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Abstract 

Chronic kidney disease (CKD) is characterized by progressive glomerulosclerosis and interstitial 
fibrosis, ultimately leading to irreversible renal dysfunction. Tacrolimus, a calcineurin inhibitor 
widely used after kidney transplantation, is known to accelerate chronic renal injury, whereas 
everolimus has been introduced as a calcineurin inhibitor–sparing agent. However, their direct 
effects on renal fibrogenesis remain incompletely defined. In this study, we established a chronic 
renal failure model using 5/6 nephrectomized rats to evaluate tacrolimus-accelerated renal interstitial 
fibrosis and the impact of concomitant everolimus treatment. Low-dose tacrolimus (1 mg/kg every 
other day) administered for two weeks starting four weeks after nephrectomy markedly accelerated 
interstitial fibrotic progression, accompanied by histological deterioration and increased 
albuminuria. Co-administration of low-dose everolimus (1 mg/kg every other day) significantly 
attenuated tacrolimus-accelerated fibrosis and improved functional and structural renal parameters. 
Histological analyses demonstrated reduced interstitial fibrosis and glomerular alterations in the 
everolimus-treated group. Although α-smooth muscle actin expression was not significantly 
suppressed, everolimus restored autophagic activity, as indicated by normalization of the LC3-
II/LC3-I ratio in both in vivo and in vitro experiments. These findings indicate that tacrolimus 
accelerates renal fibrogenesis in a remnant kidney model and that concomitant low-dose everolimus 
effectively mitigates this progression, providing a time- and cost-efficient experimental platform for 
evaluating antifibrotic strategies in CKD. 

Keywords: chronic renal failure; chronic kidney disease; everolimus; organ transplantation; 
immunosuppressive drugs 
 

1. Introduction 

Chronic Kidney Disease (CKD) is defined by either structural or functional abnormalities of the 
kidney—such as albuminuria, atypical urinary sediment, structural changes on imaging, or 
histopathological findings—or by a persistent reduction in glomerular filtration rate (GFR) below 60 
mL/min/1.73 m² for at least three months [1]. Histopathologically, CKD is characterized by 
glomerulosclerosis, tubular atrophy, and interstitial fibrosis. In many cases, the progression of 
lifestyle-related diseases such as diabetes mellitus and hypertension, along with aging, contributes to 
renal tissue injury and promotes the development of CKD[2–4]. In Japan, the prevalence of CKD was 
estimated to be approximately 13.3 million individuals in 2005, corresponding to one in eight adults. 
More recently, the number of affected individuals has been estimated to reach around 20 million, 
suggesting that nearly one in five adults may be living with CKD [5–7]. As the aging population 
continues to grow, the burden of CKD is expected to increase further, making it a significant public 
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health concern. Progression of CKD may ultimately lead to end-stage renal disease (ESRD), 
necessitating renal replacement therapy such as hemodialysis, peritoneal dialysis, or kidney 
transplantation. 

Among these, kidney transplantation is considered one of the most effective treatment options, 
particularly in terms of improving quality of life (QOL) and long-term outcomes. In Japan, the 
number of kidney transplants has steadily increased, exceeding 2,000 cases in 2024 [8]. A substantial 
proportion of these procedures involve living donors, reflecting the country’s reliance on living-
donor transplantation. Advances in immunosuppressive therapy have further improved graft 
survival and long-term clinical outcomes [8–10]. Immunosuppressive therapy is indispensable 
following kidney transplantation, and tacrolimus—a calcineurin inhibitor (CNI)—is widely used as 
a principal agent. Although tacrolimus provides potent immunosuppressive effects, its prolonged 
use has been associated with the development of interstitial fibrosis, contributing to chronic allograft 
dysfunction. These findings have been consistently reported in clinical and histopathological studies 
[11–15]. Tacrolimus-induced nephrotoxicity is thought to promote structural alterations in renal 
tissue through mechanisms involving activation of transforming growth factor-beta (TGF-β) 
signaling, oxidative stress, and vascular injury, and is recognized as a critical determinant of long-
term graft outcomes [16–18]. Given the efficacy and toxicity profile of tacrolimus, 
immunosuppressive strategies aimed at reducing CNI-related nephrotoxicity while preserving 
immune function have been implemented. 

Everolimus, an mTOR inhibitor, is recommended in both domestic and international kidney 
transplant guidelines as a CNI-sparing agent. Clinical studies have demonstrated its efficacy in 
minimizing CNI-induced renal injury and maintaining long-term graft function [19–23]. Everolimus 
acts by selectively inhibiting the mammalian target of rapamycin (mTOR), a serine/threonine kinase 
that integrates environmental and intracellular signals to regulate a broad spectrum of cellular 
processes, including cell growth, metabolism, proliferation, autophagy, immune responses, survival, 
and differentiation [24,25]. 

Recently, we reported the establishment of a rat model of tacrolimus-induced kidney injury with 
interstitial fibrosis using ischemia-reperfusion (I/R) treatment, demonstrating that tacrolimus alone 
can induce nephrotoxicity [26]. This model effectively mimics the pathological features observed after 
kidney transplantation and has been utilized in subsequent studies to investigate the complex 
mechanisms of tacrolimus-induced nephrotoxicity involving both drug effects and I/R-induced 
injury. However, assessment of the long-term consequences of ischemia–reperfusion (I/R) injury 
generally requires more complex experimental designs, such as unilateral nephrectomy combined 
with I/R, rather than bilateral I/R alone. Such complexity makes it difficult to isolate and interpret 
tacrolimus-specific effects on chronic fibrotic processes [27]. 

To overcome these limitations, we therefore employed a 5/6 nephrectomy (Nx) model, which 
more accurately reflects the progressive nature of chronic renal failure (CRF) and enables consistent, 
injury-independent assessment of drug-induced renal pathology. The Nx model is well-established 
for its ability to induce sustained renal dysfunction and interstitial fibrosis through hemodynamic 
alterations, compensatory hypertrophy, and structural remodeling [28–30]. This makes it particularly 
suitable for dissecting the direct effects of pharmacological agents on renal fibrogenesis. Using this 
model, we investigated the fibrogenic potential of tacrolimus monotherapy and assessed the 
therapeutic effects of co-administration with everolimus. Although this combination is clinically 
applied, its direct impact on renal fibrogenesis and the underlying molecular mechanisms remains 
insufficiently understood. In the present study, we established a model in which low-dose tacrolimus 
administration in Nx rats accelerates renal interstitial fibrosis. In addition, the effect of evrolimus 
coadministration on tacrolimus-accelerated fibrosis was also examined. 

2. Results 

2.1. Evaluation of Renal Functions Following Drug Administration in Nx Rats 
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Significant body weight loss (approximately 12–21%) was observed in both the TAC and 
TAC+EVR groups compared to Sham and Vehicle controls in a 5/6 nephrectomy (Nx)-induced CKD 
rat model (Figure 1). Renal function was concurrently evaluated to assess the effects of tacrolimus 
(TAC) monotherapy and its combination with everolimus (EVR). Renal function parameters are 
summarized in Table 1. Plasma creatinine (Pcr) levels were elevated in all Nx rats in comparison with 
Sham group. TAC administration resulted in a significant increase compared to Vehicle, and EVR co-
treatment also led to a significant elevation. Urinary creatinine (Ucr) levels were significantly 
increased or decreased in all Nx rats compared to Sham grooup. TAC monotherapy further elevated 
Ucr relative to Vehicle, while EVR co-treatment attenuated this increase, showing no significant 
difference from Vehicle. Urinary albumin (Ualb) was significantly elevated only in the TAC group 
compared to Sham group as well as Vehicle group. This increase was mitigated by EVR co-treatment, 
resulting in values comparable to Vehicle. The urinary albumin-to-creatinine ratio (UACR) was 
significantly increased in both Vehicle and TAC groups compared to Sham group. Although the 
UACR was also elevated in the TAC/EVR group, the difference from Sham group was not statistically 
significant. 

 

Figure 1. Post-treatment body weight changes in Sham and Nx rats. The drug administration was initiated at 
four weeks after surgery (n=5 each) in the 5/6 nephrectomized (Nx) rats. Each 20% w/v Cremophoe EL (Vehicle, 
1mL/kg), tacrolimus (TAC, 1mg/kg) or tacrolimus and everolimus (TAC/EVR, 1mg/kg each) was administered 
subcutaneously every other day for two weeks. Sham-operated rats were not administered any agents and 
drugs. Data are presented as mean ± SD for 5 rats. Statistical analysis was performed using one-way ANOVA 
followed by Dunnet’s multiple comparison tests. *** P < 0.001 compared with Sham rats. † P < 0.05 compared 
with rats in the Nx rats receiving vehicle. 

Table 1. Renal functional data after Nx with or without drug administration. 

treatment Pcr Ucr Ualb UACR 
(unit) (mg/dL) (mg/dL) (mg/dL)  
Sham 0.57±0.04 28.3±6.7 30.5±2.0 1.5±0.4 

Nx     
Vehicle 0.82±0.14 11.7±0.9** 80.0±30.1 7.4±3.4* 

TAC 1.74±0.20**†† 26.3±5.2†† 155.1±57.5**† 6.4±2.3* 
TAC/EVR 1.40±0.19**† 14.9±1.5** 84.8±18.9 5.7±1.2 

Plasma creatinine (Pcr), urinary creatinine (Ucr), urinary albumin (Ualb) and urine albumin-
creatinine ratio (Ualb/Ucr, UACR) are expressed as mean ± SEM (n=5 per data). Blood samples were 
collected from Sham and Nx (5/6 nephrectomized) rats at 6 weeks after surgery including 2-weeks 
drug administration. All values are presented as mean ± SEM (n = 5 per group). Statistical analyses 
were performed using one-way ANOVA, and multiple comparisons were adjusted with the Dunnet’s 
correction with Sham rats or Nx rats receiving vehicle as reference. *P<0.05, **P<0.01, significantly 
different from Sham rats, respectively. †P<0.05, ††P<0.01, significantly different from Nx rats of 
vehicle treatment, respectively. 
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2.2. Histological Evaluation of Renal Tissue Following Drug Treatment 

To assess structural changes in the kidneys, the periodic acid–Schiff. (PAS)-stained sections were 
analyzed to determine the impact of TAC and EVR on glomerular and Bowman’s capsule 
morphology (Table 2). In the Sham group, the glomerulus diameter (GD)/Bowman’s diameter (BD) 
ratio was approximately 0.91, and a similar value was observed in the Vehicle group (0.90). In 
contrast, the TAC group exhibited a significant enlargement of Bowman’s capsule diameter (128 ± 11 
µm), while glomerular diameter remained at 106 ± 10 µm, resulting in a reduced ratio of 0.83, 
indicating glomerular shrinkage and capsular expansion. This structural alteration was not evident 
in the TAC+EVR group, where the ratio recovered to 0.90, suggesting that combined administration 
of EVR with TAC mitigated TAC-induced morphological changes. Histological analysis revealed 
distinct glomerular architecture among groups (Figure 2). Sham group exhibited well-organized 
capillary loops, minimal mesangial expansion, and normal basement membrane thickness. In the 
Vehicle group, glomerular hypertrophy and mesangial expansion were observed, accompanied by 
mild disarray of capillary loops and increased cellularity. Bowman’s capsule showed mild dilation, 
and PAS-positive regions tended to increase. TAC-treated rats displayed marked glomerular 
enlargement, pronounced mesangial expansion, loss of capillary loops, and widespread PAS-positive 
regions. Bowman’s capsule dilation, parietal epithelial cell proliferation, and adhesions were also 
prominent. In contrast, the TAC/EVR group exhibited only mild to moderate changes, with a 
tendency toward reduced mesangial area and preserved capillary loop structure. PAS-positive 
regions and basement membrane thickening remained mild. Analysis of mesangial and glomerular 
areas (Figures 2E and 2F) confirmed that mesangial area was significantly increased in the Vehicle 
and TAC groups compared to Sham, whereas it was reduced when EVR was added with TAC. No 
significant differences in total glomerular area were detected among 4 groups, indicating that the 
observed mesangial expansion represents a pathological change rather than an artifact of sectioning 
position. 

Table 2. Indicators of glomerular pathology in Nx rats. 

Indicator BD ratio to Sham GD ratio to Sham GD/BD ratio 
(unit) (µm)  (µm)   
Sham 110±9 – 100±9 — 0.91 

Nx      
Vehicle 106±10 0.96 95±9 0.95 0.90 

TAC 128±11**†† 1.16 106±10†† 1.06 0.83 
TAC/EVR 114±11†† 1.04 103±9† 1.03 0.90 
Glomerulus diameter (GD) and Bowman’s diameter (BD) are expressed as mean ± SEM (n=5 per data). 
The ratio to Sham group of BD and GD is expressed. Each GD/BD ratio is also expressed. Data are 
expressed as means ± SD of 5 rats. Multiple comparisons were performed with Dunnet’s correction 
after ANOVA. *P<0.05, **P<0.01, significantly different from Sham group. †P<0.05, ††P<0.01, 
significantly different from Nx rats of vehicle treatment. 
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Figure 2. Renal histology of Sham rats (A) and Nx rats receiving vehicle (B), TAC (C) and TAC/EVR (D) as well 
as quantitative analysis of mesangium area (E) and glomerular area (F). (A)–(D) Histological analysis with PAS 
staining is shown. Bar indicates 100 µm. The arrows (C) indicate areas of severe glomerular sclerosis. (E) The 
mesangium area was calculated with ImageJ® software with 10 glomeruli in each tissue section. Each bar 
represents the mean ± SD (n = 5 per group). Statistical analysis was performed using one-way ANOVA followed 
by Dunnet’s multiple comparison tests. *** P < 0.001 compared with Sham rats. †††P < 0.001 compared with Nx rats 
receiving vehicle treatment. ###P<0.001 compared with Nx rats receiving TAC treatment. (F) The glomerular area 
was calculated with ImageJ® software. 

Histological evaluation using Masson’s trichrome (MT) staining revealed a clear increase in 
blue-stained interstitial areas in the TAC group. This observation was further supported by 
quantitative analysis showing a significant elevation in fibrotic area (%). Importantly, this increase 
induced by TAC was significantly attenuated when EVR was administered in combination with TAC 
(Figures 3A and 3B). 

  
Figure 3. Masson’s trichrome (MT) staining of the kidney section (A) and quantitative analysis of MT-positive 
fibrosis area (B). The MT-positive area was calculated with ImageJ® software in each tissue section. Each bar 
represents the mean ± SD (n = 5 per group). Statistical analysis was performed using one-way ANOVA followed 
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by Dunnet’s multiple comparison tests. *** P < 0.001 compared with Sham rats. ††P < 0.01 compared with Nx rats 
receiving vehicle treatment. ##P<0.01 compared with Nx rats receiving TAC treatment. 

Western blot analysis demonstrated significant upregulation of α-smooth muscle actin (α-SMA), 
a fibrosis marker, in both TAC and TAC/EVR groups compared to Sham and Vehicle (Figure 4A). 
Although EVR was administered in combination with TAC and slightly reduced α-SMA expression 
relative to TAC alone, the difference was not statistically significant (Figure 4B). Autophagic activity, 
which is an indicator of pharmacological effect of EVR, assessed by the LC3-II/LC3-I ratio, was 
significantly decreased in the TAC group compared to Vehicle. EVR co-treatment significantly 
restored autophagic activity, with LC3-II/LC3-I levels comparable to Vehicle (Figure 5). 

 
Figure 4. Western blot analysis of alpha-smooth muscle actin (α-SMA) in Sham and Nx rats. (A) Representative 
Western blot image for α-SMA (upper) and gyceraldehyde-3-phosphate dehydrogenase (GAPDH, lower) as a 
house keeping protein are shown. (B) The quantitative analysis of α-SMA protein expression corrected by each 
GAPDH expression analyzed by ImageJ® software in renal tissue from Sham and Nx rats are shown. Data are 
expressed as the mean ± SEM (n = 6-9). Statistical analysis was performed using one-way ANOVA followed by 
Dunnet’s multiple comparison tests. *P<0.05, ** P < 0.01 compared to Sham rats. ††P < 0.01, †††P < 0.001 compared 
to Nx rats receiving vehicle treatment. 

 
Figure 5. Western blot analysis of microtubule-associated protein 1 light chain 3 (LC3) in Sham and Nx rats. (A) 
Representative Western blot image for LC3-II (upper), LC3-I (middle) and GAPDH (lower) are shown. Data are 
expressed as mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by Dunnet’s 
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multiple comparison tests. ** P < 0.01 compared to Nx rats receiving vehicle treatment. ††P < 0.01 compared with 
Nx rats receiving TAC treatment. 

2.3. In Vitro Experiments Using NRK-49F Cells 

The effects of EVR on fibrogenesis and autophagy were evaluated in vitro using NRK-49F cells 
derived from rat renal fibroblasts (Figures 6 and 7). EVR alone did not significantly suppress α-SMA 
expressions compared to untreated controls. TGF-β1 stimulation for 6 hours significantly increased 
α-SMA levels. After 24 hours from EVR was added to the post-stimulation by TGF-β1, a downward 
trend in α-SMA expression was observed without statistical significance (Figure 6). Autophagic 
activity, assessed by LC3-II/LC3-I ratio as a pharmacological effect of EVR, was compared at 48 hours 
post-TGF-β1 stimulation (Figure 7). TGF-β1 stimulation led to a reduction in LC3-II/LC3-I ratio. Co-
treatment with EVR significantly restored LC3-II/LC3-I ratio levels to those of unstimulated controls. 

 

 

Figure 6. Western blot analysis of α-SMA in NRK-49F cells. (A) Representative Western blot image for α-SMA 
(upper) and GAPDH (lower) are shown. Fibroblasts was incubated EVR (10nM) or TGFβ1 (5 pg/mL) for 6 hours, 
following additional 24 hours incubation with or without EVR (10nM). (B) The quantitative analysis of α-SMA 
protein expression corrected by each GAPDH expression analyzed by ImageJ® software are shown. Each column 
shows a mean ± SEM of 3-separated experiments with 5 cells were used in an experiment. Statistical analysis 
was performed using one-way ANOVA followed by Dunnet’s multiple comparison tests. **P < 0.01 compared to 
control cells. ††P < 0.01, †††P < 0.001 compared to cells in the presence of EVR. 
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Figure 7. Western blot analysis of LC3-I and LC3-II in NRK-49F cells. (A) Representative Western blot image for 
LC3-II (upper), LC3-I (middle) and GAPDH (lower) are shown. Fibroblasts was incubated EVR (10nM) or TGFβ1 
(5 pg/mL) for 6 hours, following additional 48 hours incubation with or without EVR (10nM). (B) The 
quantitative analysis of α-SMA protein expression corrected by each GAPDH expression analyzed by ImageJ® 
software are shown. Each column shows a mean ± SEM of 3-separated experiments with 5 cells were used in an 
experiment. Statistical analysis was performed using one-way ANOVA followed by Dunnet’s multiple 
comparison tests. *P < 0.05 compared to control cells. †P < 0.05 compared to cells in the presence of EVR. #P<0.05 
compared to cells pretreated with TGFβ1. 

3. Discussion 

In the subtotal nephrectomized rat model, progression of CRF is generally characterized by the 
development of advanced glomerulosclerosis beginning approximately four weeks after surgery, 
followed by the gradual emergence of interstitial fibrosis over the subsequent weeks [28,30–32]. In 
this context, tacrolimus is known to accelerate the progression of renal injury rather than initiate 
fibrosis de novo. In the present study, administration of low-dose tacrolimus (1 mg/kg every other 
day) for two weeks starting four weeks after subtotal nephrectomy markedly accelerated the 
progression of renal interstitial fibrosis, allowing the establishment of a CRF model with pronounced 
fibrotic changes within a relatively short experimental period. Importantly, concomitant treatment 
with low-dose everolimus (1 mg/kg every other day) attenuated tacrolimus-accelerated interstitial 
fibrosis. In our previous work, everolimus administered at a higher dose (2 mg/kg/day) starting eight 
weeks after subtotal nephrectomy reduced established interstitial fibrosis [31]. The present findings 
are consistent with those observations and extend them by demonstrating that a lower-dose regimen, 
initiated at an earlier stage and in combination with tacrolimus, is sufficient to modulate fibrotic 
progression, thereby offering a time- and cost-efficient experimental approach. 

In the present study, plasma creatinine (Pcr) levels were significantly elevated in the TAC 
monotherapy group and urinary albumin (Ualb) levels were markedly increased, indicating a 
disruption of glomerular selective permeability. Albuminuria is widely recognized as an early 
marker of glomerular injury and is associated with structural damage to the glomerular basement 
membrane and podocyte injury, contributing to the progression of CRF. In contrast, the EVR co-
administered group exhibited significant suppression of Pcr and Ualb elevations, suggesting that 
EVR mitigated TAC-induced renal injury. As a mammalian target of rapamycin complex 1 
(mTORC1) inhibitor, EVR modulates cellular proliferation, metabolic activity, and inflammatory 
signaling, thereby contributing to the preservation of glomerular architecture and attenuation of 
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fibrotic remodeling [24,25]. Consistent with these effects, glomerular hypertrophy and mesangial 
expansion were alleviated in the EVR group, and the fibrotic area, as assessed by PAS and MT 
staining, was significantly reduced (Figures 2 and 3). These structural improvements likely 
contributed to the normalization of glomerular permeability and reduction in albuminuria. 
Moreover, albuminuria is not only a marker of glomerular injury but also a pathogenic driver of 
tubulointerstitial fibrosis and tubular atrophy. Accordingly, the reduction in albuminuria observed 
with EVR treatment may reflect both glomerular protection and attenuation of downstream 
tubulointerstitial damage. Taken together, the elevations in Pcr and Ualb observed in the TAC group 
indicate impaired renal function and glomerular barrier dysfunction, whereas their improvement 
with EVR co-treatment suggests renoprotective effects at both structural and molecular levels. 

The expression of α-SMA, a marker of myofibroblast activation, was significantly increased in 
both the TAC and EVR groups. Upregulation of α-SMA reflects fibroblast activation and enhanced 
extracellular matrix (ECM) production. Although a downward trend was observed in the EVR group, 
the difference was not statistically significant compared to the TAC group, indicating that EVR did 
not exert sufficient inhibitory effects on fibroblast differentiation (Figure 6). This may be attributed to 
the fact that mTORC1, the primary target of EVR, does not directly suppress α-SMA transcription. 
By contrast, the LC3-II/LC3-I ratio, a dynamic marker of autophagic activity, was significantly 
decreased in the TAC group and significantly restored in the EVR group in both experiments with 
rat in vivo (Figure 5) and NRK-49F cells (Figure 7). LC3 is essential for autophagosome formation, 
and the conversion of LC3-I to LC3-II reflects autophagic flux. A reduced LC3-II/LC3-I ratio indicates 
impaired autophagy and stagnation of intracellular degradation pathways. Furthermore, the 
recovery of the LC3-II/LC3-I ratio in the EVR group suggests that EVR enhances autophagic activity 
via mTORC1 inhibition, thereby alleviating cellular stress and suppressing fibrotic progression. 
These findings suggest that EVR may modulate fibroblast behavior through pathways associated 
with mTOR inhibition. Collectively, EVR appears to exert multifactorial anti-fibrotic effects against 
TAC-induced renal injury, potentially contributing to the preservation of glomerular architecture, 
attenuation of fibroblast activation, and restoration of autophagic homeostasis. As an mTORC1 
inhibitor, EVR modulates cellular proliferation, metabolic activity, and inflammatory signaling, 
which may underlie its renoprotective properties [31,33]. Taken together, EVR offers a dual capacity 
to suppress fibrogenic signaling and restore autophagic homeostasis, providing a strong rationale for 
future translational studies to optimize post-transplant immunosuppressive strategies. 

A limitation of this study is that fibrogenic signaling pathways were not comprehensively 
analyzed; however, our primary objective was to establish a practical and reproducible model for 
evaluating drug-accelerated renal fibrosis rather than to dissect detailed molecular mechanisms. 

4. Materials and Methods 

4.1. Test Substances and Reagents 

TAC (FK-506) and EVR were purchased from LC Laboratories, Inc. (Boston, MA, USA). 
Midazolam, used in the preparation of the mixed anesthetic solution, was obtained from Sandoz, Inc. 
(Tokyo, Japan), while medetomidine and butorphanol were purchased from Meiji Seika Pharma Co., 
Ltd. (Tokyo, Japan) and combined according to standard protocols. Cremophor EL, used as a vehicle, 
was purchased from Nacalai Tesque, Inc. (Kyoto, Japan), dissolved in physiological saline, and 
administered accordingly. All other reagents used in this study were of special grade or higher. 

4.2. In Vivo Experiments Using Rats 

4.2.1. Drug Administration in the CRF Model 

An Nx model was employed to reproduce the pathological features of CRF in the present study. 
Mixed anesthetic agents were administered subcutaneously at 1 mL/kg body and the kidneys were 
exposed under aseptic conditions via a ventral abdominal incision. The right kidney was removed, 
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and the posterior and anterior apical segmental branches of the left renal artery were individually 
ligated as described [34,35]. In sham-operated animals used as controls, the peritoneal cavity was 
exposed, both kidneys were gently manipulated, and the abdominal incision was closed with 4-0 silk 
sutures. After surgery, all animals were allowed free access to water and standard rat chow. The 
administration of drugs was initiated at 4 weeks after surgery. 

A total of 20 rats underwent surgery and were randomly assigned to four groups: Sham, 
untreated CRF: Nx, TAC-treated CRF: Nx-TAC, and TAC+EVR-treated CRF: Nx-TAC/EVR. TAC (1 
mg/kg) and TAC+EVR (1 mg/kg each) were administered subcutaneously every other day for two 
weeks. The control group received vehicle (20% w/v Cremophor EL in saline, 1 mL/kg). 

4.2.2. Evaluation of Renal Function and Injury 

Blood samples were centrifuged immediately after collection, and plasma was used to measure 
plasma creatinine using the LabAssay™ Creatinine Kit (FUJIFILM Wako Pure Chemical Industries, 
Ltd., Osaka, Japan). Urinary creatinine and albumin concentrations were measured using the 
QuantiChrom™ BCG Albumin Assay Kit (BioAssay Systems, Hayward, CA, USA). The UACR was 
calculated to assess glomerular and tubulointerstitial injury. 

4.2.3. Morphological Evaluation of Renal Lesions 

The remnant left kidney was fixed in Carnoy’s solution (ethanol: chloroform: acetic acid = 6:3:1), 
embedded in paraffin, and sectioned at 3–4 µm thickness. Sections were stained with MT and PAS 
using standard protocols. Stained slides were examined using a BZ9000 microscope (KEYENCE Ltd., 
Osaka, Japan), and images were analyzed with ImageJ® software (NIH, Bethesda, MD, USA) to 
quantify stained areas. For PAS-stained sections, glomerular hypertrophy due to basement 
membrane thickening and mesangial expansion was evaluated by imaging 15 glomeruli per kidney 
at 60× magnification. The diameters of glomeruli and Bowman’s capsules were calculated as the 
median of 12 Martin’s diameters measured across each glomerulus 

4.2.4. Western Blot Analysis 

The remnant kidney was snap-frozen in liquid nitrogen and stored at −80 °C. After thawing on 
ice, 100 mg of tissue was homogenized in 1 mL of lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 
10 mM NaF, 1 mM Na₄P₂O₇, 1% NP-40, 1% protease inhibitor cocktail [Sigma-Aldrich Inc., USA]) 
using a homogenizer (QIAGEN GmbH, Germany). Lysates were centrifuged at 13,000 rpm for 15 min 
at 4 °C. Protein concentrations were determined by the Bradford method [36], and equal amounts (10 
µg/20 µL) were subjected to SDS-PAGE. Proteins were transferred to PVDF membranes, blocked, and 
probed with primary antibodies: anti-α-SMA (1:1000; Sigma-Aldrich, USA), anti-GAPDH (1:20000; 
Proteintech, USA), and anti-LC3 (1:3000; MBL, Japan). HRP-conjugated goat anti-mouse IgG (Abcam 
plc, Cambridge, UK) was used as the secondary antibody. Signals were detected using ImmunoStar® 
LD (FUJIFILM Wako) and visualized with LAS3000 (FFHC, Tokyo, Japan). Band intensities were 
normalized to GAPDH and quantified using ImageJ®. 

4.3. In Vitro Experiments Using Cell Lines 

4.3.1. Cell Culture and Drug Treatment 

NRK49F cells were obtained from JCRB (Osaka, Japan) and cultured at 37 °C in 5% CO₂/95% air 
at 37 °C using Dulbecco’s modified Eagle’s medium (DMEM, high glucose; FUJIFILM Wako, Japan) 
supplemented with 5% or 10% FBS, respectively. After switching to 0.5% FBS medium, cells were 
seeded in 6-well plates, and simultaneously treated with 5 ng/mL TGF-β1 and 10 nM EVR for 48 h. 
In a separate experiment, cells were pretreated with TGF-β1 for 6h, washed, and then treated with 
EVR for an additional 48 h. 
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4.3.2. Western Blot Analysis 

After treatment, NRK49F cells were washed with PBS and lysed using either CelLytic M® reagent 
(Sigma-Aldrich) with protease inhibitors or custom lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM 
NaCl, 10 mM NaF, 1 mM Na₄P₂O₇, 1% NP-40, 1% protease inhibitor cocktail [P8340, Sigma-Aldrich]). 
Lysates were centrifuged at 15,000 × g for 15 min at 4 °C. Protein concentrations were measured by 
the Bradford method and adjusted to 10 µg/20 µL. Samples were mixed with EzApply® (ATTO, 
Osaka, Japan) containing DTT and heated at 100 °C for 5 min. Western blotting was performed using 
primary antibodies against α-SMA (1:1000; Sigma-Aldrich), LC3 (1:1000; MBL), and GAPDH 
(1:10000; Proteintech), followed by HRP-conjugated goat anti-mouse IgG (Abcam). Signals were 
detected using ImmunoStar LD and LAS3000, and quantified using ImageJ with GAPDH as the 
internal control. 

4.4. Statistical Analysis 

Data are expressed as the mean ± standard error of the mean (SEM). Statistical comparisons 
among groups were performed using one-way ANOVA. A p-value < 0.05 was considered as 
statistically significant. 

5. Conclusions 

In the present study, we established a CRF model in which low-dose TAC administration 
accelerated the progression of renal interstitial fibrosis following subtotal nephrectomy. Importantly, 
concomitant treatment with low-dose EVR attenuated TAC-accelerated fibrotic progression and 
improved functional and structural renal parameters. Compared with previously reported high-dose 
or late-intervention regimens, the present low-dose and early-intervention approach enables efficient 
evaluation of drug-induced fibrogenic progression within a shorter experimental period. This model 
provides a practical and reproducible platform for assessing pharmacological modulation of chronic 
renal fibrosis and may contribute to optimizing immunosuppressive strategies aimed at minimizing 
long-term renal injury. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

CRF chronic renal failure 
CKD chronic kidney disease 
ESRD end-stage renal disease 
GFR glomerular filtration rate 
TAC tacrolimus 
EVR everolimus 
Nx 5/6 nephrectomy 
PAS periodic acid–Schiff 
MT Masson’s trichrome 
Pcr plasma creatinine 
Ucr urinary creatinine 
Ualb urinary albumin 
UACR urine albumin-creatinine ratio 
GD glomerulus diameter 
BD Bowman’s diameter 
ANOVA 1-way analysis of variance 
α-SMA alpha-smooth muscle actin 
GAPDH glyceraldehyde-3-phosphate dehydrogenase  
LC3 microtubule-associated protein 1 light chain 3 
TGF-β transforming growth factor-beta 
SEM standard error of the mean 
mTORC1 mammalian target of rapamycin complex 1 
ECM extracellular matrix 
SDS-PAGE Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis 
PVDF polyvinylidene difluoride 
DMEM Dulbecco’s modified Eagle’s medium 
PBS phosphate-buffered saline 
DTT dithiothreitol 
HRP horseradish peroxidase 
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