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Figure 1. A, schema depicting metabolic pathways relevant to 3C-pyruvate MRS spectra (glutaminase, GLS). B, hyperpolarized '*C-MRS acquired from a 6
mm thick slice across the tumor after 20 seconds of pyruvate injection (i.v.) into a mouse. Representative dynamic '>C-MR spectra after delivering
hyperpolarized pyruvate in DMSO-treated (control; C) and FX11-treated (D) mice for 6 days. Spectra are acquired every second.

equilibrium with dehydrated pyruvate. Figure 1C displays
sequential dynamic spectra acquired from a 6 mm tumor slice
over a total acquisition time of 100 seconds in DMSO-treated
mice (control), illustrating a robust conversion of pyruvate to
lactate in tumor. After 6 days of FX11 treatment, the pyruvate-
to-lactate conversion flux in tumors diminished considerably
(Fig. 1D). There is an overall signal decay due to T, relaxation of
the hyperpolarized substrate. Fig. 2A and B document the
lactate and pyruvate (Lac/Pyr) peak intensities as a function of
time in DMSO-treated and FX11-treated mice respectively for 4

days. A reduction in lactate flux was evident in the FX11-
treated tumor. The flux ratio of tumor lactate and pyruvate was
considered to be a drug therapy response marker in this study.
The Lac/Pyr flux ratio was calculated from area under the
curve (regarded as a "Model-Free" approach) of the metabolic
profile from the dynamic scan. The Lac/Pyr flux ratios of FX11-
treated tumors were compared with DMSO-treated tumors at
different treatment days to assess the response to therapy. The
Lac/Pyr ratio increased with time in DMSO-treated animals
and progressively lowered in the FX11-treated group, (P<0.01),

Figure 2. Tumor [1-'3C] lactate and

‘ FX1 1‘ treafed

[1-"3C] pyruvate peak intensities
with time after intravenous
injection of hyperpolarized [1-'3C]
pyruvate in DMSO-treated (control;
A) and FX11-treated (B) tumors for
4 days. The initial 30 seconds of
data were not shown because that
time was taken for pyruvate
delivery and uptake by the tumor.
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Figure 3. Representative dynamic
3C-MR spectra after delivering
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hyperpolarized pyruvate in DMSO-
treated (control; A) and BPTES-
treated (B) mice for 6 days. Peak B
intensity profile for pyruvate,
lactate, and alanine with time in
DMSO-treated (C) and BPTES-
treated mice (D).
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confirming the FX11 drug response (Fig. 2C). We have also
evaluated the conversion rate constants (k, = pyruvate-to-
lactate and k;, = lactate-to-pyruvate) using two-site exchange
model (14). The ratio of rate constants (k,/A; ) decreases with
FX11 treatment and increases in DMSO-treated tumors (Table
1). The tumor volume was monitored during the treatment
time window using T,-weighted MRI. Although there is a slight
growth of tumor in all groups (Fig. 2D), no significant differ-
ences in tumor volumes between groups were observed.

To test the specificity of the hyperpolarized [1-'*C]-pyruvate
in the assessment of LDH-A inhibition i vivo, we used BPTES, a
glutaminase inhibitor, which has previously been observed to
reduce growth of P493 tumor xenografts (6). BPTES did not
affect in vivo pyruvate-to-lactate conversion, and the Lac/Pyr
ratio was compared with DMSO-treated control as shown
in Fig. 2C. BPTES inhibits the conversion of glutamine to
glutamate in tumor cells (15). Because the resulting glutamate
is a substrate for the transamination of pyruvate to alanine by
GPT (Fig. 1A), we sought to determine whether hyperpolarized

[1-'3C]-pyruvate conversion to alanine might be diminished by
BPTES. In this regard, the BPTES-treated animals had a
reduced pyruvate-to-alanine conversion compared with con-
trols (Fig. 3A-D). Figure 4A illustrates the significant (P <0.001)
reduction of alanine-to-pyruvate (Ala/Pyr) flux ratio by BPTES
in replicated experiments. The Ala/Pyr flux ratio, however, was
not significantly (P = 0.112) diminished by FX11 (Fig. 4B).
These data represent the first use of the pyruvate-to-alanine
conversion flux ratio and document an effect of BPTES in vivo.

Discussion

The resurgence of interest in cancer metabolism has
increased expectations for targeting specific metabolic path-
ways in cancers. Advances in molecular metabolic imaging
have emerged with new tools to measure tumor metabolism in
situ. Hence, we sought to provide a proof-of-concept that
hyperpolarized [1-'*C]-pyruvate MRS could be deployed as an
imaging biomarker of therapeutic response to inhibition of
LDH and/or glutaminase in lymphoma tumor xenografts.

Table 1. FX11 and DM SO treatment response

FX11 treatment

DMSO treatment

Days of Lac/Pyr (area kp/k. (two-site Lac/Pyr (area kp/k. (two-site
treatment under the curve) exchange) under the curve) exchange)
0 1.45 + 0.04 3.7+04 1.46 + 0.04 3.8+ 04
4 1.32 +£0.05 29+05 2.11 £ 0.05 43+ 0.6
6 1.07 £ 0.03 2.1 4+06 2.89 + 0.03 4.7+05
7 0.84 + 0.04 1.8 +£ 05 3.31 +£0.04 5.5+ 0.6

NOTE: Summarization of the FX11 and DMSO treatment response in terms of Lactate-to-Pyruvate flux ratio (Lac/Pyr) and conversion
rate constant ratio (k/k,).
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Figure 4. Differences in alanine-to-
pyruvate flux ratio (Ala/Pyr)
between DMSO and BPTES
groups (A; n = 8 for each group;
error bars, SD from the mean; P <
0.001) and DMSO and FX11
groups (B; n = 8 for each group;
error bars, SD from the mean;

P =0.112).

Notably, "*C-MRS imaging involves no ionizing radiation and,
because it is a multispectral modality, it has the ability to detect
simultaneously the metabolic fluxes of a variety of substrates
(16). The conversion of hyperpolarized '*C-labeled pyruvate to
lactate or alanine provides a noninvasive method for assessing
directly LDH and indirectly glutaminase activities in vivo
within the same acquisition.

In this study, we document that P493 lymphoma xenografts
displayed high levels of native '*C-pyruvate-to-lactate conver-
sion, consistent with the findings in previous studies of mouse
lymphoma xenografts, and other tumor models (14, 17-19).
The LDH-A inhibitor FX11, but not the glutaminase inhibitor
BPTES, diminished the conversion of 13C—pyruvate to lactate,
suggesting that "*C-pyruvate-to-lactate conversion could serve
as a biomarker of LDH-A inhibition. This may be a generalized
response biomarker, however, as decreased pyruvate-to-lac-
tate conversion has also been observed in response to etopo-
side in murine lymphoma, apparently through a different
mechanism (14). Etoposide was reported to induce apoptosis
and necrosis, leading to PARP-mediated depletion of the
coenzyme NADH pool and consequently to a decrease in the
apparent pyruvate-to-lactate flux through LDH (14). Steady-
state lactate levels in MR spectra have also been observed to
decrease within 1 to 3 days of chemotherapy or radiotherapy of
murine models of sarcoma (RIF-1) and breast cancer (EMT6;
ref. 20). In the current study, the specificity of the FX11
response was substantiated by a lack of effect of BPTES on
pyruvate-to-lactate conversion. However, while our studies
showed a selective alteration of Lac/Pyr flux ratio by FX11
versus BPTES, these other studies offer a cautionary note about
other mechanisms leading to altered lactate production after
treatment. Although BPTES was observed to not affect con-
version of pyruvate to lactate, it was observed to reduce the
conversion of pyruvate to alanine as shown in Fig. 3A-D,
presumably through deprivation of the glutamate pool. This
documents for the first time, the potential use of Ala/Pyr flux
ratio, to monitor glutaminase inhibition in vivo.

The current use of hyperpolarized **C-pyruvate MR to study
tumor xenografts in vivo has shown the ability of this technique
to examine living animals serially throughout the course of a
disease and its response to different therapies. This work has
shown the potential for hyperpolarized '*C-MRS to follow

metabolic pathway fluxes in vivo, noninvasively, particularly
to monitor and understand metabolically targeted cancer
therapies, which are likely to emerge clinically in the next
several years.

Conclusion

This study documents that the metabolic consequences of
treatment with an LDH-A inhibitor in lymphoma can be
detected by monitoring the diminished pyruvate-to-lactate
conversion in vivo using hyperpolarized *C-MRS. It also
documents for the first time the use of pyruvate-to-alanine
conversion as a pharmacodynamic marker of glutaminase
inhibition. Our results indicate that monitoring aerobic gly-
colysis using '*C-MRS with hyperpolarized pyruvate is a prom-
ising technique that could potentially detect the molecular
effect of various emerging therapies that target cell signaling
and metabolism, and thus provide a radiation-free method to
assess tumor response longitudinally.
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