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Abstract
Background Endoplasmic reticulum (ER) stress has been implicated in the development of various renal diseases. Thus, 
inhibition of ER stress using pharmacological agents may serve as a promising therapeutic approach. We postulated that 
febuxostat, a novel xanthine oxidase inhibitor, could suppress the ER stress through upregulation of SIRT1 (silent mating 
type information regulation 2 homolog 1)-AMPK (AMP activated protein kinase)-HO-1 (heme oxygenase-1)/thioredoxin 
expression.
Methods We examined the effect of febuxostat on the ER stress induced by a chemical inducer, tunicamycin and non-
chemical agents such as angiotensin II, aldosterone, high glucose, and albumin in renal tubular cells. We further examined 
the in vivo effects of febuxostat using mouse model of kidney disease induced by unilateral ureteral obstruction (UUO). 
Expression of ER stress was measured by western blot analysis and immunohistochemical stain.
Results Febuxostat suppressed the ER stress induced by tunicamycin and non-chemical agents, as shown by inhibition 
of increased GRP78 (glucose-related protein78) and p-eIF2α (phosphospecific-eukaryotic translation initiation factor 2α) 
expression. Inhibitory effect of febuxostat was mediated through upregulation of SIRT1-AMPK followed by induction of 
HO-1 and thioredoxin. In animal model of UUO, febuxostat reduced the UUO-induced ER stress, which was abolished by 
pretreatment with SIRT1 inhibitor (sirtinol) and AMPK inhibitor (compound C).
Conclusion Febuxostat could suppress the ER stress caused by various ER stress inducers through upregulation of 
SIRT1-AMPK-HO-1/thioredoxin expression. Targeting these pathways might serve as one of the possible therapeutic 
approaches in kidney diseases under excessive ER stress.
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Introduction

Accumulation of abnormal misfolded proteins in the endo-
plasmic reticulum (ER) induces stress. To reduce the ER 
stress, a homeostatic signaling network called unfolded 
protein response (UPR) is activated. Activation of the UPR 
usually triggers an adaptive survival response by facilitating 
the recovery from stress. However, prolonged and excessive 
ER stress induces cell death through apoptosis to eliminate 
the affected cell [1]. Furthermore, it has been suggested that 

excessive ER stress plays an important role in the develop-
ment of organ fibrosis and inflammation [2].

In kidney, it has been suggested that excessive ER stress 
contributes to the pathogenesis of various renal diseases, 
including acute kidney injury, chronic kidney disease, glo-
merulonephritis, diabetic nephropathy, and renal fibrosis. 
Chemical agents that modulate the ER stress pathways 
are known to reduce the renal injury in experimental ani-
mal models [3]. Thus, inhibition of ER stress using phar-
macological agents may serve as a promising therapeutic 
approach. However, it has not been known much about 
whether the drugs commonly used in kidney medicine are 
able to reduce the ER stress.

Febuxostat is a well-known drug for the treatment of 
hyperuricemia and gout. It is a non-purine-selective inhibitor 
of xanthine oxidase (XO), which has higher bioavailability, 
more potent XO inhibitory effect and fewer side effects than 
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allopurinol. Febuxostat is metabolized to active metabolite 
by conjugation and oxidation, which is excreted via urine 
and feces. Half-life elimination time is known as 5–8 h. On 
the other hand, allopurinol is almost completely metabolized 
to oxipurinol within 2 h, which is slowly excreted by the 
kidney over 18–30 h [4].

It has been reported that febuxostat contributes to car-
diovascular and renal benefits in animal models with vari-
ous diseases [5–8]. However, whether febuxostat is able to 
inhibit the ER stress is largely unknown.

We postulated that febuxostat could suppress the ER 
stress in renal tubular epithelial cells. We examined the 
effect of febuxostat on the ER stress caused by chemical 
inducer, tunicamycin and non-chemical inducers such as 
angiotensin II, aldosterone, high glucose, and albumin in 
renal tubular cells. We also examined the in vivo effects of 
febuxostat on the ER stress using animal model of kidney 
disease induced by unilateral ureteral obstruction (UUO).

Sirtuins, a family of  NAD+-dependent deacetylases, regu-
late a wide range of biological processes and link cellular 
energy and redox state to multiple signaling pathways. Seven 
sirtuins (SIRT1–7) have been identified in mammals. SIRT1 
(silent mating type information regulation 2 homolog 1) is 
known to exert reno-protective effects by reducing renal 
fibrosis, suppressing inflammation and apoptosis, inducing 
autophagy, and protecting against renal aging [9].

AMP-activated protein kinase (AMPK) is a serine/threo-
nine kinase that functions as a critical regulator of intracel-
lular homeostasis. It acts as an energy sensor and modu-
lates multiple biological pathways such as ROS balance, 
autophagy, apoptosis, and protein synthesis [10]. Activation 
of AMPK is known to provide therapeutic benefits in several 
experimental animal models with various kidney diseases 
[11–13]. Thus, SIRT1 and AMPK are considered to serve as 
future pharmacological targets for renal diseases.

We postulated that inhibitory effect of febuxostat on the 
ER stress was mediated through upregulation of SIRT-1, 
followed by activation of AMPK. We examined the effects 
of SIRT1 inhibitor and AMPK inhibitor on the febuxostat-
induced inhibition of ER stress in renal tubular cells and ani-
mal model of kidney disease induced by unilateral ureteral 
obstruction (UUO).

Heme oxygenase-1 (HO-1) is an inducible antioxidant 
enzyme involved in the degradation of heme. HO-1 plays 
an important role in cytoprotection by protecting against 
oxidative stress [14]. Thioredoxin is an endogenous redox 
protein that shows antioxidative, anti-apoptotic, and anti-
inflammatory effects [15]. Both HO-1 and thioredoxin are 
able to protect cells from oxidative damage. In other studies, 
HO-1 and thioredoxin have been suggested as modulators of 
ER stress [16, 17].

We postulated that inhibitory effect of febuxostat 
on the ER stress was mediated through upregulation of 

SIRT1-AMPK, followed by induction of HO-1 and thiore-
doxin in renal tubular epithelial cells. We examined the 
effect of HO-I inhibitor and thioredoxin inhibitor on the 
febuxostat-induced inhibition of ER stress. In addition, we 
investigated the effect of SIRT1 inhibitor and AMPK inhibi-
tor on the febuxostat-induced induction of HO-1 and thiore-
doxin expression in both cell culture and animal studies.

Materials and methods

Reagent

Febuxostat powder was obtained from Teijin Pharma Lim-
ited, Tokyo, Japan. Tunicamycin, PX 12, sirtinol, aldos-
terone, and albumin were purchased from Sigma Chemi-
cal Company (St Louis, MO, USA). Angiotensin II and 
glucose were acquired from R&D Systems (Minneapolis, 
MN, USA). Antibodies against GRP78 were obtained from 
Santa Cruz Biotechnology (Santa Cruz, California, USA). 
Antibodies against SIRT1, heme oxygenase-1, thioredoxin, 
phosphospecific-AMPK, total eIF2α (eukaryotic transla-
tion initiation factor 2α), phosphospecific-eIF2α  (Ser51) and 
horseradish peroxidase-conjugated secondary antibody were 
purchased from Cell Signaling Technology (Beverly, MA, 
USA). Compound C and zinc protoporphyrin IX (Zn (II) 
PPIX) were supplied by Calbiochem (San Diego, CA, USA).

Cell culture and conditioning

Cell culture experiments were performed using HK-2 cell, 
a human proximal tubular cell line [18], which was pur-
chased from the American type culture collection. Cells 
were growth-arrested in serum-free medium for 24 h before 
being used in the experiments.

To examine whether febuxostat suppressed the tunicamy-
cin-induced ER stress, cells were incubated with tunicamy-
cin (0.2 μM) with or without febuxostat (3–30 μM) for 24 h. 
To evaluate whether febuxostat inhibited the angiotensin II-, 
aldosterone-, high glucose-, and albumin-induced ER stress, 
cells were incubated with angiotensin II (1 μM), aldoster-
one (100 nM), high glucose (30 mM), and albumin (5 mg/
mL) for 3 days and then treated with or without febuxostat, 
sirtinol, and compound C for 2 days. The concentrations 
of tunicamycin, angiotensin II, aldosterone, glucose, and 
albumin used in our experiment were based on the previous 
study [19].

Western blot analysis

Equal amount of protein from whole cell lysates were 
separated using a 10% SDS polyacrylamide gels and trans-
ferred to nylon membrane. The membranes were incubated 
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with 5% non-fat milk, probed with primary antibody for 
2 h, followed by peroxidase-conjugated secondary anti-
body. Antibody–antigen complexes were detected using 
ECL system (Amersham Pharmacia Biotech, Arlington, 
IL, USA). The intensity of each band was measured using 
a GS-710 densitometer and QuantityOne software (Bio-
Rad, Hercules, CA, USA). The results were normalized to 
the intensity of beta-actin for standardization.

Experimental mouse model of chronic kidney injury 
induced by unilateral ureteral obstruction (UUO)

It has been well documented that activation of ER stress is 
associated with UUO-induced renal apoptosis and fibrosis. 
Angiotensin II and aldosterone were involved in the initia-
tion of UUO-induced renal injury [20, 21]. Therefore, we 
used a mouse model of UUO to test the hypothesis that 
febuxostat could reduce the UUO-induced ER stress. Male 
mouse (C57BL/6) weighing about 20 g was given free 
access to water and standard chow. UUO model was made 
by ligation of left ureter through flank incision. Mice were 
randomly divided into five groups: control mice (n = 5), 
mice with UUO (n = 5), mice with UUO plus febuxostat 
(n = 5), mice with UUO plus febuxostat and sirtinol 
(n = 5), mice with UUO plus febuxostat and compound C 
(n = 5). Febuxostat was administered by gavage at 10 mg/
kg/day. Sirtinol (5 mg/kg) and compound C (20 mg/kg) 
were administered through intraperitoneal injection. On 
the 14th day after induction of UUO, the mice were killed. 
The kidney tissue was fixed in 4% buffered formalin and 
embedded in paraffin. Tubulointerstitial collagen deposit 
was assessed semi-quantitatively by the blue color change 
induced by Masson’s trichrome stain.

Immunohistochemical stain

Paraffin-embedded kidney tissues were cut into 4 μm sec-
tions and mounted on glass slides. Sections were depar-
affinized with xylene and rehydrated with graded ethanol. 
Endogenous peroxidase activity was blocked by 0.3% 
hydrogen peroxide for 30 min. A microwave-based antigen 
retrieval method was used with 10 mmol/L citrate buffer 
for 10 min. Non-specific binding was prevented using 1% 
BSA. Sections were then incubated with primary antibod-
ies against GRP78, HO-1, and thioredoxin for 2 h and 
biotinylated secondary antibodies for 1 h and horseradish 
peroxidase–streptavidin conjugate for 30 min, followed 
by detection using diaminobenzidine DAB stain (Dako, 
Glostrup, Denmark). Then the sections were counter-
stained with hematoxylin.

Statistical analysis

Data were expressed as n-fold increase over control as 
mean ± S.E. Statistical analysis was performed using 
Kruskal—Wallis test, followed by a Mann–Whitney U test 
using SPSS (SPSS Inc., Chicago. USA). P < 0.05 value was 
considered statistically significant.

Results

Febuxostat suppressed the ER stress caused 
by chemical ER stress inducer, tunicamycin, 
in tubular epithelial cells

To investigate whether febuxostat inhibited the tunicamycin-
induced ER stress in tubular HK-2 cells, we examined the 
change of ER stress biomarkers, GRP78 (glucose-related 
protein78) and p-eIF2α (phosphospecific-eukaryotic trans-
lation initiation factor 2α). Tunicamycin induced the ER 
stress, as shown by upregulation of GRP78 and p-eIF2α. 

Fig. 1  Dose-dependent inhibition of tunicamycin-induced ER stress 
by febuxostat in HK-2 cells. Proximal tubular cells (HK-2 cells) 
were incubated with tunicamycin (TM, 0.2  μM) with or without 
febuxostat (3–30  μM) for 24  h. Expression of GRP78 and p-eIF2α 
was examined by western blot analysis. The relative densities of the 
bands for GRP78 and p-eIF2α were normalized to those for actin 
and total eIF2α, respectively, for standardization. Representative 
blots and quantitative analysis from three independent experiments 
were shown. Results were expressed as n-fold increase over control 
as mean ± S.E. #P < 0.05 vs. con (control), ##P < 0.05 vs. TM. GRP78 
glucose-related protein 78, p-eIF2α phosphospecific-eukaryotic trans-
lation initiation factor 2α
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Febuxostat suppressed the tunicamycin-induced ER stress 
in a dose-dependent manner (3–30 μM) (Fig. 1).

Inhibitory effect of febuxostat 
on the tunicamycin‑induced ER stress was mediated 
through upregulation of SIRT1, followed 
by activation of AMPK

Febuxostat (30 μM) upregulated the expression of SIRT1 
and phosphospecific-AMPK (p-AMPK) in a dose-dependent 
manner (3–30 μM) (Fig. 2a).

To determine whether upregulation of SIRT1 and 
p-AMPK by febuxostat was directly involved in febuxostat’s 
inhibitory effect on the tunicamycin-induced ER stress, we 
examined the effect of SIRT1 inhibitor (sirtinol, 10 μM) and 
AMPK inhibitor (compound C, 20 μM) on the febuxostat’s 

inhibitory effect. It has been known that sirtinol is a selective 
inhibitor for SIRT1 and SIRT2.

Western blot analysis showed that both sirtinol and com-
pound C reversed the febuxostat’s inhibitory effect, sug-
gesting that inhibitory effect of febuxostat on the ER stress 
was mediated through upregulation of SIRT1 and p-AMPK 
(Fig. 2b).

To verify whether upregulation of SIRT1 by febuxostat 
was ahead of activation of AMPK, we examined the effect of 
sirtinol and compound C on the febuxostat-induced SIRT1 
and p-AMPK. Sirtinol inhibited the febuxostat-induced 
upregulation of SIRT1 and p-AMPK, whereas compound C 
suppressed the febuxostat-induced upregulation of p-AMPK, 
but not SIRT1, suggesting that effect of febuxostat on the 
tunicamycin-induced ER stress was mediated through upreg-
ulation of SIRT1, followed by activation of AMPK (Fig. 3).

Fig. 2  Reversal of the inhibitory effect of febuxostat on tunicamycin-
induced ER stress by sirtinol (SIRT1 inhibitor) and compound C 
(AMPK inhibitor). Proximal tubular cells were incubated with tunica-
mycin (TM, 0.2 μM) with or without febuxostat (3–30 μM) for 24 h. 
Expression of SIRT1 and p-AMPK was examined by western blot 
analysis (a). Proximal tubular cells were incubated with tunicamycin 
(TM, 0.2 μM) with or without febuxostat (febu, 30 μM), sirtinol (sirt, 
SIRT1 inhibitor, 10 μM), and compound C (comp C, AMPK inhibi-

tor, 20 μM) for 24 h. Expression of GRP78 and p-eIF2α was exam-
ined by western blot analysis (b). The relative densities of the bands 
for SIRT1, p-AMPK, GRP78, and p-eIF2α were normalized to those 
for actin, total AMPK, and total eIF2α, respectively, for standardiza-
tion. Representative blots and quantitative analysis from three inde-
pendent experiments were shown. Results were expressed as n-fold 
increase over control as mean ± S.E. #P < 0.05 vs. con (control), 
##P < 0.05 vs. TM, ###P < 0.05 vs. TM + febu



209Clinical and Experimental Nephrology (2020) 24:205–215 

1 3

Inhibitory effect of febuxostat 
on the tunicamycin‑induced ER stress was mediated 
through induction of heme oxygenase‑1 
and thioredoxin

Febuxostat (30 μM) induced the expression of heme oxy-
genase-1 (HO-1) and thioredoxin in a dose-dependent 
manner (3–30 μM) (Fig. 4a). To investigate whether induc-
tion of HO-1 and thioredoxin by febuxostat was directly 
involved in febuxostat’s inhibitory effect on the tunica-
mycin-induced ER stress, we examined the effect of HO-I 
inhibitor (Zinc protoporphyrin IX, Zn (II) PPIX, 20 μM) 
and thioredoxin inhibitor (PX12, 25 μM) on the febux-
ostat’s inhibitory effect. Western blot analysis revealed 
that both Zn (II) PPIX and PX12 blocked the febuxostat’s 
inhibitory effect on the tunicamycin-induced ER stress, 
suggesting that inhibitory effect of febuxostat was medi-
ated through induction of HO-1 and thioredoxin (Fig. 4b).

Inhibitory effect of febuxostat 
on the tunicamycin‑induced ER stress was mediated 
through upregulation of SIRT1‑AMPK‑HO‑1/
thioredoxin expression

To explore whether induction of HO-1 and thioredoxin by 
febuxostat was mediated through upregulation of SIRT1 
and activation of AMPK, we examined the effect of SIRT1 
inhibitor (sirtinol, 10 μM) and AMPK inhibitor (compound 
C, 20 μM) on the tunicamycin-induced induction of HO-1 
and thioredoxin. Western blot analysis revealed that both 
sirtinol and compound C reversed the febuxostat-induced 
induction of HO-1 and thioredoxin, indicating that inhibitory 
effect of febuxostat on the tunicamycin-induced ER stress 
was mediated through upregulation of SIRT1-AMPK-HO-1/
thioredoxin expression (Fig. 5).

Febuxostat suppressed the ER stress caused 
by non‑chemical ER stress inducers such 
as angiotensin II, aldosterone, high glucose, 
and albumin through upregulation of SIRT1 
and activation of AMPK

Angiotensin II, aldosterone, high glucose, and albumin 
induced the ER stress, as shown by upregulation of GRP78 
and p-eIF2α. Febuxostat (30 μM) inhibited the angiotensin 
II-, aldosterone-, high glucose-, and albumin-induced ER 
stress, which were abolished by pretreatment with SIRT1 
inhibitor (sirtinol, 10 μM) and AMPK inhibitor (compound 
C, 20 μM). These data suggested that inhibitory effect of 
febuxostat on the angiotensin II-, aldosterone-, high glu-
cose-, and albumin-induced ER stress was mediated through 
upregulation of SIRT1 and activation of AMPK (Fig. 6).

Febuxostat reduced the unilateral ureteral 
obstruction (UUO)‑induced ER stress 
through upregulation of SIRT1 and activation 
of AMPK

To examine the in vivo inhibitory effect of febuxostat on 
the ER stress, we conducted an animal study using UUO 
mouse model. Febuxostat reduced the UUO-induced tubular 
expression of GRP78 and also increased the expression of 
HO-1 and thioredoxin, which were prevented by pretreat-
ment with SIRT1 inhibitor (sirtinol) and AMPK inhibitor 
(compound C), suggesting that inhibitory effect of febux-
ostat on the UUO-induced ER stress was mediated through 
upregulation of SIRT1 and activation of AMPK (Fig. 7). 

Fig. 3  Upregulation of SIRT1, followed by activation of AMPK 
by febuxostat. Proximal tubular cells were incubated with tunica-
mycin (TM, 0.2 μM) with or without febuxostat (febu, 30 μM), sir-
tinol (sirt, SIRT1 inhibitor, 10 μM), compound C (comp C, AMPK 
inhibitor 20  μM) for 24  h. Expression of SIRT1 and p-AMPK was 
examined by western blot analysis. The relative densities of the 
bands for SIRT1 and p-AMPK were normalized to those for actin 
and total AMPK, respectively, for standardization. Representative 
blots and quantitative analysis from three independent experiments 
were shown. Results were expressed as n-fold increase over control as 
mean ± S.E. #P < 0.05 vs. TM, ##P < 0.05 vs. TM + febu
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Febuxostat also reduced the UUO-induced collagen deposit, 
which was abolished by pretreatment with sirtinol or com-
pound C (Fig. 8).

Discussion

In the present study, we demonstrated that febuxostat 
could suppress the tunicamycin-induced ER stress through 
upregulation of SIRT1-AMPK-HO-1/thioredoxin expres-
sion in renal tubular HK-2 cells. Febuxostat also inhibited 
the ER stress induced by angiotensin II, aldosterone, high 
glucose, and albumin through activation of SIRT1 and 
AMPK. Animal study showed that treatment with febux-
ostat reduced the unilateral ureteral obstruction (UUO)-
induced ER stress, which was blocked by pretreatment with 

SIRT1 inhibitor (sirtinol) and AMPK inhibitor (compound 
C). Febuxostat induced the HO-1 and thioredoxin expres-
sion in UUO animal model, which was also abolished by 
pretreatment with SIRT1 inhibitor and AMPK inhibitor. 
These data indicated that febuxostat could suppress the ER 
stress caused by various ER stress inducers and inhibitory 
effect of febuxostat was mediated through upregulation of 
SIRT1-AMPK-HO-1/thioredoxin expression (Fig. 9).

It is becoming clear that ER stress is involved in various 
kidney diseases. Treatment of experimental animals with 
chemical compounds that inhibit the specific ER stress sign-
aling pathways is known to reduce the renal injury [3]. How-
ever, the effect of drugs commonly used in kidney disease 
on the ER stress has not been revealed much.

Febuxostat, a non-purine selective inhibitor of xanthine 
oxidase, provides therapeutic benefits in 5/6 nephrectomized 

Fig. 4  Reversal of the inhibitory effect of febuxostat on tunicamycin-
induced ER stress by PPIX (HO-1 inhibitor) and PX12 (thioredoxin 
inhibitor). Proximal tubular cells were incubated with tunicamycin 
(TM, 0.2 μM) with or without febuxostat (3–30 μM) for 24 h. Expres-
sion of heme oxygenase-1 (HO-1) and thioredoxin was examined by 
western blot analysis (a). Proximal tubular cells were incubated with 
tunicamycin (TM, 0.2 μM) with or without febuxostat (febu, 30 μM), 
PPIX (HO-1 inhibitor, 20  μM), and PX12 (thioredoxin inhibitor, 

25 μM) for 24 h. Expression of GRP78 and p-eIF2α was examined 
by western blot analysis (b). The relative densities of the bands for 
SIRT1 and p-AMPK, GRP78, and p-eIF2α were normalized to those 
for actin, total AMPK, and total eIF2α, respectively, for standardiza-
tion. Representative blots and quantitative analysis from three inde-
pendent experiments were shown. Results were expressed as n-fold 
increase over control as mean ± S.E. #P < 0.05 vs. con (control), 
##P < 0.05 vs. TM, ###P < 0.05 vs. TM + febu
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rats, renal ischemic-reperfusion injury rats, unilateral ure-
teral obstruction rats, and tacrolimus-induced nephrotoxicity 
[5–8]. However, the potential effect of febuxostat on the ER 
stress has not been analyzed in detail.

We found that febuxostat suppressed the ER stress 
induced by tunicamycin as well as non-chemical agents such 
as angiotensin II, aldosterone, high glucose, and albumin in 
renal tubular epithelial cells. Febuxostat also reduced the 
unilateral ureteral obstruction (UUO)-induced ER stress. 
Similar to our findings, it had been reported that febuxostat 
was able to reduce the renal ER stress in ischemia-perfusion 
animal model and hyperuricemic nephropathy model [6, 22]. 
Together with these reports, our data suggested that inhibi-
tion of ER stress by febuxostat might be another mechanism 
by which febuxostat exerted the reno-protective effects.

Next, we elucidated the mechanism by which febuxostat 
inhibited the ER stress. SIRT1 is known to be involved in 
the process of aging, transcription, inflammation, apoptosis, 

and stress resistance [9]. Recent studies show that SIRT1 is 
expressed in the kidney and acts as a renal survival factor 
[23]. However, association between SIRT1 and ER stress has 
not been verified well.

AMPK (AMP-activated protein kinase) plays an impor-
tant role in maintaining intracellular homeostasis and is 
abundantly expressed in the kidney. It had been reported 
that induction of AMPK by metformin attenuated the albu-
min-induced and glucosamine-induced ER stress, respec-
tively, in renal epithelial cells [24, 25].

We found that febuxostat upregulated the expression of 
SIRT1 and p-AMPK in a dose-dependent manner in renal 
tubular cells. Both SIRT1 inhibitor (sirtinol) and AMPK 
inhibitor (compound C) blocked the febuxostat’s inhibi-
tory effect on the tunicamycin-induced ER stress, as well 
as on the angiotensin II-, aldosterone-, high glucose-, and 
albumin-induced ER stress. Animal study also showed that 
both SIRT1 inhibitor and AMPK inhibitor abolished the 
inhibitory effect of febuxostat on the UUO-induced ER 
stress. These data indicated that inhibitory effect of febux-
ostat on the ER stress was mediated through upregulation 
of SIRT1 and activation of AMPK, suggesting that SIRT1 
and AMPK could be novel therapeutic targets for the treat-
ment of ER stress-induced injury.

It has been reported that SIRT1 and AMPK regulate 
each other and share many common target molecules. 
Several studies showed that the interaction between the 
AMPK and SIRT1 pathways were reciprocal [26].

We found that upregulation of SIRT1 by febuxostat was 
located upstream of the activation of AMPK in the inhibi-
tory signaling pathway of febuxostat. Similar to our study, 
it had been reported that SIRT1 activated the AMPK by 
liver kinase B1 (LKB1) deacetylation in HEK293T cells 
and in the rat liver [27].

Heme oxygenase-1 (HO-1) and thioredoxin exert cyto-
protective effects through antioxidant, anti-inflammatory, 
anti-apoptotic, and anti-proliferative actions [20, 21]. They 
are known to be involved in the inhibition of ER stress in 
renal tubular epithelial cells [16, 17].

We found that febuxostat induced the expression of 
HO-1 and thioredoxin in a dose-dependent manner in 
renal tubular cells. Both HO-I inhibitor (Zinc protopor-
phyrin IX) and thioredoxin inhibitor (PX12) reversed the 
febuxostat’s inhibitory effect on the tunicamycin-induced 
ER stress. In addition, SIRT1 inhibitor and AMPK inhibi-
tor suppressed the febuxostat-induced induction of HO-1 
and thioredoxin in both cell culture and animal studies, 
suggesting that inhibitory effect of febuxostat on the ER 
stress was mediated through upregulation of SIRT1 and 
activation of AMPK, followed by induction of HO-1 and 
thioredoxin.

Fig. 5  Upregulation of SIRT1 and activation of AMPK, followed by 
induction of HO-1 and thioredoxin by febuxostat. Proximal tubular 
cells were incubated with tunicamycin (TM, 0.2  μM) with or with-
out febuxostat (febu, 30 μM), sirtinol (sirt, SIRT1 inhibitor, 10 μM), 
compound C (comp C, AMPK inhibitor 20  μM) for 24  h. Expres-
sion of heme oxygenase-1 (HO-1) and thioredoxin was examined by 
western blot analysis. The relative densities of the bands for HO-1 
and thioredoxin were normalized to those for actin for standardiza-
tion. Representative blots and quantitative analysis from three inde-
pendent experiments were shown. Results were expressed as n-fold 
increase over control as mean ± S.E. #P < 0.05 vs. TM, ##P < 0.05 vs. 
TM + febu
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These data suggested that modulating the SIRT1-AMPK-
HO-1/thioredoxin signaling pathway might be another strat-
egy to reduce the excess ER stress in addition to blocking 
the specific ER stress signaling pathway.

Clinical trials of urate-lowering therapy have shown 
inconsistent results in terms of reno-protection in patients 
with chronic kidney disease. However, Sato et  al. have 
recently suggested that it is better to consider urate-lowering 

Fig. 6  Inhibition of angiotensin II-, aldosterone-, high glucose-, and 
albumin-induced ER stress by febuxostat through upregulation of 
SIRT1 and activation of AMPK. Proximal tubular cells were incu-
bated with angiotensin II (AgII, 1 μM), aldosterone (aldo, 100 nM), 
high glucose (glu, 30  mM), and albumin (alb, 5  mg/ml) for 3  days 
and then treated with or without febuxostat (febu, 30  μM), sirti-
nol (sirt, SIRT1 inhibitor, 10  μM), compound C (comp C, AMPK 
inhibitor 20 μM) for 2 days. Expression of GRP78 and p-eIF2α was 

examined by western blot analysis. The relative densities of the 
bands for GRP78 and p-eIF2α were normalized to those for actin and 
total eIF2α, respectively, for standardization. Representative blots 
and quantitative analysis from three independent experiments were 
shown. Results were expressed as n-fold increase over control as 
mean ± S.E. #P < 0.05 vs. con (control), ##P < 0.05 vs. AgII, aldo, glu, 
or alb, ###P < 0.05 vs. AgII + febu, aldo + febu, glu + febu, alb + febu
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therapy, among those who are hyperuricemic with evidence 
of deteriorating renal function [28].

In conclusion, our study provided new insights into 
reno-protective mechanism of febuxostat and suggested 

that modulating the SIRT1-AMPK-HO-1/thioredoxin sign-
aling pathway might be another therapeutic strategy for 
kidney diseases under excessive ER stress condition.

Fig. 7  Inhibition of unilateral ureteral obstruction (UUO)-induced ER 
stress by febuxostat through upregulation of SIRT1 and activation of 
AMPK in a mouse model of UUO. UUO model was made by ligation 
of left ureter through flank incision. Mice were randomly divided into 
five groups: control mice (n = 5), mice with UUO (n = 5), mice with 
UUO plus febuxostat (n = 5), mice with UUO plus febuxostat and 
sirtinol (n = 5), and mice with UUO plus febuxostat and compound 

C (n = 5). Febuxostat (febu, 10 mg/kg/day) was administered by gav-
age for 14 days. Sirtinol (sirt, 5 mg/kg/day) and compound C (comp 
C, 20 mg/kg/day) were administered by intraperitoneal injection for 
14 days. Immunohistochemical staining (a), and western blot analysis 
of renal cortical tissue (b) were shown. #P < 0.05 vs. con (control), 
##P < 0.05 vs. U, ###P < 0.05 vs. U + febu
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Fig. 8  Inhibition of unilateral ureteral obstruction (UUO)-induced 
collagen deposit by febuxostat through upregulation of SIRT1 and 
activation of AMPK in a mouse model of UUO. Mice were ran-
domly divided into five groups: control mice (n = 5), mice with UUO 
(n = 5), mice with UUO plus febuxostat (n = 5), mice with UUO 
plus febuxostat and sirtinol (n = 5), and mice with UUO plus febux-

ostat and compound C (n = 5). Febuxostat (febu, 10 mg/kg/day) was 
administered by gavage for 14 days. Sirtinol (sirt, 5 mg/kg/day) and 
compound C (comp C, 20  mg/kg/day) were administered by intra-
peritoneal injection for 14 days. Masson’s trichrome staining (a) and 
collagen deposit score (b) were shown. #P < 0.05 vs. con (control), 
##P < 0.05 vs. U, ###P < 0.05 vs. U + febu

febuxostat

ER stress

thioredoxinHO-1

SIRT1 

AMPK

Fig. 9  Proposed signaling pathways involved in the inhibition of ER 
stress by febuxostat
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