apoptosis
3. Decrease clonogenic potential
4. Decrease the activity of

Wnt/b-catenin pathway
5. Inhibit the tumorigenicity

Tarapore
et al. [134]

In vitro hepatocellular
carcinoma and in vivo
xenograft-implanted
athymic mice

SMMC7721 and
HepG2 cells

1. Decrease cell viability
2. Induce cell apoptosis via

inducing caspase-3 activity
3. Inhibit the tumorigenicity via

TRAIL pathway

He et al.
[42]

In vitro hepatocellular
carcinoma and in vivo
xenograft-implanted
athymic mice

MHCC-LM3,
Huh-7 and
PLC-8024 cells

1. Inhibited the self-renewal ability
of liver T-ICs

2. Inhibit the tumorigenicity
3. Sensitize HCC cells to

chemotherapeutic agents through
PTEN–Akt–ABCG2 pathway

Lee et al.
[58]

In vitro prostate cancer and
in vivo xenograft-implanted
athymic mice

LAPC4, LnCaP
and C4-2b cells

1. Inhibit cell growth
2. Inhibit the activity of transcript

factor AR and the expression of
PSA

3. Compete with androgen for AR
4. Block the binding of

AR-responsive genes
5. Inhibit the recruitment of RNA

Pol II to target genes
6. Inhibit the tumorigenicity

Siddique
et al. [112]

In vivo xenograft-implanted
C57BL/6 mice

B16 2F2
melanoma cells

1. Inhibit the tumorigenicity
2. Decrease the percentage of Ki 67
and PCNA-positive areas in the
tumor tissues

Nitta et al.
[79]

In vitro colorectal cancer DLD 1 and HCT
116 cells

1. Decrease cell viability
2. Induce cell apoptosis
3. Decrease clonogenic potential
4. Decrease the activity of

Wnt/b-catenin pathway

Tarapore
et al. [133]

In vitro gastric cancer BGC823, N87
and HGC27 cells

1. Inhibit cancer cell proliferation
2. Increase the killing effect of NK

cells via upregulating the
expression of PFP, IFN-c and
CD107a. Wnt/b-catenin
signaling pathway and
PI3-K/Akt signaling pathway

Wu et al.
[140]

In vitro gallbladder cancer
and in vivo
xenograft-implanted Balb/c
mice

GBC-SD cells 1. Decrease cell proliferation
2. Induce cell apoptosis
3. Inhibit cell migration and

invasion via suppressing the
activation of EGFR and MMP-9

4. Inhibit the tumorigenicity

Liu et al.
[63]

(continued)
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5 Biological Activities of Lupeol in Humans

Although these above review described diverse pharmacological activities of lupeol
in vitro and in vivo, only topical or subcutaneous treatment of lupeol is further
evaluated its efficacy in melanoma and acne of canine or human. For first time about
clinical utility of lupeol in treating diseases, lupeol (0.75–1.5 mg per site) was
topically injected to seven cases canine with spontaneous melanoma [41]. In cases
I–III (injected at metastatic sites), lupeol induced disappearance or differentiation of
metastatic melanoma cell (the increase in melanosomes). In cases IV (injected at
primary sites), lupeol induced the focal lysis of tumor tissues. In cases V–VII, lupeol
an adjuvant therapeutic agent was combined with hyperthermia and immunotherapy
to treat melanoma. They also found that lupeol combination induced disappearance
of metastatic melanoma cell. This study concluded that topical administration of
lupeol was successful treatment in 6 out of 7 canine with malignant melanomas.
They further indicated that lupeol possessed the differentiation-inducing and
anti-proliferative activities for oral malignant melanoma in canine [81]. Moreover,
lupeol (10 mg/kg, sc) at various times after surgery prevented local tumor pro-
gression (no local recurrence) and distant metastasis [144]. Furthermore, they also
found that combination with lupeol and other alternative therapeutic methods such as

Table 2 (continued)

Cancer model Tumor cell Effect and mechanism References

In vitro hepatocellular
carcinoma

HepG2, C3A,
PLC/PRF5,
HUH-7 and
Hep3B cells

1. Inhibit cell proliferation via
downregulating JAK-STAT3
cascades and increasing the
expression of SHP-2

2. Inhibit angiogenesis though
suppressing the expression of
STAT3-regulated gene products

3. Decrease the binding of STAT3
to VEGF promoter

4. Induce cell apoptosis

Siveen
et al. [114]

In vitro pancreatic cancer
and in vivo
xenograft-implanted Balb/c
mice

PCNA-1 cells 1. Cell cycle arrest in G0/G1 phase
by upregulating P21 and P27 and
downregulating cyclin D1

2. Induce cell apoptosis by
decreasing Akt and ERK
pathway

3. Inhibit the tumorigenicity

Liu et al.
[62, 64]

In vitro hepatocellular
carcinoma

HCCLM3 and
HepG2 cells

1. Suppress cell proliferation by
inhibiting BDNF secretion and
phosphorylation of GSK-3b,
cooperated with blockade of
Akt/PI3-K and Wnt signaling
pathway

2. Induce cell apoptosis by caspase
3 pathway

Zhang
et al. [148]
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hyperthermia and dendritic cell therapy had the potential to prolong the life span and
maintain an excellent life quality for canine suffering melanoma [43]. Therefore,
they suggested that lupeol may be a novel adjuvant treatment for oral malignant
melanoma, and a higher dose and/or repeated injection of lupeol appeared to be more
effective in treating the melanoma [81]. These serial studies in canine oral malignant
melanoma give more opportunity for preclinical studies and clinical trials to validate
the usefulness of lupeol on diverse pharmacological activities, especially
anti-inflammatory, anticancer and hepatoprotective effects. Recent clinical trials
were conducted by Dr. Dae Hun Suh in Seoul National University Hospital, which
2 % lupeol cream was applied to treat patients suffering mild–moderate face acne
twice daily for 4 or 8 weeks. However, regarding to the intervals of administration,
the dosage design of lupeol and interspecies differences from animal studies must be
further investigated and attention.

6 Conclusions

From in vitro and in vivo results, we demonstrated that lupeol possessed
anti-oxidative, anti-inflammatory, anticancer, anti-hyperglycemic and
anti-dyslipidemic activities. Hence, we further reviewed the preclinical toxicological
and pharmacokinetic reports of lupeol to support that lupeolmay have a potential to be
a candidate therapeutic agent for multiple human diseases. Several researchers have
reported that systemic administration of lupeol did not exhibit acute and chronic
toxicity in animals [4, 32, 70, 87, 96, 103, 119]. For acute toxicity study in rodents, oral
administration of lupeol up to 2 g/kg did not cause any adverse effects or mortality
after 96 h or seven consecutive days of observation [4, 87]. Lupeol (40 mg/kg, ip) also
showed no toxicological sign or mortality in mice [70]. As for subacute toxicity study
in rodents, lupeol (50–100 mg/kg/day, po) under various periods (7, 8 or 15 con-
secutive days) did not cause any systemic toxicity or mortality [32, 96, 119]. In
addition, topical treatment of lupeol (2 mg/animal) for 28 weeks (two times/week) did
not induce any epidermal hyperplasia, and it did not affect body weight gain and any
systemic toxicity effect in mice [103]. We can summarize from thee preclinical tox-
icological tests that lupeol treatment up to 100 mg/kg under various periods
(short-term treatment of 7, 8 or 15 consecutive days) did not exhibit any systemic
toxicity in animals, and then, it did not affect skin epidermal histology and gene
expression when topical treatment for subacute periods (28 days).

In conclusion, pentacyclic lupane-type triterpene lupeol has a great potential to
be a lead candidate compound. Many researchers attempted to synthesize lupeol by
various routes such as polyolefin cyclization or enantioselective synthetic pathway
[118, 131, 143]. Because the structure of lupeol comprises ten asymmetric centers,
it causes the stereochemical challenge and the higher degree of difficulty in syn-
thesis processes. There is a tendency to obtain lupeol from lupeol-rich plants such
as C. nurvala, Mangifera indica L. and birch barks or from industrial residues of
cork processing [1, 100, 116, 147] because this way is less polluting and cheaper.
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On the other hand, lupeol is expected to exhibit poor bioavailability by oral route
because of high lipophilic and low solubility. Some researchers synthesized lupeol
derivatives by esterification, heterocycle or substituted insertion (such as aromatic
or nicotinic groups) at C-2 and C-3 positions to increase its solubility, bioavail-
ability and pharmacological activities [29, 30, 33, 91, 119–124, 127, 130]. Further,
the inserted substitutions at C-2/C-3 or C-20/C-30 positions of lupeol, the effective
doses and the duration of treatment with different human diseases should be taken
into account when lupeol will be used as a lead compound to synthesize lupeol
derivatives (prodrugs) which possess more potent and bioavailability than lupeol.
Preclinical pharmacokinetic data and clinical evidence of lupeol and lupeol
derivatives also shall be investigated in the future.
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Gingerol and Its Role in Chronic Diseases

Yasmin Anum Mohd Yusof

Abstract Since antiquity, ginger or Zingiber officinale, has been used by humans
for medicinal purposes and as spice condiments to enhance flavor in cooking.
Ginger contains many phenolic compounds such as gingerol, shogaol and paradol
that exhibit antioxidant, anti-tumor and anti-inflammatory properties. The role of
ginger and its constituents in ameliorating diseases has been the focus of study in
the past two decades by many researchers who provide strong scientific evidence of
its health benefit. This review discusses research findings and works devoted to
gingerols, the major pungent constituent of ginger, in modulating and targeting
signaling pathways with subsequent changes that ameliorate, reverse or prevent
chronic diseases in human studies and animal models. The physical, chemical and
biological properties of gingerols are also described. The use of ginger and espe-
cially gingerols as medicinal food derivative appears to be safe in treating or
preventing chronic diseases which will benefit the common population, clinicians,
patients, researchers, students and industrialists.

Keywords Gingerol � Signaling pathways � Chronic diseases � Physicochemical �
Biological properties

1 Introduction

A multitude of research in the last two decades provides strong evidence that many
phytochemicals found in medicinal plants, fruits and vegetables either taken alone
or in combination may be used to prevent or treat chronic diseases [3, 16]. Most of
these phytochemicals such as epigallocatechin-3-gallate [EGCC], curcumin in
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turmeric and gingerol in ginger are known to have antioxidant, anti-inflammatory
anti-proliferative, anti-invasion and anti-angiogenesis properties.

Zingiber officinale Roscoe Zingiberaceae or commonly known as ginger was
first used by the Indians and Chinese to treat illnesses almost 5000 years ago [15].
The plant was initially cultivated in South East Asia before it is widely grown in
many parts of tropical Asian countries as well as in western parts of the world [89].
The word ginger comes from the Middle English gingivere, while in Arabic it is
known as zanjabil, in Hindi, adarakha, in Chinese, jiang, in Malay, halia, and in
Indonesia, jahe. Across all cultures, ginger is known for its medicinal properties and
as spice condiments to enhance flavor in cooking. Traditionally, it has been used for
the treatment of many ailments including colds and flu, nausea, asthma, arthritis,
gastrointestinal disturbances and migraines. Ginger is also used to prevent nausea
resulting from chemotherapy, motion sickness and surgery [17, 20]. The medicinal
and nutraceutical values of ginger root or rhizome can be attributed to the number
of bioactive compounds including gingerols, shogaols, paradols, zerumbones and
zingiberene [20, 104]. Gingerols, which are the main constituents of fresh ginger,
have been shown to exhibit many biological properties beneficial for human health
including cancer prevention or chemoprevention. The term cancer chemoprevention
was first introduced by Sporn [106]. It was defined as the utilization of chemically
active compounds to “reverse, suppress or prevent progression of disease from
pre-invasive cancer to frank malignancy”. However, as time progresses with a
plethora of studies on chemoprevention, it is now best defined as the use of
non-toxic substances, including dietary food substances, to modulate or target
molecular processes in signaling pathways of cancer development or carcinogen-
esis, causing the death of cancer cells.

It is interesting to note that several population-based studies conducted showed
that people from South East Asia have a lower risk of acquiring colon, gastroin-
testinal, prostate, breast and other cancers when compared to their western coun-
terparts. It is highly possible that the constituents in their diet such as soy, ginger,
onion, chilies and green tea play an important role in suppressing the early
tumorigenesis process, which includes inflammation, hyper-proliferation, transfor-
mation and the final stages of carcinogenesis, angiogenesis and metastasis [31].

Similar to other herbal plants, ginger is known to have many health benefits from
anecdotal accounts, resulting in a current population who is overly conscious of
including herbal supplements as dietary regiments to maintain good health and to
prevent from getting chronic diseases. However, it is of great importance to conduct
scientific experiments and clinical trials to ensure the safety and efficacy of ginger
and its bioactive components for human consumption [112].

There is a great deal of interest among researchers for the past years in the search
for the mechanism of chemoprevention and therapeutic role of ginger and its
constituents. Excellent work and reviews on the aspect of the physicochemical,
pharmacological, medicinal and cancer preventing properties of ginger and its
major compounds have been reported [8, 15–17, 20, 29, 41, 56, 94, 104, 105, 109].
This review will discuss scientific evidence from animal and human studies
regarding the therapeutic properties of gingerols and how they modulate signaling
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pathways in preventing the growth of cancer cells and their nutraceutical effects in
treating and preventing chronic diseases.

2 Physico–chemical Properties of Gingerol

The odor of ginger is attributed to the volatile oil or oleoresin which comprised
of monoterpenoids (e.g., geraniol, curcumene, citral) and sesquiterpenoids (e.g.,
zerumbone, zingiberene, beta-bisabolene, zingiberol), while the non-volatile pun-
gent component of ginger is primarily due to the presence of gingerols, shogaols
and paradols which are vanillyl ketones or phenols (Fig. 1). Jolad et al. [55, 56]
found that fresh ginger and commercially processed dry ginger contain over 115
compounds of which major constituents in fresh ginger are gingerol-related com-
pounds with [6]-gingerol being the most abundant constituent. Other gingerols are
present in lesser amounts, such as [4]-, [8]-, [10]- and [12]-gingerols and [6]-
gingerdione [53]. Shogaols are formed from the corresponding gingerols during
thermal processing and drying [122, 131]. Figure 1a shows the chemical structure
of gingerol and shogaol isolated from the ginger rhizome.

6-Gingerol [R=(CH2)4CH3]

8-Gingerol [R=(CH2)6CH3] 

10-Gingerol [R=(CH2)8CH3] 

6-Shogaol [R=(CH2)4CH3]

8-Shogaol [R=(CH2)6CH3] 

10-Shogaol [R=(CH2)8CH3] 

O

OCH
3

HO HO

R

OH O

OCH
3

R

(a)

(b)

Fig. 1 a Chemical structures of the various gingerol and shogaol analogues isolated from ginger
rhizome (reproduced with permission from [104]). b Chemical structure of (S)-6-gingerol-4′-
O-b-glucuronide
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2.1 Pharmacokinetic of [6]-Gingerol and its Metabolism

It is not clearly understood how [6]-gingerol is metabolized once it gets into the
bloodstream. One study reported that it is rapidly cleared from rat plasma following
intravenous administration of 3 mg/kg [6]-gingerol with total body clearance of
16.8 ml/min/kg [29]. It was also reported to be enzymatically metabolized to
gingerdiol in cell suspensions of rat liver [110]. The pharmacokinetics of [6]-, [8]-,
[10]-gingerol and [6]-shogaol were examined in human subjects by Zick et al. [132]
who gave them ginger starting from 100 mg to 2 g in escalating manner to different
groups. No participant had detectable free [6]-, [8]-, [10]-gingerol or [6]-shogaol in
their serum, but instead [6]-, [8]-, [10]-gingerol and [6]-shogaol glucuronides were
detected. The metabolic fate of [6]-gingerol was also investigated by Nakazawa and
Ohsawa [81] and a primary metabolite, (S)-[6]-gingerol-4′-O-b-glucuronide, was
detected in the bile of rats given oral administration of [6]-gingerol, suggesting the
conjugation and oxidation reactions of its phenolic side chain (Fig. 1b).

In another study, [6]-, [8]-, and [10]-gingerols from natural ginger extract were
shown to have higher bioavailability compared to gingerols in a synthetically
prepared ginger mix and the gingerols were detected in feces upon intravenous
administration confirming hepatobiliary elimination [39]. Bhattarai et al. [13]
reported that [6]-shogaol and [6]-gingerol undergo first-order reversible dehydra-
tion and hydration reactions under an acidic condition to form [6]-gingerol and [6]-
shogaol, respectively, in simulated gastric and intestinal fluids after prolonged
incubation. Their study indicates that gingerol and shogaol interconvert between
one and another in the intestine. [6]-Gingerol was shown to have greater stability
than [6]-shogaol whereby after 21 days of incubation only 30 % of gingerol had
degraded compared to 80 % of shogaol.

During drying or thermal processing, gingerols being thermally labile due to the
presence of beta hydroxy group in the structure either dehydrate to the corre-
sponding shogaols or are degraded by a retro-aldol reaction to zingerone and the
corresponding aldehyde [29].

2.2 Biosynthesis of Gingerols

In the laboratory, gingerols can be synthesized in several ways. The synthesis of
[6]-gingerol [(5S)-5-hydroxy-1-(4-hydroxy-3-methoxyphenyl) decan-3-one, MW
C17H26O4], begins from the precursor amino acid phenylalanine which is then
converted to p-coumaric acid, followed by conversion to dihydroferulic acid and
subsequently to 6-gingerdione and finally to [6]-gingerol [27]. An alternative
pathway was suggested by Ramirez-Ahumada et al. [98] using the same starting
material, phenylalanine. Some key enzymes that are involved include phenylalanine
ammonia lyase (PAL), p-coumaroyl shikimate transferase (CST), p-coumaroyl
quinate transferase (CQT), caffeic acid O-methyltransferase (COMT) and
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caffeoyl-CoA-O-methyltransferase (CCOMT), and reductase (Fig. 2). Using euge-
nol as starting material, Kumar et al. [68] synthesized [6]-, [7]- and [9]-gingerols,
producing the nitro-derivative of eugenol which then reacts with terminal alkenes to
form isoxazolines, which then yields the corresponding gingerols through catalytic
hydrogenation with Raney nickel [68]. Ma et al. [76] have developed an enan-
tioselective approach for the synthesis of (+)-(S)-[6], [8]- and [10]-gingerols, which
included an organo-catalytic enantioselective aldol as a key step for efficient pro-
duction of the gingerols.

3 Modulation of Cell Signaling Pathways by Gingerol

An accumulating body of research data indicates that many cancers can be pre-
vented by diet mostly attributed to the presence of phytochemicals known to have
antioxidant, anti-inflammatory and anticancer properties. Some of these compounds
act alone or in combination in modulating the genes and proteins of the signaling
pathways. Therefore, identifying the specific signal transduction pathways, protein
and gene targets, and mechanisms explaining the properties of various phyto-
chemicals may provide effective therapeutic interventions or methods of disease
prevention.

Signal transduction is the process by which information from an extracellular
signal is transmitted from the plasma membrane into the cell eliciting an intracellular
cascade of signaling molecules to stimulate highly orchestrated cellular and nuclear
responses. Interestingly, modulation of cell signaling pathways is not a feature of
carcinogens alone but is also shared by chemotherapeutic and chemopreventive
agents. Carcinogens direct cells toward uncontrolled proliferation and malignancy

Fig. 2 Biosynthesis of [6]-gingerol as proposed by Ramirez-Ahumada et al. [98]
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with changes seen such as activation of oncogenes, inhibition of tumor suppressor
genes, induction of the inflammatory response, induction of angiogenesis and
upregulation of genes responsible for the survival of cancer cells, while chemo-
preventive agents target specific molecules of the signaling pathways that have been
deregulated by tumor cells development and consequently inducing death of cancer
cells. The chemopreventive mechanism of many dietary compounds is shown to
reverse, ameliorate or modulate the damage triggered by carcinogens with subse-
quent cellular responses including apoptosis and/or cell cycle arrest [3, 14, 88].

Gingerols like other dietary bioactive components were reported to target and
modulate multiple cell signaling pathways in the prevention (chemoprevention) and
treatment of cancer and other chronic diseases. Molecular targets of gingerols
include protein kinases (MAPK, JNK, IKK, AKT, PI3 K), transcription factors
(NF-jB, activator protein-1 (AP-1)], apoptosis and anti-apoptosis proteins (Bcl-2,
Bcl-XL, caspases,), tumor suppressor gene p53, growth factors (EGF, TGF, PDGF,
TNF), metastasis proteins (COX2, iNOS, MMPs, VEGF) and cell cycle proteins
(cyclin D1, CDK 1, 2, 4, 6, 7) [3]. A summary of the molecular targets of gingerol
in modulating signaling pathways associated with cancer is presented in Table 1.

Table 1 Molecular targets of gingerol in modulating signaling pathways

Signaling proteins/pathways Effect References

MAPK, NF-jB, COX2 [6]-Gingerol inhibits TPA-induced COX2 by
blocking p38 MAPK/NF-jB pathway and
suppressing IjBa degradation and p65 nuclear
translocation in mouse skin carcinogenesis

Kim et al. [63]

[6]-Gingerol inhibits TPA-induced COX-2
expression, by suppressing NF-jB DNA binding
in mouse skin carcinogenesis

Kim et al. [64]

[8]-Gingerol inhibits melanogenesis through
downregulation of MAPK and PKA pathways in
murine melanoma cells

Huang et al.
[45]

MAPK/PI3K/Akt/NF-jB [6]-Gingerol inhibits Hep3B hepatoma cells
invasion via inhibition of MAPK/PI3 K/Akt
signaling pathways and inactivation of NF-jB

Weng et al.
[120]

NF-jB/COX2/AP-1 [6]-Gingerol inhibits NF-jB, AP-1, COX2,
MAPK, pJNK and pERK in pancreatic tumor cells

Park et al. [93]

NF-jB/TNF a Ginger oleoresin (gingerol as major compound)
suppressed NF-jB and TNF a elevation in liver
cancer-induced rats

Habib et al.
[41]

ERK.NFjB/Snail [6]-Gingerol strengthens tight junction proteins in
invasive human pancreatic cancer cells through
inactivation of ERK/NF-jB snail

Kim and Kim
[62]

AP-1 [6]-gingerol inhibits EGF-induced cell
transformation and AP-1 activation in mouse
epidermal cells and human skin keratinocytes

Bode et al. [18]

(continued)

182 Y.A. Mohd Yusof



3.1 MAPK

The mitogen-activated protein kinases (MAPKs) comprise a family of extracellular
signal-regulated protein kinases(ERKs), c-Jun N-terminal kinases/(JNKs) and p38
kinases which mediate a succession of signaling cascades activated by outside
stimuli such as tumor promoters, (e.g., tetradecanoyl phorbol-13-acetate, TPA),
growth factors such as epidermal growth factor (EGF) and platelet-derived growth
factor (PDGF) which controls growth, proliferation, differentiation, migration and
apoptosis [24]. Deregulation of MAP kinases and/or their target molecules is
observed in a variety of human cancers and experimental animals.

Table 1 (continued)

Signaling proteins/pathways Effect References

Cyclin D1, Cyclin A, Cyclin
B/b-catenin

[6]-Gingerol suppressed proliferation of HCT116
colon cancer cells via induction of apoptosis,
inhibition of cyclin D1 and b-catenin

Lee et al. [73]

[6]-Gingerol induced G2/M phase arrest, increased
expressions of p27Kip1 and p21Cip1, decreased
cyclin A, cyclin B1 and CDK1 levels in LoVo
colon cancer cells

Lin et al. [75]

Apoptosis/MAPK/ERK/AP-1 [6]-Gingerol induced apoptotic cell death in
mutant p53-expressing pancreatic cancer cells but
not in wild-type HPAC cells

Park et al. [93]

[6]-Gingerol inhibits cellular proliferation and
induces apoptosis via activation of caspases 3, 7, 8
and 9 and downregulates PMA-induced activation
of ERK1/2, JNK, MAPK/AP-1 in SW-48 human
colon cancer cell line

Radhakrishnan
et al. [97]

[10]-Gingerol induces mitochondrial apoptosis
through activation of MAPK/JNK/P38 and ERK
pathway in HCT116 colon cancer cells and
increases Bax/Bcl-2, caspases 3 and 9

Ryu and Chung
[102]

p53/apoptosis [6]-Gingerol inhibits growth of A431 epidermoid
cancer cells and induces release of cytochrome c
and upregulates Apaf-1 protein and caspases

Nigam et al.
[83]

[6]-Gingerol increases p53 and Bax levels in benzo
[a]pyrene-induced mouse skin carcinogenesis and
increases Apaf-1 and cytochrome c release

Nigam et al.
[84]

[6]-Gingerol decreases expression of anti-apoptotic
proteins (survivin, c-FLIP, Bcl-2 and XIAP) and
increases pro-apoptotic protein, Bax and truncate
Bid in glioblastoma cells

Lee et al. [70]

[6]-gingerol induces apoptosis of gastric cancer
cells by increasing caspase 3/7 activation,
inhibiting TRAIL-induced NF-jB activation

Prasad and
Tyagi [95]

mTOR/Wnt/b-catenin Combined ginger extract and Gelam honey inhibits
mTOR/Wnt/b-catenin pathway in HT29 colon
cancer cells

Wee et al.
[116]
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3.2 ERK/RAS/RAF

Activation of RAS-RAF proteins by tyrosine kinases-mediated extracellular signals
leads to the phosphorylation and activation of ERK and its nuclear translocation
where it phosphorylates a variety of transcription factors that are important in tumor
and cancer development. The transcription factors include activator protein-1
(AP-1) and nuclear factor-kappaB (NF-j B), which then upregulates COX-2, TNF,
cyclin D1, MMPs and iNOS gene products known to stimulate proliferation,
inflammation, angiogenesis, invasion and inhibition of apoptosis in tumorigenesis
[3, 82, 96, 108]. Park et al. [93] investigated the chemopreventive effect of [6]-
gingerol on HPAC (wild type) and BxPC-3 (p53 deficient) pancreatic tumor cell
lines and found that protein expression analysis of MAPK, pJNK and pERK was
inhibited in both cell types after [6]-gingerol treatment, while AKT phosphorylation
was increased in HPAC but not in BxPC-3 cells. Interestingly, we have shown that
fresh ginger extract which contains gingerols induced death of HT29 colon cancer
cells by downregulating KRAS, ERK, AKT and NF-jB (p65) genes [111]. Weng
et al. [120] revealed that [6]-gingerol inhibits Hep3B hepatoma cells invasion by
blocking of MAPK/PI3 K/Akt signaling pathways. In a separate study by
Radhakrishnan et al. [97], [6]-gingerol was shown to downregulate phorbol
myristate acetate (PMA)-induced phosphorylation of ERK1/2 and JNK MAP
kinases but with very little effect on phosphorylation of p38 MAP kinase in colon
cancer cells. Kim and Kim [62] demonstrated that [6]-gingerol regulates and
strengthens tight junction-related proteins and suppresses NF-jB/Snail and ERK
pathway of human pancreatic duct cell-derived cancer cell line, PANC-1.

3.3 NF-jB/COX2

NF-jB and COX2 are both involved in inflammatory processes, and there is
increasing evidence supporting that chronic inflammation may lead to chronic
diseases including cancer development of many organs such as skin, stomach,
colon, breast, prostate and pancreas [3, 77]. NF-jB is a family of closely related
protein dimers of five subunits: p65 (RelA), c-Rel, RelB, p50/NF-jB1 and
p52/NF-jB2. NF-jB resides in the cytoplasm bound to specific inhibitory proteins,
IjB families. It can be translocated into the nucleus when activated by cytokines,
inflammatory stimuli and other oxidative stress molecules. Once in the nucleus, it
will bind to a specific region of DNA and induces many genes that promote cellular
proliferation, transformation, invasion, metastases and genes which suppress
apoptosis, leading to a variety of chronic diseases including cancer. Several dietary
agents including gingerols have been shown to be potent inhibitors of NF-jB
[3, 77].

Cyclooxygenases (COX) are prostaglandin H synthase, which converts arachi-
donic acid (AA) into prostaglandins. Two isoforms of COX are COX-1 and
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COX-2. The latter has been associated with tumorigenesis and is overexpressed in
premalignant and malignant cancers of many organs such as colon, skin, stomach
and esophagus [108]. COX-2 has been recognized as a molecular target for many
anti-inflammatory as well as chemopreventive agents. Kim et al. [63] found that [6]-
gingerol inhibits TPA-induced COX-2 expression in mouse skin by blocking the
p38 MAPK-NF-jB signaling pathway with a corresponding inhibition of Ij Ba
degradation, p65 nuclear translocation and its interaction with cAMP response
element-binding (CREB) protein, a transcriptional coactivator of NF-jB.

3.4 AP-1

Activator protein-1 is a transcription factor composed of homodimers and or het-
erodimers of Jun, Fos, ATF (activating transcription factor) and MAF (muscu-
loaponeurotic fibrosarcoma) protein families [10]. AP-1 plays a major role in cell
transformation and is crucial in tumor promotion, progression and metastasis [30].
It is associated with the regulation of genes involved in apoptosis and proliferation
and may promote cell proliferation by activating the cyclin D1 gene and repressing
tumor suppressor genes, such as p53, p21cip1/WAF1 and p16 [3].

Bode et al. [18] found that [6]-gingerol inhibited EGF-induced cell transfor-
mation and AP-1 activation in mouse epidermal cells and AP-1 activation in human
skin keratinocytes, while Radhakrishnan et al. [97] recently showed that [6]-gin-
gerol downregulated phorbol myristate acetate (PMA)-induced activation of AP-1
transcription factor.

3.5 PI3K/AKT

Phosphatidylinositol-3 kinases, PI3Ks, constitute a lipid kinase family characterized
by their ability to phosphorylate inositol phospholipids to generate the second
messenger phosphatidylinositol-3,4,5-trisphosphate (PI3) which will phosphorylate
and activate Akt kinase. Akt/PKB is a serine/threonine protein kinase that functions
as a critical regulator of cell survival and proliferation. In mammals, there are three
known isoforms of the Akt kinase: PKBa/Akt1, PKBb/Akt2 and PKBc/Akt3 [107].
Activation of Akt/PKB was evident in various types of cancers [23, 26]. Activated
Akt promotes cell survival by activating the NF-jB signaling pathway [87] and by
inhibiting apoptosis [21]. Park et al. [93] showed that [6]-gingerol induced mostly
apoptotic death in the mutant p53-expressing pancreatic cancer cells, while no signs
of early apoptosis were detected in wild-type p53-expressing cells which were
related to the increased phosphorylation of AKT.

Treatment of MDA–MB–231 breast cancer cells with [10]-gingerol inhibited
cell proliferation through downregulation of cyclin-dependent kinases and cyclins,
and G1 phase arrest. In addition, 10-gingerol treatment blocked cell invasion in
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response to mitogenic stimulation which is mediated through inactivation of Akt
and p38 MAPK activity, and suppression of epidermal growth factor receptor
expression [57]. Weng et al. [121] demonstrated that [6]-gingerol inhibits Hep3B
hepatoma cells invasion via blocking phosphorylation of mitogen-activated protein
kinase (MAPK) and PI3K/Akt signaling, inactivation of NF-jB and preventing the
translocation of NF-jB and STAT3 into the nucleus.

3.6 b-Catenin/Wnt Pathway

Aberrant Wnt signaling pathway occurs in many types of cancers, predominantly in
colorectal cancers [11, 37]. Cytoplasmic b-catenin levels are normally kept low
through continuous proteosome-mediated degradation by adenomatous polyposis
coli (APC)/glycogen synthase kinase-3b (GSK-3b)/Ax in complex. When Wnt
signal is initiated in tumor promotion, the degradation of b-catenin is inhibited and
levels of b-catenin build up in the cytoplasm and nucleus, which then interacts with
transcription factors for the regulation of genes involved in tumor progression
[113]. Lee et al. [73] reported that [6]-gingerol suppressed cellular proliferation and
induced apoptosis and G1 cell cycle arrest with subsequent suppression of the
cyclin D1 gene in the human colorectal cell line, HCT116. The latter event is
associated with inhibition of translocation of b-catenin into the nucleus and
increased proteolysis of cyclin D1 protein.

3.7 Cell Cycle

The loss of the regulation of cell cycle is implicated in many types of cancer. Cyclin
D1 is the rate-limiting factor in the progression of cells through the G1 phase of the
cell cycle. Overexpression of cyclin D1 and cyclin-dependent kinases is a features
of tumorigenesis [28]. [6]-Gingerol has been shown to inhibit progression of the
cell cycle of human colon cancer cells by downregulating the expression of cyclin
D1 [73]. In addition, Park et al. [93] reported that [6]-gingerol arrested the cell cycle
in G1 phase by decreasing cyclin A and Cdk proteins in both wild-type and
p53-deficient pancreatic tumor cell lines.

3.8 Apoptosis

Apoptosis is a form of programmed cell death triggered by outside stimuli such as
anticancer drugs, various cytokines and natural food components which activate
“death receptors” such as Fas ligand receptors and tumor necrosis factor receptors
(extrinsic pathway), leading to proteolytic cleavage and activation of initiator
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caspases (caspases 8, 9, 10). The release of cytochrome c will activate executioner
caspases (caspases 3, 6, 7) (mitochondrial or intrinsic pathway), leading to cell
death. Phytochemicals known to inhibit NF-jB or AP-1 can suppress cellular
proliferation and induce cell toward apoptosis [12, 36]. Deregulated apoptotic
mechanisms have been implicated in numerous pathologic diseases including
Alzheimer’s disease, autoimmunity (lupus, type 1 diabetes, rheumatoid arthritis),
infectious diseases, cancer, cardiovascular and osteoporosis. Accumulating evi-
dence indicates that dietary bioactive agents can trigger specific targets of apoptosis
pathway of cancer cells causing its death [99]. Radhakrishnan et al. [97] showed
that [6]-gingerol inhibited proliferation and induced apoptosis of colon cancer cell
line, SW-48, via activation of caspases 3, 7, 8 and 9, while Ryu and Chung [102]
reported that [10]-gingerol-treated HCT116 colon cancer cells exhibited an
increased ratio of Bax/Bcl-2 (ratio of pro-apoptosis to anti-apoptosis protein),
resulting in the activation of caspases 3 and 9 indicating an apoptosis event. In
addition, they found that [10]-gingerol induced apoptosis of the colon cancer cells
was accompanied by phosphorylation of the mitogen-activated protein kinase
(MAPKs) family, c-Jun N-terminal kinase (JNK), p38 MAPK (p38) and extracel-
lular signal-regulated kinase (ERK).

3.9 Tumor Suppressor Gene P53

p53 is a transcription factor, which also plays an important role as a regulator, or
SOS gene in signal transduction pathway by removing damaged DNA, thus sup-
pressing the tumor formation. It activates transcription of downstream genes,
p21WAF1 and Bax to induce apoptosis of tumor cells [115]. [6]-Gingerol was
shown to increase p53 and Bax levels, which were downregulated, by the car-
cinogen benzo[a]-pyrene in mouse skin carcinogenesis model. [6]-Gingerol treat-
ment also resulted in the release of cytochrome c, caspases activation and increase
in apoptotic protease-activating factor-1 (Apaf-1) as mechanism of apoptosis
induction [84].

3.10 mTOR

The mammalian target of rapamycin, mTOR, is the key factor in regulating cell
growth and proliferation. The pathway is activated in tumorigenesis, due to
mutations in certain proteins closely related to mTOR pathway, including ampli-
fication of PIK3CA gene, loss or inactivation of phosphatase and tensin homolog
(PTEN), mutations of TSC1/2 complex and p53 [38]. mTOR/Wnt/B-catenin
pathways share the same Akt upstream target. Akt activation by PI3K mediates the
activation and inhibition of several targets which include the three pathways:
mTOR, GSK3/Akt and Wnt/Beta catenin, leading to increase in target genes,
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protein synthesis and inhibition of apoptosis [35]. The search for mTOR inhibitors
could be potential therapeutic agents against cancer. There are yet no data specif-
ically showing gingerol as an inhibitor of mTOR. However, [6]-shogaol, the major
constituent of dried ginger, was shown to modulate AKT/mTOR pathway by
blocking the activation of AKT and downstream targets, mTOR, fork head tran-
scription factors (FKHR) and glycogen synthase kinase-3beta (GSK-3 b) in human
non-small cell lung cancer A549 cells. Phosphorylation of mTOR’s downstream
targets, p70 ribosomal protein S6 kinase (p70S6 kinase) and 4E-BP1, was also
diminished. [6]-Shogaol was also shown by the same group to inhibit cell prolif-
eration by inducing autophagic cell death and not by apoptosis [46]. Interestingly,
our laboratory has shown that when ginger extract was combined with honey, gene
expressions of Akt, mTOR, Raptor, Rictor, b-catenin, Gsk3b, Tcf4 and cyclin D1
were downregulated, while cytochrome C and caspase 3 genes were shown to be
upregulated in HT29 colon cancer cells [116].

4 Role of Gingerol in Chronic Diseases

Many diseases have been associated with aberrantly regulated signaling pathways
ultimately leading to inflammation, hyper-proliferation or inhibition of apoptosis
and propagation of diseases. Chemoprevention by plant-based compounds rich in
phytochemicals provides a promising approach in the search for a safe therapeutic
mode of treatment. Gingerols have been shown to target many of the pathways
described above in combating many diseases such as cancer, cardiovascular dis-
ease, diabetes and gastrointestinal disturbances.

4.1 Role of Gingerol in Cancer

An accumulating body of scientific evidence indicates that many cancers are pre-
ventable since diet and nutrition are key factors in the modulation of cancer risk.
Compelling scientific evidence suggests that the chemopreventive action of ginger
and its natural components is attributed to the polyphenolic antioxidants properties.
The mechanism of action of ginger and its bioactive components has been associated
with inhibiting proliferation and inducing apoptosis [71] inducing cell cycle arrest [2,
73, 111] and suppressing inflammation by inactivating NF-jB activity [41, 93, 111].

4.1.1 Skin Cancer

One of the earlier studies using ginger as an anticancer agent was in mouse model
skin carcinogenesis [59]. They reported that [6]-gingerol applied to DMBA initiated
skin cancer in SENCAR mice afforded a significant protection against skin cancer
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with lower tumor burden. Nigam et al. [83] reported that [6]-gingerol inhibited the
growth of human epidermoid A431 cells by generating reactive oxygen species
(ROS). The increase in ROS led to perturbation of mitochondrial membrane
potential with the release of cytochrome c and upregulation of Apaf-1, subsequently
leading to caspases cascade induction indicating an apoptotic event. Their study
suggests that [6]-gingerol can be effectively used for the treatment of skin cancer.

A similar study by the same researchers on benzo[a]pyrene-induced skin cancer
in mice showed that [6]-gingerol given prior and after benzo[a]pyrene treatment for
32 weeks was able to reduce the number of skin tumors and volume, increased the
suppressed p53 and Bax levels, while decreasing the expression of Bcl-2 and
survivin. [6]-Gingerol treatment also resulted in apoptosis event, with release of
cytochrome c, caspases activation and increase in apoptotic protease-activating
factor-1 (Apaf-1) [84].

4.1.2 Brain Cancer

Glioblastoma multiforme (GBM) is the most lethal, aggressive and malignant
astrocytoma of primary brain tumors in adults. [6]-Gingerol was shown by Lee
et al. [72] to induce TRAIL-mediated apoptosis of glioblastoma. The bioactive
compound of ginger increased death receptor (DR) 5 levels in a p53-dependent
manner and decreased the expression of anti-apoptotic proteins (survivin, c-FLIP,
Bcl-2 and XIAP) and increased pro-apoptotic protein, Bax and truncate Bid, by
generating reactive oxygen species (ROS). The study suggests the possibility of
combination therapy of TRAIL and [6]-gingerol in TRAIL-resistant glioblastoma
tumor therapy.

4.1.3 Gastrointestinal Cancer

GI cancer is defined as the cancer of organs of the digestive system including the
esophagus, gallbladder, liver, pancreas, stomach, small intestine, large intestine,
rectum and anus [95]. In vitro study showed that [6]-gingerol induced apoptosis of
gastric cancer cells by increasing caspase-3/7 activation. The induction of apoptosis
by [6]-gingerol was mediated through downregulation of cytosolic inhibitor of
apoptosis (cIAP)-1 and inhibiting TRAIL-induced NF-jB activation [49, 95].

Mahady et al. [78] tested the effects of [6]-, [8]- and [10]-gingerols on 19 strains
of Helicobacter pylori (HP) including the most sensitive strain 5 CagA+. H. pylori
is the first bacterium to be classified as a Group 1 carcinogen which causes gastric
cancer in humans by the International Agency for Research on Cancer [47, 103].
Infection from CagA+ HP strains significantly increases the risk of developing
severe gastric inflammation, atrophic gastritis and non-cardia gastric adenocarci-
noma. Their study demonstrated that [10]-gingerol was the most active in inhibiting
the growth of all HP strains with MIC of 6.25 lg/ml (range 0.78–50.0 lg/ml),
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followed by [6]- and [8]-gingerols with MIC of 12.5 lg/ml (range 3.125–
100.0 lg/ml) [78].

4.1.4 Liver Cancer

Yagihashi et al. [124] reported that [6]-gingerol inhibited both proliferation and
invasion of rat ascites hepatoma AH109A cells. Cell cycle arrest and apoptosis
induction are the main causes of the protective effect of [6]-gingerol in these
cancerous cells. Ginger oleoresin was demonstrated by Yusof et al. [129] to have a
chemopreventive effect against liver cancer in rats, while Habib et al. [41] eluci-
dated that the chemopreventive mechanism of ginger oleoresin was by ameliorating
inflammation with reduction in elevated expressions of NF-jB and TNF-a in liver
cancer cells. In human HepG2 hepatoma cells, [6]-gingerol induced apoptosis
through release of cathepsin D which preceded ROS generation and cytochrome C
release from mitochondria [125].

Anti-invasive activity of [6]-gingerol was seen in HepG2 cells, whereby it
inhibited the migratory and invasive abilities of phorbol 12-myristate 13-acetate
(PMA) mediated by inhibition of MMP-9, urokinase-type plasminogen activator
(uPA) and increased expression of tissue inhibitor metalloproteinase protein-1
(TIMP-1). The mechanism of invasion and metastasis was elucidated via inhibition
of MAPK and PI3 k/Akt pathways and NF-jB and STAT3 activities [120].

4.1.5 Pancreatic Cancer

Kim and Kim [62] demonstrated that [6]-gingerol regulates tight junction-related
proteins and suppresses invasion and metastasis of pancreatic cancer, PANC-1 cells
through ERK/NF-jB/Snail signal transduction pathway. In a separate experiment,
Akimoto et al. [5] demonstrated that the ginger extract suppressed cell cycle pro-
gression and consequently induced the death of human pancreatic cancer cell lines,
including Panc-1 cells. The underlying mechanism entailed autosis, a recently
characterized form of cell death, but not apoptosis or necroptosis.

4.1.6 Colon Cancer

Colorectal cancer (CRC) is the third most commonly diagnosed cancer among males
after lung and prostate cancer, whereas for female, CRC is the second common
cancer after breast [51]. A multistep genetic model of colorectal carcinogenesis
involving mutation of the APC gene, Kras, PI3K and Wnt/b-catenin and the cross
talk between these pathways has been suggested to play a major role in deregulation
of cell cycle progression, evasion of apoptosis, induction of genetic instability and
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enhanced invasiveness and metastasis [80, 123]. Reduced rates of apoptosis in
colonic mucosa are associated with an increased risk of colorectal cancer. Treatment
of human colon cancer cell LoVo with [6]-gingerol induced significant G2/M phase
arrest with increased negative cell cycle regulators p27Kip1 and p21Cip1 while
diminishing the level of cyclin A, cyclin B1 and CDK1 [75].

In our laboratory, we showed that fresh ginger extract which contains gingerols
induced cell death of colon cancer cells, HT29, associated with upregulation of
caspase 9, the pro-apoptosis gene accompanied by downregulation of Bcl-xL, the
anti-apoptotic gene. Interestingly, the observed downregulation of the genes
involved in cancer pathways, KRAS, ERK, AKT and NF-jB (p65) genes correlated
with concomitant upregulation of the inhibitory gene Ij Ba [111].

In vivo study showed that [6]-gingerol is an effective inhibitor of azoxymethane
(AOM)-induced intestinal carcinogenesis in rats by inhibiting the multiplicity of
adenocarcinomas after 20-week administration of AOM [128]. Using a
reverse-docking approach, [6]-gingerol was shown to suppress colon cancer growth
by targeting and inhibiting the activity leukotriene A4 hydrolase, from the leuko-
trienes family of the arachidonic acid metabolism [52]. Leukotrienes have been
implicated in human cancer and chronic inflammation [40].

4.2 Coronary Heart Disease

Besides its major role as cancer preventive agent, many scientific findings indicated
the protective role of gingerols in other chronic diseases such as cardiovascular,
diabetes and asthma.

In 1987, Kobayashi and colleagues found that [8]-gingerol at low concentrations
(0.001–0.03 lM) was able to exert a positive inotropic effect on isolated left atrium
of guinea pig, suggesting that it can act as a cardiotonic [66]. A study by Maier
et al. [79] attested that [10]-gingerol at 0.1 lM exerts a positive inotropic effect by
increasing sarcoplasmic reticulum Ca2+ uptake in human myocardial homogenates.

Anti-platelet therapy is an effective approach for preventing coronary heart
disease. [8]-Gingerol, [8]-shogaol and [8]-paradol were found to be effective
anti-platelet aggregation agents better than aspirin. The mechanism underlying
AA-induced platelet aggregation inhibition may be related to attenuation of
COX-1/Tx synthase enzymatic activity [85]. Gingerols and related phenylalkanol
analogs (gingerols 1–7) were shown to inhibit arachidonic acid (AA)-induced
platelet serotonin release and aggregation in vitro comparable to aspirin. The
mechanism was suggested to be via an effect on cyclooxygenase (COX) activity in
platelets [67].

Kamato et al. [58] found that [6]-gingerol (S-enantiomer) exhibited a potent
anti-atherosclerotic activity by blocking the incorporation of [35S]-Met/Cys into
proteoglycans and total proteins and inhibiting TGF-b-stimulated proteoglycan
synthesis in human vascular smooth muscle cells.
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4.3 Asthma

Asthma is a chronic disease characterized by involvement of inflammation and
hypersensitivity of airway smooth muscle cells to different substances that induce
spasms. Ginger has been used for centuries in treating respiratory illnesses.
Gingerols markedly decreased the recruitment of eosinophils to the lungs in
ovalbumin-sensitized mice and also suppressed the Th2 cell-driven response to
allergen [4]. In isolated human and guinea pig tracheas, [6]-gingerol, [8]-gingerol
and [6]-shogaol induced rapid relaxation of precontracted airway smooth muscle
(ASM). In A/J mice, the nebulization of [8]-gingerol (100 lM), 15 min before
methacholine challenge, significantly attenuated airway resistance. [114].

4.4 Diabetes

Diabetes is a metabolic disorder, and it is one of the major global health problems
worldwide. It is caused by low blood insulin level or insulin resistance of target
organs. Ginger and the bioactive compounds have been implicated in controlling
complications of diabetes via anti-hyperglycemic effect [7]. The exact mechanism
of action of ginger in diabetes control is not fully understood, but a few studies
suggest that it might be due to the inhibition of oxidative stress and suppression of
anti-inflammatory process, thus reducing the severity of associated complications.
Oral administration of ethanolic extract of ginger significantly decreased fasting
blood glucose level in STZ-treated type 1 diabetic rat model [86]. However, Abdul
Sani et al. [1] showed that ginger oleoresin did not have any hypoglycemic effect on
STZ-induced diabetic rats, but instead it ameliorated the oxidative stress by
restoring the ratio of reduced glutathione: oxidized glutathione and catalase activity
in diabetic rats.

Chakraborty et al. [22] reported that [6]-gingerol was able to reduce blood sugar
and oxidative stress in sodium arsenite-induced type 2 diabetes mice. They
implicated that the hypoglycemic effect of [6]-gingerol is due to stimulation of
superoxide dismutase, catalase, glutathione peroxidase and GSH activities.
Treatment with [6]-gingerol also resulted in increased plasma insulin levels in mice
by improving impaired insulin signaling.

5 Biological Activities of Gingerol

Although it is widely known for culinary uses, ginger extract and its major
bioactive components have been proven to exhibit biological activities that are of
medicinal values in animal and human studies.
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5.1 In Vitro Biological Activities of Gingerol

5.1.1 Antioxidant Activity

Oxidative stress imposed by reactive oxygen species (ROS) is linked to the
pathophysiology associated with atherosclerosis, neurodegenerative diseases and
cancer. Oxidative stress is a result of an imbalance between the generation of ROS
from normal cellular metabolism or from exogenous stimuli and their removal.
Endogenous enzyme antioxidants such as glutathione peroxidase (GPx), superoxide
dismutase (SOD), catalase and non-enzyme antioxidants such as vitamins,
polyphenols, flavonoids and minerals found in food work best to remove the ROS
generated. However, an excess of ROS causes an imbalance between ROS gen-
eration and the antioxidant capacity to remove them, leading to an electrophilic
attack of ROS to proteins, DNA and lipid, resulting in cellular and tissue damage.

Many of the naturally dietary compounds found in fruits and vegetables such as
resveratrol in grapes, EGCG in green tea, curcumin in turmeric and lycopene in
tomatoes exhibit high antioxidant activities that may potentially be chemoprotective
against a variety of cancers and other chronic diseases [3]. The antioxidative
properties of ginger and its components have been explored in various in vitro and
in vivo test systems. [6]-Gingerol, [8]-gingerol, [10]-gingerol and [6]-shogaol
exhibited substantial scavenging activities against 1,1-diphenyl-2-picrylhydrazyl,
DPPH radical, superoxide radical and hydroxyl radical. The free radical scavenging
activity is dose dependent with the concentration of gingerol [32].

Two separate studies by Park et al. [92] and Huang et al. [44] revealed the
antioxidant effect of [6]-gingerol in scavenging ROS in TGF-b1-induced nasal
polyp-derived fibroblasts and B16F10 murine melanoma cells, respectively. In a
separate study by Ippoushi et al. [48], [6]-gingerol was shown to exhibit
dose-dependent inhibition of NO production and significant reduction in iNOS in
lipopolysaccharide-stimulated macrophages, thus suggesting the protective effect of
gingerol against peroxynitrite-mediated oxidation and nitration reactions. We have
shown that [6]-gingerol has higher scavenging activity compared to ethanol extract
of ginger against 1,1-diphenyl-2-picrylhydrazyl and DPPH radical at lower con-
centrations (<100 lg/ml), but both ginger extract and [6]-gingerol exhibited same
antioxidant potency at higher doses (100–1000 lg/ml) [42].

Contrary to the above findings, some researchers have shown the pro-oxidant
effect of gingerols in preventing the growth of cancer cells [75, 126]. Lin and Tsay
[75] indicated in their study that 35 and 50 lM of [6]-gingerol can increase the
ROS concentration in LoVo colon cancer cell lines with a corresponding increase in
p53 levels. However, the elevated levels of ROS production were inhibited by N-
acetylcysteine, a potent antioxidant. The above studies show the dual function of
ROS, either as an antioxidant or pro-oxidant in blocking tumorigenesis depending
on the experimental models and the type of cancer cells.
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5.1.2 Anticancer Activity

Many preclinical data have shown the chemopreventive efficacy of ginger and its
constituents using human or animal cell lines. Ginger extracts and individual ginger
constituents such as [6]-gingerol and [6]-shogaol have exhibited antioxidant,
anti-proliferative, anti-inflammatory, anti-mutagenic, anti-angiogenic and proapop-
totic effects in a variety of different cancer cell lines such as leukemia [71], skin [18,
83], ovarian [100], gastric [49], pancreas, [130], colon [2, 52, 97], liver [42, 120],
breast [72] and brain [70].

Various dietary agents rich in phytochemicals including ginger and its bioactive
compounds have been reported to inhibit growth and trigger apoptosis causing the
death of cancer cells. Park et al. [93] investigated the chemopreventive effect of [6]-
gingerol on HPAC (wild type) and BxPC-3 (p53 deficient) pancreatic tumor cell
lines and colon cancer cell lines, HCT116, SW480, HT29 and LoVo. They found
that [6]-gingerol at various concentrations (50–800 lM) inhibits the growth of both
types of pancreatic cancer cells and in some cases dose dependently. However, they
reported that apoptosis was only seen in BxPC-3 cells, suggesting that [6]-gingerol
can bypass p53 mutant resistance to apoptosis, but it exerts a cytostatic effect on
wild-type p53-expressing cells by inducing temporal growth arrest.

Apoptosis was found to be induced in human hepatocellular carcinoma, HepG2
cells after incubation with 0–200 lM [6]-gingerol for 24 h as indicated by the
increased ratio of chromatin condensation and fragmented fluorescent nuclei which
were dose dependent [125]. The authors suggested the release of cathepsin D to the
cytosol appeared to be an early event that preceded the release of cytochrome c
from mitochondria in inducing apoptosis. Inhibition of cathepsin D activity resulted
in suppressed release of cytochrome c and subsequent apoptosis. We also inves-
tigated the apoptosis effect of ginger on hepatoma cell line, HepG2. Ginger oleo-
resin and [6]-gingerol at doses ranging from 100 to 1000 lg/mL reduced the
viability of HepG2 cells dose dependently with a concomitant increase in the rate of
apoptosis when treated with [6]-gingerol. However, the anti-proliferative and
apoptosis effect was more potent with the use of ginger oleoresin when compared to
[6]-gingerol [42].

Using colorectal cancer cell lines LoVo and HCT116, Lee et al. [73] demon-
strated that [6]-gingerol induced significant G2/M, G1 cell cycle arrest and apop-
tosis with inhibition of cyclin D1, cyclin A and cyclin B1. Abdullah et al. [2]
reported a dose-dependent increase in apoptosis with cell cycle arrest at G0/G1 and
G2/M phases and a corresponding decrease in S-phase DNA synthesis in HCT116
and HT29 colon cancer cells treated with ginger extract. A subsequent study by
Tahir et al. [111] showed that combination of ginger and Gelam honey produced a
synergistic increase in the rate of apoptosis of colon cancer cells when compared to
ginger or honey alone. Stimulation of early apoptosis (upregulation of caspase 9
and IjB genes) was accompanied by downregulation of KRAS, ERK, AKT, Bcl-xL
and NFkB (p65) genes in a synergistic manner, implicating the enhanced anticancer
properties of ginger when combined with honey.
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Pro-apoptosis effect by [6]-gingerol was also evident in promyelocytic leukemia
HL-60 cells associated with increased DNA fragmentation and inhibition of Bcl-2
expressions [117].

5.1.3 Anti-inflammatory Activity

Inflammation involves a cascade of cellular and molecular components collectively
referred to as inflammation mediators. It can be classified into arachidonic acid
(AA)-dependent and AA-independent pathways [127]. AA-dependent pathway
mediators include cyclooxygenase (COX), lipooxygenase (LOX) and phospholi-
pase A2 (PLA2), while AA-independent mediators include nitric oxide synthase
(NOS), NF-j B, peroxisome proliferator-activated receptors (PPAR) and
NSAID-activated gene-1 (NAG-1) [50, 127].

The anti-inflammatory property of ginger has been known for centuries, but a
good deal of scientific evidence has further confirmed its anti-inflammatory prop-
erty mostly in animal models of inflammation and to a much lesser extent in
humans [119]. The anti-inflammatory properties of gingerols were evidenced by its
inhibitory effects on prostaglandins and leukotrienes synthesis in RBL-1 cells [65]
and by mimicking dual-acting nonsteroidal anti-inflammatory drugs (NSAIDs) in
intact human leukocytes in vitro [34]. Kim et al. [61] showed that 30 lM of [6]-
gingerol caused a decrease in UVB-induced intracellular ROS levels, activated
caspases 3, 8 9 and Fas expressions, stimulated expression of COX-2 and inhibited
the nuclear translocation of NF-jB from the cytosolin HaCaT cells, following the
suppression of IjBj phosphorylation. Gingerols and its derivative [8]-paradol have
been reported to be more potent anti-platelet and cyclooxygenase-1 (COX-1)
inhibitors than aspirin when tested in vitro [85]. In a separate experiment, Lantz
et al. [69] showed that ginger extracts containing either predominantly gingerols or
shogaols were highly active at inhibiting LPS-induced PGE2 production in U937
cells COX-2 expression.

Generation of nitiric oxide, NO, has been implicated in the pathogenesis of
inflammatory diseases. Aktan et al. [6] examined the effect of a stable [6]-gingerol
metabolite RAC-[6]-dihydroparadol ([6]-DHP) and a closely related gingerol ana-
log [a capsaicin/gingerol (capsarol) analog referred to as ZTX42] on NO produc-
tion, inducible nitric oxide synthase (iNOS) activity and protein expression levels in
a murine macrophage cell line. ZTX42 and [6]-DHP were found to suppress NO
production by partially inhibiting iNOS enzymatic activity and reducing iNOS
protein production, via attenuation of NF-jB-mediated iNOS gene expression.

5.1.4 Anti-angiogenesis, Anti-invasion and Metastasis Activity

Angiogenesis is a crucial step in tumorigenesis, whereby new blood vessels are
formed, supporting the survival and development of metastasized tumors as well as
contributing to resistance to chemotherapy and radiation. Vascular endothelial
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growth factor, VEGF and interleukin-8 (IL-8) are among the important markers of
angiogenesis. Matrix metallo-proteinases, MMPs, are proteolytic enzymes that are
highly expressed in various malignant tumors. They are important regulators of
tumor progression and metastasis. Inhibition of MMPs could be an effective
strategy to prevent tumor cell invasion and metastasis.

Accumulating studies have shown the anti-angiogenic property of [6]-gingerol.
Kim and colleagues showed that [6]-gingerol inhibited VEGF-induced proliferation
of human endothelial cells by causing G1 cell cycle arrest. It also blocked
VEGF-induced capillary-like tube formation by endothelial cells and strongly
inhibited sprouting of endothelial cells in the rat aorta and formation of a
VEGF-induced new blood vessel in the mouse cornea [60]. Weng et al. [120, 121]
demonstrated that [6]-gingerol reduced VEGF and IL-8 secretion in Hep3B hep-
atoma cells. Using HUVEC cells via tube formation assay, they further proved that
capillary tube formation can be blocked and its length reduced by [6]-gingerol,
suggesting its anti-angiogenic and anti-invasive effects. A separate study by the
same group suggested that [6]-gingerol might exert anti-invasive activity against
hepatoma cells (HepG2 and Hep3B) through regulation of MMP-9 (matrix met-
alloproteinase) and TIMP-1 (tissue inhibitor metalloproteinase protein [121]. In
addition, Kim et al. [60] reported an anti-angiogenic activity of [6]-gingerol which
inhibits both vascular endothelial growth factor (VEGF)- and basic fibroblast
growth factor-induced proliferation and capillary-like tube formation in human
endothelial cells and ovarian cancer cells.

In a separate study by Lee et al. [72] and Kim and Kim [62], it was shown that
[6]-gingerol exhibited anti-invasion activity by inhibiting the activities of MMP-2
and MMP-9 in MDA-MB-231 human breast cancer cells and PANC-1 cells
(pancreatic duct-like cancer), respectively.

5.1.5 Anti-microbial and Anti-fungal Activity

[6]-gingerol and [12]-gingerol, isolated from ginger rhizome, demonstrated
antibacterial activity against periodontal Gram-negative bacteria, Porphyromonas
gingivalis ATCC 53978, Porphyromonas endodontalis ATCC 35406 and
Prevotella intermedia ATCC 2561 [91], while [10]-gingerol showed antibacterial
activity against of M. avium and M. tuberculosis [43]. Riaz et al. [101] showed that
ginger extract exhibited anti-microbial activity against Escherichia Coli, Bacillus
subtilis, Staphylococcus aureus, Streptococcus faecalis and anti-fungal activity
against Candida albicans and Aspergillus Niger.

5.1.6 Neuroprotective Activity

Neuroprotective activity of [6]-gingerol was examined inAb(25-35)-induced oxidative
stress in neuroblastoma cells, SH-SY5Y. It was found that [6]-gingerol effectively
suppressed intracellular accumulation of ROS and restored Ab(25-35)-depleted
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endogenous antioxidant glutathione levels and upregulated the mRNA and protein
expression of antioxidant enzymes such as c-glutamylcysteine ligase (GCL) and heme
oxygenase-1 (HO-1) mediated by activation of NF-E2-related factor 2 (Nrf2) [74].

5.2 In Vivo Biological Activity of Gingerol: Anticancer
Property

Similar to in vitro study, ginger extract or oleoresin and its bioactive compounds
have exhibited antioxidant, anticancer and anti-inflammatory effects in animals
induced with cancer including mouse skin [63], rat liver [41, 129] and rat colon
[128].

5.2.1 Colon Carcinogenesis

In 2005, Kim and colleagues injected C57BL/6 mice intraperitoneally with [6]-
gingerol (3 or 5 mg/kg body weight) prior to injection of B16F10 melanoma cells.
With a higher dosage of [6]-gingerol (5 mg/kg body weight), they managed to
show 100 % suppression of the presence of metastatic colonies seen in the lung
after 3 weeks of treatment [60, 64]. Jeong et al. [52] demonstrated the anti-tumor
effect of [6]-gingerol given to nude mice prior to injecting human HCT116 colon
cancer cells. They found that when [6]-gingerol was injected three times per week,
fewer tumor growth of smaller volume was seen 4 weeks after the injection of
HCT116 colon cancer cells and the mice lived longer than the untreated mice with
measurable tumor size of 1 cm or larger. Using reverse-docking technique, the
authors suggested that suppression of tumors was an effect mediated by inhibition
of LTA4H activity, the molecular target of [6]-gingerol.

5.2.2 Skin Carcinogenesis

In 1998, Park et al. [90] and collaborators were able to induce two-stage skin
carcinogenesis model (initiation and promotion) by single topical application of
DMBA and repeated applications of TPA. Topical application of [6]-gingerol on
the shaved backs of female ICR mice decreased the incidence of skin papilloma.
Kim et al. [64] investigated the anti-tumor effect of [6]-gingerol on TPA-induced
skin cancer in mice. They attested that [6]-gingerol inhibited TPA-induced COX-2
expression, an inflammatory marker involved in carcinogenesis, by blocking the
p38 MAP kinase NF-kB signaling pathway.

Nigam et al. [84] investigated the anticancer effect of [6]-gingerol in mouse skin
carcinogenesis model using benzo[a]pyrene as a carcinogen. Mice treated with
benzo[a]pyrene and received [6]-gingerol (2.5 lM/animal) pre- or post-treatment
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for 32 weeks resulted in a reduced number of tumors by about 55 and 74 %,
respectively, and reduced tumor volume by about 51 and 65 %, respectively.
Further to their investigation, [6]-gingerol treatment also resulted in the induction of
apoptosis as seen by the increasing benzo[a]pyrene-suppressed p53 levels, upreg-
ulation of Bax expression, protease-activating factor-1 (Apaf-1), the release of
cytochrome c, caspases activation and decreased Bcl-2 expression.

5.2.3 Liver Carcinogenesis

We investigated the effect of ginger oleoresin on rats induced with liver cancer
using ethionine as a carcinogen in the drinking water. The tumor burden in rats with
liver cancer reduced significantly from 100 to 17 %, with tumor size shrinking from
1 to 0.1 cm when rats were fed with ginger oleoresin. Interestingly, there was a
concomitant increase in antioxidant enzyme, SOD and reduction in MDA level in
the blood with reduction in tumor burden, suggesting the antioxidant activity of
ginger in blocking tumorigenesis [129].

6 Biological Activities of Gingerol in Humans

There are not many human studies or clinical trials to suggest the protective effect
of [6]-gingerol on chronic diseases; however, many studies were conducted using
ginger extract or its oleoresin.

6.1 Anti-emetic Effect

Earlier clinical studies on ginger were mainly on the anti-emetic effect on pregnant
women. Seventy pregnant women with nausea and vomiting in pregnancy con-
sented to take part in the study, and they were given oral ginger 1 g per day, for
4 days. Subjects graded the severity of their nausea using visual analog scales and
recorded number of vomiting for the period of ginger treatment. Nausea decreased
significantly in the ginger group compared with the placebo group. The number of
vomiting episodes also decreased significantly in the ginger group compared with
the placebo group. [116]. Based on Medline, EMBASE and the Cochrane Library
search (six RCTs, n = 675 and one cohort study, n = 187) on women suffering
from pregnancy-related nausea and vomiting, such as morning sickness and
hyperemesis gravidarum, Borrelli et al. [19] concluded that ginger may be a safe
and effective option for the treatment of nausea and vomiting in pregnancy, but
further research is required to confirm these findings. A systematic review of the
evidence from randomized controlled trials for or against the efficacy of ginger for
nausea and vomiting reported that ginger favored over placebo especially on
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postoperative nausea, and it was suggested that ginger was equally effective as
metoclopramide, the anti-emetic drug [33].

6.2 Anticancer Effect

A pilot study by Citronberg et al. [25] on individuals with increased risk of colorectal
cancer (CRC) has suggested the anti-proliferative and anti-inflammatory properties
of ginger. Individuals at high risk of colon cancer were given ginger extract (2 g/day
for 28–30 days), and biomarkers of cell proliferation [human telomerase reverse
transcriptase (hTERT), MIB-1], differentiation (p21WAF1/cip1) and apoptosis
(Bax, Bcl-2) in colonic mucosa from individuals at high risk of colorectal cancer
were measured. Results from the trial suggest that ginger may reduce proliferation in
the normal-appearing colorectal epithelium (reflecting the pre-malignant stage) and
increase apoptosis especially in the differentiation zone of colon crypts.

In a separate study by Jiang et al. [54], 20 individuals at increased risk of CRC
were randomized and given 2.0 g/day ginger or placebo for 28 days. Flexible
sigmoidoscopy was used to obtain colon biopsies at baseline and end of the
study. Ginger significantly lowered COX-1 protein expression, in individuals with
increased risk of colon cancer, suggesting the chemopreventive effect of ginger.

Zick et al. [133] tested the effect of ginger on 20 subjects with increased risk of
CRC. They were given 2 g/day ginger for 28 days. Decreased arachidonic acid
(AA) and increased LTB4 were found in the biopsies of normal-appearing colonic
mucosa. Increased AA has been associated with the inflammatory marker in cancer
development.

6.3 Lipid-Lowering Effect

Ginger was shown by Alizadeh-Nawaie et al. [9] to have lipid-lowering effect.
Ginger capsules (3 g/day) supplemented to 45 patients with hyperlipidemia for
45 days resulted in significant reduction in serum triglyceride, cholesterol,
low-density lipoprotein (LDL) and very-low-density lipoprotein (VLDL) compared
to placebo group (lactose 3 g/day).

7 Conclusion

Ginger is popularly known for its medicinal benefit rather than as flavor-enhancing
agent. Gingerols, the pungent component of ginger, are the major phytochemicals
found in fresh ginger rhizome, and [6]-gingerol is the most extensively studied
bioactive component along with [6]-shogaol. Although [6]-gingerol is shown to be
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more therapeutic compared to its natural form, the safety of its consumption in
larger doses is uncertain and may not be advisable unless intensive clinical trials in
human subjects and its bioavailability were evaluated.

The pharmacokinetic study indicates that gingerols accumulate in the gastroin-
testinal tract and they can be metabolized in the liver to the glucuronides. Gingerol
can be converted to shogaol with prolonged incubation in the intestine. [6]-Gingerol
acts as a potent antioxidant and anticancer in vitro and in vivo studies. It also
appears to exert an anti-inflammatory effect by suppressing COX-2 with subsequent
inhibition of prostaglandin and leukotriene biosynthesis. This review clearly shows
that [6]-gingerol is able to modulate cell signaling pathways known to be activated
in tumorigenesis, such as MAPK/ERK/NF-jB/AP-1/PI3K, and apoptosis. In some
cases, gingerol can even cross talk between the pathways in exerting its chemo-
preventive effect.

The results of human trials conducted by Citronberg et al. [25], Jiang et al. [54]
and Zick et al. [133] so far suggest that ginger extract has only modest effects on
biomarkers of cell proliferation, apoptosis and differentiation, as well as on
arachidonic acid metabolism, in normal-appearing colonic tissues when adminis-
tered at a dose of 2 g/day. It warrants perhaps future studies to consider using
higher doses of ginger. However, one disadvantage noted in their study is that the
normal-appearing colonic epithelium in individuals with high risk of colorectal
cancer may not directly mimic the premalignant stage of colorectal cancer.

With convincing evidence that ginger is an effective therapeutic and chemo-
preventive agent in animal and human studies, it is perhaps advantageous to
investigate further the effects of ginger and its constituents directly on premalignant
tissues such as rectal polyps in familial APC (adenomatous polyposis coli) patients,
or patients with ulcerative colitis and other GIT-related diseases linked to colorectal
or on cancer tissues before surgery which may then reveal accurate and useful
information.

In summary, ginger and its bioactive components, have been proven to possess
many pharmacological and nutraceutical properties. In spite of the lack of intensive
clinical trials, and the fact that long-term use of synthetic drugs is often associated
with serious side effects, the use of ginger and especially gingerols appears to be
safe and the convincing evidence highlighted in this review regarding the medicinal
effects of gingerols in treating or preventing chronic diseases will benefit the
common population, clinicians, patients, researchers and industrialists.

References

1. Abdul Sani NF, Belani LK, Chong PS et al (2014) Effect of the Combination of Gelam honey
and ginger on oxidative stress and metabolic profile in streptozotocin-induced diabetic
sprague-dawley rats. Bio Med Res Int. doi:10.1155/2014/160695

2. Abdullah S, Abidin SAZ, Murad NA, Makpol S, Wan Ngah WZ, Mohd Yusof YA (2010)
Ginger extract (Zingiber officinale) triggers apoptosis and G0/G1 cells arrest in HCT 116 and
HT 29 colon cancer cell lines. Afr J Biochem Res 4:134–142

200 Y.A. Mohd Yusof

http://dx.doi.org/10.1155/2014/160695


3. Aggarwal BB, Shishodia S (2006) Molecular targets of dietary agents for prevention and
therapy of cancer. Biochem Pharmacol 71:1397–1421

4. Ahui ML, Champy P, Ramadan A et al (2008) Ginger prevents Th2-mediated immune
responses in a mouse model of airway inflammation. Int Immunopharmacol 8(12):1626–
1632

5. Akimoto M, Iizuka M, Kanematsu R et al (2015) Anticancer effect of ginger extract against
pancreatic cancer cells mainly through reactive oxygen species-mediated autotic cell death.
PLoS ONE 10(5):e0126605. doi:10.1371/journal.pone.0126605

6. Aktan F, Henness S, Tran VH et al (2006) Gingerol metabolite and a synthetic analogue
capsarol inhibit macrophage NF-kappa B-mediated iNOS gene expression and enzyme
activity. Planta Med 72:27–734

7. Al-Amin ZM, Thomson M, Al-Qattan KK et al (2006) Antidiabetic and hypolipidemic
properties of ginger in streptozotocin induced diabetic rats. Br J Nutr 96:660–666

8. Ali BH, Blunden G, Tanira MO et al (2008) Some phytochemical, pharmacological and
toxicological properties of ginger (Zingiber officinale Roscoe): a review of recent research.
Food Chem Toxicol 46(2):409–420

9. Alizadeh-Navaei R, Roozbeh F, Saravi M et al (2008) Investigation of the effect of ginger on
the lipid levels. A double blind controlled clinical trial. Saudi Med J 29:1280–1284

10. Angel P, Karin M (1991) The role of Jun, Fos and the AP-1 complex in cell-proliferation and
transformation. Biochim Biophys Acta 1072:129–157

11. Behrens J (2005) The role of the Wnt signalling pathway in colorectal tumorigenesis.
Biochem Soc Trans 33:672–675

12. Bharti AC, Aggarwal BB (2002) Nuclear factor-kappaB and cancer: its role in prevention
and therapy. Biochem Pharmacol 64(5–6):883–888

13. Bhattarai S, Tran VH, Duke CC (2007) Stability of [6]-gingerol and [6]-shogaol in simulated
gastric and intestinal fluids. J Pharmaceut Biomed Anal 45:648–653

14. Bode AM (2004) Cancer prevention by food factors through targeting signal transduction
pathways. Nutr 20(1):80–94. doi:10.1016/j.nut.2003.09

15. Bode AM, Dong Z (2004) Ginger. In: Packer L, Ong CN, Halliwell B (eds) Herbal and
traditional medicine: molecular aspects of health. Marcel Dekker, New York, pp 131–156

16. Bode AM, Dong Z (2008) Modulation of cell signal transduction by tea and ginger. In:
Dong Z, Surh YJ (ed) Dietary modulation of cell signaling pathways. CRC Press/Taylor &
Francis, Boca Raton (FL), pp 45–74

17. Bode AM, Dong Z (2011) The amazing and mighty ginger. In: Benzie IFF, Wachtel-Galor S
(ed) Herbal medicine: biomolecular and clinical aspects, 2nd edn. CRC Press/Taylor &
Francis, Boca Raton (FL), pp 129–154

18. Bode AM, Ma WY, Surh YJ et al (2001) Inhibition of epidermal growth factor-induced cell
transformation and activator protein 1 activation by [6]-gingerol. Cancer Res 61:850–853

19. Borrelli F, Capasso R, Aviello G et al (2005) Effectiveness and safety of ginger in the
treatment of pregnancy induced Nausea and vomiting. Database of abstracts of reviews of
effects (DARE): quality assessed reviews [Internet]. Centre for Reviews and Dissemination
(UK), York (UK)

20. Butt MS, Sultan MT (2011) Ginger and its health claims: molecular aspects. Crit Rev Food
Sci Nutr 51:383–393

21. Cardone MH, Roy N, Stennicke HR et al (1998) Regulation of cell death protease caspase-9
by phosphorylation. Science 282:1318–1321

22. Chakraborty D, Mukherjee A, Sikdar S et al (2012) [6]-gingerol isolated from ginger
attenuates sodium arsenite induced oxidative stress and plays a corrective role in improving
insulin signaling in mice. Toxicol Lett 210:34–43

23. Chang F, Lee JT, Navolanic PM et al (2003) Involvement of PI3K/Akt pathway in cell cycle
progression, apoptosis, and neoplastic transformation: a target for cancer chemotherapy.
Leukemia 17(3):590–596

24. Chen Z, Gibson TB, Robinson F et al (2001) MAP kinases. Chem Rev 101:2449–2476

Gingerol and Its Role in Chronic Diseases 201

http://dx.doi.org/10.1371/journal.pone.0126605
http://dx.doi.org/10.1016/j.nut.2003.09


25. Citronberg J, Bostick R, Ahern T et al (2013) Effects of ginger supplementation on cell cycle
biomarkers in the normal-appearing colonic mucosa of patients at increased risk for
colorectal cancer: results from a pilot, randomized, controlled trial. Cancer Prev Res 6:
271–281

26. Clarke RB (2003) p27KIP1 phosphorylation by PKB/Akt leads to poor breast cancer
prognosis. Breast Cancer Res 5(3):162–163

27. Denniff P, Macleod I, Whiting DA (1980) Studies in the biosynthesis of [6]-gingerol,
pungent principle of ginger (Zingiber officinale). J Chem Soc Perkin Trans 1:2637–2644

28. Diehl JA (2002) Cycling to cancer with cyclin D1. Cancer Biol Ther 1(3):226–231
29. Ding GH, Naora K, Hayashibara M et al (1991) Pharmacokinetics of [6]-gingerol after

intravenous administration in rats. Chem Phar Bull (Tokyo) 39:1612–1614
30. Dong Z, Birrer MJ, Watts RG et al (1994) Blocking of tumor promoter-induced AP-1 activity

inhibits induced transformation in JB6 mouse epidermal cells. Proc Natl Acad Sci U S A
91:609–613

31. Dorai T, Aggarwal BB (2004) Role of chemopreventive agents in cancer therapy. Cancer
Lett 215:129–140

32. Dugasani S, Pichika MR, Nadarajah VD et al (2010) Comparative antioxidant and
anti-inflammatory effects of [6]-gingerol, [8]-gingerol, [10] gingerol and [6]-shogaol.
J Ethnopharmacol 127:515–520

33. Ernst E, Pittler MH (2000) Efficacy of ginger for nausea and vomiting: a systematic review of
randomized clinical trials. Br J Anaesth 84(3):367–371

34. Flynn DL, Rafferty MF, Boctor AM (1968) Inhibition of human neutrophil 5-lipoxygenase
activity by gingerdione, shogaol, capsaicin and related pungent compounds. Prostaglandins
Leukot Med 24:195–198

35. Fresno-Vara JA, Casado E, Castro J et al (2004) PI3K/Akt signaling pathway and cancer.
Cancer Treatment Rev 30:193–204

36. Fulda S, Debatin KM (2006) Extrinsic versus intrinsic apoptosis pathways in anticancer
chemotherapy. Oncogene 25(34):4798–4811

37. Giles RH, van Es JH, Clevers H (2003) Caught up in a Wnt storm: Wnt signaling in cancer.
Biochim Biophys Acta 1653:1–24

38. Guertin DA, Sabatini DM (2007) Defining the role of mTOR in cancer. Cancer Cell 12:9–22
39. Gundala SR, Mukkavilli R, Yang C et al (2014) Enterohepatic recirculation of bioactive

ginger phytochemicals is associated with enhanced tumor growth-inhibitory activity of
ginger extract. Carcinogenesis 35(6):1320–1329. doi:10.1093/carcin/bgu011

40. Gunning WT, Kramer PM, Steele VE et al (2002) Chemoprevetion by lipoxygenase and
leukotriene pathway inhibitors of vinyl carbamate-induced lung tumours in mice. Cancer Res
62:4199–4201

41. Habib SH, Makpol S, Abdul Hamid NA et al (2008) Ginger extract (Zingiber officinale) has
anti-cancer and anti-inflammatory effects on ethionine-induced hepatoma rats. Clinics (Sao
Paulo) 63(6):807–813

42. Harliyansyah H, Murad NA, Wan Ngah WZ et al (2007) Antiproliferative, antioxidant and
apoptosis effects of Zingiber officinale and 6-gingerol on HepG2 cells. Asian J Biochem 2
(6):421–426

43. Hiserodt RD, Franzblau SG, Rosen RT (1998) Isolation of 6-, 8-, and 10-gingerol from
ginger rhizome by HPLC and preliminary evaluation of inhibition of Mycobacterium avium
and Mycobacterium tuberculosis. Agric Food Chem 46:2504–2508

44. Huang HC, Chiu SH, Chang TM (2011) Inhibitory effect of [6]-gingerol on melanogenesis in
B16F10 melanoma cells and a possible mechanism of action. Biosci Biotechnol Biochem 75
(6):1067–1072

45. Huang HC, Chou YC, Wu CY et al (2013) [8]-gingerol inhibits melanogenesis in murine
melanoma cells through down-regulation of the MAPK and PKA signal pathways. Biochem
Biophys Res Commun 438:375–381

202 Y.A. Mohd Yusof

http://dx.doi.org/10.1093/carcin/bgu011


46. Hung JY, Hsu YL, Li CT et al (2009) 6-Shogaol, an active constituent of dietary ginger,
induces autophagy by inhibiting the AKT/mTOR pathway in human non-small cell lung
cancer A549 cells. J Agric Food Chem 57:9809–9816

47. IARC monographs on the evaluation of carcinogenic risks to humans (1994) Lyon, France:
international agency for research on cancer; IARC working group on the evaluation of
carcinogenic risks to humans, schistomsomes, liver flukes and Helicobacter pylori. Infect
Helicobacter pylori 61:177–201

48. Ippoushi K, Azuma K, Ito H et al (2003) [6]-gingerol inhibits nitric oxide synthesis in
activated J774.1 mouse macrophages and prevents peroxynitrite-induced oxidation and
nitration reactions. Life Sci 73:3427–3437

49. Ishiguro K, Ando T, Maeda O et al (2007) Ginger ingredients reduce viability of gastric
cancer cells via distinct mechanisms. Biochem Biophys Res Commun 362(1):218–223

50. Issa AY, Volate SR, Wargovich MJ (2006) The role of phytochemicals in inhibition of
cancer and inflammation: new directions and perspectives. J Food Compost Anal 19:
405–419

51. Jemal A, Bray F, Center M et al (2011) Global cancer statistics. CA: Cancer J Clin 61: 69–90
52. Jeong CH, Bode AM, Pugliese A et al (2009) [6]-gingerol suppresses colon cancer growth by

targeting Leukotriene A4 Hydrolase. Cancer Res 69:5584–5591
53. Jiang H, Solyom AM, Timmermann BN et al (2005) Characterization of gingerol-related

compounds in ginger rhizome (Zingiber officinale Rosc.) by high-performance liquid
chromatography/ electrospray ionization mass spectrometry. Rapid Commun Mass Spectrom
19(20):2957–2964

54. Jiang Y, Turgeon DK, Wright BD et al (2013) Effect of ginger root on cyclooxygenase-1 and
15-hydroxyprostaglandin dehydrogenase expression in colonic mucosa of humans at normal
and increased risk for colorectal cancer. Europ J Cancer Prevent 22(5):455–460

55. Jolad SD, Lantz RC, Solyon AM et al (2004) Fresh organically grown ginger (Zingiber
officinale): composition and effects on LPS-induced PGE2 production. Phytochem 65:
1937–1954

56. Jolad SD, Lantz RC, Chen GJ et al (2005) Commercially processed dry ginger (Zingiber
officinale): composition and effects on LPS-stimulated PGE2 production. Phytochem 66
(13):1614–1635

57. Joo JH, Hong SS, Cho YR et al (2015) [10]-gingerol inhibits proliferation and invasion of
MDA-MB-231 breast cancer cells through suppression of Akt and p38MAPK activity. Oncol
Reports. doi:10.3892/or.2015.4405

58. Kamato D, Rezaei HB, Getachew R et al (2013) (S)-[6]-Gingerol inhibits TGF-b-stimulated
biglycan synthesis but not glycosaminoglycan hyperelongation in human vascular smooth
muscle cells. J Pharm Pharmacol 65:1026–1036

59. Katiyar SK, Agarwal R, Mukhtar H (1996) Inhibition of tumor promotion in SENCAR
mouse skin by ethanol extract of Zingiber officinalerhizome. Cancer Res 56(5):1023–1030

60. Kim EC, Min JK, Kim TY et al (2005) [6]-gingerol, a pungent ingredient of ginger, inhibits
angiogenesis in vitro and in vivo. Biochem Biophys Res Commun 335(2):300–308

61. Kim JK, Kim Y, Na KM et al (2007) [6]-Gingerol prevents UVB induced ROS production
and COX-2 expression in vitro and in vivo. Free Rad Res 41:603–614

62. Kim SO, Kim MR (2013) [6]-gingerol prevents disassembly of cell junctions and activities of
MMPs in invasive human pancreas cancer cells through ERK/NF-jB/snail signal
transduction pathway. Evid Based Complement Alternat Med 2013:761852. doi:10.1155/
2013/761852

63. Kim SO, Chun KS, Kundu JK et al (2004) Inhibitory effects of [6]-gingerol on PMA-induced
COX-2 expression and activation of NF-kB and p38 MAPK in mouse skin. BioFactors
21:27–31

64. Kim SO, Kundu JK, Shin YK et al (2005) [6]-gingerol inhibits COX-2 expression by
blocking the activation of p38 MAP kinase and NF-kappa B in phorbol ester-stimulated
mouse skin. Oncogene 24(15):2558–2567

Gingerol and Its Role in Chronic Diseases 203

http://dx.doi.org/10.3892/or.2015.4405
http://dx.doi.org/10.1155/2013/761852
http://dx.doi.org/10.1155/2013/761852


65. Kiuchi F, Shibuya M, Sankawa U (1982) Inhibitors of prostaglandin biosynthesis from
ginger. Chem Pharm Bull (Tokyo) 30:754–757

66. Kobayashi M, Ishida Y, Shoji N et al (1988) Cardiotonic action of [8]-gingerol, an activator
of the Ca2+-pumping adenosine triphosphatase of sarcoplasmic reticulum, in guinea pig
atrial muscle. J Pharmacol Exp Ther 246:667–673

67. Koo KL, Ammit AJ, Tran VH et al (2001) Gingerols and related analogues inhibit
arachidonic acid-induced human platelet serotonin release and aggregation. Thromb Res 103
(5):387–397

68. Kumar NV, Srinivas P, Bettadaiah BK (2012) New scalable and eco-friendly synthesis of
gingerols. Tetrahedron Lett 53:2993–2995

69. Lantz RC, Chen GJ, Sarihan M et al (2007) The effect of extracts from ginger rhizome on
inflammatory mediator production. Phytomed 14:123–128

70. Lee DH, Kim DW, Jung CH et al (2014) Gingerol sensitizes TRAIL-induced apoptotic cell
death of glioblastoma cells. Toxicol Appl Pharmacol 279(3):253–265. doi:10.1016/j.taap.
2014.06.030

71. Lee E, Surh YJ (1998) Induction of apoptosis in HL-60 cells by pungent vanilloids, [6]-
gingerol and [6] paradol. Cancer Lett 134:163–168

72. Lee HS, Seo EY, Kang NE, Kim WK (2008) [6]-Gingerol inhibits metastasis of
MDS-MB-231 human breast cancer cells. J Nutr Biochem 19:313–319

73. Lee SH, Cekanova M, Baek SJ (2008) Multiple mechanisms are involved in
6-gingerol-induced cell growth arrest and apoptosis in human colorectal cancer cells. Mol
Carcinog 47(3):197–208

74. Lee C, Park GH, Kim CY et al (2011) [6]-gingerol attenuates b-amyloid-induced oxidative
cell death via fortifying cellular antioxidant defense system. Food ChemToxicol 49:
1261–1269

75. Lin CC, Tsay GJ (2012) 6-gingerol inhibits growth of colon cancer cell LoVo via induction
of G2/M arrest. Evid Based Complement Alternat Med. doi:10.1155/2012/326096

76. Ma S, Zhang S, Duan W et al (2009) An enantioselective synthesis of (+)-(S)-[n]-gingerols
via the L-proline-catalyzed aldol reaction. Bioorganic Medic Chem Lett 19:3909–3911

77. Maeda S, Omata M (2008) Inflammation and cancer: role of nuclear factor-kappa B
activation. Cancer Sci 99:836–842

78. Mahady GB, Pendland SL, Yun GS et al (2003) Ginger (Zingiber officinale Roscoe) and the
gingerols inhibit the growth of Cag A+ strains of helicobacter pylori. Anticancer Res
23:3699–3702

79. Maier LS, Schwan C, Schillinger W et al (2000) Gingerol, isoproterenol and ouabain
normalize impaired post-rest behavior but not force-frequency relation in failing human
myocardium. Cardiovasc Res 45:913–924

80. Moran A, Ortega P, de Juan C et al (2010) Differential colorectal carcinogenesis: molecular basis
and clinical relevance. World J Gastrointest Oncol 2:151–158. doi:10.4251/wjgo.v2.i3.151

81. Nakazawa T, Ohsawa K (2002) Metabolism of [6]-gingerol in rats. Life Sci 70:2165–2175
82. Neergheen VS, Bahorun T, Taylor EW et al (2010) Targeting specific cell signaling

transduction pathways by dietary and medicinal phytochemicals in cancer chemoprevention.
Toxicol 278:229–241

83. Nigam N, Bhui K, Prasad S et al (2009) [6]-gingerol induces reactive oxygen species
regulated mitochondrial cell death pathway in human epidermoid carcinoma A431 cells.
Chem Biol Interact 181:77–84

84. Nigam N, George J, Srivastava S et al (2010) Induction of apoptosis by [6]-gingerol
associated with the modulation of p53 and involvement of mitochondrial signaling pathway
in B[a]P-induced mouse skin tumorigenesis. Cancer Chemother Pharmacol 65:687–696

85. Nurtjahja-Tjendraputra E, Ammit AJ, Roufogalis BD et al (2003) Effective anti-platelet and
COX-1 enzyme inhibitors frompungent constituents of ginger. ThrombRes 111(4–5):259–265

204 Y.A. Mohd Yusof

http://dx.doi.org/10.1016/j.taap.2014.06.030
http://dx.doi.org/10.1016/j.taap.2014.06.030
http://dx.doi.org/10.1155/2012/326096
http://dx.doi.org/10.4251/wjgo.v2.i3.151


86. Ojewole JAO (2006) Analgesic, antiinflammatory and hypoglycaemic effects of ethanol
extract of Zingiber officinale (Roscoe) rhizomes (Zingiberaceae) in mice and rats. Phytother
Res 20:764–772

87. Ozes ON, Mayo LD, Gustin JA et al (1999) NF-kappaB activation by tumour necrosis factor
requires the Akt serine-threonine kinase. Nature 401(6748):82–85

88. Pana MH, Ho CT (2008) Chemopreventive effects of natural dietary compounds on cancer
Development. Chem Soc Rev 37:2558–2574

89. Park EJ, Pezzuto JM (2011) Botanicals in cancer chemoprevention. Cancer Metastasis Rev
21:231–255

90. Park KK, Chun KS, Lee JM et al (1998) Inhibitory effects of [6]-gingerol, a major pungent
principle of ginger, on phorbol ester-induced inflammation, epidermal ornithine
decarboxylase activity and skin tumor promotion in ICR mice. Cancer Lett 129(2):139–144

91. Park M, Bae J, Lee DS (2008) Antibacterial activity of [10]-gingerol and [12]-gingerol
isolated from ginger rhizome against periodontal bacteria. Phytother Res 22:1446–1449

92. Park SA, Park IH, Cho JS et al (2012) Effect of [6]-gingerol on myofibroblast differentiation
in transforming growth factor beta 1-induced nasal polyp-derived fibroblasts. Am J Rhinol
Allergy 26(2):97–103

93. ParkYJ; Wen J, Bang S et al (2006) [6]-gingerol induces cell cycle arrest and cell death of
mutant p 53-expressing pancreatic cancer cells. Yonsei Med J 47(5): 688–697

94. Poltronieri J, Becceneri AB, Fuzer AM et al (2014) [6]-gingerol as a cancer chemopreventive
agent: a review of its activity on different steps of the metastatic process. Mini Rev Med
Chem 14(4):313–321

95. Prasad S, Tyagi AK (2015) Ginger and its constituents: role in prevention and treatment of
gastrointestinal cancer. Gastroenterol Res Practice. doi:10.1155/2015/142979

96. Prescott SM, Fitzpatrick FA (2000) Cyclooxygenase-2 and carcinogenesis. Biochim Biophys
Acta 1470:M69–M67

97. Radhakrishnan EK, Bava SV, Narayanan SS et al (2014) [6]-gingerol induces
caspase-dependent apoptosis and prevents PMA-induced proliferation in colon cancer cells
by inhibiting MAPK/AP-1 signaling. PLoS ONE, 26:9(8):e104401. doi:10.1371/journal.
pone.0104401

98. Ramirez-Ahumada MC, Timmermann BN, Gang DR (2006) Biosynthesis of curcuminoids
and gingerols in turmeric (Curcuma longa) and ginger (Zingiber officinale): identification of
curcuminoid synthase and hydroxycinnamoyl-CoA thioesterases. Phytochem 67:2017–2029

99. Reed J (2001) Apoptosis-regulating proteins as targets for drug discovery. Trends Mol Med
7:314–319

100. Rhode J, Fogoros S, Zick S et al (2007) Ginger inhibits cell growth and modulates
angiogenic factors in ovarian cancer cells. BMC Complement Alternat Med 7:44

101. Riaz H, Begum A, Raza SA et al (2015) Antimicrobial property and phytochemical study of
ginger found in local area of Punjab, Pakistan. Internat Curr Pharmaceut J 4(7):405–409

102. Ryu MJ, Chung HS (2015) [10]-gingerol induces mitochondrial apoptosis through activation
of MAPK pathway in HCT116 human colon cancer cells. Vitro Cell Dev Biol Anim 51
(1):92–101. doi:10.1007/s11626-014-9806-6

103. Scheiman JM, Cutler AF (1999) Helicobacter pylori and gastric cancer. Am J Med 106:222–
226

104. Semwal RB, Semwal DK, Combrinck S et al (2015) Gingerols and shogaols: important
nutraceutical principles from ginger. Phytochem 117:554–568

105. Shukla Y, Singh M (2007) Cancer preventive properties of ginger: a brief review. Food
Chem Toxicol 45(5):683–690

106. Sporn MB, Dunlop NM, Newton DL et al (1976) Prevention of chemical carcinogenesis by
vitamin A and its synthetic analogs (retinoids). Fed Proc 35:1332–1338

107. Song G, Quyang G, Bao S (2005) The activation of Akt/PKB signaling pathway and cell
survival. J Cell Mol Med 9(1):59–71

Gingerol and Its Role in Chronic Diseases 205

http://dx.doi.org/10.1155/2015/142979
http://dx.doi.org/10.1371/journal.pone.0104401
http://dx.doi.org/10.1371/journal.pone.0104401
http://dx.doi.org/10.1007/s11626-014-9806-6


108. Subbaramaiah K, Dannenberg AJ (2003) Cyclooxygenase 2: a molecular target for cancer
prevention and treatment. Trends Pharmacol Sci 24:96–102

109. Surh YJ, Lee E, Lee JM (1998) Chemoprotective properties of some pungent ingredients
present in red pepper and ginger. Mutat Res 402(1–2):259–267

110. Surh YJ, Lee SS(1994) Enzymic reduction of gingerol, a major pungent principle of ginger,
in the cell-free preparation of rat liver. Life Sci 54:PL321–PL326

111. Tahir AA, Abdul Sani NF, Morad NA et al (2015) Combined ginger extract and gelam honey
modulate Ras/ERK and P13/AKT pathway genes in colon cancer HT29 cells, Nutr J 13:31

112. Talalay P (2001) The importance of using scientific principles in the development of
medicinal agents from plants. Acad Med 76(3):238–247

113. Tarapore RS, Siddiqui IA, Mukhtar H (2012) Modulation of Wnt/b-catenin signaling
pathway by bioactive food components. Carcinogenesis 33(3):483–491. doi:10.1093/carcin/
bgr305

114. Townsend EA, Siviski ME, Zhang Y et al (2013) Effects of ginger and its constituents on
airway smooth muscle relaxation and calcium regulation. Am J Respir Cell Mol Biol 48
(2):157–163. doi:10.1165/rcmb.2012-0231OC

115. Vogelstein B, Kinzler KW (1992) p53 function and dysfunction. Cell 70(4):523–526
116. Vutyavanich T, Kraisin T, Ruangsri R (2001) Ginger for nausea and vomiting in pregnancy:

randomized, double-masked, placebo-controlled trial. Obstet Gynecol 97(4):577–582
117. Wang CC, Chen LG, Lee LT et al (2003) Effects of 6-gingerol, an antioxidant from ginger,

on inducing apoptosis in human leukemic HL-60 cells. In Vivo 17:641–645
118. Wee LH, Morad NA, Aan GJ et al (2015) Mechanism of chemoprevention against colon

cancer cells using combined Gelam honey and ginger extract via mTOR and Wnt/b-catenin
pathways. Asian Pac J Cancer Prev 16:6549–6556

119. Wei QY, Ma JP, Cai YJ et al (2005) Cytotoxic and apoptotic activities of diarylheptanoids
and gingerol-related compounds from the rhizome of Chinese ginger. J Ethnopharmacol
102:177–184

120. Weng CJ, Wu CF, Huang HW et al (2010) Anti-invasion effects of 6-shogaol and 6-gingerol,
two active components in ginger, on human hepatocarcinoma cells. Mol Nutr Food Res 54
(11):1618–1627

121. Weng CJ, Chou CP, Ho CT et al (2012) Molecular mechanism inhibiting human
hepatocarcinoma cell invasion by 6-shogaol and 6-gingerol. Mol Nutr Food Res 56(8):
1304–1314

122. Wohlmuth H, Leach DN, Smith MK et al (2005) Gingerol content of diploid and tetraploid
clones of ginger (Zingiber officinale Roscoe). J Agric Food Chem 53:5772–5778

123. Wu KK, Wang XJ, Cheng AS et al (2013) Dysregulation and crosstalk of cellular signaling
pathways in colon carcinogenesis. Crit Rev Oncol/Hemato l86: 251–277

124. Yagihashi S, Miura Y, Yagasaki K (2008) Inhibitory effect of gingerol on the proliferation
and invasion of hepatoma cells in culture. Cytotechnology 57:129–136

125. Yang G, Wang S, Zhong L et al (2012) [6]-gingerol induces apoptosis through
lysosomal-mitochondrial axis in human hepatoma G2 cells. Phytother Res 26(11):1667–1673

126. Yang G, Zhong L, Jiang L et al (2010) Genotoxic effect of 6-gingerol on human hepatoma
G2 cells. Chem Biol Interact 185(1):12–17

127. Yoon JH, Baek SJ (2005) Molecular targets of dietary polyphenols with anti-inflammatory
properties. Yonsei Med J 46(5):585–596. doi:10.3349/ymj.2005.46.5.585

128. Yoshimi N, Wang A, Morishita Y et al (1992) Modifying effects of fungal and herb
metabolites on azoxymethane-induced intestinal carcinogenesis in rats. Jpn J Cancer Res 83
(12):1273–1278

129. Yusof YAM, Ahmad N, Das S et al (2009) Chemopreventive efficacy of ginger (Zingiber
officinale) in ethionine induced rat hepatocarcinogenesis. Afr J Tradit Complem Altern Med
6:87–93

206 Y.A. Mohd Yusof

http://dx.doi.org/10.1093/carcin/bgr305
http://dx.doi.org/10.1093/carcin/bgr305
http://dx.doi.org/10.1165/rcmb.2012-0231OC
http://dx.doi.org/10.3349/ymj.2005.46.5.585


130. Zhang S, Liu Q, Liu Y et al (2012) Zerumbone, a Southeast Asian ginger sesquiterpene,
induced apoptosis of pancreatic carcinoma cells through p53 signaling pathway. Evid Based
Complement Alternat Med. doi:10.1155/2012/936030

131. Zhang YX, Li JS, Chen LH et al (2012) Simultaneous determination of five gingerols in raw
and processed ginger by HPLC. Chinese Pharm J 47:471–474

132. Zick SM, Djuric Z, Ruffin MT et al (2008) Pharmacokinetics of 6-, 8-, 10-gingerols and
6-shogaol and conjugate metabolites in healthy human subjects. Cancer Epidemiol
Biomarkers Prev 17(8):1930–1936. doi:10.1158/1055-9965.EPI-07-2934

133. Zick SM, Turgeon DK, Ren J et al (2015) Pilot clinical study of the effects of ginger root
extract on eicosanoids in colonic mucosa of subjects at increased risk for colorectal cancer.
Mol Carcinog 54(9):908–915. doi:10.1002/mc.22163

Gingerol and Its Role in Chronic Diseases 207

http://dx.doi.org/10.1155/2012/936030
http://dx.doi.org/10.1158/1055-9965.EPI-07-2934
http://dx.doi.org/10.1002/mc.22163


Potential Use of Flavopiridol in Treatment
of Chronic Diseases
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Abstract This chapter describes the potential use of flavopiridol, a CDK inhibitor
with anti-inflammatory and anti-proliferative activities, in the treatment of various
chronic diseases. Flavopiridol arrests cell cycle progression in the G1 or G2 phase
by inhibiting the kinase activities of CDK1, CDK2, CDK4/6, and CDK7.
Additionally, it binds tightly to CDK9, a component of the P-TEFb complex
(CDK9/cyclin T), and interferes with RNA polymerase II activation and associated
transcription. This in turn inhibits expression of several pro-survival and
anti-apoptotic genes, and enhances cytotoxicity in transformed cells or differenti-
ation in growth-arrested cells. Recent studies indicate that flavopiridol elicits
anti-inflammatory activity via CDK9 and NFjB-dependent signaling. Overall,
these effects of flavopiridol potentiate its ability to overcome aberrant cell cycle
activation and/or inflammatory stimuli, which are mediators of various chronic
diseases.
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1 Introduction

Several studies have shown that natural food sources and ingredients have pro-
tective properties against low-level inflammation [1–4]. This chapter focuses on the
potential use of one such compound, namely flavopiridol, as a nutritional phar-
maceutical (‘nutraceutical’). Flavopiridol (alvocidib, HMR-1275, L868275) is a
semi-synthetic flavonoid derived from Rohitukine, a chromone alkaloid extracted
from the Indian plant Dysoxylum binectariferum. In addition to flavopiridol, other
agents from the flavonoid class are being investigated for their therapeutic potential
as nutraceuticals, including catechins, genistein, and quercetin [5]. Flavopiridol was
originally identified as an anti-cancer agent in an empirical study performed in
1992, where it was found to inhibit cyclin-dependent kinases CDK1, CDK2 and
CDK4 [6]. In 1994, it was shown that in vitro concentrations at which flavopiridol
inhibits CDKs could be safely achieved in vivo in humans. Hence, it entered
clinical trials, mainly for its role in hematologic malignancy [7]. Here, we will
discuss the properties, pathways, and roles of the anti-inflammatory nutraceutical
flavopiridol in a wide spectrum of chronic diseases, with a focus on its role in
treatment of malignancy and neurodegenerative diseases.

2 Physio-chemical Properties of Flavopiridol

Flavopiridol (IUPAC name 2-(2-chlorophenyl)-5,7-dihydroxy-8-[(3S,4R)-
3-hydroxy-1-methylpiperidin-4-yl]chromen-4-one) is a free base form of synthetic
N-methylpiperidinyl chlorophenyl flavone that is derived from the D. binectar-
iferum plant. The molecular formula is C21H20CINO5 and has a molecular weight
of 401.8402 g/mol. It has 3 hydrogen bond donors and 6 hydrogen bond acceptors,
in addition to 2 rotatable bonds, and a heavy atom count of 28. It has no formal
charge and is soluble in organic solvents such as ethanol, DMSO, dimethyl for-
mamide (DMF), with limited solubility in aqueous buffers [8].

A recent study has shown that flavopiridol directly interacts with DNA, leading
to structural, conformational, and thermodynamic changes [9]. Using surface-
enhanced Raman Spectroscopy (SERS) and attenuated total reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR), it was shown that flavopiridol binds
with the DNA nitrogenous bases guanine and thymine via a groove-directed
intercalation. This interaction is of moderate strength, with an association constant
of Ka = 1.18 � 104 M−1.

3 Modulation of Cell Signaling Pathways by Flavopiridol

Flavopiridol (Alvocidib) has been shown to induce differentiation, inhibit prolifer-
ation, and enhance cytotoxicity in cells via several mechanisms , a summary of which
can be seen in Fig. 1. Initially, it was shown to inhibit cyclin-dependent kinases
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CDK1, CDK2, CDK4, and CDK7 in a concentration-dependent manner, thereby
inducing cell cycle arrest in G1 and G2 phases [7, 10, 11]. Structure-based studies
have shown that flavopiridol binds to the ATP binding site of CDKs, thereby com-
petitively inhibiting the kinase [12]. Since flavopiridol potently inhibits cell cycle
activation and transcription by inhibiting CDKs, it is expected that the diseases that
show activation of these kinases and unwarranted cell cycle entry would benefit from
flavopiridol treatment.

Although initially developed as a CDK inhibitor, flavopiridol has been shown to
inhibit RNA Pol II-dependent transcription by inactivating the positive transcription
elongation factor P-TEFb, which is a complex of CDK9 and cyclin T1. P-TEFb
phosphorylates the C-terminal domain of RNA Pol II, leading to its activation.
Flavopiridol appears to specifically inhibit the elongation phase of transcription by

Fig. 1 Schematic summarizing the signaling mechanisms affected by flavopiridol: Flavopiridol
prevents cell cycle progression in G1 or G2 phases of cell cycle by competitively binding to the
ATP binding sites in CDK1, CDK2, or CDK4/6. This interferes with Rb-E2F-signaling and cell
cycle progression. Flavopiridol is also known to inhibit CDK7, which associates with cyclin H and
induces activation of CDKs, in addition to phosphorylation and activation of RNA Polymerase II.
Further, it is known to bind tightly to the ATP binding site of CDK9 in a non-competitive manner
and inhibit the P-TEFb-mediated phosphorylation and activation of RNA polymerase II, thereby
affecting the RNA Pol II-dependent transcription. Flavopiridol also interferes with phosphorylation
and degradation of IjBa, therefore preventing NFjB nuclear translocation and associated gene
transcription, inflammatory signaling and/or cell proliferation, which are important players in
induction of chronic diseases
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interfering the P-TEFb function [13, 14]. Unlike other CDKs, P-TEFb inhibition by
flavopiridol appears to be non-competitive with ATP, possibly by binding very
tightly to the ATP binding site in CDK9.

This flavone has been well studied in pro-apoptotic pathways as well.
Flavopiridol upregulates TNF-induced apoptosis through the Bid-cytochrome-
caspase 9-caspase 3 pathway [4, 15]. Other anti-apoptotic proteins such as AKT,
inhibitor of apoptosis protein (IAP)-1, IAP-2, X-chromosome-linked IAP (XIAP),
Mcl-1, Bcl-2 and Bcl-xL have shown to be inhibited upon flavopiridol treatment,
and it is possible that these events are mediated through the inhibition of P-TEFb [4,
16]. An alternate pro-apoptotic pathway that has been studied suggests that
flavopiridol may upregulate and stabilize E2F-1 levels in addition to inhibiting
CDK2, which will lead to E2F-dependent transcriptional repression of the induced
myeloid leukemia cell differentiation (Mcl-1) gene [17].

Recently, flavopiridol has been implicated in the induction of endoplasmic
reticulum stress and autophagy in chronic lymphocytic leukemia (CLL) cells. This
involved the upregulation of serine/threonine-protein kinase/endoribonuclease
(IRE1)—TNF receptor-associated factor 2 (TRAF2)—apoptosis signal-regulating
kinase 1 (ASK1)—c-Jun N-terminal kinase (JNK2) pathway, which in turn increased
caspase 4 and caspase 8 activity contributing to caspase-mediated cell death [18].

Flavopiridol has also been shown to inhibit the activation of the
pro-inflammatory transcription factor NFjB. The NFjB pathway helps regulate the
expression of genes involved in several cell functions, including transformation,
survival, proliferation, invasion, and angiogenesis, and has been studied extensively
for its role in cancer development and metastasis [4]. Flavopiridol inhibits NFjB by
preventing IjBa kinase phosphorylation, ubiquitination, and degradation, and thus
abrogating the nuclear translocation of the p65 subunit of NFjB. This in turn leads
to an inhibition of COX-2, cyclin-D1, and matrix-metalloproteinase-9 synthesis,
which are known to play a role in oncogenic transformation and metastasis [19].
IjB-NFjB-dependent signaling has been implicated in multiple hematopoietic
malignancies such as multiple myeloma and acute myeloid leukemia (AML), both
of which will be discussed further later in the chapter.

Although the pathways listed all have associations with inflammation,
flavopiridol directly influences the levels of pro-inflammatory syndrome markers as
well, such as interleukins. Treatment with flavopiridol has been shown to inhibit
expression of IL-6-inducible acute phase proteins by interfering with
CDK9-STAT3 complex formation. This suggests that CDK9 plays an important
role in induction of inflammation-associated transcription and translation, and
flavopiridol brings about its effects by interfering with the P-TEFb function [20].

Finally, flavopiridol has been shown to play a role in tumor angiogenesis as well.
Flavopiridol inhibits hypoxia-mediated HIF-1a expression, VEGF secretion, and
tumor cell migration in glioma cell lines, thereby interfering with tumor growth.
Flavopiridol was also tested in murine models of glioma, and monotherapy showed
inhibition of glioma tumor growth. In vitro analysis of the intracranial gliomas
showed reduced vascularity of the samples treated with flavopiridol, further sup-
porting a role for flavopiridol in pathways related to angiogenesis [21].
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4 Role of Flavopiridol in Chronic Diseases

Due to the wide array of pathways that are modulated by flavopiridol, this com-
pound has been studied in the treatment of a large variety of chronic diseases. Here,
we will review the studies on flavopiridol in hematologic malignancies, solid
tumors, neurological disorders, cardiovascular disease, and infectious diseases.

4.1 Flavopiridol and Hematologic Malignancies

4.1.1 Chronic Lymphocytic Leukemia

CLL, the most prevalent leukemia in the elderly, is characterized by an accumu-
lation of immature, non-actively proliferating B cells that express high levels of the
anti-apoptotic protein B cell lymphoma (Bcl2), which offers resistance against
chemotherapeutic agents. CLL shows high heterogeneity and varies from asymp-
tomatic progression-free survival for decades to rapidly progressive disease [22].
Deletion of 17p13.1 (del17p3) and 11q22.3 (del11q22.3) is considered to be a poor
prognostic factors associated with accelerated progression and reduced survival in
CLL patients [23, 24]. It has been shown that the increased expression of Bcl2
delays apoptosis and promotes drug resistance in the B cells [25, 26].

In vitro cell culture studies and clinical trials in patients with advanced disease
have shown potent, p53-independent, anti-cancer effects of flavopiridol [27].
Studies in the CLL cells showed that flavopiridol treatment reduces expression of
the anti-apoptotic Bcl2, Mcl-1 (myeloid cell leukemia 1), and XIAP proteins, which
are known to play an important role in the survival of CLL cells. The effect on these
pro-survival genes could be mediated through inhibition of P-TEFb and tran-
scription elongation phase [27]. Studies in CLL cells have also shown that
flavopiridol induces apoptosis through activation of caspase 3 [15]. These data
therefore imply that flavopiridol interferes with not only cell cycle progression but
also transcription and pro-survival signaling to inhibit cancer progression.

Studies by Mahoney and colleagues show that cells from CLL patient cells
treated with flavopiridol show an induction of autophagy [18]. Although a moderate
amount of endoplasmic reticulum (ER) stress has shown protective effects against
CLL cell death, flavopiridol potentiates an excessive amount of ER stress, thereby
activating apoptosis signal-regulated kinase 1 (ASK1) and caspase 4. As a result,
flavopiridol induced enhanced cell death in otherwise resistant cells.

In addition to studies investigating flavopiridol as a single-agent drug, several
studies have looked at flavopiridol in combination with other known agents for the
development of novel chemotherapeutic regimens in CLL [28]. Flavopiridol has
been shown to potentiate other chemotherapeutic agents such as paclitaxel, doc-
etaxel, gemcitabine, and doxorubicin [29–33]. One such novel combinatorial
therapy involves the use of flavopiridol and lenalidomide, the former acting as a

Potential Use of Flavopiridol in Treatment of Chronic Diseases 213



direct cytotoxic agent and the latter as an immunomodulatory agent [34].
Lenalidomide is known to activate T cells and natural killer cells and downregulate
pro-survival cytokines, thereby modifying the microenvironment. Phase I and phase
II trials have shown that flavopiridol and lenalodomide can act individually to
downregulate Mcl-1 and enhance immune cell function [35, 36]. A phase I trial was
carried out with flavopiridol administered as a single agent in cycle 1 to reduce the
number of tumor cells, followed by administration of both flavopiridol and
lenalidomide concomitantly (in increasing doses) in the following cycles 2–8. This
mode of treatment did not show any additional increase in toxicities associated with
single-agent use of flavopiridol, including tumor lysis syndrome (TLS), tumor flare,
or opportunistic infection. TLS is characterized by a set of metabolic complications
that arise from the treatment, namely hyperkalemia, hyperphosphatemia, hypocal-
cemia, and hyperuricemia, due to the fact that a large number of newly generated
cells are killed. This trial showed significant response rate (51 %) in relapsed and
heavily pre-treated patients. The response rate was also significant in patients with
poor prognostic cytogenetic features (del17p13.1 and del11q22.3) as well. This
study also showed that patients pre-treated with flavopiridol were able to tolerate
higher doses of lenalidomide [23].

Fludarabine, a purine analogue that inhibits DNA synthesis, has been widely
used in the clinical setting to treat patients with CLL. Patients who are resistant to
fludarabine are known to have a dismal prognosis, with an estimated survival of
10 months. There are inadequate treatment options for such patients, and a multi-
center, international phase II study tested the efficacy of flavopiridol on such
patients [37]. A total of 165 patients were enrolled in this study and 159 were
treated. A treatment strategy of 30-min intravenous bolus (IVB) of flavopiridol
followed by 4-h continuous intravenous infusion (CIVI) was used, as this was
shown to be a more efficacious dosing regimen of flavopiridol than 24–72 h of CIVI
in a phase I trial [38, 39]. This mode of administration showed significant activity of
flavopiridol in relapsed, fludarabine-treated, refractory CLL, with the overall
response rate in these patients at 25 %, with mostly partial responses [37]. These
results imply that flavopiridol could serve as a potent therapeutic agent alone or in
combination with other therapies as described to treat high-risk CLL or other
hematologic malignancies that are fludarabine refractory.

Though patients with refractory CLL have shown significant response with
flavopiridol, the main dose-limiting side effect of this drug is TLS, especially in
people with leukocyte count of 200 � 109/L. To help overcome the limiting factor
of development of TLS, a novel combinatorial drug treatment strategy was studied
to determine whether inclusion of cyclophosphamide and rituximab together with
flavopiridol helps to prevent severe toxicity from TLS [40]. This combinatorial
treatment is referred to as CAR (cyclophosphamide, alvocidib, rituximab, a chi-
meric CD20 antibody) therapy. A phase I trial used the CAR regimen with delayed
introduction of flavopiridol, only introducing it on cycle 1 day 8. Using this delayed
strategy, severe grade 3 and 4 TLS was avoided in these patients [40]. This study
proved CAR to be efficacious in high-risk CLL patients and protected against TLS,
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thereby suggesting that this combinatorial therapy could be of potential benefit to
the high-risk group patients.

4.1.2 Other Hematologic Neoplasms

Proteasomal inhibitors have been a mainstay of treatment in several hematologic
malignancies [41–44]. Studies are being done to develop novel treatment strategies
to combine the use of flavopiridol with proteasome inhibitors due to similarities in
pathway and may therefore possibly have a synergistic effect. The proteasome
inhibitor bortezomib has been shown to inhibit NFjB signaling by interfering with
the degradation of NFjB-inhibitory IjBa [45]. Since flavopiridol is known to
induce apoptosis and inhibit NFjB signaling, studies have been undertaken to test
whether combining flavopiridol with the proteasome inhibitor bortezomib shows
any additive or synergistic effects on resistant, relapsed, or refractory tumors.
A phase I clinical trial was carried out in 16 patients with recurrent or refractory B
cell neoplasms including 9 Non-Hodgkin’s Lymphoma patients (6 of which were
mantle cell lymphoma), 6 multiple myeloma patients, and 1 Extra-Medullary
Plasmacytoma patient [46]. Flavopiridol (30 mg/m2) and bortezomib (1.3 mg/m2),
both administered as 30-min bolus and 4-h infusion, showed an overall response rate
of 44 % in these patients. Again, one of the side effects noticed with this therapy
regimen was hyperacute TLS. Another study with the combinatorial treatment of
bortezomib and flavopiridol showed synergistic effect on enhanced lysis of leukemia
cells, which was associated with downregulation of Mcl-1 and XIAP [47]. These
cells also showed activation of JNK and inactivation of the NFjB signaling, con-
tributing to the reduced survival. This combination induced apoptosis in
imatinib-resistant CML cell lines, raising the possibility that combinatorial therapies
using the proteasome inhibitor and flavopiridol may effectively prevent multiple
hematologic malignancies [48].

Flavopiridol has also been studied as a single agent and in combinatorial
chemotherapies for AML, which is a malignancy distinguished by clonal prolif-
eration and transformation of immature myeloid precursor cells [49]. A phase 1 trial
was undertaken in 2003 by Karp et al. which looked at flavopiridol as an initial
cytoreductive agent, followed by cytarabine and mitoxantrone in a sequential
manner (also known as FLAM therapy) [50]. Response to therapy was higher in
AML (overall response rate 31 %) in comparison with acute lymphoblastic leu-
kemia and chronic myeloid leukemia patients, again with significant side effects of
TLS, diarrhea, and oral mucositis. A phase II trial was conducted with FLAM
therapy for patients with refractory, relapsed, and high-risk AML. Flavopiridol in
the context of FLAM therapy was found to induce anti-leukemic cytotoxicity in
44 % of the patients enrolled in the trial, as measured by >50 % decrease in
peripheral blood blast counts [51]. Several other phase I and phase II trials have
followed these initial studies, corroborating their findings.

Multiple myeloma is a plasma cell neoplasm for which several novel therapies,
including bortezomib, immune modulators, thalidomide, and lenalidomide, have
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greatly increased the length of survival for patients who suffer from this disease
[52–54]. This is thought to be accomplished by interferon regulatory factor-4
inhibition and caspase-mediated apoptosis. A phase I trial was recently undertaken
to look at the role of flavopiridol in patients with relapsed multiple myeloma [55].
In this trial, 15 patients with relapsed myeloma were treated with a bolus of
flavopiridol at 3 dose levels, followed by a continuous infusion for 4 weeks out of a
5-week cycle. It was found that flavopiridol achieved only marginal responses in
myeloma and that patients incurred significant side effects including cytopenias,
diarrhea, and transaminase elevation. However, as mentioned above, studies are still
being undertaken to evaluate for the combinatorial use of flavopiridol with pro-
teasome inhibitors in multiple myeloma patients.

4.2 Flavopiridol and Its Role in Solid Tumors

Flavopiridol is known to inhibit CDKs by binding to the ATP binding sites, and
inhibits cyclin D1 and VEGF by interfering with transcriptional and
post-transcriptional mechanisms [56]. Any tumors that show activation of the
CDK1, CDK2, CDK4/6, CDK7, or CDK9 are expected to show some response to
treatment with flavopiridol. Although the most convincing data on clinical efficacy
of flavopiridol are evident from research done on hematologic malignancies such as
CLL, studies have been conducted to assess how flavopiridol affects solid tumors as
well. A phase I study looked at flavopiridol in pancreatic, breast, esophageal, colon,
melanoma, lung, ovarian, sarcoma, carcinoid, and gastric cancer patients, and
identified flavopiridol as a safe and tolerable regimen. Promising clinical activity
was seen, especially among refractory germ cell, pancreatic, gastric, and sweat
gland tumors [57]. Here, we will provide a brief review of the role of flavopiridol
specifically in breast cancer, sarcoma, colon cancer, and pancreatic cancer.

4.2.1 Sarcoma

Sarcomas are a group of heterogeneous malignancies that are mesenchymal in
origin. Treatment options for advanced sarcomas are limited and patients often have
poor prognoses. The main treatment options currently available for advanced sar-
comas, especially those that are metastatic or unresectable, are systemic use of
chemotherapy including doxorubicin, gemcitabine, docetaxel, ifosfamide, and
dacarbazine. Studies in Rb-null osteosarcoma have shown that flavopiridol poten-
tiates the anti-tumor activity of doxorubicin [58]. In a study done by Luke et al. in
2012, the authors determined whether flavopiridol elicits similar effects on
well-differentiated and de-differentiated soft tissue sarcomas [59]. In addition to
amplification of the MDM2 proto-oncogene, the majority of soft tissue sarcomas
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show amplification of CDK4. Since flavopiridol is a potent inhibitor of CDK4,
co-treatment with doxorubicin and flavopiridol was expected to elicit synergistic
effect [60]. LS141 and MPNST cell lines derived from a patient with high-grade
retroperitoneal de-differentiated liposarcoma or high-grade peripheral nerve sheath
tumor of the thigh were used for in vitro cell culture and in vivo tumor xenograft
studies. Results showed that combinatorial treatment with doxorubicin and
flavopiridol shows significant inhibition of cell growth compared to single-agent
treatment [60]. Following this, a phase I dose escalation clinical trial was completed
in patients with advanced sarcoma to determine maximum tolerable dose and
activity of flavopiridol in combination with doxorubicin [59]. This study showed
that combinatorial therapy with doxorubicin and flavopiridol had tolerable adverse
effects and provided significant disease control. The progression-free survival at
12 weeks was calculated at 57 % and at 24 weeks at 32 %, which suggests that
combinatorial therapy with flavopiridol and doxorubicin would be beneficial in
treatment of well-differentiated and de-differentiated soft tissue sarcomas.

4.2.2 Breast Cancer

Breast cancer is the second leading cause of cancer-related death in women, despite
huge strides in early detection of malignancy [61]. Studies using directed therapies
such as trastuzumab (antibody therapy) and lapatinib (receptor tyrosine kinase
inhibitor, RTK) have shown efficacy toward breast cancer but is overshadowed by
tumor heterogeneity, drug resistance, and off-target effects. It is known that the
overexpression of the RTKs such as epidermal growth factor receptor (EGFR) and
HER-2 contributes significantly to the cancer pathogenesis by signaling via the
Ras-Raf-MEK-ERK and PI3K-Akt signaling pathways [62]. In addition to these
pathways, the cancer cells also show activation of CDKs and Rb-E2F signaling.
Knockdown of cyclin D1 and CDK4/6 has been shown to increase or inhibit cell
migration in estrogen receptor (ER)-positive or negative tumors, respectively [63].
Treatment with flavopiridol could reproduce similar effects, implying the potential
use of this drug for treatment of ER-negative tumors. Recently, it was shown that
sorafenib (a tyrosine kinase inhibitor, TKI) together with flavopiridol provides
greater cytotoxicity at lower doses compared to combination of sorafenib with RTK
inhibitors, in both EGFR/HER-2 overexpressing and K-Ras-B-Raf-mutation asso-
ciated breast tumor cells. This suggests a potential use of flavopiridol in combi-
nation with sorafenib for treatment of breast cancer patients [62]. Flavopiridol
appears to interact with lapatinib and reduce expression of Mcl-1. Additionally,
inclusion of Mcl-1 inhibitor obatoclax appeared to enhance the lethality of both
lapatinib and flavopiridol by promoting BAX-BAK-dependent mitochondrial dys-
function and cellular apoptosis in vitro [64].
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4.2.3 Colon Cancer

Colorectal cancer is the second leading cause of cancer-related deaths among both
men and women in the USA [61]. Studies in colon cancer cells that are positive or
negative for p53 have shown that sequential treatment with CPT-11 (irinotecan,
topoisomerase inhibitor) and flavopiridol shows more beneficial effects in the
p53-positive tumors and the effect was mediated through p53-dependent suppres-
sion of Rad51 and promotion of apoptosis [65]. Further, studies in colon cancer
cells have also shown that sequential treatment with c-irradiation followed by
flavopiridol significantly inhibits tumor growth and this was associated with a loss
of p21 [66]. HCT-116 colon cancer cells that lacked p21 responded to c-irradiation
and flavopiridol treatment much more effectively, implying that loss of p21
expression potentiates the efficacy of the co-treatment. In vitro and in vivo studies
have shown that sequential treatment with docetaxel for 1 h, followed by
flavopiridol 24 h, followed by 5-fluorouracil (a thymidylate synthase inhibitor)
24 h, showed significant inhibition of HCT116 colon cancer cell proliferation,
colony formation on soft agar, as well as reduced tumor growth and increased
survival in xenograft models [67]. Flavopiridol together with irinotecan has shown
significant tumor growth inhibition in xenograft models. To test the efficacy of
flavopiridol in patients with advanced CRC, a pre-clinical study was carried out
with irinotecan followed by flavopiridol. Results were promising and patients who
were wild type (WT) for p53 appeared to respond by interfering with p21 and Drg1
(differentiation-associated gene 1) expression [68]. Similarly, a phase I trial with
FOLFIRI and flavopiridol appeared to have potent anti-tumor activity in solid
tumors. Once again, the effectiveness correlated with the presence of WT p53
expression, and the addition of flavopiridol stabilized the disease in patients with
irinotecan-refractory colorectal tumor [69].

4.2.4 Pancreatic Cancer

Despite its low prevalence, pancreatic cancer is the fourth leading cause of
cancer-related death in the USA due to the lack of effective screening tools, vague
symptoms, and aggressive nature of the disease [61]. Current therapies directed
toward pancreatic cancer show marginal effects and combinatorial therapies with
gemcitabine show promising results [70–72]. Treatment with gemcitabine has been
shown to enhance expression of ribonucleotide reductase M2 subunit and
flavopiridol appears to inhibit its expression and enhance cytotoxic effects of
gemcitabine [30]. A phase II study was undertaken to evaluate flavopiridol in 10
pancreatic adenocarcinoma patients with gemcitabine refractory tumors. Docetaxel
was followed by flavopiridol, and the combination showed only minimal effect with
high toxicity, thereby raising potential problems in this treatment strategy to
overcome pancreatic adenocarcinoma [73].

218 T. Srikumar and J. Padmanabhan



4.3 Flavopiridol in Neurological Disorders

4.3.1 Neurodegenerative Diseases

While apoptosis is important for the sculpting of the developing brain, apoptosis in
terminally differentiated neurons has been associated with the development of
neuropathology [74]. Studies in patients with Alzheimer’s disease or other neu-
rodegenerative diseases have shown evidence for enhanced expression and acti-
vation of cell cycle regulatory proteins in terminally differentiated neurons [75–84].
Treatment of the neurons with CDK inhibitors such as flavopiridol, roscovitine, or
olomoucine showed protection against apoptosis induced by specific insults such as
activity withdrawal, DNA-damaging agent exposure, and growth factor deprivation,
confirming that aberrant neuronal cell cycle entry promotes neurodegeneration and
apoptosis in mature neurons [85–92]. Furthermore, studies conducted with organ-
otypic cultures of cerebellar sections have shown that axotomy-induced apoptosis
can be prevented by treatment with flavopiridol, olomoucine, or roscovitine [93].

Studies in neurons have shown that transcription and translation are upregulated
under apoptotic conditions [94, 95]. Earlier studies from our laboratory have shown
that flavopiridol inhibits the activity of cyclin D1/CDK, Cycin E/CDK complexes,
and Rb phosphorylation while protecting cerebellar neurons from death induced by
KCl withdrawal [85]. We recently showed that this KCl withdrawal-induced apop-
tosis is associated with upregulation of RNA Pol II phosphorylation and transcription
[96]. Treatment with flavopiridol, as well as DRB (5,6-dichloro-1-beta-D-ribo-
benzimidazole), a more specific inhibitor of RNA Pol II, protected the neurons
against apoptosis, which was associated with inhibition of Pol II phosphorylation and
activation. Upon removal of these drugs, the neurons showed enhanced phospho-
rylation of Pol II and increased apoptosis. In addition to transcriptional inhibition, the
neurons also showed reduced incorporation of 35S-Methionine, indicative of reduced
translation. This correlated with inhibition of P70S6 kinase phosphorylation and
activation. It is possible that flavopiridol brings about the protective effect on the
neurons by inhibiting RNA Pol II and P70S6 kinase-mediated transcription and
translation, respectively, of specific 5′-Terminal oligopyrimidine (TOP) tract
mRNAs that play an essential role in neuronal apoptosis. Identification of these
specific mRNAs will help in the development of more targeted inhibitors to prevent
neuronal apoptosis in chronic neurodegenerative diseases.

4.3.2 Stroke

Stroke is the fourth leading cause of death in the USA, and it is estimated that by
2030 greater than 3 million people will be suffering from this debilitating degen-
erative disease. Stroke can be categorized as ischemic (not enough blood flow to the
brain) and hemorrhagic (where the blood vessels in the brain rupture). Studies in rat
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models of ischemia-induced stroke have shown that one of the underlying mech-
anisms of neurodegeneration is deregulation of cell cycle machinery that causes
aberrant cell cycle entry of the differentiated neurons. Neurons in these models
showed activation of CDK4, cyclin D1, Rb phosphorylation and E2F1 induction
[97]. In vivo intracerebroventricular administration of flavopiridol via implanted
cannula connected to an osmotic pump showed significant reduction in neuronal
death, indicative of aberrant CDK activation in promotion of ischemia-induced cell
death. Furthermore, the rats treated with flavopiridol also showed signs of increased
spatial learning behavior and functional recovery [98]. This suggests that
flavopiridol may have therapeutic potential toward prevention of irreversible neu-
ronal damage in ischemia-induced stroke.

4.3.3 Traumatic Brain Injury

Traumatic brain injury (TBI) is associated with neuronal death, activation of
microglia, inflammation, and astrogliosis [99–102]. Such a reaction can lead to
permanent tissue loss and glial scar formation. Thus, long-term sequelae of trau-
matic brain injuries can occur, creating a picture of neurodegenerative disease.
Flavopiridol was studied in etoposide-treated primary cortical neurons and was
found to decrease the number of apoptotic cells via several proposed mechanisms,
including downregulation of caspase 3, regulation of cell cycle via downregulation
of cyclin D1, and upregulation of CDK inhibitor p27. In rat brain astrocyte culture,
flavopiridol addition was able to decrease cell proliferation in a dose-dependent
manner [103]. Flavopiridol was also studied in rats that underwent TBI and was
found to decrease microglial proliferation and invasion, which was associated with
decrease in lesion volume and increase in functional recovery in these models [99].

Evidence suggests that inflammatory modulators induce neuronal cell cycle
entry and inhibition of cell cycle prior to induction of inflammation protects against
neurodegeneration [104]. In this regard, the finding that flavopiridol acts as an
anti-inflammatory agent is of significant importance and suggests that this CDK
inhibitor might be beneficial in protecting against neuroinflammation through
inhibition of CDK9, and this could be one of the mechanisms by which flavopiridol
brings about the neuroprotection observed in stroke and TBI animal models [105].

4.4 Flavopiridol in Cardiovascular Disease

Coronary artery disease (CAD) is by far the leading cause of morbidity and mor-
tality in developed nations worldwide. It is characterized by atherosclerosis, which
is the build up of plaque that is composed of lipids and fibrous elements, in the
coronary arteries. Recently, CDK9 levels were found to be very high in plaque
samples, serum, and monocytes in patients with atherosclerotic disease [106]. The
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infiltration of inflammatory cells such as monocytes and macrophages within the
plaque was found to be associated with CDK9 expression, suggesting that CDK9
could potentially be a marker of atherosclerosis [106]. Furthermore, flavopiridol has
been shown to inhibit leukocyte adhesion to the endothelium by inhibiting the
expression of adhesion molecules, which was brought about by inhibition of CDK9
[105]. As such, due to the potent inhibitory activity of flavopiridol on CDK9, this
nutraceutical could potentially show major benefit in patients with CAD and
atherosclerosis. However, no studies to this end have been completed as of yet.

Flavopiridol has also been utilized in the drug-eluting stents within atheroscle-
rotic arteries. A common complication of stent placement is the possibility of
re-stenosis of the vasculature due to proliferation of coronary smooth muscle cells
into the lumen. Jaschke et al. [107] showed that, in addition to p53, flavopiridol
potently inhibits the proliferation and migration of coronary smooth muscle cells
in vitro via cell cycle inhibition and increase in CDK inhibitors p21 and p27.
Flavopiridol also decreased Rb hyperphosphorylation in these cells, thereby pre-
venting G1/S progression. When the flavopiridol drug-eluting stents were placed in
the carotid arteries of rats, a reduction in neointima injury formation could be
observed in comparison with control [107]. These studies imply that inclusion of
flavopiridol in stents used for atherosclerotic vessels could increase the patency of
these vessels by preventing the formation of re-stenosis.

4.5 Flavopiridol in Infectious Disease

4.5.1 Human Immunodeficiency Virus-1 (HIV-1)

Human immunodeficiency virus-1 (HIV-1) and its development into acquired
immunodeficiency syndrome (AIDS) has caused a huge worldwide burden of
disease. HIV-1 is a retrovirus that is dependent on cell cycle machinery to replicate
and proliferate. Specifically, the CDK9/cyclin T (P-TEFb) complex activates the
transcription of the HIV-1 long-terminal repeat promoter, making P-TEFb both
essential and a limiting factor in HIV-1 replication [108]. As discussed earlier,
flavopiridol is a potent P-TEFb inhibitor and has been shown to block HIV-1 Tat
transactivation and viral replication [13, 109]. Flavopiridol has been shown to
significantly inhibit the replication of HIV-1 in HeLa cell models as well [110].

Studies have also been done to evaluate the role of flavopiridol in HIV-induced
nephropathy. Nelson et al. [111] found that in in vitro models, flavopiridol inhibited
HIV transcription in infected podocytes without significant toxic effects. In 2003,
the same group created an HIV-1 NL4-3 transgenic mouse model of
HIV-associated nephropathy (HIVAN) [112]. Flavopiridol administration for a
20-day course was utilized, and the results showed that HIV-1 proviral expression
had decreased significantly throughout the kidney. Furthermore, the nephrotic
changes visualized in histologic and transcriptional activity of the endogenous
mouse renal cells had been reversed with flavopiridol administration up to 82 %.
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Although no clinical trials have yet been conducted, research into synthetic ana-
logues of flavopiridol is being studied to help minimize toxicity.

4.5.2 Human Herpes Simplex Virus 1 (HSV-1)

Herpes simplex virus 1 (HSV-1) is a double-stranded DNA virus of the
Herpesviridae family. Similar to HIV-1, HSV-1 is dependent upon human cell
cycle machinery for viral transcription. In a 2013 study, it was shown that serine-2
phosphorylated RNA Polymerase II was required for HSV-1 transcription [113].
Inhibition of the RNA Polymerase II via CDK9 inhibition with flavopiridol
decreased the level of late viral proteins, led to poor formation of viral transcription
compartments, and decreased RNA synthesis in vitro. To date, no studies of the role
of flavopiridol in HSV-1 treatment have been conducted in animal or human
models.

5 Conclusions

Flavopiridol has shown potential efficacy in a wide array of disorders. Several
clinical trials with flavopiridol as a single agent or in combination with other
chemotherapeutic agents have shown significant benefits in treating chronic dis-
eases, especially hematologic malignancies such as CLL. Additionally, studies in
solid tumors also have shown promising results with this CDK inhibitor as a sole
treatment or in combination with other chemotherapy regimens. The toxicities
associated with flavopiridol treatment, primarily TLS, are manageable and other
combinatorial therapies such as the CAR treatment, which shows activity against
hyperacute TLS. Bolus treatment with flavopiridol for 30 min followed by 4-h
infusion appears to provide maximum activity for extended period of time. Studies
performed with various disease-relevant cell culture or animal models, as well as
human clinical trials, imply that flavopiridol as a single agent or in combination
with other agents would also prove to be beneficial in treatment of neurodegen-
erative diseases, stroke, TBI, atherosclerosis, HIV, and HSV infection. Results from
future studies will enable us to determine whether inclusion of flavopiridol would
be beneficial in treatment of other chronic diseases that are resistant to the current
treatment strategies. Since flavopiridol shows potent inhibitory effect toward
CDK9, additional flavopiridol mimetics are being developed to determine whether
more selective inhibitors with reduced toxicity can be used to achieve similar
efficacy. In this regard, the CDK9 inhibitor FIT-03, which has shown promising
results with drug-resistant HSVs and other DNA viruses, or fluoroflavopiridol, with
40-fold more selectivity toward P-TEFb function, might prove to cause lower levels
of toxicity [114, 115]. Regardless, due to the ubiquitous role of flavopiridol in
several critical cell cycle and inflammatory pathways, there is no doubt that this
nutraceutical has boundless potential in the management of disease states.
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Abstract Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) is a plant-derived
naphthoquinones obtained mainly from three families, including Plumbaginaceae,
Droseraceae, and Ebenaceae. Plumbagin has exhibited its potential therapeutic
benefits on numerous chronic diseases, i.e., breast cancer, non-small cell lung
cancer, melanoma, ovarian, squamous cell carcinomas, pancreatic cancer, and
prostate cancer. In addition, its anti-inflammatory and antimicrobial activities as
well as control of diabetes and cardiovascular diseases have been reported. Thus,
plumbagin is a promising agent for development as a new drug for the treatment or
control of chronic diseases. Studies on controlled drug release or drug delivery
systems have been involved for improvement of its therapeutic efficacy as well as
for the reduction of its toxicity. However, most of the recent research information is
from in vitro and in vivo studies. Further clinical studies are therefore required for
its developments and applications as a novel drug used to treat chronic diseases.
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1 Introduction

Chronic diseases are long-lasting conditions that can be controlled but can rarely be
cured with vaccines or medication. Chronic diseases tend to become more common
with age. The leading chronic diseases in developed countries include cancer,
cardiovascular diseases, AIDS, diabetes, depression, and other pain syndromes.
These chronic diseases inflicted on humans are treated by different medications that
often cause serious side effects to the human body. Medicines obtained from plants
often play important roles in the primary healthcare needs of humans as well as
animals from time immemorial. Many plants exhibit various properties like
antimicrobial, antiviral, anti-inflammatory, antioxidant, and anticancer activities
due to the presence of secondary metabolites, e.g., essential oils, alkaloid, glyco-
sides, terpenoids, flavonoids, quinones, coumarins, and other phenolic compounds
[1]. Secondary plant metabolites have interesting biological properties, which make
them desirable for optimizing any pharmacological activities to develop new drugs
[2]. Thus, it is very important to look for drugs obtained from natural sources to
optimize their activities and yield new drugs and development processes.

Naphthoquinones constitute the largest and diverse groups of plant secondary
metabolites many of which have biological activities, including antimicrobial,
antifeedant, and allelopathic activities, all of which can contribute toward plant
defenses against disease [3–7]. Naphthoquinones commonly occur in the reduced
and glycosidic forms and may be found as monomers as well as dimers or trimers in
some plant species (e.g., Diospyros, Ebenaceae). They are biosynthesized via a
variety of pathways including the acetate and malonate pathways (plumbagin),
shikimate/succinyl CoA combined pathway (lawsone), and shikimate/mevalonate
pathway (alkannin) [8]. Naphthoquinones also possess pharmacological activities,
such as anticancer [9], antifertility, antihyperlipidemic [10], antiestrogenic [11],
malignant furunculous scabies [12], antiplasmodial [13], antimicrobial [14], anti-
fungal [15], anti-inflammatory [16], antibacterial [17], antidiabetic [18], and
hypolipidemic activities [19]. The therapeutic activities of naphthoquinones are
mainly due to their abilities to act as potent inhibitors of electron transport, as
uncouplers of oxidative phosphorylation, as intercalating agents in the DNA double
helix, as bioreductive alkylating agents of biomolecules, and as producers of
reactive oxygen radicals by redox cycling in aerobic conditions.

Plumbagin (Fig. 1) is one of the simplest secondary plant naphthoquinones of
three major phylogenic families, including Plumbaginaceae, Droseraceae, and
Ebenaceae. Plumbagin is produced by members of the Plumbaginaceae and is
accumulated mostly in the plant root [20]. Plumbagin is mainly isolated from
Plumbago zeylanica [21]. The other main sources of plumbagin are Drosophyllum
lusitanicum, Drosera natalensis [22], D. capensis [23], and D. gigantea [24].
Plumbagin is also found in Juglans regia (English walnut), Juglans cinerea (but-
ternut and white walnut), and Juglans nigra (blacknut) [25]. Plumbagin has shown
its potential therapeutic benefits on numerous chronic diseases like breast cancer,
non-small cell lung cancer, melanoma, ovarian, squamous cell carcinomas,
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pancreatic cancer, and prostate cancer [26]. It has also been investigated for any
anti-inflammatory action, antibacterial, antifungal, control of diabetes, and
hypolipidemia. This chapter is focused on the role of plumbagin on the treatment of
chronic diseases.

2 Physicochemical Properties of Plumbagin

Plumbagin or 5-hydroxy-2-methyl-1,4-naphthoquinone or 5-hydroxy-2-methyl-1,
4-naphthalenedione (Fig. 1) is a naphthoquinone compound with the molecular
formula of C11H8O3 and the molecular weight of 188.17 g/mol, isolated from the
plant species of Plumbago, Drosera, and Diospyros. The name ‘plumbagin’ is
derived from the plant genus Plumbago, from which it was first isolated [27]. The
yellow needles of plumbagin that are crystallized from alcohol have a melting point
of 78–79 °C. It has an irritating odor and can be sublimated or volatilized with
steam. It is slightly soluble in hot water and soluble in alcohol, acetone, chloroform,
benzene, and acetic acid [28].

3 Modulation of Cell Signaling Pathways by Plumbagin

Quinones are a group of compounds that are highly reactive organic chemical
species. They may interact with biological systems to promote inflammatory,
anti-inflammatory, and anticancer actions as well as sometimes inducing toxicity.
Recently, targeting programmed cell death and other important pathways has
become a promising approach to treat cancer through regulating cancer cell
apoptosis and autophagy. Plumbagin induces cell death in cancer cells by affecting
various signaling pathways, such as the Wnt, p53, Ras, and epithelial–mesenchy-
mal transition (EMT) signaling pathways.

Wnt signaling is important in the early stages of cell development [29]. It is also
essential for maintaining homeostasis by assisting in the self-renewal of intestinal
epithelial cells [30]. Deregulation in the Wnt signaling pathway can cause cancer
[31]. Wnt signaling plays an important role in pathogenesis and in the progression
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of plumbagin
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of colorectal cancer. It has been demonstrated that plumbagin-mediated downreg-
ulation of Wnt signaling is p53 independent. It also inhibited the expression of
several co-activators and downstream targets of Wnt signaling, i.e., b-catenin,
TCF7L2, p300, Bcl9 l, c-Myc, vimentin, and cyclin D1 in colorectal cancer cells.
Moreover, plumbagin upregulated the expression of HBP1, a negative regulator of
Wnt signaling in colorectal cancer cells. Downregulation of Wnt signaling could be
therefore one of the molecular mechanisms for the inhibitory effects of plumbagin
on human colorectal cancer cells [32].

The p53 pathway responds to stresses that can disrupt the accuracy of DNA
replication and cell division. A stress signal is transmitted to the p53 protein by
post-translational modifications. This results in the activation of the p53 protein as a
transcription factor that initiates a program of cell cycle arrest, cellular senescence,
or apoptosis. Thus, the p53 pathway plays a significant role in modulating the cell
cycle and by inducing apoptosis when DNA is damaged or as a cell response to
stress in human cells [33]. The p53-induced cell cycle arrest and apoptosis require
transactivation of p21 and other cell cycle-related elements, such as cyclin B1 and
cyclin D1. In addition, the murine double minute 2 (MDM2) plays a key role in
negatively moderating the p53 activity. It has been reported that the p53 gene was
activated by inhibiting the expression of MDM2 [34]. Inhibition of the expression
of MDM2 induces apoptosis in tumors that retain wild-type p53 [35]. Plumbagin
significantly inhibited the growth of osteosarcoma cells by upregulating the
expression of p53 and p21 in the osteosarcoma cell lines causing cell cycle arrest by
decreasing the expression of MDM2/cyclin B1 and cyclin D1. Moreover, plum-
bagin altered the ratio of Bax/Bcl-2 and may have triggered the mitochondrial
apoptotic pathway that resulted in activation of caspase-3 and caspase-9. Plumbagin
also induced the generation of reactive oxygen species (ROS) in osteosarcoma cell
lines. Thus, plumbagin exerts its anticancer activity against osteosarcoma cells by
inducing the p53 signaling pathway and by modulating the intracellular ROS that
causes induction of apoptosis [36].

Angiogenesis, the growth of new blood vessels from pre-existing ones, is a
marker of tumor development and metastatic progression. Inhibition of angiogen-
esis is therefore a promising strategy for the development of anticancer drugs.
A major proangiogenic cytokine is vascular endothelial growth factor (VEGF) that
comprises several isotypes, including VEGF-A, vascular permeability factor,
VEGF-B, VEGF-C, and VEGF-D. The VEGF-A and VEGF-B promote vascular
angiogenesis primarily through activation of two receptors, VEGFR1 and VEGFR2
[37]. In the VEGF/VEGFR2-mediated intracellular signaling pathways, the small
guanine nucleotide-bound protein Ras (21 kDa) plays various roles in angiogenesis
and the growth of tumors [38]. After stimulation by VEGF, GDP-bound inactive
Ras is transformed to the GTP-bound active Ras [39], and this activates a number of
angiogenic signaling pathways such as the Rac and MEK pathways [40] that
ultimately control the critical processes of angiogenesis [39, 41]. Increased Ras
activity is frequently detected in human cancers due to genetic mutations and
amplifications [42]. Ras signaling pathways are therefore believed to be important
targets for anticancer therapies [43].
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Antiangiogenic drugs that target VEGF pathway were found to decrease the
disease progression in patients with cancer. Plumbagin inhibited tumor angiogen-
esis and tumor growth by the VEGF receptor (VEGFR)2-mediated Ras signaling
pathway in endothelial cells [44]. Moreover, plumbagin inhibited angiogenesis and
growth in human colon carcinoma and prostate cancer mouse models. At a
molecular level, plumbagin blocked the Ras/Rac/cofilin and Ras/MEK signaling
pathways mediated by VEGFR2 in the human umbilical vein endothelial cells
(HUVECs). It has been reported that both cisplatin-sensitive, BRCA2-deficient and
cisplatin-resistant, BRCA2-proficient ovarian cancer cells are sensitive to plumbagin
irrespective of the BRCA2 status in both normoxia and hypoxia. Plumbagin
effectively inhibits VEGF-A and GLUT1 in cisplatin-sensitive, BRCA2-deficient
and cisplatin-resistant, BRCA2-proficient ovarian cancer cells. Plumbagin also
restricts the VEGF-induced proangiogenic signaling in HUVECs and subsequently
the proliferation of endothelial cell. In addition, plumbagin may significantly inhibit
Ki67 and vWF expressions, which then had an effect on tumor regression in
OVCAR-5 (human ovarian cancer cells) tumor-bearing mice. Plumbagin also sig-
nificantly reduced expression of CD31. These findings indicated that plumbagin
exhibited its anticancer activity against ovarian cancer cells through inhibition of
proliferation and angiogenesis [45].

Epithelial–mesenchymal transition (EMT) is a process involving the transdif-
ferentiation of epithelial cells into motile mesenchymal cells. EMT has been
involved in the regulation of cancer stem cell properties, cancer regression as well
as immune suppression. Metastatic dissemination of cancer cells from the primary
tumor is believed to be initiated by the reactivation of an embryonic development
program referred to as EMT, whereby epithelial cells lose apicobasal polarity and
cell–cell contacts and gain mesenchymal phenotypes with increased migratory and
invasive capabilities. There is evidence that indicates that the EMT process is
activated during prostate cancer development, growth, progression, and metastasis
[46, 47]. The EMT process is selected by prostate cancer cells during their meta-
static dissemination from a primary organ to secondary sites [48]. Intervention of
the EMT signaling pathways may therefore represent a novel strategy to prevent
prostate cancer metastasis. It has been reported that plumbagin significantly mod-
ulated the expression of critical proteins that regulate the cell cycle, apoptosis, and
the EMT signaling pathways in human prostate cancer PC-3 cells but not in human
prostate cancer DU145 cells [49]. However, Western blotting analysis has con-
firmed the modulating effects of plumbagin on important proteins that regulate cell
cycle, apoptosis, autophagy, and EMT in PC-3 and DU145 cells. The data from the
Western blot analysis did not display significant differences between PC-3 and
DU145 cells. This indicated that plumbagin stimulated different proteomic
responses in the PC-3 and DU145 cells and involved proteins and pathways that
regulate the cell cycle, apoptosis, autophagy, production of reactive oxygen species,
and antioxidation/oxidation homeostasis. Inhibition of nuclear factor erythroid
2-related factor 2 (Nrf-2) can partly explain the inhibitory effect of plumbagin
against EMT. Plumbagin suppressed the translocation of Nrf2 from cytosol to
nucleus, resulting in an inhibition in the expression of downstream targets.
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Plumbagin may be therefore considered as a promising anticancer compound via
inhibiting Nrf2-mediated oxidative stress signaling pathway [50]. Moreover, Nrf-2
blockade by plumbagin may lead to protection against osteoporosis [51].

Plumbagin has been reported to be a potent inhibitor of the NF-kappaB
activation pathway that leads to the suppression of NF-kappaB-regulated gene
products. Activation of the transcription factor NF-kappaB therefore regulated the
modulation of the cellular proliferation, anticarcinogenic, and radio resistance
activities of plumbagin [52].

4 Role of Plumbagin in Chronic Diseases

Chronic disease is long-lasting condition that can be controlled but cannot be
prevented by vaccines or cured by medications. Chronic diseases tend to become
more common with age. The root of Plumbago zeylanica, a major source of
plumbagin, has been traditionally used in Ayurvedic medicines as a cardiotronic,
hepatoprotective, neuroprotective, and antiatherogenic agent [53]. Recently,
plumbagin has been shown to possess a broad range of pharmacological activities,
such as anticarcinogenic, antimicrobial, antiatherosclerotic, and antidiabetic
activities. It is therefore considered to be a natural agent with the potential for
controlling chronic diseases.

4.1 Cancer Diseases

Plumbagin has been recently evaluated for its anticancer activities against different
cancer cells. There have been several studies on its anticancer activity that have
indicated a potential role for plumbagin in the prevention and/or treatment of cancer
diseases. Some preclinical studies for the anticancer effects of plumbagin and its
mechanisms of action are described as follows.

Breast cancer is currently the major cause of cancer-related deaths in women. It
has been reported that plumbagin significantly inhibited the growth of breast cancer
cells with no effect on normal breast epithelial cells [54]. In addition, plumbagin
induced apoptosis with a concomitant inactivation of Bcl-2 and the DNA
binding activity of NF-kappaB. The inhibition of cell growth and induction of
apoptosis by plumbagin are in part due to its inactivation of the NF-kappaB/Bcl-2
pathway. It has been reported that approximately 30 % of breast cancers
overexpress the Her2 oncogene and plumbagin has been shown to induce apoptosis
in Her2-overexpressing breast cancers through a mitochondrial-mediated pathway
[55]. In addition, encapsulation using poly(D,L-lactide)-co-glycolide (PLGA) was
carried out to reduce toxicity as well as increase stability and estrogen receptor
specificity of plumbagin [56].
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Plumbagin also induced apoptosis of ovarian cancer cells by binding to the
active site of the estrogen receptor (ER) alpha. Moreover, plumbagin may have
chemotherapeutic potential in BRCA1-mutant/defective ER-positive cancers [57].

Prostate cancer is one of the major causes of cancer-related deaths in men.
Hormone-refractory invasive prostate cancer is the end stage leading to the majority
of prostate cancer patient deaths. Plumbagin inhibited prostate cancer cell invasion
and selectively induced apoptosis in prostate cancer cells and had no effect on
normal prostate epithelial RWPE-1 cells. Plumbagin inhibited the growth and
invasion of PCa, both in vitro and in vivo preclinical models. Moreover, plumbagin
inhibited multiple molecular targets including PKC epsilon, a predictive biomarker
of prostate cancer aggressiveness. Plumbagin may be considered to be a potential
agent for the control of hormone-refractory prostate cancer [58]. Plumbagin also
inhibited the growth of human prostate cancer cells (PC-3, LNCaP, and C4-2) by
mediating a decrease in cell viability that was correlated with the induction of
apoptosis, and was accompanied by the generation of reactive oxygen species
(ROS) and the depletion of intracellular glutathione levels. Plumbagin also altered
the expression of genes responsible for the metabolism of ROS, i.e., superoxide
dismutase 2. This indicated that ROS played an important role in
plumbagin-induced apoptosis in human prostate cancer cells [59]. Recently, a
nanoformulation of plumbagin nanoparticles was explored as a potential natural
drug against prostate cancer [60]. Plumbagin nanoparticles exhibited higher cyto-
compatibility with normal cells when compared to plumbagin crude extract. In
addition, the nanoformulation had a dose-dependent toxicity to prostate cells.

Pancreatic cancer is another of the most resistant malignancies. Plumbagin
inhibited the growth of pancreatic cancer cell lines, i.e., PANC-1 and BxPC-3 cells.
Plumbagin induced apoptosis in human pancreatic cancer cells primarily through
the mitochondrial-related pathway followed by both caspase-dependent and
caspase-independent cascades [61]. Plumbagin also possessed a potent anticancer
effect against pancreatic cancer by inducing cell cycle arrest in human pancreatic
cancer (PANC-1 and BxPC-3) cells via the modulation of cell cycle regulators, i.e.,
CDK1/CDC2, cyclin B1, cyclin D1, p21 Waf1/Cip1, p27 Kip1, and p53. It pro-
moted cell cycle arrest and autophagy but inhibited the epithelial to mesenchymal
transition phenotype in pancreatic cancer cells that involved the PI3K/protein
kinase B/mammalian target of rapamycin and p38 MAPK-mediated pathways [62].
This indicated that plumbagin can be potentially developed as a therapeutic agent
for treating pancreatic cancer.

Lung cancer is one of the major causes of cancer-related deaths in the USA.
Plumbagin significantly inhibited the growth of non-small cell lung cancer,
including H460 and A549 cell lines, by modulating the prosurvival and proapop-
totic signaling that caused induction of apoptosis [63–65]. It upregulated the
expression of the p53 and p21 (CIP1/WAF1) causing cell cycle arrest in the G2/M
phase by downregulating the G2/M regulatory proteins (cyclin B1 and CDC25B) in
H460 cells. Moreover, it activated the JNK/p38 signaling that led to caspase-3
activation and resulted in the induction of apoptosis.
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Radiotherapy is the primary line for the treatment of cervical cancer. However,
radiotherapy is limited by the total given dose that causes no normal tissue damage.
It has been reported that a combination of plumbagin and radiation increased the
inhibition of cell growth compared to a treatment by a single higher radiation dose.
This has clearly indicated that plumbagin may be used to potentiate the induction of
apoptosis by acting as a radiosensitizer [66]. Additionally, plumbagin–silver
nanoparticle complex enhanced the cellular uptake as well as its antiproliferative,
antimitotic, and apoptotic activities of plumbagin [67].

Plumbagin also showed great potential in controlling brain cancer, especially the
brain cancer cells that are sensitive to radiation [68]. Plumbagin treatment on brain
cancer cells, including human glioblastoma multiforme cells (KNS60, A172, and
U251MG) and medulloblastoma cells (ONS76), resulted in the induction of DNA
damage, cell cycle arrest, and apoptosis, followed by the suppression of their
colony-forming ability. These effects were proven by the upregulation of
TNFRSF1A and downregulation of E2F1 genes, together with a decrease in
MDM2, cyclin B1, survivin, and BCL2 protein expression as well as an induced
increased level of caspase-3/7 activity. Plumbagin also upregulated PTEN gene, a
negative regulator of the AKT cell survival pathway [68].

Since plumbagin is a natural compound, it may have advantages over other
synthetic chemotherapeutic agents due to its specific action on the cancer cells and
also due to its slightly effect on normal tissue. However, further studies are essential
to confirm its therapeutic effect and safety.

Moreover, several studies on novel delivery/formulation systems of plumbagin
have been recently performed in order to develop new anticancer drugs. One pos-
sible strategy is to synthesize a metal complex derived from plumbagin, i.e., Cu(II)
compounds derived from plumbagin. Folic acid–human serum albumin (FA-HSA)
has been used as a carrier for copper–plumbagin complexes. Anticancer activities
and targeting of the Cu(II) compound are improved when bound to FA-HSA [69].

4.2 Cardiovascular Diseases

The structure of plumbagin is similar to that of vitamin K. Thus, it might have an
effect on blood coagulation. It has been reported that at a low dosage level (2 mg/kg
body weight), a Plumbagin zeylanica extract as well as its naphthoquinone com-
ponent given to individual animal groups prolonged the bleeding time by altering
platelet adhesiveness and coagulation [70]. This anticoagulation property might be
used to help to control some cardiovascular diseases.

4.3 Diabetes Mellitus

Recently, there has been a report on the antidiabetic activity of plumbagin [71].
Sunil et al. [18] carried out a study to evaluate the antidiabetic effects of plumbagin
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on streptozotocin-induced diabetic rats. Plumbagin significantly reduced the blood
glucose level as well as altering all other investigated biochemical parameters that
included body weight, plasma insulin, total protein, urea, creatinine, liver glycogen,
plasma enzymes (SGOT, SGPT, and ALP), and the carbohydrate metabolism
enzymes (glucose-6-phosphatase, fructose-1,6-bisphosphatase, and hexokinase) to
almost normal levels. Plumbagin also increased hexokinase activity, but decreased
glucose-6-phosphatase and fructose-1,6-bisphosphatase activities in the treated
diabetic rats. It also enhanced GLUT4 mRNA and protein expression that
contributed to glucose homeostasis. Plumbagin therefore has been targeted as a
potential source of drug for controlling diabetes.

4.4 Infectious Diseases

Plumbagin might be considered to be a potential source of new antimicrobial drugs.
There are several studies that have confirmed its antimicrobial activities against
Gram-positive and Gram-negative bacteria, antibiotic-resistant bacteria as well as
fungi and yeasts [72]. Plumbagin exhibited antibacterial activity against
Staphylococcus aureus with a minimum inhibitory concentration (MIC) of
1.56 µg/mL and minimum bactericidal concentration (MBC) of 25.0 µg/mL as well
as anti-Candida albicans with an MIC of 0.78 µg/mL and minimum fungicidal
concentration (MFC) of 1.56 µg/mL [73]. Plumbagin exhibited antibacterial
activity against the human intestinal pathogen, Helicobacter pylori that causes
peptic ulcer with an MIC of 0.97 lg/mL [74]. Plumbagin and its derivatives, 3,3′-
biplumbagin and ellipticine, also possessed antibacterial activity against bacteria
involved with acne. Among these, plumbagin exhibited the strongest antibacterial
activity against Propionibacterium acnes, Stapylococcus aureus, and S.epidermidis
with MICs of 12.5, 3.1, 0.02 µg/mL and MBCs of 50, 12.5, 3.1 µg/mL, respec-
tively [75, 76]. The method for the preparation of plumbagin-derivative-rich
Plumbago indica root extract and its antibacterial activity compared to its consti-
tuted three naphthoquinones was also described [76]. Moreover, plumbagin pos-
sessed antibacterial activity against methicillin- and multidrug-resistant S. aureus
with MICs between 4.0 and 10.7 µg/mL. In addition, a combination of plumbagin
(2.0 µg/mL) and oxacillin exhibited a synergistic effect against two epidemic
methicillin-resistant S. aureus strains, EMRSA15 and MRSA1 [77]. It is therefore a
promising antimicrobial agent for controlling a number of infectious diseases.

5 Other Pharmacological Activity of Plumbagin

Several studies on other pharmacological activities have been published as sum-
marized in Table 1. These pharmacological activities may be a guide for further
study for the development of plumbagin to be a novel drug for controlling chronic
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diseases, especially its anti-inflammatory activity, because inflammation has been
described to be the root of almost all chronic diseases, such as cancer, cardiovas-
cular diseases, and autoimmune diseases.

6 Toxicity Assessment of Plumbagin

Although plumbagin has been used in traditional medicine, there has been concern
about its safety due to reports on its vesicant and abortifacient properties. However,
there have been no epidemiological studies or case reports to indicate that exposure
to plumbagin can be a cancer risk for humans, although some toxic side effects,
including diarrhea, skin rashes, increases in white blood cells, and neutrophil
counts, increased serum phosphatase and acid phosphatase levels, and hepatic
toxicity have been reported [84]. Plumbagin has been studied using several standard
assays for its mutagenicity, chromosomal aberrations, and DNA damage. Several
studies have reported that plumbagin was not mutagenic in stationary phase cells
but was moderately mutagenic in exponential-phase cells based on assays with
Escherichia coli AQ634 cells and by measuring the Trp-ø Trp1 reversion fre-
quency. Plumbagin at lower concentrations behaved like a spindle poison by
inhibiting entry of cells into mitosis, but at higher concentrations, it also exhibited
radiomimetic nucleotoxic and cytotoxic effects [85]. Plumbagin showed excep-
tional antimutagenicity, when tested for its antimutagenic potency with respect to
mutagenicities induced by 2-nitrofluorene (2NF), 3-nitrofluoranthene (3-NFA), and
1-nitropyrene (1-NP) in Salmonella typhimurium TA98 [86].

There is some evidence to indicate that plumbagin exhibited cytotoxic effects on
cancer cells but not to normal cells. For examples, plumbagin inhibited the cell
growth of MDA-MB-231 and MCF-7 cells with an effective induction of apoptosis,
but had no effect on MCF-10A cells, the non-tumorigenic ‘normal’ breast epithelial
cells [54]. Plumbagin also exhibited an efficient induction of apoptosis on prostate
cancer cells (DU145, CWR22rv1, and LNCaP) but had no significant effect on
non-tumorigenic immortalized prostate epithelial RWPE-1 cells [62]. These are
very encouraging results; however, further preclinical animal studies are warranted.

Toxicity and mutagenicity of plumbagin and the induction of a possible new
DNA repair pathway have been determined using E. coli. Actively growing E. coli
exposed to plumbagin were mutagenized or killed. The toxicity of plumbagin was
not found to be mediated by membrane damage. The bacteria pretreated with
plumbagin could partially reactivate lambda phage damaged by exposure to ribo-
flavin plus light, a treatment that produced active oxygen species. The result
indicated the induction of a DNA repair response. It is proposed that E. coli has an
inducible DNA repair response specific for the type of oxidative damage generated
during incubation with plumbagin [87].

Mutagenicity of plumbagin has been assessed using the in vivo micronucleus
assay and glutathione S-transferase (GST) activity determination in Swiss albino
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mice. Plumbagin was found to induce micronuclei at all the doses studied
(4, 8, 16 mg/kg body weight), and it was toxic to bone marrow cells of Swiss albino
mice. In addition, there was no significant change in GST activity observed with a
plumbagin dose of 4 mg/kg body weight, whereas the GST activity was signifi-
cantly inhibited by higher doses of plumbagin (8 mg and 16 mg/kg body weight)
and also cyclophosphamide used a positive control [88].

Acute and subacute toxicity assessments in a mouse model indicated that
plumbagin had relatively low toxicity at doses of up to 100 mg/kg body weight
(single oral administration) and 25 mg/kg body weight (daily oral administrations
for 14 days) for acute and subacute toxicity, respectively [79].

It has been reported that niosomal plumbagin prepared using a lipid layer
hydration method reduced toxicity of plumbagin and improved its anticancer and
antifertility activities [89, 90]. Niosome-encapsulated plumbagin was less toxic than
free plumbagin. The antitumor activity of plumbagin against a solid tumor
(sarcoma-180) and Ehrlich ascites model was also better after encapsulation. A poly
(lactic-co-glycolic) acid injectable gel implant for the delivery of plumbagin has
also been formulated to reduce its toxicity and improve antitumor efficacy. The
toxicity of plumbagin was reduced in mice after subcutaneous injection of a gel
containing plumbagin compared to free plumbagin. The volume doubling time was
significantly higher for the gel compared to free plumbagin. The gel implant could
be therefore an effective drug delivery system for reducing toxicity and enhancing
the antitumor therapeutic efficacy of plumbagin [91]. Plumbagin has been also
encapsulated either as a conventional or as a long circulating liposomal formulation
to enhance its biological half-life and antitumor efficacy [92]. The liposomes were
prepared by a thin-film hydration method and were assayed for their pharmacoki-
netic and pharmacodynamic efficacy against mice bearing the B16F1 melanoma as
well as by an evaluation of its in vivo toxicity. The optimized formulations of
plumbagin exhibited better antitumor efficacy in vivo with no signs of normal tissue
toxicity.

7 Conclusions

Plumbagin is a simple naturally occurring naphthoquinone that is obtained from the
roots of the plants in the family Plumbaginaceae. Plumbagin possesses several
pharmacological activities associated with the treatment of chronic diseases,
especially cancers and infectious diseases. Thus, it is a promising agent for
development as a new drug for the treatment or control of chronic diseases. Studies
on controlled drug release or drug delivery systems are essential for improvement of
its therapeutic efficacy as well as for the reduction of its toxicity. However, most of
the recent research information is from in vitro and in vivo studies. Further clinical
studies are therefore required for its developments and applications as a novel drug
used to treat chronic diseases.
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Anethole and Its Role in Chronic Diseases

Ana Clara Aprotosoaie, Irina-Iuliana Costache and Anca Miron

Abstract Anethole is the main fragrance and bioactive compound of anise, fennel,
and star anise spices and more than other 20 plant species. It is widely used as
flavor agent in food industry and other industries, in cosmetics, perfumery, and
pharmaceuticals. In the last few years, various studies have revealed multiple
beneficial effects of anethole for human health, such as anti-inflammatory, anti-
carcinogenic and chemopreventive, antidiabetic, immunomodulatory, neuropro-
tective, or antithrombotic, that are mediated by the modulation of several cell
signaling pathways, mainly NF-kB and TNF-a signaling, and various ion channels.
This chapter aims to review the scientific data and attempts to provide an insight
into pharmacological activity of anethole and its therapeutic potential in human
chronic diseases.

Keywords Anethole � Anti-inflammatory � Anticarcinogenic � NF-kB � TNF-a �
MAPK � STAT � AP-1 signaling pathways

1 Introduction

Anethole (1-methoxy-4-propenyl-benzene, isoestragole) is an alkoxy-
propenylbenzene derivative and an important flavoring component of essential
oils of more than 20 plant species [1]. Essential oils from seeds of anise (Pimpinella
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anisum L.), star anise (Illicium verum Hook.f), and sweet fennel (Foeniculum
vulgare Mill. var. dulce) are the main sources used for the isolation of anethole
(Table 1). Two isomers of anethole occur in nature: E- or trans-anethole and Z-or
cis-anethole (Fig. 1). About 90 % of natural anethole is trans-isomer [2]. Besides
separation from natural essential oils, anethole is obtained using the rectification of
crude sulfate turpentine and/or the organic synthesis starting from methylchavicol
or anisole and propionic anhydride [3]. Compared to natural compound, synthetic
trans-anethole is impurified with higher amounts of cis-isomer [4].

Worldwide, traditional uses of plants that contain anethole include mainly
gastro-intestinal and nervous disturbances, cutaneous inflammatory conditions, or
catarrh of the respiratory tract. Besides, many of them are spices (anise, star anise,
fennel) or are used as sweeteners (Croton zehntneri Pax et Hoffm) [5] or for mouth
fresheners (fennel) [6]. Only trans-anethole is considered as food grade. It is used
as flavor agent in food and confectionary products (baked goods, seasonings,
ice-creams, candy), alcoholic beverages, such as anise-flavored liqueurs (Pernaud,
Sambuco, Ouzo, Raki, Anisette), as well as in perfumery and pharmaceuticals [3,
7]. Generally, aniseed drinks contain between 0.125 and 4.04 g/L trans-anethole
[2]. In perfumery, it adds fresh and fruity-anisic nuances to fragrances [8]. Trans-
anethole can cover unpleasant odors, mainly acid, rancid, sulfurous malodors, so it
is widely used as masking agent in cosmetics, soaps, and oral hygiene products

Table 1 Botanical sources of anethole

Essential oil Plant sources Anethole
content (%)

References

Anise Seeds of Pimpinella anisum L., Apiaceae 77–94 [68–70]

Star anise Seeds, leaves and branches of Illicium verum
Hook.f., Magnoliaceae

72–92 [68, 70]

Sweet fennel Seeds of Foeniculum vulgare var.dulce,
Apiaceae

81.63–95 [71]

Maggot killer Leaves of Clausena anisata (Willd.) Hook f.ex.
Benth., Rutaceae

85–100 [72, 73]

Anise myrtle Leaves of Syzygium anisatum (Vickery) Craven
and Biffen, Myrtaceae

93–95 [74]

Croton
zehntneri

Leaves, branches of Croton zehntneri Pax et
Hoffm, Euphorbiaceae

42–86.8 [49, 60,
75]

Cicely Different parts of Myrrhis odorata (L.) Scop,
Apiaceae

85.48 [76]

Amberoot Roots of Osmorhiza longistylis (Torr.) DC,
Apiaceae

95.43 [76]

Cake bush Leaves of Piper marginatum Jacq. sin. Piper
anisatum Kunth, Piperaceae

80.47 [76]

Bitter fennel Seeds of Foeniculum vulgare Mill. var.
vulgare, Apiaceae

55–75 [77]

Florence fennel Leaves of Foeniculum vulgare Mill.
ssp. vulgare var.azoricum

60–66.3 [78]
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(toothpaste, mouthwash) [3, 7]. Also, trans-anethole is used in food preservation,
industrial products, feed additives, synthetic flavors, and pesticides [3].

Trans-anethole is considered non-genotoxic, non-carcinogenic, being generally
recognized as safe agent (GRAS) by the Expert Panel of the Flavour and Extract
Manufacturers Association (FEMA) and Food and Drug Administration (FDA) [1,
3]. The International Joint FAO/WHO Expert Committee on Food Additives
(JECFA) established an acceptable daily intake (ADI) of 0–2 mg/kg bw [9].

2 Physicochemical Properties of Anethole

Pure anethole is a colorless to faintly yellow liquid at above 23 °C [10]. It is poorly
soluble in water, is highly soluble in alcohol, and is miscible with ether and
chloroform. The two isomers of anethole have different aroma profile and toxicity.
Trans-anethole has a sweet herbaceous smooth odor profile [7] and a sweet taste,
being more than 10 times sweeter than common sugar [11]. It is perceived as being
pleasant to the taste even at higher concentrations [12]. Cis-anethole has an acid
pungent, camphoraceous, and unpleasant odor [3, 13]. The main physicochemical
constants of anethole are presented in Table 2.

Fig. 1 Chemical structures
of anethole isomers

Table 2 Physicochemical
properties of anethole [3]

Molecular formula C10H12O

Relative density (20 °C) 0.986–0.991

Refractive index (20 °C) 1.5570–1.5620

Boiling point (°C) 234–237

Optical rotation [a]D
25 −0.15 to +0.15 °C

Vapor pressure (kPa) 5.45

Flash point (°C) 90
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Ultraviolet (UV) light and visible (VIS) light, temperature, atmospheric oxygen,
the prolonged storage significantly influence the chemical stability of anethole. The
degradation of anethole through oxidation, isomerization, and cyclization reactions
may lead to some sensory, physical, and toxicological alterations [14]. Under the
influence of light or high temperatures, trans-anethole is converted into cis-isomer
that is about 15–38 times more toxic to animals than trans-form [15]. As a result of
long-term storage (more of 2 months) of sweet fennel essential oil, trans-anethole is
completely oxidized to anisaldehyde or isomerized to cis-anethole. Sunlight or
UV-irradiation may induce the formation of a photoanethole (4,4′-dimethox-
ystilbene) through photocycloaddition between anethole and anisaldehyde (Fig. 2).
The formation of inclusion complex between anethole and b-cyclodextrin could be
an efficient way to improve its aqueous solubility and physicochemical stability.
Besides, the complex can maintain the fragrance of anethole for a long time and its
release behavior can be controlled [16].

Fig. 2 Degradation products of anethole
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3 Pharmacokinetic Profile of Anethole

Anethole satisfies Lipinski’s rule of five (molecular weight <500; octanol/water
partition coefficient, log P < 5; hydrogen bond donors <5; hydrogen bond
acceptors <10) (Table 3), and ADMET (absorption, distribution, excretion,
metabolism, toxicology) properties [17]. It is able to show drug likeliness, being
orally bioavailable [18]. Experimental studies on rats and mice showed that the
anethole is completely absorbed but slowly after oral administration. The major
metabolic pathways involve O-demethylation, oxidation of the C3-side chain [19],
and conjugation with glucuronic acid, glycine, sulfate, and glutathione [20]. The
main metabolites of anethole are 4-methoxy-hippuric acid, 4-methoxy-benzoic
acid, 4-hydroxypropenylbenzene, 2-hydroxy-1-methylthio-1-(4′-methoxyphenyl)-
propane, 4-methoxy derivatives of acetophenone, cinnamic alcohol, and cinnamic
acid. The elimination of anethole occurs within 48–72 h, and the major routes are
renal, pulmonary, and fecal excretion [19]. The metabolism and excretion of
anethole are dose-dependent in animals. Low doses of anethole are mainly
metabolized via O-demethylation and eliminated via exhalation as CO2. With
increasing doses, the metabolism of anethole involves side-chain oxidation and
epoxidation, and the renal excretion predominates. In humans, anethole is mainly
metabolized to anisic acid, p-hydroxybenzoic acid, and 4-methoxy-hippuric acid.
Anethole metabolites are eliminated within 8 h after anethole administration,
and the major routes include renal excretion (54–69 %) and exhalation (13–17 %)
[19].

4 Modulation of Cell Signaling Pathways by Anethole

Various studies provide evidence that anethole may interfere several important
signaling pathways such as NF-kB (nuclear factor k-light-chain enhancer of acti-
vated B cells), MAPK (mitogen-activated protein kinase), STAT (signal transducer
and activator of transcription) and AP-1 (activator protein-1), as well as cytokine
signaling [TNF-a (tumor necrosis factor), interferon (IFN)-c], or matrix metallo-
proteinase (MMPs) activities (Fig. 3).

Table 3 Lipinski properties
of anethole [79]

Molecular weight 148.2 g/mol

Hydrogen bond donors 0

Hydrogen bond acceptors 1

Rotatable bonds 2

Topological polar surface area 9.2 angstrom squared

Log P 2.91

Molar refractivity 48.99

Dipole 1.409

% of human oral absorption 100
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Chainy et al. [21] reported that anethole blocked both early and late cellular
responses transduced by TNF-a, having an effect on NF-kB, AP-1, JNK (c-Jun
N-terminal kinases), MAPK pathways, and apoptosis. It is a potent inhibitor of
NF-kB signaling pathway via the blockade of IkBa (inhibitor of NF-kB) degra-
dation and phosphorylation. Compared to some anti-inflammatory drugs such as
sodium salicylate that suppresses NF-kB activation at suprapharmacological con-
centrations (>5 mM), anethole is active at low concentrations (1 mM). Thus, the
incubation of ML1a cells with anethole (1 mM) effectively inhibits TNF-induced
NF-kB activation. The inhibitory effect of anethole seems to be not cell type
specific since the compound suppresses NF-kB activation in other cells such as
myeloid (U-397) and epithelial (HeLa) cells. It completely inhibits NF-kB
activation induced by phorbol ester, LPS, okadaic acid, and ceramide, acting at a

Fig. 3 Molecular targets of anethole.NF-kB nuclear factor B; AP-1 activator protein 1; STAT signal
transducer and activator of transcripition; JNK c-Jun N-terminal kinase; ERK extracellular receptor
kinase; p38MAPK p38 mitogen-activated protein kinase; PI3K/Akt phosphoinositide-
3-kinase-protein kinase B; JAK janus kinase; TNF-a tumor necrosis factor a; IL-10 interleukin-10;
TARC thymus and activation-regulated chemokine;MDCmacrophage-derived chemokine; CXCR4
chemokine receptor type 4; TIMP tisssue inhibitor of metalloproteinase gene expression
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step common to all these agents in the signal-transduction NF-kB pathway. Also,
anethole may suppress H2O2-induced NF-kB activation, but in this case, for the
complete inhibition, a higher concentration than 1 mM is required [21].

An ethanolic extract of star anise containing trans-anethole as major component
has showed a repressive effect on NF-kB pathway. The extract inhibited NF-kB
translocation into the nucleus and dose-dependently inhibited TNF-a/IFN-c-induced
nuclear localization of NF-kB p65 as well as phosphorylation and degradation of
IkBa in human keratinocyte HaCaT cell line [22, 23]. The treatment of human breast
cancer cells (MCF-7, MDA-MB-231) with anethole at concentrations of
10−6–10−3 M causes a significant decrease of NF-kB transcriptional activity
independent of estrogen receptor status [24]. Besides, anethole (50, 100 lM) inhibits
NF-kB activation in highly metastatic human fibrosarcoma cell line (HT-1080) [25].
Different mechanisms contribute to the suppressant effect of anethole on
TNF-a-induced NF-kB activation, such as inhibition of free oxygen radical
generation and lipid peroxidation, increase of cellular GSH levels, inhibition of
mitogen-activated protein kinase kinase (MEK) activity [21].

Anethole treatment (1 mM) suppresses TNF-a-induced activation of AP-1 in
ML1a cells [21], and it down-regulates AP-1 in phorbol 12-myristate 13-acetate
(PMA) or ionomycin-stimulated EL 4 mouse T cells [26]. The effect of anethole on
AP-1 may result from the inhibition of NF-kB reporter activity of adaptor molecule
TRAF 2 as well as the abolition of MEK activation [21]. Also, anethole (1 mM)
abolishes TNFa-induced JNK activation in ML1a cells. The effect is gradual; at
concentrations below 1 mM, anethole only partially inhibits JNK activation. The
potent inhibition of MEK activation by anethole supports its suppressive effect on
JNK pathway [21].

Anethole can modulate not only JNK module of MAPK pathways as it has
already shown, but also ERK and p38 cascades. At concentration of 1 mM, anet-
hole inhibits TNF-induced MAPK kinase activation in ML1a cells [21]. It sup-
presses, in a dose-dependent manner, ERK and p38 MAPK signaling pathways in
HT-1080 human fibrosarcoma cells [25]. Besides, an ethanolic extract from I.
verum containing trans-anethole as main component has been shown to inhibit
TNF-a/interferon (IFN)-c-induced activation of ERK and p38 MAPK pathways in
HaCaT human keratinocytes [22, 23]. The inhibitory effects of anethole on
leukocyte chemotaxis stimulated by chemotactic agents such as formyl-methionyl-
leucyl-phenylalanine (fMLP) and leukotriene B4 (LTB4) may be explained, at least
partially, by its suppressive activity on MAPK signaling [27].

Sung et al. [28] have reported that the ethanolic extract of I. verum (100 lg/mL)
containing anethole as main component suppresses IFN-c-induced JAK/STAT
activation and ICAM-1 (intracellular adhesion molecule-1) expression in HaCaT
keratinocytes. The extract inhibits IFN-c expression and further STAT 1 phospho-
rylation and activation. Also, it up-regulates SOCS1 (suppressor of cytokine sig-
naling 1). SOCS1 belongs to a protein family that negatively regulates STAT
pathway. In addition, anethole up-regulates the expression of PTEN (phosphatase
and tensin homologue) and suppresses CXCR4 chemokine expression in DU145
and LNCaP prostate cancer cells [29]. PEN negatively regulates STAT signaling.
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Since CXCR4/CXCL12 axis stimulates JAK/STAT signaling, antagonist effect of
anethole on CXCR4may be associated with a suppression of this signal-transduction
pathway. Rhee et al. [29] have found that anethole (25, 50, 100 lM) reduces the
phosphorylation of Akt (protein kinase B) and PI3K (phosphoinositide-3-kinase) via
PTEN activation in DU145 prostate cell cancer. In addition, anethole suppresses the
phosphorylation of Akt in HT-1080 human fibrosarcoma cells [25]. Also, treatment
with a star anise ethanolic extract containing trans-anethole as main compound
inhibits TNFa/IFNc-induced phosphorylation of Akt and down-regulates the
expression of some pro-inflammatory cytokines (IL-1, IL-6) and chemokines [thy-
mus and activation-regulated chemokine (TARC), macrophage-derived chemokine
(MDC)] in HaCaT human keratinocytes line [22, 23].

Besides the effect on cellular events transduced by TNF-a, anethole directly
affects the production of this pleiotropic cytokine. Oral treatment with anethole
inhibits production or release of TNF-a induced by intraplantar carrageenan and
Complete Freund’s adjuvant (CFA) in mice and it decreases the
carrageenan-induced pleural level of TNF-a in rats [30]. At concentrations of
50 mg/kg (i.p), anethole suppresses TNF-a production in a rat model of
lipopolysaccharide (LPS)-induced periodontitis [31]. However, Domiciano et al.
[32] did not identify a decrease of TNF-a pleural level in same model of a
carrageenan-induced pleurisy in rats, after anethole treatment. These contradictory
findings can be attributed to the fact that Domiciano et al. have tested star anise
essential oil and not pure anethole, and its administration was performed as single
dose. It seems that the prolonged treatment with anethole produces more evident
inhibitory effects on TNF-a levels [30]. Anethole suppresses the release of some
interleukins that mediate a broad spectrum of inflammatory and hyper nociceptive
signaling responses (IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-13, and IL-17)
(Table 4). Also, it may increase IL-10 levels [33], an anti-inflammatory cytokine
with protective role in allergic diseases, asthma, autoimmune diseases, and diabetes
mellitus [34].

Table 4 Main functions of anethole-suppressed interleukins [22, 34, 80, 81]

Interleukin Function Related diseases

IL-1b Proliferation, differentiation of
specific immunocompetent cells and
nonadaptive cells; synthesis of
chemokines; vascular permeability;
induction of COX2, iNOS; activation
of acute-phase proteins in the liver

Autoimmune disease, rheumatoid
arthritis, atherosclerosis,
inflammatory bowel diseases, allergic
diseases, cancer

IL-2 Growth factor for T cells,
proliferation, activation, stimulus for
antibody cells

Psoriasis

IL-3 Hematopoietic growth factor,
differentiation and growth of different
cell lineages

Neurodegenerative diseases, allergic
diseases, cancer

(continued)
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5 Role of Anethole in Chronic Diseases

The animal and cell-line data suggest that anethole may have beneficial effects in
many chronic diseases linked with inflammation, such as inflammatory conditions,
cancer, diabetes, neurological diseases, since it targets many of the key players in
the inflammation to cancer sequence or in the inflammation to metabolism
sequence.

5.1 Anethole and Inflammatory Process

The inflammation is a biological response to noxious stimuli (pathogens, physical
injury, damaged cells) and a crucial process for tissue’s homeostasis. Acute
inflammation is considered as a protective reaction to stimuli and the chronic
inflammation is a dys-regulated, maladaptive response that results in cellular and
tissue malfunction. The prolonged inflammation is involved in the onset and
maintenance of a large number of chronic human disorders, including cancer,
arthritis, asthma, atherosclerosis, type 2 diabetes, obesity, neurodegenerative dis-
eases, and atopic dermatitis [35–37]. Anethole alleviates the cellular and vascular
events associated with inflammation and it also has an important antinociceptive
activity. It may be effective in controlling some nonimmune inflammation-related
diseases [32], in inflammatory pain [30] and periodontitis [31]. Oral treatment with

Table 4 (continued)

Interleukin Function Related diseases

IL-4 Proliferation of B and cytotoxic T
cells, differentiation of
antigen-stimulated naive T cells, IgE
and IgG production

Allergic diseases

IL-5 Growth, mobilization, differentiation,
survival of eosinophils, chemotaxis of
eosinophils, Ig A and IgM production

Allergic asthma

IL-6 Hematopoiesis, maturation of B cells
into antibody-producing plasma cells,
T-cell activation, recruitment of
neutrophils and mononuclear cells

Autoimmune diseases, allergic
diseases, chronic inflammatory
proliferative diseases, B-cell
malignancy, diabetes mellitus,
psoriasis

IL-13 Eosinophils and mast cell activation,
fibrosis, tissue remodeling

Allergic diseases, asthma

IL-17 Recruitment and activation of
neutrophils, induction of
colony-stimulating factors
(GM-CSF), metalloproteases

Rheumatoid arthritis, inflammatory
bowel diseases, asthma, psoriasis
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anethole even for a prolonged time seems to be devoid of specific side effects of
non-steroidal anti-inflammatory drugs such as hepatotoxicity, nephrotoxicity, and
ulcerogenicity.

In addition, trans-anethole suppresses airway inflammation and exerts favorable
effects in asthma through up-regulation of regulatory T cells [33]. Therefore,
anethole may be a useful therapeutic candidate for inflammatory skin diseases such
as atopic dermatitis [22, 23]. Oxidative stress-related skin diseases may be another
area of application. Pretreatment with anethole (5, 10 lM) prevents the collagen
metabolism alteration triggered by H2O2 in human skin fibroblasts. It increases
collagen synthesis and inhibits the activity of major collagen-degrading enzymes
MMP-2 and MMP-9 [38].

Anethole exerts anti-inflammatory activity via multiple mechanisms: negative
modulation of NF-kB, TNF-a, Ap-1,MAPK kinase, JAK-STAT signaling pathways,
inhibition of the pro-inflammatory cytokines production/release (TNF-a, IL-1b,
IL-6, NO, PGE2), and inhibition of MMP-2 and MMP-9 matrix metalloproteinases
[21, 39]. Also, anethole may modulate the cellular activities of inflammation-related
cells reducing the chemotaxis of neutrophils by inhibiting myeloperoxidase activity
and reducing oxidative stress [27, 35]. Modulation of voltage-gated L-type Ca2+

channel and KCa2+ channels could be another potential anti-inflammatory
mechanism since LPS-induced inflammatory mediators production has been
shown to be inhibited by the blockade of this type of ionic channels [31].

5.2 Anethole and Cancer

As potential antitumor agent, anethole interferes cancer cell biology by its
pro-apoptotic, anti-metastatic and anti-inflammatory effects. Anethole and its syn-
thetic analogues exhibit chemopreventive activity by suppressing the incidence and
multiplicity of both invasive and non-invasive adenocarcinomas [29, 40]. Anethole
induces apoptosis in human breast cells [24, 41], including triple-negative breast
cancer subtype [42] and cervical carcinoma [43], and inhibits cell migration and
invasion in human fibrosarcoma [25] and prostate cancer cells [29]. In addition,
anethole enhances activity of some anticancer drugs such as cyclophosphamide
[44], tamoxifen [41], and reduces chemotherapy toxicity [45, 46].

Anticancer properties of anethole are mediated by modulation of multiple cell
pathways: induction of caspase activation pathway (caspase 8, 9), suppression of
NF-kB, JNK, Akt and MAPK signaling pathways, and down-regulation of matrix
metalloproteinase MMP-2 and MMP-9 expression. The suppression of ERK/p38
MAPK/Akt/NF-kB signaling pathways, down-regulation of MMP-2 and MMP-9,
and urokinase plasminogen activator mRNA expressions as well as up-regulation of
tissue inhibitor of metalloproteinase gene expression (TIMP) are involved in
anti-metastatic effects of anethole [25].
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5.3 Anethole and Diabetes

Anethole may serve as a promising candidate in the development of therapeutic
agents against type 2 diabetes and control of secondary complications in diabetes.
Diabetes mellitus is one of the most prevalent metabolic diseases characterized by
chronic hyperglycemia resulting from either insulin dysfunction or insulin insuffi-
ciency [47]. Type 2 diabetes is the most common; it represents 90 % of the cases of
diabetes worldwide. The beneficial effects of anethole in diabetes are mediated by
the improvement of glycemic control mechanisms, amelioration of pancreatic b-cell
function, and the stimulation of insulin secretion from existing b-cells [48]. Besides,
it has noncompetitive to mixed aldose reductase inhibitory properties and potential
anticataract effects. Aldose reductase is a key enzyme in polyol pathway that plays a
significant role in the progression of diabetic complications, including cataract [6].
The wound-healing potential of anethole may be useful in the development of
effective drugs to treat wound complications from diabetes and venous ulcers [49].

5.4 Anethole and Neurological Diseases

Neuroprotective properties of anethole may be useful in the amelioration of ischemic
brain damage and some neurodegenerative symptomatology. Anethole (10 lM)
significantly reduces neuronal cell death induced by oxygen-glucose deprivation/
reoxygenation and mechanisms involve antioxidant and anti-excitotoxic effects as
well asmitochondrial protection [50]. Beneficial effects in neurodegenerative diseases
such as Alzheimer’s and Parkinson’s diseases can arise through cholinesterase inhi-
bitory properties. Anethole is more active on acetylcholinesterase (IC50 =
39.89 lg/mL) than butyrylcholinesterase (IC50 = 75.35 lg/mL) [51]. Inhibition of
acetylcholinesterase plays an important role in the prevention of cognitive impairment
associated with cholinergic deficit. Anethole dithiolethione (Fig. 4), a synthetic
analogue of anethole, has an attractive potential in the development of neuroprotective
agents in Parkinson’s disease due to its multifaceted antioxidant activity coupled with
inhibition of monoamine oxidase (MAO)-B activity in clinically relevant dose range

Fig. 4 Synthetic analogues of anethole
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(0.03–30 lM). TheMAO-catalyzed oxidation of dopamine generates oxidative stress
that is involved in the degeneration of dopaminergic neurons in the substantia nigra, a
relevant phenomenon in Parkinson’s disease pathogenesis [52].

6 Biological Activities of Anethole in Animal Models

6.1 Anti-inflammatory and Antihypernociceptive Activities

Anethole showed anti-inflammatory effects in different experimental models of acute
inflammation and/or chronic inflammation. It acts mainly anti-oedematously, inhi-
bits leukocyte chemotaxis and vascular permeability, and attenuates tissue damage
associated with inflammation. Oral administration of anethole (3, 10, and 30 mg/kg)
inhibits the paw edema elicited by carrageenan and some pro-inflammatory medi-
ators (substance P, bradykinine, TNF-a, serotonin, histamine) in Swiss mice [53].
Pretreatment with anethole (250 and 500 mg/kg, oral) reduces acute inflammatory
responses such as carrageenan-induced pleurisy and migration of leukocytes in rats
or ear-edema induced by croton-oil in mice. In the latter case, the effects of anethole
were similarly to indomethacin (10 mg/kg, oral), a well-known non-steroidal
anti-inflammatory drug, and only oral administration was effective; topical appli-
cation of anethole had no inflammatory effects [32] suggesting that either anethole
has an unfavorable pharmacokinetic profile for this way of administration, either it
behaves as prodrug. Thus, anethole metabolites generated by its hepatic biotrans-
formation are responsible for the anti-inflammatory effects [32]. In fact, Freire et al.
[54] have showed that some hydroxylated derivatives of anethole display a greater
anti-inflammatory activity than anethole itself. These derivatives (30, 300 mg/kg,
oral) inhibit the increase of vascular permeability induced by acetic acid in mice,
being as active as the control drug, indomethacin (10 mg/kg, oral). The introduction
of hydroxyl groups at double bound from propenyl moiety of anethole enhances the
anti-inflammatory activity [54].

Prolonged administration of trans-anethole (10, 50 mg/kg/day, i.p, 10 days) has
a potent inhibitory activity on Escherichia coli LPS-induced periodontitis in rats. In
this experimental model, anethole exerts an anti-inflammatory effect that was
almost similar to ketoprofen, a non-steroidal anti-inflammatory drug (10 mg/kg, i.p)
[31]. Also, anethole prevents LPS-induced lung inflammation in mice [55].
Co-administration of anethole with ibuprofen, both at low doses, produces a syn-
ergic anti-inflammatory effect compared to the corresponding monotherapy (anet-
hole or ibuprofen alone) in carrageenan-induced pleurisy and paw edema in rats
[56]. In ovalbumin-sensitized BALB/c mice, prolonged treatment with anethole
inhibits eosinophilia, and infiltration of lymphocytes in lung tissues, reducing air-
way hyperresponsiveness [33].

Single oral administration of anethole (250, 500 mg/kg) reduces carrageenan-
induced acute inflammatory pain in mice. Also, daily pretreatment with anethole
(250 mg/kg, oral) for 7 days causes a significant reduction of CFA-induced
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mechanical hypernociception in mice. In these models, the antihypernociceptive
effects of anethole were similar to indomethacin (2.5 mg/kg). Oral treatment with
anethole (62.5, 125, and 250 mg/kg) significantly reduces the nociceptive responses
induced by glutamate in mice. In contrast, anethole does not affect the neurogenic
pain which occurs in the first phase of formalin test and has no effect on thermal
nociception in hot-plate test. An important feature of anethole activity is that its
antinociceptive doses do not cause alterations in motor coordination or sedation as
observed in the open-field test [57].

6.2 Immunomodulatory Activity

In immunocompetent mice, high doses of trans-anethole (250, 500 mg/kg, oral,
once a day) cause a significant decrease of delayed-type hypersensitivity response
induced by sheep red blood cells and increase of antibody production as well as the
leukocyte count in peripheral blood. Also, in immunosuppressed mice with
cyclophosphamide (50 mg/kg, ip), treatment with trans-anethole (500 mg/kg, oral)
improves the humoral response. It produces an increase of white blood cell count
and antibody levels close to normal values compared to the non-immunosuppressed
control group. The immune effect of anethole may be related not only to an increase
of IL-10 production, a cytokine involved in the suppression of T helper cell
response, but also to a reduction of TH1-type cytokines (IL-2) levels. The
immunomodulatory profile of anethole may offer promising alternative therapy to
counteract the effects of cytotoxic chemotherapeutic agents [46].

6.3 Antitumor Activity

Al-Harbi et al. [44] provided evidence for the anticarcinogenic and cytotoxic effects
of anethole in Ehrlich ascites tumor in mice. The compound increases the survival
time and reduces tumor weight and volume. In mice with Sarcoma-180 solid tumor,
anethole (10, 20, 40 mg/kg, per os) reduces tumor load through apoptotic effects.
The combinatorial use of anethole with cyclophosphamide, a classic anticancer
drug, exhibits more tumoricidal activity. Also, it protects against side effects
induced by cyclophosphamide without influencing drug anticancer activity [45].
Anethole trithione (Fig. 4), a dithiolthione analogue, inhibits aflatoxin B1-induced
hepatic tumorigenicity [58] and azoxymethane-induced colon carcinogenesis in rats
[59]. Dietary exposure to anethole trithione (200, 400 ppm) decreases
dimethylbenzanthracene-induced mammary cancer multiplicity in female Sprague-
Dawley rats. Its chemopreventive properties may be related to the induction of
phase II drug metabolizing enzymes [40].
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6.4 Cardiovascular Activity

In normotensive conscious rats, intravenous (iv) injections of anethole (1–
10 mg/kg) as well as the essential oil of Croton zehntneri (1–20 mg/kg) induce
biphasic changes in blood pressure and bradycardia. Initial cardiovascular response
includes a pronounced arterial hypotension and a rapid bradycardia (phase I). The
subsequent response (phase II) consists in an increase of blood pressure and a
second period of more lasting bradycardia. The hypotensive effect of anethole is
mediated mainly by a cholinergic mechanism, and the pressor response could occur
via an indirect vasoconstriction through inhibition of endothelial production [60]. In
anaesthetized rats, iv injection of anethole (10 mg/kg) elicits hypotension and
bradycardia responses. Therefore, iv administration of Croton zehntneri essential
oil evokes a capsaicin-like bradycardia and depressor reflex that appear to be
mediated by the activation of vanilloid TPRV1 receptors located on sensory vagal
nerves [5].

6.5 Antithrombotic Activity

Anethole as well as fennel essential oil exhibit antithrombotic properties which are
linked to a broad spectrum antiplatelet activity, clot destabilizing effect, spas-
molytic, and vasorelaxant abilities. Subacute treatment with anethole or fennel
essential oil (30 mg/kg/day for 5 days, oral) prevents pulmonary microembolism
and subsequent paralysis events induced by collagen-epinephrine injection in mice
(83 and 70 % protection, respectively) being more active than aspirin
(100 mg/kg/day, 35 % protection). In vitro findings strongly support the antiplatelet
effects of anethole. In guinea pig plasma, anethole inhibits platelet aggregation
stimulated by arachidonic acid, collagen, ADP, or U46619, a thromboxane A2
agonist. Moreover, it is able to destabilize clot retraction triggered by thrombin in
rat platelet-rich plasma. At antiplatelet concentration, anethole displays NO- and
PG-independent vasorelaxant properties, reducing phenylephrine or KCl-induced
contractions of rat isolated aorta irrespective of the endothelium presence [61].
Soares et al. [62] have showed that anethole has a complex pharmacological profile
of activity on vascular smooth muscle contractility. At low concentrations (10−6–
10−4 M), it causes the contraction of rat isolated aortic rings precontracted with
phenylephrine, and at high concentrations (10−3–10−2 M), anethole elicits a com-
plete retraction. It seems that the contractile effects of anethole are mediated by the
modulation of voltage-dependent Ca2+ channels while the relaxant effects involve
multiple mechanisms, including actions on various ion channels. In contrast with
many antithrombotic synthetic agents, anethole is devoid of prohemorragic and
gastrolesive undesired effects [61].
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6.6 Antidiabetic Activity

Trans-anethole exhibits a hypoglycemic activity that is almost similar to gliben-
clamide, a standard antidiabetic drug. Oral administration of trans-anethole
(80 mg/kg/day for 45 days) in streptozotocin-induced type 2 diabetic rats prevents
the rise of plasma glucose and glycosylated hemoglobin levels, and the decrease of
glycogen content in liver and muscle tissues. In addition, it increases the level of
insulin and restores the altered activities of key enzymes involved in carbohydrate
metabolism (hexokinase, glucose-6-phosphate dehydrogenase, glucose-6-
phosphatase, fructose-1,6-bisphosphatase) to near normal levels. Moreover, anet-
hole ameliorates histopathological changes of pancreatic b-cells in diabetic rats [48].
Pari et al. [63] reported that trans-anethole restores the altered glycoprotein com-
ponents in plasma, liver, and kidney of diabetic rats to near normal values. Besides,
trans-anethole displays anticataract activity through the inhibition of lens aldose
reductase (IC50 = 3.8 lg/mL) and antioxidant activity. It increases SOD and catalase
activities and restores GSH levels in the sugar induced lens opacification [6].

6.7 Gastroprotector Activity

Trans-anethole (30, 300 mg/kg, oral) protects against ethanol-induced gastric
lesions in male Swiss mice. Its gastroprotective properties may be related to the
stimulation of mucus gastric secretion. The conjugated double bond of propenyl
moiety of anethole significantly contributes to this effect [54].

6.8 Local Anesthetic Activity

In the conjunctival reflex assay in rabbit, the administration of trans-anethole (10–
100 lg/mL) increases the number of stimuli required to evoke reflex in a
concentration-dependent manner. Also, in vitro, trans-anethole (0.001–1 lg/mL)
reduces the electrically evoked contractions of the isolated rat phrenic nerve
hemidiaphragm. Trans-anethole exhibits a profile of activity similar to the local
anesthetic drug, procaine [64].

6.9 Anxiolytic Activity

Inhalation of trans-anethole (1 lL/L air) for 90 mins produces an anxiolytic-like
effect in male ICR mice. The methoxyl group and 1-propenyl substituent in the
para position of the benzene ring are required for the anxiolytic properties [65].
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6.10 Wound-Healing Activity

In an excision wound model in mice, administration of pharmaceutical formulation
with 20 % anethole twice daily for 15 days accelerates wound closure of injured
tissue, enhances the number of fibroblasts and collagen fibers. Anethole acts in the
inflammatory and remodeling phases of the wound-healing process promoting
mainly extracellular matrix remodeling. Also, the antioxidant and antimicrobial
properties of anethole significantly contribute to the improvement of cutaneous
wound condition [49].

7 Biological Activities of Anethole in Humans

To the best of our knowledge, there are no clinical trials with anethole. Only a
single clinical study has been performed with synthetic anethole dithiolethione in
lung cancer. Anethole dithiolethione [5-p(methoxyphenyl)-
3H-1,2-dithiole-3-thione) (Fig. 4) is a sulfur-containing compound that belongs to
the dithiolethiones class. It is an approved drug in Canada and Europe for the
treatment of xerostomia, including drug- and radiation-induced hyposalivation. In a
randomized, double-blind, placebo-controlled, phase IIb clinical trial in smokers
with bronchial dysplasia, Lam et al. [66] have reported that anethole dithiolethione
at 25 mg orally thrice daily for 6 months prevents the development and progression
of pre-existing dysplastic lesions. Cancer chemoprevention activity of anethole
dithiolethione may be related to the increase of intracellular glutathione,
up-regulation of phase II detoxification enzymes such as glutathione-S-transferase,
and inhibition of NF-kB signaling activation [67].

8 Conclusions

Evidence indicate that anethole is a natural bioactive compound with multiple
beneficial effects in human health such as anti-inflammatory, anticancer,
chemopreventive, neuroprotective, spasmolytic, hypotensive, antithrombotic,
immunomodulatory, and antidiabetic. It may offer a safe approach in treatment of
several chronic diseases, particularly in skin and lung inflammatory disorders,
cancer, type 2 diabetes, neurological diseases. The underlying mechanisms for
anethole efficacy seem to be the modulation of several signaling pathways, espe-
cially, NF-kB, TNF-a, MAPK pathways. Long-term clinical studies are needed to
validate its usefulness.
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The Role of Indirubins in Inflammation
and Associated Tumorigenesis

Xinlai Cheng and Karl-Heinz Merz

Abstract Indirubin is the major active component of an herbal recipe ‘Dangui
Luhui Wan’ (当归芦荟丸) in traditional Chinese medicine (TCM). It is widely used
in China for the treatment of inflammation, cancer, and other chronic diseases and is
known for good efficiency and very low side effects. Primary studies on the
mechanism of action revealed that indirubin and derivatives are potent
ATP-competitive inhibitors of CDKs and GSK3ß achieving IC50 values down to
the low nanomolar range. However, the clinical application of indirubins is limited
by the extremely poor water solubility (<1 mg/L in general) and consequently the
insufficient bioavailability originating from strong binding forces in the crystal
lattice. In the last few decades, a lot of efforts had been put into the structure
optimization of indirubin derivatives binding selectively to specific kinases. Thus, a
number of new indirubins have been developed bearing substituents mainly in the
5- and 3′-position suitable for improved solubility and inhibition against CDKs and
GSK3ß, referred to as canonical indirubins. Interestingly, several noncanonical 7-
and 7′-indirubin derivatives have been reported, showing a distinct binding model
in the ATP-binding pocket and targeting a very different spectrum of protein
kinases as seen from kinase profiling. In this chapter, we will review the field of
indirubin research from its discovery, synthesis, chemical modification,
structure-activity relationship, and mechanism of action to molecular targets com-
prising recent advantages and new findings in the context of inflammation-
associated signaling pathways, in particular in tumorigenesis, including NF-jB,
STAT3, TGF-ß, and AhR.
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1 Introduction

Traditional Chinese medicine (TCM) is a pool of useful medical sources com-
prising animals, plants, acupuncture, and other practical recipes on the basis of the
empirical evidence collected over the period of thousands of years in China [37,
53]. In general, TCM is lack of the systematical clinical evaluation and scrupulous
scientific proof, but with the strength to elicit synergistic effects from various
medical combinations and minimize side effect in particular in long-term treatment.
Therefore, TCM provides a promising pharmacopoeia for the modern drug devel-
opment [21, 37]. A good exemplar is the antimalarial drug ‘artemisinin,’ also
known as Qinghaosu (青蒿素), which was identified by Youyou Tu and her
coworkers from more than 500 recipes and herbal extracts [81, 113]. In 2015, Tu
became the first Chinese Nobel Laureate in physiology or medicine jointly with
William C. Campbell and Satoshi Omura for her significant breakthrough to save
millions of people by using artemisinin and its synthetical analogues [33, 81].

Dangui Luhui Wan (当归芦荟丸) is a mixture of 11 medicinal herbs, namely
Angelica sinensis (Oliv) Diels, Aloe vera L., Gennana scaber L., Saussurea lappa
Clarke, Scutellaria baicalensis Georgi, Phillodendron chinensis Schneid, Coptis
chinensis Franch, Gardenia jasminoides Ellis, Rheum palmarus L., Indigofera
tinctoria L., and Moschus moschiferus L [124], and is used for the treatment of a
number of chronic diseases in China, including cancer and inflammation. The first
recorded history of Dangui Luhui Wan can be found in ‘Medicine Vol. I–VI’ (医学

六书) edited by Hejian Liu (刘河间, 1120–1200). In the middle of 20th century, a
clinical trial on 22 patients had been performed in China to test the effect of Dangui
Luhui Wan on chronic myelogenous leukemia (CML). Hematological complete
remissions were observed in 4 cases (18 %) and partial remission in 5 cases (23 %)
with remarkable low side effects [124]. In following series of clinical trials over
10 years, researchers systematically identified that I. tinctoria L. (青黛, indigo
naturalis), a cosmetic historically used in Asia, is the active component, in which
indirubin is the major active agent of indigo naturalis [13, 32, 39–41, 57, 58, 79,
116, 122–124, 129, 133].

2 Chemical Synthesis and Structure-Activity Relationship

2.1 Chemical Structure and Synthesis of Indirubin

Indirubin is a 3,2′-bisindole (Fig. 1). Like its 2,2′-isomer ‘indigo’ (Fig. 1), one of
the most successful nature pigments, indirubin can be found in diverse natural
sources from plants to animals [53]. Moreover, 1-methylisoindigo, a 3,3′-isomer,
also known as meisoindigo (Fig. 1), is a synthetic bisindole derivative successfully
used in China for the treatment of CML, too [125]. Very recent results
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demonstrated that meisoindigo preferentially targets CD133+ pancreatic cancer
stem cells by interfering with cellular metabolic signaling pathways [26].

The crystal structure of indirubin had been reported by Pandraud in [91], in
which one intramolecular hydrogen bond between 1′-NH and 2-CO groups and
another intermolecular hydrogen bond between 1-NH and 2-CO groups were
observed, which contributes to a well-organized hydrogen-bonding framework
[91], resulting in special physical and chemical properties, such as very planar
structure with only 4° deviation, high melting point, and extremely low solubility in
most solvents [79]. Since the configuration of indirubin is described as trans-isomer
in Pubchem (https://pubchem.ncbi.nlm.nih.gov/compound/Indirubin), it is worth to
be mentioned that we never detect this configuration for indirubin or its derivatives
in our past researches [27, 28, 53, 76, 80]. Indeed, the formation of intramolecular
hydrogen bridge (Fig. 1, dashed lines) induces a significant shift of proton at 1′-
position to downfield (between 9 and 11 ppm) in the 1H-NMR spectrum [27, 28,
53], which probably dedicates to the planar cis-configuration of indirubins
according to Cahn-Ingold-Prelog priority rules that 1′-NH has a higher priority of
3′-CO. Furthermore, the proximity of the C4-hydrogen atom to the 3′-oxygen atom
causes a strong downfield shift of the H4 signal [79].

The nearly flat structure is a double-edged sword, which confers indirubin
advanced properties in the application as coloring and medical material, but also
makes indirubins insoluble in most solvents and thereby unsatisfying bioavail-
ability, being one of the most critical handicaps for successful trial in clinic. A lot of
efforts have been put to improve the aqueous solubility of indirubins by either
chemical modification [11, 27, 28, 30, 42, 49, 69, 72, 78, 84, 92–94, 99, 105, 115]
or pharmaceutical formation [50–52]. In general, indirubin and its derivatives can
be synthesized by coupling isatins with indoxyl derivatives in a good yield (Fig. 2).
The first synthesis of indirubin as planned product was achieved by Baeyer in [9]
under basic condition in alcoholic solvents [9]. Almost hundred years later, Russell
and Kaupp modified this method by replacing semistable indoxyl with stable
indoxyl acetate [98]. Alternatively, acetic acid with 10 % concentrated HCl can be
used in certain scenarios [56, 77], where reaction participants are sensitive even to
mildly basic conditions, like the synthesis of 7,7′-diazaindirubins [27].

Fig. 1 Structures of indigo (2,2′-bisindole), indirubin (3,2′-bisindole), and 1-methylisoindigo (3,
3′-bisindole). Intramolecular H-bridges were indicated by dashed lines
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2.2 Structure-Activity Relationship
and Chemical Modification

At the end of 20th century, a number of new indirubin derivatives with improved
pharmaceutical properties were synthesized by G. Eisenbrand and his coworkers in
Kaiserslautern (Germany), including the widely used indirubin-3′-oxime (IO) and
water-soluble indirubin-5-sulfonate (Table 1), which greatly facilitated the inves-
tigation of target molecules and mechanism of action of indirubins. In cooperation
with L. Meijer and J.A. Endicott, they identified that indirubin and its derivatives
are ATP-competitive inhibitors of CDKs [34, 53]. Studying the cocrystal structure
of indirubin-5-sulfonate and indirubin-3′-oxime in phospho-CDK2/cyclin A
revealed two major hydrogen bonds, NHLeu83–2-C=Oindi–NHLeu83 (r = 2.7 Å) and
C=OLeu81–1-NHindi (r = 3.0 Å). In addition, a minor bond between the backbone
oxygen of Glu-83 and the 1′-NH with r = 3.1 Å (Fig. 3, left) is also described,
whose contribution to binding affinity, however, might be negligible due to the
connection with an unfavorable angle of 94° [34, 53]. More importantly, the
lipophilic and aromatic interaction between the apolar, planar ring system of
indirubin and hydrophobic and aromatic residues of amino acids in the
ATP-binding pocket plays a dominant role [34, 53]. In summary, these results
provided the fundamental information for investigating cellular targets of indirubins
and pinpointed the available positions for further improving pharmaceutical prop-
erties by chemical modification (Fig. 3, right): 5- and 3′-positions bearing to ribose
and triphosphate canal, 5′-position, which opens to the solvent [28, 34, 53, 56], and
6-position to enhance the binding affinity to GSK3ß [78, 94].

Under guidance of these criteria, we and other researchers rapidly established
new chemical approaches to develop novel indirubins with enhanced water solu-
bility and inhibitory activity [11, 27, 28, 30, 36, 56, 65–67, 69, 72, 78, 80, 84–87,
92–94, 99, 115]. The trivial, but widely used and most effective approach to obtain
more soluble indirubins is the modification at 3′-position. Briefly, heating with
hydroxylamine hydrochloride in pyridine can convert indirubins to corresponding
3′-oximes, which are more reactive and may serve as nucleophile in ethanol using
TMG as base (Fig. 4). With a,x-dibromoalkanes, this reaction is useful to insert
spacers for further nucleophilic substitution reactions (Fig. 4a, c, d).

There are more challenges for chemical optimization at 5- and 6-position, which
directly locates in the aromatic ring system. A practical approach has been reported

Fig. 2 Synthesis of indirubin. Basic condition: Na2CO3, MeOH/EtOH, room temperature, 24 h,
R=OH [9] and R=OAc [98]. Acidic condition: acetic acid and 10 % conc. HCl, 100 °C, 24 h,
R=OH [77] and R=OAc [56]
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Table 1 Structures of selected indirubin derivatives

X N
H

R

NH

Y

O

5
6

7

7'

3'

X Y 3′ 7′ 5 6 7

Indirubin-5-sulfonate C C O –H �SO3
� –H –H

Indirubin-3′-oxime (IO) C C N–OH –H –H –H –H

Pentafluorophenyl
indirubin-5-carboxylate

C C O –H

O

O

F
F

F

F

F

–H –H

5-Bromoindirubin-3′-oxime
(5BIO)

C C N–OH –H –Br –H –H

6-Bromoindirubin-3′-oxime
(6BIO)

C C N–OH –H –H –Br –H

7-Bromoindirubin-3′-oxime
(7BIO)

C C N–OH –H –H –H –Br

Indirubin-3′-
(2,3-dihydroxypropyl)-oxime
ether (E804)

C C

N
O

OH
OH

–H –H –H –H

5-Methoxy-indirubin-3′-
(2,3-dihydroxypropyl)-oxime
ether (E738)

C C

N
O

OH
OH

–H –OMe –H –H

5-Methyl-indirubin C C O –H –Me –H –H
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to modify at 5-position by Eisenbrand’s group on the basis of a core active and
stable intermediate pentafluorophenyl indirubin-5-carboxylate (Table 1). The
reaction is started with the synthesis of 5-carboxyisatin from p-aminobenzoic acid
in a 5-step reaction. The detailed protocol can be found in the original article and
previous review [28, 79]. The resulting indirubin-5-carboxamides carrying hydro-
philic amino groups can be easily ionized to their quaternary alkyl ammonium salts
or hydrochlorides, which exhibited improved pharmaceutical properties, good

Fig. 3 Left Cocrystal structure (PDB: 1E9H) of indirubin-5-sulfonate (purple) in the ATP-binding
pocket of CDK2 [53]. The program ‘Discovery’ was used to represent the binding model of
indirubin-5-sulfonate with CDK2. Hydrogen bonds and aromatic and hydrophobic interactions are
depicted as green dashed lines; distances are given in Å. Right Schematic representation of binding
mode. Key regions for modification are highlighted (modified from [28])

Fig. 4 Synthesis of indirubin-3′-oximes and indirubin-3′-oxime ethers. Reactants and conditions:
a NH2OH

.HCl, pyridine, DT; b functionalized alkyl halides, 1,1,3,3-tetramethylguanidine (TMG),
EtOH, DT; c 1,2-dibromoethane, TMG, EtOH, DT; d primary or secondary amine, DMF
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solubility, and enhanced inhibitor effect [28]. Introduction of hydrophilic alky-
lamino side chains in 3′-oxime position brought about the enhancement of water
solubility of 6-bromo-substituted indirubins, designed as GSK3ß inhibitors [94].

Since the ATP-binding pocket of protein kinases is highly conserved in mammals,
indirubin derivatives with substituent in 5- and/or 3′-position, like most
ATP-competitive kinase inhibitors, target not only CDKs andGSK3ß, but also a wide
spectrum of protein kinases [97]. Hence, we refer to as canonical indirubins (Fig. 5) to
differ from highly selective noncanonical 7- and/or 7′-indirubin derivatives.

3 Noncanonical Indirubins

According to the binding model in the ATP-binding pocket of CDK2 (Fig. 3),
7- and 7′-positions are close to the hinge region [34, 53]. Additional substituents at
those positions may interrupt the formation of H-bridges and thus negatively

Fig. 5 Protein kinase profiling of canonical and noncanonical indirubins. The kinase profiling of
IO, 5BIO, 6BIO, and 7BIO was measured in a panel of 85 protein kinases [97], while 7,7′-
diazaindirubin was from 220 kinases [27]
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influence on the binding affinity [28, 34, 56]. It is assumed that the inhibitory effect
of 7- and/or 7′-substituted indirubins on CDKs and GSK3ß is reduced [28, 34, 56].
In good agreement, a recent study revealed that 7-bromoindirubin-3′-oxime (7BIO,
Table 1) affected just 1 out of 85 protein kinases at 1 µM in protein kinase pro-
filing, while 15 for indirubin-3′-oxime (IO), 11 for 5-bromoindirubin-3′-oxime
(5BIO), and 19 for 6-bromoindirubin-3′-oxime (6BIO, Fig. 5). More interestingly,
7BIO showed higher antiproliferative activity in cancer cells in comparison with
those counterparts with substituents at 5- or 6-position [42, 97]. Indeed, an inverse
binding mode of 7-bromoindirubin derivatives was found in the ATP-binding
pocket of DYRK, which provides a new insight into the structure-activity rela-
tionship of indirubin-7-derivatives [85].

In another aspect, studying the metabolism of 5-methylindirubin (Table 1)
incubated with Aroclor-induced rat liver microsomes, two major metabolites,
6-hydroxy- and 6-7′-dihydroxy-5-methyl-indirubin (Table 1), were identified.
Antiproliferative activities of those metabolites in cancer cell lines were dramati-
cally reduced, respectively, when compared to 5-methylindirubin [79]. To improve
the metabolic stability, N-atoms were introduced into the backbone of indirubin at
7- and/or 7′-position to interfere with CYP450-mediated metabolic hydroxylation
[27]. As expected, the resulting azaindirubins 7- and 7′-azaindirubin as well as 7,7′-
diazaindirubin (Table 1) were resistant to hydroxylation at the designed positions
[27, 38]. Furthermore, we found that 7,7′-diazaindirubin, a powerful inhibitor of
tumor cell growth, is a special compound inhibiting merely CK1c3, CK2a, CK2a2,
and SIK in a panel of 220 protein kinases at 1 µM (Fig. 5). Its inhibitory effect
against CK2 was further confirmed in cell-based experiments [27].

Those indirubins with the lack of activity toward CDKs and GSK3ß are referred
to as noncanonical indirubins to discern from the canonical indirubins, which are
potent CDK and GSK3ß inhibitors.

4 Modulation of Signaling Pathways by Indirubins
in Inflammation-Associated Cancer

The origin of relationship between inflammation and cancer can be traced back to the
observation of leukocytes in neoplasia from a German pathologist, Rudolf Virchow, in
the nineteenth century [10]. In the past decades, mounting clinical and experimental
evidences were given to confirm his hypothesis that inflammatory places of tissues are
more susceptible to the malignant transformation. The concept that an inflammatory
microenvironment is of importance in tumorigenesis is now generally accepted.
Epidemiological studies showed that less than 10 % of all cancers are caused by
germline mutations, while 90 % are related to inflammation associated with unhealthy
personal lifestyle and pollution environmental issues [4, 8, 48, 75].

Phosphorylation and dephosphorylation of protein kinases is a fundamental reg-
ulator mechanism in cellular post-translational modification and involved in a number
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of biological events. The ATP-binding pocket locates at the catalytic domain of
protein kinases between C- andN-terminal lobes, which is highly conserved in all 518
human protein kinases, but with considerable differences in surrounding pockets,
which are often exploited for chemicalmodification toward target selectivity [90]. The
high binding affinity to the backbone of the ATP-binding pocket makes indirubin and
its derivatives attractive inhibitors against multiple protein kinases involved in a
number of signaling pathways [2, 5, 14–17, 22, 42, 45, 54, 55, 59, 68, 70, 71, 74, 76,
82, 83, 86–89, 95–97, 102–104, 106, 111, 114, 117, 118, 121, 130–132]. In this
chapter, we will focus on the effect of indirubins on signaling pathways that are
involved in inflammation and associated tumorigenesis (Fig. 6).

5 Nuclear Factor-jB

Nuclear factor-jB (NF-jB) is a pro-inflammatory nuclear transcription factor,
which was first identified in 1986 and plays an essential role in both
inflammation-associated pro- and anticarcinogenesis [10, 48]. In vertebrate, NF-jB
is a homo- or heterodimer consisting of proteins with a Rel homology domain,
including NF-jB1 (p105 and p50), NF-jB2 (p100 and p52), c-Rel, RelB, and/or

Fig. 6 Molecular targets of indirubins in inflammation and associated tumorigenesis
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RelA [3, 60, 61]. In nonstimulated cells, inhibitors of ĸBs (IĸBs) directly bind to
and restrain NF-ĸB in the cytoplasm [3, 60, 61]. Upon stimuli of pro-inflammatory
cytokines, like tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), epidermal
growth factor (EGF), and lipopolysaccharides (LPS), as well as chemical and
physical stresses, like infection, UV, and chemotherapy, IĸB kinases (IKKs) are
activated by its upstream, such as TAK1 (TGF-ß-activated protein kinase 1). In
turn, IĸBs are phosphorylated at certain serine residues, leading to IĸB degradation
in an ubiquitin proteasomal-dependent manner [3, 60, 61]. The released active NF-
ĸB translocates into the nucleus and consequently binds to its DNA target sites,
where it promotes the expression of target genes involved in lots of cellular events,
including inflammation (TNF-a, IL-6), proliferation (cyclin D), and angiogenesis
(VEGF, FGF, and PDGF) [3, 60, 61].

The evidence that indirubins can interfere with NF-jB signaling has been given by
Aggarwal and coworkers [102]. As shown in Fig. 6, they found that indirubin-3′-oxime
(Table 1) could suppress NF-jB activation and its downstream genes expression under
the stimulation of TNF-a by inhibiting degradation-related phosphorylation of IKKs
and IjBa in cancer cells, inwhichTAK1-TAB1wasoverexpressed [102].However, the
precise mechanisms how indirubins impact on TAK1-TAB1 still need to be elucidated.
In good agreement, Kim et al. investigated the application of indirubins on
TNF-a-related atherosclerosis and detected that indirubins at low micromole concen-
trations sufficiently repressed nuclear translocation of NF-jB and activation of JNK
[62]. They observed the reduction in the expressions of atherosclerosis-related
chemoattractants and adhesion molecules, which might contribute to constrain the
attachment of monocytes and macrophages onto endothelium cells [62]. In support,
studies on the LPS and DNCB (1-chloro-2,4-dinitrobenzene)-mediated inflammation
demonstrated that indirubin-3′-oxime (Table 1) blocked not only the expression of a
body of inflammatory mediators and cytokines, but also the alternation of surface
markers, suggesting that inflammatory responses upon the stimulation of LPS and
DNCB might be generally targeted by indirubin and derivatives in vitro and in animal
model [12, 63, 64].

6 Signal Transducer and Activator of Transcription 3

Signal transducer and activator of transcription 3 (STAT3) is one of the seven
members of STAT protein family consisting of STAT1, STAT2, STAT3, STAT4,
STAT5A, STAT5B, and STAT6 sharing five domains, namely an amino-terminal
domain, a transactivation domain, a DNA-binding domain, a SH2 domain, and a
carboxy-terminal transactivation domain [128]. As one of the major signaling
pathways in response to inflammation, the essential role of STAT3 in embryonic
development had been established that the abnormality and consequent lethality
could be observed during the development from day 6.0–8.5 in STAT3-deficient
mouse embryos [110]. Because of the close relationship between inflammation and
tumorigenesis, it is not surprising that aberrantly active STAT3 can be found in lots
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of inflammation-related tumor cells and tissues originated from breast, AML, CML,
melanoma, prostate, pancreatic to brain tumors [126–128].

In general, the activation of STAT3 starts with phosphorylation at Tyr-705
induced by various receptors under stimuli of cytokines (such as IL-6 and LIF),
growth factors, and oncogenes (Src) as well as in response to infection, oxidative
stress, and chemicals [127]. The phosphorylation leads to form a docking site and
subsequently dimerize with STAT3 or other member of STAT via conserved SH2
domain [20, 126]. The active dimer translocates from cytoplasm into the nucleus,
binds to DNA, and induces the expression of its target genes, like cyclin D1 and
members of BCL-2 family. In addition, the maximal activity of STAT3 can be
achieved by additional phosphorylation at Ser-727 [18, 120]. Intriguingly, the latter
phosphorylation can endow STAT3 access to mitochondria, where STAT3 interacts
with the electron transport chain complexes I and II and participates in the cellular
metabolism. As a result, mitochondrial STAT3 facilitates the Ras-induced cell
transformation independent of its transcriptional function [47, 119].

The inhibition of indirubins against STAT3 was discovered by screening a panel
of indirubin derivatives [87]. Among them, indirubin-3′-(2,3-dihydroxypropyl)-
oxime ether, also known as E804 (Table 1), showed the highest activity in
DNA-binding affinity assay measured by electrophoretic mobility shift assay
(EMSA). Further investigation unveiled that E804 selectively inhibited Src in vitro
with an IC50 value of 430 nM, but not another upstream kinase, Jak (IC50:
10,000 nM). In a cell-based assay, the compound sufficiently reduced the activity of
Src and its related malignant transformation, as well as induced cellular apoptosis
indicated with the cleavage of PARP [87, 88]. Remarkably, study on the
structure-activity relationship disclosed that indirubins with smart and freely
rotatable substituents at 3′-position are more potent than those with bulky sub-
stituents, while indirubins carrying methoxy group in 5-position had improved
activities. Inspired by this result, a new indirubin derivative with a methoxy sub-
stituent at 5-position and 2,3-dihydroxypropyl oxime substituent at 3′-position
(Table 1, E738) was synthesized, showing an enhanced water solubility
(50 mg/mL). Its inhibitory effect on a panel of STAT3-related protein kinases was
evaluated. In comparison with E804, E738 inhibits not only Src with higher effi-
ciency (IC50: 10.7 nM), but also Jak1, Jak2, Jak3, Lyn, and Hck with IC50 value of
10.4, 74.1, 0.7, 29.8, and 263.9 nM, respectively (Fig. 6). Moreover, E738
exhibited robust antiproliferative effect on various pancreatic cancer cells in a
p53-independent manner [89], one of the most incurable cancer types [25].

7 Transforming Growth Factor-ß

The epithelial-to-mesenchymal transition (EMT) is a fundamental process in the
development of adult tissues and functional organs [112] under the restrictive
control of TGF-ß (transforming growth factor) superfamily, which can be secreted
by various types of immune cells in response to innate and adaptive
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immunoresponses, including macrophages, dendritic cells, and T cells [44, 46]. In
tumor, TGF-ß promotes the dissemination of cancer cells from their original place
and in turn reattachment in other places, termed as metastasis, the major cause of
mortality in patients [19, 73]. Till now, more than 30 members of TGF-ß have
been discovered in mammalian, for instance TGF-ß1/2/3, activinA/B/C, NODAL,
bone morphogenetic proteins 2–9 (BMPs), growth and differentiation factors
(GDFs), and anti-Müllerian hormone (AMH). Generally, the secreted active
intercellular ligand binds to type II receptor on the membrane and in turn
phosphorylates type I receptor, which leads to form a binding site to cooperate
with regulatory Smads (R-Smads), namely Smad1/5/8 for BMPs/GDFs and
Smad2/3 for TGF-ß/activins/NODAL. In cytoplasm, a common Smad (Smad4) is
recruited to form a heteromeric Smad complex together with phosphorylated
R-Smads, inducing a translocation and accumulation in the nucleus, where it
binds to DNA and activates the expressions of its downstream genes [7, 19, 44].
Phosphorylations in the linker region of R-Smad mediated by MAPKs, GSK3ß,
and CDKs have been described and play an important role in TGF-ß-mediated
cellular events [6, 43, 100]. These cross-activations can be regulated by EGF,
Wnt, and cell cycle, via stabilization and prolongation of active R-Smad [6, 23,
43, 100].

6-Bromoindirubin-3′-oxime (6BIO, Table 1) is a well-known GSK3ß inhibitor
[78], has been widely used in stem cell research, and showed unique benefits in
the maintenance of pluripotency [101] and generation of epiblast stem cells [31].
These results implicate the existence of unveiled target(s) except for its GSK3ß
inhibition, which is playing an important role in pluripotency-associated signal-
ing. Therefore, the study of influence of indirubins on TGF-ß signaling was
performed by investigating the activity of R-Smad (Fig. 6), which led to identify
certain indirubins, e.g., E738, E804, and 6BIO, as potent inhibitors against TGF-ß
in a wide spectrum of cell lines [23]. Indeed, the regulation of TGF-ß signaling
by indirubins is very complicated [23]. As GSK3ß and CDK inhibitor, indirubins
can stabilize phosphorylated R-Smads, whereas nonphosphorylated total R-Smads
are ubiquitinated by blocking the activity of two R-Smad-specific deubiquitinases,
USP9x and USP34, resulting in the enhancement of TGF-ß activity in short-term
treatment due to the accumulation of active R-Smads, but reduction in long-term
range as a result of constantly decreased total R-Smads [23]. Interestingly, active
noncanonical TGF-ß was observed probably because of the elevation of active
receptor but less available R-Smads for signal transmission of canonical TGF-ß
pathway [23]. Given the importance of Wnt and TGF-ß signaling pathways in
development, E738 can transiently reprogram human primary fibroblasts into
ALP-positive cells in a combination with chemical inducers of pluripotency-
associated genes [24, 29].
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8 Aryl Hydrocarbon Receptor

The aryl hydrocarbon receptor (AhR) is a cytosolic ligand-active helix-loop-helix
transcription factor and plays an important role in homeostasis and xenobiotic
metabolism, whose ligands include polycyclic aromatic hydrocarbons (PAH),
halogenated aromatic hydrocarbon (HAH), and the number of other planar small
molecules. The prototypical and most potent AhR ligand is
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Following exposure to TCDD, AhR
is released from a complex comprising two HSP90 (heat shock protein 90), the
HSP90-interacting protein p23 and the X-associated protein (XAP2). The active
AhR-TCDD complex translocates into the nucleus, where it interacts with the AhR
nuclear translocator (ARNT). The resulting heterodimer binds to its specific DNA
recognition sites, called dioxin-response elements (DREs), which locate at the
promoter region of target genes and thereby activate their expressions. To prevent
constitutive activation, AhR is rapidly exported from nucleus after binding to
chromosome region maintenance 1 (CRM1) and degraded in ubiquitin
proteasomal-dependent manner [35, 108].

The evidence was given that aberrant activation of AhR is associated with
tumorigenesis, which, however, occurred in the presence of ligands resistant to
cellular metabolism, since the induced negative effects could be observed only
after a long-term exposure [35]. Indeed, xenobiotic metabolism and detoxification
is one of the major tasks of AhR through overexpression of AhR target genes,
encoding cytochrome P450 (CYP) 1A1, CYP1A2, and CYP1B1 for phase I and
UGT1A6 and others for phase II metabolism. Moreover, a number of immune
responses are activated, including expression of p27Kip1 and phosphorylation of
Rb for regulating cell cycle and proliferation, activation of NF-jB signaling for
inflammation and erythroid 2-related factor 2 (NRF2)-related antioxidant pathway
[108].

The relationship between indirubin and AhR was first studied by Adachi and his
coworkers (Fig. 6). They identified indirubin as a potent natural AhR agonist by
using human urine treated with H2SO4 in the yeast reporter assay, showing 50 times
higher activity than TCDD [2]. In the competitive binding assay, the binding
affinity of indirubin to mouse hepatic AhR is similar to that of TCDF, an analogue
of TCDD [49]. In mammalian cells and animal models, indirubins and derivatives
can activate the AhR, but with less potency [1, 35, 49, 109]. In MCF7 cells,
indirubin-mediated induction of CYP1B1 measured in luciferase reporter assay was
comparable to that treated with TCDD after 12-h incubation, but undetectable after
24 h, which could be rescued by adding ellipticine, a CYP1 inhibitor, implicating
that indirubin and derivatives are CYP1 inducers and substrates [107]. Thus, the
observed antiproliferative effect of indirubins is at least partially caused by acti-
vating AhR signaling pathway in kinase inhibition-independent fashion [1, 2, 49,
66].
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9 Conclusion

Indirubin is the most active agent of Dangui Luhui Wan, a mixture of a medicinal
herbal recipe, which was used for the treatment of various chronic diseases in
China, including inflammation and cancer. In general, indirubin and its derivatives
act as potent inhibitors of CDKs and GSK3ß evidenced by cocrystal structures in
the ATP-binding pocket. Under the guideline of a binding model, a number of new
canonical indirubin derivatives bearing substituents in 3′- and/or 5-position have
been synthesized, which showed an enhanced activity against CDKs, GSK3ß, and
other protein kinases with improved pharmaceutical properties. Interestingly, the
modification of the 7- and/or 7′- position led to the discovery of noncanonical
indirubins, which were more specific in protein kinase profiling and possessed the
distinct binding model in comparison with that of canonical indirubins.
Mechanistically, the multitarget characteristic confers indirubins’ ability to directly
regulate numerous inflammation-associated signaling in both protein
kinase-dependent and independent manner, including NF-jB, STAT3, TGF-ß, and
AhR, therefore showing great benefits in clinical application against inflammation
and its related cancer.
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CDDO and Its Role in Chronic Diseases

Bryan J. Mathis and Taixing Cui

Abstract There has been a continued interest in translational research focused on both
natural products and manipulation of functional groups on these compounds to create
novel derivatives with higher desired activities. Oleanolic acid, a component of tradi-
tional Chinese medicine used in hepatitis therapy, was modified by chemical processes
to form 2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid (CDDO). This modification
increased anti-inflammatory activity significantly and additional functional groups on
the CDDO backbone have shown promise in treating conditions ranging from kidney
disease to obesity to diabetes. CDDO’s therapeutic effect is due to its upregulation of
the master antioxidant transcription factor Nuclear factor erythroid 2-related factor 2
(Nrf2) through conformational change of Nrf2-repressing, Kelch-like erythroid
cell-derived protein with CNC homology-associated protein 1 (Keap1) and multiple
animal and human studies have verified subsequent activation of Nrf2-controlled
antioxidant genes via upstream Antioxidant Response Element (ARE) regions. At the
present time, positive results have been obtained in the laboratory and clinical trials
with CDDO derivatives treating conditions such as lung injury, inflammation and
chronic kidney disease. However, clinical trials for cancer and cardiovascular disease
have not shown equally positive results and further exploration of CDDO and its
derivatives is needed to put these shortcomings into context for the purpose of future
therapeutic modalities.
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Definitions

CDDO 2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid
CDDO-Im CDDO imidazolide
CDDO-Me CDDO-methyl ester
CDDO-dhTFEA CDDO-dihydrotrifluoroamide

1 Introduction

Triterpenoids are natural saponin compounds (such as cholesterol and phytosterols)
with a multi-carbon skeleton that can be manipulated synthetically, adding various
chemical groups for functionality. CDDO, or 2-cyano-3,12-dioxoolean-1,9-dien-28-oic
acid, is a synthetic triterpenoid derived from oleanolic acid that was purposely con-
structed for anti-inflammatory purposes in macrophages and has, over time, been
modified with methyl, amine, and imidazolide groups to further affect various signaling
pathways such as FLIP/TRAIL, caspase, SMAD, and mTOR. However, the primary
target of CDDO and its related compounds is the Kelch-like erythroid cell-derived
protein with CNC homology-associated protein 1 (Keap1) that regulates nuclear factor
erythroid 2-related factor 2 (Nrf2) that, in turn, acts as a master transcription factor for
upregulation of antioxidant response genes such as heme oxygenase-1 (HO-1) and
NAD(P)H:quinone oxidoreductase (NQO1). Modulation of Nrf2 by CDDO and related
compounds has been repeatedly shown in the literature to positively affect a multitude
of disease states in animal models, including amyotrophic lateral sclerosis (ALS),
various cancers (breast, prostate, etc.), inflammatory shock, and cardiovascular damage.
Phases I and II trials with CDDO in chronic kidney disease have shown much promise.
However, well-controlled Phase I cancer trials in humans have not shown dramatic
improvements in the disease outcomes. The reasons for these variable results are not
well understood, and much work remains to be done in determining the minute details
of CDDO-affected signaling pathways in humans. This review will explore a wide
range of the literature to provide a framework of understanding about CDDO’s
chemical properties, its signaling targets, and therapeutic efficacy in animal models.
Although CDDO compounds may not yet be the “silver bullet” for some diseases, the
clear effect of CDDO treatment on crucial cellular pathways in multiple disease models
makes it useful in the laboratory and more work may yet find a derivative compound
that proves efficacious in treating human disease.
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2 Chemical Properties and Pharmacokinetics

2.1 Chemical Synthesis and Characteristics

Oleanolic acid has been used in China as a therapy for hepatitis and serves as the
backbone of CDDO [1]. CDDO was first reported in a series of papers by Honda et al.
that stepwise-converted oleanolic and ursolic acids into a compound capable of both
inhibiting inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)
production in mouse macrophages and growth in an NRP.152 prostate cell line [2–4].
CDDO was originally synthesized from modification of the A and C rings of the
saponin compounds with 1-en-3-one functionality, but the C-2 position was found to be
critical for activity of the compound [3]. Further studies revealed that a,b-unsaturated
carbonyl moieties boost the effect of the compound by several fold [5]. Briefly,
oleanolic acid was formylated in the presence of sodium methoxide, with tetrahydro-
furan (THF) added. After an isoxazole intermediate was formed via methoxide
cleavage and alkali hydrolysis, the nitrile intermediate. A nitrile intermediate was
reacted in dimethylfuran (DMF) with lithium iodide in a halogenolysis reaction to form
CDDO [3]. A later report from Fu and Gribble [6] introduced a scalable and much
more efficient synthesis protocol for CDDO-Me that could prove useful in clinical
studies. The polar structure of CDDO lends well to solubility in DMSO for the lab-
oratory while human trials used microcrystalline preparations in gelatin capsules [7].
Functional groups can be added to CDDO, such as a C28 methyl ester, imidazolide,
and various amides (ethyl, diethyl, and trifluoroethyl amides) [8, 9]. Each of these
compounds has specific kinetics and, taken as a whole group, offer an arsenal of
compounds to test in the laboratory.

2.2 Pharmacokinetics of CDDO

CDDO, as synthesized by Honda and Suh [3], has an IC50 of just 0.0004 µM in mouse
macrophages, over a thousand times stronger than its parent compound oleanolic acid.
Derivatives such as CDDO-Me and CDDO-Im have induced strong NQO1 activity at
single doses of as little as 10 µmol/kg in mice while other reports have seen 5–130 nM
inhibitory effects in tumor cell lines with CDDO amides [8, 9].

A study undertaken by Noker et al. [10] in rats and dogs found that CDDO is
eliminated from plasma in 2 stages, with a mean half-life of 0.06 h for a-phase and
1.95 h for b-phase in rats with total clearance being roughly 9 L/m2/h. Dogs
showed a much faster clearance with an a-phase of 0.02 h and a b-phase of 0.65 h
with a total clearance of 44.6 L/m2/h [10] Total results indicated linear pharma-
cokinetics with side effects (diarrhea, piloerection) but no toxicity even at doses of
50 mg/m2/h with total maximum tolerated dosages of 2160 mg/m2 in rats and
6000 mg/m2 in dogs [10]. This low toxicity with lack of catastrophic side effects
makes CDDO an ideal compound for in vivo animal studies. Further studies on
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methodology for bioanalytical methods for in vivo studies with CDDO found that
its electrophilic nature caused it to react with glutathione (GSH) and nucleophilic
groups in proteins as well as N-acetylcysteine, forming covalently adducted
metabolites that can be measured with protein precipitation, Edman degradation,
and ammonium hydroxide [11]. Clearly, CDDO’s main mode of chemical action is
for the functional electrophilic groups to attack sulfhydryl and cysteine moieties on
target proteins. A clinical trial in humans by Hong et al. [7] explored the more
complex pharmacokinetics in chronic kidney disease patients treated with
CDDO-Me, finding a maximum tolerated dosage to be 900 mg/day and a maximum
peak plasma time of 4 h with a mean half-life of about 39 ± 20 h. Hong et al.
concluded that 900 mg/day was the appropriate dosage for any further Phase II
trials. Clinical testing has been done in human volunteers with an amorphous
spray-dried dispersion (SDD) microcrystalline version of CDDO-Me to increase
bioavailability and this was found to be superior in bioavailability to the micro-
crystalline version used in the Hong trial [12] (Table 1).

3 Signaling Pathways Affected by CDDO

3.1 Antioxidant Response and Nrf2 Regulation

Although CDDO compounds may directly interact with proteins in multiple sig-
naling pathways, the primary mode of CDDO action is the upregulation of Nrf2.
Nrf2 is in the Cap “n” Collar (CNC) family of basic leucine zipper (bZip) tran-
scription factors constitutively expressed in the cell and resident in the cytoplasm
[13, 14]. The forked Keap1, a substrate adaptor of the E3 ubiquitin ligase Cullin3
complex, contains two large spheres (b-propeller regions) that repress Nrf2

Table 1 Animal studies involving CDDO

Drug Animal
model

Studies and references

CDDO-Me Murine Lung injury [125], tumor vaccination [106], colon
cancer [93, 126], breast cancer [101, 102], lung
cancer [99, 127, 128], pancreatic cancer [129],
prostate cancer [35, 94, 103], Leukemia [87],
immunosuppression [130], kidneys [41, 80],
nephritis [77], gene profiling [8, 26, 78, 109, 131]

CDDO-Im Murine Obesity [65], gene profiling [52], chondrogenesis
[62], kidneys [76], lung cancer [99, 127], colitis
[132], liver damage/hepatotoxicity [98, 133–135],
immune neoplasms [46], retinal death [89, 91],
neural ischemia [136], diabetes [137]

CDDO-TFEA/CDDO-EA Murine Retinal injury [59], ALS [138], lung cancer [99],
Liver injury [133, 139]
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constitutively and represents the most popular target of treatments to modulate Nrf2
activity [15–17]. Upon ubiquitination, Nrf2 is rapidly degraded by the proteasome,
but CDDO (and some other small electrophilic molecules) can bind to a key cys-
teine residue in the Broad complex, Tramtrack, and Bric-a-Brac (BTB) domain of
Keap1 to inhibit ubiquitination and proteasomal degradation of Nrf2 [15, 18–20].
Other signaling pathways of Keap1 regulation have been reported, specifically that
p21Cip1/WAF1 can compete with Nrf2 for Keap1 binding, increasing levels of free
Nrf2 to localize to the nucleus and that p62 directly binds to Keap1 on three specific
arginine residues to inhibit Keap-1-mediated Nrf2 ubiquitination (linking Nrf2 and
autophagy) [21, 22]. Whether or not these alternate pathways may be affected by
CDDO is still unclear. If Keap1 is active, the half-life of Nrf2 is very short, on the
order of about 20 min [23]. Although this may make probing for nominal levels of
Nrf2 difficult, the rapid turnover allows for rapid response. Once translocated to the
nucleus, Nrf2 binds with the adaptor protein Maf and binds to antioxidant response
elements (ARE) which attracts CREB and p300 to form a complex that can attract
RNA polymerases to transcribe antioxidant genes such as superoxide dismutase
(SOD), glutathione peroxidase (GPx), gamma-glutamylcysteine synthetase
(c-GCS), HO-1, and NQO1 [13, 24–27]. The Keap1-Nrf2 axis in antioxidant
response has been extensively reviewed and, as CDDO has a potent ability to effect
a conformational change in Keap1 to reduces its ability to catalyze Nrf2 for K48
ubiquitination, this axis serves as the basis for CDDO’s use in disease therapy
models [13, 16, 24–26, 28]. Therefore, it is safe to say that any use of CDDO will
involve Nrf2 as an upstream modulator of genes of interest, made possible by
Nrf2’s master ability to affect downstream pathways by ARE activity. Note that
natural compounds such as a-lipoic acid and polyphenols like quercetin have also
been extensively shown to increase Nrf2 activity by upstream pathways such as
PI3 K/Akt, especially in liver and cardiovascular studies [29–33] (Fig. 1).

4 Reactive Oxygen Species and Cell Death: The Primary
Target of CDDO

4.1 Apoptosis and Necrosis: CDDO Affects Cell Death
via Nrf2

The two known types of cell death are apoptosis and necrosis. Cellular damage
from reactive oxygen species (ROS) or nitrogen species (NOS) can affect mito-
chondria, membranes, and cell nuclei, triggering checkpoint genes such as p53 to
induce apoptosis or system wide damage, resulting in necrosis [34]. In apoptosis,
death occurs in an “implosive” style with programmed and sequential events
shutting down the cell to avoid damage to surrounding cells. Necrosis, on the other
hand, can be considered “explosive,” where cellular debris (especially highly
reactive mitochondrial cytochrome c) and cytokine release cause inflammation and
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Fig. 1 a The Keap1-Nrf2 regulatory pathway features Cul3-mediated K48-linked polyubiquitination
of Nrf2, causing subsequent degradation in the proteasome. b Damage by ROS or interaction with
CDDO on Cysteine 151 of Keap1 releases Nrf2 to the nucleus, where it upregulates antioxidant
protective factors that can counter inflammation and related disease states. c Nrf2 regulates many
apoptotic factors in cancer cells that it does not in healthy cells. This may be due to defects in cellular
metabolism that render cancer cells uniquely vulnerable to Nrf2-mediated apoptosis
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damage to cascade into surrounding tissue [35]. Nrf2 is directly involved in
reducing necrotic cell death by upregulation of antioxidant factors such as HO-1,
super oxide dismutase (SOD), and NQO1, but can actually cause apoptosis in
cancer cells by affecting the upregulation of apoptotic factors such as Snail, slug,
TCF-/ZEB1, and Bax [27, 36]. If Nrf2 can control so many factors critical in
apoptosis and necrosis, it stands to reason that upregulation of Nrf2 by CDDO
compounds may provide protection and/or ablation of cytotoxic ROS-induced death
in normal cells while causing cancerous or abnormal cells to die.

In prostate cancer cells, CDDO-Me was reported to activate caspases 3, 8, and 9
while disrupting NF-jB signaling through direct inhibition of ijB kinase, killing the
cancer cells [37, 38]. It was also documented that CDDO-Me induced prostate cancer
cell death via suppression of Akt [39]. Similar results were found in ovarian cancer
cells and rat kidney reperfusion injury [40–42]. In acute myeloid leukemia
(AML) cells, CDDO-Me has been reported to suppress phosphorylation of ERK1/2
through the activation of p38/MAPK (43). Intriguingly, another report showed that, in
AML, CDDO-Me could sensitize cells to pro-apoptotic TRAIL while downregulating
anti-apoptotic FLIP levels and that CDDO strongly upregulates caspase 8 [44, 45]. In
iMycEµ mice that are prone to B and plasma cell neoplasms (viz. lymphoma),
CDDO-Im treatment caused upregulation of Fmo4 and P450 oxygenases with down-
regulation of c-Myc and apoptosis [46]. Yates et al. demonstrated that CDDO-Im
mitigates the aflatoxin-induced oxidative stress in the liver with an increase in GSTA2,
GSTA5, AFAR, and EPHX1 antioxidant genes [47, 48]. Bey et al. [49] reported that
NQO1, which is a primary transcriptional target of Nrf2 and is upregulated upon
CDDO treatment, is required for PARP1-programmed necrosis in breast cancers, which
can be apoptosis resistant. On the flip side of ROS-induced injury and cellular pro-
tection, Li et al. [50] have reported that doxorubicin-induced cardiac necrosis can be
ameliorated by Nrf2 increases. Treatment with CDDO could provide the increased Nrf2
necessary to ablate doxorubicin-induced cardiac injury. In the normal liver, caspases
intimately associated with apoptosis and necrosis have been shown to be downregu-
lated by lipoic acid which activates Nrf2, especially caspase-3 [31]. In normal hearts
and in early-stage heart disease, Nrf2 is also very protective [16, 27, 51]. It is therefore
important to note that CDDO compounds in published studies show protective effects
to normal or injured cells but kill cancerous cells. Interestingly, a report that compared
Keap1 knockout mice to CDDO-Im-treated mice show that both genetic and phar-
macological activation of Nrf2 regulates many metabolism genes, including lipid and
carbohydrate metabolism (particularly the pentose phosphate pathway to sustain Nrf2
activity) [52, 53]. This indicates that cancerous cells, which often show defects in
metabolic pathways, may be adversely affected by Nrf2 upregulation forcing upregu-
lation of apoptotic factors in these and not normal cells or cells with minor injury. In
fact, a recent report by Qin et al. [54] has found a solid link between the action of Nrf2
and the functional status of autophagy: Nrf2 activation is cardioprotective when
myocardial autophagy is intact whereas Nrf2 acts as a mediator of cardiac maladaptive
remodeling and dysfunction when myocardial autophagy is impaired. Bernstein et al.
showed a similar effect in B-cell lymphoma cells via CDDO treatment/Nrf2 activation
and inhibition of the Lon protease system, which clears mitochondrial proteins [55–57].
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This proves that a critical link exists between metabolism (specifically autophagy) and
the effect of Nrf2 on a cell. Upon Nrf2 activation, normal cells (and even the retina)
with normal autophagic function receive protection in the form of upregulated
antioxidant defense while abnormal cells with autophagy impairment may see delete-
rious effects [58, 59]. Other oleanolic acid derivatives have also been shown to cause
this induction of autophagy in normal cells that, in cells with dysfunctional autophagic
machinery, can cause early death [60, 61].

5 Other Targets of CDDO: Heat Shock Protein,
Telomerase, and MTOR

Although the strongest transcriptional effects from CDDO treatment come from Nrf2
activation, there have been several other direct targets reported in the literature. Suh
et al. [62] reported that CDDO-Im and CDDO-ethyl amide were able to induce
chondrogenesis in newborn mice by upregulating SOX9 and collagen. However, as
there was no in-depth exploration as to the effect of Nrf2 on these genes, it is yet
unclear as to whether or not CDDO had direct effects on upstream elements in the
chondrogenic pathway. Telomerase (hTERT) activity is a critical part of cancer cell
proliferation and there is a report that CDDO-Me targets hTERT in prostate cancer
cells, with knockdown of hTERT increasing apoptosis upon CDDO treatment [63].
Heat shock protein 90 (hsp90) was found by Qin et al. [64] to directly target hsp90 in
an ovarian cancer cell model, inhibiting it and reducing cell proliferation. This was
shown by thermal shift assay and can be blocked by dithiothreitol [64]. Although
several putative targets have been reported, only the hsp90 interaction has been shown
to be a direct effect of CDDO and not as a Nrf2-mediated effect. Although these several
reports have shown some potential of CDDO to target alternate pathways directly, the
majority of evidence points to a primarily Nrf2-mediated mechanism of action.
However, the specificity of CDDO for Nrf2 makes it useful in isolating Nrf2-related
pathways and mechanisms with little interference from other upstream regulators.

6 Diseases

The goal of CDDO as a therapy is to exploit its ability to upregulate Nrf2 and
Nrf2’s ability to protect healthy cells from necrosis while destroying abnormal ones
by apoptosis. Because CDDO and its derivatives are fairly nontoxic, they lend
themselves well to testing as therapies for various diseases.
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6.1 Cardiac Disease/Vascular Dysfunction

Much work has been done in animal models with CDDO in the prevention of car-
diopulmonary disease and injury. Sussan et al. [16] reported that, in mice, cigarette
smoke-induced cardiac dysfunction and emphysema modeling chronic obstructive
pulmonary disease (COPD) could be reduced by CDDO-Im treatment. CDDO-Im has
also been shown to ameliorate obesity in mice fed a high-fat diet, showing potential for
reducing a major cause of cardiovascular disease [65]. CDDO could also play a key
role in attenuating lesion formation and loss of tone in vascular disease, especially as
FLIP/TRAIL and Myc, lesion forming factors regulated by Nrf2, play a role in
VSMC-mediated neointimal formation [46, 66–68]. Wang reviews several preclinical
trials that indicate that CDDO-Me can reduce blood vessel inflammatory responses by
regulating the endothelin pathway and that this may be due to involvement of NF-jB in
the endothelin pathway which Nrf2 can counter [69]. It is well established in the
literature that iNOS and cytokines like IFNc produced by macrophages activated by
periodontal diseases or LPS can cause inflammatory damage in blood vessels,
recruiting more macrophages in an M1 response and amplifying vascular damage [3,
70, 71]. CDDO-dhTFEA (dh404) and CDDO-Me have been shown to suppress the
inflammatory responses in macrophages, thereby providing protection to the vascular
system [71, 72]. Regarding future cardiac studies, vital cardiac adaptation has been
shown to rely on a Nrf2/autophagy axis, while clearance of toxic proteins relies on
Nrf2, making CDDO treatment a distinct possibility to upregulate those protective
features [51, 73].

Studies in humans with CDDO compounds have been completed up to Phase II.
A review by Wang lists several Phase I studies that evaluated several pharma-
cokinetic parameters of CDDO-Me administration in healthy volunteers [69].
Subsequent Phase II trials have either been terminated or withdrawn. A CDDO-Me
evaluation in patients with pulmonary hypertension is currently recruiting patients
(clinicaltrials.gov NCT02036970). Clearly, CDDO usage in humans carries some
kind of cardiovascular risk and the knowledge of autophagic sufficiency for CDDO
efficacy in the cardiovascular system may provide a critical insight on targeting
upstream regulators of both Nrf2 and autophagy.

6.2 Kidney Disease

Another realm of intense research into CDDO and related compounds is in chronic
kidney disease (CKD). Impacting almost 13 % of the US population, CKD is a
reduction in estimated glomerular filtration rate (eGFR) along with albuminuria (protein
in the urine) that eventually results in a need for renal replacement and sequelae such as
anemia and metabolic bone disease [74]. In fact, cardiovascular complications from
CKD anemia such as left ventricular hypertrophy due to maladaptation can affect the
kidneys further, creating a vicious loop of escalating damage termed “cardiorenal
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anemia syndrome” that drastically reduces patient long-term survivability by 30 %
[74]. To ameliorate the multiple effects of CKD, CDDO in its multiple forms has been
extensively tested in animals and clinical trials have been held in humans. In rats, CKD
studies have shown improvement in the areas of ROS, inflammation, and fibrosis, with
CDDO-TFEA and CDDO-Me [41, 75]. Liu et al. [76] have found CDDO-Im to protect
kidneys from ischemic reperfusion injury, which models the damage of CKD, and this
protection is entirely dependent on Nrf2 as Nrf2-knockout mice treated with CDDO-Im
showed no improvement. Wu et al. [77] showed that CDDO was able to ameliorate
lupus-induced nephritis by reduction in ERK, STAT3, and Nf-jB, resulting in
decreased CD4 T cell activation. Shelton et al. [78] conducted an extensive proteomic
and transcriptomic analysis of wild type and Nrf2 knockout mice treated with
CDDO-Me and found that CDDO-Me via Nrf2 upregulation positively regulated
proteins related to redox homeostasis and NADPH regulation. The authors also con-
cluded that CDDO would be useful in countering xenobiotics (such as cisplatin or
cyclosporin) that generate large amounts of nephrotoxic molecules as well as chronic
kidney insults from heavy metals [78, 79]. This clearly points to CDDO’s potential to
protect the kidneys during chemotherapy which Aleksunes et al. [80] explored in mice,
finding that CDDO-Im could protect from cisplatin-induced nephrotoxicity. On the
structural level, Aminzadeh et al. [81] found that CDDO-TFEA could ameliorate
damage due to the cardiorenal axis with restoration of endothelial function in CKD rat
aortic rings as measured by acetylcholine-mediated relaxation response. Additionally,
CKD-induced aortic upregulation of MCP-1 angiotensin II and NADPH oxidases was
all ameliorated by CDDO-TFEA [81].

These animal studies serve to illustrate that CDDO compounds are of great value
in renal protection against chronic diseases. Indeed, in a Phase I trial conducted by
Hong et al. in 2012, 47 patients diagnosed with solid tumors and lymphomas were
given CDDO-Me in microcrystalline form for 21 consecutive days out of a 28-day
cycle, with multiple cycles and saw an increase in eGFR estimated at 26 % in all
patients with a 33.9 % increase in the highest dosage [7]. Clearly, CDDO-Me
improved kidney health that may have been ravaged by antineoplastics and other
chemotherapeutics. A Reata Pharmaceuticals-funded Phase II trial from 2008 to
2009 (clincaltrials.gov NCT00811889) found significant improvement in eGFR in
patients treated with CDDO-Me at 24 weeks, with up to 10.5 additional ml (per
minute per 1.73 m2 body surface area) in the 75 mg dosage range [82]. Another
Phase II study in 2010 by Reata (clinicaltrials.gov NCT01053936) evaluating
CDDO-Me in eGFR in type 2 diabetes as well as another study (clinicaltrials.gov
NCT00664027) was completed with no published data. Unfortunately, after initial
Phase II success, a Phase III trial in 2014 (clinicaltrials.gov NCT013516750) was
terminated due to an increase in cardiovascular adverse events, even though eGFR,
renal function, and body weight improved significantly [83] (Table 2).

Table 2 Human studies
involving CDDO-Me

Disease References

Type 2 diabetes/CKD [12, 82, 83]

Solid tumors [7]
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6.3 AML

Leukemia, especially acute myeloid leukemia, is defined as an increase in myeloid
cells within the bone marrow and a subsequent insufficiency of the hematopoietic
cells due to their failure to mature [84]. Ito et al. [45] reported that human AML
cells underwent caspase 8-mediated apoptosis when treated with CDDO.
Subsequent reports found that CDDO-Me could induce apoptosis in acute myel-
ogenous leukemia, suppress MAPK in these cells, increase TRAIL sensitization,
downregulate FLIP, promote hematopoietic progenitor expansion, and upregulate
p42 CCAAT enhancer-binding protein alpha in granulocytes [43, 44, 85–87].
Although not yet used in human clinical trials, CDDO compounds show a clear
effect in promoting aberrant leukocytes to undergo apoptosis while pushing
differentiation/maturation of immature cells forward (Table 3).

6.4 Retinal Blindness

Damage to the eyes of diabetic patients is a well-known diabetic complication.
Age-related macular degeneration due to oxidative damage may also be a concern
in a rapidly aging population. A cytoprotective effect of CDDO-TFEA, CDDO-Im,
and CDDO-Me was seen in retinal cell lines to protect against oxidation-induced
retinal degeneration and the lipid phosphatase PTEN was inhibited in mice treated
with CDDO-TFEA [59]. Wei et al. [88] found that Nrf2 protects both neurons and
capillaries from retinal ischemia-reperfusion injury so the action of CDDO is
protective to the retina via upregulation of Nrf2. Xu et al. [89] verified this in a
separate report, showing that Nrf2 knockout mice experienced a greater loss of
retinal neuron function. Other reports verified that Nrf2 can modulate cigarette
smoke-induced complement activation in the retina and that Nrf2 is a critical

Table 3 Oncogenic targets
of CDDO compounds

Target References

Akt [39, 100]

P38/MAPK [43]

FLIP/TRAIL [44, 45]

p42 [85]

hTERT [63, 94]

mTOR [95, 100]

ICAM [96]

PDP Polymerase [96]

Nf-jB [38, 42]

BRCA1 [102]

Bcl [103]

Hsp90 [64]
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modulator of oxidation-induced death in the retinal ganglion [90, 91]. Experiments
in astrocytes, microglia, and neurons showed that all CDDO compounds are pro-
tective against oxidative damage and upregulate antioxidant genes via Nrf2 [92].
Taken together, these results show that CDDO may hold promise for protecting the
brain from age-related oxidative stress as well as treating such chronic eye diseases
as macular degeneration and tobacco smoke-induced injury.

6.5 Cancer

CDDO compounds have been rigorously tested in multiple rodent cancer models, as
its ability to force abnormal cells into apoptosis could form the basis of a
chemotherapeutic approach that, unlike current xenobiotics and chemotherapeutics,
also simultaneously protects the liver and kidneys. CDDO-Me has been used in
colitis-associated colon cancer models in mice to interrupt inflammation-driven
downregulation of prostaglandin dehydrogenase as well as the entire suite of
inflammatory cytokines such as IL-6, iNOS, IL-1b, and TNFa [93]. A study by
Alabran et al. that used CDDO compounds against multiple human neuroblastoma
cell lines found that these cells underwent rapid arrest in S-phase, Bax was activated
(apoptosis induction), and that CDDO compounds were effective against these cells
in low concentrations (IC50 5–170 nM) [9]. CDDO-Me has also been found to
downregulate telomerase activity (hTERT) and induce cell death in pancreatic
cancer cell lines [94]. However, it is unclear as to whether this hTERT inhibition is
a direct interaction or an Nrf2-associated effect. A review by Shanmugam et al.
details oleanolic acid derivatives and the genes they primarily affect, such as
mTOR, AKT, STAT3, ICAM1, and PADP polymerase—all of which are critical
for regulating cellular homeostasis and which may be compromised in transformed
cells [95, 96]. As cancer cells use vascular endothelial growth factor (VEGF)-driven
angiogenesis to form new capillary feeder networks, it is interesting to note that
CDDO-Me has been reported in mice to suppress Matrigel plug angiogenesis in
picomolar concentrations [18]. Coupled with induced arrest and apoptosis, a
one-two punch of cutting off the blood supply and then inducing tumor cell death is
an attractive prospect for a chemotherapeutic drug. It is important to note that
CDDO compounds may harm cancerous cells but it must be remembered that
normal cells are protected against insult [97]. Again, this may be due to a need for
autophagic competency to accompany increased Nrf2 levels in order to be protected
or in the mitochondrial Lon protease system, which is inhibited by CDDO [57]. In a
rat liver cancer model involving aflatoxin, CDDO-Im proved a powerful and
complete protection, with damage almost completely ablated by treatment [98].
Liby et al. [99] found that CDDO-Me and CDDO-ethyl amide could protect A/J
mice against vinyl carbamate-induced lung cancer. This proves that CDDO com-
pounds may be a powerful prophylactic against specific types of environmental
carcinogens that transform cells by ROS damage.
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Not only can CDDO protect against somatic cancers but increasing evidence
shows that it is effective against gender-specific cancers, as well. Interestingly, a
report by Gao et al. revealed that CDDO-Me controls apoptosis in ovarian cancer
by inhibiting AKT, NF-jB, and mTOR signaling without affecting PDK1 kinase or
PP2A activity [39, 100]. Mammary carcinogenesis in polyoma middle T mice was
slowed by CDDO-Me, extending lifespan by roughly 5 weeks, and
BRCA1-mediated cancers in mice are delayed by CDDO-Me, as well [101, 102]. In
prostate cancer, CDDO-Me regulates Bcl and other survival signals in TRAMP
mice and hTERT can also be targeted by CDDO-Me in prostate cancer [63, 103].
There is also evidence that Hsp90 might be targeted by CDDO-Me in cancer cells
[64].

There is a recent theory of cancer stem cells, which are cells from a tumor that
possess stem cell abilities to differentiate into different cancer types. Current reports
show that CDDO-Me can suppress stemness in esophageal cancer lines and triple
negative breast cancer cells [36, 104].

Other oleanolic acid derivatives, such as SZC017, CDDO-2P-Im, CDDO-3P-Im,
and HIMOXOL, are being evaluated for anticancer effects such as apoptotic
induction ability and cancer cell arrest [60, 61, 105]. Also, vehicles for efficient
delivery of CDDO by nanoparticles have been explored [106] (Table 4).

There have been several clinical trials for cancer treatment using CDDO-Me.
Hong et al. accomplished a Phase I trial which showed promise in hepatoprotection
but did not show significant improvement in tumor size as seen in animal models
[7]. However, two Phase II studies in patients with advanced solid tumors (clini-
caltrials.gov NCT00508807, NCT00529438) were completed but results were not
disclosed. Although in vitro and animal models show great promise in using CDDO
compounds as cancer treatments, a lack of published data in the two completed
clinical trials makes it difficult to evaluate CDDO as a promising chemotherapeutic.

Table 4 Anticancer mechanisms in cell lines treated with CDDO

Cell types Cell lines Mechanism References

Human
neuroblastoma

NB1691, 15 N, LAN-1, SK-N-AS Apoptosis [9]

Pancreatic cancer MiaPaCa2, Panc-1 hTERT [94]

Kaposi’s sarcoma KS-IMM Angiogenesis [18]

Ovarian cancer CNCaP, PC-3, OVCAR-3,
OVCAR-5, SK-OV3, MDAH-2774

Akt, Nf-jB,
PPARc

[39, 100]

Ovarian cancer H08910 Hsp90 [64]

Esophageal
squamous

Ec109, KYSE70, Het1A Apoptosis and
autophagy

[36]

Human breast
cancer

SUM159, MDA-MB-231 Stem cell
signaling

[104]

Breast cancer and
macrophage-like

MCF-7, MDA-MB-231, RAW264.7 Apoptosis and
autophagy

[60, 61,
104]
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6.6 Liver

The liver is the most critical organ in the body for metabolic processes and detoxifi-
cation by the cytochrome enzymatic pathways. This makes it susceptible to not just
ROS damage but other hepatotoxic molecules that may be generated by medicines,
chemical compounds, or alcohols. Shah et al. [107] found that CDDO-Im could protect
HepG2 cells against acrolein-induced toxicity by GSH upregulation as well as reducing
levels of death markers such as protein carbonyls. A report by Liu as far back as 1993
established that oleanolic acid could rescue large-dosage acetaminophen liver damage
in mice and upregulate GSH levels [1]. This led to the logical conclusion that oleanolic
acid derivates with even higher Nrf2 stimulating activity could protect the liver even
better. As such, CDDO-dhTFEA was reported to induce hepatoprotective genes
including thioredoxin reductase (Txnrd), glutamate cysteine ligase catalytic and mod-
ifier subunits (Gclc and Gclm), gamma-glutamyl transpeptidase 1 (Ggt1), heme
oxygenase-1 (Ho-1), and NAD(P)H quinone oxidoreductase 1 (Nqo1), while also
increasing bile flow in rats, as bile is related to GSH levels [108]. A review by Klaassen
collates over 15 separate studies in rats and mice where hepatotoxic compounds such as
acetaminophen, concavalin A, and high-fat diets saw their damage ameliorated by
CDDO-Im or oleanolic acid [26]. This clearly indicates that Nrf2 is strongly hepato-
protective, especially against hepatic damage induced by medications for chronic
diseases (e.g., large doses of acetaminophen for arthritis) or metabolic syndrome. Also
of note in the Klaassen review is a summary of 6 Nrf2 knockout rodent models for use
in studying liver disease and CDDO treatment, such as carbon tetrachloride and arsenic
[26]. A comprehensive proteomic report by Walsh et al. [109] has found that
CDDO-Me in mice induces cytochrome P4502A5, glutathione-S-transferase,
UDP-glucose-6-dehydrogenase, and epoxide hydrolase, prompting the liver to begin
detoxification with P450 enzymes while simultaneously protecting from subsequent
free radical activity by inducing antioxidant response enzymes. Most importantly, they
found that 97 % of the proteins induced by CDDO-Me were specific for Nrf2 sig-
naling, reassuring researchers that non-Nrf2-targeting effects during treatment would be
kept to a minimum [78]. As seen in other organs, CDDO compounds provide strong
hepatoprotective abilities that may be useful in combatting damage from medications,
environmental chronic exposure, and metabolic syndrome.

6.7 Sepsis/Sickle Cell/Lupus

The presence of lipopolysaccharides (LPS) in the bloodstream may produce an
aggressive immune response including inflammation. LPS, along with active bac-
teria, may also induce a massive cytokine release, dilating the capillary network,
and causing a severe and often fatal drop in blood pressure. This septic shock is
often fatal. Noel et al. [110] explored ex vivo Nrf2 activation by CDDO-Me
administration to monocytes obtained from human patients with septic shock. Their
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results showed a differential activation between purified and peripheral monocytes,
with purified monocytes decreasing in IL-6 production and peripheral monocytes
increasing IL-6 production [110]. Another study using neutrophils and peripheral
monocytes showed strong activation of antioxidant response and attenuation of
inflammatory cytokine response (TNFa,MLP, etc.) upon treatment with CDDO-Im
and CDDO-Me, revealing that Nrf2 activation may be protective against challenge
with LPS [111]. An interesting report by Keleku-Lukwete et al. [112] showed that
Nrf2 could modulate the clearance of plasma heme in a mouse sickle cell model
with administration of CDDO-Im relieving organ inflammation and failure in the
model mice. These studies indicate that CDDO can be useful in sepsis as well as in
chronic inflammatory diseases such as sickle cell anemia.

7 Conclusion

Oleanolic acid has been used in China as traditional medicine for liver problems
and can be found in many plants and foods [113]. Having shown promise in
multiple organ systems, CDDO compounds (by virtue of the ability to strongly
upregulate Nrf2) seemed set to serve as a panacea for chronic diseases. In the liver,
kidneys, retina, blood, and bone marrow, CDDO works to upregulate Nrf2, which
is highly protective against oxidative damage and also to modulate a host of sig-
naling pathways, including Akt/PI3 K, mTOR, FLIP/TRAIL, and Myc.
CDDO-mediated upregulation of Nrf2 in these organs and in cancer cell lines and
animal models induces apoptosis of aberrant cells and protects normal cells against
insult from both oxidative stress and environmental insult.

Unfortunately, CDDO has not shown promise in the amelioration of cardiovascular
disease or human cancers. Although in vitro and in vivo animal studies have shown
excellent results, systemic effects of CDDO have not been fully elucidated and, in
human clinical trials, CDDO has actually shown deleterious effects in the heart.
Although multiple studies have shown that, at least early on in heart disease, Nrf2
upregulation is cardioprotective, a seminal finding in mice has shown very strong
evidence that a lack of Nrf2 response in later stage heart disease is actually protective
[51, 114, 115]. Recent literature has dubbed this effect as “reductive stress” (RS) as
opposed to “oxidative stress” (OS) and that too many antioxidants can actually cause
damage to the tissue as they reduce (donate electrons to reduce charge as opposed to
steal them and add charge) [116]. DNA, with a negatively charged backbone, could be
easily damaged by reductive attack, damaging it repair. Clinical reports are filtering in
that finding reductive stress can occur in post-surgical complications such as restenosis
of balloon angioplasty and stenting (BAS) and post-exercise [117, 118]. Additionally,
in cancer, high antioxidant responses may be protective to the cancer cells against
ROS-inducing chemotherapy as well as ROS generated by their much higher basal
metabolic rate. Nrf2 can also cause upregulation of genes that metabolize
chemotherapeutics as well as upregulate the pentose phosphate pathway, increasing
tumor cell proliferation and survival [28, 52, 53, 78].
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Intriguingly, recent reports have found that the functional integrity of autophagy is
needed to reap positive benefits from Nrf2 regulation, with upregulation of Nrf2 and
autophagic dysfunction associated with negative outcomes [119]. It may be that Nrf2
upregulation can increase scavenging of free radicals but can also damage cells by
reductive stress from which they cannot recover without autophagy to recycle reduced
membrane or other cell components. In fact, since some antioxidants can be more
damaging than free radicals (e.g., ECGC as reported by Lu et al.), it is entirely possible
that a lack of autophagy is a necrotic death sentence for a reductively damaged cell
[120]. In this case, it would be critical to regulate both Nrf2 and autophagy simulta-
neously by regulating a common upstream element. The deubiquitinase CYLD is a
master key in the NF-jB pathway regulating inflammation and immune development,
but has been shown to affect many other pathways such as TLR-mediated signaling,
Wnt/Catenin, and Snail [121]. CYLD has been recently shown in a seminal report to
regulate Nrf2 transcriptionally, repressing it via downregulation of the p38
MAPK/ERK pathway [122]. If CYLD could also be shown to negatively regulate
autophagy, then it would be possible to downregulate CYLD locally in the heart and
preserve autophagic function along with Nrf2 activation which would be the best of
both worlds. Since there are critical autophagic components, such as p62 and HDAC6,
that are K63 polyubiquitinated, it may be possible that CYLD can control autophagy by
enzymatic action on p62 or some other component of the pathway [123, 124]. In
conclusion, CDDO holds some promise for certain types of chronic diseases, but
cardiovascular and cancer therapies might benefit if master upstream elements like
CYLD could be exploited to control both Nrf2 and autophagic mechanisms to prevent
damage from reductive stress.
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Evodiamine and Its Role
in Chronic Diseases

Qunyou Tan and Jingqing Zhang

Abstract Evodiamine (EVO) is a major alkaloid compound extracted from the dry
unripened fruit Evodiae fructus (Evodia rutaecarpa Benth., Rutaceae). EVO has a
variety of pharmacological activities, such as anti-obesity, anti-allergenic, anal-
gesic, anti-tumor, anti-ulcerogenic, and neuroprotective activities. EVO has varying
efficacies in animal models and humans. Here, the physicochemical properties of
EVO are presented, and the EVO’s functions and mechanisms of action in various
chronic diseases are reviewed. EVO is worth exploring in more depth in the future
for its potential use in various chronic diseases.

Keywords Evodiamine � Physico-chemical properties � Cell signaling pathways �
Pharmacologicalactivities � Mechanisms of action � Chronic diseases

1 Introduction

Evodiamine (EVO) is the main bioactive component extracted from the dry unri-
pened fruit of Evodiae fructus (Chinese name is Wu-Chu-Yu) or other Tetradium
genus of plants. EVO has a variety of pharmacological activities, such as
anti-obesity, anti-inflammatory, and anti-tumor. The role of EVO in various chronic
diseases and its possible mechanisms of action are outlined here.
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2 Physicochemical Properties of Evodiamine

EVO (CAS: 518-17-2) is a plant alkaloid and its systematic name is
21-methyl-3,13,21-triazapentacyclo[11.8.0.02,10.04,9.015,20] henicosa-2(10),4,6,
8,15,17,19-heptaen-14-one (Fig. 1). EVO is a pale yellow crystal with no percep-
tible odor or taste. The main physicochemical parameters of EVO are listed in
Table 1. EVO can be assayed using an ultraviolet spectrophotometer at 225 nm or
by a high-performance liquid chromatography system using an internal standard
method [1].

3 Modulation of Cell Signaling Pathways by Evodiamine

3.1 Anti-obese Action

EVO induces the phosphorylation of EGFR, PKCa, and ERK, and it inhibits
adipogenesis via the EGFR–PKCa–ERK signaling pathway [2]. EVO inhibits
adipocyte differentiation in 3T3-L1 and C3H10T1/2 cells [3]. The anti-obese
mechanism of action of EVO is reported to be similar to that of capsaicin [4].

3.2 Anti-inflammatory and Anti-allergenic Action

EVO exerts an anti-inflammation activity on human umbilical vein endothelial cells
(HUVEC) with high glucose by suppressing the P2X4 receptor (P2X4R) signaling
pathway, accompanied by the downregulation of NF-jB, TNFR-ɑ, P2X4R, and
intracellular reactive oxygen species (ROS), and upregulation of the nitric oxide

Fig. 1 Structure of
evodiamine

Table 1 The main physicochemical parameters of evodiamine

Molecular
formula

Molecular
weight

Appearance Solubility Melting
point

Boiling
point

Density Refractive
index

Storage
temperature

C19H17N3O 303.36 Fine
powder

Insoluble 263–
265 °C

575.1 °
C

1.39 g/cm3 1.764 2–8 °C
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(NO) level [5]. EVO inhibits the secretion of interleukin (IL)-10 and decreases
production of IL-2 from the LPS-stimulated endothelial cells [6]. EVO inhibits
LIGHT-induced migration via the suppression of ROS production and NADPH
oxidase activation in human monocytes [7]. EVO represses hypoxia-induced
COX-2 expression by inhibiting hypoxia-inducible factor 1-alpha which is medi-
ated by the dephosphorylation of Akt and p70S6K in RAW264.7 cells [8]. EVO
exerts an anti-allergenic effect by inhibiting the protein levels of TNF-a and IL-4
induced by the IgE–antigen complex in RBL-2H3 cells [9].

3.3 Analgesic Effect

EVO induces significant increases in intracellular calcium and inward currents in
dorsal root ganglion neurons and the transient receptor potential (TRP) V1-
transfected HEK293 cells, which suggests that EVO suppresses thermal hyperal-
gesia by activating TRPV1 channels [10].

3.4 Mechanistic Aspects of Evodiamine in Cancer Cells

EVO has a high binding affinity and selectivity to potential vanilloid-1 (TRPV1). It
may be used for the treatment of cancer cells by acting as a TRPV1 agonist [11] or
aryl hydrocarbon receptor (AhR) antagonist [12].

3.4.1 Respiratory System Tumor Cells

Lung Cancer Cells

EVO inhibits the A549 cell proliferation via metadherin suppression and apoptosis
activation [13]. EVO induces arrest at G2/M phase and apoptosis via the mito-
chondrial and endoplasmic reticulum pathways in H446 and H1688 cells [14].

Nasopharyngeal Carcinoma Cells

EVO inhibits the invasion and metastasis of NPC cells via repressing the expression
and activity of MMP2 and attenuating the phosphorylation level of ERK1/2 [15].
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3.4.2 Circulating Tumor Cells

Leukemia Cells and Resistant Leukemia Cells

EVO inhibits the K562 cell proliferation by regulating the peroxisome
proliferator-activated receptor-gamma (PPARc) pathway via downregulating cell cycle
control protein cyclin D1 and upregulating cyclin-dependent kinase inhibitor p21 [16].

Resistant Leukemia Cells

EVO exhibits increased inhibition against camptothecin-resistant K562, THP-1,
CCRF-CEM, and CCRF-CEM/C1 cells by acting as a dual catalytic inhibitor of
topoisomerases I and II [17].

3.4.3 Digestive System Tumor Cells

Gastric Cancer Cells and Cancer Stem Cells

EVO inhibited proliferation and induced apoptosis in SGC7901 cells via suppressing
survivin and increasing caspase-3 mRNA [18]. EVO inhibits proliferation and sphere
formation ability of gastric cancer stem cells (GCSCs) via repressing theWingless and
INT-1 (Wnt)/b-catenin signaling pathway and represses the induced pluripotent stem
cell factors and epithelial-to-mesenchymal transition (EMT) factors [19].

Oral Cancer Cells

EVO inhibits MC3 and HSC4 cell proliferation and induces apoptosis by reducing
phosphorylated AKT expression [20].

Colorectal Cancer Cells

EVO exerts anti-proliferative effects by downregulating IGF-1/HIF-1a expression
in LoVo cells [21]. In HCT-116 cells, EVO inhibits proliferation, induces S and
G2/M arrest, induces apoptosis via the p53 signaling pathway, and inhibits
migration by downregulating the expression of matrix metalloproteinase 3 (MMP3)
by inactivating the JAK2/STAT3 pathway [22]. In HCT-116/L-OHP cells, EVO
inhibited growth and induced apoptosis in a dose- and time-dependent manner,
reduced the accumulation of rhodamine 123 and the activity of ATPase, and
inhibited phosphorylation of the NF-jB pathway, such as p50/p65. Thus, EVO may
suppress ABCG2-mediated drug resistance (MDR) by inhibiting the p50/NF-jB
pathway [23].
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Pancreatic Cancer Cells

EVO increases the anti-pancreatic cancer effect of gemcitabine in SW1990 cells via
downregulating PI3K/Akt pathway [24].

Hepatocellular Carcinoma Cells

EVO inhibits STAT3 tyrosine 705 signaling by inducing phosphatase shatterproof
1 in HepG2 cells [25].

3.4.4 Urologic Cancer Cells

Renal Proximal Tubular Epithelial Cells

EVO inhibited transforming growth factor (TGF)-b1-induced epithelial–mes-
enchymal transition (EMT) in rat NRK52E cells. Smad-2 and the PPARc signal
pathway participated in promoting the effects of evodiamine [26].

Bladder Cancer Cells

EVO enhances tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-
induced apoptosis in 253J and T24 cells through an mTOR/S6K1-mediated
reduction of Mcl-1 levels [27].

3.4.5 Genital Carcinoma Cells

Breast Cancer Cells and Resistant Breast Cancer Cells

As a topoisomerase-1 inhibitor, EVO facilitates the formation of topoisomerase
I-DNA cleavable complex in MCF-7 breast cancer cells [28]. EVO induces
apoptosis of doxorubicin (DOX)-sensitive MCF-7 and DOX-resistant MCF-7/ADR
cells by increasing cleaved poly(ADP-ribose) polymerase (PARP), caspase-7/9, and
caspase activities, as well as inhibiting the Ras/MEK/ERK cascade and inhibitors of
apoptosis (IAPs) [29].

Ovarian Cancer Cells

EVO has anti-proliferative effects on ovarian epithelial cancer cells, A2780 and
A2780/PTX(R), induces G2/M arrest mediated by cyclin B1 and Cdc2, and, via the
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MAPK signaling pathway, improves chemo-resistance by downregulating MDR-1
expression [30].

3.4.6 Brain Tumor Cells

Glioblastoma Cells

EVO stimulates U87 cells to tumor necrosis factor-a-related apoptosis-inducing
ligand (TRAIL) via the death receptor pathway by increasing the death receptor
(DR) 4, DR5, caspase-8, and cleaved caspase-3 [31].

Neuronal Cells

When tested against the S, XS [11], L(G), L(A), XL [17], and XL [18] alleles,
2 lM EVO increased 5-HTT promoter (the serotonin transporter) activities by 220,
80, 310, 180, 175, and 102 %, respectively. EVO increased promoter activity
depending on the genetic variation of the 5-HTTLPR polymorphism [32].

3.4.7 Osteosarcoma Cells

EVO inhibits OS 143B cell proliferation by upregulating phosphatase and tensin
homolog (PTEN) levels through blocking PI3K/Akt signaling [33].

3.5 Antibacterial Effect

Through inhibiting topoisomerase I and supercoiled plasmid DNA relaxation, EVO
has a significantly lower minimal inhibitory concentration (MIC) compared with
five antibiotics including cefotaxime and aztreonam (128 vs. >512 µg/mL) against
the clinical isolate of Klebsiella pneumoniae [34].

3.6 Anti-virus Effect

EVO acts against influenza A virus (IAV) by markedly inhibiting IAV replication
and IAV-induced autophagy via the AMPK/TSC2/mTOR signal pathway, blocking
LC3-II, p62 and EGFP-LC3 aggregation; retarding Atg5–Atg12/Atg16 heterotrimer
formation; decreasing Atg5, Atg7, and Atg12 expressions; and blocking TNF-a,
IL-1b, IL-6, and IL-8 cytokine release [35].
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3.7 Effects on Cerebral or Cardiac Ischemia

EVO induces transient receptor potential vanilloid-1 (TRPV1) and
calcium-mediated protective autophagy through a calcium/c-Jun N-terminal kinase
(JNK) pathway in U87-MG astrocytes [36]. EVO inhibits b1-AR activity by
downregulating cAMP and PKA in Chinese hamster ovary cells with high
expression levels of b1-AR (b1-AR/CHO-S cells) [37]. EVO may prevent cardiac
ischemia–reperfusion injury via energy modulation [37].

3.8 Insulin-Sensitizing Effect or Insulin Resistance

EVO activates AMP-activated protein kinase (AMPK) via the Ca(2+)-dependent
PI3K/Akt/CaMKII signaling pathway and promotes the high molecular weight
adiponectin multimerization in 3T3-L1 adipocytes [38].

4 Role of Evodiamine in Chronic Diseases

EVO is an indole alkaloid extracted from the traditional Chinese medicinal herb
Evodia rutaecarpa (Rutaceae family). EVO and E. rutaecarpa are currently used
for the treatment of headaches, abdominal pain, vomiting, colds, and reduced blood
circulation in the clinic practices of doctors of traditional Chinese medicine in some
southeast countries such as China, Japan, and Korea.

Chronic disease is defined by the World Health Organization as a generally
slow-progressing disease of long duration. EVO plays positive roles in curing some
chronic diseases, such as cancer, diabetes, and cardiovascular diseases [39], by
intervening on the risk factors and underlying determinants linked with chronic
diseases. EVO may be a potential therapeutic drug against other chronic diseases
such as renal tubulointerstitial fibrosis [26], atherogenesis [7], hypoxia [8], glioma
[31], hypomotility disorders [40], and IgE-induced allergenic diseases, including
atopic dermatitis and rhinitis [9]. EVO may prevent cardiac ischemia–reperfusion
injury via energy modulation [37].

5 Biological Activities of Evodiamine in Animal Models

EVO possesses a variety of biological activities, such as anti-obesity, anti-
inflammatory, anti-nociceptive, anti-cancer, antibacterial, and antidepressant-like
effects. The biological effects of EVO are tested in various animal models.
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5.1 Anti-obese Effect

EVO suppresses neuropeptide Y (NPY) and agouti gene-related protein (AgRP)
mRNA level in the hypothalamus and decreases the food intake inmale rats [41]. EVO
acts as a nonpungent vanilloid receptor agonist. When the mice were fed evodiamine
as 0.03 % of their diet for 12 days or the rats were given with evodiamine-containing
ethanol extract of Evodia fruits at 0.02 % for 21 days, the bodyweights, perirenal and
epididymal fat weights, the levels of free fatty acid in sera, and total lipids, triglyceride
and cholesterol in the liver decreased markedly compared with the control group [4].
EVO influences lipid metabolism by decreasing the expression of lipogenesis genes,
such as the expression of peroxisome proliferator-activated receptor-g (PPARg),
sterol-regulatory element binding protein (SREBP-1c), and fatty acid synthase, as
well as increasing the expression of lipolysis genes, such as the expression of
hormone-sensitive lipase. In addition, EVO reduces body weight and heat [42]. EVO
reduces body weight gain and the blood glucose levels in db/db mice [3].

5.2 Anti-allergic Effect

EVO has anti-allergic effects and inhibits passive cutaneous anaphylaxis
(PCA) reaction and scratching behaviors in ICR mice [9].

5.3 Analgesic Effect

EVO pretreatment decreased thermal hyperalgesia induced by intraplantar injection
of capsaicin in adult rats [10]. The analgesic effect of EVO may be due to the
desensitization of TRPV1 in sensory neurons [10].

5.4 Anti-tumor Effects

EVO (20 mg/kg/day) significantly inhibited xenograft HepG2 tumor growth in nude
mice by blocking STAT3 signaling after 13 days being orally administered [25].

5.5 Anti-ulcerogenic Activity

Pretreatment of EVO markedly suppressed the Rho, Rho-kinase 1 and 2, and
cytosolic and nucleic necrosis factor (NF)-jBp65 expression against
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ethanol-induced gastric ulcer in mice [43]. Evodiamine pretreatment obviously
increased the glutathione, superoxide dismutase, and catalase levels in sera and
lowered the malonaldehyde level and myeloperoxidase activity in the stomachs of
mice [43].

5.6 Neuroprotective Effect

EVO protects the brain from cerebral ischemic damage in mice through upregu-
lating pAkt, pGSK3b, and claudin-5, downregulating NF-jB expression, and
ameliorating blood–brain barrier permeability [44].

5.7 Antidepressant-Like Effect

EVO can reverse the chronic unpredictable mild stress-induced behavioral deficits
and biochemical changes in chronic unpredictable mildly stressed rats. The
mechanisms are related to the modulation of the monoamine transmitters and
brain-derived neurotropic factor tropomyosin-related kinase B [45].

5.8 Alzheimer’s Disease

EVO improves the learning ability and memory in transgenic mice with
Alzheimer’s disease by reversing the glucose uptake inhibition and decreasing
IL-1b, IL-6, TNF-a, and COX-2 expression [46].

5.9 Prevention of Insulin Resistance

EVO reduces the insulin-stimulated mammalian target of rapamycin and ribosomal
S6 protein kinase (mTOR-S6K) signaling and insulin receptor substrate 1 (IRS1)
serine phosphorylation in white adipose tissues and improves glucose tolerance in
obese/diabetic KK-Ay mice [47].

5.10 Cardiotonic Effect or Remedy for Cardiac Diseases

EVO evokes transient positive inotropic and chronotropic effects on the atria of the
guinea pig, which is due to its interaction with the vanilloid receptors and the
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release of the calcitonin gene-related peptide antagonist (CGRP) [4]. EVO atten-
uates myocardial infarct size, improves metabolism disorders between fatty acids
and glucose, increases ATP and Ca(2+)-ATPase activity, and reduces the peroxi-
some proliferator-activated receptor-a (PPARa) protein level in the myocardial
ischemia–reperfusion (I/R) rats [37].

5.11 Other Effects

EVO exerts stimulatory effects on rat jejunal contractility, exhibiting its potential
role in relieving hypomotility disorders [40]. EVO improves the undesirable effects
of some drugs while preserving their pharmacological activities. For example, the
side effects (adipogenesis, body weight gain, and hepatotoxicity) of rosiglitazone
can be attenuated by being co-administered with EVO, but the blood
glucose-lowering effect of rosiglitazone is still well preserved [3].

6 Biological Activities of Evodiamine in Humans

There are few reports of the biological activities of EVO in humans. Evodiae
fructus is reported to be used as an analgesic in traditional Chinese medicine [10].
The typical commercial preparation of traditional Chinese medicines containing
EVO is the Zuojin pill. The Zuojin pill is composed of Evodiae fructus and
Rhizoma (the mass ratio is 1:6). The Zuojin pill inhibits gastric emptying and the
secretion of gastric acid. The Zuojin pill also has an obvious anti-ulcer effect [48].
The Zuojin pill is officially listed in the Chinese Pharmacopoeia.

7 Conclusions

EVO is a major bioactive alkaloid isolated and purified from the Chinese herbal
drug “Wu-Chu-Yu” (Evodiae fructus). It possesses a multitude of positive effects,
such as anti-cancer and anti-nociceptive effects on different cells, including stem
cells, animals, and humans through modulating diverse targeting regions or through
various signaling pathways. Evodiae fructus or the extraction of Evodiae fructus,
such as ethanol, methanol, and chloroform extracts, exhibits some effects similar to
those of EVO [49]. EVO can be used alone or in combination with other drugs. The
combination therapy of EVO with gemcitabine augments its therapeutic effects
[24]. Furthermore, EVO shows little toxicity against normal cells [50] in contrast to
its positive effects.

In the future, three measures are recommended to be pursued in order to promote
the clinical application of EVO in the treatment of chronic diseases: First is to
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develop a new EVO delivery system, such as a supermolecular nanoemulsion [51]
or a phospholipid complex [1], in order to modify the pharmacokinetic behavior
and increase the bioavailability of EVO; second is to chirally separate two EVO
stereoisomers because sometimes the S-(+) EVO is more effective than the R-(−)
evodiamine [52]; third is to synthesize new derivatives with much better potency
and less toxicity [53], such as carbamates [54], compared with the parent drug
EVO.
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Abstract Guggulsterone is a plant sterol derived from gum resin of Commiphora
wightii. The gum resin from guggul plants has been used for thousand years in
Ayurveda to treat various disorders, including internal tumors, obesity, liver dis-
orders, malignant sores and ulcers, urinary complaints, intestinal worms, leuco-
derma, sinuses, edema, and sudden paralytic seizures. Guggulsterone has been
identified a bioactive components of this gum resin. This plant steroid has been
reported to work as an antagonist of certain nuclear receptors, especially farnesoid
X receptor, which regulates bile acids and cholesterol metabolism. Guggulsterone
also mediates gene expression through the regulation of transcription factors,
including nuclear factor-kappa B and signal transducer and activator of transcrip-
tion 3, which plays important roles in the development of inflammation and
tumorigenesis. Guggulsterone has been shown to downregulate the expression of
proteins involved in anti-apoptotic, cell survival, cell proliferation, angiogenic,
metastatic, and chemoresistant activities in tumor cells. This review aimed to clarify
the cell signal pathways targeted by guggulsterone and the bioactivities of gug-
gulsterone in animal models and humans.
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1 Introduction

Cancers or vascular events are major causes of death all over the world. Both of
these critical conditions are considered to be associated with chronic inflammation
and obesity. In spite of huge efforts to control them, these disorders are still highly
prevalent. Generally, modern medicines tend to be mono-targeted, focusing on a
single gene product or pathway. However, most chronic diseases develop and
progress in a multistep process. The discrepancy between the design concept of
modern medicine and disease progression processes may be one of the reasons why
modern medicine has not yet overcome these disorders.

Guggul is one of the very ancient Ayurvedic drugs and has been used for several
thousand years. Guggulsterone is the major bioactive compound of guggul.
According to the Sushruta Samhita, a well-known Ayurvedic medical text, guggul
when taken orally, is a curative for obesity, liver disorder, internal tumors,
malignant sores and ulcers, urinary complaints, fistula-in-ano, intestinal worms,
leucoderma, sinus, edema, and sudden paralytic seizures [77, 84]. It has been
revealed that guggulsterone acts as an antagonist of the farnesoid X receptor
(FXR) and has hypolipidemic effects [97]. Guggulsterone has also been reported to
inhibit pro-inflammatory signals, including transcription factor nuclear factor-kappa
B (NF-jB) [82]. Furthermore, guggulsterone suppressed tumor progression in
multistep cell growth, proliferation, invasion, metastasis, and angiogenesis. This
review describes the cell signaling pathways targeted by guggulsterone and its
bioactivities in animal models and humans [85].

2 Physicochemical Properties of Guggulsterone

The guggul tree (Commiphora mukul) is native to India and its neighboring
countries. The oleogum resin of this species is a yellowish substance that is tapped
during winter, and each tree yields about 700–900 g of resin [76]. Guggul is a
complex mixture of gum, minerals, essential oils, terpenes, sterols, ferrulates, fla-
vanones, and sterones. When extracted with ethyl acetate, the extraction yields two
fractions: 45 % soluble and 55 % insoluble fractions. The bioactive components
found in the ethyl acetate soluble fraction, known as gugulipid, consist of diter-
penoids, triterpenoids, steroids, lignans, and fatty tetrol esters. Further fractionation
of the soluble fraction with pH gradients yielded a 4 % acidic fraction, 1 % basic
fraction, and 95 % neutral fraction. Additional fractionation of the neutral fraction
led to the isolation of a major nonketonic (88 %) and a small ketonic fraction
(12 %). The ketonic fraction contained a number of steroids including the two
isomers E-(cis-) and Z-(trans-)guggulsterone (4, 17(20)-pregnadiene-3, 16-dione)
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(Fig. 1). The guggulsterones constitute approximately 2 % of gum guggul and 5 %
of gugulipid by weight [19, 83].

Molecular docking simulation studies reported that guggulsterone bound to FXR
and NF-jB. Guggulsterone cloud docks into two noncanonical binding sites of
FXR, helix 1-loop-helix 2 loop and parts of helix–helix 8 including helix
8-loop-helix 9 [62, 111]. Guggulsterone also binds to the NF-jB precursor protein
p105 on its RH domain, which contains sequences important for DNA binding and
dimerization, which might be the reason for its NF-jB inhibitory activities [38].

3 Modulation of the Cell Signaling Pathway
by Guggulsterone

3.1 Farnesoid X Receptor

FXR is a member of the nuclear hormone receptor superfamily and is expressed in
the liver, intestine, kidney, adrenals, stomach, fat, and heart [113]. The physio-
logical ligands of FXR are bile acids [58, 71, 99], and it is involved in the regu-
lation of bile acids, cholesterol [69], triglyceride [87], and glucose [114]
metabolism. Guggulsterone is a highly efficacious antagonist of FXR, and gug-
gulsterone treatment decreased hepatic cholesterol in wild-type mice fed a
high-cholesterol diet but was not effective in FXR-null mice. The inhibition of FXR
activation may be the basis for the cholesterol-lowering activity of guggulsterone
[97].

In HepG2 cells, in the presence of an FXR agonist such as chenodeoxycholate or
GW4064, guggulsterone enhanced endogenous bile salt export pump (BSEP)
expression with maximal induction of 400–500 % by the FXR agonist alone.
Gugulipid treatment in rats increased expression of BSEP and small heterodimer

E- (cis-) guggulsterone Z- (trans-) guggulsterone

Fig. 1 Chemical structure of guggulsterone isomers. a [4,17[20]-(cis)-pregnadiene-3,16-dione] is
E-guggulsterone. b [4,17[20]-(trans)-pregnadiene-3,16-dione] is Z-guggulsterone
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partner (SHP) but not cholesterol 7a1 (Cyp 7a1), sterol 12a-hydroxylase (Cyp 8b1),
or intestinal bile acid-binding protein (I-BABP) [17].

FXR may have a role in the development of intestinal metaplasia, which is
considered a precursor lesion of cancer in the upper gastrointestinal tract.
Guggulsterone induced apoptosis in Barrett’s esophagus cells [18] and reduced
caudal type homeobox 2 (Cdx2) expression in rat gastric epithelial cells (RGM-1)
and in human gut-derived adenocarcinoma cells (Bic-1) [107, 108].

3.2 Other Nuclear Receptors

Nuclear receptors are ligand-modulated transcription factors that bind to DNA and
regulate the expression of adjacent genes.

Both E- and Z-guggulsterone displayed high affinity for FXR as well as other
steroid receptors, including the androgen, glucocorticoid, and progesterone recep-
tors [8]. Guggulsterone functions as an efficacious constitutive androstane receptor
inverse agonist. The ratio of constitutive androstane receptor to PXR determined the
activity of guggulsterone against the Cyp2b10 promoter [21].

3.3 Nuclear Factor-jB

NF-jB, a proinflammatory transcription factor, can promote the development of
tumors. Various inflammatory agents, carcinogens, tumor promoters, and the tumor
microenvironment activate NF-jB. NF-jB proteins themselves and proteins regu-
lated by it have been linked to cellular transformation, proliferation, apoptosis
suppression, invasion, angiogenesis, and metastasis. Constitutively activated
NF-jB is common in a wide variety of tumors. Furthermore, there exists genetic
evidence that NF-jB mediates tumorigenesis. Thus, suppression of NF-jB acti-
vation should be effective in the prevention and treatment of cancer [1].

Guggulsterone suppressed DNA binding of NF-jB induced by multistimulation
in lung carcinoma cells through inhibition of IjB kinase activation, and it also
suppressed induced and constitutive NF-jB activation in most tumor cells.
Guggulsterone decreased the expression gene products involved in anti-apoptosis
(IAP1, xIAP, Bfl-1/A1, Bcl-2, cFLIP, and survivin), proliferation (cyclin D1 and
c-Myc), and metastasis (matrix metalloproteinase [MMP]-9, cyclooxygenase-2
[COX-2], and vascular endothelial growth factor [VEGF]) [82]. These results
suggested that guggulsterone suppresses NF-jB and NF-jB-regulated gene prod-
ucts, which many explain its anti-inflammatory and anti-tumor activities.
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4 Signal Transducer and Activator of Transcription

Signal transducer and activator of transcription (STAT) 3 is a member of a family of
transcription factors. This factor is associated with inflammation, cellular trans-
formation, survival, proliferation, invasion, angiogenesis, and cancer metastasis.
Various types of carcinogens, radiation, viruses, growth factors, oncogenes, and
inflammatory cytokines have been found to activate STAT3. STAT3 is constitu-
tively active in most tumor cells but not in normal cells [2].

Guggulsterone inhibited angiogenesis by blocking STAT3 and VEGF expres-
sion in colon cancer cells (HT-29). It also reduced MMP-2 and MMP-9 enzyme
activity in colon cancer cells. The recruitment of STAT3 and anyl hydrocarbon
receptor nuclear translocator, but not hypoxia-inducible factor (HIF)-1a, to the
VEGF promoter was inhibited by guggulsterone treatment. Human umbilical vein
endothelial cells (HUVECs) produced much foreshortened and severely broken
tubes and showed decreased migration activity as a result of guggulsterone treat-
ment [43].

Guggulsterone also inhibits interleukin (IL)-6-induced STAT3 activation
through the induction of SHP-1 in human multiple myeloma cells (U226).
Downregulation of the expression of STAT3-regulated anti-apoptotic (Bcl-2,
Bcl-xL, Mcl-1), proliferative (cyclin D1), and angiogenetic (VEGF) gene products
occurred in response to guggulsterone treatment; and this correlated with the sup-
pression of proliferation, accumulation of cells in subG1 phase of the cell cycle, and
induction of apoptosis [4].

5 Mitogen-Activated Protein Kinase

Mitogen-activated protein kinase (MAPK) pathways are evolutionarily conserved
kinase modules that link extracellular signals to the machinery that controls fun-
damental cellular processes such as growth, proliferation, differentiation, migration,
and apoptosis. To date, six distinct groups of MAPKs have been characterized in
mammals: extracellular signal-regulated kinase (ERK)1/2, ERK3/4, ERK5,
ERK7/8, c-Jun N-terminal kinase (JNK)1/2/3, and the p38 isoforms. Generally, the
effect of MAPKs is anti-proliferative and proapoptotic, but dependent on the cel-
lular context they may also contribute to tumorigenesis [20].

Guggulsterone-induced cell death in human prostate cancer cells (PC-3 and
LNCaP) was regulated by reactive oxygen intermediate (ROI)-dependent activation
of JNK, but independent of ERK1/2 or p38. Guggulsterone did not generate ROIs
in normal prostate cancer cells (PrEC) [89], but it inhibited 12-O-
tetradecanoylphorbol-13-acetate-mediated skin edema and hyperplasia in mice.
Treatment with guggulsterone also inhibited 12-O-tetradecanoylphorbol-
13-acetate-induced phosphorylation of ERK1/2, JNK, and p38 [75], and it sup-
pressed the activation of ERK1/2 and JNK in the pancreas of cerulein-induced
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murine pancreatitis [41]. MAPKs likely show different responses according to
conditions, e.g., stimuli or cell types.

6 PI3K/Akt Signaling

The PI3K-Akt signaling pathway has been firmly established as a critical contrib-
utor toward tumorigenesis. This pathway is involved in cell growth, survival, and
proliferation within tumors [53].

Guggulsterone-induced apoptosis was related to inactivation of Akt followed by
activation of JNK in human monocytic leukemia cells (U937) [85]. Additionally, it
inhibited angiogenesis by suppressing the VEGF-VEGF-R2-Akt signaling in
HUVECs [101].

7 Inducible Nitric Oxygen Synthase

Nitric oxide (NO) is involved in various physiological functions, and its role in
tumorigenesis has been well studied. A large majority of human and experimental
tumors appear to progress owing to NO resulting from inducible NO synthase
(iNOS), further stimulated by proinflammatory cytokines [33].

Z- and E-guggulsterone were more potent inhibitors of NO production
(IC50 = 1.1 and 3.3 lM, respectively) compared with curcumin (IC50 = 12.3 lM)
in lipopolysaccharide (LPS)-activated murine macrophages (J774.1) [61].
Guggulsterone prevented cytokines-induced NO correlated with reduced level of
iNOS expression in rat insulinoma cells (RINm5F) [54]. It also reduced
LPS-induced iNOS mRNA expression in mouse inner medullary collecting duct
cells (mIMCD-3) [42].

8 Cyclooxygenase-2

COX-2 converts arachidonic acid to prostaglandins and prostanoids through stim-
ulation. COX-2 has been shown to be one of the key players in the induction of
inflammation and tumorigenesis.

Guggulsterone prevented IL-1b-induced and interferon (IFN)-c-induced COX-2
expression and prostaglandin E2 (PGE2) production in rat insulinoma cells
(RINm5F) [54]. It suppressed deoxycholic acid (DCA)-induced and constitutive
COX-2 expression and PGE2 production in esophageal adenocarcinoma cells
(OE19, OE33) [109].
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9 Wnt/Beta (b)-Catenin Signaling

Wnt signaling is involved in virtually every aspect of embryonic development and
also controls homeostatic self-renewal in a number of adult tissues. Germline
mutations in the Wnt/b-catenin pathway cause several hereditary diseases, and
somatic mutations are associated with cancer of the intestine and a variety of other
tissues [15].

Guggulsterone reduced b-catenin/T-cell factor 4 complex and Wnt/b-catenin
targeting genes, such as cyclin D1, C-myc, and T-cell factor 4 in breast cancer cells
(MCF-7, MDA-MB-231), indicating that the b-catenin signaling pathway is the
target for gugulipid-induced growth inhibition and apoptosis in human breast
cancer [34] (Tables 1 and 2).

10 P-glycoprotein

P-glycoprotein (P-gp) is expressed in many normal human tissues and cancers. P-gp
plays a major role in the distribution and excretion of drugs and is involved in the
intrinsic and acquired drug resistance of cancers [12]. Targeting the regulation of
P-gp and related resistance mechanisms is a potential therapeutic approach against
cancer.

Guggulsterone showed a dual inhibitory effect on the function of P-gp and in
multidrug-resistant human cells (KB-C2) [65]. When guggulsterone was combined
with doxorubicin, it significantly promoted the sensitivity of doxorubicin-resistant
human myelogenous leukemia cells (K562/DOX) toward doxorubicin. The inhi-
bitory effect of guggulsterone on P-gp activity was the major cause of increased
stagnation of doxorubicin inside K562/DOX cells, indicating that guggulsterone
may effectively reverse multidrug resistance in K562/DOX cells via inhibiting the
expression and drug transport function of P-gp [105].

11 Role of Guggulsterone in Chronic Diseases

11.1 Hypolipidemic and Anti-adipogenesis Effects

The hypolipidemic effects of guggulsterone have been well established in clinical
trials compared with the other bioactivities of guggulsterone. Several animal model
studies revealed that guggulsterone attenuates hyperlipidemia in the animals fed a
high-fat diet.

Treatment with guggulsterone decreased hepatic cholesterol in wild-type mice
fed a high-cholesterol diet but was not effective in FXR-null mice. The inhibition of
FXR activation is the basis for the cholesterol-lowering activity of guggulsterone
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[97]. Guggulsterone also showed the ability to enhance the action of agonists of
BSEP expression, because gugulipid treatment in rats lowered serum triglyceride
and raised high-density lipoprotein (HDL) levels in vivo [17].

Guggulsterone reversed adipogenesis-related gene, CAAT/enhancer-binding
protein (C/EBPs), and peroxisome proliferator-activated receptor (PPAR) c, fatty
acid-binding protein, sterol regulatory element binding protein-1c (SREBP-1c), and
adipoQ, mRNA expression induced by a FXR ligand in preadipocytes (3T3-L1)
[74]. It also induced caspase-dependent apoptosis, reduced the lipid content in
adipocytes (3T3-L1), and downregulated the adipocyte-specific transcription factors
PPARc2, C/EBPa, and C/EBPb [70, 110].

11.2 Diabetes Mellitus

Several studies have implicated guggulsterone is a potential remedy for diabetes.
Treatment with guggulsterone prevented IL-1b- and IFN-c-induced b-cell damage,
as well as NO and PGE2 production, and these effects were related to reduced
levels of iNOS and COX-2 expression. Guggulsterone prevented cytokines-induced
NO and PGE2 production, iNOS and COX-2 expression, Janus kinase/STAT
activation, downregulated suppressor of cytokine signaling-3, and impaired
glucose-stimulated insulin secretion [54]. It also attenuated the reduction in pan-
creatic b-cell size, increase in adipocytes, and steatosis of the liver in high-fat-
diet-fed rats. Guggulsterone inhibited 3T3-L1 preadipocytes differentiation, and it
had both hypoglycemic and hypolipidemic effects that can help to cure type 2
diabetes [80].

Bile acids acutely stimulate insulin secretion by mouse b-cells via FXR acti-
vation and KATP channel inhibition, but guggulsterone suppressed this effect. FXR
in pancreatic b-cell may contribute to a pharmaceutical strategy for the treatment of
type 2 diabetes mellitus [24]. Furthermore, gugulipid (20 g/kg diet) improved
glucose tolerance in female Lep(ob)/Lep(ob) mice [16].

11.3 Thyroid Stimulatory Effects

Guggulsterone showed a strong thyroid stimulatory action, but not through pituitary
activation, in rats [94, 95].

11.4 Cardiovascular Protection

Several studies have reported cardioprotective effects of guggulsterone both in vitro
and in vivo.
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A marked protective effect was shown by guggulsterone on cardiac enzymes and
the P450 system against myocardial necrosis induced by isoproterenol in rats [37].
Guggulsterone showed marked reversal of the metabolic change in the heart, with
increased phospholipase, decreased cardiac glycogen, and increased cytosolic lipid
peroxide, related to ischemia of the heart induced by isoproterenol in rats [10].

Guggulsterone reduced DOX-induced apoptosis and cell death in cardiomy-
ocytes (H9C2). Pretreatment using guggulsterone reversed DOX-induced decreases
in PARP, caspase-3, and bcl-2 and increases in Bax, cytochrome C release,
cleaved-PERP, and cleaved caspase-3 [100].

siRNA-mediated silencing of endogenous FXR or guggulsterone reduced
post-ischemic myocardial apoptosis in murine myocardial ischemia. FXR acted as a
novel functional receptor in cardiac tissue, regulated apoptosis in cardiomyocytes,
and contributed to myocardial ischemia/reperfusion injury [72].

Guggulsterone inhibited TNF-a-induced endothelial tissue factor protein and
mRNA expression and surface activity in human aortic endothelial cells. It
enhanced endothelial tissue factor pathway inhibitor and impaired plasminogen
activator inhibitor-1 as well as vascular cell adhesion molecule-1 (VCAM-1) pro-
tein. Guggulsterone offers a novel therapeutic option, in particular in inflammatory
disease associated with an increased risk of thrombosis [26].

11.5 Hepatoprotective Effects

Treatment with guggulsterone inhibited intracellular adhesion molecule-1 expres-
sion by GW4064, a FXR selective agonist, in human hepatocytes (HepG2) [73].
Guggulsterone attenuated activation and survival of hepatic stellate cells (LX-2) by
inhibiting NF-jB activation and inducing apoptosis. High-dose guggulsterone
decreased the extent of collagen deposition and the percentage of activated hepatic
stellate cells undergoing apoptosis in mice [40]. HIF-1a expression was also
reduced by guggulsterone in hypoxic conditions in hepatocytes (HepG2) [64].

The bile acid-mediated increase in HCV RNA in hepatocytes (Huh-7, GS4.1)
was reduced by guggulsterone [11], and it blocked upregulation by bile acids and
basal levels of hepatic C virus replication in an HCV replication model (Hul cells)
[79].

11.6 Kidney Protection Effects

LPS treatment of mouse inner medullary collecting cells produced pro-
inflammatory molecules such as iNOS, COX-2, IL-6, and TNF-a; however, gug-
gulsterone treatment inhibited this process. Guggulsterone inhibited the degradation
of Ij-Ba and translocation of NF-jB and could inhibit inflammatory responses in
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collecting duct cells, which may contribute to kidney injury due to systemic
infection [42].

11.7 Inflammatory Bowel Disease

Several in vitro and in vivo studies implicated guggulsterone as an attractive
therapeutic option in the treatment of inflammatory bowel disease.

Guggulsterone significantly inhibited LPS- or IL-1b-induced intracellular
adhesion molecule-1 gene expression, NF-jB transcriptional activity, IjB
phosphorylation/degradation, and NF-jB DNA binding activity in colon cancer
cells (Caco-2) or rat intra-epithelial cells (IEC-18). Moreover, guggulsterone
strongly blocked IKK activity [13] and attenuated the generation of IL-2 and IL-4
and IFN-c as well as T-cell proliferation (Mencarel[52].

GG-52, a guggulsterone derivative, blocked NF-jB activation in colon cancer
cells (COLO 205) [44], and LPS-induced IL-12p40 and TNF-a gene expression,
IjBa degradation, and NF-jB DNA binding activity in bone marrow-derived
dendritic cells [44].

Both guggulsterone and GG-52 have also been reported to attenuate different
murine inflammatory bowel disease models in vivo [13, 36, 44, 60].

11.8 Pancreatitis

Pre-treatment with guggulsterone attenuated histological damage, reduced pancreas
weight/body weight ratio, decreased serum lipase levels, inhibited infiltration of
macrophages and neutrophils, and suppressed cytokine production in murine
cerulei-induced acute pancreatitis [41].

11.9 Arthritis

Guggulsterone blocked IL-1b-mediated inflammatory proteins, such as regulated in
activation normal T-cell expressed and secreted, epithelial neutrophil activating
peptide-78, MMP-1 and MMP-3 by suppressing NF-jB activation in fibroblast-like
synoviocytes [50].

Guggul decreased the thickness of joint swelling in an experimental rabbit
arthritis model resembling rheumatoid arthritis in humans [81].

In a human study, 30 male and female participants with arthritis received gum
guggul. Participants showed significantly improved Western Ontario and
MacMaster Osteoarthritis Index total scores after taking the supplement for
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1 month and continued to improve at the 2-month time point and during follow-up
[88].

11.10 Neuroprotective Effects

Gugulipid (p.o.) treatment showed improvements in scopolamine-induced deficits
in a passive avoidance test in mice. Gugulipid (i.c.) treatment had protective effects
in a streptozotocin-induced memory deficit model of dementia that can be attributed
to antioxidant and anti-acetylcholinesterase (AChE) activities of gugulipid. These
observations suggested gugulipid as a potential anti-dementia drug [78].

In addition, guggulsterone was found to be highly effective. These neurons have
been extensively characterized and shown to be functional. This new approach may
offer a practical route to creating neurons of sufficient quality to be used to treat
Parkinson’s disease [28].

11.11 Nodulocystic Acne

Treatment with gugulipid (50 mg guggulsterone) for 3 months resulted in a 68 %
decrease inflammatory lesions in patients with nodulocystic acne. Patients with oily
faces responded remarkably to gugulipid [93].

11.12 Melanogenesis in Skin

Treatment with guggulsterone dose dependently inhibited isobutylmethylxanthine-
induced melanogenesis and cellular tyrosinase activity with no cytotoxicity in
melanoma cells (B16/F10). Decreased melanin biosynthesis was accompanied by
the reduced expression of melanogenesis-related genes, such as tyrosinase,
microphthalmia-associated transcription factor, tyrosinase-related protein (TRP)-1,
and TRP-2 [45].

11.13 Uveitis

Guggulsterone prevented the expression of endotoxin-induced uveitis (EIU)-
induced inflammatory markers, such as MMP-2, NO, and PGE2 in rats. It also
prevented the expression of MMP-2, iNOS, and COX-2 proteins and of IjB and
NF-jB in various eye tissues of rats. Treatment with guggulsterone inhibited
LPS-induced expression of inflammatory proteins in human primary nonpigment
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ciliary epithelial cells. Guggulsterone could be a novel option for the treatment of
ocular inflammation [35].

11.14 Respiratory Diseases

FXR agonists are able to regulate respiratory rhythm, and guggulsterone completely
reversed the effect of FXR agonists in neonatal rat brainstem medulla oblongata
slices. FXR is a potential therapeutic target in treating respiratory diseases [115].

11.15 Anti-tumor

Treatment with guggulsterone suppressed DNA binding of NF-jB induced by
multistimulation in lung carcinoma cells (H1299) through inhibition of IjB kinase
activation. Guggulsterone suppressed induced and constitutive NF-jB activation in
most tumor cells (A549, KBM-5, Jurkat, U266, MDA1986). Guggulsterone
decreased the expression of gene products involved in anti-apoptosis (IAP1, xIAP,
Bfl-1/A1, Bcl-2, cFLIP, and survivin), proliferation (cyclin D1 and c-Myc), and
metastasis (MMP-9, COX-2, and VEGF) [82, 85].

Guggulsterone inhibited angiogenesis by blocking STAT3 and VEGF expres-
sion, which play important roles in angiogenesis, in colon cancer cells (HT-29) and
neck squamous cell carcinoma cells (SCC4, HSC2) [43, 56].

Therefore, guggulsterone is considered as a promising option for chemopre-
vention as well as therapy against tumors.

11.16 Leukemia

Guggulsterone inhibited the proliferation of human leukemia cells (U937, jurkat,
KBM-5, and K562). It induced S-phase arrest correlated with a decrease in cyclin
D1 and cdc2, and induced caspase-dependent apoptosis through activation of JNK
and suppression of the Akt pathway in leukemia cells (U937). [82].

11.17 Head and Neck Cancer

The effect of bortezomib to induce cell death through STAT3 inhibition was
enhanced by guggulsterone in neck squamous cell carcinoma cells (PCI-37a,
UM-22b, and 1483) [51].
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Guggulsterone induced apoptosis and cell cycle arrest, inhibited invasion, and
enhanced the efficacy of erlotinib, cetuximab, and cisplatin in human head and neck
squamous cell carcinoma cells (HNSCCs) (1483, UM-22A, and UM-22B). It
decreased total and phosphotyrosine STAT3 as well as HIF-1a in HNSCCs. In a
xenograft model of HNSCCs, guggulsterone treatment increased apoptosis and
decreased expression of STAT3. Guggulsterone-mediated inhibition of STAT3 and
HIF-1a provided a biologic rationale for further clinical investigation in the treat-
ment of HNSCCs [52]. Treatment with guggulsterone in HNSCCs (SCC4, HSC2)
abrogated both smokeless tobacco- and nicotine-induced nuclear activation of
NF-jB and pSTAT3 proteins and their downstream targets COX-2 and VEGF.
Guggulsterone treatment decreased the level of ST- and nicotine-induced secreted
interleukin-6 in culture media of HNSCCs [56].

Treatment with guggulsterone released Bad from the inhibitory action of 14-3-3
f(zeta) in proliferating SCC4 cells by activating protein phosphatase 2A (PP2A).
These events initiated the intrinsic mitochondrial pathway of apoptosis.
Guggulsterone treatment reduced the expression of anti-apoptotic proteins, Bcl-2,
xIAP, Mcl1, survivin, cyclin D1, and c-Myc, thus committing cells to apoptosis.
These events were followed by activation of caspase-9, caspase-8, and caspase-3.
14-3-zeta, a multifunctional phospho-serine/phospho-threonine binding protein,
was a molecular target in guggulsterone-induced apoptosis in head and neck cancer
cells (SCC4) [55].

11.18 Breast Cancer

E- and Z-guggulsterone downregulated MMP-9 expression and tumor invasion
through the IKK/NF-jB pathway and MAPK/activator protein-1, respectively, in
breast cancer cells (MCF-7). A combination of these isomers exerted an additive
effect in the inhibition of cell invasion [66].

E-guggulsterone induced heme oxygenase-1 expression through inhibition of
AKT phosphorylation and NF-E2-related factor 2 activation in human mammary
cells (MCF10A) [5].

Deoxycholate promoted the expression of vascular endothelial growth factor
receptor 2 (VEGFR2) and decreased ceramide-mediated apoptosis of breast cancer
progenitor cells (4T1). Guggulsterone reduced VEGFR2 expression and angio-
genesis in endothelial cell culture [46].

Z-guggulsterone reduced b-catenin/TCF-4 complex and Wnt/b-catenin targeting
genes, such as cyclin D1, c-Myc, and TCF-4, in breast cancer cells, indicating that
b-catenin signaling pathway is the target for gugulipid-induced growth inhibition
and apoptosis in human breast cancer (MCF-7, MDA-MB-231) [34].
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11.19 Lung Cancer

Guggulsterone has been also reported to suppress NF-jB activation induced by
tumor necrosis factor (TNF), phorbol ester, okadaic acid, cigarette smoke con-
densate, hydrogen peroxide or IL-1 through inhibition of IjB degradation in
non-small lung cancer cells (H1299). Guggulsterone also suppressed COX-2,
MMP-9, VEGF, and cyclin D1 expression, as well as inhibiting proliferation and
inducing apoptosis [82].

11.20 Intestinal Metaplasia

The effects of chenodeoxycholic acid and GW4064, an FXR antagonist, on mRNA
expression of Cdc2 and goblet-specific gene mucin 2 were abolished by gugguls-
terone in normal rat gastric epithelial cells (RGM-1) [107].

11.21 Esophageal Cancer

FXR was significantly overexpressed in Barrett’s esophagus compared with normal
mucosa, esophagitis, and esophageal adenocarcinoma. Guggulsterone induced
apoptosis and caspase-3 activity in Barrett’s esophagus-derived cells (CP-18821)
[18]. Expression of FXR, the bile acid metabolism genes I-BABP and SHP, and the
chemokines IL-8 and macrophage inflammatory protein 3a were increased in
Barrett’s epithelium. DCA induced FXR, I-BABP, macrophage inflammatory
protein 3a, and IL-8 mRNA expression in an esophageal cell line (TE7), and
guggulsterone abolished DCA-induced mRNA expression [9]. Inhibition of FXR
by FXR shRNA or guggulsterone suppressed esophageal cancer cell viability and
induced apoptosis in vitro and reduced tumor formation and growth in nude mouse
xenografts in vivo [30].

Guggulsterone suppressed DCA-induced and NF-jB-dependent activation of
Cdx2 and COX-2 expression. Furthermore, guggulsterone also reduced the viability
of esophageal adenocarcinoma cells. Guggulsterone may serve as candidate for
preventing and treating esophageal adenocarcinoma as well as Barrett’s esophagus
[109].

11.22 Colorectal Cancer

Treatment with guggulsterone significantly increased apoptosis in colon cancer
cells (HT-29) by activating caspase-3 and caspase-8. The size of tumors in
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guggulsterone-treated mice was significantly smaller than the size of tumors in
control mice [6]. Guggulsterone also inhibited angiogenesis by blocking STAT3
and VEGF expression, and reducing MMP-2 and MMP-9 enzyme activity in HT-29
cells [43].

Thus, there is a potential therapeutic use for guggulsterone in the treatment of
colorectal cancer.

11.23 Pancreatobiliary Cancer

FXR overexpression in pancreatic cancer tissue with lymph node metastasis is
associated with poor patient survival. siRNA-mediated downregulation of FXR and
guggulsterone-mediated FXR inhibition resulted in marked reduction in cell
migration and invasion human pancreatic cells (MIA-PaCa2, PANC-1) [49].
Guggulsterone inhibited proliferation, decreased motility and invasion, and induced
apoptosis in pancreatic cancer cells (CD18/HPAF, Capan1). These anti-tumor
effects of guggulsterone possibly involve multiple networks including inhibition of
Src and Jak/STAT signaling, alteration in Bad phosphorylation, recognition of actin
cytoskeleton, and down-regulation of MUC4, which is involved in chemoresistance
[57].

In vitro, the combination treatment of guggulsterone with gemcitabine resulted
in more growth inhibition and apoptosis through the downregulation of NFj-B
activity with Akt and Bcl-2 and through the activation of JNK and Bax in pan-
creatic cancer cells. In vivo, combination therapy amended tumor growth inhibition
through the same mechanism as in tumor tissue. The combination therapy with
guggulsterone and gemcitabine has the potential to become a valuable strategy for
the treatment of pancreatic cancer [3].

Guggulsterone inhibited the proliferation and suppressed migration and invasion
of gallbladder cancer cells (TGBC1, TGBC2), and it decreased NF-jB p65,
VEGF-C, and MMP-2 activities. Gallbladder cancer cells treated with a combina-
tion of guggulsterone and gemcitabine demonstrated inhibition of cell proliferation
and invasion compared with treatment with gemcitabine alone. Guggulsterone
could be a potential therapeutic option for patients with gallbladder cancer [112].

11.24 Hepatoma

Death receptor DR5 induction via eukaryotic initiation factor-2a and C/EBF
homologous transcription factor was crucial for the marked synergetic effects
induced by TNF-related apoptosis including ligand and guggulsterone in human
hepatocellular carcinoma cells (Hep3B, HepG). Guggulsterone- /TNF-related
apoptosis, including ligand combination, could represent a novel tool for cancer
therapy [63].
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11.25 Prostate Cancer

Guggulsterone induced caspase-dependent apoptosis in part mediated by Bax and
Bak in prostate cancer cells (PC-3) [90]. Guggulsterone-induced cell death in
human prostate cancer cells (PC-3 and LNCaP) was regulated by ROI-dependent
activation of JNK but not in normal prostate cancer cells (PrEC) [89].
Gugulipid-induced apoptosis was associated with ROS production and was regu-
lated by JNK signaling axis in human prostate cancer cells. Representative normal
prostate epithelial cells (PrEC) were relatively more resistant to gugulipid-mediated
cellular responses compared with prostate cancer cells [102]. Guggulsterone
inhibited prostate cancer growth also via inactivation of Akt regulation by ATP
citrate lyase signaling in human prostate cancer cells (PC-3 and LNCaP) [25].

11.26 Brain Tumors

Although the sonic hedgehog pathway effector Gli1 is overexpressed in gliomas, a
sonic hedgehog inhibitor, SANT-1, failed to induce apoptosis in glioblastoma cells
(A172, U87MG, T98G). However, guggulsterone inhibited Ras and NF-jB activity
and sensitized glioblastoma cells to SANT-1-induced apoptosis [22].

11.27 Bone Metastasis

Receptor activator of NF-jB ligand (RANKL), a member of the TNF superfamily,
was implicated as a major mediator of bone resorption, suggesting that agents that
can suppress RANKL signaling have the potential to inhibit bone resorption or
osteoclastogenesis. Guggulsterone suppressed RANKL-activated NFj-B activation
and differentiation of monocytes into osteoclasts. Guggulsterone completely sup-
pressed differentiation of monocytes into osteoclasts induced by co-incubation of
human breast tumor cells (MDA-MB-468) or human multiple myeloma cells
(U266). Guggulsterone suppressed RANKL and tumor cell-induced osteoclasto-
genesis by suppressing the activation of NF-jB [31]. Chenodeoxycholic acid
stimulated the expression osteoblast marker genes (bone sialoprotein, osteocalcin,
osteopontin, and alkaline phosphatase), as well as DNA binding activity of the bone
transcription factor RUNX2 in human bone marrow stromal cells (BMSCs).
Guggulsterone inhibited alkaline phosphatase activity, calcium deposition, DNA
binding RUNX2, and bone marker expression, indicating that guggulsterone
interfered with osteoblastic differentiation [32].

Deoxycholate released from human osteoblast-like MG63 cells or bone tissue
promoted cell survival and induced the migration of metastatic human breast cancer
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cells (MDA-MA-231). Guggulsterone prevented the migration of these cells and
induced apoptosis [86].

11.28 Radiosensitivity

Radiation-induced NF-jB activation was inhibited by guggulsterone and this
enhanced radiosensitivity in pancreatic cells (PC-Sw), and it reduced both cell cycle
movement and growth. Guggulsterone reduced ERa protein levels in breast cancer
cells (MFC-7) and insulin-like growth factor receptor b-protein in colon cancer
cells (HT-29) and pancreatic cancer cells (PC-Sw) and inhibited DNA double-
strand break repair following radiation. The ability of guggulsterone to modulate
radiosensitivity in human cancer cell lines needs further study [14].

11.29 Drug Resistance

Co-administration of guggulsterone (10 lM) resulted increases the chemosensi-
tivity of MCF-7/DOX cells to doxorubicin, compared with doxorubicin treatment
alone [103]. When doxorubicin and guggulsterone were co-administered, their
anti-tumor activities were augmented in MCF-7/DOX xenografts. Examining body
weight, hematological parameters, hepatic cardiac, and gastrointestinal tract
histopathology revealed that no significant signs of toxicity were related to gug-
gulsterone. Guggulsterone might reverse doxorubicin resistance in vivo, without
severe side effect [104].

Co-administration of guggulsterone increased chemosensitivity of imatinib-
resistant K562 cells (K562/IMA) to imatinib compared with imatinib treatment
alone. Guggulsterone induced apoptosis by inhibiting COX-2 and PGE2 and
downregulating P-gp expression [106].

12 Biological Activities of Guggulsterone
in Animal Models

12.1 Hypolipidemic Effects

A primary study reported that administration of gum guggul lowered serum
cholesterol levels in hypercholesterolemic rabbits. Hypercholesterolemia was
induced in male albino rabbits by the administration of cholesterol (500 mg/kg
body weight). The experimental group was fed gum guggul 2 g/kg body weight
daily for 6 weeks. In both the control and experimental cholesterol treated groups,
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an increase in serum and tissue cholesterol level was observed; however, the gum
guggul-treated group exhibited significantly lower serum and liver cholesterol
levels. In this study, a significant decrease in the body weight of the rabbits fed gum
guggul was observed [77]. However, an effect of guggul on triglyceride was not
shown in this study.

Another experiment showed that treatment with guggulsterone (25 mg/kg body
weight for 10 days) resulted in a 27 % decrease of serum cholesterol and a 31 %
decrease in serum triglyceride levels in rats. In the same study, membranes prepared
from the livers of guggulsterone-treated rats exhibited up to an 87 % increase in
binding sites [91]. Guggulsterone treatment improved fasting blood glucose, glu-
cose tolerance, plasma insulin level, level of harmful lipid (total, low-density
lipoprotein [LDL], very low-density lipoprotein [VLDL] cholesterol, and triglyc-
eride), expression profiles of various genes involved in lipid metabolism in
high-fat-diet-fed mice [80]. The hypolipidemic effect of guggul has been reported in
several other animal models, including chicken [7], Indian domestic pig [39],
Presbytis monkey [23], and albino rat [48].

Guggulsterone treatment decreased hepatic cholesterol in wild-type mice fed a
high-cholesterol diet but was not effective in FXR-null mice. The inhibition of FXR
activation is the basis for the cholesterol-lowering activity of guggulsterone [97].

Gugulipid treatment in rats lowered serum triglyceride and increased HDL
levels. Guggulsterone is considered as a novel class of FXR ligand characterized by
antagonist activities in coactivator association assays but with the ability to enhance
the action of agonists on BSEP expression in vivo (Fisher rats) [17].

12.2 Diabetes Mellitus

Treatment with guggulsterone improved fasting blood glucose, glucose tolerance,
plasma insulin level, level of harmful lipids, expression profiles of various genes
involved in carbohydrate, and lipid metabolism (phosphoenol pyruvate carboxyk-
inase, glucose-6-phosphatase, glucose transporter-4, PPARc, and TNF-a) in
high-fat-diet-fed mice. Guggulsterone also attenuated reductions in pancreatic
b-cell size, increases in adipocytes, steatosis of the liver in high-fat-diet-fed mice.
Guggulsterone had both hypoglycemic and hypolipidemic effects that can help to
treat type 2 diabetes [80]. In addition, gugulipid (20 g/kg diet) improved glucose
tolerance in female Lep(ob)/Lep(ob) mice [16].

12.3 Thyroid Stimulatory Effects

Guggulsterone showed a strong thyroid stimulatory action when administered to
albino rats. Its administration (1 mg/100 g body weight) brought about an increase
in iodine uptake by the thyroid and enhanced activities by thyroid peroxidase and
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protease as well as oxygen consumption by isolated slices of liver and biceps
muscle [94]. The thyroid was not stimulated by guggulsterone through pituitary
activation in rats pretreated with carbimazole (10 mg/kg body weight) [95].

12.4 Cardiovascular Protection

Treatment with guggulsterone (50 mg/kg body weight orally [p.o.] for 5 days)
showed a marked protective effect on cardiac enzymes and the P450 system against
myocardial necrosis induced by isoproterenol in rats [37]. Treatment with both
isomers of guggulsterone (50 mg/kg body weight p.o.) protected against cardiac
damage induced by isoproterenol as assessed by the reversal of blood and heart
biochemical parameters in rats [10].

Commiphora mukul (100, 200 and 400 mg/kg body weight p.o. for 30 days) was
administered. On the 29th and 30th days, animals in the isoprenaline control and
Commiphora mukul pretreatment groups were administered isoprenaline (85 mg/kg
subcutaneously [s.c.]), consecutively at an interval of 24 h. Commiphora mukul
pretreatment reversed the isoprenaline-induced oxidative changes in the rat myo-
cardium. Furthermore, histopathological examination showed a reduction in
necrosis, edema, and inflammation after Commiphora mukul pretreatment [68].

Guggulsterone or siRNA-mediated silencing of endogenous FXR reduced
post-ischemic myocardial apoptosis in a murine model of myocardial
ischemia/reperfusion injury [72].

In addition, guggulsterone inhibited tissue factor activity and photochemical
injury induced by thrombotic occlusion of the carotid artery in mice. These findings
indicated that guggulsterone may be a novel therapeutic option for the prevention of
thrombosis [26].

13 Hepatoprotective Effects

High-dose guggulsterone (50 mg/kg in 5 % dextrose [0.1 ml] by gavage 5 days per
week for 5 weeks) decreased the extent of collagen deposition and the percentage
of activated hepatic stellate cells undergoing apoptosis in liver fibrosis model mice
(thioacetamine 200 mg/kg body weight 3 times per week for 6 weeks). This sug-
gests that guggulsterone may be useful as an antifibrotic agent in chronic liver
diseases [40].
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13.1 Inflammatory Bowel Disease

Several animal studies have been reported to show the potential of guggulsterone as
a therapeutic option for inflammatory bowel disease.

Administration of guggulsterone significantly reduced the severity of dextran
sulfate sodium (DSS)-induced murine colitis as assessed by clinical disease activity
score, colon length, and histology. Furthermore, tissue upregulation of IjB and
IKK phosphorylation induced by DSS was attenuated in guggulsterone-treated mice
[13].

E-guggulsterone effectively attenuated the severity of wasting disease, fecal
score, and colon inflammation in murine colitis induced by trinitro-benzene sulfonic
acid and oxazolone [52].

In addition, GG-52 blocked and attenuated DSS-induced acute murine colitis
and in an IL-10−/− mouse model chronic colitis [36, 44]. Both GG-52 and gug-
gulsterone are potential therapeutic agents for inflammatory bowel disease.

13.2 Pancreatitis

In an analysis of pancreatitis, guggulsterone was administered (10, 25, or 50 mg/kg
body weight intraperitoneal [i.p.]) 1 h before the first cerulein treatment (50 mg/kg
body weight i.p. hourly for 6 h). Mice were sacrificed 6 h after the final cerulein
injection. Pretreatment with guggulsterone attenuated cerulein-induced histological
damage, reduced pancreas weight/body weight ratio, decreased serum lipase levels,
inhibited infiltrations of macrophages and neutrophils, and suppressed cytokine
production. In addition, guggulsterone treatment suppressed the activation of ERK
and JNK in the pancreas in cerulein-induced pancreatitis. In conclusion, our results
suggested that guggulsterone could attenuate pancreatitis via inactivation of ERK
and JNK [41].

13.3 Arthritis

Guggul administration (500 mg/kg body weight daily p.o. for 5 months) decreased
the thickness of the joint swelling during the course of drug treatment. These results
indicated the beneficial role of guggul in experimental rabbit arthritis resembling
rheumatoid arthritis in humans [81].
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13.4 Neuroprotective Effects

Gugulipid (12.5, 25, and 50 mg/kg, p.o.) showed dose-dependent improvements in
scopolamine-induced deficits in a passive avoidance test. Intracerebral (i.c.) injec-
tions of streptozotocin (0.5 mg/kg, 1st and 3rd day) caused murine dementia. Pre-
and post-treatment against streptozotocin (i.c.) with gugulipid (50 mg/kg, p.o.)
significantly attenuated memory deficit and dementia activity, respectively.
Gugulipid treatment caused significant decreases in AChE activity compared with
vehicle administration in streptozotocin (i.c.)-treated mice. The study demonstrated
that gugulipid had a significant protective affect against streptozotocin-induced
memory deficits in a model of dementia that can be attributed to the antioxidant and
anti-AChE activity of gugulipid. These observations suggested gugulipid as a
potential anti-dementia drug [78].

13.5 Uveitis

EIU was induced by subcutaneous injection of LPS (150 mg) into rats treated with
guggulsterone (30 mg/kg body weight i.p.) or control. After 24 h, the rats were
sacrificed, eyes were enucleated, and aqueous humor was collected. The expression
levels of MMP-2, iNOS, COX-2, phospho-IjB, and phospho-NF-jB were deter-
mined immunohistochemically. Compared with the control, the EIU rat eye
aqueous humor had a significantly higher number of infiltrating cells and inflam-
matory markers, such as MMP-2, NO, and PGE2, and treatment with guggulsterone
prevented EIU-induced increases. Guggulsterone also prevented the expression of
MMP-2, iNOS, and COX-2 proteins and of IjB and NF-jB in various eye tissues.
These results suggested that the supplementation of guggulsterone could be a novel
approach for the treatment of ocular inflammation [35].

13.6 Anticancer Effects

In a xenograft model of HNSCCs, guggulsterone treatment resulted in increased
apoptosis and decreased expression of STAT3. In vivo treatment with gugulipid
resulted in decreased rates of tumor growth and enhancement of cetuximab activity
[51].

Gastroesophageal reflux is a risk factor for esophageal adenocarcinoma, and bile
acids and their receptor, FXR, have been implicated in esophageal tumorigenesis.
Inhibition of FXR by FXR shRNA or guggulsterone suppressed esophageal cancer
cell (SKGT-4) viability and induced apoptosis in vitro and reduced tumor formation
and growth in nude mouse xenografts [30].
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Guggulsterone reduced the size of colon cancer cell (HT-29) xenograft tumors in
guggulsterone-treated mice more than tumors in control mice [6].

The combination of guggulsterone with gemcitabine enhanced antitumor effi-
cacy through apoptosis in a pancreatic cancer cell (MiaPaCa-2) xenograft model
using nude mice [3].

Oral gavage of guggulsterone significantly retarded the growth of prostate cancer
cell (PC-3) xenografts in athymic mice without causing weight loss or any other
side effects. The guggulsterone-induced apoptosis was associated with downregu-
lation of ATP citrate lyase/Akt signaling [25].

When doxorubicin and guggulsterone were co-administrated, their antitumor
activities were augmented in MCF-7/DOX xenografts. Examining body weight,
hematological parameters, and hepatic, cardiac, and gastrointestinal tract
histopathology revealed that no significant signs of toxicity were related to gug-
gulsterone. Guggulsterone might reverse doxorubicin resistance in vivo with no
severe side effects [104].

14 Biological Activities of Guggulsterone in Humans

14.1 Hypolipidemic Effects

Several clinical trials have been conducted to evaluate the hypolipidemic effect of
gum guggul, gugulipid, ethyl acetate extract, ether soluble fraction of guggul and
guggulsterone. Although most of these studies have shown that guggul lowers
serum cholesterol and triglycerides, some studies failed to show hypolipidemic
effects. These variations in outcomes remain unexplained.

A clinical trial was reported in 1971 that the ether extract (fraction A) of gum
guggul (0.5 g daily) was given to 20 patients with elevated lipid levels for
12 weeks. Serum cholesterol, triglyceride, and phospholipid levels were lowered by
27, 29, and 18 %, respectively [59]. In one double-blind randomized controlled
study in obese subjects, gum guggul extract (1 g twice daily) was given to obese
patients for 3 weeks. The study showed reduced serum lipid levels in hyperlipi-
demic subjects [47].

Treatment with gum guggul (3 g three times daily) and fraction A (0.5 g daily)
for 21 days decreased serum lipid levels in hypercholesterolemic and hyperlipi-
demic patients but not in obese hyperlipidemic patients. When the study was
repeated with obese subjects, guggul extract significantly reduced the serum lipid
levels in hyperlipidemic non-obese patients; however, the hypolipidemic effects
were not observed in obese subjects [96]. In 13 of 22 patients with hyperlipidemia,
administration of gugulipid (0.5 g 3 times daily for 6 weeks) also lowered the
serum cholesterol levels by 25 % and serum triglyceride levels by 25 % [29].
Another double-blind randomized controlled study in 10 healthy subjects fed
guggulsterone (25 mg daily for 8 weeks) showed a significant decrease in total
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serum cholesterol levels [27]. It was found that total cholesterol and triglyceride
levels were decreased by 22 and 27 %, respectively, and HDL-cholesterol level was
increased by 36 % in 40 patients suffering from hyperlipidemia received gum
guggul (4.5 g daily 16 weeks) [98].

In the largest multicenter clinical trial and a double-blind crossover study, the
efficacy of gugulipid alongside clofibrate was tested. In total, 205 subjects com-
pleted a 12-week open trial receiving gugulipid (0.5 g daily) or placebo following
an 8-week diet. Gugulipid reduced serum cholesterol and triglyceride levels in 70–
80 % of the subjects. Average reductions in the levels of serum cholesterol and
triglycerides with gugulipid treatment were 11 and 16.8 %, respectively.
Hypercholesterolemic patients responded better to gugulipid than hypertriglyceri-
demic patients who responded better to clofibrate therapy. In mixed hyperlipidemic
patients, the response to both drugs was similar. HDL level increased in 60 % of
cases who responded to gugulipid therapy; however, clofibrate had no effect on
HDL [96]. The first study was published in Western medical literature. In another
randomized, double-blind study, 61 patients with hypercholesterolemia divided into
two groups received either gugulipid (50 mg twice daily) or placebo for 24 weeks
after a low-fat diet with fruits and vegetables for 12 weeks prior to the treatment.
Treatment with gugulipid decreased total cholesterol levels by 11.7 %, LDL by
12.5 %, triglycerides by 12.0 %, and total cholesterol/HDL ratio by 11.1 % from
the post-diet levels, whereas the levels were unchanged in the placebo
group. HDL-cholesterol levels showed no changes in the two groups. After a
12-week washout period, subjects treated with gugulipid exhibited substantial
increases in total cholesterol by 6.5 %, LDL by 6.6 %, and triglyceride by 7.7 %,
whereas such increases were not observed in the placebo group [96].

The first clinical trial in the USA, a double-blind, randomized,
placebo-controlled trial, was carried out with 103 healthy adults with hyperc-
holesterolemia to evaluate the short-term efficacy of gugulipid in a Western pop-
ulation. The subjects received an oral dose of 1 g or 2 g gugulipid or placebo 3
times daily for 8 weeks. The study reported no significant changes in the levels of
total serum cholesterol, HDL, VLDL, or triglyceride following the treatment. In this
study, only 18 % of subjects showed a 5 % decrease in LDL. In total, 45 subjects
with high baseline LDL levels who received 2 g or 1 g gugulipid showed 14 and
10 % reductions in serum triglyceride, respectively [92]. The double-blind, ran-
domized, placebo-controlled study in Norwegian subjects was carried out to eval-
uate the efficacy of guggul extract on healthy adults with moderately increased
cholesterol. Thirty-four subjects randomized into two groups received 2160 mg
guggul or placebo for 12 weeks. After 12 weeks, mean levels of total cholesterol
and HDL in the active-treatment group were reduced compared with the placebo
group. However, the mean levels of LDL, triglycerides, and total cholesterol/HDL
ratio between the two groups did not change significantly [67].

The differences in study outcomes may be attributed to differences in ethnic and
genetic backgrounds, dietary habits, lifestyle, and the kinds of guggul extract
examined.
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14.2 Arthritis

Thirty male and female participants with arthritis were administered gum guggul in
capsule form (500 mg concentrated) along with food. On the primary measure, the
Western Ontario and MacMaster Osteoarthritis Index total score, participants
showed significant improvement (p < 0.0001) after taking the supplement for
1 month and continued to improve at the 2-month marker and follow-up. There
were no side effects reported during the trial. Gum guggul appeared to be a rela-
tively safe and effective supplement to reduce the symptoms of osteoarthritis [88].

14.3 Nodulocystic Acne

Twenty patients with nodulocystic acne were randomly allocated to one of two
treatment schedules tetracycline (500 mg) or gugulipid (equivalent to 25 mg gug-
gulsterone). Both were taken twice daily for 3 months, and gugulipid and tetra-
cycline reduced inflammatory lesions by 65.2 and 68 %, respectively; this
difference was not statistically significant (p > 0.05). Follow-up at 3 months
showed a relapse in 4 cases on tetracycline and 2 cases on gugulipid. An interesting
observation was that the patients with oily faces responded remarkably better to
gugulipid [93].

15 Conclusion

According to the indications of guggul for various disorders in the ancient
Ayurveda and the recent accumulation of data provided by in vitro experiments,
guggulsterone seems to have multiple pharmacological activities, especially
hypolipidemic, anti-inflammatory, and anti-tumor effects. Although some animal
models and clinical trials showed the hypolipidemic effects of guggulsterone, other
clinical studies did not confirm these hypolipidemic effects. The variations among
results of these clinical trials could be attributed to the differences in study design,
sample size, subject population, dose, and the kind of guggul extract. Larger and
well-designed clinical studies are necessary to demonstrate the efficacy of gug-
gulsterone in hypolipidemic therapy as well as to find a biomarker for the selection
of guggulsterone therapy responders.

In contrast to a certain amount of clinical trials on its hypolipidemic effect, there
have been few clinical trials in anti-inflammation or anti-tumor effects of guggul-
sterone. Further studies, including clinical trials, are required to confirm the clinical
usefulness of guggulsterone. However, numerous studies have demonstrated that
guggulsterone modulates several transcription factors, enzymes, cytokines, and
anti-apoptotic proteins that are involved in inflammation and carcinogenesis. These
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studies strongly suggest that guggulsterone has substantial potential as a chemo-
preventive and therapeutic agent against inflammation and tumors.
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Deguelin and Its Role in Chronic Diseases

Jonathan Boyd and Alice Han

Abstract Deguelin is one of four major naturally occurring rotenoids isolated from
root extracts and is best recognized as a NADH: ubiquinone oxidoreductase
(complex I) inhibitor, resulting in significant alterations in mitochondrial function.
Deguelin has also been implicated as a regulator of apoptosis through signaling
pathways, such as the (PI3K)/Akt pathway, as well as an initiator of cell cycle
arrest. Consequently, this compound has accrued great interest as a potential
chemopreventive and chemotherapeutic. Additionally, deguelin exposure has been
linked to Parkinson’s disease (PD). PD is a neurodegenerative disorder, charac-
terized by a substantial loss of dopaminergic neurons in the substantia nigra, as well
the manifestation of symptoms such as bradykinesia, rigidity, and rest tremor.
While exploring the genetic impact of PD is imperative, environmental factors, such
as exposure to pesticides, herbicides, and insecticides, have also been connected to
the development of PD. The etiology and pathogenesis of PD are yet to be fully
understood and elucidated, but mitochondrial dysfunction is gaining recognition as
a molecular hallmark of PD. In fact, deguelin has been reported to elicit PD-like
symptoms (degeneration of the dopaminergic pathway) in rats administered with
deguelin (6 mg/kg/day for 6 days), possibly through the inhibition of mitochondrial
complex I. Further research investigating the mechanisms by which deguelin
inhibits central cellular processes is essential in order to advance any prospective
research addressing potential applications and risks of deguelin.
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1 Introduction

Deguelin (Fig. 1) is one of four major naturally produced rotenoids isolated from
Cubé resin, a root extract from plant species such as Lonchocarpus utilis and
Lonchocarpus urucu [16]. Cubé resin has been applied as an insecticide, acaricide,
and piscicide [40, 47] and additionally has been investigated for potential use as a
chemotherapeutic [37] and chemopreventive [26], but has also been investigated for
its potential toxicological threat [19]. Deguelin research was first published in 1930,
investigating the insecticidal potencies of components derived from root extracts
[13]. Since then, a tremendous increase in information describing how it affects
central cellular processes has been reported. For instance, deguelin has most
recently been implicated in the disruption of cell growth [3] and the suppression of
select proteins [39]. In this chapter, we will present known physicochemical
properties of deguelin, discuss pertinent cell signaling pathways, identify certain
diseases associated with deguelin, and highlight central responses in both animal
models and humans.

2 Physicochemical Properties of Deguelin

Several pertinent physicochemical properties of deguelin have been determined,
providing the necessary information to appropriately conduct experiments and
interpret data. Known information retrieved from the PubChem Compound data-
base is presented in Table 1. There is, however, a serious lack of accessible data
detailing the physical and chemical properties of deguelin. For instance, boiling
point, flammability, relative density, water solubility, viscosity, and oxidizing
properties are all fundamental data that cannot be found in any Material Safety Data
Sheet. There are also cases of inconsistent data: For instance, the melting point of
deguelin, directly extracted from a root, was reported as 171 °C in a publication

Fig. 1 Deguelin, also known as (7aS,13aS)-13,13a-dihydro-9,10-dimethoxy-3,3-dimethyl-3H-bis
[1]benzopyrano [3,4-b:6′,5′-3]pyran-7(7aH)-one, can be found in derris roots and possesses
potential chemotherapeutic properties for its ability to inhibit cellular processes involved in cell
proliferation
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from 1931 [10] and has been listed as so in many documents. In other sources,
however, the melting point has been reported to range between 85 and 87 °C
(Sigma Aldrich, MSDS [15]). The observed discrepancy may be due to differences
between a synthesized product and a natural extracted product, but there is currently
no provided clarification. Regardless of the reasons behind inconsistent and lacking
data, it is clear that not only is there limited information on the physicochemical
properties of deguelin, but great caution must be taken in acquiring appropriate
values.

3 Modulation of Cell Signaling Pathways by Deguelin

3.1 Apoptosis and Cell Cycle Arrest

Apoptosis initiated by deguelin exposure is a mechanism that has been investigated
at length for its potential application as a chemotherapeutic and chemopreventive.
Significant signaling pathways have been identified and implicated as key features
in the induction of cell death. First, the phosphatidylinositol 3-kinase (PI3K)/Akt
pathway has been identified in multiple cells lines and tissue types to possess a key
role in apoptosis triggered by deguelin. The (PI3K)/Akt pathway is involved in a
wide array of cellular processes regulating cell proliferation, apoptosis, metabolism,
survival, angiogenesis, transcription, and protein synthesis [20]. Activation of Akt,
prompted by phosphorylation at Thr308 and Ser473, can promote cell survival

Table 1 Physical and chemical properties of deguelin from the PubChem Compound database

Molecular weight 394.41718 g/mol

Molecular formula C23H22O6

Log P value 3.7

Hydrogen bond donor count 0

Hydrogen bond acceptor count 6

Rotatable bond count 2

Topological polar surface area 63.2 A2

Heavy atom count 29

Formal charge 0

Isotope atom count 0

Defined atom stereocenter count 2

Undefined atom stereocenter count 0

Defined bond stereocenter count 0

Undefined bond stereocenter count 0

Covalently bonded unit count 1

National Center for Biotechnology Information. PubChem Compound database; CID = 107,935,
https://pubchem.ncbi.nlm.nih.gov/compound/107935 (accessed Nov. 16, 2015)
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through direct inhibition of pro-apoptotic proteins or by stimulating pro-survival
pathways through activation of NF-jB [33]. (PI3K)/Akt pathway-dependent
apoptosis, following deguelin exposures ranging from 0.001 to 20 µM, has been
confirmed in many different cell lines, such as malignant human bronchial epithelial
[9], metastatic mammary gland [8], and gastric carcinoma cell lines [29].
A conserved decrease in Akt expression or activation (through phosphorylation),
coupled with the presence of apoptosis indicators (caspases, pro-apoptotic factors,
DNA fragmentation, apoptotic morphology, phosphatidylserine translocation) was
observed in those studies, further offering evidence that deguelin causes Akt
pathway-mediated apoptosis. While Akt appears to be a central hub in regulating
cell death, upstream and downstream events that ultimately lead to apoptosis are
slowly being elucidated. For instance, a recent study discovered 1.0–10 µM
deguelin results in apoptosis via insulin-like growth factor (IGF-1)- and epidermal
growth factor (EGF)-induced Akt activation [1]. Heat-shock protein (Hsp90), which
is known to assist with proper function and stabilization of many proteins (in-
cluding Akt), was also suppressed in H1299 lung cancer cells when dosed with
100 nM deguelin [42]. Proteins downstream of Akt, such as NF-jB in colon cancer
cell lines [25] and phosphorylation of Glycogen synthase kinase-3 b/b-catenin
(GSK-3b/b-catenin) in prostate cancer cells [46], were additionally downregulated,
following 50–300 and 50–100 nM deguelin exposure, respectively.

In addition to inducing apoptosis, deguelin may also initiate a concurrent process
of cell cycle arrest. In fact, cell arrest at all cell cycle phases and checkpoints have
been observed, but have varied depending on the cell type. Cell arrest in the G1/S
phase was detected in colon cancer cells through analysis of regulatory protein
expression: Levels of cyclin E, which is characteristically expressed in the G1/S
phase transition, were significantly reduced upon exposure to 1 µM deguelin [37].
Cells were also found to be arrested in both G1/S and G2/M phases, evidenced by a
downregulation in cyclin D1, P21, and pRb in lymphoma cells after 20–160 nM
exposure to deguelin [52]. Other studies have found cell proliferation inhibition of
breast cancer cells after 1 µM treatments of deguelin via cell arrest at the S phase
[36]. It is evident that cell cycle arrest is a significant response to deguelin exposure,
but the mechanism has yet to be fully understood.

3.2 Mitochondrial Complex I Inhibition

Deguelin is actually classically categorized as a NADH: ubiquinone oxidoreductase
(complex I) inhibitor and therefore is anticipated to affect mitochondrial activity or
induce dysfunction. Mitochondrial complex I is an essential component of the
electron transport chain (ETC) that functions to pass electrons from NADH to
ubiquinone, while concurrently transferring protons across the inner mitochondrial
membrane [43]. Inhibition of complex I and the consequent disruption of processes
regulating electron and proton movement can be detrimental to the cell: The most
apparent outcome is the discontinued production of adenosine triphosphate (ATP),
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one of the most fundamental biomolecules and energy sources involved in regu-
lating cellular processes. The mechanism by which deguelin inhibits complex I is
uncertain, but rotenone, a similarly structured complex I inhibitor, is believed to
bind to the piericidin A and the capsaicin site of the complex [43]. NADH: ubi-
quinone oxidoreductase inhibition is also associated with the obstruction of orni-
thine decarboxylase (ODC) activity, which is closely involved in cell proliferation
and tumor promotion processes [16]. As expected, in the presence of deguelin and
similar rotenoid analogs, both NADH: ubiquinone oxidoreductase and ODC
activity have been observed to significantly decrease [5]. The reduction in ODC
activity may also be attributed to the loss of mitochondrial energetics, as a result of
arrested ATP production due to an inhibited complex I [18].

In altering mitochondrial function through inhibition of complex I, a number of
adverse outcomes are expected to occur. For instance, studies have shown
dose-dependent (1.0–100 µM) decreases in oxygen consumption [50] and
time-dependent decreases in ATP levels, as well increases in the ADP/ATP ratio,
after dosing with 100 nM deguelin [24]. As the availability of ATP is reduced,
some cells (especially cancerous cells) can survive by utilizing aerobic glycolysis,
instead of oxidative phosphorylation to replenish ATP stores [51]. Under hypoxic
conditions, or in the absence of oxygen, many cells may be prompted to undergo
apoptosis if aerobic glycolysis is not a viable option. Changes in post-translational
phosphorylation are additional potential outcomes from deguelin exposure resulting
from the cell’s decision to initiate pro-apoptotic or cell survival signaling cascades.
In one study, Vrana et al. [50] examined phosphorylation responses of proteins
closely associated with cell death or survival signaling pathways, such as Akt,
ERK1/2, JNK, p38MAPK, HSP27, IjBa, p53, and p90RSK. They found that
relative p38MAPK phosphorylation was significantly increased over a wide dosing
range of deguelin (0.1–10 µM), while oxygen consumption was decreased for
similar dosing ranges in hepatocellular carcinoma cells. When p38MAPK phos-
phorylation was inhibited by co-exposing cells with deguelin and SB202190 (a p38
MAPK inhibitor), oxygen consumption levels were relatively increased compared
to levels found when only deguelin was present. These results indicated p38MAPK
possesses a significant role in mediating one of the adverse effects of deguelin
exposure.

3.3 Reactive Oxygen Species and Oxidative Stress

The mitochondria is one of the major sites of reactive oxygen species (ROS)
production. ROS were initially believed to be harmful byproducts of aerobic pro-
cesses, but are now recognized as central features in cellular signaling [35].
Complex I inhibitors have been associated with an increase in ROS concentrations
[31]. In some cases, electrons that leak from this complex can ultimately reduce
oxygen and form superoxide anions [17]. In addition, ROS can be produced from
complex I by NADH dehydrogenase found in the matrix side of the inner
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membrane [7]. It has also been postulated that the levels and relative ratios of
NADH and NAD+ regulate the formation of ROS: Lower concentrations of NAD+
have been linked to increased superoxide production [27]. When complex I is
inhibited, the transfer of electron from NADH to ubiquinone is prohibited and NAD
+ concentration decreases, raising the likelihood of ROS production and subse-
quently causing cellular oxidative stress. In accordance with what is known about
complex I inhibition, studies have shown increased ROS production upon exposure
to deguelin. For instance, ROS concentrations, such as intracellular hydrogen
peroxide, have been observed to increase in H1299 cells, a human lung carcinoma
cell line after exposure to 100 nM deguelin [42].

3.4 Cytokines

Functioning as key contributors of cellular signaling, cytokines are known to be
indispensably involved in vital mechanisms, such as cell proliferation. Their role in
the cellular response to deguelin has been briefly addressed, highlighting growth
factor cytokines as key contributors of inhibited cell growth. Kang et al. [25]
determined that interleukin-8 (IL-8) expression was significantly decreased in colon
cancer cells, following 50 and 300 nM deguelin exposures, and discussed that this
decrease may be a resulting effect of the inhibition of NF-jB by deguelin. Inhibition
of NF-jB is clearly known to be associated with deguelin-induced apoptosis [3]
and the subsequent inhibition of IL-8 may be another step in the signaling cascade
which ultimately leads to cell death. In fact, IL-8 is well known to be a crucial
mediator of cell survival and proliferation [30].

4 Role of Deguelin in Chronic Diseases

4.1 Parkinson’s Disease Overview

To date, the only disease that has been associated with deguelin exposure is
Parkinson’s disease (PD). PD is a neurodegenerative disorder, which is character-
ized by a substantial loss of dopaminergic neurons in the substantia nigra, along
with the manifestation of symptoms such as bradykinesia, rigidity, and rest tremor
[14]. While a genetic role of the onset of PD has been explored (identifying certain
associated genetic mutations) [2], environmental factors, such as exposure to pes-
ticides, herbicides, and insecticides, have also been linked to the development of
PD [44, 49]. In some cases, traces of insecticides or pesticides have been found in
postmortem brains [11] and in the serum of individuals afflicted with PD [45]. In
actuality, most instances of PD are classified as sporadic, while familial, or
hereditary cases are very rare [38].
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4.2 Molecular Features of Parkinson’s Disease

PD is associated with the death of different types of neurons, but the greatest loss is
observed with dopaminergic neurons. The reduction of neurons results in a sig-
nificant decrease in dopamine levels, which is thought to be responsible for the
development of symptoms related to motor control, such as bradykinesia or tre-
mors. The formation of Lewy bodies (LB), or abnormal aggregates of protein that
develop inside nerve cells, is also a standard indication of a deteriorating brain.
Cellular mutations that directly initiate abnormal protein folding or inhibit the
ability of the cell to detect and degrade misfolded proteins may be involved in the
loss of dopaminergic neurons. It is, however, unknown whether the formation of
LBs is a protective mechanism or further promotes neurodegeneration [12].

4.3 Mitochondrial Dysfunction

The etiology and pathogenesis of PD are still unclear, but mitochondrial dysfunc-
tion is gaining recognition as molecular hallmark of PD. One of the first reported
cases of PD caused by mitochondrial dysfunction was described in the 1980s:
Young drug abusers injected themselves with an opiate MPPP (1-methyl-4-phenyl-
4-propionoxypiperidine) and started to exhibit signs of PD. It was revealed that a
byproduct of the synthesized drug, MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine), was responsible for the development of PD-like symptoms
[28] and subsequent studies discovered that MPTP inhibits mitochondrial respira-
tion at complex I of the ETC [41]. Presently, MPTP is one of the neurotoxins used
to model PD in animal studies. These findings suggest that any substance which
behaves like MPTP can potentially contribute to the onset of PD [38]. For instance,
deguelin is a well-known complex I inhibitor and has been reported to elicit PD-like
symptoms in rats administered with deguelin (6 mg/kg/day for 6 days) [6]. Caboni
et al., observed degeneration of the dopaminergic pathway in the substantia nigra,
in the form of reduced tyrosine hydroxylase immunoreactivity.

4.4 Deguelin and Cancer

While deguelin does not promote the development of cancer, there is a prominent
association between deguelin exposure and cancerous diseases. Deguelin is known
to possess anticancer properties through the inhibition of central cellular metabolic
processes [50], coupled with the activation of pro-apoptotic mechanisms [8]. The
exact science behind how deguelin acts to inhibit cancer growth and destroy
cancerous cells is yet to be clearly defined, but many animal and human model
studies have observed the promising effects of deguelin as an anticancer agent.
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These findings are presented in the subsequent sections of this chapter, Biological
activities of Deguelin in animal models and Biological activities of Deguelin in
humans.

5 Biological Activities of Deguelin in Animal Models

5.1 Pharmacokinetic Properties in Animals

Pharmacokinetic properties describe how a compound is absorbed, distributed,
metabolized, and excreted. These values are important in assessing the potential
toxicity of a compound and it metabolites, evaluating the efficacy and risks of a
drug, or even determining the appropriate dosage of a drug. Presently, the following
pharmacokinetic properties of deguelin have been determined in female Sprague
Dawley rats [48]. It is important to note that all of the listed values are reported
from one study that used a very specific set of conditions to investigate initial
pharmacokinetics of deguelin. Briefly, Udeani et al. administered single doses of
0.25 mg/kg (intravenous) or 4 mg/kg (intragastric) of deguelin to female Sprague
Dawley rats and monitored them for a maximum of 5 days. There are currently no
other publications that have examined pharmacokinetic properties of deguelin at
any other conditions or exposure concentrations in a live model. There are many
in vivo and in vitro studies that identify cell type- and concentration-dependent
responses, but complete analyses from exposure to excretion are limited.

The following pharmacokinetic parameters were identified by Udeani et al.:
Mean residence time (MRT)—6.98 h; terminal half-life—9.26 h; area under the
curve (AUC)—57.3 ng h/mL; total clearance (Cl)—4.37 l/h/kg; volume of distri-
bution—3.421 l/kg; volume of distribution (at steady state)—30.46 l/kg. Brief
descriptions of each pharmacokinetic parameter are listed in Table 2. It was also
discovered that following an intragastric administration of deguelin, approximately
58.1 and 14.4 % were eliminated through feces and urine, respectively. The
remaining percentage of deguelin is assumed to be distributed in tissues, such as the
heart, liver, lung, kidney, brain, and colon [48].

5.2 Toxicological Properties in Animal Models

Toxicological properties, also referred to as health hazard information, describe all
issues related to the potential toxicity of a chemical or substance. This dataset can
address acute and chronic toxicity, skin corrosion/irritation, eye damage/irritation,
respiratory or skin sensitization, germ cell mutagenicity, carcinogenicity, repro-
ductive toxicity, specific target organ toxicity—single/repeated exposure, aspiration
hazards, and symptoms of various routes of exposure. Unfortunately, the general
consensus is that the current available data concerning deguelin toxicity are
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insufficient to define all issues listed above. There are, however, a few pieces of
useful toxicity data: The lethal dose, which eliminates 50 % of the population
(LD50), is reported as 300, 3200, and 980 mg/kg for the mouse, rabbit, and rat,
respectively. These distinctly different LD50 values among three different species
convey the importance of understanding intraspecies variability. Caution must be
taken in comparing results, especially when different animal models are involved.

5.3 Deguelin as a Chemotherapeutic
and Chemopreventive in Animal Models

Many studies on deguelin have focused on the potential chemotherapeutic and
chemopreventive applications. Both animal in vitro and in vivo investigations have
revealed deguelin to be a promising candidate for reducing tumor sizes and
inhibiting growth. For instance, 2 mg/kg deguelin treatment drastically inhibited the
growth of murine mammary cancer cells in mice and no additional indications of
cytotoxicity were observed, demonstrating the effectiveness, yet nontoxic nature of
deguelin, at the dose used in the study [34]. In vitro studies assess the effectiveness
of deguelin by measuring the extent of apoptosis or cell proliferation inhibition. Li
et al. [32] found deguelin induced a time (24–72 h)- and dose (0–2000 ng/mL)-
dependent decrease in cell proliferation in murine myeloma cells, coupled with
decreased levels of Akt phosphorylation and upregulation of pro-apoptotic factors.
A myriad of other studies in animal models demonstrating the effectiveness of
deguelin as a chemotherapeutic in different cell types and of distinct growth
abnormalities warrants further investigation of deguelin as a potential anticancer
agent [22, 23, 53].

Table 2 Definitions of pharmacokinetic parameters

Parameter Definition

Mean residence time
(MRT)

Amount of time compound stays in the body

Terminal half-life Time required for the plasma concentration to decrease by 50 %
during the elimination phase

Area under the curve An estimated exposure of the drug over time, after one administration
of the compound

Total clearance The removal of drug from a volume of plasma per time

Volume of
distribution

Theoretical plasma volume needed to contain the total amount of an
administered dose in the body

Volume of
distribution
(at steady state)

Accounts for the actual blood and tissue volume into which a drug is
administered and the relative binding of drug to proteins

Deguelin and Its Role in Chronic Diseases 371



6 Biological Activities of Deguelin in Humans

6.1 Toxicity in Humans

A thorough toxicity assessment of deguelin in humans, from the point of admin-
istration to excretion, has yet to be completed. There have, however, been reported
cases of vomiting, acute congestive cardiac failure, weak pulse, dilated pupils, and
even fatality after consumption of derris roots, which is high in concentration of
deguelin and rotenone [21]. How much of the toxicity was induced by solely
deguelin is unclear. Presently, researchers have concluded that deguelin has a rel-
atively nontoxic effect on human cell lines through results that demonstrate no
decreases in survival rates or increases in apoptosis in healthy, noncancerous cells,
after dosing with deguelin [4]. These findings are, of course, specific for the type of
cell line, the dose of deguelin administered, and the total time of exposure. There is
therefore no definitive threshold of toxicity in humans at this time.

6.2 Deguelin as a Chemotherapeutic
and Chemopreventive in Human Models

The majority of deguelin studies address its potential anticancer applications due to
its ability to inhibit several cellular processes that are involved in cell proliferation.
While deguelin has not been approved yet for clinical testing on human subjects, a
variety of different cancerous human cell lines have been assessed after treatment
with deguelin and have demonstrated promising chemotherapeutic results. Ranging
from human colon cancer cell lines [25] to malignant human bronchial epithelial
and non-small-cell lung cancer cell lines [26], a decrease in cell growth or an
increase in apoptosis is observed after dosing with deguelin concentrations ranging
from 50 to 300 nM. These studies offer justification to further investigate the
potential anticancer applications of deguelin.

7 Conclusions

Deguelin, while a naturally produced compound, has been reported to elicit adverse
effects in humans. In-depth investigations of this root extracted substance have
generated interest in using it for its anticancer properties: Deguelin has demon-
strated in a variety of both human and animal cancerous cell lines, as well as in vivo
animal models, the ability to inhibit cell proliferation and induce apoptosis.
Unfortunately, high doses of deguelin have also been associated with the devel-
opment of PD through the inhibition of mitochondrial complex I. Additional
research elucidating the mechanisms by which deguelin inhibits central cellular
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processes, as well as a detailed profiling of its toxicological effects, is required in
order to move forward with future research addressing potential applications and
risks of deguelin.
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Quercetin and Its Role in Chronic Diseases

Ganiyu Oboh, Ayokunle O. Ademosun and Opeyemi B. Ogunsuyi

Abstract Quercetin, a member of the flavonoid class of polyphenol, is one of the
most abundantly distributed flavonoids found in various food sources such as fruits,
vegetables, nuts, wine and seeds. Quercetin and quercetin-rich foods have been
reported to have wide range of health promoting effects, especially in the prevention
and management of several diseases; however, the subject of its solubility and
bioavailability has limited its use. This section will therefore, consider quercetin as
a food-rich flavonoid, the various food sources, the limitations in its use and new
approaches at improving its solubility and bioavailability. The therapeutic poten-
tials of quercetin at the prevention/management of some degenerative diseases such
as diabetes, hypertension and neurodegenerative diseases, as well as the underlying
biochemical mechanisms such as free radical scavenging and enzyme inhibition
will also be discussed.

Keywords Quercetin � Flavonoids � Bioavailability � Degenerative diseases �
Antioxidant

1 Quercetin; Abundance, Metabolism and Bioavailability

Our everyday diet often contain a wide variety of health promoting constituents
which has been linked to the prevention and management of many diseases.
Furthermore, data from epidemiological studies have provided useful information
on the relationship between increased intake of flavonoid rich diets and decreased
risk of chronic diseases including certain cancers [56]. Quercetin (3,3′,4′,5,7-
pentahydroxyflavone) (Fig. 1) is a flavonoid found ubiquitously in the form of a
glycoside in various vegetables, fruits, seeds, nuts, tea and red wine; it has
gained significant attention over the years for its potential antiproliferative,
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chemopreventive, anti-inflammatory, and anticarcinogenic activities and gene
expression-modulating potential [43]. Most often, research on flavonoids is inclined
towards quercetin (QUR). Nevertheless, studies have also shown that QUR has
potentially toxic effects such as its mutagenicity, pro-oxidant activity, mitochon-
drial toxicity, and inhibition of key enzymes involved in hormone metabolism [37].

The medicinal use of QUR has been greatly limited by its poor water solubility,
short biological half-life, and low oral bioavailability [28, 39]. The bioavailability
of QUR is greatly dependent on its metabolism in the gut and liver, and thereafter
distributed across the different animal tissues [9]. Therefore, efforts at increasing the
bioavailability of QUR has been largely on improving its solubility; nevertheless, it
relatively high molecular weight and melting point seams a major obstacle.
Consequently, since QUR glycosides are metabolized in the intestinal tracts [15], it
is believed that a novel delivery system could help improve the solubility and
hence, bioavailability of this flavonoid.

2 Quercetin and Oxidative Stress

Oxidative stress occurs as a consequent of an imbalance in the body antioxidant
defense mechanisms and free radical generation, often shifting to an excess of the
latter. Free radicals has been implicated in the pathogenesis and progression of
many diseases such as diabetes, atherosclerosis, hypertension, neurodegenerative
diseases, inflammation, erectile dysfunction, and cancer [67]. Therefore, dietary
antioxidant sources such as polyphenols which could augment the endogenous
antioxidant machineries have been well studied and reported as possible therapeutic
target for many of these diseases. Generally, flavonoid family of antioxidants
reduce the deleterious effects of free radicals by hydrogen atom transfer to stabilize
the radicals; a feature which has structure-function relationship [9]. QUR has been
well characterized for its antioxidant and free radical scavenging abilities. QUR is
one of the flavonoids with the most potent antioxidant properties by scavenging

Fig. 1 Structure of quercetin
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reactive oxygen species produced during normal cellular oxidative metabolism or
obtained from exogenous sources [43, 51]; as well as bind transition metal ions,
while being simultaneously oxidized to the unstable semiquinone radical [9].
Semiquinone radical is equally oxidized to quercetin quinone which reacts readily
with protein thiols and eliminated by conjugation with glutathione [49].
Nevertheless, the glycosylation of QUR reduces its antioxidant activities [9]. In
addition, depending on concentration, QUR can act as both antioxidant and
pro-oxidant. At low concentration (10–10 µM), QUR have shown protective effect
against DNA oxidative damage (in vitro) in human lymphocytes [68]. According to
a study by Spencer et al. [61], QUR at a concentration of up to 10 µM showed
protective effect against oxidative stress induced fibroblast damage while on the
contrary, cytotoxicity was observed at a concentration of 30 µM.

The structural aspect of free radical scavenging ability of QUR majorly hinges
on its 3-OH substituent [11] which has been associated with increased stability of
the flavonoid radical [9]. In addition, the catechol group is also responsible largely
for the ability of QUR to chelate transition metals and thus prevent their induction
of free radical induced cellular damage [43]. The mechanism by which QUR pre-
vents free radical induced cellular damage is multifaceted; one of such ways is by
direct free radicals scavenging [43]. By such radical scavenging ability, QUR is
able to inhibit the oxidation of LDL cholesterol and thus prevent the formation of
atherosclerotic plaques [38]. Furthermore, the ability of QUR to scavenge free
radicals can also be linked to reduction in ischemia-reperfusion injury via modifi-
cation of the endothelial nitric oxide system [58]. The endothelial cells produce NO
at physiological concentration for maintaining the dilation of the blood vessels via
the nitric oxide synthase system [30]. However, at higher concentration, NO can
react with superoxide free radicals to produce the highly reactive peroxynitrite [43].
Peroxynitrite is highly damaging and can react directly with many macromolecules
including LDL to produce an irreversible damage to cell membranes [43].
Therefore, QUR can act to protect such cellular damage by either scavenging the
superoxide radicals and thus prevent them from reacting with NO to produce
peroxynitrite and/or scavenge NO itself.

Free radicals also contribute to the pathogenesis of chronic inflammatory dis-
eases by activation of transcription factors which in turn induce the production of
pro-inflammatory cytokins [14]. However, it has been shown that QUR has the
potential to reduce inflammation by scavenge free radicals [9]. Furthermore, apart
from excessive free radicals generated endogenously, oxidative stress can also be
induced when exposed to exogenous sources of free radicals such as environmental
pollutants. For example, free radicals generated from cigarette smoke tar has been
reported to cause membrane damage in erythrocytes [9]. However, studies have
shown that quercetin aglycone and its conjugate metabolites (Quercetin -
3-O-b-glucuronide and Quercetin -3-O- b-glucoside) were able to prevent smoking
induced erythrocyte cell membrane damage [13].
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3 Quercetin and Neurodegenerative Diseases

Neurodegenerative diseases are group of chronic diseases characterized by pro-
gressive, selective and strategic decline in neuronal and cognitive functions, found
in about 5 % of reported cases of brain diseases [48]. The unique pattern by which
each neurodegenerative disease cause progressive neuronal decline and their ability
to produce disease-specific cellular biomarkers have been of importance in the
classification of these diseases [53]. Alzheimer’s disease is a neurodegenerative
disease characterized by marked decline in acetylcholine neurotransmitter, depo-
sition of senile plaques, neurofibrillary tangles and progressive loss of cognitive
function [48, 53]. Another typical neurodegenerative disease is Parkinson’s disease
characterized by generation of Lewy bodies and depletion of dopamine neuro-
transmitter while cellular inclusions and swollen motor axons are found in amy-
otrophic lateral sclerosis [16]. Huntington’s disease features loss of neurons
containing gamma- aminobutyric acid [18].

QUR has been reported to offer protection against neurodegenerative diseases
such as Alzheimer’s disease where it shows inhibitory effect against acetyl-
cholinesterase [20]. Furthermore, it has also been reported that QUR attenuates
oxidative stress induced in rat’s striatum neuronal cells by 6-hydroxydopamine
[27]. QUR also show antidepressant effect in vivo in animal models and also
improve social interaction time and behavioral indices in experimental animal
models. In vitro and in vivo studies have however, shown that QUR’s mood
improvement properties could be by mechanisms such as monoamine oxidase A
inhibition [22, 59]. This may also qualify it as an effective adjunct in the use of
L-dopa for the treatment of Parkinson-like symptoms [59]. In addition, QUR could
induce the activation of GABA receptors; this is believed to enhance the ability of
QUR to significantly induce non-rapid eye movement (non-REM) sleep in rats
during dark periods while it also significantly attenuates REM sleep [35].
Alzheimer’s disease (AD) is characterized by the formation of amyloid-beta pla-
gues and neurofibrillary tangles. QUR offers neuroprotective properties against AD
by inhibiting the formation of these amyloid-beta plaques [65]. In an experiment
conducted to assess the effect of chronic administration of QUR on the cognitive
function of ethanol intoxicated mice, it was observed that QUR significantly
attenuate the impairments in cognitive functions induced by the exposure to ethanol
[60]. QUR also show positive effect in the treatment of neuroleptic-induced
extrapyramidal side effects, such as seen in the use of haloperidol [52].

4 Quercetin and Diabetes

Diabetes Mellitus (DM) is a chronic metabolic disease resulting in an impaired
metabolism of carbohydrates, protein and lipid as a result of either insufficient
secretion of insulin as seen in type 1 or increased insulin resistance by cells as
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characteristic of type 2 diabetes. Type 2 diabetes mellitus (T2DM) accounts for
over 90 % of all DM cases [19]. Reducing rise in blood glucose after meal, via
inhibition of carbohydrate hydrolyzing enzymes (alpha-amylase and
alpha-glucosidase) present in the gastro-intestinal tract is one of the major man-
agement therapy [1]. However, management therapies which are mostly inhibitors
of these enzymes, often come with several side effects [2], as well as associated
financial constraint. Hence, the search for potent but cheap alternative/
complementary therapies, with little or no side effect has been endless.
Furthermore, pancreatic cellular damage induced by free radicals is one of the
causes of T2DM [17]. Reports of elevated malondialdehyde (MDA) content in
pancreatic tissue in vitro [2, 3, 55] and in vivo in diabetic animal models [4, 32]
caused by lipid peroxidation also substantiate the role of free radicals in patho-
genesis and progression of T2DM. Nevertheless, the use of phytochemicals such as
flavonoids to augment endogenous antioxidants which help to effectively protect
biological cells against deleterious effect caused by oxidative stress, has been
reported in both in vitro and in vivo studies [54].

Several in vitro studies have sought to elucidate the mechanisms behind the
antidiabetic properties of QUR. One of such study reported that QUR significantly
inhibited the activities of both alpha amylase and alpha glucosidase concentration
dependently, as well as also prevent the lipid peroxidation of pancreatic tissue
homogenates [55]. The inhibition of these two carbohydrate metabolizing enzymes
could slow down the rise in blood glucose level while prevention of pancreatic lipid
peroxidation could prevent further cellular damage to the pancreas which could
further impair insulin production and secretion. Another of such study showed that
QUR is able to slow down the absorption of glucose in Caco-2E intestinal cell
culture by inhibition of the glucose transporter (GLUT2) dose dependently up to a
concentration of 200 µM [42]. Another mechanism behind QUR antidiabetic
properties could be as a result of its influence on insulin secretion. Youl et al. [69],
reported that QUR potentiate both glucose and glibenclamide-induced insulin
secretion in insulin-secreting cell line INS-1 b; these observations were also
recorded when isolated islets of Langerhans from rat were used. Furthermore,
diabetes is associated with a number of complications such as neuropathy,
retinopathy, diabetic cataracts, and nephropathy. These complications often arise as
a result of build of sorbitol, a sugar alcohol which is produced from glucose
catalyzed by the enzyme aldose reductase [37]. QUR has been reported to inhibit
the activity of aldose reductase and thus slow does the build-up of sorbitol. For
example the quercetin glycoside (quercitrin) significantly reduced sorbitol accu-
mulation in lens of rodents to a level less significant to induce cataracts [37]; hence,
QUR may offer therapeutic benefits in the management of diabetes [36].

Likewise, studies on diabetic animal models have shown that QUR can cause a
decrease in plasma glucose level, protect the cellular and functional integrity of
pancreatic beta cells as well as prevent some diabetic complications such as neu-
ropathy and nephropathy [6]. Supplementation of diet with 0.08 % QUR in
C57BL/KsJdb-db mice fed for 49 days resulted in reduced serum glucose level and
blood glycated haemoglobin but not serum insulin level [41] and the reduced blood
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glucose was attributed to the inhibition of maltase activity in the small intestine.
Nevertheless, the long term use of QUR especially as a supplement in the man-
agement of diabetes has been a subject of major concern. In a study by Hsieh et al.
[29], carried out by administering QUR to streptozotocin-induced diabetic rats for
29 days, the authors reported elevated cases of cataract and impaired renal function
especially in groups administered QUR; the authors suggested that long term use of
QUR could act as pro-oxidant during progression of diabetes. While such report
remains at best speculative, it has called for more research into finding out the effect
of chronic use of QUR in diabetic human subjects [37]. Also, Jung et al. [34],
compared the possible benefits of QUR supplementation and food rich in QUR in
diabetic rat models. Animals were fed on HFD supplemented with either 1 % onion
peel extract (OPE) (containing 0.1 % of QUR) or 0.1 % of QUR alone for 8 weeks.
While OPE administration led to significantly improved oral glucose tolerance,
QUR alone did not have this effect.

5 Quercetin and Cardiovascular Disorders

The cardiovascular system exist in a delicate state of homeostasis tightly regulated
by the vascular endothelium A distortion in such equilibrium could induce
endothelial dysfunction, a risk factor for cardiovascular diseases leading to
hypertension, atherosclerosis, ischemia and platelet aggregation [44]. Endothelial
dysfunction is the main risk factor for cardiovascular diseases and is characterized
by impaired endothelium-dependent vasodilatation, reduced NO activity and a
prothrombotic and proinflammatory state of endothelial cells [44].

Hypertension is one of the most prevalent risk factors of several cardiovascular
diseases and a major health problem globally [21]. The renin-angiotensin system
plays an important role in blood pressure regulation [66]; hence, the regulation of
this pathway is of great pharmacological significance blood pressure control [5].
Unique to the Renin-angiotensin pathway id the Angiotensin I converting enzyme
(ACE) which cleaves angiotensin I to angiotensin II, a powerful vasoconstrictor,
and also inhibits bradykinin, a vasodilator [12, 50]. Hence, ACE inhibitors are
widely used as standard blood pressure lowering drug owing to its vasodilatory
effect [63]. Nevertheless, the complications such as dry cough and angioneuro-
ticedema, arising from the use of these inhibitors cannot be entirely ignored [70].

Oxidative stress which is induced by excessive free radical generation is another
known etiology of endothelial dysfunction-induced hypertension and other car-
diovascular diseases [57]. These free radicals can cause cellular damage by oxi-
dation of biomolecules such as lipids, proteins and DNA [8], and have been
associated with the development and progression of several diseases, including
hypertension [47]. Hence, attempts at attenuating oxidative stress could be one
practical way to ensure holistic management of hypertension and other cardiovas-
cular diseases [5].
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Endothelial dysfunction is a common feature in the pathogenesis of cardiovas-
cular diseases. The endothelium releases several vasoactive substances including
vasodilators such as nitric oxide (NO) and vasoconstrictors such as endothelin-1
(ET-1), with which it regulates blood flow and vascular tone (). Depletion of NO to
counteract the vasoconstricting effect of ET-1 is often the hallmark of endothelial
dysfunction [44]. Hence, a positive approach at management of CVDs is often to
prevent/manage endothelial dysfunction.

Early understandings based experimental data from animal models on the blood
pressure lowering ability of QUR has been on attenuation of oxidative stress [44].
While several animal models have shown reduced blood pressure and improvement
in antioxidant status following administration of QUR, data emanating from studies
on human subjects have not be too convincing. The major challenge however seams
to hinge on the bioavailability of QUR at tissue and cellular levels. In a study [33],
it was reported that rats supplemented with 150 mg QUR/kg (plasma QUR
metabolite level = 3.96 µg/mL) resulted in reduced liver malondialdehyde content,
there was neither change in plasma antioxidant power nor urinary isoprostanes in
QUR humans subjects supplemented with about 8.1 mg QUR/kg (plasma QUR
metabolite level = 0.48 µg/mL) [24]. These observations may bring to bear the
challenge of bioavailability of QUR in tissues and cells which could have nega-
tively impaired its antioxidant functions. While higher doses of QUR produces
significant antioxidant properties in animal models, such is not for humans based on
available data. For example. Egert et al. [25] in their study in which they admin-
istered QUR supplementation to healthy and normotensive human subjects for
14 days did not affect plasma antioxidant indices. Another study in which
730 mg/day QUR supplements was administered to pro-hypertensive and stage 1
hypertensive human subjects also produced no significant influence on plasma
antioxidant indices [44]. All these hence may incline that the observed antihyper-
tensive properties of QUR especially reported in human studies may depend more
largely on other mechanisms other than the antioxidant properties of QUR.

Endothelium- and NO-dependent relaxation has been reported for several iso-
lated flavonoids [10, 56]. QUR have been shown to have vasodilatory effect which
is partially endothelium-dependent and associated with the release of endothelium-
derived relaxing factors [7, 40]. QUR seems to have a varying and complex effects
on NO depending on the prevailing conditions. In a cell-free system, QUR
undergoes oxidation to generate superoxide radical which reacts rapidly to inacti-
vate NO [45]. However, in the presence of endothelial cells and absence of
oxidative stress, QUR was reported to potentiate the production of NO as measured
by an amperometric electrode [64]; whereas, no increment was observed when NO
production was monitored with electron paramagnetic resonance spectroscopy [62].
In addition, QUR has been reported to inhibit the activity of endothelial nitric oxide
synthase (eNOS) [31].

In vivo studies have also substantiated the modulatory effects of QUR on the
endothelial system. It was reported in one study that QUR reduced blood pressure
in spontaneously hypertensive rats (SHR) with a concomitant improvement in
endothelium-dependent vasodilation of isolated aorta [23]. In another study,
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hypertensive animal models created by feeding with high fat and high sucrose diet
for 28 days were supplemented with QUR which led to reduction in systemic
hypertension, improved aortic NOS activity and increased urinary NO metabolites
(Yamamoto et al.). These studies have shown that QUR is able to ameliorate
endothelial dysfunction and its associated cardiovascular diseases by increasing the
bioavailability of NO.

Investigation into the modulatory effect of QUR on ACE activity as a possible
mechanism behind its protective effect against cardiovascular diseases and espe-
cially, hypertension has gained significant prominence. In a study by Mackraj et al.
[46], they compared the antihypertensive effects of QUR to that of captopril (a
standard ACE inhibitor) in Dahl salt sensitive rats for 28 days. They observed that
groups treated with QUR and captopril showed a significant reduction in blood
pressure compared to the control group. However, while it could be concluded that
the antihypertensive effect of captopril observed in this study was due to ACE
inhibition, the inability of authors to monitor ACE activity could not make it
substantive to opine that QUR also reduce blood pressure via ACE inhibition.
Hackl et al. [26], however reported a 31 % reduction in ACE activity in QUR
administered normotensive Wister rats placed on infusion of bradykinin and
angiotensin-1. The infusions of bradykinin and angiotensin-1 significantly induced
a hypertensive state marked by elevated blood pressure which was ameliorated by
QUR. This study therefore reveals that QUR has an actual ACE inhibitory effect
which could contribute significantly to its antihypertensive properties. However,
there is still lack of data on the efficacy or possibility of this mechanism, applying to
the blood pressure lowering effect of QUR in human hypertensive subjects.
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Eucalyptol and Its Role in Chronic
Diseases

Geun Hee Seol and Ka Young Kim

Abstract Patients with chronic diseases such as cardiovascular diseases, chronic
respiratory diseases, and neurological diseases have been shown to benefit from
treatments such as aromatherapy in addition to medication. Most chronic diseases
are caused by chronic inflammation and oxidative stress as well as harmful factors.
Eucalyptol (1,8-cineole), a terpenoid oxide isolated from Eucalyptus species, is a
promising compound for treating such conditions as it has been shown to have
anti-inflammatory and antioxidant effects in various diseases, including respiratory
disease, pancreatitis, colon damage, and cardiovascular and neurodegenerative
diseases. Eucalyptol suppresses lipopolysaccharide (LPS)-induced proinflammatory
cytokine production through the action of NF-jB, TNF-a, IL-1b, and IL-6 and the
extracellular signal-regulated kinase (ERK) pathway, and reduces oxidative stress
through the regulation of signaling pathways and radical scavenging. The effects of
eucalyptol have been studied in several cell and animal models as well as in patients
with chronic diseases. Furthermore, eucalyptol can pass the blood–brain barrier and
hence can be used as a carrier to deliver drugs to the brain via a microemulsion
system. In summary, the various biological activities of eucalyptol such as its
anti-inflammatory and antioxidant properties, as well as its physicochemical char-
acteristics, make this compound a potentially important drug for the treatment of
chronic diseases.
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1 Introduction

Patient with chronic disease such as cardiovascular diseases, cancers, chronic res-
piratory diseases, diabetes, and mental illness needs to be constantly managed
because the patient may be impacted by various factors including smoking, lack of
physical activity, and poor eating habits [5]. Furthermore, the prevalence of chronic
diseases tends to increase with age. Chronic diseases may result from various
causes including chronic inflammation and oxidative stress [4, 16]. Chronic
inflammation is regarded as one of the main causes of cancers, diabetes, cardio-
vascular diseases, autoimmune diseases, and other age-related diseases [16].
Moreover, it facilitates neoplastic transformation through inflammatory processes,
including injury, repair, resolution, and oxidative stress [6]. Age-related diseases
and cardiovascular diseases are characterized by inflammatory pathogenesis and
oxidative stress [3, 7, 25].

Alternative medicines such as aromatherapy with aromatic plant oils including
essential oils and plant materials may be helpful in the continuous care and man-
agement of patients with chronic disease. Natural plant-derived components have
been widely used in a wide variety of diseases including chronic disease [8].
Eucalyptol, which has anti-inflammatory and antioxidant activities, has been used
to treat lung inflammation and respiratory diseases including bronchitis, sinusitis,
bronchial asthma, and chronic obstructive pulmonary disease (COPD) [11, 12, 17,
33, 34]. Furthermore, eucalyptol showed neuroprotective effects in an ischemic
stroke model [20] and anti-inflammatory effects in neurodegenerative diseases such
as Alzheimer’s disease as well as significantly reducing preoperative anxiety in
patients undergoing surgery [18].

This review describes the role of eucalyptol in chronic diseases through its
regulation of cell signaling pathways and biological activities in animal models and
humans.

2 Physicochemical Properties of Eucalyptol

Eucalyptol, also known as 1,8-cineole, is a terpenoid oxide isolated from
Eucalyptus species such as Eucalyptus globules Labill. and Eucalyptus tereticornis
Sm. Eucalyptol is derived from the leaf oil of these plants, which contains various
volatile organic components [1]. Terpenes such as eucalyptol are lipophilic mole-
cules that disturb intracellular lipids and increase drug penetration [21].
A lipid-based microemulsion system of eucalyptol has been utilized for transdermal
drug delivery. Eucalyptol is metabolized to 2-exo-hydroxy-1,8-cineole by rat and
human liver microsomal P450 enzymes and eliminated in the urine [22]. Moreover,
eucalyptol can easily pass through the blood–brain barrier and may have direct
action on receptors and enzymes in the brain [24].
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Eucalyptol has been reported to have antimicrobial, anti-inflammatory, antiox-
idant, analgesic, and spasmolytic effects in various diseases including colds,
influenza, other respiratory infections, rhinitis, and sinusitis [28]. Eucalyptol acted
as a strong inhibitor of proinflammatory cytokines such as tumor necrosis factor
(TNF)-a and interleukin (IL)-1b and showed an analgesic effect in an inflammatory
model [28]. Eucalyptol significantly increased the beat frequency of nasal cilia in
mucus membranes and had bronchodilation effects [33]. In addition, it decreased
exacerbation in asthma, sinusitis, and COPD symptoms by inhibiting
cytokine-induced airway mucus hypersecretion [28]. It exhibits antioxidant activity
by radical scavenging [30] and reduces Ca2+ influx via calcium channels in cardiac
muscle [31].

3 Eucalyptol Modulation of Cell Signaling Pathways

Chronic diseases are closely associated with chronic inflammation and oxidative
stress [4, 16]. The pathological features of chronic inflammation include the pro-
duction of inflammatory cytokines and tissue damage [16]. Oxidative stress disturbs
the normal functions of lipids, proteins, and DNA and is therefore toxic to cells and
tissues. Free radicals cause mutations and damage DNA in cancer and age-related
diseases. Oxidative stress regulates signaling pathways that induce the production
of proinflammatory cytokines and chemokines [16, 26].

Lipopolysaccharide (LPS) plays an important role in inflammatory processes by
activating the NF-jB and MAPK signaling pathways [10]. Eucalyptol was shown
to inhibit LPS-induced cytokine production by human lymphocytes and monocytes
[28] and to reduce LPS-induced NF-jB activity and to increase IjBa protein levels
in the human astrocyte U373 and HeLa cell lines [8]. In a BALB/C mouse model,
eucalyptol reduced the number of inflammatory cells, expression of matrix
metalloproteinase-9 (MMP-9), and production of cytokines including TNF-a and
IL-6 as well as nitric oxide and NF-jB [17]. Moreover, early growth response
factor-1 (Egr-1) mediates LPS-induced tissue factor and TNF-a gene expression in
human monocytic cells [9]. Eucalyptol inhibited LPS-stimulated expression of
Egr-1 through the extracellular signal-regulated kinase (ERK) pathway in human
monocyte THP-1 cells, without affecting NF-jB expression [35]. Eucalyptol
injection improved cerulein-induced acute pancreatitis and significantly reduced the
histological damage induced by cerulein, including pancreatic edema, as well as the
expression of NF-jB, myeloperoxidase (MPOs), malondialdehyde (MDA), and
proinflammatory cytokines, including TNF-a, IL-1b, and IL-6 [20]. Moreover,
eucalyptol exerted an anti-inflammatory effect by regulating NF-jB and MAPK in
LPS-induced inflammatory models.

In addition to the above effects, studies in rat neurons and glia found that
eucalyptol reduced oxygen glucose deprivation/reoxygenation (OGD/R)-induced
ischemic injury by decreasing oxidative stress [27]. In a cell model of Alzheimer’s
disease, pretreatment of PC12 cells with eucalyptol reduced mitochondrial
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membrane potential and the levels of ROS, NO, COX-2, NF-jB, and the
proinflammatory cytokines TNF-a, IL-b, and IL-6 induced by Ab25-35 [15].

4 Role of Eucalyptol in Chronic Diseases

Eucalyptol was shown to have effects in various inflammatory diseases including
respiratory diseases, pancreatitis, and cardiovascular and neurodegenerative disease
as well as reducing colon damage [11, 15, 20, 23, 29, 34]. In particular, it is
reported that eucalyptol has been studied in animal and human model-related
chronic disease (Table 1). Eucalyptol is used in inflammatory airway diseases as a
mucolytic agent. Eucalyptol treatment significantly reduced dyspnea and enhanced
lung function and quality of life relative to placebo in patients with stable COPD
[33]. Eucalyptol treatment also resulted in improvements in patients with asthma, a
disease characterized by a chronic inflammatory process, by enhancing lung
function and general health [32]. Moreover, eucalyptol has been used to treat
chronic bronchitis, sinusitis, and rhinitis.

The protective effects of eucalyptol in neurodegenerative diseases may be due to
its anti-inflammatory activities [15]. Eucalyptol also showed antihypertensive
effects by increasing nitrite levels and reducing MDA activity [23]. Eucalyptol was
also reported to reduce heart rate through a parasympathetic mechanism and to
induce hypotension by vasorelaxation in cardiovascular diseases [19].

5 Biological Activities of Eucalyptol in Animal Models

The anti-inflammatory and antihypertensive effects of eucalyptol have been studied
in several animal models. Eucalyptol inhalation suppressed the inflammatory pro-
cess in airways of ovalbumin-challenged guinea pigs [2]. Eucalyptol also showed
anti-inflammatory effects in bronchoalveolar fluid of mice with LPS-induced lung
inflammation [17] and suppressed acute pulmonary inflammation by reducing the
levels of TNF-a, IL-1b, NF-jB p65, and toll-like receptor 4 (TLR4) in mice [34].
Eucalyptol improved cerulein-induced acute pancreatitis through an anti-
inflammatory mechanism and antioxidative activity in mice [20] and reduced
colonic damage in rats with acute trinitrobenzene sulfonic acid (TNBS)-induced
colitis [29].

Moreover, eucalyptol was found to lower blood pressure through the regulation
of NO and lipid peroxidation in a rat model of hypertension induced by chronic
exposure to nicotine [23]. Eucalyptol was also reported to relax bronchial and
vascular smooth muscle by reducing isometric contractions in rat ventricular pap-
illary muscle [31].
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6 Biological Activities of Eucalyptol in Humans

Eucalyptol has been reported to have anti-inflammatory and analgesic effects in
clinical studies. Eucalyptol treatment of patients with asthma significantly increased
lung function and overall health condition and reduced dyspnea [32]. Systemic
therapy with eucalyptol for 12 weeks had anti-inflammatory effects in patients with
steroid-dependent bronchial asthma [12]. Moreover, eucalyptol decreased the dis-
comforts of non-purulent rhinosinusitis in acute rhinosinusitis patients [14], and
showed anti-inflammatory effects in various chronic respiratory diseases in a
clinical study.

Eucalyptol has been found to have analgesic and antianxiety effects in humans.
Inhalation of eucalyptus oil, which is mainly composed of eucalyptol, effectively
reduced pain and blood pressure in patients who underwent total knee replacement
[13]. A randomized clinical trial found that inhalation of eucalyptol significantly
reduced anxiety in patients before selective nerve root block (SNRB) [18].

7 Conclusions

Eucalyptol exerts anti-inflammatory and antioxidative effects by regulating the
NF-jB and MAPK signaling pathways in several diseases, including chronic dis-
eases. These beneficial effects of eucalyptol have been observed in clinical studies
and in several animal models. Eucalyptol, which has lipophilic properties and exerts
various actions on receptors and enzymes, may be a potentially important drug in
the treatment of chronic diseases.
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Auraptene and Its Role in Chronic
Diseases

Giuseppe Derosa, Pamela Maffioli and Amirhossein Sahebkar

Abstract Auraptene (7-geranyloxycoumarin) is the best known and most abundant
prenyloxycoumarin present in nature. It is synthesized by various plant species,
mainly those of the Rutaceae and Umbeliferae (Apiaceae) families, comprising many
edible fruits and vegetables such as lemons, grapefruit and orange. Auraptene has
shown a remarkable effect in the prevention of degenerative diseases, in particular it
has been reported to be one the most promising known natural chemopreventive
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agents against several types of cancer. The aim of this chapter is to review the effects
of auraptene in the prevention and treatment of different chronic diseases.

Keywords Auraptene � Chemoprevention � Degenerative diseases �
Hypertension � Lipid profile

1 Introduction

Several lines of evidence suggest that increasing the consumption of fruits and
vegetables in diet reduces the risk of cancer [1]. It has been suggested that certain
phytochemicals present in fruits and vegetables inhibit or reverse the process of
cancer development. In this regard, citrus peels contain a number of coumarins that
possess mevalonate-derived side chains with various oxidation levels. Auraptene
(7-geranyloxycoumarin (Fig. 1)) is the best known and most abundant preny-
loxycoumarin identified. Auraptene is synthesized by various plant species, mainly
those of the Rutaceae and Umbeliferae (Apiaceae) families, comprising many
edible fruits and vegetables such as lemons, grapefruit and orange. It was first
isolated from members of the genus Citrus, including the peels of Citrus
kawachiensis (Kawachi Bankan), which is one of the citrus products of Ehime,
Japan [2]. Auraptene is well known for its antioxidant properties, for its contri-
bution to the protection of deoxyribonucleic acid (DNA) and macromolecules and
for its protective effect against cancers of liver, skin, tongue, oesophagus and colon
in rodent models. Auraptene has also protective effects in cardiovascular diseases,
disorders associated with oxidative stress [3, 4] and a remarkable effect in the
prevention of degenerative diseases. For all these different and interesting phar-
macological and medicinal properties, auraptene has been proposed as one of the
most promising known natural chemopreventive agents against several types of
cancer. Despite all these positive effects in animals, however, auraptene actions in
humans are not yet known. The aim of this chapter is to review the effects of
auraptene in the prevention and treatment of different chronic diseases.

2 Auraptene Effects on Neurodegenerative Diseases

Extracellular signal-regulated kinases 1/2 (ERK1/2) are components of the
mitogen-activated protein kinase (MAPK) signalling cascade. Recent studies have
shown that ERK1/2 is involved in synaptic plasticity and in the development of

Fig. 1 Auraptene structure
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long-term memory in the central nervous system (CNS) [5]. Auraptene was studied
to evaluate its beneficial for the treatment of neurodegenerative neurological dis-
orders, and it proved to activate ERK1/2 in cultured cortical neurons [6]. Auraptene
has the ability to induce the activation of ERK1/2 not only in cortical neurons, but
also in the rat pheochromocytoma cell line (PC12 cells), which is a model system
for studies on neuronal proliferation and differentiation. Moreover, auraptene had
the ability to promote neurite outgrowth from PC12 cells [7].

Previously published studies reported the effects of auraptene on inflammation,
especially in the brain. Okuyama et al. [8] reported that subcutaneously adminis-
tered auraptene effectively inhibits microglia activation, cyclooxygenase-2 (COX-2)
expression by astrocytes and neuronal cell death in the hippocampus. The same
authors reported that auraptene could ameliorate lipopolysaccharide (LPS)-induced
inflammation in the mouse brain [9]. Regarding the mechanism throughout aur-
aptene acts, there are two hypothesis: some authors think that auraptene passes
through the blood–brain barrier and acts directly in the brain as an
anti-inflammatory agent, others think that auraptene suppresses the peripheral
inflammation, which was followed by the suppression of central inflammation. The
most reliable hypothesis is the first: auraptene can penetrate the blood–brain barrier,
because it is a hydrophobic small molecule. Considering that inflammatory process
in the brain is associated with various neurodegenerative diseases, including
Parkinson’s disease and Alzheimer’s disease [10, 11], as well as with ischaemia and
trauma, auraptene might be useful for the reduction of neuroinflammation-related
brain diseases.

3 Effects of Auraptene on Periodontal Disease

Periodontal diseases are chronic inflammatory disorders of bacterial origin that
affect tooth-supporting tissues. Some agents, including auraptene, have been
reported to possess anti-microbial and anti-inflammatory properties, and they may
be of interest as therapeutic agents for controlling periodontal diseases, which
involve both pathogenic bacteria and host immune responses. Auraptene proved to
prevent the adherence of Porphyromonas gingivalis to oral epithelial cells, dose
dependently reduced the secretion of cytokines (interleukin-8 and tumour necrosis
factor-a) and metalloproteinase-8 and metalloproteinase-9 by LPS-stimulated
macrophages and inhibited metalloproteinase-9 activity [12]. The exact mecha-
nism by which auraptene inhibits bacterial growth is unknown. However, other
natural coumarins inhibit deoxyribonuclease gyrase activity, which results in bac-
teria death [13]. In addition, auraptene inhibits growth more effectively under
iron-limiting conditions, requiring much lower concentrations to significantly
reduce the growth of P. gingivalis.
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4 Effects of Auraptene on Oncogenesis

Naturally occurring coumarins possess anti-carcinogenic activities in part by
inducing carcinogen-detoxifying enzymes glutathione S-transferase (GST) and/or
NAD(P)H quinone oxidoreductase (NQO1). Auraptene induces murine liver
cytosolic GST activities via the Nrf2/ARE mechanism as shown by previous studies
[14, 15].

Several other mechanisms have been proposed to possibly explain the positive
effects of auraptene on oncogenesis. Pro-inflammatory cytokines were expressed in
the colonic tumours and the inflammatory mononuclear cells infiltrated the tumours
both internally and peripherally. As the expression of these cytokines may be
involved in tumour growth [16, 17], some authors decided to evaluate the effects of
dietary 40-geranyloxy-ferulic acid (GOFA)/b-CD and auraptene/b-CD using an
inflammation-associated mouse colon carcinogenesis initiated with azoxymethane
(AOM) and promoted by colitis-inducing agent, such as dextran sodium sulphate
(DSS), on their expression in adenocarcinomas. The treatment with GOFA/b-CD
and auraptene/b-CD significantly lowered colonic inflammation induced by DSS.
Chronic inflammation is involved in oncogenesis in certain tissues, including the
large bowel. The dietary administration with GOFA/b-CD and auraptene/b-CD
inhibited colonic inflammation and also modulated proliferation, apoptosis and the
expression of several pro-inflammatory cytokines, such as nuclear factor-kappaB,
tumour necrosis factor-a, Stat3, NF-E2-related factor 2, interleukin-6 and
interleukin-1b, which were induced in the adenocarcinomas [18].

Further results demonstrate that auraptene was able to inhibit the growth and
formation of colonospheres of FOLFOX-resistant colon cancer HT-29 cells in vitro
[19]. The corresponding parental cells were also similarly affected by auraptene at
the same concentration level. The reduction in the growth and colonospheres for-
mation in FOLFOX-resistant HT-29 was also associated with a concomitant
decrease in phospho-epidermal growth factor receptor (pEGFR). These findings
suggest that auraptene could prevent the re-emergence of colon cancer stem cells.

Positive effects of auraptene were reported also in breast cancer by Krishnan and
Kleiner-Hancock [20]. Many mechanisms have been attributed to the chemopre-
ventive effects of auraptene. They include inhibition of polyamine synthesis,
induction of detoxifying enzymes, induction of apoptosis, inhibition of metallo-
proteinase and inhibition of cholesterol esterification. Recently, de Medina and
colleagues reported that auraptene modulated genes under the transcriptional con-
trol of oestrogen [21]. Cyclin D1 is a key regulatory protein in cell cycle; the D-type
cyclins control the G1 to S transition during the cell cycle along with E-type
cyclins; in up to 50 % of primary breast cancers, the overexpression of cyclin D1
mRNA and protein has been observed [22]. Thus, cyclin D1 is one of the most
overexpressed oncogenes in human breast cancer. Cyclin D1 overexpression is
predominantly found in oestrogen-receptor-positive breast cancer, which is a major
subtype of human breast cancer. Cyclin D1 protein was significantly reduced in
auraptene 500 ppm-treated animals [23].
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There are also evidences of a role of auraptene in renal cell carcinoma due to its
role of inhibitor of mitochondrial complex I as reported by Jang et al. [24]. The
enhancement of VEGF-induced angiogenesis is observed in stages of tumour
progression, and auraptene proved to have an anti-angiogenic effect. Jang et al.
found that auraptene directly decreased VEGF mRNA expression cells under
hypoxic condition; moreover, auraptene inhibited VEGF-induced neovasculariza-
tion by 10-fold in vivo, consequently reducing tumour cell motility and neovas-
cularization, necessary for renal cell carcinoma progression [24].

Also gastric cancer can benefit of auraptene supplementation as reported by
Moon et al. [25]. These authors studied the anti-cancer effects of auraptene as a
possible therapeutic candidate in the treatment of human gastric cancer. Auraptene
reduced the viability of all types of tested gastric cancer cells in a dose-dependent
manner. Among them, SNU-1 was the most sensitive with IC50 value � 25 lM. In
contrast, auraptene did not pose cytotoxic effects against non-cancer cell lines
HEK-293T. Therefore, auraptene has high potential to treat gastric cancer cells
without harming normal cells. The PI3K/Akt/mTOR pathway is an intracellular
signalling pathway important in cell growth and apoptosis. These authors also
examined whether auraptene can regulate the PI3K/Akt/mTOR signalling pathway.
Results showed that auraptene could induce p53-dependent cell cycle arrest and
apoptosis, and furthermore, it could suppress the proliferation of SNU-1 cells by
downregulation of mTOR downstream signalling.

5 Effects of Auraptene on Cystic Fibrosis

Cystic fibrosis is the most common fatal autosomal recessive disease among
Caucasian populations and affects multiple organs, most notably in the respiratory
and digestive systems. Auraptene seems to have some positive effects on this
disease, mainly acting as an agonist of both PPAR-a and PPAR-c [26]. Auraptene
has also been shown to exert anti-inflammatory effects through other mechanisms.
These mechanisms include suppression of superoxide anion generation by
inflammatory leucocytes, attenuation of LPS-induced expression of both inducible
nitric oxide synthase (iNOS) and cyclooxygenase, thereby decreasing the produc-
tion of nitrite anion and prostaglandin-E2 and suppressing the release of tumour
necrosis factor a (TNFa) and IkB degradation. The decrease of prostaglandin-E2 is
especially an important effect, since elevated prostaglandin-E2 concentrations have
been reported in patients with cystic fibrosis. Throughout these mechanisms, aur-
aptene could have beneficial consequences in decreasing lung inflammation,
improving lung function, increasing bone mineral density and normalizing mucus
production in cystic fibrosis; however, further studies are needed.
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6 Effects of Auraptene on Hypertension

Auraptene proved to have anti-hypertensive effects, as suggested by Razavi et al.
[27] that administered for five weeks auraptene (2, 4, 8 and 16 mg/kg/day) and
nifedipine (0.25, 0.5, 1, 2 and 4 mg/kg/day) in different groups of normotensive and
hypertensive rats (at the end of 3 weeks of treatment by DOCA salt, a compound
routinely used to induce hypertension in experimental models). They evaluated the
effects on mean systolic blood pressure and mean heart rate. The data indicated that
chronic administration of auraptene significantly reduced the mean systolic blood
pressure in DOCA salt-treated rats in a dose- and time-dependent manner. The per
cent of decreases in mean systolic blood pressure levels by the highest dose of
auraptene (16 mg/kg) at the end of 4 th to 8 th weeks were 7.00, 10.78, 16.07,
21.28 and 27.54 %, respectively. Smooth muscle relaxant effects of auraptene and
its analogues against some spasmogens including barium ion, acetylcholine and
histamine have been reported in another study [28]. This was further confirmed by
another study conducted on rats [29]. There is evidence indicating that auraptene
inhibits the spontaneous heart beating of cultured mouse myocardial cells via cal-
cium channel antagonist activity which is comparable with that of verapamil [30].
Regarding the hypotensive mechanism of auraptene, there is evidence that there is a
suppression of NADPH oxidase, with consequent increase in nitric oxide
bioavailability and alleviation of endothelial dysfunction. Decrease in calcium
influx and induction of nitric oxide together with vasorelaxation effect have been
also observed.

7 Auraptene and Lipid Profile

Throughout its activity of PPAR-a agonist, auraptene could have beneficial effects
on lipid profile; PPAR-a is mainly expressed in the liver and skeletal muscle, whose
activation induces the mRNA expression of several genes involved in fatty acid
(FA) oxidation to reduce circulating lipid level. This was reported by Takahashi
et al. [31], which showed that in high-fat-diet (HFD)-fed KK-Ay diabetic obese
mice, auraptene treatment suppressed hyperlipidemia and triglyceride accumulation
in the liver and skeletal muscle and increased the mRNA expression levels of the
PPAR-a target genes involved in fatty acid oxidation in the liver and skeletal
muscle. Moreover, the adipocyte size in the auraptene-treated mice was signifi-
cantly smaller than that in the control HFD-fed mice resulting in the improvement
of HFD-induced hyperglycaemia and abnormalities in glucose tolerance. The
improvement of glycemia can be partly mediated by the suppression of the increase
in the number of hypertrophied adipocytes, which show insulin resistance. In the
present study, the size of adipocytes in the auraptene-treated mice decreased,
enhancing the expression level of adiponectin, an adipocytokine improving insulin
resistance in peripheral tissues.
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These findings indicate that auraptene treatment may improve abnormalities in
lipid and glucose metabolism, suggesting that auraptene is a valuable food-derived
compound for managing metabolic disorders. This is in line with what suggested by
Sahekbar [4], which proposed auraptene as a potential multifunctional therapeutic
agent for nonalcoholic fatty liver disease.

8 Conclusions

From the data reported above, it emerged that auraptene has some potential benefits
in the treatment of neurodegenerative diseases, tumours and also metabolic diseases
(Table 1). However, further studies are necessary to verify whether these effects
observed in animals will be confirmed in humans.
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