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ABSTRACT. The number of patients with chronic kidney disease (CKD) is growing continuously
globally. In order to study pathogenesis and mechanisms, many animal models have been
developed, including spontaneous, genetic, and induced models. Although each type of CKD
shows disease-specific tissue changes in the early stages, tubular disorder and interstitial
fibrosis histologically occur in the course of progression to end-stage renal failure. Therefore,
the quantification of tubular disorder and interstitial fibrosis in CKD research using animal
models is essential for measuring the degree of CKD severity and, thus, efficacy of therapeutic
agents. Several strategies have been used to quantify interstitial fibrosis. Among scoring factors,
renal tubular flattening can be quantitatively evaluated easily and inexpensively. However, the
J. Vet. Med. Sci. diagnostic value of renal tubular flattening evaluation has not been investigated previously.

. Therefore, in this study, we investigated the correlation between renal tubular flattening and
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interstitial fibrosis or renal tubular injury markers. We observed a strong correlation between the

doi: 10.1292/jvms.20-0692 degree of tubular injury/interstitial fibrosis and renal tubular flattening in three types of mouse
renal disease model. This is advantageous because rapidly advancing technologies such as
artificial intelligence and image processing can be easily applied; hence, a more precise, objective,
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Patients with chronic kidney disease (CKD) show symptoms of proteinuria or a prolonged (more than three months) decrease
in glomerular filtration rate [15]. This disease is categorized in the high-risk group of patients with end-stage renal failure. The
number of patients with CKD is growing continuously globally. When CKD progresses, it leads to end-stage renal failure, which
requires dialytic treatment that costs a vast amount, leading to an increase in medical expenditure [14]. Therefore, the development
of novel markers for monitoring the onset and progression of CKD and the establishment of novel treatment methods are urgently
needed. Common causes of CKD include diabetes, high blood pressure, glomerular disease, and other CKD risk factors. Although
each type of CKD shows disease-specific tissue changes in the early stages, tubular disorder and interstitial fibrosis histologically
occur in the course of progression to end-stage renal failure. Renal fibrosis is tissue change that mainly associated with CKD-
related tubular disorder and interstitial fibrosis and is considered a significant treatment target to prevent progression to end-stage
renal failure [25]. Therefore, the quantification of tubular disorder and interstitial fibrosis in CKD research using animal models is
essential for measuring the degree of CKD severity and, thus, efficacy of therapeutic agents. Several strategies have been used to
quantify interstitial fibrosis, including Sirius red staining or Masson’s trichrome staining to quantify fibrillization regions, tubular
disorder scoring for morphological analysis of renal tubules, and various injury markers, such as a-SMA, neutrophil gelatinase-
associated lipocalin (NGAL), L-FABP, and Kim-1 [6, 7, 9, 10, 16, 23]. The tubular disorder score includes flattening, expansion,
degeneration, atrophy, and brush border loss of renal tubules [27]. Among these scoring factors, renal tubular flattening (decrease
in height) can be quantitatively evaluated easily and inexpensively [1-3, 19, 20]. However, the diagnostic value of renal tubular
flattening evaluation has not been investigated previously. Therefore, we analyzed the correlation between the degree of interstitial
fibrosis and renal tubular flattening in kidney disease.
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MATERIALS AND METHODS

Ethical statement

All animal experiments were approved by the President of Kitasato University, following consideration by the Institutional
Animal Care and Use Committee of Kitasato University (Approval ID: No. 19-153,19-154, 19-155). Male FVB/NJcl (FVB) and
BALB/cAlJcl (BALB/c) mice were obtained from CLEA (Tokyo, Japan). All mice were maintained under the specific pathogen-free
conditions. They were given access to sterile food and water ad libitum before and during experiments.

Animals

Tns2"P" model: FVB-Tns2"?h mutant mouse (FVB-nph) were used as CKD model as described in [22]. Ischemia-reperfusion
model (IR): The IR model is created was performed as described previously [18]. Eight-week-old mice (Male FVB) were
anesthetized by inhalation of isoflurane and the left kidneys of which were removed, then muscle layer and facia were closed
by using absorbable suture. After ten days of recovery, mice were anesthetized by intraperitoneal injection of the combination
of anesthesia drugs as described previously [11], their renal arteries and veins were maintained in an ischemic state with artery
clamps (TKS-1-40, BEAR Medic, Ibaraki, Japan) for 30 and 60 min, respectively, then muscle layer and facia were closed by using
absorbable suture. In addition, control mice that underwent sham surgery were subjected to open surgery without clamps. After
that, all mice were euthanized by inhalation of an overdose of isoflurane (Escain, Pfizer Japan Inc., Tokyo, Japan) to perform the
sample collection. The kidneys were removed 24 hr after replication of ischemia. Adriamycin (ADR) -induced nephropathy model:
nephropathy model: BALB/c mice aged eight weeks were administered either ADR (FUJIFILM Wako Pure Chemical Co., Ltd.,
Osaka, Japan) (10 mg/kg) or saline solution (vehicle group) via the tail vein to evaluate their renal disorder histologically at 14
days after administration.

Histology

Mice Kidneys were fixed with 4% paraformaldehyde (PFA) at 4°C overnight. Kidney blocks were sliced at 2 um (for Periodic
Acid- Schiff (PAS) staining) and 4 pm (for Picro-Sirius Red staining). For renal tubular height measurement, the cortex sides
of Kidney sections were photographed randomly in four different views (x100). Two independent researchers blindly measured
the renal tubular height in all views to calculate the mean height of each subject. For the subjects with uneven tubular heights,
measurements of two to five locations were selected per tubule to obtain the mean value (Fig. 1A). Approximately 700 tubular
height measurements were obtained per subject using the aforementioned procedure to calculate the mean value for each subject.
For Sirius Red staining, slides were deparaffinized and stained 1 hr with Sirius red in saturated aqueous picric acid and washed
with 0.5% acetic acid. To score fibrillization areas using Sirius red staining, the target areas were photographed randomly in eight
views (x100), and the positive areas were quantified using ImageJ (https://imagej.nih.gov/ij/) to calculate their occupancy rate with
respect to the total area. Glomeruli stained with Sirius red and blood vessels were excluded from the calculation.

Immunochemistry staining

Kidney sections (5 um) were deparaffinized and subjected to antigen retrieval in citrate buffer, at 121°C for 15 min. after
washing with Tris-buffered saline (TBS), Kidney sections were sealed with 0.3% hydrogen peroxide/methanol for 20 min, and
then incubated overnight at 4°C with anti-NGAL antibody (Abcam, Cambridge, UK). Sections were washed with TBS and then
incubated with secondary antibody (Histofine SimpleStain MAX PO (Rabbit), Nichirei Biosciences Inc., Tokyo, Japan) for 30
min at room temperature. After washing with TBS, the sections were incubated with 3,3’-diaminobenzidine (DAB) (Wako Pure
Chemical Industries Ltd., Osaka, Japan) and hematoxylin at room temperature. To score tubular disorder via immunochemistry
staining using an anti-NGAL antibody, tissue samples were photographed randomly in eight views (x100), and the areas of DAB
staining were quantified using ImageJ to calculate their occupancy rate with respect to the total area.

Statistics

Data was presented as mean + standard deviation. Student’s ¢-test was used to test for significant differences between two
groups, and Bonferroni’s multigroup test was used to test for multiple groups. P value <0.05 was statistically significant.
Bonferroni’s multigroup test was carried out using GraphPad Prism 5 software (MDF, Tokyo, Japan).

RESULTS

As mentioned above, the quantification of the interstitial fibrotic areas using Sirius red staining should be the standard evaluation
method for tubular disorders in patients with kidney disease or in kidney disease models. Thus, for the quantification of tubular
disorder and interstitial fibrosis using animal CKD murine model, we used FVB-Tns2"?" mutant mouse (FVB-nph), which is a
CKD animal model that exhibits many symptoms of human CKD that progresses gradually over an extended period, including
the genetic onset of glomerulosclerosis from birth, fibrillization of tubulointerstitium, renal anemia, and renal failure [17, 21, 22].
The FVB-nph mouse reproduces the typical symptoms observed in human CKD progression. In this study, we introduced the
nph mutation into FVB lines susceptible to nephropathy. The FVB-nph group showed more tubular flattening than the WT group,
based on the worsening of fibrillization of the interstitium in the renal tubules (Fig. 1B—D). Linear regression analysis indicated a
significant opposite correlation between the tubular height and degree of interstitial fibrosis (R?=0.7086: P=0.0023) (Fig. 1E).
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Fig. 1. (A) Measurement of tubular epithelial cell height. Red bars indicate tubule height. (B) Representative images of Periodic Acid- Schiff
(PAS) staining and Sirius Red-stained images of 10-week-old FVB-Tns2"7 (FVB-WT) (left panel) and FVB-Tns2"" mutant mouse (FVB-nph)
(right panel) kidney sections. Upper panel represents PAS-stained images, and lower panel represents Sirius Red-stained images. Scale bars: 50
pm. (C) Graph comparing the tubular heights of FVB-WT and FVB-nph. (D) Graph comparing Fibrosis area vs. total area. Data are expressed as
mean = standard deviation; P-values were calculated by Student’s ¢-test. (E) Scatter plots with liner regression show correlation analysis between
the height of tubules height and the degree of the fibrosis score. The linear regression line showed an inverse correlation between tubular height
and fibrosis area. Correlation coefficients R and P values are shown. Black circles indicate the FVB-WT (n=5) group, and black squares indicate
the FVB-nph (n=5) group. **P<0.01, ****P<0.0001

Renal tubular injuries and tubular heights were measured using the acute kidney injury (AKI) model-that is, the IR model [5, 12,
18]. Although interstitial fibrosis should not be observed in most AKI cases, including renal ischemic disorder, NGAL expression
increased in renal tubular cells [7]. In addition, NGAL is known to be involved in the progression of AKI to CKD and has been
proposed as a vital factor in both. Therefore, we demonstrated that NGAL expression correlated with renal tubular height using
the IR model. It has been reported that ischemia time is often set at 20 to 60 min and that tubular injury worsens with increasing
ischemia time [4, 5, 12, 18]. In this study, mice were subjected to ischemia for 30 min as weak tubular injury and 60 min as strong
tubular injury. Increased NGAL expression and tubular flattening were observed in the 30 and 60 min groups. The increase in
NGAL expression and flattening of the tubules was more pronounced in the 60 min group because it had suffered more injury (Fig.
2A—C). A decrease in tubular height and an increase in NGAL expression were demonstrated based on an increase in the ischemic
state duration (Fig. 2A—C). Linear regression analysis of the results also indicated a negative correlation between renal tubular
height and NGAL expression (R?=0.6266, P=0.011) (Fig. 2D).

The ADR nephropathy model is often used in kidney disease research because it produces glomerular injuries and minor tubular
disorders with a high level of reproducibility using a single dose of ADR [13]. The ADR nephropathy mouse model was used in
this study to evaluate renal tubular injuries and heights. Rodent model of ADR-induced nephropathy is often used to explicate
the mechanisms of focal glomerulosclerosis (FSGS) and CKD. A single dose of ADR can cause loss of podocytes, persistent
proteinuria, and FSGS. Among different mouse strains, BALB/c is sensitive to ADR, whereas C57BL/6 (B6) is resistant. Thus,
we used BALB/c in this ADR experiment. In ADR nephropathy, renal interstitial fibrosis, which is a typical finding of CKD, is
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Fig. 2. (A) Representative images of Periodic Acid- Schiff (PAS) staining and immunochemical-stained images with anti- neutrophil gelatinase-
associated lipocalin (NGAL) antibody of sham (left panel), 30 min (middle panel) and 60 min (right panel) renal sections. The upper panel
represents the PAS-stained image and the lower panel represents the immunochemical-stained image with anti-NGAL antibody. Scale bars: 50
um. (B) Graph comparing the tubular heights of sham, 30 min and 60 min. (C) Graph comparing the NGAL-positive area vs. total area of sham,
30 min and 60 min. Data are expressed as mean + standard deviation; P-values were calculated by Bonferroni’s multigroup test. (D) Scatter
plots with liner regression show correlation analysis between the height of tubules height and NGAL-positive area. The linear regression line
shows an inverse correlation between tubular height and NGAL-positive areas. Correlation coefficients R and P values are shown. Black circles
indicate the sham group (n=3), black squares indicate the 30 min group (n=3), and black triangles indicate the 60 min group (n=3). *P<0.05,
**P<0.01

prominent at 4 weeks after ADR administration, whereas an intermediate condition between AKI and CKD is observed at less
than 4 weeks [24]. In the present study, we assessed tubular flattening in mice 2 weeks after ADR treatment, an intermediate
condition. The level of renal tubular injury was evaluated by measuring the expression of NGAL, which increases in the cells of
damaged renal tubules [6]. Renal tubular heights were measured, and immunochemistry staining using an anti-NGAL antibody
was performed on the renal tissues of the ADR and vehicle groups. No positive image of Sirius red staining was detected (data not
shown). Tubular flattening was enhanced by ADR administration, and an evident increase in NGAL expression was demonstrated
(Fig. 3A—C). In addition, linear regression analysis of tubular heights and NGAL expression levels showed an opposite correlation
(R?=0.522, P=0.043) (Fig. 3D).

DISCUSSION

Strong correlations between renal tubular flattening and interstitial fibrosing in severe CKD models and between tubular
flattening and tubular disorder in ADR and IR models, were demonstrated in this study. There are various mechanisms by which
glomerular lesions spread to interstitial fibrosis through tubular disorders. A study reported that renal tubule damage (flattening)
induces interstitial fibrosing, the production of extracellular matrix (ECM), and inflammatory cell infiltration. The strong
correlation between renal tubular flattening and renal tubular interstitial fibrillization observed in this study probably corresponds
to the previously reported causal association; i.e., renal tubular damages induce fibrosing, ECM production, and cell infiltration.
Another study also showed a correlation between enhanced NGAL expression and renal tubular atrophy (another renal disorder
injury score item), with results similar to the renal tubular flattening score obtained in this study [26]. In this study, only male
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Fig. 3. (A) Representative images of Periodic Acid- Schiff (PAS) staining and immunochemical-stained images with anti- neutrophil gelatinase-
associated lipocalin (NGAL) antibody of vehicle (left panel) and adriamycin (ADR) (right panel) renal sections. The upper panel represents
the PAS-stained image and the lower panel represents the immunochemical-stained image with anti-NGAL antibody. Scale bars: 50 um. (B)
Graph comparing the tubular heights of vehicle and ADR. (C) Graph comparing the NGAL-positive area vs. total area. Data are expressed as
mean + standard deviation; P-values were calculated by Bonferroni’s multigroup test. (D) Scatter plots with liner regression show correlation
analysis between the height of tubules and NGAL-positive area. The linear regression line shows an inverse correlation between tubular height
and NGAL-positive areas. Correlation coefficients R and P values are shown. Black circles indicate the vehicle group (n=3), and black squares
indicate the ADR group (n=5). *P<0.05, **P<0.01.

mice were used, but flattening of tubules in nephropathy can be observed in both sexes. However, female mice have been reported
to be resistant to IR and other nephropathy models, so the use of male or female mice should be considered depending on the
nephropathy model used [8]. It was also difficult to assess tubular flattening in the medulla, because the tubules in the medulla at
the time of non-injury have thin tubular cells, although the height of the tubules in the cortex was assessed. Therefore, a simple
method to assess tubular injury in the medulla should be developed in the future (data not shown). Experts such as pathologists or
clinicians generally perform an evaluation of the level of atrophy, expansion, or mutation of renal tubules to score the histology of
renal tubules; however, the measurement of renal tubular heights to score the level of flattening can be performed much more easily
compared with other methods. This is also advantageous because rapidly advancing technologies such as artificial intelligence

and image processing can be easily applied; hence, a more precise, objective, and quantitative diagnosis should be possible in the
future. To confirm whether renal tubular flattening could be a phenomenon that is universally observed as a CKD malignancy index
across different species, further investigations using CKD models of other rodents, companion animals such as dogs and cats, or
samples collected from humans should be conducted.
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