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Abstract
Phytochemicals have received much recent attention in cancer prevention through simultaneous
targeting multiple pathways in the disease progression. Here we determined that wolfberry
phytochemicals was chemopreventive on the leukemic Jurkat cell. The water soluble wolfberry
fractions (i.e., wolfberry phytochemicals) were enriched in carbohydrates (73.4 ± 4.5 % (w/w)),
polyphenolics (1555 ± 112 mg quercetin equivalent/100 g freeze dry powder, including 213 mg
rutin/100 g freeze dry powder), and had enhanced antioxidant activity (7771 ± 207 μM Trolox
equivalent/100 g freeze dry powder). Wolfberry phytochemicals, but not purified wolfberry
polysaccharide fractions, inhibited Jurkat cell proliferation, induced cycle arrest at the G2/M phase
in a dose dependent manner starting at 1 mg/ml for 48 h. Wolfberry phytochemicals eliminated
cellular reactive oxygen species, declined expression of endoplasmic reticulum (ER) stress
biomarkers, including glucose regulated protein 78, inositol-requiring protein 1(IRE1), activating
transcription factor 6 (ATF6), protein kinase RNA-like ER kinase (PERK), and c/EBP-
homologous protein, and induced activation of AMP activated protein kinase, stabilization of β-
catenin, and inhibition of NFκB, and AKT activity. Simultaneous siRNA knockdown of ATF6,
IRE1 and PERK caused inhibition of cell proliferation and induction of apoptosis. Data suggested
that ER stress and multiple survival/apoptosis signaling pathways were modulated by wolfberry
phytochemicals during the apoptotic progression. Consumption of wolfberry could be an
efficacious dietary strategy for preventing leukemia.
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Introduction
Epidemiological studies suggest that consumption of some specific fruits, vegetables, and/or
whole grains reduces risk of cancer. In the past two decades, a number of bioactive food
compounds with anti-cancer activities have been isolated and characterized. Disappointedly,
clinical trials do not demonstrate very promising cancer reduction by individual isolated
compound [1–3]. This opens up a new direction towards the development of novel anti-
cancer strategies through targeting multiple signaling pathways by cumulative and
synergistic interaction of the bioactive phytochemical natural mixture but not the individual
compound [4–6].

Wolfberry (Lycium barbarum L., Chinese name Goji berry) is a fruit type of food consumed
for years in China and Eastern Asia. It was exported to Western countries in the last century.
Fresh wolfberry fruits are bright orange-red, oblong shaped. They can be purchased fresh or
a dried fruit, drink, and/or a wine. From a nutrient perspective, wolfberry contains large
amounts of diester forms of lutein and zeaxanthin. In addition, it has large amount of
polysaccharides and polyphenolics [7,8], and contains small molecules such as betaine,
cerebroside, various vitamins, and zinc [9]. According to traditional Chinese medicine
literature, wolfberry can nourish liver and kidney, help re-balance of the “Yin” and “Yan”.
(i.e., energy homeostasis), boost immune system, and improve vision. However, the
molecular mechanisms of how the bioactive constituents of wolfberry exert their influence
on cancer prevention are not well understood.

Reactive oxygen species (ROS) are multifaceted regulators essential for cell survival/death.
ROS are mainly generated in mitochondria, and are also produced in endoplasmic reticulum
(ER) [10]. ROS levels in cancer cells are always elevated. A line of evidence demonstrates
that phytochemical regulation on ROS controls cancer cell proliferation and death [11].

Polysaccharide fractions of wolfberry have been documented to prevent cancer cell
proliferation, including gastric cancer cells [12], colon cancer cells [12], and prostate cancer
cells [14]. Wolfberry polysaccharides inhibit the growth and induce apoptosis of prostate
cancer PC-3 and DU-145 cells in culture, and inhibit the growth of PC-3 tumor in mice [13].
The inhibition appears through cell cycle arrest at the G0/G1 phase in colon cancer SW480
and Caco-2 cells [14]. However, the chemopreventive effect on blood cancer, such as
leukemia, is largely unknown.

ER is the place of folding and secreting of newly synthesized proteins. Accumulation of
unfolded and misfolded proteins in the ER triggers the cellular unfolded protein response
(UPR). Persistent or prolonged UPR leads to ER stress and subsequent cell apoptosis
[15,16]. The chaperone protein glucose regulated protein 78 (Grp78) acts as an ER stress
sensor. In unstressed cells, GRP78 binds to the ER stress transducer proteins inositol-
requiring protein-1 (IRE1), activating transcription factor 6 (ATF6), and/or protein kinase
RNA-like ER kinase (PERK). When the ER stress occurs, expression levels of IRE1, ATF6
and PERK proteins are increased. GRP78 dissociates from all three transducers, which
triggers activation of three transducer-mediated signaling pathways [17]. C/EBP-
homologous protein (CHOP) is induced by all three ER stress transducer signaling
pathways. In many cases, CHOP functions to mediate ER stress-induced apoptosis [18]. In
addition, there is evidence that the ER stress signaling crosstalks with multiple signaling
pathways involving the progression of both cell growth and death, including Wnt, nuclear
factor kappa-light-chain-enhancer of activated B cells (NFκB), phosphoinositide 3-kinase
(PI3K)-Akt, mitogen-activated protein (MAP) kinase (MAPK), and Forkhead signaling
[15,16,19–21].
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Targeting ER stress has been recently proposed in cancer prevention. The most well
documented approach involves overloading the ER stress so the cancer cells are unable to
cope, which leads to cell death [22]. Compared to normal cells, the expression of ATF6,
IRE1, PERK, is elevated in various cancer cells, including leukemia [15, 16, 23]. Most
recently Misra et al reported that dysfunction of GRP78 significantly inhibited proliferation
of prostate cancer cells 1-LN and DU-145, by down-regulating IRE-1α, PERK, and ATF6α-
dependent ER stress signaling [24], suggesting that reduction of protein expression of ER
stress biomarkers could be an alternative strategy in cancer prevention.

T-cell acute lymphoblastic leukemia (T-ALL) is one of the most aggressive cancers. The
survival rates of the patients with T-ALL have been improved distinctly. However, the
clinical outcome is still poor due to its frequent relapses and drug resistance [23]. In the
current project, using Jurkat cells as a T-ALL in vitro model, we demonstrated that water
soluble wolfberry fractions, not purified polysaccharides, were chemopreventive on
leukemia Jurkat cells. Wolfberry phytochemicals induced alteration of protein expression
involving ER stress and multiple signaling pathways. Targeting multiple proteins related to
ER stress and cancer cell growth might be a novel approach to the development of
complementary dietary regimens for prevention of cancer, such as leukemia.

Materials and Methods
Preparation of water soluble wolfberry phytochemicals and polysaccharides

Dry wolfberry fruits were purchased from a local Chinese grocery store. Eight hundred
grams of wolfberry fruits were blended into a powder. The powder was mixed with 4.5
volume of de-ionized water and boiled for half an hour. The mixture was filtered with 4
layers of cheese cloth. The aqueous phase was harvested and subjected to further
centrifugation at 1500 × g for 30 min at 4 °C (Thermo Scientific Sorvall RC-5, Waltham,
MA). The supernatants were freeze dried, which yielded about 275 gram. The freeze dried
powder, (i.e., wolfberry phytochemicals), was reconstituted in phosphate-buffered saline
(PBS) for further usage.

A water soluble wolfberry polysaccharide fraction 1 was isolated and purified by ion
exchanged column as described [25]. Fraction 1 was freeze-dried and later reconstituted in
PBS for cell proliferation assay.

Antioxidant activity by FRAP assay
The ferric reducing power of wolfberry phytochemicals was determined as described
previously [26]. The working FRAP reagent was prepared by mixing 10 volumes of 300
mM acetate buffer [pH 3.6], with 1 volume of 10 mM TPTZ (2,4,6-tri(2-pyridyl)-s-triazine)
in 40 mM hydrochloric acid and with 1 volume of 20 mM ferric chloride, and pre-warmed at
37°C. Freeze-dried wolfberry phytochemical powders were dissolved in Chelex treated
deionized water at concentration of 5mg/ml. Thirty μl of the wolfberry phytochemical
solution was mixed with 270 μl freshly prepared FRAP reagent, and incubated at 37 °C for
30 min. In the end, the absorbance of the samples was measured at 550nm. Trolox was used
as a standard. The FRAP value was calculated against a Trolox standard calibration curve.

Determination of total carbohydrate
The total carbohydrate of wolfberry phytochemicals was determined by the anthrone method
[27]. Briefly, wolfberry phytochemical freeze-dried powders were dissolved in anthrone
solution to achieve the solution at 2 g/l anthrone in 75% H2SO4. The mixture was boiled at
100 °C for 15 min. After the samples were cooled down, the absorbance was read at 578 nm.
Glucose was used as a standard.
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Measurement of total polyphenolics
The amount of total polyphenolics in wolfberry phytochemicals was determined according
to the Folin-Ciocalteu method [28]. Ten μl wolfberry phytochemical solution (at 1 mg/ml in
deionized water) was solution mixed with 50 μl Folin-Ciocalteau’s reagent and 50 μl
Na2CO3 (20%, w/v), then incubated for 2 h at room temperature. After that the absorbance
of samples was measured at 760 nm. Results were expressed as mg of quercetin equivalent
per 100 gram of freeze-dried wolfberry phytochemical powders.

Profiling wolfberry carotenoids and flavonoids by high-performance liquid
chromatography

The amount of carotenoids and flavonoids in wolfberry phytochemicals was determined by
high-performance liquid chromatography (HPLC) by the Craft Technologies, Inc (Wilson,
NC, USA). Rutin content was expressed as mg/100 g freeze dry powder.

Cell culture and BrdU cell proliferation assay
Jurkat cells (ATCC, Manassas, VA) were cultured in RMPI-1640 medium supplemented
with 10% fetal bovine serum and 50 μg/ml gentamicin, 0.05 unit/ml penicillin, 50 μg/ml
streptomycin, at 37 °C in an atmosphere of 95% air and 5% CO2. For cell proliferation
assay, Jurkat cells were seeded at 4x104cells/well in 96-well flat bottom plates and
incubated overnight. Cells were then treated with wolfberry phytochemicals and/or purified
polysaccharides for 48 h. After treatment, 10 μM 5-bromo-2′-deoxyuridine (BrdU) was
added to the plates and cells were incubated for 4 hours at 37 °C in an atmosphere of 95%
air and 5% CO2. The cells together with media and BrdU were then transferred to round
bottom plates, and subsequently subjected to centrifugation at 300 g for 10 minutes to
harvest cells. Then cells were fixed and labeled with BrdU detection antibodies according to
the manufacturer’s instruction (Cell Signaling, Danvers, MA). Finally, the reaction solution
with cells was transferred back to new flat bottom plates for absorbance reading at 450 nm.
Data was normalized by the protein concentrations from the parallel studies, and further
compared with the untreated Jurkat cells (the PBS group) and graphed. Per siRNA
knockdown experiments, 24 hours post siRNA transfection, cells were subjected to BrdU
proliferation assay.

Detection of cellular ROS
Cellular ROS level was detected as previous described by a fluorimetric assay using
carboxy-H2DCFDA (C400) as the probe (Invitrogen, Carlsbad, CA) [29]. C400 working
concentration was 25 μM. The fluorescence was quantified using a microplate reader with a
fluorescence excitation of 485 nm and emission of 538 nm. Relative fluorescence intensity
was normalized by the protein concentrations from the parallel studies, and further
compared with the untreated Jurkat cells (the PBS group) and graphed.

Simultaneous knockdown of endogenous PERK, IRE1 and ATF6
Endogenous PERK, IRE1 and ATF6 were simultaneously knocked down by small
interfering RNA (siRNA). The targeting sequences: PERK, 5′-CAC AAA CTG TAT AAC
GGT TTA-3′; IRE1, 5′-CAG CAC GGA CGT CAA GTT TGA-3′; and ATF6, 5′-CAG
CAA CCA ATT TAT CAG TTT A-3′. The equal amounts of three siRNA (final
concentration: 12.5 nM for each siRNA) were co- transfected into cells at 4×105cells/ml
using HiPerFect siRNA transfection reagent according to the instructions as provided
(Qiagen, Valencia, CA, USA). Prior to experimentation, the cells were left for 24 hours to
knockdown target genes. siRNA knockdown was monitored by Western blot. The vehicle
(transfection reagent only) and negative control siRNA (AllStars Negative Control siRNA,
Qiagen, catalog # 1027281) were used as negative controls.
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Cell cycle arrest analysis by flow cytometry
Jurkat cells were seeded in 6-well culture plates. After wolfberry phytochemical treatments
for 48 h, cells were fixed in 70% ice cold ethanol and stored overnight at 4°C. Fixed cells
were washed with ice cold PBS for 3 times and further resuspended in 20μg/ml propidium
iodide solution with 1 μg/ml RNase in PBS. Flow cytometry analysis was performed by a
BD FACSCalibur flow cytometer E4400 (Franklin Lakes, NJ), with an excitation at 488 nm
and an emission at 630 nm.

Cell apoptosis by annexin V assay and poly ADP ribose polymerase (PARP) cleavage
assay

Jurkat cells were seeded in 6-well culture plates. After treatments for 48 h, cells were
collected by centrifugation, stained with Annexin V-FITC and propidium idodide, and then
subjected to flow cytometry immediately according to manufacturer’s instruction
(Biovision, Mountain View, CA). Cell apoptosis was also determined by cleavage assay of
poly ADP ribose polymerase (PARP) using anti-cleaved PARP antibody (Cell Signaling,
Danvers, MA).

Western blot
Alteration of protein expression and phosphorylation was determined as described with
modification [29]. Briefly, cells were collected and lysed on ice with cell lysis buffer
followed by brief sonication. The cell lysis buffer contained 20 mM Tris–HCl, pH 7.5, 0.5
mM EDTA, 0.5 mM EGTA, 0.25% Triton X-100, 0.1% protease and phosphatase inhibitor
cocktails (Sigma, St Louis, MO). After centrifugation at 10,000 × g for 15 min, the
supernatants were used as whole cell extracts for Western blotting. Amounts of protein
loaded per lane were 50μg. Antibodies against IRE1 and ATF6 were purchased from Abcam
(Cambridge, MA). All other primary and secondary antibodies were purchased from Cell
Signaling (Danvers, MA). Immunoreactive bands were detected by chemiluminescence
(ECL; Thermo Scientific Pierce, Rockford, IL) and visualized by the FluorChem 8800
advanced image system (Alpha Innotech, San Leandro, CA). Total pixels of each protein
band were used for graphing and statistic analysis.

Statistical analysis
The results were analyzed by one-way ANOVA with Dunnett’s multiple comparison using
SAS 9.1 and/or student t-test. All experiments represented at least triplicates. Representative
images of Western blot were shown. The level of significance (*) was considered at p ≤
0.05. All data are mean ± S.D.

Results
Wolfberry phytochemicals are enriched in carbohydrates and polyphenolics, and have
enhanced antioxidant activity

Decoction is one of traditional methods to harvest bioactive food compounds [7,8]. We used
boiling water decoction to extract wolfberry phytochemicals. We yielded 275 g freeze dried
water soluble wolfberry fractions (i.e. wolfberry phytochemicals), from 800 g dry wolfberry
fruits, the yield rate was 34.3 % (w/w). Nutritional composition results showed that the
isolated wolfberry phytochemicals contained carbohydrates at 73.4 ± 4.5 % (w/w), and
polyphenolics at 1555 ± 112 mg quercetin equivalent/100 g freeze dry powder. HPLC
analysis results showed that the wolfberry phytochemicals contained 213 mg rutin/100 g
freeze dry powder, and non-detectable carotenoids (data not shown). The antioxidant
activity of wolfberry phytochemicals was 7771 ± 207 μM Trolox equivalent/100 g freeze
dry powder.
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Wolfberry phytochemicals eliminate cellular reactive oxygen species (ROS) and attenuate
endoplasmic reticulum stress

The ROS levels were determined in Jurkat cells treated with 0.5, 1, and/or 2 mg/ml
wolfberry phytochemicals for 48 h. The results in Figure 1A showed that application of
wolfberry phytochemicals eliminated cellular ROS levels in a dose dependent manner.

As shown in Figure 1B, protein expression levels of GRP78, IRE1, ATF6, and PERK were
significantly decreased in dose-dependent manners in the wolfberry treated Jurkat cells,
CHOP expression, an indicator of activation of ER stress, was significantly decreased,
indicating wolfberry phytochemical attenuation of ER stress in the leukemia Jurkat cells.

Wolfberry phytochemicals disrupt multiple signaling pathways: Wnt, PI3K-AKT, and NFκB
The results in Figure 2A demonstrated that the expression of β-catenin protein was
increased, while the phosphorylation of glycogen synthease kinase 3 β (GSK-3β) on Ser9
was decreased dose-dependently by wolfberry treatments, indicating that wolfberry
phytochemicals activated Wnt signaling by activation of GSK-3β and accumulation and
stabilization of β-catenin.

NFκB is a protein complex which has been linked to cancer [30, 31]. ER stress crosstalks
NFκB pathway [31]. Western blot results in Figure 2B showed that wolfberry
phytochemicals inhibited the expression of NFκB p65, NFκB p50 and NFκB p105
significantly, in a dose dependent manner.

Alteration of PI3K-AKT signaling was shown in Figure 2C. Total protein level of PI3K was
decreased in the treatment at 2.0 mg/ml. Yet, AKT protein levels were not changed.
However, AKT phosphorylation on Ser473 and Thr308 was inhibited significantly by the
wolfberry treatment at 2.0 mg/ml, indicating inactivation of AKT by wolfberry
phytochemicals.

Wolfberry phytochemicals activate AMP-activated protein kinase
Simultaneous regulation on cell survival/apoptosis signaling pathways suggests that
wolfberry phytochemicals would unhinge the regulation of cellular energy homeostasis
(AMP:ATP) which are controlled by AMP-activated protein kinase (AMPK). Western blot
results were shown in Figure 3. Both AMPKα and phospho-Thr172-AMPKα proteins were
elevated significantly in the wolfberry phytochemical treated Jurkat cells, indicating that
wolfberry phytochemicals activated AMPK.

Wolfberry phytochemicals, not purified polysaccharides, inhibit Jurkat cell proliferation
As shown in Figure 4A, the Jurkat cell proliferation rates were decreased in a dose
dependent manner after treatments of wolfberry phytochemicals. In this study, over 70 % of
isolated wolfberry phytochemicals were carbohydrates, the large partial could be
polysaccharides [13]. Application of purified wolfberry polysaccharides up to 800 μg/ml for
48h did not inhibit proliferation of Jurkat cells shown in Figure 4B.

Wolfberry phytochemicals induce cell cycle arrest at the G2/M phase and apoptosis
Flow cytometry results showed that treatments of wolfberry phytochemicals did not cause
any change of the percentage of cell populations at the S phase. Cell populations were
decreased at the G0/G1 phase and increased at the G2/M phase, in a dose dependent manner.
The significant changes were observed when wolfberry phytochemicals was at 2 mg/ml
(Figure 5).
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Jurkat cell apoptosis was determined by annexin V staining/flow cytometry and cleavage of
PARP. Compared to untreated cells, the percentage of apoptotic cells was increased dose
dependently in the wolfberry phytochemical treated cells (Figure 6A). Similarly, wolfberry
phytochemicals induced PARP cleavage in a dose dependent manner (Figure 6B),
suggesting apoptosis occurred in wolfberry treated Jurkat cells.

Simultaneous knockdown of ER stress biomarkers induces PARP cleavage and inhibits
cell proliferation

Finally we performed siRNA co-transfection to knockdown PERK, IRE1 and ATF6
simultaneously (Figure 7A). Western blot results clearly revealed that knockdown of three
proteins was significant, which led to cleavage of PARP and inhibition of Jurkat cell
proliferation (Figure 7A and B). Whereas ROS level was not significantly altered (data not
shown).

Discussion
In this study we demonstrated that a natural mixture of wolfberry phytochemicals induced
leukemia Jurkat cell apoptosis through elimination of cellular ROS. Previous reports showed
that purified resveratrol and quercetin induce Jurkat cell cycle arrest at about 20 to 100 μM
[32, 33]. Compared to those reports, the doses used in the current study were fairly low.
Most abundant fractions in our harvested wolfberry extracts were carbohydrates (over 73
%). Working concentration of total polyphenolics in the culture media was at the range of
7.8 – 31.1μg quercetin equivalent/ml (calculated based on total polyphenolics contents in
the freeze-dried powder of wolfberry phytochemicals). The rutin doses were at the range of
1.07–4.26 μg/ml.

Wolfberry phytochemicals had inhibitory effects on cancer cell proliferation, including
leukemia Jurkat cells (Figure 4A), colon cancer SW480 cells and canine lymphoma F1B
cells (data not shown). However, there was no growth inhibition observed in the normal
cells treated with same doses of wolfberry phytochemicals (data not shown), suggesting its
specificity on anti-cancer cell proliferation. Purified polysaccharides, however, did not
inhibit cell proliferation in Jurkat cells in culture (Figure 4B). The results are not consistent
with the previous observation in other cancer cells, including colon and prostate cancer cells
[12–14]. This may be due to difference of cancer cell culture models. The results suggested
that other components or synergistic interaction of wolfberry phytochemicals might play
roles in inhibition of Jurkat cell proliferation.

Unlike normal cells, most cancer cells grow and proliferate under constitutive oxidative
stress condition (e.g. elevated ROS levels), which results in cellular unfolded protein
response (UPR) and ER stress [34]. Phytochemicals, such as polyphenolics, have been
demonstrated to induce overloading of ER stress and subsequent apoptosis in cancer cells
[33–39]. Phytochemical prevention of blood cancer, such as leukemia, has not been well
documented [40]. To our knowledge, this is the first report that phytochemical-eliminated
ROS leaded to subsequent apoptosis through down-regulation of ER stress biomarkers in
leukemia cells. High antioxidant activity of wolfberry phytochemicals scavenged reactive
oxygen species, which resulted in diminishing cellular oxidative status and disrupting of
cellular stress homeostasis that cancer cells live on.

A number of publications reported that targeting ER stress could be an attractive strategy for
cancer prevention. It has been well documented that overloading ER stress induces cancer
cell apoptosis, including leukemia Jurkat cells, though cancer cells naturally live on elevated
ER stress. However, a couple of reports addressed that inhibition of ER stress biomarkers
causes cancer cell death [41,24]. For instance, down-regulation of IRE-1α, PERK, and
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ATF6α-dependent ER stress signaling by the antibody against the COOH-terminal domain
of the GRP78 protein significantly caused inhibition of growth of 1-LN and DU-145
prostate cancer cells [24]. Under tunicamycin-induced ER stress condition, GRP78 levels
were declined by phytochemicals including genistein, epigallocatechin gallate, and salicylic
acid [37,39,42]. CHOP has a dual role to protect from and promote cell death [43]. In this
study, wolfberry phytochemicals and/or siRNA knockdown caused down-regulation of ER
stress biomarkers, and inhibition of CHOP expression in the progression of Jurkat cell
apoptosis, suggesting that precise control of protein levels of ER stress biomarkers is critical
to cancer cell survival. Disruption of the balance by either triggering ER stress [15,16, 22,
23] or down-regulation of ER stress biomarkers (this study) may lead to leukemia Jurkat cell
apoptosis.

β-catenin, a proapoptotic protein, plays a key role in the Wnt signaling pathway. GSK-3β
destabilizes β-catenin by phosphorylating it at Ser33, Ser37 and Thr41 [44]. Mutations in
these phosphorylation sites, which result in the stabilization of β-catenin protein levels, have
been found in many tumor cell lines [45]. ER stress-induced dissociation of GRP78 from
Wnt leads to downregulation of stabilized β-catenin and consequent cell proliferation [21].
Wolfberry phytochemicals induced accumulation and stabilization of β-catenin through
inactivation of GSK-3β, which in turn leads to activation of cellular Wnt signaling and
consequently Jurkat cell apoptosis. On the other hand, GSK-3β is also a critical downstream
target of the PI3K/AKT cell survival pathway whose activity can be inhibited by AKT-
mediated phosphorylation at Ser9 of GSK-3β [46].

Activation and overexpression of NFκB were found in many tumors [30]. Expression of
NFκB, including NFκB p105, p65 and p50, declined dose dependently in wolfberry treated
Jurkat cells, indicating that NFκB was one of the molecular targets for induction of
apoptosis by wolfberry phytochemicals.

Control of AMPK is important in cancer prevention. AMPK negatively affects mTOR/AKT
through phosphorylation of raptor, which leads to inhibition of CDC2 and activation of
apoptosis [37]. Wolfberry phytochemical activation of AMPK might be related to inhibition
of CDC2 activity leading to cell cycle arrest in human leukemia Jurkat cells, which was
consistent with previous reports in other cancer cell culture models [47].

Taken together, wolfberry phytochemicals, a natural mixture of polysaccharides,
polyphenolics, and other unknown compounds, dually functioned as an antioxidant, through
eliminating cellular ROS, and a modulator of cell survival/death signaling pathways,
through targeting ER stress and related pathways in AMPK, β-catenin, NFκB, and PI3K-
AKT signaling, which lead to Jurkat cell apoptosis. Targeting multiple signaling pathways
by a mixture of wolfberry phytochemicals would be considered as a novel strategy in the
development of therapeutic regimens for prevention of cancer, such as leukemia. This may
also help overcome the complexity of drug resistance.
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IRE1 Inositol-Requiring Protein 1

ATF6 Activating Transcription Factor 6

PERK Protein Kinase RNA-Like ER Kinase

CHOP C/EBP-Homologous Protein

AMPK AMP activated Protein Kinase

UPR Unfolded Protein Response

NFκB Nuclear Factor Kappa-light-chain-enhancer of activated B cells

PI3K Phosphoinositide 3-Kinase

T-ALL T-cell Acute Lymphoblastic Leukemia

ROS Reactive Oxygen Species

GSK-3β Glycogen Synthease Kinase 3 β

PARP Poly ADP Ribose Polymerase

PBS Phosphate Buffered Saline

GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase
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Figure 1. Elimination of ROS and attenuation of endoplasmic reticulum (ER) stress by wolfberry
phytochemicals in leukemia Jurkat cells
Cells were treated with 0.5, 1, and 2 mg/ml wolfberry phytochemicals for 48 h. Phosphate
buffered saline (PBS) treatment as a control. The cellular ROS levels were determined (A).
The whole cell lysates were subjected to Western blot (B). Representative images were
shown. Total pixels of each protein band were used for graphing and statistical analysis,
based on at least three independent Western blot experiment results. *: significance at p ≤
0.05. GAPDH as a loading control. ROS, reactive oxygen species; Grp78, glucose regulated
protein 78; IRE1, inositol-requiring protein-1; ATF6, activating transcription factor -6;
PERK, protein kinase RNA-like ER kinase; CHOP, C/EBP-homologous protein; IB,
immunoblot; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 2. Alteration of multi-signaling pathways in Jurkat cells by wolfberry phytochemicals
Cells were treated with wolfberry phytochemicals for 48 h. PBS was used as a control.
Alteration of cell survival/apoptosis signaling pathways was determined by Western
blotting. A. Wnt signaling: Inhibition of GSK-3β phosphorylation on Ser9 and accumulation
of β-catenin. B. NFκB pathway: Inhibition of NFκB p65. C. PI3K/AKT pathway: Inhibition
of AKT phosphorylation on Ser473 and Thr308. Total pixels of each protein band were used
for graphing and statistic analysis, based on at least three independent Western blot
experiment results. GAPDH and/or β-actin, loading controls. *: significance at p ≤ 0.05.
pSer9-GSK-3β, glycogen synthase kinase-3 β phosphorylation on Serine 9; Ser9-GSK-3β,
glycogen synthase kinase-3 β; NFκB, nuclear factor kappa-light-chain-enhancer of activated
B cells; PI3K, phosphoinositide 3-kinase; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; PBS, phosphate-buffered saline.
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Figure 3. Wolfberry phytochemicals activate AMPK
Jurkat cells were treated with wolfberry phytochemicals for 48 h as indicated. PBS was used
as a control. AMPKα, and AMPK α phosphorylation on Thr172 were determined by
Western blot. Total pixels of each protein band were used for graphing and statistic analysis,
based on at least three independent Western blot experiment results. *: significance at p ≤
0.05. GAPDH as a loading control. AMPK, AMP-activate protein kinase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; PBS, phosphate-buffered saline.
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Figure 4. Growth inhibition of Jurkat cells by wolfberry phytochemicals, but not the purified
polysacchardies
Jurkat cells were treated with wolfberry phytochemicals (A) or purified wolfberry
polysaccharides (B) for 48 h as indicated. Cell proliferation was measured as described. PBS
( phosphate-buffered saline) was used as a control. *, p ≤ 0.05.
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Figure 5. Cell cycle arrest at G2/M phase in Jurkat cells by wolfberry phytochemicals
Jurkat cells were treated with PBS (phosphate-buffered saline) or wolfberry phytochemicals
for 48 h as indicated. The cell cycle distribution was measured as described. Cell cycle arrest
at G2/M phase was dose dependently. *, p ≤ 0.05.
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Figure 6. Jurkat cell apoptosis induced by wolfberry phytochemicals
Wolfberry pytochemicals and/or PBS (vehicle) treated cells were subjected to apoptosis
analysis by Annexin V assay (A) and cleavage of PARP by Western blot (B) as described.
The percentage of apoptotic cells was increased dose-dependently. PBS, phosphate-buffered
saline. *, p ≤ 0.05.
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Figure 7. Simultaneous knockdown of ER stress biomarkers induces PARP cleavage and inhibits
cell proliferation
siRNA of PERK, IRE1 and ATF6 was co-transfected into Jurkat cells to knockdown the
proteins. Expression of PERK, IRE1, ATF6, and cleaved PARP was determined by Western
blot. Total pixels of each protein band were used for graphing and statistic analysis, based
on at least three independent Western blot experiment results (A). Cell proliferation in the
vehicle and transfected cells was analyzed as described in the Materials and Methods section
(B). Vehicle, transfection reagent only; siRNA mixtures, siRNA mixtures of PERK, IRE1,
and ATF6. IRE1, inositol-requiring protein-1; ATF6, activating transcription factor -6;
PERK, protein kinase RNA-like ER kinase; PARP, poly ADP ribose polymerase. *, p ≤
0.05.
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