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Abstract
Pancreatic Cancer (PC) is a devastating lethal disease. Therefore, there is an urgent need to develop new
intervention strategies. The mammalian Target of Rapamycin (mTOR) is a conserved kinase and master regulator
of metabolism and cell growth. mTOR is dysregulated in chronic diseases including diabetes and pancreatic cancer.
Recent reports indicate that 50% of Pancreatic Ductal Adenocarcinoma (PDAC) patients are diabetic at the time of
diagnosis. Furthermore, the anti-diabetic drug, metformin, which indirectly inhibits mTOR, has emerged as a potential
therapeutic target for PC.
The objective of this study is to determine the targeted-metabolomics profile in PDAC cell line (HPAF-II) with mTOR
inhibition and the interaction between mTOR ATP-competitive inhibitor (Torin 2) and metformin as potential combined
therapy in PC.
HPAF-II cell lines were cultured in the presence of either Torin 2, metformin, both, or control vehicle. We utilized
targeted LC/MS/MS to characterize the alterations in glycolytic and tricarboxylic acid cycle metabolomics, and employed
Western Blot analysis for cell signaling activation by phosphorylation. Comparisons between groups were analyzed
using one-way Analysis of Variance followed by secondary post-hoc analysis.
After 1 h incubation with metformin, AMP concentration was significantly increased compared to other groups
(p<0.03). After 24 h, Torin-2 significantly decreased glycolysis intermediates (fructose 1,6-bisphosphate (FBP), and
2-phosphoglycerate/3-phosphoglycerate), TCA intermediate metabolites (citrate/isocitrate, and malate), as well as
Nicotinamide Adenine Dinucleotide (NAD+) and Flavin Adenine Dinucleotide (FAD), and ATP levels. When HPAF-II
cells were incubated with both Torin-2 and metformin, there was a significant reduction in NAD+ and FAD, suggesting
decreased levels of the energy equivalents that are available to the electron transport chain.
Targeted metabolomics data indicate that mTOR complexes inhibition by Torin 2 reduced glycolytic intermediates
and TCA metabolites in HPAF- II and may synergize with metformin to decrease the electron acceptors NAD+ and FAD
which may lead to reduced energy production.
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develop new strategies for prevention, early detection, and therapeutic
interventions for this aggressive cancer. Recent reports indicate that
50% of PDAC patients are diabetic at the time of diagnosis. To that
end, tumor-related diabetes is now considered as Type 3c Diabetes
Mellitus (3cDM). Mounting evidence links the glycolytic metabolic
disturbances to the adverse pancreatic cancer prognosis. Furthermore,
the anti-diabetic drug, metformin, which indirectly inhibits the
mammalian Target of Rapamycin (mTOR) via activation of AMPK (5'
adenosine monophosphate-activated protein kinase), has emerged as a
potential therapeutic target in the treatment of PC, particularly when
associated with type 3c Diabetes Mellitus
The best chances of survival are while the disease is still localized
in the pancreas and surgical dissection is still an option. Thus using

Introduction
Pancreatic Cancer (PC) is a devastating disease with an estimated
53,070 new cases and an estimated 41,780 deaths respectively in 2016
[1]. PC is a lethal disease attributable to the late diagnosis and PC is the
3th leading cause of cancer-related death with the 5-year survival rate
8% as reported between years 2005-2011 [1]. The most common type
of pancreatic cancer is Pancreatic Ductal Adenocarcinoma (PDAC).
PDAC is the also most aggressive type of PC due to late diagnosis, high
metastatic capacity, aggressive infiltrating nature of the disease and the
current ineffective treatment [2]. Since pancreatic cancer is diagnosed at
an advanced stage, the early events that trigger cancer development and
metastasis are largely unknown. Therefore, there is an urgent need to
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a traceback approach, which allows us to investigate the underlying
metabolite platform associated with effective therapy, may provide
cues to understanding the early events that preceded distant metastasis.
mTOR is a 289 kDa serine/threonine conserved protein kinase and
is ubiquitously expressed in eukaryotes [3]. mTOR cellular signaling
cascade serves as a master regulator of metabolism, cell growth and
proliferation. mTOR is dysregulated in several diseases of metabolism
including diabetes and pancreatic cancer [4,5]. mTOR kinase nucleates
two functionally and structurally distinct complexes namely; mTOR
complex 1 (mTORC1) and mTOR complex 2 (mTORC2). The first
complex, mTORC1 selectively binds Raptor (Regulatory associated
protein of mammalian Target of Rapamycin), and other proteins
including mLST8 (mammalian Lethal with Sac 13 protein 8), Deptor,
and PRAS40. mTORC1 integrates signals from the insulin pathway,
growth hormones, amino acids, AMP/ATP energy levels, and mitogens
at the cellular level to effectuate downstream targets [6]. mTORC1 is
activated by nutrients, glucose, amino acid, growth factors, mitogens,
and cellular energy and is inhibited by the prototype drug, rapamycin
[7]. As such, mTORC1 activates anabolism including lipid and
protein synthesis, ribosome biogenesis, beta cell mass expansion, and
nucleotides biosynthesis and inhibits catabolism and autophagy [4,8,9].
On the contrary, mTORC2 binds exclusively to Rictor (RapamycinInsensitive companion of TOR), in addition to other proteins including
mSIN1 (mammalian stress-activated map kinase-interacting protein
1), MLST8, Deptor and Protor 1, 2. Unlike mTORC1, mTORC2
complex is only activated by growth factors and is insensitive to
rapamycin treatment, at least during acute treatment [10]. It is worth
noting that in some cell lines, mTORC2 was reported to be responsive
to rapamycin with chronic and prolonged long-term treatment due to
inhibition of the assembly of mTORC2 [11]. mTORC2 activates actin
cytoskeleton rearrangement. Importantly, mTORC2 phosphorylates
PKC isoforms including, Akt regulatory site, serine 473, which in
turn regulates cellular processes and plays a significant role in tumor
growth and proliferation, angiogenesis and tissue invasion. Thus both
mTORC1 and mTORC2 pathways play a fundamental role in cancer
cells including growth and proliferation; cell cycle, genomic instability
and cellular and tumor metabolism [12].
Metformin, an antihyperglycemic drug, is the first-line of
treatment of type II diabetes and is a widely prescribed anti-diabetes
drug [13-15]. Additionally, metformin inhibits mTORC1 by activation
of AMPK, and has emerged as a potential therapeutic target in the
treatment of cancer [16]. Further, Sah and Colleagues reported that
the majority of pancreatic cancer patients have diabetes mellitus or
hyperglycaemia which may manifest even prior to the time of diagnosis
[17]. Epidemiological studies indicated that the use of metformin in
type II diabetes patients was associated with reduced cancer incidence
and cancer-related death [18-20]. While the mechanisms of action of
metformin that confer anticancer and chemopreventive properties
are not entirely elucidated; one proposed action is serving as indirect
inhibitor of mTOR via AMPK activation. Studies have shown that
metformin may mediate some of the anticancer properties via mTOR
inhibition in mice and human liver cancer cell lines [21-23]. It has
been suggested that mTOR inhibition by AMPK activators may lead
to cancer metabolic reprogramming, which is the hallmark of cancer
[24,25]. Mounting evidence links glycolytic metabolic disturbances
and the adverse pancreatic cancer prognosis. Therefore, we determined
the targeted-metabolomic profile in human PDAC cell line (HPAFII); to address the possible synergism between mTOR inhibition by
ATP competitors (which inhibits both mTORC1 and mTORC2),
and Metformin administration (AMPK activator which indirectly
Metabolomics (Los Angel), an open access journal
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inhibits mTORC1) as potential targets for therapeutic intervention in
pancreatic cancer [26].
In this study we used HPAF II which is a well-differentiated human
pancreatic adenocarcinoma cell line. This differentiated epithelial cell
line is well characterized and proved to be a useful model to investigate
the molecular mechanism of pancreatic tissue disease state [27]. This
cell line displays the ductal structure including secretory granules
and mucin production [28]. Therefore, we utilized HPAF II cell lines
to investigate the impact of mTORC1 and mTORC2 inhibition and
AMPK activation on the profile of glycolysis and TCA cycle and as a
tool to further investigate biomarkers of pancreatic cancer response to
treatment. The metabolomic outputs, as small-molecule metabolites,
are sensitive to the pathophysiological changes, and thus can be used
to detect novel biomarkers in pancreatic cancer, as well as to monitor
therapeutic efficacy and response. Modeling such interactions can
both validate assumptions and help uncover additional pathways or
regulatory steps not currently understood, to delineate more fully
insulin insensitivity.

Materials and Methods
Reagents
Reagents were obtained from the following sources: Metformin
hydrochloride
(N,N-Dimethyllimidodicarbonimidic
diamide
hydrochloride) (cat # 2864) and Torin 2 (9-(6-Aminopyridin-3-yl)1-(3-trifluromethyl)-phenyl)benozo[h][1,6]naphthyridin-2(1H) (Cat
# 4248) were obtained from from Tocris Bioscience (R & D Systems,
USA). Rapamycin was obtained from Cell Signaling (Cat # 9904). Other
chemicals were obtained either from Sigma or Fisher. Immobilon-P
polyvinylidene difluoride membrane (0.45 µm) was from Millipore,
reagents for enhanced chemiluminescence (ECL) were from Millipore
(Immobilon Western chemiluminescent horseradish peroxidase).
HPAF II cells (Cat # CRL 1997), EMEM media (Cat 30-2003); Fetal
Bovine Serum (Cat # 30-2020) were purchased from ATCC.

Antibodies
The following antibodies were purchased from Cell Signaling:
Total mTOR (Cat # 2983); Serine P-2481 mTOR (cat # 2976); S6 (Cat
# 2217); Serine 235/236 Phospho-S6 ribosomal protein (Cat # 2211);
Akt (Cat # 4691); Serine P-473 Akt (Cat # 4060). Actin antibody was
obtained from Sigma (Cat # A2103). Sheep anti-rabbit secondary
antibodies were obtained from (GE Health Care Bioscience, Corp,
Piscataway, NJ).

Cell culture
HPAF II cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA) cultured in Eagle’s Minimum
Essential Media containing D-glucose (1 g/L), L-glutamine (292 mg/L)
and sodium pyruvate (110 mg/L) supplemented with 10% fetal bovine
serum (FBS) (ATCC). Cells were incubated at 37ºC in a humidified
atmosphere containing 5% CO2. Cells were plated at a density 1 × 106
cells Fresh media was added to cells prior to incubation with either
Torin 2 (100 nM) or metformin (1 mM) or both at 1:1 ratio, control
cells were incubated with DMSO. When indicates some cells were
incubated with rapamycin (100 nM).

Methods
Cell growth and quenching
Well differentiated pancreatic cancer cell line HPAF-II (ATCC CRL

Volume 6 • Issue 3 • 1000183

Citation: Soliman GA, Steenson SM, Etekpo AH (2016) Effects of Metformin and a Mammalian Target of Rapamycin (mTOR) ATP-Competitive
Inhibitor on Targeted Metabolomics in Pancreatic Cancer Cell Line. Metabolomics (Los Angel) 6: 183. doi: 10.4172/2153-0769.1000183

Page 3 of 11
# 1997) was cultured in EMEM media supplemented with L-glutamine
0.292 g/L (ATCC # 30-2003, Manassas, VA), 10% fetal bovine serum
(ATCC Cat # 30-2020), 25 U/ml penicillin, and 25 ug/ml streptomycin
as described [27]. Briefly, Cells were grown to confluence and plated
as 1 × 106 cells per 100 mm polystyrene dishes at 37ºC 5% CO2 and all
plates contained equal number of cells. Prior to the experiment, the cells
were replenished with fresh EMEM media containing 5 mM D-glucose.
Cells were incubated the presence of either Torin 2 (ATP-competitive
mTOR inhibitor (TORCIS Bioscience, Cat # 4248), Metformin (Fisher
Sci, Cat # 2864), both, or vehicle control (DMSO) for 1 h and 24 h in
five replicate samples per group. HPAFII cells were treated with either
metformin at a final concentration 1 mM or Torin 2 final concentration
of 100 nM for 1 h and 24 h as described [29,30]. Some HPAFII cells were
treated with rapamycin at 100 nM concentration. After the indicated
incubation time, media was aspirated and cells were rinsed briefly with
6 ml deionized water. Cells were quenched by flash freezing in liquid
nitrogen while placed on dry ice. Cells were immediately stored at -80ºC
and then shipped on dry ice until received for metabolomics analysis
at the University of Michigan Metabolomics Core [31]. We utilized
targeted LC/MS/MS to characterize the alterations in the glycolytic and
tricarboxylic acid (TCA) cycle metabolomics, and employed Western
Blot analysis for cell signaling activation by phosphorylation.

Cell lysis and immunoblotting
Cells were washed twice with ice-cold PBS (pH 7.4), and collected
in ice-cold lysis Buffer A containing KPO4, 1 mM EDTA, 5 mM
EGTA, 10 mM MgCl2, 50 mM β-glycerophosphate, 1 mM Sodium
Orthovanadate (Na3VO4), 5 ug/ml pepstatin A, 10 ug/ml leupeptin, 40
ug/ml phenylmethylsulfonyl fluoride (PMSF). Cells were lysed in the
presence of Nonidet P-40 as detergent. Cell lysates were centrifuged
at 13,200 rpm for 5 min at 4ºC and the supernatants were collected.
Protein concentration was measured by Bradford assay to normalize
the concentration for immunoblotting. Western blot was performed
by blocking the polyvinylidene difluoride membranes in TBST (40 mM
Tris HCL, pH 7.5), 0.9% NaCl, 0.1% Tween 20) containing 5% nonfat
milk. Equal loading of samples was confirmed by Ponceau staining. The
membranes were incubated in TBST with 2% bovine serum albumin
containing either the primary or the secondary antibodies. The blots
were developed by Enhanced Chemiluminescence (ECL).

Targeted metabolomics analysis by LC/MS/MS
Frozen cells were extracted using organic solvents-150 ml of chilled
methanol: chloroform: water at a ratio of 8:1:1 13C-labeled glycolysis
and TCA cycle standards respectively. Following extraction, samples
were sonicated on ice (20% duty cycle and 20% maximum power for 20
seconds), cells were kept at 4ºC for 5 min and centrifuged at 15,000 xg
for 5 min. The supernatant was transferred to the autosampler vials and
directly analyzed by LC/MC based on the method by Lorenz et al. [31].
The peak chromatographic separation was conducted for 18
targeted glycolytic and TCA intermediate metabolites as described
in Lorenz and colleagues [31]. The ratio of each metabolite peak
to the 13C-labeled closest match internal standard was calculated.
The targeted metabolite concentrations were determined using a
standard calibration curve generated from the known standard. The
concentrations were normalized to the total cells in the 10 cm dish (1
× 106 cells per plate).

Data processing and statistical analysis
Quantification was done at the University of Michigan
Metabolomics Core as previously described [31,32]. Briefly,
Metabolomics (Los Angel), an open access journal
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quantification was performed using Agilent Technologies Mass
Hunter Quantitative software. Metabolites are identified based on the
retention time and m/z match to injections of known standards. Data
was expressed as mean + Standard Deviation. Statistical analysis was
performed using SPSS software. Comparisons between the treatment
groups were performed using one-way ANOVA for detection of the
overall statistical significance. Significance was present as (p<0.05).
If an overall statistical significance was detected between groups, a
secondary posthoc test for multiple comparisons was performed using
the Least Significant Difference (LSD).

Results
Torin 2 inhibits
phosphorylation

mTORC1

and

mTORC2-associated

The mTORC1 pathway plays a critical role in cellular metabolism
including protein synthesis and glycolysis, and its dysregulation
plays a significant role in the progression of several types of cancer
[33-36]. Additionally, mTORC2 has been recently shown to play an
integral role in cancer metabolic reprogramming [37]. Therefore, in
this study, we investigated a dual mTORC1 and mTORC2 inhibitor to
determine the effect on pancreatic cancer cell line metabolite output.
To confirm that Torin 2 inhibits both mTORC1 and mTORC2, we
prepared whole cell lysate from HPAF II cells and incubated them for
24 h in the absence or presence of rapamycin, Torin 2, metformin or
both. Our earlier work showed that mTOR autophosphorylation site
at Ser 2481 serves as a readout of mTORC1 activity. Torin 2 inhibited
the mTOR Ser 2481 autophosphorylation and phosphorylation of S6
as a surrogate of mTORC1 activity when immunoblotted in whole
cell lysate. Under the conditions of our experiments, we found that
Torin 2 also inhibited the phosphorylation of mTORC1 downstream
target phospho-S6 ribosomal protein at serine 235/236. Metformin and
rapamycin also decreased the phosphorylation of S6 [pS6] (mTORC1).
However, Torin 2 selectively inhibited Akt phosphorylation at S473
indicating that Torin 2 inhibits mTORC2 complex. However, neither
rapamycin pretreatment nor metformin alone had an effect on
Akt phosphorylation. Addition of Torin 2 to metformin led to the
inhibition of Akt phosphorylation at Ser 473 as a readout of mTORC2
activity (Figure 1).

Torin 2 decreased malate and metformin increased AMP
levels after 1 h
In most cancer cells, tumor proliferation and invasion depends on
the cell glycolytic capacity to provide the needed energy [38]. Therefore,
we conducted targeted metabolomics analysis for the intermediate
metabolites of glycolysis and Tricarboxylic Acid (TCA) cycle in
HPAFII pancreatic cancer cell lines following incubation with Torin 2
or metformin or both for 1 h (Table 1) and 24 h (Table 2). The serine/
threonine kinase AMPK (AMP-activated protein kinase) is allosterically
activated by AMP, and gauges the cellular fuel to regulate glucose
metabolism [39]. AMPK has been shown to repress mTOR anabolic
pathway and ATP-consuming metabolic pathway [40]. As an AMPK
activator, metformin increased AMP levels following 1 h incubation
compared to DMSO control, Torin-2, and combined metformin and
Torin 2 (2.742 vs. 0.909, 0.158, and 0.837, p<0.03) (Table 1). Torin 2
significantly decreased malate, the TCA cycle intermediate formed by
hydration of furmate, compared to metformin-treated group (6.906 vs.
11.453, p<0.5) (Table 1). However, the combination of metformin and
Torin-2 abolished this effect compared to the DMSO control (8.445
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Figure 1: Impact on mTOR inhibition and AMPK activation on cell signaling.

Effect of ATP-Competitive Inhibitor on mTOR autophosphorylation
and phosphorylation of downstream targets.

Control
1
2

T M [M+T]
3 4
5
6

R
7

+ : Preincubation :
1 DMSO Control
2 DMSO Control
3 Torin 2 (T)
4 Metformin (M)
5 Torin+Metformin [T + M]
6 Blank Lane
7 Rapamycin (R)

IB: mTOR P-S2481

Whole cell lystate

IB: mTOR
IB: AKT-P-S473
IB: AKT
IB: S6-P
IB: S6
IB: Actin

HPAF II pancreatic were treated with either DMSO Control), Torin -2 (T) (I), Metformin (M), Torin and Metformin (T + M) or Rapamycin (R). Whole cell lysates were
harvested and Western blot was performed with antibodies against mTOR, S2481 P-mTOR, mTOR, P-AKT (S473), AKT, or β-actin.

Table 1: Comparison of HP LC-MS metabolites peak areas between groups after 1 h treatment in HPAF-II well differentiated pancreatic cancer cell lines.
Metabolite Concentration in nmol
Metabolite

DMSO (Control)

Torin 2

Metformin

NAD

2.560 ± 1.202

1.810 ± 1.301

3.345 ± 1.149

Met + Torin 2
3.230 ± 1.931

P Value
0.33

SUC

1.035 ± 0.443

2.579 ± 3.692

9.185 ± 17.319

1.967 ±1.048

0.51

FAD

0.136 ± 0.052

0.119 ± 0.073

0.171 ± 0.042

0.180 ± 0.105

0.47

MAL

6.906 ± 2.340

4.779 ± 1.883a

11.453 ± 6.257b

8.445 ± 1.895

0.01

F6P/G6P

1.231 ± 0.264

0.923 ± 0.455

2.045 ± 1.402

1.035 ± 0.471

0.14

AMP

0.909 ± 0.735c

0.158 ± 0.226c

2.742 ± 2.182d

0.837 ± 1.023c

0.03

Citrate/iso

4.276 ± 0.525

3.427 ± 1.882

4.793 ± 2.480

4.133 ± 2.283

0.74

NADP

0.072 ± 0.021

0.054 ± 0.041

0.075 ± 0.017

0.100 ± 0.031

0.12

6PG

1.778 ± 0.397

1.065 ± 0.659

1.832 ± 0.919

1.072 ± 0.433

0.45

2PG/3PG

1.148 ± 0.325

0.860 ± 0.433

3.088 ± 4.779

1.113 ± 0.485

0.12

ADP

2.621 ± 1.365

1.552 ± 1.508

9.403 ± 13.426

2.909 ± 1.870

0.29

aCoA

0.044 ± 0.047

0.047 ± 0.031

0.042 ± 0.081

0.028 ± 0.038

0.94

PEP

0.022 ± 0.019

0.005 ± 0.007

0.022 ± 0.036

0.016 ± 0.016

0.67

FBP

5.796 ± 1.996

4.218 ± 1.609

3.981 ± 2.635

4.507 ± 2.008

0.54

ATP

32.202 ± 9.829

31.128 ± 15.697

23.813 ± 14.983

33.489 ± 16.666

0.72

HPAF-II Well-Differentiated Pancreatic Cancer Cell lines were treated for 1 h or 24 h with either DMSO control, Torin-2 alone, Metformin, or a combination of Torin-2
and Metformin. Data is presented as mean ± Standard Error (SEM). One way Analysis of Variance (ANOVA) was conducted to compare overall differences between
groups (p<0.05). Secondary Post-hoc Least Significant Difference (LSD) test was performed following ANOVA analysis to determine the significant differences between
DMSO control at treatment groups after 24 h of incubation with either Torin-2, Metformin or both Torin-2 and Metformin (p<0.05). Groups with different superscripts are
statistically significantly different from the other groups. NAD, Nicotinamide adenine dinucleotide; Suc, succinate, FAD Riboflavin adenine dinucleotide; G6P/F6P, glucose6-phosphate/fructose-6-phosphate; AMP, adenosine monophosphate; Citrate/iso, citrate/isocitrate, FBP, fructose 1,6-bisphosphate, 3PGS, 2PG 3-phosphoglycerate/2phosphoglycerate; PEP: Phosphoenolpyruvate.
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vs 6.906, NS) (Table 1). No other metabolites were different after 1 h
incubation.

phosphate and glyceraldehyde 3 phosphate. Subsequent twostep oxidation and substrate level phosphorylation of yields 3
phosphoglycerate and yields ATP. So, we further determined the ratio
of 3 phosphoglycerate and 2 phosphoglycerate. Torin-2 also decreased
the ratio of 2-phosphoglycerate/3-phosphoglycerate (2PG/3PG)
compared to DMSO, metformin and combined Torin 2 and metformin
(0.585 versus 1.267, 1.082, 0.888 respectively, p<0.007) (Table 2). Also,
there was significant difference between metformin, combined Torin 2
and metformin, and Torin 2 alone (1.082 vs. 0.888 vs. 0.585, p<0.007)
(Table 2 and Figure 2B). Torin 2 also decreased the ratio of 2PG/3PG
compared to the control group and metformin (0.585 vs. 1.267, and
1.082, p<0.007) (Table 2 and Figure 2C); Torin 2 treatment was also
significantly different from Torin 2 and metformin combined (1.267
vs. 0.888, p<0.007) (Table 2 and Figure 2C). The glycolytic metabolites
measured by MS/LS/LS are summarized in Figure 2D. Taken together;
the results indicate that the combination of Torin 2 and metformin
has an intermediate effect on glycolysis metabolites relative to either

Torin 2 decreased the glycolytic intermediates after 24 h
The results indicate that Torin-2 significantly decreased the
glycolysis intermediates. The irreversible phosphorylation of fructose
6 phosphate to Fructose 1,6-bisphosphate (FBP) catalyzed by
phosphofructokinase is the first committed and rate-limiting step of
glycolysis and thereby is an important control point [41]. Since the
rate of aerobic glycolysis is significantly increased in pancreatic cancer
cells through a phenomenon commonly known as Warburg effect, we
investigated whether mTOR inhibition would decrease the products of
the committed step of glycolysis [42,43]. Compared to DMSO control,
Fructose 1,6-bisphosphate (FBP) level decreased in response to
incubation with Torin 2, metformin or the combination of Torin 2 and
metformin (5.584 vs. 2.846, 3.870, 3.726, p<0.03) (Table 2 and Figure
2A). FBP is subsequently converted to two trioses: dihydroxyacetone

Figure 2: Glycolysis targeted-metabolomics in HPAF-II cell lines.

The effect of Torin 2 and Metfomin on glycolysis intermediate metabolites

A
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C
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HPAF-II were cultured in DMEM media supplemented with 10% FCS in the presence of either Torin 2, metformin, both, or vehicle metformin, both, or vehicle control
for 1 h and 24 h and targeted metabolic analysis. Metabolites measured by targeted metabolomics during glycolysis n HPAF-II cells. Panel A shows differences in
Fructose 1,6-bisphosphate concentrations; Panel B shows differences in 2-glycerophosphate/3-glycerophosphate concentrations; Panel C shows differences in NAD
concentrations. Panel D shows an overview of the glycolysis steps and intermediates. The quantified metabolites are indicated by a corresponding (#). Statistically
significance difference at calculated at P<0.05 unless stated otherwise in the graph and are denoted by an asterisk (*). The graph bars in each panel show the
different treatment groups. Within each panel, graph bars with different letters are statistically significant from each other. As such, bars with symbol “a” are statistically
significant from bars with the symbol “b” and different from bars with the symbol “c” within the same panel.
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Table 2: Comparison of HP LC-MS metabolites peak areas between groups after 24 h treatment.
Metabolite Concentration in nmol
Metabolite

DMSO (Control)

Torin 2

Metformin

Met + Torin 2

P Value

NAD

4.600 ± 0.782ab

2.494 ± 1.663a

4.031 ± 1.382

2.617 ± 1.133b

0.05

SUC

2.170 ± 0.814

1.621 ± 0.911

2.049 ± 1.331

1.204± 0.745

0.41

FAD

0.200 ± 0.022

MAL

9.147 ± 1.363a

ab

0.107 ± 0.054

ac

5.731 ± 2.125ab

0.188 ± 0.049

cd

10.383 ± 3.384b

0.117± 0.036

0.004

bd

7.577 ± 2.491

0.04

F6P/G6P

0.834 ± 0.095

0.566 ± 0.317

0.913 ± 0.210

0.652 ± 0.403

0.22

AMP

0.254 ± 0.212

0.428 ± 0.540

0.793 ± 0.915

0.460 ± 0.404

0.532

Citrate/iso

5.225 ± 0.448abc

2.719 ± 0.830a

3.110 ± 0.646bd

2.210 ± 0.488cd

0.0005

NADP

0.092 ± 0.028

0.078 ± 0.045

0.079 ± 0.027

0.092 ± 0.011

0.80

6PG

0.912 ± 0.235

0.451 ± 0.305

0.623 ± 0.212

0.501 ± 0.333

0.07

2PG/3PG

1.267 ± 0.177ab

0.585 ± 0.198ac

1.082 ± 0.330c

0.888 ± 0.339b

0.007

ADP

2.159 ± 1.034

1.738 ± 1.028

2.288 ± 1.377

2.563 ± 1.215

0.73

aCoA

0.079 ± 0.052

0.020 ± 0.010a

0.109 ± 0.087ab

0.031 ± 0.019b

0.051

PEP

0.020 ± 0.017

0.012 ± 0.016

0.008 ± 0.013

0.013 ± 0.010

0.618

FBP

5.584 ± 1.659abc

2.846 ± 0.857a

3.870 ± 0.963b

3.726 ± 1.285c

0.02

ATP

37.521 ± 3.532ab

18.832 ± 4.407ac

29.509 ± 9.981c

23.639 ± 5.832b

0.001

HPAF-II Well-Differentiated Pancreatic Cancer Cell lines were treated for 1 h or 24 h with either DMSO control, Torin-2 alone, Metformin, or a combination of Torin-2 and
Metformin. One way Analysis of Variance (ANOVA) was conducted to compare overall differences between groups. Data is presented as mean ± Standard Error (SEM).
Secondary Post-hoc LSD test was performed following ANOVA analysis to determine the significant differences between DMSO control at treatment groups after 24 h of
incubation with either Torin-2, Metformin or both Torin-2 and Metformin. Groups with different superscripts in the same line are statistically significantly different from the
other groups for the same metabolite.

metformin or Torin 2 alone. Overall our results demonstrate that
mTOR complexes enhance the glycolytic properties of HPAFII cells
and this effect is blocked by the competitive ATP inhibition of mTOR.

Torin 2 decreased the TCA cycle intermediates and metformin
increased acetyl-CoA after 24 h
As we observed that the glycolytic intermediates were decreased
with Torin 2 treatment, we sought to analyze the impact on the
downstream TCA cycle. The end product of glycolysis is pyruvate,
which is transported to the mitochondria to be converted to Acetyl
CoA as it enters the TCA cycle. After 24 h, only metformin increased
Acetyl CoA levels compared to the DMSO, Torin 2, or combined
Torin 2 and metformin (0.109 vs. 0.079, 0.020, p<0.03) (Figure 3A).
This effect was abolished by the combination of Torin 2 and metformin
suggesting that the combination has a different effect than the single
agent (0.109 vs. 0.031, p<0.03) (Figure 3A). Condensation of three of
the two carbon acetyl-CoA yields the six carbon citrate, and subsequent
irreversible oxidative decarboxylation of citrate generates three NADH
energy equivalents. Torin 2 and metformin both individually and
combined decreased citrate/isocitrate compared to the DMSO control
(2.719, 3.110, 2.210 vs. 5.225, respectively, p<0.0005, Figure 3B). Torin
2 incubation decreased malate levels compared to the DMSO control
and metformin (5.731 vs. 9.147, 10.383 respectively, p=0.045) (Table
2). When combined with metformin this effect was abolished (5.731
vs. 7.577).

Torin 2 decreases the levels of NAD+ and FAD electron
acceptors
As we observed decreased glycolytic and TCA cycle intermediates,
we next investigated the levels of on the electron acceptors NAD+ and
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FAD as the precursors of the energy equivalents NADH and FADH2.
The glycolytic and TCA cycle intermediates donate electrons to the
electron carriers NAD+, FAD to form energy rich reduced coenzymes
NADH, FADH2. We found that NAD+ levels were decreased when
the HPAF II cells were incubated with Torin 2 or combined Torin
2 and metformin compared to the DMSO control and metformin
alone (2.494 and 2.617 vs. 4.600 and 4.031) (Figure 2C). Similarly,
FAD levels were decreased when the cells were incubated with Torin
2 or combined Torin 2 and metformin relative to the DMSO control
or metformin (0.107 and 0.117 vs. 0.200 and 0.188) (Table 2, Figures
3C and 3D). Malate concentration was also significantly decreased
by Torin 2 treatment compared to DMSO control, metformin, and
Torin combined with metformin (5.73 vs. 9.14, 10.38, 7.57) (Table
2 and Figure 3E). Additionally, ATP concentration was significantly
decreased in Torin 2 treated group compared to the DMSO control,
and metformin (18.83 vs. 37.52, 29.50 and 23.63 respectively) (Table 2
and Figure 3F). The TCA cycle metabolite intermediates measured by
MS/LS/LS are summarized in Figure 3G. Overall our results indicate
the mTORC1 and mTORC2 inhibition led to decreased electron
acceptors and energy equivalents and thus leads to decreased glycolytic
flux and energy production which may have therapeutic advantage in
cancer therapy.

Torin 2 and metformin alter the metabolic bioenergetics
AMP, ADP, and ATP
Finally, we determined the changes in bioenergetics at baseline, 1
h and 24 h treatment. We observed that AMP levels increased with
metformin treatment after 1 h, but returned to basal level after 24 h
(Table 3). There were no significant differences in ADP levels between
basal, 1 h and 24 h treatment. There were no differences in ATP
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levels in all groups after 1 h incubation. However, after 24 h, Torin 2
significantly decreased ATP levels compared to metformin and DMSO
control (18.83 vs. 37.52, 29.50, p<0.01). There was no significant
statistical difference between metformin and combined metformin
and Torin 2 (29.509 vs. 23.639) (Table 3 and Figure 3F). As shown in
Table 3, it is worth noting that Torin-2 reduced the concentration of
ATP after 24 h of treatment compared to the control and metformin
alone (p<0.001) suggesting that as an ATP competitor, Torin 2 led
to reduction of ATP and the development of cell stress. Incubation
of HPAF II with metformin alone for 24 h did not lead to significant
differences in ATP concentration compared to incubation with the
DMSO control (28.813 vs. 32.202, LSD p=0.066 respectively). However,
incubation with metformin alone led to ATP concentration that was
significantly different than incubation with Torin-2 alone (29.509 vs.
18.832, LSD p=0.018). This observation suggests that the metformin
may be beneficial to reduce cell stress induced by Torin-2 treatment.

Discussion
mTOR is a targetable and actionable gene and protein in the
treatment of PDAC. mTOR is a nutrient-sensing pathway that plays
a fundamental role in anabolic cell growth and proliferation, as well
as in tumor metabolism [44]. Metabolic reprogramming is a hallmark
of cancer which allows for the provision of nutrients to support the
rapidly proliferating tumor biomass, fulfill bioenergetics requirements,
and also enables chemoresistance. Cancer cells increase their uptake
of glucose and increase aerobic glycolysis and lactate production to
promote tumor energy production to support the rapid tumor growth
and proliferation [45]. Hence, mTOR complexes pathways that alter
glucose metabolism are important therapeutic target. Our approach is
to target a highly-conversed protein kinase, (mTOR), which is required
for cell growth and metabolism and is frequently dysregulated in cancer;
and characterize the synergistic impact of its dual inhibition on the
metabolomic readouts. Intriguingly, the biguanide drug, metformin,
which activates AMP-activated Protein Kinase (AMPK) pathway,

Figure 3: TCA cycle targeted-metabolomics profile in HPAF-II cell lines.

HPAF-II were cultured in DMEM media supplemented with 10% fetal bovine serum in the presence of either Torin 2 (ATP-competitive mTOR inhibitor), metformin,
both, or vehicle control for 1 h and 24 h and targeted metabolic analysis. Panel G shows an overview of the TCA cycle intermediates and steps. Panel A shows
differences in Acetyl CoA concentrations between groups; Panel B shows differences in citrate/isocitrate concentrations between groups; Panel C shows differences
in FAD concentrations between treatment groups; Panel E shows changes in Malate concentration; Panel F shows differences in ATP concentration The quantified
metabolites are indicated by a corresponding (#). And the significant differences are as asterisk (*). The graph bars show the different treatment groups. Within each
panel, graph bars with different letters are statistically significant from each other. As such, bars with symbol “a” are statistically significant from bars with the symbol
“b” and different from bars with the symbol “c” or “d” within the same panel.
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Table 3: AMP, ADP, and ATP energy units peak areas time course.
AMP

Baseline
Conc. (nmol) ± SEM [CI]

1h
Conc. (nmol) ± SEM [CI]

24 h
Conc. (nmol) ± SEM [CI]

DMSO (C)
Torin-2

0.415 ± 0.202 [-0.145, 0.976]

0.909 ± 0.336b [-0.025, 1.834]

0.254 ± 0.094 [-0.010, 0.517]

0.777 ± 0.237 [0.117, 1.437]

0.158 ± 0.101b [-0.122, 0.439]

0.428 ± 0.241 [-0.242, 1.098]

Metformin

0.836 ± 0.445 [-0.400, 2.072]

2.742 ± 0.975a [-0.033, 5.451]

0.793 ± 0.409 [-0.342, 1.929]

Met + Torin2

0.467 ± 0.290 [-0.329, 1.281]

0.837 ± 0.457b [-0.432, 2.107]

0.460 ± 0.180 [-0.042, 0.961]

P Value

0.7

0.03

0.53
2.159 ± 0.463 [0.875, 3.442]

ADP
DMSO (C)

2.419 ± 0.634 [0.658, 4.179]

2.621 ± 0.610 [ 0.925, 4.316]

Torin-2

2.233 ± 0.524 [0.777, 3.688]

1.552 ± 0.674 [-0.320, 3.424]

1.738 ± 0.459 [0.461, 3.014]

Metformin

1.484 ± 0.360 [0.483, 2.483]

9.403 ± 6.004 [-7.267, 26.074]

2.288 ± 0.615 [0.578, 3.998]

Met + Torin2

1.977 ± 0.293 [1.163, 2.790]

2.909 ± 0.836 [0.587, 5.231]

2.563 ± 0.543 [1.054, 4.072]

P Value

0.43

0.29

0.73

ATP
DMSO (C)

33.693 ± 5.215 [19.212, 48.174]

32.202 ± 4.395 [19.997, 44.405]

37.521 ± 1.579a [33.136, 41.906]

Torin-2

18.924 ± 3.168 [10.127, 27.720]

31.128 ± 7.019 [11.637, 50.618]

18.832 ± 1.971bc [13.359, 24.348]

Metformin

19.233 ± 5.874 [2.921, 35.543]

23.813 ± 6.700 [5.209, 42.417]

29.509 ± 4.463ad [17.115, 41.902]

HPAF-II Well-Differentiated Pancreatic Cancer Cell lines were treated for 1 h or 24 h with either DMSO control, Torin-2 alone, Metformin, or a combination of Torin-2 and
Metformin. One way Analysis of Variance (ANOVA) was conducted to compare overall differences between groups. Data is presented as the mean ± SEM and the 95%
Confidence Interval for Mean [C.I Lower and Upper Bounds]. Groups with different superscript letters are statistically significantly different from the other groups (a, b, c,
d). Groups with similar superscripts are not statistically significant from each other. There was no statistically significant differences between baseline data for all treatment
groups for AMP (p=0.70), ADP (p=0.43), and ATP (p=0.12) as determined by ANOVA (SPSS, Statistical Software). Secondary Post-hoc LSD test was performed following
ANOVA analysis to determine the significant differences between DMSO control at treatment groups after 24 h of incubation with either Torin-2, Metformin or both Torin-2
and Metformin. Groups with different superscripts are statistically significantly different from the other groups.
Both glucose and glutamine are required for anabolism and cell proliferation [4,64]. Therefore, we sought to confirm whether glutamine was depleted overtime and thus
may have contributed to altered metabolic parameters. Glutamine concentration did not differ between treatment groups at 1 h (p=0.39) and 24 h (p=0.81) suggesting that
the amount of glutamine in the media did not contribute to the observed changes in metabolite concentration.

indirectly inhibits mTOR signaling, and has been recently investigated
as an anti-tumor agent [26]. As anticipated as an AMPK activator, we
found metformin increased AMP levels after 1 h treatment (Table 1).
Rapamycin, the prototype of mTOR inhibition, was an attractive
chemotherapeutic target, however recent results in clinical trials are less
promising than originally anticipated. This finding is due-in-part to the
rapamycin-resistant components of mTORC1 as well as rapamycininsensitive properties of mTORC2, at least with acute treatment.
Furthermore, 4EBP, a downstream effector of mTORC1, is not inhibited
by rapamycin suggesting the presence of rapamycin-resistant mTORC1
functions [46,47]. Recently, a new class of mTOR inhibitors termed
ATP-competitive mTOR kinase inhibitors, have been developed and
are shown to inhibit both mTORC1 and mTORC2 complexes [30,48].
The mTORC1/mTORC2 inhibitor used in this study is Torin-2 [30].
Although both mTORC1 and mTORC2 are nucleated by mTOR
kinase, they have similar and distinctive binding partners and
therefore, these two complexes have different activities and different
drug sensitivity [37]. Recent studies revealed a new role of mTORC2
in promoting carcinogenesis and increasing drug resistance to
chemotherapy [49]. Furthermore, Mausi and colleagues documented
that acetylation of Rictor by acetyl-CoA promotes growth factor
signaling, leading to targeted chemotherapy resistance [50]. On
the contrary, mTORC2 partner, DEPTOR, a negative regulator of
mTORC2, has been shown to have cell growth suppressive activity
in pancreatic cancer cells. Recent reports indicate the 50% of PDAC
patients are diabetic at the time of diagnosis [51-53]. To that end,
tumor-related diabetes is now considered diabetesT3c (T3cDM)
[54]. Mounting evidence links the glycolytic metabolic disturbances
to the adverse pancreatic cancer prognosis [55]. Further, Morin et al.
suggested that the onco-metabolites that accumulate during tumor
progression are involved in the hypoxic response and epigenetic
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reprogramming [56]. Additionally, Ben-Sahra et al. [55] reported that
mTORC1 regulates the metabolic flux by controlling denovo synthesis
of pyrimidine which can lead to increased DNA synthesis required for
tumor growth. Thus it appears the both mTORC1 and mTORC2 may
play a cooperative and distinctive role in carcinogenesis. Our study
shows that TORIN 2 decreases the glycolytic and TCA intermediates.
After 1 h of incubation, as an AMPK activator metformin increased
AMP and malate levels compared to all other groups, but no other
changes were detected (Table 1).
Cancer increases the metabolic reprogramming and rewiring
to promote survival, tumor growth and proliferation. mTORC1
activation in cancer is associated with increased aerobic glycolysis,
commonly known as the Warburg effect, with preference of conversion
of pyruvate to lactate which allows survival under hypoxia. This aerobic
glycolysis, even in the presence of oxygen facilitates tumor growth
advantage by generating an acidic microenvironment conducive to
tumor growth and proliferation. However, in our study we did not
observe differences in lactate production. The “Warburg effect” is also
coupled with 100 fold increase in glucose uptake [57]. Torin 2 is a
potent orally available ATP-competitive inhibitor of mTOR complexes
1 & 2. The half maximal Effective Concentration (EC50) of Torin 2 for
mTOR inhibition is 0.25 nM and possess 800 times more selectivity
than PI3 kinase [58]. Therefore, we chose Torin 2 to determine the
impact of selective mTOR inhibition on glycolysis and TCA cycle
intermediates. We sought to determine whether Torin 2 may synergize
with other anti-cancer agents. Metformin exhibits anti-cancer effects
both as AMPK dependent and independent mechanisms. We reasoned
that metformin indirectly inactivates mTOR via AMPK dependent
activation of AMPK and there may synergize with Torin-2 and decrease
the significant inhibition to ATP levels observed in our study.
We determined the targeted-metabolomic profile in human PDAC
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cell line (HPAF-II) and the possible synergism between Torin-2
and metformin administration as potential targets for therapeutic
intervention in pancreatic cancer. Torin-2 significantly decreased
the glycolysis intermediates (fructose 1,6-bisphosphate (FBP), and
2-phosphoglycerate/3-phosphoglycerate (2PG/3PG)) and TCA
intermediate metabolites (acetyl-CoA, citrate/isocitrate, and malate).
Torin-2 also reduced the electron acceptors (NAD+, and FAD).
Metformin treatment alone reduced FBP and citrate/isocitrate ratio.
However, when HPAF-II cells were incubated with both Torin-2
and metformin, there was significant reduction of NAD+ and FAD,
suggesting that there is a decrease in the levels of energy equivalents
available to the electron transport chain.
Metformin, the biguanide antihyperglycemic first-line treatment
in diabetes mellitus type II, has recently emerged as an antineoplastic
agent [59,60]. Metformin also exerts anticancer properties both via
AMP-dependent and AMP-independent pathways [61]. Metformin
increases the reactive oxygen species and reduces mitochondrial
transmembrane potential leading to hampering the self-renewal
capacity of Cancer Stem Cells (CSC) [62]. Epidemiological studies have
shown that treatment with metformin is associated with decreased
cancer risk and/or improved survival. As a member of the biguanide
family, metformin causes pharmacological activation of AMPK and
thus has a protective response to energy stress. As such, AMPK may
serve as a tumor suppressor. Furthermore, metformin also decreases
gluconeogenesis [55]. Metformin, which also indirectly inhibits mTOR
via activation of AMPK, has emerged as a potential therapeutic target
in the treatment of PC, particularly when associated with type 3c
diabetes. Intriguingly, recent studies conducted in xenograft models
revealed that metformin decreases pancreatic cancer growth in a dosedependent manner [29,63]. The impact of metformin on inhibiting
mTORC1 indirectly via AMPK activation was remarkably different
than rapamycin or active-site mTOR inhibitors [29].
Combination therapy is more effective than single-agent drugs and
improves cell response in cancer. Hitting mTOR pathway at multiple
points may shut off the alternative pathways that promote energy
metabolism in cancer. Given that metformin has anticancer properties
via AMPK activation, is an indirect inhibitor of mTORC1 pathway,
and that Torin 2 blocks both mTORC1 and mTORC2; it is reasonable
to suggest that the combination of both drugs will have an augmented
effect on decreasing glycolysis and TCA cycle and may provide
therapeutic advantage in cancer management. Our results show that
combination of metformin and Torin 2 may alter cancer metabolic
reprogramming by decreasing glycolytic and TCA intermediates, while
reducing Torin 2 side effect of significant ATP-competitive inhibition
which may interfere with normal cellular functions.
Our findings indicate the mTOR pathway enhances glucose
metabolism and this effect is abrogated by competitive ATP mTOR
inhibitors. However, in addition to this favorable effect, competitive
ATP mTOR inhibition can reduce normal metabolism cell function as
a result of the marked decrease in ATP. Addition of metformin will
decrease the concentration needed for Torin 2 to be effective, and by the
direct anticancer effects of metformin will also decrease the side effects
and dose needed. Future studies will determine the lowest effective
concentration of Torin 2 and optimal synergism with metformin. The
next step is to validate the cell culture data in pancreatic cancer animal
models in vivo and in phase I clinical trials.
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Conclusions
The targeted metabolomics data indicate that mTORC1 and
mTORC2 inhibition by Torin 2 reduced glycolytic intermediates and
TCA metabolites pools in HPAF- II and that Torin 2 may synergize
with metformin to decrease the electron acceptors NAD+ and FAD by
the TCA cycle which may lead to reduced energy production.
Understanding the molecular and metabolic mechanisms behind
the low survival rate and resistance to therapy in PC will be instrumental
in developing metabolic biomarkers for early detection and acquiring
targets for effective therapy. Future work will determine whether
interactions between mTOR inhibition by ATP competitors and AMPK
activation by metformin will alter the PPP and hence nucleotides and
DNA synthesis in pancreatic cancer cells. The potential applications
of this work may lead to the use of glycolytic and TCA intermediates
metabolites levels altered by mTOR pathway to gauge the response to
Torin 2 and metformin. The implications of this work may provide
mechanistic underpinning to show how mTOR signaling influences
the metabolomics profile in cancer. The metabolomics profile can be
developed for early detection, and targeted therapy, utilizing metabolic
laboratory tests that will improve the clinical outcomes.
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