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Preface

The fruit of Lycium barbarum (also called Wolfberry) is known to be anti-aging and 
nurtures the eyes or vision. It is an upper class Chinese medicine, meaning that it can 
be used as medicine for therapy as well as an ingredient in Chinese cuisine. Collective 
efforts from different research teams have proven that the fruits of Lycium barbarum 
have rich sources that protect our whole body, from the skin to the liver, brain and eyes. 
Therefore, regular consumption of Lycium barbarum can help us to keep the balance 
of Yin/Yang in our body to fight against any possible age-associated diseases.

There is a famous Chinese story related to Lycium barbarum. One day a young 
man was walking in a village. On his way, he found two people arguing with each 
other in a narrow lane. He went to see what had happened and found a relatively 
young and strong man with black hair arguing with a weak elder with grey hair. It 
looked like the elder had been blamed for something. In Chinese culture, we all 
have great respect for the elderly. This was why this young man did not feel quite 
right and thought that the man with black hair was not paying respect to his senior. 
He asked this weak elder with grey hair whether the black-haired man had done him 
some injustice. The grey-haired man then pointed to the strong black-haired man, 
saying, ‘he is my big brother’. The strong black-haired big brother said that his little 
brother did not listen to him and take Lycium barbarum. This was why his little 
brother looked old and weak.

From this story, we have insight into the beneficial effects of Lycium barbarum. 
In this book, we have carefully arranged the content from the plant, the chemical 
components and the effects on different organs/biological systems as well as its 
potential harmful effects. Authors in every chapter used different scientific methods 
to prove the effects of Lycium barbarum. We are not just showing the benefits of Ly-
cium barbarum. Some people may be allergic to Lycium barbarum. This book is the 
first book about Lycium barbarum written in English. As more people are searching 
for health food supplements and there are many so-called ‘secrete formulations of 
herbs and health food supplements’, we should look for some reliable health food 
with solid scientific evidence and be cautious of any possible deleterious effects. 
We hope that this book gives us a comprehensive understanding of the pros and 
cons of this anti-aging Lycium barbarum.

� Raymond Chuen-Chung Chang
� Kwok-Fai SO
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Chapter 1
Chemical and Genetic Diversity of Wolfberry

Ying Wang, Hao Chen, Min Wu, Shaohua Zeng, Yongliang Liu  
and Jingzhou Dong

© Springer Science+Business Media Dordrecht 2015
R. C-C. Chang, K-F. So (eds.), Lycium Barbarum and Human Health,  
DOI 10.1007/978-94-017-9658-3_1

Y. Wang () · H. Chen · M. Wu · S. Zeng
South China Botanical Garden, Chinese Academy of Sciences, Guangzhou,  
Guangdong Province, China
e-mail: yingwang@wbgcas.cn

Y. Wang · Y. Liu · J. Dong
Wuhan Botanical Garden, Chinese Academy of Sciences, Wuhan, Hubei Province, China

Abstract  Lycium (Boxthorn) is a genus of the nightshade family (Solanaceae), 
containing about 80 species of plants native throughout the temperate and subtropi-
cal zones of the world. Wolfberry nowadays in China refers to the products prepared 
from Lycium chinense, Lycium barbarum, and Lycium ruthenicum. Wolfberry has 
been consumed as food and medicine for more than 4000 years, and the cultivation 
of L. barbarum has been recorded for more than 600 years in the Northwestern 
part of China, especially Ningxia province which is also the authentic region of 
Chinese medicine, Lycii Fructus. This review will cover the history, cultivation, 
genetic diversity, and phytochemical diversity of these three species. High level 
of genetic diversity has been discovered in wild resources. Phytochemical diver-
sity includes polysaccharides, carotenoids, flavonoids, alkaloids, amides, peptides, 
anthraquinones, coumarins, lignanoids, terpenoids, sterols, steroids, organic acids, 
anthocyanins, essential oils, glycolipids, and others from leaves, fruits, and root 
bark of L. chinense, L. barbarum, and L. ruthenicum.

Keywords  Genetic diversity · Phytochemical diversity · History · L. chinense ·  
L. barbarum · L. ruthenicum,

1.1 � Introduction

Lycium (Boxthorn) is a genus of the nightshade family (Solanaceae), contain-
ing about 80 species of plants native throughout the temperate and subtropical 
zones of the world (Levin et al. 2011). They are mostly found in dry, semisaline 
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environments. Other common names include Wolfberry, Goji, Desert-thorn, Christ-
mas berry, Matrimony vine, and Duke of Argyll’s tea tree, as well as Gouqi in 
Chinese. Chinese Pharmacopoeia (2010) recorded Lycii Fructus ( Gouqizi, dry fruit 
of Lycium barbarum), and Lycii Cortex ( Digupi, dry root bark of Lycium chinense 
and L. barbarum). Young leaves of L. chinense and L. barbarum are consumed as 
functional vegetable and functional tea. A wide range of wolfberry products have 
been developed, including tea, wine, cosmetic products, milk, coffee, juice, seed 
oil, etc. Dark purple color fruits of Lycium ruthenicum, also called “Hei guo gou qi” 
or black fruit wolfberry, have been used as folk medicine, especially as Tibetan and 
Mongolian medicine. Therefore, wolfberry nowadays in China refers to the prod-
ucts prepared from L. chinense, L. barbarum, and L. ruthenicum. Only “Ning Xia 
Gou Qi” (later on refer as Goji or Goji berry) in Chinese indicates specifically fruits 
of L. barbarum. Wolfberry has been consumed as food and medicine for more than 
4000 years, and the cultivation of L. barbarum has been recorded for more than 600 
years in the Northwestern part of China, especially Ningxia province which is also 
the authentic region of Chinese medicine, Lycii Fructus. This chapter will cover the 
history, genetic diversity, and phytochemical diversity of these three species.

1.2 � History of Wolfberry

Mr. Shizhen Li, the great pharmaceutical scientist in the Ming Dynasty, described 
the origin of the name Gouqi (later on refer as Goji) in his famous book Compen-
dium of Materia Medica ( Ben Cao Gang Mu). He explained that “Gouqi” was a 
combination of “Gou” and “Qi” as the thorns of the Gouqi tree were like the ones of 
the “Gou” tree while the stems of the Gouqi tree were like the branches of the “Qi” 
tree. Goji has been in the Chinese culture for a long time. Its earliest record was 
found in the oracle bone script (Jiaguwen) of the Shang Dynasty, which indicates 
that Goji may have been recognized, cultivated, and utilized as early as in the Xia 
Dynasty which occurs about 4000 years ago.

1.2.1 � The Medicinal and Culinary Culture of Goji

Goji berries have long served as a good herbal tonic. There are many instances in 
Chinese history in which people become healthier and longer lived due to the tonic 
effect of Goji. Goji berry is one of the constituents of the three prescribed medicines 
with secret recipes in the period of the First Emperor of the Qin Dynasty (Qin Shi-
huang). Fang Xuanling, a famous prime minister in the Tang Dynasty once became 
exhausted in his body and mind due to overwork. However, he recovered well by 
keeping having the wolfberry tremella soup. In addition, Goji berries serve as one 
of the important constituents of two tonics fed by the Empress Dowager Cixi of the 
Qing Dynasty.
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The medicinal effect of Goji berries has long been recognized and appreciated by 
numerous medical scientists in the history of China. Shennong’s Root and Herbal 
Classic ( Shennong bencao jing), a classic work on medicinal plants and their uses, 
is the oldest pharmaceutical work existing in China. This work was written and 
published in the periods from the Warring States to the Han Dynasty and recorded 
and summarized the medical and pharmaceutical knowledge in ancient China. In 
the 365 medicines recorded in this work, Goji berries fell into the top-class medi-
cines which can contribute much to longevity. Based on the recorded research on 
Goji in the history, Li shizhen summarized the healthy and tonic effect of Goji in 
Compendium of Materia Medica. For instance, he found that many organs other 
than the Goji berries also possessed healthy and tonic effect. Therefore, different 
organs can be collected for medicinal use at different seasons. Specifically, the leaf, 
flower, fruit, and root of Goji can be collected in the spring, summer, autumn, and 
winter, respectively.

1.2.2 � The Literature About Goji

Goji has not only been used in cooking and health care, but also serving as the 
topic of many literatures like poems written in the palace banquets or the life in 
ancient China. For example, Classic of Poetry is the oldest existing collection of 
Chinese poetry comprising works in the periods from the Western Zhou Dynasty 
to the Spring and Autumn period dating from the eleventh to seventh centuries BC. 
There are seven poems involving Goji in this collection, six of which are in the po-
etry Xiaoya. Besides, many famous poets in ancient China, like Du Pu, Bai Juyi, and 
Liu Yuxi in the Tang Dynasty, Su Shi, Lu You, and Huang Tingjian in the Northern 
Song Dynasty, once wrote poems to appreciate Goji.

1.2.3 � Zhongning: The Hometown of Goji in China

Goji has long been cultivated in the Ningxia Hui Autonomous Region in China. In 
the poem Beishan collected in Xiaoya, the author described experience to collect 
Goji berries in a place called “Beishan”. It has been verified that this place corre-
sponds to several counties in the Zhongwei City currently, including the Haiyuan 
County and the Zhongning County, which indicates a long history for Goji cultiva-
tion in these places.

The unique geographic environment and regional climate in the Zhongning 
County offer the most exceptional natural environment for cultivating Goji. Specifi-
cally, there is sufficient sunlight, high effective accumulated temperatures and large 
temperature difference between day and night; the soil in the alluvial plain contains 
a tremendous amount of minerals and plenty of humus and is mature enough; the 
Goji plants can be easily irrigated with the water of unique quality. Grown in such 
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excellent natural environment, the Goji berries produced in Ningxia, especially in 
Zhongning, are renowned worldwide for their exceptional quality.

Actually, during the periods from the Ming Dynasty to Republic of China, there 
is evidence that the Goji berries produced in Zhongning once dominated the mar-
ket in China. For instance, it was recorded by a county head named Huang Enxi 
in the Zhongwei Annals that there were many farmers growing Goqi in the area of 
Zhongning and the medicinal Goji berries in various provinces of China were all 
produced in Zhongning.

In 2013, the cultivation area of Goji in Zhongning has increased to about 
13,000 ha, with the output value for dried berries reaching 1 billion yuan (RMB). 
Besides, the Goji berries produced in Zhongning has won plenty of honors. For 
instance, in 1961, the Zhongning County was nominated as the only national base 
to produce Goji berry by The State Council of the People’s Republic of China; in 
1995, it was named “the hometown of Goji berry in China” by The State Council; 
in 1999, the Goji berry from Zhongning won the gold medal in the International 
Horticultural Exposition held in Kunming, China.

1.3 � Identification of L. chinense, L. barbarum,  
L. ruthenicum

L. barbarum L. ( Ning xia gou qi in Chinese), L. chinense Miller ( Gouqi), and L. 
ruthenicum Murray ( Hei guo gou qi) are currently the three major Lycium spe-
cies consumed in China as functional vegetable and fruit, Chinese medicine, folk 
medicine, and food supplements. The morphology of plants of these species shares 
certain common characters (Zhang et al. 1994). For instances, plants are all shrubs 
of 20–200 cm in height; branches are thorny; leaves are solitary or fasciculate while 
leaf size is about 0.5–5  cm × 0.5–7  mm; inflorescences are solitary or clustered; 
calyx is campanulate, 3–5 mm in length and 2–5-lobed; corolla is purple and fun-
nel form. However, these three species display certain morphological differences, 
and the natural habitats are overlapped but different (Table 1.1). Leaf, flower, and 
fruit have major morphological characters that can distinguish these three species 
(Table 1.1, Fig. 1.1). Although both have red color berry fruits, L. barbarum has 
longer and thicker leaves than that of L. chinense. L. ruthenicum has subsessile and 
succulent leaves and purple-black berry (Fig. 1.1) (Zhang et al. 1994).
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1.4 � Chemical Diversity in Leaf and Fruits of Wolfberry

Polysaccharides represent quantitatively the most important group of substances in 
the fruit of L. barbarum. which are estimated to comprise 3–8 % of the dried fruits 
(Amagase and Farnswoeth 2011). More than 30 polysaccarides have been isolated 
from the fruit of L. barbarum, L. chinense, and L. ruthenium (Table 1.2). The mo-
lecular weight of polysaccharides varies greatly in different species, which might 
lead to the different pharmacological function.

Table 1.1.   Morphological differences and geographic distribution of L. chinense, L. barbarum, 
L. ruthenicum
Species Morphological identity Geographic distribution
L. chinense M Leaf blade ovate, rhombic, lanceolate, or 

linear-lanceolate. Pedicel 1–2 cm. Calyx 
3–5-divided to halfway, lobes densely 
ciliate. Corolla tube shorter than or sub-
equaling lobes, lobes pubescent at margin. 
Stamens filaments villous slightly above 
base. Berry red, ovoid or oblong. Seeds 
numerous, yellow

In China: Anhui, Fujian, Gansu, 
Guangdong, Guangxi, Guizhou, 
Hainan, Hebei, Heilongjiang, 
Henan, Hubei, Hunan, Jiangsu, 
Jiangxi, Jilin, Liaoning, Nei 
Mongol, Ningxia, Qinghai, 
Shaanxi, Shanxi, Sichuan, 
Yunnan, Zhejiang. Taiwan, 
Japan, Korea, Mongolia, Nepal, 
Pakistan, Thailand, SW Asia, 
Europe

L. barbarum L Leaves lanceolate or long elliptic. Pedicel 
1–2 cm. Calyx usually 2-lobed, lobes 2- or 
3- toothed at apex. Corolla tube 8–10 mm, 
obviously longer than limb and lobes; lobes 
5–6 mm, spreading, margin glabrescent. 
Berry red or orange-yellow, oblong or 
ovoid. Seeds usually 4–20, brown-yellow

In China: Ningxia, Gansu, Qing-
hai, Xinjiang

L. ruthenicum 
M

Shrubs copiously armed. Leaves subsessile; 
leaf succulent, linear or subcylindric, rarely 
linear-oblanceolate. Pedicel 5–10 mm. 
Calyx irregularly 2–4-lobed, lobes sparsely 
ciliate. Corolla lobes oblong ovate, not 
ciliate. Stamens filaments sparsely villous 
above base. Fruiting calyx slightly inflated. 
Berry purple-black, globose, sometimes 
emarginate. Seeds brown

In China: Gansu, Nei Mongol, 
Ningxia, Qinghai, N Shaanxi, 
Xinjiang, Xizang. Afghanistan, 
Kazakhstan, Kyrgyzstan, Mon-
golia, Pakistan, Russia, Tajiki-
stan, Turkmenistan, Uzbekistan, 
SW Asia, Europe

Fig.1.1   Ripen fruits of L. ruthenicum (a), L. barbarum (b), and L. chinense (c)
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Glycocon-
jugate

MW Carbo-
hydrate 
content

Monosaccharides (molar ratio 
or %)

Reference

L. barbarum
LbGp1 88,000 Ara, Gla, Glc (2.5:1.0:1.0) (Yao et al. 2011)
LbGp2 68,200 90.7 Ara, Gal (4:5) (Peng and Tian 2001)
LbGp3 92,500 93.6 Ara, Gal (1:1) (Huang et al. 1998, 

1999)
LbGp4 214,800 85.6 Ara, Gal, Rha, Glc 

(1.5:2.5:0.43:0.23)
(Huang et al. 1998; Peng 
et al. 2001a)

LbGp5 23,700   8.6 Rha, Ara, Xyl, Gal, Man, Glc 
(0.33:0.52:0.42:0.94:0.85:1)

(Huang et al. 1998)

LbGp5B 23,700 Rha, Ara, Glc, Gal, 
(0.1:1:1.2:0.3), Galu (0.9)

(Peng et al. 2001b)

LBP3p 157,000 92.4 Gal, Glc, Rha, Ara, Man, Xyl 
(1:2.12:1.25:1.10:1.95:1.76)

(Gan et al. 2004)

LBPC2 12,000 92.8 Xyl, Rha, Man (8.8:2.3:1) (Zhao et al. 1996, 1997)
LBPC4 10,000 95 Glc (Zhao et al. 1996, 1997)
LBPA1 18,000 Heteroglycan (Zhao et al. 1997)
LBPA3 66,000 Ara, Gal (1.2:1) (Zhao et al. 1997)
LBP1a-1 11,500 Glc (Duan et al. 2001)
LBP1a-2 9400 Glc (Duan et al. 2001)
LBP3a-1 10,300 GalA (Duan et al. 2001)
LBP3a-2 8200 GalA (Duan et al. 2001)
LBPF1 150,000 48.2 (Chen et al. 2008)
LBPF2 150,000 30.5 (Chen et al. 2008)
LBPF3 150,000 34.5 (Chen et al. 2008)
LBPF4 150,000 20.3 (Chen et al. 2008)
LBPF5 150,000 23.5 (Chen et al. 2008)
LBPB1 18,000 Ara, Glc (1:3.1) (Zhao et al. 1996, 1997)
PLBP 121,000 (Liang et al. 2011)
LBP-IV 418,000 Rha, Ara, xyl, glc, Gal 

(1.61:3.82:03.44:7.54:1.00)
(Liu et al. 2012)

L. chinense
Cp-1-A 10,000 87.8 Ara, Xyl (1:1) (Qin et al. 2000)
Cp-1-B 11,000 89.4 Ara (Qin et al. 2000)
Cp-1-C 42,000 92.4 Ara, Gal (3:1) (Qin et al. 2000)
Cp-1-D 23,000 90.7 Ara, Gal (1:1) (Qin et al. 2000)
Cp-2-A 89,000 88.3 Ara (50.6), Gal (22.8), Man 

(8.4), Rha (5.9), Glc (5.6)
(Qin et al. 2001)

Cp-2-B 89,000 88.3 Ara (45.5), Gal (47.4) (Qin et al. 2001)
Hp-2-A 8000 87.9 Ara (70.6), Gal (13.5) (Qin et al. 2001)

Table 1.2   Polysaccharides in fruits of L. chinense, L. barbarum, L. ruthenicum
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As to the color regents in wolfberry, the reddish-orange color of L. barbarum 
and L. chinense is derived from carotenoids and their esters, which are the second 
major group of metabolites. Twelve carotenoids and their esters were identified in 
the genus Lycium (Table 1.2.). The highest content of carotenoids in ripen red berry 
is zeaxanthin dipalmitate which counts for 75 % of total carotenoids (508.90 μg g− 1 
fresh weight (FW) in ripen fresh fruit) (Liu et al. 2014). Although there is very low 
level of total carotenoid (34.46 μg g− 1 FW), with 18.01μg g− 1 FW of β-carotene, in 
green fruits of L. ruthenicum, the content of total carotenoid in ripen black berry is 
undetectable (Liu et al. 2014). The zeaxanthin and β-Cryptoxanthin are undetect-
able both in green and ripen fruits of L. ruthenicum (Liu et  al. 2014). As to the 
black color in ripen fruits of L. ruthenicum, ten anthocyanins were identified using 
HPLC-DAD-MS/MS (Zheng et al. 2011), with the highest content of pentunidin-
3-O-rutinoside (trans-p-coumaroyl)-5-O-glucoside which counts 95 % of total fla-
vonoids (Zeng et al. 2014). Consistent with this, anthocyanin content in L. rutheni-
cum increased steadily and reached maximum levels (10.37 OD534/g) at the ripening 
stage, while anthocyanin was undetectable at all stages in L. barbarum fruits (Zeng 
et al. 2014).

Other phytochemicals include flavonoids, alkaloids, amides, peptides, anthra-
quinones, coumarins, lignanoids, terpenoids, steroids, and their derivatives, organic 
acids, and glycolipids are summarized in Table 1.3. Kim et al. (1997c) identified 
45 volatile flavor components in L. chinense leaves including four acids, 15 alco-
hols, seven aldehydes, two esters, three furans, nine hydrocarbons, and three others. 
Sannai et al. (1983) identified 36 neutral volatile compounds in L. chinense fruits. 
Fifty-four volatile components including twelve alcohols, twelve esters, seven al-
dehydes, six acids, five hydrocarbons, eight ketones, one furan, and three pyrazines 
were detected in the fruit of L. chinense (Yao et al. 2011). Twenty-one compounds 
from the essential oil of L. barbarum fruits and 18 compounds from the essential oil 
of L. ruthenicum fruits were identified by GC/MS (Altintas et al. 2006). 1β-Amino-
3β, 4β, 5α-trihydroxycycloheptane, digupigan A, and a tryptophane glycoside, 
were only isolated from the root barks of L. chinense (Asano et al. 1997; Yahara 
et al. 1989; Wei and Liang 2003). The only one lignin, (+)-Lyoniresinol 3α-O-β-d-

Glycocon-
jugate

MW Carbo-
hydrate 
content

Monosaccharides (molar ratio 
or %)

Reference

Hp-2-B 11,000 89.9 Ara (84.2), Gal (10.7) (Qin et al. 2001)
Hp-2-C 120,000 90.7 Ara (49.5), Gal (40.8), Fuc (5.9) (Qin et al. 2001)
Hp-0-A 23,000 Ara (Potterat 2010)
L. ruthenicum
LRGP1 56,200 Rha, Ara, xyl, Man, glc, Gal 

(0.65:10.71:0.33:0.67:1:10.41)
(Peng et al. 2012a)

LRP4-A 105,000 Rha, Ara, glc, Gal 
(1:7.6:0.5:8.6)

(Lv et al. 2013)

LRGP3 75,600 Rha, Ara, Gal (1.0:14.9:10.4) (Peng et al. 2012b)

Table 1.2  (continued) 
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Compound name L. barbarum L. chinense L. 
ruthenicum

Carotenoids and their esters
β-Carotene Fruit (Yao et al. 2011) Fruit/leaf (Yao et al. 

2011)
Zeaxanthin Fruit (Yao et al. 2011) Fruit (Yao et al. 2011)
β-Cryptoxanthin Fruit (Yao et al. 2011) Fruit (Yao et al. 2011)
Zeaxanthinmonopalmitate Fruit (Yao et al. 2011) Fruit (Yao et al. 2011)
Zeaxanthindipalmitate Fruit (Yao et al. 2011) Fruit (Kim et al. 

1997b)
Zeaxanthinmonomyristate Fruit (Yao et al. 2011)
Zeaxanthinmyristate/
palmitate

Fruit (Yao et al. 2011)

β-Cryptoxanthinpalmitate Fruit (Yao et al. 2011)
Violaxanthindipalmitate Fruit (Yao et al. 2011)
Mutatoxanthindipalmitate Fruit (Yao et al. 2011)
Antheraxanthindipalmitate Fruit (Yao et al. 2011)
Lutein Fruit/ leaf (Yao et al. 

2011)
Flavonoids
Quercetin Fruit/ leaf/flower (Yao 

et al. 2011)
Fruit/leaf (Miean and 
Mohamed 2001)

Kaempferol Fruit/ leaf/flower (Yao 
et al. 2011)

Myricetin Fruit (Le et al. 2007)
Rutin Fruit/leaf (Yao et al. 2011) Fruit/leaf/root (Yao 

et al. 2011)
Isorhamnetin 
3-O-rutinoside

Fruit (Inbaraj et al. 2010)

Kaempferol-3-O-rutinoside Fruit (Inbaraj et al. 2010)
Hesperidin Fruit (Inbaraj et al. 2010)
Apigenin Leaf/root bark (Miean 

and Mohamed 2001)
Luteolin Leaf (Zou 2002)
Acacetin Leaf (Zou 2002)
3, 5, 7, 3′-Tetrahydroxy-6, 
4′, 5′-trimethoxyflavone

Leaf (Zou 2002)

Morin Fruit (Qian et al. 2004)
Acatein 7-O-rhamno-
syl-(1-6)-glucopyranoside

Leaf (Zou 2002)

Quercetin 3-O-sophoroside Leaf (Yao et al. 2011)
Quercetin 7-O-glucoside 
3-O-glucosyl-(1-2)-galacto-
pyranoside

Leaf (Yao et al. 2011)

Table 1.3   Chemical constituents of L. barbarum, L. chinense, and L. ruthenicum 
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Compound name L. barbarum L. chinense L. 
ruthenicum

Kaempferol 
3-O-sophoroside

Leaf (Yao et al. 2011)

Kaempferol 7-O-glucoside 
3-O-glucosyl-(1-2)-galac-
toside

Leaf (Yao et al. 2011)

Linarin Leaf (Zou 2002; Wei 
and Liang 2003)

Alkaloids
Atropine Fruit/shoot/root (Harsh 

1989; Adams et al. 2006)
Hyoscyamine Fruit/ shoot/root (Harsh 

1989)
Na-[( E)-Cinnamoyl]
histamine

Leaf (Yao et al. 2011)

Betaine Fruit/ leaf/ root bark (Yao 
et al. 2011)

Melatonin Fruit (Yao et al. 2011)
Calystegine A3 Root bark (Asano et al. 

1997)
Calystegine A5 Root bark (Asano et al. 

1997)
Calystegine A6 Root bark (Asano et al. 

1997)
Calystegine A7 Root bark (Asano et al. 

1997)
Calystegine B1 Root bark (Asano et al. 

1997)
Calystegine B2 Root bark (Asano et al. 

1997)
Calystegine B3 Root bark (Asano et al. 

1997)
Calystegine B4 Root bark (Asano et al. 

1997)
Calystegine B5 Root bark (Asano et al. 

1997)
Calystegine C1 Root bark (Asano et al. 

1997)
Calystegine C2 Root bark (Asano et al. 

1997)
Calystegine N1 Root bark (Asano et al. 

1997)
N-Methylcalystegine B2 Root bark (Asano et al. 

1997)

Table 1.3  (continued) 
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Compound name L. barbarum L. chinense L. 
ruthenicum

N-Methylcalystegine C1 Root bark (Asano et al. 
1997)

Fagomine Root bark (Asano et al. 
1997)

6-Deoxyfagomine Root bark (Asano et al. 
1997)

4-[2-Formyl-
5-(hydroxymethyl)-1H-pyr-
rol-1-yl] butanoic acid

Fruit (Chin et al. 2003)

4-[2-Formyl-
5-(methoxymethyl)-
1H-pyrrol-1-yl] butanoic 
acid

Fruit (Chin et al. 2003)

4-[2-Formyl-
5-(methoxymethyl)-
1H-pyrrol-1-yl] butanoate

Fruit (Chin et al. 2003)

Alkaloid I Root bark (Yao et al. 
2011)

Alkaloid I Root bark (Yao et al. 
2011)

Kukoamine A Root bark (Funayama 
et al. 1980)

Kukoamine B Root bark (Yao et al. 
2011)

Betaine Fruit/ leaf/root bark/ 
root (Yao et al. 2011)

Betaine hydrochloride Root bark (Zhou et al. 
1996)

Choline Root/ root bark (Yao 
et al. 2011)

9-Formylharman Fruit (Han et al. 1985)
1-(Methoxycarbonyl)-β-
carboline

Fruit (Han et al. 1985)

Perlolyrine Fruit (Han et al. 1985)
Amides
Lyciumide A Fruit (Yao et al. 2011)
3-(3-Hydroxy-
4-methoxyphenyl)-
N-[2-(4- methoxyphenyl) 
ethyl]-(2E)-Propenamide

Fruit (Personal communi-
cation with Dr. Minghua 
Qiu)

3-(4-Hydroxy-
3-methoxyphenyl)-
N-[2-(4- hydroxyphenyl) 
ethyl]-2-Propenamide

Fruit (Personal communi-
cation with Dr. Minghua 
Qiu)

Table 1.3  (continued) 
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Compound name L. barbarum L. chinense L. 
ruthenicum

N-( α,β-Dihydrocaffeoyl)
tyramine

Root bark (Han et al. 
2002; Lee et al. 2004)

N-[( E)-Caffeoyl]tyramine Root bark (Han et al. 
2002; Lee et al. 2004)

N-[( Z)-Caffeoyl]tyramine Root bark (Han et al. 
2002; Lee et al. 2004)

N-[( E)-Feruloyl]
octopamine

Root bark (Lee et al. 
2004)

(2S, 3R, 4E, 8Z)-1-O-( β-
d -Glucopyranosyl)-
2-(palmitoylamino)
octadecasphinga-4,8-diene

Fruit(Kim et al. 1997a, 
2000)

(2S, 3R, 4E, 8Z)-1-O-( β-d 
-Glucopyranosyl)-2-[(2-
hydroxypalmitoyl)amino]
sphinga-4,8-diene

Fruit/suspension 
culture stem (Kim 
et al. 1997a; Jang et al. 
1998)

Peptides
Lyciumamide Stem/root bark (Nogu-

chi et al. 1984)
Lyciumins A Root bark (Yahara 

et al. 1989)
Lyciumins B Root bark (Yahara 

et al. 1989)
Lyciumins C Root bark (Yahara 

et al. 1993)
Lyciumins D Root bark (Yahara 

et al. 1993)
Anthraquinones
Emodin Root bark (Wei and 

Liang 2002)
Physcion Root bark (Wei and 

Liang 2002)
1, 3, 6-Trihy-
droxy-2-methyl-9, 
10-anthraqui-none

Root bark (Yao et al. 
2011)

1, 3, 6-Trihy-
droxy-2-methyl-9, 
10-anthraquinone 
3-O-(rhamnopyranosyl)-(1-
2)-6′-acetylglucopyranoside

Root bark (Yao et al. 
2011)

Coumarins
Scopoletin Fruit/leaf (Yao et al. 2011)
Scopoletin Leaf/root bark (Zhou 

et al. 1996; Wei and 
Liang 2002; Hansel 
and Huang 1977)

Table 1.3  (continued) 
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Compound name L. barbarum L. chinense L. 
ruthenicum

Scopolin Root bark (Wei and 
Liang 2002)

Fabiatrin Root bark (Wei and 
Liang 2002)

Lignanoids
(+)-Lyoniresinol 
3α-O-β-d-glucopyranoside

Root bark (Han et al. 
2002; Lee et al. 2005)

Terpenoids
l-Monomenthyl succinate Fruit (Hiserodt et al. 2004)
7, 8-Dehydro-3-hydroxy- 
β -ionone

Leaf (Sannai et al. 
1984)

l-Monomenthylglutarate Fruit (Hiserodt et al. 
2004)

l-Dimenthylglutarate Fruit (Hiserodt et al. 
2004)

A monoterpene glycoside Root bark (Yahara 
et al. 1993)

(−) -1, 
2-Didehydro-α-cyperone

Fruit (Sannai et al. 
1982)

Solavetivone Fruit (Sannai et al. 
1982)

Lyciumoside I Leaf/stem/root bark 
(Yao et al. 2011)

Lyciumoside II Leaf/root bark (Yao 
et al. 2011)

Lyciumoside III Leaf/ root bark (Yao 
et al. 2011)

Lyciumoside IV Leaf (Yao et al. 2011)
Lyciumoside V Leaf (Yao et al. 2011)
Lyciumoside VI Leaf (Yao et al. 2011)
Lyciumoside VII Leaf (Yao et al. 2011)
Lyciumoside VIII Leaf (Yao et al. 2011)
Lyciumoside IX Leaf (Yao et al. 2011)
Sugiol Root bark (Noguchi 

et al. 1985)
Sterols, steroids, and their derivatives
b-sitosterol Flower/fruit/stem (Yao 

et al. 2011)
Fruit/seed/root/root 
bark (Yao et al. 2011)

Lanosterol Flower (Harsh and Nag 
1981)

Seed(Yao et al. 2011)

β-Sitosterolβ-d-
glucopyranoside

Fruit(Xie et al. 2001; 
Wang et al. 1998)

Root bark/leaf (Yao 
et al. 2011)

Table 1.3  (continued) 



131  Chemical and Genetic Diversity of Wolfberry

Compound name L. barbarum L. chinense L. 
ruthenicum

Diosgenin Flower/stem (Harsh and 
Nag 1981)

lycioside A Seed (Wang et al. 2011)
lycioside B Seed (Wang et al. 2011)
Campesterol Fruit/seed/root (Yao 

et al. 2011)
Cholesterol Fruit/seed/root (Yao 

et al. 2011)
24-Methylcholesterol Seed (Itoh et al. 1977a)
24-Ethylcholesterol Seed (Itoh et al. 1977a)
Stigmasterol Fruit/seed/root (Yao 

et al. 2011)
24-Methylcholesta-5, 
24-dien-3β-ol

Seed (Itoh et al. 1977a)

28-Isofucosterol Seed (Itoh et al. 1977a)
24-Methylidenecholesterol Seed (Yao et al. 2011)
24-Ethylcholesta-5, 
24-dien-3β-ol

Seed (Yao et al. 2011)

Cholestan-3β-ol Seed (Itoh et al. 1977a)
24-Methylcholestan-3β-ol Seed (Itoh et al. 1977a)
24-Ethylcholestan-3β-ol Seed (Itoh et al. 1977a)
Cholest-7-en-3β-ol Seed (Yao et al. 2011)
Cycloartanol Seed (Itoh et al. 1977b)
Cycloartenol Seed (Yao et al. 2011)
24-Methylidenecycloartanol Seed (Yao et al. 2011)
31-Norcycloartenol Seed (Yao et al. 2011)
31-Norlanosterol Seed (Yao et al. 2011)
31-Norcycloartanol Seed (Itoh et al. 1978)
31-Norlanost-8-enol Seed (Yao et al. 2011)
31-Norlanost-9(11)-enol Seed(Itoh et al. 1978)
24-Methyl-31-norla-
nost-9(11)-enol

Seed (Itoh et al. 1978)

4α-Methylcholest-8-en-
3β-ol

Seed(Yao et al. 2011)

4α,24-Dimethylcholesta-
7,24-dien-3β-ol

Seed (Itoh et al. 1978)

24-Ethyl-4α 
-methylcholesta-7,24-dien-
3β-ol

Seed (Itoh et al. 1978)

Cholest-5-en-3β-ol Fruit (Yao et al. 2011)

Table 1.3  (continued) 



14 Y. Wang et al.

Compound name L. barbarum L. chinense L. 
ruthenicum

24-Methylcholest-5-en-
3β-ol

Fruit (Yao et al. 2011)

24-Ethylcholesta-5,22-dien-
3β-ol

Fruit (Yao et al. 2011)

24-Ethylcholest-5-en-3β-ol Fruit (Yao et al. 2011)
24-Ethylidenecholest-5-
en-3β-ol

Fruit (Yao et al. 2011)

24-Ethylidenecholest-7-
en-3β-ol

Fruit (Yao et al. 2011)

Lophenol Seed (Yao et al. 2011)
24-Ethyllophenol Seed (Itoh et al. 1978)
24-Methyllophenol Seed (Itoh et al. 1978)
Gramisterol Seed (Yao et al. 2011)
Citrostadienol Seed (Yao et al. 2011)
Cycloeucalenol Seed (Yao et al. 2011)
Obtusifoliol Seed (Yao et al. 2011)
Lanost-8-enol Seed (Yao et al. 2011)
β-Amyrin Seed (Yao et al. 2011)
24-Methylidenelanost-8-
en-3β-ol

Seed (Yao et al. 2011)

Lupeol Seed (Yao et al. 2011)
5α-Stigmastane-3,6-dione Root bark (Noguchi 

et al. 1985)
β-Sitosterol 3-O-(6-
palmitoyl-β-d-
glucopyranoside)

Fruit (Jung et al. 2005)

β-Sitosterol 3-O-(6-
stearoyl-β- d-glucopyran-
oside)

Fruit (Jung et al. 2005)

A furostanol glycoside Root bark (Yahara 
et al. 1993)

Lyciumsubstanz A Leaf (Hansel et al. 
1975; Hansel and 
Huang 1977)

Lyciumsubstanz B Leaf (Hansel and 
Huang 1977)

Diosgenin (Yao et al. 2011)
Organic acids and their derivatives
Linoleic acid Fruit (Yao et al. 2011) Fruit/root bark (Yao 

et al. 2011)
Fruit (Yao 
et al. 2011)

Oleic acid Fruit (Wang et al. 1998) Root (Yao et al. 2011) Fruit (Yao 
et al. 2011)

Table 1.3  (continued) 
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Compound name L. barbarum L. chinense L. 
ruthenicum

Melissic acid Fruit (Yao et al. 2011) Fruit/root bark (Yao 
et al. 2011)

Fruit (Yao 
et al. 2011)

Myristic acid Fruit (Altintas et al. 2006)
Palmitic acid Fruit (Yao et al. 2011) Root (Yao et al. 2011) Fruit (Yao 

et al. 2011)
Caffeic acid Fruit (Inbaraj et al. 2010)
Ferulic acid Fruit (Inbaraj et al. 2010)
Vanillic acid Leaf (Yao et al. 2011) Leaf/root bark (Hansel 

and Huang 1977)
Salicylic acid Leaf (Yao et al. 2011)
p-Coumaric acid Fruit (Xie et al. 2001; 

Wang et al. 1998)
Chlorogenic acid Fruit (Dong et al. 2011b)
Stearic acid Root (Yao et al. 2011)
Pentanoic acid Fruit (Lee et al. 2010)
Lactic acid Leaf (Kim et al. 1997c)
α-Dimorphecolic acid Root bark (Yao et al. 

2011)
(9S, 10E, 12Z, 15Z)-
9-Hydroxyoctadeca-10, 12, 
15-trienoic acid

Root bark (Yao et al. 
2011)

Oxalic acid Leaf (Kim et al. 1997c)
Malonic acid Leaf (Kim et al. 1997c)
Malic acid Leaf (Kim et al. 1997c)
Succinic acid Leaf (Kim et al. 1997c)
Fumaric acid Leaf (Kim et al. 1997c)
Citric acid Leaf (Kim et al. 1997c)
Cinnamic acid Root bark (Noguchi 

et al. 1985)
Protocatechuic acid Fruit (Qian et al. 2004)
Chlorogenic acid Leaf/fruit (Yao et al. 

2011)
β-d-
Glucopyranosylsyringate

Root bark (Wei and 
Liang 2003)

Stearylferulate Root bark (Zhou et al. 
1996)

Anthocyanins
Petundin-3-O-galacto-
side-5-O-glucoside

Fruit 
(Zheng 
et al. 2011)

Table 1.3  (continued) 
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Compound name L. barbarum L. chinense L. 
ruthenicum

Petundin-3-O-gluco-
side-5-O-glucoside

Fruit 
(Zheng 
et al. 2011)

Delphinidin-3-O-rutinoside 
(cis-p-coumaroyl)-5-O-
glucoside

Fruit 
(Zheng 
et al. 2011)

Delphinidin-3-O-rutinoside 
(trans-p-coumaroyl)-5-O-
glucoside

Fruit 
(Zheng 
et al. 2011)

Petunidin-3-O-rutinoside 
(caffeoyl)-5-O-glucoside

Fruit 
(Zheng 
et al. 2011)

Pentunidin-3-O-rutinoside 
(cis-p-coumaroyl)-5-O-
glucoside

Fruit 
(Zheng 
et al. 2011)

Pentunidin-3-O-rutinoside 
(trans-p-coumaroyl)-5-O-
glucoside

Fruit 
(Zheng 
et al. 2011)

Pentunidin-3-O-glucoside 
(maloyl)-5-O-glucoside

Fruit 
(Zheng 
et al. 2011)

Pentunidin-3-O-glucoside 
(feruloyl)-5-O-glucoside

Fruit 
(Zheng 
et al. 2011)

Malvidin-3-O-rutinoside 
(cis-p-coumaroyl)-5-O-
gIucoside

Fruit 
(Zheng 
et al. 2011)

Glycolipids
(2S) -1-O-Palmitoyl-2-
O-linolenoyl-3-O-[α-d-
galactopyranosyl- (1″-6′) 
- (3″-O-linolenoyl) -β-d-
galactopyranosyl]-glycerol

Fruit (Gao et al. 2008)

(2S) -1-O-Palmitoyl-2-
O-linolenoyl-3-O-[α-d-
galactopyranosyl- (1″-6′) 
- (3″-O-linolenoyl) -β-d-
galactopyranosyl]-glycerol

Fruit (Gao et al. 2008)

(2S) -1-O-Palmitoyl-2-
O-linolenoyl-3-O-[α-d-
galactopyranosyl- (1″-6′) 
- (3″-O-palmitoyl) -β-d-
galactopyranosyl]-glycerol

Fruit (Gao et al. 2008)

(2S) -1-O-Palmitoyl-2-
O-linolenoyl-3-O-[α-d-
galactopyranosyl- (1″-6′) 
- (3″-O-palmitoyl) -β-d-
galactopyranosyl]-glycerol

Fruit (Gao et al. 2008)

Table 1.3  (continued) 
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Compound name L. barbarum L. chinense L. 
ruthenicum

(2S) -1-O-palmitoyl-2-
O-palmitoyl-3-O-[-α-d-
galactopyranosyl)-(1″-6′) 
- (3″-O-palmitoyl)-β-d-
galactopyranosyl]glycerol

Fruit (Gao et al. 2008)

(2S) -1-O-palmitoyl-2-
O-palmitoyl-3-O-[-α-d-
galactopyranosyl) - (1″-6′) 
-β-d-galactopyranosyl]
glycerol

Fruit (Gao et al. 2008)

(2S) -1-O-linolenoyl-2-
O-linolenoyl-3-O-[α-d-
galactopyranosyl- (1″-6′) 
-β-d-galactopyranosyl]
glycerol

Fruit (Gao et al. 2008)

(2S) -1-O-linolenoyl-2-
O-linolenoyl-3-O-[α-d-
galactopyranosyl- (1″-6′) 
-β-d-galactopyranosyl]
glycerol

Fruit (Gao et al. 2008)

(2S) -1-O-palmitoyl-2-
O-linolenoyl-3-O-[α-d-
galactopyranosyl- (1″-6′) 
-β-d-galactopyranosyl]
glycerol

Fruit (Gao et al. 2008)

(2S) -1-O-palmitoyl-2-
O-linoleoyl-3-O-[α-d-
galactopyranosyl- (1″-6′) 
-β-d-galactopyranosyl]
glycerol

Fruit (Gao et al. 2008)

(2S) -1-O-palmitoyl-
2-O-oleoyl-3-O-[α-d-
galactopyranosyl- (1″-6′) 
-β-d-galactopyranosyl]
glycerol

Fruit (Gao et al. 2008)

(2S) -1-O-Stearoyl-2-
O-linoleoyl-3-O-[α-d-
galactopyranosyl- (1″-6′) 
-β-d-galactopyranosyl]
glycerol

Fruit (Gao et al. 2008)

(2S) -1-O-palmitoyl-2-
O-linolenoyl-3-O-β-d-
galactopyranosylglycerol

Fruit (Gao et al. 2008)

(2S) -1-O-palmitoyl-2-
O-linoleoyl-3-O-β-d-
galactopyranosylglycerol

Fruit (Gao et al. 2008)

Table 1.3  (continued) 
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Compound name L. barbarum L. chinense L. 
ruthenicum

(2S) -1-O-palmitoyl-
2-O-oleoyl-3-O-β-d-
galactopyranosylglycerol

Fruit (Gao et al. 2008)

1-O-β-d-
Galactopyranosyl-2, 
3-O-bis-[(9Z, 12Z, 15Z)-
octadeca-9, 12, 15-trienoyl]
glycerol

Fruit (Jung et al. 2005)

1-O-β-d-Galactopyranosyl-
2-O-[ (9Z, 12Z)-octadeca-
9,12-dienoyl]-3-O-[ (9Z, 
12Z, 15Z-octadeca-9, 12, 
15-trienoyl]glycerol

Fruit (Jung et al. 2005)

α-d-glucuronopyranosyl 
(2→1′) -α-d -glucurono-
pyranosyl (2′ →1″) 
-α-d-glucopyranosyl-2″-n-
octadec-9‴-enoate

Fruit (Chung et al. 
2013)

abd-3β, 9β-diol-3α-d-
glucopyranosyl- (2a →1b) 
-α-d-glucopyranosyl- 
(2b→1c) -α-d-
glucopyranosyl- (2c→1d) 
-α-d-arabinofuranosyl-2d-
p-hydroxybenzoate

Fruit(Chung et al. 
2013)

Table 1.3  (continued) 

glucopyranoside was isolated from the root bark of L. chinense (Han et al. 2002; 
Lee et al. 2005). Two compounds were newly identified from the acetone extract 
of dry Goji berry, 3-(3-hydroxy-4-methoxyphenyl)-N-[2-(4-methoxyphenyl)ethyl]-
(2E)-Propenamide, and 3-(4-hydroxy-3-methoxyphenyl)-N-[2-(4-hydroxyphenyl)
ethyl]-2-Propenamide (Personal communication with Dr. Minghua Qiu).

1.5 � Comparative Analysis of the Amount of 
Polysaccharide and Flavonoids in Leaves  
of Wild L. Chinense and L. Barbarum Plants

Considering leaves of both L. chinense and L. barbarum have been consuming as 
functional vegetable and functional tea, total amount of polysaccharide and flavo-
noids were compared among leaves collected from wild plants (Yan et al. 2010; 
Dong et al 2011a, b and unpublished data). Six populations of the wild L. barbarum 
plants from Northwestern provinces of China, the polysaccharide content of the 
population from Zhongning (Ningxia province) (11.32 mg/g dry weight) was the 
highest while that from Dunhuang (Gansu province) (5.66 mg/g dry weight) was 
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the lowest. Among the five populations of the wild L. chinense plants collected in 
the central provinces of China, the polysaccharide amount of the population from 
Yuncheng (Shanxi province) (12.14 mg/g) was the highest while that from Xixia 
(Henan province) was the lowest.

Young leaves of wild L. chinense has a significantly higher amount of polysac-
charide than the wild L. barbarum plants (10.72 vs. 7.86 mg/g). It was reported that 
the divergence of the polysaccharide amount among different populations of each 
species was not significant, but the divergence among the individuals within each 
population was more significant, which indicates that such divergence may be due 
to the genetic divergence among individuals rather than the environmental differ-
ences (Yan et al. 2011). Therefore, we may obtain certain excellent germplasm of 
the high level of polysaccharide and total flavonoids in leaf through the germplasm 
screening.

Yan et  al. (2010) also reported that among the six populations of the wild L. 
barbarum plants, the leaf total flavonoids amount of the population from Zhongn-
ing, Ningxia province (5.64 mg/g) was the highest while that from Nuomuhong, 
Qinghai province (2.87 mg/g) was the lowest. Additionally, it was shown that the 
interpopulation divergence was not significant, while the divergence within these 
populations was significant. For example, the highest amount of one sample is 
around 11-folds more than the lowest one of other sample in the Zhongning popula-
tion. Moreover, the overall divergence for the leaf total flavonoids between wild L. 
chinense (3.998 mg/g) and L. barbarum (4.07 mg/g) was not significant.

The subsequent High-performance liquid chromatography (HPLC) analysis of 
the leaf total flavonoids revealed that although the divergence for the leaf total fla-
vonoids between the two species was not significant, the composition and amount 
of the constituents were dramatically divergent (Fig. 1.2, unpublished data). Total 
flavonoids in the young leaves of these two species share the constituents like rutin, 
chlorogenic acid, kaempfero, quercetin, and apigenin-7-O- (6′-O-acetyl) glucose-
rhamnose. Besides, there was another obvious peak for an unknown compound for 
the sample of the wild L. barbarum leaves which was however undetected for the 
wild L. chinense leaves [unpublished data in Wang’s lab].

The Goji leaf is called “Tianjing grass” in the book Compendium of Materia 
Medica ( Ben Cao Gang Mu) and serves as a good medicinal herb, functional veg-
etable, and functional tea. So, it is promising to develop the Goji leaf for both medi-
cine and food uses. The Goji leaves from the cultivated and wild L. chinense and L. 
barbarum plants currently possess a large market share. However, the cultivation 
of the L. barbarum plants is limited in the northwest China, while L. chinense are 
widely distributed and consumed in the southern and central China. Besides, the 
leaves of L. chinense can be more nutritional than L. barbarum plants. Therefore, 
it is important to breed good Goji cultivars of good nutrition and medicinal use for 
various regions. To achieve this goal, we need to have more in-depth analyzes of 
the amount and composition of active constituents in the leaves of various species 
cultivated under different conditions.
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1.6 � Analysis of the Major Constituents in L. barbarum 
Fruits (Goji Berry) Cultivated in Various Regions

In order to compare the Goji berry quality from various production areas, the dry 
Goji berry of “Ningqi 1” cultivar were collected in the typical cultivation sites locat-
ed in eight regions including Jinghe and Qitai in Xinjiang, Shahai in Inner Mongo-
lia, Zhouta Village in Zhongning in Ningxia, Nuomuhong and Geermu in Qinghai, 
Dazi in Tibet, and Jvlu in Hebei (Dong et al. 2012). To avoid variation derived from 
the different drying process, fresh fruits were desiccated using the silica gels till 
their weight remaining constant. They were then subject to phytochemical analysis 
following method published by Dong et al. 2012.

Phytochemicals and fruit characters are summarized in Table 1.4, which is ad-
justed from Dong (Dong et  al. 2014). Based on the 100-fruit weight, Goji berry 
from Nuomuhong is the heaviest with 19.71 g for 100 complete fruits and 16.95 g 
for 100 fruit pulp. In ancient traditional Chinese medicine system, Zhongning has 
been authenticated as the genuine producing area where Goji has the highest me-
dicinal quality. Zhongning Goji was reported to have the highest content of flavo-
noids (2.97 %) and the highest antioxidant activity, which indicated that content of 
flavonoids in Goji berry can accurately reflect the antioxidant ability and confirm 
that Zhongning is the genuine producing area for polyphenols. Goji berry produced 
in Jvlu, Hebei Province, has the highest carotenoids amount which diverges signifi-
cantly from other regions. This result is consistent with the brand characteristics of 
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the Goji fruits produced in Jvlu. In the long history for consuming Goji, the Jvlu 
Goji berry has been renowned as “blooded Goji berry” and their deep red color may 
be attributed to the high carotenoids amount. The fruits produced in Shahai pos-
sessed the second highest amount of carotenoids, followed by Zhongning and Qitai. 
As to the polysaccharide amount in Goji berry from various regions, it was found 
that Jinghe in Xinjiang possessed the highest polysaccharide level and Zhongning 
Goji had the lowest level. Interestingly, an obvious decreasing trend of polysac-
charide content from west (Xinjiang) to east (Ningxia) is positively related to the 
temperature, indicating the areas of Northwestern China with relatively low tem-
perature are good for polysaccharide accumulation, but not the best for carotenoid 
or flavonoid accumulation.

The Goji berry is not only a precious traditional Chinese medicine, but also a 
functional food with both the medicine and food uses. Goji plants have been widely 
cultivated with a long cultivation history. Zhongning County has been regarded in 
Chinese history as the region producing genuine Goji berries. There is a record in 
the famous book Compendium of Materia Medica ( Ben Cao Gang Mu) that the 
Goji berries used as medicines in the whole country were all produced in the re-
gion around Zhongning. The cultivars in this region have been later introduced to 
the regions outside Zhongning, including Jvlu in Hebei Province, Shahai in Inner 
Mongolia, Nuomuhong in Qinghai Province, Jinghe in Xingjiang, and Guazhou in 
Gansu Province, which results in the expansion of the cultivation region for Goji 
fruit production. Due to the diversity of the environmental factors and the active 
constituents of Goji berry, optimal production regions for a specific Goji berry of 
various dominant constituents should be established based on various usage and 
active constituent composition. For example, the polysaccharide region (Jinghe in 
Xinjiang province), the flavonoid region (Zhongning in Ningxia province), the ca-
rotenoid region (Jvlu in Hebei province) and the regular regions should be clearly 
designated for various market share. This strategy will benefit the quality control 
of Goji berry products and scientifically choosing of raw materials for various us-
ages. Further expansion of existing and potential production regions is of extreme 
significance for the development of Goji industry worldwide and contributing to 
the human health.

1.7 � Summary and Future Research Direction

High level of genetic diversity has been discovered in wild Lycium resources. The 
molecular studies of Goji include identification of genes involved in the second-
ary metabolism, disease resistance, and pest resistance. New projects of genomics, 
transcriptomics, metabolomics have been initiated to study the evolution of whole 
genome and gene families, identify important genes, and promote the molecular 
breeding program. Currently, it is urgent to breed unique cultivars for various pro-
duction regions and diversified products, including cultivars used specifically for 
juice, medicine, functional vegetable and tea, fresh fruit, and pure compound or 
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essential oil extracts. Because the cultivation of Goji plants is highly labor consum-
ing, with 1/3 of price accounting the labor cost (especially hand harvesting), new 
cultivars for mechanical harvesting are also under development.

With the development of Goji industry worldwide, the classical cultivation pat-
tern for producing mainly dry fruits using air-dry method has gradually changed 
into the machine drying in order to retain the high level of bioactive components. 
We found that the polysaccharide amount of fresh fruits or fruits desiccated using 
silica gels was obviously higher than that of the fruits dried using the default meth-
od recommended by the Chinese Pharmacopoeia or the air-dry method. Different 
drying facilities using electricity, solar energy, or coals have been invented and used 
in various production regions.

The quality of Goji berry and phytochemical contents are affected by cultivars, 
environmental factors, cultivation patterns, and processing methods. The traditional 
quality standard of Goji berry just pays attention to the shape and size of dry fruits. 
Therefore, it is also urgent to establish a comprehensive quality standard consider-
ing both the morphological characteristics and phytochemical levels, which is more 
scientific and accurate in analyzing the Goji berry samples. Moreover, the active 
constituents in Goji berry and leaf and their efficacy await further study. In-depth 
knowledge will facilitate the development of new products or Goji-based medi-
cines. Together, the breakthrough in basic research, breeding, and cultivation and 
processing technology is of ultimate significance to guide the efficient and fast de-
velopment of Goji industry and the modernization of traditional Chinese medicines.
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Abstract  Widespread pharmacology research has revealed that immune regulation 
is the main biological effect of Lycium barbarum, and the material bases to elicit 
the effect of L. barbarum on the immune system are polysaccharide and glycopro-
tein complexes. Studies have found that the effect of L. barbarum polysaccharide 
on the activation of macrophages and dendritic cells are important in participat-
ing in the immune response. In addition, it was found that TLR4/2 may be closely 
related to the immunoregulatory activity of L. barbarum polysaccharide. Further, 
the TLR4/2-activated signaling pathways lead to activation of phosphoinositide-
3-kinase (PI3K) and LKB1, leading to activation of the mitogen-activated protein 
kinase (MAPK), extracellular signal-regulated kinase (ERK) and nuclear factor-κB 
(NF-κB), p53, C-Jun and AP-1. These pathways lead to induction of gene transcrip-
tion. L. barbarum can induce production of a variety of cytokines, such as the anti-
inflammatory factor IL-10, proinflammatory cytokines IL-1ß and IL-6, chemokines 
IL-8, antitumor factors cytokine TNF-ɑ, antiviral factor IFN-γ, TGF-ß1, and lym-
phocyte activators IL-2 and IL-4. L. barbarum polysaccharide could also upregu-
late CD40, CD80, CD86, and major histocompatibility complex (MHC) class II 
molecules to various extents, and enhance antibody titers. Ultimately, activation of 
these transcription pathways induces expression of pro-inflammatory cytokines and 
immune regulation, survival, and proliferation.

Keywords  Lycium barbarum polysaccharide · Polysaccharide-protein complex · 
Lymphocytes · Macrophage · TLR4 · NF-κB · AP-1
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2.1 � Introduction

Widespread pharmacology research has revealed that immune regulation is the main 
biological effect of Lycium barbarum. Research indicates that the main material 
bases to elicit the effect of L. barbarum on the immune system are polysaccharide 
and glycoprotein complexes, in addition to other substances such as volatile oils, 
vitamins, and so on, which also exert certain immune effects (Huang et al. 2001; 
Tian et al. 1995; Zhao et al. 1996). At present, the immune regulation mechanism 
of L. barbarum is known to be mainly related to the following aspects. First, L. 
barbarum polysaccharides or glycoprotein compounds can activate macrophages, 
dendritic cells, and T cells to achieve cellular and humoral immune responses (Chen 
et al. 2008b; Nan et al. 2012). Second, a study found that the activity of L. bar-
barum polysaccharide (LBP) is related to TLR4/2 and that LBP can influence the 
PI3K/Akt/FoxO1, LKB1/AMPK, JNK/c-Jun, MEK/ERK, and nuclear factor kappa 
B pathways (Xiao et al. 2013). However, thus far, the exact molecular mechanisms 
underlying the effects of LBP are still unclear, especially the interaction of the poly-
saccharide with its receptors and its binding molecules. L. barbarum has various 
biological activities, such as modulation of blood vessels and blood flow, antitu-
mor activity, prevention of neurodegeneration from Alzheimer’s disease, stimula-
tion of neurogenesis to improve sexual function, neuroprotective effects in ischemic 
stroke, skin-related effects from oral and topical preparations and improvement of 
vision and glaucoma (Chan et  al. 2007; Ho et  al. 2010). Indeed, wild-spectrum 
for the effects of L. barbarum is not surprising. Under physiological conditions, 
the immune system itself is involved in every system of the body via cytokines 
and the antibody network, including systems such as the nervous system. Under 
pathophysiological conditions, all diseases are directly or indirectly associated with 
the immune responses. To better outline the effects of L. barbarum on the immune 
system and the underlying mechanisms, this section will focus on our current un-
derstanding of the target cells of L. barbarum, activity-related receptors of LBP, L. 
barbarum-associated intracellular signal transduction, and effects of L. barbarum 
on the production of cytokines, antibodies, and some other functional molecules in 
the immune system.

2.2 � Material Basis of Immunomodulation

The L. barbarum phytochemical diversity includes polysaccharides, carotenoids, 
flavonoids, alkaloids (Wang et al. 2011), peptides (Yuan et al. 2008), sterols (Park 
et  al. 2012), organic acids (Inbaraj et  al. 2010; Dong et  al. 2013), essential oils 
(Altintas et al. 2006), glycolipids (Gao et al. 2008), polyphenols (Dong et al. 2011) 
and so on (Wu et al. 2012; Wang et al. 2010a). Presently, only polysaccharides and 
polysaccharide-protein complex have been reported to possess immune regulation 
activity.
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2.2.1 � Polysaccharides

Polysaccharides are the main active components of L. barbarum and also form the 
basis of its immunoregulatory activity. In previous studies, the calculated extrac-
tion yield of polysaccharides from the fruit of L. barbarum was approximately 
9.43 ~ 13 % (Archer and Mench 2014; Li et  al. 2007), and the yield of polysac-
charides from the leaves of L. barbarum was 16.2 % (Liu et al. 2012). L. barbarum 
polysaccharides (LBPs) are known to have a variety of immunomodulatory func-
tions (Zhu et al. 2007). LBPs are capable of promoting both the phenotypic and 
functional maturation of murine bone marrow-derived dendritic cells (BMDC) in 
vitro. LBPs can also increase peripheral WBC counts of chemotherapy-induced my-
elosuppressive mice to some extent, but there are no significant differences when 
compared with controls, and LBPs can obviously stimulate human PBMCs to pro-
duce G-CSF (Amagase et al. 2008). Moreover, it has been reported that LBPs can 
be used in compensating for the decline in total antioxidant capacity (TAOC), im-
mune functions, and the activities of antioxidant enzymes and thereby reducing the 
risks of lipid peroxidation accelerated by age-induced free radicals (Li et al. 2007). 
These studies indicate that polysaccharides are one of the main immunoregulatory 
components of L. barbarum.

2.2.2 � Polysaccharide-Protein Complex

Five homogenous polysaccharide-protein complexes have been obtained from L. 
barbarum fractions, designated LBPF1, LBPF2, LBPF3, LBPF4, and LBPF5. The 
carbohydrate contents of LBPF1–5 were 48.2, 30.5, 34.5, 20.3, and 23.5 %, respec-
tively, as measured by phenol-sulfuric acid assays using glucose as the standard. 
The protein contents were 1.2, 4.8, 4.1, 13.7, and 17.3 %, respectively, as measured 
by the Bradford method (Chen et al. 2008a). Research has found that LBPF1–5 can 
activate T lymphocytes and enhance the Th1 response, and polysaccharide–protein 
complex-treated DCs displayed enhanced Th1 and Th2 responses in vitro and in 
vivo (Chen et al. 2008b, 2009a). Another fraction, LBP3p, at 10 mg/kg upregulate 
phagocytic activities of macrophages, altered the antibody type secreted by spleen 
cells, increased proliferation of spleen lymphocytes, increased CTL activity, in-
creased the mRNA expression level for IL-2 and reduced the lipid peroxidation in 
S180-bearing mice (Gan et al. 2004). A polysaccharide–protein complex isolated 
from L. barbarum can also enhance innate immunity by activating macrophages 
(Chen et al. 2009b). These reports indicate that polysaccharide-protein complex is 
another important immunoregulation component of L. barbarum.
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2.2.3 � Others

Polyphenols and essential oil have immunoregulatory functions. Several biological 
activities have been described for polyphenolic compounds, including a modulator 
effect on the immune system. The effects of these biologically active compounds 
on the immune system are associated with processes such as differentiation and 
activation of immune cells (Cuevas et al. 2013). The essential oil constituents from 
aromatic herbs and dietary plants include monoterpenes, sesquiterpenes, oxygen-
ated monoterpenes, oxygenated sesquiterpenes and phenolics, among others. Vari-
ous mechanisms, such as enhancement of immune function and surveillance, are 
responsible for their chemopreventive properties (Bhalla et al. 2013). Polyphenols 
and essential oil from L. barbarum have been reported. However, it is unclear of 
whether the polyphenols and the essential oil are the immune regulation active com-
ponent of Lycium barbarum.

2.3 � Immunomodulatory Mechanism

The immunostimulatory activity of L. barbarum was studied and described almost 
13 years ago (Huang et al. 2001; Peng et al. 2001). Shortly after those reports, the 
effects of L. barbarum polysaccharide-protein complex (LBP3p) on the expression 
of interleukin-2 and TNF-α in human peripheral blood mononuclear cells were in-
vestigated by reverse transcription polymerase chain reaction (RT-PCR) and bioas-
say (Gan et al. 2003). Then, modulation of a polysaccharide-protein complex from 
L. barbarum (LBP3p) on the immune system in S180-bearing mice was investi-
gated (Gan et al. 2004). The neuroprotective effects of L. barbarum in a rat chronic 
ocular hypertension model via immunomodulation of macrophages/microglia was 
observed (Ip et al. 2006). LBPs were then reported to regulate phenotypic and func-
tional maturation of murine dendritic cells (Zhu et al. 2007). In 2008, the first report 
of immune modulation by a standardized L. barbarum fruit (Goji) juice in random-
ized, double-blind, placebo-controlled clinical studies was published (Amagase 
et al. 2008). After that, many studies observed the target cells of L. barbarum, in-
cluding T lymphocytes, macrophages, and dendritic cells (Chen et al. 2008b, 2009a, 
b; Zhang et al. 2011). More recently, the molecular mechanism and activity-related 
receptors were further reported, including I kappa B phosphorylation, as well as 
NF-κB, p65, p50, TLR4, and TLR2 (Chen et al. 2012; Wu et al. 2012; Zhu et al. 
2013; Zhang et al. 2014b). A summary of the cellular targets and signal transduction 
pathways of L. barbarum is provided in Table 2.1 and Fig. 2.1. As many studies 
have reported the action of L. barbarum in activating innate immunity, affecting 
adaptive immunity, and inducing humoral and cell-mediated immune responses 
to better understand the immunoregulatory mechanisms of L. barbarum, we will 
discuss the issue of the target cells of L. barbarum, the active related receptors 
for LBP, the L. barbarum-associated signal transduction molecules, and also the 
changes of cytokines, antibodies, and leukocyte differentiation antigens affected by 
L. barbarum or LBP.
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2.3.1 � Target Cells

2.3.1.1 � Dendritic Cells

Dendritic cells (DCs) represent a heterogeneous population of antigen-presenting 
cells that initiate the primary immune response (Banchereau et  al. 2000). These 
cells take up antigens in peripheral tissues and migrate to secondary lymphoid or-
gans where they become mature and competent in presenting antigens to T cells, 
thus initiating antigen-specific immune responses or immunological tolerance 
(Guermonprez et al. 2002). DC immunogenicity correlates with the DC function-
ally mature state, which is characterized by high-level expression of MHC and T 
cell costimulatory molecules, acute decreases in antigen uptake, and the ability to 
present antigens captured in the periphery to T cells (Wilson and Villadangos 2005). 
DC maturation can be induced by microbial products (such as LPS) or inflamma-
tory cytokines (such as TNF) (Winzler et al. 1997). Although these mediators are 
potent stimuli of DC maturation, they are toxic and have limited applications. In 
this regard, as biological response modifiers (BRMs), polysaccharides are able to 
induce DC maturation and immunogenicity.

LBPs are known to exhibit immunomodulatory functions, including activation 
of B cells and natural killer (NK) cells. However, little is known about the immu-
nomodulatory effects of LBPs on DC. The effects of LBPs on the phenotypic and 

Table 2.1   Effect of L. barbarum on immune target cell 
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functional maturation of murine BMDC were investigated in vitro. Compared with 
BMDC in the control group that was exposed to RPMI 1640 only, the co-expres-
sion of I-A/I-E, CD11c, and secretion of IL-12 p40 from BMDC were increased by 
LBPs (100 µg/ml). In addition, the endocytosis of FITC-dextran by LBPs-treated 
BMDC (100 µg/ml) was impaired, whereas the activation of proliferation of al-
logenic lymphocytes by BMDC was enhanced. The results strongly suggest that 
LBPs are capable of promoting both the phenotypic and functional maturation of 
murine BMDC (Zhu et al. 2007). Both LBPs and polysaccharide-protein complex 
isolated from L. barbarum can induce phenotypic and functional maturation of DCs 
with strong immunogenicity. Research has demonstrated that LBPs upregulate DC 
expression of CD40, CD80, CD86, and MHC class II molecules; down-regulate 

Fig. 2.1   Schematic model illustrating the signaling pathways involved in macrophage activation 
by Lycium barbarum polysaccharides. L. barbarum polysaccharides can activate macrophages via 
Toll-like receptor 4 ( TLR4) and TLR2. TLR4/2-activated signaling pathways lead to activation of 
phosphoinositide-3-kinase ( PI3K) and LKB1, leading to activation of the mitogen-activated pro-
tein kinase ( MAPK), extracellular signal-regulated kinase ( ERK) and nuclear factor-κB ( NF-κB), 
p53, C-Jun, and AP-1. Ultimately, these pathways lead to induction of gene transcription. TLR4 
ligation leads to the activation of IL-1R-associated kinase ( IRAK) via adaptor myeloid differen-
tiation protein 88 ( MyD88), with subsequent activation of tumor necrosis factor ( TNF) receptor-
associated factor 6 ( TRAF-6), MAP kinases ( e.g., p38 and JNK) and NF-κB. Activation of these 
transcription pathways induces expression of pro-inflammatory cytokines and immune regulation, 
survival and proliferation
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DC uptake of antigens; enhance DC co-stimulatory activity; and induce IL-12p40 
and p70 production. Of all five fractions, LBPF1–5 has been demonstrated to be 
active. L. barbarum polysaccharide-protein complex enhances Th1 responses, and 
polysaccharide-protein complex-treated DCs enhance Th1 and Th2 responses in 
vitro and in vivo. The research provides evidence and a rationale for using L. bar-
barum in the treatment of various clinical conditions to enhance host immunity 
and suggests L. barbarum is a potent adjuvant in the design of DC-based vaccines 
(Chen et al. 2009a).

2.3.1.2 � Macrophages

Macrophages play a major role in the host defense against infection. Macrophages 
express a broad range of pattern recognition receptors (PRRs) to bind the conserved 
structures of pathogens, ingest bond microbes into vesicles, and produce reactive 
oxygen intermediates (ROIs) and reactive nitrogen intermediates (mainly nitric 
oxide) to destroy microbes (Aderem and Underhill 1999). Activated macrophages 
also secrete the cytokines TNF-α and IL-1 and chemokines to induce inflammatory 
reactions to microbes (Pylkkanen et al. 2004). In addition, macrophages can pres-
ent antigen to T cells and produce IL-12 to coordinate innate and adaptive immune 
responses (Watford et al. 2003). Furthermore, macrophages are involved in tissue 
remodeling after infections and injury, clearance of apoptotic cells and hematopoi-
esis (Krysko et al. 2006).

LBPF4-OL is the glycan part of L. barbarum polysaccharide-protein complex 
fraction 4 (LBPF4). A study demonstrated that the LBPF4-OL markedly induced 
proliferation of spleen cell but could not induce proliferation of purified T and B 
lymphocytes. Further study revealed that the proliferation of B cell took place in 
the presence of activated macrophages or LPS. Multiplex bead analysis indicated 
that LBPF4-OL can obviously induce production of IL-6, IL-8, IL-10 and IFN-α 
by spleen cells in a concentration-dependent manner. Flow cytometric analysis in-
dicated that LBPF4-OL (i.p.) triggers expression of CD86 and MHC-II on macro-
phages. An enzyme-linked immunosorbent assay (ELISA) assay demonstrated that 
LBPF4-OL could greatly stimulate macrophages to secrete TNF-α and IL-1β. These 
results suggest that the glycan LBPF4-OL plays an important role in the immu-
nopharmacological activity of L. barbarum polysaccharide-protein complex; and 
macrophages, rather than T and B cells, are the principal target cells of LBPF4-OL 
(Zhang et al. 2011).

It has been found that polysaccharide-protein complex from L. barbarum fruit 
(50 mg/kg, i.p.) markedly upregulated the expressions of CD40, CD80, CD86, and 
MHC class II molecules on peritoneal macrophages. In vitro studies demonstrat-
ed that L. barbarum polysaccharide-protein complex activated transcription fac-
tors NF-κB and AP-1 in RAW264.7 macrophages; induced mRNA expression for 
TNF-α, IL-1ß, IL-12p40; and enhanced production of TNF-α in a dose-dependent 
manner. Furthermore, L. barbarum polysaccharide-protein complex (50  mg/kg, 
i.p.) significantly enhances endocytic and phagocytic capacities of macrophages 
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in an in vivo study. These results indicate that L. barbarum polysaccharide-protein 
complex enhances innate immunity by activating macrophages. The mechanism 
may be mediated via activation of transcription factors NF-κB and AP-1 to induce 
production of TNF-α and upregulation of MHC class II (Chen et al. 2009b). The 
comparisons of immune activities of polysaccharides and polysaccharide-protein 
complex from L. barbarum on macrophages have also been reported. Experiments 
using in vitro assays found that LBPF4-induced proliferation of splenocytes was 
dependent on both B and T cells. However, LBPF4-OL-induced splenocyte pro-
liferation was mainly dependent on B cells. The ELISA results indicated that both 
LBPF4 and LBPF4-OL significantly induced production of TNF-α, IL-1ß, and NO 
from macrophages. Furthermore, electrophoretic mobility shift assay (EMSA) stud-
ies suggest that LBPF4 100 µg/ml can be more effectively to increase NF-kappa B 
activity than that of LBPF4-OL. The results demonstrate that LBPF4 can enhance 
T, B cells, and macrophage functions, but LBPF4-OL can only enhance B cells, and 
macrophage functions. This is partly due to LBPF4 being able to more significantly 
enhance lymphocytes NF-κB activity (Zhang et al. 2014a).

2.3.1.3 � T Lymphocytes

The present research has revealed the effects of L. barbarum in activating T cells. 
Flow cytometry assays revealed that L. barbarum polysaccharide enhanced the 
proliferation of murine splenic lymphocyte. The combined use of LBP and Con A 
had synergistic effects. MTT assays demonstrated that LBP significantly promoted 
proliferation of murine splenic lymphocytes, whereas LBP plus Con A combina-
tion also enhanced the lymphocyte proliferation at a high concentration. LBP with 
Con A had effects on immunocompetence (Amagase and Farnsworth 2011). An-
other research group found that LBP significantly stimulated proliferation of mouse 
splenocytes. T cell but not B cell proliferation was observed. Cell cycle profile 
analysis indicated that LBP5 markedly reduced sub-G1 cell expression. LBP could 
activate the transcription factors NFAT and AP-1, prompt CD25 expression, and 
induce IL-2 and IFN-γ gene transcription and protein secretion. LBP (i.p. or p.o.) 
significantly induced proliferation of T cells. The effect of L. barbarum glycopep-
tide 3 (LBGP3) on T cell apoptosis in aged mice has been reported. LBGP3 was 
purified from Fructus Lycii water extracts and identified as a 41 kD glycopeptide. 
Treatment with 200 µg/ml LBGP3 increased the apoptotic rate of T cells from aged 
mice and produced a similar DNA ladder pattern to that observed in young T cells. 
The reversal of apoptotic resistance was involved in down-regulating the expression 
of Bcl-2 and FLIP and upregulating the expression of FasL. L. barbarum glycopep-
tide 3 reverses apoptotic resistance of aged T cells by modulating the expression of 
apoptosis-related molecules (Yuan et al. 2008). The results suggest that activation 
of T lymphocytes by L. barbarum may contribute to one of its immune enhance-
ment functions (Chen et al. 2008a).
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2.3.1.4 � NK Cells

Polysaccharides are believed to be strong immune stimulants that can promote the 
proliferation and activity of T cells, B cells, macrophages, and NK cells. A study 
aimed to investigate the effects of polysaccharides, including L. barbarum polysac-
charide (LBP), on primary human NK cells under normal or simulated micrograv-
ity (SMG) conditions. The results demonstrated that LBP markedly promoted the 
cytotoxicity of NK cells by enhancing the secretion of IFN-γ and perforin and in-
creasing the expression of the activating receptor NKp30 under normal conditions. 
Moreover, LBP can enhance NK cell function under SMG conditions by restoring 
the expression of the activating receptor NKG2D and reducing early apoptosis and 
late apoptosis/necrosis. Additionally, antibody neutralization tests demonstrated 
that CR3 may be the critical receptor involved in polysaccharide-induced NK cell 
activation. These findings indicate that polysaccharides may be used as immune 
regulators to promote the health of the public and even astronauts during space mis-
sions (Ting et al. 2014).

2.3.1.5 � Other Target Cells

Granular leukocytes and mast cells are the main effector cells of food allergies, 
which cause type ǀ hypersensitivity. L. barbarum berries have been introduced into 
Western diets. Preliminary reports have demonstrated its allergenic capacity (Bal-
larin et  al. 2011; Larramendi et  al. 2012). A study investigated the frequency of 
sensitization and the allergens. In this study, 566 individuals with respiratory or 
cutaneous symptoms were skin prick tested with L. barbarum berry extract. Thirty-
three individuals were positive (5.8 %), and 94 % were sensitized to other allergens. 
The specific IgE to L. barbarum berries, peaches, tomatoes, and a nut mix was 
measured. Thirteen individual serum samples out of 24 available serum samples 
(54.2 %) had positive specific IgE. In addition, 92.3 % of L. barbarum berry-pos-
itive patients were positive to peaches. Seven individuals recognized eight bands, 
and six recognized a 7-kDa band. This band was identified as a lipid transfer protein 
by mass spectrometry (MS/MS). Cross-reactivity was demonstrated with tomato, 
tobacco, nut mix, Artemisia pollen, and purified Lyce3 and Pru p3. These results 
indicate that L. barbarum berries are a new allergenic source with a high prevalence 
of sensitization (Carnes et al. 2013). Some other reports found that the isolated ac-
tive component of LBP3a, combined with a DNA vaccine encoding the major outer 
membrane protein of Chlamydophila abortus, induced protection in mice against 
challenge. A combination of DNA vaccine and LBP3a induced significantly higher 
antibody levels in mice. MOMP-specific IgG1, IgG2a, and IgG2b antibodies were 
found in the pool of sera postvaccination on day 42. IgG2a and Ig2b became the 
predominant isotypes in 12.5, 25, and 50 mg/kg LBP3a-adjuvanted groups (Ling 
et al. 2011). It has also been reported that mice fed L. barbarum had higher influ-
enza antibody titers (Du et al. 2014). These studies indicate that granular leuko-
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cytes, mast cells, and B lymphocytes are also related to the L. barbarum activity. 
However, more experiments are required to clarify whether these cells are the direct 
target cells of L. barbarum.

2.3.2 � Receptors

Identifying cellular receptors is important to understand how polysaccharides exert 
their immunomodulatory effects. Several ß-glucan receptors have been identified. 
The reported ß-glucan receptors include lactosylceramide (LacCer), Toll-like recep-
tors (TLRs) 2 and 6, and dectin-1 (Zimmerman et al. 1998; Sletmoen and Stokke 
2008). In addition, TLR4 has been identified as a receptor of polysaccharides, and 
many polysaccharide activities involve TLR4. Other polysaccharide-related recep-
tors have been reported, including complement receptor-3 (CR3), scavenger recep-
tor (SR), MR (CD206), CD44/RHAMM and selectins.

A study reported that the activity of the polysaccharide LBPF4-OL, which was 
purified from LBP, is closely associated with the TLR4-MAPK signaling pathway. 
Research found that LBPF4-OL could significantly induce production of TNF-al-
pha and IL-1ß in peritoneal macrophages isolated from wild-type (C3H/HeN) but 
not TLR4-deficient mice (C3H/HeJ). The study also found that the proliferation 
of LBPF4-OL-stimulated lymphocytes from C3H/HeJ mice is significantly weaker 
than that of lymphocytes from C3H/HeN mice. Furthermore, through a bio-layer 
interferometry assay, it was found that LPS but not LBPF4-OL can directly associ-
ate with the TLR4/MD2 molecular complex. Flow cytometry analysis indicated 
that LBPF4-OL markedly upregulates TLR4/MD2 expression in both peritoneal 
macrophages and Raw264.7 cells. As its mechanism of action, LBPF4-OL increases 
the phosphorylation of p38-MAPK and inhibits the phosphorylation of JNK and 
ERK1/2, as was examined by western blot analysis. These data suggest that the L. 
barbarum polysaccharide LBPF4-OL is a new Toll-like receptor 4/MD2-MAPK 
signaling pathway activator and inducer (Zhang et al. 2014b). Similar results have 
been observed for dendritic cells. Zhu et al. reported that LBPs induced phenotypic 
and functional maturation of DCs. LBPs upregulated DC expression of I-A/I-E and 
CD11c, enhanced DC allostimulatory activity and induced production of IL-12p40. 
Furthermore, the activity of LBPs on DCs was significantly reduced by treating 
the cells with anti-TLR2 or anti-TLR4 antibody prior to LBPs, indicating that both 
are possible receptors of LBPs. Maturation of DCs by LBPs was able to directly 
activate the nuclear transcription factor NF-κB p65. The results revealed that LBP 
stimulation induces the phenotypic and functional maturation of DCs via TLR2 
and/or TLR4-mediated NF-κB signaling pathways (Zhu et  al. 2013). The above 
results indicate the immunoactivity of L. barbarum is related to TLR4/2. Whether 
other receptors are related to L. barbarum remains unknown.
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2.3.3 � Signal Transduction

Several signal transduction pathways, including the PI3K/Akt/FoxO1, LKB1/
AMPK, JNK/c-Jun, MEK/ERK, and PI3K/HIF-1α pathways, and transcription fac-
tors NF-κB, p53, c-Jun, and AP-1 are reported to be L. barbarum activity-related 
signal transduction molecules.

L. barbarum polysaccharides (LBPs) from wolfberries have been reported to 
have antioxidant and neuroprotective derivatives. A study found that LBPs are also 
a novel hepatoprotective agent against nonalcoholic steatohepatitis (NASH) caused 
by a diet-induced NASH rat model. The study examined female rats fed with 1 mg/
kg LBP daily for 8 weeks and compared with control rats. NASH+ LBPs-cotreated 
rats displayed (1) improved histology and free fatty acid levels, (2) re-balancing 
of lipid metabolism, (3) reducing profibrogenic factors through the TGF-ß/SMAD 
pathway, (4) improved oxidative stress through the cytochrome P450 2E1-depen-
dent pathway, (5) reducing production of hepatic pro-inflammatory mediators and 
chemokines, and (6) ameliorating hepatic apoptosis through the p53-dependent 
intrinsic and extrinsic pathways. All these effects of LBP were partly modulated 
through the PI3K/Akt/FoxO1, LKB1/AMPK, JNK/c-Jun, and MEK/ERK pathways 
and the down-regulation of transcription factors in the liver, such as NF-κB and 
activator protein-1 (AP-1) (Xiao et al. 2013). Moreover, LBPs have also been found 
to inhibit tumor cell growth by suppressing IGF-1-induced angiogenesis via PI3K/
HIF-1α/VEGF signaling pathways. Studies have reported that a 90 h treatment with 
0.50 mg/ml of LBPs resulted in significant inhibition of MCF-7 cell proliferation. 
Using this same cell type, studies have also observed that LBPs could also affect 
insulin-like growth factor (IGF)-1 protein accumulation, suppress PI3K activity and 
p-PI3K protein levels, inhibit accumulation of hypoxia-inducible factor-1 (HIF-1α) 
protein without altering HIF-1α mRNA levels, and suppress mRNA expression and 
protein production of VEGF (Huang et al. 2012).

NF-κB has also been found to be one of the most important transcription factors 
related to L. barbarum activity. A study reported that LBP treatment may protect 
against intestinal ischemia-reperfusion injury (IRI)-induced intestinal damage by 
inhibiting PMN accumulation and ICAM-1 expression and ameliorating changes in 
TNF-α level, NF-κB activation, intestinal permeability, and histology (Yang et al. 
2013). Other reports indicate that LBPs do not delay primary degeneration of RGCs 
after either complete optic nerve transection (CONT) or partial optic nerve tran-
section (PONT), but they delay secondary degeneration of retinal ganglion cells 
(RGCs) after PONT. The study found that LBPs appeared to exert these protective 
effects by inhibiting oxidative stress and the JNK/c-Jun pathway and by transiently 
increasing production of insulin-like growth factor-1 (IGF-1) (Li et al. 2013). After 
investigating the effect of LBP on the differentiation and maturation of healthy hu-
man peripheral blood-derived dendritic cells cultured in different tumor microen-
vironments in vitro and evaluating the molecular and immunological mechanisms 
of LBP in the treatment of tumors, a study reported that LBPs could increase the 
expression of the phenotype of DCs, secretion of IL-12p70 and IFN-γ in MLR and 
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enhance NF-κB expression, especially in virus-related peripheral blood-derived 
dendritic cell precursor cells, suggesting that LBPs play a stronger antitumor role 
in virus-related environments, and this phenomenon correlates with the NF-κB sig-
naling pathway (Chen et al. 2012). Maturation of DCs by LBPs is able to directly 
activate the nuclear transcription factor NF-κB p65 (Zhu et al. 2013).

2.3.4 � Cytokines

As a type of immune regulator, L. barbarum can induce production of a variety of 
cytokines, such as the anti-inflammatory factor IL-10, proinflammatory cytokines 
IL-1ß and IL-6, chemokines IL-8, antitumor factors cytokine TNF-ɑ, antiviral fac-
tor IFN-γ, TGF-ß1, and lymphocyte activators IL-2 and IL-4. LBPF4-OL is the gly-
can part of L. barbarum L polysaccharide-protein complex fraction 4 (LBPF4). A 
study found that LBPF4-OL can obviously induce production of IL-6, IL-8, IL-10, 
and INF-α from mouse spleen cells in a concentration-dependent manner in vitro 
(Zhang et al. 2011). The effects of L. barbarum polysaccharide-protein complex 
(LBP3p) on the expression of IL-2 and TNF-ɑ in human peripheral blood mononu-
clear cells have been examined by reverse transcription polymerase chain reaction 
(RT-PCR) and bioassay. A study found that administration of LBP3p increased the 
expression of IL-2 and TNF-ɑ at both the mRNA and protein levels in a concentra-
tion-dependent manner (Gan et al. 2003). LBPs can also increase the secretion of 
IL-12 p40 of BMDC in vitro (Zhu et al. 2007). LBP, LBPF4, and LBPF5 have been 
reported to significantly stimulate proliferation of mouse splenocyte and induce 
gene expression for IL-2 and IFN-γ as well as their protein secretion (Chen et al. 
2008a). A study also found adoptive transfer of wolfberry-treated bone marrow DCs 
(loaded with ovalbumin (323–339)-peptide) promoted proliferation of antigen-spe-
cific T cells as well as production of interleukin-4 and interferon-gamma in CD4(+) 
T cells (Du et al. 2014). The above results indicate LBPs can induce cytokine pro-
duction in vitro.

It has been reported that polysaccharide-rich L. barbarum and Rehmannia glu-
tinosa treatment increases hepatic anti-inflammatory cytokine IL-10 levels, sup-
presses liver fibrosis-biomarkers TGF-ß1, and reduces hepatic levels of the pro-in-
flammatory cytokines TNF-ɑ and IL-1ß after exposing the rats to carbon tetrachlo-
ride (CCl4) (Wu et al. 2011). Another study fed adult mice (4 month-old) a milk-
based preparation of wolfberries called Lacto-Wolfberry (LWB) for 4 weeks and 
then infected the mice with influenza A/Puerto Rico/8/34 (HI NI) while continuing 
the same experimental diet. The LWB-fed mice displayed, overall, significantly 
higher concanavalin A-induced IL-2 production. Furthermore, the study found posi-
tive correlations between weight loss, lung viral titer, pathology score, TNF-α, and 
IL-6 production, as well as negative correlations with T cell proliferation and IL-2 
production (Ren et al. 2012). The aforementioned results indicate LBPs can induce 
cytokine production in vivo.
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2.3.5 � Antibodies

L. barbarum polysaccharides (LBPs) can moderate immune responses. They could 
potentially be used as a substitute for oil adjuvants in veterinary vaccines. It has 
been demonstrated that the isolated active component of LBP3a, combined with a 
DNA vaccine encoding the major outer membrane protein of C. abortus, exerted 
protection to mice against the challenge. A combination of DNA vaccine and LBP3a 
significantly induced higher levels of antibodies in mice. MOMP-specific IgG1, 
IgG2a, and IgG2b antibodies were found in a sera pool 42 days after vaccination. 
IgG2a and Ig2b became the predominant isotypes in 12.5, 25, and 50 mg/kg LBP3a-
adjuvanted groups (Ling et al. 2011). Sulfated L. barbarum polysaccharides (sLB-
PSs) with different degrees of sulfation (DS), sLBPS (1.5), and sLBPS (1.9) were 
added into cultured chicken peripheral lymphocytes, and the change of lymphocyte 
proliferation was compared by MTT assay, taking the nonmodified LBPS as a con-
trol. On days 7, 14, 21, and 28, after the first vaccination, the changes in prolifera-
tion of peripheral lymphocyte and serum hemagglutination inhibition (HI) antibody 
titer were determined. The results indicated that two sLBPSs could significantly 
promote proliferation of lymphocyte and enhance serum antibody titer (Wang et al. 
2010b). A 3-month randomized, double-blinded, placebo-controlled study was con-
ducted on 150 healthy community-dwelling Chinese elderly (65–70 years old) sup-
plemented with Lacto-Wolfberry or placebo (13.7 g/day). The immune response to 
influenza vaccine was assessed in the study, along with inflammatory and physical 
status. No serious adverse reaction was reported during the trial nor were symptoms 
of influenza-like infection. No changes in body weight and blood pressure, blood 
chemistry or cell composition, as well as in autoantibodies levels were observed. 
The subjects receiving Lacto-Wolfberry had significantly higher levels of serum 
influenza-specific immunoglobulin G after vaccination and the rate of seroconver-
sion between days 30 and 90 as compared with the placebo group. The postvaccina-
tion positive rate was greater in the Lacto-Wolfberry group than the placebo group 
but did not reach significance (Vidal et  al. 2012). It has also been reported that 
mice fed with wolfberries had higher influenza antibody titers (Du et al. 2014). The 
effects of L. barbarum polysaccharide (LBP) on immune responses in vaccinated 
chickens were also reported. A total of 600 Hy-Line Brown chickens aged 15 days 
old were randomly divided into four groups with three replicates per group and 50 
chickens per replicate, and all of the chickens were injected with Newcastle Disease 
(ND) vaccine. Three experimental groups of chickens were injected with 20, 10, 
and 5 mg/kg LBP (LBPH, LBPM, and LBPL). The results indicated that LBP (10 
and 20 mg/kg) could significantly enhance the ND antibody titers (Qin et al. 2012).

2.3.6 � Leukocyte Differentiation Antigen

DC pheonotypic maturation is related to its immunogenicity. The priming of T cells 
requires that both peptide-MHC complex and CD80/CD86 on APCs bind to TCR 
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and CD28 on T cells, respectively. To determine whether LBP induces DC matu-
ration, a study generated DCs from BALB/c mouse bone marrow and stimulated 
them with LBPs or individual fractions. Twenty-four hour treatment with LBPs or 
LBPF1–5 upregulated CD40, CD80, CD86, and MHC class II molecules to vari-
ous extents compared with the medium control. The increase in mean fluorescence 
intensity was most prominent for MHC-II and CD86 by LBP, BLPF4, or LBPF5 
stimulations. CD40 expression was weak, but there was still a ~ 2-fold increase after 
treatment. Surprisingly, LBP (s.c.) was most effective, perhaps because the in situ 
activated DCs migrate to the spleen more effectively through the lymphatic system 
(Chen et al. 2009a). Compared with the BMDC that were only subjected to treat-
ment with RPM11640, the coexpression of I-A/I-E and CD11c by bone marrow-
derived dendritic cells stimulated with LBPs (100 µg/ml) were increased (Zhu et al. 
2007).

2.4 � Future Remarks and Conclusions

Thus far, a profound understanding of the immune regulating function of L. bar-
barum has been achieved, especially the antitumor and immune regulation mecha-
nism of LBPs, includes deep knowledge of the receptors and signal transduction 
levels. Studies have found that the effect of LBPs on the activation of macrophages 
and dendritic cells are important in participating in the immune response. In ad-
dition, it was found that TLR4/2 may be closely related to the immunoregulatory 
activity of LBPs. In addition, whether other PRRs, which include SRs, mannose 
receptors, TLRs, Dectin-1, and complement receptor type 3 (CR3), are associated 
with the activity of L. barbarum is not yet known. It will be interesting to identify 
the receptor of L. barbarum on macrophages or dendritic cells in the future.

Little is known about the LBP protective effects on neurons, the anti-neurogen-
esis activity, and the effect on the drug-induced learning and memory mechanism. 
A recent study found that LBPs can prevent scopolamine-induced cognitive and 
memory deficits and reductions in cell proliferation and neuroblast differentiation 
(Chen et  al. 2014). Other research indicates that LBPs can delay secondary de-
generation of RGCs, and this effect may be linked to inhibition of oxidative stress 
and the JNK/c-Jun pathway in the retina and transient increases in production of 
insulin-like growth factor-1 (IGF-1) (Li et  al. 2013). In addition, there is also a 
research report indicated that LBP treatment may protect against IRI-induced in-
testinal damage, possibly by inhibiting IRI-induced oxidative stress and inflamma-
tion (Yang et al. 2013). Recently, a new study reported that LBPs partially exerted 
their beneficial neuroprotective effects on ischemia-reperfusion via the activation 
of Nrf2 and an increase in HO-1 protein expression (He et al. 2014). These studies 
suggest that antioxidant effects may play a key role in the LBP protective effect on 
various diseases. Exploration of the effect of L. barbarum on the influence of the 
balance of the body’s REDOX reactions, such as key oxidative stress Nrf-2/ARE 
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pathways, may further reveal the intrinsic relationship of L. barbarum‘s antioxidant 
and immune regulation functions.
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Abstract  The liver is one of the most important solid organs in the human body, 
which is responsible for a spectrum of key physiological processes, including pro-
tein synthesis, detoxification, nutrient storage, and innate/adaptive immunity regu-
lation. Acute and chronic liver diseases greatly threaten the healthy condition of 
the liver organ. Alternative medicinal therapy, using extracts from natural herbs, 
provides a promising way to treat and prevent various liver diseases in past decades. 
Wolfberry has been proposed as a liver-nourishing recipe in the traditional Chinese 
medicine for more than 1000 years. Modern preclinical studies and clinical trials 
also suggest their beneficial effects on the liver. The hepatic protective properties 
of wolfberry may be mainly attributed to its polysaccharides portion, which have 
demonstrated to ameliorate hepatic injuries caused by both acute and chronic liver 
diseases, through mechanisms at different cascading levels of cell signaling path-
ways. In this chapter, we mainly focus on the etiology of fatty liver diseases and the 
protective mechanisms of wolfberry on the pathogenesis of chronic liver diseases.

Keywords  Fatty liver disease · Wolfberry · Oxidative stress · Inflammation · 
Apoptosis

3.1 � Introduction

The liver is the largest internal organ and gland in the human body. Anatomically, 
it is mainly situated at the upper right quadrant of the abdominal cavity although a 
portion of it may extend to the left abdominal cavity. Human normal liver weighs 
1.44–1.66 kg, heavier in men as compared to women (Abdel-Misih and Bloomston 
2010). The liver is connected to two large vessels—one is hepatic artery which 
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carries blood from the aorta and the other is portal vein which drains blood from the 
gastrointestinal tract and spleen to the hepatic capillaries. There are a large number 
of constant and essential functions served by the liver to maintain homeostasis of 
the body. The main functions of this organ include protein synthesis, detoxifica-
tion, storage of nutrition, production of urea, and breakdown of fats (Ishibashi et al. 
2009). Therefore, malfunctions of the liver caused by either acute or chronic injury 
may lead to fatal outcomes.

Common liver diseases can be divided into two categories: acute and chronic. 
Acute liver injury is the appearance of liver cell damaged that happens rapidly in a 
short period of time. Severe acute liver injury, if not successfully controlled, may 
progress to acute liver failure which is a rare clinical condition. According to the on-
set time of jaundice to encephalopathy, acute liver injury (or failure) can be divided 
into hyperacute (within 7 days), acute (between 8 and 28 days), and subacute (be-
tween 4 and 12 weeks) (O’Grady et al. 1993). Acute liver failure is associated with 
a high mortality rate up to 80 % (Gill and Sterling 2001). The etiology of acute liver 
injury/failure could be very complicated. Common causes include drug hepatotox-
icity, viral infection, autoimmune-related hepatitis, sepsis, and Wilson’s disease. In 
the USA, the most common cause of acute injury/failure is acetaminophen toxicity, 
followed by other drug-related injuries (Larson et al. 2005). In addition, in some 
cases, it is not easy to determine the cause of acute liver injury/failure. For example, 
in a report of 308 acute liver failure cases, 53 cases are indeterminate. Moreover, 
those patients with undetermined cause of acute liver failure tend to have lower 
survival rates than those with more prevalent causes (Ostapowicz et al. 2002). The 
inability to determine the causes of these diseases may be due to insufficient history 
taking, unknown viral infection, and the availability of diagnosis (Lee 2008).

Rapid recognition and diagnosis of acute liver injury/failure is critical for the 
treatment of the disease. The clinical symptoms of acute liver injury/failure range 
from mild gastrointestinal upset to malaise or even confusion (Polson and Lee 
2005). Physical examination and detailed patient history should be assessed firstly 
to identify the underlying cause. Chronic liver disease may provide clues for the 
acute disease as well (Czaja and Freese 2002; Horton et al. 2008; Korman et al. 
2008). Mental status of patients should be carefully monitored since the change 
of neurological status may induce coma. In the early course of acute liver injury, 
jaundice may not be very obvious because patients may still preserve adequate 
amount of liver function. However, in the later course, serum bilirubin level would 
be elevated together with alanine transaminase (ALT) and aspartate transaminase 
(AST) levels due to impaired hepatic metabolism. Other serological and laboratory 
tests, such as complete blood count, basic metabolic panel, acute hepatitis panel, 
ammonia test, human immunodeficiency virus (HIV) test, and urine toxicity, are 
helpful in determining the exact cause of acute liver injury. When laboratory tests 
are inconclusive, liver biopsy may provide a solid basis for diagnosis (Larson 2010; 
Miraglia et al. 2006).

It is very critical to understand the mechanisms between the liver cell damage 
and regeneration when acute liver injury happens. The main consequence of acute 
liver injury is cellular death induced by oxidative stress or inflammation. Acute 
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liver failure ensues when the extent of cellular death exceeds the hepatic regenera-
tive ability. There are two typical patterns of cellular death occurring in acute liver 
injury/failure: necrosis and apoptosis. Necrosis involves the depletion of adenosine 
triphosphate (ATP), leading to cellular swelling and lysis, followed by the release 
of cellular contents which may induce secondary inflammation (Kaplowitz 2000). 
In contrast, the process of apoptosis is highly regulated and ATP-dependent to mini-
mize the inflammatory response and the release of cellular contents to extracellular 
spaces (Spencer and Sorger 2011). The intrinsic and extrinsic pathways are the two 
main routes that have been described in acute liver injury/failure-related pathways 
(Rutherford and Chung 2008). The intrinsic apoptosis pathway involves the release 
of cytochrome c from the mitochondria, leading to the cascade responses of the 
caspase family. The extrinsic apoptosis pathway is characterized by signaling from 
a class of death receptors on the cell surface which induces programmed cell death 
through a ligand–receptor complex-mediated response (Spencer and Sorger 2011). 
Traditionally, necrosis and apoptosis are considered as separate events in acute liver 
injury. However, increasing reports point out that they are alternative outcomes of 
the same initiating factor and signaling pathway, a cellular event known as necro-
apoptosis. Therefore, during acute liver injury/failure, the process of necrosis, apop-
tosis, and necroapoptosis are pathophysiological key events that lead to the damage 
of liver cells.

Unlike acute liver injury, chronic liver injury often originates from a repeated 
liver damage that happens within a relatively long period. Regardless of the cause, 
hepatic chronic injury usually results in a healing response that ultimately replaces 
the normal liver structure with regenerative process in the form of fibrosis or cir-
rhosis. Along with the impaired balance between endogenous vasoconstrictor (e.g., 
endothelin) and vasodilator (e.g., nitric oxide), portal hypertension, and increased 
intrahepatic resistance may occur as a consequence of this regenerative remodeling 
(Minano and Garcia-Tsao 2010). The prevalence of chronic liver injury continues 
to rise in recent years. According to a report from Centers for Disease Control and 
Prevention (CDC) of the USA, chronic liver injury and cirrhosis were the twelfth 
leading cause of mortality in the USA in 2007 (Xu et al. 2010). Compared to acute 
liver injury, chronic liver injury is induced by a broader spectrum of causes which 
can be roughly divided into five categories: (1) toxin- and drug-induced chronic 
liver injury (e.g., alcohol, amiodarone, and methotrexate; Aithal et al. 2011; Gao 
and Bataller 2011), (2) viral infection induced chronic liver injury (e.g., hepati-
tis B and hepatitis C; Thursz et al. 2011), (3) metabolic disorder induced chronic 
liver injury (e.g., nonalcoholic fatty liver disease and Wilson’s disease; Nobili et al. 
2011; Purchase 2013), (4) autoimmune-related chronic liver injury (e.g., autoim-
mune chronic hepatitis; Mayo 2011), and (5) other reasons (e.g., right heart failure 
induced chronic liver disease; Moller et al. 2009).

Several pathological events that occur during the development of chronic liver 
diseases which are similar to those of acute liver injury, including oxidative stress, 
inflammation, chemoattraction, necrosis, and programmed cell death (Quattroni 
2011; Solis Herruzo et al. 2011). However, there are kinds of processes different 
from common acute injury of the liver, such as steatosis (hepatic accumulation of 
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fatty droplets) and fibrosis/cirrhosis. Under normal conditions, the lipid metabo-
lism in the liver must be kept in a balanced status. That is, a balance between lipid 
input (e.g., lipoprotein imported by low-density lipoprotein receptor and de novo 
lipogenesis) and lipid output (e.g., β-oxidation and production of very low-density 
lipoprotein). However, when the imbalance of such processes happens, elevated 
levels of free fatty acids (FFAs) and triglycerides can be observed in the liver. Three 
major mechanisms have been demonstrated in the production of excessive FFAs 
and triglycerides: (1) dietary FFAs imported in the liver through the uptake of in-
testinally derived chylomicron remnants, (2) FFAs from adipose tissue and diet that 
entered the liver through plasma nonesterified fatty acids (NEFAs) pool, and (3) 
locally synthesized fatty acids in the liver (hepatic de novo lipogenesis; Donnelly 
et al. 2005). Imbalance of hepatic lipid metabolism is one of the major causes for 
the pathogenesis of hepatic steatosis and insulin resistance (Tiniakos et al. 2010).

Liver fibrosis is a process of excessive accumulation of extracellular matrix 
(ECM) proteins (e.g., collagen) in the liver. It occurs in most types of chronic liver 
diseases, including viral hepatitis, alcohol abuse, nonalcoholic fatty liver disease 
(NAFLD), and even chronic CCl4 treatment (Bataller and Brenner 2005; Schuppan 
and Kim 2013). The accumulation of ECM proteins damages the original hepatic 
architecture. A severe form of liver fibrosis may induce cirrhosis, an irreversible 
form of chronic liver disease, which eventually progresses to hepatocellular carci-
noma (Schuppan and Afdhal 2008). Following hepatic inflammatory response, oxi-
dative stress, and other forms of damage, hepatic stellate cells (HSCs) transform to 
myofibroblast-like cells to produce ECM proteins (Lotersztajn et al. 2005). Besides 
HSCs, portal myofibroblast cells and bone marrow-origin cells also participate in 
the fibrotic processes (Ramadori and Saile 2004). However, till now, activation of 
HSCs is considered as the central step towards fibrosis. In the normal liver, HSCs 
are in a quiescent form (as the storage place of vitamin A). The initiation process 
is probably caused by the paracrine actions from injured adjacent cell types, which 
include hepatocytes, Kupffer cells, sinusoidal endothelial cells, platelets, and in-
filtrated inflammatory cells (Maher 1999). Some cytokines and actins produced 
by neighboring injured cells can be used to activate HSCs as well. These include 
α-SMA, TGF-β1, platelet-derived growth factor (PDGF), and endothelin (ET) 
(Gabele et al. 2005). Interestingly, activated HSCs can perpetuate their own activa-
tion by autocrine actions, such as the upregulation of TGFβ1 receptor, as well as 
the increase of TGF-β1 production (Friedman and Arthur 1989). Therefore, TGF-β1 
has been an important therapeutic option for the inhibition of HSCs activation (i.e., 
antagonism of TGF-β1 activity).

Among various chronic liver disorders, fatty liver diseases, both alcoholic and 
nonalcoholic, received massive attention in recent years because they are affecting 
a great number of people in both affluent and developing countries. In this chapter, 
we will mainly focus on the etiology of fatty liver diseases and the protective effects 
of wolfberry on the pathogenesis of chronic liver diseases, with special emphasis at 
the molecular level.
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3.2 � Fatty Liver Diseases

3.2.1 � Definitions

Fatty liver or fatty liver disease (FLD) refers to a clinical condition where vacuoles 
of triglyceride fat accumulate in liver cells (steatosis). Usually, FLD can be clas-
sified into two major categories: alcoholic fatty liver disease (AFLD) and nonal-
coholic fatty liver disease (NAFLD), wherein the difference lies in the abuse con-
sumption of alcohol for the former (over 30 g alcohol/day for men and 20 g alco-
hol/day for women; Alkhouri et al. 2009). They share similar histopathology but a 
different etiology and epidemiology (Scaglioni et al. 2011). It is not necessary to 
receive medical intervention during simple steatosis stage without hepatic inflam-
mation and fibrosis, which can be reversed through the change of lifestyle (e.g., 
abstinence and weight reduction). However, when steatosis progresses to advanced 
alcoholic/nonalcoholic steatohepatitis (ASH and NASH, respectively), appropriate 
medical treatments are required to attenuate or retard the pathological progression, 
since a certain number of advanced fatty liver patients have the inherent propensity 
to progress toward cirrhosis and liver cancer. The latter conditions are life threaten-
ing (Reddy and Rao 2006). Besides, AFLD/NAFLD is now recognized to be closely 
associated with the metabolic syndrome (Marchesini et al. 2001), chronic hepatitis 
C (Moucari et al. 2008), hemochromatosis (Powell et al. 2005), and cardiovascular 
diseases (Ahmed et al. 2012). Therefore, it is vital to control the disease when it is 
still reversible.

3.2.2 � Epidemiology

According to several recent surveys using ultrasonography, the prevalence of AFLD/
NAFLD in the general population is 20–30 % in the Middle East (Zelber-Sagi et al. 
2006) and Europe (Bedogni et al. 2005) and 15 % in China (Fan et al. 2005). For 
AFLD, it is probably the main cause of death among people with severe alcohol 
abuse and is responsible for about 3.8 % of global mortality (The World Health Re-
port 2002). In general, up to 90 % of alcoholics have fatty liver and 5–15 % of them 
will develop ASH and cirrhosis over 20 years (Corrao et al. 1997). Simple steatosis 
is usually asymptomatic and may reverse after 4–6 weeks of abstinence from alco-
hol (Mendenhall 1968; Altamirano and Bataller 2011). Progression to fibrosis and 
cirrhosis may occur, however, in 5–15 % of patients despite abstinence from alcohol 
(Sorensen et al. 1984). It has been reported that females are at a greater risk than 
males for AFLD since women develop severe FLD and cirrhosis at a lesser intake 
of alcohol and fewer years of exposure (Nanji et al. 2002; Yokoyama et al. 2005). In 
a Japanese report, female patients showed a significant predominance of alcoholic 
liver disorders in histologically matched patient group with cumulative alcohol in-
take less than 500 kg for alcoholic hepatitis, less than 600 kg for hepatic fibrosis and 



50 J. Xiao and G. L. Tipoe

less than 800 kg for liver cirrhosis (Hisatomi et al. 1997). Another 12-year prospec-
tive Danish study found that in over 13,000 participants, the risk of alcoholic liver 
diseases increases in women who consumed 84–156 g alcohol/week as compared 
with men who consumed 168–324 g alcohol/week (Becker et al. 1996). In addition, 
the development rate of alcohol-induced cirrhosis is higher in African–Americans 
and Hispanics as compared to Caucasians (Stinson et al. 2001).

For NAFLD, it is found in 70 % of the obese people and 35 % in lean individu-
als (Wanless and Lentz 1990). In the Western world, NAFLD influences 20–35 % 
of adults and 5–17 % of children (Browning et al. 2004; Schwimmer et al. 2006). 
In China, the prevalence of NAFLD is around 15 % (Fan and Farrell 2009), while 
Hong Kong shows a higher percentage about 27.5 % (Wong et al. 2012). The cur-
rent gold standard for the diagnosis of NAFLD is liver biopsy. It is invasive, high-
ly accurate but not realistic to perform in population-based studies. However, a 
Korean study using liver biopsy in donors for liver transplantation found that the 
prevalence of NAFLD is 51 % in 589 potential donors (Lee et al. 2007). A similar 
study in the USA has around 20 % of the liver donors with steatosis (Marcos et al. 
2000). Another method to conduct histology-based judgment of NAFLD is autopsy, 
which showed similar NAFLD prevalence with ultrasonography and liver biopsy-
based studies. In an Indian study of 1230 adult autopsies, there are 195 (16 %) cases 
with NAFLD. Only 5 % of them with high alcohol consumption history (Amara-
purkar and Ghansar 2007). A recent report from Greece indicated a higher preva-
lence (31.3 %) of steatosis in 498 cases who died from ischemic heart disease or 
traffic accident after exclusion of hepatitis B or known liver diseases (Zois et al. 
2010). It is well known that NAFLD shows gender and age differences in normal 
population. According to a recent survey in Japan, concerning cirrhotic NASH pa-
tients, the prevalence in women (~ 57 %) is higher than that in men (~ 43 %; Yatsuji 
et al. 2009). However, another survey which investigated the prevalence of HCC 
in already established NASH patients found that men exhibit higher prevalence 
(~ 62 %) when compared with women prevalence (~ 38 %; Hashimoto et al. 2009). 
The causes of gender differentiation of NAFLD may be attributed to estrogenic 
endocrinology, fat distribution, and lifestyle differences (e.g., smoking population 
ratio is higher in men than in women). However, detailed explanations and mecha-
nisms of gender differentiation remain one of the most unresolved questions in the 
field of hepatology. Prevalence of NAFLD is also influenced by ethnicity. Afri-
can–Americans show significantly less hepatic steatosis, although there is relatively 
high prevalence of obesity and diabetes (Caldwell et al. 2002). Hispanic Americans 
exhibit a high prevalence of steatosis, while Asian–Americans only show an inter-
mediate level of prevalence of steatosis (Browning et al. 2004; Weston et al. 2005). 
Another study found that liver dysfunction in Japanese with severe obesity (BMI 
> 35 kg/m2) tends to be more severe than that in non-Japanese patients (Kakizaki 
et al. 2008). Difference of NAFLD prevalence is associated with different visceral 
adiposity and metabolic responses.
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3.2.3 � Etiology

It is indisputable that alcohol consumption is the leading cause of AFLD and sub-
sequent ASH and cirrhosis. Persons who drink heavily (50–60 g of ethanol daily) 
represent a population at a higher risk for developing alcoholic liver disease (Bel-
lentani et al. 1997; Kamper-Jorgensen et al. 2004). It is very interesting that despite 
their increased risk, the absolute risk of acquiring ASH or AFLD-induced cirrhosis 
is very low. For example, in three prospective studies, a total number of 1652 alco-
holics who drank over 35 drinks in a week only had an absolute risk of alcoholic 
liver disorders of 5.9 % (Becker et al. 2002). In addition, drinking pattern also influ-
ences the chance to get AFLD. In a report from China, it was demonstrated that in 
a group of 1270 persons, those who drank wine outside mealtime showed 2.7 times 
more often than those drank only at mealtime (Lu et al. 2004). Besides the gender 
and ethnicity factors we discussed in the previous section, comorbid conditions 
significantly affect the likelihood of developing AFLD, including viral hepatitis 
(Bellentani et al. 1999), hepatic iron overload (Ioannou et al. 2004), obesity (Diehl 
2004), gene polymorphisms (Tanaka et al. 1997), and environmental factors (Vidali 
et al. 2003).

To date, we still do not clearly know the exact etiology of NAFLD. It is generally 
agreed that insulin resistance and dysregulated lipid metabolism are responsible for 
the initiation of NAFLD (Utzschneider and Kahn 2006). Also, obesity is strongly 
associated with NAFLD, since most patients with NAFLD are obese and there is 
increasing evidence of an obesity epidemic in the USA and other countries (James 
et al. 2004; Flegal et al. 1998). Recent studies found that in the nonobese, the preva-
lence of NAFLD is increasing due to a spectrum of risk factors, including genetic 
background, certain lifestyle, environmental, and ethnic factors (Liu 2012).

3.2.4 � Molecular Mechanisms

The pathogenesis of both AFLD and NAFLD shares several similarities at different 
metabolic levels. These mechanisms include increased lipid genesis and mobiliza-
tion, as well as impaired lipid utilization and export from the liver (Zambo et al. 
2013). Indeed, dysregulated hepatic immune function also greatly contributes to 
the progression of FLD (Feldstein et al. 2004). A “multi-hit” or “multiple parallel 
hits” theory has been proposed as a rough overview of the molecular mechanisms of 
FLD initiation and progression (Tilg and Moschen 2010). In this hypothesis, insulin 
resistance, together with other pathological factors (e.g., alcohol, genetic mutations, 
excess carbohydrates, and drug abuse), leads to the occurrence of fat accumulation 
(steatosis). After that, the liver is more vulnerable to following “multi-hit” such as 
oxidative stress, inflammation, chemoattraction, and necroapoptosis (steatohepa-
titis). Recent studies also demonstrated the important role of alcohol consumption 
causing an imbalance between lipogenic genes (e.g., sterol regulatory element-bind-
ing protein, SREBP) and lipolytic genes (e.g., peroxisome proliferator-activated 
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receptor alpha, PPARα). Ethanol may also regulate adenosine 5′-monophosphate-
activated protein kinase (AMPK) to influence the relative concentrations of intra-
cellular malonyl coenzyme A (Malonyl-CoA) and long-chain acyl-coenzyme A, the 
key metabolites responsible for the balance between fat synthesis versus degrada-
tion pathways (Lakshman 2004). Clinically, patients with alcoholic liver disorders 
usually have circulating autoantibodies, hypergammaglobulinemia, antibodies to 
unique hepatic proteins, and cytotoxic lymphocytes reacting against autologous 
hepatocytes. These symptoms strongly reflect an altered immune regulation with 
the loss of immunotolerance (Thiele et al. 2004). The vital role of oxidative stress 
in alcohol hepatotoxicity has been established in recent years. Both alcohol expo-
sure and cellular stresses induce the production of hepatic reactive oxygen species 
(ROS). ROS appears to activate AMPK signaling system, which has emerged in 
recent years as a kinase that controls the redox-state and mitochondrial function 
(Sid et al. 2013). Moreover, ROS can induce lipid peroxidation and inflammatory 
responses in the liver, resulting in steatohepatitis through cytochrome P450 family 
enzymes (De Minicis and Brenner 2008).

The molecular mechanisms of NAFLD progression have been well document-
ed. First of all, the occurrence of insulin resistance in the liver, characterized by 
impaired sensitivity to insulin action, aggravates peripheral insulin receptor (IR) 
and contributes to hepatic lipogenesis (Bugianesi et al. 2005a). Consequently, hy-
perinsulinemia breaks the balance between lipogenesis and lipolysis, leading to an 
increased level of both circulating and hepatic levels of FFAs through decreased 
apolipoprotein synthesis (Bugianesi et  al. 2005b). This process involves the sig-
nal transduction through the IR pathway. When insulin binds to IR, it will activate 
the phosphorylation of insulin receptor substrates (IRS-1 and IRS-2), which are 
the main mediators of insulin signaling in the liver (Kumashiro et al. 2011). Acti-
vated IRS recruits signaling molecules containing Src homology-2 domains, includ-
ing phosphatidylinositol 3-kinase (PI3K), growth factor receptor-bound protein 2 
(Grb2), and SH2 domain-containing tyrosine phosphatase (Shp2), which regulate 
the metabolic effects of insulin in a range of physiological processes (Sesti et al. 
2001). The main effector of IRS signaling is the protein kinase Akt. When acti-
vated, Akt inactivates glycogen synthase kinase 3 (GSK3) to affect the glucose me-
tabolism in the liver (Lee and Kim 2007). Moreover, alteration of insulin signaling 
modulates several kinases and transcription factors, which are crucial for the occur-
rence of hepatic fibrosis, proliferation, inflammation, apoptosis, and autophagy, in-
cluding c-Jun N-terminal kinase (JNK), protein kinase C (PKC), mitogen-activated 
protein kinase (MAPK), and nuclear factor kappa-B (NF-κB) (Gao et al. 2002; Lee 
et al. 2003; Greene et al. 2006; Liu et al. 2007). Similar to AFLD, production of 
oxidative stress is vital for the progression of NAFLD because the ROS imbalance 
triggers steatohepatitis by lipid peroxidation. In a clinical study, it is found that 
at least 40 % patients have an abnormal structure of the mitochondria (Pessayre 
et al. 2001). Mitochondrial respiratory complexes with impaired function are able 
to increase the expression of tumor necrosis factor-alpha (TNF-α), which causes 
additional lipid peroxidation of mitochondrial membranes, further aggravating mi-
tochondrial function and hepatic necro-inflammation (Schwabe and Brenner 2006). 
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Moreover, lipid peroxidation will also induce the expression of other cytokines, 
such as transforming growth factor-beta (TGF-β), interleukin (IL)-6 and IL-8. Since 
the TGF/SMAD pathway contributes to hepatic fibrosis, activation of TGF-β will 
further exacerbate the progression of NAFLD (Xiao et al. 2013a). Besides, high 
level of hepatic proinflammatory cytokine expression and NF-κB activity is capable 
of causing hepatic apoptosis through both intrinsic and extrinsic apoptotic pathways 
(Xiao et al. 2013b).

3.2.5 � Treatments

For AFLD, abstinence is the most important therapeutic intervention for patients. 
It has been demonstrated to significantly improve clinical outcomes and even to 
reverse fatty liver (Pessione et al. 2003). Pharmacological treatment is usually ap-
plied in acute alcoholic hepatitis, in association with alcohol abstinence (Luca et al. 
1997). Indeed, it should be based on the disease stage and treatment aim (Sougio-
ultzis et al. 2005). Naltrexone and acamprosate are two kinds of common pharma-
cological strategies which can assist in reducing or eliminating alcohol intake in 
chronic heavy drinkers (Bouza et al. 2004). Another drug, disulfiram, is believed 
to have favorable outcomes for patients under supervised administration (Garbutt 
et al. 1999). In alcohol-dependent patients with liver cirrhosis, baclofen showed ef-
fective in promoting the outcomes of abstinence (Addolorato et al. 2007). Besides 
these, in the clinics, it has long been established that patients with AFLD are nearly 
all malnourished, in which the severity of disease correlates with the degree of 
malnutrition (Halsted 2004). Therefore, nutritional supplementation therapy is pro-
vided either through enteral or parenteral support, and it may improve the survival 
of AFLD patients (Lochs and Plauth 1999).

For NAFLD, two major therapeutic strategies for NAFLD treatment are em-
ployed in the current stage: (1) lifestyle interventions including weight reduction, 
dietary modification, and physical exercise and (2) pharmaceutical therapy (Xiao 
et al. 2013c). We also examined several kinds of alternative therapies using plant 
derivatives, including garlic (Xiao et al. 2013d, e), green tea (Xiao et al. 2014a), and 
wolfberry (Xiao et al. 2013b). These derivatives significantly attenuate steatosis, 
fibrosis, oxidative stress, inflammation, and apoptosis in the injured liver.

3.3 � Wolfberry on Fatty Liver Diseases

As early as 1997 and 1999, Kim et al. reported three cerebrosides isolated from Ly-
cium chinense fruits with hepato-protective properties. They significantly reduced 
the levels of glutamic pyruvic transaminase (GPT) and sorbitol dehydrogenase 
(SDH) released from CCl4-intoxicated rat primary hepatocytes (Kim et al. 1997, 
1999). Later, in 2005, Ha et  al. found that L. chinense Miller (Solanaceae) fruit 
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(LFE) has protective roles in CCl4-induced hepatotoxicity in rats partly through 
cytochrome P450 2E1 (CYP2E1) (Ha et al. 2005). A following study confirmed the 
results in a H2O2-induced Chang liver cell damage model (Zhang et al. 2010). These 
effects were furthered investigated in a mice CCl4 hepatotoxicity model in which 
we found that oral pretreatment with 1 or 10 mg/kg Lycium barbarum polysaccha-
rides (LBP) prevents hepatic necrosis, oxidative stress, and inflammation, as well as 
promotes liver regeneration partly through the modulation of NF-κB activity (Xiao 
et al. 2012). In a streptozotocin-induced diabetic rat model, Li demonstrated that 
LBP restores abnormal oxidative indices near normal level in the liver and kidneys 
(Li 2007). In a similar model, Ye et al. found the beneficial effects of the extracts 
from Cortex Lycii Radicis, the dried root bark of Lycium Chinese Mill or L. bar-
barum L., on insulin resistance and dysregulates lipid metabolism in obese-diabetic 
rats (Ye et al. 2008).

The function of wolfberry in liver cancer has been characterized by several 
groups in recent years. In human hepatoma QGY7703 cell line, LBP treatment sig-
nificantly inhibits QGY7703 cell growth with cycle arrest in S phase and induces 
cellular apoptosis. The concentration of intracellular Ca2+ is increased since the 
distribution of calcium in cells is changed (Zhang et  al. 2005). Chao et  al. also 
reported the proliferation-suppressive and apoptosis-inductive properties of hot wa-
ter-extracted L. barbarum (LBE) in rat (H-4-II-E) and human HCC (HA22T/VGH) 
cell lines (Chao et al. 2006). However, the detailed anticancer mechanism of LBP in 
the liver still needs to be further elucidated.

3.4 � Alcoholic Fatty Liver Disease (AFLD)

In an alcohol-induced rat liver injury model, it was found that a 30-day treatment 
with 7 g/kg ethanol causes typical AFLD features, including worsened hepatic his-
tology, increased serum aminotransferases level, lipid level, and hepatic oxidative 
stress. Cotreatment with 300 mg/kg LBP significantly ameliorates liver injury, pre-
vents the progression of alcohol-induced fatty liver, and improves the antioxidant 
functions when compared with the ethanol group (Cheng and Kong 2011). How-
ever, this study did not analyze the active component of LBP and elucidate the sig-
naling pathways that contributed to the hepato-protective effects of LBP on AFLD. 
In our recent study, we found that zeaxanthin dipalmitate (ZD), a carotenoid from 
LBP, could effectively attenuate typical AFLD symptoms, including reduction in rat 
body weight, accumulation of fat droplets, occurrence of oxidative stress, inflam-
mation, chemoattractive responses, and hepatic apoptosis in the liver. The attenua-
tion of liver function abnormalities by ZD is partly through reduction in the level of 
CYP2E1, suppression of the elevated activity of NF-κB through the restoration of 
its inhibitor kappa B alpha (IκBα), and the modulation of MAPK pathways includ-
ing p38 MAPK, JNK, and ERK. In addition, in the cellular AFLD model, we con-
firmed that the inhibition of p38 MAPK and ERK abolishes the beneficial effects 
of ZD (Xiao et al. 2014b). We also found that treatment with LBP reduces cellular 
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oxidative stress and inflammation through inhibition of NLRP3 inflammasome in 
a thioredoxin-interacting protein (TXNIP)-dependent manner (Xiao et al. 2014c).

3.5 � Non-alcoholic Fatty Liver Disease (NAFLD)

The first study regarding the ameliorative roles of wolfberry in NAFLD therapy 
was published in 2010. In this study, Kang et al. reported that after 13-week feeding 
with high-fat diet, another 8-week high-fat diet treatment with 5 or 10 % L. chinense 
leaf powder effectively reduces rat body weight, levels of serum triglyceride, and 
LDL-cholesterol with antioxidant effects (Kang et al. 2010). Another study found 
that both L. barbarum aqueous and ethanol extracts could significantly reduce liver 
damage and oxidative changes caused by an 8-week high-fat diet treatment, and 
brought back the antioxidants and lipids towards normal levels (Cui et al. 2011). 
These findings were further confirmed by Cho et al. since they indicated that tyra-
mine derivatives from Lycii Cortex Radicis lowers the level of liver cholesterol and 
serum TBARS in high-fat diet-induced obese rats (Cho et al. 2011). We then dem-
onstrated the antiobesity, antioxidant, and anti-inflammatory properties of LBP in a 
rat NAFLD model. Cotreatment with 1 mg/kg LBP and high-fat diet in an induced 
NAFLD rat model significantly alleviates hepatic injury, corrected lipid dysregula-
tion, ameliorated fibrosis, oxidative stress, inflammation, and apoptosis (Xiao et al. 
2013b). In our latest study, we induced NASH in a rat model by voluntary oral 
feeding of a high-fat diet ad libitum for 8 weeks. After that, 1  mg/kg LBP was 
administered for another 4 weeks with a high-fat diet. It is found that, when com-
pared with NASH treatment for 12 weeks, therapeutic LBP treatment for 4 weeks 
after NASH induction exhibits ameliorative effects on: (1) increased body and wet 
liver weights, (2) hepatic insulin resistance and glucose metabolism dysfunction, 
(3) elevated level of serum aminotransferases, (4) fat accumulation in the liver and 
increased serum FFA level, (5) hepatic fibrosis, (6) hepatic oxidative stress, (7) he-
patic inflammatory response, and (8) hepatic apoptosis. These improvements were 
partially through the modulation of transcription factor NF-κB, MAPK pathways, 
and the autophagic processes. In a palmitate acid-induced rat hepatocyte steatosis 
cell-based model, we also demonstrated that l-arabinose and β-carotene partially 
account for the beneficial effects of LBP on the hepatocyte (Xiao et al. 2014d).

3.6 � Perspectives

In most published basic research and clinical studies using wolfberry, one of the 
major unsolved questions is the active component(s) from the extract. We have de-
lineated that zeaxanthin part (Xiao et al. 2014b) and β-carotene (Xiao et al. 2014d) 
are partly responsible for the hepatic beneficial properties of wolfberry in animal 
models.
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Admittedly, we cannot ignore the possible adverse effects brought by the ap-
plication of wolfberry in the liver. Wang et al. reported that the extraction from L. 
barbarum could aggravate ischemia/reperfusion (I/R)-induced liver injury by in-
creasing hydroxyl radical release with no effect on NO release (Wang et al. 2009). 
A recent case report from Spain indicated that a 60-year-old woman was admitted 
to the hospital because of asthenia, arthralgias, nonbloody diarrhea, and colic ab-
dominal pain. It was found that she had a 10-day consumption of wolfberry tea three 
times a day but no other medication. In addition, most common causes of liver dis-
eases (e.g., serum anti-HA–IgM, HbsAg, anti-HBc–IgM, anti-HCV, and nonorgan-
specific autoantibodies (ANA, ASMA, AMA, and anti-KLM1), CMV, EBV, HSV, 
VZV, IgG, IgA, IgM, alpha-1-fetoprotein, alpha-1-antitrypsin, serum iron and fer-
ritin levels, and serum copper and ceruloplasmin levels were normal) were reason-
ably excluded. One month later, wolfberries were withdrawn and liver function tests 
returned to normal values (Arroyo-Martinez et al. 2011). Since the bioavailability 
and pharmacokinetic behavior of wolfberry, which contains more than 41 compo-
nents, are still essentially unknown (Potterat 2010), we need to carefully evaluate its 
potential influence on human before launching a large-scale clinical trial.
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Abstract  The blood-vessel-related mechanism plays an important role in the devel-
opment of human diseases, e.g., brain degeneration, ischemic cardiomyopathy, dia-
betes, and tumors. In this chapter, the effects of Lycium barbarum (wolfberry) on 
blood vessel and hemodynamics will be discussed. Meanwhile, the related molecu-
lar and cellular mechanism will also be reviewed using current knowledge based on 
our studies and recent publications in other fields. The animal experiments showed 
that L. barbarum had protective effects on retinal blood vessels through the protec-
tion of endothelial cells and pericytes. The related mechanisms include decreas-
ing the Immunoglobulin G (IgG) leakage and strengthening tight junctions (TJ) 
between endothelial cells. L. barbarum could modulate the response of blood-ves-
sel-associated glial cells to impact on the integrity of blood-barriers. L. barbarum 
could inhibit the proliferation of smooth muscle cells under the high concentra-
tion of glucose. L. barbarum also showed effects on regulating the expression of 
blood vessel activating factors to modulate the vasoconstriction, dilatation, and 
neovascularization, such as endothelin-1 (ET-1), vascular endothelial growth factor 
(VEGF) and transforming growth factor-beta (TGF-β). To conclude, L. barbarum 
could remold the blood vessel and modulate hemodynamics by its effects on blood-
vessel-related cells and activating factors.
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4.1 � Introduction

The blood-vessel-related mechanism is referred to the change of blood vessel cells, 
blood-vessel-associated glial cells, and activating factors, resulting in the deregu-
lation of microenvironment, which plays an important role in the development of 
human diseases.

The neurovascular unit consists of gather varieties of cells around the blood ves-
sels, including vascular cells, glial cells, neurons, etc., which form a structural and 
functional integrity unit that maintains the balance of extravascular microenviron-
ment (Carvey et al. 2009; Popescu et al. 2009; Iadecola 2010). Changes of microen-
vironment, such as blood-barrier permeability, or reduction of endothelial cells are 
detrimental to the survival of neurons in the retina and brain. The concept “vascular 
dysregulation” termed by Flammer in the mechanism of glaucoma, suggested that 
blood vessel damage could be a cause of neurodegeneration (Flammer 1994).

Lycium barbarum contains many bioactive components, lycium barbarum poly-
saccharides (LBP) is one of the major ingredients. Many studies analyzed the mod-
ulating effects of LBP on microvasculature. Since the stability of microenvironment 
is the guarantee for the survival of neurons. In studies of ocular hypertension insult, 
we investigated the vascular-related mechanisms of neurodegeneration in retinal 
ganglion cells (RGCs). Interestingly, we found that L. barbarum exhibits multiple 
vascular protective effects which enable it to be a potential traditional Chinese med-
icine targeting the complications or mechanisms of blood-vessel-related diseases.

The possible neuroprotective mechanism of LBP through the neurovascular unit, 
including proven effects of LBP on maintaining the integrality of blood vessel, 
down-regulating ET-1, amyloid beta (Aβ) and their related signal pathways, and 
rebuilding the structure and function of microenvironment (Mi et  al. 2013; Yeh 
et al. 2008; He et al. 2012; Lau et al. 2012; Seeram 2011), as shown in a diagram 
(Fig. 4.1).

4.2 � Maintaining the Integrality of Blood Vessels

The neurovascular unit consists of the endothelial cells, pericytes, astrocytes, mi-
croglia, and neurons, seen as Fig. 4.2. One function of neurovascular unit is to main-
tain the structural integrity of the blood–brain barriers (BBB) (Desai et al. 2007).

The BBB is critical in regulating the normal cerebral extracellular environment. 
Microvascular endothelium forms the first layer of BBB. The disruption of BBB 
resulted in the leakage of serum inflammatory protein from the circulation, which 
could destroy the endothelium and endothelial TJ (Farrall and Wardlaw 2009). 
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Increased permeability of BBB can cause the intravascular fluid flowing into the 
brain parenchyma, resulting in perivascular edema. Edema is harmful to the supply 
of blood flow, contributing to the irreversible damage of brain (Kimelberg 1995). 
This forms a vicious cycle, which accelerates the degeneration of neurons.

The blood–retinal barrier (BRB) is an extension of the BBB. LBP could maintain 
the integrality of BBB and BRB, which showed in our previous studies (Mi et al. 
2012b; Li et al. 2011). The effects of LBP on the protection of BBB include reduc-
ing Evans Blue (EB) extravasate, decreasing IgG leakage, upregulating the expres-
sion of occludin, and recover the integrity of BBB (Yang et al. 2012).

The BRB maintains physiological and structural balance within the retina, which 
contains inner and outer barriers. TJ between adjacent endothelial cells forms the 
inner BRB, while the outer barrier is formed by TJ between the retinal pigment epi-
thelial (RPE) cells (Kim et al. 2013). As the extension of BBB, the permeability is 
a damage marker. To represent permeability, IgG leakage can be used to detect the 
damage of BRB (Cheung et al. 2005a). Our previous studies detected the protection 

Fig. 4.1   Neurovascular dysregulation and neuroprotection mechanisms of LBP. Under the chal-
lenge of external insults, e.g., oxidative stress, aging, and ischemia, LBP inhibits the dysregula-
tion of microenvironment and improves the survival of neurons. LBP polysaccharide of Lycium 
barbarum, ET-1 endothelin-1, Aβ amyloid-β
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of LBP on the BRB by decreasing IgG leakage (Fig. 4.3) (Mi et al. 2012b). A recent 
study indicated that LBP could increase the level of antiapoptotic protein Bcl-2 in 
epithelial cell (Song et al. 2012). RPE cells are particularly susceptible to oxidative 
stress (Beatty et  al. 2000). Enhanced antiapoptotic protein Bcl-2 can act against 
oxidative stress and apoptosis (Ren et al. 2009). Thus, LBP could protect the BRB 
from disruption, not only for the inner but also for the outer barriers.

Fig. 4.3   Decreased leakage in LBP-fed-AOH retina at day 4 after AOH. This picture showed IgG 
leakages around blood vessels in AOH retina, while almost disappeared when pre-treated with 
LBP. Scale bar: 10 μm

 

Fig. 4.2   The structure of neurovascular unit. In the central is the blood vessel. Around the blood 
vessel, there are neuronal axons, astrocytic endfeets and microglia, which cross-talk with blood 
vessel endothelial cells and pericytes. EC endothelial cell, TJ tight junction
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4.3 � Protection of Endothelial Cells and Pericytes

Endothelial cell and pericytes are main cell contents of blood vessel barriers. Peri-
cytes are mural cells inside the blood vessel wall which are known to play key roles 
in regulating vascular formation, stability, function, and controlling endothelial 
proliferation (Hammes 2005). Under the challenge of stress from external environ-
ment, e.g., ischemia, the loss or proliferation of endothelial cells and pericytes will 
impact on the vascular remodeling.

Neovascularization is a kind of negative vascular remodeling, which will accrue 
under the condition of the loss or proliferation of endothelial cells and pericytes. 
Neovascularization is also a kind of blood vessel response for compensation of 
ischemia in tissue. However, it will become a vicious circle so that ischemia could 
induce the loss of endothelial cells and pericytes. In response, endothelial cells and 
pericytes will proliferate and aggravate the ischemia in tissue.

Thus, one finding of our previous study showed that LBP could prevent the 
loss of endothelial cells and pericytes at the early stage of ischemia (since in the 
experimental design, we fed the animal the LBP solution in advance of ischemia 
challenge), which played a role to prevent the disadvantaged change of vascular 
remodeling (Mi et al. 2012b).

4.4 � Regulating the Response of Blood Vessel-Associated 
Astrocytes

4.4.1 � Astrocytes

Astrocytes are divided into protoplasmic and fibrous types based on their morpho-
logic characters and the distribution (Blackwood 1976; Hirano 1985; Privat and 
Rataboul 1987). The morphology of astrocytes are complex, different morphology 
of astrocytes can coexist in a given brain region (Matyash and Kettenmann 2010). 
Astrocytes can also express different functions in gap junction coupling, expression 
of transmitter receptors, membrane currents, and glutamate transporters (Matyash 
and Kettenmann 2010). The distribution of astrocytes is strongly determined by 
vasculature (Stone and Dreher 1987). Astrocytes which are closed to retinal ves-
sels (Schnitzer 1987) will help maintain vascular integrity (Zhang and Stone 1997). 
Astrocytes enlarge their end-feet around blood vessels, participating in the forma-
tion of TJ of endothelial cells which could prevent BBB from damage, and also 
modulate the transport function of the cerebral endothelium (Montgomery 1994). 
Astrocytes are known to be the main target of ET-1 (Sasaki et al. 1997; Prasanna 
et al. 2003). Previous studies found that astrocytic ET-1 has deleterious effects on 
water homeostasis, cerebral edema, and BBB integrity, which contribute to severe 
ischemic brain injury (Lo et  al. 2005). Disruption of BRB leads to the swelling 
of astrocytes associated with the overexpression of glial fibrillary acidic protein 
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(GFAP) and aquaporin-4 (AQP4) under the ischemic insult (Kaur et al. 2007). Each 
astrocyte could form end-feet around at least one blood vessel, while blood vessels 
can affect the morphology of astrocytes (Bushong et al. 2002). Our previous study 
showed that LBP can decrease the number of proliferated astrocytes and reduce 
their end-foot edema around the blood vessel, which could protect the survival of 
neurons. Thus, LBP can induce the blood-vessel-associated astrocytes to show en-
tirely different morphologic change. These changes included apparently more pro-
cesses touching blood vessels without enlargement of their end-feet (Leung et al. 
2009b; Lo et al. 2005; Yeung et al. 2009).

4.4.2 � Reducing the Expression of GFAP

In normal retina, GFAP is expressed on astrocytes and the end-feet of Müller cells. 
When under the stress, the expression of GFAP will increase not only on astrocytes 
but also on the process of the Müller cells (Cheung et al. 2005b; Mori et al. 2009; 
Taylor et al. 2010; Hirrlinger et al. 2010). It was reported that the overexpression 
of GFAP could be as the indicator for the reduction of blood flow (Osborne et al. 
1991). From our previous studies, LBP could reduce the expression of GFAP, which 
may be a possible mechanism for recovery of blood supply to the tissue (Mi et al. 
2012b).

4.4.3 � Decreasing the Expression of AQP4

AQP4 is a member of water channel protein family which mainly expressed in 
astrocytes (Asai et al. 2013) and also a marker to reflect the capability to maintain 
the balance of water across the wall of blood vessels and to detect the functional 
change of astrocytes (Nagelhus et al. 1998). AQP4 is linked to the damage of BBB, 
suggesting the increase of permeability (Guo et al. 2006). It was reported that over-
expression of AQP4 was related to the retinal swelling and involved in the process 
of neuronal death (Verkman et al. 2008). Previous studies demonstrated that pre-
treatment with LBP could reduce the expression of AQP4 in the animal model of 
ischemia in retina and brain (Li et al. 2011; Mi et al. 2012b; Yang et al. 2012).

4.5 � Regulating Blood-Vessel-Related Factors  
and the Blood Flow

4.5.1 � ET-1

ET-1, synthesized in vascular endothelial cells, is a potent vasoconstrictor. ET-1 
regulates blood flow mainly via its two receptors, ETA and ETB (Narayan et  al. 
2003). ETA is expressed on vascular smooth muscle cells and contracts blood 



714  Effects of Lycium barbarum on Modulation of Blood Vessel and Hemodynamics

vessels, while ETB is mainly expressed in the endothelium and astrocytes and di-
lates blood vessels (Narayan et al. 2003; Masaki et al. 1994). Overexpression of 
ET-1 results in downregulating the level of occludin, the key protein located at TJ 
between blood vessel endothelial cells to maintain the integrity of blood-barrier 
(Leung et al. 2009a). Decreased expression of occludin has been reported in middle 
cerebral artery occlusion (MCAO)-induced ischemic brain and retina. However, 
LBP-pretreatment could maintain the level of occludin among blood vessels (Yang 
et al. 2012; Mi et al. 2012b). Further studies showed that LBP could reduce the ET-
1-ETA signal pathway while activate ET-1-ETB pathway in the retinal blood vessels 
through downregulating the expression of ETA and upregulating ETB (Yorio et al. 
2002). Not only endothelial cells, ET-1 is considered to stimulate contraction of 
pericytes (Ramachandran et  al. 1993). Pericytes are considered to be other con-
tractile cells to help regulating the blood flow (Wallow and Burnside 1980). Thus, 
through regulating the expression of ETA and ETB receptors, LBP could modulate 
the blood flow of retinal blood vessels (Mi et al. 2012a, b). Thus, LBP could protect 
endothelial cells and pericytes via downregulating ET-1.

4.5.2 � Vascular Endothelial Growth Factor (VEGF)  
and Transforming Growth Factor-Beta (TGF-β)

Angiogenesis is the generation of new blood vessels from the original ones, playing 
an important role in the pathogenesis of diabetes. VEGF and TGF-β are angiogenin 
mediators. The high level of glucose in blood could result in the overexpression of 
VEGF (Martin et al. 2003) and TGF-β (Singh et al. 2013), contributing to vascular 
abnormalities in diabetes. LBP was shown to have a significant effect on reducing 
VEGF (Tian et al. 2013) and TGF-β (Singh et al. 2013). One recent study reported 
that a wolfberry contented formula diet (including Rhizoma dioscorea, L. barbarum, 
Prunella vulgaris and hawthorn) had effects on antidiabetes (Cheng et al. 2014).

4.5.3 � The Receptor for Advanced Glycation Endproducts 
(RAGE)

RAGE is expressed on both smooth muscle cells and endothelial cells of blood 
vessel (Farmer and Kennedy 2009). It was reported that one role of RAGE was 
to transport Aβ across BBB to the brain tissue. Thereafter, Aβ could interact with 
RAGE resulting in the release of ET-1 from endothelial cells (Deane et al. 2003a), 
and contributing to vascular inflammation and endothelial dysfunction (Harja et al. 
2008). Our previous study has proved that LBP can reduce the expression of RAGE 
(Mi et al. 2012b), therefore to inhibit the destructive effect of RAGE to blood ves-
sels under ischemic insults.
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4.5.4 � Aβ

Aβ is a ligand of RAGE, which can induce vasoconstriction, decrease cerebral flow, 
and enhance the effect of ET-1-induced vasoconstriction (Paris et  al. 2000). The 
accumulation of Aβ transported from BBB is also toxic to vasculature (Zlokovic 
2005). ET-1 could inhibit the cerebral blood flow (CBF) through activating Aβ-
RAGE transportation across the BBB (Deane et al. 2003b). LBP could downregu-
late the expression of Aβ (Mi et al. 2012b) thus to inhibit the Aβ-induced vascular 
toxic effect (Ho et al. 2010).

4.5.5 � Advanced Glycation Endproducts (AGEs)

AGE is another key ligand of RAGE. The accumulation of AGE will activate 
RAGE, leading to endothelial dysfunction (Xu et al. 2003). Besides, AGE-RAGE 
pathway could enhance the synthesis of ET-1 in the endothelial cells (Quehenberg-
er et al. 2000). Amount of evidences showed that AGE could induce the diabetic 
vascular complication (Takeuchi et al. 2000; Yamagishi et al. 2002b). AGE could 
induce pericyte apoptosis and VEGF expression contributing to the destruction of 
retinal vasculature (Yamagishi et al. 2002a). Thus, accumulation of AGE and over-
expression of VEGF will aggravate the disorder of the vascular system (Yokoi et al. 
2005). In our previous study, it was demonstrated that LBP could downregulate the 
expression of AGE, which could inhibit the destructive effect of AGE to blood ves-
sels (Mi et al. 2012b).

4.6 � Blood Flow and Hemodynamics

In normal microenvironment, the neurovascular unit regulates the blood flow by the 
end-feet activity of astrocytes (Iadecola and Nedergaard 2007), the autoregulation 
of blood vessels (Flammer and Mozaffarieh 2007) and vascular activating factors, 
such as ET-1 (Geijssen and Greve 1995). LBP was reported to dilate blood vessels 
and enhance the blood flow to the kidney in hypertensive rats (Jia et al. 1998). The 
mechanism is related to regulating the endothelin system.

The blood supply to the eye is referred to the difference between blood pressure 
and ocular pressure. Nocturnal systemic hypotension increases the risk of glaucoma 
progression (Charlson et al. 2014). In ocular hypertension, the experimental evi-
dence showed that the capacity of blood flow autoregulation is vulnerable to the 
low blood pressure. This hemodynamic mechanism plays an important role in the 
development of glaucoma (Wang et al. 2014). Since the blood flow to optic nerve 
head is more easily observed to the decrease of the blood pressure (Wang et  al. 
2014). Although there was no direct evidence to show L. barbarum could increase 
ocular blood flow (OBF) to optic nerve head, through regulating endothelin and 
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its receptors ETA and ETB, L. barbarum may be beneficial to the blood supply of 
retinal neurons.

In summary, from the above evidence, it suggests that L. barbarum is beneficial 
to maintain the microcirculation and sustain the blood flow through protecting the 
survival of blood vessel cells and regulating the response of blood-vessel-associat-
ed glial cells, together with mediating the vascular-related factors, e.g., ET-1, Aβ, 
RAGE and AGE which are all detrimental to the vasculature when the tissue was 
challenged by the external stress.

4.7 � Perspectives

Vascular complication is an important pathogenesis and disability factor for many 
human diseases. It has also become a huge burden to health professions and finance 
of the whole society. As a vascular protective agent, L. barbarum may be promising 
to be used in prevention and treatment of vascular-related diseases.

Whereas more specific mechanisms and applications of L. barbarum in other 
areas of vascular complications are needed. Further investigation will be useful to 
translate experimental findings to clinical applications.

Conflicts of Interest  None declared
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Abstract  Lycium barbarum (LB) is one of the most intriguing medicinal plants 
in China. The beauty of its berries combined with the amount of beneficial effects 
assigned to it would logically make it a strong candidate for skin use, yet rela-
tively few scientific publications address such application. Here, we will review the 
skin-related effects of oral and topical preparations of LB, based on the published 
scientific literature and work done in our own laboratory. We will also discuss the 
obstacles and opportunities for LB in today’s dermatological field.

Keywords  Wounds · Skin · Aging · Tightening · Wrinkles · Peptidoglycans

5.1 � Skin Care

Skin is our largest and most conspicuous organ. It is also the only one, that humans 
constantly expose to treatments not only to preserve its health, but also its beauty. 
Historically, these treatments have been botanical in nature. In this respect, our 
integumentary system is also unique—no other organ in the human body has been 
target of so many botanical treatment modalities. Hundreds of plant extract com-
binations have been designed and applied to skin with expectations ranging from 
the promise of eternal beauty to the cure of syphilis, leper, cancer, and other deadly 
diseases. The purpose of the vast majority of these preparations is, however, some-
how more prosaic—to remedy various forms of inflammatory conditions (eczema, 
psoriasis…) or to limit water loss by improving the barrier function of the skin.

Lycium barbarum (LB) is well positioned to provide both functionalities. With 
respect to inflammation, it has been found in our and other laboratories that its fruits 
(Wang et al. 2002; Chung et al. 2014), leaves (Dong et al. 2009), and bark (Zhang 
et al. 2013) contain antioxidant components, which provide anti-inflammatory ac-
tivity, at least partially through the inhibition of the NF-κB signaling (Conner and 
Grisham 1996; Oh et al. 2012). Animal studies linked this antioxidant activity to 
a general senescence-inhibitory effect (as measured by a panel of oxidative stress 
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parameters, motor skills, cognition, and nonenzymatic glycation level), bearing fur-
ther relevance to the antiaging skin care application (Deng et  al. 2003; Li et  al. 
2007; Yi et al. 2013), in agreement with the free-radical theory of aging (Harman 
2009).

The predominant LB components with antioxidant activity are peptidoglycans 
(also called LB polysaccharides, or LBP) (Qiu et al., 2014 and Zhang, 1993); vita-
min B, C, taurine, and carotenoids in fruits; while flavonoids, such as rutin prevail 
in the leaves (Jin et al. 2013). The seeds of Fructus lycii also contain oils, which not 
only have antioxidant activity, but may improve skin barrier and decrease transepi-
thelial water loss through their ability to interact with the lipid matrix of stratum 
corneum, such as it is the case of other bioactive oils (Tollesson and Frithz 1993). 
LB oils may also provide vehicle function facilitating the intracellular absorption 
of other bioactive components, such as carotenoids (as evidenced by the orange-
yellow color). A factor limiting the use of LB oils in cosmetics is the high extraction 
cost due to low content (unlike peptidoglycans, which represent up to 40 % of the 
fresh fruit pulp).

Despite the theoretically high potential for beneficial activity, there are only few 
peer-reviewed studies specifically describing cutaneous benefits of LB. One of them 
reports that ingesting the aqueous extract (juice) of LB protects mice from UV-in-
duced damage, such as inflammatory oedema, immunosuppression, and sunburn re-
actions (Reeve et al. 2010). Here also the antioxidant mechanism of action appears 
to be implicated, as quantified by the inhibition of lipid peroxidation. This study 
was tangentially corroborated by Wang and collaborators (2011), who reported that 
pretreatment of human dermal fibroblasts with LBP prior to UVB irradiation saved 
these cells from G1 growth arrest. Another report comes from our laboratory, where 
LBP were applied topically on full thickness human skin explants with the result of 
a selective metalloproteinase (MMP) inhibition. When one of these peptidoglycans 
(LBGp5) was applied on fibroblasts cultured in suboptimal conditions, it was found 
to stimulate the production of type I collagen and to promote cell viability (Zhao 
et al. 2005). Interestingly, LBGp5 is the peptidoglycan with the highest antioxidant 
activity among the five major LBPs (Huang et al. 2001). This report indicates that 
the peptidoglycan fraction of LB has a beneficial effect on human skin when ap-
plied topically and warrants the development of LBP-based skin care products.

And yet, the Lycium barbarum-containing skin care formulations supported by 
clinical studies are rare. One reason may be the presence of immunostimulatory 
components in LB, which may be beneficial for fighting cancer (Tang et al. 2012), 
but not necessary in skin care. The authors are not aware of any reports of skin re-
actions to topically applied LB, although allergy to ingested LB has been reported 
(Monzón Ballarín et al. 2011; Larramendi et al. 2012) in individuals sensitive to 
multiple food allergens, including tomato (there was cross-reactivity between lipid 
transfer proteins of LB and tomato, which both belong to the same family—Sola-
nacea). Hence the importance of a careful, bioactivity-guided LB fractionation for 
skin care applications.

Another reason for low skin care use of LB may be its regulatory status in some 
countries, such as China and Japan, where this herb tends to be perceived as a 
therapeutic modality and thus is not registered as a cosmetic ingredient. Because it 
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indeed has multiple therapeutic activities, one can say that LB is there a victim of its 
own success. However, given its widespread dietary and even culinary use, regula-
tory restrictions specifically aimed at skin care formulations are nevertheless dis-
concerting. Furthermore, they cannot be substantiated by genotoxic concerns, since 
LB was demonstrated to be genoprotective rather than genotoxic, using mitomycin 
C-induced sister chromatid exchange (SCE) in lymphocytes and Ames methods. 
Same study claimed that SCE in elderly (60 and over) patients ingesting LB poly-
saccharides was significantly ( p < 0.001) lower than in the same age control group 
and became comparable with the SCE rate in young adults (Hong 1995).

In the US, where the topical use of LB is not restricted, two companies—Re-
sources of Nature (RON) and Grant Industries—appear to be leaders in LB ingre-
dient formulations. The clinically tested DC InstaliftTM Goji (RON, Fig. 5.1) and 
Invisaskin GMTM (Grant Industries), which intelligently combine the physioco-
chemical and biological properties of LB peptidoglycans, have over 10 years (as of 
2014) of history and underlie many finished skin care products with LB component.

5.2 � Wound Healing

Given the above-mentioned beneficial effects of LB on human skin, we searched 
and failed to locate any publications pertaining to the effect—whether positive or 
negative—of this medicinal plant on wound healing. Therefore, we conducted a 
3-day study on a partial thickness wound model in FT (full thickness) skin sub-
stitutes (MatTek, Ashland, MA), where the epidermal layer is peeled off and the 
underlying dermal layer is exposed. The histochemical Masson trichrome stain 
at day 3 (Fig. 5.2) shows that compared to the untreated control, the LBP-treated 

Fig. 5.1   a, b Smoothing 
effect of 3 % Instalift™ Goji 
solution applied to mature 
facial skin (a: time 0; b: time 
60 min). Note the transfor-
mation in b of the initially 
well-visible ( yellow arrows) 
wrinkles in a. c, d Micro-
scopic image of the tighten-
ing effect of same solution 
spread on glass slide ( left of 
the meniscus line pointed by 
black arrow), indicating the 
possible mechanism of action 
in vivo (mag.: ×40, c: time 0; 
d: time 60 min). (Reprinted 
with permission from RON)
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wounds present a more advanced stage of healing. The difference with controls 
consists in fibroblasts (dark purple stain), which appear to migrate upward provid-
ing topical coverage of the wound, while increasing the collagen output (the blue 
stain) to facilitate this migration (Sunny BioDiscovery, Inc. unpublished results). 
This is in agreement with the other two reports of the stimulatory effect of LBP on 
human dermal fibroblasts (Zhao et al. 2005; Wang et al. 2011) and with the general 
understanding of the role of the directional migration of fibroblasts during wound 
healing (Song et al. 2013). However, there is no straight path to LBP-based wound 
dressings. This is because LB peptidoglycans were reported to potentiate the effect 
of warfarin—a blood thinner, raising concerns about the adverse effects on blood 
coagulation (Lam et al. 2001; Ge et al. 2014). Interestingly, both coagulants and an-
ticoagulants have been reported to stimulate wound healing (Carney et al. 1992; Fan 
et al. 2014) and whether LB interferes with this process in the absence of warfarin, 
as well as the utility of LB in wound dressings remain to be discovered.

�Conclusion

LB is a versatile medicinal herb with many health benefits and a few, mostly benign 
side effects (such as temporary nosebleed following overconsumption (> 1  g) of 
LBP). The dermatologic activities of LB are poorly understood, in part because of 
the lack of motivation due to the regulatory constrains in Asian countries tradition-
ally utilizing in this plant. We hope that this chapter conveys the potential of LB in 
skin and wound care, and encourages more preclinical and clinical explorations in 
this direction.

Acknowledgments  We would like to thank Stephanie Ma for her expert assistance in this project 
and George Majewski for helpful discussions.

Fig. 5.2   Effect of Lycium barbarum polysaccharides (LBP) on early-stage (day 3) wound heal-
ing in epidermis-stripped human skin substitutes (MatTek), as visualized by the trichrome stain 
(mag. × 200). a Control (water); b LBP (500 μg/mL). Note more intense blue collagen stain and 
more fibroblasts migrated upward to the wound bed in the LBP-treated tissue as compared with 
the water control
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Abstract  Chinese wolfberries have been proved to have an antitumor effect and 
to be less toxic. Lycium barbarum polysaccharide (LBP) isolated from aqueous 
extracts of L. barbarum has been identified as one of the major active ingredi-
ents that are responsible for the biological activities. LBP significantly affects the 
vascular endothelial growth factor (VEGF) and cyclin D1 protein expression in 
liver cancer. It inhibits gastric ulcer development and reduces the incidence of gas-
tric cancer. Induction of cell-cycle arrest participates in the anticancer activity of 
LBP on gastric cancer cells. LBP has an antitumor effect probably by increasing 
the number of CD4 + T cells in tumor-infiltrating lymphocytes (TIL) to relieve the 
immunosuppression and enhance the antitumor function of the immune system. 
LBP inhibits the growth of colorectal tumor cells by inhibiting the expression of 
Livin and Bcl-2 and induces the apoptosis of tumor cells. LBP also has a long-term 
antiproliferative effect on colon cancer. These results provide a theoretical basis for 
the clinical use of Chinese wolfberries in the prevention and treatment of tumors in 
the gastrointestinal tract.

Keywords  Wolfberry · Lycium barbarum · LBP · Hepatocellular carcinoma · 
Gastric cancer · Esophageal carcinoma · Pancreatic cancer · Colorectal cancer

Tumor, a common type of clinical refractory disease, has become the first death of 
disease. Tumors cause serious harm to human survival and health. However, con-
ventional strategies for treatment of human tumors are not yet satisfactory. Around 
half of the drugs currently in clinical use are of natural product origin. Natural prod-
ucts tend to possess well-defined three-dimensional structures, embellished with 
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functional groups (providing hydrogen bond acceptor/donors, etc.), which have 
been finest tuned into a precise spatial orientation. For these reasons, natural prod-
ucts possess extraordinary specificity and potency compared to artificially designed 
molecules. Natural phytochemicals present in medicinal herbs are one of the most 
attractive approaches in cancer chemotherapy. Studies showed that many Chinese 
herbal medicines and their active components might have anticancer activities 
(Gan et al. 2004). The earliest Chinese medicinal monograph documented medici-
nal use of Lycium barbarum around 2300 years ago. The fruit of Lycium barbarum 
of the family Solanaceae is well known in traditional Chinese herbal medicine and 
nowadays has been widely used as a popular functional food (Li 2007). Chinese 
wolfberries have been proved to have an antitumor effect and to be less toxic. L. 
barbarum polysaccharide (LBP) isolated from aqueous extracts of L. barbarum has 
been identified as one of the major active ingredients that are responsible for the bi-
ological activities. These activities include antioxidant properties, antiaging effects, 
neuroprotection, promotion of endurance, increased metabolism, improved control 
of glucose and other diabetic symptoms, antiglaucoma effects, immunomodulation, 
antitumor activity, and cytoprotection (Li 2007; Amagase and Nance 2008).

6.1 � LBP and Hepatocellular Carcinoma

6.1.1 � Hepatocellular Carcinoma

In all developed regions of the world, hepatocellular carcinoma (HCC) is diag-
nosed each year in 8.5/105 men and in 3.0/105 women (Ferlay et al. 2004). It has 
been reported that Asian immigrants or overseas Chinese had higher incidence/
mortality rates of liver cancer than people born in their new areas of residence 
(Grulich et al. 1995; Chen et al. 2002; Tu et al. 2009; Mangtani et al. 2010). HCC is 
the most common and lethal of all cancers. A diversity of dietary, endogenous, and 
environmental stimuli mediates hepatocarcinogenesis (Wogan 1989; Guyton and 
Kensler 1993). At present, the number of HCC patients in China accounted for more 
than half of the total HCC patients in the world.

6.1.2 � The Correlation Between Immune Function of Liver 
Cancer Patients and Dendritic Cells

Dendritic cells (DCs) can shift to the proliferation of lymphoid organs and stimulate 
naive T cell activation. As an antigen-specific immune response of the initiator, 
DCs play an important role in the regulation of immune responses and antitumor 
processes. In addition, DCs also influence the proliferation of B cells and activate 
the human immune response.
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For the treatment of HCC, one of the most malignant tumors, the common-
ly used and clinically effective methods include operation, chemotherapy and 
embolization, low temperature melting, intratumoral injection of drugs, and liver 
transplantation. However, only a limited number of HCC patients have benefited 
of these methods. Studies showed that cancer cells secrete immunosuppressive fac-
tors. HCC patients show basic cellular immune dysfunction: T cells (CD3+T) and 
Helper T cells (CD4 +T) decrease; and the suppressor T cells (CD8 +T) increases; 
and CD4+/CD8+ significantly lower than normal. The immune function of HCC pa-
tients are serious obstacles. In addition, through the release of some antiangiogenic 
substances (such as IL-12 and interferon γ, INF-γ), DCs may also affect the forma-
tion of tumor blood vessels. DCs are potent professional antigen-presenting cells 
and play an important role in immune responses to start the auxiliary of cytotoxic T 
cells and T cells (Zhu 2003; Lanzavecchia and Sallusto 2001; Liu 2001). Because 
of their unique characteristic of immunology, DCs play a key role in the initiation 
of antitumor immune responses in cancer patients. So, enhancement of DC immune 
function will enhance the immune function of patients with tumors.

6.1.3 � Effect of LBP on Hepatocellular Carcinoma

6.1.3.1 � Promotion of Maturation of Dendritic Cells in HCC Patients

LBP has no direct stimulation on the activity of immune cells. However, LBP can 
combine with DC surface in the presence of polysaccharides and activate DC recep-
tors (Goldman 1988). By these, DCs secrete cytokines and promote T cell activity. 
At the same time, T cells secrete IL-2, the first signal activator that combines with 
polysaccharide and has synergistic effect. Studies have shown that LBP could in-
crease the expression of the phenotype of DCs; promote the secretion of IL-12, p70, 
and IFN-γ; and enhance NF-κB expression (Chen et al. 2012). These results suggest 
that LBP plays a stronger antitumor role in a virus-related environment. And this 
phenomenon correlates with the NF-κB-signaling pathway.

6.1.3.2 � Induction of Apoptosis

The interaction between the death molecule Fas (APO.1/CD95) and its ligand 
FasL is one of the important pathways of apoptosis. Fas and its ligand FasL belong 
to the tumor necrosis factors (TNF) of the transmembrane glycoprotein receptor 
and the ligand family, respectively. FasL is distributed in activated T cells, natural 
killer (NK) cells, and mononuclear macrophage immune privilege tissues. The T 
cell antigen receptor (TCR) in T cells is inducted and then activated. At the same 
time, the expression of Fas and FasL is induced. Activation of Fas and FasL and 
their adjacent interaction can be lethal. Activated T cell surface Fas/FasL interac-
tions can directly lead to Dutch act. In addition, FasL can be detached from the 
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cell membrane. As soluble ligands and in an autocrine or paracrine manner, these 
soluble molecules can act on their host cells and adjacent T cells, respectively. Tu-
mor cells can express FasL, which contacts with activated Fas (+) lymphocytes, 
and then kill immune cells (Zhu et al. 2005; Abrams 2005). LBP may decrease the 
expression of FasL in tumor cells and induce immune cells apoptosis. By improving 
the immune function in the tumor microenvironment, LBP suppresses the growth 
of tumor cells.

6.1.3.3 � Inhibition of the Expression of Some Proteins

Studies have shown that LBP can inhibit the expression of some proteins 
(Cui et al. 2012). In an in vivo study (Cui et al. 2012), rats were divided into four 
groups. Group A was maintained on basal diet, whereas the remaining three groups 
(groups B, C, and D) had free access to the basal diet and were orally fed with 
LBP at 200  mg/kg body weight (b.w.) for group B, 400  mg/kg b.w. for group 
C, and 600 mg/kg b.w. for group D. Following 4 weeks of this dietary regimen, 
hepatocarcinogenesis was initiated in all animals by a single intraperitoneal dieth-
ylnitrosamine (DENA) injection at a dose of 200 mg/kg b.w. (mixed with peanut 
oil). Results showed that LBP significantly affected the vascular endothelial growth 
factor (VEGF) and cyclin D1 protein expression in rat liver cancer.

6.2 � LBP and Gastric Cancer

6.2.1 � Gastric Cancer

Gastric cancer is a serious health problem and is one of the leading causes of cancer 
mortality worldwide (Cui et al. 2013). However, conventional strategies for treat-
ment of human gastric cancer are not yet satisfactory.

Malignant gastric tumor originates in the most surface epithelial cells of stom-
ach. Stomach cancer may occur at all sites: in the gastric antrum pyloric area—the 
largest, in the gastric cardia area—the second, and in the gastric body—slightly less. 
However, cancer may have different breadth and depth of invasion of the gastric 
wall. Cancer confined to the mucosa or submucosa is called early gastric cancer. 
Those that are muscular invasion or metastasis are known as advanced gastric 
cancer. By naked eye or gastroscopic observation, gastric cancer may be divided 
into several forms, such as superficial type, mass type, ulcer type, and infiltrative 
carcinoma (for the cancerization of chronic gastric ulcer). There are many types 
of cancer cells according to microscopic observation (histological classification), 
such as adenocarcinoma (accounts for about 90 % of cancers, including papillary 
adenocarcinoma, adenocarcinoma, mucinous adenocarcinoma, and signet-ring cell 
carcinoma), adenosquamous carcinoma, squamous cell carcinoma, and undifferen-
tiated carcinoma.
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6.2.2 � Effect of LBP on Gastric Cancer

6.2.2.1 � Regulation of Oncogene Expression

The incidence of gastric cancer is a multifactor, multistep, and multistage process 
of development. Oncogenes, tumor-suppressor genes, apoptosis-related genes, and 
metastasis-associated genes are involved in these processes. The c-Myc gene family 
belongs to the regulatory gene nuclear proteins. A study showed that the amplifi-
cation and activation of the c-Myc proto-oncogene was the main way of changes 
in cancer-associated gene expressions. A study showed that PBP can inhibit the 
expression of c-Myc (Hatakeyama et al. 2005).

6.2.2.2 � Antibacterial Effects by Regulating the Expression of TNF-α  
and CGRP

Gastric mucosal dysplasia is an important precancerous gastric lesion. Calcito-
nin gene-related peptide (CGRP) is the local gastric mucosa defense factor. With 
vasodilator action, CGRP is transported into the gastric mucosa and gastric cavity, 
and then protects the gastric mucosa. CGRP is a bioactive peptide composed of 
37 amino acids residues. Widely distributed in the gastrointestinal submucosal and 
myenteric nerve plexus, it has the function of regulating endocrine cells in the gastric 
antrum. By reducing the cell membrane permeability to calcium ion, CGRP main-
tains the stability of intracellular calcium ion (Culen et al. 1996). TNF-α produced 
by endothelial cells regulates mononuclear macrophage activation. With induction 
of differentiation of T cells and B cells, NK cells enhance killing target cells and 
promote the phagocytosis of macrophage function. At the same time, TNF-α can 
increase vascular permeability (Stephens et al. 1988). If TNF-α increases, gastric 
lesions will inevitably increase (Nishiura et al. 2013). Research has found that the 
high expression of CGRP in the gastric mucosa of normal rats was associated with 
low expression of TNF-α. And this situation would induce ulcer in rats. Therefore, 
the decreased CGRP expression in gastric mucosal tissue may be one of the gas-
tric ulcer-induced factors. TNF-α may be the local inflammatory manifestation of 
gastric ulcer. Wolfberry leaching liquid has an antibacterial effect. Studies on rats 
showed that LBP significantly improved the gastric ulcer index by increasing the 
expression of CGRP and decreasing TNF-α expression in gastric mucosa. It inhibits 
gastric ulcer development and reduces the incidence of gastric cancer.

6.2.2.3 � Inhibiting the Growth of Cancer Cells

The mechanisms of LBP in the growth inhibition of gastric cancer cells have been 
explored. It is well known that one of the mechanisms of chemotherapeutic drugs 
on cancer is the interruption of the cell cycle. Our group showed that LBP treatment 
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inhibited growth of gastric cancer MGC-803 and SGC-7901 cells, with cell-cycle 
arrest in the G0/G1 and S phase, respectively (Miao et al. 2010). It is interesting to 
see that LBP arrested different cell lines from the same types of cancer in different 
phases. SGC-7901 is a moderately differentiated human gastric adenocarcinoma 
cell line, and MGC-803 is a poorly differentiated human gastric mucoadenocarci-
noma cell line. These results suggest that induction of cell-cycle arrest participates 
in the anticancer activity of LBP in gastric cancer cells.

Cyclins function as regulators of cyclin-dependent kinase (CDK). Cyclin A 
binds and activates CDK2 and thus promotes both cell cycle G1/S and G2/M tran-
sitions. In the G0/G1 phase, the main cell cycle regulators are cyclin D, cyclin E, 
and CDK2. Cyclin E and CDK2 combine together and finally promote cells to go 
through the G1–S checkpoint. If the function of these complexes is decreased, cells 
will be blocked at the G1–S checkpoint. Cyclin D is not only a cell cycle regula-
tor but is also oncogenic. CDK2 executes a distinct and essential function in the 
mammalian cell cycle. It is one of the important regulators of the mammalian G1–S 
transition. In fact, mutation or inhibition of CDK2 will cause a G1 block. Mecha-
nisms’ study further showed that LBP decreased the level of cyclin D, cyclin E, and 
CDK2 in MGC-803 cells (Miao et al. 2010). For SGC-7901 cells, LBP increased 
the level of cyclin A in a dose-dependent manner, while it decreased the expression 
of CDK2; however, it had no significant effect on the expression of cyclin E. LBP 
has reliable anticancer activity in human gastric cancer and has potential as a novel, 
natural anticancer remedy.

6.3 � LBP and Esophageal Carcinoma

6.3.1 � Esophageal Cancer

Esophageal cancer is one of the most common cancers and a major cause of 
cancer-related mortality worldwide (Jemal et al. 2010). In 2008, esophageal can-
cer was with estimated 482,000 new cases the eighth most common malignan-
cy in the world and with 407,000 deaths the sixth most common cause of death 
(Ferlay et al. 2010). In the USA, the median age of diagnosis of esophageal cancer 
is 68 years, and about 80 % of all new cases are diagnosed in men. The 5-year over-
all survival rate increased from 5 % in 1975 to 19% in 2001 (Siegel et al. 2012). In 
Europe, the mean age of diagnosis is 70 years and 67 % of newly diagnosed cases 
are males. The 5-year overall survival rate is with 9.8 % much lower than in the 
USA (Gavin et al. 2012).

The two predominant histological types of esophageal cancer are adenocarcino-
mas (EAC) and squamous cell carcinomas (ESCC). Both apparently differ in their 
patterns of incidence and have an own distinct etiology (Holmes and Vaughan 2007). 
ESCC may be associated with a worse prognosis after surgery than EAC (Siewert 
et al. 2001).
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6.3.2 � Effect of LBP on Esophageal Cancer

LBP enhances the immune function and has a significant antitumor effect. It starts 
from the disease-resistant ability to mobilize the body’s own. It promotes the num-
ber of nucleated cells and granulocyte/macrophage colonies to increase the number 
of bone marrow. It can also induce a variety of cytokines, which promote the prolif-
eration, differentiation, and maturation of immune cell activity.

It is believed that LBP, as an effective immune enhancer, has stronger immune 
activity. It has a very important role in cellular immunity and humoral immunity. 
Peripheral blood CD4+, CD8+T cell number, and serum cytokine level directly re-
flect the immune state of the body. Research has found that the number of these 
cells in peripheral blood of patients with esophageal carcinoma was reduced. LBP 
injected as a “vaccine” into the intestines, by antigen-presenting cells, causes immu-
noreceptor tyrosine-based activation motif (ITAM) phosphorylation and activation 
of T cells (Seder and Ahmed 2003; Wang et al. 2004; Lee et al. 2004; Diederichsen 
et al. 2003). CD4+T cells are a regulating humoral and cell-mediated immune func-
tion of cells. Their differentiation is influenced by many factors, of which the most 
important factor is the cytokines. IL-2 regulates the immunity in the central position 
in the network. It promotes peripheral blood mononuclear cells to produce TNF, 
thereby enhancing the antitumor effect. Because of the immune function and the 
content of the IL-2 correlation, especially closely related with cell immune func-
tion, the IL-2 production is thought as the main index of immune effector cells. NK 
cells express the IL-2 receptor β chain, a 70kDa moderate affinity receptor, which is 
directly activated by IL-2. NK cell activation can release IFN-γ and other cytokines 
in killing tumor cells (Zimmerli et al. 2005). All of these cells respond to IL-2 and 
obtain nonspecific cytotoxic function. These cells are collectively referred to as the 
activation of lymphokine killer cells (LAK cells). Compared with LAK cells and 
NK cells, CD4 +T cells not only kill the fresh tumor cells but also have the function 
of killing many different lineages of tumor cells. Studies show that LBP has an anti-
tumor effect probably by increasing the number of CD4+T cells in tumor-infiltrating 
lymphocytes (TIL) to relieve the immunosuppression and enhance the antitumor 
function of the immune system (He et al. 2005).

6.4 � LBP and Pancreatic Cancer

6.4.1 � Pancreatic Cancer

Pancreatic cancer is the fourth leading cause of cancer death in both men and wom-
en in the USA. In 2010, it was estimated that 43,140 Americans will be diagnosed 
and 36,800 patients will die of pancreatic cancer (Jemal et al. 2010). Approximate-
ly, 80 % of pancreatic cancer has metastasized at diagnosis and 5-year survival rate 
is < 5 % (Jemal et al. 2010). Cigarette smoking, increased body mass index, heavy 
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alcohol consumption, and a diagnosis of diabetes mellitus have been associated 
with increased pancreatic cancer risk (Lynch et al. 2009; Iodice et al. 2008; Hassan 
et al. 2007; Michaud et al. 2010; Arslan et al. 2010; Jiao et al. 2010; Everhart and 
Wright 1995).

6.4.2 � Effect of LBP on Pancreatic Cancer

6.4.2.1 � Regulation of Oncogenes and Enhanced DNA Repair Function

Pancreatic cancer mainly refers to the pancreatic exocrine gland adenocarcinoma. 
Molecular biology studies have shown that the activation of oncogenes and inac-
tivation of tumor-suppressor genes and DNA repair genes may play an important 
role in the development of pancreatic carcinoma. About 90 % of pancreatic cancers 
have the K-Ras gene point mutation at their 12th codon. The genomes of organisms 
are exposed in vivo and in various stress factors, even in very healthy cell integrity 
of its genomic DNA continued to threaten. Cell damage by periodic repair DNA 
or respond to DNA damage induced by injury and apoptosis. Cellular responses 
to DNA damage will result in the abnormal tumor. In the oxidative DNA damage, 
8-hydroxyguanine is the highest frequency of product formation, the strongest mu-
tagenicity. It is recognized as an indicator of oxidative stress and oxidative DNA 
damage. Research shows that LBP regulates oncogenes and enhances DNA repair 
capacity.

6.4.2.2 � The Function of Pancreatic Islet B Cells

Research shows that there is a correlation between new-onset diabetes and pan-
creatic cancer. Confirmed by experiment, Chinese wolfberries have a significant 
hypoglycemic effect and have the trend to increase serum insulin. They repair the 
damaged islet B cells and promote the regeneration of islet B cells’ function. This 
is not all medicines with Chinese wolfberry, so it is hopeful to become a respected 
novel antidiabetic drug.

Islet-B-cell apoptosis is important in the pathogenesis of type 2 diabetes. Pan-
creatic duodenal homeohox 1 (PDX-l) is a major regulator of insulin gene tran-
scription. In the regulation of pancreatic development, it plays an important role. 
It is involved in a series of transcriptional genes in B cells and maintains their 
characteristics and functions (Mckinnon and Docherty 2001). By upregulating 
the expression of PDX-1 and insulin, LBP improves the synthesis and secretion 
of insulin. PDX-1 is an important transcription factor that regulates insulin gene 
transcription, maturation, and secretion of insulin granules. It uses a combination 
of insulin gene transcription regulatory region of A3, activates the transcription 
process, and upregulates the expression of insulin. In addition, unchanged in the 
transcription level of insulin mRNA, high expression of PDX-1 can improve the 
intracellular insulin content. Therefore, the PDX-1 determines the expression of 
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the insulin gene promoter and regulates the maturation and secretion of insulin 
(Alvarsson et al. 2008; Song et al. 2008).

6.5 � LBP and Colorectal Cancer

6.5.1 � Colorectal Cancer

Colorectal cancer, occurring in any part of the colon, is the most common malignant 
tumor of digestive tract. In 2009, the estimated number of new cases in the USA was 
146,970 (Jemal et al. 2009). In North America and Western Europe, the incidence 
rate is high. Its incidence is increasing with age; from the age of 40 it begins to 
rise and reaches its peak at the age of 60–75 years. Colorectal cancer has an obvi-
ous geographical distribution. Genetic factors are also involved. Because the tumor 
grows slowly, early diagnosis is not easy.

6.5.2 � Effect of LBP on Colorectal Cancer

6.5.2.1 � LBP on Livin and Bcl-2 Expression

Apoptosis is associated with tumor occurrence, development, and resistance (Pan 
et al. 1997). Apoptosis is regulated by a variety of factors, including the Fas/TNF re-
ceptor, Bcl-2 family members, as well as the inhibitor of apoptosis proteins (IAPs). 
The IAP family is an important regulator of cell apoptosis. It inhibits the apoptosis 
induced by the cell surface death receptor ligand, cytochrome C, and chemotherapy 
drugs (Peter et al. 2003). Livin is a new member of the IAP family. It is mainly 
expressed in some tumor cells, but there is low or no expression in normal tissue 
(Kasof and Gomes 2001; Lin et al. 2000; Vucic et al. 2000). B cell lymphoma/leu-
kemia-2 (Bcl-2) is a positive anti-apoptosis gene. Bcl-2 was first found in human B 
cell lymphoma cells. Its gene is located in t(14; 18) chromosomal translocation, a 
breakpoint. It encodes a 26-kD protein. As an apoptosis inhibition gene, its protein 
is mainly located in the mitochondrial membrane, nuclear membrane, and endo-
plasmic reticulum (Tsujimoto and Croce 1986; Wu et  al. 2006). Overexpression 
of Bcl-2 may be related to the occurrence of colorectal cancer. A study found that 
through inhibiting apoptosis, Bcl-2 extends the life of cells and contributes to tumor 
occurrence (Sinicrope et al. 1995). It occupies an important position in the develop-
ment and prognosis of many malignant tumors. Most anticancer drugs play a role by 
inducing cell apoptosis. Therefore, inducing apoptosis of tumor cells is one of the 
most common strategies of prevention and treatment of cancer. Studies have shown 
that the expression of Livin in colorectal cancer tissues was high. However, it is not 
expressed in normal colorectal mucosa and adenoma. There was a significant corre-
lation between the expression level of Livin and the degree of tumor differentiation 
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and depth of invasion in colorectal cancer. The Bcl-2 is also expressed higher in 
colorectal carcinoma tissues compared to normal colorectal mucosa. There was a 
significant correlation between Bcl-2 expression and depth of tumor invasion. The 
expression of Livin is positively correlated with the expression of Bcl-2 in colorec-
tal carcinoma. LBP inhibited the growth of colorectal tumor cells by inhibiting the 
expression of Livin and Bcl-2 and induced the apoptosis of tumor cells.

6.5.2.2 � Inhibition of the Growth of Cancer Cells

Our group has showed that LBP inhibited the growth of colon cancer cells 
(Mao et  al. 2011). Human colon cancer SW480 and Caco-2 cells were treated 
with 100–1000 mg/L LBP for 1–8 days. We found that LBP treatment inhibited 
colon cancer cell lines in a dose-dependent manner. At concentrations from 400 
to 1000 mg/L, LBP significantly inhibited the growth of SW480 cells; while at 
concentrations from 200 to 1000  mg/L, LBP significantly inhibited the growth 
of Caco-2 cells. Crystal violet assay showed that LBP had a long-term antipro-
liferative effect. More importantly, cells were arrested in the G0/G1 phase. The 
changes in cell-cycle-associated protein, cyclins, and CDKs were consistent with 
the changes in cell-cycle distribution. The results suggest that LBP is a candidate 
anticancer agent.

In conclusion, the antitumor effect of LBP has been studied extensively. Several 
mechanisms have been explored (Table 6.1). The results provide a theoretical basis 
for the clinical use of Chinese wolfberries in cancer prevention and treatment.
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Table 6.1   Inhibitory effect of LBP on tumors in the gastrointestinal tract
Effect Mechanism Tumors
Decrease Oncogene Gastric cancer, pancreatic cancer

Expression of several 
cancer-associated proteins

Liver cancer, gastric cancer, colorectal cancer

Growth of cancer cells Gastric cancer, colorectal cancer
Increase Apoptosis Liver cancer

Immune function  Liver cancer, gastric cancer, esophageal 
cancer,
pancreatic cancer, colorectal cancer

DNA repair capacity Liver cancer, pancreatic cancer
Maturation of dendritic cells Liver cancer
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Abstract  Alzheimer’s disease (AD) is a chronic neurodegenerative disease that 
will affect more than 50 million people worldwide. AD is an aging-associated dis-
ease because the chance of suffering from AD is double after age of 65. This is a 
complex disease that is highly related to our environmental stress, experience of 
head trauma, our daily diet and exercise, quality of our sleep, and even air pollu-
tion. All these factors give multiple hits to our brain promoting neurodegeneration 
in the aging processes. As Lycium barbarum (Wolfberry) is an antiaging Chinese 
medicine, we have attempted to understand the scientific meaning of this antiaging 
medicine. In this chapter, we will at first summarize different risk factors leading 
to AD. Then, we will discuss how Wolfberry protects neurons against AD. Further-
more, we will discuss how Wolfberry prevents those risk factors leading to AD. As 
Chinese medicine emphasizes on prevention of disease by adjusting the whole body 
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health from a holistic point of view, our understanding of Wolfberry will help us 
to advance our knowledge of how this natural product elicits multi-target effects to 
prevent the devastating problem of dementia.

Keywords  Alzheimer’s disease · Aging · Depression · Diabetes mellitus · 
Hyperhomocysteinemia · β-Amyloid peptide · Glutamate toxicity

7.1 � Introduction

Alzheimer’s disease (AD) is the major cause of dementia. As the average lifespan 
increases, AD has already become the fourth leading cause of death in high-income 
countries. AD has drawn great attention because it brings great impact on the soci-
ety. In the USA, the estimated aggregate payment for health care, long-term care, 
and hospice for people with AD and other dementia was US$ 200 billion in 2012, 
and it is expected to increase to US$  1.1  trillion in 2050. For each health care-
giver (family members or other unpaid caregivers), an average of 21.9 h/week is 
devoted to the dementia patients. The economic effect of dementia will be greater 
than that of cancer, heart disease, and stroke combined due to the aging popula-
tion (Alzheimer’s disease association 2012). Therefore, there is an urgent need for 
the development of promising therapeutic means for the treatment and prevention 
of AD. Today, the major drugs used are cholinesterase inhibitors and memantine, 
which provide modest therapeutic effect to relieve the symptoms but yet do not cure 
the disease. Since the cause of AD is still unknown, and there are many failures of 
disease-modifying therapies in different steps of clinical trials, more experts suggest 
that we should target the risk factors of AD rather than just focusing on the patho-
logical hallmarks, i.e., senile plaques and neurofibrillary tangles (Korczyn 2012). In 
this regard, the herbal medicine emphasizing a holistic approach in treating diseases 
seems to match with this concept. Wolfberry (the fruit of Lycium barbarum) is a 
common functional food and herb in Asian countries such as China, Korea, and Ja-
pan. It has been considered to be an antiaging herb; and therefore, it has been widely 
used for the treatment of aging-associated diseases (Ho et al. 2011). In the recent 
decades, a number of studies showed that Wolfberry had neuroprotective properties 
and it could reduce neurodegeneration related to AD. More importantly, Wolfberry 
has been shown to attenuate neuronal damages induced by AD risk factors. Since 
delaying both disease onset and progression by as little as 1 year could potentially 
lower the prevalence of AD by 9.2 million in 2050 (Brookmeyer et al. 2007), any 
therapy or drug that has a preventive role can bring significant impact on the disease 
and health care system. In this chapter, we will at first discuss the multiple factors 
leading to aging and degenerative changes in AD. Then, we will further review how 
Wolfberry protects neurons against neurodegeneration in AD through antagonizing 
multiple risk factors.
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7.2 � Multiple Hits on the Brain—Risk Factors of AD  
and the Actions of Wolfberry

The most prominent pathological hallmarks of AD are senile plaque and neurofi-
brillary tangle. The former is mainly made up of β-amyloid peptide (Aβ) and the lat-
ter is mainly made up of a hyperphosphorylated form of the microtubule-associated 
tau protein. Both Aβ and hyperphosphorylated tau can impose cytotoxicity and im-
pair the normal function of neurons; and hence researchers believed that they can be 
the therapeutic targets of AD for decades (Querfurth and LaFerla 2010). Although 
the progressive clinical deterioration in AD is accompanied by plaques and tangles, 
no solid evidence proved that these histological changes are pathologically causal 
to the cognitive decline in human. A number of upstream events and processes or 
a combination of them can result in cognitive impairment and finally lead to the 
formation of plaques and tangles. Epidemiological studies have identified many 
risk factors for developing AD and some of them are modifiable. These risk factors 
include environmental toxin, lifestyle, and other health conditions. Half of the AD 
cases worldwide are probably attributed to these modifiable risk factors (Barnes 
and Yaffe 2011). Therefore, concerted aggressive action against these risk factors is 
important to fight AD (Korczyn 2012).

7.2.1 � Age

Age is known as the strongest risk factor being identified so far for AD. Only 1 % 
of people aged 60–65 years old have AD, but the prevalence increases to > 30 % in 
people aged 85 years old. The prevalence of AD doubles every 5 years after the age 
of 60 (Hebert et al. 2001). It is not fully understood what age-related changes af-
fect the neurodegeneration process. One major proposed mechanism is the increas-
ing levels of oxidative stress during aging (Harman 2006; Holliday 2006). Most 
free radicals are produced in the mitochondria. When we become old, mitochondria 
produce more free radicals for the same amount of adenosine triphosphate (ATP) 
they made. In the same time, the lipid membrane begins to leak and therefore free 
radicals escape from the mitochondria to the cytosol. The defense mechanisms such 
as the production of antioxidative enzymes reduce. All these factors lead to high 
levels of oxidative stress (Anton et al. 2005). Markers of oxidative stress in cere-
brospinal fluid (CSF) of AD patients are higher than that in the control subjects and 
they were negatively correlated with the MMSE (Mini Mental State Examination) 
score (Ahmed et al. 2005). Experiment has also demonstrated that increased oxida-
tive stress promotes production of Aβ through modulating the activity of γ-secretase 
(Shen et al. 2008). Targeting oxidative stress can therefore be one of the potential 
strategies to prevent or delay AD.

Wolfberry has demonstrated beneficial effects in aging animal models. Firstly, 
oral feeding of L. barbarum polysaccharide (LBP) for 30 days markedly increased 
the levels of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase 
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(GSH-Px), and total antioxidant capacity in the lung, liver, heart, brain, and serum 
of aged mice. The level of malondialdehyde (MDA) in these mice was decreased. 
LBP also reversed age-induced reduction of thymus and spleen weight and im-
proved the function of macrophage. These data suggest that LBP from Wolfber-
ry promote the antioxidant capacity and immune function in aged mice (Li et al. 
2007). In the second study, aging in mice was induced by injection of D-galactose. 
Oral administration of LBP significantly reduced D-galactose-induced elevation of 
lipid peroxidation, lipofuscin, and monoamine oxidase B (MAO-B) in the brains, 
and improved their cognitive functions (Tang and He 2013). In fact, the antioxida-
tive effect of Wolfberry has also been documented in various studies (Cheng and 
Kong 2011; Cui et  al. 2011). Collectively, these findings suggest that Wolfberry 
has the potential to antagonize high levels of oxidative stress during aging, at least 
in animals, and therefore might be able to reduce aging-associated degeneration 
(Fig. 7.1).
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Fig. 7.1   Potential effects of Wolfberry on the prevention of AD. The development of AD is 
affected by various risk factors, which can increase the level of oxidative stress, neuroinflamma-
tion and induce AD-related pathological changes. Wolfberry can antagonize some of these changes 
hence may play a protective role for AD. SOD superoxide dismutase, CAT catalase, GSH-Px glu-
tathione peroxidase, Ab β-amyloid peptide
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7.2.2 � Diabetes Mellitus

Diabetes has been associated with an increased risk of AD and dementia. Several 
prospective, population-based studies reported an increased risk of AD in patients 
with diabetes (Kopf and Frolich 2009). While the worldwide prevalence of diabetes 
is about 6.4 %, it has been estimated that a 10 % reduction of the prevalence of dia-
betes would result in 81,000 less AD cases (Barnes and Yaffe 2011). Animal studies 
have shown that impair glucose metabolism can affect synaptic plasticity, causing 
deficits in long-term potentiation and long-term depression (Artola et al. 2005; Ka-
mal et al. 2006). A number of possible mechanisms explain how diabetes can pro-
mote degeneration in the brain. The most well discussed one is insulin resistance. In 
AD patients, the levels of insulin were found to decrease in the CSF and increase in 
plasma. The observed changes were greater for patients with advanced AD, suggest-
ing a possible correlation between insulin and disease severity (Craft et al. 1998). 
Another piece of supporting evidence is that AD patients and normal subjects react 
to insulin differentially. When insulin is administrated, the levels of plasma Aβ re-
duced in the normal subjects while that increased in the AD patients (Kulstad et al. 
2006). On the other hand, animal models of AD showed that increased productions 
of Aβ promote insulin dysregualtion. Amyloid precursor protein (APP)/presenilin 
2 (PS2) coexpression in diabetes-positive (db/+) mice results in hyperinsulinemia, 
hyperglycemia, and hypercholesterolemia together with augmented β-cell mass in 
the pancreas (Jimenez-Palomares et al. 2012). These data suggest a vicious cycle 
form between Aβ production and insulin dysregulation. The intracellular signal-
ing cascade of insulin also affects the phosphorylation of tau. Insulin is known to 
activate phosphatidylinositol 3-kinase (PI3K), which phosphorylates and activates 
protein kinase B (Akt). Activated Akt can inactivate glycogen synthase kinase-3β, 
which is a major kinase to phosphorylate tau in the brain. Besides, poor glycemic 
control in diabetes increases the levels of advanced glycation products (AGE) and 
oxidative stress in the brain, which can promote neurodegeneration in the central 
nervous system (CNS; Wrighten et al. 2009).

The hypoglycemic effect of Wolfberry has been documented in several studies 
(Jing et al. 2009; Luo et al. 2004; Zhu et al. 2013). In the study conducted by Luo 
and colleagues, feeding of LBP reduced blood glucose level and serum total choles-
terol and triglyceride levels in alloxan-induced diabetic rats. They reported that the 
blood glucose levels decreased in all alloxan-treated rabbits fed with Wolfberry wa-
ter extract, crude LBP and LBP-X (a fraction of total LBP); and these animals had 
improved glucose tolerance (Luo et al. 2004). Similar findings were also reported 
by Jing and colleagues, who found that 28 days LBP treatment significantly reduced 
the fasting blood glucose levels, total cholesterol, and triglyceride levels in diabetic 
mice (Jing et al. 2009). The hypoglycemic effect of LBP was further confirmed in 
a high-fat diet + streptozotocin mice diabetes model (Zhu et al. 2013). In the same 
study, researchers found that LBP-enhanced glucose consumption in HepG2 cells 
and 3TE-L1 cells, and stimulated the secretion of insulin from pancreatic β cell. 
The dual actions of LBP on the pancreatic cells and peripheral tissue may explain 
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the hypoglycemic action of LBP. In a pilot study, healthy human subjects received 
Wolfberry juice found to have increased caloric expenditure after a single bolus of 
the juice intake and a reduction of waist circumference after 14 days consumption 
(Amagase and Nance 2011). All these data support that Wolfberry is likely to have 
beneficial effects on diabetes patients and thus be potential to reduce the risk of 
neurodegeneration in AD.

7.2.3 � Depression

Neuropsychiatric symptoms are often observed throughout the course of AD and 
they may severely impair quality of life. Depression is frequently found in AD 
patients. Meta-analysis found that people with depression had about a two times 
increased risk of dementia and AD compared with those without a history of the 
disease (Jorm 2001; Ownby et al. 2006). Anxiety and depression have been shown 
to accelerate cognitive decline in AD patients (Starkstein et  al. 2008). However, 
the use of traditional antidepressant in elderly with depression does not always re-
sults in improved cognitive functions (Butters et al. 2000; Knegtering et al. 1994). 
Therefore, it seems that prevention of depression is important for reducing the risk 
of cognitive impairment. Moreover, it has been estimated that more than 10 % of 
AD (nearly 3.6 million) worldwide are potentially attributable to depression, which 
further support the important role of depression in AD (Barnes and Yaffe 2011). 
Several pathological and biological linkages of depression and AD have been pro-
posed (Wong et  al. 2013; Wuwongse et  al. 2010, 2013). For instance, in animal 
models of depression and postmortem brains of depressed subjects, decrease in anti-
apoptotic markers was observed. This can make neurons more vulnerable to the de-
generative factors in AD. The levels of pro-inflammatory cytokines also increased 
in depression subjects. These pro-inflammatory cytokines influence neuronal func-
tions in the prefrontal cortex and hippocampus by modulating the transmission of 
neurotransmitters and growth factors (Leonard and Myint 2006; Poon et al. 2013).

Wolfberry has demonstrated antidepressant effect in a depression animal model 
conducted by Zhang and colleagues (Zhang et al. 2012). They first fed the rats with 
LBP for 7 days and then corticosterone was injected subcutaneously for 14 days to 
induce depressive-like behavior. The group found that corticosterone treatment sig-
nificantly increased the rats’ immobility period during force swimming test, which 
is widely used for detecting depressive symptoms in rodents. Rats fed with LBP had 
significantly shorter immobility period, suggesting lesser degree of depressive-like 
symptoms. Furthermore, LBP restored the impairment of neurogenesis in the hip-
pocampus of corticosterone-injected rats, although it was found that it is not directly 
related to the observed behavioral changes. LBP also restored spine density and the 
decreased level of PSD-95 (a postsynaptic protein which is important in neuronal 
plasticity) in the hippocampus, suggesting that LBP enhanced synaptic plasticity 
in the region. Data from this animal study support the notion that Wolfberry has a 
preventive or even a therapeutic role in depression. Further studies are required to 
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elucidate the exact mechanism or to confirm the effects of LBP in different depres-
sion animal models. Recently, a US health product company conducted some stud-
ies on the effects of their Wolfberry juice. Although larger scale of experiment is 
required before definite conclusion is drawn, their pilot findings demonstrated that 
human subjects who drink Wolfberry juice had additional improvements in fatigue, 
depression, and sleeping quality (Paul Hsu et al. 2012). It is hoped that more in-
depth studies can be conducted to verify the effects of Wolfberry on human.

7.2.4 � Hyperhomocysteinemia

Homocysteine is a nonessential amino acid whose metabolism depends on folate, 
vitamin B6, and vitamin B12. Elevated plasma levels of total homocysteine are 
associated with increased risk for dementia and AD (McIlroy et al. 2002; Morris 
2003). It is one of the nongenetic risk factors that scientist are interested to target 
for the prevention of AD. A randomized controlled study showed that high homo-
cysteine levels at baseline are associated with faster gray matter atrophy in elderly 
subjects. Supplement of vitamin B as treatment can reduce homocysteine level and 
attenuate the cerebral atrophy in those grey matter regions specifically vulnerable 
to the AD process by as much as sevenfold (Douaud et al. 2013). Autopsy findings 
also confirm the pathological linkage between homocysteine level and AD. In a 
population aged ≥ 85 years, elevated baseline homocysteine has been shown to as-
sociate with increased neurofibrillary tangles in their postmortem brains. There is 
also an association between Aβ accumulation and elevated homocysteine. In the 
same time, those with homocysteine levels in the highest quartile also had more 
severe medial temporal atrophy and periventricular and deep white matter hyper-
intensities, which is associated with increased risk of dementia (Hooshmand et al. 
2013; Debette and Markus 2010). Together with several in vitro and in vivo studies, 
it is believed that high levels of homocysteine promote the production of Aβ and 
the generation of oxidative stress, enhance tau phosphorylation, and even affects 
normal cell cycle states (Morris 2003).

Data from our laboratory showed that Wolfberry could antagonize homocyste-
ine neurotoxicity in vitro (Ho et al. 2010). Primary cultures of cortical neurons are 
susceptible to the toxicity of homocysteine, which can lead to apoptosis and cell 
death. LBP significantly attenuated homocysteine-induced neuronal cell death and 
the activation of caspase-3. LBP also reduced homocysteine-induced tau pathology. 
It is known that hyperphosphorylation of tau can affect normal neuronal functions. 
With LBP treatment, the increased levels of tau phosphorylation at Ser198/199/202, 
Ser396, and Ser214 by homocysteine were marked reduced. Moreover, the level of 
toxic truncated-tau was also decreased accordingly. It was found that LBP could re-
duce the phosphorylation of extracellular-signal-regulated kinase (ERK) and c-Jun-
N-terminal kinase (JNK) but not the phosphorylation of glycogen synthase kinase 
3 beta (GSK3β). These changes in tau kinases might partly explain the protective 
effects of LBP. Research from our group also proved that tau phosphorylation is 
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highly regulated by endoplasmic reticulum stress (ER stress) during neurodegen-
eration and blocking of ER stress could reduce tau hyperhosphorylation (Ho et al. 
2012). Our previous findings showed that LBP could reduce dithiothreitol (DTT)-
induced neurotoxicity (Yu et al. 2006). We, therefore, further investigate if LBP can 
also reduce homocysteine-induced phosphorylation of tau through modulating the 
ER stress signaling.

7.3 � Direct Protective Action of Wolfberry  
on the AD Brain

7.3.1 � Aβ Neurotoxicity

Aβ is the major component found in senile plaques and its CSF levels has been 
considered as a biomarker for AD. Numerous studies prove that Aβ is toxic to neu-
rons (please refer to Cavallucci et al. 2012 for a detailed review). Dysfunction of 
synapse is found in all stages of AD. The amount of presynaptic vesicles protein 
is reduced throughout the disease progression. It was found that Aβ accumulated 
at synapses and induces a progressive toxicity. It increases N-methyl-D-aspartate 
receptor (NMDAR)-mediated Ca2+ influx, thus disrupts neuronal transmission. 
This can lead to subsequent pathological events such as the generation of reactive 
oxygen species. It also impairs the normal function of mitochondria and triggers 
the activation of caspase-3 and apoptosis. The activation of capsase-3 can impair 
NMDAR-dependent long-term depression.

Our laboratory found that LBP could attenuate the activation of caspase-3 and 
neuronal cell death induced by Aβ1–42 and Aβ25–35, which is a shorter synthetic frag-
ment. Interestingly, this protective effect was only provided by the polysaccharide 
fraction of Wolfberry but not other fractions including betaine and β-sitosterol (Ho 
et al. 2007, Yu et al. 2005). We also compared the protective effects of LBP with 
a well-known Western neuroprotective medicine, lithium chloride (LiCl), and dis-
covered that LBP even has a wider effective and safety dosage (Yu et  al. 2005, 
2007). Our data supported that different fractions of LBP protected neurons through 
distinct mechanisms. The water extract of Wolfberry contained LBP fractions that 
could inhibit some proapoptotic signaling pathways, including the JNK and double-
stranded RNA-dependent protein kinase (PKR; Yu et  al. 2005, 2007); while the 
alkaline extract contains LBP that could upregulate the pro-survival Akt pathway 
(Ho et al. 2007). In fact, Wolfberry was found to promote the expression of genes 
related to cell survival in mouse spleen. In mice that received 7 days of oral feed-
ing of micronized Wolfberry, the gene expression of tumor necrosis factor (TNF), 
NF-kappaB, and Bcl-2 were upregulated, while that of APAF-1 and caspase-3 were 
downregulated (Lin et al. 2011). This indirect evidence suggested that Wolfberry 
could affect multiple gene expression and these changes might explain how it helps 
our body to cope with stress and reduces damages.
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7.3.2 � Glutamate Neurotoxicity

Glutamatergic NMDA receptors are important for learning and memory. However, 
overactivation of the NMDA receptors can lead to Ca2+ overload and excitotoxic-
ity, which disturb neuroplasticity and cause neuronal cell death. Glutamate excito-
toxicity is involved in the pathogenesis of AD. Apart from the excitotoxicity, high 
concentrations of glutamate can induce oxidative stress by inhibiting the uptake of 
cysteine thus the synthesis of glutathione (Murphy et al. 1990). Therefore, reducing 
glutamate excitotoxicity or restoring the homeostatsis in the glutamatergic system 
is one of the available strategies for the treatment of AD. Currently, the noncom-
petitive NMDA receptor antagonist memantine has been approved by the European 
Medicines Agency (EMEA) and Food and Drug Administration (FDA) for the treat-
ment of moderate-to-severe AD (Ho et al. 2009; Hynd et al. 2004).

It has been reported that LBP from Wolfberry antagonized the toxicity of glu-
tamate in primary cultures of cortical neurons (Ho et  al. 2009). Pretreatment of 
neurons with LBP significantly reduced the necrosis and apoptosis following sub-
sequent glutamate exposure. The protective effects of LBP were even comparable 
to that provided by memantine, which further support the potential of LBP as neuro-
protective drug for AD. Interestingly, the LBP used in this study had no antioxidant 
effects and it could not reduce the levels of reactive oxygen species triggered by 
hydrogen peroxide. It was suggested that LBP might mediate its protection by at-
tenuating the phosphorylation of the apoptotic kinase JNK. Since glutamate toxicity 
is also involved in other diseases such as glaucoma and stroke, it is worth to conduct 
further studies on Wolfberry.

7.4 � Wolfberry Preserves Memory Functions in Various 
Animal Models

Cognitive impairment remains the major clinical symptoms in AD. Cognitive per-
formance is always used as the primary and almost the most important parameter 
for the diagnosis of AD. It is, therefore, important to evaluate the efficacy of po-
tential drugs by observing if there are cognitive improvements after intake. Two 
animal studies proved that Wolfberry could improve cognition (Chen et al. 2014; 
Zhang et al. 2013).

In the first study, Wolfberry water extract was fed to APP/PS double transgenic 
mice for 2 weeks, and then their cognitive performance was measured by Morris 
water maze test. In this test, mice were put in a water tank and they were trained 
to find a hidden platform with visual cues. The time they spent in searching the 
hidden platform during the training period and the final stage (probe trial) indicat-
ed their learning and memory functions. APP/PS double transgenic mice are used 
commonly as animal model for AD. These mice have spontaneous increase in Aβ 
production and memory loss when they grow up. The researchers found that mice 
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fed with Wolfberry water extract took shorter time to find the hidden platform and 
they spent longer time in the memorized zone during the probe trial when compared 
to those just fed with saline, indicating these APP/PS1 mice had better learning and 
memory. ELISA experiment confirmed that the Wolfberry water extract reduced 
the levels of Aβ1–42 in these mice, which explained the observed beneficial effects 
(Zhang et al. 2013).

In the second study, rats received chronic infusion of scopolamine (SOC) to in-
duce memory impairment. Scopolamine can inhibit the muscarinic acetylcholine re-
ceptor and leads to characteristic cognitive and memory deficits of AD. In the group 
pretreated with LBP, the rats had better performance in Morris water maze test as 
well as in novel object and object location recognition tasks, indicating an improve-
ment on memory. It was reported that several mechanisms might be involved in the 
protective effects of LBP. Firstly, LBP restored cell proliferation in the hippocam-
pus of SOC-treated rats. In the group that just received LBP but no SOC, there was 
also increased cell proliferation compared to the control groups. In addition, LBP 
also increased the number of newborn neurons in the dentate gyrus of the hippo-
campus, which indicated enhanced neurogenesis. Although there was no change in 
the number of immature neurons, the length of dendrites was markedly increased in 
the LBP + SOC group compared to the SOC group. Secondly, the LBP also attenu-
ated SOC-induced oxidative stress, the levels of GP-x were marked increased, and 
that of MDA was reduced in LBP + SOC group compared to the SOC group. Third-
ly, LBP has no effects on SOC-induced reduction of acetylcholinesterase (AChE) 
and the levels of brain-derived neurotrophic factor (BDNF) and insulin-like growth 
factor-1 (IGF-1) in the hippocampus. However, it did have antiapoptotic effects in 
the hippocampus, but the mechanism is uncertain (Chen et al. 2014).

Apart from animal studies, one human study also provided additional support to 
the beneficial effects of Wolfberry. β-carotene is one of the major components in 
Wolfberry. It is a precursor of vitamin A and it provides strong antioxidative effects. 
Every 100 g of Wolfberry contains 19.6 mg of carotene (Qi and Li 1981). In a ran-
domized trial called “the Physicians’ Health Study II (PHSII),” subjects who took 
β-carotene supplement (50 mg, alternate days) were followed up. For those who 
had short-term treatment of β-carotene (mean treatment duration = 1 year), they had 
similar cognition compared to the placebo group. However, for those who had re-
ceived long-term treatment of β-carotene (mean treatment duration = 18 years), the 
mean global score for a group of cognition tests was significantly higher compared 
to the placebo group. The authors concluded that “the long-term β-carotene treat-
ment was comparable to delaying cognitive aging by 1 to 1.5 years.”

7.5 � Concluding Remarks

Increasing lines of evidence support that AD is a multifactorial disease; therefore, 
its prevention or treatment should also be based on a multi-target approach. We 
have summarized how Wolfberry antagonizes various AD-risk factors in different 
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studies. Moreover, Wolfberry has also been confirmed to improve cognition in ani-
mal models of AD. Human studies also suggest the potential role of Wolfberry in 
delaying aging-related cognitive impairment and improvement of general health. 
It is hoped that more in-depth and large-scale studies can be conducted in the near 
future to confirm the beneficial effects of Wolfberry on the aging population or 
dementia patients.
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Abstract  Lycium barbarum, also known as wolfberry, has been commonly used 
as an oriental herb in China for a long period. Wolfberry is suggested to be antiag-
ing and used to maintain health of kidneys, liver, and the eyes. In the practice of 
traditional Chinese medicine, wolfberry was also prescribed for patients who suf-
fered from dysfunctions of sexual desire. Although it has been put into application 
for a long history, the underlying mechanism is still elusive. In the past decades, 
increasing lines of evidence support the roles of wolfberry in promoting male sex-
ual functioning. The benefit of wolfberry was shown on different aspects includ-
ing preventing the reproductive tissues from oxidative insult, improving motility 
of sperm, maintaining a testosterone level, and promoting sexual performance of 
the hemicastrated rats. This chapter discusses on the recent research findings, both 
from bench and bedside, which support the prosexual function of wolfberry, and 
discusses the potential clinical application of wolfberry on the treatment of sexual 
behavior.
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The prosexual and fertility effect of wolfberry was first described by the Chinese 
herbalist Li Shizhen (Wang et  al. 2002). While in traditional Chinese medicine 
(TCM) practice, wolfberry is commonly prescribed for sexual dysfunction, the ben-
eficial effect of wolfberry on reproduction provided by scientific methodology has 
just investigated in the past two decades.

8.1 � Beneficial Effect of Wolfberry on Sexual Behavior

The first evidence which supports the prosexual effect of wolfberry polysaccharide 
on live animals was reported by Luo et al. (2006). Lycium barbarum polysaccharide 
(LBP) treatment for 22 days was shown to attenuate the impaired copulatory per-
formance caused by hemicastration in rats, which is shown by markedly shortened 
penis erection latency, mounts latency, and increased successful mount percentage. 
Interestingly, the sexual performance of rats with LBP treatment is even slightly 
better than that of normal rats. In parallel to the sexual behavior, sex hormones 
in plasma and the weight of accessory reproductive organ are also maintained in 
hemicastrated rats treated with LBP. To elucidate the protective effect at cellular 
level, the authors also tested the protective effect of LBP on testicular tissues. When 
being subjected to hyperthermia, rat testis tissues were found to have decreased 
weight and superoxide dismutase (SOD) activity, which is associated with a struc-
tural damage of the seminiferous tubules. Pretreatment with LBP before the heat 
exposure was able to prevent the abovementioned damage on the testicular tissue. 
Furthermore, treatment with LBP in vitro also prevented the deoxyribonucleic acid 
(DNA) damage caused by H2O2. These findings support the traditional Chinese 
viewpoint that wolfberry is an aphrodisiac agent and may facilitate fertility by sci-
entific evidence.

Apart from TCM practice, wolfberry was also adapted as a remedy to improve 
sexual functioning in Korea (Sohn et al. 2008). An herbal formulation consists of 
the seeds of wolfberry and other herbs were tested for its effect on penile erection. 
After treatment for 4 weeks, the intracavernosal pressure was found to increase 
markedly in medicated animals, which indicate that erection was promoted. Simul-
taneously, an expression of nNOS and eNOS (neuronal and endothelial nitric oxide 
synthase, respectively), which generate nitric oxide as a vasodilator, was also found 
to be upregulated by the medication. These observations suggested that the herbal 
mixture may promote male copulatory function by promoting penile erection.

A study conducted by Lau et al. tested whether the LBP could counteract the 
sexual-suppressing effect of high dose corticosterone (Lau et al. 2012). As several 
studies suggested that neurogenesis (i.e., production of new functional neurons) 
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may be an essential mediator of sexual behavior and newborn neurons may have an 
important role in the regulation of sexual behavior (Lau et al. 2011; Leuner et al. 
2010), the authors examined whether neurogenesis takes roles in the prosexual ef-
fect of LBP and the association between LBP treatment, sexual behavior, and neu-
rogenesis. The results of the study indicated that LBP facilitated male sexual behav-
ior by significantly increased copulatory efficiency (CE) and ejaculation frequency 
(EF), and decreased ejaculation latency (EL). LBP at dosage of 1 mg/kg showed the 
most significant effect than a higher dosage of 10 mg/kg.

Furthermore, LBP also significantly reversed the inhibited sexual behav-
ior induced by corticosterone in intromission latency (IL) and CE and reversed 
suppressed neurogenesis induced by corticosterone in terms of number of BrdU-
positive cells in subventricular zone (SVZ) and hippocampus. LBP also promotes 
the neuronal differentiation of neural precursor cells as shown by DCX staining. 
Moreover, the study further revealed that sexual performance is correlated with 
neurogenesis in SVZ and hippocampus and the direct relationship is examined by 
comparing BrdU-positive cells and sexual behavior between blocking neurogenesis 
in LBP treatment group and control group. After blocking neurogenesis, the rats 
showed impaired sexual performance, which indicate the necessity of neurogenesis 
in sexual functioning. This study demonstrated the enhancing effect of LBP on male 
sexual behaviors in rats, the association between neurogenesis and the causal rela-
tionship between neurogenesis and sexual behavior. As newborn neurons may have 
an important role in the regulation of sexual behavior, this study suggests that LBP 
may promote sexual behavior through the regulation of neurogenesis.

A randomized controlled clinical study was conducted to investigate the effect of 
a drink which was prepared from wolfberry (“Goji Juice GoChi”) on general health 
of human subjects (Amagase and Nance 2008). The drink was prepared from fresh 
wolfberry, with a daily serving which is equivalent to at least 150 g of fresh wolf-
berry. Questionnaires were used to evaluate subjective well-being after consuming 
the drink for 14 days. In comparing to the placebo group, the subjects who had 
the wolfberry drink responded with a significantly higher energy level, feeling of 
health and exercise performance, and reduction in fatigue and stress. Interestingly, 
more than half of the female subjects consumed the juice reported decrease in pain 
during their mentrual period, and a few subjects in the treatment groups stated they 
had increased sexual ability and activity. Since these aspects on reproduction were 
not the main foci of the randomized controlled trial (RCT), no dedicated instrument 
and analysis were used to evaluate the difference between the treatment and pla-
cebo groups. Another study reported by the same research group indicated that after 
chronic consumption of the wolfberry drink for 30 days, the in vivo antioxidant 
markers including SOD and glutathione peroxidase (GSH-Px) in the plasma were 
upregulated (Amagase et al. 2009), which exposed the antioxidant properties of the 
wolfberry drink on human. As oxidative stress may be one of the underlying mecha-
nisms of sexual inhibition and infertility, the antioxidant action of wolfberry drink 
in human may be linked to the prosexual effect reported by the previous study. Nev-
ertheless, the effect on the subjective feelings on human sexual function would be 
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worthwhile for future RCT experiment. As increasing lines of evidence showed the 
prosexual effect of wolfberry in laboratory animals, further studies on the potential 
reproductive effect of wolfberry on human would be valuable for the translation of 
laboratory studies to clinical applications.

8.2 � Protective Effect of Wolfberry on Reproductive 
Tissues

Since wolfberry has been shown to exert its effect by its antioxidant activity, it 
was hypothesized that antioxidation is a mechanism that underlies the beneficial 
effect of wolfberry on reproductive function. As a by-product of intracellular res-
piration, reactive oxygen species (ROS) are reactive molecules which may damage 
the reproductive tissues if in excess amount (Balaban et  al. 2005). ROS species 
including hydroxyl ions, superoxide, and nitric oxides are generated in the testis 
during steroidogenesis and spermatogenesis (Mathur and D’Cruz 2011). While an 
appropriate level of ROS is required for the normal functioning of the testis tissue 
and sperms, an excessive amount of ROS is detrimental to the sperms as the sperms 
are highly sensitive to peroxidation due to the rich content of polyunsaturated fatty 
acids (PUFA) on the plasma membrane. A proper balance between the ROS and an-
tioxidants is thus needed to maintain the functioning of the reproductive tissues and 
sperms. As antioxidants were found in various edible plants (Clément et al. 2012), 
it is suggested that plant-derived feed supplements may inhibit the oxidative stress 
in livestocks and may promote both fertility and reproductive functions. One of the 
food supplements that received increasing attention is wolfberry.

Different studies have investigated the protective effect of wolfberry on repro-
ductive tissues by both in vivo and in vitro methods, and tried to determine whether 
wolfberry exerts its effect through its antioxidant properties. The protective effect 
of wolfberry polysaccharides on testicular tissue was firstly shown in a tissue cul-
ture study (Wang et al. 2002). When seminiferous epithelium was cultured for a 
prolonged period and at a relatively high temperature, structural degradation was 
induced in terms of increase in intercellular space and appearance of multinucleated 
spermatids, which is due to the impaired spermatogenesis. Inclusion of wolfberry 
polysaccharide in the culture medium reduced the structural damage caused by the 
lengthened culture time and hyperthermia. The spermatozoa were also found to be 
more motile when treated with LBP. The reduced structural damage is accompanied 
with a decrease in apoptotic rate of epithelium cells and reduction in oxidative stress 
(illustrated by ultraviolet C light induced lipid peroxidation and superoxide induced 
cytochrome c reduction). The authors suggest that the protective effect of LBP may 
be due to its antioxidant properties.

In another study conducted by Zhang et al. showed that LBP could protect the 
spermatogenesis in testis caused by Bisphenol A (BPA) (Zhang et al. 2013). BPA is 
a commonly found monomer in plastic wares and widely used in adhesive and den-
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tal fillings (Podlipna and Cichna-Markl 2006). Despite its wide range of applica-
tions, BPA was found to decrease the weight of testis, induce apoptosis in spermato-
genic tissues, decrease testosterone levels and increase the rate of infertility in rats 
(Li et al. 2009; Podlipna and Cichna-Markl 2006; Xiao et al. 2011). Interestingly, 
LBP was shown to prevent the retardation of reproductive function in rats caused 
by BPA. First, LBP was shown to increase the weight of testis and epididymis in 
BPA-treated rats, although not to a level comparable to the normal controls. Sec-
ond, LBP was shown to prevent the decrease in the level of sex hormones caused 
by BPA. Third, the proapototic marker, Bax was found to decrease after LBP treat-
ment. Finally, oxidative stress was also suppressed by the LBP. These data suggest 
that LBP would mitigate the damage of testicular tissues from BPA by suppressing 
apoptosis and oxidative stress, while further exploration of the fertility of the rats 
after BPA and LBP treatment would support the use of wolfberry in reproductive 
function against toxic agents on reproductive system.

Another study explored whether pretreatment with LBP could ameliorate the 
detrimental effect on reproductive system caused by doxorubicin (DOX), an antitu-
mor drug used in the treatment of solid and hematological tumors (Xin et al. 2012). 
Aside from its side effect on cardiopulmonary and excretory system (Minotti et al. 
2004), DOX also causes toxicity on testicular tissue and spermatozoa manifested 
in decreasing quantity and motility of sperm, increasing the rate of abnormal sperm 
production and increasing apoptosis in the spermatogenesis process. Being similar 
to the abovementioned studies, the authors hypothesized that oxidative stress is 
a major underlying mechanism of the disturbed reproductive function. Evidences 
indicated that the weight of the testis and epididymis in DOX-treated male rats was 
preserved by LBP.

Morphologically, degenerative changes including depletion of germ cells, ir-
regular seminiferous tubules and scarcity of spermatogonia were caused by DOX, 
which could be prevented by LBP. While LBP does not show any effect on sperm 
quantity and quality in healthy rats, it effectively prevented the decline of sperm 
quantity and quality which is induced by DOX. Furthermore, the increased oxida-
tive stress in testicular tissues caused by DOX, indicated by the level of malondi-
aldehyde (by-product of lipid peroxidation) and GSH-peroxidase (a scavenger of 
free radicals), was attenuated by LBP. Again, the evidence suggests that LBP may 
be a potential adjunct therapy for the protection of reproductive organs through the 
regulation of oxidative stress.

Different lines of evidence showed that ionizing irradiation has damaging effects 
in male reproductive system (Bonde 2010) and testicular spermatogenic cells were 
highly sensitive to ionizing irradiation. Cancer patients receiving radiotherapy or 
people working with radioactive substances often had infertility and sexual dys-
function (Hasegawa et al. 1997). A study attempted to elucidate whether LBP could 
protect the reproductive tissues from ionizing irradiation-induced reproductive cell 
damage (Luo et al. 2011). Male rats were exposed to various levels of ionizing ir-
radiation and then cotreated with LBP. After the experiment, sperm count, their mo-
tility, erection latency, sexual behavior, serum hormone, DNA damage in testicular 
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cells, and protein content of testicular tissues were tested. The result showed that in 
irradiated animals, sperm count and their motility were significantly reduced. More-
over, erection latency, mounting, and ejaculation latencies were extended, serum 
testosterone levels was lower and DNA damage in testicular cells were observed 
after exposing to ionizing irradiation. The longer the exposure to ionizing irradia-
tion, the greater the deleterious effect will be found. Cotreatment with LBP was 
shown to significantly alleviate the detrimental effect on the reproductive tissues. 
The author suggested that LBP could repair the damage in testicular cells caused 
by ionizing irradiation, regulate the serum testosterone level, and protect testicu-
lar cells against deleterious effects of free radicals caused by ionizing irradiation. 
A subsequent study conducted by the same group showed that LBP upregulates 
the expression of antiapoptotic protein Bcl-2, downregulated proapoptotic Bax 
and maintain the mitochondrial membrane potential of testicular tissues (Luo et al. 
2014), which suggests that LBP may have antiapoptotic effects against irradiation.

Owing to the traditional viewpoint that wolfberry is aphrodisiac and its availabil-
ity is at low cost, the potential profertility effect of wolfberry in female has drawn 
the attention of research groups as early as the 1970s (Suzuki et al. 1972). In a study 
conducted by Suzuki and coworkers, intravenous injection of crude water-soluble 
extract of Lycium Chinense, another species of wolfberry or goji berry, induced 
ovulation in rabbits (Suzuki et al. 1972). However, due to the lack of an appropriate 
control group in the abovementioned study, whether the ovulation is induced by the 
wolfberry extract or due to other confounds remains to be determined.

Huang et al. studied the effect of LBP on in vitro maturation of the female gam-
ete (Huang et al. 2008). Interestingly, when frozen oocyte with cryoprotection was 
thawed and treated with LBP in culture conditions, the maturation rate was signifi-
cantly higher than the traditional sucrose medium. However, while the maturation-
promoting action was attributed to the influence on solution viscosity and osmolal-
ity, it is unknown of whether the effect is specific to the wolfberry.

In a case study, concentrated herbal extracts (Zuo-gui-wan), which contains 
cooked wolfberry and other herbs such as dogwood fruit and cyathula root, was 
used to treat a woman with premature ovarian failure and secondary amenorrhea 
(Chao et al. 2003). After 3 months of therapy, ovulation return and the woman con-
ceived successfully.

Interestingly, wolfberry was found to benefit not only the adult animals but also 
offsprings when they are exposed to it during the gestation period (Feng et al. 2010). 
It was found that prenatal stress resulted in a significant decrease in cognitive func-
tion in female offspring, which could be prevented significantly by pretreatment 
of mother rats with milk-based wolfberry. After the pretreatment with wolfberry 
polysaccharide for 2 weeks, female rats were allowed to mate. Then, the pregnant 
female subjects were restrained by a transparent plastic tube on days 14–20 of preg-
nancy three times daily from 45 min to 1 h. The female offspring were subsequently 
tested at 1 month of age. Morris Water Maze was used to test the spatial memo-
ry and the offspring rats were sacrificed to test the oxidative brain mitochondrial 
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damage. The result showed that prenatal restraint stress induced memory and learn-
ing deficiency of female offspring, but not in male offspring, while middle and high 
doses wolfberry pretreatment significantly reduced the impairment. In vitro studies 
by the authors showed that wolfberry dose dependently scavenged hydroxyl and 
superoxide radicals and inhibited ascorbic acid-induced dysfunction in brain tissue 
and tissue mitochondria.

When comparing to male, the effect of wolfberry on female reproductive func-
tion and offspring remains unclear and only a few limited reports studied the ef-
fect. There is a lack of supportive scientific evidence on the effect of wolfberry on 
female sexual behavior and reproduction. However, as it was shown that wolfberry 
could increase the levels of plasma sex hormones and protect the male gametes, it is 
likely that female reproductive system may be benefited by the herb. The support-
ing evidence from empirical studies will definitely strengthen the clinical usage of 
wolfberry in practice, and even as a food supplement.

In conclusion, evidence of L. barbarum’s prosexual effect has been found at 
different levels of organisms, namely: molecular level, biochemistry level, cellular 
level, tissue level, behavior level. Also, it improves the general well-being of hu-
mans. We have summarized all these effects in Table 8.1.

�Conclusion

Apart from protecting the DNA and alleviating the reproductive tissue damage due 
to hypothermia, oxidative stress, and radiation, the fruit also protects testis from 
damage by environment pollutant like BPA. Female fertility is also restored by a 
herbal medicine containing wolfberry. The fruit also shows protective effect to the 
cognitive function of offspring with prenatal stress. Different pieces of evidence 
have shown that L. barbarum would be an all-round aphrodisiac agent that not 
only improves the sexual function of male individual and the fertility of female, 
but also the general health of both male and female. These beneficial effects imply 
L. barbarum would be a potent functional food. Nevertheless, the drug interaction 
between the fruit and common drugs, especially drugs for chronic diseases, still 
need to be clarified, in order to utilize wolfberry as an adjunctive therapy for sexual 
dysfunctions. Yet, further studies may be needed to determine the therapeutic dos-
age of wolfberry as the quality control of the fruit and the active components are 
still being elusive.
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Abstract  Ischemic stroke is a leading cause of death worldwide, bringing about 
serious long-lasting disability and considerable social burden. Stroke patients suffer 
from various disabilities, including hemiplegia, dysesthesia, ataxia, and sometimes 
visual impairment. During an ischemic stroke, ischemia takes place due to blood 
flow interruption as a result of a cerebral artery blockade. The disruption in oxygen 
and glucose supply and subsequent reperfusion trigger a complex cascade of molec-
ular events that eventually results in irreversible cell death in the affected brain area, 
affecting the functioning of the body. Treatment of ischemic stroke is important to 
alleviate the subsequent outcome. Yet, no ideal neuroprotective agents are available. 
Some research has turned to traditional medicine that has shown efficacy in animal 
models, making it an attractive option in the treatment of ischemic stroke. Another 
appealing alternative would be the prevention of ischemic stroke using traditional 
medicine, which may be beneficial for patients at high risk for ischemic stroke. One 
traditional medicine that shows promising results is Lycium barbarum (wolfberry, 
Goji, Fructus Lycii), an important traditional medicine in promoting health and lon-
gevity as well as a food supplement in the Western countries.

Keywords  Ischemia-reperfusion injury · Middle cerebral artery occlusion · 
Neurological deficit · Cerebral infarct · Cerebral edema · Apoptosis · Blood-brain 
barrier · Aquaporin · GFAP · Pretreatment · Prophylaxis · Retina · Retinal ganglion cell

9.1 � Introduction

Stroke is the second leading cause of death in the world, with more than 15 mil-
lion sufferers while one third of them die every year. The survivors are left with 
various cruel sequelae, including hemiplegia, dysesthesia, ataxia, and even visual 
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impairment such as hemianopia (Barber et al. 2001), seriously affecting their qual-
ity of life. As the world population ages, management of these subsequent disabili-
ties pose an increasing burden to the whole society, making stroke a devastating 
cerebrovascular disease.

9.2 � Stroke and Cerebral Ischemia: Pathophysiology  
and Mechanisms

There are two major categories of stroke according to its etiology, namely ischemic 
stroke and hemorrhagic stroke. Out of the two types of stroke, ischemic stroke 
accounts for approximately 80 % of all cases (Goldstein et  al. 2006). During an 
ischemic stroke, there is cerebral artery blockade and therefore cerebral ischemia.

Cerebral ischemia occurs as a result of an obstruction in one of the major cere-
bral blood vessels, leading to reduced blood supply to its irrigation territory and 
therefore insufficient glucose and oxygen delivery to the affected area in the brain. 
An ischemic core and surrounding it the penumbra soon develop (Astrup et  al. 
1981; Olsen et al. 1983). Normally, the cells in the brain and nervous system require 
abundant blood supply in order to maintain proper neuronal function. Once the 
blood flow drops below 25 % of normal values during cerebral ischemia, neuronal 
activity declines rapidly. With the insufficient levels of oxygen and glucose, energy 
depletion results in a series of molecular events triggered by ischemia, namely isch-
emia cascade (Wityk and Stern 1994; Love 1999; Barber et al. 2001). These include 
disruption of ion homeostasis, depolarization, calcium channel dysfunction, exces-
sive glutamate release, excitotoxicity, and release of free radical that rapidly result 
in cell death. These events happen rapidly in the infarct core where blood flow is 
most severely restricted (Barone et al. 2002; Doyle et al. 2008). Not only the neu-
rons are affected; other cells such as glia and endothelial cells are also damaged.

When the blood supply to targeted tissues restores, reperfusion starts. It is widely 
accepted that reperfusion brings further damage to the ischemic tissues and this 
damage may be more serious than the initial ischemic injury. After the blood flow 
is resumed, more free radicals and reactive oxygen species are generated. The early 
events mentioned above are followed by late events such as inflammatory changes, 
apoptosis, and disruption of the blood-brain barrier that evolve over hours or even 
days (Dirnagl et al. 1999; Lin 2002; Lo et al. 2003), causing exaggerated cellular 
damage that eventually result in additional impairment to the tissue.

9.3 � Stroke: Treatment Strategies

The key therapeutic strategy for patients with acute ischemic stroke mainly focuses 
on early revascularization in order to restore blood flow to the ischemic brain tissue 
at early stage. This helps protect the neurons from further damage and reduce the 
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long-term disabilities associated with stroke attack. Present management includes 
pharmacologic thrombolysis, mechanical thrombectomy, and angioplasty. To date, 
the only approved medicine by the US Food and Drug Administration (FDA) for pa-
tients with acute ischemic stroke is recombinant tissue plasminogen activator (rtPA). 
Approval was granted in 1996, in part based on the results of the two-part National 
Institute of Neurological Disorders and Stroke (NINDS) rtPA Stroke Trial. A large, 
randomized, double-blind, placebo-controlled study by the NINDS indicated a ben-
eficial effect of rtPA (Group TNIoNDaSr-PSS 1995). It was shown that treatment 
with intravenous rtPA within 3  h of ischemic stroke onset improved the clinical 
outcome at 3 months, despite an increased incidence of symptomatic intracerebral 
hemorrhage. In a 12-month follow-up study, acute ischemic stroke patients who 
were treated with rtPA within 3 h after the symptom onset were at least 30 % more 
likely to have minimal or no disability at 12 months than placebo-treated patients, 
indicating a sustained benefit of rtPA for such patients (Kwiatkowski et al. 1999).

Despite the wide acceptance of rtPA in ischemic stroke treatment, there still re-
mains controversy. Besides a risk of intracranial hemorrhage (Group TNIoNDaSr-
PSS 1995; Kwiatkowski et al. 1999; Adams et al. 2003), there are also other potential 
adverse experiences including systemic bleeding, myocardial rupture, and allergic 
reactions including anaphylaxis (Becker et al. 1999). Therefore, intravenous admin-
istration of rtPA is only recommended for carefully selected patients who are eligible 
according to the treatment criteria and who can receive the medication within 3 h of 
onset of the stroke (Adams et al. 2003). The restrictive 3-h time window necessary 
for the use of rtPA further limits the number of patients who will receive the interven-
tion. It is estimated that only about 1–2 % of patients with acute ischemic stroke have 
received this intervention (Hacke et al. 1999). Subsequent to the NINDS studies, five 
clinical trials have tested the use of intravenous rtPA up to 6 h after the onset of the 
stroke. Up to date, there still remain contradictory actions regarding later adminis-
tration of intravenous rtPA; the European Medicines Agency expands approval of 
intravenous rtPA to the 3- to 4.5-h window but the US FDA declines to do so (Jauch 
et al. 2013). Yet, based on clinical trial evidence, it is still fundamentally important to 
minimize the total ischemic time and to restore the blood flow to the threatened but 
not yet infarcted tissue as soon as feasible (Khatri et al. 2009). Indeed, health systems 
are highly recommended to set a goal: increase the percentage of door-to-needle time 
of 60 min, i.e., stroke patients treated within 60 min of presentation to at least 80 % 
(Jauch et al. 2013).

Due to the narrow time window and adverse effects after an ischemic stroke such 
as hemorrahagic transformation, ischemia/reperfusion damage and reocclusion af-
ter recanalization, neuroscientists have become more emphasized on neuroprotec-
tion in the treatment of ischemic stroke. The idea behind neuroprotection is different 
from reperfusion; its aim is to directly affect the brain tissue in order to salvage cells 
in the still-viable penumbra area. Currently, the most studied pharmacological neu-
roprotective agents include glutamate receptor antagonists, ion channel modulators, 
anti-inflammatory agents, and free radical scavengers (Cheng et  al. 2004; Jauch 
et al. 2013); simply speaking, agents that target almost every single component of 
the ischemia cascade. There have been more than 1000 published reports of various 
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experimental neuroprotective treatments for acute stroke and over 100 clinical trials 
(Kidwell et al. 2001; O’Collins et al. 2006; Jauch et al. 2013). Despite the deter-
mined efforts in basic research and clinical investigation, neuroprotective therapies 
for acute ischemic stroke remain unsuccessful. They all appear to be effective in 
initial studies using a variety of animal stroke models; however, the outcomes of the 
subsequent clinical trials are far from satisfactory. Most clinical trials testing these 
therapies have produced disappointing results and none of them has been proven 
effective in clinical practice. Unfortunately, worse outcomes are observed in treated 
patients in some circumstances (Jauch et al. 2013).

9.4 � Stroke and Traditional Medicine

With an increasing population of elderly people worldwide, stroke has become a 
major healthcare problem; yet, advances are being made. The incidence of stroke 
has been reduced by preventive measures such as controlling hypertension, hyper-
cholesterolemia, and smoking. Besides staying vigilant and committed to improv-
ing overall stroke care in the public sector and medical field, there remains an 
urgent need for effective and widely applicable pharmacological treatment. This 
lack of treatment for stroke may explain the growing attention in traditional medi-
cine in the last few decades, which have accumulated extensive observational and 
anecdotal experiences over the past millenniums.

In 2003, the World Health Organization (WHO) defined traditional medicine as 
“health practices, approaches, knowledge, and beliefs incorporating plant, animal 
and mineral based medicines, spiritual therapies, manual techniques and exercises, 
applied singularly or in combination to treat, diagnose, and prevent illnesses or 
maintain well-being” (World Health Organization 2003). Traditional medicine, also 
termed as alternative medicine, arises in ancient times before the establishment of 
modern Western medicine in various regions around the world over generations. 
It is receiving increasing popularity in the Western society. In fact, there are ap-
proximately 80 % of the population who depend on traditional medicine for primary 
health care in some African and Asian countries, while in developed regions such as 
Europe and North America, 70–80 % of the population has at least once been treated 
by traditional medicine (World Health Organization 2003).

The use of traditional medicine in China, also known as traditional Chinese 
medicine (TCM), is very prevalent due to not only its long history but also its rec-
ognized efficacy. Chinese herbal medicine has been used to treat ischemic stroke 
for ages. Dozens of Chinese herbs, either crude or extract, have been tested in 
various preclinical animal studies and clinical trials. Some of the actions of TCM 
in stroke therapy can be explained based on the pathophysiology of cerebral isch-
emia. They contain agents with antioxidative, anti-inflammatory, and antithrom-
botic properties. For example, many herbs contain flavonoids, whose antioxidative 
activity has been shown in vitro (Bagchi et al. 1999). Flavonoids are also shown 
to have anti-inflammatory activities (Howes et al. 2003; Yamamoto and Gaynor 
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2001), which may be desirable in stroke treatment. In addition, some herbs can 
dilate blood vessels and suppress platelet aggregation (Bei et al. 2007).

9.5 � Herbs Used for Treatment or Prevention of Stroke  
in Traditional Chinese Medicine

There are more than 100 herbs that have been used in stroke prevention or treatment. 
Some of their active ingredients have been described in detail (Zhou and Xiao 1997; 
Gong and Sucher 1999; Kim 2005). Examples of the more commonly used herbs 
are listed below in alphabetical order. Among them, Lycium barbarum has received 
much interest.

Acanthropanax senticosus harms
Angelica sinensis, A. gigas
Astragalus membranaceus
Bombycis corpus
Carthamus tinctorius
Corydalis yanhusuo
Ginkgo biloba
Ligusticum wallichii Franchat
Magnolia officinalis Rehder et Wilson
Paeonia suffruticosa Andrews, Paeonia lactiflora Pall
Panax ginseng
Pueraria lobata
Rhodiola rosea L., Rhodiola sacra S. H. FU, Rhodiola sachalinensis A. BOR
Salvia miltiorrhiza bunge
Schisandra chinensis
Scutellaria baicalensis
Sophora japonica L.
Stephania tetrandra S. Moore

9.5.1 � Stroke and Lycium Barbarum

L. barbarum (also known as Goji, Gouqizi, Wolfberry, Fructus Lycii) is a decidu-
ous woody plant growing natively in Asia and southeastern Europe, producing light 
purple flower and orange-red berry fruit. The fruit of L. barbarum has been widely 
used in Chinese herbal recipes for millenniums. In TCM literature such as 神龍本
草經 and 本草綱目, L. barbarum can nourish the liver and kidney as well promot-
ing health and longevity. L. barbarum has an attractive red color, leading to the 
belief that it has a role in strengthening eyesight and protecting the eyes.
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There are abundant ingredients in the fruit of L. barbarum including β-carotene, 
thiamine, riboflavin, betaine, zeaxanthin, electrolytes, trace mineral, amino acids, 
vitamins, lipid, and polysaccharides. In L. barbarum, the polysaccharides constitute 
more than 40 % of the fruit extract (Chang and So 2008). Numerous experimental 
studies have revealed that L. barbarum has a wide array of functions, which may 
be due to its high polysaccharide content. These include antiaging, antitumor, cyto-
protective, neuromodulation, and immune modulation effects (Chang and So 2008). 
In addition, a neuroprotective role of extracts of L. barbarum containing mostly L. 
barbarum polysaccharides (LBP) in the nervous system has been strongly indicated 
by in vitro and in vivo studies.

LBP pretreatment can protect the cultured primary cortical neurons from 
β-amyloid peptide neurotoxicity (Yu et al. 2005). It further protects neurons against 
β-amyloid-induced apoptosis by reducing the activity of both caspase-3 and cas-
pase-2 (Yu et al. 2007). In another study where primary cultured rat hippocampal 
neurons were exposed to oxygen-glucose deprivation, LBP treatment attenuated 
neuronal damage and dose dependently inhibited lactose dehydrogenase release 
(Rui et al. 2012). The possible mechanisms of LBP-mediated mechanisms in these 
in vitro studies include the reduction in the phosphorylation of JNK-1 (Thr183/
Tyr185) and its substrates c-Jun-I (Ser 73) and c-Jun-II (Ser 63) (Yu et al. 2005), 
reduction in the phosphorylation of PKR triggered by β-amyloid peptide(Yu et al. 
2007), enhancement of activities of superoxide dismutase (SOD) and glutathione 
peroxidase (GSH-Px), decreased malondialdehyde (MDA) content, as well as re-
duction in mitochondrial membrane potential (MMP) (Rui et al. 2012).

More importantly, oral LBP pretreatment is beneficial in animal models of 
experimental stroke. In patients with ischemic stroke, approximately 80 % thrombotic 
or embolic strokes occur in the territory of the middle cerebral artery (MCA) (Rous-
selet et al. 2012). To mimic focal brain damages similar to those occurring in human 
stroke, the intraluminal method to induce middle cerebral artery occlusion (MCAO) 
was first developed in rats by Koizumi et al. in 1986 (Koizumi et al. 1986) and was 
then modified to be performed in mice due to the advancement in murine genetic 
manipulation technology (Chan et al. 1993; Huang et al. 1994; Yang et al. 1994). 
Here, a monofilament is advanced through the external carotid artery into the inter-
nal carotid artery until it occludes the MCA at its origin. Blood flow is restored when 
the filament is removed and reperfusion occurs (Lo et al. 2005, 2007; Yeung et al. 
2010; Li et al. 2012; Yang et al. 2012). This is a highly reproducible and widely ac-
cepted model for cerebral ischemia/reperfusion (I/R) injury and is relevant for stroke 
studies. In studies using such animal models, LBP effectively improves neurological 
deficits, decreased infarct size and cerebral edema after MCAO-induced I/R injury, 
indicating its neuroprotective effects (Yang et al. 2012). Moreover, blood-brain bar-
rier disruption, aquaporin-4 upregulation and glial activation are attenuated by LBP 
pretreatment (Yang et al. 2012). The antioxidative (Wang et al. 2013) and antiapop-
totic (Wang et al. 2014) effects of LBP have also been suggested to be involved in its 
neuroprotective mechanisms. LBP could decrease MDA content and increase SOD 
and GSH-Px activities in the ischemic brain (Wang et  al. 2013). Moreover, LBP 
suppressed the upregulation of Bax and caspase-3 while inhibiting the reduction of 
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Bcl-2, events that are induced by focal cerebral ischemic injury (Wang et al. 2014). 
These results suggest that LBP may be used as a prophylactic neuroprotectant in 
patients at high risk for ischemic stroke.

LBP may also have neuroprotective effects in the retina after I/R injury. Retinal 
I/R injury is common in many ocular diseases such as amaurosis fugax, glaucoma, 
and diabetic retinopathy. In a murine retinal I/R injury model, LBP pretreatment 
could effectively protect the retina from neuronal death, glial activation, and oxida-
tive stress (Li et al. 2011). After I/R injury in mouse retina, there was apoptosis and 
decreased viable cell count in the ganglion cell layer and the inner nuclear layer of 
the vehicle-treated I/R retina. In addition, increased retinal thickness, glial fibrillary 
acidic protein (GFAP) activation, aquaporin 4 (AQP4) upregulation, immunoglobu-
lin G (IgG) extravasations, and proteinase-activated receptor (PAR) expression lev-
el were observed. These phenotypic changes could almost be completely reversed 
by LBP pretreatment (Li et al. 2011). LBP was also shown to provide neuroprotec-
tion by downregulating the receptor for advanced glycation end-products (RAGE), 
endothelin 1 (ET-1), β-amyloid and advanced glycation end-products (AGE) in the 
retina in a murine model of ocular hypertension (Mi et al. 2012). A smaller loss of 
retinal ganglion cells, higher level of occludin protein, and recovery of the blood 
vessel density were observed. In a rat ocular hypertension model, LBP pretreat-
ment protected the retinal ganglion cells (Chan et al. 1993). Later studies reported 
the ability of LBP pretreatment to increase Nrf2 nuclear accumulation and heme 
oxygenase 1 (HO-1) expression in the retina using a similar retinal I/R injury model 
(He et al. 2014).

�Conclusion

Stroke is a devastating disease and causes major social burden worldwide. Despite 
the vast diversity of investigations using various in vitro and in vivo experimental 
models as well as clinical trials, there is still a lack of effective and widely appli-
cable pharmacological treatments for ischemic stroke patients to salvage neuronal 
death. The search continues while the public waits and yearns for better measures. 
Many people have thus turned to the use of TCM that has extensive observational 
and anecdotal experience inherited and accumulated over thousands of years. Its 
safety and efficacy, although not proven according to the present standards, should 
not be doubted. Studies on LBP so far have strongly supported a beneficial neuro-
protective role of LBP pretreatment. LBP pretreatment with continuous daily sup-
plementation protected the brain and retina, both functionally and morphologically, 
from I/R injury in experimental models of ischemic stroke and ischemic retinopa-
thy. This regimen holds great promise in serving as a prophylactic neuroprotectant 
in patients at high risk for ischemic stroke as well as reducing irreversible neuronal 
death in ischemic retinopathies. The protective effects are thought to be associated 
with LBP’s antiapoptotic, antioxidative, and anti-inflammatory properties. Similar 
to other TCM, LBP is a mixture of various components including glucose, arabi-
nose, galacturonic acid, and galactose (Yu et al. 2007). It will be of great interest 
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to investigate and delineate the active ingredients of LBP as well as to compare 
their isolated effects in ischemic condition with the synergistic effects subsequently. 
Yet, as with other neuroprotective strategy for ischemic stroke, further scientific 
research together with large-scale, properly designed randomized controlled trials 
followed by appropriate meta-analysis are necessary and essential before such treat-
ments can be recommended for general clinical use.
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Abstract  Secondary degeneration occurs commonly in a range of neurodegenera-
tive diseases, including glaucoma. Partial optic nerve transection (PONT) model 
was established in the last decade and was good for studying secondary degenera-
tion in retinas and optic nerves. The results from the published papers about PONT 
showed that the mechanisms—apoptosis, necrosis, autophagy, oxidative stress, cal-
cium overload, mitochondria, activation of c-jun, water channel change, and glial 
cells (microglia, astrocytes and oligodendrocytes)—were involved in secondary 
degeneration after PONT. In addition to the cell bodies and the axons of retinal gan-
glion cells (RGCs), other cells in the layers outside the ganglion cell layer were also 
affected according to the measurement of multifocal electroretinogram (mfERG) by 
our group. Lycium barbarum ( L. barbarum) is a traditional medicine in the oriental 
world and has long been used as a functional food and for medicinal purposes. The 
data from our group and others showed that the polysaccharides extracted from  
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L. barbarum (LBP) were neuroprotective in different animal models, including the 
PONT model. Our results showed that LBP could inhibit secondary degeneration 
of the cell bodies of RGCs rather than primary degeneration as well as preserve the 
function of retinas measured by mfERG. These effects are related with the antioxi-
dant function of LBP, inhibition of c-jun N-terminal kinase (JNK) pathway in the 
retinas after PONT. Other possible mechanisms involved in LBP’s neuroprotective 
effects for secondary degeneration are immunomodulatory effects, preservation of 
synapses, and modulation of autophagy.

Keywords  Optic nerve · Secondary degeneration · Lycium barbarum · 
Neuroprotection

10.1 � Introduction

After traumatic damages and during acute and chronic diseases in the central ner-
vous system (CNS), such as glaucoma, secondary degeneration universally occurs. 
A great number of mechanisms are associated with secondary degeneration includ-
ing apoptosis, necrosis, autophagy, oxidative stress, excitotoxicity, derangements in 
ionic homeostasis, and calcium influx. Glial cells (microglia, astrocytes, and oligo-
dendrocytes) also play a role in secondary injury. Partial optic nerve (ON) transec-
tion (PONT), established in the last decade, is a suitable model for glaucoma study. 
Compared with the complete optic nerve transection (CONT) model and ON crush 
model, the merit of this model is the feasibility to separate primary degeneration 
from secondary degeneration in location. Therefore, it is a good tool for studying 
secondary degeneration. The first part of this chapter will focus on the research 
progress about the mechanisms of secondary degeneration using the PONT model.

In Chinese medicine, Lycium barbarum ( L. barbarum) has been used as an 
“upper-class herb” for many years, and it is good for the vision sight, nourishing 
the “kidney” and protecting the “liver” (Junlin and Aicheng 2002). L. barbarum is 
made up of many components, for example, polysaccharides (Chang and So 2008; 
Ho et al. 2009), taurine (Song et al. 2011), betaine (Xie et al. 2001; Lee et al. 2004), 
zeaxanthin (Kim et al. 2002), beta-carotene (Inbaraj et al. 2008), beta-sitosterol (Xie 
et al. 2001), flavonoids (Lee et al. 2004), vitamins (Zhang et al. 2011), amino acids 
(Wang et al. 2012), fatty acids (Honglin et al. 2009), and trace minerals (Yang et al. 
2012b). The neuroprotective effects of L. barbarum have been shown in both cell 
culture models and animal models. L. barbarum has also been studied extensively 
in eye diseases including diabetic retinopathy, ischemia model, and glaucoma. The 
protective mechanisms of L. barbarum are achieved through the properties includ-
ing antioxidation (Li 2007; Cheng and Kong 2011; Li et al. 2011; Shan et al. 2011; 
Xiao et al. 2012), anti-excitotoxicity (Ho et al. 2009), anti-inflammation (Wu et al. 
2011; Xiao et al. 2012), and anti-apoptosis (Ho et al. 2010; Li et al. 2011; Song et al. 
2012). The second part of this chapter will give details about the neuroprotective 
effects of L. barbarum in secondary degeneration in eye diseases and summarize 
the possible mechanisms.
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10.2 � Secondary Degeneration

10.2.1 � Secondary Degeneration in Glaucoma

The degeneration of neurons and glial cells which is caused by primary pathological 
events and occurs early in the pathological process is called primary degeneration. 
However, the neurons and glial cells which are not or only partially affected by 
the primary damage will also die, and this is called secondary degeneration. Sec-
ondary degeneration occurs universally in the CNS after traumatic injuries and in 
acute diseases and chronic neurodegenerative diseases. For example, secondary de-
generation emerged after brain trauma (Stoica and Faden 2010), spinal cord injury 
(Hausmann 2003; Oyinbo 2011), stroke (Guimaraes et al. 2009), and also in chronic 
neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease, and 
amyotrophic lateral sclerosis (Stewart and Appel 1988).

Glaucoma is a chronic, progressive neurodegenerative disease of the CNS, 
which is limited to the visual system. Decreasing the ocular hypertension (OH) with 
surgery has been shown to be the only confirmed effective therapy for glaucoma. 
But the situation of some patients deteriorates after the OH has been controlled. 
Based on this fact, secondary degeneration of retinal ganglion cells (RGCs) should 
exist in glaucoma (Tezel 2006; Nickells 2007; Tezel 2008). Mechanisms such as 
deprivation of neurotrophic factor, failure in axonal transport, apoptosis, excito-
toxicity, oxidative stress, dysfunctions of glial cells, and loss of synaptic connec-
tivity are involved in RGC death in glaucoma although it is unknown which ones 
are specifically related with primary or secondary degeneration. This part has been 
well summarized by Almasieh et al. (2012). Apart from RGCs, amacrine cells and 
photoreceptors are also affected in glaucoma by transsynaptic secondary degenera-
tion (Calkins 2012). Prevention or delay of secondary degeneration presents a new 
direction for the treatment of glaucoma and other optic neuropathies.

10.2.2 � Secondary Degeneration After ON Injuries

As mentioned above, the prevention of secondary degeneration was a promising 
direction for the therapy of glaucoma. The axonal degeneration was precedent to 
the death of RGC bodies in glaucoma (Calkins 2012). Therefore, ON injury mod-
els were widely used in the study of glaucoma. Three kinds of ON injury models 
have been used for studying the mechanisms of RGC degeneration and the possible 
therapeutic measures: the CONT model, the ON crush model, and the PONT model. 
Although it seems that some RGCs will take a longer time period to die than oth-
ers after CONT, the occurrence of secondary degeneration after CONT is uncertain 
because all the axons are transected, and the degeneration of axons can lead to the 
degeneration of RGC bodies. After partial crush of ON, some RGCs survive longer 
than others. However, the number of axons influenced was unknown and the intact 
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and damaged axons were mingled together. Therefore, it was nearly impossible to 
distinguish the cells which required a longer time for degeneration from others in 
location (Yoles and Schwartz 1998). In order to clarify this issue, a PONT model 
has been established using monkeys in 2001 by Levkovitch-Verbin et  al. In this 
model, only the dorsal part of ON was damaged, but cell body degeneration of 
RGCs whose axons were kept intact after injury occurred in the inferior retinas 
(Levkovitch-Verbin et al. 2001). Wistar rats were used to repeat this model by the 
same group, and a similar result was obtained in rat PONT model (Levkovitch-
Verbin et al. 2003). Convincing information suggested that some of the neighboring 
RGCs would die from the influence of biochemical events that derived from the 
original damage in the PONT model. What’s more important, the location of the 
RGC bodies’ secondary degeneration was confirmed to the inferior retinas after 
PONT in Wistar rats. Therefore, the PONT model provides a good tool for the study 
of secondary degeneration. The PONT model is described in Fig. 10.1. This model 
has been used extensively for studying the mechanisms of secondary degeneration 
and the possible neuroprotective agents from its establishment (Yoles and Schwartz 
1998; Levkovitch-Verbin et al. 2003; Fitzgerald et al. 2009a, b, 2010a, b; Levkov-
itch-Verbin et al. 2010; Selt et al. 2010; Levkovitch-Verbin et al. 2011; Payne et al. 
2011, 2012; Wells et al. 2012; Chu et al. 2013; Cummins et al. 2013; Fitzgerald et al. 
2013; Li et al. 2013; Payne et al. 2013; Savigni et al. 2013; Szymanski et al. 2013).

10.2.3 � Mechanisms of Secondary Degeneration After PONT

The PONT model has been conducted in three species of rats, including Wistar rats 
(Levkovitch-Verbin et  al. 2003), PVG hooded rats (Fitzgerald et  al. 2009a), and 
Sprague Dawley (SD) rats (Li et al. 2013). After partial injury in the dorsal ON 

Fig. 10.1   The schematic diagram to show the PONT model. The lines represent the axons in the 
ON and the circles indicate the cell bodies of RGCs: the purple structures locate in the dorsal parts 
of the retina and ON and the blue structures locate in the ventral parts of the retina and ON. The red 
line shows the cut site after PONT in the dorsal ON. a The cell bodies and axons of RGCs are intact 
in normal eye and connect with each other. b After PONT surgery, in addition to the degeneration 
of the cell bodies of RGCs whose axons are transected, the cell bodies whose axons are reserved 
after PONT also degenerate
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(about one quarter in Wistar rats and SD rats or one third in PVG hooded rats), the 
axons in the central and the ventral ON would be vulnerable to secondary degenera-
tion (Levkovitch-Verbin et al. 2003; Fitzgerald et al. 2009b, 2010b; Li et al. 2013). 
In the retinas, the localization of primary and secondary degeneration of the RGC 
bodies should be based on the topography of the transected axons in the three dif-
ferent strains (Levkovitch-Verbin et al. 2003; Fitzgerald et al. 2009b; Li et al. 2013). 
The mechanisms underlying both primary and secondary degeneration after PONT 
were studied simultaneously in some experiments. But the scope of this chapter is 
mainly limited to the mechanisms of secondary degeneration after PONT. Several 
mechanisms were assumed to be related with secondary degeneration after PONT, 
including:

10.2.3.1 � Apoptosis, Necrosis, and Autophagy

In the retinas, both apoptosis and necrosis contributed to secondary degeneration 
of the RGC bodies after PONT (Levkovitch-Verbin et  al. 2010; Fitzgerald et  al. 
2009b). In the ON, mitochondrial autophagic profiles were observed in the areas 
vulnerable to secondary degeneration (Cummins et al. 2013).

10.2.3.2 � Oxidative Stress

Oxidative stress, indicated by increased expression of manganese superoxide dis-
mutase (MnSOD) and decreased catalase activity, occurred as early as 5 min af-
ter injury in the ventral ON (area vulnerable to secondary degeneration; Fitzgerald 
et  al. 2010a; Wells et  al. 2012). In the retinas, the oxidative stress indicated by 
increasing expression of MnSOD began at 24 h after PONT in secondary degenera-
tion both in PVG hooded rats and SD rats (Fitzgerald et al. 2010a; Li et al. 2013). 
Therefore, oxidative stress was involved in the secondary degeneration of both ax-
ons and RGC bodies after PONT.

10.2.3.3 � Calcium Overload

The result after PONT indicated a redistribution of calcium from internal stores 
to the cytosol (Wells et al. 2012). It is known that calcium accumulation can lead 
to the overproduction of reactive oxygen species (ROS) in mitochondria (Lewen 
et al. 2000; Begemann et al. 2010). In addition, the immunoreactivity of glutamate 
receptor subunit GluR1, a subunit of functional α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors, was increased rapidly in the site of the 
ON vulnerable to secondary degeneration. Increased plasma membrane expres-
sion of GluR1 in astrocytes, resulting in increased calcium flux into and across the 
linked astrocytic network, is thought to lead to the early spread of oxidative stress 
in neurons (Fitzgerald et al. 2009a).
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10.2.3.4 � Mitochondrial Change

The alteration in the mitochondrial ultrastructure was observed following PONT 
injury (Cummins et al. 2013). In addition, the activity of enzymes of the citric acid 
cycle was dynamically altered during secondary degeneration in the ON (Cummins 
et al. 2013).

10.2.3.5 � C-jun

C-jun was shown to be involved in secondary degeneration after PONT. Western 
blotting showed that the expression of phospho-c-jun (p-c-jun) increased in the in-
ferior retinas (Li et al. 2013). Immunohistochemical (IHC) staining showed that the 
number of p-c-jun or c-jun positive cells increased significantly from 3 days after 
PONT in secondary degeneration (Fitzgerald et al. 2010a; Vander and Levkovitch-
Verbin 2012).

10.2.3.6 � Water Channel Change

Aquaporin 4 (AQP4) is the main water channel of the mammalian nervous sys-
tem and is indicated to colocalize with the inward potassium (K) channel Kir 4.1, 
as a water–potassium transport complex. AQP4 immunointensity in glial fibrillary 
acidic protein (GFAP)-positive astrocytes increased following PONT (Wells et al. 
2012). Although no change in Kir 4.1 immunoreactivity or K ions was observed, it 
is possible that the change in the flux of ions in response to AQP4-mediated astro-
cytic swelling/hypertrophy results in the spread of altered ionic balances through 
the astrocytic syncytium and increased secondary degeneration.

10.2.3.7 � Glial Cells

Three days after PONT, the numbers of microglia/macrophages increased signifi-
cantly in the ventral ON (Fitzgerald et al. 2010a). Astrocytes became hypertrophic 
after PONT and the immunoreactivity of oxidative stress markers (MnSOD and 
advanced glycation end product carboxymethyl lysine) increased in the astrocytes 
of the ventral ON after PONT (Fitzgerald et al. 2010a; Wells et al. 2012). Calcium 
overload is known to contribute to increased oxidative stress. As mentioned above, 
the ion channel AMPA receptor subunit GluR1 immunointensity and water channel 
AQP4 immunointensity in astrocytes was significantly increased in the ventral ON 
3 and 24 h following PONT, respectively. Change in AQP4 immunoreactivity may 
indicate its involvement in altered water balance and flux of ions following PONT. 
These results indicated astrocytes in the spread of calcium and oxidative stress dur-
ing secondary degeneration (Fitzgerald et al. 2010a; Wells et al. 2012). Swelling 
in myelinated axons, but not in unmyelinated axons was detected after PONT in 
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PVG hooded rats. It implied that the dysfunction of oligodendroglia contributed to 
axon swelling and damaged axonal transport (Payne et al. 2011). It is known that 
oligodendrocytes are vulnerable to glutamate excitotoxicity, which may be released 
from the neural tissue after primary injury. But the occurrence of excitotoxicity after 
PONT has not been investigated yet and the number of oligodendrocytes remains 
stable after PONT. Therefore, to understand the role of oligodendrocytes in second-
ary degeneration, study about excitotoxity should be conducted.

10.2.4 � Secondary Degeneration Beyond Ganglion Cell  
Layer After PONT

What should be noticed is that other retinal layers were also affected after PONT in 
addition to ganglion cell layer. We investigated the activity of other retinal layers af-
ter PONT by electroretinogram (ERG), which is a functional recording of the retinal 
electrical signals in response to a flash of light received at the retina. The multifocal 
electroretinogram (mfERG) is an advanced ERG technique to examine the retinal 
response of multiple loci within a short period of time, which is similar to multiple 
measurements of localized ERGs. The mfERG measurement provides topographi-
cal responses of the retina (Sutter and Tran 1992), which can illustrate the retinal 
changes caused by glaucomatous damage (Chan and Brown 1999, 2000; Chu et al. 
2006, 2007). Previous studies showed that the P1 component of mfERG originated 
from the outer retinas and maybe ON-bipolar cells in porcine and rhesus monkey 
(Hood et al. 2002; Ng et al. 2008). Our results showed that the P1 component origi-
nated from the outer retina because its amplitude remained unchanged after inhib-
iting the inner retinal activity by tetrodotoxin (TTX) + N-methyl-D-aspartic acid 
(NMDA). However, its amplitude reduced across the whole retina after PONT in 
our study indicated that outer retina was also affected. The damage after PONT is 
assumed to be limited to the RGC layer, but not other layers. The overall reduction 
of the P1 component indicates that the secondary degeneration could adversely in-
fluence the retinal layers beyond RGC level (Chu et al. 2013). We also noticed, after 
PONT, the decrease of the mfERG photopic negative response (PhNR) component, 
which is an electroretinal response related to the inner retina as well as RGC. The 
PhNR reduction was originally assumed to be found at the site with ON transection, 
but the general diminish of PhNR of the whole retina illustrates that the secondary 
degeneration also damages the inner retina not related to the part of ON without 
transection. This kind of transsynaptic degeneration has been found in glaucoma 
patients and glaucoma models. For example, the decrease of cone opsin messenger 
RNA (mRNA) occurred in glaucomatous patients and monkey models (Pelzel et al. 
2006), swelling and patchy loss of cone photoreceptors in the macular region (Nork 
et al. 2000; Calkins 2012). In DBA mice, the best-characterized chronic glaucoma 
model, detection with retinal histology showed the attenuation of scotopic a- and 
b-wave amplitude concurrent with thinning of the inner plexiform layer and of the 
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outer retina layer, respectively (Bayer et al. 2001). In C57 mice, the numbers of 
GABAergic types of amacrine cells decreased by about the same percentages to 
RGCs (Moon et al. 2005). These data indicated the possible degeneration of pho-
toreceptors and amacrine cells in glaucoma. The mechanisms of this transsynaptic 
degeneration were not clear, but the degeneration of other layers than the ganglion 
cell layer should be checked when assessing the effects of a neuroprotective agent.

10.3 � L. barbarum

10.3.1 � A Brief Introduction of L. barbarum

In Chinese medicine, L. barbarum has been used as an “upper class herb” for many 
years, and it is believed to be good for the vision sight, nourishing the “kidney” 
and protecting the “liver” (Junlin and Aicheng 2002). It can be eaten directly, and 
also can be used for making tea, tonic soup, and wine in daily life. L. barbarum is 
made up of many components, for example, polysaccharides (Chang and So 2008; 
Ho et al. 2009), taurine (Song et al. 2011), betaine (Xie et al. 2001; Lee et al. 2004), 
zeaxanthin (Kim et  al. 2002), beta-carotene (Inbaraj et  al. 2008), beta-sitosterol 
(Xie et al. 2001), flavonoids (Lee et al. 2004), vitamins (Zhang et al. 2011), amino 
acids (Wang et al. 2012), fatty acids (Honglin et al. 2009), and trace minerals (Yang 
et al. 2012b).

The biological effects of L. barbarum have been reported in different animal 
models. These studies showed that it had potential benefits against overweight 
(Amagase and Nance 2011), liver injury (Cui et al. 2011; Xiao et al. 2012), cardio-
vascular diseases (Xin et al. 2011), inflammatory diseases (Tang et al. 2011), and 
cancer (Tang et al. 2011; Zhu and Zhang 2012). It could also modulate immunity 
(Vidal et al. 2012) and sex behavior (Lau et al. 2012). In addition, L. barbarum has 
neuroprotective roles (Yu et al. 2005, 2006; Ho et al. 2007; Chang and So 2008; Ho 
et al. 2010; Li et al. 2011; Mi et al. 2012b; Chu et al. 2013; Li et al. 2013; He et al. 
2014).

10.3.2 � The Neuroprotective Effects of L. barbarum

L. barbarum is also known as wolfberry or Gouqizi. The neuroprotective effects of 
L. barbarum have been demonstrated both in vitro and in vivo. L. barbarum poly-
saccharides (LBP) could protect primary cultured hippocampal neurons of neonatal 
rats from the damage induced by oxygen–glucose deprivation and reperfusion (Rui 
et al. 2012). In another study, it elucidated the neuroprotective effects of wolfberry 
against homocysteine-induced neuronal damage (Ho et al. 2010). Glutamate exci-
totoxicity takes part in many neurodegenerative diseases. The experiments from 
Chang’s group showed that L. barbarum could inhibit glutamate neurotoxicity in 
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primary cultures of cortical neurons (Ho et  al. 2009). The fruit of L. barbarum 
also elicited an effective protection for neurons against ß-amyloid peptides-induced 
apoptosis by reducing the activity of both caspase-3 and -2 (Ho et al. 2007). In vivo, 
research indicated that L. barbarum extracts protected the brain from blood-brain 
barrier disruption and cerebral edema in experimental stroke (Yang et al. 2012a). L. 
barbarum also showed neuroprotective effects on eyes (Chan et al. 2007; Li et al. 
2011; Mi et al. 2012b; Chu et al. 2013; Li et al. 2013; He et al. 2014).

10.3.3 � The Neuroprotective Effects of L. barbarum on Eyes

L. barbarum has also been studied extensively in eye diseases including diabetic 
retinopathy, ischemia model, and glaucoma. L. barbarum extract enhanced cell vi-
ability of a spontaneously arising retinal pigment epithelia line (ARPE-19, a model 
of diabetic retinopathy) exposed to high glucose injury. This cytoprotective effect 
was achieved by the reduction of high-glucose-induced apoptosis and downregula-
tion of caspase-3 protein expression (Song et al. 2012). The results from cell culture 
study have shown that LBP could increase the survival of RGCs from neonatal SD 
rats (Yang et al. 2011). In animal studies, L. barbarum could improve the function 
of retinas in rats with diabetic retinopathy evaluated by using electroretinogram (Hu 
et al. 2012). In retinal ischemia/reperfusion model, LBP attenuated neuronal dam-
age, blood-retinal barrier disruption, and oxidative stress (Li et al. 2011). L. bar-
barum could rescue photoreceptors of rd1 mice (Miranda et al. 2010). The human 
study showed that L. barbarum could reduce hypopigmentation and soft drusen 
accumulation in the macula of elderly subjects (Bucheli et al. 2011b). LBP could 
decrease the expression of endothelin-1 and modulate the expression of its receptors 
in a rat OH model (Mi et al. 2012a). It could increase the expression of crystallins 
and modulate microglia and then protected RGCs in rat hypertension models (Chan 
et al. 2007; Chiu et al. 2009, 2010).

The protective mechanisms of L. barbarum involve antioxidation (Li 2007; 
Cheng and Kong 2011; Li et  al. 2011; Shan et  al. 2011; Xiao et  al. 2012), anti-
excitotoxicity (Ho et al. 2009), anti-inflammation (Wu et al. 2011; Xiao et al. 2012), 
and anti-apoptosis (Ho et al. 2010; Li et al. 2011; Song et al. 2012).

10.3.4 � The Effects of L. barbarum on Secondary  
Degeneration of RGCs After PONT

In our previous study using the PONT model of SD rats, it was shown that LBP 
could reduce secondary degeneration but not primary degeneration of the cell bod-
ies of the RGCs after PONT (Li et al. 2013). This protective effect might be related 
with the antioxidant effect of LBP and the inhibition of the JNK pathway (Li et al. 
2013). In addition to the primary and secondary degeneration of RGCs, the mfERG 
study showed that outer retinas (photoreceptors and bipolar cells) could also be 
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affected subsequently after PONT, and L. barbarum could reverse the functional 
deterioration caused by primary and secondary degeneration of the outer and inner 
retina (Chu et al. 2013). Therefore, L. barbarum could delay secondary degenera-
tion caused by PONT including RGCs and outer retinas. The results from our group 
are summarized in Fig. 10.2.

10.3.5 � The Possible Mechanisms Involved in the Neuroprotection 
of L. barbarum in Secondary Degeneration

10.3.5.1 � Antioxidant Property

MnSOD is an antioxidant enzyme by converting toxic superoxide into hydrogen 
peroxide and diatomic oxygen. In our study, LBP could increase the production 
of MnSOD in the retinas after PONT (Li et  al. 2013). The study from He et  al. 
showed that LBP could also activate the transcription factor nuclear factor erythroid 
2-related factor (Nrf2)/Heme oxygenase-1(HO-1) pathway to exert the antioxidant 
role in the retina after ischemia/reperfusion damage (He et al. 2014). Both RGCs 
and amacrine cells lost after ischemia/reperfusion and the degeneration of amacrine 
cells also occurred in glaucoma (Moon et al. 2005). Therefore, LBP may protect the 
amacrince cells from secondary degeneration via the antioxidant property.

Fig. 10.2   The summary of 
the results from our group 
about the neuroprotection of 
LBP on secondary degenera-
tion of retinas after PONT. 
After PONT, secondary 
degeneration of RGCs in 
the inferior retinas is caused 
by apoptosis attributed to 
the activation of the JNK 
pathway, and oxidative stress 
occurs. The retinal function 
is damaged by the degenera-
tion of RGCs and secondary 
functional injury of outer 
retinas. The administration 
of LBP can reverse these 
changes both in structure and 
function
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10.3.5.2 � Inhibition of Apoptosis

Apoptosis is involved in the secondary degeneration of RGCs after PONT (Levko-
vitch-Verbin et al. 2010; Li et al. 2013). JNKs can bind and phosphorylate c-jun. 
Three kinds of JNKs, including JNK1, JNK2, and JNK3, are all involved in apopto-
sis (Yang et al. 1997; Tournier et al. 2000). JNK3 is found mainly in the neural tis-
sues. LBP could reduce the phosphorylation of JNK1 in rat cortical neurons, which 
were induced toxicity by homocysteine and glutamate (Ho et al. 2009, 2010). Our 
study showed that LBP could decrease the phosphorylation of JNK3 and c-jun after 
PONT (Li et al. 2013). Therefore, LBP may inhibit apoptosis via the inhibition of 
the JNK pathway.

10.3.5.3 � Immunomodulatory Effects

LBP could increase the proliferation of lymphocytes in vitro (Bucheli et al. 2011a). 
In the studies from our group, LBP could modulate the activation of microglia and 
delay the degeneration of RGCs in chronic rat OH model (Chan et al. 2007).

10.3.5.4 � Preserving Synapses

Our study has shown the transsynaptic cell degeneration in retinas after PONT by 
multifocal ERG testing (Chu et al. 2013). In our group, LBP restored the decreased 
spine density and the reduced expression of postsynaptic density protein 95 (PSD-
95) in the hippocampus (Zhang et al. 2012). PSD-95 exists in the postsynaptic com-
ponent of synapses and is important for the maintaining of synapses. Therefore, it is 
possible that LBP can preserve the structure and function of synapses after PONT, 
which needs further investigation in the future.

10.3.5.5 � Modulating Autophagy

Autophagy is involved in secondary degeneration of axons in the ON (Cummins 
et al. 2013). LBP could inhibit autophagy after transection of sciatic nerve in rats 
(Fan et al. 2010). Although the effects of LBP on autophagy have not been investi-
gated after PONT, it is a possible mechanism of the neuroprotection of LBP.

10.3.5.6 � Modulating Signal Processing

The LBP was found to restore and to enhance the mfERG responses of both outer 
and inner retina (Chu et al. 2013). This phenomenon was not observed in the eyes 
without PONT under the supplement of LBP. The protective effect of LBP is be-
lieved to be activated in the presence of PONT or other insults. Without any delay 
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of the mfERG components, the recovery of the mfERG may be caused by changing 
the electrical characteristics of the retinal cells, altering the blood flow and improv-
ing the synaptic transmission. Most of the RGCs in the superior retinas degenerated 
and they are not likely to involve in the restoring of the PhNR after LBP supple-
ment. The influence to the electro-retinal activity may be contributed by other cells 
in the inner retina, for example, amacrine cells (Kielczewski et al. 2005). Therefore, 
it seems that after PONT the LBP activate the amacrine cells, which provide an ef-
fect of compensation reflex to rescue the signal disturbance from inner retina (or 
RGCs) by enhancing the outer retinal responses.

Conclusions

In neurodegenerative diseases and other diseases of CNS, secondary degenera-
tion of neurons and glial cells occurred. Protection of neurons and glial cells died 
from secondary degeneration is a promising direction for therapy of these diseases. 
PONT model is a useful tool to study the mechanisms of secondary degeneration 
and to screen the neuroprotective drugs for secondary degeneration since it can sep-
arate primary degeneration from secondary degeneration in location. Until now, the 
mechanisms of secondary degeneration after PONT could be apoptosis, necrosis, 
and autophagy. Oxidative stress, calcium overload, mitochondria dysfunction, JNK 
pathway, change of water channel, microglia and macrophages, astrocytes, and oli-
godendrocytes were involved in the secondary degeneration after PONT. LBP could 
delay secondary degeneration of RGCs and outer retinas and improve the function 
of retinas by inhibiting oxidative stress and activation of JNK pathway after PONT. 
Other possible neuroprotective mechanisms of LBP for secondary degeneration in-
clude immunomodulatory effects, preserving synapses, modulating autophagy, and 
modulating signal processing.
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Abstract  Wolfberry ( Lycium barbarum) extracts have been used in the treatment 
of some retinal degenerative diseases, mostly associated with other antioxidants. 
The ones this chapter focuses on are retinitis pigmentosa and age-related macular 
degeneration. Hereditary retinal dystrophies are a broad (and growing) group of 
hereditary disorders affecting the retina. Retinitis pigmentosa is perhaps the best 
known of them and is sometimes (inaccurately) used as a synonym for some of 
the other conditions in this category. Although these two entities show completely 
different etiologies: The first one is a group of hereditary diseases in which pho-
toreceptor death occurs due to different mutations, and in the second the loss of 
photoreceptors is associated to the aging process, in both oxidative damage has 
been claimed as a pathophysiological mechanism. The present chapter reviews the 
antioxidant chemical features of wolfberry and wolfberry extracts, the oxidative 
mechanisms involved in the pathophysiology of photoreceptor cell death, and the 
existing data on the use of wolfberry for retinal degenerations.

Keywords  Wolfberry · Goji berries · Age-related macular degeneration  
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 11.1 � Wolberry Extracts: Properties and Healthy Benefits

11.1.1 � Lycium Barbarum Fruit: Chemical Compounds  
of Wolberry

Lycium barbarum (LB) is a member of the Solanaceae family that has bright red 
fruits. Those red-colored fruits, also called Fructus lycii, Gouqizi, Goji berry, or 
wolfberry, have been used as a traditional Chinese herbal medicine for thousands 
of years (Xin et al. 2011). LB is a species closely related to Lycium chinese. Both 
are medicinal plants native to China but are also widely found in Korea, Japan, and 
other Asian countries (Zhong et al. 2013).

Some of the compounds that could be found in this species are:

•	 Essential oils: hexadecanoic acid (47.5 %), linoleic acid (9.1 %), β-elemene 
(5.4 %), myristic acid (4.2 %), and ethyl hexadecanoate (4.0 %) (Altintas et al. 
2006).

•	 Vitamins and amino acids: It contains one of the largest quantities of vitamin C 
compared to any other fruit in the world. It also contains a number of other vita-
mins like A, B1, B2, B6, E as well as 18 different amino acids including essential 
ones.

•	 Polysaccharides: rhamnose, xylose, mannose, arabinose, and galactose.
•	 Minerals: iron, copper, zinc, calcium, potassium, phosphor, and selenium.
•	 Carotenoids: Zeaxanthin dipalmitate, β-cryptoxanthin monopalmitate and its 

two isomers, zeaxanthin monopalmitate and its two isomers, all-trans-β-carotene, 
and all-trans-zeaxanthin (Inbaraja et al. 2008).

•	 Flavonoids: Polyphenols are important active compounds in LB, since highly ef-
ficient extraction techniques, such as ultrasonic-assisted extraction, microwave-
assisted extraction, and a combination of microwave and ultrasonication in the 
extraction of compounds have been reported to extract biologically active sub-
stances from plant materials (Dong et al. 2009). The contents of total flavonoids 
(21.25 mg/g) of cultivated LB leaves is much higher than those in the wild type 
LB leaves (17.86 mg/g), so cultivated LB leaves are a suitable source for medi-
cine vegetables and functional tea.

The predominant flavonoids in LB were identified as rutin and quercetin-digly-
coside, quercetin, kaempferol, and kaempferol-3-O-rutinoside. Moreover, it con-
tains phenolic compounds: chlorogenic acid, caffeoylquinic acid, caffeic acid, and 
p-coumaric acid (Wang et al. 2010). Their varieties and amount vary because of dif-
ferences in growing environments, maturity, and growth conditions (Erlund 2004).
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11.2 � LB Fruits: Wolfberry Healthy Compounds

LB fruits have a large variety of beneficial effects and play an important role in 
preventing many different diseases. In fact, in 1983 The Ministry of The Public 
Health of China approved LB fruits to be marketed as a botanical medicine (Shan 
et al. 2011).

Many functional components in LB, including flavonoids, carotenoids, and poly-
saccharides, have been reported to be closely associated with their health-enhancing 
effect.

Before summarizing the beneficial effects of LB in general, it is important to 
indicate that there are some studies that described wolfberries as new allergenic 
sources. Goji berries are described as responsible for a large number of allergic 
sensitizations, mainly in patients residing in the Mediterranean area, ranging from 
oral allergy symptoms to anaphylactic reactions (Carnés et al. 2013). The role of 
lipid transfer proteins from Goji berry has been demonstrated after analyzing the 
allergenic profile of sensitized individuals and cross-reactivity studies with other 
allergen extracts (Carnés et al. 2013).

11.2.1 � Beneficial Effects of Polyphenols from Goji Berries

Polyphenols are among the most widespread class of secondary metabolites in na-
ture. Most polyphenols arise from a common origin: the amino acids phenylalanine 
or tyrosine. These amino acids are deaminated to cinnamic acids, which enter the 
phenylpropanoid pathway. A key step in this biosynthetic route is the introduction 
of one or more hydroxyl groups into the phenyl ring. They appear to function as 
protectors against various biotic and abiotic stresses, e.g., oxidative stress (Ham-
merbacher et al. 2011; He et al. 2008; Rosemann et al. 1991).

As mentioned above, some of the flavonoids contained in LB like quercetin, 
kaempferol, and rutin may be relevant to the following actions.

There is much interest in the biological effects of flavonoids because they exhibit 
antioxidant, anti-inflammatory, antitumor, antimutagenic, antiviral and antiallergi-
cal, antibacterial (bactericidal, bacteriostatic), algicidal, antifungal, insecticidal, es-
trogenic, and keratolytic activities (Pietta 2000; Lacikova et al. 2009; Khadem and 
Marles 2010; Chong et al. 2010; Yang et al. 2001). Moreover, flavonoids may play 
an important role in atherosclerosis prevention and therapy (see other important 
effects). The preventive effects of these secondary plant metabolites in terms of 
cardiovascular, neurodegenerative diseases, and cancer are deduced from epidemio-
logic as well as in vitro and in vivo data and result in the corresponding nutritional 
recommendations. Furthermore, polyphenols were found to modulate the activity of 
a wide range of enzymes (involved in radical generation) and cell receptors. In this 
way, in addition to having antioxidant properties, polyphenols have several other 
specific biological actions in preventing and/or treating diseases. Many reports have 
described the importance of structure–bioactivity relationship of flavonoids and 
phenolic compounds (Castellano et al. 2012a, b; Castellano et al. 2013).
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11.2.1.1 � Antioxidant Activity

Flavonoids can act as antioxidants by a number of potential pathways. The most 
important is likely to be related to their free radical scavenging activity, in which 
the polyphenol can break the free radical chain reaction.

The radical-scavenging antioxidants inhibit the free-radical-mediated oxidation 
of lipids, proteins, and DNA, which is involved in disease. Several methods have 
been designed to measure the activity of compounds, such as the lipid peroxidation 
inhibition capacity (LPIC) assay, 1,1-diphenyl-2-picrylhydrazyl (DPPH) scaveng-
ing (Simic et al. 2007), cyclic voltammetry (Kadoma and Fujisawa 2008), and the 
induction period method (Omata et al. 2008). The assessment of oxidative damage 
to proteins can involve measurement of specific amino acid adducts with malondi-
aldehyde (MDA), or derived from the attack of reactive oxygen or nitrogen species 
(e.g., hydroxytyrosine or nitrotyrosine).

A number of studies have been carried out on the structure—antioxidant activ-
ity relationships of the flavonoids. The importance of antioxidant activity in fla-
vonoids’ structures follow a hierarchical order (Castellano et al. 2013): either cin-
namic or benzoic ester group at 3-position on ring C (as epigallocathechingallate); 
ortho-dihydroxy (catechol) structure on the B ring; the presence of two hydroxyl 
groups at positions 3 and 5; the presence of a 2,3-double bond in conjugation with 
a 4-keto function on the B ring; a 2,3-double bond and 4,5-double bond; the ab-
sence of alkoxyl and glycoxyl ester groups on ring B; and the absence of alkoxyl 
and glycoxyl ester groups on ring A. Flavonoids contained in LB are characterized 
by the presence of a 2,3-double bond in conjugation with a 4-keto function on the 
B ring, providing electron delocalization from the B ring and molecular planarity, 
stabilizing the radical generated. Hydroxyl group at position 5 provides hydrogen 
bonding to the keto group. Rutin presents an ortho-dihydroxy (catechol) structure 
on the B ring, the most important factor in the antioxidant character because of 
the importance that this structural fragment has to scavenge free radicals, as it is 
widely described in the technical literature. These structural features are illustrated 
in Fig. 11.1.
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Fig. 11.1   Structural features 
of L. barbarum flavonoids
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Moreover, rutin and kaempferol-3-O-rutinoside present absence of alkoxyl and 
glycoxyl ester groups on ring A. These facts explain the high antioxidant potency of 
them together with the fact that antioxidants act synergistically together with other 
antioxidants in vivo (Natella et al. 1999).

Another pathway of apparent antioxidant action of the flavonoids, particularly in 
oxidation systems using transition metal ions such as copper or iron, is  chelation of 
the metal ions. Chelations of catalytic metal ions may prevent their involvement in 
Fenton-type reactions, which can generate highly reactive hydroxyl radicals.

The ability of polyphenols to react with metal ions may also render them prooxi-
dants. The possible prooxidant effects of flavonoids may be important in vivo if 
free transition metal ions are involved in oxidation processes. In the healthy human 
body, metal ions appear largely sequestered in forms unable to catalyze free radical 
reactions. However, injury to tissues may release iron or copper, and catalytic metal 
ions have been measured in atherosclerotic lesions. In these cases the potential of 
flavonoids to act as prooxidants may increase (Croft 1998).

Phenolic acids may also be good antioxidants. They act as such in a number 
of ways. Phenolic hydroxyl groups are good hydrogen donors: hydrogen-donating 
antioxidants can react with reactive oxygen and reactive nitrogen species in a termi-
nation reaction, which breaks the cycle of new radical’s generation.

Following interaction with the initial reactive species, a radical form of the anti-
oxidant is produced, having a much greater chemical stability than the initial radi-
cal. The interaction of the hydroxyl groups of phenolics with the π-electrons of the 
benzene ring gives the molecules special properties, most notably the ability to gen-
erate free radicals where the radical is stabilized by delocalization. The formation 
of these relatively long-lived radicals is able to modify radical-mediated oxidation 
processes (Pereira et al. 2009).

The naturally occurring phenolic acids share the frame structure of hydroxy-
cinnamic acid or hydroxybenzoic acid and are present in many foods and plants. 
Research interests also arise for food quality since they are associated with color, 
sensory qualities, and nutritional properties. Recent interest has focused on their 
antioxidant properties and potential health. The antioxidant activity of phenolic ac-
ids is related to the number and position of hydroxyl groups in the molecule. The 
antioxidant efficiency of mono-phenols is strongly enhanced by the introduction 
of a second methoxyl or hydroxyl group at the o- or p-position with respect to 
the hydroxyl above (Castellano et al. 2012b; Szwajgier et al. 2005). According to 
previous reports, the introduction of a second hydroxyl group in the o-position (caf-
feic acid, chlorogenic acid, caffeoylquinic acid) or p-position (protocatechuic acid) 
enhances the antioxidant activity, making these phenolic acids more efficient than 
their respective monofenols ( p-coumaric, syringic acid). This is consistent with 
the electron withdrawing potential of the single carboxyl functional group on the 

2
2 2H O Cu OH OH Cu+ − ++ → + +

2
2 2Cu O Cu O+ ++ → +
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phenol ring affecting the o- and p-positions. Caffeic acid (hydroxycinnamic acid) is 
the most antioxidant compound. This is in agreement with the literature, in which 
hydroxycinnamic acids were found to be more effective than their hydroxybenzoic 
acid counterparts, possibly because of the aryloxy-radical stabilizing effect of the 
–CH = CH–COOH linked to the phenyl ring by resonance.

Moreover, we predict that the LB extract has an important antioxidant character, 
since it contains in addition to flavonoids, a great number of phenolic acid deriva-
tives (benzoics and cinnamics), especially chlorogenic acid and p-coumaric acid, 
caffeic acid, and caffeoylquinic acid. However, in stress situations, the composition 
of phenols increases because these are formed to protect the plant from reactive 
oxygen species (ROS), anthropogenic pressures, and interspecific competition.

UV Absorption of the Main Flavonoids  Flavonoids as rutin, the main LB flavo-
noid, are synhetisized in higher plants to protect them from the harmful effects of 
UV-B radiation and diseases (Dong et al. 2009). The increased Mean Increasing 
Ratio of Absorbance (MIRA) value of rutin under UV radiation indicated that rutin 
has the capacity of anti-UV and that cultivated LB leaves might be good sources for 
anti-radiation food or anti-UV cosmetics and protection to retinal diseases.

11.2.1.2 � Antitumor Activity

Cancer is a multistep disease incorporating environmental, chemical, physical, met-
abolic, and genetic factors. It was found that in addition to their primary antioxidant 
activity, this group of compounds displays a wide variety of biological functions 
which are mainly related to modulation of carcinogenesis.

Natural phenolics can affect basic cell functions that are related to cancer devel-
opment by many different mechanisms (Dai and Mumper 2010). They may limit 
the formation of the initiated cells by stimulating DNA repair (Webster et al. 1996).

Secondly, phenolics may inhibit the formation and growth of tumors by induc-
tion of cell cycle arrest and apoptosis (Dai and Mumper 2010). Polyphenols have 
been found to affect cancer cell growth by inducing apoptosis in many cell lines 
such as the hepatoma (HepG2), the colon (SW620, HT-29, CaCo-2, and HCT-116), 
the prostate (DU-145 and LNCaP), the lung (A549), the breast (MCF-7), the mela-
noma (SK-MEL-28 and SK-MEL-1), the neuroblastoma (SH-SY5Y), and the HL-
60 leukemia cells.

Recently, many in vitro studies have been published on the modulation of on-
cogenes, tumor-suppressor genes, cell cycle, apoptosis, angiogenesis, and related 
signal transduction pathways by polyphenols (Yang et al. 2001).

11.2.1.3 � Other Important Activities

There are some anti-inflammatory effects for LB flavonoids described, such as, 
for example, inhibition of the expression of intercellular adhesion molecule-1  
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(ICAM-1) and vascular cell adhesion molecule (VCAM-1) induced by tumor ne-
crosis factor-α (TNF-α) in human umbilical vein endothelial cells (HUVECs) (Wu 
et al. 2012), and anti-atherosclerosis.

These anti-inflammation and antioxidant effects are studied together by research-
ers in the context of age-related diseases, including neurodegeneration, diabetes 
(Chang and So 2008), and increase of immune responses in the elderly (especially 
vaccine response) (Vidal et al. 2012).

11.2.2 � Beneficial Effects of Carotenoids from Goji Berries

The presence of two free carotenoids and seven carotenoid esters has been reported 
in wolfberries. Of the various carotenoids, the presence of zeaxanthin and its esters 
dominate the amount of carotenoids in wolfberries.

A high content of carotenoids provide high provitamin A value and antioxidant 
activity (Lin et al. 2011b). Zeaxanthin dipalmitate is the predominant carotenoid in 
Goji berries (Peng et al. 2005), followed by L-cryptoxanthin monopalmitate, zea-
xanthin monopalmitate, L-carotene, and zeaxanthin (Inbaraja et al. 2008).

Zeaxanthin and lutein (isomeric dihydroxycarotenoids) are the major constitu-
ents of the retinal macular region (Bone and Landrum 1992). There are many stud-
ies showing the effect of Zeaxanthin in age-related macular degeneration (AMD) 
(see Sect. 11.4).

Zeaxanthin and other carotenoids are also potent antioxidants, which contribute 
to the health effects of Goji berries against the oxidative stress-mediated diseases 
(Zhong et al. 2013). Kim et al. studied the antihepatotoxic activity of zeaxanthin di-
palmitate, showing a significant hepatoprotective activity against carbon tetrachlo-
ride toxicity and exerting a potent hepatoprotective activity by inhibiting Ito cell 
proliferation, collagen synthesis, and by inhibiting certain biochemical functions of 
Kupffer cells (Kim et al. 1997).

There are some studies about the effect of carotenoids such as zeaxanthin in 
cardiovascular diseases. For example, patients with coronary artery disease showed 
lower plasma levels of lutein, zeaxanthin, β-cryptoxanthin, α-carotene, β-carotene, 
and lycopene compared to healthy subjects. Moreover, the reduced levels of lu-
tein, zeaxanthin, and β-cryptoxanthin were associated with smoking, high body 
mass index, and low high-density lipoprotein cholesterol (HDL-C) (Lidebjer et al. 
2007). The antihypertensive effect of carotenoids is supported by a follow-up study 
in which the concentrations of the sum of four serum carotenoids ( α-carotene, β-
carotene, lutein/zeaxanthin, and cryptoxanthin) were inversely correlated with inci-
dent hypertension after 20 years (Hozawa et al. 2009).

Similar to other botanical (plant and fungal-derived) polysaccharides, LB poly-
saccharides (LBP) mainly occur as water-soluble glycoconjugates, for example, 
conjugates of glycan with peptides or proteins (Zhong et al. 2013).
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In the last few years, the polysaccharides isolated from the aqueous extracts of 
LB fruits are described as one of the most valuable functional constituents and ac-
tive compounds responsible for various health effects (Shan 2011).

Many studies on pharmacology and phytochemistry have demonstrated that LBP 
had various bioactivities such as antioxidant, immunomodulation, antitumor, anti-
diabetic, etc. (Jin et al 2013).

11.2.2.1 � Antioxidant Activities

Many of the biological activities of LBP are directly or indirectly attributed to 
their antioxidant potential as many chronic diseases are oxidative stress-mediated 
(Zhong et al. 2013).

Antioxidants are substances that help reduce the severity of oxidative stress ei-
ther by forming a less active radical or by quenching the reaction. It has been re-
ported that LBP may possess the capacity to donate hydrogen to superoxide anion 
because of the weak dissociation energy of O–H bond (Jin et al. 2011).

Shan et al. analyzed the effects of LBP on exercise-induced oxidative stress in 
rats, showing that serum levels of MDA in an LBP-treated group were significantly 
decreased compared with that in the normal control group. Superoxide dismutase 
(SOD) and glutathione peroxidase (GPx) activities of rats (hind-limb skeletal mus-
cle) in LBP-treated groups were significantly increased compared with that in the 
normal control (Shan et al. 2011).

In a similar study, Zhao et al. (2013) investigated the effects of LBP on arterial 
compliance during exhaustive exercise (swimming exercise) in rats. The rats ad-
ministered LBPs showed longer swimming time until exhaustion than the control 
group rats. Exercise-induced MDA elevation was repressed by LBPs supplementa-
tion.

The LBPs significantly upregulated the expression of endothelial nitric oxide 
(NO) synthase (eNOS) and improved the endothelium-dependent vasodilatation of 
the aorta ring, showing that LBPs administration significantly inhibited the oxida-
tive stress and improved the arterial compliance.

Along that same line, many authors described the effects of LBP in the decrease 
of MDA and beneficial increase of several antioxidant enzymes activities suggest-
ing that the antioxidant activity of LBP is mainly attributed to the improvement of 
antioxidant enzymatic activities more than the donation of hydrogen to superoxide 
anion (Jin et al. 2011).

Some examples are the study of Amagase and Nance (2008) that investigated 
the antioxidant effects of LBP on 50 Chinese healthy adults aged 55–72 years in 
a 30-day randomized, double-blind, placebo-controlled clinical study. The results 
showed that LBP treatment significantly increased the serum levels of SOD by 
8.4 % and GPx by 9.9 % and serum MDA decreased by 8.7 %, indicating that LBP 
could support health in humans by stimulating endogenous factors and protecting 
membranes from oxygen radical-mediated damage.
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Recently, other antioxidant effects were studied (Chen et al. 2008). In this study, 
authors investigated the therapeutic effects of LBPs on learning and memory and 
neurogenesis in scopolamine (SCO)-treated rats. SCO administration led to dam-
age of dendritic development of new neurons. LBP prevented these SCO-induced 
reductions in cell proliferation and neuroblast differentiation. LBPs decreased the 
SCO-induced oxidative stress in hippocampus and reversed the ratio Bax/Bcl-2 that 
was increased after SCO treatment. Those results suggest that suppression of oxida-
tive stress and apoptosis may be involved in the above effects of LBPs that may be 
a promising candidate to restore memory functions and neurogenesis.

11.2.2.2 � Antidiabetic Activities

Diabetes is associated with significant oxidative stress, and increasing evidences 
suggested that oxidative stress caused by hyperglycemia plays an important role in 
the pathogenesis of diabetes mellitus (Jin et al. 2012).

In 2004, Luo et al. studied the effects of purified LBP fractions in alloxan-in-
duced diabetic or hyperlipidemic rabbits showing that those LBP fractions reduced 
blood glucose levels, total cholesterol (TC), and triglyceride (TG) concentrations 
at the same time that HDL levels markedly increased after 10 days of treatment in 
tested rabbits (Luo et al. 2004).

Along this line, Cui et al. (2011) and Wu et al. (2010) evaluated the effects of 
LBP on blood lipid metabolism, blood glucose, and oxidative stress of mice fed 
with high-fat diet. They found that LBP significantly decreased the levels of low-
density lipoprotein (LDL), TC, TG, and blood glucose, and increased the activities 
of SOD, GPx, and catalase compared with high-fat diet groups.

11.2.2.3 � Antitumor Effects

Some evidences have demonstrated that the anticancer activities of different che-
motherapeutic agents are involved in the induction of apoptosis, which is regarded 
as the preferred way to manage cancer (Hsu et al. 2004). Zhang et al. (2005) investi-
gated the effects of LBP on the proliferation rate, cell cycle distribution, and apopto-
sis in human hepatoma QGY7703 cell line. LBP treatment caused the inhibition of 
cell growth with cycle arrest in S phase and apoptosis induction. Mao et al. (2011) 
revealed that LBP treatment inhibited the growth of two different colon cancer cell 
lines (SW480 and Caco-2 cell lines) in a dose-dependent manner and cells were ar-
rested at the G0/G1 phase.

The antitumor activity of LBPs seems to come from the induction of cell-cycle 
arrest and apoptosis, and inhibition of some signalling pathways, which play a pro-
tective effect against carcinogenesis by eliminating abnormal excess of tumor cells 
(Jin et al 2013).



162 M. Benlloch et al.

11.3 � Oxidative Mechanisms Involved in the 
Pathophysiology of Photoreceptor Cell Death in 
Retinal Diseases

The retina, located at the back of the eyecup, is a multilayer tissue with the main 
purpose of performing phototransduction: to transform photonic signals into elec-
tric energy that the brain is able to understand (Kolb 2003). Retinal cells can be 
altered in many ways and oxidative stress is known to play an important role in the 
development of several retinal diseases such as AMD, diabetic retinopathy (DR), 
and retinitis pigmentosa (RP) (Berson et al. 1993; Ganea and Harding 2006; Bazan 
2006).

Even though the retina is part of the central nervous system and is also affected 
by oxidative stress (Halliwel 1992), it seems that photoreceptors are especially sen-
sitive to oxidation due to its anatomical location and its function (Tanito et al. 2002). 
For that reason, survival of photoreceptors and other retinal cells depends on appro-
priate antioxidant mechanisms. Glutathione (GSH), together with different GSH-
related enzymes, belongs to this antioxidant defense (Ganea and Harding 2006).

Retinitis Pigmentosa  RP is a group of heterogeneous inherited retinal degenera-
tion that results in photoreceptor cell death (Hartong et al. 2006). Usually, rod pho-
toreceptor cells are affected by a mutation and degeneration in certain time, whereas 
cone photoreceptors die secondarily even though they are not affected by the muta-
tion (Sancho-Pelluz et  al. 2008). RP produces nyctalopia or night blindness and 
reduction of peripheral vision (tunnel vision) which might develop to loss of central 
vision. Even though the primary cell death is, in most of the cases, well understood, 
secondary cell death of photoreceptors is still under study. Different mechanisms 
are discussed as causes of mutation-independent cell death of cones. Changes in 
oxygen consumption seem to be important in the rapid development of the dis-
ease. Loss of rods can be translated into a reduction of oxygen consumption and 
therefore a hyperoxia in the photoreceptor layer and an increase in oxidative stress 
in the remaining cells, both cones and surviving rods (Shen et  al. 2005; Wellard 
et al. 2005). As seen earlier, ROS are normal products of mitochondrial metabolism. 
Protective mechanisms that include antioxidants and repair mechanisms have been 
confirmed to be active in the human retina (Puertas et al. 1993). An amplification of 
oxidative stress or a failure of the defense mechanisms leads to changes in metabo-
lism which ultimately, if not resolved, may result in cell degeneration (Marcum et al. 
2005). Oxidative stress has been implicated in the pathogenesis of RP. It was dem-
onstrated that antioxidant therapies were able to slow down cell death rate in animal 
models of cone and rod degeneration (Komeima et al. 2006; Sanz et al. 2007). It 
is clear that redox status is imbalanced in a number of retinal maladies. In fact, in 
the majority of photoreceptor disorders, rod photoreceptor cell death is due to the 
genetic mutation, but cones, which are not affected by the mutation, must die in a 
mechanistically different way (Punzo et al. 2009). Lately, it has been demonstrated 
that mitochondria oxidative stress is an important source of ROS in different animal 
models of inherited photoreceptor degeneration (Vlachantoni et al. 2011).
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The rd1 mouse, probably the best-known animal model for RP to date, holds 
a mutation in the gene that encodes for phosphodiesterase 6 (PDE6), producing 
a nonfunctional PDE6, essential for phototransduction (Bowes et  al. 1990). Rod 
photoreceptor degeneration begins at postnatal day (P) 10, and is almost complete 
at P21; only cone cells remain at the photoreceptor layer. However, those cones will 
eventually die due to secondary nonmutation-related degeneration. An involvement 
of oxidative stress was found in this animal model for both mutation-induced rod 
cell death (Sanz et al. 2007) and secondary cone cell death (Komeima et al. 2006). 
Moreover, antioxidants were found to be protective in vitro studies of photoreceptor 
degeneration (Chucair et al. 2007).

Augmented oxidative stress may originate from either excessive energy demand, 
impairment of oxidative phosphorylation, or reduced antioxidant defenses. It has 
been hypothesized that Ca2 + concentration is elevated in the cytosol of rd1 rod cells. 
This might be caused because mutated PDE6 produces excessive accumulation of 
cyclic guanosine monophosphate (cGMP), and therefore the cGMP-activated cyclic 
nucleotide gated (CNG) ion channels are continuously open, leading to an Na + and 
a Ca2 + accumulation (Paquet-Durand et al. 2009). Elevation of intracellular Ca2 + 
produces the activation of mitochondrial calpain-10, which opens mitochondrial 
permeability transition pores (MPTP) (Arrington et al. 2006), which could explain 
translocation of apoptosis inducing factor (AIF) from mitochondria to the nucleus 
(Artus et al. 2006). Given that AIF has considerable redox activity, calpain-induced 
depletion of mitochondrial AIF would result in mitochondrial dysfunction and in-
creased oxidative stress (Yamashima 2004).

It has been observed that the rd1 mouse also presents a decrease of defensive 
mechanisms against oxidative stress such as the action of GSH-S-transferase and 
GPx (Ahuja et al. 2008), where such downregulation is likely to enhance the del-
eterious effects of ROS.

11.3.1 � Diabetic Retinopathy

It has been repeatedly suggested that oxidative stress is involved in the pathogenesis 
of late diabetes complications (Baynes and Thorpe 1996), though it is not defi-
nitely demonstrated if this is the cause or the consequence of these complications. 
It is clear that the elevated glucose levels present in diabetes and the existence of 
oxidative stress are inseparable (Packer et al 2001). The retina is extremely rich in 
polyunsaturated lipid membranes and this feature makes it especially sensitive to 
oxygen- and/or nitrogen-activated species and lipid peroxidation.

Hyperglycemia reduces antioxidant levels and concomitantly increases the pro-
duction of free radicals; and in fact, in animal models of diabetes mellitus, reduced 
levels of retinal antioxidants, such as SOD, GSH reductase, and GPx, as well as 
nonenzymatic antioxidants such as vitamins C and E, and beta-carotene, have been 
observed. Levels of GSH, a key scavenger of ROS, are also reduced in the retina of 
diabetic rats (Muriach et al. 2006). Moreover, superoxide levels are elevated in the 
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retina of diabetic rats and in retinal cells incubated in high-glucose media (Kowluru 
and Abbas 2003; Du et al. 2003; Cui et al. 2006), and hydrogen peroxide content 
is increased in the retina of diabetic rats (Ellis et al. 2000). Membrane lipid peroxi-
dation and oxidative damage to DNA (indicated by 8-hydroxy-2-deoxyguanosine, 
8-OHdG), the consequences of ROS-induced injury, are elevated in the retina in 
diabetes (Kowluru and Abbas 2003; Ellis et al 2000; Muriach et al. 2006; Miranda 
et al. 2004, 2006, 2007). These effects contribute to tissue damage in diabetes mel-
litus, leading to alterations in the redox potential of the cell with subsequent acti-
vation of redox-sensitive genes (Bonnefont-Rousselot 2002). Moreover, oxidative 
stress is linked to early apoptosis in DR both at the microvasculature and neuronal 
cells of the retina, but oxidative stress also appears to be highly interrelated with 
other biochemical imbalances that lead to structural and functional changes (Mad-
sen-Bouterse and Kowluru 2008). Thus, for example, it is well known that chronic 
overproduction of ROS in the retina results in aberrant mitochondrial functions in 
diabetes (Kowluru 2005).

Among the proposed pathogenic mechanisms, the polyol pathway model has 
received the most scrutiny. Aldose reductase (AR) is the first enzyme in the polyol 
pathway, converting excess glucose to sorbitol, which is then metabolized to fruc-
tose by sorbitol dehydrogenase. According to several studies, AR is responsible 
for the early events in the pathogenesis of DR, leading to a cascade of retinal le-
sions including blood-retinal barrier (BRB) breakdown, loss of pericytes, neuro-
retinal apoptosis, glial reactivation, and neovascularization (Caldwell et al. 2005). 
Increased AR activity has been shown to contribute to increased oxidative stress by 
promoting nonenzymatic glycation and the activation of protein kinase C (PKC) 
(Stitt and Curtis 2005). It has been demonstrated that AR inhibition counteracts 
diabetes-induced oxidative and nitrosative stress and prevents vascular endothelial 
growth factor (VEGF) overexpression, basement membrane thickening, pericyte 
loss, and microaneurysms in retinal capillaries (Obrosova et al. 2003). In long-term 
diabetes-induced neuroretinal stress, increased expression of VEGF and apoptosis 
and proliferation of blood vessels have been shown to be less prominent than in AR-
deficient animals (Obrosova et al. 2005).

A recent clinical study has substantiated the concept of hyperglycemic memory 
in the pathogenesis of DR. The Diabetes Control and Complications Trial-Epidemi-
ology of Diabetes Interventions and Complications Research, has revealed that the 
reduction in the risk of progressive retinopathy resulting from intensive therapy in 
patients with type 1 diabetes persisted for at least several years after the Diabetes 
Control and Complications Trial (DCCT), despite increasing hyperglycemia. The 
process of formation and accumulation of advanced glycation end products (AGEs) 
and their mode of action are most compatible with the theoretical hyperglycemic 
memory (Yamagishi et al 2008). AGEs are formed by nonenzymatic reactions be-
tween reducing sugars and free amino groups of proteins or lipids. AGEs have been 
detected within retinal vasculature and neurosensory tissue of diabetic eyes. Mul-
tiple consequences of AGEs accumulation in the retina have been demonstrated, in-
cluding upregulation of VEGF, upregulation of NF-κB, and increased leukocyte ad-
hesion in retinal microvascular endothelial cells (Lu et al. 1998; Moore et al. 2003). 



16511  Role of Lycium Barbarum Extracts in Retinal Diseases

In a 5-year study in diabetic dogs, administration of aminoguanidine (an inhibitor 
of AGEs formation) prevented retinopathy (Kern and Engerman 2001). AGEs exert 
cell-mediated effects via AGEs receptor (RAGE), a multiligand signal-transduction 
receptor of the immunoglobulin superfamily (Schmidt et al. 1992). Consequences 
of ligand-RAGE interaction include increased expression of VCAM-1, vascular 
hyperpermeability, enhanced thrombogenicity, induction of oxidant stress, and ab-
normal expression of eNOS (Schmidt et al. 1995; Wautier et al. 1996). Recently, 
it has been shown that after RAGE activation nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase is activated by phospholipase C-mediated activation 
of Ca2 + -dependent PKC and that this may lead to an increase in ROS that could be 
associated with the initial stages of macular edema and DR (Warboys et al. 2005). 
Studies in models of retinopathy show that increases in oxidative stress and signs 
of vascular inflammation are correlated with increases in arginase activity and ar-
ginase 1 expression; decreasing arginase expression or inhibiting its activity blocks 
these effects; and that the induction of arginase during retinopathy is blocked by 
inhibiting NADPH oxidase activity (Caldwell et al. 2010). Finally, it has been also 
demonstrated that AGEs can induce glial reaction and neuronal degeneration in 
retinal explants (Lecleire-Collet et al. 2005).

Alterations associated with oxidative stress offer many potential therapeutic tar-
gets making this an area of great interest to the development of safe and effective 
treatments for DR. Animal models of DR have shown beneficial effects of antioxi-
dants on the development of retinopathy, but clinical trials (though very limited in 
numbers) have provided somewhat ambiguous results. Although antioxidants are 
being used for other chronic diseases, controlled clinical trials are warranted to 
investigate potential beneficial effects of antioxidants in the development of reti-
nopathy in diabetic patients.

Age-Related Macular Degeneration  AMD is the major cause of blindness in the 
elderly with over 1.7 million people having reduced vision due to this disorder in 
the USA (Friedman et  al. 2004). The disease affects the macula at the center of 
the eye and as a consequence results in loss of central vision which significantly 
impacts the patient’s ability to read, watch television, or drive. The major patho-
logical changes associated with AMD are observed in the functionally and anatomi-
cally related tissues, including photoreceptors, retinal pigment epithelium (RPE), 
Bruch’s membrane, and choriocapillaries (Bhutto and Lutty 2012). AMD is broadly 
divided into two forms: dry and wet, that account for about 85 and 15 % of cases, 
respectively. Wet AMD, the most severe form of AMD, is generally associated with 
subretinal (i.e., between the retina and choroid) neovascularization and consider-
able amelioration can be achieved with the use of antiangiogenic agents (Andreoli 
and Miller 2007). Dry macular degeneration is mainly clinically diagnosed based 
on the presence of drusen, thickening of Bruch’s membrane and RPE progressive 
degeneration. Drusen are deposits of yellowish waste products from photoreceptors 
cells, which compromise their nutrition inducing ischemia and cell death, which in 
turn give rise to atrophy and finally results in irreversible visual loss (geographic 
atrophy). This disorder appears to consist of both a genetic and environmental 
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component with a number of gene polymorphisms being identified which increase 
susceptibility to environmental risk factors such as smoking, hypertension, diet, or 
oxidative stress (Ding et al. 2009; Khandhadia and Lotery 2010; Montezuma et al. 
2007; Swaroop et al. 2009; Ting et al. 2009). However, unequivocal proof of oxida-
tive stress as a major causative factor in AMD, is difficult due to the complex nature 
of AMD and its restriction, in the true form of the disease, to humans (Beatty et al. 
2001; Winkler et al. 1999; Zarbin 2004). In any case, there is considerable evidence 
to support oxidative stress as a contributing factor in the onset and progression of 
AMD as reviewed by Jarrett and Boulton (2012), with mitochondria representing a 
major source of endogenous ROS in the photoreceptors and underlying RPE (Jarrett 
et al. 2008; Liang and Godley 2003).

Recent studies show that pro-inflammatory cytokines, TNF-α, interleukin-1β, 
and interferon-γ, induce ROS in RPE cells via mitochondria and NADPH oxidase 
(Yang et al. 2007). The cross talk between NADPH oxidases and mitochondria may 
represent a “vicious cycle” of ROS production with mitochondria being a target for 
NADPH oxidase-generated ROS and mitochondrial ROS under certain conditions 
may stimulate NADPH oxidases. Moreover, studies have now begun to provide 
evidence supporting a role for polymorphic genes associated with oxidative stress 
at various stages of AMD (Jarrett and Boulton 2012), and recent studies have also 
implicated important roles for specific microRNAs in AMD. Thus, the miRNA, 
mir-23 is associated with increased RPE cellular resistance to oxidative stress and 
was found to be significantly downregulated in macular RPE isolated from AMD 
patients (Lin et al. 2011a). On the other hand, although light and oxygen are essen-
tial for vision they can also lead to photo-induced ROS and subsequent photochemi-
cal damage to the retina. The retina contains a variety of chromophores, which 
being excited at the appropriate wavelength can lead to significant photochemical 
damage, being the two major photosensitizers the visual pigments in photoreceptor 
cells and lipofuscin, which accumulates with age in the RPE (Boulton et al. 2001). 
Finally, other photoreactive molecules in the retina that can generate ROS under 
certain conditions include melanin, hemoglobin and other iron-containing proteins 
(e.g., cytochrome C), flavins, flavoproteins, and carotenoids (Boulton et al. 2001).

11.4 � Evidences and Future Applications of Wolfberry 
Extracts in Retinal Diseases

Wolfberries extracts are widely used for the treatment of ocular disorders (Yang and 
Gao 2011). Most of the reports about the beneficial effects of LB compounds in dif-
ferent retinal diseases are studies about LB polysaccharides and carotenoids but not 
about polyphenol compounds.

Those research reports are mainly about LBPs and carotenoids effects on isch-
emia/reperfusion (I/R) injury (including glaucoma as a possible consequence), DR, 
and AMD. LBPs exert beneficial effects in animal models of ocular diseases. In 
fact, LBP extracts, are important water-soluble components which have protec-
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tive effects in promoting survival and prolonging growth of retinal ganglion cells 
(RGCs) (Yang and Gao 2011) and they have been shown to protect RGCs in an 
animal model of chronic ocular hypertension (OH) (Chan et al. 2007).

In this part of the chapter, we review current and future applications of Goji ber-
ries in those retinal diseases.

11.4.1 � Ischemia/Rerfusion Injury

There are many causes of retinal ischemia, including vein and artery occlusions, 
macular degeneration, diabetes, glaucoma, hypertension, etc. One of the complica-
tions after retinal I/R injuries is oxidative stress, which plays a role due to the high 
content of polyunsatured fatty acids in retina. ROS produced during I/R facilitate 
lipid peroxidation of membranes, denaturation of proteins, and DNA damage. Oxi-
dative injury is accompanied by retinal swelling, neuronal cell death, and glial cell 
activation (He et al. 2014).

Many reports show the relationship between LBPs beneficial effects and retinal 
ischemia and the mechanisms of action proposed are many.

In this line, Li et al. studied the protective effects of LBPs against retinal I/R 
injury. They focus on three aspects apart from antioxidant activity: anti-apoptosis, 
preservation of BRB integrity and prevention of retinal swelling (Li et al. 2011). 
In this study, the authors treated mice with LBPs for 1 week prior to induction of 
ischemia and showed that LBP effectively protect the retina from neuronal death, 
apoptosis, glial cell activation, aquaporin water channel upregulation, disruption of 
BRB, and oxidative stress in retinal I/R induced by surgical occlusion of the internal 
carotid artery, 1 week after treatment with polysaccharides. Another study demon-
strated that one possible mechanism for the protection of the retina by LBPs was 
immune modulation, which is an indirect effect; neuroprotective effects of LBPs 
were partly due to modulation of microglia activation (Chiu et al. 2009).

Cells have antioxidant defence systems to counteract oxidative stress. NF-E2-
related factor 2/Antioxidant response element (Nrf2/ARE) pathway is one of the an-
tioxidant pathways involved in counteracting increased oxidative stress and main-
taining the redox status in many tissues (Ziaei et al. 2013; Kansanen et al. 2013).

One of the enzymes regulated by Nrf2/ARE is heme oxygenase (HO-1), which 
catalyzes the degradation of heme to biliverdin, CO, and iron. It is demonstrated 
that pharmacological induction of HO-1 protects the retina from acute glaucoma-
induced ischemia-reperfusion injury (Sun et al. 2010).

He et al. studied the relation between the protection of LBPs against retinal dam-
age induced by ischemia-reperfusion injury and activation of the Nrf2/HO-1 path-
way. They saw that LBP pretreatment, not only reduced the generation of ROS, but 
also enhanced the activation of the Nrf2/HO-1 antioxidant pathway in I/R retinas. 
Furthermore, inhibition of HO-1 activity significantly blocked LBP-induced pro-
tective effects on I/R retinas, suggesting that the protective effects of LBP in I/R 
were mediated at least partly, by the activation of the Nrf2/HO-1 antioxidant path-
way (He et al. 2014).
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In this line, Chiu et al. suggest that LBPs have a neuroprotective effect on the 
survival of RGCs mediated via direct upregulation of neuronal survival signal βB2-
crystallin. Crystallins are prominent proteins both in normal retina and in retinal dis-
eases. These authors observed that rats fed with LBPs or with PBS did not change 
the crystallin profiles in the nonstress retinas. But the group, where chronic OH was 
induced and that was fed with LBPs, presented an increase of crystallin expression 
of more than tenfold, when compared with control (Chiu et al. 2010).

Mi et al. studied the protection of RGCs and retinal vasculature by LBPs in a 
chronic OH model (COH) of rat glaucoma. They observed a decrease in the expres-
sion of endothelin-1 (a potent vasoconstrictor synthesized in vascular endothelial 
cells) and its receptors (ETA and ETB) under COH condition (Mi et al. 2012a).

Acute OH (AOH) is another well-established animal model of retinal degen-
eration (Scarsella et al. 2012; Pescosolido et al. 1998). Mi et al. studied the pro-
tection of RGCs and retinal vasculature by LBPs in an AOH model suggesting a 
possible mechanism that consisted in downregulating the RAGE expression (when 
it is overexpressed in blood vessel, endothelial cells can produce the accumulation 
of amyloid-ß) and endothelin-1, as well as the related signalling pathways leading 
to amelioration of vascular damage and neuronal degeneration in AOH (Mi et al. 
2012b).

LBPs have shown a beneficial effect on retinal astrocytes and Müller cells in 
a model of middle cerebral artery occlusion, resulting in the stabilization of the 
microenvironment that supports the survival of neurons in the retina and brain (Mi 
et al. 2012b).

11.4.1.1 � Diabetic Retinopathy

Hyperglycemia-linked oxidative stress and/or consequent endoplasmic reticulum 
(ER) stress are part of the pathogenesis of DR. Dietary bioactive components which 
mitigate oxidative stress may serve as potential chemopreventive agents to prevent 
or slow disease progression (Tang et al. 2011).

Song et al. investigated the effects of an LB extract on an in vitro model of DR 
as: the retinal ARPE-19 cell line exposed to high glucose (Song et al. 2012). They 
demonstrated that LB extract is cytoprotective against high-glucose cytotoxicity 
in ARPE-19 cells, at least in part by regulating apoptosis as a result of caspase-3 
modulation. They used taurine in their study at concentrations present in the ex-
tracts of LB and they found that the effects of the extract were closely mimicked by 
taurine. For that reason, they suggest the therapeutic use of taurine and the valuable 
medicinal herb LB for the prevention of DR.

In this line, Pavan et al. studied the effects of wolfberries and taurine in another 
human RPE (HRPE) cells. Increased intracellular glucose stimulates the activity 
of cytosolic adenylyl cyclase, causing an increase of cytosolic cyclic adenosine 
monophosphate (cAMP) level, leading to a destabilization of epithelial barrier and 
they found that the protective effect of LB extracts is mediated by the ability to re-
verse cytosolic adenylyl cyclase stimulation by glucose, thereby avoiding increased 
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cytosolic cAMP levels (Pavan et al. 2014). In this way, they confirm the Song’s data 
(Song et al. 2012) showing that LB extract and its main component, taurine, are able 
to counteract high glucose-induced RPE damage.

Mitochondria biogenesis, and their metabolic activity, would be altered in dia-
betes as a consequence of hyperglycemia-induced cellular oxidative stress (Zhang 
et al. 2012). In fact, prolonged inhibition of AMP-activated protein kinase (AMPK) 
causes mitochondrial dysfunction and disruption of cellular ROS homeostasis 
(Kukidome et al. 2006).

Tang et  al. studied the effects of dietary wolfberries at early stages of type 2 
diabetes in db/db mice (model of the db/db leptin receptor deficient type 2 diabetic 
mouse) (Tang et al. 2011). They concluded that, taken together, dietary wolfberries 
and/or its bioactive constituents zeaxanthin and lutein, functioned as modulators of 
cell survival/death signalling pathways, through targeting pathways in AMPK and 
Forkhead O transcription factor 3 (FOXO3) signalling, resulting in normalization of 
cellular ROS and attenuation of ER stress. Activation of FOXO3 protects cells from 
oxidative stress in diabetes (Li et al. 2009).

Yu et al. studied the effects of dietary wolfberry in db/db mice too. They dem-
onstrated, among other things, that wolfberry elevated zeaxanthin and lutein levels 
in the liver and retinal tissues; induced activation and nuclear enrichment of retinal 
AMPK-2; attenuated hypoxia and mitochondrial stress by declining expression of 
hypoxia-inducible factor-1-, VEGF, and heat shock protein 60; enhanced retinal mi-
tochondrial biogenesis in diabetic retinas, as demonstrated by reversed mitochon-
drial dispersion in the RPE; increased mitochondrial copy number; elevated citrate 
synthase activity; and upregulated expression of peroxisome proliferator-activated 
receptor γ co-activator 1, nuclear respiratory factor 1, and mitochondrial transcrip-
tion factor A (Yu et al 2013).

Hu et al. describe the effects of LB extracts on rat DR through electroretinog-
raphy. The electroretinographic amplitudes of the a-waves (that reflect the general 
physiological status of the photoreceptors in the outer retina) and b-waves (that 
reflect the health of the inner layers of the retina) were significantly decreased in 
the diabetic animals. However, reductions in the a- and b-wave amplitudes were not 
observed in the LB-treated group suggesting that LB may have protective effects in 
DR (Hu et al. 2012).

11.4.1.2 � Age-Related Macular Degeneration

Although AMD is a primary cause of vision loss in the elderly, unfortunately, there 
is no cure for AMD and current treatment options have limited effectiveness and 
introduce significant patient risk. Therefore, AMD prevention strategies should be 
identified and implemented. A number of AMD risk factors have been determined 
including aging, clinical family history, cigarette smoking, white race, and low di-
etary intake of antioxidants in the form of fruits and vegetables. Given that cigarette 
smoking and low antioxidant intake are the only modifiable risk factors, increasing 
antioxidant intake may arguably be the most easily used AMD prevention strategy 
(Bucheli et al. 2011).
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Zeaxanthin intake increases plasma zeaxanthin concentrations, which subse-
quently increases preretinal pigment concentration, i.e., lutein and zeaxanthin, and 
ultimately lowers AMD risk (Beatty et al. 2001; Carpentier et al. 2009). More con-
cretely, in Age-Related Eye Disease Study (AREDS), 4519 participants increased 
dietary lutein/zeaxanthin intake (as determined by a food frequency questionnaire at 
enrolment) was inversely associated with prevalent neovascular AMD, geographi-
cal atrophy, and large or extensive intermediate drusens (Age-Related Eye Disease 
Study Research Group 2007). In addition, in 2006, the AREDS concluded that 
lutein-rich and zeaxanthin-rich diets might protect against intermediate AMD in 
female patients less than 75 years of age (Moeller et al. 2006). More recently, the 
Blue Mountain Eye study reported that higher dietary lutein and zeaxanthin intake 
reduced the risk of incidence of early or neovascular AMD over 5 and 10 years (Tan 
et al. 2008).

Since Goji berry is the richest natural source of the antioxidant carotenoid, zea-
xanthin, regular consumption of Goji berry could play a role in the prevention of 
AMD and help to maintain preretinal pigment density. Although Chinese consum-
ers believe in the benefits of Goji berry on eyesight, very few human studies on 
the effects of Goji berry supplementation on visual parameters have been reported. 
Thus, although it has been reported that general endogenous antioxidant markers in 
serum increased with 30 days of Goji berry juice supplementation (Amagase et al. 
2009), a 15-day regimen of Goji berry juice supplementation had no effect on visual 
acuity in healthy young adults (Amagase and Nance 2008). Another study, however, 
reported that daily dietary supplementation with Goji berry for 90 days increased 
plasmatic zeaxanthin and antioxidants levels as well as protected from hypopig-
mentation and soft drusen accumulation in the macula of elderly subjects (Bucheli 
et al. 2011). There is a clear relationship between macula hypopigmentation and 
soft drusen number with AMD risk (Spraul and Grossniklaus 1997).

Our group has studied the effect of Retinacomplex® (a diet supplement enriched 
with 300 mg LBPs, 50 mg alpha-lipoic acid, 100 mg L-GSH, 10 mg Lutein and 
5 mg Zeaxanthin) in AMD patients (they took two Retinacomplex® pills per day, 
during 24 months). We found that the Retinacomplex® group of patients had an 
improvement in macular functionality after 2 years of treatment. We observed that 
presence of diabetes could be an important factor about the AMD evolution, show-
ing better responses of the multifocal electroretinogram in the Retinacomplex® 
group than the control (González 2013).

In view of these results, it has been proposed that wolfberry may help to halt the 
progression of AMD. In this sense, two published randomized control trials using 
Ginkgo biloba extracts in AMD showed positive effects on vision. Thus, Lebuisson 
et al. reported a statistically significant improvement in long distance visual acuity 
of patients with senile macular degeneration after the treatment with Ginkgo biloba 
extract (Lebuisson et al. 1986). Also Fies et al. showed the therapeutic efficacy of 
Ginkgo biloba extract in patients with senile, dry macular degeneration (Fies and 
Dienel 2002). However, as discussed by Evans, those trials were small and suffered 
from short observation periods (Evans 2013), and well-designed and large-scaled 
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clinical trials for the use of Chinese Herbal Medication to prevent or retard progres-
sion of AMD are largely lacking (Manheimer et al. 2009).

In conclusion although the role of wolfberry and its extracts seems to be prom-
ising for reversing oxidative stress and possibly ameliorating AMD, physicians 
should be aware that convincing evidence of their dosage and efficacy in AMD, 
in relationship to safety, tolerability, pharmacokinetics, and pharmacodynamics, is 
still lacking.

11.4.1.3 � Retinitis Pigmentosa

RP is a group of inherited disorders characterized by progressive photoreceptor de-
generation leading to night blindness, peripheral vision loss, and subsequently cen-
tral vision loss. Oxidative stress has been implicated in the pathogenesis of RP, and 
several studies have demonstrated that antioxidants are able to decrease photorecep-
tor cell death in different mouse models of RP (Komeima et al. 2006; Miranda et al. 
2007). Nowadays, there is almost no study in the literature showing the effects of 
LB in this disease. In fact, it is noteworthy that only our research group has reported 
recently that a mixture of antioxidants, including LB, were able to rescue photore-
ceptors in rd1 mice (Miranda et al. 2010). Rd1 mice have a mutation in the same 
gene that has been found in some human forms of autosomal recessive RP, making 
the rd1 mouse retina an ideal model for experimental analysis of human retinal 
dystrophies (McLaughlin et al. 1995). Thus, we treated rd1 mice daily from P3 until 
P11, by oral infusion with a mix that included LBPs (175 mg/kg body wt.). Interest-
ingly, after that treatment GPx activity and GSH levels were increased and cysteine 
concentrations in rd1 retinas were decreased. Moreover, significant decreases in 
the number of transferase uridyl nick end labeling (TUNEL)- and avidin-positive 
cells were observed (Miranda et al. 2010). Preliminary data of our group with the 
diet supplement Retinacomplex® (mentioned above) have showed that the patients 
treated stopped disease progression (in terms of ERG parameters) during the 2 years 
of Retinacomplex® administration (unpublished data). These results support a pos-
sible beneficial role of LB in preventing the progression of RP; however, new stud-
ies focused on LB alone are necessary to elucidate this possible beneficial role.
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Abstract  Food allergy has increased dramatically in the last 20 years mainly in 
children and is sometimes mediated by cross-reactivity with other allergens, includ-
ing pollens or other foods, sometimes by primary sensitisation after the ingestion 
of the offending foods. On the other hand, globalisation, sophisticated preservation 
technology or rapid transport methods, as well as the interest for new tastes, food 
varieties and eating habits in the population are the main causes for the introduction 
of new foods which immediately become potential allergenic sources.

In this way, the consumption of wolfberries has been generalised in Western 
countries during the last years. Until now only a few cases of allergic reactions 
have been reported in scientific papers since 2011, but the appearance of new cases 
is getting more frequent progressively. Allergenic clinical symptoms oscillate be-
tween mild reactions, mainly located in the oral cavity (oral allergic syndrome), to 
generalised symptoms, or even anaphylactic reactions with urticaria, dyspnoea, oe-
demaa and/or rhinitis. A pioneer multi-centre observational prospective study, con-
ducted with 566 individuals residing on the Spanish Mediterranean coast, estimated 
the prevalence of allergic sensitisation to wolfberries at 5.8 %. However, only 18 % 
of the total population reported consumption. These results suggested that most of 
the allergic reactions could be mediated by cross-reactivity with other foods habitu-
ally consumed by individuals. In spite of the variety and severity of symptoms and 
the high rate of prevalence sensitisation, allergy to wolfberries is not very frequent.

Although the number of proteins present in wolfberry allergenic extracts is very 
numerous, its allergenic composition, determined by using a specific pool of sera 
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from allergic individuals, is formed by eight different proteins with capacity to bind 
specific immunoglobulin E (IgE). These allergens range in a molecular weight be-
tween approximately 7 and 70 kDa. Until now, an approximately 7-kDa allergen 
has been identified as the most relevant, with a frequency of recognition by sen-
sitised individuals higher than 80 %. Proteomics studies showed that this allergen, 
tentatively named Lyc bar 3, corresponds to the group of non-specific lipid transfer 
proteins (nsLTP), a family of pan-allergens widely spread in the plant kingdom and 
responsible for a large number of allergic sensitisations.

Based on in vitro studies, IgE cross-reactivity between wolfberries and other 
members of the Solanaceae family has been clearly established. This concept dem-
onstrates a similarity not only in the allergen composition but also in the protein 
or IgE epitopes structure of different members of the family. Therefore, allergy to 
wolfberries in countries where it has been recently introduced is related with high 
cross-reactivity with other frequently consumed foods and explains the high rate of 
prevalence and the low frequency of clinical symptoms.

Keywords  Food allergy · New food · Concomitant sensitisation · Goji berries · 
Wolfberry · Allergens · Cross-reactivity · Panallergens · nsLTP

12.1 � Introduction

Allergy is a major health problem that is becoming more common. During the last 
20 years, the number of people suffering from allergies has increased rapidly. Al-
though, in general terms, allergy is not a common life-threatening disease, fatal 
reactions are reported every year, especially related to food allergy. In this context, 
the psychological impact of food allergy in children, adolescents and their families 
is a major concern because food allergy can affect social life, habits, diets and be-
haviour.

Globalisation enables the continuous introduction of new foods and flavours into 
people’s daily diet across the world. This leads to a new challenge in allergy preven-
tion. The consumption of wolfberries (goji berries) in Western countries is a clear 
example of this situation. From an allergic perspective, food or other allergenic 
sources are not dangerous for humans per se. The immune system of susceptible 
individuals converts proteins into allergens through the incorrect processing of the 
ingested proteins and their transformation into substances that are aggressive for 
the human body. Some of these incorrectly processed proteins become allergenic 
molecules with the capacity to induce primary sensitisation or adverse reactions 
mediated by cross-reactivity with primary sensitizers.

The introduction of new diagnostic techniques, such as molecular diagnosis, is 
greatly helping to elucidate the allergenic profiles of individuals and the responsible 
allergens, and is providing a deeper knowledge of the associations between differ-
ent allergenic sources and individuals. However, we are still very far from being 
able to predict and prevent food allergies.



18112  Allergenic Sensitisation Mediated by Wolfberry

12.2 � Food Allergy

Food allergy can be described as an adverse immune reaction induced by the inges-
tion of dietary or food antigens present in food.

Ingested food is processed in the gastrointestinal or alimentary tract. This has 
two important functions: the first is nutritional, involving processing and transform-
ing the ingested food to obtain all the nutrients and oligoelements needed to survive, 
and the second is related to immunologic tolerance. The gastrointestinal tract pro-
cesses ingested food and many other different potentially harmful antigenic sub-
stances, which have to be neutralised or blocked before absorption. Large amounts 
of immunologically active food proteins penetrate routinely into the bloodstream, 
but immunological tolerance prevents the occurrence of adverse reactions. A fail-
ure in this tolerance process will result in an allergic reaction against the culprit 
ingested food. Immunological tolerance is crucial for protecting individuals. While 
self-antigen reactions are prevented by the stimulation of T-regulatory lymphocytes 
and T-cell receptor (TCR) in the thymus, tolerance to food antigens is not fully un-
derstood and it involves the activation of a number of different types of T-regulatory 
cells (Himmel et al. 2012; Rescigno 2011).

Although different classifications of the concept food allergy have been pub-
lished, from an immunological point of view, it can be divided into three groups 
based on the involvement of immunoglobulin E (IgE) in the adverse reaction:

•	 IgE-mediated reactions. These allergic reactions are mediated by specific IgEs, 
namely when these immunoglobulins, formed during the sensitisation process, 
initiate the degranulation of inflammatory mediators. Allergenic sensitisation 
starts when a protein from food is captured by dendritic cells. These dendritic 
cells process and present the antigens (termed as allergens) and stimulate a B cell 
response responsible for the production of IgE antibodies. Circulating specific 
IgEs produced by B cells are recognised by high-affinity IgE receptors present 
on the surface of effector cells, including basophils and mast cells. After a sec-
ond or successive exposure to the allergen, specific IgEs initiate a cascade of re-
actions resulting in the release of inflammatory mediators such as histamine and 
tryptase, as well as cytokines and other immunological mediators, which leads 
to an adverse reaction that may range from mild to moderate or severe reactions, 
anaphylaxis or even death.

•	 Non-IgE-mediated reactions. They consist of a heterogeneous group and 
pathogenic mechanisms that are not always well understood. As the name in-
dicates, these adverse reactions are not initiated by IgEs. The most common 
forms are celiac disease, dietary protein enterocolitis syndrome and dietary pro-
tein enteropathy syndrome. Enterocolitis and enteropathy syndromes are typi-
cally provoked in children by cow’s milk and are characterised by an increase 
in lymphocytes, eosinophils and mast cells. Celiac disease is probably the most 
well-known pathology because it affects people of all ages and is associated 
with profound villous atrophy and extensive cellular infiltrate. This disease has 
a complex pathogenic mechanism in which gliadin is essential and induces the 
production of auto-antibodies against intestinal transglutaminase.
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•	 A mixture of IgE- and non-IgE-mediated reactions. This classification includes 
a group of diseases characterised by the presence of eosinophilic infiltration 
with the minor presence of other inflammatory cells. The infiltration can affect 
any specific region of the gastrointestinal tract, such as eosinophilic esophagi-
tis, which is focalised in the oesophagus, or it can be generalised (eosinophilic 
gastroenteritis).

12.3 � Food Allergens

Thousands of different food proteins/antigens are ingested in the diet. However, 
only a small number of these proteins have been identified as allergens. Allergens 
are defined as proteins or glycoproteins with a relatively small molecular size, 
which normally range from 5–7 to 60–70 kDa. They are usually soluble in aqueous 
solutions and are able to stimulate an IgE response. Food allergens have additional 
properties such as resistance to digestion and stability during food processing. It is 
important to note that, in some cases, cooking or heating can modify the structure 
of non-allergenic proteins and transform them into allergens (Carnés et al. 2007).

Food allergens can be divided into plant- or animal-derived allergens. Almost 
200 food allergens have been identified to date (http://www.allergen.org/), the most 
common being those derived from animals such as eggs, milk, seafood and fish, as 
well as fruits, vegetables, nuts and seeds. However, the incidence or importance of 
the allergenic sources depends primarily on the characteristics and allergenic pro-
files of individuals and populations (Beitia et al. 2014; Tripodi et al. 2012).

The most relevant plant food allergens are included in just a small number of es-
tablished families, based on their biological function. More than 70 % of plant-food-
derived allergens are contained in only four of these superfamilies (Table 12.1).

The prolamin superfamily comprises the largest number of allergens. Three fam-
ilies of allergens are included within the prolamin superfamily: non-specific lipid 
transfer proteins (nsLTP), typically found in fruits and vegetables; seed storage al-
bumins, found in seeds and nuts; and amylase/trypsin inhibitors, present in cereals. 
As a result of their biochemical composition, they are all resistant to digestion and 
thermal denaturation, which gives them high-potential allergenicity.

The other two most important superfamilies are cupins and profilins. The cupin 
superfamily comprises heat stable and highly allergenic allergens. The majority are 
storage proteins present in nuts. The profilins constitute a very conservative family 
of proteins, which confers them a high degree of cross-reactivity among different 
species. Profilins are responsible for tree pollinosis-associated food syndrome. Fi-
nally, the superfamily of the allergens homologous to Bet v 1 is the fourth superfam-
ily. The food allergic reactions are primarily explained by IgE antibodies to Bet v 
1, which cross-react with Bet v 1 homologous proteins. These allergens are mainly 
localized in the pulp of the fruit. Heat treatment of these foods destroys the native 
three-dimensional molecular structure but does not affect linear peptides, important 
for the late phase cellular reaction.
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12.4 � Cross-Reactivity

The term cross-reactivity is associated with the allergic clinical symptoms that indi-
viduals may experience after the consumption of/contact with some types of foods 
or pollens, even though they may have never previously been in contact with them. 
In contrast, the term co-sensitisation means the actual sensitisation to different al-
lergenic sources with the production of specific antibodies to each of them.

From an allergenic point of view, cross-reactivity can be defined as the capacity 
of allergic individuals to react against allergenic sources to which they are not sen-
sitised because they have not been exposed to them or have not developed specific 
antibodies against them. In this case, the components of the immunological system 
of patients (specific IgE) recognise the allergenic components (allergens) present in 
the offending food but with the particularity that these allergens are recognised only 
as a consequence of structural similarities with the allergen to which patients are 
actually sensitised. This recognition can occur due to the presence of common pro-
teins/allergens in different organisms, known as panallergens, or as a consequence 
of similarities in specific regions of the proteins.

The term panallergen is used to define proteins/allergens that are widely distrib-
uted in different organisms, that have a common biological function and that share 
a somewhat common structure. nsLTPs and profilins are the most studied group of 
panallergens. Both are present in all plant kingdom organisms and are responsible 
for a large number of sensitisations, either by co-sensitisation or cross-reactivity.

Table 12.1   Classification of plant food allergens indicating their biological function and common 
allergens
Classification of plant food allergens
Superfamily Family Biological function Common allergens
Prolamin 2S albumins Seed storage Wheat, peanut (Ara h 2, Ara h 

6, Ara h 7), walnut (Jug r 1)
nsLTP Defensin related Peach (Pru p 3), hazelnut (Cor 

a 8), tomato (Sola l 3), apple 
(Mal d 3), goji berries (Lyc 
bar 3)

α-Amylase/tryp-
sin inhibitors

Protection against degrada-
tion and pathogens

Wheat (Hor v 1)

Cupin 7S albumins 
(vicilin)

Seed storage Buckwheat (Fag e 3), peanut 
(Ara h 1)

11S albumins 
(legumin)

Seed storage Peanut (Ara h 3)

Profilins Structural proteins Peanut (Ara h 5), hazelnut 
(Cor a 2), apple (Mal d 4), 
wheat (Tri a 12)

Homologous 
to Bet v 1

Pathogenesis related pro-
teins (PR-10)

Carrot (Dau c 1)
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The cross-reactivity between profilins from different organisms has been well 
established (Radauer et al. 2006). However, cross-reactivity between LTPs remains 
unclear. In a recently published study, the authors demonstrated that, although all 
LTPs have the same biological function, amino acid sequence varies significantly 
among organisms (Morales et  al. 2014). Immunological studies performed with 
serum samples from animals and human patients demonstrated only partial cross-
reactivity and suggested that, not only the proteins, but also the matrix in which 
proteins are contained could play a role in allergic symptoms (Schulten et al. 2011) 
because of its ability to act as an adjuvant for immune response. In this sense, au-
thors suggested that allergic reactions could be related to primary sensitisation and 
not only to cross-reactivity.

Recognition as a consequence of similarities in specific regions of the proteins 
is less common and is mediated by proteins which share specific similar structures 
that can be recognised by common antibodies. This is the typical case of cross-
reactivity known as “Bet v 1 Family”. In these patients, primary sensitisation seems 
to be produced by inhaling pollen proteins. Individuals experience symptoms when 
they ingest Bet v 1 homologous allergens such as carrots or apples (Bohle 2007).

12.5 � Prevalence of Food Allergy

Food allergy appears to be a major and increasing problem, especially in Western 
countries. A dramatic increase in the number of affected populations has been ob-
served in the last 20 years and the percentage of patients with some allergic symp-
toms increases year-on-year.

In recent years, globalisation, population interest in new flavours, rapid trans-
portation and improvement of food preservation conditions have enabled new foods 
and flavours to spread throughout the world. Diet diversification and increasing 
demand for better quality and labour-saving products have increased the imports of 
high-value and processed food products in developed countries. As a result, indi-
viduals experience new and greater access to new allergenic sources to which they 
had never before been exposed. This may modify the sensitisation pattern of indi-
viduals, either because of new allergenic sensitisation provoked by the allergenic 
capacity of new foods, or individuals may react to the new food by cross-reactivity. 
The addition of kiwi to the Western diet at the end of the 1970s is a clear example 
of new sensitisation. Nowadays, kiwi is recognised as a potent allergenic source, 
and actinidin, one of its major allergens, was previously not habitually consumed 
in the Western diet. Moreover, goji berries are an example of sensitisation to new 
allergenic sources by cross-reactivity, in this case mediated by LTPs.

There is no clear consensus regarding the prevalence of food allergy in the gen-
eral population, although different studies concur that there is a higher prevalence in 
children. In general terms, it has been estimated that 2 % of the adult population and 
6–8 % of children suffer from food allergy. Although there is no clear consensus, the 
prevalence is probably underestimated because of a considerable under-diagnosed 
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population. Moreover, these values are highly variable according to country. West-
ern countries probably have the highest rates of food allergy. According to the Eu-
ropean Academy of Allergy and Clinical Immunology (EAACI) guidelines (Muraro 
et al. 2014a; Nwaru et al. 2014), more than 17 million individuals suffer from food 
allergies in Europe. Food sensitisation, understood as patients with specific IgE but 
with no clinical symptoms, may double or triple this figure.

Double-blind, placebo-controlled food challenge (DBPCFC) is recognised as 
the most effective tool for allergy diagnosis. However, this diagnostic method has 
its flaws and is not always a routine practice mainly for methodological reasons. 
Therefore, actual prevalence of food allergy cannot currently be confirmed in the 
general population and further studies are required.

Factors such as age, sex, race, country of origin and residence, family or personal 
history of atopy or other concomitant allergic diseases play an important role in the 
development of food allergies. All these factors, as well as food consuming habits, 
may affect the prevalence of food allergy in different populations and explain dif-
ferent prevalence rates or sensitisation to different food allergens among patients 
living in different areas.

12.6 � Clinical Management

Food allergy is associated with psychological distress in patients, especially in chil-
dren, adolescents and their parents. It also causes anxiety and depression (Knibb 
and Semper 2013; Bacal 2013) in families as a result of the risk associated with this 
pathology (Muraro et al. 2014b). Undoubtedly, the most life-threatening effect of 
food allergy is anaphylaxis, understood to be a generalised or systemic hypersensi-
tivity reaction mediated by the ingestion of food allergens which, on occasions, may 
be fatal for patients. In the last few years, the number of episodes of anaphylaxis 
induced by the food ingestion has increased dramatically, especially in developed 
countries. Anaphylaxis treatment guidelines recommend that at-risk patients carry 
adrenaline auto-injectors with them at all times (Song et al. 2014).

Pharmacological treatment is useful only for the symptomatic treatment of acute 
symptoms. Its use is recommended to alleviate mild-to-moderate symptoms and, 
until now, adrenaline is the only effective treatment for life-threatening episodes 
(Arnold et al. 2011).

Until now, dietary avoidance has been recognised as the only effective treatment 
for food allergy. However, long-term avoidance has to be carefully monitored be-
cause it can result in nutritional problems and affects patient quality of life.

Specific immunotherapy with food allergens is currently being investigated, al-
though it is not yet suitable for routine practice. The capacity of this kind of im-
munotherapy to restore permanent tolerance to food has not yet been conclusively 
demonstrated. Three different approaches are under study, including subcutane-
ous immunotherapy, sublingual immunotherapy and induction of oral tolerance, 
also called oral desensitisation. Preliminary results obtained with subcutaneous 
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immunotherapy suggest that this could be an effective alternative. Other studies 
with sublingual immunotherapy were associated with improved tolerance and the 
reduction of symptoms (Nowak-Wegrzyn and Albin 2014). Oral desensitisation is 
also one of the most frequently studied alternatives. Published results showed ef-
ficacy on many occasions, but there is no consensus regarding treatment, dose, al-
lergens, time of exposure, long-term studies, etc. (Pajno et al. 2014).

12.7 � Goji Berries Consumption-Mediated Allergy

Goji berries, considered both a fruit and a herb, have been part of the common diet 
in some Asian regions, such as China, Tibet and Mongolia, for more than 3000 
years. In some of these countries, they are considered to be a true treasure and their 
properties almost have a mystical value. They are consumed daily even at high 
doses sometimes as a medicinal herb to treat diseases due to their healthy proper-
ties, or other times in search of “the source of eternal youth”, as part of the normal 
diet. However, to date no well-documented data related to sensitisation or allergic 
reactions have been reported by countries that were the first consumers, although, 
urticaria and rashes after goji berries’ ingestion has been described.

In Europe, according to the European Union Novel Food Regulation (http://
ec.europa.eu/food/food/biotechnology/novelfood/index_en.htm), a food is judged 
to be novel if it has not been consumed in significant quantities in Europe prior to 
May 1997. When the consumption of goji berries started to spread throughout Eu-
ropean countries, regulatory agencies investigated their previous consumption. Ini-
tially, authorities did not find a history of significant consumption of goji berries in 
Europe before 1997. However, in 2007, the UK Food Standards Agency determined 
that, in fact, there was a history of significant consumption of the fruit in Europe 
before 1997, and goji berries were removed from the Novel Foods list.

In the USA and Canada, farmers began cultivating goji berries during the first 
decade of the twenty-first century on a commercial scale.

Goji berries can therefore be considered as a food recently introduced into the 
European and North American diet. No cases of allergic reactions had been reported 
in the scientific literature until recently. Additionally, some occasional reactions 
such as urticaria-like or papular rashes have been linked to goji berry consumption 
and published in Chinese medicine textbooks, although they cannot necessarily be 
classified as allergic reactions (Bensky et al. 2004). Since 1990, more than 3000 
adverse reactions have been described in China with more than 210 involving herbs.

The first two cases of anaphylaxis following the ingestion of goji berries that 
were investigated in depth on a worldwide scale were reported in Spain in 2011, 
and five additional cases were also reported in Spain in 2012. The consumption 
of goji berries was the common factor in each case, but the severity of symptoms, 
origin of patients and concomitant allergies differed. All of them were associated 
with preliminary sensitisation to LTPs. Table 12.2 details the eight clinical cases 
described in the literature.
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The first case was a 27-year-old woman who developed grade II anaphylaxis 
1 h after goji berry consumption, accompanied by acute generalised urticaria on 
the hands, palms and soles, lip oedema, dyspnoea and acute rhinitis, and required 
treatment with adrenaline. The second case was a 13-year-old girl who presented 
with generalised urticaria, severe pruritus and skin lesions (hives), angioedema and 
dysphagia after goji berry consumption.

Clinical cases with goji berry allergy
Author Patient Symptoms Specific IgE

(kilo units 
of allergen 
specific-IgE 
per liter)

Concomitant sensitisa-
tion associated to goji 
berries

Monzon 
et al. (2011)

27-year-old 
woman

Grade II anaphylaxis. 
Acute generalised urti-
caria, lip oedema, dys-
pnoea and acute rhinitis

1.38 Food: peach, tomato, 
green pepper
Panallergens: LTP

13-year-old 
girl

Generalised urticaria, 
severe pruritus and skin 
lesions (hives), angio-
edema and dysphagia

16.9 Food: peach, kiwi, 
almond, peanut, hazel-
nut, chestnut, rice, 
tomato
Panallergens: LTP
Pollens: Chenopodium 
album, Ambrosia
elatior, Platanus 
hybrida, Cupressus 
arizonica

Larramendi 
et al. (2012)

40-year-old 
man

Facial angioedema with 
dyspnoea

0.78 Food: peach

31-year-old 
man

Pharyngeal itching 2.87 Food: peach
Panallergens: LTP

30-year-old 
woman

Labial angioedema and 
perioral skin rash

0.58 Food: peach
Panallergens: LTP

36-year-old 
man

Itching in the mouth, ears 
and axilla

3.62 Food: peach
Panallergens: LTP

42-year-old 
woman

Severe generalised 
itching

0.37 Panallergens: polcalcin

Carnés et al. 
(2013)

65-year-old 
man

Oral allergy syndrome No 
determined

Mono-sensitised to 
goji berries

21-year-old 
woman

Occasional urticarial and 
oral allergy syndrome

0.6 Food: tomato
Panallergens: LTP

43-year-old 
woman

Oral allergy syndrome 
and diarrhoea

No 
determined

Mites and cockroach

Gámez et al. 
(2013)

40-year-old 
woman

Immediate pharyngeal 
pruritus

No 
determined

Foods: fruits, king 
prawn, nuts, lettuce, 
escarole and soy
Pollens: grasses

IgE immunoglobulin E, LTP lipid transfer protein

Table 12.2   Clinical characteristics of all goji berries allergic patients published in the literature 
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In 2012, five new cases were reported. In this case, patients showed different 
severity and manifestations following goji berry consumption. The first patient was 
a 40-year-old man who complained of facial angioedema with dyspnoea (requiring 
epinephrine) while eating goji berries for the first time (30–40 berries). The second 
case was a 31-year-old man who reported pharyngeal itching lasting 30–60 min on 
10–12 occasions, immediately after eating 10–15 goji berries and with symptoms 
increasing in intensity after each exposure. The third case was a 30-year-old woman 
who reported labial angioedema and perioral skin rash immediately after eating 
a new pack of 20 goji berries. The patient had previously tolerated a whole pack 
of goji berries. The fourth case was a 36-year-old man with a history of allergic 
rhinoconjunctivitis and urticaria due to peanuts who reported itching in the mouth, 
ears and axilla lasting 10 min immediately after eating a single goji berry. Finally, 
the fifth case was a 42-year-old woman who reported a 2-month history of severe 
generalised itching that resolved after avoiding goji berries. She was consuming 
approximately 20–30 goji berries daily for several months.

Additionally, in a different study designed to evaluate the prevalence of sensiti-
sation to goji berries in 2012, three subjects reported different symptoms following 
the consumption of goji berries on several occasions. The three individuals reported 
oral allergy syndrome, one of them occasional and urticarial and one also reported 
diarrhoea following consumption (Carnés et al. 2013). The last case published to 
date (2013) involves a 40-year-old woman who presented with immediate pharyn-
geal pruritus following goji berry ingestion (Gámez et al. 2013).

Prior to that, two cases had been reported as communications to Congresses. Al-
though the studies lack in-depth investigation, they described a 29-year-old woman 
who presented with oropharyngeal itching, wheezing, dyspnoea, generalised urti-
caria and dizziness without loss of consciousness 30 min after the first intake of goji 
berries (Cadavid Moreno et al. 2010). The second study consisted of a 28-year-old 
woman reporting an episode of acute urticaria within 30 min of eating goji berries, 
having started to consume them regularly 1 week before (Guspi and Baltasar 2011). 
Both reported previous reactions to nuts, peaches and other fruits.

12.8 � Sensitisation to Goji Berries and Prevalence

A pioneering multi-centre observational prospective study was conducted in south-
east Spain with the primary objective of determining the prevalence of sensitisation 
to goji berries in the general population without considering whether or not the 
individuals included had been in contact with the fruit. Patients attending allergy 
departments for the first time, for respiratory and/or cutaneous symptoms, and/or 
suspicion of plant food allergy, and with a clinical indication for the performance 
of skin prick test to common allergens, were included. Five hundred and sixty-
six (566) individuals (220 male, 38.9 %; 346 females, 61.1 %) with a mean age of 
33.4 ± 15.2 years, were skin prick tested with a goji berry allergenic extract. Almost 
40 % of individuals were familiar with and had occasionally tried goji berries and 
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15 % reported frequent consumption. Although only three individuals (0.5 %) of the 
all those included reported mild symptoms after goji berries consumption, 5.8 % of 
the total population in the study showed sensitisation and specific IgE to goji berry 
extract. That means that 33 individuals out of the total study population had a posi-
tive skin prick test to goji berries. The analysis of the specific IgE in serum of 24 of 
these individuals, for the determination of in vitro sensitisation, showed that 54.2 % 
had positive specific IgE to goji berries ranging between 0.35 and 26.5 kUA/l,1 with 
a mean value of 5.2 ± 8.6 kilo units of allergen specific-IgE per liter. As expected 
and as occurs with other allergenic sources, the percentage of sensitisation (posi-
tive specific IgE) is much higher than the percentage of the population with aller-
gic symptoms. However, sensitised individuals could potentially develop allergic 
symptoms in the future.

On the other hand, all the individuals included in the previously mentioned three 
studies showed positive sensitisation to goji berries by skin prick test as well as 
specific IgE in serum. It is important to note that all of them developed symptoms 
immediately after the ingestion of goji berries and had positive skin prick tests and 
positive specific IgE in serum. These results corroborate that the presence of aller-
gic symptoms correlate with positive sensitisation, thereby confirming goji berries 
as an allergenic source. Therefore, allergenic reactions (mild or severe) associated 
with the consumption of goji berries are linked to a positive specific IgE, which 
confirms that this kind of allergic reaction can be included in a typical IgE-mediated 
allergy.

Interestingly, the observed prevalence of sensitisation to goji berries was very 
similar to that observed with other fruits frequently consumed by the Mediterranean 
population (Larramendi et al. 2008). However, these results highlight that the intro-
duction of new foods into the diet may become responsible for new allergic sensiti-
sations, sometimes due to cross-reactivity with known allergens and sometimes due 
to primary sensitisation to new proteins.

The unanswered question now is whether or not goji berries are highly potent 
allergenic sources with their own identity and allergens capable of inducing allergic 
sensitisation, or whether, on the contrary, they share common allergens with other 
endemic foods that form part of the common diet of the population. If the latter is 
true, the question is whether or not sensitisation is mediated by concomitant sensi-
tisation to other fruits.

12.9 � Sensitisation Profile and Concomitant Allergies of 
Individuals Allergic to Goji Berries

Two, three or more different sources of allergenic sensitisation are very common in 
allergy and it is unusual to observe mono-sensitised individuals, especially in food 
sensitisation cases and in some regions of Western countries, including Mediter-
ranean countries. In general, patients who suffer from food sensitisation usually 

1  IgE ≥ 0.35 is considered positive.
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show concomitant sensitisation to other foods or pollen, in most cases, mediated 
by cross-reactivity. The key issue is to be able to diagnose which of the allergenic 
sources is responsible for the primary sensitisation in mono-sensitised individuals, 
or whether poly-sensitised individuals are co-sensitised or cross-sensitised and to 
define the primary sensitiser.

This is one of the key elements to understand whether newly introduced aller-
gens may be allergic inducers on their own or whether the induced allergic symp-
toms are a consequence of cross-reactivity.

According to the data published in the scientific literature, goji berry sensitisa-
tion always appears to be linked to different concomitant sensitisations and, in some 
cases, these sensitisations show a statistically significant correlation. In the clinical 
cases described by Monzón (Monzón Ballarín et al. 2011), the individuals reported 
severe clinical symptoms after the ingestion of different fruits, vegetables and nuts, 
and mild symptoms, mainly oral allergy syndrome with other foods. This observa-
tion was also confirmed by the cases described by Larramendi (Larramendi et al. 
2012). In this study, all patients showed sensitisation to peach, in addition to other 
foods. The study published by Carnés et al. (2013) showed a statistically positive 
correlation between patients sensitised to goji berries and other foods such as nuts, 
tomatoes or peaches. What is more, they were sensitised to purified LTP and polcal-
cin and not to profilin. In all cases, the results suggested that the presence of com-
mon allergens in all the allergenic sources may be responsible for goji berry sen-
sitisation and as a result, cross-reactivity may explain allergy to goji berries. This 
does not mean that goji berries are not capable of being a primary sensitiser. In the 
Mediterranean population, where allergy to fruits is very common (especially fruits 
from the Rosaceae taxonomical family that are consumed daily and are responsible 
for a large number of allergic sensitisations), these fruits, particularly peaches, are 
the primary sensitisers (Boyano-Martínez et al. 2013). The results of this study and 
the low number of symptomatic patients described explain the characteristics of the 
population and their exposure to goji berries. According to the study, 18 % of the pa-
tients included in the study had tried goji berries, demonstrating that goji berries are 
not widely consumed and suggesting a potential explanation for the low number of 
allergic individuals. Nearly 25 % of the subjects with positive sensitisation had tried 
goji berries and nearly 10 % of them were sensitised, suggesting that the allergenic 
potential of these fruits is high. These results suggest that the risk of developing 
an allergic reaction among unexposed but sensitised subjects is notable and has to 
be considered. This aspect is even more frequent in the Mediterranean population 
among patients with vegetable allergies.

Concomitant sensitisation to pollen has always been observed in goji berry-sen-
sitised individuals. Positive correlation was observed with typical Mediterranean 
sensitiser pollens including olive, Artemisia, Cupressus or Platanus. Additionally, 
latex allergy has also been associated with goji berries sensitisation and the au-
thors even suggest that it may be a new player in latex-food syndrome (Gámez 
et al. 2013). Interestingly, concomitant co-sensitisation was observed in a cannabis-
smoker who reported clinical symptoms after smoking cannabis (Larramendi et al. 
2012).
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In summary, goji berry sensitisation appears to be generally associated with 
other foods and pollen sensitisation and, although goji berries seem to be a potent 
allergenic source, it appears that sensitisation may be related to cross-reactivity with 
other frequently consumed sensitising food. Identifying the responsible proteins 
or allergens, when different food and pollens share specific allergens and, finally, 
whether cross-reactivity is mediated by these common allergens still must be elu-
cidated.

12.10 � Protein and Allergenic Composition of Goji Berries

Goji berries are extremely rich in nutrients. They are mainly composed of polysac-
charides, which represent approximately 25–70 % of their total composition; carot-
enoids; large quantities of vitamins, especially vitamin C; proteins; fatty acids; free 
amino acids constituents; and minerals (Mikulic-Petkovsek et al. 2012). To date, 
the complete protein composition of goji berries has not been elucidated or pub-
lished. Moreover, only partial studies have investigated the most relevant proteins, 
mainly associated with their healthy properties (Peng et al. 2012; Chen et al. 2014). 
It has been estimated that proteins represent approximately 12–14 % of their total 
composition. As for other fruits, their composition, especially with regard to the 
content and composition of vitamins and proteins, varies significantly depending 
on whether they are fresh or dried (Chang and So 2008).

From an allergenic perspective, proteins are the most relevant components, and 
they should be carefully extracted in order to maintain their characteristics. The 
allergen extracts are prepared with the dual objective of optimising the collection 
of responsible allergenic components and of studying the allergenic composition. 
Raw materials are usually homogenised and extracted under the appropriate con-
ditions and using the appropriate buffers in order to maximise the extraction of 
allergenic proteins and to remove other components. By using aqueous extraction 
in a buffer solution containing phosphate-buffered saline/polyvinylpolypyrrolidone 
and freeze-drying the resultant solution, the protein content of goji berries yielded 
values of about 500 μg/g of freeze-dried material. Allergenic and non-allergenic 
proteins are contained in this extract.

The analysis of the protein composition, conducted by one- or two-dimensional 
(2D) electrophoretic assays, may be clearly identified. In the first case, different 
proteins are visualised in the 7–95 kDa range. The most prominent bands are detect-
ed at 7, 26, and 65 kDa. In 2D electrophoresis studies, more than 200 proteins were 
identified. The molecular weight of the proteins concurred with those observed in 
one-dimensional studies. The distribution of the proteins separated by the isoelec-
tric point (pI) ranged in pH between 4 and 9. The 26 kDa band presented at least 
four isoforms. Some other bands were clearly visualised, especially those of 32 and 
40 kDa. In general terms, all the proteins coincided with an acid pI (Fig. 12.1).

In this case, the protein profile does not match the allergenic profile of the ex-
tracts. For that reason, allergens are only described once they are immunologically 



192 J. Carnés et al.

recognised by sensitised individuals who show specific IgE to the offending aller-
gen extracts under study. In order to perform this evaluation, sera from sensitised 
individuals are required. It is also known that the allergenic profile can differ de-
pending on the populations included in the study and each population may recog-
nise different allergens depending on their geographical distribution.

Until now, no specific allergens from goji berries have been included in the al-
lergen database (allergen.org). However, various published studies have identified 
different proteins which are clearly recognised by patients with severe symptoms 
following the ingestion of goji berries. The first study which investigated the al-
lergenic composition of goji berries was published in 2013 (Carnés et al. 2013). 
Using patients from the Spanish Mediterranean region, the authors investigated the 
allergenic profile of an extract prepared from goji berries. The results obtained with 
a pool of sera showed the presence of eight different allergens. The study of indi-
vidual patients demonstrated the existence of different allergens at 7, 25, 30, 37, 40, 
46, 55 and 70 kDa, most of them being identified as major allergens (recognised 
by more than 50 % of the population). Monzón Ballarín et al. (2011) suggested the 
allergenic capacity of an nsLTP to be about 9 kDa and Larramendi et al. (2012) 
confirmed the importance of LTPs and identified a new allergen of about 50 kDa 
(Fig. 12.2).

In 2013, Carnés et al. characterised in detail the first goji berry allergen. This al-
lergen was identified by liquid chromatography–mass spectrometry/mass spectrom-
etry and was partially sequenced. The four fragments identified corresponded to 
the C-terminal of the protein. The authors concluded that the allergen corresponds 

Fig. 12.1   Protein composition of goji berry allergenic extract. 2-D electrophoresis shows dif-
ferent spots corresponding to proteins separated by molecular weight and isoelectric point. 1-D 
electrophoresis shows proteins separated by molecular weight. The three allergens described and 
sequenced, with their corresponding molecular weight are framed in the figure. nsLTP non-spe-
cific lipid transfer proteins, pI isoelectric point
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to a basic protein of 7 kDa and classified it in the group of non-specific LTPs. The 
alignment with other nsLTPs from other organisms shows 65 % homology with Pru 
p 3 (nsLTP from peaches), and 85 % with Sola l 3 (nsLTP from tomatoes) and nsLTP 
from Nicotiana tabacum. The allergen is registered in the international UniProtKB 
database (http://www.uniprot.org/) with the accession number B3A0N2, and the 
authors tentatively propose the name of Lyc bar 3 for this new allergen (Fig. 12.3).

In 2013, Gamez et al. published a study identifying two new allergens by ma-
trix-assisted laser desorption/ionisation (MALDI)-time-of-flight (TOF) mass spec-
trometry (MS), consisting of a 60 kDa protein, identified as a β-glucosidase and a 
35 kDa protein identified as an enolase. Both allergens were also recognised by a 
Spanish serum sample (Gámez et al. 2013).

Fig. 12.2   Immunoblot 
hybridized with a pool of sera 
from goji berry-sensitised 
individuals. IgE-recognised 
bands are highlighted and 
signalled with an arrow. 
The allergenic profile of 
individuals demonstrate 
the recognition of several 
bands responsible for allergic 
sensitisation

 

Fig. 12.3   Goji berry nsLTP aminoacid sequence of the four peptides identified (red). The sequence 
is aligned with the whole sequence of Pru p 3 (ns LTP from peach) (black). Common amino acids 
are framed. Partial sequence of nsLTP from goji berries shows a score of 65 % of homology with 
Pru p 3
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12.11 � Cross-Reactivity Between Goji Berries  
and Concomitant Sensitising Food

According to the allergen composition of goji berries and the allergic profile of pa-
tients investigated, various studies have suggested that there are several common al-
lergens in goji berries and other fruits. These may be responsible for cross-reactivity 
between them.

Using in vitro experiments, Carnés et al. demonstrated cross-reactivity between 
goji berries and other foods and pollens, mediated by nsLTPs. In these studies, the 
incubation of serum samples from patients sensitised to goji berries with different 
foods containing high quantities of LTPs, including tomato peel, peach, a mixture 
of nuts (20 % hazelnut, 20 % almond, 20 % peanut, 20 % walnut and 20 % coco-
nut) or Artemisia pollen, inhibited the recognition of goji berry nsLTP (Fig. 12.4). 
These results were confirmed when serum samples were also inhibited with purified 
nsLTP from peaches (Pru p 3) and tomatoes (Sola l 3), confirming that nsLTP from 
goji berries, peaches or tomatoes share common IgE epitopes and explaining the 
high prevalence of co-sensitisation with other fruits (Fig. 12.5). The implication of 
nsLTPs in cross-reactivity was also previously pointed out by Larramendi et al. in 
vitro studies using serum samples from five patients.

Fig. 12.4   Cross-reactivity 
between goji berries and 
different extract. Goji berry 
extract was inhibited with 
itself (lane 2), peach extract 
(lane 3), tomato extract (lane 
4), mixture of nut extracts 
(lane 5) and Artemisia vul-
garis pollen extract (lane 6). 
Lanes 1 and 7 correspond to 
positive and negative control, 
respectively. The results show 
the capacity of different food 
extracts to inhibit the recog-
nition of different bands in 
goji berry extracts confirming 
that concomitant sensitisation 
is a relevant factor in goji 
berry sensitised individuals
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Moreover, in the previously explained investigations, authors have not only 
shown cross-reactivity with LTPs but also with other allergens present in the al-
lergenic extracts. Unfortunately, neither of the authors investigated further into the 
identification of the other allergens involved, but both demonstrated that the incuba-
tion of goji berry-sensitised serum samples with different food and pollen extracts 
inhibited the recognition of goji berry allergens. Both studies concluded that there 
are other high-molecular-weight allergens that may also play an important role in 
cross-reactivity.

Additionally Guspi et al. (2011) suggested the importance of the 40 kDa protein, 
similar to an allergen present in potato. Gámez et al. (2013), suggested cross-reac-
tivity between goji berries and latex in a Spanish patient. In spite of the fact that the 
authors demonstrated IgE binding of the serum sample to typical latex allergens, 
inhibition assays with goji berry extract must be performed in order to confirm 
cross-reactivity.

According to the data available in the literature, inhibition studies confirm the 
existence of cross-reactivity between goji berries and other fruits, nuts and vegeta-
bles. Based on these results, although other allergens are clearly involved in cross-
reactivity mechanisms, to date only LTPs have been clearly identified and their role 
demonstrated. Further studies and the study of epitopes are needed to understand 
the mechanisms.

Fig. 12.5   Cross-reactivity between 
nsLTP of goji berries and peach. 
Lane 1 shows the immunoblot 
of goji berries hybridised with a 
positive pool of sera from goji 
berry-sensitised individuals. Lane 
2 shows the same experiment but 
inhibiting previously the pool of 
sera with Pru p 3 (nsLTP from 
peach). The figure shows how Pru 
p 3 is capable to inhibit the recogni-
tion of nsLTP from goji berries 
demonstrating a similar pattern of 
IgE recognition and cross-reactivity 
between them. nsLTP non-specific 
lipid transfer proteins



196 J. Carnés et al.

12.12 � Non-IgE-Mediated Adverse Reactions

In general terms, goji berry toxicity has been considered low (Bensky et al. 2004). 
Recently, two cases of adverse reactions to goji berries have been described, both 
of them also in Spain. The first case is of a 60-year-old woman who developed a 
generalised erythematous and pruriginous maculopapular rash, asthenia, arthralgia, 
non-bloody diarrhoea, colic abdominal pain and jaundice after consuming goji ber-
ry tea three times a day over the previous 10 days (one handful of berries per cup). 
The study demonstrated hepatotoxicity, with marked elevation of transaminases, 
and withdrawal of the berries resulted in complete recovery, with liver function 
tests returning to normal values (Arroyo-Martínez et al. 2011). The presence of rash 
and systemic symptoms could be related to a delayed immune response. The second 
case is of a 53-year-old male with a pruriginous eruption located on sun-exposed 
areas of 2 weeks of duration while consuming goji berries for 5 months and infu-
sions of cat’s claw herb for 3 months, respectively. The minimal erythema dose 
for UVB (MED-UVB) was found to be decreased, and became normal when both 
products were withdrawn. Photo-provocation tests with goji berries and cat’s claw 
were performed; the goji berries test proved positive, and systemic photosensitivity 
to goji berries was diagnosed (Gómez-Bernal et al. 2011).

12.13 � Summary

In sum, the published studies to date (studies limited to patients from the Mediter-
ranean area) confirm that individuals allergic to goji berries usually suffer from 
concomitant allergies, including allergies to fruits, nuts, other vegetables and even 
pollens, which are responsible for the primary sensitisation. Symptomatology fol-
lowing goji berry ingestion is mediated by cross-reactivity with concomitant food 
allergens. nsLTP, a family of panallergens with moderate cross-reactivity among 
different foods and pollens, are present in goji berries in high quantities as well as 
in concomitant food and pollen allergens. That means that allergy to goji berries, at 
least in the studied Mediterranean populations, can be explained by cross-reactivity 
between nsLTPs, which is the allergen responsible for the severe symptoms expe-
rienced by patients.
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