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Abstract
Application of the kinase inhibitors in cancer treatment is rapidly growing. However, the methods
for monitoring the effectiveness of the inhibitors are still poorly developed and currently rely
mainly on tracking changes in the tumor volume, a rather late and relatively insensitive marker of
therapeutic response. In contrast, magnetic resonance spectroscopy (MRS) can detect changes in
cell metabolism, which has potential for providing early and patient-specific markers of drug
activity. Using human B-cell lymphoma models and MRS, we demonstrate that inhibition of the
mTOR signaling pathway can be detected in malignant cells in vitro and noninvasively in vivo by
measuring lactate levels. An mTOR inhibitor, rapamycin, suppressed lactic acid production in the
lymphoma cell line cultures and also diminished steady state lactate levels in xenotransplants. The
inhibition was time dependent and first detectable 8 hours after drug administration in cell
cultures. In the xenotransplants, two days of rapamycin treatment produced significant changes in
lactic acid concentration in the tumor measured in vivo that were followed by tumor growth arrest
and tumor volume regression. The rapamycin-induced changes in lactate production strongly
correlated with inhibition of expression of hexokinase II, the key enzyme in the glycolytic
pathway. These studies suggest that MRS or FDG PET detection of changes in glucose
metabolism may be effective noninvasive methods for monitoring mTOR targeting therapy in
lymphomas and other malignancies. Furthermore, measuring glucose metabolic inhibition by
MRS or by FDG PET imaging may also prove effective in monitoring the efficacy of other kinase
inhibitors, given that the rapamycin-sensitive mTOR is down-stream of many oncogenic signaling
pathways.
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INTRODUCTION
Many different kinase inhibitors are used in cancer therapy and some have already become
the drugs of choice in selected malignancies (1–3). The kinase inhibitors target cell-
signaling pathways that are persistently activated in the cancer cells and are, therefore, at
least partially responsible for the malignant cell transformation. However, despite the
rapidly increasing application of signaling inhibitors in various cancer types, monitoring
their therapeutic efficacy noninvasively remains underdeveloped. Monitoring response to
these agents currently relies primarily on imaging methods that measure changes in tumor
volume. This approach has several limitations: foremost that tumor shrinkage tends to occur
relatively late after initiation of therapy. Furthermore, kinase inhibitors sometimes display
cytostatic rather than cytotoxic properties and, hence, may exert limited effect on tumor
volume. Therefore, the availability of reliable metabolic surrogate markers of response
capable of direct and precise non-invasive evaluation of the kinase inhibitor-induced
suppression of the targeted pathways for individual patients would be of great value in the
management of cancer therapy.

mTOR, the mammalian target of rapamycin, is a ubiquitously expressed and highly
conserved serine/threonine kinase that associates with either raptor or rictor and other
proteins to form the mTORC1 and mTORC2 complexes, respectively. The role of mTORC1
has thus far been elucidated in much greater detail (1–3). mTORC1 affects a number of key
cell functions such as cell cycle progression and gene expression and acts by directly
activating p70S6kinase 1 (p70S6K1) and inhibiting 4E binding protein 1 (4E-BP1).
p70S6K1 is a serine/threonine kinase that phosphorylates an S6 protein of the 40S ribosomal
subunit (S6rp, also known as S6 ribosomal protein) at several sites including serines 235 and
236. Rapamycin and its analogs are specific, potent, and relatively non-toxic mTORC1
inhibitors that act by inhibiting the binding of the kinase to FKBP12, a member of the
mTORC1 complex. Because persistent activation of mTORC1 occurs in a large spectrum of
hematopoietic and non-hematopoietic malignancies, mTORC1 is a very attractive
therapeutic target. Indeed, certain types of tumors respond very well to the rapamycin-type
mTORC1 inhibitors used as single agents. As a result, two of the rapamycin analogs,
CCI-779/temsirolimus and RAD001/everolimus/certican, recently received FDA approval
for the treatment of renal cell carcinoma (4,5).

The remarkable propensity of cancer cells to almost universally over-rely on the conversion
of glucose to lactic acid to generate ATP and various essential metabolites for cell
replication even in the presence of saturating oxygen concentrations (i.e., aerobic glycolysis)
has been recognized a long time ago as a hallmark of malignancy and dubbed the “Warburg
effect” (reviewed in ref. 6 & 7). Recently, it has been reported that in numerous cancer types
the enzyme hexokinase II plays the critical initiating role in aerobic glycolysis (8). This is
largely due to its overexpression and binding to the mitochondrial outer membrane where
the inhibition by glucose-6-phosphate is prevented and where it has preferred access to
mitochondrial ATP generated by ATP synthase located in the inner membrane (8). Magnetic
resonance spectroscopy (MRS) is able to monitor cellular metabolic status including
measuring the concentration of lactic acid, the end product of glycolysis.

By using the B-cell lymphoma model, we demonstrate in this study that the inhibition of the
mTORC1 signaling pathway can be detected in malignant cells in vitro and in vivo by
monitoring the lactic acid concentration. The decrease in lactate production is gradual and
correlates with the inhibition of hexokinase II expression. These studies suggest that
appropriately timed detection of changes in the lactate production rate may permit
monitoring of direct or indirect mTORC1 inhibition in patients with lymphomas and other
malignancies.
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MATERIALS AND METHODS
Cell Lines

The cell lines used in this study have been described in detail before (9). The DLCL2, Ly18
and Val lines were derived from the DLBCL of germinal center origin. The Ramos cell line
was obtained from Burkitt Lymphoma. DLCL2 and Ramos cells were cultured in
RFPMI1640 (MediaTech) and Ly18 and Val cells in IMDM+GlutaMAX (Invitrogen)
supplemented with 10% FBS (Mediatech). Rapamycin was purchased from Cell Signaling
Technology.

Western blot
The washed cells were lysed in radioimmunoprecipitation assay buffer supplemented with
0.5 mM phenylmethylsulfonyl fluoride, phosphatase inhibitor cocktails I and II from Sigma
and protease inhibitor cocktail from Roche as described previously (10,11). For
normalization of gel loading, the protein extracts were assayed using the Lowry method
(Bio-Rad) Dc protein assay). Typically, 20–50 mg of the protein per lane was loaded. To
examine protein phosphorylation and expression, the membranes were incubated with
antibodies specific for S6rp S235/236, AKT T308, S6rp and hexokinase II (all from Cell
Signaling) and Actin (from Santa Cruz Biotechnology). Next, the membranes were
incubated with the appropriate secondary, peroxidase-conjugated antibodies. The blots were
developed using the ECL Plus System from Amersham.

BrdU
The assay was performed as previously described (9,10). In brief, cell proliferation was
evaluated with the bromodeoxyuridine (BrdU) incorporation assay using the Cell
Proliferation enzyme-linked immunosorbent assay kit (Roche) according to the
manufacturer’s protocol. In brief, cells were seeded in 96-well plates (Corning) at a
concentration of 1 × 104 cells/wellin RPMI medium supplemented with 10% fetal bovine
serum, cultured for 24 and 48 hr in the presence of 200 nM of rapamycin and labeled with
BrdU (Roche) for 4 hr. The amount of incorporated BrdU was determined by incubation
with a specific antibody conjugated with peroxidase followed by colorimetric conversion of
the substrateand optical density evaluation in the EIA plate reader.

Gene expression analysis
DLCL2 and Ramos cell lines were placed into six-well plates in 10 mL RPMI (10% FBS)
for 2 hr followed by addition of 200 nM of rapamycin or medium alone for 6 hr. All
experimental groups were examined in triplicate. Cells were harvested, and total RNA was
isolated using a TRIZOL and Qiagen RNeasy protocol from the Penn Microarray Facility.
RNA integrity and quality were assessed on an Agilent 2100 Bioanalyzer (Agilent). The
mRNA was reverse-transcribed using a poly(t)-T7 promoter primer, amplified in a linear
fashion by in vitro transcription withbiotin labeling and hybridized to the U133 Plus 2.0
array chips. The chips were washed, stained, and scanned according to the manufacturer's
instructions. Normalized expression values were calculated using GCRMA (GeneSpring GX
7.3.1, Agilent). Present/absent/marginal flag calls were calculated using the MAS5
algorithm (GeneChip Operating Software, Affymetrix), and all MAS5 quality control
variables were within reference ranges. Genes that appeared with a present flag in all three
samples of at least one condition in the experiment were identified for further analysis.
Principal component analysis was used to assess variability of data. Differentially expressed
genes were identified using ANOVA. A false discovery rate test correction was applied
using the Benjamini-Hochberg step-up method (Partek Genomics Suite 6.2, Partek, Inc.).
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For further analysis, we used gene lists that are estimated to have1% false positive genes
(false discovery rate, 0.01).

In vitro measurement of metabolite concentration
Intracellular lactate concentration was measured by 1H MRS of perchloric acid extracts of
cells. Cells seeded at 6×105/ml in 75 cm2 flasks were cultured at 37°C and 5% CO2 in either
medium or 200 nM rapamycin. At specific time points (2, 4, 8, 24 and 48 hr from
treatment), total cell numbers were counted and cells were centrifuged at 2000 rpm for 5
min. The medium was collected and stored on ice for measurement of extracellular glucose
and lactate concentrations. The pellets were rinsed twice with ice-cold PBS. Ice-cold 12%
perchloric acid was added and the pellets were homogenized with a Dounce homogenizer at
4°C and centrifuged (12000 rpm, 4°C, 30 min). The clear supernatant was neutralized with
3M KOH to pH 7.0 and centrifuged for 5 min at 2000 rpm. The supernatant was stored at
−80°C until further processing. The frozen samples were lyophilized, the resulting powder
was dissolved in 0.6 ml D2O, and the solution was placed in a 5-mm NMR tube. High-
resolution 1H MRS spectra were acquired with a 9.4 T Bruker Avance DMX400
spectrometer (Bruker BioSpin). A capillary containing 0.2 mM sodium 3-(trimethylsilyl)-
(2,2,3,3,-2H4)-1-propionate (TSP) was inserted as an external reference. A zgpr pulse
sequence (water suppression with presaturation pulses, Bruker) was used with a 45° flip
angle, TR = 8.8 s, SW = 6775 Hz, NP = 65536, and NT = 128. Lactate secretion and glucose
uptake per cell were calculated by measuring extracellular lactate and glucose
concentrations using a YSI Glucose/Lactate analyzer (YSI2300 STAT Plus, YSI) before
treatment and at 2, 4, 8, 24 and 48 hr after treatment and dividing the difference at each time
point by cell numbers.

In vivo measurement of lactate concentration
1H Magnetic resonance spectroscopy methods were employed: We used the Hadamard-slice
encoded selective multiple quantum coherence MRS pulse sequence recently developed by
Pickup et al (12). This slice selective sequence enables non-invasive detection of tumor
lactate while eliminating overlapping lipid signals with multiple quantum coherence filters.
For normalization, a Hadamard-slice encoded spin-echo sequence was employed for
measurement of water in the same voxel. We and others have previously demonstrated that
normalization of metabolites to water effectively determines the absolute concentration of
metabolites within a proportionality factor that depends on the degree of hydration of the
tissue (13). Details of the pulse sequence parameters have been previously described
(12,14). Two cell lines (DLCL2 and Ramos) were subcutaneously implanted at 107 cells per
inoculum into immuno-defficient mice (nude mice for DLCL2 and SCID mice for Ramos).
When the tumor volumes reached ~500 mm3, in vivo MRS experiments were started.
Animals were anaesthetized with 1% isoflurane and placed in a home-built loop gap
resonator (diameter = 13 mm, length = 10 mm) NMR probe. Animal body temperature was
kept at 37°C by flowing warm air through the magnet. Ten mg/kg of rapamycin was
administered via oral gavage to mice twice a day for the first four days and once a day
afterwards.

Statistical analysis
A two-tailed equal variance unpaired Student’s t-test was used to determine p-values
between data of vehicle-treated and rapamycin-treated cells. A two-tailed paired Student’s t-
test was used to determine p-values between pre-treatment and post-treatment longitudinal
animal data measurements. P≤0.05 was considered to be statistically significant.
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RESULTS
Rapamycin inhibits mTORC1 signaling and lactate synthesis in B-cell lymphoma cells

We first examined the effects of rapamycin on mTORC1 signaling and cell growth in four
B-cell lymphoma cell lines, sub-classified as either diffuse large cell (DLCL2, Val, and
Ly18) or Burkitt (Ramos). As shown in Fig.1A, rapamycin completely suppressed mTORC1
activity in all four cell lines as determined by loss of mTORC1-dependent S6rp
phosphorylation. Furthermore, the compound profoundly inhibited cell proliferation as
determined by BrdU incorporation (Fig. 1B).

Since we anticipated that glycolysis was a key pathway of tumor metabolism under control
of mTOR, we monitored the effect of rapamycin on the cellular level of lactate, the end-
product of glycolytic metabolism, by 1H MRS. Rapamycin significantly decreased
intracellular lactate relative to controls in all four cell lines albeit to various extents (Fig.
1C). The relative reduction in intracellular lactate levels in rapamycin treated cells vs.
controls was more pronounced after 48 hr than 24 hr exposure to rapamycin and correlated
with the suppression of cell growth.

Kinetics of rapamycin-induced suppression of lactic acid synthesis
To determine how early the rapamycin-induced metabolic changes can be detected, we
examined the intracellular lactic acid concentration at 2, 4, 8, 24 and 48 hr time points in
two B-cell lymphoma cell lines (Fig. 2A). While 2 hr and 4 hr exposure to rapamycin did
not have a definitive effect, statistically significant differences between vehicle- and
rapamycin-treated cells were noted at 8 hr in both cell lines (see p-values), which increased
at 24 hr and 48 hr. Lactate secretion and glucose uptake per cell calculated from changes of
lactate and glucose concentrations in the medium manifested diminished glycolysis
following rapamycin treatment (Fig. 2B and 2C). In contrast to intracellular lactate, lactate
secretion and glucose uptake exhibited maximum differences between vehicle- and
rapamycin-treated cell cultures at 24 hr. The amount of secreted lactate per cell was 3–4
orders of magnitude greater than the intracellular lactate levels, which indicates that most of
the lactate generated by cellular metabolism was secreted out of the cell. Nonetheless, the
level of intracellular lactate was more sensitive for distinguishing metabolic differences
between vehicle- and rapamycin-treated cells than secreted lactate levels. This was in part
due to the intracellular lactate concentration remaining essentially constant after rapamycin
treatment (see Fig 2A).

Rapamycin-induced lactate concentration decrease correlates with inhibition of lymphoma
growth in vivo

To determine if the rapamycin-induced suppression of lactate concentration can also be
detected in vivo, we evaluated xenotransplanted lymphoma models, the DLCL2 and Ramos
B-cell lines studied in greatest detail in vitro, as described above. The tumors displayed the
appropriate transformed lymphoid cell morphology and human B-cell phenotype (Fig. 3A,
left panels) confirming that they originated from the implanted lymphoma cell lines.

Treatment of the xenotransplanted mice with rapamycin inhibited mTORC1 signaling and
decreased the proliferative rate of the lymphoma cells as determined by suppression of S6rp
phosphorylation and decreased expression of the cell cycle-associated marker mib1,
respectively (Fig. 3A, right panels). Effective and specific mTORC1 inhibition was
confirmed in Western blots, which revealed greatly diminished S6rp phosphorylation and
intact phosphorylation of Akt (Fig. 3B). Extended treatment with rapamycin resulted in the
tumor growth arrest for the DLCL2 cell line and a marked decrease in tumor volume of the
Ramos cell line (Fig. 4A). Note that these effects were preceded by decreases in tumor lactic
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acid concentrations measured by the in vivo MRS method (see Materials and Methods
section). The decrease was already statistically significant at 48 hr following initiation of
rapamycin treatment and increased at 96 hr (Fig. 4B and 4C). Note that at 2 days after
initiation of treatment, the effect of rapamycin on tumor volume was not noticeable (see Fig.
4A) while tumoral lactate had already significantly decreased. The result strongly suggests
that in vivo measurement of lactate originating from the tumor provides an early marker of
the action of the mTOR inhibitor rapamycin that correlates with the tumor volume responses
that are observable at later time points.

Rapamycin inhibits expression of hexokinase II
While inhibition of mTORC1 signaling by rapamycin reaches an optimum within minutes
after drug administration (9,10,11), the drug’s effects on the lactic acid concentration were
not detectable until 8 hr and became more pronounced at 24 hr and 48 hr in cultured cells
(Fig. 2A). This marked timing difference indicates that the inhibition of glycolysis does not
directly result from inhibition of the mTORC1 signaling but most likely originates from
diminished expression of enzymes involved in the glycolytic pathway. To test this
assumption, we performed gene expression profiling of the DLCL2 and Ramos cell lines
treated with rapamycin or medium alone. The only component of the glycolytic pathway
whose gene expression was significantly inhibited by the rapamycin treatment was
hexokinase II, although some other glycolytic genes showed similar tendencies (Fig. 5A).
The steady loss of hexokinase II expression (Fig. 5B) that paralleled the inhibition of lactate
production (Fig. 2A and 2B) was identified in all four B-cell lines at the protein level.

DISCUSSION
Despite the large number of studies of kinase inhibitors as approved or potential therapeutic
agents for cancer therapy, the standard methods currently used to monitor the effects of
these inhibitors in vivo have a number of serious limitations (15). The most broadly used
radiological methods for evaluating tumor response to therapy typically measure changes in
tumor volume. However, these changes occur relatively late and can be quite subtle for
some of the kinase inhibitors that often exert a cytostatic rather than cytotoxic effect. An
alternative approach of obtaining tumor biopsy samples for immunohistochemical or
Western blot evaluation may not be applicable to poorly accessible tumors, and the need for
multiple measurements during the course of therapy is very difficult to satisfy given their
invasive nature (16). Another approach is to measure tumor-associated biomarkers present
in the patient’s peripheral blood. However, this method suffers from low sensitivity of
detection and is prone to the technical artifacts related to sample handling (17). Finally, the
analysis of the surrogate normal tissues or cells such as the blood lymphocytes to determine
the therapeutic impact of the inhibitors often does not correspond to the inhibitor’s effect on
the actual malignant cells.

MRS offers a non-invasive tool to repeatedly measure the metabolic status of tumors in
cancer patients and animal models (15,18,19). As we have demonstrated, inhibition of the
mTOR signaling pathway can be detected by 1H MRS in B-cell lymphoma cells by
measuring changes in lactate concentration. Rapamycin, the inhibitor of the mTORC1
complex, decreased lactic acid production (intra- plus extracellular, Fig. 2A and 2B) in
lymphoma cell line cultures or the steady state lactic acid concentration in mouse
xenotransplants (Fig. 4). The inhibition of lactate production was progressive, detectable as
early as 8 hr after initiation of the therapy in cell cultures, and correlated with inhibition of
the lymphoma cell growth.

In the kinetic study (Fig. 2), there were time-related differences between the changes in
intracellular and extracellular lactate concentration. First, intracellular and extracellular

Lee et al. Page 6

NMR Biomed. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



lactate of untreated DLCL2 cells increased until 48 hr. The same is true for the Ramos cells
except that maximal intracellular and extracellular lactate levels were observed at 24 hr.
Following treatment the intracellular lactate level of both cell lines remained essentially
constant for 48 hr, while extracellular lactate increased monotonically but at a slower rate
compared to controls. Tumor cells have evolved to maintain intracellular pH homeostasis
despite high levels of aerobic lactic acid production as a result of the Warburg effect. This is
largely accomplished through the expression of high levels of monocarboxylate transporters
that facilitate the export of stoichiometric equivalents of lactate and protons. This
mechanism appears to be partially overwhelmed in the absence of rapamycin as indicated by
the rise in intracellular lactate in the untreated control cells. However, addition of rapamycin
leads to a decrease in lactate production rates that permits re-establishment of lactate
homeostasis, hence explaining the post-treatment constant level of intracellular lactate in
DLCL2 and Ramos cells.

It is noteworthy that while glycolysis is expected to be the major pathway of lactate
production, there are other pathways by which this metabolite is produced including
glutaminolysis followed by malic enzyme or pyruvate carboxylase activlty, transamination
reaction converting alanine to lactate, ets. For this reason, we have avoided referring to
glycolysis as the exclusive source of lactic acid. Complete analysis of the other pathways
will require 13C MRS studies of labeled substrates with appropriate metabolic network
analysis (20). Such studies are planned for the future.

The diminished production of lactic acid also correlated with inhibition of the expression of
hexokinase II, the critical enzyme in the glycolytic pathway. These results indicate that
measuring the impact of mTOR inhibition on the metabolic status of malignant cells
represents an effective and sensitive method for determining the drug’s effect and suggests
that this monitoring approach should be applicable to cancer patients. Rather unexpectedly
in this context, the recent evaluation of patients with several different malignancies and of
the few related animal models failed to demonstrate the correlation between mTOR
inhibition as detected by the positron emission tomography (PET) and the treatment
outcome (21). Of note, the study did not include any of the malignancies known to respond
well to an mTOR inhibitor monotherapy. In fact, none of the evaluated patients experienced
an objective response. Whether this lack of the therapeutic effect resulted from overall
insufficient mTOR inhibition, functional independence of the evaluated tumors from mTOR
control, or other factors remains to be determined. In contrast to that study, a pre-clinical
examination of glioblastoma cell lines found good correlation between the PET-detected
mTOR signaling inhibition and tumor volume (22).

It is interesting to note that mTOR controls glucose metabolism at least partially by inducing
the expression of hexokinase II (Fig. 5). Although it is well established that mTOR activity
is controlled by the availability of glucose and other nutrients (23), this observation indicates
that mTOR also actively regulates a key pathway of metabolic activity of the cancer cells.
Hexokinase II is highly specific for glucose and binds the sugar with high affinity (8). Since
it is bound to the outer surface of the mitochondrial membrane in close proximity to ATP
synthase, hexokinase II is strategically located to access ATP as it is produced and to utilize
it to phosphorylate glucose and initiate glycolytic metabolism. Therefore, by regulating its
expression, mTOR effectively controls the entire glycolytic pathway and, hence, a key
portion of the critical ATP-based cellular energy supply. Because hexokinase II expression
rather than its enzymatic activity is affected, this control is relatively delayed leading to the
detectable decrease in the lactic acid concentration after several hours and even more
profoundly after a few days (Fig. 2). Taking into account the distinct kinetics of the decrease
should facilitate optimal design of imaging protocols for monitoring the mTOR inhibitor
therapy in cancer patients.
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Accumulating evidence indicates that mTORC1 can be activated by a variety of cell-surface
receptor complexes. While the original studies implicated the activation of receptors for the
insulin-family growth factors (1–3), observations made by some of us (9–11) and others
(24–29) demonstrated that a large spectrum of receptors and their ligands triggered
mTORC1 activation. These include interleukin-2, anaplastic lymphoma kinase, CD40
ligand, notch, thyroid-stimulating hormone, fibroblast growth factor-9, polycystein-1, and
prostaglandin F2a. These diverse ligand-receptor complexes activate mTORC1 through the
signaling pathways PI3K/Akt (30–32), MEK/ERK (33) and possibly Syk (34). Therefore,
the inhibition of these pathways should also be amenable to monitoring changes in
glycolysis. Given that these pathways are frequently dysregulated in malignant cells and
clinical-grade inhibitors either are already available or should soon become available,
evaluation of glucose metabolism as a surrogate for monitoring mTOR activity may prove
useful in the management of cancer patients treated with a variety of kinase inhibitors.
Indeed, inhibition of the oncogenic BCR/ABL tyrosine kinase in the inhibitor-responsive
leukemic cells led to decreased glucose uptake and lactate production (35,36). Although in
those studies no signaling pathways down-stream of BCR/ABL were implicated in
modulation of the glucose metabolism, in the light of our current findings, it is all but certain
that mTORC1 was involved, given the capacity of BCR/ABL to activate mTORC1 (37).

Both MRS-based and PET methods should be able to detect decreases in glycolytic
metabolism associated with decreased expression of hexokinase II. PET typically measures
uptake of the radioactive tracer 18F fluorodeoxyglucose (FDG) by cancer cells via the
GLUT1 transporter. FDG is phosphorylated by hexokinase II and trapped inside the cell
until it decays or is eliminated by interaction with glucose-6-phosphatases. Whereas FDG-
PET measures the initial step of glycolysis, 1H lactate MRS measures the end product of
glycolysis. The major strength of FDG-PET is its high sensitivity and ability to
simultaneously detect tumors in all regions of the body. The MRS methods are much less
sensitive than the PET techniques, but 1H MRS lactate detection is the most sensitive of the
MRS methods for detection of glycolytic activity, and it does not require a potentially
harmful radioactive probe as used in PET. Moreover, 1H MRS detects metabolism along the
entire glycolytic pathway, and this imaging method can be implemented on all existing MRI
systems. 13C MRS is another way of detecting glycolysis but requires infusion of 13C-
labeled glucose into blood, modification of the NMR instrument for 13C detection and 1H-
decoupling and has significantly lower signal to noise ratio than 1H MRS; consequently, the
method requires a prolonged scan time. 1H MRS lactate imaging method has recently been
translated onto a clinical 3T instrument by some of us (18), A 70% decrease of lactate in the
tumor of a non-Hodgkin's lymphoma patient was detected two days following initiation of
multi-agent immunochemotherapy (38). Based on the results of the current study, we
anticipate that 1H MRS lactate imaging could also monitor therapeutic response in patients
treated with rapamycin or other signal transduction inhibitors non-invasively and early after
treatment.
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Figure 1.
Rapamycin-induced inhibition of mTORC1 signaling, cell proliferation and glycolysis. The
four listed B-cell lymphoma cell lines were treated with 200 nM rapamycin or medium
alone for 24 hr and 48 hr and evaluated for inhibition of S6rp phosphorylation (A), BrdU
incorporation (B), and intracellular lactic acid concentration (mole/cell) (C). Data are
displayed as mean±SD (n=3). P-values were inserted for comparisons of vehicle- and
rapamycin-treated groups. * denotes significant values. The upper panel in (C) shows 1H
MRS spectra of DLCL2 cells at 24 h (control vs. rapamycin-treated); lactate (1.3 ppm) and
the reference TSP peaks (0 ppm, indicated as STD).
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Figure 2.
Time-course of the rapamycin-induced inhibition of glycolysis. Two B-cell lymphoma cell
lines (DLCL2 and Ramos) were exposed to 200 nM of rapamycin or medium alone for the
depicted time periods and examined for intracellular lactate concentration (A), lactate
secretion (B) and glucose uptake (C). Data are displayed as mean±SD (n=3). * indicates
statistically significant p-values.
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Figure 3.
Rapamycin-induced inhibition of mTORC1 signaling in vivo. The mice with established
xenotransplants of DLCL2 and Ramos B-cell lymphoma cell lines were treated twice daily
with 10 mg/kg of rapamycin for the first four days then once daily for 10 days (DLCL2) and
8 days (Ramos). A: the DLCL2 tumors were harvested at 8 hr after the last dose and
microscopically evaluated for cell morphology, expression of the human B-cell markers
(CD79), mTORC1 activation (p-S6rp), and proliferative rate (mib-1 expression). B: the
DLCL2 and Ramos tumors (labeled with numbers) were examined for mTORC1 activation
by Western blotting. In vitro cultured cell lines, either untreated (DLCL2) or untreated and
rapamycin-treated (Ramos), served as controls.
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Figure 4.
Rapamycin-induced inhibition of tumor growth and glucose metabolism in vivo.
Xenotransplants of DLCL2 cells (left panel) and Ramos cells (right panel). Drug treatments
are in Materials and Methods. A: tumor growth delay curve with the data representing mean
±SD (n≥5 in each group). B: Times course in vivo localized MRS of tumor with rapamycin
treatment. Tumor MRI images and the selected voxels for MRS are also displayed. C: Lac/
H2O ratios normalized to the pretreatment values for the rapamycin-treated tumors are
presented as mean±SE (n=5). Statistically significant changes in Lac/H2O were observed at
48 hr and after from initiation of rapamycin treatment in both xenografts (P values are
displayed. * denotes statistical significance) while control tumors (n=5) did not have
significant changes in Lac/H2O until 96 hr.
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Figure 5.
Rapamycin-induced inhibition of hexokinase II expression. A: Expression of the glycolysis-
related genes in the depicted cell lines treated for 6 hr with rapamycin or medium alone. The
results are presented as a percentage of the rapamycin-induced change in the gene
expression with the medium-treated cells serving as the baseline value. B: Kinetics of the
rapamycin-induced changes in hexokinase II protein expression.
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