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Abstract

Metabolic activity in the lung is known to change in response to external insults, inflammation,

and in cancer. We report measurements of metabolism in the isolated, perfused rat lung of healthy

controls and in diseased lungs undergoing acute inflammation using hyperpolarized 1-13C-labeled

pyruvate. The overall apparent activity of lactate dehydrogenase is shown to increase significantly

(on average by a factor of 3.3) at the 7-day acute stage and to revert substantially to baseline at 21

days, while other markers indicating monocarboxylate uptake and transamination rate are

unchanged. Elevated lung lactate signal levels correlate well with phosphodiester levels as

determined with 31P spectroscopy and to the presence of neutrophils as determined by histology,

consistent with a relationship between intracellular lactate pool labeling and the density and type

of inflammatory cells present. We discuss several alternate hypotheses, and conclude that the most

probable source of the observed signal increase is direct uptake and metabolism of pyruvate by

inflammatory cells and primarily neutrophils. This signal is seen in high contrast to the low

baseline activity of the lung.
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Introduction

The metabolic state of the lung is known to change rapidly in response to insult, and is

particularly responsive to injury during overdistention and exposure to particulates or other
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hazardous compounds (1,2). Although some debate remains with respect to the role and

side-effects of lung infiltration by inflammatory cells, it is generally accepted that

inflammatory cell activity, and particularly that of neutrophils (3), can exacerbate ischemia-

reperfusion injury and ventilator-induced lung injury. A similar mechanism may be

responsible for the onset of Acute Respiratory Distress Syndrome (ARDS) and the release of

matrix metalloproteases linked to the progression of emphysema. There is now convincing

evidence that inappropriate or excessive pulmonary inflammatory response contributes to a

variety of lung disorders, and that techniques for reducing neutrophil infiltration may lead to

better clinical outcomes (4,5).

Accordingly, it would be useful to visualize and quantify the progression of lung

inflammation to directly inform a wide variety of clinical decisions, for instance in gauging

the inflammatory response in ARDS or during a COPD (Chronic Obstructive Pulmonary

Disease) exacerbation. Unfortunately, direct imaging of inflammatory cell infiltration or

activity is difficult. In disease models, neutrophil and macrophage counting in biopsy

samples and lavage fluid is commonly performed, but the techniques do not reflect the well-

known regional heterogeneity of inflammation and are undesirable in clinical care. X-ray /

CT imaging is also not well suited to this application, as x-ray absorption depends much

more strongly on edema, fibrosis, emphysema, and other alterations to tissue density than on

the weak direct x-ray absorption of the inflammatory cells. The one technique which has

shown promise for visualizing inflammatory cell activity is 18FDG-PET (3,5-9). The

radiolabeled glucose analog, most commonly used for highlighting the elevated glycolytic

activity of tumors, has been shown to be rapidly taken up by neutrophils due to their

dependence on glycolysis for energy (10-12). However, the use of PET in follow-up or

screening applications is inadvisable due to the associated radiation exposure.

On the other hand, hyperpolarized (HP) MRI is an emerging medical technology that

enhances the polarization of a nucleus up to 10000-fold from its intrinsic thermal

polarization. Many organic molecules, such as pyruvate, can be labelled with carbon-13

(non-zero spin) and polarized using commercially available hardware. As a result, HP MRI

can be potentially used to detect metabolites at micromolar concentrations. If similarly

sensitive to 18FDG-PET, hyperpolarized 1-13C pyruvate would provide a safe, viable

alternative to FDG-PET for use as a marker for inflammation.

In this study, we address the hypothesis that uptake and metabolism of hyperpolarized 1-13C

pyruvate by inflammatory cells is rapid and displays sufficient additional signal to be easily

distinguished from metabolism by the healthy lung tissue. We have used intratracheal

instillation of bleomycin since this is a well-established model of acute pulmonary

inflammation (13).

Materials and Methods

All animal experiments were conducted in accordance with protocols approved by the

Institutional Animal Care and Use Committee of the University of Pennsylvania. 8-week-old

male Sprague-Dawley rats weighing 320 +/− 20 g were used for all experiments. All rats

were carefully age matched and maintained under very similar environments and dietary
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conditions. Seven healthy control rats and thirteen bleomycin-exposed rats were used in the

study.

Bleomycin Model Induction

Bleomycin model animals were anesthetized using inhaled 2.5% isoflurane, were placed

supine, and were intubated with a 2-inch-long, 14-gauge angiocatheter. A 2.5 U/kg

concentration of bleomycin (Bedford Laboratories, Bedford, OH) was then instilled through

the catheter, followed by a 3-mL injection of air to clear the catheter. Animals were then

rocked from side to side to distribute the bleomycin throughout the lungs as evenly as

possible. The animals were subsequently recovered from anesthesia and briefly ventilated

with a rodent ventilator (CWE Inc, Ardmore, PA) and supplemental oxygen was given if

they failed to recover from anesthesia in a timely manner. Of the thirteen bleomycin-

exposed animals, ten were imaged at 7 or 8 days post-induction and three at 21-days post-

induction. All successfully underwent the MRI procedures. One of the 7-day hyperpolarized

spectroscopy experiments failed for technical reasons, and one of the 31P spectra was

rejected because transient noise problems made it impossible to analyze.

Preparation of Lungs for Spectroscopy

The subjects were anesthetized with i.p. pentobarbital, tracheostomy was performed, and

200 U heparin was administered via tail vein. The lungs were prepared for the NMR study

according to the previously reported method of “degassing” (14,15). That is, the animals

were ventilated with pure O2 (50 bpm, 11-14 cm H2O PIP) for 10 minutes in order to

remove all N2 from the airways. After ventilation, the trachea was sealed (end exhalation)

with a suture, allowing residual O2 to be absorbed by the circulating blood and perfusate.

Thoracotomy was immediately started, the heart was cut transversely, and the pulmonary

artery was cannulated via the right ventricle. After perfusion was started, the lungs were

rapidly excised and placed in a 20-mm NMR tube. The lungs were perfused at 10 mL/min

with a modified Krebs-Henseleit buffer: 119 mM NaCl, 25 mM NaHCO3, 1.3 mM CaCl2,

1.2 mM MgSO4, 4.7 mM KCl, 10 mM glucose, 3% (w/v) fatty acid free bovine serum

albumin (BSA, Fisher Bioreagents). The perfusate was passed through an oxygenating

column under a constant flow of 1 atm 95:5 O2/CO2, and warmed via passage through

water-jacketed tubing. The CO2 concentration in the oxygenating column was chosen to

maintain constant perfusate pH during oxygenation, although periodic adjustment with 1M

HCl or NaOH was needed to maintain a physiological value of 7.4 ± 0.1. The lung was

submerged in perfusate throughout the experiment. The temperature of the perfusate in the

NMR tube was continuously monitored and maintained at 36.5 ± 1 C.

Preparation and administration of hyperpolarized 1-13 C pyruvate

28.5 mg [1-13C]pyruvic acid (Cambridge Isotope Laboratories) mixed with 15 mM OX063

trityl radical (Oxford Instruments) and 1.5 mM Dotarem Gd chelate (Guerbet) was polarized

to ~30% at 1.42 K and 94 GHz with a HyperSense DNP system (Oxford Instruments). 4 mL

of buffer, containing 50mM Tris, 80mM NaOH, and 100 mg/L EDTA, was heated to 190°C

at 10 bar, and was used to rapidly dissolve the frozen sample. This sample was further

diluted in 6.0 mL oxygenated Krebs-Henseleit buffer (without BSA, which was found to

cause unacceptable signal loss during sample transport), yielding a neutral, isotonic solution
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of 32 mM [1-13C] pyruvate. This solution was injected into the perfusate line at 10 mL/min

in lieu of the steady-state perfusion buffer. After the 60 seconds required to inject the

hyperpolarized solution, lung perfusion was restored.

Magnetic Resonance Spectroscopy

All MR spectra and images were obtained using a 9.4T vertical bore magnet (Varian, Inc.,

Palo Alto, CA) equipped with a gradient insert (Resonance Research, Inc., Billerica, MA)

and a 20mm 1H/broadband probe (Doty Scientific, Columbia, SC). After insertion into the

bore of the magnet, the sample was tuned, matched and shimmed to a linewidth of about 40

Hz. This required approximately 20 minutes. Immediately following, the lung was 1H-

imaged (10 2-mm axial slices, field of view FOV = 30×30 mm) for positioning and to

ensure the integrity of the organ and the absence of edema. Next, a whole-lung,

averaged 31P spectrum was acquired to assess the energy status of the lung (repetition time

TR = 1s, nominal flip-angle α = 60°, acquisition time AT = 200 ms, spectral width SW =

100 kHz, 512 averages). The probe was then tuned to 13C and the perfusate was temporarily

replaced by the hyperpolarized solution. Low flip-angle spectra were acquired for the

several-minute duration of the hyperpolarized signal (TR = 1s, nominal α = 10°, AT = 800

ms, SW = 20 kHz, 300 individual spectra acquired). Following the 13C spectroscopy,

another averaged 31P spectrum was acquired in order to evaluate changes in ATP status due

to the hyperpolarized compound injection. In seven instances, the entire series was then

repeated (31P spectrum, hyperpolarized spectrum series, 31P spectrum) after a one hour

delay required to hyperpolarize another pyruvate sample. This was done to evaluate the

stability and reproducibility of the lung and its metabolic activity.

Quantitative evaluation of NMR spectra
31P spectra were least-squares fit to 13 Lorentzian peaks allowing the individual peak

heights and common peak width to vary freely. The peak frequencies were kept fixed; peak

identities and ppm chemical shifts relative to PCr (see Figure 1 caption for acronyms) were:

PME (6.70), Pi (5.08, 4.32), GPC (3.03), GPE (2.24), PG (1.80), PCr (0.00), γ-NTP (-2.36),

α-NTP (-7.52), DPDE/NAD(H) (-8.18, -9.68, -11.49, -13.30), and β-NTP (-16.13). The

quality of the fit was found to improve substantially by including three additional peaks of

fixed position (3.5, -4 and -10 ppm) and width (3, 8 and 4 ppm, respectively) to account for

contributions from unresolved 31P species. We note that the region containing GPC, GPE

and PG is poorly resolved and likely contains other phosphodiesters as well. Although

consistent with previous measurements (16-17) the number and identity of resonances is

uncertain.

13C spectra were least-squares fit to 5 Lorentzian peaks allowing the individual peak heights

to vary. The peak positions and widths were set using an initial free fit (amplitude, width

and position) to the average of all spectra with S/N > 30. The peaks were identified as

pyruvate, alanine, pyruvate hydrate, lactate and bicarbonate with ppm chemical shifts

relative to pyruvate of 0.00, 5.68, 8.42, 12.26 and -9.98, respectively. Additional peaks

representing natural abundance nuclei or impurities were not included in the fit. All peak

fitting was done using custom software written in MATLAB (Natick, MA).
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Histological evaluation

Immediately after the final MRS acquisition, nine of the lungs (3 each of control, 7-day and

21-day inflammation) were prepared for histological evaluation. The steady-state perfusion

buffer was replaced by a 10% formalin solution and perfusion was continued for one minute,

after which the lungs were submerged in 10% formalin for 5-7 days and subsequently

embedded in paraffin. The lungs were not inflated prior to fixation due to the uncertainty of

their response to re-inflation. Although inflating the lungs would have made the gross

structure easier to visualize, we do not expect that it would have affected the ability to count

the cells of interest. 25 transverse 5 μm sections were cut from each lung (5 groups of 5

contiguous sections spaced by 2 mm). Previous studies have indicated that neutrophils and

macrophages represent the bulk of the inflammatory response to bleomycin-induced injury

in rats (18, 19). As such, sections from each group were stained with Hematoxylin and Eosin

(H&E), and with Anti-Neutrophil Elastase antibody (ab21595, abcam, Cambridge, MA) or

CD68 antibody (SPM130, Santa Cruz Biotechnology, Dallas, TX), which have previously

shown reactivity to rat neutrophil and macrophage, respectively. Because of significant non-

specific binding, only the H&E sections were used to evaluate the extent of neutrophil and

macrophage infiltration. An experienced lung pathologist blindly examined the 5 whole lung

sections from each sample and assigned a grade from 0-4 with respect to neutrophils,

macrophages, lymphocytes, and organizing pneumonia (OP) foci, based on the number of

cells or sites present. No distinction was made among lymphocyte types. For each cell type,

lungs with minimal cell density were assigned a grade of 0, whereas lungs with severe and

widely distributed inflammatory cells were assigned a grade of 4. The grading scale was

relative for each type of cell. For example, a section that scored a grade of 4 for both

neutrophils and macrophages had a much greater number of neutrophils than macrophages.

Each lung was then assigned a score for each cell type equal to the average rating among the

sections.

Statistical methods

In order to test whether the three model groups were characterized by different means when

measured using 13C spectroscopy, ANOVA followed by Tukey's HSD post hoc was

performed in the sixteen first measurements across the control, 7-day and 21-day bleomycin

groups. Repeated measures ANOVA was performed in the subset of six lungs for which 13C

spectroscopy was repeated and the eighteen lungs in which repeated 31P spectroscopy was

performed to determine whether there was any evidence that the two measurements

performed in the same lung were systematically different, In order to determine the extent of

direct relationships between inflammation as measured using 13C and 31P spectroscopy, and

between 13C spectroscopy and inflammatory cell counts, simple correlations were calculated

across all measurements in which both metrics were available. All statistical analyses were

performed using the R software. R is an open-source project that is distributed under the

GNU General Public License (Copyright 2007 Free Software Foundation, Inc.)
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Results
13 C spectroscopy

Figure 1 displays a representative series of individual spectra from an inflamed lung. As

with all such series, peaks corresponding to 1-13C pyruvate and 1-13C pyruvate-hydrate

appeared first, followed within a few seconds by 1-13C lactate, and 1-13C alanine. All peaks

were clearly distinguishable and quantifiable for a period of approximately two minutes

after the first appearance of hyperpolarized signal. Additional peaks corresponding to

natural abundance 13C, impurities and 13C-bicarbonate were smaller but also reliably

quantifiable. Observed linewidths were typically ~15 Hz, which somewhat exceeded the

expected ~40 Hz × γ13C / γ1H expected based on the 1H shim. In the Figure 1 inset, we

overlaid spectra acquired 20-30 seconds after the end of the hyperpolarized injection in

control, 7-day, and 21-day inflammatory model animals. As is typical of the comparison,

pyruvate, pyruvate-hydrate and alanine signal levels were very similar, but the integrated

lactate signal of the inflammatory model exceeded that of the control animal by

approximately a factor of three. Figure 2 displays the result of fits to each spectrum of the

time-series in each subject. Although the observed lactate signal is more variable among the

inflammatory model cohort, each of the 7-day inflammatory model lungs exhibited a greater

observed lactate signal at all times than any of the control lungs; integrated lactate signals in

the 7-day inflammatory group exceeded those of the control group by a factor of 3.1 on

average (if repeated measurements in the same lung are excluded from the analysis, the 7-

day group's signals are higher by an average factor of 3.3). Lactate signal levels in the 21-

day cohort were midway between the control and 7-day groups, exceeding the control group

by a factor of 1.8 on average. Means and standard deviations of all three groups are

summarized in the Figure 2 inset.

31 P spectroscopy

Figure 3 shows two averaged 31P spectra, representative of the normal (green) and 7-day

inflammatory (red) lung cohorts. Eight distinct 31P-containing species can be discerned

(16-17,20-21); of these, only phosphoglycans and the phosphodiesters (primarily

glycerophosphocholine and glycerophosphoethanolamine) differ significantly between the

normal and inflamed lung, and are elevated by a factor of 2.5 in inflammation on average.

Some inconsistency in the fit values arises from limited signal-to-noise in the 31P spectra.

Some inconsistency in the position and width of the inorganic phosphate peak is seen as

well, which may indicate variability in tissue pH despite the narrow range of perfusate pH.

Histology

Representative H&E sections from the control, 7-day and 21-day inflammatory cohorts

appear in Figure 4. These sections were chosen to highlight the visually apparent trend of

dramatically elevated neutrophils at day 7, which were partially resolved by day 21, and of

progressively increasing macrophage count from day 7 to day 21. This trend can be seen

more clearly in the inflammatory cell scores from each lung (Table 1). On average, the

neutrophil scores at 7 and 21 days exceeded the control scores by factors of 3.8 and 2.6,

respectively, and the inflammatory macrophage scores exceeded the control scores by

factors of 3.9 and 6.6, respectively. There are some transient OP foci present in day 7
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sections, but most of these foci are resolved by day 21. The 21-day sections have minimal

OP foci, but were characterized by protein deposits (Figure 4) that can signify fibrotic

remodeling, and which was only minimally apparent at 7 days. Notably, the 21-day cohort

contained one subject which was visually similar to the 7-day cohort, with respect to both

active neutrophilic inflammation and relative lack of fibrosis. This subject also

exhibited 31C and 31P spectroscopy results which were elevated with respect to control and

the other 21-day lungs, and which were consistent with the 7-day cohort (figures 2 and 3).

Statistical tests

Application of ANOVA among the sixteen first 13C measurements revealed that the three

experimental groups are characterized by significantly different means (F(2,13) = 15.9, p =

0.0004). Further analysis using the Tukey HSD test was performed to determine whether

significance exists between the cohorts. The results are presented in Table 2. The mean

lactate labeling of the day 7 bleomycin group was significantly higher than either of the two

other groups; on the other hand, we could not show a significant difference between the day

21 bleomycin and the control group. Although with less significance, the 31P spectroscopy

data yielded identical results in post hoc analysis.

Application of repeated measures ANOVA among the six repeated 13C spectroscopy

measurements in the two groups (two controls, four day 7 bleomycin) showed that there was

a significant difference between the means of the two groups (F(1,4) = 193.4, p=0.0002),

and the hypothesis that the repeated 13C measurements are characterized by the same mean

within experimental repeats was not rejected (p = 0.88). Similarly, the application of

repeated measures ANOVA among the eighteen repeated 31P spectroscopy tests in three

groups (six control, ten 7-day bleomycin, two 21-day bleomycin) shows that there is a

significant difference among the means of the three groups (F(1,4) = 4.27, p = 0.036).

Similar to the 13C data, there was no difference in the repeated experimental measurements

within groups (p = 0.26). There is no statistical evidence for any interaction between the

experimental group and measurement number (p = 0.84 and 0.16 for 13C and 31P spectra,

respectively).

Figure 5 summarizes the relationship between elevated GPC/E levels and elevated lactate

production within and between study groups. Across all study animals, a significant

correlation was found (r = 0.69 / 0.74 if all / first injections are analyzed (p < 0.001 in both

cases).

Figure 6 shows the correlation between the measured lactate signal and the histologically-

determined neutrophil and macrophage scores for the eight subjects for which both measures

were available. The correlation coefficient is statistically significant (r = 0.89, p < 0.005)

when lactate signal and neutrophil score are compared but is not significant (r = 0.36, p =

0.39) when lactate signal and macrophage score are compared.

Discussion

The main finding of this work is that a common experimental model of lung inflammation

affects the metabolic activity of the lung such that the overall apparent lactate

Shaghaghi et al. Page 7

NMR Biomed. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



dehydrogenase (LDH) activity is increased substantially 7 days post-induction. Activity

returns substantially to baseline 21 days post-induction, although the smaller sample size in

the latter group does not allow unambiguous determination that activity remains somewhat

elevated. We believe that the increase at 7 days is indicative of direct uptake and metabolism

of pyruvate by inflammatory cells, primarily neutrophils, which have infiltrated the lung in

response to the bleomycin insult.

Several other explanations are possible, which we will discuss individually. First, it is

known that other conditions may affect apparent LDH activity. In a previous study (22), we

showed that temporary hypoxia can increase lactate labeling in the perfused lung by a

similar factor to that observed here, most likely due to the increased intracellular lactate pool

size and consequent increase in NAD+ reduction rate. While it is possible that damage to the

lung (e.g., fibrosis or emphysema-like tissue degradation) may adversely affect gas transport

and tissue oxygenation, the primary means of oxygenation in this study is via the

oxygenated perfusate. Any tissue damage that prevents adequate contact with the perfusate

would also hinder access to the hyperpolarized agent, delivered through the same flow path,

making hyperpolarized lactate signals in those regions unobtainable. Furthermore, the

hypoxic lung exhibited a distinctively low PCr and NTP signal in 31P spectroscopy when

studied previously (22). These distinctive changes were not observed in this study.

Another possible cause of increased lactate signal is a change in the uptake of pyruvate by

the lung tissue. Although transporter activity may be affected by energy status, pH and other

factors of the extra- and intracellular environment (23), no alteration in transport was

detected in the inflammatory model lungs. We note that hyperpolarized alanine signal is not

significantly increased in the inflammatory model animals; if pyruvate uptake by

pneumocytes were increased sufficiently to explain the increased lactate signal, we would

expect a measurably increased rate of transamination in these cells as well. It is possible that

pyruvate uptake and transamination were both significantly and inversely altered such that

the transfer of label to the alanine pool remained unchanged, but we would consider this an

unlikely coincidence.

Third, it is possible that the increased apparent LDH activity observed arises in part from

extracellular LDH. Although intracellular in healthy tissue, LDH is known to be present in

substantial concentration in the extracellular space in regions experiencing cell death; tests

of bronchoaveolar lavage fluid LDH activity are a common nonspecific indicator of tissue

damage (24,25). In this case, however, the persistence of the lactate signal (along with

pyruvate and alanine, but in contrast to pyruvate hydrate) is a clear indication of its

intracellular origin; if it were extracellular, it would be washed out rapidly once ordinary

perfusion is restored, as is the case for the extracellular pyruvate-hydrate and other

impurities (Figure 1). The continued linear increase of the lactate:pyruvate ratio during this

washout period is most likely indicative of the intracellular rate constant for forward LDH

activity, although it may also reflect the efflux of pyruvate from the lung epithelium. This

process has been shown to be rapid and dynamic (26).

A final possible cause of increased lactate signal in the inflammatory model lungs is the

change in redox status of the lung tissue due to reactive oxygen species originating from the
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respiratory burst phase of neutrophil activity. These compounds may interact directly with

the NADH/NAD+ redox couple, indirectly through modulation of glutathione-mediated

inhibition of LDH (27), or through a variety of other inflammatory signaling pathways (28).

Although this possibility cannot be ruled out based on the studies described here, it seems

more likely that the increased lactate production arises from the rapid glycolysis of

inflammatory cells. With respect to the similarly increased 18FDG-PET signal in

inflammation, autoradiographic studies (6,29,30) have confirmed that the source of the

increase is primarily neutrophilic uptake, rather than an inflammatory-mediated change in

lung tissue activity, and that the dramatically greater glycolytic rate of neutrophils (11) is

sufficient to overwhelm signal originating in the lung epithelium. Given that the neutrophil

glycolytic rate is not limited by LDH activity (31), we expect that similar dynamics are

responsible for the substantial increase in lactate signal observed here.

It is possible that the increased macrophage density is responsible for some of the signal as

well. However, the results of Figure 6 provide evidence that the increased lactate labeling is

primarily neutrophilic in origin. As seen in Table 1 (and described previously (18)),

neutrophil count in the bleomycin rat model peaks at approximately 7 days and is

substantially returned to baseline 21 days after insult. In contrast, macrophage count

continues to rise, peaking between 14 and 21 days. The neutrophil count time course is in

qualitative agreement with the observed lactate signal time course (which is significantly

higher at 7 days than at 21 days), and this agreement is reflected in the significance of the

corresponding correlation plot of Figure 6.

The degree of lactate increase is fairly consistent with estimates of cell populations and

metabolic characteristics available from previous studies. Pyruvate uptake and

transformation to lactate in the normal lung is likely dominated by type II pneumocytes (32),

given their rapid and highly glycolytic metabolism (32), large population (~5.5×107 cells per

lung, double that of type I pneumocytes and ~6 times that of alveolar macrophages (33)),

and conclusions based on cell morphology and oxygen uptake experiments (34). Assuming

that the lavage cell counts are representative of inflammatory cell sub-populations, which

has been demonstrated previously (35), bleomycin model lavage results suggest that the total

inflammatory cell population increases by approximately a factor of 6 at 7 days and a factor

of 3 at 21 days with respect to baseline (fig. 6 of 18,36-38), and that this increase consists

almost exclusively of neutrophilic and macrophagic components (36-37). Previous studies

have also shown that the type II pneumocyte population is slightly but not substantially

diminished in this model (39-41). Although the degree and type of inflammatory cell

activation is not known, we may approximate the expected relative contribution to

hyperpolarized lactate signal by measured lactate production rates in cell culture; published

results show that per cell lactate production of isolated alveolar macrophages (61

nmol/hr/106) and neutrophils (53 nmol/hr/106) are approximately equal, and exceed that of

type II pneumocytes by approximately a factor of three (17 nmol/hr/106 cells (42-44)). Thus,

these general considerations suggest that we should expect hyperpolarized lactate produced

in the 7-day and 21-day bleomycin lungs to exceed that of the control lungs by factors of

approximately 2.7 and 1.7, respectively. These values are comparable to the observed
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factors of 3.1 and 1.8, and demonstrate that the proffered explanation is at least plausible

given what is known about cell populations and metabolic activity.

The correlation between GPC/E levels as derived from 31P NMR and lactate signal is

another indication that hyperpolarized lactate imaging provides information about the extent

and location of lung inflammation. It has been previously demonstrated that granulocytes

contain very high levels of the phosphodiesters GPC and GPE (45), PG (46) and related (and

spectroscopically indistinguishable) compounds. We therefore believe that the GPC/E levels

of Figure 3 are indicative of elevated inflammatory cell count characteristic of

inflammation, and that the strong correlation with lactate signal seen in Figure 5 provides

evidence that both spectroscopic techniques are further elevated in more severe

inflammation.

However, PET studies have also pointed out the need to interpret the signal increase

carefully; it has been shown that the period of most rapid neutrophil energy metabolism does

not correspond to the respiratory burst phase (47), but rather to cell migration and

polarization. Because the former phase of neutrophil activity and the associated release of

reactive oxygen species is likely responsible for the lung tissue damage associated with

inflammatory exacerbations (48,49), it is possible that the period of maximum deleterious

effect on the lung is not as conspicuous as the initial phase of neutrophil invasion when

using either this technique or 18FDG-PET.

A secondary finding of this study is that no systematic difference is observed between

repeated measurements of inflammation in the same model lung using either 13C or 31P

spectroscopy. Although the number of repeated 13C spectroscopy measurements was

limited, it is clear that the effect of repeated or delayed measurement on the lung is much

smaller than the between-group differences. This serves as an indicator of model stability

during perfusion, and suggests that small variations in timing do not affect the results of the

experiment.

This study was limited to two time-points (7 and 21 days), and further investigation and

comparison to histological markers will be required to relate this finding to more established

measures of lung inflammation. In particular, we emphasize the highly dynamic nature (38)

of cell counts and metabolic rates during acute inflammation; alveolar macrophages and

neutrophils are known to undergo a greatly increased glycolytic rate during phagocytosis or

when exposed to even the lowered O2 tension of the healthy lung (50). Thus, the quantitative

estimate of expected metabolic activity in inflammation is intended only as a plausibility

argument based on cell populations, rather than as direct evidence for the source of the

observed signal.

Furthermore, although the perfused lung model chosen has been shown to recapitulate many

metabolic features of the in situ lung (51), the utility of this technique to localize and grade

lung inflammation relies in part on a low baseline activity of the healthy tissue. The lung has

previously been demonstrated to play a substantial role in the maintenance of glycolytic

intermediate balance in the blood, which suggests that pyruvate and lactate transport and

interconversion in the healthy organ may depend on whole-body metabolic activity,
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dynamical perfusion effects, feeding and exercise status. Regions of the lungs may also

express high apparent LDH activity during several other patholgoies, including cancer (52),

environmental exposure to agents causing oxidative stress (53), or interstitial inflammation.

It is important to note that while the metabolic process examined here is related to the

uptake and sequestration of 18FDG, in that increased glycolytic activity can be expected to

yield a larger signal, the two measurements are not equivalent. In particular, the imaging

agents are transported into the cell via different mechanisms (GLUT1 vs, primarily, MCT2

(54)). The two enzymatic conversion processes are regulated through different means as

well; most notably, hexokinase is inhibited by the FDG product FDG-6-phosphate and is the

rate-limiting enzyme in neutrophilic glycolysis (31), while lactate dehydrogenase activity

depends directly on cytosolic redox state and is regulated through a variety of other

mechanisms including the inhibitory effect of the redox-coupled reduced glutathione

concentration (27). Assessing the relative merits of each agent therefore requires further

study in a model system.

Conclusions

We have demonstrated the use of non-ionizing, hyperpolarized 13C spectroscopy and

imaging to detect pulmonary inflammation and have provided evidence that the source of

the observed signal is primarily infiltrating neutophils. Although dependent on different

enzymatic and transport processes than those involved in 18FDG imaging, many features of

the techniques appear to be similar, including the several-fold increase of signal in

inflammation and the apparent sensitivity to direct metabolism of the neutrophilic

inflammatory component. Because the baseline metabolic activity of the lung epithelium is

relatively low, neutrophilic activity is apparent in high contrast. The overall signal levels are

raised such that imaging applications become feasible (55, 56), although the consistency of

this low baseline and potential sensitivity to other conditions must be further investigated in

both the isolated and in situ lung.
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GLUT1 Glucose Transporter 1
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LDH Lactate Dehydrogenase
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Figure 1.
A time-series of stacked 13C spectra (bottom) show the immediate appearance of pyruvate

and pyruvate-hydrate signal, followed by lactate and alanine. The unidentified peaks are

impurities from the hyperpolarized pyruvate sample, and not indicative of biological

activity. The time-evolution of signal levels is very similar between control and

inflammatory groups, with the exception of the lactate signal, which is significantly

increased in the diseased cohort. This can be seen in the three overlaid spectra, which are

averages of the ten spectra between 20 and 30 seconds after the end of the hyperpolarized

injection (top). The 7-day inflammatory model spectrum (red) is visually indistinguishable

from the 21-day (blue) and control (green) spectra, except at the position of the lactate peak;

at this position, the 21-day peak area exceeds that of the control by approximately a factor of

two, and the 7-day exceeds the control by approximately a factor of three.
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Figure 2.
Shows the full time-series of fit peak areas, in which the 7-day inflammatory group lactate

peaks exceed those of the control group at all times, by an average factor of 3.3. Note that

the signal amplitudes are scaled such that the sum of pyruvate areas Σp(t) = 1, and times are

shifted such that each injection is centered around t = 50. The inset bar graph shows the

mean and average integrated lactate signal in the control (green), 7-day (red) and 21-day

(blue) groups. In both plots, solid circles represent data acquired on the first 13C injection

and open circles represent data acquired on the second 13C injection. When only first

injections are considered, the 7-day group is statistically distinguishable from the other two

groups (p = 0.0003). Although only six studies were repeated, no systematic change is

evident (visually or by repeated measures ANOVA) between the groups due to the time

delay between the two HP agent injections.
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Figure 3.
a) Sample 31P spectra from control (black with green fit), and 7-day (black with red fit)

inflammatory model lungs show very similar patterns of high energy phosphates (NTP),

inorganic phosphate (Pi), phosphomonoesters (PME) and phosphocreatine (PCr) but differ

in a set of three peaks consistent with the known chemical shifts of the phosphodiesters

glycerophosphocholine and glycerophosphoethanolamine (GPC/E) and, slightly upfield,

phosphoglycans (PG). The figure inset shows a comparison of the three cohorts’ summed

GPC/E+GP fit peak areas. Cohort means and standard deviations are summarized by the

corresponding black bars and individual GPC/E+GP peak areas appear as filled/open black

circles for first/second injections.. Note that the individual peak areas are offset randomly in

the horizontal direction for better visibility. Only the GPC/E/PG peaks differ between the

groups; this difference is highly significant when comparing control and 7-day bleomycin

groups (p < 0.01 whether all points or only first injections are compared). The 21-day group

can not be distinguished from either of the other groups based on a t-test. All amplitudes are

scaled to the corresponding Pi peak area.
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Figure 4.
Representative histological sections from control lung (a), 7-day post-bleomycin lung (b)

and 21-day post-bleomycin lung (c). The sections were chosen to highlight the common

characteristics of each group— in particular, the elevated neutrophils at 7 days and elevated

macrophages at 21 days. A more objective evaluation of inflammatory cell density can be

seen in Table 1. Note that the alveolar structure is somewhat distorted in all of the sections

because the lungs were collapsed during the NMR studies and were not reinflated for

histology.
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Figure 5.
Among all lungs, the increase in lactate produced by inflamed lungs is significant

(approximately a factor of 3.3 at 7 days and a factor of 1.8 at 21 days) and correlates

moderately well to the GPC/GPE peak increase observed using time-averaged 31P

spectroscopy of the lung. In the figure, the cohorts are distinguished as: control (green), 7-

day (red) and 21-day (blue) cohorts. First and second injections in the same lung are

distinguished as closed and open circles, respectively.
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Figure 6.
Among all lungs for which histology was performed, the integrated lactate signal

(normalized to integrated pyruvate signal) correlates well with the average neutrophil score

as graded by a pulmonary pathologist. The correlation to the average macrophage score was

not statistically significant. Scores were assigned from 0 (normal cell count) to 4 (severe and

widely distributed inflammatory cells) based on a blinded, qualitative assessment of H&E

sections five slices distributed throughout the lung.
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Table 1

Average neutrophil, macrophage and lymphocyte score for each of the nine animals examined histologically.

control 7-day 21-day

Average neutrophil score 0.6 2.7 1.0

0.4 2.8 0.8

0.8 1.4 2.8

Average macrophage score 0.4 1.4 3.2

0.4 1.8 2.8

0.6 2.2 3.2

Average lymphocyte score 0.4 0.6 1.2

0.0 0.6 0.4

0.0 1.0 0.4
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Table 2

Summary Results of Analysis of Variance for Three Groups.

Post Hoc Tukey HSD Test 
†

Variables Cohorts Mean Diff 95% CI
* p

13C 7Day - Contol 0.0113 (0.006, 0.0167) 0.0003

21Day - Contol 0.0039 (−0.003, 0.0107) 0.3226

21Day - 7Day −0.0074 (−0.014, −0.0008) 0.0290

31P 7Day - Contol 0.4311 (0.1419, 0.7204) 0.00250

21Day - Contol −0.0001 (−0.4483, 0.4480) 0.98880

21Day - 7Day −0.4312 (−0.8603, −0.0022) 0.04860

*
The numbers in the parenthesis shows the 95% confidence interval

†
Post Hoc analysis was perfomed when ANOVA test was significant.
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