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Hyperpolarized 3C Magnetic Resonance Evaluation of Renal
Ischemia Reperfusion Injury in a Murine Model

Celine Baligand™1, Hecong Qin™1, Aisha True-Yasakil, Jeremy Gordonl, Cornelius von
Morzel, Justin DeLos Santos?!, David Wilsonl, Robert Raffai?, Patrick M. Cowley?, Anthony
J. Baker?, John Kurhanewicz!, David H. Lovett?, and Zhen Jane Wang?

1Radiology and Biomedical Imaging, University of California San Francisco, San Francisco, CA

°Medicine, San Francisco VAMC/University of California San Francisco, San Francisco, CA

Abstract

Acute kidney injury (AKI) is a major risk factor for the development of chronic kidney disease
(CKD). Persistent oxidative stress and mitochondrial dysfunction are implicated across diverse
forms of AKI and in the transition to CKD. In this study, we applied hyperpolarized (HP) 13C
dehydroascorbate (DHA) and 13C pyruvate MR spectroscopy to investigate the renal redox
capacity and mitochondrial pyruvate dehydrogenase (PDH) activity, respectively, in a murine
model of AKI at baseline, and 7 days after unilateral ischemia reperfusion injury (IRI). Compared
to the contralateral sham-operated kidneys, the kidneys subjected to IRI showed a significant
decrease in the HP 13C Vitamin C/(Vitamin C+DHA) ratio, consistent with a decrease in redox
capacity. The kidneys subjected to IRI also showed a significant decrease in the HP 13C
bicarbonate/pyruvate ratio, consistent with impaired PDH activity. The IRI kidneys showed a
significantly higher HP 13C lactate/pyruvate ratio at day 7 compared to baseline, although the 13C
lactate/pyruvate ratio was not significantly different between the IRI and the contralateral sham-
operated kidneys at day 7. Arterial spin labeling MRI demonstrated significantly reduced
perfusion in the IRI kidneys. Renal tissue analysis showed corresponding increased reactive
oxygen species (ROS), and reduced PDH activity in the IRI kidneys. Our results show the
feasibility of HP 13C MR for the noninvasive assessment of oxidative stress and mitochondrial
PDH activity following renal ischemia reperfusion injury.

Graphical abstract

We have shown that hyperpolarized 13C dehydroascorbate and 13C pyruvate MRS can be used to
noninvasively assess the altered renal redox capacity and mitochondrial PDH activity following
ischemia reperfusion injury in a murine model. Such an imaging approach can potentially enhance
the prediction and monitoring of progressive kidney injury.

Correspondence and Reprint Request: Zhen Jane Wang, MD, Department of Radiology and Biomedical Imaging, University of
California, San Francisco, San Francisco, CA 94143, Tel: (415) 476-3767, Fax: (415) 514-0414, jane.wang@ucsf.edu.
These authors contributed equally.
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Introduction

Acute kidney injury (AKI) occurs frequently in hospitalized patients. A leading cause of
AKI is renal ischemia reperfusion injury (IRI) that occurs in patients with cardiovascular
disease, sepsis, following surgery, or in the context of a kidney transplant. Although the
kidneys have a remarkable reparative capacity, the repair of AKI is often incomplete with
maladaptive responses that contribute to the transition to chronic kidney disease (CKD).
Indeed, AKI has been shown to be a major risk factor for the subsequent development of
CKD [1-4], which is increasing in incidence and represents a major public health concern in
the United States [5].

Persistent oxidative stress and mitochondrial dysfunction are strongly implicated across
diverse forms of AKI and in the transition to CKD [6-12]. For example, both AKI and CKD
are characterized by an over-production of oxidants in the presence of a diminished
antioxidant reserve. This alteration in redox regulation has been shown to promote renal
fibrosis and CKD [7]. Additionally, the altered redox regulation leads to mitochondrial
dysfunction that further exacerbates kidney injury. Recent evidence has shown that renal
tubules undergoing atrophy late after IRI displayed decreased mitochondrial pyruvate
dehydrogenase (PDH) activity and oxidative phosphorylation, and increased glycolysis [12].
The recognition of these cellular and molecular events, and metabolic alterations following
AKI has also motivated research into mechanistically-targeted therapies to treat AKI and to
prevent progression to CKD [13, 14]. Therefore, biomarkers that can noninvasively inform
on renal oxidative stress and mitochondrial dysfunction have the potential to improve the
CKD risk stratification of patients following AKI, and aid in the determination of efficacy of
targeted therapies.

The development of hyperpolarized (HP) 13C MR spectroscopy and imaging based on
dissolution dynamic nuclear polarization (DNP) has enabled unprecedented noninvasive
visualization of normal and abnormal metabolism in living systems [15-17]. HP 13C
dehydroascorbate (DHA) has been shown to permit /n vivo assessment of localized redox
capacity [18, 19]. DHA is an oxidized form of Vitamin C (VitC), and is reduced to VitC via
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a glutathione-dependent mechanism, with coupled reactions to NADPH. Prior studies in
several preclinical disease models have shown that the rate of HP 13C DHA reduction to 13C
VitC is related to the levels of reduced glutathione (GSH), and to the rate of NADPH
production from the pentose phosphate pathway [18-20]. As GSH and NADPH are key
antioxidants that counteract reactive oxygen species (ROS), HP 13C DHA reduction to 13C
VitC should reflect tissue redox capacity and may serve as an indicator for cellular oxidative
stress. Pyruvate, a critical substrate for energy metabolism, is metabolized to downstream
products including lactate and alanine in the cytosol, and it is also shuttled into the
mitochondria and converted to acetyl-CoA via the enzyme pyruvate dehydrogenase (PDH)
in the first step of oxidative phosphorylation. The byproduct of this first step, CO», rapidly
equilibrates with bicarbonate. Accordingly, monitoring the production of HP 13C
bicarbonate from [1-13C] pyruvate should enable the assessment of PDH activity in vivo [21,
22].

In this study, we applied HP [1-13C] DHA and [1-13C] pyruvate MR to investigate the renal
redox capacity and mitochondrial PDH activity, respectively, in a murine model of AKI
induced by ischemia reperfusion.

Methods

Experimental design

All procedures in this study were performed in accordance with the Principles for the
Utilization and Care of Vertebrate Animals, and were approved by the Institutional Animal
Care & Use Committee.

MR studies were performed in a group (n=15) of male FVB mice (Charles River Laboratory,
USA) 3 to 5 months of age at baseline, and 7 days following unilateral ischemia reperfusion
injury (IRI). The unilateral IRI model was created by temporarily occluding the left renal
pedicle and a sham operation on the contralateral kidney without occluding the renal pedicle,
as described in detail in the below section. In a subgroup of the mice (n=6), kidneys were
harvested for histological and enzyme (pyruvate dehydrogenase (PDH) and lactate
dehydrogenase (LDH)) analyses after the day 7 MR studies. In addition, blood samples were
collected at baseline and day 7 for quantification of blood urea nitrogen.

Previous studies in similar mouse models of unilateral renal IRI have reported that day 7 is
representative of a time point at which the kidneys transition from acute tubular necrosis to
attempted repair [12, 23]. To confirm this finding in our study, renal sections from a separate
group of FVB mice 48 hours following unilateral IRI were assessed for tubular injury, and
compared to those 7 days following unilateral IRI and to control mice not subjected to IRI.

An additional group of FVB mice (n=5) were subjected to sham operation without unilateral
IRI. The kidneys were harvested at day 7, and renal LDH activity was compared to that of
kidneys from the unilateral IRl model. This was performed to assess the potential effect of
sham operation on LDH activity. This group of mice did not undergo MR studies.
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Ischemia reperfusion protocol

Animals were anaesthetized with inhaled isoflurane (2% isoflurane mixed in O, delivered at
1 L/min). The back of the animal was shaved and cleaned, and an incision was made to
localize the left kidney. After the left renal pedicle was isolated from surrounding structures,
unilateral renal ischemia was induced by clamping the renal pedicle with an atraumatic
vascular clamp for 40 minutes. After ischemia, the clamp was removed to allow for
reperfusion, and kidney was visually monitored until a pink color was restored. The incision
was closed in 2 layers with a 5-0 chromic suture. During the 40 min ischemia period, a sham
operation was performed on the contralateral kidney. A similar incision was done, and the
right kidney and renal pedicle were exposed but the vessels were not clamped.

Hyperpolarized 13C DHA MR

HP [1-13C] DHA injection combined with 3D 13C MR spectroscopic imaging were used to
interrogate kidney redox capacity as previously published [18, 24]. The mice were fasted for
8 hours during the day prior to the MR studies, and the MR studies were performed at about
the same time during the day to minimize any physiological variations. Mice were fasted
before the MR studies to minimize any potential variability related to food intake because
DHA is taken up by cells via the glucose transporters Glutl, 3, and 4 [25]. Under
anaesthesia (2% isoflurane in 1 L/min oxygen), a tail vein catheter was placed for
intravascular access and animals were placed supine in a dual-tuned *H-13C quadrature RF
coil. Experiments were conducted using a 3T MRI scanner (GE Healthcare, USA) equipped
with MNS (multinuclear spectroscopy) hardware package. The HP 13C DHA study was
performed at 3T to take advantage of the significantly longer T; relaxation time of HP 13C
DHA and VitC at lower field (3T: T1=56.5s and 29.2s for DHA and VitC, respectively.
11.7T: T1=20.5s and 16s for DHA and VitC, respectively) [24]. Coronal and sagittal T2-
weighted images were acquired for anatomic localization using a standard fast spin echo
(FSE) sequence (TE/TR=100ms/6112ms for sagittal acquisition, TE/TR=100ms/4657ms for
coronal acquisition, slice thickness=1.5mm, FOV=80mmx40mm, matrix=256x256, number
of average =6). A 2.2M solution of [1-13C] DHA in dimethyacetamide (DMA) containing
15mM OXO063 trityl radical (GE Healthcare) was polarized on a HyperSense DNP
instrument (Oxford Instruments, UK) operating at 3.35T and 1.3° K. The frozen sample was
dissolved in distilled water containing 0.3 mM ethylenediaminetetracetic acid (EDTA). The
average polarization level for the HP [1-13C] DHA was approximately 10.1%. HP [1-13C]
DHA (250 L, 21mM, approximate pH of 5) was injected over 15s through a tail vein
catheter. 3D 13C echo planar spectroscopic imaging (EPSI) was acquired 25 seconds after
the start of the injection: single spin- echo, ramp-sampled, symmetric EPSI readout, and
concentric ring k-space sampling. This pulse sequence was similar to a previously described
one used for rapid HP 13C spectroscopic imaging [26]. In our study, however, a single
adiabatic spin-echo rather than a double adiabatic spin-echo pulse sequence was used
because only a single time point was acquired, reducing the TE and improving SNR. The
other acquisition parameters were as follows: FOV=48mm x 48mm x 96mm, matrix
size=8x8x16 (zero filling in z direction), resolution= 6x6x6 mms3, spectral
bandwidth=540Hz, TR=185ms, TE=115ms, variable flip angle scheme with final flip angle
90°, total scan time=12 seconds. The MR data were processed using an open-source
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software package “Spectroscopic Imaging Visualization and Computing” (SIVIC) [27], and
data were expressed as peak magnitude height VitC/(VitC+DHA) ratio.

Hyperpolarized 13C pyruvate MR

HP 13C pyruvate MR experiments were conducted on a 14.1 T vertical system (Agilent
Technologies, USA) using a dual-tuned 13C-1H birdcage coil (M2M imaging Corporation,
USA), within one day of the HP 13C DHA MR experiments. The mice were not fasted
before the 13C pyruvate MR studies, as fasting has been shown to reduce 13C bicarbonate
signal in the kidneys [28]. The MR studies were performed at about the same time during
the day to minimize any physiologic variations. A mixture of [1-13C] pyruvate (Sigma),
15mM trityl radical (GE Healthcare), and 1.5 mM Gd-DOTA (Guerbet, France) was
polarized using a HyperSense DNP instrument. The polarized compound was rapidly
dissolved in 4.5mL of a pH-balanced heated buffer solution, and 350 uL of the resulting
solution (160mM, approximate pH of 7) were injected into the mouse through a tail vein
catheter over 10s. The average polarization level for the HP [1-13C] pyruvate was
approximately 23.4%. 2D 13C chemical shift imaging was acquired 25s after the start of the
injection using the following parameters: RF bandwidth =10000Hz, FOV=32 x 32 mm?2,
slab thickness=8mm, matrix=8x8, resolution=4mmx 4mm x 8mm, TR=66ms, TE=0.45ms,
spectral bandwidth 4223Hz, constant flip angle 10°, number of excitation=64, total
acquisition time 4.2s. Data were post-processed in MestReNova (Mestrelab Research S. L.,
Spain). Spectra were corrected for phase and baseline, and peak integration was performed
for pyruvate (Pyr), lactate (Lac), alanine (Ala), and bicarbonate (Bic). Results were
presented as ratios of these metabolite signal integrations (Lac/Pyr, Ala/Pyr, Bic/Pyr, Bic/
Lac).

Renal perfusion by arterial spin labeling (ASL) 1H-MRI

Immediately after the HP 13C pyruvate MR studies, renal perfusion was measured at 14.1T
using a pre-saturated pulsed ASL-FSE sequence with fat suppression and respiratory
triggering as described previously [29, 30]. The slice of interest was off-centered by 9mm in
order for the sensitive region of the coil to cover the heart and to allow efficient blood
labelling. The acquisition parameters were as follows: 1) Five slice-selective (4mm
thickness) pre-saturation pulses (sinc5, 2ms, randomized crusher gradients); 2) Non-
selective or slice-selective inversion (1.1 mm thickness, 180° hyper secant adiabatic full
passage pulse, 3.5 ms); 3) inversion time TI=1.5ms; 4) fat suppression pulse (sinc, 6 ms); 5)
FSE imaging (500 gauss pulse, echo-train length= 32, inter echo time=2.8ms, matrix
size=128x128, FOV=30x30mm?, slice thickness= 2mm, 30 averages, overall TR= 6s). The
respiration of the mice was kept at a rate ranging between 80 and 100 breath per minute to
ensure that the tagging module and the imaging module occurred during the quiescent phase
of the respiratory cycle [29]. Perfusion maps were generated in MATLAB (Mathworks Inc)
as previously described [29], and expressed in ml/min/100g of tissue.

Kidney volume measurement

High resolution respiratory triggered T2 weighted spin echo axial images were acquired for
kidney volume calculation using the following parameters: TE, 20ms; TR,1200ms; FOV,
32mm; matrix, 16x16; number of signal average, 2; number of slices: 16; slice thickness:
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1mm, no gap. The kidney volume was calculated by first multiplying the cross section area
of each kidney slice by the slice thickness and then summing the values of all the kidney
slices as previously described [31].

Blood urea nitrogen assay

Serum blood urea nitrogen (BUN) of the mice at baseline and 7 days following unilateral
IRl was measured using a commercially available assay kit (Arbor Assays, USA) and
according to the manufacturer’s instructions. The sample was measured
spectrophotometrically at 450 nm at room temperature using an Infinite M200 microplate
reader (Tecan Group Ltd., Switzerland), and the results were expressed in mg/dl urea
nitrogen.

Renal histology

After the kidneys were rapidly dissected and harvested from the mice, one half of the kidney
was immediately formalin-fixed for renal histology analysis, the other half was snap frozen
in liquid nitrogen and stored at —80° C for subsequent dichlorohydrofluorescein (DCF) stain
and enzyme activity analysis described below. For renal histology, 5 pm thick renal sections
were cut from 10% formalin-fixed, paraffin-embedded kidney samples, and stained with
periodic acid-Schiff (PAS). Six randomly chosen fields at 200x magnification were
examined, and scored on a 0—4 injury scale as previously described [32]: 0=normal, 1=loss
of brush border and/or tubule debris, 2=loss of nuclei, 3=partial tubule obstruction, and
4=tubule obstruction and dilatation.

Reactive oxygen species (ROS) detection using dichlorohydrofluorescein (DCF) stain

Renal frozen sections (8 pm) were incubated for 30 min at 37 ° C with the fluorescent dye,
2’-7’-DCF-diacetate (20 uM, Invitrogen/Molecular Probes). Sections were rinsed and
incubated for an additional 15 minutes at 37 ° C. Following rinsing, the sections were
mounted in anti-fade/DAPI medium (Invitrogen) and examined by confocal microscopy.

Pyruvate dehydrogenase (PDH) and lactate dehydrogenase (LDH) activity assay

In vitro PDH activity was measured by coupling to the reduction of NAD* (nicotinamide
adenine dinucleotide) to NADH, using a commercially available kit (Abcam, USA). NADH
concentration was measured spectrophotometrically at 450 nm at room temperature using an
Infinite M200 microplate reader, and the results were expressed as change of absorbance per
minute per mg of protein.

In vitro LDH activity was measured spectrophotometrically by quantifying the linear
decrease in NADH absorbance at varying pyruvate (sodium salt) concentrations at 339 nm
using an Infinite M200 microplate reader. The maximum velocity (Vmax) and the
Michaelis-Menten constant (Km) were estimated using the Lineweaver-Burk plot.

Statistical analysis

Data were presented as meanz standard error of the mean (SEM). A Levene’s test was
performed first to examine the homogeneity of variance of the MR data. For those data that
demonstrate homogeneity of variance (VitC/(VitC+DHA), Bic/Pyr, Bic/Lac), a standard
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two-way analysis of variance (ANOVA) was used to examine the main and interactive
effects of time (baseline versus day 7) and kidney (sham operated kidney versus IRI kidney).
Then, a paired student t-test was used to compare the metabolite ratios between baseline and
day 7 in the IRI and contralateral sham-operated kidneys, and to compare the metabolite
ratios between the IRI and the contralateral sham-operated kidneys at day 7. The Benjamini-
Hochberg procedure was used to adjust for multiple comparisons. For the metabolite ratios
that do not demonstrate homogeneity of variance (Lac/Pyr, Ala/Pyr), a standard two-way
ANOVA was not used, and paired t-tests adjusted for multiple comparisons were used
directly to compare the metabolite ratios between baseline and day 7 in the IRI and
contralateral sham-operated kidneys, and to compare the metabolite ratios between the IRI
and the contralateral sham-operated kidneys at day 7. A paired student t-test was also used to
compare the renal tissue PDH and LDH activity between the IRI and contralateral sham-
operated kidneys at day 7, as well as the blood urea nitrogen level pre and post IRI. Data
were tested and confirmed to be normally distributed using the Shapiro Wilk test prior to
student t-test analysis. The Wilcoxon signed-rank test was used to compare the injury scores
in the IRI and contralateral sham-operated kidneys at day 7. In all tests, a two tailed p<0.05
was considered statistically significant.

Table 1 shows the animal weight, BUN, and kidney volumes measured by MRI at baseline
and 7 days following unilateral IRI. The BUN level was significantly higher following IR,
indicating renal dysfunction. While the volume of the kidney subjected to IRI remained the
same at day 7 when compared to baseline, the contralateral sham-operated kidney volume
increased at day 7 (p<0.0005), consistent with compensatory hypertrophy.

Hyperpolarized 13C DHA MR

Fig. 1A shows representative HP 13C DHA spectra through the kidneys. Fig. 1B shows the
ratio of VitC/(VitC+DHA) for the kidneys at baseline and day 7. A two-way ANOVA
showed that the changes of VitC/(VitC+DHA) ratio over time were significantly different for
the sham-operated and IRI kidneys (N=15) (p=0.008). The IRI kidneys showed significantly
lower VitC/(VitC+DHA) ratio at day 7, consistent with lower redox capacity (IRI kidneys:
0.23 £ 0.01 at baseline, 0.17 + 0.01 at day 7; contralateral sham-operated kidneys: 0.22

+ 0.01 at baseline, 0.23 £ 0.01 at day 7; p=0.01 when comparing baseline to day 7 for the
IRI kidney; p=0.01 when comparing the IRI and contralateral sham-operated kidneys at day
7).

Hyperpolarized 13C pyruvate MR

Fig. 2A and 2B show representative spectrum from a kidney voxel in the IRI kidney at day
7, and HP 13C metabolites lactate (Lac), alanine (Ala) and bicarbonate (Bic) after injection
of HP 13C pyruvate. Fig. 2C—E show the HP 13C Bic/Pyr, Lac/Pyr, and Ala/Pyr ratios for the
kidneys at baseline and day 7 following unilateral IRI. A two-way ANOVA showed that the
changes of Bic/Pyr ratio over time were significantly different for the sham-operated and IRI
kidneys (N=15) (p=0.03). The 13C Bic/Pyr ratio in the IRI kidneys decreased significantly
from baseline (0.026 + 0.002) to day 7 (0.016 + 0.003) (p=0.04), and the Bic/Pyr ratio was
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significantly lower in the IRI than the contralateral sham-operated kidneys at day 7 (IRI:
0.016 + 0.003; sham: 0.027+ 0.004; p=0.02). The 13C Lac/Pyr ratio increased significantly
from baseline (0.267+ 0.026) to day 7 (0.381+ 0.043) in the IRI kidneys (p=0.04). However,
the 13C Lac/Pyr ratio was not significantly different between the sham-operated and IRI
kidneys at day 7 (p=0.35). The 13C Ala/Pyr ratio remained the same following IRl (p=0.33).
We also evaluated the ratio of 13C Bic/Lac as another measure of oxidative pyruvate
metabolism that is independent of the 13C pyruvate delivery (Fig. 4F). The two-way
ANOVA showed that the changes of Bic/Lac ratio over time were significantly different for
the sham-operated and IRI kidneys (N=15) (p=0.03). The 13C Bic/Lac ratio in the IRI
kidneys decreased significantly from baseline to day 7 (baseline: 0.102+ 0.008; day 7:
0.051+ 0.008; p=0.001). The 13C Bic/Lac ratio in the sham-operated kidneys decreased
slightly from baseline to day 7 (baseline: 0.097+ 0.006; day 7: 0.082+ 0.007; p=0.045).

The 13C Bic/Lac ratio was significantly lower in the IRI than the sham-operated kidneys at
day 7 (IRI: 0.051+ 0.008; sham-operated: 0.082+ 0.007; p=0.02).

Fig. 3A shows an example of a renal perfusion map as measured by ASL MRI. Seven days
after unilateral IRI, perfusion was significantly decreased in the injured kidneys, from 516

+ 22 mL/min/100g at baseline to 243 £ 15 mL/min/100g on day 7 (p<0.001), and remained
virtually unchanged in the contralateral sham-operated kidney (Fig. 3B).

Renal histology

Representative results of PAS-stained renal sections are shown in Fig. 4. Control kidneys
from mice not subjected to unilateral IRI showed normal tubular structures (Fig. 4A).
Kidneys at 48 hours after being subjected to unilateral IRl showed moderate injury with
tubular dilatation and cast formation (Fig. 4B). Kidneys at 7 days after being subjected to
unilateral IRI showed diminished cast formation and tubular dilatation associated with
regenerating tubular epithelial cells (Fig. 4C). The contralateral sham-operated kidneys at
day 7 showed scattered foci of tubular epithelial cell necrosis associated with cellular cast
formation (Fig. 4D). At day 7, the kidneys subjected to unilateral IRI had significantly
higher injury scores compared to the contralateral sham-operated kidneys (2.4+0.8 vs.
0.5£0.5, p<0.001).

Dichlorohydrofluorescein stain

Representative results of DCF staining of the renal sections are shown in Fig. 5. The kidneys
subjected to unilateral IR showed markedly higher DCF staining, consistent with increased
ROS, compared to the contralateral sham-operated kidneys at day 7.

PDH and LDH activity

At day 7, the PDH activity of the IRI kidneys was significantly lower than that of the
contralateral sham-operated kidneys (IRI: 30.5£29.6 AmOD450/min/mg protein, sham-
operated: 154.7+£32.2 AmOD450/min/mg protein, p=0.005).

At day 7, there was no significant difference in the LDH activity (Vmax) between the IRI
kidneys and the contralateral sham-operated kidneys (IRI: 0.52+0.04 uM NADH/min/mg
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protein, sham-operated: 0.48+0.02 UM NADH/min/mg protein, p= 0.29). For the separate
group of mice that underwent sham surgery without unilateral IRI, at day 7, the kidney LDH
activity (Vmax) was 0.34+0.03 pM NADH/min/mg protein, significantly lower than that of
the IRI kidneys or the contralateral sham-operated kidneys in the unilateral IRl model
(p=0.02, and p=0.01 respectively).

Discussion

AKI is a leading cause of morbidity and mortality in hospitalized patients, and a major risk
factor for the subsequent development of CKD. Prior studies have suggested that oxidative
stress and mitochondrial dysfunction are key events that promote the transition from AKI to
CKD [6-12]. In a murine model of unilateral IRI, we have shown that HP 13C MR can be
used to noninvasively monitor the altered redox capacity and mitochondrial PDH activity
following AKI.

In this study, we evaluated the metabolic changes in the kidneys at day 7 following unilateral
IRI. Previous studies in similar mouse models of unilateral IRI have shown that this time
point is representative of a stage during which the kidneys transition from acute tubular
necrosis to attempted repair where the surviving renal tubular epithelial cells regenerate [12,
23]. In agreement, our histological assessment of the renal sections at day 7 following
unilateral IRI demonstrated diminished tubular injury associated with tubular epithelial cell
regeneration. However, such repair has been shown to be frequently incomplete and
dysfunctional, with some renal tubular cells undergoing premature growth arrest with
subsequent tubular atrophy [12]. Investigation of the metabolic changes at this stage
represents an important step in better understanding the events that may promote the
transition from AKI to CKD.

We found an approximately 25% lower HP 13C VitC/(VitC+DHA) ratio in the kidneys 7
days following unilateral IRI. We have previously reported in a murine model of diabetic
nephropathy (db/db mice) that renal HP 13C DHA reduction to Vitamin C (VitC) reflects
glutathione (GSH) concentration [18]. GSH protects cells from oxidative stress by
preventing the accumulation of ROS. GSH is a cofactor of dehydroascorbate reductase,
which recycles DHA back to reduced ascorbic acid (Vitamin C), therefore linking the redox
couple between glutathione and Vitamin C. A recent study in a tumor model also showed
that the rate of HP 13C DHA reduction to VitC depends both on GSH level as well as the
rate of NADPH production from the pentose phosphate pathway, and reflects the capacity of
tumor to resist oxidative stress [20]. It should also be noted that DHA reduction can be
affected by redox enzymes such as glutaredoxin and glutathione-S-transferase omega that
have DHA reductase activity [33, 34]. Therefore the rate of DHA reduction to VitC can be
affected by multiple components of the complex redox machinery. Nonetheless, our
observed lower DHA reduction to VitC in the kidneys subjected to IRI, reflected by the
lower VitC/(VitC+DHA) ratio, is consistent with reduced redox capacity and higher
oxidative stress in the IRI kidneys. Correspondingly, the renal sections from the kidneys
subjected to IRI showed marked dichlorohydrofluorescein (DCF) staining consistent with
higher ROS, when compared to those from the contralateral sham-operated kidneys.
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We found a mean decrease of 36% in the HP 13C Bic/Pyr ratio from baseline to day 7 in the
kidneys subjected to IRI. In the kidneys, multiple tubular transport processes require high
level of ATP generation, which is derived almost exclusively from mitochondrial oxidative
phosphorylation [35]. In renal tubular cells, pyruvate is taken up by the mitochondria for
oxidative phosphorylation and ATP production. In the first step of oxidative
phosphorylation, the mitochondrial enzyme PDH irreversibly converts pyruvate into acetyl-
CoA, and CO, which is in equilibrium with bicarbonate (Bic). Thus the HP 13C Bic/Pyr
ratio reflects a net flux via PDH. Corresponding to the lower HP 13C Bic/Pyr ratio, we also
found significantly reduced PDH activity in the homogenate of the kidneys subjected to IRI
when compared to the contralateral sham-operated kidneys.

We found that the HP 13C Lac/Pyr ratio increased by approximately 42% from baseline to
day 7 in the kidneys subjected to IRI. This may be related to a shift towards glycolysis as a
result of the mitochondrial dysfunction and reduced oxidative phosphorylation. Interestingly,
although the 13C Lac/Pyr ratio increased significantly from baseline to day 7 in the IRI
kidneys, the 13C Lac/Pyr ratio was not significantly different between the IRI kidneys and
contralateral sham-operated kidneys at day 7. This appears to be related to an increase in the
Lac/Pyr ratio in the sham-operated kidneys as well from baseline to day 7, although the
increase in the sham-operated kidneys was not statistically significant. A prior study has
shown that unilateral renal IR1 causes release of proinflammatory cytokines and injury to the
contralateral kidneys [36]. Indeed, evaluation of the renal sections in our study showed
patchy mild injury in the contralateral sham-operated kidneys, possibly accounting for the
lack of significant difference in the 13C Lac/Pyr ratio or the tissue LDH activity between the
sham-operated and IRI kidneys at day 7. Furthermore, renal LDH activity from a separate
group of mice 7 days following sham operation without unilateral IRI was significantly
lower than that of the IRI kidneys or the contralateral sham-operated kidneys in the
unilateral IRI model. This suggests that the 13C Lac/Pyr finding in our unilateral IRI model
was not simply due to the effects of sham operation.

We also evaluated the ratio of 13C Bic/Lac as a measure of the balance between oxidative
pyruvate metabolism and glycolysis. We found that the 13C Bic/Lac ratio in the IRI kidneys
was approximately 51% lower at day 7 when compared to baseline, and the 13C Bic/Lac
ratio was significantly lower in the IRI kidneys when compared to that in the contralateral
sham-operated kidneys at day 7. The Bic/Lac ratio has been suggested to serve as a sensitive
metric for the opposing changes in the conversion of pyruvate to bicarbonate and lactate
[37-39]. Additionally, as both bicarbonate and lactate are produced from pyruvate, the
Bic/Lac ratio can be used to control for changes in perfusion between baseline and following
IRI [40]. Although there was reduced perfusion in the IRI kidneys, the lower Bic/Lac ratio in
the IRI kidneys at day 7 indicates that the lower 13C bicarbonate production was not simply
due to lower delivery of the 13C pyruvate.

As has been previously reported [41], we found lower renal cortex perfusion in the kidneys
subjected to IRI using ASL MRI. This technique has previously been used to quantify
perfusion impairment in renal allografts in human and animal studies, in patients with renal
artery stenosis, and in a murine model of unilateral IRI [41-43]. The perfusion values
measured in the kidneys at baseline and following unilateral IRI in our study are in
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agreement with those reported in the literature [41, 44]. The reduction in renal perfusion and
persistent hypoxia likely contribute to the oxidative stress and mitochondrial dysfunction in
the injured kidneys.

Recent studies have also reported the utilization of HP urea and HP water to image renal
perfusion [45-49]. For example, in a rat model of IRI, Nielsen and colleagues showed a
significant reduction in the HP 13C, 15N-urea distribution in the injured kidney which could
be due to a combination of reduced blood flow and altered urea transport [45]. Ardenkjaer-
Larsen and colleagues demonstrated in swine that renal cortical perfusion can be measured
using high-contrast dynamic HP water imaging [48]. Future studies combining multiple HP
probes to simultaneously assess perfusion and metabolism are warranted to further
interrogate the multiple molecular events that occur during progressive kidney injuries.

Prior studies have demonstrated the key role oxidative stress plays in both AKI and the
subsequent transition to CKD. For example, Basile et al. showed in a rat model of AKI that
there was sustained renal oxidative stress following recovery from AKI that altered both
renal hemodynamics and fibrotic responses, and may contribute to the transition from AKI
to CKD [50]. Clinically, noninvasive monitoring of the redox capacity at such time points
may provide a risk assessment of potential progression to CKD.

Accumulating evidence emphasizes the impact of mitochondrial dysfunction in the
progression of tubular damage following AKI. For example, a recent study by Lan et al.
showed that mitochondria were greatly reduced in number and of smaller size in renal
tubules that progress to atrophy following IRI [12]. Importantly, they also showed that
metabolic alterations played a key role in the development of renal tubule atrophy and
transition to CKD. Specifically, tubules that have dysfunctional repair and progress to
atrophy following AKI have increased phosphorylation of the mitochondrial enzyme PDH
which decreases PDH activity [12]. In our study, we showed that the reduced activity of the
mitochondrial PDH in the injured kidneys can be monitored by measuring the HP 13C
bicarbonate production. This could be a noninvasive strategy to assess the mitochondrial
metabolic alteration associated with progressive renal injury.

Our finding of decreased HP 13C bicarbonate production following IRI is in agreement with
those from a recent study by Nielsen and colleagues which reported lower HP 13C pyruvate
conversion to bicarbonate in a rat model of unilateral IRI with 60 minutes of ischemia
followed by 24 hour of reperfusion [51]. However, the investigators in that study also
showed a decrease in 13C pyruvate conversion to lactate in the kidneys subjected to IRI. In
contrast, we found an increase in the 13C Lac/Pyr ratio at day 7 in the IRI kidneys, although
the 13C Lac/Pyr ratio was not significantly different between the IRI kidneys and
contralateral sham-operated kidneys at day 7. The discrepancy between the findings is likely
attributable to the time of assessment. The study by Nielsen et al was performed at 24 hours
following IRI when many renal tubules were likely necrotic, with attendant loss of cellular
LDH and low pyruvate conversion to lactate [51]. Indeed, other murine studies have shown
significantly depressed renal LDH levels 18-24 hours following IRI due to LDH release
from necrotic cells [52, 53]. In contrast, our studies were performed 7 days following IRI, at
which time we have shown that acute tubular necrosis was diminished with areas of tubular
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epithelial cell regeneration. Our finding is in agreement with those from the study by Lan et
al who reported that rat kidneys at 7 days following IRI showed evidence of
dedifferentiation, regeneration, and increased glycolytic enzyme expression and lactate
concentration [12]. This could explain our observation of the increase in the 13C Lac/Pyr
ratio in the IRI kidneys at day 7 when compared to baseline. Taken together, these data
suggest the presence of dynamic changes in pyruvate metabolism over time following IRI,
and future studies are warranted to evaluate the metabolic changes at multiple early and
delayed time points following injury.

It is becoming increasingly clear that patients who survive an episode of AKI are at high risk
of subsequent CKD and end-stage renal disease [4, 54]. Published studies have also
indicated that more intensive monitoring of patients following an episode of AKI has the
potential to identify early the evolution to CKD, and to mitigate complications associated
with CKD [55-57]. Such studies highlight the unmet clinical need for additional metrics to
identify patients at risk for developing CKD following AKI. Noninvasive approaches such as
HP 13C metabolic MR techniques potentially offer a way to risk stratify these patients.
Additionally, there is increasing interest in developing drugs that target the molecular and
metabolic events in progressive kidney injury. For example, Skrypnyk et al. have shown that
pyridoxamine, a form of vitamin B6, interferes with oxidative macromolecular damage [13].
Pyridoxamine reduced both short- and long-term injury and fibrosis in a mouse model of
IRI, and may prevent the transition of AKI to CKD [13]. Bendavia, a mitochondrial-targeted
peptide has been shown to protect mitochondrial structure and function in an IRl model [14].
Therefore, the HP 13C MR strategies described in our study could potentially provide
mechanistically informative biomarkers to assess such targeted treatment effects /n vivo.

Our study has several limitations. First, the HP 13C MR acquisition was performed at a
single time point after the injection of the substrates in order to maximize the signal of the
metabolites, in particular the 13C bicarbonate signal, in the mouse kidneys. The single time
point acquisition could introduce variability in the data due to differences in perfusion and
substrate delivery. Despite the lack of dynamic acquisition, we found significant differences
in the metabolite ratios in the kidneys following injury. In future studies, improved substrate
polarization, such as via the new 5T Spinlab DNP polarizer (GE Healthcare), may enable
improved signal for dynamic acquisition. Second, we did not perform HP 13C MR studies in
a separate group of mice with sham operation without unilateral IR1. However, we showed
that the renal LDH activity from mice 7 days following sham operation without unilateral
IRI was lower than that of the IRI kidneys or the contralateral sham-operated kidneys in the
unilateral IRI model. This suggests that the 13C Lac/Pyr finding in our unilateral IRl model
was not simply due to the effects of sham operation. Third, we performed HP 13C DHA

and 13C pyruvate studies in two separate sessions in our study. Future studies utilizing co-
polarization techniques [58] are warranted which will reduce the burden for the animals in
pre-clinical studies and facilitate clinical translation of this technique. Forth, the spatial
resolution of the HP MRS in this study is relatively coarse in relation to the small size of the
mouse kidneys in this pre-clinical study. For example, the kidney structures most susceptible
to IRI include the proximal renal tubules and medullary thick ascending limb, which are
located in the kidney cortex and outer medulla [59]. However, the relatively large HP voxel
likely also included parts of inner medulla of the kidney. Therefore the partial volume effect
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would introduce variability in the measured HP metabolic data. Nonetheless, we found
significant differences in several HP metabolite ratios following IRI. Potential ways to
improve the spatial resolution of HP MRS include better substrate polarization, improved
coil designs, and more efficient sampling of k-space. These advances will allow specific
interrogation of the various renal compartments in pre-clinical models, as well as in future
clinical studies in patients with kidney disease.

Notably, the safety and feasibility of HP 13C pyruvate MR have already been demonstrated
in the phase I clinical trial of HP 13C pyruvate in prostate cancer patients [60], and more
recently in human hearts [61]. While DHA is also an endogenous compound, intravenous
administration of DHA has been reported to cause transient respiratory depression in a dose-
dependent manner [20], and to cause elevation of blood pressure and salivation when
injected at high dose in un-buffered solutions [62]. However other prior studies have
reported no significant adverse effects when DHA dissolved in sodium acetate/sodium
bicarbonate buffered solution was injected at high dose in rat models of cerebral ischemia
and liver ischemia, and that DHA provided protection in these experimental model of
ischemia reperfusion [63, 64]. A separate prior study reported that DHA had a diabetogenic
effect in rats [65]; however subsequent studies suggested that the impurities in the DHA
preparation as a cause for the reported diabetogenic effect [66], and that DHA protects
against dioxin-induced toxicity in pancreatic beta cells [67]. The metabolic effects of the
injected dose and the safety of 13C DHA in humans will need to be established.

In summary, we have shown that HP 13C metabolic MR can be used to noninvasively assess
the altered renal redox capacity and mitochondrial PDH activity following ischemic
reperfusion injury. Such an imaging approach can potentially enhance the prediction and
monitoring of progressive kidney injury, as well as providing companion biomarkers that
can better inform on the response to targeted therapies.
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Fig.1.

A:gRepresentative voxel placement and HP DHA 13C spectra in the kidney subjected to IRI
and the contralateral sham-operated kidney at day 7. B: HP 13C VitC/(VitC+DHA) ratio at
baseline and day 7. The kidneys subjected to IRl showed significantly lower VitC/(VitC
+DHA) ratio at day 7 when compared to baseline, and when compared to the contralateral
sham-operated kidneys at day 7.
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Fig. 2.

A:gOverIay of the voxel placement from the 2D chemical shift acquisition on the T2
weighted anatomic image. B: Representative spectrum through the kidney voxel after the
injection of HP 13C pyruvate in the IRI kidney at day 7. HP 13C metabolites visualized
included lactate (Lac), alanine (Ala), and bicarbonate (Bic). Hydrate=13C pyruvate hydrate.
C: The kidneys subjected to IRI showed significantly lower 13C Bic/Pyr ratio at day 7 when
compared to the baseline, and when compared to the contralateral sham-operated kidneys at
day 7. D: The HP 13C Lac/Pyr ratio increased significantly from baseline to day 7 in the IRI
kidneys. However, the 13C Lac/Pyr ratio was not significantly different between the IRI and
the contralateral sham-operated kidneys at day 7. E: The HP 13C Ala/Pyr ratio remained the
same following IRI. F: The HP 13C Bic/Lac ratio decreased significantly from baseline to
day 7 in the IRI kidneys. The 13C Bic/Lac ratio also decreased slightly from baseline to day
7 in the contralateral sham-operated kidneys. The 13C Bic/Lac ratio was significantly lower
in the IRI than the contralateral sham-operated kidneys at day 7.
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A: Example of a renal perfusion map as measured by 1H ASL MRI (Kidney subjected to
IRI: arrows; contralateral sham-operated kidney: arrowheads). B: The kidneys subjected to
IRI showed a significant decrease in perfusion, while the perfusion remained virtually
unchanged in the contralateral sham-operated kidneys.
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Fig. 4.
Histologic features of unilateral IRl model on PAS stained renal sections. A: Kidneys from

control mice not subjected to IRI showed normal tubular structures. B: Kidneys at 48 hours
after being subjected to unilateral IRI showed moderate injury with tubular dilatation and
cast formation (arrows). C: Kidneys at 7 days after being subjected to unilateral IRI showed
decreased tubular dilatation and cast formation, associated with regenerating tubular
epithelial cells (arrow). D: The contralateral sham-operated kidneys at day 7 showed
scattered foci of tubular epithelial cell necrosis associated with cellular cast formation
(arrow). A, B, C: x 200 magnification. D: x 400 magnification.
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Fig. 5.

Example of DCF staining of the renal sections. The kidneys subjected to IRI (B) showed
markedly higher DCF staining (green color) consistent with increased level of reactive
oxygen species (ROS), when compared to the contralateral sham-operated kidneys (A) at
day 7.
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Table 1

Body weight, blood urea nitrogen level, and kidney volume as measured by MRI at baseline and 7 days

following unilateral IRI.

Kidney volume (mm3)

Body weight (g) BUN (mg/dL)

Sham-operated IRI
Baseline 29.7+0.7 25.5%1.2 0.26+0.01 0.24+0.01
Day 7 28.5+0.9 36.4+2.04 0.32i0_01b 0.24+0.01

Data are mean=SE.

ap < 0.005 baseline vs. day 7;

bp<0.0005 baseline vs. day7 for the sham-operated kidneys. BUN: blood urea nitrogen. IRI: ischemia reperfusion injury.
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