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ORIGINAL ARTICLE

Metabolomic approach to characterize the metabolic phenotypes and varied
response to ouabain of diffuse large B-cell lymphoma cells

Meihong Zhenga, Xuan Zhoua, Qien Wanga, Xin Chenb, Bei Caoa and Juan Lia

aPhase I Clinical Trials Unit, Nanjing Drum Tower Hospital, The affiliated Hospital of Nanjing University Medical School, Nanjing,
China; bDepartment of General Surgery, Nanjing Drum Tower Hospital, The affiliated Hospital of Nanjing University Medical School,
Nanjing, China

ABSTRACT
Germinal center B-cell-like (GCB) and activated B-cell-like (ABC) subtype diffuse large B-cell
lymphoma (DLBCL) showed differential prognosis. Our results suggested that ouabain induced
stronger inhibition of growth in Su-DHL4 (GCB), and it triggered obvious apoptosis in Su-DHL4
rather than in OCI-Ly3 (ABC). Two subtype cell lines also showed distinct metabolic phenotypes
involving remarkable enrichment of Ribulose-5-Phosphate, hypoxanthine, and guanine in Su-
DHL4 cells. Ouabain disturbed metabolic patterns of both cell lines dose-dependently mani-
fested inhibition of free fatty acids and amino acids metabolism, among which ornithine was
further identified as potential quantitative marker. Up-regulated Ribulose-5-Phosphate and
NADPH/NADPþ level, SOD1, and CAT expression by ouabain enabled OCI-Ly3 cells to resist ROS,
while enhanced hypoxanthine and guanine oxidation promoting ROS generation by ouabain,
and lowered capacity of scavenging ROS indicated by lowered SOD1 and CAT expression and
NADPH/NADPþ levels in Su-DHL4 cells made it more vulnerable to apoptosis through caspase
7 pathway.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most
common lymphoid neoplasms in adults, and it
accounts for approximately 40% of non-Hodgkin lym-
phomas (NHLs) diagnosed annually in China [1–3]. As
a group of malignant tumors with considerable clinical
manifestations and prognosis heterogeneity, DLBCL is
divided into germinal center B-cell-like (GCB) and acti-
vated B-cell-like (ABC) according to the origin of cells
[4]. Patients with the ABC subtype usually have poorer
prognosis than patients with the GCB subtype [2,5]. As
a result, it is necessary to understand the characteris-
tics of different types of DLBCL and to guide their clin-
ical treatment according to the heterogeneity.

It is already shown that metabolic reprogramming
of cancer cells have been identified as the seventh
characteristic of tumors, which played an important
role in occurrence and development of tumors [6].

Metabolomics has facilitated global identification of
numerous and diverse metabolic abnormalities in
these neoplasms. For example, cancer cells show
enhanced anaerobic glycolysis, reduced tri-carboxylic
acid cycle (TCA cycle) [7], and use glutamine as substi-
tute energy supply [8–10]. Serine addiction or relying
on glycine is also observed in tumor cells [11,12].
Recently, researchers also found that restrictions of
amino acid can significantly reduce the development
of cancer or metastasis [13,14], implying that targeting
metabolism may be one of the vital strategies for
treating cancer. Several studies in vitro and the animal
models also revealed a significant metabolic
rearrangement in DLBCL including impaired glycine
uptake [15], abnormal metabolism of choline in high
MYC expression of lymphoma [16], and iron metabol-
ism regulated by glutathione peroxidase 4 (GPX4) [17].
Moreover, a metabolomics study of early relapsed/
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refractory (RR) DLBCL had shown separation between
the RR group and the long-term no progression
(LTNP) group by nuclear magnetic resonance spectros-
copy analysis, which suggested that patients in RR
group have higher identified metabolites include the
lysine, arginine, cadaverine, and 2-hydroxybutyrate,-
while LTNP patients have higher aspartate, proline,
ornithine, and pyroglutamate [18]. Nevertheless, inves-
tigation about metabolomic difference between GCB
DLBCL and ABC DLBCL is rarely.

R-CHOP (rituximab with cyclophosphamide, doxo-
rubicin, vincristine and prednisolone) as the first-line
treatment regimen of DBLCL chemotherapy just has a 5-
years overall survival (OS) rate of 48–50%, while about
40% of patients ineluctably suffer disease progression or
relapse during the course [2]. Attempts to further
improve overall survival and delay the relapse have been
pursued all the time. Recently, researchers discovered
that cardiac glycosides not only inhibited the growth of
some cancer cells [19], but also reduced relapse and
metastasis [20–22]. Ouabain is one of the cardiac glyco-
sides, which specifically inhibits Naþ/Kþ-ATPase [23,24].
Naþ/Kþ-ATPase is not only a membrane protein regulat-
ing the concentration of sodium and potassium ions
inside and outside cell, but also act as a drug receptor
triggering signal transduction cascade to induce antitu-
mor effects [25]. Some cardiac glycosides have been
entered phase I clinical trials [26,27]. However, thera-
peutic effect of ouabain on different subtypes of DLBCL
has not been evaluated and the underlying anti-tumor
mechanism of ouabain in DLBCL is unclear.

Herein, Su-DHL4 cells (GCB) and OCI-Ly3 cells (ABC)
were employed and the metabolome of two types of
DLBCL and the metabolic changes induced by ouabain
were profiled using non-targeted metabolomics ana-
lysis, so as to evaluate the metabolic characteristic of
subtypes of DLBCL and explore the diverse efficacy
and underlying mechanism of ouabain.

Materials and methods

Cell culture and reagents

Su-DHL4 cells (GCB) and OCI-Ly3 cells (ABC) were cul-
tured in RPMI 1640 medium supplemented with L-glu-
tamine, 10% fetal bovine serum, 100 units/mL
penicillin, and 100 lg/mL streptomycin (all from Gibco,
Carlsbad, CA) in a fully humidified atmosphere 95% air
and 5% CO2 at 37 �C. Ouabain octahydrate (�95%
HPLC, powder) was purchased from Sigma (St. Louis,
MO) and dissolved in DMSO (Invitrogen, Carlsbad, CA)
to prepare a stock solution (1M).

Cell morphology and apoptosis assay

Cells (8� 105/mL) were seeded in 24-well plates and
incubated with ouabain at concentrations of 40 and
80 nM and 0.1% DMSO as solvent control for 48 h. Cell
morphology was analyzed by acquiring photographs
use inverted microscope. Apoptosis was detected by
using an FITC annexin V apoptosis detection kit I
(Becton, Dickinson and Company, Franklin Lakes, NJ)
according to the manufacturer’s protocol.

Cell viability

Cells (5� 104/mL) were seeded in 96-well plates and
incubated with series concentrations (20, 40, 60, 80,
100, 120, 140, and 160 nM) of ouabain and solvent
control (0 nM) for 24 h. Cell viability was measured by
adding CCK8 at 1:10 (Dojindo, Tokyo, Japan) to each
well. The absorbance was measured at 450 nM by
spectrophotometry after incubated for 1 h at 37 �C.

Non-targeted detection of metabolites by GC-MS

Samples were prepared for metabolomics as follows:
cells (5� 106/mL) were seeded in 6-well plates and
incubated with ouabain at concentrations of 0, 40,
and 80 nM for 24 h. Then cells and supernatants were
collected. Cells were washed with normal saline for
three times and re-suspended with triple distilled
water. Samples were analyzed using gas chromatog-
raphy-mass spectrometry (GC-MS) as previously
described [28,29]. The detection procedures and data
analysis can be seen in the supplemental materials
in detail.

Quantitative real-time PCR

The total mRNA was extracted using TRizol reagent
(Invitrogen, Carlsbad, CA). Complementary DNA was
synthesized using PrimeScript RT reagent kit (Takara,
Kyoto, Japan). Quantitative real-time PCR were per-
formed by kit and ABI Q6. The primer sequences used
were listed in the supplemental materials.

Reactive oxygen species (ROS) measurement

Intracellular ROS level was measured by staining the
cell with 20,70-dichlorofluorescein-diaceate (DCFH-DA)
according the manufacturer’s protocol. After treated
with indicated concentrations of ouabain for 2 h, cells
were incubated with 10lM DCFH-DA (Beyotime,
Shanghai, China) at 37 �C for 20min in the dark. Then
cells were washed with phosphate buffer saline (PBS)
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three times. Finally, intracellular fluorescence was
detected by flow cytometer to evaluate ROS level.

NADPþ/NADPH measurement

Cells (5� 105/mL) were seeded in 24-well plates and
ouabain was added for 24 h. Then cells were harvested
and NADPþ and NADPH were quantified using a
NADPþ/NADPH Assay Kit-WST (Dojindo, Tokyo, Japan)
according to the manufacturers’ instructions.

Western blot analysis

Cells (1� 107/mL) were seeded in 6-well plates and pre-
treated with Q-VD-OPh (100nM or 200nM) for 2 h, then
ouabain (40 and 80nM) were added and 0.1% DMSO
as solvent control for 48h. Cells were collected for total
protein extraction. Then extracted protein were assay
according to supplemental materials in detail.

Statistical analysis

Data are shown as mean± standard deviation (SD).
Variance between different groups was determined by
two-tailed Student’s t-test. For multiple comparisons,
one-way analysis of variance (ANOVA) was performed
and p-value < .05 was considered significant.
Statistical analysis was performed using SPSS 18.0
(SPSS Inc., Chicago, IL).

Results

The effect of ouabain on cell growth
and apoptosis

To evaluate the effect of ouabain on DLBCL cells, mor-
phological changes in reducing cell numbers were first
observed in the ouabain-treated group compared with
the control group (Figure 1(A)). Ouabain also
decreased cell viability dose dependently by CCK8
(Figure 1(B)). Exposure to 40 nM of ouabain signifi-
cantly inhibited cell viability in both cell lines and

Figure 1. The effect of ouabain on cell growth and apoptosis. (A) Morphology of Su-DHL4 cells and OCI-Ly3 cells incubated with
ouabain (0, 40, and 80 nM) for 48 h were visualized under a light microscope (�200), scale bar ¼ 50 mm. (B) Cell viability of two
cell lines after exposure to ouabain (0, 20, 40, 60, 80, 100, 120, 140, and 160 nM) for 24 h were detected by using CCK-8 method.
(C) Representative flow cytometric images of apoptosis in Su-DHL4 cells and OCI-Ly3 cells after treated with ouabain (0, 40, and
80 nM). Apoptosis was detected by FITC annexin V staining. (D) The quantitative analysis of apoptotic ratio of cells. ���p< .001:
significant differences between solvent control and treatment group. ns: no significant difference.
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high dose of ouabain (160 nM) caused more reduction
in Su-DHL4 cells than in OCI-Ly3 cells (64.31% versus
69.15%, p¼ .00015). Consistently, the value of IC50 in
Su-DHL4 (77.10 nM) was less than that in OCI-ly3
(83.54 nM). It indicated that ouabain inhibited the pro-
liferation in both cell lines, and Su-DHL4 is compara-
tively more sensitive to ouabain. Moreover, ouabain
(80 nM) triggered significant apoptosis in Su-DHL4
cells rather than in OCI-Ly3 cells (Figure 1(C,D)).
Collectively, these data suggested that ouabain signifi-
cantly inhibited cell growth in a dose-dependent man-
ner in DLBCL cells. However, ouabain is more effective
in Su-DHL4 cells (GCB) compared with OCI-Ly3
cells (ABC).

Different metabolic phenotypes of DLBCL cell lines

To explore the metabolic phenotypes of two DLBCL
cell subtypes, intracellular and extracellular metabo-
lites of cells were profiled using GC/MS. Among identi-
fied metabolites in cells and medium (Tables S1 and
S2), 43 metabolites were common (Figure S1a) which
indicated active substance exchange and metabolism
of cells. Based on the obtained data matrix (Tables S1
and S2), the orthogonal partial least-squared discrimin-
ation analysis (OPLS-DA) models were generated to
demonstrate the metabolic phenotype of cells as well
as medium. The two cell lines and cell medium clus-
tered within each group and separated clearly from
each other indicating different metabolic phenotypes
between Su-DHL4 and OCI-Ly3 cells (Figure 2(A,B)).

According to further statistical analysis by 2D vol-
cano plots which displaying metabolites changed to a
large extent (fold change > 2 or <0.5) and statistical
significance (p< .05) highlighted (Figure 2(C,D)), 5
metabolites were significantly higher and 9 metabo-
lites were markedly lower, while only 2 extracellular
metabolites were obviously higher in Su-DHL4 cells
compared with OCI-Ly3 cells. Then a visualized heat
map (Figure 2(E)) showed malate, critic acid, putres-
cine, nonanoic acid, mannitol was enriched in OCI-Ly3
cells, while amino acids (cysteine/phenylalanine/lysine/
taurine), nucleotides (guanine/hypoxanthine/adeno-
sine), pantothenic acid, and ribulose-5-phosphate (R-5-
P) were greatly enriched in Su-DHL4 cells. Remarkably,
mannitol, R-5-P, hypoxanthine, cysteine, and guanine
were the top 5 significantly differential cellular metab-
olites whose abundance in Su-DHL4 cells were 36.60,
36.36, 29.92, 15.84, and 9.83 times of those in OCI-Ly3
cells, respectively. In addition, enrichment of extracel-
lular hypoxanthine and propanoic acid were also
observed in Su-DHL4 cells culture medium (Figure

2(E)). Based on these, pathway analysis demonstrated
that perturbed metabolic pathways between two cell
subtypes involves taurine and hypotaurine metabol-
ism, phenylalanine metabolism, tri-carboxylic acid
cycle (TCA cycle), and pentose phosphate (PPP) path-
way (Figure 2(F)).

The metabolic changes induced by ouabain in
DLBCL cell lines

Ouabain incubation caused an obvious metabolic shift
of both the intracellular and extracellular metabolome
(Figure 3(A1–4)). High dose of ouabain exposure mark-
edly perturbed the metabolic pattern of two cell lines
with scatters departed even further from the control.
Based on the OPLS-DA model of cellular data, the RDV
[30] (relative distance value) for the high-dose group
from the corresponding control group is relatively
higher than that for the low-dose group in both cell
lines, indicating a dose-dependent effect of ouabain.
The metabolites disturbed by ouabain were further
identified (Figure 3(B1–4)). Ouabain (80 nM) disturbed
32 metabolites in Su-DHL4 cells and 34 metabolites in
OCI-Ly3 cells compared with the control group,
respectively, while only two metabolites were
increased by ouabain in the supernatant of each cell
line. A Venn diagram and heatmaps intuitively further
displayed (Figure S1b, 1(d–f)) 21 metabolites altered
by ouabain in both cell lines with 18 up-regulated and
3 down-regulated, while 11 cellular metabolites were
significantly regulated by ouabain only in Su-DHL4
cells and 13 were impacted evidently only in OCI-Ly3
cells, which indicated varied responses to ouabain
exposure. Only 2 metabolites with one in common
were identified to be greatly impacted by ouabain in
cell culture medium (Figure S1c). Pathway analysis
based on these metabolites demonstrated that oua-
bain affected lipid metabolism (glycerophospholipid,
a-linolenic acid, glycerolipid metabolism), arginine and
proline metabolism, taurine and hypotaurine metabol-
ism (Figure S1g and 1h).

Typical disturbed metabolites in these pathways are
shown in Figure 4. Ornithine was increased while
b-alanine was decreased significantly by ouabain in a
dose dependent manner in two cell lines. While free
fatty acids including octadecanoic acid, palmitic acid,
oleic acid, nonanoic acid, lauric acid and arachidonic
acid were increased by high dosage of ouabain in
both cell lines (Figure 4(A)). In addition, there were
some interesting metabolic changes. Glucose was
enhanced significantly while hypoxanthine and guan-
ine levels were reduced obviously by ouabain in Su-

4 M. ZHENG ET AL.

https://doi.org/10.1080/10428194.2021.1881513
https://doi.org/10.1080/10428194.2021.1881513
https://doi.org/10.1080/10428194.2021.1881513
https://doi.org/10.1080/10428194.2021.1881513
https://doi.org/10.1080/10428194.2021.1881513
https://doi.org/10.1080/10428194.2021.1881513
https://doi.org/10.1080/10428194.2021.1881513
https://doi.org/10.1080/10428194.2021.1881513


Figure 2. DLBCL cell lines showed different metabolic phenotypes. (A) and (B) Metabolic patterns of intracellular metabolites (A)
and culture media metabolites (B) in untreated Su-DHL4 and OCL-Ly3 cells by orthogonal partial least-squared discrimination ana-
lysis (OPLS-DA) (SC: Su-DHL4 cells; OC: OCI-Ly3 cells; KB: the blank medium). (C) and (D) Volcano maps of metabolites in cells (C)
and culture media (D) detected by GC/MS. The dots in green represent significant lower abundance in Su-DHL4 cells than OCI-Ly3
cells (p< .05 and fold change (SC/OC) < .5). Metabolites of higher abundance in Su-DHL4 were showed as red dots (p< .05 and
fold change (SC/OC) > 2). FC fold change. (E) Heat map of significantly different metabolites identified between Su-DHL4 and
OCL-Ly3 cells and culture media. (F) Metabolic pathway analysis based on differential metabolites between Su-DHL4 and OCL-Ly3
cells and culture media.
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Figure 3. The metabolic response of DLBCL cell lines to ouabain treatment. (A) Metabolic patterns of intracellular metabolites and
culture media metabolites in ouabain-treated or untreated Su-DHL4 and OCL-Ly3 cells by OPLS-DA. A1, ouabain-treated or
untreated Su-DHL4 cells; A3, corresponding culture media of ouabain-treated or untreated Su-DHL4 cells (SC: control group, SL:
40 nM ouabain-treated group and SH: 80 nM ouabain-treated group). A2, ouabain-treated or untreated OCI-Ly3 cells; A4, corre-
sponding culture media of ouabain-treated or untreated OCI-Ly3 cells (OC: control group, OL: 40 nM ouabain-treated group and
(OH: 80 nM ouabain-treated group). (B) Volcano maps of metabolites detected by GC-MS. B1, metabolites of 80 nM ouabain-
treated Su-DHL4 cells compared with its control group, B2, metabolites of 80 nM ouabain-treated OCI-Ly3 cells compared with its
control group. B3, metabolites in the culture media of 80 nM ouabain-treated Su-DHL4 cells compared with its control group. B4,
metabolites in the culture media of 80 nM ouabain-treated Su-DHL4 cells compared with its control group. Green dots: p< .05
and fold change (SC/OC) < .5. Red dots: p< .05 and fold change (SC/OC) > 2.
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DHL4 cells. In contrast, the abundance of glucose,
hypoxanthine, and guanine levels were no changed,
but ribulose-5-phosphate increased in OCI-LY3 cells
significantly (Figure 4(B)).

Oxidative stress states and the effect of ouabain
in DLBCL cell lines

Since OCI-Ly3 cell is more resistant to ouabain-
induced apoptosis (Figure 1), and the metabolomic
result revealed that metabolites in PPP pathway and
purine metabolism responded to ouabain differently
in two cell lines (Figure 5(A)). PPP is responsible for
generation of NADPH which plays a key role in anti-
oxidative stress [31,32]. The catabolism of hypoxan-
thine and guanine into uric acid produces much ROS
[33,34]. Moreover, previous studies showed that oua-
bain induced cell apoptosis by promoting ROS gener-
ation [35–38]. So we speculated that different
antioxidant capacity may contribute to differential
apoptosis rate induced by ouabain. As expected, oua-
bain incubation for 2 h significantly increased gener-
ation of ROS in Su-DHL4 cells rather than OCI-Ly3 cells

(Figure 5(B)). Then NADPH/NADPþ level, an indicator
of oxidative stress, decreased significantly with oua-
bain exposure in Su-DHL4 cells compared with the
control, indicating increased oxidative stress. However,
NADPH/NADPþ was oppositely increased by ouabain
dose dependently in OCI-Ly3 cells, and its basal level
was higher than in Su-DHL4 cells, suggesting that
anti-oxidant capacity of OCI-Ly3 cells is stronger than
Su-DHL4 cells (Figure 5(C)). Furthermore, critical
enzymes involved in these pathways were detected
(Figure 5(D)). XOD, an enzyme to degrade hypoxan-
thine and guanine and generate ROS, was markedly
increased in Su-DHL4 cells by ouabain compared with
the control (FC ¼ 5.18, p¼ .0003), although high dose
of ouabain also up-regulated XOD expression slightly
in OCI-Ly3 cells (FC ¼ 2.01, p¼ .0101). The basal
expression of SOD1 and CAT, key enzymes in antioxi-
dant system, were remarkably higher in OCI-Ly3 cells,
and those were significantly increased by ouabain,
while less obvious change was observed in Su-DHL4
cells. To further confirm the mechanism of apoptosis
induced by ouabain, the caspase cascade pathway
including caspase activation and substrate (PARP1)

Figure 4. The abundance of typical discriminatory metabolites identified by volcano maps. (A1–A8) Abundance of similarly
changed metabolites in both of the two cell lines after ouabain treatment. (B1)–(B4) Abundance of metabolites significantly
changed only in Su-DHL4 cells after ouabain treatment. �p< .05, ��p< 0.01, ���p< .001 and ns: no significant difference.
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Figure 5. Oxidative stress states contributed to the effect of ouabain in DLBCL cell lines. (A) Schematic description of the pentose
phosphate pathway and purine metabolism. NADPþ: nicotinamide adenine dinucleotide phosphate; NADPH: reduced nicotinamide
adenine dinucleotide phosphate; G6PD: glucose-6-phosphate dehydrogenase; XOD: xanthine oxidase; ROS: reactive oxygen species;
PRPP: phosphoribosyl pyrophosphate; HGPRT: hypoxanthine-guanine phosphoribosyltransferase. (B) ROS level of cells detected by
flow cytometry without or with ouabain incubation for 2 h. (C) Relative NADPH/NADPþ level of cells measured after treated with
ouabain for 24 h by using the NADPþ/NADPH assay kit. (D) The mRNA expression of XOD, SOD1and CAT in two cell lines and the
effect of ouabain by quantitative real-time PCR analysis. �p< .05, ��p< .01, ���p< .001, ns: no significant difference. (E) Two cell
lines were pretreated with Q-VD-OPh (100 nM and 200 nM) for 2 h and the protein expression of b-Actin, pro-caspase 3, caspase
3, pro-caspase 6, caspase 6, pro-caspase 7, caspase 7, full PARP1, and PARP1 in two cell lines (left panel: Su-DHL4 cells, right
panel: OCI-Ly3 cells) with or without treated by ouabain (40 nM or 80 nM) for 48 h were detected by western blot analysis.
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cleavage were analyzed by western blot analysis
[39,40]. When treated with ouabain (80 nM), activated
caspase 3 and caspase 6 were rarely expressed in both
cell lines, while the expression of activated caspase
7 and cleaved PARP1 was only enhanced significantly
in Su-DHL4 cells. Meanwhile Q-VD-OPh (200 nM), a
pan caspase inhibitor, can partially reverse the up-
regulated expression of activated caspase 7 and
cleaved PARP1 induced by ouabain in Su-DHL4 cells
(Figure 5(E)).

Discussion

Our data showed that ouabain induced an obvious
reduction of cell numbers and cell viability in both
types of DLBCL cell lines, suggesting the antitumor
activity of ouabain in DLBCL (Figure 1(A,B)), which is
corresponding to existing researches [22,25,41]. IC50 in
Su-DHL4 cells was relatively higher than that in OCI-
ly3 cells and high dosage of ouabain triggered signifi-
cant apoptosis in Su-DHL4 cells rather than in OCI-ly3
cells (Figure 1(B,D)). This indicated that Su-DHL4 cells
line (GCB) was a more sensitive phenotype than OCI-
Ly3 cells line (ABC). It is also well recognized that ABC
subtype usually have poorer prognosis than patients
with the GCB subtype in clinical.

To explore the mechanism contributing to the dif-
ferent responses of the two cell lines to ouabain,
metabolomics was employed to profile the metabo-
lome of cells and medium. Although previous study in
two subsets of DLBCLs (BCR-DLBCLs and OxPhos-
DLBCLs) suggested that OxPhos-DLBCLs showed
enhanced mitochondrial energy transduction, more
carbon sources into the TCA cycle and increased
glutathione levels compared with BCR-DLBCLs [42]. To
the best our knowledge, this is the first study to
explore the metabolic phenotype of GCB and ABC
subtype and evaluate ouabain efficacy based on
in vitro metabolomic data from DLBCL cells.

Obviously different metabolic phenotypes between
Su-DHL4 and OCI-Ly3 cells were displayed, and oua-
bain induced an obvious shift of intracellular and
extracellular metabolome of cells dose dependently
which were consistent with the reduced cell viability
(Figure 3(A1–4)). Much more differential metabolites
were identified in cells than in medium by statistical
analysis, indicating cells were highly metabolic flexibil-
ity and cell phenotypes can be well characterized by
cellular metabolic profile. While metabolome of
medium, representing the result of extensive meta-
bolic exchanging between culture medium, has high
buffering capacity and can reflect cell metabolism

indirectly. Pathway analysis performed on the statistic-
ally differential intracellular metabolites between two
cell lines showed that TCA cycle, PPP, taurine, and
hypotaurine metabolism and purine metabolism were
disordered between two cell lines. The basal abun-
dance of R-5-P in PPP and hypoxanthine and guanine
in purine metabolism were markedly higher in Su-
DHL4 cells (Figure 2 and Supplement Figure 1(d–f)). It
is possible that Su-DHL4 cells more relied on the PPP
to provide intermediates for further synthesis of
nucleotides such as purines to keep its faster prolifer-
ation compared with OCI-Ly3 cells. On the contrary,
malate in TCA cycle was higher in OCI-Ly3 cells but
metabolites related to glycolysis pathway (glucose,
fructose, G-3-P, glyceric acid, and lactic acid) were not
significantly different between two cell lines, which
suggested greater metabolic flux in TCA cycle and
higher mitochondrial oxidative phosphorylation in
OCI-Ly3 cells consistent with the findings reported by
Caro et al. [42].

Among significantly changed cellular metabolites,
only ornithine changed over two-fold even by the low
dosage of ouabain treatment (Figure 3(A) and
Supplement Figure 1(d–f)). Therefore, it may be indi-
cated as a sensitive quantitative marker for ouabain
efficacy. But mechanisms behind the increased orni-
thine induced by ouabain and its association with
antitumor activity needed further research.
Furthermore, levels of free fatty acids including octa-
decanoic acid, palmitic acid, oleic acid, nonanoic acid,
lauric acid, arachidonic acid, octadecenoic acid, palmi-
toleic acid, and a-linolenic acid were increased by oua-
bain in Su-DHL4 cells or OCI-Ly3 cells. Most of them
increased significantly in both cell lines while some
were changed more obviously in OCI-ly3 cells such as
octadecenoic acid, palmitoleic acid, and a-linolenic
acid, and the abundance of 11-eicosenoic acid was
only changed significantly in OCI-Ly3 cells (Figure 4). It
is reported that change of lipid metabolism is now
recognized as one of the key features of cancer [43].
Free fatty acids not only play a role in cell membrane
construction and energy production, but also exert
diverse cellular effects through receptor and non-
receptor mechanisms. It is reported that dysregulation
of free fatty acids caused cell death through a variety
of pathways including apoptosis and endoplasmic
reticulum stress [44–46]. And researchers also showed
that oleic and linoleic acids enhanced the interaction
between ouabain and Naþ-Kþ-ATPase in vivo [47].
Moreover, Harmeet et al. indicated that saturated FFAs
activated the proapoptotic Bcl-2 proteins Bim and Bax
and induced JNK-dependent hepatocyte lipoapoptosis
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[48]. As a result, disturbance of free fatty acids metab-
olism by ouabain might greatly contribute to its anti-
tumor activity. However, the mechanism of free fatty
acids accumulation induced by ouabain is still
unknown and how it contributed to antitumor effect
is unclear, which will be expanded on in our
future study.

Moreover, R-5-P, hypoxanthine, and guanine were
significantly higher in Su-DHL4 cells compared with
OCI-Ly3 cells. Then Ouabain significantly reduced the
abundance of hypoxanthine and guanine in Su-DHL4
which was not observed in OCI-Ly3 (Figure 4(B)). And
ouabain caused an obviously reduction of R-5-P in Su-
DHL4 cells but a significant increase in OCI-Ly3 cells.
These data indicated that hypoxanthine and guanine
degradation were increased or hypoxanthine and
guanine synthesis were blocked in Su-DHL4 cells,
while level of NADPH for anti-oxidant was elevated in
OCI-Ly3 cells. It is well documented that enhanced
ROS level is related to apoptosis (Figure 5(A)) [35–38].
As showed, ROS generation was significantly elevated
in Su-DHL4 cells with ouabain rather than in OCI-Ly3
cells (Figured 5(B)). Consistently, level of NADPH/
NADPþ was decreased dose dependently in Su-DHL4
cells but increased in OCI-ly3 cells indicating the dif-
ferential oxidative stress of the two cell lines. The
expression of G6PD, a key enzyme in PPP pathway,
was no significantly changed in two cell lines by oua-
bain (data not shown). Meanwhile, expression of XOD
which mediates ROS generation was increased

significantly in Su-DHL4 cells. Over expression of SOD1
and CAT was observed in OCI-Ly3 cells, which were
further induced significantly by ouabain (Figure 5(D)).
In addition, the protein expression of activated cas-
pase 7 and cleaved PARP1 representing the activation
of caspase pathway induced by ROS were up-regu-
lated significantly in Su-DHL4 cells and can be partially
reversed by a pan caspase inhibitor (Q-VD-OPh).
Collectively, ouabain induced significant ROS gener-
ation through enhancing hypoxanthine and guanine
oxidation and depressing the ability of ROS scaveng-
ing indicated by inhibition of PPP in Su-DHL4 cells.
The increased ROS then triggered apoptosis by activa-
tion of caspase 7 and cleavage of PARP1. On the con-
trary, overexpression of enzymes in the antioxidant
system and the reduction of pro-caspase 3, pro-cas-
pase 6, pro-caspase 7, and cleaved PARP1 enabled
OCI-Ly3 cells to resist oxidative stress and apoptosis
induced by ouabain exposure (Figure 6).

In conclusion, although ouabain inhibited the cell
growth and viability in both cell types, Su-DHL4 cells
(GCB) was more sensitive to ouabain exposure than
OCI-Ly3 cells (ABC). Su-DHL4 cells and OCI-Ly3 cells
showed significant different metabolic patterns and
disturbed by ouabain in a dose-dependent manner.
Disturbance of free fatty acids metabolism was
observed in both cell lines, and ornithine were identi-
fied as sensitive potential markers for ouabain efficacy.
Vulnerable of PPP pathway and hypoxanthine oxida-
tion, and depressed expression of enzymes in anti-

Figure 6. Overview of the differential metabolic phenotype and response to ouabain treatment in the two subtypes of DLBCL cell
lines. NADPþ: nicotinamide adenine dinucleotide phosphate; NADPH: reduced nicotinamide adenine dinucleotide phosphate;
G6PD: glucose-6-phosphate dehydrogenase; XOD: xanthine oxidase; ROS: reactive oxygen species; PRPP: phosphoribosyl pyrophos-
phate; HGPRT: hypoxanthine-guanine phosphoribosyltransferase. SOD1: superoxide dismutase 1; CAT: catalase.
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oxidant system in Su-DHL4 cells may result in an
increase of ROS, which contributed to the apoptosis
triggered by ouabain. The enhanced expression of
activated caspase 7 and cleaved PARP1 may explain
the mechanism of downstream apoptosis event
induced by ROS.
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