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tumor-inhibiting effect was associated with the changes in 
oxidative/non-oxidative pentose (Ox/Non-ox) and pyruvate 
dehydrogenase/isocitrate dehydrogenase (PDH/ICDH) flux 
ratios resulting in decreased new syntheses of ribose and 
fatty acids.
Conclusion  Metabolic homeostasis (balance of fluxes) in 
cancer cells is maintained through the regulation of meta-
bolic fluxes by oncogenes and tumor-suppressor genes. 
Treatment of MIA PaCa-2 cells by LLE, UA and metformin 
likely altered key metabolic flux ratios affecting metabolic 
homeostasis required for energy and macromolecular pro-
duction in tumor growth.

Keywords  Loquat · Triterpenoid · MIA PaCa-2 cells · 
Tracer-based metabolomics · Mass isotopomer profile

Abbreviations
UA	� Ursolic acid
LLE	� Loquat leaf extract
MET	� Metformin

1  Introduction

Loquat [Eriobotrya japonica (Thunb) Lindl.] is a fruit tree 
native to Chinaand Japan. Loquat tree leaves have been used 
for the treatment of diabetes mellitus, chronic bronchitis, 
coughs and skin diseases in Traditional Chinese Medicine. 
Loquat leaf ethanol extract (LLE) is a mixture rich in ter-
penoids (Lu et  al. 2009). Among the terpenoids present in 
LLE are ursolic acid (UA), oleanolic acid (OA), corosolic 
acid (CA) and maslinic acid (MA) (supplemental Fig.  1), 
which are also found in some fruits and vegetables (e.g., 
basil, balsam pear or bitter melon, mulberry, olive), and 
other medicinal plants (Jager et al. 2009). These pentacyclic 
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triterpenoid carboxylic acids recently have received much 
attention because of their potent anti-hyperglycemic and anti-
diabetic actions (Alqahtani et  al. 2013; Kunkel et  al. 2012; 
Miura et al. 2012; Sheng and Sun 2011; Zeng et al. 2012). In 
addition, they inhibit tumor growth and induce apoptosis in 
several malignant cells including the pancreatic cancer cells 
(Li et al. 2012). UA has been shown to inhibit tumor growth 
and induce apoptosis in MIA PaCa-2, PANC-1 and Capan-1 
pancreatic cancer cells. Its tumor growth inhibiting activity is 
associated with the changes in JNK and PI3K/AKT/NF-kB 
pathways (Li et  al. 2012). Structurally modified synthetic 
oleanane triterpenes were reported to bind to mTOR (Yore 
et al. 2011) and are considered as multifunctional drugs for 
the prevention and treatment of chronic disease (Liby and 
Sporn 2012).

Studies of signaling pathways have contributed to our 
understanding of cancer metabolism (Levine and Puzio-Kuter 
2010). However, the interactions between chemotherapeutic 
agents, which are mostly anti-metabolites (Vander Heiden 
2011), and cancer signaling pathways are poorly understood. 
We previously reported that epigallocatechin gallate (EGCG), 
a phenolic compound from tea leaves, controls tumor cell 
growth and survival. EGCG and oxamate (an inhibitor of lac-
tate dehydrogenase A) target aerobic glycolysis (the Warburg 
effect) via the suppression of lactate to pyruvate conversion 
thereby disrupting cellular metabolic homeostasis. Inhibition 
of tumor growth is the result of the disruption of flux balance 
throughout cellular metabolic network (Lu et al. 2015). The 
present study investigated how the terpenoid-rich LLE and 
one of its ingredient UA affect cellular metabolism in human 
pancreatic adenocarcinoma MIA PaCa-2 cells. The distribu-
tion of glucose carbon in MIA cells was studied using [1, 
2-13C2]-d-glucose as the single precursor metabolic tracer. 
The effects of LLE on cell survival and glucose carbon dis-
tribution were determined, and compared with those of UA 
and metformin (MET). Isotope incorporations in metabolites, 
which reflect the contribution of glucose to energy produc-
tion and substrate syntheses, were analyzed using gas chro-
matography/mass spectrometry and stable isotope-based 
dynamic metabolic profiling (SiDMAP) (Boros et al. 2002a). 
Our results show that the induction of growth suppression 
and apoptosis by LLE in MIA PaCa-2 cells may be attrib-
uted to the changes in key substrate flux ratios leading to the 
disruption of cellular metabolic homeostasis essential to cell 
growth and survival.

2 � Materials and methods

2.1 � Chemicals and stable glucose isotopes

UA, MET and unlabelled (natural) glucose were pur-
chased from Sigma-Aldrich (St. Louis, MO). Stable [1, 

2-13C2]-d-glucose was purchased from Isotec, Inc. (Miamis-
burg, OH) with 99% isotope enrichment in carbon positions 
1 and 2 of glucose. [U-13C6]-glucose and [U-13C3]-lactate 
were purchased from Cambridge Isotope Laboratories, Inc. 
(Tewksbury, MA) for use as GC recovery standards. Iso-
tope incubation and treatment were performed as described 
previously (Lu et al. 2015).

2.2 � Preparation of LLE extract

Crude leaf extract was prepared by the extraction of dried 
leaves growing in Southern California with 75% aqueous 
ethanol three times according to the literature (Chen et al. 
2008; Lu et  al. 2009). The yield of the LLE is approxi-
mately 3.5% by weight.

2.3 � Cell culture and proliferation assay

MIA PaCa-2 (ATCC CRL1420) cells were purchased 
from American Type Culture Collection (ATCC, Manas-
sas, VA). The cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) containing 10% FBS, 100  U/
ml penicillin and 100  μg/ml streptomycin. An aliquot of 
100 μl of cell suspension (1 × 106 cells/ml) was seeded in 
flat-bottomed 96-well plates and incubated in a humidified 
atmosphere containing 5% CO2 set at 37 °C. In all experi-
ments, cells were allowed to adhere and grow for 24 h in 
culture medium prior to exposure to various concentrations 
of crude LLE extract (0, 5, 10, 20, 50, 100, 150, 200 μg/
ml) or UA (6.25, 12.5, 25, 50, 125 and 250 μM). After 24, 
48 and 72 h, ApoTox-Glo Triplex Assay (Promega, Madi-
son, MI) was performed following manufacturer’s instruc-
tion. The assay assesses viability, cytotoxicity and caspase 
activation events within a single assay well. Triplicate wells 
were assayed for each condition and standard error (SE) 
was determined.

For tracer-based metabolomics (or SiDMAP) studies, 
cells (about 1 × 106) were seeded in 60  mm tissue cul-
ture petri dishes, and supplied with 50% naturally labeled 
D-glucose and 50% [1, 2-13C2]-d-glucose which were dis-
solved in otherwise glucose- and sodium pyruvate-free 
DMEM with 10% FBS (Life Technologies, Carlsbad, CA). 
The glucose concentration was 450 mg/100 ml or 25.0 mM 
in each culture. Cells were treated with UA (50 µM), LLE 
(50 µg/ml) and MET (1 mM) for 48 h and then harvested 
for the measurement of metabolic profiling. Since MET 
has been reported to have anticancer property in pancre-
atic cancer cells, MET was chosen as a positive control. 
The concentration of LLE, UA and MET used was chosen 
based on published in vitro proliferation studies (Cantoria 
et al. 2014; Lu et al. 2015).
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2.4 � Immunoblot analysis

Cells were grown to about 80% confluence and reagents 
were added. After exposure to LLE (50, 100, 200  μg/
ml) or UA (50, 100 μM) for 24 h, cells were lysed in cell 
lysis buffer containing 20  mM Tris–HCl, 0.5  M NaCl, 
0.25% Triton X-100, 1 mM EDTA, 1 mM EGTA, 10 mM 
β-glycophosphate, 10  mM NaF, 300  μM Na3VO4, 1  mM 
benzamidine, 2  μM PMSF and 1  mM DTT. Protein con-
centrations were determined by a BCA protein assay kit 
(Thermo Scientific, Rockford, IL, USA). Proteins were 
separated by SDS-PAGE, transferred on to nitrocellulose 
membranes, blocked in 5% BSA and probed with the fol-
lowing primary antibodies: phospho-AMPKα (T172), 
AMPKα and GAPDH (Cell Signaling Technology, Bos-
ton, MA). Membranes were then incubated with horserad-
ish peroxidase-conjugated secondary antibodies (Sigma) 
and visualized with SuperSignal™ West Femto Maximum 
Sensitivity Substrate (Thermo scientific) according to the 
manufacturer’s recommended protocol. Band intensities 
are analyzed by IMAGEQUNT 5.2 software (Molecular 
Dynamics, Sunnyvale, CA).

2.5 � Mass isotopomer determination by gas 
chromatography/mass spectrometry (GC/MS)

2.5.1 � Glucose

For glucose assay, 50 µl of medium (after 24 h incubation) 
was mixed with 900  µl of methanol:water (8:1) to pre-
cipitate major proteins from the sample. [U-13C6]-glucose 
(50 µg) was added to each sample as recovery standard for 
quantitative analysis. After centrifugation, the supernatant 
was dried and glucose was converted to its aldonitrile pen-
taacetate derivative for GC/MS analysis (Paul Lee et  al. 
2010). Spectral peaks at m/z 328 to m/z 334 were moni-
tored. After correcting natural 13C abundance, mass iso-
topomer peaks (M0, M2 and M6) were used to calculate 
medium [1, 2-13C2]-glucose enrichment.

2.5.2 � Lactate

Lactate from cell culture medium (50 µl) was extracted 
with ethyl acetate after acidification with hydrochloric acid. 
[U-13C3]-lactate was added before extraction to serve as 
recovery standard. The residue obtained after drying was 
treated with bis-trimethylsilyl trifluoroacetamide and tri-
methylchlorosilane (99:1, v/v) (Sulpelco) before GC-MS 
analysis as described (Jeoung et  al. 2012). The ions m/z 
219 to m/z 222 were monitored for isotopomer calculation. 
Molar enrichment of lactate with one 13C carbon (m1), two 

13C carbons (m2) and three 13C carbons (m3) were deter-
mined. M3 isotopomer represented the recovery standard 
for the purpose of calculating lactate concentrations.

2.5.3 � Glutamate

Cell pellets were homogenized in methanol:water (1:1 by 
volume). Cell debris was separated by centrifugation. Cell 
pellet was used for fatty acid analysis and supernatant for 
glutamate analysis. Glutamate was derivatized into its tri-
flouroacetamide butyl ester. For GC/MS analysis, ion clus-
ters m/z 198 and m/z 152 representing C2–C5 and C2–C4 
fragments were monitored.

2.5.4 � Palmitate and fatty acids

Fatty acids were extracted after saponification of cell pel-
lets in 30% KOH and 100% ethanol using petroleum ether. 
Fatty acids were converted to their methylated derivatives 
using 0.5 N methanolic-HCl prior to GC/MS analysis. Pal-
mitate was monitored at m/z 270 to m/z 280.

2.5.5 � RNA ribose

RNA ribose was isolated by acid hydrolysis of the cellu-
lar RNA chloroform-isopropanol fraction after Trizol puri-
fication of cell extracts. Subsequent work-up procedure 
was carried out to isolate 2-deoxyadenosine. Ribose and 
2-deoxyribose were derivatized to their aldonitrile acetate 
prior to GC/MS analysis. Ion clusters around m/z 256 (car-
bons 1–5 of ribose, CI), m/z 217 (carbons 3–5 of ribose) 
and m/z 242 (carbons 1–4 of ribose EI) were monitored.

2.6 � Data analysis and statistical methods

Mass spectral analyses were carried out by consecutive 
and independent automatic injections of 1  µl sample by 
the automatic sampler; analyses were accepted only if the 
standard sample deviation is less than 1% of the normalized 
peak intensity among repeated injections. Data download 
was performed by three consecutive manual peak integra-
tions using modified (background subtracted) spectra under 
the overlapping isotopomer peaks of the total ion chromato-
gram (TIC) window displayed by the Chemstation software 
(Agilent, Palo Alto, CA). Mass isotopomer enrichment in 
metabolic intermediates is presented in molar fractions as 
M0, M1, M2, … Mn, where n represents mass shift in Dal-
ton (D) with an integer indicating the number of 13C car-
bons replacing 12C in metabolites.

13C enrichment (∑M × n) and fraction of new molecules 
(1-M0): 13C enrichment per molecule is given by ∑M × n 
and 13C enrichment per carbon is ∑M × n/(number of car-
bon in the molecule). To calculate the contribution of glucose 
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carbon, 13C enrichment per carbon of the molecule is divided 
by 13C enrichment per carbon of glucose. Since the fraction 
of natural unlabeled molecule is M0, the minimum frac-
tion of newly synthesized molecule is (1-M0) divided by the 
molar enrichment of the precursor. The “newly synthesized 
fraction” is a time point on the turnover curve and an arbi-
trary marker for turnover for the duration of incubation. The 
mass isotopomer distribution data can be summarized as frac-
tion of labeled molecules, Mi/∑Mi (where i ≠ 0); 13C enrich-
ment per molecule, ∑M × n and newly synthesized fraction, 
(1-M0).

Calculation of flux ratios: 13C carbon tracing introduces 
13C into various positions of a metabolite forming character-
istic mass and position isotopomers. The distribution of.

13C from [1, 2-13C] glucose in various metabolites of gly-
colysis, pentose cycle, glucose oxidation, the tricarboxylic 
acid (TCA) cycle and fatty acid synthesis has been reviewed 
extensively (Boros et al. 2002b). Isotopomer distribution in a 
metabolite reflects pathways of synthesis as well as relative 
fluxes, and can be used to calculate a number of flux ratios 
which are the relative contribution of pathways to the syn-
thesis and utilization of a metabolite. There are several key 
flux ratios that can be determined using [1, 2-13C2]-glucose as 
substrate, namely, (1) pentose cycle flux relative to glycolysis 
(PPC) (Lee et al. 1998); (2) oxidative to non-oxidative pen-
tose metabolism (Ox/Non-ox) (Ramos-Montoya et al. 2006); 
(3) pyruvate carboxylase/pyruvate dehydrogenase (PC/PDH); 
(4) anaplerosis relative to TCA cycle flux (Y) (Lee et  al. 
1996); and (5) contribution of PDH to acetyl-CoA synthesis 
(Lee et al. 1995). M1 and M2 fractions in lactate were used 
to calculate pentose cycle flux relative to glycolysis. M1 lac-
tate is generated from oxidative branch of the pentose cycle 
and M2 from glycolysis. (Lee et al. 1998). Pentose cycle flux 
(PPC) relative to glycolysis is given by (Lee et al. 1998):

Since M1 and M3 in ribose are formed by the oxidative 
branch, and M2, M3 and M4 species are formed by the non-
oxidative branch through transketolase/transaldolase (Lee 
et  al. 1998), the oxidative vs non-oxidative ratio was deter-
mined by (Ramos-Montoya et al. 2006):

Lactate can enter into the TCA cycle either through pyru-
vate carboxylase (PC) or through pyruvate dehydrogenase 
(PDH). The action of PC labels C2-C3 while PDH labels 
carbon 4 and 5 of α-ketoglutarate. PC/PDH is reflected by 
M2(C2–C3)/M2(C4–C5) of glutamate (Lee et al. 1996). Anaplero-
sis (Y) is determined from the M1/M2 ratio of glutamate and 
is given by the equation (Lee et al. 1996):

(1)PPC = (M1∕M2)∕
[

3 + (M1∕M2)
]

(2)Ox∕Non-Ox = (M1 +M3)∕(M2 +M3 + 2 ×M4)

(3)Y = M2∕M1 − 0.5

Acetyl-CoA enrichment and de novo lipogenesis were 
determined from the mass isotopomer distribution of pal-
mitate as reported previously (Lee 1996). Since other 
source of acetyl-CoA is from glutamate through isocitrate 
dehydrogenase (ICDH) (Reitman et al. 2014), PDH/ICDH 
is given by the adjusted acetyl-CoA enrichment divided by 
1 subtracting adjusted acetyl-CoA enrichment.

2.7 � Statistical Analysis

Statistical analyses were performed using parametric 
unpaired, two-tailed (unless otherwise specified) independ-
ent sample “t” test as indicated with 95% confidence inter-
vals. p < 0.05 was considered to indicate significant differ-
ences in glucose carbon metabolism in control or treated 
cells. In order to reduce the chance of false discovery, the 
significant p value is roughly p < 0.01 for four comparisons.

3 � Results

3.1 � Inhibition of tumor cell growth and survival

Cells were treated with increasing concentrations of LLE 
(0, 5, 10, 20, 50, 100, 150 and 200 μg/ml) for 24 (a), 48 (b) 
and 72 h (c) or UA (0, 6.25, 12.5, 25, 50, 125 and 250 μM) 
for 24 (d), 48 (e) and 72 h (f). The effect of LLE and UA 
treatment on the cell viability, cytotoxicity and apoptosis 
in MIA PaCa-2 cells were determined by an ApoTox-Glo 
Triplex Assay. Caspase activation in cell culture is an early 
and definitive hallmark of apoptosis. Caspase-3/7 activa-
tion and cell viability were simultaneously monitored, and 
the results are shown in Fig. 1. LLE and UA induced apop-
tosis through caspase-3/7 activation and reduced cell via-
bility in a dose-dependent manner.

3.2 � Glucose carbon distribution and substrate synthesis

MIA PaCa-2 cells were treated with 50  µM (or 22.8  µg/
ml) of UA, 50 µg/ml of LLE or 1 mM of MET. The dis-
tribution of glucose carbons in various metabolites were 
traced by the 13C carbons from [1, 2-13C2]-glucose in cul-
ture medium. At the end of the incubation period, medium 
glucose concentrations were 11.04 ± 0.60 mM for control, 
11.61 ± 0.95  mM for UA, 11.06 ± 0.24  mM for LLE and 
11.88 ± 0.34 mM for MET. Medium lactate concentrations 
were 11.18 ± 0.25  mM for control, 11.65 ± 1.01  mM for 
UA, 11.52 ± 0.57  mM for LLE and 12.06 ± 0.33  mM for 
MET. Only cells treated with MET produced more lactate 
than the control (p < 0.01). During the incubation, about 
13–14 mM of glucose were consumed, and less than half of 
glucose uptake was converted to lactate by glycolysis. The 
incorporation of 13C-carbon atoms from the glucose into its 
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metabolites produces mass isotopomers in these metabo-
lites. The molar fractions of mass isotopomers in lactate, 
ribose, glutamate and palmitate are summarized in Table 1.

The average 13C per carbon atom in a molecule is given 
by (∑M × n)/N, where N is the number of carbons in the 
molecule. For example, lactate produced by MIA cells 
under control condition was 0.387, and the average 13C 
per carbon atom is 0.387/3 or 0.139 13C/carbon, indicat-
ing that on average 13.9% of the carbon atoms in lactate 
was labeled with 13C. Similarly, 13C per carbon atom in the 
medium glucose is given by 0.9718/6 (∑M × n/6) or 0.1619 
13C/carbon. The contribution of glucose to lactate therefore 
is given by 0.139/0.1619 or 79.64%. The contributions of 
glucose to its metabolites by similar calculations are shown 
in Fig. 2a. Newly synthesized compounds are expected to 
be labeled with 13C forming 13C mass isotopomers. The 
labeled fraction (1-M0) therefore represents the fraction 
of molecules that are newly synthesized. Since only half of 
the medium glucose was labeled, the true new synthesis of 
a metabolite is given by (1-M0) of the metabolite divided 
by (1-M0) of glucose. The newly synthesized fractions are 
presented in Fig. 2b.

For the control group, the contribution of glucose car-
bon to the production of lactate, ribose, glutamate and pal-
mitate were 79.66 ± 0.87%, 97.44 ± 1.34%, 18.76 ± 5.53% 
and 28.85 ± 5.99% respectively. Glucose contribution to 
lactate production in the treatment groups were not signifi-
cantly different from that of the control except that of MET, 

which was slightly higher than control (80.92 ± 0.50%, 
p < 0.006). Treatment with LLE reduced glucose incorpora-
tion into ribose, glutamate and palmitate to 94.86 ± 0.78% 
(p < 0.013), 13.10 ± 1.38% (p < 0.05 one-tail, p < 0.09 two-
tail), and 15.13 ± 4.84% (p < 0.001) respectively. MET 
treatment also reduced glucose incorporation into palmi-
tate to 22.91 ± 3.96% (p < 0.05), but no significant effect on 
the ribose and glutamate. UA treatment had similar effects 
as LLE except that changes in glucose incorporation were 
not shown to be statistically different from those of no 
treatment.

The contribution of glucose carbon (Fig.  2a) defines 
two groups of metabolites: one with high contribution 
(80–90%) as in lactate and ribose, and the other low con-
tribution (20–30%) as in glutamate and palmitate. These 
two groups are associated with high (80–90%) and low 
(10–20%) new fractions reflecting different turnover rates 
(Fig.  2b). Effects of UA, LLE and MET treatments on 
newly synthesized fractions or metabolite turnovers showed 
similar trends as shown in Fig. 2a.

3.3 � Key metabolic flux ratios

The metabolism of stable isotope (13C) labeled glucose 
molecules introduces 13C into various positions of a metab-
olite forming characteristic mass and position isotopom-
ers. The isotopomer distribution in a metabolite reflects the 
pathways of synthesis as well as relative fluxes, and can be 

Fig. 1   Effects of LLE and UA treatment on the viability, cytotoxic-
ity and apoptosis of human pancreatic cancer MIA PaCa-2 cells. An 
ApoTox-Glo triplex assay of MIA PaCa-2 cells treated with vari-
ous concentrations of LLE for 24 h (a), 48 h (b) and 72 h (c) or UA 

for 24 h (d), 48 h (e) and 72 h (f) were used to determine viability 
and cytotoxicity with activation of caspase-3/7. Triplicate determi-
nation were averaged at each data-point. Data points represent the 
mean ± SE of one of the three separate experiments
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Table 1   Mass isotopomer 
distributions in metabolites 
(average ± SD from 
quadruplicate samples)

Cells were treated with ursolic acid (UA, 50  µM); loquat leaf extract (LLE, 50  µg/ml) and metformin 
(MET, 1 mM). Ctr stands for control (no treatment). ∑M × n is the 13C enrichment per molecule, (1-M0) is 
the fraction of labeled molecules, and Mn/∑M is the mass isotopomer with n 13C substitution expressed as 
a fraction of the labeled molecules

Ctr UA LLE MET

Glucose (1-M0) 0.4865 ± 0.0008 0.4860 ± 0.0007 0.4857 ± 0.0004 0.4860 ± 0.0007
∑M × n 0.9718 ± 0.0014 0.9706 ± 0.0015 0.9704 ± 0.0007 0.9709 ± 0.0013

Lactate M1/∑M 0.0759 ± 0.0211 0.0682 ± 0.0173 0.0637 ± 0.0405 0.0700 ± 0.0065
M2/∑M 0.9241 ± 0.0048 0.9318 ± 0.0173 0.9363 ± 0.0405 0.9300 ± 0.0065
(1-M0) 0.2012 ± 0.0047 0.2019 ± 0.0054 0.1982 ± 0.0093 0.2041 ± 0.0019
∑M × n 0.3870 ± 0.0048 0.3899 ± 0.0073 0.3834 ± 0.0103 0.3938 ± 0.0026

Ribose M1/∑M 0.4573 ± 0.0036 0.4333 ± 0.0020 0.4360 ± 0.0008 0.4434 ± 0.0020
M2/∑M 0.3950 ± 0.0026 0.4155 ± 0.0010 0.4123 ± .0.0007 0.4054 ± 0.0011
M3/∑M 0.0818 ± 0.0008 0.0807 ± 0.0006 0.0820 ± 0.0005 0.0836 ± 0.0004
M4/∑M 0.0655 ± 0.0005 0.0700 ± 0.0017 0.0694 ± 0.0004 0.0673 ± 0.0018
(1-M0) 0.4493 ± 0.0125 0.4439 ± 0.0041 0.4296 ± 0.0046 0.4452 ± 0.0030
∑M × n 0.7884 ± 0.0115 0.7932 ± 0.0095 0.7665 ± 0.0068 0.7906 ± 0.0073

Glutamate M1/∑M 0.2739 ± 0.0066 0.2677 ± 0.0084 0.2698 ± 0.0032 0.2623 ± 0.0104
(C2–C5) M2/∑M 0.5568 ± 0.0664 0.5361 ± 0.0285 0.5806 ± 0.0260 0.5643 ± 0.0731

M3/∑M 0.1692 ± 0.0606 0.1962 ± 0.0223 0.1497 ± 0.0286 0.1734 ± 0.0629
(1-M0) 0.0638 ± 0.0167 0.0629 ± 0.0053 0.0525 ± 0.0039 0.0443 ± 0.0171
∑M × n 0.1215 ± 0.0359 0.1220 ± 0.0108 0.0987 ± 0.0089 0.0848 ± 0.0364

Palmitate M2/∑M 0.5458 ± 0.0176 0.5585 ± 0.0226 0.5757 ± 0.0448 0.5076 ± 0.0630
M4/∑M 0.2477 ± 0.0102 0.2334 ± 0.0060 0.1913 ± 0.0256 0.2025 ± 0.0437
(1-M0) 0.2639 ± 0.0481 0.2265 ± 0.0631 0.1489 ± 0.0482 0.2352 ± 0.0657
∑M × n 0.7544 ± 0.1552 0.6405 ± 0.1618 0.3834 ± 0.1252 0.5878 ± 0.126

Fig. 2   a Contribution of 
glucose carbon to metabolite 
synthesis was calculated by 
dividing the 13C enrichment 
per carbon of the metabolite by 
the 13C enrichment per carbon 
of glucose. The contribution 
of glucose carbon to lactate, 
ribose, glutamate and palmi-
tate syntheses is expressed 
as percent glucose carbon; b 
fraction of new synthesis was 
calculated by dividing (1-M0) 
of the metabolite by the (1-M0) 
of glucose. The new fraction 
synthesized in 48 h is expressed 
as percent for lactate, ribose, 
glutamate and palmitate. MIA 
PaCa-2 cells were treated with 
UA (50 µM), LLE (50 µg) or 
MET (1 mM) and incubated 
for 48 h in presence of [1, 
2-13C2]-glucose. Columns mean, 
bars SD (n = 4). *P < 0.05, 
@P < 0.01, #P < 0.05 (one tail) 
vs untreated control
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used to calculate a number of flux ratios which are impor-
tant to the maintenance of metabolic homeostasis (balance 
of fluxes). For example, glucose can be used in both oxi-
dative and non-oxidative branch of the pentose phosphate 
pathways for the nucleic acid synthesis. The ratio of oxi-
dative/non-oxidative pentose metabolism is important for 
the energy balance of a cell. If glucose is used for non-
oxidative pathway for ribose synthesis, then less glucose 
is available for NADPH production required for fatty acid 
synthesis. Therefore, these ratios are crucial to our under-
standing of cellular metabolic homeostasis. There are sev-
eral key flux ratios of energy metabolism that can be deter-
mined using [1, 2-13C2]-glucose as precursor substrate. In 
untreated MIA cells, Ox/Non-ox ratio is 0.8870 ± 0.0068; 
anaplerosis/TCA cycle flux (Y) 1.537 ± 0.0359 and pyru-
vate dehydrogenase/isocitrate dehydrogenase contribu-
tion to acetyl-CoA (PDH/ICDH) 1.328 ± 0.020. As shown 
in Fig.  3 and Supplemental Table  2, treatment with UA, 
LLE and MET reduced these flux ratios as compared with 
control. While values in Y showed a trend of decreasing, 
changes in Ox/Non-ox and PDH/ICDH flux ratios were 
highly significant at P < 0.001 by all treatments.

3.4 � Inhibition of AMPK

Previous publication demonstrated that inhibition of 
AMPK phosphorylation induced apoptosis in MIA PaCa-2 
cells (Duong et  al. 2012). We performed western blotting 
analysis to determine the ratio of p-AMPK to T-AMPK in 
MIA PaCa-2 cells treated with LLE and UA at doses suf-
ficient to induce apoptosis. Cells were exposed to LLE (50, 
100 and 200 μg/ml) and UA (50 and 100 μM) for 24 h. LLE 
at 50 μg/ml and UA 25 μM showed significantly decreased 
AMPK phosphorylation (T172), which may be associated 
with the development of apoptosis (Fig. 4).

4 � Discussion

The use of 13C carbon tracing allows us to characterize 
metabolic phenotype in terms of glucose carbon distribu-
tion, metabolite synthesis and turnover, and metabolic flux 
ratios important to the maintenance of flux balance or met-
abolic homeostasis. Our study showed that the perturba-
tion of these flux ratios by phytochemical treatment (Fig. 3) 
results in changes in the distribution of glucose carbon and 
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Fig. 3   Change of key flux ratios of energy metabolism. MIA PaCa-2 
cells were treated with UA (50 µM), LLE (50 µg) or MET (1 mM) 
and incubated for 48 h in presence of [1, 2-13C2]-glucose. Ox/Non-ox 
oxidative/non-oxidative pentose cycle, Anaplerosis anaplerosis/TCA 

cycle flux, PDH/ICDH pyruvate dehydrogenase/isocitrate dehydro-
genase contribution to acetyl-CoA. Columns mean, bars SD (n = 4). 
*P < 0.05, @P < 0.03 vs untreated control
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Fig. 4   Inhibition of AMPK by UA and LLE. a Immunoblot analy-
sis of p-AMPK, T-AMPKα and GAPDH expressions in MIA PaCa-2 
cells treated with UA or LLE for 24 h at dose indicated. b Ratio of 
p-AMPK/T-AMPKα. Triplicate determinations were averaged at each 
data-point. Data represents one of the two or three separate experi-
ments. Columns mean, bars SE (n = 3). *P < 0.05
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turnover of individual metabolites leading to decreased cell 
survival and increased cell death.

Pentose phosphate pathways (PPP) and glycolytic path-
ways are intertwined, and they are mutually constrained 
by common metabolic intermediates (Vaitheesvaran et  al. 
2015). The PPP consists of an oxidative and a non-oxida-
tive branch, and is highly active in most eukaryotes and 
converts glucose 6-phosphate into carbon dioxide, NADPH, 
and ribulose 5-phosphate for nucleic acid and amino acid 
syntheses. Elevated level of G6PDH together with high 
levels of PPP-derived metabolites were found to be associ-
ated with aggressive tumor growth in several cancer cells 
(Catchpole et  al. 2011; Lucarelli et  al. 2015; Meadows 
et al. 2008; Schlichtholz et al. 2005; Ying et al. 2012). In 
recent studies, PPP is implicated in stem cell maintenance 
and chemoresistance (Filosa et  al. 2003; Ramos-Montoya 
et  al. 2006). Treatment of renal carcinoma using G6PDH 
inhibitor 6-AN in combination with cisplatin was shown to 
significantly increase cell death rate, suggesting that reduc-
ing Ox/Non-ox flux ratio may be a mechanism of this tar-
geted therapy (Lucarelli et al. 2015). In the present study, 
Ox/Non-ox ratio appeared to be most affected by UA, LLE 
and MET treatments. The change in this ratio may be the 
result of decreased G6PDH activity of the oxidative branch, 
or increased transketolase/transaldolase activity of the non-
oxidative branch of the pentose phosphsate cycle. In either 
case the reduced cell survival was associated with fewer 
reducing equivalents (NADPH) for anabolic reactions such 
as fatty acid synthesis.

Fatty acids (FAs) are essential constituents of all bio-
logical membrane lipids and are important substrates for 
energy metabolism in cancer cells (Menendez and Lupu 
2004). In de novo lipogenesis, acetyl-CoA is condensed 
with malonyl-CoA to produce palmitate, a major con-
stituent of cell lipids. Acetyl-CoA is also a key metabolic 
intermediate for protein acetylation which controls key cel-
lular processes including energy metabolism, mitosis, and 
autophagy (Choudhary et al. 2014; Pietrocola et al. 2015). 
Besides glucose and lactate, cancer cells are known to use 
glutamine and lipids from their environment as alternative 
sources of carbon for the production of acetyl-CoA and 
other TCA cycle intermediates (Yu et al. 2015). The con-
tribution by glutamine and lipids from the medium reduced 
13C incorporation from glucose and new synthesis of gluta-
mate and palmitate by the MIA cells. Treatment with UA, 
LLE or MET significantly reduced the contribution of glu-
cose to acetyl-CoA synthesis diminishing the PDH/ICDH 
ratio. The change in PDH/ICDH ratio was associated with a 
significant decrease in de novo fatty acid synthesis essential 
for tumor survival and growth.

The interaction between genes and nutrient environ-
ment confers a typical metabolic phenotype to cancer cells 
that supports cell growth and proliferation. In cancer cells, 

metabolism is regulated by a balance between oncogenes 
and tumor suppressor genes. For example, K-Ras, present 
in more than 90% of pancreatic ductal adenocarcinoma 
(PDAC), is known to stimulate glucose uptake and chan-
nel glucose intermediates into the hexosamine biosynthesis 
and PPP (Ying et al. 2012). On the other hand, P53 binds 
directly to G6PD and inhibits its activity, thereby suppress-
ing the diversion of glycolytic intermediates into the PPP 
and reducing the production of NADPH and ribose-5-phos-
phate that are necessary for tumor cell growth. The muta-
tion of P53 gene provides an uncontrolled environment for 
tumor cell proliferation.

Cancer metabolic phenotype can be changed by the 
inhibition of signaling pathways such as AMPK. AMPK 
is phosphorylated in response to an increase in intracel-
lular AMP/ATP ratio. AMPK phosphorylation activates/
inactivates some key metabolic enzymes, thereby inducing 
metabolic switch from glycolysis and anabolism to oxida-
tive phosphorylation and catabolism. Therefore, AMPK 
is a sensor as well as a regulator of energy metabolism. 
Recent studies showed that the pharmacological inhibi-
tion of AMPK activity in some cancers results in metabolic 
disregulation and apoptosis, and suggested that targeting 
AMPK might be potentially a useful therapeutic strategy 
for the treatment of some solid tumors (Jang et  al. 2010; 
Kim et al. 2008; Zhu et al. 2010). BML-275, or compound 
C, is a potent and selective ATP-competitive inhibitor of 
AMPK that induces cell death in various types of cancers 
including myeloma, glioma, prostate, breast and pancreatic 
cancer cells (Baumann et al. 2007; Duong et al. 2012; Jin 
et  al. 2009; Park et  al. 2009; Vucicevic et  al. 2009). UA 
and MET have been previously reported to inhibit phos-
phor-AMPK in MIA PaCa-2 cells (Wang et al. 2015). Our 
data are consistent with previous report, and demonstrated 
that UA and LLE altered metabolic homeostasis in MIA 
cells that was associated with reduced phosphorylation of 
AMPK probably due to a change in the AMP/ATP ratio.

5 � Conclusion

In cellular system, metabolic homeostasis is maintained 
by a balance of fluxes which is important for cell survival. 
The survival of cancer cells can be affected by metabolic 
inhibitors such as fatty acid synthase (FAS) inhibitor C75 
(Harris et al. 2012), lactic acid dehydrogenase A inhibitor 
oxamate (Lu et al. 2015), kinase inhibitor imatinib (Boren 
et  al. 2001), as well as chemicals and phytochemicals 
such as EGCG (Lu et al. 2015) and luteolin (Harris et al. 
2012). The roles of many of these compounds including 
UA (a terpenoid), LLE (a mixture) and MET (a biguanide) 
in metabolism are poorly understood. We showed that the 
decrease in cell survival by the treatment of UA and LLE 
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was associated with significant changes in flux ratios of 
energy metabolism which are important to the maintenance 
of flux balance or metabolic homeostasis.

The mass isotopomer distribution (MID) of each metab-
olite in a 13C tracing experiment can be used to determine 
the balance of production and utilization (turnover) of a 
metabolite, and the contribution of carbon atoms from 
other substrates in its production. Determination of MID 
allows us to quantitatively measure these parameters which 
are characteristic of a metabolic phenotype within the con-
text of its nutrient environment. Cellular homeostasis is 
impacted by changes in key flux ratios of energy metabo-
lism, which affects 13C carbon distribution and substrate 
syntheses in metabolic intermediates. We hypothesize that 
the change of either signaling pathway or nutrient environ-
ment (including the treatment by drugs and phytochemi-
cals, regardless in pure form or in mixed one) may affect 
cancer cell survival through the alteration of key metabolic 
flux ratio and the perturbation of cellular metabolic flux 
balance or homeostasis.
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