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Abstract: Lycium barbarum berries, also named wolfberry, Fructus lycii, and Goji berries, 

have been used in the People’s Republic of China and other Asian countries for more than 

2,000 years as a traditional medicinal herb and food supplement. L. barbarum polysaccharides 

(LBPs) are the primary active components of L. barbarum berries and have been reported to 

possess a wide array of pharmacological activities. Herein, we update our knowledge on the 

main pharmacological activities and possible molecular targets of LBPs. Several clinical studies 

in healthy subjects show that consumption of wolfberry juice improves general wellbeing and 

immune functions. LBPs are reported to have antioxidative and antiaging properties in different 

models. LBPs show antitumor activities against various types of cancer cells and inhibit tumor 

growth in nude mice through induction of apoptosis and cell cycle arrest. LBPs may potentiate 

the efficacy of lymphokine activated killer/interleukin-2 combination therapy in cancer patients. 

LBPs exhibit significant hypoglycemic effects and insulin-sensitizing activity by increasing 

glucose metabolism and insulin secretion and promoting pancreatic β-cell proliferation. They 

protect retinal ganglion cells in experimental models of glaucoma. LBPs protect the liver from 

injuries due to exposure to toxic chemicals or other insults. They also show potent immuno-

enhancing activities in vitro and in vivo. Furthermore, LBPs protect against neuronal injury 

and loss induced by β-amyloid peptide, glutamate excitotoxicity, ischemic/reperfusion, and 

other neurotoxic insults. LBPs ameliorate the symptoms of mice with Alzheimer’s disease 

and enhance neurogenesis in the hippocampus and subventricular zone, improving learning  

and memory abilities. They reduce irradiation- or chemotherapy-induced organ toxicities. LBPs 

are beneficial to male reproduction by increasing the quality, quantity, and motility of sperm, 

improving sexual performance, and protecting the testis against toxic insults. Moreover, LBPs 

exhibit hypolipidemic, cardioprotective, antiviral, and antiinflammatory activities. There is 

increasing evidence from preclinical and clinical studies supporting the therapeutic and health-

promoting effects of LBPs, but further mechanistic and clinical studies are warranted to establish 

the dose–response relationships and safety profiles of LBPs.

Keywords: cancer, apoptosis, antioxidant, ischemic/reperfusion injury, T cell, natural killer, 

chemotherapy, anti-aging, mechanism

Introduction
As a traditional Chinese medicinal herb and food supplement, Lycium barbarum 

berries (also named wolfberry, Fructus lycii, Gouqizi, and Goji berries) have been 

used in the People’s Republic of China and other Asian countries for more than 

2,000 years.1,2 The berries have become increasingly popular in Western countries 

as an anti-aging and antioxidant product.3 L. barbarum fruits (LBFs; Figure 1A), 

which are red-colored and sweet in taste, are mainly found in Ningxia Province. 
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People’s Republic of China. These berries are eaten raw 

and drunk as a juice, wine, or tea. These berries also be 

processed to tinctures, powders, and tablets. Traditional 

Chinese medicine considers L. barbarum berries to have 

the ability to maintain the function of eyes and strengthen 

the activity of liver, kidneys, and lungs via boosting and 

balancing “Yin” and “Yang” in the body.1,2

LBFs contain abundant polysaccharides (LBPs, compris-

ing 5%–8% of the dried fruits), scopoletin (6-methoxy-7-

hydroxycoumarin, also named chrysatropic acid, ecopoletin, 

gelseminic acid, and scopoletol), the glucosylated precursor, 

and stable vitamin C analog 2-O-β-d-glucopyranosyl-l-

ascorbic acid, carotenoids (zeaxanthin and β-carotene), 

betaine, cerebroside, β-sitosterol, flavonoids, amino acids, 

minerals, and vitamins (in particular, riboflavin, thiamin, and 

ascorbic acid).4 The predominant carotenoid is zeaxanthin, 

which exists mainly as dipalmitate (also called physalien or 

physalin). The content of vitamin C (up to 42 mg/100 g) in 

wolfberry is comparable to that of fresh lemon fruits. As to the 

seeds, they contain zeaxanthin (83%), β-cryptoxanthin (7%), 

β-carotene (0.9%), and mutatoxanthin (1.4%), as well as 

some minor carotenoids.1 In fact, increasing lines of experi-

mental studies have revealed that L. barbarum berries have 

a wide array of pharmacological activities, which is thought 

to be mainly due to its high LBPs content. Water-soluble 

LBPs are obtained using an extraction process that removes 

the lipid soluble components such as zeaxanthin and other 

carotenoids with alcohol. LBPs are estimated to comprise 

5%–8% of LBFs and have a molecular weight ranging from 

24 kDa to 241 kDa. LBPs consist of a complex mixture of 

highly branched and only partly characterized polysaccha-

rides and proteoglycans (Figure 1B). The glycosidic part 

accounts, in most cases, for about 90%–95% of the mass 

and consists of arabinose, glucose, galactose, mannose, 

rhamnose, xylose, and galacturonic acid.5,6 LBPs are con-

sidered the most important functional constituents in LBFs. 

Different fractions of LBPs have different activities and the 

galacturonic acid content is an imperative factor for activi-

ties of LBP. The bioactivities of polysaccharides are often in 

reverse proportion with their molecular weights. Increasing 

lines of evidence from both preclinical and clinical studies 

support the medicinal, therapeutic, and health-promoting 

effects of LBPs. Herein, we update our knowledge on the 

main pharmacological activities and possible underlying 

mechanisms of LBPs with a focus on the molecular targets 

and signaling pathways involved. For more information on 

Figure 1 Lycium barbarum fruits (A), brown-colored LBPs (B), and six main monosaccharaides present in LBPs (C).
Abbreviation: LBPs, L. barbarum polysaccharides.
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the phytochemistry, pharmacology, and biology of Goji 

berries and LBPs, please read recent reviews.1,3,7–9

Literature search
An extensive literature search was performed by the authors 

using the following databases: Medline (via PubMed), 

ScienceDirect, Natural Medicines, The Cochrane Library, 

and Ovid (all from their inception to September 2014). All 

in vitro and in vivo studies on the bioactivities, benefits, 

actions, and mechanisms of action of Goji berries were 

included. Keyword search terms used included L. barbarum, 

wolfberry, Goji, Goji berry, and Gouqizi with combination 

terms including polysaccharide, pharmacology, biological 

activity, activity, action, effect, mechanism, target, dose, 

concentration, rat, mouse, and human. Literature in English, 

Chinese, and Japanese were all included.

Pharmacological effects and underlying 
mechanisms of LBPs
A number of preclinical and a few clinical studies on the 

pharmacological activities and possible mechanisms of 

LBPs have been reported in the literature (Tables 1 and 2). 

LBPs exhibit a wide array of therapeutic/medicinal effects on 

aging, fatigue, cancer, colitis, stroke, diabetes, Alzheimer’s 

disease (AD), and glaucoma in different animal models.

Anti-aging and antioxidant effects
Goji berries have long been used in Oriental medicine as a 

potent anti-aging agent. Aging is a progressive deterioration 

of physiological function that impairs the ability of an organ-

ism to maintain homeostasis and consequently increases the 

organism’s susceptibility to disease and death.10 The aging 

of the immune system (immunosenescence) is associated 

with dramatic reduction in immune responsiveness as well 

as functional dysregulation. This translates into less-effective 

innate and adaptive immune responses, increased reactivity 

against self-antigens (autoimmunity), and decreased inci-

dences of infectious diseases and cancer.11 Oxidative damage 

of biomolecules increases with age and is postulated to be 

a major causal factor of various degenerative disorders.12,13 

Oxidative stress is a condition under which increased pro-

duction of free radicals, reactive species (including singlet 

oxygen and reactive lipid peroxidation products, such as reac-

tive aldehydes and peroxides), and oxidant-related reactions 

occur, which result in cellular and organ damage. Free radical 

scavengers or antioxidants play an important role in retarding 

biological aging. Consequently, the concept of anti-aging 

by antioxidants such as LBPs has been supported by a line 

of evidence. Oxidative stress has been incriminated as one 

of several mechanisms that induce toxic effects in different 

organs due to enhanced production of oxygen free radicals 

and is considered as a major risk factor that contributes to 

increased lipid peroxidation and reduced antioxidants in 

aging and aging-related degenerative diseases.12,13

Zebrafish
Cellular senescence can be triggered by a number of factors 

including aging, DNA damage, oncogene activation, and 

oxidative stress. Senescence represents a stress response 

in which cells withdraw from the cell cycle and lose the 

capability to proliferate in response to growth factors or 

mitogens. Senescent cells show increased expression of 

recognized biomarkers of senescence, including staining for 

β-galactosidase at pH of 6.0 (senescence-associated-β-gal 

[SA-β-gal]), decreased replicative capacity, and increased 

expression of p53, p21, p16, and other cyclin-dependent 

kinase inhibitors, such as p27 and p15.14 p53, a tetrameric 

transcription factor and tumor suppressor, regulates cell-

cycle control, DNA repair, apoptosis, cellular senescence, 

and cellular stress responses. p53 can promote or inhibit 

senescence.14 p21 is the first identified downstream target 

of p53, and it is an essential mediator of p53-dependent 

cell-cycle arrest. In a recent study, Xia et al15 explored the 

mechanisms of action of LBPs by phenotypic and SA-β-gal 

assays, evaluated the survival rates in vivo, and determined 

expression profiling of genes related to the p53 signaling path-

way in a zebrafish model. Zebrafish embryos were continu-

ously exposed to various concentrations of LBPs (1.0 mg/mL,  

2.0 mg/mL, 3.0 mg/mL, and 4.0 mg/mL) for 3 days. The 

results of fluorescent acridine orange and SA-β-gal staining 

indicated that cell apoptosis and senescence mainly occurred 

in the head at 24 hours and 72 hours post-fertilization. In 

addition, resistance to replicative senescence was observed 

at low doses of LBPs, especially at the 3.0 mg/mL concen-

tration.15 Furthermore, the expression of genes that relate 

to aging, such as p53, p21, and Bax, was decreased, while 

Mdm2 (a p53-specific E3 ubiquitin ligase acting as the 

principal cellular antagonist of p53) and telomerase reverse 

transcriptase genes were upregulated by LBPs. The results 

indicate that the beneficial effects of LBPs on cell apoptosis 

and aging might be mediated by the p53-mediated signaling 

pathway (Figure 2).

Mice and rats
The effect of LBPs on age-induced oxidative stress in different 

organs of aged (20 months) Kunming mice was investigated by 
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Li et al.16 LBPs were extracted from Goji fruits purchased from 

Jinghe County herb market, Xinjiang, People’s Republic of 

China, and the amount of the polysaccharides was found to be 

97.54% by phenol-sulfuric acid method. The mice were treated 

with 200 mg/kg, 350 mg/kg, or 500 mg/kg body weight LBPs 

by gastric gavage for 30 days. The study showed that increased 

endogenous lipid peroxidation, and decreased antioxidant 

activities in the lungs, liver, brain, and heart, as assessed by 

superoxide dismutase (SOD), catalase (CAT), glutathione 

peroxidase (GPx), and total antioxidant capacity (TAOC), 

and immune function as determined by measuring thymus 

and spleen index, phagocytic index, and phagocytic activity 

were observed in aged mice and restored to normal levels 

in LBP-treated mice.16 The level of lipofuscin, an important 

marker for oxidative damage, in various organs was increased 

in aged mice and suppressed by LBPs. In contrast, the level of 

malondialdehyde (MDA) in blood and other organs was sig-

nificantly increased in aged mice compared to young mice, and 

the high level of MDA was brought down by LBP treatment.16 

The inhibitory effect of LBPs on lipid peroxidation in aged 

mice might be, at least in part, attributed to the influence on 

the antioxidant enzymes and non-enzymatic system. These 

findings demonstrate that LBPs can promote the antioxidative 

enzymes and immune functions that are suppressed in aging 

and thereby decrease the risk of lipid peroxidation accelerated 

by age-induced generation of free radicals.

Li17 also reported that administration of 50  mg/kg, 

100 mg/kg, or 200 mg/kg body weight LBPs by oral gavage 

Figure 2 Possible mechanisms for the anti-aging effect of LBPs in zebrafish.
Notes: LBPs show marked anti-aging effect through the inhibition of cell apoptosis 
and senescence. LBPs decrease the expression of p53, p21, and Bax; whereas 
increase the expression of Mdm2 and TERT in zebrafish. During aging, p53 is 
activated, triggering expression of pro-senescence targets such as p21, responsible 
for G1 cell-cycle arrest and E2F7, pivotal in repression of mitotic genes. Mdm2 acts 
both as an E3 ubiquitin ligase that recognizes the N-terminal trans-activation domain 
of p53 and as an inhibitor of p53 transcriptional activation.
Abbreviations: LBPs, Lycium barbarum polysaccharides; TERT, telomerase reverse 
transcriptase.
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for 30 days restored abnormal oxidative capacity to almost 

normal levels in streptozotocin-induced diabetic Wistar 

rats. LBPs were extracted from dry fruits of Goji berries in 

boiling water. The polysaccharides consisted of d-rhamnose, 

d-xylose, d-arabinose, d-fucose, d-glucose, and d-galactose 

with molar ratio of 1:1.07:2.14:2.29:3.59:10.06 and linked 

together by β-glycosidic linkages. Diabetes was induced by 

a single intraperitoneal injection of 50 mg/kg body weight 

streptozotocin. Results showed that the activities of blood and 

liver antioxidant enzymes (SOD, GPx, CAT, and glutathione 

reductase [GR]) and glutathione (GSH) level in diabetic rats 

were significantly decreased, and MDA level significantly 

increased compared to normal control rats. Administration of 

50–200 mg/kg LBPs for 30 days significantly increased the 

activities of these antioxidant enzymes and decreased MDA 

level in diabetic rats compared to the model group.17

The modulatory effect of LBPs on oxidative stress was 

also investigated, in Kunming mice fed with high-fat diet 

for 2 months, by Wu et al.18 Mice were treated orally with 

50 mg/kg, 100 mg/kg, or 150 mg/kg body weight of LBPs 

once every day for 2 months. The results showed that the 

activities of blood and hepatic antioxidant enzymes (SOD, 

GPx, and CAT) and the GSH level in model mice sig-

nificantly decreased, and blood and hepatic MDA and nitric 

oxide (NO) levels significantly increased compared to normal 

control mice. Administration of LBPs dose-dependently and 

significantly increased the activities of antioxidant enzymes 

and decreased MDA level in mice compared to the model 

group.18

Niu et al19 explored the modulatory effect of LBPs on 

exercise-induced oxidative stress in skeletal muscles in 

male Wistar rats. The exhaustive exercise experimental rats 

underwent a 30-day exhaustive exercise program. Rats were 

also treated orally with 100 mg/kg, 200 mg/kg, or 300 mg/kg 

body weight LBPs once per day for 1 month. This model of 

experimental exhaustive exercise promoted oxidative stress 

in skeletal muscle tissues of rats, with decreased muscle 

glycogen content, decreased SOD and GPx activity, and 

increased MDA level and creatine kinase (CK) activity in 

skeletal muscle tissues of exhaustive exercise animals.19 The 

results showed that LBPs administration dose-dependently 

decreased the oxidative stress induced by the exhaustive 

exercise with increased SOD and GPx activity and reduced 

MDA level in skeletal muscles.19

Some metabolic products that can damage cell member 

lipid are generated during the process in which galactose 

is reduced into galactitol, such as the increases of lipid 

peroxidation and lipofuscin, finally leading to body aging.20 

Continuous injection of d-galactose in animals will inevitably 

cause glucose metabolism disorder, thereby causing abnormal 

metabolism of heart, liver, kidney, brain, and other important 

organs. d-galactose-induced mouse-aging model has been 

used to test the anti-aging capacity of LBPs. Results showed 

that LBPs increased SOD, CAT, and GPx levels in blood 

and reduced MDA level. They also improved SOD activity 

of skin and reduced MDA content of skin.21 A similar effect 

was observed with LBPs in another study.22 Their mechanism 

may be related to the alleviation of glucose metabolism dis-

order and the resistance of the generation of lipid peroxide 

and other substances, which damage cell membrane lipids. 

Another study investigated the inhibiting effects of LBPs on 

non-enzymatical glycation in d-galactose-induced mouse-

aging model.23 The lymphocyte proliferation and interleukin 

(IL)-2 activity, learning and memory abilities, and SOD 

activity of erythrocytes were enhanced by LBPs.23

Human umbilical vein endothelial cells
Liu et al24 examined the effects of LBPs on angiotensin 

II-induced senescence of human umbilical vein endothe-

lial cells (HUVECs) and the role of p53 and p16 in such 

effects. HUVECs were treated with 1×106 mM angiotensin 

II to induce cell senescence, which was identified using 

SA-β-gal staining. Flow cytometry was used for analyzing 

the cell cycle changes, and the cell viability was assessed. 

LBPs treatment of angiotensin II-exposed cells resulted in 

decreased β-gal-positive cells with a reduction in G
0
/G

1
 phase 

cells and an increase in S phase cells.24 It also increased the 

cell viability and significantly decreased the expression levels 

of p53 and p16 (both tumor suppressors and senescence 

regulators) in HUVECs. These results demonstrate that 

LBPs can delay angiotensin II-induced aging of HUVECs 

possibly by downregulating the expression of p53 and p16. 

The p16-mediated senescence acts through the retinoblas-

toma pathway inhibiting the action of the cyclin-dependent 

kinases leading to G1 cell cycle arrest.25 Retinoblastoma is 

maintained in a hypophosphorylated state resulting in the 

inhibition of transcription factor E2F1.

Clinical studies in healthy volunteers
Amagase and Nance26 performed a randomized, double-blind, 

placebo-controlled, clinical study to investigate the general 

effects of use of a standardized L. barbarum juice (GoChi) 

for 14 days in healthy Chinese subjects. GoChi was produced 

from fresh ripe LBFs grown in the People’s Republic of 

China. As a finished product, the juice contains 1,632 mg/

day serving (120 mL, ie, 13.6 mg/mL) of LBPs. The placebo 
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matched the color, flavor, and taste of GoChi in a formula-

tion of sucralose (10 mg), artificial fruit flavor (30 mg), citric 

acid (60 mg), and caramel color (12 mg) in 30 mL of purified 

water. The effects of GoChi were examined by questionnaire 

subjective ratings (0–5) of general feelings of well-being, neu-

rologic/psychologic traits, gastrointestinal, musculoskeletal, 

and cardiovascular complaints as well as any adverse effects. 

Body weight, body mass index, blood pressure, pulse rate, 

and visual acuity were also measured before and after con-

suming 120 mL of GoChi/day or placebo control solution.26 

Significant differences between day 1 and day 15 were found 

in the GoChi group (n=16) with increased ratings for energy 

level, athletic performance, quality of sleep, ease of awaken-

ing, ability to focus on activities, mental acuity, calmness, 

and feelings of health, contentment, and happiness. GoChi 

also significantly reduced fatigue and stress, and improved 

regularity of gastrointestinal function. In contrast, the placebo 

group (n=18) showed only two significant changes (heartburn 

and happiness).26 No significant changes in musculoskeletal 

or cardiovascular complaints were observed in either group. 

All parametric data (body weight, etc) were not significantly 

different between groups or between day 1 and day 15 for 

either group. These results clearly indicate that daily con-

sumption of GoChi for 14 days increases subjective feelings 

of general well-being and improves neurologic/psychologic 

performance and gastrointestinal functions.

Amagase et al27 further conducted a randomized, double-

blind, placebo-controlled clinical study to examine the anti-

oxidant effects of GoChi in healthy Chinese adults living in 

Hunan province, People’s Republic of China. In the study, 

50 Chinese healthy adults aged 55–72 years were recruited 

and treated with Goji juice containing 13.6 mg/mL LBPs at a 

dose of 120 mL/day or placebo (n=25 each group).27 In vivo 

antioxidant markers including serum levels of SOD, GPx, 

and lipid peroxidation (indicated by the level of MDA) were 

determined before and after GoChi or placebo consumption 

for 30 days. The results showed that GoChi consumption 

significantly increased serum SOD level by 8.4% and GPx 

by 9.9%, whereas MDA was significantly decreased by 

8.7%.27 There were no dropouts during this 30-day trial. After 

GoChi or placebo consumption, no abnormalities were seen 

in subjects’ energy, urine, stools, or other examined physical 

parameters. These data indicate that chronic GoChi is well 

tolerated in humans and can promote antioxidant capacity in 

humans via upregulating antioxidative enzymes.

Four randomized, blind, placebo-controlled clinical 

trials were pooled to identify the general effects of oral 

consumption of 120  mL/day GoChi.28 A questionnaire 

consisting of symptoms graded 0–5 was given to the partici-

pants. For each question, the score changes in the question-

naire between pre- and post-intervention were summarized 

by the standardized mean difference and associated standard 

error of the mean to perform the meta-analysis. The change 

was also characterized into a binary outcome, improved 

or not, to derive odds ratio (OR) and associated standard 

error of the mean derived by a binary outcome using the 

Mantel–Haenszel method. The meta-analysis and hetero-

geneity were evaluated with the R program using the rmeta 

package. In total, 161 participants (18–72 years old) were 

included in the meta-analysis. Compared with the placebo 

group (n=80), the GoChi-treated group (n=81) showed sig-

nificant improvements in weakness, stress, mental acuity, 

ease of awakening, shortness of breath, focus on activity, 

sleep quality, daydreaming, and overall feelings of health 

and well-being under a random effects model.28 A fixed 

effects model showed additional improvements in fatigue, 

depression, circulation, and calmness. The OR indicated 

significantly higher chance to improve fatigue, dizziness, 

and sleep quality.28 Three studies had statistically significant 

heterogeneity in procrastination, shoulder stiffness, energy, 

and calmness. The meta-analysis confirmed the various 

health-promoting effects of GoChi in humans.

Summary of the anti-aging and antioxidative effects 
of LBPs
In summary, LBPs have shown potent anti-aging and anti-

oxidant activities (Figure 3). They increase SOD, GPx, CAT, 

and GR activities, thereby inhibiting oxidative stress-induced 

damage. LBPs ameliorate oxidative stress-induced cellular 

apoptosis. They can delay angiotensin II-induced aging of 

HUVECs by downregulating the expression of p53 and p16. 

In the ischemia/reperfusion (I/R) injuries to heart, LBPs sig-

nificantly decreased the myocardium lactate dehydrogenase 

(LDH) level and increased Na+/K+-ATPase and Ca2+-ATPase 

activities. LBPs ameliorate oxidative stress-induced cellular 

apoptosis by downregulating Bax and upregulating Bcl-2.

Anticancer effects
According to GLOBOCAN 2012,29 an estimated 14.1 million 

new cancer cases and 8.2 million cancer-related deaths 

occurred in 2012 worldwide, compared with 12.7 million and 

7.6 million, respectively, in 2008. The most commonly diag-

nosed cancers worldwide were those of the lung (1.8 million, 

13.0% of the total), breast (1.7 million, 11.9%), and colorectum 

(1.4 million, 9.7%).29 The most common causes of cancer death 

were cancers of the lung (1.6 million, 19.4% of the total), liver 
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(0.8 million, 9.1%), and stomach (0.7 million, 8.8%). Projec-

tions based on the GLOBOCAN 2012 estimates predict a 

substantive increase to 19.3 million new cancer cases per year 

by 2025, due to growth and aging of the global population.29 

Cancer cells contain genetic mutations and have dysregula-

tion of cell cycle, apoptosis, autophagy, and other critical 

processes. Presently, main cancer therapy modalities include 

surgery, radiation, hormone therapy, chemotherapy, and 

immunotherapy. The effect of radiotherapy, chemotherapy, 

immunotherapy, and hormone therapy is often compromised 

Oxidative stress
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Figure 3 Possible mechanisms for the antioxidant activities of LBPs.
Notes: LBPs increase SOD, GPx, CAT, and GR activities, thereby inhibiting oxidative stress-induced damage. LBPs ameliorate oxidative stress-induced cellular apoptosis. 
LBPs can delay angiotensin II-induced aging of HUVECs by downregulating the expression of p53 and p16. In the I/R heart, LBPs significantly decrease the myocardium LDH 
level, increase Na+/K+-ATPase and Ca2+-ATPase activities. LBPs ameliorate oxidative stress-induced cellular apoptosis by downregulating Bax and upregulating Bcl-2.
Abbreviations: LBPs, Lycium barbarum polysaccharides; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; GR, glutathione reductase; I/R, ischemia/
reperfusion; HUVECs, human umbilical vein endothelial cells; Nrf2, nuclear factor erythroid 2-related factor; ROS, reactive oxygen species; MDA, malondialdehyde.

due to development of drug resistance and severe side effects. 

In this regard, there is a strong need to identify safe and potent 

anticancer compounds from natural resources. LBPs have been 

found to have apoptotic and anti-proliferative effects on cancer 

cells in vitro and in vivo, and LBPs may enhance the effects 

and reduce the side effects of other cancer therapies.30

Breast cancer
Breast cancer is the most common cancer in women world-

wide. In 2012, 1.7 million women were diagnosed with 
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breast cancer and 522,000 women died from breast cancer.29 

In 2010, 206,966 women and 2,039 men in the US were diag-

nosed with breast cancer, and 40,996 women and 439 men 

died from this disease.31 Current chemotherapy for advanced 

breast cancer often fails due to tumor resistance and adverse 

drug effects. Natural medicines have become an important 

complementary approach for breast cancer treatment.

Li et al32 first reported that LBPs inhibited the growth of 

Michigan Cancer Foundation-7 (MCF-7) cells by changing 

the metabolic pathways of estradiol. LBPs exhibited a dose-

dependent growth inhibition of MCF-7 cells by 9.5%–42.8% 

at day 3 and by 33.9%–83.9% at day 7. The 3-day inhibitory 

response to 1% LBPs (maximum cytostatic concentration) 

exhibited 84.8% increase in estrone (E
1
), 3.6-fold increase 

in 2-OH-E
1
, 33.3% decrease in 16α-OH-E

1
, and 9.2-fold 

increase in estriol (E
3
) formation.32 Notably, LBPs appear to 

inhibit the proliferation of estrogen receptor-positive MCF-7 

cells via modulation of estrogen metabolism and switch of 

metabolic pathways.

Shen and Du33 investigated the mechanisms for the anti-

proliferative effects of LBPs on MCF-7 cells. These cells 

were treated with 10–300 mg/L LBPs for 24 hours. LBP 

treatment arrested MCF-7 cell cycle in S phase.33 LBPs dose-

dependently activated extracellular signal-regulated kinase 

1/2 (Erk1/2), which was associated with the expression of 

p53. These results indicated that LBPs inhibit the growth of 

MCF-7 cells through activation of Erk1/2.

Telang et al34 compared the efficacy of aqueous extracts 

from L. barbarum bark (LBB) and LBF on MCF-7 cells. LBB 

exhibited greater potency than LBF (95% reduction in the half 

maximal inhibitory concentration). LBB produced a 6.8-fold 

increase, 40% decrease, and a 3.7-fold increase in 2-OH-E
1
, 

16α-OH-E
1
, and E

3
 formation. The corresponding values for 

LBF were 3.9, 33, and 10.5. LBB produced a 16.3-fold and 

twofold increase in 2-OH-E
1
:16α-OH-E

1
 and E

3
:16α-OH-E

1
 

ratios, whereas LBF produced a six- and 2.9-fold increase, 

respectively. The efficacy of LBB is due to increased 2-OH-E
1
 

formation, whereas that of LBF is due to accelerated conversion 

of 16α-OH-E
1
 to E

3
. Specific growth inhibitory profiles of LBB 

and LBF may be due to their distinct chemical composition and 

their complementary actions on estrogen metabolism.

Cervical carcinoma
Cervical carcinoma is the third most common cancer in 

women, accounting for 9% of all female cancers and 9% of 

all cancer deaths in women.29 It is the seventh most common 

cancer in the world, with an estimated 528,000 new cases 

in 2012. Cervical carcinoma is the fourth most common 

cancer in women worldwide, after breast, colorectal, and 

lung cancers. There were an estimated 266,000 deaths from 

cervical cancer worldwide in 2012, accounting for 7.5% of 

all female cancer deaths.29 In 2010, 11,818 women in the US 

were diagnosed with cervical cancer and 3,939 women died 

from this disease. Cervical cancer is the sixth most common 

cancer in Europe for women, with around 58,400 new cases 

diagnosed in 2012. In 2011, there were 3,064 new cases of 

cervical cancer and 972 deaths from cervical cancer in the 

UK. Cervical cancer is predominantly a disease of low-

income countries, with overall rates nearly twice as high in 

less developed regions compared to more developed regions. 

Cervical cancer incidence rates are highest in Eastern Africa 

and lowest in Western Asia. There is increased interest in 

seeking new therapies for cervical carcinoma from natural 

compounds.

Hu et al35 used LBPs in combination with garlic to treat 

mice bearing human cervical U14 cancer. Examination of 

ascitic fluid revealed damage of the cancer cells by LBPs 

plus garlic, blanching of fluorescence staining of DNA and 

RNA, and the cancer cells besieged by large numbers of mac-

rophages and leukocytes.35 Flow cytometric analysis found 

accumulation of cells in G
1
 phase. The number of S phase 

cells decreased from 56% to 49%, and the number of G
0
/G

1
 

phase cells increased from 16% to 33%. LBPs plus garlic also 

resulted in swelling of mitochondria in cytoplasm, damage of 

mitochondrial crests with cavity formation, and enlargement 

and degranulation of rough endoplasmic reticulum.35

Zhu and Zhang36 investigated the mechanisms for the 

anti-proliferative effects of LBPs in human cervical can-

cer HeLa cells. LBPs were extracted from dried fruits of  

L. barbarum harvested in Ningxia, People’s Republic of 

China. Incubation of HeLa cells with 6.25 mg/mL LBPs for 

4 days resulted in a 35% inhibition of cell growth. A sig-

nificant accumulation of cells in the S phase (46.9%–59.4%) 

and sub-G
1
 phase (3.1%–5.0%, indicating cellular apoptosis) 

was observed when treated with 6.25–100 mg/L LBPs for 

4  days, together with significantly decreased proportions 

of cells in the G
0
/G

1
 phase (from 56.8% to 31.4%).36 The 

loss of mitochondrial transmembrane potential (Δψ
m
) was 

observed by flow cytometer; and the percentage of Δψ
m
 

collapse was 6.78% following treatment with 6.25  mg/L 

LBPs. LBPs also dose-dependently increased intracellular 

Ca2+ concentration as detected by laser scanning confocal 

microscope in apoptotic cells. About 6.25–100 mg/L LBPs 

increased the NO content in the medium from 33.67 µM at 

the basal level to 79.17–101.03 µM in HeLa cells.36 The NO 

synthase and inducible NO synthase activities in the culture 
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medium were also significantly increased in HeLa cells 

treated with 100 mg/L LBPs. These findings indicate that 

LBPs inhibit the growth of HeLa cells through induction of 

mitochondria-mediated apoptosis.

Colorectal cancer
Colorectal cancer is the third most common cancer in the 

world, with nearly 1.4 million new cases diagnosed in 2012.29 

Colorectal cancer is the second leading cause of cancer-

related deaths in the US and the third most common cancer 

in men and women.37 In 2010, 131,607 people in the US were 

diagnosed with colorectal cancer, including 67,700 men and 

63,907 women; 52,045 people died from this disease, includ-

ing 27,073 men and 24,972 women.37 In 2011, 41,581 people 

in the UK were diagnosed with colorectal cancer and 15,659 

people died from this disease. As a result of the relatively 

poor prognosis and response to conventional chemo- and 

radiotherapy, there is a great need for the discovery of new 

effective agents for colorectal cancer.

When human colon cancer cell lines SW480 and Caco-2 

cells were treated with 100–1,000 mg/L LBPs for 1–8 days, 

LBPs inhibited the proliferation of both cell lines in a dose-

dependent manner.38 At concentrations from 400  mg/L to 

1,000 mg/L, LBPs significantly inhibited the growth of SW480 

cells; while at concentrations from 200 mg/L to 1,000 mg/L, 

they significantly inhibited the growth of Caco-2 cells.38 The 

crystal violet assay showed that the number of adherent can-

cer cells was decreased by treatment with 100–1,000 mg/L 

LBPs for 8  days. Cells were arrested at the G
0
/G

1
 phase 

with a decrease in S phase when treated with LBPs.38 About 

100–1,000  mg/L LBPs downregulated the expression of 

cyclin D, cyclin E, and cyclin-dependent kinase 2 (CDK2) 

in colon cancer cells. Cyclin E/CDK2 regulates multiple cel-

lular processes by phosphorylating numerous downstream 

proteins. There is deregulated expression of cyclin D, cyclin 

E, and CDK2 in colorectal cancer. These data demonstrate 

the antiproliferative effects of LBPs against colorectal cancer 

cells via modulation of critical cell cycle regulators.

Gastric cancer
Gastric cancer is the fifth most common cancer and the third 

leading cause of death from cancer globally with approxi-

mately 952,000 new cases and 723,000 deaths making up 7% 

of all cancer cases and 9% of deaths.29,39 Almost two-thirds 

of gastric cancer cases occur in developing countries and 

42% in People’s Republic of China accounting for 3.99% 

of all deaths.40 There are about 22,220 new cases of gastric 

cancer and 10,990 deaths every year in the US. In the UK, 

7,089 people were diagnosed with gastric cancer and 4,830 

deaths due to this disease were recorded in 2011.40 The 5-year 

relative survival rate of gastric cancer is as low as 10%.39–42 

Therefore, there is an urgent need to identify novel therapeu-

tic strategies for later stage gastric cancer.

When human gastric cancer MGC-803 and SGC-7901 

cells were treated at various concentrations of LBPs for 

1–5 days, LBP treatment inhibited the growth of MGC-803 

and SGC-7901 cells, with cell cycle arrest at the G
0
/G

1
 and 

S phases, respectively.43 The changes in cell cycle-associated 

proteins, such as cyclins and CDKs, were consistent with the 

changes in cell cycle distribution. The results suggested that 

induction of cell cycle arrest contributes to the anticancer 

activity of LBPs in gastric cancer cells.

Leukemia
Leukemia is a cancer of the white blood cells and bone mar-

row. Worldwide, around 352,000 people were estimated to 

have been diagnosed with leukemia in 2012.29 In 2014, it is 

estimated that there will be 52,380 new cases of leukemia and 

an estimated 24,090 people will die of this disease in the US.40 

In 2011, 8,616 people in the UK were diagnosed with leukemia 

(all subtypes combined) and there were 4,603 deaths from 

leukemia. In Europe, around 82,300 new cases of leukemia 

were estimated to have been diagnosed in 2012. There are four 

main subtypes of leukemia: acute myeloid leukemia, acute lym-

phoblastic leukemia, chronic myeloid leukemia, and chronic 

lymphocytic leukemia. About 20–1,000 mg/L LBPs inhibited 

the growth of human promyelocytic leukemia HL-60 cells in 

a dose-dependent manner.44 LBPs also induced the apoptosis 

of HL-60 cells as determined by DNA ladder and terminal 

deoxynucleotidyl transferase dUTP nick end labeling assays.

Liver cancer
Liver cancer is the sixth most common cancer in the world, 

with 782,000 new cases diagnosed in 2012.29 Worldwide, 

it is the third leading cause of cancer deaths. The estimated 

number of new cases with liver cancer in 2014 in the US 

is 33,190, with estimated deaths of 23,000 due to liver 

cancer.40 In the UK, 4,348 people were diagnosed with liver 

cancer in 2011 and 4,106 people died from liver cancer in 

2011. Hepatocellular carcinoma is the most common type 

of primary liver cancer, and factors that increase the risk 

of developing hepatocellular carcinoma include long-term, 

heavy alcohol use and chronic infection with hepatitis B 

or C viruses.

Zhang et al45 reported that 100 mg/L LBPs inhibited the 

proliferation of human hepatoma QGY7703 cells, induced 
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cell cycle arrest, and significantly increased intracellular Ca2+ 

level. When rat H-4-II-E and human liver cancer HA22T/VGH 

cell lines were incubated with various concentrations of crude  

L. barbarum extract (mainly LBPs), the extract at 5 g/L 

inhibited the cellular proliferation, promoted G
2
/M phase 

arrest, and stimulated p53-mediated apoptosis in H-4-

II-E and HA22T/VGH cells.46 The effect may be due to 

inhibition of nuclear factor (NF)-κB that alters the expres-

sion of regulatory cell cycle proteins such as cyclin B and 

p21WAF1/Cip1.

Zhang et al47 found that different fractions of LBPs at the 

dose of 50–400 mg/L for 2 days, 4 days, and 6 days showed 

distinct effects on the proliferation, cell cycle distribution, 

and apoptosis in human liver cancer SMMC-7721 cells. 

LBP-a4 had the highest inhibition activity of 36.5%±2.6% at 

the dose of 400 mg/L for 2 days. LBPs were extracted from 

fruits of Chinese wolfberry obtained from Xinjiang province, 

People’s Republic of China, and LBP fractions were isolated 

by ultrafiltration membranes with molecular weight cutoff 

(MWCO) of 80 kDa, 30 kDa, 10 kDa, and 4 kDa succes-

sively. Polysaccharides fractions LBP-a8, LBP-p8, LBP-a3, 

LBP-a1, and LBP-a4 were obtained by freeze-drying the 

retentates of ultrafiltration with MWCO of 80 kDa, 30 kDa, 

and 10 kDa and permeates of ultrafiltration with MWCO of 

4 kDa. The results showed that LBP-a8, LBP-a3, LBP-a1, 

and LBP-a4 inhibited the growth of SMMC-7721 cells in 

a concentration- and time-dependent manner.47 In contrast, 

LBP-p8 promoted the proliferation of SMMC-7721 cells to 

183.5%±4.7% of the control group at the concentration of 

200 mg/L for 4 days. Treatment of SMMC-7721 cells with 

400  mg/L LBP-a4 for 4  days arrested the cells at G
0
/G

1
 

phase and increased the intracellular Ca2+ concentration.47 

Cells treated with LBP-a4 at G
0
/G

1
 phase increased from 

49.21% to 69.65%, while cells at S phase and G
2
/M phase 

decreased from 40.53% and 10.26% to 24.79% and 5.56%, 

respectively. However, incubation of cells with 200 mg/L 

LBP-p8 for 4 days only slightly increased the cell ratio of 

G
0
/G

1
 (52.84%) and S (42.13) phase. The intracellular Ca2+ 

concentration of SMMC-7721 cells treated with 400 mg/L 

LBP-a4 for 4 days was 1.59-fold higher than that of control 

cells, while that of LBP-p8-treated cells was only 1.07 times 

higher than that of control cells.47 LBP-a4 consisted of 11.5% 

uronic acid, 0.34% protein, and 39.02% neutral sugar, while 

LBP-p8 consisted of 13.4% uronic acid, 4.77% protein, and 

26.26% neutral sugar. LBP-p8 consisted of seven kinds of 

monosaccharides including fucose, rhamnose, arabinose, 

xylose, glucose, mannose, and galactose, and LBP-a4 

was composed of six kinds of monosaccharides including 

fucose, arabinose, xylose, glucose, mannose, and galactose 

(Figure 1C). The average molecular weight of LBP-a4 and 

LBP-p8 were 10.20 kDa and 6.50×103 kDa, respectively. 

These findings demonstrate a clear impact of LBP compo-

nents and structures on the activities of LBPs.

Sarcoma
Sarcoma is a type of cancer that develops from certain tis-

sues such as bone or muscle.48 There are two main types of 

sarcoma: bone sarcomas and soft tissue sarcomas. Soft tis-

sue sarcomas can develop from soft tissues like fat, muscle, 

nerves, fibrous tissues, blood vessels, or deep skin tissues. 

The most common types of sarcoma in adults are malignant 

fibrous histiocytoma, liposarcoma, and leiomyosarcoma. 

About 12,020 people (6,550 males and 5,470 females) will 

be diagnosed with soft-tissue sarcoma in the US and an esti-

mated 4,740 people will die of the disease in 2014.40 Around 

3,300 people were diagnosed with soft tissue sarcoma in 2010 

in the UK. For sarcomas that have spread to distant parts 

of the body, the five-year survival is 16%. The effect of a 

polysaccharide–protein complex from L. barbarum (LBP3p) 

on the immune system in S180-bearing mice was investigated 

by Gan et al.49 The mice inoculated with S180 cell suspension 

were treated orally with 5 mg/kg, 10 mg/kg, and 20 mg/kg 

LBP3p for 10 days. The effects of LBP3p on transplantable 

tumors and macrophage phagocytosis, quantitative hemolysis 

of mouse red blood cells, lymphocyte proliferation, cytotoxic 

T lymphocyte (CTL) activity, IL-2 gene expression, and lipid 

peroxidation were determined. LBP3p significantly inhibited 

the growth of transplantable sarcoma S180 and increased 

macrophage phagocytosis, the form of antibody secreted by 

spleen cells, spleen lymphocyte proliferation, CTL activity, 

IL-2 messenger (m) RNA expression level and reduced the 

lipid peroxidation in S180-bearing mice.49 The dose of 10 mg/

kg LBP3p was more effective than that of 5 mg/kg and 20 mg/

kg LBP3p. These data suggest that LBP3p inhibited sarcoma 

growth in vivo via enhanced immune activities.

Prostate cancer
Prostate cancer is the second most common cancer in men 

worldwide, after lung cancer.50 There were over 903,500 

new prostate cancer cases reported worldwide and an esti-

mated 258,400 men died from this disease in 2008.29 In the 

US, 196,038 men were diagnosed with prostate cancer, and 

28,560 men died from this disease in 2010.51 In the UK, 

40,975 men were diagnosed with prostate cancer in 2010, and 

10,793 men died from this disease in 2011.52 Chemotherapy 

for prostate cancer usually brings drug resistance and severe 
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adverse reactions in patients. Therefore, new anticancer 

drugs that can prevent the progression of prostate cancer 

and execute prostate cancer cells with improved efficacy and 

reduced side effects are urgently needed.

The effects of LBPs on the growth of human prostate 

cancer cells were examined in vitro and in vivo by Luo 

et al.53 LBPs inhibited the growth of both PC-3 and DU-145 

cells in a dose- and time-dependent manner, by breaking 

their DNA strands and inducing the apoptosis of these cells. 

The Bcl-2/Bax expression decreased significantly after LBP 

treatments and the ratio of Bcl-2/Bax expression following 

LBP treatment also decreased significantly with a dose–

effect relationship,53 which suggested that LBPs regulated 

the expression of Bcl-2 and Bax to induce apoptosis of PC-3 

and DU-145 cells. The animal study showed that LBPs sig-

nificantly inhibited PC-3 xenograft growth in nude mice with 

significant reduction of the tumor volume and weight in the 

LBP-treated group than in those of the control group.53

Clinical study of LBPs in cancer patients
In a clinical trial, 79 patients with advanced cancer were 

treated with lymphokine-activated killer (LAK)/IL-2 in com-

bination with LBPs.54 Initial results indicated that objective 

regression of cancer was achieved in patients with malignant 

melanoma, renal cell carcinoma, colorectal carcinoma, lung 

cancer, nasopharyngeal carcinoma, and malignant hydrotho-

rax. The response rate of patients treated with LAK/IL-2 

plus LBPs was higher than that of patients treated with 

LAK/IL-2 alone.54 The mean remission in patients treated 

with LAK/IL-2 plus LBPs also lasted significantly longer. 

LAK/IL-2 plus LBP treatment led to more marked increase 

in natural killer (NK) and LAK cell activity than LAK/IL-2 

alone.54 LBPs may be used as an adjuvant in the biotherapy 

of cancer.

Summary of the anticancer activities of LBPs
LBPs inhibit the proliferation of various types of cancer cells 

and induce cell cycle arrest at the G
0
/G

1
, S, or G

2
/M phase 

(Figure 4). They inhibit the growth of cancer xenografts in 

nude mice. In cancer patients, LAK/IL-2 plus LBP treatment 

leads to more marked increase in NK and LAK cell activity 

than LAK/IL-2 alone (Figure 5). LBPs regulate the expres-

sions of Bcl-2 and Bax to induce tumor cell apoptosis by 

increasing intracellular Ca2+ concentration and mitochondrial 

pathway. Furthermore, LBPs inhibit the growth of MCF-7 

cells through activation of Erk1/2 and modulation of estrogen 

metabolism. LBPs downregulate the expression of cyclin D, 

cyclin E, and CDK2 in colon cancer cells. Moreover, LBPs 

stimulate p53-mediated apoptosis in liver cancer cells due 

to inhibition of NF-κB.

Antifatigue effects
Chronic fatigue syndrome (CFS) is a complicated disorder 

characterized by persistent fatigue that lasts for at least 

6 months for adults and 3 months for children or adolescents, 

with at least four additional symptoms: impaired memory or 

concentration, sore throat, tender cervical or axillary lymph 

nodes, muscle pain, multi-joint pain, new headaches, unre-

freshing sleep, or post-exertion malaise.55–58 The fatigue is 

not due to exertion, not significantly relieved by rest, and 

is not caused by other medical conditions. The Centers for 

Disease Control report that more than 1 million Americans 

have CFS and approximately 80% of the cases are undiag-

nosed. Approximately 250,000 people in the UK are affected 

with the illness according to the National Health Service. 

Pharmacotherapy plays a minor role in CFS management, but 

herbal medicines may produce some benefits for CFS. The 

antifatigue effect of LBPs was tested with five different doses 

(5 mg/kg/day, 10 mg/kg/day, 20 mg/kg/day, 50 mg/kg/day, 

and 100 mg/kg/day) in mice.59 The results showed that LBPs 

induced remarkable adaptability to exercise load, enhanced 

resistance, and accelerated elimination of fatigue. LBPs could 

enhance the storage of muscle and liver glycogen, increase 

the activity of LDH before and after swimming, decrease the 

increase of blood urea nitrogen after strenuous exercise, and 

accelerate the clearance of blood urea nitrogen after exercise. 

The dosage of 10 mg/kg/day LBPs was the most effective 

among the five tested doses.59

Antiviral effects
Wang et al60 prepared four sulfated L. barbarum polysac-

charides (sLBPs), sLBPS(0.7), sLBPS(1.1), sLBPS(1.5), and 

sLBPS(1.9), and compared their effects on the cellular infec-

tivity of Newcastle disease viruses (NDVs) in chick embryo 

fibroblasts. Four sLBPSs at five concentrations, within the 

safety concentration scope, and NDVs were added into 

the cultivating system of chick embryo fibroblasts in three 

modes, pre- and post-adding polysaccharide, and simultane-

ous adding of polysaccharide and viruses after being mixed. 

The effects of sLBPSs on cellular infectivity of NDVs were 

assayed by MTT method taking the nonmodified LBPS as the 

control.60 The results showed that sLBPS(1.5), sLBPS(1.9), 

and sLBPS(1.1) in three sample-adding modes, sLBPS(0.7) 

in simultaneous adding after being mixed, significantly 

inhibited the infectivity of NDVs. The viral inhibitory rate 

of sLBPS(1.5) in pre-adding and simultaneous adding, and 
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Figure 4 Possible mechanisms for the anticancer activities of LBPs.
Notes: LBPs inhibit the proliferation of various types of cancer cells and induce cell cycle arrest at the G0/G1, S, or G2/M phase. LBPs inhibit the growth of cancer xenografts 
in nude mice. In cancer patients, LAK/IL-2 plus LBP treatment leads to more marked increase in NK and LAK cell activity than LAK/IL-2 alone. LBPs regulate the expression 
of Bcl-2 and Bax to induce tumor cell apoptosis via increasing intracellular Ca2+ concentration and mitochondrial pathway. LBPs inhibit the growth of MCF-7 cells through 
activation of Erk1/2 and modulation of estrogen metabolism. LBPs downregulate the expression of cyclin D, cyclin E, and CDK2 in colon cancer cells. LBPs stimulate p53-
mediated apoptosis in liver cancer cells due to inhibition of NF-κB.
Abbreviations: LBPs, Lycium barbarum polysaccharides; IL-2, interleukin-2; NK, natural killer; LAK, lymphokine activated killer; MCF-7, Michigan Cancer Foundation-7; 
CDK2, cyclin-dependent kinase 2; NF-κB, nuclear factor κB.
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Figure 5 LBPs potentiate the immune-enhancing activity of LAK/IL-2 therapy in cancer patients.
Notes: LBPs enhance NK and LAK cell activities in cancer patients treated with LAK/IL-2, resulting in an increase in tumor cell lysis and death.
Abbreviations: LBPs, Lycium barbarum polysaccharides; IFN, interferon; IL-2, interleukin-2; NK, natural killer; LAK, lymphokine activated killer; TNF, tumor necrosis factor.
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sLBPS(1.9) in post-adding, was the highest. Nonmodified 

LBPS did not present significant effect in any sample-adding 

mode.60 These results indicated that sulfated modification sig-

nificantly enhanced the antiviral activity of LBPs, which was 

correlated with the degree of sulfation of LBPs. The mecha-

nisms for the antiviral activity of LBPs are unknown.

Cardioprotective effects
Ischemic heart disease and I/R injury
Ischemic heart disease  is the leading cause of death world-

wide, causing 7,249,000 deaths in 2008, 12.7% of total global 

mortality.61 From 2006 to 2010, age-adjusted ischemic heart 

disease prevalence in the US declined overall from 6.7% to 

6.0%.62 The myocardial protective effects of LBPs have been 

studied in rats and beagle dogs.63–66

Lu and Zhao63 investigated the protective effects of LBPs 

on myocardial I/R damage in Wistar adult male rats. Dry Goji 

fruits were purchased from the herbs market in Xi’an city, 

Shaanxi, People’s Republic of China, and LBPs were extracted 

with methanol, acetone, ethanol, and boiling water. Rat hearts 

were rapidly excised from anesthetized rats and perfused retro-

gradely in Krebs–Henseleit solution at 15 mL/min at 37°C and 

aerated with 95% O
2
 plus 5% CO

2
 to maintain normal pH, pO

2
, 

and pCO
2
 levels. Surgical rats were treated with 150 mg/kg or 

300 mg/kg body weight LBPs and subject to myocardial I/R 

injury. LBPs significantly decreased the myocardium LDH level 

and increased Na+/K+-ATPase and Ca2+-ATPase activities.63 

In addition, LBPs dose-dependently decreased myocardium 

Bax-positive cell rate and myocardial cell apoptosis and 

increased Bcl-2-positive cell rate.63 These results suggest that 

LBPs protected rat heart from I/R injury via upregulation of 

heart Na+/K+-ATPase and inhibition of cardiomyocyte apop-

tosis. In summary, the cardioprotective effect of LBPs against 

I/R injury is mainly due to the antioxidative, anti-inflammatory, 

and anti-apoptotic activities of LBPs (Figure 6).

Doxorubicin-induced cardiotoxicity
Doxorubicin (DOX) is a potent antitumor agent, but its dose-

dependent cardiotoxicity limits its clinical use. DOX-induced 

cardiotoxicity involves the formation of free radicals and 

amplification of mitochondrial dysfunction. Due to relatively 

lower levels of CAT and the readily deactivated GPx in the 

cardiomyocytes, the heart is more susceptible to oxidative 

damage than other tissues. As an antioxidant, the cardiopro-

tective effect of LBPs has been demonstrated in acute DOX-

induced cardiotoxicity in rats66 and beagle dogs.65 Inhibition 

of oxidative stress is thought to be the main mechanism of 

the cardioprotective effects of LBPs. Xin et al66 suggested 

that LBPs might protect against DOX-induced cardiotoxicity 

through antioxidant-mediated mechanisms.

Xin et al65 conducted a mechanistic study in male 

Sprague–Dawley rats to explore the protective effect of 

LBPs on DOX-induced cardiotoxicity. Rats were admin-

istered orally with 200 mg/kg/day LBPs for 10 continuous 

days. About 10 mg/kg DOX was administered to rats via 

intravenous injection at day 7. At the end of the experiment, 

Oxidative
stress

LDH
Na+/K+-
ATPase Ca2+-

ATPase

LBPs

GPx

Bcl-2/Bax

SOD

Cardioprotective
effect

Apoptosis↓

Figure 6 Possible mechanisms for the cardioprotective effects of LBPs.
Notes: LBPs exert a remarkable cardioprotective effect in in vitro and in vivo models. LBPs increase the activity of Na+/K+-ATPase and Ca2+-ATPase, enhance the expression 
of GPx, SOD, and reduce the production of LDH, resulting in a marked reduction in oxidative stress. Also, LBPs increase the ratio of anti-apoptotic factor (Bcl-2) and 
decrease the pro-apoptotic factor (Bax), protecting the myocardial cells from apoptotic cell death.
Abbreviations: LBPs, Lycium barbarum polysaccharides; SOD, superoxide dismutase; GPx, glutathione peroxidase; LDH, lactate dehydrogenase.
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the rats were sacrificed with hearts promptly removed for 

biochemical and histological analysis. The results showed that 

pretreatment with 200 mg/kg LBPs for 10 days significantly 

reduced DOX-induced oxidative injury in cardiac tissue and 

significantly attenuated DOX-induced cardiac cytoplasmic 

vacuolization and myofibrillar disarrangement.65 LBP pre-

treatment decreased heart MDA level and increased heart 

SOD and GPx activities in DOX-treated rats. LBPs decreased 

the levels of serum CK and partially reversed DOX-induced 

bradycardia and prolonged QT interval as determined by elec-

trocardiography.65 Furthermore, the cytotoxic study in vitro 

showed that 100 µg/mL LBPs protected against cytotoxicity 

of DOX in cardiac myoblasts H9c2. Incubation of human lung 

carcinoma A549 cells with 200 µg/mL LBPs did not alter 

the antiproliferative activity of DOX. These data indicated 

that LBPs elicit a potent protective effect on DOX-induced 

cardiomyocyte damages mainly via antioxidative and free 

radical-scavenging pathways.

Xin et al64 carried out a further study in beagle dogs to 

examine if LBPs alleviated DOX-induced cardiotoxicity. 

Intravenous administration of 15 mg/kg DOX significantly 

induced acute cardiotoxicity in beagle dogs characterized 

by conduction abnormalities including decreased heart rate, 

ST segment elevation, QT intervals prolongation, inverted 

T wave, arrhythmia, and myocardial ischemia and increased 

serum CK and aspartate aminotransferase (AST).64 Oral 

pretreatment with 20  mg/kg body weight LBPs daily for 

7  days effectively alleviated both DOX-induced conduc-

tion abnormalities and increased serum CK and AST.64 All 

these results confirm and extend previous observations in 

rats concerning the protective effect of LBPs against DOX-

induced cardiotoxicity.

Effects of LBPs on experimental colitis
Inflammatory bowel disease (IBD) is a broad term that 

describes conditions with chronic or recurring immune 

response and inflammation of the gastrointestinal tract.67–70 

The two most common IBDs are ulcerative colitis and 

Crohn’s disease. In contrast to Crohn’s disease, ulcerative 

colitis is restricted to the colon and the inflammation is 

limited to the mucosal layer.71 Patients affected by these 

diseases experience abdominal symptoms, including diar-

rhea, abdominal pain, bloody stools, and vomiting. The data 

that does exist suggest that the worldwide incidence rate of 

ulcerative colitis varies greatly between 0.5 and 24.5/100,000 

persons, while that of Crohn’s disease varies between 0.1 and 

16/100,000 persons worldwide, with the prevalence rate of 

IBD reaching up to 396/100,000 persons.72 The major classes 

of drugs used today to treat IBD include aminosalicylates, 

steroids, immune modifiers (azathioprine, 6-mercaptopurine, 

and methotrexate), antibiotics (metronidazole, ampicillin, 

ciprofloxin, others), and biologic therapy (inflixamab).70 All 

these drugs may produce side effects.

Zhao et al73 investigated the prophylactic and curative 

effects of crude polysaccharides (QHPS) extracted from 

a two-herb formula composed of LBPs and Astragalus 

(Huangqi) at a ratio of 2:3 in colitis rats. An acetic acid-

induced ulcerative colitis rat model was used in the study. 

The results showed that QHPS treatments effectively reduced 

the ulcerative colitis-associated weight loss and diarrhea 

and attenuated the colonic mucosal damage associated with 

inducible colitis. The significant increase in serum levels 

of diamine oxidase, d-lactate, and endotoxin was induced 

by acetic acid and inhibited by QHPS treatment.73 Further-

more, QHPS significantly stimulated rat intestinal epithelial 

cell-6 proliferation in a dose-dependent manner. This study 

indicated that polysaccharides extracted from this two-herb 

formula could protect against experimental ulcerative coli-

tis, presumably by promoting the recovery of the intestinal 

barrier.

Effects of LBPs on intestinal I/R injury
Intestinal I/R is a frequently occurring condition during 

abdominal and thoracic vascular surgery, small bowel 

transplantation, hemorrhagic shock, and surgery using car-

diopulmonary bypass, with high morbidity and mortality.74 

Intestinal I/R is associated with intestinal barrier function 

loss, which facilitates bacterial translocation into the circula-

tion, thereby triggering systemic inflammation. Moreover, 

reperfusion of ischemically damaged intestinal tissue further 

aggravates tissue damage and is considered to be an effector 

of local as well as distant inflammation and multiple organ 

failure, which remains the leading cause of death in critically 

ill patients.74

In a recent study, Yang et al75 examined the effects and 

potential mechanisms of LBPs on intestinal I/R injury in 

rats. A common I/R model was used to induce intestinal 

injury by clamping and unclamping the superior mesenteric 

artery in rats. Changes in the MDA, tumor necrosis factors 

(TNF)-α, activated NF-κB, intercellular adhesion molecule 

(ICAM)-1, E-selectin, and related antioxidant enzyme 

levels, polymorphonuclear neutrophil accumulation, intes-

tinal permeability, and intestinal histology were monitored. 

LBPs showed marked inhibitory effect against free radicals 

and lipid peroxidation in vitro.75 LBPs increased the levels 

of antioxidant enzymes and reduced intestinal oxidative 

injury in animal models of intestinal I/R. In addition, LBPs 

inhibited polymorphonuclear neutrophil accumulation 
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and ICAM-1 expression, and ameliorated changes in the 

TNF-α level, NF-κB activation, intestinal permeability, 

and histology.75 These results indicate that LBPs protect 

against I/R-induced intestinal injuries, possibly through 

inhibiting I/R-induced oxidative stress, cytokine production, 

and inflammation.

Effects of LBPs on experimental glaucoma  
and I/R-induced retinal injury
Retinal I/R injury is associated with many ocular diseases, 

including glaucoma, amaurosis, fugax, and diabetic retin-

opathy. Oxidative injury is one of the complications after 

retinal I/R injuries accompanied by retinal swelling, disrupted 

blood–retinal barrier (BRB), neuronal cell death, and glial 

cell activation.76 The role of BRB is to maintain the homeo-

static condition of retinal microenvironment and exclude 

harmful substance getting into the retina. The outer barrier 

is formed by the retinal pigment epithelium, separating the 

outer retina from the choroid; and the inner BRB is formed 

by the tight junctions of the vascular endothelial cells and 

sheathed by the Muller cell processes. In many ocular dis-

eases including ischemic retinal vein/artery occlusion and 

diabetic retinopathy, breakdown of the inner BRB increases 

retinal vascular permeability, resulting in retinal edema and 

cell death. Glaucoma, the leading cause of vision loss in the 

world, is associated with the loss of retinal ganglion cells 

(RGCs) and their axons. The secondary damage is consid-

ered to be the major cause of RGC loss in glaucoma. High 

intraocular pressure-induced retinal I/R is a commonly used 

model for retinal ischemic studies. This method produces 

global ischemia via the obstruction of both retinal and chor-

oidal circulation, contributing to pathological features that are 

nearly identical to those observed in patients after a central 

retinal artery occlusion or ophthalmic artery occlusion. LBPs 

have shown protective effects against I/R-induced retinal 

injury in animal studies, and they protect RGCs, retinal 

vasculature, and BRB in animal models.77–85

Experimental glaucoma: acute ocular hypertension
Acute ocular hypertension (AOH) is a well-established 

animal model for producing retinal degeneration, which 

has been used to investigate the pathogenesis of RGC death 

and possible therapeutic interventions for neuroprotection. 

Several animal studies have shown the protective effects of 

LBPs against AOH-induced retinal injury.78,79

Mi et al79 evaluated the protective effect of LBPs on 

retinal I/R injury in male C57BL/6N mice. The mice were 

treated in unilateral eye for 1 hour by introducing 90 mmHg 

ocular pressure to induce AOH. The animals were adminis-

tered with 1 mg/kg LBPs daily from 7 days before the I/R 

insult till sacrifice at either day 4 or day 7 post-insult. The 

neuroprotective effects of LBPs on RGCs and BRB were 

assessed. In control AOH retina, loss of RGCs, thinning 

of inner retinal layer thickness, increased immunoglobulin 

G (IgG) leakage, broken tight junctions, and decreased 

density of retinal blood vessels were observed. However, 

in LBP-treated AOH retina, there was less loss of RGCs 

with thinning of inner retinal layer thickness, IgG leakage, 

more continued structure of tight junctions associated with 

higher level of occludin protein, and the recovery of the 

blood vessel density when compared with vehicle-treated 

AOH retina.79 Moreover, LBPs provide neuroprotection by 

downregulating advanced glycation end products and their 

receptors, endothelin-1, and amyloid-β (Aβ) in the retina, as 

well as their related signaling pathways, which was related to 

inhibiting vascular damages and the neuronal degeneration 

in AOH insults. These data suggest that LBPs could prevent 

damage to RGCs from AOH-induced ischemic injury and 

that LBPs may be a potential treatment for vascular-related 

retinopathy.

He et al78 further explored the mechanisms for LBP-

mediated protective effects on AOH-induced retinal 

injury in eight-week-old male Sprague–Dawley rats. The 

left eye of rats was subject to increased intraocular pres-

sure of 130  mmHg for 60  minutes using a physiological 

saline reservoir to induce AOH. Successful achievement 

of retinal ischemia was confirmed by the collapse of the 

central retinal artery and the whitening of the iris during 

the elevation of intraocular pressure. About 1  mg/kg/day 

LBPs was administered by gavage for 7 days before AOH 

procedure. The protective effects of LBPs were evaluated 

by quantifying ganglion cell and amacrine cell survival 

and by measuring cellular apoptosis in the retinal layers. In 

addition, the expression of heme oxygenase-1 (HO-1) was 

examined using Western blotting and immunofluorescence 

analyses. The redox-sensitive transcription nuclear factor 

erythroid 2-related factor (Nrf2) in cytosol and nucleus was 

measured using immunofluorescent staining. HO-1 is the 

rate-limiting enzyme that catalyzes the degradation of heme 

into biliverdin, carbon monoxide, and iron, and is one of 

the phase II detoxifying enzymes and antioxidants that are 

closely regulated by Nrf2. Increased apoptosis and decreased 

number of viable cells were observed in the ganglion cell 

layer (GCL) and inner nuclear layer (INL) in the I/R retina, 

which were reversed by LBP treatment.78 In LBP-pretreated 

rats, the rate of RGC loss was delayed and more than 50% of 
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RGCs remained viable in the retina 7 days after the ischemic 

insult. When compared with the vehicle-treated I/R retina, 

the LBP-treated I/R retina had an increase in the number of 

choline acetyltransferase-positive retinal amacrine cells. The 

retinal level of radical oxygen species (ROS) was decreased 

by LBP pretreatment in I/R mice. Similar to the specific 

Nrf2 activator, sulforaphane, LBP pretreatment significantly 

increased the number of RGCs with nuclear translocation of 

Nrf2 in I/R retina.78 Retinal HO-1 expression determined by 

immunofluorescent staining and immunoblotting was also 

upregulated by LBPs. Inhibition of HO-1 activity by zinc 

protoporphyrin at 20 mg/kg abolished LBP-induced protec-

tive effects in the retina after I/R.78 The data demonstrate 

that LBPs elicit retino- and neuro-protective effects via the 

activation of Nrf2 and upregulation of HO-1 expression.

Experimental glaucoma: chronic ocular hypertension
LBPs have shown potent neuroprotective effects by 

reducing the loss of RGCs in chronic ocular hypertension 

(COH) models.82–84 Chan et al82 investigated whether oral 

administration of LBPs protected RGCs against COH in 

Sprague–Dawley rats. COH in rats was induced by laser 

photocoagulation of episcleral and limbal veins. LBPs 

significantly decreased the loss of RGCs, although elevated 

intraocular pressure was not significantly altered. Around 

70% of RGC death in COH rats was retarded with a short-

term feeding of LBPs and this neuroprotective effect was 

maintained for up to 4 weeks.82 Rats treated with 1 mg/kg 

LBPs almost abolished COH-induced loss of RGCs. These 

results show the therapeutic benefits of L. barbarum against 

neurodegeneration in the retina of rat COH model.

It is believed that the neuroprotective effect of LBPs 

in COH rats is partly due to modulating the activation of 

microglia, as manipulating the activation state of microglia 

is beneficial for neuron protection. This effect has been 

observed by Chiu et al83 who used multiphoton confocal 

microscopy to investigate morphological changes of micro-

glia in whole-mounted retinas of COH rats. Retinas under 

COH displayed slightly activated microglia. Administration 

of 1–100 mg/kg LBPs elicited moderately activated microglia 

in the inner retina with ramified appearance but thicker and 

focally enlarged processes. When activation of microglia was 

reduced by intravitreal injection of macrophage/microglia 

inhibitory factor, the neuroprotective effect of 10  mg/kg 

LBP was decreased.83 There is evidence from a proteomic 

study84 that the prosurvival effect of LBPs on rat RGCs in 

COH may be mediated by an increase in upregulation of βB2 

crystalline, which is a neuroprotective agent.

Retinal degeneration
In outer retina, LBPs have been shown to decrease apoptosis 

in photoreceptors of rd1 mice with photoreceptor degenera-

tion.85 Mice homozygous for the rd1 mutation have an early 

onset severe retinal degeneration due to a murine viral insert 

and a second nonsense mutation in exon 7 of the Pde6b 

gene in all mouse strains with the rd1 mutation. LBP treat-

ment increased GPx activity and GSH levels and decreased 

cysteine concentrations in rd1 retinas.85 These data suggest 

that the prosurvival effects of LBPs on photoreceptors in rd1 

mouse retina are mainly via reduction of oxidative stress.

Middle cerebral artery occlusion-induced ischemic retinal 
injury
Li et al77 investigated the effects of intragastric LBP pretreat-

ment by gavage on the retinal injuries induced by middle 

cerebral artery occlusion (MCAO) in C57BL/6N male mice. 

Prior to induction of MCAO, mice were treated orally with 

1 mg/kg LBPs once a day for 1 week. Retinal ischemia was 

maintained for 2 hours, after which the filament was pulled 

out to allow reperfusion for 22 hours. Viable cells in GCL 

of the central and peripheral retina were counted and retinal 

swelling was evaluated by measuring the inner retinal thick-

ness from the inner limiting membrane to INL. Expression 

levels of glial fibrillary acidic protein (GFAP), aquaporin-4 

(AQP4), poly(ADP-ribose) (PAR), and nitrotyrosine (NT) in 

mouse retina were determined by immunohistochemistry. The 

integrity of BRB was assessed by measuring IgG extravasa-

tion. The study showed that the number of viable cells in GCL 

in the central and the peripheral retina was significantly higher 

in the LBP-treated I/R mice compared with that in the vehicle-

treated I/R mice.77 There was a decrease in inner retinal thick-

ness of the central retina in the LBP-treated I/R mice when 

compared with the vehicle-treated I/R mice. Fewer apoptotic 

cells were found in GCL and INL of the LBP-treated I/R retina 

when compared with that of the vehicle-treated I/R retina. 

Protein kinase C-alpha expression (a marker for rod bipolar 

cells) in the LBP-treated I/R retina was more when compared 

with that in the vehicle-treated I/R retina.77 The expression 

of calretinin by amacrine cells was higher in LBP-treated I/R 

retina compared with that of the vehicle-treated I/R retina. 

There were more neuronal NO synthase-expressing amacrine 

cells found in the LBP-treated I/R retina compared with the 

vehicle-treated I/R retina. Disruption of BRB leads to swelling 

of astrocytes and Muller cells processes associated with the 

activation of GFAP and AQP4 under ischemic conditions. 

The immunoreactivity of GFAP in astrocytes in GCL was 

reduced in LBP-treated I/R retina compared with that of the 
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vehicle-treated I/R retina. The immunoreactivity of AQP4 

expressed in the astrocytes of inner limiting membrane and 

INL was significantly lower in LBP-treated I/R retina com-

pared with the vehicle-treated I/R retina. LBP treatment also 

reduced the number of retinal blood vessels with IgG leakage, 

nuclear translocation of PAR expression, and NT expression.77 

The breakdown of DNA strands activates the nuclear enzyme 

poly(ADP-ribose) polymerase (PARP) to produce PAR. Free 

radical formation facilitates NO production, which reacts with 

superoxide to from peroxynitrite, a strong oxidant that leads 

to nitration of tyrosine residues of cells to form NT. These 

results show that pretreatment of mice with LBPs effectively 

protected the retina from RGC apoptosis, retinal swelling, glial 

cell activation, BRB disruption, and oxidative stress.

Complete or partial optic nerve transection
The partial optic nerve transection (PONT) model allows 

good separation of secondary degeneration from the directly 

injured RGCs. Li et al80 investigated the protective effects of 

LBPs on RGCs in Sprague–Dawley rats subject to complete 

or partial optic nerve transection (CONT or PONT). Rats 

were administered with 1 mg/kg/day LBPs for 7 days before 

surgery until sacrificed at different time points. The expres-

sion levels of several proteins related to inflammation, oxida-

tive stress, and Jun N-terminal kinases (JNK)/c-Jun pathway 

were determined using Western blotting assay. LBPs did not 

delay primary degeneration of RGCs after either CONT or 

PONT, but delayed secondary degeneration of RGCs after 

PONT.80 These results demonstrate that LBPs decrease sec-

ondary degeneration of RGCs by inhibiting oxidative stress 

and the JNK/c-Jun pathway and by transiently increasing the 

expression of insulin-like growth factor-1 (IGF-1).

Chu et al also investigated the retinal protective 

effects of LBPs in rat PONT model when the multifocal 

electroretinograms (mfERGs) were recorded in Sprague–

Dawley rats.81 The mfERG allows for recording multiple local 

retinal responses within a short time period, and it is widely 

used in glaucoma investigation in animal and human studies. 

The rats were administered 1 mg/kg LBP via a nasogastric 

tube every day until euthanization. The PONT surgery was 

performed at day 7 after start of LBP dosing. As with the pri-

mate mfERG response, the waveform in rats contains a trough 

(N1) at around 25 milliseconds, followed by a major positive 

component (P1) at around 55 milliseconds, and a photopic 

negative response (PhNR) that can be observed at around  

75 milliseconds.81 The topographical mfERG response 

demonstrated a stronger retinal function along the visual 

streak with a peak in the nasal field in both conditions with 

and without PONT. After administering 1  mg/kg LBP a 

week prior to PONT surgery, the rats showed increased 

N1 responses, P1 responses, and PhNRs, especially in the 

inferior retina when compared with the control group. The 

N1 amplitudes were significantly increased at week 4 after 

PONT except in the superior regions.81 The P1 amplitude 

in the far superior region showed a significant reduction  

1 week after PONT, but then returned to the normal range. 

P1 amplitudes remained normal in other regions after PONT 

but were significantly increased in the inferior retina 4 weeks 

after PONT. The PhNR amplitude reduced significantly in 

the superior retina 1 week after PONT and then gradually 

returned to the normal range. The PhNR amplitude in the 

inferior retina appeared to be increased after PONT with 

prolonged feeding with LBPs, but this effect was not sta-

tistically significant. These results show that LBPs reduce 

the deterioration of retinal function after PONT through 

unknown mechanisms.

Hepatoprotective effects
Alcoholic liver disease or alcoholic fatty liver disease
Alcohol use was the third leading risk factor contributing to 

the global burden of disease after high blood pressure and 

tobacco smoking. According to a WHO 2008 report, alcohol 

causes 1.8 million annual deaths globally and accounts for 

4.0% of the total disease burden.86 Alcoholic liver disease or 

alcoholic fatty liver disease (AFLD) is a chronic multistep 

disease with fatty accumulation in the liver due to chronic 

alcohol overconsumption, which typically progresses through 

the stages of fatty liver or simple steatosis, alcoholic hepatitis, 

and chronic hepatitis with hepatic fibrosis or cirrhosis.87,88 

Chronic consumption of alcohol results in the secretion 

of proinflammatory cytokines such as TNF-α, IL-6 and 

IL-8, oxidative stress, lipid peroxidation, and acetaldehyde 

toxicity.87,88 These factors cause inflammation, apoptosis, 

and eventually, fibrosis and cirrhosis of the liver. As one of 

the most prevalent liver diseases caused by alcohol overcon-

sumption, AFLD affects over 2 million people in the US.  

In the People’s Republic of China, it is estimated that 2.8% 

of population has AFLD or suspected AFLD. There is no 

cure for alcoholic liver disease,89 and natural compounds 

with potent antioxidative effects have been used to treat 

alcoholic liver disease.

Cheng and Kong90 investigated the protective effect of 

LBPs on alcohol-induced liver injury in rats. Rats were fed 

with 7 g ethanol/kg body weight by gastric infusion three 

times a day, for 30 consecutive days, to make the liver 

injury model. Ethanol treatment significantly increased 
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serum alanine aminotransferase and AST, triglycerides, total 

cholesterol, low-density lipoprotein cholesterol (LDL-C), 

and MDA levels but decreased serum high-density lipo-

protein cholesterol (HDL-C) and hepatic SOD, CAT, GPx, 

and GSH.90 Administration of 300 mg/kg LBPs for 30 days 

significantly reversed these ethanol-induced effects, reduced 

liver injury, prevented the progression of alcohol-induced 

fatty liver, and improved the antioxidant function when 

compared with the ethanol group. The results indicate that 

LBPs protect the liver from ethanol-induced injuries via 

antioxidation.

Xiao et al91 investigated whether thioredoxin-interacting 

protein (TXNIP) and NOD-like receptor 3 (NLRP3) inflam-

masome mediated the attenuation of ethanol-induced hepatic 

injury by LBPs using the rat normal hepatocyte line BRL-3A 

cells. Cells were pretreated with LBPs prior to ethanol incu-

bation. Hepatic damages including apoptosis, inflammation, 

and oxidative stress were monitored. TXNIP was knocked 

down using specific small interfering RNA. The study 

showed that 50 µg/mL LBP pretreatment significantly alle-

viated 24-hour ethanol-induced overexpression of TXNIP, 

increased cellular apoptosis, secretion of inflammatory 

cytokines, activation of NLRP3 inflammasome, production of 

ROS, and reduced antioxidant enzyme expression.91 Silence 

of TXNIP suppressed the activated NLRP3 inflammasome, 

increased oxidative stress, and worsened apoptosis in the 

cells. Further addition of LBPs did not affect the effects of 

TXNIP inhibition on BRL-3A cells.91 These results indicate 

that inhibition of hepatic TXNIP by LBPs contributes to the 

reduction of cellular apoptosis, oxidative stress, and NLRP3 

inflammasome-mediated inflammation.

Nonalcoholic fatty liver disease
Nonalcoholic fatty liver disease (NAFLD) is a chronic meta-

bolic liver disease that histologically resembles the alcohol-

induced hepatic injury, but is not caused by alcohol abuse.92,93 

It is a spectrum of disease ranging from simple steatosis, to 

non-alcoholic steatohepatitis, through to advanced fibrosis 

and cirrhosis. NAFLD is associated with other medical 

conditions such as metabolic syndrome, obesity, cardiovas-

cular disease, and diabetes.92,93 Mechanisms involved in the 

pathogenesis are associated with diet and lifestyle, influx of 

free fatty acids to the liver from adipose tissue due to insulin 

resistance, hepatic oxidative stress, cytokines production, 

reduced very low-density lipoprotein secretion, and intes-

tinal microbiome.94 In Western countries, NAFLD affects 

20%–40% of the adult populations. Weight loss through 

improved diet and increased physical activity has been the 

cornerstone therapy of NAFLD, but no drugs are approved 

for use in NAFLD.93,95

In a study conducted by Xiao et al96,97 female rats were 

fed with a high-fat diet (HD) to induce nonalcoholic steato

hepatitis, with or without an oral 1 mg/kg LBP feeding, daily 

for 8 weeks. LBP-treated rats showed improved histology 

and free fatty acid levels, rebalance of lipid metabolism, 

reduction in profibrogenic factors through the transforming 

growth factor (TGF)-β/small mothers against decapen-

taplegic pathway, improved oxidative stress through cyto-

chrome P450 2E1-dependent pathway, reduction in hepatic 

proinflammatory mediators and chemokine production, and 

amelioration of hepatic apoptosis through the p53-dependent 

intrinsic and extrinsic pathways.96

A mouse study by Li et al98 investigated whether LBPs 

prevented fatty liver through activation of adenosine 

monophosphate-activated protein kinase (AMPK) and sup-

pression of sterol regulatory element-binding protein-1c 

(SREBP-1c).98 Male C57BL/6J mice were fed a low-fat diet, 

HD, or 100 mg/kg LBP-treatment diet for 24 weeks. The 

results showed that LBPs improved body compositions and 

lipid metabolic profiles in high-fat diet-fed mice. Oil Red 

O staining showed that LBPs significantly reduced hepatic 

intracellular triacylglycerol accumulation. Hepatic genes 

expression profiles demonstrated that LBPs activated the 

phosphorylation of AMPK, suppressed nuclear expression 

of SREBP-1c, and decreased protein and mRNA expression 

of lipogenic genes.98

Lin et al99 investigated whether AMPKα2 is essential for 

the protective effects of wolfberries on mitochondrial dys-

function and subsequent hepatic steatosis in mice. Six-week-

old male AMPKα2 knockout mice and genetic background 

C57BL/6J mice were fed a control, HD (45% [kilocalorie] 

fat), and/or HD with 5% (kilocalorie) wolfberry diets for 

18 weeks. HD feeding for 18 weeks lowered hepatic lutein 

and zeaxanthin contents, inhibited protein expression of 

β,β-carotene 9′,10′-oxygenase 2 and heat shock protein 60 

(HSP60) in mitochondria, increased reactive oxygen species 

level, suppressed mitophagy and mitochondrial biogenesis 

as determined by accumulation of p62, inhibited phospho-

rylation of Unc-51-like kinase 1 on Ser555, and decreased 

expression of peroxisome proliferator-activated receptor-γ 

coactivator 1α, resulting in hepatic steatosis in AMPKα2 

knockout and C57BL/6J mice.99 Dietary wolfberry elevated 

the xanthophyll concentrations and enhanced expression 

of β,β-carotene 9′,10′-oxygenase 2 and HSP60, attenuated 

mitochondrial oxidative stress, activated AMPKα2, potenti-

ated mitophagy and mitochondrial biogenesis, and enhanced 
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lipid oxidation and secretion in the liver of C57BL/6J mice.99 

Dietary wolfberry selectively activated AMPKα2, enhanced 

mitochondrial biogenesis, and potentiated mitophagy, leading 

to the prevention of hepatic steatosis in obese mice.

Carbon tetrachloride-induced acute liver injury
A mouse study100 on the protective effect of LBPs was 

conducted in carbon tetrachloride (CCl
4
)-induced acute 

liver injury. Mice were intraperitoneally injected with 

CCl
4
 to induce acute hepatotoxicity and were orally fed 

with LBPs 2 hours before the CCl
4
 injection. The results 

showed that LBPs reduced necroinflammation and oxida-

tive stress induced by CCl
4
. The protective effects of LBPs 

against CCl
4
-induced hepatotoxicity were partly through 

the downregulation of NF-κB activity.100 NF-κB plays a 

key role in regulating the immune response to stimuli such 

as stress, cytokines, free radicals, ultraviolet irradiation, 

and infection.101 While in an inactivated state, NF-κB is 

located in the cytosol complexed with the inhibitory protein 

IκBα. The activated NF-κB will be translocated into the 

nucleus where it binds to specific sequences of DNA called 

response elements. The DNA/NF-κB complex then recruits 

other proteins such as coactivators and RNA polymerase 

to trigger gene expression.101

Ahn et al102 investigated whether Lycium chinense 

(LC) fruit extract and its component betaine could affect 

CCl
4
-induced hepatotoxicity in rats. The treatment of  

L. chinense fruit extract significantly suppressed the increase 

of serum alanine aminotransferase and AST in CCl
4
-injured 

rats; restored the decreased levels of anti-oxidant enzymes, 

such as total antioxidant capacity, SOD, CAT, and GPx; 

and suppressed the expression of inflammatory mediators 

including inducible nitric oxide synthase and cyclooxyge-

nases.102 Betaine showed hepatoprotective effects as that of 

L. chinense fruit extract. These findings imply that LC fruit 

extract reduced CCl
4
-induced hepatic injury via increas-

ing antioxidative activity and decreasing inflammatory 

mediators including inducible nitric oxide synthase and 

cyclooxygenases.

Summary on the hepatoprotective effects of LBPs
Taken together, LBPs can substantially reduce oxidative 

stress, suppress inflammatory responses, and inhibit apop-

tosis to protect liver from injuries due to various insults. 

LBPs increase the levels and activities of GPx, SOD, CAT, 

GSH, HDL-C, and AMPK, but reduce the levels of LDL-C 

and MDA via modulation of p53-, SREBP-1c-, and NF-κB-

mediated pathways (Figure 7).

Hypoglycemic effects
Diabetes mellitus is a group of complicated metabolic dis-

orders characterized by high blood glucose level and inap-

propriate insulin secreting capacity due to decreased glucose 

metabolism and pancreatic cell mass or dysfunction of cells. 

Based on the data from the 2011 National Diabetes Fact 

Sheet in the US, 25.8 million children and adults (ie, 8.3% 

of the population) have diabetes and 1.9 million new cases 

of diabetes were diagnosed in people aged 20 years and older 

in 2010. A total of 25.6 million or 11.3% of US people aged 

20 years and older have diabetes. In adults, type 2 diabetes 

(previously called non-insulin-dependent diabetes mellitus or 

adult-onset diabetes; T2DM) accounts for about 90%–95% of 

all diagnosed cases of diabetes. T2DM is a chronic metabolic 

disorder characterized by progressive hyperglycemia second-

ary to declining β-cell function, and usually accompanied by 

a reduced sensitivity to insulin in peripheral tissues, such as 

liver and muscle.103 If untreated or not well managed, long-

term hyperglycemia can lead to increased risk of macrovasul-

car (cardiovascular, cerebrovascular, and peripheral vascular 

disease) and microvasulcar (nephropathy, neuropathy, and 

retinopathy) complications. Improving glucose metabolism 

and preserving β-cell mass and function represent the major 

strategies for the treatment of T2DM. High glucose con-

centrations and fatty acid levels stimulate excessive accu-

mulation of ROS, which can cause tissue injury and insulin 

resistance in peripheral metabolic tissues.104 Several studies 

have showed that LBPs had significant hypoglycemic effects 

and insulin-sensitizing activity by increasing antioxidation, 

glucose metabolism, and insulin secretion and by promoting 

pancreatic β-cell proliferation.17,105–110

Streptozotocin- or alloxan-induced diabetes
Luo et al107 compared the hypoglycemic effects of LBF water 

decoction, crude polysaccharide extracts (crude LBPs), and 

purified polysaccharide fractions (LBPs) in alloxan-induced 

diabetic rabbits. All the three LBF extracts/fractions sig-

nificantly reduced blood glucose levels in rabbits.107 The 

hypoglycemic effect of LBPs was more significant than those of 

water decoction and crude LBPs, but water and methanolic fruit 

extracts and crude polysaccharide extracts exhibited stronger 

antioxidant activity than purified polysaccharide fractions.

Zhao et al108 conducted an animal study to examine the 

hypoglycemic activity of LBPs in male Wistar rats with 

experimental diabetes. Rats were fed with HD for 3 weeks 

and administered intraperitoneal injection of 50  mg/kg 

streptozotocin to induce diabetes. Fasting plasma levels of 

glucose, lipids, and insulin were monitored. The content 
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of glucose transporter type-4 (GLUT4) in gastrocnemius 

skeletal muscle was determined. Under anabolic condition, 

GLUT4 is the main carrier that transports blood glucose 

into muscle and adipose cells.111,112 In the nonstimulated 

state, GLUT4 is efficiently sequestered intracellularly. This 

retention prevents GLUT4 from reaching the cell surface and 

transporting glucose into muscle and fat cells when blood 

glucose levels are low.112 After a meal, when blood glucose 

levels rise, insulin is secreted by the pancreas, which triggers 

an intracellular signaling cascade, leading to the transloca-

tion of GLUT4 from intracellular compartments to the cell 

surface, resulting in glucose uptake and normalization of the 

blood glucose levels.111,112 Oral treatment of 10 mg/kg/day 

LBP for 3 weeks resulted in a significant decrease in the 

concentration of plasma triglyceride and weight in diabetic 

rats.108 Furthermore, LBPs markedly decreased the plasma 

cholesterol levels, fasting plasma insulin levels, and the 

postprandial glucose level at 30 minutes during oral glucose 

tolerance test and significantly increased the insulin sensitiv-

ity index in diabetic rats.108 Moreover, LBPs increased the 

level of GLUT4 in skeletal muscle under insulin stimulation. 

LBPs can alleviate abnormal glucose and lipid metabolism 

and ameliorate insulin resistance, and the mechanism may be 

involved in upregulation of GLUT4 and improved GLUT4 

trafficking and intracellular insulin signaling.

The effect of oral LBP treatment on blood glucose, oxida-

tive stress, and DNA damage was examined by Wu et al106 

in male Wistar rats with experimental diabetes. Rats were 

fed with HD for 3 weeks and administered intraperitoneal 

injection of 50  mg/kg streptozotocin to induce diabetes. 

Oral administration of 10 mg/kg/day LBP for 4 weeks led to 

decreased levels of blood glucose.106 Serum MDA and NO 

levels were decreased by LBPs in fasting diabetic rats, and 

the serum level of SOD was increased by LBPs in diabetic 

rats.106 LBPs reduced cellular DNA damage in peripheral 

lymphocytes of the diabetic rats as determined by the single 

cell gel assay. These results suggest that LBPs can improve 

glucose metabolism via inhibition of oxidative stress in 

diabetes.

Li17 reported that in streptozotocin-induced diabetic rats, 

treatment of 50–200 mg/kg LBP for 30 days significantly 

decreased blood glucose level and increased blood plasma 

insulin level. The hypoglycemic effects of LBPs are strongly 

related to their antioxidative effects.

Oxidative stressOxidative stress

GPx�
SOD�
CAT�
GSH�

HDL-C�

GPx↑
SOD↑
CAT↑
GSH↑

HDL-C↑

LBPs

LDL-C↑
MDA↑

LDL-C↓
MDA↓

ApoptosisApoptosis

Hepatoprotective
effect

InflammasomeInflammasome

p53p53 SREBP-1cSREBP-1cAMPKAMPK
NF-κBNF-κB

Figure 7 Possible mechanisms for the hepatoprotective effects of LBPs.
Notes: LBPs showed significant hepatoprotective effect in in vivo models via suppression of oxidative stress, inflammatory response, and apoptosis. LBPs increase the levels 
and activities of GPx, SOD, CAT, GSH, HDL-C, and AMPK, but reduce the levels and activities of LDL-C, MDA, p53, SREBP-1c, and NF-κB in vivo.
Abbreviations: LBPs, Lycium barbarum polysaccharides; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; GSH, glutathione; HDL-C, high-density 
lipoprotein cholesterol; AMPK, monophosphate-activated protein kinase; LDL-C, low-density lipoprotein cholesterol; MDA, malondialdehyde; SREBP-1c, sterol regulatory 
element-binding protein-1c; NF-κB, nuclear factor κB.
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HD-induced insulin resistance
Nrf2 is a master regulator for the expression of Phase II 

detoxifying enzymes such as HO-1, SOD, and CAT.113 Upon 

stimulation by oxidative stress, Nrf2 is translocated into the 

nucleus and induces the expression of antioxidant enzymes 

by binding antioxidant response element. JNK activation 

is a crucial mediator of ROS-induced insulin resistance.114 

Suppression of JNK activation prevents insulin receptor 

substrate-1 (IRS-1) degradation and promotes insulin signal-

ing and insulin-dependent glucose uptake.

Yang et al110 investigated the mechanisms involved in 

LBP-mediated phosphatidylinositol 3-kinase (PI3K)/Akt/Nrf2 

pathway against high-fat-induced insulin resistance in human 

hepatoma HepG2 cells and male C57BL/6J mice. HepG2 

cells were incubated with LBPs for 12 hours in the presence 

of palmitate. C57BL/6J mice were fed an HD together with 

100 mg/kg LBPs for 24 weeks. Liver glucokinase (GCK) and 

pyruvate kinase (PK) activities were monitored. The mRNA 

levels of GCK, PK, phosphoenolpyruvate carboxykinase 

(PEPCK), glucose 6-phosphatase (G6Pase), IL-6, TNF-α, and 

monocyte chemotactic protein 1 (MCP-1) were determined 

using quantitative real-time PCR. The protein expression 

levels of Nrf2 and phosphorylated (p)-Nrf2 at Ser40; HO-1, 

SOD, CAT, JNK, glycogen synthase kinase 3β (GSK3β), and 

p-GSK3β at Ser9; IRS-1, p-IRS-1 at Ser307; PI3K and p-PI3K 

at Tyr458/199; Akt and p-Akt at Ser473; and JNK and p-JNK 

at Thr183/Tyr were determined by Western blotting assay.110 

The results showed that oral treatment with 100  mg/kg  

LBPs for 24 weeks lowered blood glucose and insulin con-

centrations and increased pyruvate concentration compared 

with high fat-fed mice. In the liver, LBPs increased hepatic 

GCK and PK mRNA levels but decreased liver PEPCK and 

G6Pase mRNA levels. LBPs treatment of mice significantly 

enhanced the phosphorylation of IRS-1, PI3K, and Akt in 

liver. In HepG2 cells, incubation of 100–600 µg/mL LBPs 

for 12 hours significantly promoted the phosphorylation of 

IRS-1, PI3K, and Akt. In in vivo experiment, administration 

of LBPs effectively inhibited the phosphorylation of JNK but 

increased the phosphorylation of GSK3β in the liver of high-

fat diet-fed mice. LBPs also lowered the mRNA levels of liver 

MCP-1, IL-6, and TNF-α. In HepG2 cells, LBPs significantly 

increased the phosphorylation of GSK3β but reduced the 

phosphorylation of JNK. When HepG2 cells were pretreated 

with 10 µM LY294002 and 2 µM wortmannin (both PI3K/

Akt inhibitors) for 2 hours, and then treated with 300 µg/mL 

LBPs for 12 hours, the inhibitor-induced p-JNK level was 

suppressed by LBPs, and inhibitor-suppressed p-GSK3β level 

was reversed by LBPs.110 LBPs regulated phosphorylation 

levels of GSK3β and JNK through PI3K/Akt signaling.  

In HepG2 cells, 300 µg/mL LBPs caused the nuclear translo-

cation of p-Nrf2. LBPs significantly induced the phosphoryla-

tion of Nrf2 through PI3K/Akt signaling in vitro and in vivo.110 

LBPs increased the expression of hepatic HO-1, SOD, and 

CAT and reduced intracellular ROS level via PI3K/Akt/Nrf2 

axis in mice.110 These data indicate that LBPs significantly 

reversed glycolytic and gluconeogenic gene expression via 

the activation of Nrf2-mediated cytoprotective effects and that 

LBPs reverse insulin resistance induced by HD via activation 

of PI3K/Akt/Nrf2-mediated antioxidative pathway.

Spontaneous diabetes
Several spontaneous or genetically derived diabetic rat mod-

els are commonly used in pharmacological and pathological 

studies, including Zucker fatty rats, ZDF rats, SHR/N-cp rats, 

JCR/LA-cp rats, and Otsuka Long Evans Tokushima fatty 

(OLETF) rats.115 The OLETF rats show typical symptoms of 

T2DM, including hyperinsulinemia, hyperglycemia, insulin 

resistance, hypertriglycemia, and mild obesity. A recent study 

by Zhao et al109 further reported that LBPs improved insulin 

resistance via translocation and activation of GLUT4 in 

OLETF rats. The results showed that LBPs caused transloca-

tion of the GLUT4 to the cell surface, which in turn stimulated 

glucose uptake, and the effect was sensitive to wortmannin, 

an inhibitor of PI3K, and SB203580, an inhibitor of p38 mito-

gen-activated protein kinase (p38 MAPK).109 Furthermore, 

the effects of LBPs on p38 MAPK activities were abrogated 

by pretreatment of rat adipocytes using SB203580. LBPs 

improved insulin resistance via translocation and activation 

of GLUT4 in OLETF rats, and the activation of PI3K and 

p38 MAPK contributed to these effects.109

Clinical study
Amagase and Nance116 investigated the effect of GoChi 

consumption on caloric expenditure and changes in morpho-

metric parameters (waist circumference) in healthy adults. 

Two separate randomized, double-blind, placebo-controlled, 

small clinical studies were conducted using GoChi and 

assessing its effects on resting metabolic rate and postprandial 

energy expenditure as measured by indirect calorimetry after 

single-bolus intake of three doses of GoChi (30 mL, 60 mL, 

and 120  mL) and placebo; and waist circumference and 

other morphometric changes in a 14-day intervention trial 

(120-mL daily intake) in the subjects (age =34 years, body 

mass index =29 kg/m2).116 A single bolus of GoChi intake 

increased postprandial energy expenditure 1–4 hours post-

intake over the baseline level in a dose-dependent manner and 
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was significantly higher than the placebo group by 10% at 

1 hour post-intake of 120 mL. In a 14-day intervention trial, 

GoChi was found to significantly decrease waist circumfer-

ence by 5.5±0.8 cm (n=15) compared with the preinterven-

tion measurements and placebo group at postintervention 

day 15.116 In contrast, the changes in the placebo group 

(n=14) from preinterventions was 0.9±0.8 cm, which was 

not statistically significant. These results show that GoChi 

consumption can increase metabolic rate and reduce the 

waist circumference.

Summary of the hypoglycemic activities of LBPs
LBPs significantly promote glucose uptake involving several 

signaling pathways in the liver and muscle (Figure 8). LBPs 

increase the content of GLUT4 and promote the transloca-

tion of GLUT4 from cytosol to cell membrane, enhancing 

glucose uptake in Wistar rats muscle. LBPs also increase 

the phosphorylation of PI3K/Akt/Nrf2 and repress the 

activation of JNK, promoting insulin-signaling pathway and 

insulin-dependent glucose uptake in C57BL/6J mice liver. 

Furthermore, LBPs activate PI3K- and p38MAPK-mediated 

signaling pathway, improving insulin sensitivity in rats. 

Moreover, consumption of GoChi, a standardized Goji juice 

containing 13.6 mg/mL LBPs, promotes caloric expenditure 

and reduces waist circumference in healthy subjects.

Hypolipidemic effects
Based on data from the 2005–2008 National Health and 

Nutrition Examination Survey, an estimated 71 million 

(33.5%) US adults aged 20 years had high LDL-C, but 

only 34 million (48.1%) were treated and 23 million (33.2%) 

had their LDL-C controlled.117 Control of high LDL-C can 

reduce cardiovascular morbidity and mortality substantially. 

Luo et al107 investigated the hypolipidemic effect of LBPs on 

alloxan-induced hyperlipidemic rabbits. LBPs significantly 

reduced serum total cholesterol and triglyceride concentra-

tions and markedly increased HDL-C levels after treatment 

with LBPs for 10 days in rabbits.107 LBPs also showed potent 

antioxidant activities in hyperlipidemic rabbits. These data 

demonstrate that the hypolipidemic effect of LBPs and anti-

oxidation should contribute to this effect.

Immunomodulating effects
Many naturally occurring polysaccharides have been reported 

to be potent immunomodulators.118,119 These polymers 

can influence innate and cell-mediated immunity through 

interactions with T cells, monocytes, macrophages, and 

polymorphonuclear lymphocytes. LBPs have been found 

to have a variety of immune-modulatory activities in vitro 

and in vivo.

T cells, B cells, and splenocytes
Chen et al120 compared the immunomodulating effects of 

different LBP fractions in mice. Crude LBPs isolated from 

L. barbarum were separated to obtain five homogeneous 

fractions, namely LBPF1, LBPF2, LBPF3, LBPF4, and 

LBPF5. The study showed that LBP, LBPF4, and LBPF5 

significantly stimulated mouse splenocyte proliferation. The 

proliferation proved to be of T cells, but not B cells. Cell cycle 

analysis indicated that LBP, LBPF4, and LBPF5 markedly 

reduced sub-G
1
 cells.120 LBP, LBPF4, and LBPF5 activated 

the transcription factors nuclear factor of activated T-cells 

(NFAT) and activator protein-1 (AP-1), prompted CD25 (ie, 

IL-2 receptor-α) expression, and induced IL-2 and interferon 

(IFN)-γ  expressions. NFAT proteins (NFATs 1–5) have cru-

cial roles in the development and function of the immune sys-

tem. In T cells, NFAT proteins not only regulate activation but 

are also involved in the control of thymocyte development, 

T-cell differentiation, and self-tolerance.121 AP-1 regulates 

gene expression in response to a variety of stimuli, includ-

ing cytokines, growth factors, stress, and bacterial and viral 

infections. IL-2 is important for the growth and activation of 

T cells, and IFN-γ is an important activator of macrophages 

and inducer of class II major histocompatibility complex 

(MHC-II) molecule expression. IL-2 is mainly produced 

by T cells122 and IFN-γ is produced predominantly by NK 

and NK T cells as part of the innate immune response, and 

by CD4+ T helper cells (Th
1
) and CD8+ CTLs once antigen-

specific immune response is triggered.123 Administration of 

LBPs to mice (intraperitoneal [ip] or oral administration [po]) 

significantly induced T-cell proliferation.120 These results sug-

gest that activation of T lymphocytes by LBPs may contribute 

to one of their immuno-enhancement functions.

The in vitro and in vivo immunomodulating effects of 

LBPF4-OL on mouse splenocytes, T cells, B cells, and 

macrophages were investigated by Zhang et al.124 LBPF4-OL 

was the glycan part of L. barbarum polysaccharide–protein 

complex fraction 4 (LBPF4). Splenocytes were stimulated 

with LBPF4-OL and cytokine concentrations in the super-

natants were determined. In the in vivo study, mice were 

intraperitoneally injected with 100 µg/mL LBPF4-OL daily 

for 6 days. The results showed that LBPF4-OL markedly 

induced the splenocyte proliferation, but could not induce 

proliferation of purified T- and B-lymphocytes.124 B-cell pro-

liferation occurred in the presence of activated macrophages 

or lipopolysaccharide (LPS). LBPs obviously induced 
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IL-6, IL-8, IL-10, and TNF-α production in splenocytes in 

a concentration-dependent manner.124 IL-6 is secreted by  

T cells and macrophages to stimulate immune response 

during infection and after trauma (especially burns or 

other tissue damage) leading to inflammation. IL-8 (also 

called CXCL8 and neutrophil chemotactic factor) is a 

chemokine produced by macrophages and other cell 

types such as epithelial cells, airway smooth muscle cells, 

and endothelial cells. IL-8 induces chemotaxis in target 

cells (primarily neutrophils but also other granulocytes) 

toward the site of infection and induces phagocytosis. 

IL-10 inhibits the production of IFN-γ, IL-2, IL-3, TNF-α, 

Liver Skeletal muscle

GLUT4 translocation↑PI3K/Akt/Nrf2 p38 MAPK

Modification of
gene expression 

Reduced blood glucose 

Insulin sensitivity↑
Glucose uptake↑ Glucose uptake↑

LBPs

GSK3β JNK

IRS-1

HO-1 SOD

Adipocyte

Figure 8 Possible mechanisms for the hypoglycemic effects of LBPs.
Notes: LBPs significantly promote glucose uptake involving several signaling pathways in the liver and muscle. LBPs increase the content of GLUT4 and promote the 
translocation of GLUT4 from cytosol to cell membrane, enhancing glucose uptake in Wistar rats muscle. LBPs also increase the phosphorylation of PI3K/Akt/Nrf2 and repress 
the activation of JNK, promoting insulin-signaling pathway and insulin-dependent glucose uptake in C57BL/6J mice liver. Furthermore, LBPs activate PI3K- and p38MAPK-
mediated signaling pathway, improving insulin sensitivity in rats. Moreover, consumption of GoChi, a standardized Goji juice containing 13.6 mg/mL LBPs promotes caloric 
expenditure and reduces waist circumference in healthy subjects.
Abbreviations: LBPs, Lycium barbarum polysaccharides; JNK, Jun N-terminal kinases; Nrf2, nuclear factor erythroid 2-related factor; PI3K, phosphatidylinositol 3-kinase; p38 
MAPK, p38 mitogen activated protein kinase; GLUT4, glucose transporter type-4; IRS-1, insulin receptor substrate-1; HO-1, heme oxygenase-1; SOD, superoxide dismutase; 
GSK3β, glycogen synthase kinase 3β.
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and granulocyte-macrophage colony-stimulating factor 

(GM-CSF) by activated macrophages and helper T cells. 

TNF-α is mainly produced by activated macrophages (M
1
), 

although it can be produced by many other cell types such as 

CD4+ T lymphocytes, monocytes, NK cells, neutrophils, mast 

cells, eosinophils, and neurons.125 The primary role of TNF-α 

is in the regulation of immune cells. TNF-α induces fever, 

apoptotic cell death, cachexia, and inflammation; inhibits 

tumorigenesis and viral replication; and responds to sepsis 

via IL-1 and IL-6 producing cells.125 Flow cytometer analysis 

showed that LBPF4-OL prompted CD86 (B7-2) and MHC-II 

molecule expression on macrophages and greatly promoted 

release of TNF-α and IL-1β from macrophages.124 IL-1β is 

produced by activated macrophages as a proprotein, which 

is proteolytically processed to its active form by caspase 1. 

This cytokine is an important mediator of the inflammatory 

response and is involved in a variety of cellular activities, 

including cell proliferation, differentiation, and apoptosis.

Vidal et al126 revealed that dietary wolfberry supplementa-

tion enhanced both in vivo (delayed-type hypersensitivity) 

and ex vivo (T-cell proliferation) T-cell response to specific 

antigens, but it did not affect mitogen-induced T-cell or 

B-cell proliferation in young and aged mice. Over 44 days, 

young-adult (2  months) and aged (21  months) C57BL/6J 

mice were fed ad libitum with a controlled diet and received 

drinking water supplemented or not with 0.5% (wt/vol) 

Lacto-Wolfberry. All mice were immunized on day 15 

and challenged on day 22 with a T-cell-dependent antigen, 

keyhole limpet hemocyanin. The study showed that Lacto-

Wolfberry supplementation significantly increased in vivo 

systemic immune markers.126 Both antigen-specific humoral 

response and cell-mediated immune responses in young-adult 

and aged mice were enhanced. However, no significant effect 

of Lacto-Wolfberry supplementation was observed on ex 

vivo splenocyte proliferative response to mitogens and on 

splenocyte T-cell subsets.126 These data suggest that dietary 

intake of Lacto-Wolfberry may favorably modulate the poor 

responsiveness to antigenic challenge observed with aging.

Zhang et al127 further compared the effect of LBPF4 and 

LBPF4-OL on the proliferation of splenocytes and mitogen-

induced B and T lymphocytes in female Balb/C mice. LBPF4 

and LBPF4-OL were isolated in the fruit bodies of L. barba-

rum through a series of diethylaminoethyl anion exchange 

cellulose and gel-permeation chromatography. The molecular 

weight of LBPF4 was 214.8 kDa, and consisting of 17 amino 

acids and four kinds of monosaccharides. The molecular 

weight of LBPF4-OL was 181 kDa, consisting of three types 

of monosaccharides.127 The effects on cytokine secretion, the 

phagocytic potential of macrophages, and the expression 

level of intracellular signaling molecules including NF-κB 

and B-cell-specific activator protein (BSAP, also named 

Pax5) were also determined. BSAP/Pax5 is essential for com-

mitment of lymphoid progenitors to the B lymphocyte lin-

eage.128 Spleen cells (5×105) were stimulated with 10 µg/mL,  

50  µg/mL, and 100  µg/mL LBPF4-OL. Concanavalin A 

(Con A, 0.5  µg/mL) and LPS (5  µg/mL) were included 

as positive controls for the proliferation of T and B cells, 

respectively. The results showed that 50 µg/mL LBPF4 

significantly enhanced spleen cell proliferation ∼3.2 fold, 

while LBPF4-OL enhanced proliferation 7.2 fold. Admin-

istration of 10 µg/mL, 50 µg/mL, or 100 µg/mL LBPF4 but 

not LBPF4-OL, significantly enhanced the Con A-induced 

T lymphocyte proliferation.127 However, LPS-induced B-cell 

proliferation was enhanced by 10  µg/mL, 50  µg/mL, or 

100 µg/mL of both LBPF4 and LBPF4-OL. Administration 

of 50 µg/mL LBPF4-OL was more effective on inducing the 

proliferation of splenocytes and LPS-stimulated B cells than 

100 µg/mL LBPF4. LBPF4 appeared to induce lymphocyte 

proliferation predominantly depending on both B and T cells, 

and LBPF4-OL induced lymphocytes proliferation only 

depending on B cells. The stimulation of murine peritoneal 

macrophages with LBPF4 and LBPF4-OL resulted in a com-

parable dose-dependent increase of the production of TNF-α 

and IL-1β.127 In addition, both LBPF4 and LBPF4-OL at con-

centrations of 10 µg/mL, 50 µg/mL, and 100 µg/mL increased 

the secretion of NO to comparable levels. Administration 

of 10 µg/mL LBPF4 and LBPF4-OL showed no significant 

effects on the phagocytic activity of resting macrophages in 

mice, but the macrophage chicken erythrocyte phagocytic 

activity was significantly increased by low concentrations of 

LBPF4 and LBPF4-OL. About 50 µg/mL (but not 10 µg/mL)  

LBPF4 and LBPF4-OL significantly promoted BSAP and 

NF-κB activity.127 These data suggest that LBPF4-OL 

can only enhance B cell and macrophage functions, but 

polysaccharide–protein complex LBPF4 can enhance the 

function of both T and B cells and macrophages.

Recently, Zhang et al129 found that LBPF4-OL acted as 

an activator of the Toll-like receptor 4 (TLR4)/p38 MAPK 

signaling pathway using TLR4 knockout mice. LBPF4-OL 

significantly induced TNF-α and IL-1β production in peri-

toneal macrophages isolated from wild type (C3H/HeN) 

but not TLR4-deficient mice (C3H/HeJ). The proliferation 

of LBPF4-OL-stimulated lymphocytes from C3H/HeJ mice 

was significantly lower than that of lymphocytes from C3H/

HeN mice.129 Furthermore, through a bio-layer interferometry 

assay, LPS but not LBPF4-OL directly associated with the 
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TLR4/MD2 molecular complex. Flow cytometry analysis 

indicated that LBPF4-OL markedly upregulated TLR4/MD2 

expression in both peritoneal macrophages and Raw264.7 

cells.129 LBPF4-OL also increased the phosphorylation of 

p38-MAPK and inhibited the phosphorylation of JNK and 

Erk1/2. These data suggest that LBPF4-OL can activate 

TLR4/p38 MAPK signaling pathway.

Peripheral blood mononuclear cells
IL-2 is necessary for the growth, proliferation, and dif-

ferentiation of T lymphocytes to become functional  

T cells.122 Antigen binding to the T-cell receptor stimulates 

the secretion of IL-2 by T cells and the expression of IL-2 

receptors (IL-2Rs). The IL-2/IL-2R interaction stimulates 

the growth, differentiation, and survival of antigen-specific 

CD4+ and CD8+ T cells. IL-2 plays an important role for the 

development of T-cell-dependent immune memory. An in 

vitro study reported the effects of LBPs on the expression 

of IL-2 and TNF-α in human peripheral blood mononu-

clear cells (PBMCs) from healthy volunteers.130 The LBPs 

used in this study were the third fraction of LBPs extracted 

with hot water from L. barbarum planted in Zhongning, 

Ningxia, People’s Republic of China and isolated by anionic 

exchange chromatography and gel-filtration chromatography. 

Administration of 10 mg/L LBPs increased the expression 

of IL-2 and TNF-α at both mRNA and protein levels in a 

dose-dependent manner. Treatment of human PBMCs with 

5 mg/L, 10 mg/L, 20 mg/L, and 40 mg/L LBPs increased 

IL-2 mRNA 1.8-, 3.9-, 7.0-, and 7.4-fold, respectively. The 

activity of IL-2 was increased 4.3-, 7.7-, 14.2-, and 16.0-fold, 

respectively, compared to the negative control.130 Treatment 

of PBMCs with 5 mg/L, 10 mg/L, 20 mg/L, and 40 mg/L 

LBPs increased TNF-α mRNA level 2.4-, 3.9-, 6.1-, and 

15.4-fold, respectively. The activity of TNF-α after treat-

ment with 5 mg/L, 10 mg/L, 20 mg/L, and 40 mg/L LBPs 

for 8 hours was increased 7.1-, 9.1-, 13.6-, and 15.2-fold, 

respectively, compared to the negative control. LBPs may 

induce immune responses that contribute to the therapeutic 

effect in cancer.

Macrophages
Macrophages play a crucial role in innate immunity and 

also help initiate adaptive immunity.131,132 Macrophages 

predominantly expressing the killer phenotype are called 

M
1
 macrophages, whereas those involved in tissue repair are 

called M
2
 macrophages.133 The primary role of macrophages 

is to phagocytose or engulf and then digest cellular debris 

and pathogens; they also stimulate lymphocytes and other 

immune cells to respond to pathogens. M
1
 macrophages are 

activated by LPS and IFN-γ and secrete high levels of IL-12 

and low levels of IL-10; and M
2
 macrophages produce high 

levels of IL-10, TGF-β, and low levels of IL-12.133 IL-12 

is involved in the stimulation and maintenance of Th
1
 cel-

lular immune responses and also has an important role in 

enhancing the cytotoxic function of NKs. Macrophages can 

be identified by specific expression of a number of proteins 

including CD14, CD40, CD11b, CD64, F4/80 (mice)/EMR1 

(human), lysozyme M, MAC-1/MAC-3, and CD68. LBPs 

are able to activate macrophages. A study found that LBPs 

(50  mg/kg, ip) markedly upregulated the expressions of 

CD40, CD80 (B-lymphocyte activation antigen B7-1), CD86 

(B-lymphocyte activation antigen B7-2), and MHC-II mol-

ecules on peritoneal macrophages. In vitro studies showed 

that LBPs activated transcription factors NF-κB and AP-1, 

induced TNF-α, IL-1β, and IL-12p40 mRNA expression, 

and enhanced TNF-α production in RAW264.7 macrophage 

cells in a dose-dependent manner.134 Furthermore, LBPs 

significantly enhanced macrophage endocytic and phagocytic 

capacities in vivo. These results indicated that LBPs enhance 

innate immunity by activating macrophages. The mechanism 

might be through activation of transcription factors NF-κB 

and AP-1 to induce TNF-α production and upregulation of 

MHC-II co-stimulatory molecules.134

An in vitro study by Teng et al135 investigated the inhibi-

tory effects of LBPs on the production of LPS-induced proin-

flammatory mediators in BV2 microglia. The data showed 

that LPS induced the activation of NF-κB and its upstream 

protein caspase 3. NF-κB plays a key role in inflammatory 

disease and may be involved in autophagy, while autophagy 

itself may also participate in the pathogenesis of inflamma-

tion and inflammatory disease.136 LPS also unregulated the 

expression of an additional apoptosis-inducing factor with a 

passive role in the maturation of caspase processing, HSP60, 

in BV2 microglial cells and increased the release of TNF-α 

and HSP60 in the culture media. Following treatment with 

LBPs, the activated caspase 3 were significantly suppressed. 

Furthermore, the enhanced expression of HSP60 was reduced 

and the LPS-induced release of TNF-α and HSP60 was inhib-

ited. These results suggest that LBPs may have therapeutic 

potential for the treatment of neurodegenerative diseases that 

are accompanied by microglial activation.

Peng et al137 investigated the effect of Lycium ruthenicum 

polysaccharides (LRGP3) on inflammatory reactions induced 

by LPS in mouse macrophage RAW264.7 cells. The results 

showed that LRGP3 treatment significantly inhibited the 

LPS-induced NO production and the mRNA expression of 
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iNOS, as well as the level of TLR4. Furthermore, LRGP3 

treatment prevented IκBα degradation and reduced phospho-

NF-κB p65 protein expression in LPS-stimulated RAW264.7 

cells.137 Meanwhile, the levels of proinflammatory cytokines, 

such as IL-1α, IL-6, and TNF-α, were suppressed by LRGP3 

in LPS-stimulated RAW264.7 cells. LRGP3 attenuated LPS-

induced inflammation via inhibiting TLR4/NF-κB signaling 

pathway.

Natural killers
NK cells are major effectors of the innate immunity, provid-

ing rapid responses to virally infected cells and respond to 

tumor formation.138,139 Cytokines involved in NK activation 

include IL-12, IL-15, IL-18, IL-2, and CCL5. NK cells 

are activated in response to IFNs or macrophage-derived 

cytokines. NK cells control viral infections by secreting 

IFN-γ and TNFα.138,139 IFN-γ activates macrophages for 

phagocytosis and lysis, and TNFα acts to promote direct NK 

tumor cell killing. NKs express the surface markers CD16 

(FcγRIII) and CD56 in humans. A recent study by Huyan 

et al140 reported the effects of LBPs on primary human NK 

cells under normal or simulated microgravity conditions. 

The results demonstrated that LBPs markedly promoted the 

cytotoxicity of NK cells by enhancing IFN-γ and perforin 

secretion and increasing the expression of the activating 

receptor NKp30 under normal conditions. Meanwhile LBPs 

enhanced NK cell function under simulated microgravity 

conditions by restoring the expression of the activating 

receptor NKG2D and reducing the early apoptosis and late 

apoptosis/necrosis.140 In addition, the antibody neutraliza-

tion test showed that the complement receptor CR3 may 

be the critical receptor involved in LBP-induced NK cells 

activation. These findings indicate that LBPs are potent 

immune regulators and can promote the immune functions 

of the public and astronauts during space missions.

Dendritic cells
Dendritic cells (DCs) are potent antigen-presenting cells 

that play pivotal roles in the initiation of the adaptive  

(T and B cell) immune response.141,142 The principal func-

tion of DCs is to present antigens, and only DCs have the 

ability to induce a primary immune response in resting naïve  

T lymphocytes. DCs also play a role in the maintenance of 

B cell function and recall responses. DCs express a variety 

of adhesion molecules including CD11a (integrin lympho-

cyte function-associated antigen-1, namely LFA-1), CD11c/

CD18, CD50 (ICAM-2), CD54 (ICAM-1), CD58 (LFA-3), 

and CD102 (ICAM-3).141,142 CD11a/LFA-1 plays a central 

role in leukocyte intercellular adhesion through interactions 

with its ligands, ICAMs 1-3, and also functions in lympho-

cyte costimulatory signaling. DCs also express costimulatory 

molecules including CD80 (B7-1) and CD86 (B7-2), which 

are upregulated during DC activation. CD86 tends to be a 

marker of early DC maturation, while CD80 only appears 

in mature DC.141,142

The effects of LBPs on the phenotypic and functional 

maturation of murine bone marrow DCs (BMDCs) were 

investigated in vitro by Zhu et al.143 The co-expression of 

MHC-II, CD11c, and secretion of IL-12 p40 by BMDCs 

stimulated with 100 mg/L LBPs increased significantly. LBPs 

are capable of promoting both the phenotypic and functional 

maturation of murine BMDCs in vitro.

Chen et al144 reported that LBPs induced phenotypic and 

functional maturation of DCs with strong immunogenicity. 

LBPs can upregulate the expression of CD40, CD80, CD86, 

and MHC-II molecules on DCs, downregulate DC uptake of 

antigen, enhance allostimulatory activity of DCs, and induce 

the production of IL-12p40 and p70 in DCs.144 LBP-treated 

DCs can enhance both Th
1
 and Th

2
 responses in vitro and in 

vivo. LBPs may serve as a potent adjuvant for the design of 

DC-based vaccines.

Chen et al145 investigated the effect of LBPs on differen-

tiation and maturation of healthy human peripheral blood-

derived DCs cultured in different tumor microenvironment 

in vitro. Peripheral blood-derived DC precursor cells were 

obtained by the density-gradient centrifugation method, and 

the tumor-cell supernatants were used to prepare conditioned 

medium. The GM-CSF and IL-4-induced DC precursor cell 

differentiation to DCs, the TNF-α promoted the immature 

DCs developed to mature DCs. In LBP-treated groups, the 

molecular phenotype of DCs, their capacity to stimulate allo-

geneic lymphocyte proliferation, and the levels of IL-12p70 

and IFN-γ secretion were higher than the untreated group.145 

Meanwhile, the expression of NF-κB of the DCs in the 

medium treated with LBPs was higher than the untreated 

group.145 Between the two different tumor microenvironment 

groups, the nuclear NF-κB expression was obviously differ-

ent. LBP could increase the expression of the phenotype of 

DCs via NF-κB signaling pathway.

Follicular helper T cells
Follicular helper T (Tfh) cells are recognized as a subset 

of helper T cells that regulate the multiple stages of B-cell 

maturation and function.146 Tfh cells retain intense expression 

of CXCR5, which directs these cells toward CXCL13-rich 

areas within the germinal center. Tfh cells express a number 
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of costimulatory molecules, such as inducible costimulator 

and CD40L that have the capacity to restrain their interac-

tion with B cells and antigen-presenting cells, including 

CTLA-4 and PD-1, which may reflect their discriminating 

role in the germinal center. Tfh cells also express a number 

of cytokines that facilitate antibody production including 

IL-4, IL-10, and IL-21.

A recent study by Su et al147 reported that LBPs were able 

to activate CXCR5+/PD-1+ Tfh cells and induced IL-21 secre-

tion in female Balb/C mice. Mice were immunized once  with 

ip injection of 0.2 mL of 108 TCID50 rAd5VP1. LBPs were 

given to mice daily for 7 days by gastric gavage at 5 mg/kg, 

25 mg/kg, or 50 mg/kg body weight. After 7 days, mice were 

sacrificed, the splenocytes were harvested, and the number 

of CXCR5+/PD-1+ Tfh cells was determined by three-color 

flow cytometry.147 Mouse splenocytes were also analyzed 

by flow cytometry to determine the counts of B220+/GL-7+ 

B cells. The study showed that LBP treatment increased the 

percentage of CXCR5+/PD-1+ Tfh cells within total CD4+ T 

cells; 5 mg/kg (2.17%±0.07%), 25 mg/kg (3.93%±0.74%), 

and 50 mg/kg (3.84%±0.20%). Administration of 5 mg/kg 

LBP for 7 days exhibited a minor effect on the production of 

IL-21, whereas 25 mg/kg and 50 mg/kg LBPs significantly 

increased the production of IL-21 when compared with mice 

treated with phosphate buffered saline only.147 LBPs also 

promoted the formation of germinal centers and production 

of B220+/GL-7+ germinal center B cells in mice. The frac-

tion of B220+/GL-7+ B cells was significantly increased with 

25 mg/kg and 50 mg/kg LBPs compared with mice receiving 

phosphate buffered saline only (1.80%±0.49%). Moreover, 

LBPs as an adjuvant increased generation of rAd5VP1-

induced Tfh cells in mice.147 There was a marked increase 

in the number of CXCR5+/PD-1+/CD4+ Tfh cells and B220+/

GL-7+ germinal center B cells in mice immunized with 108 

TCID50 rAd5VP1 plus LBPs. These results indicate that 

LBPs may enhance T-cell-dependent antibody responses by 

acting as an adjuvant for the generation of Tfh cells.

LBP as a vaccine adjuvant
LBPs stimulated moderate immune responses, and therefore, 

could potentially be used as a substitute for oil adjuvants 

in vaccines. Subfractions of polysaccharides, 12.5 mg/kg, 

25 mg/kg, or 50 mg/kg LBP3a, were mixed with a DNA 

vaccine encoding the major outer membrane protein of 

Chlamydophila abortus.148 Balb/C mice were inoculated 

at days 0, 14, and 28, and challenged on day 44. Serum 

antibody levels, in vitro lymphocyte proliferation, the levels 

of IL-2, IFN-γ, and TNF-α, and Chlamydia clearance in the 

spleen were monitored. A combination of DNA vaccine 

plus LBP3a induced significantly higher antibody levels 

in mice, higher T-cell proliferation, and higher levels of 

IFN-γ and IL-2. Mice immunized with DNA vaccine and 

LBPs showed significantly higher levels of Th
1
 immune 

response and Chlamydia clearance in mouse spleen. The 

immunoenhancing effect induced by 25  mg/kg LBP3a 

was more effective than that induced by 12.5 mg/kg and 

50 mg/kg LBP3a. These results suggest that LBPs may be 

used as an effective adjuvant with a DNA vaccine against 

swine C. abortus.

Vaccination is the most efficient strategy to prevent 

influenza infection. However, vaccine efficacy is sig-

nificantly diminished in the elderly due to the age-related 

impairment of both innate and adaptive immune responses. 

A recent study149 has examined whether dietary wolfberry 

supplementation enhanced the protective effect of influenza 

vaccine against influenza challenge in aged male C57BL/6J 

mice (20–22 months old). The mice were fed a 5% milk-

based preparation of wolfberry (Nestec) or fed with 5% 

corn starch (control) for 30 days, then immunized with an 

influenza vaccine or saline (control) by ip injection on days 

31 and 52 of the dietary intervention, and finally challenged 

with influenza A/Puerto Rico/8/34 virus (Sino Biological, 

Bejing, People’s Republic of China) with an aluminum 

adjuvant at a ratio of 1:1. The milk-based preparation of 

wolfberry contained 530 mg/g of wolfberry fruit, 290 mg/g 

of skimmed milk, and 180 mg/g of maltodextrin. At day 73, 

mice were infected with influenza A/Puerto Rico/8/34 virus 

and were monitored daily for weight loss and mortality.149 

Mice fed with wolfberry diet had higher influenza IgG titers, 

less weight loss, and improved survival rate in influenza-

infected mice when compared with the mice treated by influ-

enza vaccine alone.149 Furthermore, an in vitro study showed 

that administration of 100 mg/L, 200 mg/L, 400 mg/L, or 

800  mg/L wolfberry supplementation enhanced matura-

tion and activity of antigen-presenting DCs isolated from 

the bone marrow of aged mice. Wolfberry extract dose-

dependently increased the percentages of DCs expressing 

MHC-II and T-cell costimulatory molecules CD40, CD80, 

and CD86 and their expression. Wolfberry enhanced the 

production of proinflammatory IL-12 and TNF-α.149 With 

improved maturation of DCs, the endocytic capability of 

DCs was significantly reduced when treated with wolfberry 

extract. Adoptive transfer of wolfberry-treated bone marrow 

DCs loaded with ovalbumin
323–339

 to recipient mice promoted 

antigen-specific T-cell proliferation as well as IL-4 and 

IFN-γ production in CD4+ T cells.149 Wolfberry may enhance 
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the antigen-presenting function of DCs, leading to a higher 

level of antigen-specific T-cell effector function involving at 

least Th
1
 and Th

2
 responses. These data indicate that dietary 

wolfberry potentiates the efficacy of influenza vaccination, 

resulting in better host protection to prevent subsequent 

influenza infection via improved DC function.

Clinical studies
Amagase et al150 investigated the systematic effects of 

consuming 120  mL/day GoChi for 30  days on immune 

function, general well-being, and safety in a randomized, 

double-blind, placebo-controlled clinical study in 60 older 

Chinese healthy adults (55–72 years old). The GoChi group 

showed a statistically significant increase in the number of 

lymphocytes and levels of IL-2 and IgG compared to pre-

intervention and the placebo group, whereas the number of 

CD4, CD8, and NK cells or levels of IL-4 and IgA were not 

significantly altered. The placebo group showed no signifi-

cant changes in any immune measures, whereas the GoChi 

group showed a significant increase in general feelings of 

well-being, such as fatigue and sleep, and showed a tendency 

for increased short-term memory and focus between pre- and 

post-intervention; the placebo group showed no significant 

positive changes in these measures.150 GoChi was well toler-

ated. No adverse reactions, abnormal symptoms, or changes 

in body weight, blood pressure, pulse, visual acuity, urine, 

stool, or blood biochemistry were noted in either group.150 

Daily consumption of GoChi significantly increased several 

immunological responses and subjective feelings of general 

well-being without any adverse reactions in the elderly.

A recent study by Vidal et al151 reported that elderly 

persons who consumed Lacto-Wolfberry for 3  months 

(13.7 g/day in the form of the same milk-based preparation of 

wolfberry) had higher serum influenza-specific IgG concen-

trations and seroconversion rate after receiving an influenza 

vaccine compared with age-matched elderly individuals in 

the placebo group. The study was conducted in 150 healthy 

community-dwelling Chinese elderly (65–70  years old) 

supplemented with Lacto-Wolfberry or placebo (13.7 g/day). 

No serious adverse reactions were reported during the trial, 

neither symptoms of influenza-like infection nor changes in 

body weight and blood pressure, blood chemistry or cells 

composition, and autoantibodies levels were observed.151 

Lacto-Wolfberry supplementation had no significant effect 

on delayed-type hypersensitivity response and inflammatory 

markers. These data show that chronic dietary supplemen-

tation with Lacto-Wolfberry in the elderly enhances their 

capacity to respond to influenza vaccine challenge.

Summary of immunomodulating effects of LBPs
A number of in vitro and in vitro studies have revealed the 

immunomodulating activities of LBPs (Figure 9). LBPs 

promote the proliferation and activity of splenocytes, T cells,  

B cells, macrophages, and NK cells. LBPs induce IL-6, IL-8, 

IL-10, and TNF-α production in splenocytes. LBPs stimulate 

PBMCs to produce IL-2 and TNF-α. IL-2 stimulates growth 

and differentiation of T cells. LBPs promote T lymphocytes 

and macrophages to release important cytokines such as 

IL-10 and TNF-α. LBPs activate macrophages and upregu-

late the expressions of CD40, CD80, CD86, and MHC-II 

molecules. LBPs activate transcription factors NF-κB and 

AP-1, induce TNF-α, IL-1β, and IL-12p40 expression in 

macrophages. LBPs significantly enhance macrophage 

endocytic and phagocytic capacities. LBPs promote the 

cytotoxicity of NK cells by enhancing IFN-γ and perforin 

release and the expression of the activating receptors NKp30 

and NKG2D. LBPs also stimulate macrophages and NK cells 

to release TNF-α and IL-1β. LBPs activate the transcription 

factors NFAT and AP-1 and prompt CD25 (IL-2 receptor-α) 

expressions. LBPs induce the maturation of DCs and improve 

their antigen-presenting function. LBPs can upregulate the 

expression of CD40, CD80, CD86, and MHC-II molecules 

in bone marrow- and peripheral blood-derived DCs, down-

regulate DC uptake of antigen (Ag), enhance allostimulatory 

activity of DCs, and induce the production of IL-12p40 and 

p70 in DCs. LBP-treated DCs can enhance both Th
1
 and 

Th
2
 responses. LBPs potentiate the immune responses of 

DNA vaccine against C. abortus in mice. LBPs activate 

CXCR5+PD-1+ Tfh cells and induce IL-21 secretion. Dietary 

wolfberry supplementation enhances both in vivo and ex vivo 

T-cell response to specific antigens. Elderly persons who 

consume Lacto-Wolfberry for 3 months show higher serum 

influenza-specific IgG concentrations and seroconversion 

rate after receiving an influenza vaccine.

Neuroprotective effects and effects on cognitive  
and memory deficits,  AD, and stroke
As the aged population dramatically increases in these decades, 

there is a great increase in the prevalence of age-associated 

neurodegenerative diseases such as cognitive and memory 

deficits, AD, and Parkinson’s disease. There is increased 

interest in seeking new therapeutic agents for these devastating 

diseases from herbal medicines. LBPs possess neuroprotec-

tive effects in various in vitro and in vivo models152–154 but 

the mechanisms have not yet been fully elucidated. In the 

nervous system, LBPs can protect against neuronal injury 

or loss induced by I/R,155,156 Aβ peptide,157,158 glutamate 
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excitotoxicity, and other neurotoxic insults.154 LBPs also 

enhance neurogenesis.154,159

Ischemic brain disease and MCAO
Ischemic stroke has become one of the most devastating 

diseases, which cause high rates of disability and mortal-

ity in aged people.160–162 Acute excitotoxicity, oxidative 

stress, and inflammation are the three primary mechanisms 

involved in cell death during ischemic stroke.163 Cerebral 

edema is a detrimental feature after ischemic stroke and 

is one of the impact factors of clinical deterioration within 

the first 24 hours after stroke onset. Cerebral ischemia and 

reperfusion triggers a cascade of cellular events includ-

ing cell death, oxidative stress, and inflammation, which 

all contribute to the breakdown of blood–brain barrier 

(BBB).160–162 Neuronal cell apoptosis plays an important 

role in the development of ischemic injury in the brain tis-

sue. Mitochondrial apoptotic pathway is a major apoptotic 

pathway, and a large number of apoptosis-related proteins 

in mitochondria play an important role in the initiation and 

development of neuronal apoptosis.164 Pro-apoptotic and 

anti-apoptotic Bcl-2 family proteins play important roles 
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Figure 9 Possible mechanisms for the immunomodulating effects of LBPs.
Notes: LBPs have been found to have a variety of immune-modulatory activities in vitro and in vivo. LBPs promote the proliferation and activity of splenocytes, T cells, 
B cells, macrophages and NK cells. LBPs induce IL-6, IL-8, IL-10, and TNF-α production in splenocytes. LBPs stimulate PBMCs to produce IL-2 and TNF-α. IL-2 stimulates 
growth and differentiation of T cells. LBPs promote T lymphocytes and macrophages to release important cytokines such as IL-10 and TNF-α. IL-10 inhibits the production 
of IFN-γ, IL-2, IL-3, TNF-α, and granulocyte-macrophage colony-stimulating factor (GM-CSF) by activated macrophages and by helper T cells. LBPs activate macrophages 
and upregulate the expressions of CD40, CD80, CD86, and MHC-II molecules. LBPs activate transcription factors NF-κB and AP-1, induce TNF-α, IL-1β, and IL-12p40 
expression in macrophages. LBPs significantly enhance macrophage endocytic and phagocytic capacities. LBPs promote the cytotoxicity of NK cells by enhancing IFN-γ and 
perforin release and the expression of the activating receptors NKp30 and NKG2D. LBPs also stimulate macrophages and NK cells to release TNF-α and IL-1β. LBPs activate 
the transcription factors NFAT and AP-1 and prompt CD25 (IL-2 receptor-α) expression. LBPs induce the maturation of DCs and improve their antigen-presenting function. 
LBPs can upregulate the expression of CD40, CD80, CD86, and MHC-II molecules in bone marrow- and peripheral blood-derived DCs, downregulate DC uptake of Ag, 
enhance allostimulatory activity of DCs, and induce the production of IL-12p40 and p70 in DCs. IL-12 is involved in the stimulation and maintenance of Th1 cellular immune 
responses and also has an important role in enhancing the cytotoxic function of NKs. LBP-treated DCs can enhance both Th1 and Th2 responses. LBPs potentiate the immune 
responses of DNA vaccine against Chlamydophila abortus in mice. LBPs also activate CXCR5+PD-1+ Tfh cells and induce IL-21 secretion. Dietary wolfberry supplementation 
enhances both in vivo and ex vivo T-cell response to specific antigens. Elderly persons who consume Lacto-Wolfberry for 3 months show higher serum influenza-specific IgG 
concentrations and seroconversion rate after receiving an influenza vaccine.
Abbreviations: Ag, antigen; AP-1, activator protein-1; GM-CSF, granulocyte-macrophage colony-stimulating factor; DCs, dendritic cells; IFN-γ, interferon-γ; IL, interleukin; 
LBP, Lycium barbarum polysaccharide; MHC-II, class II major histocompatibility complex; NF-κB, nuclear factor κB; NFAT, nuclear factor of activated T-cells; NK, natural 
killer; PD, programmed death; TNF, tumor necrosis factor; JNK, Jun N-terminal kinases; Nrf2, nuclear factor erythroid 2-related factor; PI3K, phosphatidylinositol 3-kinase; 
p38 MAPK, p38 mitogen activated protein kinase; GLUT4, glucose transporter type-4; IRS-1, insulin receptor substrate-1; HO-1, heme oxygenase-1; SOD, superoxide 
dismutase; GSK3β, glycogen synthase kinase 3β; Tfh, T follicular helper.
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in mitochondrial apoptotic pathway. Bax is a pro-apoptotic 

and Bcl-2 is an anti-apoptotic protein in the Bcl-2 family. 

Cytochrome C binds and activates apoptotic protease-

activating factor-1 as well as procaspase-9, forming an 

apoptosome together with ATP. Apoptosome then activates 

caspase-9, leading to caspase-3 activation and eventually 

cellular apoptosis. Caspase-3 has been identified as a key 

mediator of apoptosis and cleaves the substrate PARP-1, 

which is a multifunctional nuclear enzyme whose activity 

is rapidly stimulated by DNA breaks.

The protective effect of LBPs was investigated in primary 

cultured rat hippocampal neurons subject to oxygen–glucose 

deprivation/reperfusion by Rui et al.153 Cultured hippocampal 

neurons were exposed to oxygen–glucose deprivation for 

2 hours followed by a 24-hour re-oxygenation. Treatment 

with LBPs (10–40 mg/L) significantly attenuated neuronal 

damage and inhibited LDH release in a dose-dependent 

manner.153

Yang et al155 investigated the protective effect of LBP 

pre-treatment in an experimental stroke (MCAO) model 

in male C57BL/6N mice. To gain LBPs, dry L. barbarum 

residues were dissolved in water at 70°C, and the superna-

tant was concentrated, precipitated with 95% ethanol, and 

then vacuum dried to produce the extracts. The mice were 

administered 1 mg/kg or 10 mg/kg LBPs daily for 7 days, and 

then subjected to 2-hour transient MCAO by the intralumi-

nal method followed by 22-hour reperfusion upon filament 

removal. LBP pre-treatment dose-dependently improved 

neurological deficits; decreased infarct size, apoptotic 

neurons in ischemic penumbra area, and cerebral edema; 

and protected the brain from BBB disruption as indicated 

by reduced Evans Blue dye leakage into the ipsilateral 

hemispheres and an upregulation of occludin expression.155 

Occludin, one of the proteins located at tight junctions, plays 

an important role in maintaining the integrity of BBB. Pre-

treatment with 10 mg/kg LBPs for 7 days also profoundly 

suppressed the upregulation of AQP4 expression in ipsi-

lateral penumbral areas.155 Furthermore, 10  mg/kg LBPs 

suppressed GFAP activation in ipsilateral penumbral areas. 

Pre-treatment with 10 mg/kg LBPs reduced both nitrosative 

stress and lipid peroxidation in cerebral ischemic penumbra 

after MCAO. LBPs at both doses attenuated the expres-

sion of matrix metalloproteinase-9 (MMP-9) in ipsilateral 

penumbral areas.155 These findings clearly demonstrate the 

beneficial prophylactic effects of LBPs against ischemic 

damage and cerebral edema in a murine experimental stroke 

model. The neuroprotective effects of LBPs on ischemic 

stroke include reduction of neuronal damage and infarct, 

maintenance of BBB integrity, and alleviation of cerebral 

edema through antioxidation, suppression of upregulated 

MMP-9 and AQP4, anti-apoptosis, and inhibition of glial 

activation.

In a study using male Kunming mice, Wang et al165 exam

ined the effect of intragastric administration with LBPs 

on brain injuries in MCAO mice. The study demonstrated 

that LBPs at doses of 20 mg/kg and 40 mg/kg significantly 

decreased the neurological deficit scores and the infarct area 

in MCAO mice. LBPs also significantly decreased MDA 

content, and increased SOD, GPx, CAT, and LDH activities 

in the ischemic brain.165 These findings suggest that LBPs 

might act as potential neuroprotective agent against the 

cerebral reperfusion-induced brain injury through reducing 

lipid peroxides, scavenging free radicals, and improving the 

energy metabolism.

In a similar study, Wang et al156 used male Imprinting 

Control Region mice to make the model of MCAO and inves-

tigated the protective effect of intragastric administration of 

10 mg/kg, 20 mg/kg, and 40 mg/kg body weight LBPs or 

0.4 mg/kg nimodipine for 7 days on MCAO-induced brain 

injuries. The results showed that intragastric administration 

of 20 mg/kg and 40 mg/kg LBPs markedly decreased the 

neurological deficit scores and the infarct volume in MCAO 

mice.156 Administration of 10–40 mg/kg LBPs also reduced 

neuronal morphological damage and neuronal apoptosis in 

ischemic penumbra of the left cortex. About 40 mg/kg LBPs 

significantly suppressed cortex overexpression of Bax, cyto-

chrome C, caspase-3, -9, and cleaved PARP-1, and reduced 

the downregulated Bcl-2 expression in MCAO mice.156

In summary, the protective effects of LBPs on MCAO-

induced brain injuries are mainly attributed to the reduction 

of oxidative stress, inhibition of apoptosis, and increase in 

the integrity of BBB. LBPs treatment reduces the oxidative 

stress via increasing the SOD, GPx, CAT, and LDH activities, 

but decreasing the content of MDA and lipid peroxidation. 

LBPs also inhibit the apoptosis via decreasing the expres-

sion of cytochrome C, cleave caspase-9, caspase-3, Bax, 

and cleaved PARP-1, but increasing the expression level 

of Bcl-2. In addition, LBPs increase the integrity of BBB 

expression through the upregulation of expression of occlu-

din, but downregulation of the expression of MMP-9 and 

AQP4 (Figure 10).

Aβ-induced neuronal injury and AD
Aβ peptides are thought to be associated with the progres-

sive neuronal death observed in AD. The effect of LBPs was 

investigated by Yu et al157 on the neuronal injury induced 
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by Aβ1-42 and Aβ25-35 peptides in primary rat cortical 

neurons. Remarkable apoptosis and necrosis in primary rat 

cortical neurons were observed when exposed to Aβ peptides. 

Pre-treatment with LBPs significantly reduced the release 

of LDH. In addition, LBPs attenuated Aβ peptide-activated 

caspase-3-like activity.157 Aβ peptides induce a rapid activa-

tion of c-JNK by phosphorylation. Pre-treatment of LBPs 

markedly reduced the phosphorylation of JNK-1 at Thr183/

Tyr185 and its substrates c-Jun-I at Ser73 and c-Jun-II at 

Ser63.157 LPBs elicit dose-dependent neuroprotective effects 

via regulation of JNK-1 pathway.

Yu et al158 also investigated the effects of LBPs on the 

phosphorylation of the double-stranded RNA-dependent 

protein kinase (PKR) in rat cortical neurons exposed to Aβ 

peptides. PKR is an intracellular sensor of stress and can 

arrest protein synthesis by phosphorylating the alpha subunit 

of the translation initiation factor eIF2. Pretreatment of LBPs 

effectively protected neurons against Aβ-induced apoptosis 

by reducing the activity of both caspase-3 and -2, but not 

caspase-8 and -9. LBPs markedly reduced Aβ-induced PKR 

phosphorylation.158

In summary, LBPs protect neurons against Aβ-induced 

apoptosis by reducing the activity of both caspase-3 and 

-2, but not caspase-8 and -9 (Figure 11). LBPs inhibit 

the phosphorylation of JNK-1 at Thr183/Tyr185 and its 

substrates c-Jun-I at Ser73 and c-Jun-II at Ser63 in neu-

rons. LBPs reduce the phosphorylation of Erk1/2m but 

not GSK3β. LBPs also markedly reduced Aβ-induced 

PKR phosphorylation. LBPs also significantly reduce 

homocysteine-induced phosphorylation of Tau-1 at 

Ser198/199/202, pS396 at Ser396, and pS214 at Ser214 

as well as cleavage of Tau.

Scopolamine-induced brain injury
A recent study by Chen et al154 reported the therapeutic 

effects of LBPs on learning and memory and neurogenesis 

in scopolamine (SCO)-treated adult male Sprague–Dawley 

rats. SCO was used to induce learning and memory deficits. 

LBPs were administered 0.2 mg/kg or 1 mg/kg body weight 

per day via gastric perfusion for 14 days before the onset of 

subcutaneous SCO treatment for a further 4 weeks. LBPs used 

were extracted with boiling water, followed by precipitation 
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Figure 10 Possible mechanisms for the neuroprotective effects of LBPs against MCAO-induced brain injuries.
Notes: LBPs treatment protects neurons against MCAO-induced brain injuries mainly via reduction of oxidative stress, inhibition of apoptosis, and increase in the integrity of 
BBB in mice. LBPs increase the activities of SOD, GPx, CAT, and LDH, but decrease the content of MDA and lipid peroxidation, resulting in a reduction in oxidative stress. 
LBPs inhibit the expression of cytochrome C, cleave caspase-9, cleaved caspase-3, Bax, and cleaved PARP-1, but increase the expression level of Bcl-2, leading to inhibition of 
apoptosis. In addition, LBPs increase the expression of occludin but decrease the expression of MMP-9 and aquaporin-4, increasing the integrity of BBB.
Abbreviations: LBPs, Lycium barbarum polysaccharides; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; LDH, lactate dehydrogenase; MCAO, 
middle cerebral artery occlusion; MDA, malondialdehyde; PARP, poly(ADP-ribose) polymerase; MMP-9, matrix metalloproteinase-9; BBB, blood–brain barrier; MHC-II, 
Class II major histocompatibility complex; TNF, tumor necrosis factor; IL, interleukin; IgG, immunoglobulin G; IFN, interferon; NK, natural killer; Tfh, follicular helper T cell; 
NKp30, natural killer cell p30-related protein.
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with ethanol, protein hydrolysis, dialysis, and fractionation 

with a diethylaminoethanol-Sepharose CL-6B column. An 

osmotic pump containing SCO solution at 440 mg/mL was 

subcutaneously embedded in the abdominal wall of rats and 

SCO release at a rate of 0.25 µL/h was maintained for 28 days 

and administration of LBPs was continued as before, through-

out SCO treatment. LBPs at both doses almost restored the 

memory and learning abilities in SCO-treated rats.154 LBPs 

prevented SCO-induced reduction in neuronal proliferation 

and enhanced neuroblast differentiation in the hippocampal 

dentate gyrus of rats.

LBP treatment also protected the dendrites from damage 

by SCO. LBPs dose-dependently decreased the SCO-

induced oxidative stress in hippocampus and reversed the 

increased ratio of Bax/Bcl-2 induced by SCO treatment.154 

LBPs significantly increased hippocampal SOD and GPx 

activity and reduced MDA level in SCO-treated rats. 

However, LBPs did not affect the SCO-induced elevation 

of hippocampal acetylcholinesterase activity and decrease 

of brain-derived neurotrophic factor level.154 These results 

suggest that LBPs prevent SCO-induced cognitive and 

memory impairments and reductions in hippocampal cell 

proliferation and neuroblast differentiation. Anti-oxidation 

and anti-apoptosis are the two major mechanisms for 

the neuroprotective effects of LBPs in SCO-treated rats 

(Figure 12).

Glutamate-induced neuronal injury
Glutamate excitotoxicity is involved in many neurodegen-

erative diseases including AD. Attenuation of glutamate 

toxicity is one of the therapeutic strategies for AD. LBPs 

Chondriosome

Apoptosis �Apoptosis↓ NeuroprotectiveeffectNeuroprotective effect

Aβ peptidesAβ peptides p-Tau ↓p-Tau↑

p-Erk1/2 ↓p-Erk1/2↑

LBPsLBPsp-JNK-1 ↓p-JNK-1↑

JNKJNKCytochromecCytochrome C

Caspases 9 & 3Caspase-9 and -3LBPsLBPs

Figure 11 Possible mechanisms for the neuroprotective effects of LBPs against Aβ-induced neurotoxicity and Alzheimer’s disease.
Notes: LBPs protect neurons against Aβ-induced apoptosis by reducing the activity of both caspase-3 and -2, but not caspase-8 and -9. LBPs inhibit the phosphorylation of JNK-1 
at Thr183/Tyr185 and its substrates c-Jun-I at Ser73 and c-Jun-II at Ser63 in neurons. LBPs reduce the phosphorylation of Erk1/2m but not GSK3β. LBPs also markedly reduced 
Aβ-induced PKR phosphorylation. PKR is an intracellular sensor of stress and can arrest protein synthesis by phosphorylating the alpha subunit of the translation initiation factor 
eIF2. LBPs also significantly reduce homocysteine-induced phosphorylation of Tau-1 at Ser198/199/202, pS396 at Ser396, and pS214 at Ser214 as well as cleavage of Tau.
Abbreviations: Aβ, amyloid-β; LBPs, Lycium barbarum polysaccharides; JNK, Jun N-terminal kinases; GSK3β, glycogen synthase kinase 3β; PKR, protein kinase; eIF2, eukaryotic 
initiation factor 2.

MDA↓
SOD↑
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Figure 12 Possible mechanisms for the neuroprotective effects of LBPs against 
SCO-induced neurotoxicity.
Notes: LBPs protect neurons against SCO-induced neurotoxicity through the 
reduction of the oxidative stress and apoptosis. LBPs increase the activities of SOD 
and GPx, restore the balance of Bcl-2 to Bax, but decrease the content of MDA.
Abbreviations: LBPs, Lycium barbarum polysaccharides; SCO, scopolamine; SOD, 
superoxide dismutase; GPx, glutathione peroxidase; MDA, malondialdehyde.
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were administrated to detect if they can prevent neurotoxicity 

elicited by glutamate in primary cultured neurons.166 The 

glutamate-induced cell death as detected by LDH assay and 

caspase-3-like activity assay was significantly reduced by 

LBPs at concentrations ranging from 10 µg/mL to 500 µg/mL. 

LBPs provided neuroprotection even 1 hour after exposure to 

glutamate. In addition to glutamate, LBPs attenuated N-methyl-

d-aspartate-induced neuronal damage, and glutamate-induced 

phosphorylation of JNK was reduced by treatment with LBPs 

(Figure 13). LBPs exerted significant neuroprotective effects 

on cultured cortical neurons exposed to glutamate.

Manganese-induced neuronal injury
Manganese could induce multiple organs injury espe-

cially in brain and show obvious cognitive and memory 

deficits. A study focused on the therapeutic effect of LBPs 

on neurogenesis and learning and memory of manganese 

poisoned mice. Healthy adult Kunming mice were used. The 

spatial learning and memory capacity of mice was determined 

by the Morris water maze training test. The neurogenic cells 

were labeled with bromodeoxyuridine (BrdU) and detected 

by immunohistochemistry. The average escape latency was 

significantly higher and the times of passing through platform 

were lower in the manganese treated group. BrdU-positive 

cells in the LBPs-treated group were significantly more than 

those in the manganese-treated group. The author suggested 

that LBPs could enhance the learning and memory capability 

of the manganese poisoned mice by promoting neurogenesis 

in the hippocampus.167

Homocysteine-induced neuronal injury
Previous clinical and epidemiological studies have suggested 

that elevated plasma homocysteine levels increased the 

risk of AD.168 Homocysteine damages neurons by inducing 

apoptosis, DNA fragmentation, and Tau phosphorylation.169 

Ho et al170 conducted in vitro and in vivo studies to study 

the beneficial effects of LBPs on neurotoxicity caused 

by homocysteine. LBA treatment significantly attenuated 

homocysteine-induced neuronal cell death and apoptosis in 

primary rat cortical neurons as determined by LDH release 

and caspase-3 activity assays. LBPs also significantly 

reduced homocysteine-induced phosphorylation of Tau-1 

at Ser198/199/202, pS396 at Ser396, and pS214 at Ser214 

as well as cleavage of Tau.170 LBP treatment suppressed 

elevation of both phosphorylated extracellular-signal-

regulated kinases (Erk1/2) and phosphorylated JNK. How-

ever, the phosphorylation level of GSK3β at Ser9/Tyr 216 

remained unchanged among different treatment groups. The 

data demonstrated that LBPs exerted neuroprotective effects 

on cortical neurons exposed to homocysteine via modulation 

of JNK and Erk1/2 pathways (Figure 14).

High ambient temperature
Yang et al171 investigated the effects of LBPs on the expres-

sion of neuropeptide Y (NPY) mRNA level in the hypo-

thalamus, plasma concentration of corticotropin-releasing 

hormone (CRH), cortisol, HSP70, and epinephrine in rats 

subject to high ambient temperature. Compared to the con-

trol group, the plasma levels of CRH, cortisol, HSP70, and 

epinephrine were markedly increased, and the level of NPY 

mRNA was downregulated in the high ambient temperature-

exposed rats.171 These effects were significantly reversed by 

LBP treatment in rats. LBPs have a potentially protective 

function against high temperature by increasing the expres-

sion of HSP70 and NPY.

Traumatic neuroma
Traumatic neuromas are tumors produced by a reactive pro-

cess to regenerate injured nerves that result in a disordered 

proliferation of nerve bundles. These tumors are usually 

related to previous surgery or trauma. Fan et al172 inves-

tigated the effects of LBPs on the formation of traumatic 

LDH↓p-JNK↓ Caspase-3↓

LBPs

Apoptosis↓

Neuroprotective effect 

NMDA Glutamate

Figure 13 Possible mechanisms for the neuroprotective effects of LBPs against 
glutamate-induced neurotoxicity.
Notes: LBPs attenuate glutamate- and NMDA-induced neuronal damage. LBPs 
decrease the activity of LDH and inhibit the phosphorylation of JNK and the 
expression of caspase-3, resulting in a decrease in apoptosis.
Abbreviations: LBPs, Lycium barbarum polysaccharides; NMDA, N-methyl-D-aspartate; 
LDH, glutathione peroxidase; JNK, Jun N-terminal kinases; p, phosphorylated.
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neuroma and pain after transection of sciatic nerve in rats. 

LBPs were intraperitoneally injected to the rats for 28 days. 

The study showed that there was less neuroma formed in 

the LBP-treated group than in the control group. Data from 

transmission electron microscopy showed that there were 

numerous axons in nerve tumor, more fusoid fibroblasts, 

more collagen fiber, and hyperplasia and degenerated myelin 

sheath in the control group, while in the LBP-treated group, 

there was less myelin sheath in the proximal end of injuring 

nerves, less Schwann cells and fibroblasts, and sparsed col-

lagen fibers. LBPs can inhibit autophagy and the formation of 

traumatic neuroma after transection of sciatic nerve in rats.

Protective effects against irradiation- or 
chemotherapy-induced organ toxicities
Both irradiation and chemotherapy can induce severe organ 

toxicities.173,174 LBPs could serve as a very useful adjunct to 

the cancer therapies such as chemotherapy and radiotherapy. 

Therapeutic effects of LBPs on mitomycin C-induced myelo-

suppressive mice were investigated by Hai-Yang et al.175 Mice 

were intravenously injected with 150 mg/kg mitomycin C 

for 2 consecutive days to produce severe myelosuppression, 

and then treated by subcutaneous injection of 100 mg/kg/day 

or 200  mg/kg/day LBPs for 6  days. Blood samples were 

collected from the tail veins of mice on days 7, 10, 12, 14, 

17, 19, 21, 24, and 27, and peripheral white blood cells, red 

blood cells, hemoglobin, and platelet counts were monitored. 

Administration of 100 mg/kg LBPs (LBP-L) on day 14 and 

200 mg/kg LBPs (LBP-H) on days 10, 14, 17, 19, and 21 sig-

nificantly increased peripheral red blood cells, hemoglobin, 

and hematocrit of myelosuppressive mice compared to mice 

treated with mitomycin C only.175 LBP-L on days 12 and 14 

and LBP-H on days 10, 12, 14, 17, 19, and 21 significantly 

promoted peripheral platelet recovery of mitomycin C-treated 

mice compared with the control mice. LBP-H on days 12, 

17, 19, and 21 also significantly inhibited the increase of 

mean platelet volume of myelosuppressive mice compared to 

the control.175 These results indicate that LBPs significantly 

enhanced platelet recovery of myelosuppressive mice com-

pared to the control, but did not significantly affect white 

blood cell recovery.

Gong et al176 investigated the effects of LBPs on irradia-

tion or chemotherapy-induced bone marrow suppression in 

mice and cultured PBMCs. In the in vivo experiment, mice 

were irradiated with X-ray or intraperitoneally injected with 

carboplatin to produce severe myelosuppression. LBPs sig-

nificantly increased peripheral white blood cell, red blood 

cell, and platelet counts compared to mice receiving irradia-

tion only. LBPs also significantly increased peripheral white 

blood cell and red blood cell counts of chemotherapy-induced 

myelosuppressive mice. This study demonstrates that LBPs 

promoted the peripheral blood and bone marrow recovery 

from irradiation or chemotherapy-induced myelosuppres-

sion in mice, and the effects may be due to the release of  

GM-CSF from PBMCs.

Protective effects on the reproductive system
Wolfberry was described to exhibit pro-sexual effect by the 

Chinese herbalist Li Shizhen, and thus it was included in sex-

ual-enhancing Chinese herbal remedies. Daily consumption 

of wolfberry juice in healthy subjects improves the well-being 

feeling toward sexuality, including increase in sexual activity 

and ability.27 Animal studies have demonstrated that LBPs 

exert beneficial effects on sexual performance and fertility, 

although the underlying mechanisms remain largely elusive.

Bisphenol A-induced sperimatogenic damage
LBPs showed protected effects against spermatogenic inju-

ries induced by bisphenol A in mice.177 Bisphenol A was 

subcutaneously injected into mice at a dose of 20 mg/kg body 

LDH↓p-JNK↓ Caspase-3↓
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Figure 14 Possible mechanisms for the neuroprotective effects of LBPs against 
homocysteine-induced neurotoxicity.
Notes: LBPs exert neuroprotective effects on cortical neurons exposed to 
homocysteine via modulation of JNK and Erk1/2 pathways. LBPs suppress the 
phosphorylation of Erk1/2 and JNK, resulting in an inhibition of phosphorylation of Tau; 
LBPs also reduce the expression level of caspase-3 and decrease the activity of LDH.
Abbreviations: LBPs, Lycium barbarum polysaccharides; LDH, glutathione peroxidase; 
JNK, Jun N-terminal kinases; Erk1/2, extracellular signal-regulated kinase 1/2;  
p, phosphorylated.
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Figure 15 Possible mechanisms for the protective effects of LBPs against bisphenol A-induced sperimatogenic damage.
Notes: LBPs exhibit protective effect on then reproductive system via the regulation of oxidative stress, apoptosis, and cell proliferation. LBPs increase the activities of SOD 
and GPx and restore the balance of Bcl-2 to Bax. LBPs promote cell proliferation but decrease the expression level of cytochrome C and the content of MDA.
Abbreviations: LBPs, Lycium barbarum polysaccharides; SOD, superoxide dismutase; GPx, glutathione peroxidase; MDA, malondialdehyde.

weight for 7 consecutive days and LBPs were administered 

simultaneously with bisphenol A by gavage daily for 7 days. 

The results showed that the weights of testis and epididymis 

were all increased after supplementation with different dos-

ages of LBPs compared with bisphenol A alone group, and 

the activities of SOD and GPx were significantly increased 

in LBP-treated groups, while MDA contents were gradually 

decreased.177 LBPs also showed significant positive effects on 

the expression of Bcl-2/Bax in bisphenol A-treated mice. The 

authors concluded that LBPs might be one of the potential 

ingredients protecting the adult male animals from bisphenol 

A-induced reproductive damage (Figure 15).

Corticosterone-induced inhibition of sexual behavior
In a recent study,159 the effects of LBPs on male sexual 

behavior of young adult male Sprague–Dawley rats were 

investigated. Oral administration of 1 mg/kg or 10 mg/kg 

LBPs for 21 days significantly improved the male copulatory 

performance including increase of copulatory efficiency, 

increase of ejaculation frequency, and shortening of ejacula-

tion latency. Furthermore, sexual inhibition caused by chronic 

corticosterone was prevented by administration of 40 mg/kg 

LBPs for 21 days. Simultaneously, treatment of rats with 

corticosterone suppressed neurogenesis in the subventricular 

zone and hippocampus in adult rats, which could be reversed 

by LBPs.159 In the subventricular zone, the number of BrdU-

positive cells in the corticosterone-treated animals was sig-

nificantly lower than LBP-treatment groups. The neurogenic 

effect of LBPs was also shown in vitro using mouse C17.2 

neural stem cells derived from the cerebellum of neonatal 

mice and immortalized by retrovirus-mediated v-myc gene 

transfection. Corticosterone treatment suppressed the cell 

proliferation of C17.2 cell line, while co-incubation with 

10 µg/mL LBP reversed the growth suppression. Blocking 

neurogenesis in male rats abolished the pro-sexual effect of 

LBPs. These results demonstrate the pro-sexual effect of 

LBPs on normal and sexually inhibited rats, and LBP may 

modulate sexual behavior by regulating neurogenesis.

Heat- or H2O2-induced testicular cell damage
Luo et al178 investigated the effect of LBPs on rat testis 

damage induced by a physical factor (43°C heat exposure), 

on DNA damage of mouse testicular cells induced by a 

chemical factor (H
2
O

2
), and on sexual behavior and repro-

ductive function of hemicastrated male rats. The results 

showed that LBPs provided a protective effect against the 

testicular tissue damage induced by heat exposure. When 

compared with negative control, a suitable concentration of 

LBPs significantly increased testis and epididymis weights, 

improved SOD activity, and raised sexual hormone levels in 
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the damaged rat testes.178 LBPs exhibited a dose-dependent 

protective effect against DNA oxidative damage of mouse 

testicular cells induced by H
2
O

2
. LBPs also improved the 

copulatory performance and reproductive function of hemi-

castrated male rats, such as shortened penis erection latency 

and mount latency, regulated secretion of sexual hormones 

and increased hormone levels, raised accessory sexual organ 

weights, and improved sperm quantity and quality.178

LBPs could provide some protective effect against 

heat stress (HS)-induced apoptosis of germ cells in rats.179 

Ninety male Sprague–Dawley rats were randomly divided 

into five groups of 18 each: control, HS, high-dose LBPs, 

median-dose LBPs, and low-dose LBPs. The rats of the three 

LBP groups were given LBPs by intragastric administra-

tion. Compared with the HS group, the three LBP groups 

showed statistically significant decreases in the apoptosis 

index, the expression level of caspase-3 in germ cells, and 

the concentration of cytochrome C in the cytosol.179 LBPs 

protected germ cells against apoptosis via modulation of the 

mitochondrial pathway.179

Radiation-induced spermatogenic damage
Zhang et al180 explored the protective effects of LBPs on 
60Co-γ-induced spermatogenic disturbance in mice and 

found that LBPs exhibited almost complete recovery from 

reproductive endocrine disorder and spermatogenic dam-

age. Luo et al181 further confirmed the protective effects of 

LBPs on radiation-induced spermatogenic damage in male 

rats exposed to local subchronic 60Co-γ-irradiation. In this 

study, the effects of LBPs on sperm quantity and motility, 

sexual ability, serum hormone levels, oxidative status, and 

testicular tissue DNA damage on days 1, 7, and 14 postdosing 

were determined. The results showed that LBPs significantly 

increased the sperm quantity and motility; shortened the 

erection, capture, and ejaculation latencies; increased the 

number of captures and ejaculations; and improved the sexual 

ability of male rats.181 LBPs also played a significant role in 

the recovery of serum testosterone levels, increased super-

oxide dismutase activity, decreased MDA levels, promoted 

oxidative balance, and rescued testicular DNA damage. LBPs 

have significant protective effects against damage induced 

by local subchronic exposure to 60Co-γ irradiation, allowing 

rats to achieve full recovery with LBP treatment.

Aging
Wei et al182 studied the protective mechanism of LBP 

administration for 30 days on the function of ovarian tissue 

in 14-month-old female senile rats. Radioimmunoassay was 

used to determine the blood levels of estrone and progester-

one, and enzyme immunoassay was used to determine the 

ovarian levels of IGF-1. Daily oral LBPs (20 mg/kg, 40 mg/

kg, or 60 mg/kg body weight) for 30 days significantly recov-

ered uterine atrophy and restored serum IGF-1 level, estrone 

and progesterone levels that were decreased in older rats, and 

reduced the expression of IGF-binding protein-1 (IGFBP-1) 

in ovarian tissue that was increased in older rats.182

Summary of protective effects of LBPs 
on the reproductive system
The protective effect of LPBs on the reproductive system is, 

at least in part, ascribed to antioxidation, promotion of cell 

proliferation, and anti-apoptosis. It has been shown that LBPs 

protect mice from bisphenol A-induced reproductive system 

damage by increasing the activities of SOD and GPx, and 

that LBPs increase sexual organ weight in rats (Figure 15). 

Moreover, LBPs decrease the ratio of Bcl-2/Bax, the expres-

sion level of caspase-3, and the concentration of cytosolic 

cytochrome C, and they increase cell proliferation in vitro.

Conclusion and future directions
The success rate of the synthetic route for developing new 

medicinal agents may be 1/10,000; however, the success 

rate with the search for new therapeutic moieties based on 

medicinal plants used in the traditional medicinal system can 

be as high as 1/4 or more.183 However, drug discovery based 

on natural compounds also has limitations. When herbal 

medicines such as LBPs are used as therapeutic agents, the 

clinical evidence supporting their use in humans is often weak 

or lacking. A better understanding of their safety, disposition 

pathways, and therapeutic targets will help with the optimal 

use. Standardization in the planting, harvesting, processing, 

and manufacturing is also important for the quality control of 

herbal products.

Although there are no reports on the severe toxicity of 

LBPs in humans, two cases of possible interactions between 

warfarin and LBPs have been reported, indicating a potential 

risk of LBP–drug and Goji–drug interaction.184–186 Clinicians 

should question patients about their use of herbal therapies 

like LBPs and document such use in their medical records 

before prescribing drugs such as warfarin.

LBPs as a mixture of active polysaccharides from Goji 

berries have shown multiple pharmacological activities, 

including anti-aging, antioxidative, anti-fatigue, anticancer, 

anti-diabetic, anti-viral, hepatoprotective, cardioprotec-

tive, neuroprotective, hypolipidemic, radioprotective, 

anti-osteoporosis, anti-inflammatory, and immunomodulating 
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effects. The mechanisms for these beneficial effects are 

multifaceted, involving a number of signaling molecules 

and pathways. A better understanding of how LBPs act on 

these signaling pathways and molecules can improve our 

knowledge on glycobiology. Further studies using systems 

pharmacology approaches such as proteomic and metabo-

lomic analysis are needed to uncover the molecular target 

networks of LBPs.

Despite the importance of Goji in the traditional Chinese 

medicine and increased popularity in Western countries, 

clinical safety data on LBPs are sparse. A safe and optimal 

use of herbal medicines like LBPs requires a full understand-

ing of their pharmacokinetics, side effects, and mechanisms 

of action.187 The dose–response and dose–toxicity relation-

ships of LBPs should be established in animal and human 

studies. It is essential to develop new formulations to ensure 

the maximum efficacy and effectiveness and minimum side 

effects of LBP-related health products.
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