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Abstract: The overall clinical outcome in T-cell acute lymphoblastic leukemia (T-ALL) can be improved by minimizing 
risk for treatment failure using effective pharmacological adjuvants. Phloridzin (PZ), a flavonoid precursor found in 
apple peels, was acylated with docosahexaenoic acid (DHA) yielding a novel ester known as phloridzin docosahexae-
noate (PZ-DHA). Here, we have studied the cytotoxic effects of PZ-DHA on human leukemia cells using in vitro and 
in vivo models. The inhibitory effects of PZ-DHA were tested on human Jurkat T-ALL cells in comparison to K562 
chronic myeloid leukemia (CML) cells and non-malignant murine T-cells. PZ-DHA, not PZ or DHA alone, reduced cell 
viability and ATP levels, increased intracellular LDH release, and caused extensive morphological alterations in both 
Jurkat and K562 cells. PZ-DHA also inhibited cell proliferation, and selectively induced apoptosis in Jurkat and K562 
cells while sparing normal murine T-cells. The cytotoxic effects of PZ-DHA on Jurkat cells were associated with cas-
pase activation, DNA fragmentation, and selective down-regulation of STAT3 phosphorylation. PZ-DHA significantly 
inhibited Jurkat cell proliferation in zebrafish larvae; however, the proliferation of K562 cells was not affected in vivo. 
We propose that PZ-DHA-induced cytotoxic response is selective towards T-ALL in the presence of a tumor-stromal 
microenvironment. Prospective studies evaluating the combinatorial effects of PZ-DHA with conventional chemo-
therapy for T-ALL are underway. 
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Introduction

Acute lymphoblastic leukemia (ALL) is the most 
common cancer in children; however, it also 
affects adults of all ages. T-cell ALL (T-ALL) is a 
rare, but highly aggressive subtype of ALL 
accounting for about 12% of pediatric and 24% 
of adult ALL cases [1]. New insights into the 
pathogenesis of T-ALL and intensified combina-
tion chemotherapy regimens have markedly 
improved the overall prognosis and survival for 
patients; however, clinical challenges such as 
suboptimal response, resistance, morbidity 
from drug toxicities, and disease relapse often 
limit treatment efficacy in T-ALL [1, 2]. In fact, 
patients with relapsed T-ALL face a dismal 
prognosis, and are highly resistant to chemo-

therapy [3]. Therefore, there is still clearly an 
unmet medical need for safe and effective sin-
gle drug or adjuvant agents in combating T-ALL. 

Many dietary phytochemicals have reportedly 
shown significant cytotoxic effects in malignant 
cells through interfering with the multistep pro-
cess of carcinogenesis [4, 5]. These phyto-
chemicals are also capable of minimizing drug 
resistance and adverse side effects, thereby 
enhancing the overall efficiency of clinically- 
viable chemotherapeutics [6]. A recent study 
also showed that polyphenols synergistically 
increase the cytotoxicity of doxorubicin and eto-
poside in lymphoid leukemia cells [7]. However, 
the major disadvantages of phytochemicals  
are poor intestinal absorption and low metabol-
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ic stability; therefore, limiting their bioavailabil-
ity and therapeutic applications in humans [8, 
9].

Phloridzin (PZ, also known as phlorizin or phlor-
etin-2’-O-glucoside) is a major precursor of fla-
vonoid glucoside largely found in apple peels. 
Previous studies showed that PZ significantly 
inhibit tumor cell growth in mice subcutane-
ously transplanted with mammary adenocarci-
noma and bladder carcinoma [10]. However, 
further exploration of PZ as a cytotoxic agent 
was halted due to issues concerning poor bio-
availability [8]. In efforts to address this prob-
lem, a novel fatty acid ester of PZ called phlo-
ridzin docosahexaenoate (PZ-DHA) was syn- 
thesized by conjugating PZ with docosahexae-
noic acid (DHA) through a lipase B enzyme-cat-
alyzed acylation [11].

Enzymatic acylation with long chain polyunsat-
urated fatty acids (PUFAs) has been used to 
increase penetrability of flavonoids into cells 
[11, 12]. Besides providing acyl groups for 
esterification, PUFAs exhibit significant health 
benefits [13, 14]. DHA, an omega-3 (ω-3) PUFA 
found abundantly in fish oil, was found to be the 
primary tumor-suppressing fatty acid in athy-
mic mice bearing human colon carcinoma [15]. 
DHA is also an effective adjuvant agent, as it 
synergistically enhances the efficacy of numer-
ous chemotherapeutics both in vitro and in vivo 
[16]. Despite the promising health benefits, the 
potential of PUFAs as a functional food  ingredi-
ent is limited due to low stability and high sus-
ceptibility to oxidation [17]. Therefore, the enzy-
matic conjugation of PZ with DHA is mutually 
beneficial, as the modification not only improves 
flavonoid bioavailability, but it also increases 
the stability of the unsaturated fatty acid. 

The potential individual ability of PZ and DHA to 
induce cytotoxic effects in malignant cells sug-
gests that the single chemical entity, PZ-DHA, 
could be a potent and promising cancer thera-
peutic agent. Previous studies demonstrate the 
anti-oxidant, anti-tyrosinase, and anti-inflam-
matory effects of PZ-DHA [11, 18]. PZ-DHA  
also showed inhibitory effects against HepG2 
human hepatoma cells, MDA-MB-231 human 
breast carcinoma cells, and THP-1 human 
acute monocytic leukemia cells, while sparing 
normal human and rat hepatocytes [19].
PZ-DHA also caused selective cytotoxicity in 
mammary carcinoma cells compared to human 
mammary epithelial cells and suppressed 

MDA-MB-231 xenograft growth in non-obese 
diabetic severe combined immune-deficient 
(NOD-SCID) female mice [20]. In the present 
study, we investigated the effects of PZ-DHA on 
the survival of a human T-ALL cell line (Jurkat) 
in comparison to a human chronic myeloid leu-
kemia cell line (K562) and non-malignant 
murine T-cells, and in an in vivo model employ-
ing zebrafish human leukemia cell xenografts.

Materials and methods

Cell lines and culture conditions

Jurkat and K562 cells were cultured in RPMI-
1640 and DMEM, respectively, supplemented 
with 10% (v/v) fetal bovine serum (FBS), 100 U/
ml penicillin, and 100 μg/ml streptomycin. 
Cells were cultured in suspension and main-
tained at 37°C in a humidified incubator with 
5% CO2. 

Drug treatment

PZ-DHA; PZ, imatinib mesylate, and doxoru- 
bicin (Sigma, Oakville, ON, Canada); and DHA 
(Nu-Chekprep, Elysian, MN, USA) were dis-
solved in dimethyl sulfoxide (DMSO) (Sigma). 
Indicated treatment concentrations were gen-
erated by dilution in culture media such that 
the final concentration of DMSO did not exceed 
0.05%. 

MTS assay

Cell viability was measured using MTS calori-
metric assay (Promega, Madison, WI, USA). 
Jurkat (3.5 × 104 cells/well) and K562 (5 × 103 

cells/well) were seeded in 96-well plates and 
treated with vehicle or test compounds (PZ- 
DHA, PZ, DHA, imatinib, and doxorubicin) at 10, 
25, 50, 75, and 100 µM for 12, 24, and 48 h at 
37°C. At the end of each time-point, MTS/ 
phenazine methosulfate (PMS; Sigma) (333 
μg/ml MTS and 25 μM PMS) was added into 
each well and incubated for 2.5 h at 37°C. The 
absorbance was measured at 490 nm using  
an Infinite® 200 PRO multimode microplate 
reader (Tecan Trading AG, Männedorf, Switzer- 
land).

ATP assay 

Cells were seeded in opaque-walled 96-well 
plates and treated with vehicle or test com-
pounds (100 µM) for 24 h at 37°C. Cellular ATP 
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levels were measured using CellTiter-Glo lumi-
nescent cell viability assay (Promega). CellTiter-
Glo reagent was added and plates were  
incubated at room temperature for 10 min. 
Luminescence was measured using a micro-
plate reader. 

Lactate dehydrogenase (LDH) assay

LDH activity was measured using CytoTox 96 
Non-Radioactive Cytotoxicity Assay (Promega). 
Briefly, cells were seeded in 96-well plates and 
treated with vehicle or test compounds (100 
µM) for 24 h at 37°C. After centrifugation, the 
supernatant was transferred to a fresh plate, 
followed by addition of an equal amount of 
CytoTox 96 reagent. After 30 min incubation at 
room temperature, acetic acid (1 M) was added 
to stop the reaction and absorbance at 490 nm 
was measured. Total cytotoxicity was calculat-
ed by comparing the levels of released LDH in 
the experimental samples to total levels of cel-
lular LDH obtained by lysing 1 × 106 corre-
sponding cells with lysis buffer (9% Triton 
X-100). 

Oregon Green 488 staining

Serum-starved Jurkat and K562 cells were 
labelled with CellTrace Oregon Green 488 dye 
(1.25 μM) (Life Technologies Inc., Burlington, 
ON, Canada) in serum-free media for 45 min at 
37°C. Cells were then resuspended in serum-
containing growth media and 1 × 105 cells were 
fixed in 1% paraformaldehyde representing a 
non-proliferative control (baseline). The remain-
ing wells were seeded in 6-well plates and 
treated with vehicle or test compounds (30 µM) 
at 37°C. After 72 h, flow cytometric analysis 
was performed using a FACSCalibur instrument 
(BD Bioscience, Mississauga, ON, Canada). The 
number of cell divisions (n) was calculated 
based on mean fluorescence (MF), where 
MFbaseline=(2n) (MFsample). 

Phase contrast microscopy 

Jurkat (1.4 × 105 cells/well) and K562 (2.5 × 
104 cells/well) were seeded in 24-well plates 
and treated with vehicle or test compounds (50 
µM) for 24 h at 37°C. The morphology of cells 
was observed under an inverted phase con-
trast Nikon Eclipse E 100 microscope (Nikon, 
Mississauga, ON, Canada) and images were 
captured at 100 × magnification using Infinity 
digital microscopy camera (Lumenera corpora-
tion, Ottawa, ON, Canada). 

Annexin/PI dual staining

Jurkat, K562, and normal murine T-cells were 
seeded in 6-well plates at a density of 1 × 105 
cells/well and treated with vehicle or test com-
pounds for 24 h at 37°C. Treated cells were 
stained with Annexin V/propidium iodide (PI) 
using Annexin-V-FLUOS Staining Kit (Roche 
Diagnostics, Laval, QC, Canada) according to 
the manufacturer’s instructions. Briefly, cells 
were washed with 1 × phosphate-buffered 
saline (PBS) and subjected to centrifugation at 
200 g for 5 min. Cell pellets were then resus-
pended in pre-mixed Annexin-V-FLUOS labeling 
solution. A flow cytometric analysis was per-
formed after 15 min incubation at room tem- 
perature.

Caspase activation assay

Jurkat and K562 cells were seeded in opaque-
walled 96-well plates and treated with vehicle 
or test compounds (50 µM) for 18 h at 37°C. 
Staurosporine (2.5 µM) was used as positive 
control for caspase 3 activation. The Caspase-
Glo 3/7 assay (Promega) was performed ac- 
cording to manufacturer’s protocol. Briefly, 
Caspase-Glo® 3/7 reagent was added to each 
well and luminescence was measured after 2 h 
incubation. 

DNA fragmentation assay

DNA fragmentation was quantified using Cel- 
lular DNA fragmentation ELISA kit (Sigma) 
according to the manufacturer’s protocol. Bri- 
efly, Jurkat and K562 cells were labelled with 
5’-bromo-2’-deoxy-uridine (BrdU) solution (10 
µM) and treated with vehicle or test compounds 
(50 µM) for 24 h at 37°C. Cells were then lysed 
with lysis buffer and transferred to 96-well 
plates pre-coated with anti-DNA antibody. 
Exonuclease III solution was added to induce 
DNA denaturation, followed by the addition of 
anti-BrdU-peroxidase conjugate and substrate 
(tetramethylbenzidine, TMB) solution. The abs- 
orbance was measured at 370 nm. 

Western blot analysis

Jurkat and K562 were seeded at a density of 1 
× 105 cells/ml and treated with vehicle or 
PZ-DHA (10, 15, and 30 µM) for 24 h at 37°C. 
Jurkat cells were stimulated with interferon 
alpha-2b (IFNα-2b) (Sigma) at a final concentra-
tion of 5 × 104 units/ml for 1 h at 37°C. Cells 
were then harvested and lysates were prepared 
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in ice-cold radioimmunoprecipitation (RIPA) 
lysis buffer (1 × PBS containing 1% IGEPAL, 
0.5% sodium deoxycholate, and 0.1% SDS; and 
freshly added protease inhibitor cocktail 
(Sigma), 1 mM phenylmethylsulfonylfluoride, 
and 1 mM sodium orthovanadate). Protein con-
centrations were determined using the Bio-Rad 
protein assay (Bio-Rad, Mississauga, ON, 
Canada). Samples (20 μg/lane) were resolved 
by SDS-PAGE), transferred onto BioTrace NT 
nitrocellulose membranes (Pall Life Sciences, 
Pensacola, FL, USA) and blocked in 10% nonfat 
milk (w/v) in Tris-buffered saline-Tween 20 
(TBS-T) (0.02 M Tris-HCl, pH 7.6, 0.2 M NaCl, 
0.05% Tween 20) for 1 h at room temperature. 
The nitrocellulose blots were then incubated 
with primary antibodies [anti-pSTAT1, anti-
pSTAT3, anti-pSTAT5, anti-STAT1, anti-STAT3, 
and anti-STAT5 (Cell Signaling Technology, 
Danvers, MA, USA); and anti-actin (Sigma)] 
overnight at 4°C. The blots were washed thor- 
oughly with TBS and incubated with secondary 
antibody [goat anti-rabbit IgG horse radish per-
oxidase (HRP) conjugate (Abcam Inc, Toronto, 
ON, Canada)] prepared in 10% nonfat milk in 
TBS-T for 1 h. Immunoreactive signals were 
detected using Immun-Star™ WesternC™ 
Chemiluminescence (Bio-Rad, Mississauga, 
ON, Canada) and visualized by exposure to 
X-ray film.

Zebrafish (Danio rerio) husbandry

Casper zebrafish were maintained in 28.5°C 
water at pH 6-8, and exposed to light for 14 h 
[21]. The larvae were collected, and incubated 
at 28.5°C in egg water (5 mM NaCl, 0.17 mM 
KCl, 0.4 mM CaCl2 and 0.16 mM MgSO4). Use 
 of zebrafish in this study was approved by  
the Dalhousie University Committee for La- 
boratory Animals (UCLA) (Protocol 15-126).

In vivo cell proliferation assay

Jurkat and K562 cells were labelled with 
CellTracker™ Orange CMTMR fluorescent dye 
(Life Technologies, Burlington, ON, Canada). 
Xenotransplantation was carried out as des- 
cribed by Corkery et al., (2011). Briefly, casper 
larvae at 48-hour post fertilization (hpf)  
were anesthetized with tricaine methanesulfo-
nate (Sigma) at a final concentration of 200 μg/
mL prior to injection. Approximately 50-100 
labelled-cells were injected into the yolk sac of 
each larvae. At 24 h post injection (hpi), larvae 

were screened for the presence of a consistent 
fluorescent mass within the yolk sac. Positively 
injected larvae were divided into two groups; 
one sacrificed at 24 hpi (baseline), and the 
other sacrificed at 96 hpi after being treated 
with vehicle or PZ-DHA (50 and 75 µM). The 
treatment doses did not exceed 50% of the 
maximum tolerated dose (MTD), where MTD 
indicates 100% survival of non-xenotransplant-
ed larvae in the presence of drug. PZ-DHA was 
added directly to the fish water, and larvae were 
incubated at 35°C during treatment. At indicat-
ed time-points, live cell imaging of larvae was 
performed and both brightfield and accompa-
nying fluorescent images were captured using 
an inverted Axio Observer Z1 microscope 
equipped with a Colibri LED light source (Carl 
Zeiss, Westlar, Germany). Twenty larvae from 
each treatment groups were also dissociated 
into single-cell suspension, imaged and ana-
lyzed using a semi-automated macro (Image J 
computer software, NIH, Bethesda, MD) where 
the relative number of fluorescent cells per lar-
vae was determined. 

Statistical analysis

All the data were analyzed statistically using 
Minitab 16 at 5% or 0.1% significance level. 
Results were expressed as mean ± SEM of 
three independent experiments conducted in 
triplicates. Differences among means were 
analysed using 2-sample Student’s t-test or 
one-way analysis of variance (ANOVA) using 
Tukey’s or Dunnent’s tests. Differences were 
considered statistically significant at *P < 0.05 
and **P < 0.001.

Results

PZ-DHA suppresses the viability of leukemia 
cells

The preliminary inhibitory effects of PZ-DHA on 
the survival of human leukemia cells was evalu-
ated using MTS assay. PZ-DHA resulted in a 
dose-dependent reduction in the viability of 
both Jurkat and K562 cells (Figure 1A). As we 
predicted, PZ-DHA was found to be more potent 
than its parent compounds, PZ or DHA, with the 
exception that DHA caused a marked inhibitory 
effect on Jurkat and K562 cells at the highest 
treatment concentration (100 µM). Both doxo-
rubicin and imatinib, the respective positive 
controls for Jurkat and K562 cell lines, sup-
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pressed the viability of cells in a dose- and 
time-dependent manner as expected. Consis- 
tently, ATP levels, as an indication of cell viabil-
ity, were found to be significantly reduced fol-
lowing PZ-DHA treatment; PZ or DHA alone were 
less effective (Figure 1B). Further evaluation of 
cell viability using the LDH assay confirmed 
that PZ-DHA caused leukemia cell cytotoxicity. 
PZ-DHA induced the greatest release of lactate 
dehydrogenase, a stable cytosolic enzyme, into 
the culture medium indicating compromised 
membrane integrity upon treatment (Figure 
1C). 

PZ-DHA inhibits proliferation and selectively 
induces apoptosis in leukemia cells

PZ-DHA suppressed the proliferation of Jurkat 
and K562 cells, thereby significantly reducing 
the number of cell divisions (Figure 2A and 2B). 
In the course of cell death, a series of typical 
morphological changes, such as shrinkage of 

cells, membrane blebbing, and fragmentation 
into apoptotic bodies occurs. PZ-DHA-treated 
Jurkat and K562 cells displayed morphologi- 
cal alterations, with membrane blebbing and  
formation of apoptotic bodies being evident 
(Figure 3A). These extensive morphological 
changes suggested PZ-DHA-induced apoptotic 
cell death, which was confirmed by Annexin-V-
FLUOS/PI dual staining-based flow cytometric 
analysis. In comparison to vehicle, PZ-, or DHA-
treated Jurkat and K562 cells, the percent of 
early and/or late apoptotic/necrotic cells were 
significantly increased following treatment with 
50 μM PZ-DHA (Figure 3B and 3C). It is also 
important to note that PZ-DHA exerted a mini-
mal inhibitory effect on normal murine T-cells 
at doses that were effective at inducing cell 
death in leukemia cells (Figure 3D). Together, 
these results demonstrate that the cytotoxic 
activity of PZ-DHA is not selective towards a 
specific type of leukemia, where PZ-DHA signifi-
cantly killed both T-ALL (Jurkat) and CML (K562) 

Figure 1. PZ-DHA is more potent than the parent compounds, PZ and DHA. A. Cell viability was measured using MTS 
assay after treating Jurkat and K562 cells with 10, 25, 50, 75, and 100 µM PZ, DHA, or PZ-DHA for 12, 24, and 48 
h. Doxorubicin and imatinib were used as positive controls for Jurkat and K562 cell lines, respectively. B. Cellular 
ATP levels were measured using CellTiter-Glo luminescent assay following treatment with test compounds (100 µM) 
for 24 h. C. The release of LDH into culture media was measured following treatment with test compounds (100 
µM) for 24 h. Data represent mean ± SEM (n=3). *P < 0.05 and **P < 0.001, compared among means (ANOVA, 
Tukey’s test). 
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cells. Moreover, PZ-DHA effectively induced 
apoptosis in leukemia cells, while sparing nor-
mal T-cells. 

PZ-DHA exerts differential effects on caspase 
activation and DNA fragmentation 

Caspases are frequently activated during cell 
death and are associated with the typical hall-
marks of apoptosis such as formation of apop-
totic bodies and DNA fragmentation. Since cas-
pase activation is an early event in apoptosis, a 
shorter drug exposure time (< 24 h) was 
required to detect caspase activity. Stauro- 
sporine (STS; 2.5 µM), which induces apoptosis 
via caspase 3, was used as a positive control. 
Although 50 µM PZ-DHA significantly induced 
caspase 3/7 activation in Jurkat cells at the 18 
h treatment time point, no caspase activity was 
detected in K562 cells (Figure 4A). Similarly, 
DNA fragmentation primarily activated by cas-

pases was present in PZ-DHA-treated Jurkat 
cells, but not in K562 cells (Figure 4B). The abil-
ity of PZ-DHA to cleave chromosomal DNA into 
multiples of internucleosomal 180-bp frag-
ments, rendering DNA laddering, was also 
detected in Jurkat cells by agarose gel electro-
phoresis (data not shown).

PZ-DHA selectively inhibits the activation of 
STAT3 in Jurkat cells

The Janus kinase (JAK)/signal transducer and 
activator of transcription (STAT) signaling path-
way is often aberrantly activated in hematologi-
cal malignancies reflecting the critical role of 
JAK and STAT proteins in hematopoiesis [23, 
24], a superfamily of more than 30 transmemb- 
rane proteins that recognize specific cytokines,  
and is critical in blood formation and immune 
response. Many of those receptors transmit 
anti-apoptotic, proliferative and differentiation 

Figure 2. PZ-DHA suppresses leukemia cell proliferation. A. Oregon Green 488 fluorescent dye-stained Jurkat and 
K562 cells were treated with vehicle or test compounds (30 µM) for 72 h. Cells were then harvested and fluores-
cence intensity was quantified by flow cytometry relative to the non-proliferative control (baseline). Histograms from 
a representative experiment are shown. B. Bar graphs (derived from A show mean number of cell division in each 
treatment normalized to the non-proliferative control. Data represent mean ± SD (n=3). *P < 0.05, compared to 
vehicle control (ANOVA, Dunnett’s test). 
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signals, and their expression and functions are 
critical for the formation of blood lineages. 
Several cancers, including blood malignancies, 
have been associated with constitutive activa-
tion of members of the STAT family, which nor-
mally require JAK-mediated tyrosine phosph- 
orylation for transcriptional activation. In the 
events of persistent JAK or STAT activation, for 

example, through mutations that may cause 
constitutive ligand/receptor coupling or abnor-
mal tyrosine kinase activity, aberrant JAK/STAT 
signaling stimulates the proliferation and sur-
vival pathways of leukemia cells. Among the 
STAT family members, STAT1, STAT3, and 
STAT5, are commonly associated with ma- 
lignant transformation [25]. Active STAT3, in 

Figure 3. PZ-DHA induces apoptosis in leukemia cells while sparing normal murine T-cells. A. Jurkat and K562 cells 
were treated with vehicle or test compounds (50 µM) for 24 h and photographed using phase contrast microscopy 
at 400 × magnification. Photos are representative of three independent experiments. B. Flow cytometry analysis 
with Annexin V/PI dual staining was used to evaluate apoptosis induction in Jurkat and K562 cell lines treated with 
vehicle or test compounds (50 µM) for 24 h. Cytograms are representative of one of three independent experiments. 
C. Bar graphs (derived from A show % of apoptotic/necrotic (Annexin V, PI and Annexin V/PI positive) cells. D. Bar 
graphs showing % apoptotic/necrotic normal murine T-cells, Jurkat, and K562 cells treated with vehicle or test 
compounds at 25, 50, and 75 µM treatment doses. Data represent mean ± SD (n=3). *P < 0.05 and **P < 0.001, 
compared among means (ANOVA, Tukey’s test).
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particular, is an oncogene that could potentially 
be an attractive drug target in leukemia [26]. 
We evaluated the effect of PZ-DHA on STAT1, 
STAT3, and STAT5 expression and activation 
levels (Figure 5). Jurkat cells constitutively 
express phosphorylated STAT1; however, STAT3 
and STAT5 activation requires stimulation by 
IFNα-2b. PZ-DHA selectively inhibited inducible-
phosphorylation of STAT3 at 30 µM (Figure 5B), 
while not affecting the phosphorylation of 
STAT1 or STAT5 in Jurkat cells (Figure 5A and 
5C, respectively). No significant suppression of 
STAT3 phosphorylation was observed in 
PZ-DHA-treated K562 cells (data not shown). 

PZ-DHA suppresses Jurkat cell proliferation in 
zebrafish xenografts

Testing of drug efficacy in vivo is an important 
aspect of drug discovery. Following the specific 
responses of Jurkat and K562 cells to PZ-DHA 
in in vitro cell-based assays, we further 
assessed the anti-proliferative effect of PZ-DHA 
in a previously established zebrafish xenograft 
model (Bentley et al., 2015; Corkery et al., 
2011). Figure 6A shows representative bright-

Risk-oriented treatment tailored specifically for 
T-ALL has improved the survival of these 
patients in recent years [27] . Despite this prog-
ress, treatment failure in T-ALL is persistent, 
largely due to disease relapse [3, 28]  which 
underlies the importance and necessity of 
developing novel drugs as a single agent and/or 
in combination with other agents for T-ALL 
treatment. Since the 1960s, plant-derived anti-
cancer drugs like vincristine sulfate (Oncovin®) 
and vinblastine sulfate (Velban®) have been 
approved by the U.S. Food and Drug 
Administration (FDA) for treating hematological 
malignancies [29]. Here, for the first time, we 
show the selective cytotoxic effects of a novel 
plant-derived ester, PZ-DHA, against human 
T-ALL cells both in vitro and in vivo.  We exam-
ined the cytotoxic properties of PZ-DHA on 
Jurkat T-ALL cells, in comparison with K562 
CML cells. Our findings clearly show that the 
enzymatic conjugation of PZ with DHA is indeed 
advantageous as PZ-DHA was found to be more 
potent in killing Jurkat and K562 cells in vitro 
than the parent compounds. This is consistent 
with our previous studies reporting the cytotox-

Figure 4. PZ-DHA-induced apoptosis is associated with caspase activation 
and DNA fragmentation in Jurkat cells. A. Jurkat and K562 cells were treated 
with vehicle, test compounds (50 µM), or 2.5 µM staurosporine, STS (posi-
tive control) for 18 h and caspase activity was detected using Caspase-Glo 
3/7 assay. Luminescence units were recorded. B. Jurkat and K562 cells 
were treated with vehicle or test compounds (50 µM) for 24 h and DNA 
fragmentation was quantified by ELISA assay. Absorbance values were mea-
sured at 370 nm. Data represent mean ± SD (n=3). *P < 0.05 and **P < 
0.001, compared to vehicle control (ANOVA, Dunnett’s test). 

field and fluorescent images 
of larvae injected with Jurkat 
cells from vehicle- and PZ- 
DHA-treated groups. The pro-
liferation rate of cells in treat-
ed larvae was determined by 
quantifying fluorescent cells 
at baseline (denoted 0 h post-
treatment, hpt) and at 72 hpt 
following exposure to either 
vehicle or PZ-DHA added to 
the larval water. Jurkat xeno-
transplanted larvae exposed 
to 75 µM PZ-DHA showed  
significant reduction in cell 
growth compared to vehicle-
treated control larvae (Figure 
6B). However, no significant 
difference was observed be- 
tween control and treated lar-
vae xenotransplanted with 
K562 cells (data not shown). 

Discussion

Historically, T-ALL is associat-
ed with a worse prognosis 
than B-cell precursor disease. 
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ic effects of PZ-DHA on hepatocellular carcino-
ma cells, and both triple negative and estrogen 
receptor (ER)-positive mammary carcinoma 
cells [19, 20]. Similarly, lipase B enzymatic acyl-
ation of other flavonoids, like rutin and naringin, 
have shown more significant anti-tumor effects 
compared to their parental molecules [30]. It is 
also important to note that the enzymatically-
conjugated PZ-DHA had much greater effect on 
breast cancer cells than a mere mixture of PZ 
and DHA [20]. 

PZ-DHA significantly reduced cell viability of 
Jurkat and K562 cells in a dose-dependent 
manner (Figure 1), inhibited cell proliferation  
at a sub-cytotoxic treatment dose (Fig- 
ure 2), and selectively induced apoptosis while 
sparing normal murine T-cells (Figure 3). The 
ability of PZ-DHA to target both T-ALL and CML 
cells was not surprising because most flavo-

death in K562 cells. Apoptosis is primarily, but 
not exclusively, mediated by caspase activation 
[36]. There is increasing evidence that cytotoxic 
agents can initiate cell death without relying on 
caspase activation [37, 38]. For example, stau-
rosporine was shown to induce both caspase-
dependent and independent apoptotic cell 
death in two different carcinogen-induced 
acute lymphoid leukemia lines in murine cells 
[37]. The absence of caspase activity and DNA 
fragmentation could also be associated with 
atypical cell death like autophagy, necrosis, or 
necroptosis [39]. Other flavonoids and their 
derivatives such as flavopiridol, luteolin-7-O-
glucoside, EGCG also triggered a caspase inde-
pendent death pathway in human cancer cells 
[40-42]. Knowing that the cytotoxic effect of 
PZ-DHA is not restricted to Jurkat cells, it would 
be interesting to further characterize PZ-DHA-
induced apoptosis in K562 cells in the future. 

Figure 5. PZ-DHA selectively inhibits inducible phosphorylation of STAT3 pro-
tein in Jurkat cells. Jurkat cells were treated with vehicle (V) or indicated 
concentrations of PZ-DHA for 24 h before 1 h IFN-α incubation. Relative 
expression levels of (A) phospho-STAT1 (p-STAT1) and STAT1, (B) phospho-
STAT3 (p-STAT3) and STAT3, and (C) phospho-STAT5 (p-STAT5) and STAT5 
were measured by Western blot analysis. Actin was used as loading con-
trol. Relative graphical representations of p-STAT expression (normalized to 
STAT) determined using densitometry are shown. Data represent mean ± SD 
(n=3). **P < 0.001, compared to vehicle control (ANOVA, Dunnett’s test).

noids are effective aga- 
inst various cancer types, 
attributing to their ability to 
interfere with multiple molecu-
lar targets and signaling path-
ways [31]. PZ-DHA also sig- 
nificantly increased caspase 
activation and DNA fragmen-
tation (Figure 4), as compared 
to vehicle control, providing a 
clear mechanism of action for 
its pro-apoptotic against Jur- 
kat cells. The common bio-
chemical features of apoptotic 
pathway involve the initiation 
of caspase-3 cleavage, fol-
lowed by DNA fragmentation 
and formation of apoptotic 
bodies, which are then phago-
cytosed [32]. Other flavonoids 
such as acacetin, myricetin, 
and EGCG have shown similar 
cytotoxic effects on Jurkat 
cells by inducing caspase acti-
vation and DNA fragmentation 
[33-35]. Interestingly, PZ-DHA 
showed no effect on caspase 
levels nor on DNA fragmenta-
tion in K562 cells. Two plausi-
ble explanations for these 
findings are: (1) PZ-DHA-
induced apoptosis may not be 
caspase-dependent or (2) PZ- 
DHA may induce atypical cell 
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Importantly, PZ-DHA selectively kills leukemia 
cells, while sparing normal murine T-cells. The 
highest tested dose of PZ-DHA (75 µM) in vivo 
did not impact the survival, development or 
behavior of zebrafish larvae. In addition, no 
adverse side effects based on behavioral 
observations, food intake, and body weight 
measurements, were observed in non-obese 
diabetic/severe combined immunodeficiency 
(NOD-SCID) female mice intraperitoneally 
administered with 100 mg/kg PZ-DHA [20]. We 

STAT3 activation could be an effective thera-
peutic approach for T-ALL [47].

Following the specific responses of Jurkat and 
K562 cells to PZ-DHA, we next evaluated the 
efficacy of PZ-DHA in a zebrafish xenograft 
model [22, 50]. The in vitro anti-proliferative 
effect of PZ-DHA was recapitulated in vivo, 
where PZ-DHA significantly inhibited Jurkat cell 
growth in xenotransplanted zebrafish larvae 
(Figure 6). However, K562 cell proliferation in 

Figure 6. PZ-DHA suppresses in vivo proliferation of Jurkat cells in xeno-
transplanted zebrafish larvae. A. Representative brightfield and fluorescent 
images (5 × objective) of zebrafish larvae injected with fluorescently labeled 
Jurkat cells and monitored in the presence of vehicle or 75 µM PZ-DHA for 
72 h. B. The effect of PZ-DHA on Jurkat cell proliferation was quantified by 
dissociating untreated and treated groups of larvae at baseline (0-hour 
post-treatment, hpt) and 72 hpt. Bar graph depicts fold change in cell num-
ber at 72 hpt relative to baseline. Data represent mean ± SD (n=3). *P < 
0.05, compared to vehicle control (ANOVA, Dunnett’s test).

further evaluated the effect of 
PZ-DHA on the activation lev-
els of STAT proteins, particu-
larly STAT3, which are often 
overexpressed in many types 
of leukemia [43]. Novel STAT 
inhibitors are progressively 
making their way into the arse-
nal of therapeutics for cancer 
[44, 45]. Despite significant 
promise in pre-clinical stud-
ies, only a limited number of 
STAT inhibitors have been suit-
able for clinical development 
and the search for a specific 
and selective, yet potent, anti-
STAT agent remains a chal-
lenging goal. Many flavonoids 
and their derivatives have 
shown cytotoxic effects ag- 
ainst malignant cells via inter-
rupting JAK/STAT signaling 
[46]. In line with this, PZ-DHA 
selectively inhibited IFNα-2b-
induced STAT3 phosphoryla-
tion in Jurkat cells, without 
suppressing activation of 
STAT1 and STAT5 (Figure 5). 
The constitutively activated 
STAT3 in K562 cells remained 
unaffected by PZ-DHA (data 
not shown). This emphasizes 
the survival dependency of 
Jurkat cells on STAT3 activa-
tion, which can be selectively 
inhibited by PZ-DHA. An ele-
gant study of STAT3 function 
employing STAT3-deficient mi- 
ce showed that STAT3 activa-
tion is responsible for bypass-
ing apoptosis and enhancing 
T-cell proliferation, thereby 
suggesting that inhibition of 
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larvae was not affected by PZ-DHA (data not 
shown). The differential response in vivo sug-
gests that the PZ-DHA-induced cytotoxic 
response in human leukemia cell lines may be 
impacted by the tumor microenvironment. 
Resveratrol has shown similar disparate in vitro 
and in vivo effects, where no significant antileu-
kemic effect was detected in mouse xeno-
grafts, albeit inducing significant caspase-
dependent apoptosis in a murine myeloid 
leukemia cell line [48]. There is increasing evi-
dence that the interaction between non-malig-
nant stromal cells within the tumor microenvi-
ronment may affect tumor cell response to 
therapeutics [49]. However, stroma-induced 
resistance is not common to all types of can-
cer; it may vary depending on the particular 
type of tumor or its microenvironment, thereby 
implicating PZ-DHA as a novel and potent thera-
peutic agent selective for T-ALL. 

Taken together, we provide evidence that 
PZ-DHA inhibits the proliferation of leukemia 
cells, and more specifically T-ALL cells, using 
both in vitro and in vivo approaches. The poten-
tial use of PZ-DHA as an adjuvant agent for the 
treatment of T-ALL is currently being evaluated 
by studying the synergistic effect of PZ-DHA 
when used in combination with doxorubicin and 
other chemotherapeutic agents. It would be 
worthwhile to study the effect of PZ-DHA in ani-
mal models xenotransplanted with primary 
patient-derived leukemia samples. This is fea-
sible in the zebrafish xenotransplantation assay 
[50] and may provide new insights on the inter-
action of PZ-DHA with tumor cells in a clinically 
relevant time frame and the prospects of 
employing PZ-DHA to personalize patient 
treatment.
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