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Abstract 

Background To investigate the feasibility of Diffusion Kurtosis Imaging (DKI) in assessing renal interstitial fibrosis 
induced by hyperuricemia.

Methods A hyperuricemia rat model was established, and the rats were randomly split into the hyperuricemia 
(HUA), allopurinol (AP), and AP + empagliflozin (AP + EM) groups (n = 19 per group). Also, the normal rats were 
selected as controls (CON, n = 19). DKI was performed before treatment (baseline) and on days 1, 3, 5, 7, and 9 days 
after treatment. The DKI indicators, including mean kurtosis (MK), fractional anisotropy (FA), and mean diffusivity (MD) 
of the cortex (CO), outer stripe of the outer medulla (OS), and inner stripe of the outer medulla (IS) were acquired. 
Additionally, hematoxylin and eosin (H&E) staining, Masson trichrome staining, and nuclear factor kappa B (NF‑κB) 
immunostaining were used to reveal renal histopathological changes at baseline, 1, 5, and 9 days after treatment.

Results The HUA, AP, and AP + EM group  MKOS and  MKIS values gradually increased during this study. The HUA group 
exhibited the highest MK value in outer medulla. Except for the CON group, all the groups showed a decreasing trend 
in the FA and MD values of outer medulla. The HUA group exhibited the lowest FA and MD values. The  MKOS and  MKIS 
values were positively correlated with Masson’s trichrome staining results (r = 0.687, P < 0.001 and r = 0.604, P = 0.001, 
respectively). The  MDOS and  FAIS were negatively correlated with Masson’s trichrome staining (r = ‑626, P < 0.0014 and 
r = ‑0.468, P = 0.01, respectively).

Conclusion DKI may be a non‑invasive method for monitoring renal interstitial fibrosis induced by hyperuricemia.
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Background
Hyperuricemia (HUA) is a metabolic disease that 
results from increased production and/or reduced 
excretion of serum uric acid (SUA) [1]. The prevalence 
of both HUA and gout has increased worldwide, mak-
ing these major public health problems [2, 3]. Hyper-
uricemia is closely associated with renal injury [4]. 
High SUA levels stimulate the nuclear factor kappa B 
(NF-κB) signaling pathway and releasing proinflamma-
tory cytokines [5, 6]. These factors induce the infiltra-
tion of inflammatory cells, trigger renal tubule injury, 
and contribute to renal fibrosis [7–9].

Currently, urate-lowering therapy (ULT) is the 
standard therapy for patients with hyperuricemia and 
gout [10, 11]. Allopurinol (AP)  is a xanthine oxidase 
inhibitor that is commonly used in ULT. In some stud-
ies, AP inhibits the NOD-like receptor thermal protein 
domain associated protein 3 (NLRP3)/NF-κB inflam-
masome activation by lowering uric acid [12, 13] and 
decreasing renal fibrosis [14, 15]. Sodium-dependent 
glucose transporter 2 inhibitors (SGLT2i), like cana-
gliflozin, dapagliflozin, and empagliflozin are a new 
class of antidiabetic drugs. In recent years, some stud-
ies have indicated that SGLT2i reduce SUA levels while 
regulating blood sugar levels [16, 17].

Declining kidney function is closely associated with 
renal interstitial fibrosis [18, 19]. Therefore, early, and 
accurate detection of interstitial fibrosis related to HUA is 
crucial for both renal function evaluation and treatment 
selection. Currently, renal biopsy is the gold standard for 
detecting renal fibrosis. However, since it is invasive, pain-
ful, and accompanied by complications, it is not routinely 
used to monitor the progression of renal fibrosis [20]. 
Therefore, a non-invasive method to accurately diagnose 
hyperuricemia-induced kidney fibrosis is urgently needed.

In recent years, diffusion kurtosis imaging (DKI) is a 
promising magnetic resonance imaging technique which 
has been successfully applied to kidney disease such as 
IgA nephropathy [19], diabetic nephropathy [21], uni-
lateral ureteral obstruction [18], and chronic kidney dis-
ease (CKD) [22]. Several studies have demonstrated that 
DKI is helpful in evaluating renal function changes and 
suggested that it may be used as a non-invasive tool to 
quantitatively assess renal function. Thus, in this study, 
we investigated the feasibility of using DKI to evaluate 
the relationship between kidney fibrosis and hyperurice-
mia alterations in renal fibrosis after urate-lowering 
therapy (ULT) were also analyzed using DKI.

Methods
Animal model and study design
This study was approved by the Ethics Commit-
tee of our university and conducted according to the 

Institutional Guidelines of Experimental Animal Care 
and Use. Seventy-eight male Sprague–Dawley rats 
(8  weeks, 200 ± 20  g) with license numbers of SCXK 
(Jing 20190008) purchased from Beijing HFK Biosci-
ence Company were used in this study. After a week-
long acclimatization period, all the rats were randomly 
divided into two groups: a control (CON) (n = 19) and 
an experimental (n = 59) group. Rats in the experimen-
tal group received potassium oxonate (Sigma,250  mg/
kg, dissolved in normal saline) by intraperitoneal 
injection once a day and were fed a high-protein feed 
(containing 10% yeast extract). Control rats received 
the same volume of normal saline by intraperito-
neal injection and were fed normal feed. After a week 
administration, uric acid level was test from tail vein 
samples. Animals in the experimental group with 
serum uric acid level two times more than control ones 
were included in this study [23] and subdivided HUA, 
allopurinol (AP), and AP + empagliflozin (AP + EM) 
groups. The HUA group served as the experimental 
group. The AP group received HUA treatment com-
bined with allopurinol (150  mg/L) dissolved in their 
drinking water. The AP + EM group received HUA 
treatment in combination with allopurinol in drinking 
water intraperitoneally injection with empagliflozin 
(Sigma, 10 mg/kg) once a day.

Before treatment (baseline) and on days 1, 5, and 9 
after treatment, three rats were randomly chosen from 
each group and euthanized. Both kidneys were harvested 
for pathological examination. Blood samples were col-
lected from the abdominal  aorta for analysis of labora-
tory parameters, including SUA, serum creatinine (Scr), 
and blood urea nitrogen (BUN) levels.

MRI measurements
All MRI scans used a 3.0 T MRI scanner (Discovery 750, 
GE Healthcare, Milwaukee, USA) with an HD wrist array 
upper coil. MRI evaluation at baseline and on days 1, 3, 
5, 7, and 9 after treatment. Six rats from each group were 
selected for the MRI assessment. Before MRI evalua-
tion, the rats were received an intraperitoneal injection 
of 0.3% sodium pentobarbital (2 ml/kg) to maintain anes-
thesia during scanning. The DKI sequence was acquired 
in the coronal plane with three different b-values (0, 
400, and 800 s/mm2) in 25 diffusion directions. The spe-
cific parameters of DKI were as follows: TR = 2000.0 ms, 
TE = 78.1  ms, slice thickness = 2.9  mm, gap = 0.1  mm, 
number of slices = 8, field of view = 8.0 × 4.0  cm, 
matrix = 128 × 96, NEX = 4.0, bandwidth = 166.7  kHz. 
The total acquisition time for DKI was 6  min and 50  s. 
The equation described by Jensen et al. [24] was used to 
calculate the DKI metrics:
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The diffusion signal intensity for the diffusion weight-
ing b and diffusion-encoding direction n is represented 
by S(n, b), S0 is the signal intensity of b0 , and Dij is the dif-
fusion tensor, and the kurtosis tensor is Wijkl.

Two radiologists (with 4- and 5-years of imaging diag-
nostic experience) independently used a workstation (GE 
4.5) to measure DKI data without using any constraints 
or smoothing in this study. According to previous stud-
ies [25, 26], the regions of interests (ROIs) were manually 
drawn on the right renal cortex (CO), outer stripe of the 
outer medulla (OS), and inner stripe of the outer medulla 
(IS) on the DKI (b = 0) images (Fig.  1). Three continu-
ous coronal images were chosen to draw the ROIs, and 
the average values of the DKI parameters including mean 
kurtosis (MK), fractional anisotropy (FA), and mean dif-
fusivity (MD) were calculated.

Pathological and laboratory analysis
The kidneys were removed and fixed in a 10% neutral 
formalin solution for histological examination. Tissue 
specimens were cut into 4 μm slices after paraffin embed-
ding and used for hematoxylin and eosin (H&E) staining, 
NF-κB immunostaining, and Masson trichrome staining. 
Renal interstitial fibrosis was evaluated by Masson’s tri-
chrome staining. NF-κB immunostaining was conducted 
for assess the degree of NF-κB expression by using an 
NF-κB antibody (Bioss, Beijing, China). Image-Pro Plus 
software (version 6.0; Media Cybernetics, MD, USA) 
was used for semi-quantitative analysis of the mean opti-
cal density (MOD) of Masson’s trichrome staining and 
NF-κB immunostaining.
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Statistical analysis
Statistical analyses were performed using SPSS software 
(version 26.0; Chicago, IL, USA) and graphs  were  gener-
ated  using  GraphPad  Prism  software (version 8.0; IBM 
Corp., Armonk, NY, USA). All values were represented as 
the mean ± standard deviation (M ± SD) and P < 0.05 was 
considered statistically significant. The reproducibility 
of the DKI parameters between the two radiologists was 
assessed by the intraclass correlation coefficient (ICC) per-
formed on the HUA group, and an ICC > 0.800 was consid-
ered consistent. One-way analysis of variance (ANOVA) 
was used to determine the differences among the four 
groups at the same time points as the DKI metrics. The 
Least—Significant Difference (LSD) test was employed as 
a post-hoc test for further comparison between groups. 
The histological analysis results and laboratory param-
eters between different groups at different time points 
were consistent with MRI scanning. Pearson’s correlation 
analysis was used to evaluate the correlation between DKI 
parameters and the results of Masson’s trichrome staining.

Results
Animal
In total, six rats were excluded from the study: four due 
to SUA levels below two times than those of controls, one 
due to anesthesia issues, and one due to poor image qual-
ity. Finally, 72 rats were included in this study.

Comparison of DKI parameters between groups
All ICC values were higher than 0.800. Good agreement 
was observed between the two radiologists in the HUA 
group. Thus, the DKI technology was considered to have 
good agreement in this study (Table  1). Data obtained 
from the first observer were selected for further statistical 

Fig. 1 A T2 weighted image of kidney; B Regions of interest (ROI) 
into b = 0 s/mm2 image. From outside to inside: CO, cortex; OS, outer 
stripe of the outer medulla; and IS, inner stripe of the outer medulla

Table 1 The intraclass correlation coefficient Between two 
observers of HUA group

CO cortex, OS outer stripe of the outer medulla, IS inner stripe of the outer 
medulla, HUA hyperuricemia, ICC intraclass correlation coefficient, CI confidence 
interval, MK mean kurtosis, MD mean diffusivity, FA fractional anisotropy

MK FA MD

CO ICC 0.837 0.978 0.974

95% CI 0.703–0.913 0.958–0.989 0.949–0.986

OS ICC 0.949 0.948 0.991

95% CI 0.903–0.974 0.900–0.973 0.982–0.995

IS ICC 0.990 0.944 0.966

95% CI 0.980–0.995 0.894–0.971 0.935–0.983
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Fig. 2 Parametric images of DKI. MK, mean kurtosis; FA, fractional anisotropy; MD, mean diffusivity in different time points; base, basement

Fig. 3 The longitudinal changes of DKI parameters. *, were generated from comparisons between the four groups at each time point by using 
one‑way analysis of variance. OS, outer stripe of outer medulla; IS, inner stripe of outer medulla; MK, mean kurtosis; FA, fractional anisotropy; MD, 
mean diffusivity; base, basement
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analysis. The representative DKI parameters maps at dif-
ferent times are shown in Fig. 2.

In outer medulla, the MK values of HUA, AP, and 
AP + EM groups gradually increased, with the highest 
MK values being observed in the HUA group. The  MKOS 
and  MKIS values of HUA rats were significantly higher 
than those of the control rats since day 3 (P < 0.05). In OS, 
the MK values of the AP and AP + EM groups were sig-
nificantly lower than those of the HUA group from day 5 
(P < 0.05). In IS, the MK values of AP and AP + EM group 
were significantly lower than those of HUA group from 
day 3 (Fig. 3B, C; Table 2; Supplementary Table 1). There 
was no significant difference in outer medulla between 
the AP and AP + EM groups (P > 0.05). In the cortex, 
there were no significant differences in MK among the 
four groups (P > 0.05) (Fig.  3A; Table  2; Supplementary 
Table 1).

In outer medulla, all groups except the CON group 
showed a decline trend in FA values, whereas the lowest 
FA values were shown in HUA group. In IS, the FA val-
ues of hyperuricemia rats were significantly lower than 
those of controls from day 3 after (P < 0.05), and the  FAIS 
values of the AP and AP + EM groups were significantly 
greater than those of the HUA group from day 5 and day 
3, respectively (P < 0.05) (Fig. 3F; Table 2; Supplementary 
Table 2). There was no significant difference in the  FACO 

Table 2 The DKI parameter’s values of four groups in different 
time points (P)

MKCO values

CON HUA AP AP + EM P

base 0.857 ± 0.018 0.859 ± 0.020 0.857 ± 0.036 0.853 ± 0.020 0.452

1d 0.877 ± 0.015 0.864 ± 0.018 0.862 ± 0.012 0.867 ± 0.008 0.291

3d 0.862 ± 0.012 0.861 ± 0.010 0.842 ± 0.030 0.859 ± 0.007 0.172

5d 0.858 ± 0.032 0.840 ± 0.026 0.852 ± 0.022 0.858 ± 0.019 0.564

7d 0.852 ± 0.039 0.853 ± 0.033 0.858 ± 0.017 0.865 ± 0.023 0.859

9d 0.863 ± 0.025 0.866 ± 0.011 0.849 ± 0.016 0.845 ± 0.025 0.210

MKOS values

CON HUA AP AP + EM P

base 0.760 ± 0.022 0.754 ± 0.011 0.769 ± 0.016 0.767 ± 0.010 0.337

1d 0.763 ± 0.015 0.758 ± 0.014 0.758 ± 0.010 0.753 ± 0.009 0.546

3d 0.763 ± 0.021 0.789 ± 0.018 0.775 ± 0.014 0.770 ± 0.011 0.074

5d 0.773 ± 0.016 0.820 ± 0.020 0.788 ± 0.023 0.778 ± 0.019 0.002*

7d 0.776 ± 0.022 0.821 ± 0.016 0.788 ± 0.017 0.785 ± 0.021 0.003*

9d 0.773 ± 0.024 0.820 ± 0.018 0.787 ± 0.011 0.780 ± 0.017 0.001*

MKIS values

CON HUA AP AP + EM P

base 0.640 ± 0.035 0.657 ± 0.023 0.647 ± 0.021 0.653 ± 0.019 0.679

1d 0.658 ± 0.028 0.675 ± 0.023 0.658 ± 0.008 0.658 ± 0.019 0.437

3d 0.660 ± 0.021 0.737 ± 0.040 0.682 ± 0.024 0.670 ± 0.013 < 0.001*

5d 0.667 ± 0.029 0.776 ± 0.027 0.683 ± 0.019 0.673 ± 0.016 < 0.001*

7d 0.678 ± 0.025 0.789 ± 0.026 0.688 ± 0.012 0.681 ± 0.013 < 0.001*

9d 0.687 ± 0.029 0.787 ± 0.030 0.699 ± 0.009 0.693 ± 0.0.13 < 0.001*

FACO values

CON HUA AP AP + EM P

base 0.263 ± 0.022 0.272 ± 0.015 0.270 ± 0.017 0.273 ± 0.021 0.802

1d 0.269 ± 0.011 0.264 ± 0.009 0.264 ± 0.015 0.264 ± 0.011 0.875

3d 0.283 ± 0.012 0.273 ± 0.010 0.275 ± 0.014 0.280 ± 0.013 0.462

5d 0.278 ± 0.0.13 0.270 ± 0.016 0.268 ± 0.018 0.272 ± 0.009 0.638

7d 0.280 ± 0.015 0.280 ± 0.007 0.275 ± 0.013 0.275 ± 0.008 0.810

9d 0.278 ± 0.014 0.266 ± 0.016 0.269 ± 0.011 0.264 ± 0.012 0.293

FAOS values

CON HUA AP AP + EM P

base 0.444 ± 0.015 0.448 ± 0.021 0.450 ± 0.039 0.455 ± 0.033 0.925

1d 0.463 ± 0.021 0.463 ± 0.034 0.459 ± 0.024 0.461 ± 0.022 0.987

3d 0.470 ± 0.014 0.448 ± 0.029 0.455 ± 0.024 0.461 ± 0.017 0.371

5d 0.467 ± 0.030 0.440 ± 0.024 0.450 ± 0.033 0.462 ± 0.028 0.404

7d 0.470 ± 0.013 0.447 ± 0.041 0.450 ± 0.030 0.457 ± 0.031 0.565

9d 0.471 ± 0.006 0.448 ± 0.043 0.457 ± 0.028 0.462 ± 0.022 0.553

FAIS values

CON HUA AP AP + EM P

base 0.748 ± 0.020 0.733 ± 0.021 0.733 ± 0.015 0.730 ± 0.011 0.316

1d 0.757 ± 0.014 0.740 ± 0.018 0.745 ± 0.025 0.739 ± 0.023 0.443

3d 0.751 ± 0.032 0.698 ± 0.035 0.723 ± 0.032 0.740 ± 0.030 0.053

5d 0.760 ± 0.016 0.669 ± 0.027 0.732 ± 0.034 0.740 ± 0.017 < 0.001*

7d 0.763 ± 0.026 0.643 ± 0.023 0.750 ± 0.030 0.755 ± 0.029 < 0.001*

9d 0.763 ± 0.014 0.644 ± 0.024 0.752 ± 0.011 0.757 ± 0.012 < 0.001*

MDCO values (× 10−3mm2/s)

CON HUA AP AP + EM P

base 3.163 ± 0.118 3.240 ± 0.404 3.468 ± 0.258 3.327 ± 0.371 0.382

1d 2.593 ± 0.247 2.772 ± 0.302 2.708 ± 0.309 2.397 ± 0.378 0.206

3d 3.147 ± 0.422 2.927 ± 0.289 3.078 ± 0.594 2.910 ± 0.358 0.732

Bold characteristics and * were generated from comparisons between the four 
groups at each time point using one-way ANOVA

CO cortex, OS outer stripe of the outer medulla, IS inner stripe of the outer 
medulla, MK mean kurtosis, MD mean diffusivity, FA fractional anisotropy, CON 
control, HUA hyperuricemia, AP allopurinol, AP + EM allopurinol + empagliflozin, 
base basement

Table 2 (continued)

5d 2.635 ± 0.315 3.107 ± 0.452 2.652 ± 0.531 2.687 ± 0.377 0.204

7d 2.815 ± 0.685 3.115 ± 0.485 2.502 ± 0.097 2.680 ± 0.687 0.285

9d 3.170 ± 0.447 3.192 ± 0.281 2.840 ± 0.329 3.262 ± 0.416 0.242

MDOS values (× 10−3mm2/s)

CON HUA AP AP + EM P

base 2.735 ± 0.222 2.608 ± 0.447 2.751 ± 0.237 2.666 ± 0.352 0.865

1d 2.766 ± 0.121 2.811 ± 0.161 2.784 ± 0.258 2.760 ± 0.235 0.972

3d 2.723 ± 0.227 2.239 ± 0.414 2.637 ± 0.328 2.661 ± 0.226 0.052

5d 2.770 ± 0.262 1.970 ± 0.318 2.428 ± 0.436 2.503 ± 0.378 0.008*

7d 2.781 ± 0.385 1.859 ± 0.413 2.362 ± 0.342 2.517 ± 0.311 0.002*

9d 2.790 ± 0.292 1.849 ± 0.460 2.349 ± 0.249 2.463 ± 0.286 0.001*

MDIS values(× 10−3mm2/s)

CON HUA AP AP + EM P

base 2.628 ± 0.183 2.660 ± 0.213 2.567 ± 0.296 2.642 ± 0.624 0.975

1d 2.607 ± 0.121 2.332 ± 0.401 2.375 ± 0.173 2.333 ± 0.196 0.198

3d 2.605 ± 0.463 2.194 ± 0.306 2.307 ± 0.330 2.333 ± 0.658 0.479

5d 2.615 ± 0.229 2.287 ± 0.401 2.357 ± 0.266 2.444 ± 0.315 0.316

7d 2.716 ± 0.132 2.278 ± 0.421 2.456 ± 0.684 2.580 ± 0.370 0.396

9d 2.784 ± 0.194 2.321 ± 0.341 2.468 ± 0.427 2.705 ± 0.650 0.262
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or  FAOS values among the four groups (P > 0.05) (Fig. 3D, 
E; Table 2; Supplementary Table 2).

Unlike the CON group, the MD values declined in 
the other three groups, with the HUA group having the 
lowest MD values. From day 3 after the treatment, the 
 MDOS values of the HUA group were significantly lower 
than those of the control group (P < 0.05). The  MDOS 
values of the AP and AP + EM groups were greater than 
those of the HUA group on day 3 (P < 0.05) (Fig.  3H; 
Table  2; Supplementary Table  3). There were no sig-
nificant differences in  MDCO or  MDIS values among the 
four groups (P > 0.05) (Fig.  3G, I; Table  2; Supplemen-
tary Table 3).

Laboratory and Histopathology results
SUA, Scr and BUN
The SUA levels of the HUA rats were significantly higher 
than those of the controls from day 1 (P < 0.05). The SUA 
levels of AP and AP + EM rats were lower after treatment 
than those of HUA rats, and significantly lower since day 
5(P < 0.05). There were no significant differences in BUN 

or Scr levels among four groups (Table 3; Supplementary 
Table 4).

H&E staining
In HUA group, swelling tubular epithelial cells, dilated 
renal tubules, and a profile of inflammatory cells in the 
tubulointerstitial were observed from day 1, and the 
abnormality of the renal outer medulla gradually aggra-
vated over time. Furthermore, mildly shrunken renal 
tubules and deposition of urate crystals in the tubuloint-
erstitial were observed on day 9. Less severe renal tubu-
lar injury and decreased infiltration of inflammatory 
cells were shown in AP and AP + EM groups (Fig. 4B-C). 
There were no obvious abnormalities in the glomeruli in 
the renal cortex among the four groups (Fig. 4A).

Masson’s trichrome staining
The results of Masson’s trichrome staining are shown in 
Fig.  5A-B, E–F. Except for the CON group, the MODs 
of the other three groups gradually increased in outer 
medulla, with the highest MOD observed in the HUA 

Table 3 Serum levels of uric acid, creatinine, and blood urea nitrogen of four groups at different time points(P)

Bold characteristics and *, were generated from comparisons between four groups at each time point by using one-way ANOVA

CON control, HUA hyperuricemia, AP allopurinol, AP + EM allopurinol + empagliflozin, base basement

Uric acid (mg/dL)
CON HUA AP AP + EM P

base 2.037 ± 0.162 1.960 ± 0.349 2.329 ± 0.353 2.077 ± 0.535 0.664

1d 2.000 ± 0.778 4.251 ± 0.585 4.153 ± .0271 4.067 ± 0.181 0.002*
5d 1.849 ± 0.407 5.781 ± 0.450 4.868 ± 0.421 4.715 ± 0.434 < 0.001*
9d 2.198 ± 0.492 6.042 ± 0.295 5.121 ± 0.368 5.008 ± 0.373 < 0.001*
Creatinine (μmol/L)

CON HUA AP AP + EM P
base 25.230 ± 2.561 25.953 ± 2.106 25.277 ± 2.608 28.293 ± 2.507 0.427

1d 26.297 ± 2.688 26.303 ± 1.778 27.093 ± 1.306 29.080 ± 1.284 0.286

5d 26.790 ± 2.483 25.330 ± 2.455 26.460 ± 4.500 28.207 ± 2.319 0.727

9d 28.117 ± 1.636 28.403 ± 3.766 27.330 ± 3.690 28.843 ± 1.917 0.932

Blood urea nitrogen (mmol/L)
CON HUA AP AP + EM P

base 4.377 ± 0.374 4.277 ± 0.230 4.770 ± 0.336 4.270 ± 0.336 0.265

1d 4.493 ± 0.726 4.173 ± 0.750 4.760 ± 0.344 5.027 ± 0.479 0.398

5d 5.083 ± 0.474 4.790 ± 0.322 4.903 ± 0.446 5.530 ± 0.707 0.358

9d 4.373 ± 0.211 4.590 ± 0.682 4.673 ± 0.771 5.4033 ± 0.873 0.344

Fig. 4 The results of H&E staining. A Renal cortex, B Renal outer stripe of the renal outer medulla, and C Renal inner stripe of the renal outer 
medulla; 400 × magnification. A White arrow, normal renal glomerulus of cortex; B and C, the swollen tubular epithelial cells (black arrow), 
dilated renal tubules (yellow arrow), profile of inflammation cells in tubulointerstitial (red arrow), urate crystals in tubulointerstitial (green arrow), 
and pathological changes gradually aggravated over time; less severe renal tubular injury and declined infiltration of inflammation cells can be 
observed in the AP and AP + EM groups. CON, control; HUA, hyperuricemia; AP, allopurinol; AP + EM, allopurinol + empagliflozin; base, basement

(See figure on next page.)
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group. In OS, the MOD of AP + EM group was sig-
nificantly lower than that of HUA group since day 1 
(P < 0.05). In IS, the MOD of the MOD of the AP and 
AP + EM groups was significantly lower than that of the 
HUA group from day 5 (P < 0.05). (Table  4; Supplemen-
tary Table 5).

NF‑κB immunostaining
The results of NF-κB immunostaining are shown in 
Fig. 5C-D, G-H. In outer medulla, the MOD in the HUA, 
AP, and AP + EM groups gradually increased, and the 
HUA group showed the highest result. In OS, the MOD 
of AP + EM group was significantly lower than that of 
HUA group since day 5 and the MOD of AP group was 
significantly lower than that of HUA group on day 9 
(P < 0.05). In IS, the MOD of the AP + EM group was sig-
nificantly lower than that of the HUA group since day 1 
(P < 0.05) (Table 4; Supplementary Table 6).

Correlation analysis
A positive correlation between the MK values and Mas-
son’s trichrome staining results was observed (r = 0.687, 
P < 0.001; r = 0.604, P = 0.001) in outer medulla. The 
 MDOS and  FAIS values negatively correlated with 
the MOD of Masson’s trichrome staining (r = -0.626, 
P < 0.001; r = -0.468, P = 0.014, respectively) (Fig. 6).

Discussion
In this study, not only the DKI was used to assess 
hyperuricemia-induced early renal fibrosis, but the 
alterations in renal fibrosis after urate-lowering ther-
apy (ULT) were also monitor as well. Our results 
showed that hyperuricemia-induced renal injury, which 
mainly occurred in the renal medulla, and renal fibro-
sis became increasingly serious over time. The damage 
to renal tissue can be evaluated by using quantitative 
parameters of DKI, specifically the MK value. Addi-
tionally, positive correlations were detected between 
the MOD of Masson’s trichrome staining and  MKOS 
and  MKIS values. Therefore, we propose that DKI is a 
non-invasive method for monitoring the progression of 
renal fibrosis caused by hyperuricemia.

In terms of the b-value setting for abdominal DKI 
sequences, Pentang et  al. found that deviations from a 

mono-exponential decay were observed in the diffusion 
signal when b-values were in the range of 600–800 s/mm2 
[27]. This suggests that 800 s/mm2 is sufficient to capture 
non-Gaussian diffusion. Given that higher b-values can 
diminish the SNR of diffusion images, we select 800  s/
mm2 as the high b-value in the DKI acquisition. Moreo-
ver, the intravoxel incoherent motion (IVIM) effect can 
be visible at very low b-values (typically below 400  s/
mm2), potentially contaminating DKI measurements. To 
address this, prior studies recommend employing b-val-
ues ≥ 200 s/mm2in DKI acquisition, which helps mitigate 
the influence of capillary perfusion [28, 29]. Hence, a 
b-value of 400 s/mm2 was chosen as the minimal b-value.

In this study, the  MKOS,  MKIS,  FAIS, and  MDOS 
between the HUA and control groups were signifi-
cantly different from those on day 3, probably because 
of the different renal tissue microstructures induced by 
hyperuricemia. Based on the results of this study, the 
infiltration of inflammatory cells into the renal intersti-
tial, progressive tubular cell atrophy, and tubular dila-
tion were observed, which is consistent with previous 
studies [18, 30]. This can lead to more complex micro-
structures and restrict the diffusion of water molecules. 
Hence, the MK value increased, and the MD value 
decreased. Furthermore, according to Mao et  al. [22] 
and Li et  al. [18], aggravated renal interstitial fibrosis 
could be another reason for the higher MK values and 
lower MD, and the FA values reflect the movement of 
water molecules, which is related to the renal tubular 
arrangement [19, 22]. In this study, renal tubular dam-
age such as tubular epithelial cell injury and expanded 
renal tubules was observed in the outer medulla of 
the HUA group, which may have led to a decreased 
FA value. According to some studies, renal intersti-
tial fibrosis might be another important reason for the 
lower FA values, which is similar to the results of this 
study [18, 22].

Compared with the HUA group, the AP and AP + EM 
groups had lower MK values and higher FA and MD val-
ues in the outer medulla. This was probably due to the 
therapeutic effects of AP and AP + EM. First, it can be 
attributed to the ULT. High SUA levels will cause renal 
injury [5, 6], while ULT can alleviate the UA-induced 
renal damage [14, 15, 31–33]. Additionally, allopurinol 

(See figure on next page.)
Fig. 5 A and B Renal interstitial fibrosis (black star) on Masson’s trichrome staining of OS and IS (400 × magnification.); C and D NF‑κB expression 
(black arrow) on immunostaining of OS and IS (400 × magnification.). E and F The MOD of Masson trichrome staining different group in different 
time points of OS and IS (400 × magnification.). (G‑H) The MOD of NF‑κB immunostaining of different group in different time points of OS 
and IS (400 × magnification.). * generated from comparisons among the four groups at each time point using one‑way ANOVA. OS, outer stripe 
of outer medulla; IS, inner stripe of outer medulla; HUA, hyperuricemia; AP, allopurinol; AP + EM, allopurinol + empagliflozin; NF-κB, nuclear factor 
kappa B; MOD, mean optical density
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Fig. 5 (See legend on previous page.)
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inhibits NLRP3/NF-κB inflammasome activation and 
reduces renal fibrosis [12–15]. Hence, in comparison to 
the HUA group, the AP and AP + EM groups showed 
decreased NF-κB expression, less infiltration of inflam-
matory cells, and reduced renal fibrosis. A lower SUA 
level leads to relatively mild renal tubule injury, which is 
consistent with the findings of other studies [34, 35]. The 
degree of kidney injury was lower in the AP and AP + EM 
groups than in the HUA group, which led to lower MK 
values and higher MD and FA values in the AP and 
AP + EM groups. Only a slight difference was observed 
between the AP and AP + EM groups, which is probably 
because the combination reduces the SUA effect of AP 
and SGLT-2i and causes a more prominent renal protec-
tive effect.

Some studies indicated that the DKI showed a great 
potnetional to monitor the renal fibrosis in humans such 
as CKD [22], IgA nephropathy [19], or the kidney with 
impaired renal function [30]. The performance of animal 
studies also suggests that DKI is a valuable and potential 
method for noninvasive renal fibrosis assessment [18, 
36]. These suggested that DKI is a feasible technique for 
evaluating renal fibrosis. In this study, DKI was used to 
assess renal interstitial fibrosis in hyperuricemia-induced 
renal injury. Positive correlations were found between the 
MK values and the MOD of Masson’s trichrome staining. 
Contrastingly, negative correlations were found between 
the  MDOS and  FAIS values and the MOD of Masson’s tri-
chrome staining. This is consistent with other studies [18, 

Table 4 The pathological score of four groups in different time 
points(P)

Bold characteristics and *, were generated from comparisons among four 
groups at each time point by using one-way ANOVA

OS outer stripe of the outer medulla, IS inner stripe of the outer medulla, CON 
control, HUA hyperuricemia, AP allopurinol, AP + EM allopurinol + empagliflozin, 
MOD mean optical density

The MOD of Masson trichrome staining in OS
HUA AP AP + EM P

1d 0.124 ± 0.005 0.119 ± 0.004 0.114 ± 0.006 0.123

5d 0.133 ± 0.008 0.124 ± 0.004 0.121 ± 0.006 0.112

9d 0.142 ± 0.007 0.134 ± 0.003 0.130 ± 0.004 0.054

The MOD of Masson trichrome staining in IS
HUA AP AP + EM P

1d 0.122 ± 0.006 0.117 ± 0.004 0.114 ± 0.003 0.195

5d 0.134 ± 0.004 0.132 ± 0.003 0.123 ± 0.003 0.019*
9d 0.142 ± 0.002 0.138 ± 0.002 0.132 ± 0.001 0.002*
The MOD of NF-κB immunostaining in OS

HUA AP AP + EM P
1d 0.128 ± 0.005 0.126 ± 0.007 0.121 ± 0.004 0.289

5d 0.144 ± 0.008 0.135 ± 0.006 0.128 ± 0.002 0.049*
9d 0.151 ± 0.003 0.136 ± 0.004 0.132 ± 0.003 0.002*
The MOD of NF-κB immunostaining in IS

HUA AP AP + EM P
1d 0.129 ± 0.004 0.123 ± 0.003 0.121 ± 0.002 0.050

5d 0.154 ± 0.006 0.145 ± 0.008 0.134 ± 0.005 0.033*
9d 0.155 ± 0.004 0.149 ± 0.008 0.141 ± 0.002 0.047*

Fig. 6 Correlational analyses of the MOD of Masson trichrome staining with DKI parameters. OS, outer stripe of outer medulla; IS, inner stripe 
of outer medulla; MK, mean kurtosis; FA, fractional anisotropy; MD, mean diffusivity; MOD, mean optical density
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19, 22]. Thus, DKI can be used as a potential tool to eval-
uate renal interstitial fibrosis in hyperuricemia-induced 
early kidney injury. Furthermore, the correlation between 
the  MKOS,  MKIS values, and the MOD of Masson’s tri-
chrome staining (r = 0.687, P < 0.001; r = 0.604, P = 0.001) 
was stronger than that between the  FAIS and  MDOS 
values and the MOD of Masson’s trichrome staining 
(r = -0.468, P = 0.014; r = -0.626, P < 0.001). This indicates 
that MK is more sensitive than FA and MD in detecting 
renal interstitial fibrosis, which is consistent with the 
findings of Liu et al. [19].

Currently, Scr or BUN is the most commonly used 
method to monitor the glomerular filtration rate and 
reflect renal function. In this study, no significant differ-
ence was observed between the Scr or BUN of our four 
groups, but some pathological changes and alterations in 
DKI parametric values were observed, which indicates 
that DKI is a more sensitive technique for detecting renal 
injury.

Limitations
The limitations of this study are as follows. First, the ROIs 
cannot perfectly match with the location of histological 
analysis in current study, which might slightly influence 
analysis results. In the further, we would adopt a prefer-
able method which has been employed by Kjølby et  al. 
[36] to acquire a more accurate result. Second, SGLT-2i 
treatment was not evaluated independently due to the 
lack of a single SGLT-2i treatment group. We will set up a 
future study including a single SGLT-2i treatment group 
for further comparison of the therapeutic effects. Third, 
the sample size was relatively small. Further studies with 
larger sample sizes are required to confirm these findings.

Conclusions
In conclusion, DKI parameters are correlated with the 
renal fibrosis index of Masson’s trichrome staining dem-
onstrated that DKI might serve as a feasible and sensi-
tive technique to assess hyperuricemia-induced early 
renal fibrosis. This may provide an accurate and promis-
ing MRI technique for assessing hyperuricemia-induced 
renal fibrosis and alterations after therapy, which will be 
helpful for clinical treatment and follow-up.
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