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Purpose: Image‐guided prostate biopsies are routinely acquired in the diagnosis and
treatment monitoring of prostate cancer, yielding useful tissue for identifying metabolic biomarkers and therapeutic targets. We developed an optimized biopsy tissue
culture protocol in combination with [1,6‐13C2]glucose labeling and quantitative
high‐resolution NMR to measure glycolysis and tricarboxcylic acid (TCA) cycle
activity in freshly acquired living human prostate biopsies.
Methods: We acquired 34 MRI‐ultrasound fusion‐guided prostate biopsies in vials
on ice from 22 previously untreated patients. Within 15 min, biopsies were transferred to rotary tissue culture in 37°C prostate medium containing [1,6‐13C2]glucose.
Following 24 h of culture, tissue lactate and glutamate pool sizes and fractional
enrichments were quantified using quantitative 1H high resolution magic angle spinning Carr‐Purcell‐Meiboom‐Gill (CPMG) spectroscopy at 1°C with and without 13C
decoupling. Lactate effluxed from the biopsy tissue was quantified in the culture
medium using quantitative solution‐state high‐resolution NMR.
Results: Lactate concentration in low‐grade cancer (1.15 ± 0.78 nmol/mg) and benign
(0.74 ± 0.15 nmol/mg) biopsies agreed with prior published measurements of snap‐
frozen biopsies. There was substantial fractional enrichment of [3‐13C]lactate (≈70%)
and [4‐13C]glutamate (≈24%) in both low‐grade cancer and benign biopsies. Although
a significant difference in tissue [3‐13C]lactate fractional enrichment was not observed,
lactate efflux was significantly higher (P < 0.05) in low‐grade cancer biopsies (0.55 ±
0.14 nmol/min/mg) versus benign biopsies (0.31 ± 0.04 nmol/min/mg).
Conclusion: A protocol was developed for quantification of lactate production–
efflux and TCA cycle activity in single living human prostate biopsies, allowing
metabolic labeling on a wide spectrum of human tissues (e.g., metastatic, post‐
non‐surgical therapy) from patients not receiving surgery.
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IN TRO D U C T ION

Prostate cancer metabolism is characterized by a shift to aerobic glycolysis and lactate production, known as the Warburg
effect.1-5 Yet, it is not currently known how tumor metabolism changes in the setting of human castration‐resistant and/
or neuroendocrine prostate cancer (CRPC/NEPC). Recent
studies have identified genetic alterations with significant
putative metabolic effects in human CRPC.6,7 To investigate
these effects, it is essential to measure metabolism in living
human prostate tissue. Our laboratory has previously used an
optimized rotary tissue culture system to perform 13C NMR
metabolic labeling studies in slices of human prostate tissue
acquired from radical prostatectomy (RP).8-10 Yet, RP is not
standard of care for CRPC or NEPC, so the tissue slice technique cannot be applied in this clinically significant cohort
of patients to yield a better insight into their respective metabolic adaptations. Although it is clinically feasible to obtain
biopsy samples from patients with CRPC and/or NEPC, a
novel metabolic profiling protocol that is optimized for living
human biopsies is needed to study these specimens.
In the current work, we demonstrate that the combination of rotary biopsy culture, 13C metabolic labeling, and
NMR can quantify metabolism in freshly acquired living
human prostate biopsies. The current research focuses on the
development of the techniques necessary to acquire and measure the Warburg effect in living patient‐derived biopsies,
acquired before treatment for the determination of cancer
presence, Gleason grade, and extent for personalized therapeutic selection. By definition, this was an early stage cancer patient population, resulting in the acquisition of mainly
benign and low grade (primary Gleason pattern 3) prostate
cancer biopsies in this study. However, the ultimate goal is
to use the optimized techniques developed in this study to
assess the Warburg effect and other changes in metabolism in
biopsies from patients with advanced disease who would not
normally receive surgical therapy.
A particular motivation for studying the metabolism
of prostate cancer comes from the preclinical and clinical
development of hyperpolarized 13C MRI techniques,11-14 with
clinical trials of hyperpolarized [1‐13C]pyruvate in prostate
cancer now underway at multiple sites.15 In prostate cancer,
there is considerable heterogeneity of prognosis for patients,
particularly for those with a cancer of Gleason 7 histopathological score or lower.16 Therefore, there is significant
potential for hyperpolarized 13C metabolic imaging of primary
prostate cancer to provide additional information to the clinician, in combination with Gleason scoring and clinical risk

scores such as the Cancer of the Prostate Risk Assessment
(CAPRA) score.17 In the metastatic setting, it is widely recognized that metabolic responses to therapy can significantly
precede anatomic responses,18 which means that hyperpolarized 13C metabolic imaging may be able to better inform in
real‐time spatially resolved treatment monitoring for the clinician and patient in conjunction with serum tumor markers
such as prostate‐specific antigen (PSA).19
In hyperpolarized 13C MRI, the measured signal is proportional to the product of (1) probe polarization, (2) the
fractional enrichment of the precursor being converted to the
produced metabolite, and (3) the pool size of the produced
metabolite.20 In the ex vivo setting, it becomes possible to
disentangle these factors, ideally leading to a better interpretation and understanding of the hyperpolarized 13C signal10
and enabling the development of new hyperpolarized probes
and potential therapeutic targets.
A significant challenge in the metabolic profiling of
specific biochemical pathways using stable isotopes in individual living prostate biopsies by NMR is the small tissue
mass ranging from 1–6 mg, which limits the achievable SNR.
Therefore, in the present work, we have focused on optimizing the experimental parameters such as the duration of time
in rotary biopsy culture and the parameters of the NMR
acquisition so as to achieve sufficient metabolite signals from
a small mass of tissue incubated with 13C‐labeled metabolic
substrates.

2
2.1

|

M ETHODS

|

Biopsy acquisition

Transrectal 18‐gauge prostate biopsies from 22 previously
untreated patients (34 total biopsies, 27 normal prostate biopsies, 5 Gleason 6(3 + 3) cancer biopsies, and 2 Gleason 7(3 + 4)
cancer biopsies) were acquired with Institutional Review
Board approval. Biopsies were acquired using an ultrasound‐
MRI fusion system that provided registration of transrectal
ultrasound images to prior prostate MRI (UroNav, InVivo,
Gainesville, FL). The clinical efficacy of this system has been
evaluated previously.21 Up to 2 research biopsies per patient
were acquired from any visible multiparametric 1H MRI or
ultrasound lesions once the clinical biopsy acquisition had
been completed. In cases with fewer than 2 visible lesions,
a biopsy was sometimes taken from a normal‐appearing area
of the peripheral zone. Immediately following acquisition,
biopsies were stored in vials on ice and were transferred to
rotary culture within 15 min.
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2.2

|

Biopsy culture medium

|

Biopsy rotary tissue culture

A formulation of PFMR‐4A medium with supplements optimized for prostate tissue culture was previously described.8,9
For this study, it was found that HEPES and threonine in this
medium posed a potential challenge for the quantification of
NMR spectra. Consequently, we developed a formulation of
bicarbonate‐buffered, HEPES‐free, threonine‐free, pyruvate‐
free F‐12 medium containing all of the previously described
supplements.8,9 (The complete medium recipe is provided in
Supporting Information Tables S1 and S2). For labeling studies,
the medium contained exclusively [1,6‐13C2]glucose at 1.0 g/L.

2.3

|

Biopsy rinsing

After culture, the biopsies were placed in ice‐cold phosphate‐buffered saline for <1 min, blotted with a delicate
task wipe, and stored at –80°C. This procedure was intended
to remove medium that could otherwise contaminate the

(A)

(B)

(C)

F I G U R E 1 Study protocol. (A) MRI
fusion biopsy was followed by (B) rotary
tissue culture with [1,6‐13C2]glucose.
(C) Tissue lactate and (D) glutamate
concentration and fractional enrichment
were quantified using HR‐MAS of biopsy
samples, whereas (E) lactate efflux in media
was quantified using NMR. (F) The biopsy
histopathology was obtained after culture

3

of pre‐warmed F‐12 prostate medium with [1,6‐13C2]glucose.
The plates were loaded onto a rotary tissue culture system
(Alabama R&D) (Figure 1B) within a 37°C, 5% CO2 incubator, and the biopsies were cultured for either 24 or 26 h. For
a subset of samples, the biopsy culture medium was collected
and replaced with fresh pre‐warmed medium at the 2‐h time
point to quantify the initial rate of lactate efflux, in addition
to the lactate efflux after 24 h of culture. Each 6‐well plate
also contained a control well containing medium but without any biopsy tissue. At the end of the culture period, the
medium was collected and stored at –80°C.

2.4

Techniques previously described for the culture of thin,
precision‐cut prostate tissue slices8 were adapted for culture
of biopsies. Each biopsy was loaded onto a titanium mesh
inside of 1 well of a 6‐well plate containing 2.5 mL per well

|

(D)

(F)
(E)
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post‐culture biopsy high resolution‐magic angle spinning
(HR‐MAS) NMR spectra as we have shown previously.22

2.5

|

Biopsy tissue NMR measurements

Frozen biopsies were loaded without thawing into a sealed zirconium HR‐MAS rotor22,23 on a tared digital balance to measure the wet weight of the biopsy tissue. Six μL of D2O/0.05%
trimethylsilylpropanoic acid (TSP) solution was further added
to the rotor and weighed to enable deuterium locking as well
as a chemical shift reference via TSP. The HR‐MAS rotor was
sealed and loaded into a 500 MHz Varian gHX Nano (proton‐
carbon double resonance) 4 mm indirect detection HR‐MAS
probe maintained at 1°C. Acquisition was performed at a spin
rate of 2.25 kHz using a Varian Inova console with VNMRJ 4
after locking on the D2O signal. The probe tuning, 90° pulse
width and water saturation frequency were calibrated for each
sample. Each sample was shimmed using an automated FID
shimming routine for 20 min (see Supplemental Information).
1
H Carr‐Purcell‐Meiboom‐Gill (CPMG) spectra were acquired
with 60,000 complex points, 3‐s acquisition time, 2‐s water
suppression pulse, 6‐s overall repetition time, and 1024 scans.
It was previously established that this repetition time yielded
fully relaxed spectra in human prostate tissue.24 The CPMG
TE was set to 288 ms. The spacings of 180° pulses within the
CPMG sequence were synchronized to the spinning period
of the rotor.24 To quantify metabolite total pools in addition
to 13C‐labeled fractions, CPMG data sets were acquired both
with and without heteronuclear 13C decoupling using a GARP
pulse22,25 for a total CPMG scan time of 3 h, 25 min.

2.6

|

Biopsy histopathology

|

Biopsy media NMR measurements

Following the HR‐MAS data acquisition, the biopsies were
fixed in 10% neutral‐buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin
(H&E) and high‐molecular weight cytokeratin for interpretation by a board‐certified genitourinary pathologist. For each
sample the pathologist determined the primary Gleason pattern, secondary Gleason pattern, Gleason score, percentage
of cancer, percentage of glandular tissue, and percentage of
stromal tissue.

2.7

The samples of biopsy medium were thawed from storage
at –80°C. NMR samples were prepared by adding 65 mg
of D2O/0.05% TSP to 540 mg of conditioned medium and
placed in 5 mm NMR tubes. The sample data were acquired
at 600 MHz using a Bruker Avance III console equipped with
a 5 mm Bruker BBFO (broadband double resonance) direct
detection probe. The 90° pulse was calibrated, and automated
z‐axis shimming was performed up to 8th order in addition

to tuning of all first‐order shims (see Supporting Information
Tables S3 and S4). Water‐suppressed data were acquired
using a fully relaxed ZGCPPR pulse sequence with a 12‐s
acquisition time (114,942 points) and 3‐s relaxation delay
and 32 scans (8 min per sample).

2.8

|

NMR data processing

|

NMR quantification

All NMR data sets were processed in MestreNova 12
(Mestrelab Research S.L.). The data sets were zero‐padded
by a factor of 2, apodized with a 0.25 Hz exponential filter,
and automatically phased and baselined using a Whittaker
smoother algorithm26 and manually adjusted as needed.
Peaks of interest were automatically picked and fitted using a
Lorentzian‐Gaussian shape function with a simulated annealing algorithm (500 coarse iterations, 100 fine iterations, and a
local minima filter of 25 were used). All automated peak fits
were tweaked after visual assessment for fit quality based on
the residual signal and adjusted when necessary.

2.9

In the biopsy HR‐MAS CPMG data, peak areas were quantified relative to the calibrated amplitude of the electronic
reference to access in vivo concentrations (ERETIC) signal,
corrected for the number of metabolite protons.23 Appropriate
T2 corrections were applied based on HR‐MAS measurements in human prostate tissue at 1°C and 500 MHz (lactate
C3 T2 = 251 ms, glutamate C4 T2 = 275 ms).4,10 Metabolite
amounts were further standardized by the wet tissue weight
of the sample, measured after culture, to yield a biopsy
metabolite concentration in (nmol/mg). Fractional enrichments were computed as follows.
The glutamate fractional enrichment at the 4‐position was
computed by differencing the quantification of the 2.34 ppm
C4 multiplet in the 13C decoupled versus non‐decoupled
CPMG spectrum. This obviated the need to quantify the
[4‐13C]glutamate satellite peaks, which are known to underlie
other peaks such as the [4‐12C]glutamine peak and additionally could be further split by the presence of [3‐13C]glutamate
labeling on the same molecule (Figure 1D).
In the fully relaxed media data, the lactate peak area was
quantified relative to the known peak area and measured
mass of TSP and corrected for the relative number of protons. The lactate amount was further standardized by the
wet tissue weight of the biopsy, as well as the duration of
the biopsy tissue culture, to yield a lactate efflux rate in
(nmol/min)/(mg tissue).

2.10

|

LIVE/DEAD assays and imaging

At the end of the culture experiment, a limited number of
biopsies were transferred to a new well containing medium
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with ethidium homodimer‐1 at 0.5 μmol/L and calcein‐AM
at 2.5 μmol/L.27 The biopsies were maintained in culture for
a further 2 h and then rinsed for 10 min in phosphate‐buffered
saline under dark conditions before blotting with a delicate
task wipe and imaging on a laser scanning confocal microscope (Zeiss 780). A two‐photon excitation was used at a
759 nm wavelength with a 25 × water immersion objective, a
1024 × 1024 image size, and 2 averages. The detection windows were set as 493–556 nm for green and 615–741 nm for
red. Z‐stack images were acquired using overlapping optical
sectioning with thickness determined by 1 Airy unit, with the
maximum possible Z‐stack height to assess tissue viability
throughout the sample. We found that our extended staining
protocol allowed the stain to diffuse throughout the biopsy,
which made it possible to acquire a Z‐stack covering the
entire biopsy thickness (~400 μm). Because of the time spent
at room temperature on the microscope, the samples analyzed
in this manner were not used for any HR‐MAS data acquisition after imaging.

3
3.1

|

R E S U LTS

|

Overview of study protocol

The MRI fusion biopsy procedure provided registration of
ultrasound to multiparametric prostate MRI, with the MRI
lesion highlighted for biopsy targeting (Figure 1A). The
freshly acquired biopsies were cultured with [1,6‐13C2]
glucose that was converted into [3‐13C]pyruvate via glycolysis (Figure 1B). The pyruvate interconverted with the
intracellular lactate pool, which was quantified after culture using HR‐MAS. In Figure 1C, the 500 MHz HR‐MAS
spectrum shows doublets of [3‐12C]alanine, [3‐13C]lactate,
and [3‐12C]lactate going from left to right (total scan time
for this spectrum: 1 h, 42 min). The pyruvate also entered
the TCA cycle via pyruvate dehydrogenase, which led to
labeling at the 4‐position of alpha‐ketoglutarate following
1 turn of the cycle. This interconverted with glutamate to
produce labeling at the 4‐position of glutamate. Figure 1D
shows the higher amplitude of the multiplets corresponding to the C4 protons of glutamate when decoupling is
turned on (total scan time for this spectrum, with decoupling both off and on: 3 h, 25 min). Figure 1E shows a representative spectrum of the medium signifying the efflux
of lactate and alanine from the biopsy tissue as evidenced
by the 13C satellite peaks of the respective methyl protons.
The biopsy histopathology after culture demonstrated
well‐defined glands with preserved tissue microarchitecture (Figure 1F: H&E staining, 20× magnification). The
representative biopsy was benign with 30% glandular tissue and 70% stromal tissue (a detail of a glandular region
is shown).

3.2

|

Study data set

|

Biopsy media NMR measurements

|
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We obtained a total of 34 biopsies from 22 previously
untreated patients. Of these biopsies, 16 were targeted to a
radiologist‐identified MRI lesion using the MRI‐ultrasound
fusion biopsy device. Twenty‐seven benign biopsies and 7
cancer biopsies were acquired. The mean ± SE wet tissue
weights were 3.65 ± 0.28 mg for benign biopsies and 4.40 ±
0.49 mg for cancer biopsies. Among the benign biopsies, the
average percentage of benign glandular tissue was 17% as
determined by a board‐certified genitourinary pathologist.
Of the 7 cancer biopsies, 5 had a Gleason score of 6(3 +
3) and 2 had a Gleason score of 7(3 + 4). The average percentage of cancer within the cancer biopsies was 12%, and
the average percentage of benign glandular tissue was 9%.
Of the 7 cancer biopsies, 4 were acquired from MRI‐fusion
targeted regions and 3 were acquired from non‐MRI targeted
regions.

3.3

We observed considerable efflux of [3‐13C]lactate into the
medium during culture. In the representative NMR spectra
normalized to tissue mass shown in Figure 2A, the cancer
(yellow) medium after 24 h of culture demonstrated a higher
level of [3‐13C]lactate efflux compared to the benign (blue)
medium.
As shown in Figure 2B, benign biopsies had a [3‐13C]
lactate efflux rate of 0.29 ± 0.04 nmol/min/mg (mean ±
SE), whereas cancer biopsies had a [3‐13C]lactate efflux
rate of 0.52 ± 0.14 nmol/min/mg measured over 24 h in
culture. Benign biopsies had a total lactate efflux rate of
0.31 ± 0.04 nmol/min/mg (mean ± SE), whereas cancer
biopsies had a total lactate efflux rate of 0.55 ± 0.14 nmol/
min/mg measured over 24 h in culture. Both the 3‐13C and
total lactate efflux rates were significantly higher for the
cancer biopsies (P < 0.05, two‐tailed Student’s t‐test for
independent samples). The fractional enrichment of the
effluxed lactate was 95 ± 1% for benign biopsies and
94 ± 1% for cancer biopsies, with no significant fractional
enrichment differences observed between benign and cancer biopsies.
In an effort to assess the stability of lactate efflux over
time in culture, for the majority of biopsies the lactate
efflux rate per minute was measured from media collected
after 2 h of biopsy culture (“0–2 h”) and again from media
collected after a further 24 h of biopsy culture (“2–26 h”).
We did not observe significant differences between the
lactate efflux rates measured over these 2 time points
(Figure 3A: benign 0–2 h: 0.33 ± 0.05 nmol/min/mg,
benign 2–26 h: 0.28 ± 0.03 nmol/min/mg; and 3B: cancer
0–2 h: 0.49 ± 0.10 nmol/min/mg, cancer 2–26 h: 0.53 ±
0.23 nmol/min/mg).

6
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(A)

(B)

F I G U R E 2 Biopsy lactate efflux and concentration. (A) Representative NMR spectra from benign (blue) and cancer (yellow) media. The
broad peak that is superimposed with the 3‐12C lactate doublet at 1.33 ppm is a medium additive that was deconvolved during the quantification
process. (B) Quantification of [3‐13C]lactate efflux and total lactate efflux in media. There was significantly greater [3‐13C]lactate and total lactate
efflux in cancer biopsies compared to benign biopsies (P < 0.05)

(A)

(B)

toward higher lactate levels in the cancer biopsies, we did not
observe significant differences between benign and cancer
biopsies after culture (Figure 4B). The [3‐13C]lactate concentration after culture was 0.56 ± 0.12 nmol/mg (mean ± SE) in
benign biopsies and 0.73 ± 0.49 nmol/mg in cancer biopsies.
The total lactate concentration after culture was 0.74 ± 0.15
nmol/mg (mean ± SE) in benign biopsies and 1.15 ± 0.78
nmol/mg in cancer biopsies. The fractional enrichment was
72 ± 6% in benign biopsies and 71 ± 6% in cancer biopsies.

3.5 | Labeling of glutamate from [1,6‐13C2]
glucose
F I G U R E 3 Biopsy lactate efflux over time. The biopsy lactate
efflux rate per minute was measured from media collected after 2 h
in culture (“0–2 h”) and again collected after a further 24 h in culture
with the same biopsy (“2–26 h”)

3.4

|

Biopsy tissue NMR measurements

Of the 34 biopsies cultured during this study, 7 were used
for non‐HR‐MAS experiments after culture and 6 were not
measured by HR‐MAS because of technical issues. We
obtained high‐quality HR‐MAS data from 21 biopsies suitable for metabolite quantification. Of these HR‐MAS samples,
16 were benign, 4 were Gleason score 6(3 + 3), and 1 was
Gleason score 7(3 + 4). It was possible to observe a number of metabolites in the HR‐MAS CPMG spectra from
biopsy tissues after culture, including metabolites that we have
previously quantified in prostate tissue such as phospholipids28 (Figure 4A). However, the focus of the present study
was lactate production and efflux in culture. Despite a trend

We were able to detect an increase of the glutamate C4
multiplet amplitude at 2.34 ppm with 13C decoupling turned
on, indicating fractional enrichment (representative spectrum, Figure 5A). However, no significant differences were
observed between the benign and cancer (primary pattern 3)
biopsies in terms of the glutamate concentration and/or
fractional enrichment (Figure 5B). As shown in Figure 5B,
the [4‐13C]glutamate concentration after culture was 0.32 ±
0.10 nmol/mg (mean ± SE) in benign biopsies and 0.27 ±
0.15 nmol/mg in cancer biopsies. The total glutamate
concentration after culture was 1.18 ± 0.23 nmol/mg
in benign biopsies and 0.92 ± 0.47 nmol/mg in cancer
biopsies. The fractional enrichment of C4 glutamate after
culture was 24 ± 3% in benign biopsies and 24 ± 7% in
cancer biopsies.

3.6

|

Biopsy LIVE/DEAD staining

We assessed the biopsy viability after 26 h in rotary culture
using a fluorescent vital stain that is trapped in living cells
(Calcein‐AM) combined with a nuclear stain that enters

BANCROFT BROWN et al.

   

|

7

(A)

(B)

F I G U R E 4 Biopsy tissue HR‐MAS spectra. (A) Examples of CPMG spectra from benign (blue) and cancer (yellow) samples after culture.
The [2‐12C]lactate peak is visible at left, as a quartet split by the long‐range coupling (~4 Hz) to [3‐13C]lactate. Ala, alanine; Glu, glutamate; Gln,
glutamine; GSH, glutathione; Cre, creatine; Cho, choline; PC, phosphocholine; GPC, glycerophosphocholine; mI, myo‐inositol; sI, scyllo‐inositol.
(B) Quantified CPMG data: [3‐13C]lactate concentration, total lactate concentration and fractional enrichment of lactate at the 3‐position

the nuclei of dead cells (ethidium homodimer‐1). Scattered
cells demonstrated staining with ethidium homodimer‐1,
but the biopsies were primarily stained by the calcein‐AM
(Figure 6A), indicating that the majority of cells remained
viable in biopsies after culture. The corresponding histopathology slides further demonstrated intact glandular architecture after culture (Figure 6B).

4

|

D IS C U SSION

In this study, we found that it was possible to perform NMR
measurements of metabolism in individual living human
prostate biopsies. Furthermore, the 13C‐labeled and overall
rates of lactate efflux in culture were significantly higher for
low‐grade (primary Gleason pattern 3) cancer biopsies as

compared to benign biopsies (Figure 2). In the HR‐MAS data
(Figure 4), for benign biopsies, we observed a tissue lactate
concentration of 0.74 ± 0.15 nmol/mg, in good agreement
with a prior published measurement of 0.61 ± 0.28 nmol/mg
in snap‐frozen biopsy samples by Tessem et al.4 For cancer biopsies, we observed a tissue lactate concentration of
1.15 ± 0.78 nmol/mg, as compared to a prior measurement
of 1.59 ± 0.61 nmol/mg in snap‐frozen cancer biopsies.4
This discrepancy can perhaps be explained by the fact that
the present data set contained only low‐grade prostate cancer
biopsies (primary Gleason pattern 3), whereas the data set
from Tessem et al.4 contained specimens of low‐ and high‐
grade prostate cancer (primary Gleason patterns 3 and 4).
These findings are consistent with the notion that there is
a more pronounced Warburg effect in high‐grade prostate
cancer such as primary Gleason pattern 4.29

8
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(A)

(B)

F I G U R E 5 Labeling of glutamate
from glucose. (A) There was an increase
of the glutamate C4 multiplet amplitude
at 2.34 ppm with 13C decoupling turned
on, indicating fractional enrichment. (B)
Quantified CPMG data: 4‐13C glutamate
concentration, total glutamate concentration,
and fractional enrichment of glutamate at
the 4‐position

(A)

(B)

F I G U R E 6 Biopsy LIVE/DEAD staining. (A) Confocal
2‐photon microscopy from biopsy samples stained with calcein‐AM
and ethidium homodimer‐1 following 26 h in culture. (B) Biopsy
histopathology obtained after confocal microscopy. Each hematoxylin
and eosin (H&E) stained image originates from the same sample as the
confocal image directly above but not from the exact same location in
the tissue

Interestingly, although a significant difference in tissue
lactate fractional enrichment coming from [1,6‐13C2]glucose
was not observed, the overall rate of lactate efflux in culture was significantly higher for primary Gleason pattern 3

cancer biopsies as compared to benign biopsies. This was
presumably because of not only the trend toward higher
lactate pool size (Figure 4), but also the propensity of the
cancer tissue to export the lactate (Figure 2). This is consistent with prior data showing overexpression of the lactate
dehydrogenase‐A (LDHA) isoform (favoring lactate production from pyruvate) as well as overexpression of the
monocarboxylate transporter MCT4, favoring lactate efflux,
in human prostate cancer tissue compared to benign prostatic tissue.10 Moreover, prior studies have shown that both
increasing expression of MCT4 mRNA as well as MCT4
protein (quantified via immunohistochemistry) correlate
with higher Gleason score, suggesting that lactate efflux
from prostate biopsies would provide a sensitive assessment
of aggressive disease.30-33
In this study, a longer duration of [1,6‐13C2]glucose labeling was used in culture to yield a medium [3‐13C]lactate peak
with higher SNR. It was therefore important to demonstrate
that the rate of lactate efflux did not change over time, and in
this study the lactate efflux rate was not significantly different at late (2–26 h) versus early (0–2 h) time points (Figure 3).
Theoretically, it would also be possible to increase the lactate concentration (and hence lactate SNR) effluxed into the
media by decreasing the medium volume that is used during
culture. However, we used a rotary tissue culture system that
relies on a 2.5 mL medium volume within a 6‐well plate to
provide optimal exposure to medium and 5% CO2/21% O2
air. In our experience (data not shown), alternatives such as
24‐well plates do not yield the same level of tissue viability and would need to be further optimized to provide the
correct ratio of medium to air exposure over time. It is also
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possible to increase the SNR of dilute NMR metabolites via
lyophilization34; however, using the presented protocol, we
achieved sufficient media lactate SNR without additional
sample processing.
The fractional enrichment of C4 glutamate coming from
[1,6‐13C2]glucose in the biopsies studied is an indication of
TCA cycle activity during rotary biopsy culture (Figures 1
and 5). In the current work, we obtained a C4 glutamate fractional enrichment of 24%. This value should be viewed as a
balance between TCA cycle metabolism of [1,6‐13C2]glucose
as well as uptake of compounds that can contribute to the
unlabeled tissue glutamate pool such as glutamine and glutamate. The culture medium used for this study contained 1 mM
glutamine and 0.1 mM glutamate (Supporting Information).
In this study, the biopsy metabolite levels and lactate
efflux rates were normalized to wet tissue weight, which
could be suboptimal in studies of highly cellular tumors. In
our data set, we observed a range of tissue cellularity for both
benign samples (Figures 1F and 6, left) and cancer samples
(Figure 6, right). As determined by a board‐certified genitourinary pathologist, in benign samples, the average percentage of glandular tissue was 17%, whereas in cancer samples,
the average percentage of glandular tissue was 9%, and the
average percentage of cancer was 12%. In future studies with
a higher number of samples, we intend to fit a multivariate
model of lactate production as a function of the predictor variables of cancer percentage and benign glandular percentage.
The choice of an appropriate metabolite normalization
standard is an ongoing challenge in metabolic studies of heterogeneous tissues, as opposed to cells. In studies of cultured
cells, it is common to normalize metabolites to the number
of cells or to a metric of cell mass such as total protein. In
tissues, automated cell counting and/or protein quantification requires tissue digestion, making it impossible to obtain
high‐quality histopathology. It is possible to estimate tissue
cellularity using automated image analysis of histopathology
slides35; however, given the heterogeneity of human prostate
tissue, this approach might yield inaccurate results unless
the fixed, embedded, and stained tissue is comprehensively
sliced to yield a 3D image stack. Another possibility is to
analyze the metabolites of interest in terms of their ratios to
a reference metabolite.10,36,37 This can be a robust method,
but it does yield a metric that is sensitive to the reference
metabolite as well as the metabolite of interest. Therefore,
each normalization technique has strengths and limitations to
practical implementation.
This study had a number of limitations. Our goal was to
develop the biopsy culturing and metabolic profiling protocol, so we focused on biopsies routinely acquired from
patients undergoing active surveillance or workup for prostate‐related symptoms who had not been previously treated.
Because of the low prevalence of aggressive cancer in this
population, we only obtained biopsies containing benign
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glands or primary Gleason pattern 3 cancer, which limited
our ability to further characterize the metabolic phenotype of
aggressive prostate cancer.

5

|

CONCLUSION

In summary, a protocol was developed that allowed the quantification of lactate production and efflux in single living
human prostate biopsies (1–6 mg of tissue), as well as the
potential to quantify TCA metabolism through the quantification of fractional enrichment of glutamate. This was
accomplished by optimizing experimental parameters such
as the duration of time in rotary tissue culture (24 h) and
the parameters of the NMR acquisition to achieve sufficient
SNR from small metabolite signals within a 3 h and 25 min
HR‐MAS acquisition time. Validation studies demonstrated
that this optimized protocol provided measurements of lactate
production and/or fractional enrichment and efflux consistent with prior data describing lactate pool size, LDHA, and
MCT4 expression in benign human prostatic tissue versus
prostate cancer.4,10 Having established this protocol, similar
measurements can then be performed on treatment‐resistant
and/or metastatic prostate cancer biopsies for a better understanding of metabolic perturbations in the setting of aggressive prostate cancer.
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SUPPORTING INFORMATION
Additional supporting information may be found online in
the Supporting Information section at the end of the article.
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TABLE S2 Sources of culture medium ingredients
TABLE S3 Biopsy tissue NMR measurements: automated
HR‐MAS shimming routine
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TABLE S4 Biopsy media NMR measurements: automated
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