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ABSTRACT

Hyperuricemia contributes to kidney tubular injury and kidney fibrosis. However, 
the underlying mechanism remains unclear. Here we examined the role of RTN1A, a 
novel endoplasmic reticulum (ER)-associated protein and ER stress in hyperuricemic 
nephropathy. We first found the expression of RTN1A and ER stress markers was 
significantly increased in kidney biopsies of hyperuricemia patients with kidney injury. 
In a rat model of hyperuricemic nephropathy (HN) established by oral administration 
of a mixture of adenine and potassium oxonate, increased expression of RTN1A and 
ER stress was shown in tubular and interstitial compartment of rat kidneys. Treatment 
of Febuxostat, a new selective inhibitor of xanthine oxidase (XO), not only attenuated 
renal tubular injury and tubulointerstitial fibrosis, but also reduced uric acid crystals 
deposition in HN rat kidneys. In vitro, Febuxostat also reduced ER stress and apoptosis 
in uric acid treated tubular epithelial cells. Our data suggest that RTN1A and ER stress 
mediate tubular cell injury and kidney fibrosis in HN. Urate-lowering therapy (ULT) 
with Febuxostat attenuates uric-acid induced ER stress in renal tubular cells and the 
progression of HN.

INTRODUCTION

Increasing evidence indicates that hyperuricemia is 
an independent risk factor for the onset and progression 
of chronic kidney disease (CKD)[1]. It has been well 
recognized that hyperuricemia impairs the kidney 
through the obstruction of renal tubules with urate 
crystal deposition, resulting in the renal tubular cell 
injury and subsequent interstitial fibrosis [2, 3]. Studies 
showed that endothelial dysfunction, oxidative stress, 
inflammation and the activation of renin-angiotensin 
system may be involved in the hyperuricemia induced 
kidney injury [3–7]. However, the exact mechanism 
of hyperuricemic nephropathy (HN) and how 
hyperuricemia contributes to the progression of HN 
remains largely unknown.

Febuxostat, an oral inhibitor of xanthine oxidase 
(XO), has been shown to be effective at reducing serum 
uric acid (SUA) levels [8, 9]. In 2009 Febuxostat was 
approved by the U.S. Food and Drug Administration, 
opening a new era for the treatment of gout [10]. Since 
then, quite a few randomized multi-central trials have 
confirmed a potent role of Febuxostat as urate-lowering 
therapy (ULT) in hyperuricemia induced gout [11, 12]. 
Recent studies suggested that lowering SUA levels by 
Febuxostat might also contribute to cardiovascular and 
renal benefits [13]. However, the mechanism of this 
protective effect is largely unknown.

A variety of damages such as hypoxia, ischemia 
and hyperglycemia may disturb Endoplasmic reticulum 
(ER) homeostasis, which can induce ER stress and the 
subsequent unfolded protein response (UPR)[14, 15]. ER 
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stress at early stage has an adaptive role in restoring the 
homeostasis and protect cells against injury, however, 
excessively prolonged ER stress will finally cause cell 
death by triggering pro-apoptotic signaling pathways 
[16]. ER stress has been shown to contribute to the 
development and progression of chronic kidney disease 
(CKD)[17, 18]. Increased expression of ER stress marker 
GRP78 was observed in murine models of minimal-
change nephrotic syndrome and passive Heymann 
nephritis [19, 20]. Knockdown of CHOP expression 
in vitro decreased HSA-induced apoptosis of proximal 
tubular cells [16]. In our previous studies, we identified a 
novel ER-associated gene, reticulon-1A (RTN1A), which 
is associated with the progression of kidney diseases such 
as diabetic nephropathy and HIV-associated nephropathy 
(HIVAN)[16, 21]. Recently, we reported that RTN1A 
and ER stress are involved in the development of acute 
kidney injury (AKI) and progression from AKI to CKD 
[22]. These findings suggest a critical role of RTN1A in 
renal tubular cell injury. However, the role of ER stress in 
hyperuricemia induced kidney injury hasn’t been studied.

The present study was designed to determine the 
expression of RTN1A and ER stress markers in the kidneys 
of HN rat model and human biopsies. We also liked to 
examine whether treatment of Febuxostat diminished ER 
stress and apoptosis of renal tubular cells and attenuated 
kidney injury in HN rat model. The study provides us a 
better understanding of ER stress in HN and a potential new 
therapeutic target for hyperuricemia induced kidney injury.

RESULTS

Expression of RTN1A and ER stress markers 
was increased in human kidney biopsies of HN 
patients

To examine whether ER stress was involved in 
HN, we determined the level of ER stress markers in the 
kidneys of hyperuricemia patients with kidney injury. We 
performed a retrospective review from year 2012 to 2017 
and identified three CKD patients who underwent kidney 
biopsy and had a long history of hyperuricemia, recurrent 
attacks of gout and kidney stones detected by ultrasound. 
CKD was diagnosed based on KDOQI classification [23], 
with the exclusion of primarily glomerular nephritis, 
diabetic nephropathy and other secondary kidney diseases 
(Supplementary Table 1). Immunohistochemistry staining 
of ER stress markers was performed on paraffin embedded 
kidney sections from these three patients. Normal kidney 
section of nephrectomy sample was used as control. As 
shown in Supplementary Figure 1, tubular dilatation, 
interstitial fibrosis and focal infiltration of inflammatory 
cells were presented in the kidneys of HN patients. The 
intensity of the staining for RTN1A and ER stress markers 
(GRP78 and P-PERK) was significantly increased in 
kidney sections of hyperuricemia patients as compared to 

normal controls (Figure 1). The staining localized mostly 
in tubular compartment, which was consistent with the 
predominant tubular and interstitial injury in HN (Figure 
1). These findings indicate that ER stress is associated 
with hyperuricemia induced kidney injury.

Febuxostat attenuated kidney injury in 
hyperuricemic rats

Since we found ER stress was increased in 
hyperuricemia patients with kidney injury, we next 
examined the role of ER stress in a rat model of HN. Rats 
were gavaged with adenine (0.1 g/kg) and potassium 
oxonate (1.5 g/kg) daily for six weeks. 1 week after 
administration of adenine and potassium oxonate, HN 
rats were orally treated with Febuxostat (5mg/kg/day) 
or equal volumes of saline as vehicle for the following 
5 weeks. As shown in Table 1, serum uric acid (SUA), 
serum creatinine(sCr), blood urea nitrogen(BUN), urine 
albumin/creatinine ratio (UACR), kidney/body weight 
ratio, fractional excretion of sodium (FENa) and fractional 
excretion of potassium (FEK) were all significantly 
increased while creatinine clearance rate (Ccr) was 
significantly reduced at 6 week after adenine and potassium 
oxonate administration in hyperuricemic rats when 
compared with the control rats receiving the vehicle (Table 
1, Supplementary Table 4). Treatment of hyperuricemic 
rats with Febuxostat reduced proteinuria and improved 
renal function. In addition, hyperuricemic rats showed a 
significantly increased systolic blood pressure (SBP) which 
was also attenuated by Febuxostat treatment, while no 
difference in diastolic blood pressure (DBP) was observed 
between HN rat treated with or without Febuxostat (Table 
1). These data suggest that hyperuricemia induced kidney 
injury and systolic hypertension could be reversed by 
Febuxostat treatment.

Febuxostat ameliorated pathological injury and 
reduced uric acid crystals deposition in HN rat 
kidneys

We then performed histological tests to examine 
the pathological changes in HN rat kidney. H&E and 
Masson’s trichrome staining showed that hyperuricemic 
rats developed significant tubular dilatation, focal 
infiltration of inflammatory cells and kidney fibrosis in 
interstitial compartment, which was markedly attenuated 
in Febuxostat treated HN rat. (Figure 2A, Supplementary 
Figure 4). Western blot and real-time PCR showed that 
the expression of fibrosis markers (α-SMA, collagen I 
and Fibronectin) were increased in HN rats as compared 
to normal control (Figure 2D, 2E, 2H). This was further 
confirmed by immunostaining of α-SMA and collagen I 
(Figure 2F, 2G). Febuxostat treatment reduced expression 
of fibrosis markers in HN rats, which is consistent with the 
histologic findings (Figure 2D-2H).
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Since hyperuricemia contributes to the deposition 
of monosodium urate crystals (MUC) in tissues, such as 
joints and kidneys, we used compensated polarized light 
microscope to detect MUC deposition in the kidneys of 
hyperuricemic rats. Interestingly, HN rats showed large 
aggregated crystals in all the major areas of the kidney, 
particularly in the tubular compartment, which was 
significantly reduced by Febuxostat treatment (Figure 2B). 
Quantification data confirmed that the average number and 
area of MUC in HN rat kidneys were significantly reduced 
by the Febuxostat treatment (Figure 2C). These data 
indicate that treatment of Febuxostat not only attenuates 

renal tubular injury and fibrosis, but also reduces MUC 
deposition in HN rat kidneys.

Febuxostat attenuated endoplasmic reticulum 
stress response in the kidney of hyperuricemic 
rats

To clarify whether ER stress is involved in HN, 
we examined the expression of ER stress markers in 
the kidneys of hyperuricemic rats. The expression of 
RTN1A and ER stress markers GRP78, P-PERK and 
CHOP was significantly increased in the kidneys of 

Figure 1: Expression of RTN1A and ER stress markers was increased in human kidney biopsies of HN patients. (A) 
Immunostaining of RTN1A and ER stress markers in kidney sections of patients with HN. Representative images are shown for each group 
(Original magnification: ×400). (B) Semi-quantitative data of staining for RTN1A and ER stress markers in different groups of patients. 
Data are presented as means ±SEM. * P<0.05 vs. control group.
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hyperuricemic rats, as measured by either western blot or 
real-time PCR (Figure 3A-3C). This was also confirmed 
by immunostaining of RTN1A and other known ER 
stress markers (Figure 3D, 3E). In addition, expression 
of RTN1A, P-PERK and GRP78 was mainly localized 
in the tubular compartment of hyperuricemic rats, which 
was consistent with the tubulointerstitial damage in HN 
rats (Figure 3D). In HN rats treated with Febuxostat, the 
expression of ER stress markers was markedly suppressed 
at both protein and mRNA levels, suggesting a protective 
role of Febuxostat in HN via inhibition of RTN1A 
expression and ER stress response in kidney cells.

Febuxostat reduced apoptosis of renal tubular 
cells in hyperuricemic rats

Since prolonged ER stress leads to apoptosis and 
our previous studies confirmed that ER stress contributed 
to apoptosis of renal tubular cells in animal models of 
proteinuric kidney diseases and acute kidney injury [21, 
22], hereby we assessed whether ER stress was involved 
in the induction of apoptosis of kidney cells in HN rats. 

Western blot analysis of renal cortex revealed that the 
protein level of cleaved caspase-3 was significantly elevated 
in hyperuricemic rats (Figure 4A, 4B). The upregulation of 
pro-apoptotic genes (bim and bax-2) and down-regulation of 
anti-apoptotic gene bcl-2 were also found by real-time PCR 
(Figure 4C). Consistent with the inhibition of a sustained 
ER stress response, Febuxostat treatment also attenuated 
hyperuricemia-induced apoptosis in HN rat kidneys. We 
also detected an increase of apoptotic cells in kidney 
sections of hyperuricemic rats by TUNEL staining which 
was diminished by Febuxostat treatment (Figure 4D, 4E).

Febuxostat reversed the expression of OAT1 
and OAT3 and increased serum XOD activity in 
hyperuricemic rats

Since OAT1 and OAT3 are two critical urate 
transporters located in renal proximal tubule cells mediating 
uric acid excretion, we tried to examine the expression of 
OAT1 and OAT3 in hyperuricemic rats. The expression of 
OAT1 and OAT3 were markedly reduced in HN rat kidneys 
when compared to normal controls as measured by western 

Table 1: Febuxostat attenuated kidney injury in hyperuricemic rats

Variables Control Control+Fx HN HN+Fx

ALB(g/L) 29.20±1.48 31.00±1.41 30.00±2.88 31.00±1.41

BUN(mmol/L) 5.78±0.34 5.98±0.5 13.18±2.48** 6.36±0.69#

Scr(μmol/l) 19.75±1.71 20.67±3.06 50.00±8.73** 25.29±2.06#

UA(umol/L) 57.00±6.75 55.33±3.21 311.67±13.05** 104.00±10.2#

ALT(u/L) 40.00±6.93 38.00±4.42 34.75±7.94 39.29±5.50

AST(u/L) 132.80±6.76 97.00±14.97 149.8±15.54 145.8±17.78

TC(mmol/L) 1.48±0.21 1.69±0.26 1.56±0.27 1.18±0.22

TG(mmol/L) 0.54±0.15 0.81±0.09 0.52±0.30 0.7±0.2

HDL(mmol/L) 0.72±0.11 0.82±0.14 0.98±0.16* 0.72±0.15#

LDL(mmol/L) 0.48±0.10 0.42±0.07 0.46±0.12 0.36±0.09

BG(mmol/L) 6.37±0.39 8.19±0.56 5.19±0.96 5.36±0.54

UACR(mg/mmol) 2.60±0.39 2.79±0.88 26.33±2.52** 5.38±1.27#

SBP(mmHg) 113.57±3.64 110.44±6.54 154.43±3.10** 136.75±6.49*#

Kidney/BW(mg/g) 2.78±0.18 2.95±0.05 5.57±0.49** 4.19±0.41**#

Ccr(ml/min/100g BW) 1.53±0.19 1.49±0.09 0.77±0.20** 1.13±0.20*#

FENa(%) 0.16±0.04 0.15±0.05 0.41±0.10** 0.19±0.04#

FEK(%) 10.9±1.07 11.5±0.95 32.1±1.52** 12.7±2.41#

Abbreviations: Fx: Febuxostat; HN: hyperuricemic nephropathy; BUN: blood urea nitrogen ; TC: total cholesterol ; TG: 
triglyceride; ALB: serum albumin; ALT: Alanine transaminase ; AST: aspertate aminotransferase ; HDL: high-density 
lipoprotein; LDL: low density lipoprotein ; BG: blood glucose ; UACR: urine albumin-to-creatinine ratio ; Ccr: creatinine 
clearance rate ; FENa: fractional excretion of sodium; FEK: fractional excretion of potassium; BW: Body Weight. *p<0.05, 
**p<0.01 for comparisons between the corresponding HN and control groups. # p<0.05 vs HN+Fx rats.
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Figure 2: Febuxostat ameliorated pathological injury and reduced uric acid crystals deposition in HN rat kidneys. 
(A) HE and Masson staining of kidney sections were compared between different groups of rats (Original magnification ×400). (B) The 
kidney sections under compensated polarized light showing anisotropic uric acid crystals in the kidney (Original magnification. ×200). (C) 
Semiquantitative analysis of urate crystals in the kidney section. (D) Western blot analysis of collagen1 and α-SMA in the kidney tissue 
lysates of hyperuricemic rats. (E) The densitometry analyses of western blots are shown. (F) Immunohistochemistry staining for collagen1 
and α-SMA in kidneys and the representative pictures are shown (Original magnification x400). (G) Semi-quantitative data of collagen1 
and α-SMA staining in different groups of rats. (H) Effect of Febuxostat on mRNA expression of fibrosis markers in the kidney tissue 
lysate. Data are presented as means ±SEM of four experiments. n = 8;* P<0.05 vs. control group. # P<0.05 vs. HN+Fx group.
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blot while Febuxostat treatment significantly increased 
OAT1 and OAT3 expression in the kidney of hyperuricemic 
rats (Figure 5A, 5B). It is known that hyperuricemia is 
associated with upregulation of serum XOD activity, 
we found that the activity of serum XOD was markedly 
increased in hyperuricemic rats, which was reversed 
by Febuxostat treatment (Figure 5C), suggesting that 
Febuxostat contributes to the regulation of uric transporter 
and suppression of the XOD activity in hyperuricemic rats.

Febuxostat inhibited uric acid-induced 
expression of ER stress and pro-fibrosis markers 
in NRK-52E cells

To further confirm the direct role of Febuxostat in the 
regulation of ER stress, we performed in vitro study in rat 
renal tubular epithelial cells (NRK-52E cells). Exposure of 
NRK-52E cells to uric acid at 0.1-0.4 mM for 24h resulted 
in an upregulation of the ER stress marker expression 

including GRP78, p-PERK and CHOP (Supplementary 
Figure 2A). In addition, the time course showed that 
expression of ER stress markers was significantly 
upregulated at 12h after uric acid stimulation and further 
increased in a time-dependent manner (Supplementary 
Figure 2B). Pretreatment with Febuxostat not only 
inhibited uric acid-induced expression of RTN1A and ER 
stress markers (GRP78, P-PERK and CHOP) (Figure 6A-
6C), but also downregulated the fibrosis markers (Collagen 
1, α-SMA and Fibronectin), as measured by western blot 
or real-time PCR(Figure 6D-6F). These findings confirmed 
that Febuxostat attenuated uric acid-induced ER stress and 
pro-fibrosis pathways in NRK-52E cells.

Febuxostat treatment alleviated UA induced 
apoptosis of NRK-52E cells

Next, we determined whether Febuxostat inhibited 
uric acid-induced apoptosis of NRK-52E cells. We found 

Figure 3: Febuxostat attenuated endoplasmic reticulum stress response in the kidney of hyperuricemic rats. (A) Western 
blot analysis of ER stress markers in the kidney tissue lysates of hyperuricemic rats. (B) The densitometry analyses of western blots are 
shown. (C) Effect of Febuxostat on mRNA expression of ER stress markers in the kidney tissue lysates. (D) Immunohistochemistry 
staining for RTN1A and ER stress markers in kidneys and the representative pictures are shown (Original magnification x400). (E) Semi-
quantitative data of RTN1A, p-PERK, GRP78 and CHOP staining in different groups of rats. Data are presented as means ±SEM of four 
experiments. n = 8;* P<0.05 vs. control group. #P<0.05 vs. HN+Fx group.
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that uric acid-induced apoptosis of NRK-52E cells was 
suppressed by Febuxostat treatment as assessed by 
western blot analysis of cleaved caspase-3 (Figure 7A, 
7B) and real-time PCR analysis of apoptotic marker 
expression (bax, bcl-2, and bim) (Figure 7C). This finding 
was confirmed by flow cytometry analysis using Annexin 
V labeling (Figure 7D, 7E). Taken together, these data 
indicate that treatment with Febuxostat led to an inhibition 
of uric acid-induced apoptosis of NRK-52E cells.

DISCUSSION

In the current study we examined whether 
Febuxostat had renal protective effects in HN rat kidneys. 
We used a classical HN rat model by administration of 
the mixture of adenine and potassium oxonate daily for 
6 weeks. These rats exhibited persistent hyperuricemia, 
albuminuria and renal dysfunction, accompanied by 

reduced renal expression of urate transporters OAT1 and 
OAT3 and activation of serum XOD. Histologically, these 
hyperuricemic rats developed severe tubulointerstitial 
damage and fibrosis. We found that all these abnormalities 
were markedly improved after Febuxostat treatment, 
suggesting a protective role of Febuxostat in HN. 
Interestingly, we also found SBP was upregulated in 
HN rats which was normalized by Febuxostat treatment, 
consistent with the fact that hyperuricemia is a risk factor 
for hypertension [24] and the systolic blood pressure 
increases significantly in hyperuricemia patients [25]. In 
addition, a comparative study of Febuxostat and allopurinol 
in 141 cardiac surgery outpatients with hyperuricemia also 
showed that Febuxostat had an anti-hypertensive effect 
while this was not observed in the allopurinol-treated 
patients [26]. The previous studies suggest that activation 
of renin-angiotensin system (RAS) [3], reduction of 
endothelial nitric oxide levels and endothelial dysfunction 

Figure 4: Febuxostat reduced apoptosis of renal tubular cells in hyperuricemic rats. (A) Western blot analysis of c-caspase3 
in the kidney tissue lysates of hyperuricemic rats. (B) The densitometry analyses of western blots for c-caspase3 are shown. (C) Expression 
of pro-apoptotic genes (bax, bcl-2, and bim) were measured by Real-time PCR. (D) TUNEL staining to measure the apoptosis of renal 
tubular epithelial cell in each rat group (Original magnification: ×200). (E) Quantitative analysis of the number of apoptotic cells in each 
rat group. Data are presented as means ±SEM of four groups. n = 8;* P<0.05 vs. control group. # P<0.05 vs. HN+Fx group.
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[27, 28, 29] are potential mechanisms of hypertension 
in human and animal models of HN. Therefore, we 
speculated that the similar mechanisms are involved in the 
anti-hypertensive effect of Febuxostat in HN rats.

Accumulating evidences indicated hyperuricemia 
was a risk factor for CKD [30] and several mechanisms 
have been suggested including the uric acid induced 
epithelial-to-mesenchymal transition (EMT) of renal 
tubular cells [31], activation of TGF-β/Smad3 pathway 
[32] and increased renal oxidative stress [7]. A few of 
studies suggest an association of ER stress and uric acid-
induced kidney cell injury. For example, uric acid-induced 
ER stress was found in rat glomerular mesangial cells [33]. 
In a human pathologic study from patients with UMOD 
gene mutation, who had familial juvenile hyperuricemic 
nephropathy, ER stress marker GRP78 was found to be 
highly expressed in renal tubular compartment [34], 
indicating a possible association between ER stress and 
UMOD related kidney disease. However, the exact role of 
ER stress in HN remains unclear. ER stress has been well 
recognized as one of the important mechanisms in the onset 
and progression of many kidney diseases, but the detailed 
mechanisms remain poorly understood [35, 36]. In recent 
studies, we identified reticulon-1A (RTN1A), an ER-
associated protein reticulon-1, as a novel gene associated 
with the progression of kidney diseases. RTN1A-mediated 
ER stress and apoptosis contribute to tubular cell injury in 

diabetic nephropathy [16, 21], albumin overload-induced 
nephropathy [37] and AKI murine models [22].

Here, we confirmed a critical role of RTN1A and 
ER stress in uric acid induced tubular injury in cultured 
renal tubular cells and in human and animal model of 
HN. We confirmed that the expression of RTN1A and 
ER stress markers was increased in human kidney biopsy 
samples from HN patients. Consistent with the human 
data, expression of RTN1A and ER stress markers was 
also highly increased in the kidneys of HN rat. Treatment 
of Febuxostat lowered the uric acid level, reduced ER 
stress and apoptosis, and attenuated kidney injury in HN 
rats. In addition, we confirmed that uric acid-induced ER 
stress and apoptosis were also improved with Febuxostat 
treatment in cultured tubular cells. Our findings suggest 
that Febuxostat exerts its protective effect in HN most 
likely through inhibition of uric acid-induced ER stress. 
Further studies are required to confirm the role of RTN1A 
and ER stress in HN by using the knockout approach.

Our findings also suggest that Febuxostat reduces the 
aggregation of MUC and this might be another mechanism 
by which Febuxostat attenuated kidney injury. Polarized 
microscopy has been regarded as the “gold standard” to 
detect MSU crystals or tophus deposition in the joints of 
gout [38, 39]. However, few studies elaborated the fact on 
MUC crystals deposition in the kidney [40]. Hereby we used 
polarized light microscope and performed semi-quantitative 

Figure 5: Febuxostat reversed the expression of OAT1 and OAT3 and increased serum XOD activity in hyperuricemic 
rats. (A) Immunoblot analysis with specific antibodies against OAT1, OAT3 in the kidney tissue lysates of hyperuricemic 
rats. (B) The densitometry analyses of western blots are shown. (C) Serum XOD activity was examined by XOD kit. Data are 
presented as means ±SEM of four experiments. n = 8;*P<0.05 vs. control group. # P<0.05 vs. HN+Fx group.
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Figure 6: Febuxostat inhibited uric acid-induced expression of ER stress and pro-fibrosis markers in NRK-52E cells. 
(A) Western blot analyses for RTN1A and ER stress markers. (B) Densitometric analysis of Western blots for RTN1A and ER stress markers. 
(C) Real-time PCR analyses for genes of RTN1A and ER stress markers (GRP78 and CHOP). (D) Western blot analyses for collagen 1 and 
α-SMA. (E) The densitometry analyses of western blots are shown. (F) Real-time PCR analyses for pro-fibrosis gene expression. *p<0.05, 
compared to control group, # p<0.05, compared to UA+Fx group. Data are presented as means ±SEM of four experiments.
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measurement to examine hyperuricemia induced MUC 
deposition in the kidneys of HN rat. Notably, these HN 
rats exhibited massive monosodium urate (MSU) crystal 
accumulation in the kidneys, mostly in tubular compartment, 
which was remarkably reversed by Febuxostat treatment. It 
is known that the obstruction of the renal tubules with urate 
crystals is a major cause of renal injury [3].

Febuxostat has been widely used for the treatment 
of hyperuricemia and prevention of gout [41]. Recent 
studies reported the renal protective effects of Febuxostat 
including reduction of albuminuria, improvement of renal 
structural changes, and slowing down the progression 
of CKD [42]. Treatment with Febuxostat has also been 
shown to preserve renal function and prevent glomerular 
hypertension in 5/6 nephrectomized rats [43]. Multiple 
mechanisms have been suggested to contribute to the 
beneficial effects of Febuxostat in the diabetic kidney such 
as anti-inflammation, alleviation of oxidative stress, and 
inhibition of pro-fibrotic signaling [44, 45]. Febuxostat 

also exhibited a protective role in AKI experimental model 
through activation of BMP-7 signaling and inhibition of 
USAG-1 expression in unilateral ureteral obstruction 
(UUO) rats [45]. Here, we confirmed that Febuxostat 
attenuated hyperuricemia-induced kidney injury in HN 
rats, suggesting a potential therapeutic role of Febuxostat 
in patients with hyperurecemia-related CKD.

In conclusion, we reported here that expression 
of RTN1A and ER stress marker was increased in rats 
and human with HN. Febuxostat, a novel non–purine 
analogue inhibitor of xanthine oxidase, improves systolic 
hypertension and kidney tubulointerstitial injury in HN rats 
likely through attenuation of ER stress and MUC crystal 
deposition in tubules. Febuxostat also suppressed uric 
acid-induced ER stress and apoptosis in cultured tubular 
cells. This study suggests a therapeutic role of Febuxostat 
in hyperurecemic-related CKD. Further study is required 
to explore whether inhibition of ER stress could be a new 
therapy for hyperuricemia-induced kidney injury.

Figure 7: Febuxostat treatment alleviated UA induced apoptosis of NRK-52E cells. (A) The kidney tissue lysates were 
subjected to Western blot analysis with specific antibodies against c-Caspase3. (B) Densitometric analysis of Western blots for c-Caspase3. 
(C) Apoptosis related markers were detected by real-time PCR. (D) Flow cytometry after double labeling with Annexin V and propidium 
iodide. (E) Quantification of apoptotic cells. Data are presented as means ±SEM of four experiments. n = 8;* P<0.05 vs. control group. # 
P<0.05 vs. HN+Fx group.



Oncotarget111305www.impactjournals.com/oncotarget

MATERIALS AND METHODS

Animal models

Male Sprague-Dawley rats weighing 180g-200g 
were purchased from the National Mode Animal Centre 
of Nanjing University (Nanjing, China) and housed under 
a constant 12-hour light–dark cycle at a temperature 
between 21°C and 23 °C and allowed free access to food 
and water. All the animal experiments were agreed by the 
Animal Care and Ethical Committee of Sixth People’s 
Hospital Affiliated to Shanghai Jiaotong University. The 
rats were randomly divided into four groups (n = 8/each 
group), both control and HN rats treated with Febuxostat 
(5mg/kg/day) or equal volumes of saline. HN rat model 
was induced by orally feeding with the mixture of adenine 
(0.1 g/kg/day) and potassium oxonate (1.5 g/kg/day) daily 
for six weeks. 1 week after administration of adenine and 
potassium oxonate, Febuxostat or equal volumes of saline 
was gavaged for the next 5 weeks. The animals were 
sacrificed after 6 weeks.

Cell culture and treatment

NRK-52E cells (ATCC, Manassas, VA) were 
cultured in DMEM (Sigma-Aldrich) containing 10% 
FBS, 1%penicillin, and streptomycin in an atmosphere 
of 5% CO2 and 95% air at 37°C. NRK-52E cells were 
starved with 0.5% FBS for 12 hours and then exposed 
to uric acid (Sigma-Aldrich) (0.4 mM) with or without 
the pretreatment of febuxostat. Cells were harvested for 
immunoblot analysis, real-time PCR and FITC Annexin V 
apoptosis detection.

Measurement of blood and urine biochemistry 
indices

Serum uric acid, creatinine, blood urea nitrogen and 
other biochemistry indices were detected by an automatic 
biochemistry analyzer (Hitachi Model 7600, Japan).

Serum xanthine oxidase (XOD) activity 
assessment

Serum XOD activity was tested using the assay kits 
(Jiancheng, Nanjing, China) according to the protocol 
provided by the manufacturer.

Blood pressure assessment

Blood pressure was measured using the noninvasive 
tail cuff blood pressure system (ALC-NIBP, Shanghai, 
China). Rats were accustomed to the tail cuff manometer 
and restraining device five times per week for 2 weeks 
before the day of actual data acquisition.

Histology and morphometry analysis

Tissues either embedded in paraffin or frozen in 
OCT compound, then sectioned to 3μm thickness for 
light or polarized light microscopy. Hematoxylin-eosin 
(HE) and Masson trichrome staining were performed to 
assess histological injury and fibrosis. Frozen sections of 
kidney were applied to measure anisotropism of uric acid 
crystals under polarized light microscope. Quantification 
of MUC was carried out using Image J software. A total of 
20 views per slide were randomly obtained with a digital 
camera at 200 x magnification. Crystal numbers and area 
were counted.

Immunohistochemistry staining analysis

Formalin-fixed kidneys were embedded in paraffin. 
Kidney sections were stained using the following 
antibodies: RTN1A, GRP78, CHOP, α-SMA, Collegen1 
(Abcam, USA) and P-PERK (Santa Cruz, CA). The 
staining of glomerulus and tubulointerstitium was semi-
quantitatively scored separately on a scale of 0–4 in 
a blinded manner by two independent researchers as 
previously described [21].

Western blot analysis

Tissue or cells were lysed with RIPA buffer 
containing protease and phosphatase inhibitor cocktail. 
The specific antibodies were used for immunoblot analysis 
(Supplementary Table 2). We repeated each Western blot 
analysis using protein from three different and separate 
experiments. The specific protein bands were scanned 
using Western Blotting Detection System (BIO-RAD).

Real-time PCR quantitation

Total RNA was extracted from the renal cortex 
sample using Trizol (Invitrogen, Carlsbad, CA, USA). 
RNA was reversed-transcribed into c-DNA using 
the Superscript III First-Strand Synthesis Super Mix 
(Invitrogen, Carlsbad, CA, USA). Real-time PCR was 
performed with the StepOne Plus System (Applied 
Biosystems, Foster City, CA, USA) using SYBR Green 
Master Mix (Qiagen). Using the 2−ΔΔCt method, relative 
gene expression levels were determined (Supplementary 
Table 3). Gene expression was normalized to GAPDH.

Apoptosis assessment

Apoptotic cells were measured on kidney frozen 
sections using an in situ cell death detection kit (Roche 
Diagnostics, Mannheim, Germany). Apoptotic cells 
with nuclei staining green fluorescence were calculated 
using fluorescent microscopy. Ten fields per slide were 
quantified for apoptotic nuclei.
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FITC Annexin V Apoptosis Detection Kit (BD Co 
Ltd) was used to measure the apoptosis rate of NRK-52E 
cells. The number of cells labeled with propidium iodide 
and Annexin V-FITC was tested with the flow cytometer 
(Beckman Coulter, Beckman Coulter Inc, California, 
USA). The data were assessed using CellQuest software 
(BD Biosciences).

Statistical analysis

All the data were analyzed by SPSS software 19.0 
(IBM, Armonk, NY, USA). They are showed as mean 
± SEM. One way ANOVA followed by Bonferroni 
correction was used to compare the data of more than 
two groups while two-sided unpaired t test was used for 
non-parametric data comparison. A value of P < 0.05 was 
determined statistically significant.
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