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Key Points
c 23Na MRI allows us to noninvasively assess sodium distribution.
c We propose the utility of 23Na MRI for evaluating functional changes in diabetic kidney disease and not as a

marker reflecting structural damage.
c 23Na MRI may be an early marker for structures beyond the glomeruli, enabling prompt intervention with novel

efficacious tubule-targeting therapies.

Abstract
Background Sodium magnetic resonance imaging can noninvasively assess sodium distribution, specifically
sodium concentration in the countercurrent multiplication system in the kidney, which forms a sodium
concentration gradient from the cortex to the medulla, enabling efficient water reabsorption. This study aimed to
investigate whether sodium magnetic resonance imaging can detect changes in sodium concentrations under
normal conditions in mice and in disease models, such as a mouse model with diabetes mellitus.

Methods We performed sodium and proton nuclear magnetic resonance imaging using a 9.4-T vertical
standard-bore superconducting magnet.

Results A condition of deep anesthesia, with widened breath intervals, or furosemide administration in
6-week-old C57BL/6JJcl mice showed a decrease in both tissue sodium concentrations in the medulla and sodium
concentration gradients from the cortex to the medulla. Furthermore, sodium magnetic resonance imaging
revealed reductions in the sodium concentration in the medulla and in the gradient from the cortex to the medulla
in BKS.Cg-Leprdb1/1 Leprdb/Jcl mice at very early type 2 diabetes mellitus stages compared with corre-
sponding control BKS.Cg-m1/m1/Jcl mice.

Conclusions The kidneys of BKS.Cg-Leprdb1/1 Leprdb/Jcl mice aged 6 weeks showed impairments in the
countercurrent multiplication system. We propose the utility of 23Na MRI for evaluating functional changes in
diabetic kidney disease and not as a marker that reflects structural damage. Thus, 23Na MRI may be a potentially
very early marker for structures beyond the glomerulus; this may prompt intervention with novel efficacious
tubule-targeting therapies.
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Introduction
The kidney plays a major role in sodium balance.1 The
renal countercurrent multiplication system forms a so-
dium concentration gradient from the cortex to the
medulla, facilitating efficient water reabsorption.2

Approximately 60%–70% of sodium is reabsorbed
along the proximal convoluted and proximal straight
tubules. The thick limbs of the loop of Henle are major
sodium-reabsorbing segments accounting for approxi-
mately 25%–30% of renal sodium reabsorption.3
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NKCC2, a sodium-potassium-chloride cotransporter, is one
of the predominant sodium transport mechanisms in the
thick limb, and sodium chloride reabsorption maintains a
high interstitial osmolality required for countercurrent mul-
tiplication and water reabsorption by the collecting duct
system.4 With sodium magnetic resonance imaging (23Na
MRI), it is possible to evaluate changes in sodium concen-
tration in the entire kidney.
Bogusky et al. first described 23Na MRI in 1986,5 and since

then, several 23Na MRI studies have been performed.6–8 Pre-
vious reports on kidney 23Na MR images have studied hu-
mans and animals, such as rodents and pigs.9–11 The sodium
signal intensity changed in the medulla after diuretic admin-
istration in hydronephrosis and in acute tubular necrosis.11–13

After administration of furosemide, an NKCC2 inhibitor, the
high-intensity sodium signal in the renalmedulla decreased in
rats and humans.12,14,15 Thus, the high-intensity signal of the
medulla reflects the activity of the countercurrent multiplica-
tion system. Moreover, 23Na MRI of the thigh in patients
with type 2 diabetes mellitus undergoing hemodialysis
and patients with acute kidney injury demonstrated a
tendency toward higher sodium content in the muscle
and skin tissues when compared with healthy
participants.16,17 Thus, 23Na MR imaging may be valuable
in assessing parts of the body other than the kidney.
Although knowledge regarding the mechanisms of so-

dium reabsorption through channels or transporters has
been accumulated, the distribution of the sodium concen-
tration in the entire kidney has not been delineated in
kidney diseases. The application of 23Na MRI to a murine
disease model may expand the scope of prior studies and
elucidate the pathogenesis of sodium gradient impairments.
23Na MRI is, therefore, expected to become an important
tool to broaden the path to elucidation of renal pathology.
This study aimed to investigate whether 23Na MRI can

detect changes in sodium concentrations under normal
conditions in mice and in disease models, such as a mouse
model of diabetes mellitus.

Methods
Mice
Six-week-old male C57BL/6JJcL (C57BL/6), BKS.Cg-

Leprdb1/1 Leprdb/Jcl (db/db), and BKS.Cg-m1/m1/Jcl
(m1/m1) mice were purchased from CLEA Japan, Inc.
(Tokyo, Japan). Mice were bred under a 12/12-hours light
cycle, and food andwater were provided ad libitum. All mice
were imaged on the same day and were under free feeding
until just before imaging. All animal experiments complied
with the National Institute of Health Guide for the Care and
Use of Laboratory Animals and were approved by the
Animal Care and Use Committee and the Animal Experi-
mental Ethics Committee of the University of Tsukuba
(approval numbers: 20-354, 21-230).
Sample sizes were selected to provide 80% power

for a significant difference of 0.05 and were based on a
previous study investigating changes in the tissue sodium
concentration (TSC) in rats before and after furosemide
administration.10

Blood and Urine Analyses
After measuring the body weight and collecting urine for

24 hours in metabolic cages, the mice were anesthetized
with pentobarbital sodium (50 mg/kg intraperitoneal in-
jection) and blood samples were collected from the inferior
vena cava. Serum sodium, serum glucose, glycated albumin,
urine sodium, urine glucose, urine albumin, and urine cre-
atinine levels were measured using a Hitachi Ion Electrode
Reagent (Fuji Film Wako Pure Chemical Industries, Ltd.,
Tokyo, Japan), Quick Auto Neo GLU-HK (Sinotest Corp.,
Kanagawa, Japan), LUCICA GA-L Assay Kit (Asahi Kasei
Corp., Tokyo, Japan), Hitachi Ion Electrode Reagent, Quick
Auto Neo GLU-HK, LBIS Mouse Urinary Albumin Assay
Kit (S-type) (Fuji FilmWako Pure Chemical Industries, Ltd.),
and L-type Wako CRE M (Fuji Film Wako Pure Chemical
Industries, Ltd.), respectively.

Renal Histology
The kidneys were immersed in 10% buffered formalin and

embedded in paraffin. Periodic acid-Schiff staining was
performed with 4-mm–thick sections. Renal tissues were
observed by light microscopy (BZ-8000; Keyence, Osaka,
Japan).

23Na MRI and 1H MRI Equipment
MR imaging was performedwith a 9.4-T vertical standard-

bore superconducting magnet (f54 mm; JASTEC Company,
Tokyo, Japan) equipped with a self-made gradient insert
(outer diameter539 mm; inner diameter532 mm; maximum
gradient strength5400 mT/m), an MRI spectrometer
(DTRX6; MRTechnology Inc., Tsukuba, Japan), and a radio-
frequency (RF) power amplifier (BT01000-gamma; TOMCO,
Stepney, Australia). The proton (1H)/23Na RF probe was
modified to fit mice, and the RF coils had individual coaxial
ports for 1H and 23Na imaging. The 1H surface coil (400.4
MHz) was placed on the abdomen of the mouse, whereas
the 23Na surface coil (106 MHz) was placed on its back
(Figure 1). We first performed 1H MRI, followed by 23Na
MRI, and the procedure was repeated to confirm the kidney
positions for each mouse.
The 23Na MRI pulse sequence was based on the standard

three-dimensional gradient-echo with the following param-
eters: repetition time/echo time/flip angle, 40 ms/3ms/60°;
image matrix, 323323128 pixels; and number of averages,
80. A Gaussian random sampling of 20%–40% in the k-space
for compressed sensing reconstruction was used, and the
total acquisition time for the 23Na imaging sequence was
20 minutes. The 1HMRI pulse sequence was also based on a
standard three-dimensional gradient-echo with the follow-
ing parameters: repetition time/echo time/flip angle,
40 ms/3 ms/60°; image matrix, 64312831024 pixels; and
number of averages, 1. The total acquisition time for 1H
imaging was 5–10 minutes.
To confirm the accuracy of 23Na MRI, we measured the

signal intensities of five different saline solutions with con-
centrations in the 0–0.3 mmol/L range. The regression line
and correlation coefficient were calculated from the sodium
concentration and signal intensity.
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Procedures of 1H and 23Na MR Image Acquisition
Mice were anesthetized by administering isoflurane

(,1.5% isoflurane/air, 3.5% for deep anesthesia)
through a nose cup at a flow rate of 0.5 L/min. During
imaging, the mouse was placed in a vertical position and
equipped with a heart rate and breathing detection device
(MR Technology Inc.) with the sensor placed on the chest.
Saline (0.9% salinity) in a sealed tube (4 mm in diameter)
was placed near the back of the mouse for calibration. 1H
and 23Na images can be captured almost simultaneously
and continuously without changing the mouse position by
using a 1H and 23Na double-tuned coil. As there is a pos-
sibility of signal difference caused by the location, the coil
and kidney were positioned in close proximity.

Renal 23Na MRI with Furosemide Administration
C57BL/6JJcl mice receiving furosemide were assessed

with 23Na MRI. The diuretic effect was induced by injecting
10 mg/kg of furosemide (Tokyo Chemical Industry, Tokyo,
Japan) into the murine tail vein. 23Na MRI was performed
before and 20 minutes after furosemide administration.

Image Analysis
The 1H and 23Na images in plane resolution were

2153215 and 4303430 mm, respectively. Both slices had a
thickness of 1.72 mm. The MRI analysis software, iPlus.exe
(MRTechnology Inc.), was used for image analyses. Images
of the transverse plane of the abdomen were converted
into a digital imaging and communications in medicine
format for further analyses. The color map of the 23Na
MR images was changed to iPlus.exe, and high signal values

were represented by red, intermediate values by yellow,
and low values by blue.
The 23Na signal intensities were measured by placing

three regions of interest (ROIs) in the cortex and medulla
of the right kidney on the basis of the corresponding ana-
tomical 1H image, and the average signal intensity was
calculated. The ROI corresponds to 5.8 pixels of images.
The 23Na signal gradient was quantified as the ratio between
the signal-to-noise ratio of the cortex and that of the medulla
in the right kidney.
In addition, the signal intensity of the saline solution

placed near the back of the mouse was used to adjust for
the signal intensity of the ROI, i.e., to normalize the 23Na
MRI signal intensities of the mouse’s kidney.
To confirm the formation of the sodium concentration

gradient along the axis of the cortex to the medulla, four
points at equal intervals were set on the axis and the signal
intensity was measured. The sodium gradient was corre-
lated using a linear fit.
The TSC ½Na�mmol

tissue of the ROI over the kidney was calcu-
lated by comparing the average signal intensity SNa;tissue of
the ROI over the kidney with the average signal intensity
SNa;saline of the ROI over the saline, corrected by the sodium
concentration ½Na�mmol

saline of the saline18:

½Na�mmol
tissue5

�
SNa;tissue

SNa;saline

�
½Na�mmol

saline

Statistical Analyses
All data were presented as mean6SD. We selected non-

parametric tests because of the small sample number. The

Figure 1. 23Na MRI and 1H MRI equipment: (A) The 9.4-T vertical standard-bore superconducting magnet and (B) the 1H and 23Na surface coil.
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23Na MRI data with furosemide administration were ana-
lyzed using the two-tailed Wilcoxon signed-rank test. Pro-
files and 23Na MRI data comparing m1/m1 with db/db
mice were analyzed using the two-tailed Mann-Whitney U
test. Four points were set at equal intervals along the cor-
ticomedullary axis, and the average of the TSC values at
each point was measured in five C57BL/6JJcl mice. The fit
and confidence level of significance were calculated on the
basis of these results and set at P , 0.05. All statistical
analyses were performed using EZR version 4.0.3 (Saitama
Medical Center, Jichi Medical University, Saitama, Japan).19

Results
Relationship between Sodium Concentrations of Saline
Solutions and 23Na MRI Signal Intensities

23Na MRI signal intensities were compared with the
sodium concentrations of saline solutions, and a linear re-
lationship was observed (R250.9902; Figure 2). Thus, 23Na
MRI accurately reflected sodium concentrations.

Kidney 23Na MR Images Merged with 1H MR Images
The 23Na MR images were successfully merged with the

1H MR images (C57BL/6JJcl mice, N55). The average so-
dium signal intensities plotted at four equal intervals along
the axis from the cortex to the medulla were 78.2, 123, 206.3,
and 279.1 mmol/L, respectively, and showed a linear in-
crease (R250.99; Figure 3).

Decreased 23Na Signal Intensity of the Kidney under Deep
Anesthesia
Deep anesthesia was induced after administering 3.5%

isoflurane, which was increased during the interval between
breaths. The respiratory rate was 120 breaths per min at
1.5% isoflurane and decreased to 12 breaths per min at 3.5%
isoflurane. The signal intensity of the kidney in 23Na MR
images decreased with deep anesthesia (Figure 4).

The Sodium Concentration of the Medulla is Reduced after
Furosemide Administration
Administration of furosemide, an NKCC2 inhibitor in-

volved in the formation of the countercurrent multiplication
system, reduced the 23NaMRI signal intensity of the medulla
(Figure 5). The corticomedullary signal gradients before and
20 minutes after furosemide administration were 2.1960.3
and 1.5360.16, respectively (P , 0.05, N57). The initial TSC
valueswere 129.3612.5mmol/L in the cortex and 281.2628.4
mmol/L in the medulla, and 20 minutes after furosemide
administration, these were 93.3611.7 and 141.169.3 mmol/L
in the cortex andmedulla, respectively. The TSC values in the
medulla and the sodium concentration gradients from the
medulla to the cortex were significantly decreased after fu-
rosemide administration (P , 0.05).

Profiles of db/db and m1/m1 Mice
The averageweight of db/dbmicewas higher than that of

m1/m1 mice (Table 1). In addition, serum glucose con-
centration, serum osmotic pressure, the albumin-creatinine
ratio, and urinary glucose concentration were significantly
increased in db/db mice. Renal tissue changes were not
observed (Figure 6).

Decreased Sodium Concentration in the Medulla of db/db
Mice
The signal intensity of the medullary region in the kidney

was lower in db/db mice than in m1/m1 mice (N57 each;
Figure 7). The sodium concentration gradients from the me-
dulla to the cortex ofm1/m1anddb/dbmicewere 2.2860.21
and 1.6460.36, respectively (P, 0.01). The TSC values ofm1/
m1 mice were 146.0650.3 mmol/L in the cortex and
333.5654.4 mmol/L in the medulla, whereas in db/db mice,
these values were 135.8616.4 and 209.6642.4 mmol/L, re-
spectively. The TSC values of the medulla were significantly
lower in db/dbmice comparedwithm1/m1mice (P, 0.01).
In addition, there was no difference in intrarenal sodium
between female and male diabetic mice.

Discussion
We demonstrated in vivo imaging of sodium concentra-

tions in mouse kidneys with merged 23Na MR and 1H MR
images. Deep anesthesia—administered to the extent where
the interval between breaths widened—decreased the 23Na
MRI signal intensity of the kidney. Likewise, furosemide
administration decreased the signal intensity of themedulla.
In db/db mice, the sodium concentration gradient from the
cortex to themedulla significantly decreased comparedwith
that in m1/m1 mice.
Images acquired under deep anesthesia did not show a

distinct high-intensity area in the medulla, possibly because
of breakdown of the countercurrent multiplication system.
This phenomenon proves that the 23Na signal intensity in
themedulla is related to the function and not the structure of
the kidney. Administration of furosemide also led to de-
creased intensity in the medulla. Maril et al. reported that
administration of furosemide significantly decreased the
signal intensity of sodium in the medulla and as a result,
decreased the sodium concentration gradient from the cor-
tex to the medulla.12 Our results were similar to their
findings. According to Maril et al., the sodium

Figure 2. Relationship between sodium concentration and signal
intensity. The sodium concentration and signal intensity are pro-
portional, indicating that the signal intensity accurately reflects the
sodium concentration. a.u., arbitrary unit; NMR-FID, nuclear mag-
netic resonance-free induction decay.
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concentrations in the cortex andmedulla of rats were 60 and
360 mmol/L, respectively.11 In our study, sodium concen-
trations in the cortex and medulla of mice were 123 and
310 mmol/L, respectively. This small discrepancy may be
attributable to species differences between rats and mice,
breeding environment, or MR device sensitivities. However,
our study was the first to measure the sodium concentra-
tions in the cortex and medulla of mice.
We also determined the sodium concentrations in the

cortex and medulla of db/db mice, a mouse model with
diabetes mellitus, and were the first to report decreased
sodium concentrations in the medulla of 6-week-old db/db

mice. According to a previous report, the glomeruli of
db/db mice were not distinguishable when compared with
those of non-diabetic mice and tubular atrophy was largely
absent in the db/dbmouse kidney before 16 weeks of age.20

db/db Mice develop renal glomerular lesions with
mesangial matrix accumulation by the age of 16 weeks
and demonstrate a decrease in creatinine clearance at 15
weeks.21 In our study, there was no difference in the cre-
atinine levels and no changes were observed in renal tissue.
It is possible that the countercurrent multiplication system
in db/db mice is functionally impaired before pathological
changes occur or serum creatinine clearance declines.

Figure 3. Sodiummagnetic resonance imaging of amurine kidney. (A) 23NaMR imagesmergedwith 1HMR images (C57BL/6JJcl mice, 6weeks
old, male). This image shows the transverse plane through the abdomen. Arrows indicate the kidneys. (B) 23Na MR image showing the kidney
area and the axis from the cortex to the medulla. (C) TSC values at equidistant points along the axis from the cortex to the medulla (C57BL/6JJcl
mice, 6 weeks old, male, N55). 1H, proton; 23Na, sodium; abd, abdomen; L, left; MR, magnetic resonance; R, right; TSC, tissue sodium
concentration.

Figure 4. Changes in sodiummagnetic resonance imaging signals of a murine kidney under deep anesthesia (C57BL/6JJcl mouse, 6 weeks old,
male). MR images of the transverse plane through the abdomen. Arrows indicate the kidneys. (A) 23Na MR images at 1.5% isoflurane
concentration. (B) 23Na MR images at 3.5% isoflurane concentration. abd, abdomen; L, left; MR, magnetic resonance; 23Na, sodium; R, right.
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Although the exact mechanism has not been determined,
prior studies provide possible explanations for the change
in countercurrent multiplication in diabetes mellitus. First,
sodium reabsorption in the proximal tubule is increased in
diabetes mellitus22–24 in part because of increased renal
sodium-glucose cotransporter 2 expression and sodium-
glucose cotransporter activity,25 and as a result, less sodium
is provided to the loop of Henle. Second, water reabsorp-
tion is blunted by osmotic diuresis in diabetic mellitus.
Finally, on the basis of single-cell RNA sequencing of

human diabetic nephropathy samples, Wilson et al. dem-
onstrated that theWNK1 gene and its downstream effector,
STK39, which regulate NKCC2, have reduced expression
levels, and this is expected to reduce the activity of NKCC2
and impair transcellular sodium reabsorption.26

Early diagnosis of diabetic kidney disease (DKD) can
prevent the progression of renal damage and normalize
urine disturbances. The gold-standard test for predicting
the development of DKD is albuminuria. However, detect-
ing albuminuria alone lacks sensitivity and specificity in end

Figure 5. Images of the kidney before and after furosemide administration (C57BL/6JJcl mice, 6 weeks old, male, N57). (A, B) MR images of
the transverse plane through the abdomen. Arrows indicate the kidneys. 23Na MR image merged with the 1H MR image before (A) and 20
minutes after (B) furosemide administration (10 mg/kg body weight). (C) The gradient of the signal intensity between the cortex and the medulla
before (0 minute) and after (20minutes) furosemide administration. (D) TSC values of the cortex andmedulla in a circular ROI before (0 minute)
and after (20minutes) furosemide administration. 1H, proton; 23Na, sodium; a.u., arbitrary unit; abd, abdomen; L, left; MR,magnetic resonance;
R, right; ROI, region of interest; TSC, tissue sodium concentration.

Table 1. Profiles of BKS.Cg-m1/m1/Jcl mice and BKS.Cg-Leprdb1/1 Leprdb/Jcl mice (N57 each)

Parameters m1/m1 db/db P Value

Body weight (g) 19.460.4 30.060.9 ,0.01
Serum Na (mEq/L) 15761.2 15561.9 0.17

Glucose (mg/dl) 211633 4496104 ,0.01
Glycated albumin (%) 2.8160.4 3.7460.9 0.05
Creatinine (mg/dl) 0.1160.014 0.1260.012 0.242
Osmotic pressure (mOsm/KgH2O) 33367 34867 0.01

Urine Na (mEq/L) 133639 123644 0.81
Glucose (mg/dl) 34.1610 303462946 ,0.01
ACR (mg/mg) 82.3616 4046158 ,0.01
Osmotic pressure (mOsm/KgH2O) 16106382 19616427 0.17

m1/m1, BKS.Cg-m1/m1/Jcl mice; db/db, BKS.Cg-Leprdb1/1 Leprdb/Jcl mice; ACR, albumin creatinine ratio.
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stage renal failure with a decreased estimated glomerular
filtration rate.27 Approximately 20% of patients with type 2
diabetes develop at least stage 3 chronic kidney disease after
remaining normoalbuminuric,28 and 51% of patients with
type 2 diabetes who developed renal impairments (Cock-
croft-Gault estimated creatinine clearance ,60 ml/min or
doubling of plasma creatinine) did not have preceding
albuminuria.29 In type 1 diabetes, approximately only
one-third of patients with microalbuminuria developed re-
nal function decline.30 Because 23Na MRI can detect func-
tional changes in the diabetic kidney, it may be useful as a
complementary test for detecting albuminuria.
Different blood and urine markers have been proposed to

reflect kidney function. Our findings suggest that the di-
agnostic value of 23Na MRI is similar to that of these pro-
posed markers. The MR image visualizing renal sodium
control has the advantage of solely reflecting the function-
ality of post-glomerular structures, such as the tubules and
collecting ducts, completely distinct from the functionality
of the glomerulus.
In addition, because natriuresis by diuretics is influenced

by forming of the countercurrent multiplication, 23Na MRI
may be useful in revealing the status of diuretic resistance.
Moreover, because the impairment of the countercurrent
multiplication system is primarily caused by retarded so-
dium reabsorption, 23Na MRI may alert the clinician to the
risk of hyponatremia in diabetic mellitus in advance. Thus,
beyond the marker that detects DKD, there is more value in
23Na MRI that can evaluate functions that are not a mere
marker, such as albuminuria. Moreover, 23Na-MRI has the
potential to diagnose or elucidate the mechanisms of dis-
eases, including primary aldosteronism, nephrotic syn-
drome, and drug-induced kidney impairment.
Grist et al. reported an application of 23NaMRI in humans.13

They quantified the corticomedullary sodium gradient in the

human kidney with 23Na MRI and proposed protocols and
methodologies for expanding the practical use of 23Na
MRI.31–33 Moreover, we have already proved that the meth-
odology of 23Na MRI is applicable in clinical situations.34

Our study has some limitations. First, this study was
performed with a small number of mice (N57 per group).
However, the sample sizes were calculated on the basis of
the findings of a previous study.12 Second, only the right
side of the kidney of m1/m1 and db/db mice were
imaged because the bodies of db/db mice were much
larger than those of the control mice. Third, it is possible
that the difference in distance between the reference saline
solution and the place of sodium measurement within the
kidneys may influence the value of signal intensity. The
ratio of the signal value of the medulla and cortex is
meaningful in ruling out this effect. Fourth, because our
MRI device was self-made, the imagingmethod differed from
that of other MRI devices. However, our results demonstrated
accurate measurement of sodium concentrations with the self-
made device. Furthermore, our device enabled fine-tuning,
such as fitting the 23Na surface coil to the size of the mouse.
Fifth, although we determined the cortex and medulla on the
basis of the positional relationship in the 1H images, as de-
scribed in a previous study,8 strict differentiation requires high-
definition imaging conditions that depict the arcuate artery.
Sixth, our findings can be explained by changes in the coun-
tercurrent multiplication system, but the possibility of other
factors, such as interstitial Na1 that has charge interactions
with the glycocalyx, cannot be ruled out. High-definition
imaging conditions are also required. Finally, this study was
limited to db/db mice as a disease model. Other diabetic
mouse models need to be evaluated. It is also uncertain
whether patients with diabetes mellitus present findings sim-
ilar to those observed in db/db mice. Further studies in
humans are needed.

Figure 6. Renal histology of m1/m1 (BKS.Cg-m1/m1/Jcl) and db/db (BKS.Cg-Leprdb1/1 Leprdb/Jcl) mice. Microscopic image of an
m1/m1mouse (A, B) and of a db/db mouse (C, D).
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In conclusion, 23Na MRI revealed reductions in the so-
dium concentration in the medulla and in the sodium gra-
dient from the cortex to the medulla in db/db mice at very
early diabetes mellitus stages. The kidneys of 6-week-old
db/db mice demonstrated impairment in the countercur-
rent multiplication system. We propose the utility of 23Na
MRI for the evaluation of functional changes in DKD and
not as a marker that reflects structural damage. Thus, 23Na
MRI may be possible to be a very early marker beyond the
glomerulus, enabling prompt intervention with novel effi-
cacious therapy that targets the tubules.
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