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Abstract

Objectives—To assess if streptozotocin (STZ) induced diabetic rats develop iodinated contrast
induced acute kidney injury (CIAKI). The intra-renal R2* (= 1/ T2*) was evaluated continuously
before-during-after contrast administration. Renal injury was confirmed by urinary neutrophil
gelatinase-associated lipocalin (UNGAL) measurements.

Materials and Methods—Six Sprague-Dawley rats were administered STZ to induce diabetes
(Group 1). R2* was measured before, during, and after administration of iodixanol. R2* readings
were sampled from four renal regions: inner medulla, inner stripe of outer medulla (ISOM), outer
stripe of outer medulla, and cortex. Peak R2* and initial up-slope of R2* increase following
iodinated contrast were calculated. Data from 12 non-diabetic rats pre-treated with nitric oxide
synthase and prostaglandin inhibitors to induce susceptibility to CIAKI (pre-treatment model)
from a previous study were re-analyzed for peak R2* and initial up-slope of R2* increase
following contrast. Six of these animals received saline (Group 2) and the other six received
furosemide (Group 3) prior to idoxianol.

Results—Peak R2* and initial up-slope of R2* increase were used as BOLD response
parameters. R2* in ISOM were comparable in all three groups prior to administration of
furosemide. Except for the furosemide group, ISOM showed a rapid increase in R2* immediately
following contrast administration. Unlike the L-NAME & indomethacin treated groups, the
diabetic group showed a quick reversal of R2* towards baseline measurements after contrast
administration. Urinary NGAL indicated significant increase in diabetic rats 4 hours following
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contrast administration. The observed trends with peak R2* and initial up-slope of R2* increase in
renal ISOM were in agreement with those of UNGAL.

Conclusion—The STZ induced diabetic rat may be suitable for studying the effects of iodinated
contrast on renal oxygenation status and may mimic human condition closer than the pre-treatment
model described before. The peak R2* value and initial up-slope of R2* in ISOM appear to be
effective MRI markers to predict renal injury following administration of an iodinated contrast

INTRODUCTION

lodinated contrast induced acute kidney injury (CIAKI) is one of the leading causes of
hospital-acquired acute kidney injury (AKI) 1. The exact underlying mechanisms of CIAKI
have yet to be fully elucidated but are likely to involve the interplay of decreased blood
flow, renal medullary ischemia and hypoxia 2 2. Clinically, the definition of CIAKI is based
on serum creatinine (sCr) levels 4. While the limitations of using this marker are well
recognized, the relative simplicity makes it attractive for routine use. A major limitation is
that the increase in sCr takes 48 to 72 hours post contrast exposure. This limits
implementing any preventive strategies to avoid developing AKI because the optimal
treatment window is believed to be within 24 hours after patient exposure to iodinated
contrast ®. Recent studies have shown urinary neutrophil gelatinase-associated lipocalin
(UNGAL) rise much before sCr levels increased 8. Studies have shown uNGAL can detect
changes as early as 8 hours post-contrast in human 7 and as early as 4 hours post-contrast in
rats 8 9. Urinary NGAL has a wider dynamic range than serum NGAL to indicate AKI 10,
Recent studies by blood oxygenation level dependent (BOLD) MRI have shown near-real-
time changes following contrast administration & 9 11,

Clinical studies have shown diabetes mellitus as an independent risk factor for CIAKI 12 due
to enhanced renal medullary hypoxia and impaired endothelium-derived vasorelaxation.
Previous pre-clinical studies have used a functional CIAKI model by simulating endothelial
dysfunction by pre-treating rats with L-NAME (nitric oxide synthase inhibitor) and
indomethacin (prostaglandin inhibitor). While the model has shown higher susceptibility to
CIAKI and has been demonstrated to be useful in the evaluation of iodinated contrast media
induced changes in intra-renal oxygenation using BOLD MRI & 9.11.13 the clinical
relevance to prevalent diseases in human is not obvious to general readers. Streptozotocin
(STZ)-induced diabetes is the most common animal model of human diabetes that mimics
many complications observed in the diabetic human, such as nephropathy 14 15, In this
study, we tested whether the STZ induced diabetic rats develop CIAKI and if the observed
changes in renal oxygenation status as evaluated by BOLD MRI are comparable to those in
the functional CIAKI model 8 9. R2* (=1/T2*) relaxation rate has been used as BOLD MRI
parameter based on our previous reports 8 9. Others have also concluded that R2* changes
post-iodinated contrast are reflective of renal oxygenation 16. The renal injury after
iodinated contrast was confirmed using uNGAL. Peak R2* (indication of magnitude of
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change) and initial up-slope (rate of increase) were evaluated as response parameters. The
responses observed in the diabetic rats were compared to those rats from a previous study
using functional CIAKI model °.

MATERIALS AND METHODS

Animal and Drugs

Under the guidelines of our Institutional Animal Care and Use Committees approved
protocol, six Sprague-Dawley (SD) rats (Harlan Laboratories, Madison, WI, USA) were
treated with STZ (Sigma-Aldrich, St. Louis, MO, USA, 50-55 mg/kg body weight) via the
lateral tail vein under light anesthesia (isoflurane 2%) to induce diabetes mellitus (Group 1).
Approximately 14 days (13.8 £ 1.2 days) after STZ administration, all rats had assessed
blood glucose level (BGL) values over 500 mg/dL (549.8 + 22.3 mg/dL) when MRI was
performed. For comparison, data from 12 rats from a previous study © were used and re-
analyzed using different parameters for BOLD MRI response. These 12 rats received
intravenous injection of L-NAME (10mg/kg, Sigma-Aldrich, St. Louis, MO, USA) and
indomethacin (10 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) to induce susceptibility to
CIAKI. Group 2 (n=6) received saline while Group 3 (n=6) received furosemide (10mg/kg)
following pretreatment with L-NAME and indomethacin, as shown in Table 1. On the day
of the MR, the rats were anesthetized using inactin (100 mg/kg i.p., Sigma-Aldrich, St.
Louis, MO, USA) and the femoral vein was catheterized for contrast administration. All rats
received iodinated contrast iodixanol (1600 mg of organic iodine per kilogram body weight).
This iodine load is comparable to what a patient with a normal GFR would receive during a
contrast enhanced CT (0.5 gml/Iml/min GFR). The relative time sequence of the image data
acquisition and group information is illustrated in Table 1.

Urinary NGAL

Urine (200 pl) was collected in the diabetic rats prior to the MRI, and 4 hours after contrast
media (CM) administration. The urine samples were centrifuged immediately after
collection, and the supernatant was transferred to cryovials and preserved at —80°C until
assessment. At the time of assessment, the aliquot samples were thawed to room
temperature. UNGAL was examined according to the instructions of rat NGAL ELISA Kit
(046, BioPorto Diagnostics, Gentofte, Denmark). The average values were derived in
duplicate for all of the samples. The standard curve and the absorbance of the samples were
measured with a SpectraMax M2e micro-plate reader from Molecular Devices, LLC
(Sunnyvale, CA) at a wavelength of 450 nm. Urinary creatinine levels were also measured
in order to minimize any confounding effects of urine flow rate 17.

R2* Mapping and Data Analysis

Imaging was performed on a 3.0T scanner (Siemens Magnetom Verio) using a multiple
gradient 1819 recalled echo sequence (TE = 3.6-41.3 ms with 3.4ms increment; FOV = 12 x
6 cm; TR = 69 ms; phase FOV = 50%; bandwidth = 320Hz / pixel; FA = 30°; NEX = 20;
matrix: 256 x 128; slice thickness = 2 mm) to acquire 12 T2* weighted images. The rat
kidneys were positioned in the middle of a 8 channel commercial knee coil (Invivo,
Gainesville, USA). The receive coil has a tapered shape to reflect the shape of the leg with
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inner diameter varying approximately from 16 to 13 cm. One transverse slice was selected in
the middle of the kidney. BOLD MR images were acquired every 3 min continually as
described in Table 1. R2* maps were generated inline immediately following data
acquisition on the scanner. Quantitative regional R2* measurements were performed using
manually defined region-of-interest (ROI) measurements. ROIs were placed in the inner and
outer stripe of the outer medulla (ISOM, OSOM), inner medulla (IM) and cortex (CO) as
shown in reference 8. Circular ROIs were used in renal IM and ISOM (>20 pixels).
Freehand ROIs (>30 pixels) were used in renal OSOM and CO area as shown in Figure 1.
Higher R2* values indicate lower oxygenation or higher hypoxia.

Statistical Analysis

Based on prior experience 8 2, ISOM is associated with most sensitive responses to
iodinated contrast administration. The R2* values in ISOM following contrast
administration in the diabetic rats showed a fast rise followed by a return to baseline
(Figures 1 and 2). We tested the linearity of the observed response in ISOM for the diabetes
rats. Unlike our previous reports 9, there was a significant quadratic trend in R2*changes
over time (p = 0.0133). Therefore, a linear model using all data points as used in the
previous reports is not appropriate for the data in this study. For that reason, two new
parameters were chosen to evaluate BOLD MRI response, namely peak R2* and the initial
up-slope. Peak R2* was defined as the inflection point following administration of
iodixanol. Initial slope was defined from one time-point before contrast to the time-point of
inflection when R2* stopped to increase (see Figure 2.b). The data of two pre-treatment
groups from the previous study ® were included in the analysis. Since the previous report
utilized overall slope from the entire R2* time course, these data were re-analyzed using
peak R2* and initial up-slope as response parameters for comparison purposes.

To compare the initial-up slopes among three groups, a mixed effect regression model was
used to assess R2* measurements in terms of changes over time (slope) from baseline to
time-point of inflection. Fixed effects in the model include group, time (continuous) and
group by time interactions. The first order auto-regressive variance—covariance structure was
specified for the model and random effects accounted for the variation in individual rats.

Urinary NGAL at 4 hours from baseline, peak R2*, and initial up-slope values were
compared in different groups using repeated measure ANOVA. The multiple comparisons
among groups were adjusted by the Hochberg step-up method. Statistical analyses were
carried out by SAS 9.2 (SAS, Cary, NC, USA), and p<0.05 was regarded as statistically
significant.

RESULTS

Figure 1 shows R2* maps from representative animals from each group and at representative
time points. Figure 2.a shows the summary of R2* time course in the three groups in four
renal regions. R2* values were generally higher in all renal regions after iodixanol. The
renal cortex had the least response to iodixanol. R2* in IM and ISOM increased quickly
followed by a “washout” phase after contrast administration in the diabetic rats. The quick
“washout” might be related to the known persistent polyuria in diabetic rats (up to 10 times

Invest Radiol. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 5

higher urine flow rates compared to controls 1°). Note the comparable R2* values in all
regions during phase 3 between all three groups in renal ISOM.

Figure 2.b illustrates the selection of time points for the calculation of initial up-slope of
R2* change. The start of R2* time course in ISOM was defined as the time point
immediately before contrast administration as illustrated in Figure 2.b. The point of
inflection (also the peak) was defined based on group mean R2* value. A linear fit was
performed to estimate the slope. Note that there is no significant difference in R2* level at
the time point immediately before contrast administration in renal IM, OSOM and CO in all
three groups. However, the R2* in ISOM at the time point immediately before contrast
administration in Group 3 is lower than the other two groups (p <0.05 vs. Group 1) and (p =
0.06 vs. Group 2), suggesting the reduced hypoxia by furosemide in this group. No
difference was observed between Groups 1 and 2 in ISOM at the same time point.

Figure 3 is the summary of the initial up-slopes from the three groups and the four renal
regions. Following ANOVA analysis, post-hoc pair-wise comparisons were performed
between all three pairs of groups. In the renal IM, R2* in the diabetic group increased
significantly faster than the other two groups. In the renal ISOM, R2* in the Groups 1 and 2
increased faster than the Group 3. The R2* values in the renal cortex and OSOM showed
slower increase following iodixanol compared to renal IM and ISOM. Also note the initial
up-slope is not significantly different between Groups 1 and 2 in ISOM, which is the region
that is most sensitive to hemodynamic changes during contrast administration 18 19,

The peak R2* values in ISOM, the initial up-slope of R2* in ISOM, and uNGAL are
summarized in Figure 4. There was a clear agreement in the trends observed with peak R2*
values, R2* initial up-slope and the changes in 4-hr uUNGAL levels among the three groups.
Rats receiving furosemide as intervention showed significantly lower peak R2* and R2*
initial up-slope in ISOM compared to other two groups, and no significant change in
UNGAL (suggesting no renal injury). On the other hand, rats in the other two groups showed
significant R2* increase (both peak and initial up-slope) and a corresponding increase in
UNGAL at 4 hr post-contrast. There was no difference between the two groups susceptible to
CIAKI (Groups 1 and 2) in any of the three measurements.

DISCUSSION

The results from this study support the feasibility of using STZ induced diabetic rats to study
iodinated contrast induced AKI in concert with BOLD MRI and uNGAL. The R2* level in
phase-3 in STZ induced diabetic rats was similar to those treated with L-NAME and
indomethacin (Figure 2.a), suggesting a similar level of renal oxygenation before
intervention. The changes in peak R2* and the initial up-slope in R2* (ISOM) were
consistent with those in uUNGAL measurements at 4 hour post iodixanol. Further, the
responses observed in the diabetic rats (Group 1) were similar to those observed in rats
pretreated with L-NAME + indomethacin (Group 2). The comparable results from R2* and
UNGAL indicate both models are suitable as a CIAKI susceptible models. The key
difference in response between the diabetic rats and the pretreatment group is the relatively
fast “washout” associated with the diabetic rats probably related to the polyuria in the early
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stages of progression 2. Polyuria in diabetic rats may help kidney to remove nephrotoxins
faster, however, as our results show that even the initial “contact” of iodinated contrast
media with the kidney apparently is sufficient to result in injury as confirmed by NGAL.
This strongly supports the need for continuous monitoring of responses to appreciate the
early changes in renal hypoxia. In other words, obtaining pre-contrast and a delayed time
point post-contrast may not show a response on BOLD MRI and could lead to mis-
interpretation. This has practical implications for translation to humans. Based on the
logistics, BOLD MRI may be only available before and maybe one hour post-contrast in
clinical settings. It is possible that such measurements may not reflect the true degree of
changes in renal oxygenation during and immediately after contrast administration. Our data
suggest that to specifically monitor renal medullary oxygenation, an alternate method that
can be performed simultaneously with the contrast administration may be necessary.
Unfortunately, there are no known methods currently available. Monitoring pelvic urine pO2
may be a possible surrogate measure of renal medullary oxygenation 2. There is a single
report in literature showing that pelvic urine pO2 closely reflects renal medullary pO2 in
humans 21, While measuring pelvic pO2 will necessitate invasive measurements, data exists
suggesting that freshly voided urine could be used to monitor relative changes in urine

pO2 22, Continuous monitoring of bladder urine pO2 has been shown to be feasible in
patients undergoing cardiac bypass procedures 23,

Changes in R2* observed using BOLD MRI in both animal models and humans to
furosemide administration parallel those observed with microelectrodes in rat kidneys 2426,
Similarly, changes in BOLD MRI parallel those with microprobes in diabetic rats 27 and in
animals treated with nitrix oxide synthase inhibitors (NOSi) 28: 29, While BOLD MRI
responses show qualitative agreement with changes in renal oxygenation, quantitative
agreement has been shown not to be robust 3% 31, This is due to the multi-factorial
dependence of R2* measurement (R2, blood volume, changes in hemoglobin oxygen-
desaturation, changes in hematocrit etc.) and limitation of the inherent assumption that blood
oxygenation is a representation of surrounding tissue oxygenation 31. However, given the
lack of any other non-invasive measurement to evaluate relative oxygenation status, BOLD
MRI has received a lot of attention in the recent years. A previous article & includes
extensive discussion on how the observed increase in R2* may be related to increase
hypoxia following iodinated contrast administration.

In conclusion, the results of this study support the use of STZ induced diabetic rat for
studying the effects of iodinated contrast to predict development of AKI. Future studies
should include larger number of animals to compare different contrast media and
interventional strategies, and be performed in a random order and blinded fashion. It may
also be interesting to add continuous monitoring of urine pO2 in this model to further
validate the feasibility of using urine pO2 as a surrogate for renal medullary oxygenation
that may be more practical for human translation.
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Figure 1.
R2* maps from one representative rat in each group obtained at representative time points.

Also included is an anatomical image from the animal in Group 1 with typical ROlIs
positions and sizes used. Renal regions are defined in anatomic image. IM: inner medulla;
ISOM: inner stripe of outer medulla; OSOM: outer stripe of outer medulla; CO: cortex. All
R2* maps are displayed with the same window and level settings. The baseline: the R2*
map before any treatments in Groups 2 and 3. Indo: indomethacin; Fur: furosemide. Peak
response: the response at inflection point following contrast administration.
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Figure2.
a. The summary of the temporal changes in R2* measurements in four renal regions in three

animal groups. Each data point represents the mean R2* over all the animals within the
group and the error bars represent the standard error in the measurements. Phase-1: baseline
for pre-treatment groups; Phase-2: L-NAME for pre-treatment groups; Phase-3:
indomethacin for pre-treatment groups / R2* baseline for diabetic group; Fur: furosemide.
IM: inner medulla; ISOM: inner stripe of outer medulla; OSOM: outer stripe of outer
medulla; CO: cortex. Each data point is the average of R2* measurements in 6 rats in the
same group at one scan time. Time course consisted of 40 time points in pre-treatment rats
(Groups 2 and3) and 30 time points in diabetic rats (Groupl). The vertical lines show the
time of administration of pre-treatments (L-NAME or indomethacin), intervention
(furosemide or placebo) and iodinated contrast iodixanol. Note the key difference between
the diabetic animals vs. pre-treatment rats in terms of the response following contrast
administration in ISOM and IM. While the pre-treatment group shows a rise and reaching an
asymptotic value, the diabetic animals show a rise followed by a quick fall back towards
baseline values.

b. Zoomed-in version of plot of ISOM from figure 2.a. Each data point represents the mean
R2* over all the animals within the group and the error bars represent the standard error in
the measurements. Peak R2* is defined as the inflection point following administration of
iodixanol (marked with arrows). The slope was determined using the time-points between
Time “0” and the time corresponding to the peak R2*.
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Figure 3.

Summary of R2* initial up-slope (mean + SE) post contrast administration in three groups
and 4 renal regions. The initial up-slope was defined as the slope from pre-contrast baseline
(see Figure 2.b) to the point of inflection. IM: inner medulla; ISOM: inner stripe of outer
medulla; OSOM: outer stripe of outer medulla; CO: cortex.

Invest Radiol. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Lietal.

200

150

100

w
o

R2*¥ (s!) Peakin ISOM

o

Page 13

— 10 4 1
NS z NS 3, ———
£ . NS
s @ 5
* # <9 5 | * § 2 | [
@ L
* = * o * l
2= - 1
* # 3 * #
e z
, : ] 0 : — . xo - —
Groupl Group2  Group3 Groupl Group2 Group3 s Group 1 Group 2 Group 3
-1 -
Figure4.

Summary of peak R2*, initial up-slope of R2* in renal ISOM and change in UNGAL post
contrast administration in three groups and 4 renal regions. Data shown as mean + standard
error. IM: inner medulla; ISOM: inner stripe of outer medulla; OSOM: outer stripe of outer
medulla; CO: cortex. The initial up-slope was defined as the slope from pre-contrast
baseline (see Figure 2.b) to the time-point of inflection when R2* stopped to increase. To
account for any variations in urine flow, UNGAL concentrations were normalized to urine
creatinine concentrations. The units are mg NGAL/mg Cr.
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