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(pro)renin receptor contributes to 
renal mitochondria dysfunction, 
apoptosis and fibrosis in diabetic 
mice
caixia Li, Luis c. Matavelli, Safia Akhtar & Helmy M. Siragy  

Recently we demonstrated that increased renal (pro)renin receptor (pRR) expression in diabetes 
contributes to development of diabetic kidney disease. However, the exact mechanisms involving 
pRR activity and diabetic kidney dysfunction are unknown. We hypothesized that pRR is localized in 
renal mitochondria and contributes to renal fibrosis and apoptosis through oxidative stress-induced 
mitochondria dysfunction. Controls and streptozotocin-induced diabetic C57BL/6 mice were injected 
with scramble shRnA and pRR shRnA and followed for a period of eight weeks. At the end of study, 
diabetic mice showed increased expressions of PRR and NOX4 in both total kidney tissue and renal 
mitochondria fraction. in addition, renal mitochondria of diabetic mice showed reduced protein 
expression and activity of SOD2 and ATP production and increased UCP2 expression. In diabetic 
kidney, there was upregulation in the expressions of caspase3, phos-Foxo3a, phos-NF-κB, fibronectin, 
and collagen IV and reduced expressions of Sirt1 and total-FOXO3a. Renal immunostaining revealed 
increased deposition of PRR, collagen and fibronectin in diabetic kidney. In diabetic mice, PRR 
knockdown decreased urine albumin to creatinine ratio and the renal expressions of PRR, NOX4, 
UCP2, caspase3, phos-FOXO3a, phos-NF-κB, collagen, and fibronectin, while increased the renal 
mitochondria expression and activity of SOD2, ATP production, and the renal expressions of Sirt1 and 
total-FOXO3a. In conclusion, increased expression of PRR localized in renal mitochondria and diabetic 
kidney induced mitochondria dysfunction, and enhanced renal apoptosis and fibrosis in diabetes by 
upregulation of mitochondria NOX4/SOD2/UCP2 signaling pathway.

(Pro)renin receptor (PRR) is a single transmembrane domain that is located in cell membrane and in some cell 
organelles such as endoplasmic reticulum and Golgi apparatus. PRR has been considered a component of the 
renin-angiotensin-system through its direct binding to renin or prorenin1,2. In addition, this receptor also pre-
sents angiotensin-independent actions by directly stimulating a variety of intracellular signal pathways, leading 
to cellular inflammation, apoptosis, fibrosis, proliferation and autophagy3–5. Our previous studies demonstrated 
that PRR expression is markedly increased in diabetic kidney6,7 and that upregulation of PRR contributed to high 
glucose induced mouse podocytes damage through PI3K/AKT/mTOR and Wnt3a/beta-catenin/snail signaling 
pathway4,8. In mesangial cells and streptozocin-induced diabetes rat model, increased renal PRR expression con-
tributed to development of diabetic kidney disease via enhanced TGF-β1-connective tissue growth factor sign-
aling pathway9. In contrast, downregulation of PRR attenuated hyperglycemia-induced renal damage and high 
glucose-associated cell dysfunction9.

Mitochondria is involved in most cell oxidative stress reactions and ATP production. Previous studies showed 
increased renal oxidative stress and high level accumulation of reactive oxygen species (ROS) in diabetic kid-
ney10,11. This pathological process involves increased mitochondria NADPH oxidase 4 (NOX4) levels and reduced 
expression and activity of superoxide dismutase (SOD)12–14. Increased rate of renal ROS production in diabetes 
can cause damage to the mitochondria membrane and DNA and increase the expression of uncoupling proteins 
2 (UCP2)15–17, leading to increased proton leakage across the outer mitochondria membrane to the inner mem-
brane. This process reduces the mitochondria membrane potential resulting in decreased ATP production18–21.
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The localization and functioning of PRR in mitochondria are not well established. Recent studies showed that 
PRR increased hydrogen peroxide production in collecting duct cells22 and promoted fibrosis in human embry-
onic kidney cells23 through a NOX4-dependent mechanism. However, it is unclear if hyperglycemia-induced PRR 
overexpression is linked to mitochondria derived oxidative stress and dysfunction.

In this study, we hypothesized that hyperglycemia increased PRR expression in diabetic kidney and in renal 
mitochondria fractions leading to increased renal oxidative stress, fibrosis and apoptosis. We evaluated the influ-
ence of upregulated renal PRR expression on mitochondria derived oxidative stress, ATP production, apoptosis 
and fibrosis in diabetic kidney. Our results demonstrated that PRR is localized in renal mitochondria and that 
this receptor expression is increased in diabetic kidney. Enhanced PRR expression in renal mitochondria contrib-
uted to development of apoptosis and fibrosis in diabetic kidney through increased intra-mitochondria oxidative 
stress.

Results
Blood glucose, body weight, 24-hour urinary albumin excretion, urinary albumin to creatinine 
ratio (UACR) and renal histology. At baseline, there were no differences in blood glucose levels between 
groups (data not shown). Compared with normoglycemic (NG) mice, STZ-induced diabetic mice exhibited sig-
nificantly higher fasting blood glucose levels (p < 0.01; Fig. 1a). Blood glucose reached the highest level at week 
5 and remained elevated throughout the study period. Scrambled shRNA and PRR shRNA diabetic mice had 
similar levels of blood glucose. At the end of study, STZ-induced diabetes groups of mice showed a markedly 
increase in 24-hour urinary albumin excretion (Fig. 1b) and UACR ratio (Fig. 1c), compared to control groups. 
The comparison between diabetic groups of mice showed that PRR downregulation significantly reduced 24-hour 
urinary albumin excretion and UACR ratio. PAS staining (Fig. 1d) showed normal glomerular structure in NG 
mice and exhibited glomerular hypertrophy and mesangial matrix expansion in scramble shRNA diabetic mice. 
These histological changes were prevented in PRR shRNA diabetic mice.

Localization of pRR to mitochondria in the kidney. Compared to NG mice, PRR protein expres-
sion was significantly increased in whole kidney (Fig. 2a) and renal mitochondria fraction (Fig. 2b) of scramble 
shRNA diabetic mice by nearly 60% and 120%, respectively. PRR shRNA did not affect PRR protein expression 

Figure 1. Blood glucose levels, 24-hour urinary albumin, urinary albumin to creatinine ratio (UACR), and 
renal PAS staining in normoglycemic and STZ-induced diabetic mice. (a) Fasting blood glucose levels in 
mice at weeks 1, 5 and 8 after diabetes induction. (n = 6–8, each group). (b) 24-hour urinary albumin levels in 
mice at the end of study (n = 6–8, each group). (c) UACR in mice at the end of study. (n = 6–8, each group). 
(d) Representative images showing glomerular PAS staining (dark red) in mice as indicated. PRR, (Pro)renin 
receptor; Veh + Scr shRNA, vehicle with scrambled PRR shRNA; Veh + PRR shRNA, vehicle with PRR shRNA; 
DM + Scr shRNA, diabetes with scrambled PRR shRNA; DM + PRR shRNA, diabetes with PRR shRNA. Data 
presented as mean ± SEM, *p < 0.05 vs. Veh + Scr shRNA; #p < 0.05 vs. DM + Scr shRNA.
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in whole kidney (Fig. 2a), but significantly reduced this protein expression in the renal mitochondria fraction 
(Fig. 2b) of NG mice, and significantly reduced PRR expression in whole kidney (Fig. 2a) and renal mitochon-
dria fraction (Fig. 2b) of diabetic mice. Consistent with the western blot results, immunohistochemical staining 
showed increased PRR staining in the cortex and medulla of scramble shRNA diabetic mice (Fig. 2c). PRR immu-
nostaining was markedly decreased in both PRR shRNA diabetic and NG groups of mice (Fig. 2c).

Expression of NOX4 in whole kidney and renal mitochondria fraction. Compared to NG mice, 
scramble shRNA diabetic mice had significant increase in NOX4 protein expression in whole kidney (Fig. 3a) 
and renal mitochondria fraction (Fig. 3b) by nearly 70% and 120%, respectively. In NG mice, PRR shRNA signif-
icantly decreased NOX4 protein expression in whole kidney (Fig. 3a) but did not change this protein expression 
in renal mitochondria (Fig. 3b). NOX4 expression was significantly reduced in whole kidney (Fig. 3a) and renal 
mitochondria fraction (Fig. 3b) of PRR shRNA diabetic mice.

SOD2 expression and activity, expression of UCP2 and ATP level in renal mitochondria. Both 
SOD2 protein expression (Fig. 4a) and activity (Fig. 4b) were significantly decreased in renal mitochondria of 
scramble shRNA diabetic mice by nearly 30% and 60%, respectively. These changes were reversed in PRR shRNA 
mice. UCP2 protein expression (Fig. 4c) was significantly increased by nearly130% in renal mitochondria of 
scramble shRNA diabetic mice. The UCP2 overexpression was inhibited in PRR shRNA diabetic mice (Fig. 4c). 
ATP levels (Fig. 4d) were significantly decreased by nearly 50% in renal mitochondria of scramble shRNA dia-
betic mice. PRR shRNA reversed the decrease in ATP levels in diabetic mice. In NG mice, PRR shRNA did not 
promote any changes in SOD2 expression and activity, UCP2 expression, or ATP levels.

Figure 2. Localization of PRR in kidney and renal mitochondria of normoglycemic and STZ-induced diabetic 
mice. (a) Western blot analysis of PRR protein expression in whole kidney lysate (n = 4, each group).  
(b) Western blot analysis of PRR protein expression in renal mitochondria fraction (n = 5, each group).  
(c) Representative images of PRR immunostaining (dark brown) in mice renal cortex (top panels) and tubules 
(bottom panels). PRR, (Pro)renin receptor; VDAC, Voltage-dependent anion channel; Veh + Scr shRNA, 
vehicle with scrambled PRR shRNA; Veh + PRR shRNA, vehicle with PRR shRNA; DM + Scr shRNA, diabetes 
with scrambled PRR shRNA; DM + PRR shPRR, diabetes with PRR shRNA. Data presented as mean ± SEM, 
*p < 0.05 vs. Veh + Scr shRNA; #p < 0.05 vs. DM + Scr shRNA.
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Renal expressions of Sirt1, Forkhead Box O (FOXO3a) and Caspase-3. Compared with NG mice, 
protein expressions of Sirt1 (Fig. 5a) and total-FOXO3a (Fig. 5d) were both significantly decreased by 40%, while 
protein expressions of p-FOXO3a ser318/321 (Fig. 5b) and Caspase3 (Fig. 5c) were increased by nearly 140% and 
50% in kidney of scramble shRNA diabetic mice. PRR shRNA significantly reversed all these protein expressions 
in diabetic kidney. In NG mice, PRR shRNA significantly enhanced renal total-FOXO3a expression by 80%, but 
did not affect the expressions of Sirt1, phospho-FOXO3a ser318/321 or Caspase3.

Immunostaining of collagen IV and fibronectin in the kidney. Compared to NG mice, the Masson’s 
trichrome staining analysis showed accumulation of collagen in the kidneys of STZ-induced diabetes groups 
(Fig. 6a). Similarly, diabetic mice showed an increased intensity of immunostaining for collagen IV and fibronec-
tin (Fig. 6b) in renal glomeruli and tubules, which was predominantly localized to basement membranes, indi-
cating the presence of interstitial fibrosis. PRR shRNA partially prevented the renal accumulation of collagen IV 
and fibronectin (Fig. 6b).

Renal expressions of NF-κB, collagen IV and fibronectin. Consistent with the immunostaining 
results, both renal collagen IV (Fig. 7a) and fibronectin (Fig. 7b) proteins were significantly increased in scramble 
shRNA STZ-induced diabetes mice. In contrast, collagen IV and fibronectin were significantly reduced in PRR 
shRNA diabetic mice. PRR shRNA did not change proteins expression of collagen IV and fibronectin in NG 
mice. In addition, scramble shRNA diabetic mice exhibited significant increase in p-NF-κB level by about 110% 
compared with NG mice while PRR shRNA significantly decreased p-NF-κB levels in NG and diabetic mice by 
about 30% and 60%, respectively.

Discussion
Oxidative stress plays a critical role in the pathogenesis of diabetic complications, including the renal and cardio-
vascular systems24,25. Mitochondria is a major source of ROS within most mammalian cells26–28. Increased mito-
chondria oxidative stress in response to hyperglycemia is associated with mitochondria dysfunction and damage 
to renal structure and function29–31.

In the present study, we hypothesized that PRR localized in renal mitochondria contributes to development of 
renal fibrosis and apoptosis through oxidative stress-induced mitochondria dysfunction. To our knowledge, this 
is the first report demonstrating that PRR mediates the renal mitochondria ROS production and renal damage 
through hyperglycemia. First, we demonstrated that PRR is localized in the renal mitochondria and that this 
protein expression was upregulated in both total kidney tissue and renal mitochondria fraction in response to 
hyperglycemia. Then, we demonstrated that increased PRR expression in renal mitochondria was associated with 
enhanced NOX4/UCP2 production and reduced SOD2 activity and ATP synthesis. Collectively, these changes 
were accompanied by increased apoptosis, inflammation, and fibrosis in diabetic kidney. Finally, we showed that 
down-regulation of PRR reversed hyperglycemia-induced mitochondria dysfunction, renal inflammation, apop-
tosis and fibrosis in diabetic kidney. These results suggest that in diabetes, upregulation of renal PRR contributes 
to renal mitochondria dysfunction and development of renal inflammation, apoptosis and fibrosis.

Figure 3. Expression of NOX4 in kidney and renal mitochondria of normoglycemic and STZ-induced diabetic 
mice. (a) Western blot analysis of NOX4 protein expression in whole kidney lysate (n = 4, each group). (b) 
Western blot analysis of NOX4 protein expression in renal mitochondria fraction (n = 5, each group). PRR, 
(Pro)renin receptor; VDAC, Voltage-dependent anion channel; Veh + Scr shRNA, vehicle with scrambled PRR 
shRNA; Veh + PRR shRNA, vehicle with PRR shRNA; DM + Scr shRNA, diabetes with scrambled shRNA; 
DM + PRR shRNA, diabetes with PRR shRNA. Data presented as mean ± SEM, *p < 0.05 vs. Veh + Scr shRNA; 
#p < 0.05 vs. DM + Scr shRNA.
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Previous studies reported that high glucose increased PRR expression and that this receptor activity plays a 
major role in development of diabetic kidney disease3,4,9. PRR is highly expressed in renal cells including podo-
cytes8, mesangial cells3, endothelial cells32, vascular smooth muscle cells33,34, and collecting duct cells35,36. PRR was 
localized to subcellular components of different cell types such as the cytomembrane37 and some organelles such 
as endoplasmic reticulum37, lysosome and Golgi38. In the present study, we report for the first time the localiza-
tion of PRR in mitochondria of kidney tissue and the increase of its expression in presence of diabetes.

Oxidative stress is increased in diabetes and contributes to the progression of its complications. NOX4 is a 
member of the NADPH oxidase family and it is localized to the inner mitochondria membrane or to the inte-
rior of the outer membrane in various renal and endothelial cell types39. Upregulation of NOX4 was previously 
demonstrated to promote oxidative stress and to induce mitochondria dysfunction and apoptosis in cardiac 
myocytes40 and renal cells39. Our study demonstrated that increased expression and activity of renal mitochon-
dria NOX4 in control diabetic mice were reversed by downregulation of PRR expression. This is a novel finding 
suggesting that increased PRR contributes to enhanced mitochondria NOX4 expression and activity in diabetic 
kidney disease.

In addition, superoxide dismutase provides the first line of defense against ROS mediated cell injury by cata-
lyzing the proportion of superoxide anion to be converted to molecular oxygen and peroxide13,41. SOD2 is mainly 
localized in mitochondria and acts by transforming toxic superoxide, a byproduct of the mitochondria electron 
transport chain, into hydrogen peroxide and diatomic oxygen, to clear mitochondria ROS and confer protec-
tion against cell death42. Lower levels of SOD2 leads to increased expression of uncoupling proteins43,44. UCPs 
are members of a large family of mitochondria anion carrier proteins and causes mitochondria proton leak-
ing18,45, which separates oxidative phosphorylation from ATP synthesis leading to energy dissipation as heat 
and decreased mitochondria ATP synthesis46. In the present study, we demonstrated that hyperglycemia caused 

Figure 4. SOD2 expression and activity, expression of UCP2 and ATP levels in renal mitochondria of 
normoglycemic and STZ-induced diabetic mice. (a) Western blot analysis of SOD2 protein expression in renal 
mitochondria fraction (n = 4, each group). (b) SOD2 activity in renal mitochondria fraction. (c) Western blot 
analysis of UCP2 protein expression in renal mitochondria fraction (n = 5, each group). (d) ATP levels in renal 
mitochondria fraction. PRR, (Pro)renin receptor; Veh + Scr shRNA, vehicle with scrambled PRR shRNA; 
Veh + PRR shRNA, vehicle with PRR shRNA; DM + Scr shRNA, diabetes with scrambled shRNA; DM + PRR 
shRNA, diabetes with PRR shRNA. Data presented as mean ± SEM, *p < 0.05 vs. Veh + Scr shRNA; #p < 0.05 vs. 
DM + Scr shRNA.
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reduction of renal mitochondria SOD2 and enhancement of UCP2, then reduced ATP production by the mito-
chondria. We also hypothesized that hyperglycemia-induced mitochondria dysfunction is mediated by enhanced 
activity of PRR/NOX4 signaling pathway. Our results demonstrated that downregulation of renal mitochondria 
PRR via PRR shRNA delivery efficiently blocked hyperglycemia-induced dysfunction of mitochondria by revers-
ing SOD2 levels, inhibiting UCP2 protein levels, and increasing ATP synthesis. It is reported that UCP2 may 
function as a sensor and negative regulator of mitochondria ROS production in response to hyperglycemia15,47. 
In our study, PRR shRNA decreased the UCP2 level to normal level in diabetic mice and kept the antioxidative 
stress ability of UCP2. These data suggest that renal mitochondria PRR is upstream of this signaling pathway. To 
our knowledge, this is the first report showing that renal mitochondria PRR mediates hyperglycemia-induced 
dysfunction of mitochondria.

ATP is a key molecule of cellular regulation and maintenance of ion homeostasis and apoptosis48. Inhibition 
of mitochondria ATP synthesis plays an important role in stimulating apoptosis48,49. In addition, caspase pro-
teins are also crucial mediators of apoptosis. Caspase-3 activates death protease and is responsible for chro-
matin condensation and DNA fragmentation49,50. Our previous studies showed that high glucose enhanced 
caspase-3/7 activity and increased the number of apoptotic cells in podocytes, and also that downregulation of 
PRR reversed the high-glucose-induced cell death4. In the present study, we confirmed our previous findings 
that hyperglycemia increased renal caspase-3 expression, and furthermore that knockdown of PRR in mitochon-
dria inhibited the expression of caspase-3. These results suggested that mitochondria PRR plays a key role in 
hyperglycemia-induced apoptosis in kidney cells.

ROS as well as other stressful stimuli can modulate FOXO activity through posttranslational phosphorylation 
and acetylation51. FOXO proteins are a family of transcription factors that can be inhibited by the deacetylase 

Figure 5. Expression of Sirt1, FOXO3a and Caspase-3 in kidney of normoglycemic and STZ-induced diabetic 
mice. (a) Western blot analysis of renal Sirt1 protein expression (n = 4, each group). (b) Western blot analysis of 
renal pFOXO3a ser318/321 and total-FOXO3a protein expression (n = 4, each group) (c) Western blot analysis 
of renal Caspase 3 protein expression (n = 5, each group). PRR, (Pro)renin receptor; Veh + Scr shRNA, vehicle 
with scrambled PRR shRNA; Veh + PRR shRNA, vehicle with PRR shRNA; DM + Scr shRNA, diabetes with 
scrambled shRNA; DM + PRR shRNA, diabetes with PRR shRNA. Data presented as mean ± SEM, *p < 0.05 vs. 
Veh + Scr shRNA; #p < 0.05 vs. DM + Scr shRNA.
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sirtuin (Sirt1)52,53. Activation of Sirt1 can prevent the hyperglycemia-induced vascular cell dysfunction in mice54. 
Sirt1 binds to and deacetylate FOXO3a, thus increasing FOXO3a ubiquitination and protecting against oxidative 
stress-induced apoptosis55. FOXO3a also has been shown to play a role in the enhancement of autophagy by 
transactivation of autophagy-related genes. Phosphorylation of FOXO3a at serine residues 318 and 321 can dest-
abilize FOXO3a, decreasing expression of autophagy genes and limiting autophagic recycling of nutrients56. Our 
previous studies showed that PRR mediated high glucose induced reduction in autophagy function and increased 
cell apoptosis in podocytes4. In the present study, we demonstrated that hyperglycemia decreased Sirt1, total 
FOXO3a protein levels and phos-FOXO3a Ser318/321. These effects were reversed by downregulation of PRR, 
suggesting that PRR can accelerate hyperglycemia induced apoptosis by reduction of Sirt1/FOXO3a signaling 
pathway.

Hyperglycemia-induced mitochondria injury also contributed to development of renal inflammation57. Renal 
inflammation plays a central role in the initiation and progression of fibrosis in chronic kidney disease58,59. NF-κB 
triggers the inflammatory processes by activating large number of pro-inflammatory genes60–62. Previous stud-
ies demonstrated that diabetes was associated with increased deposition of collagen IV and fibronectin62–64. In 
our study, collagen type IV and fibronectin, well-characterized markers of tissue fibrosis, were predominantly 
localized to basement membranes of the glomerulus, proximal and distal tubules in diabetic mice. Our data 
also showed that diabetes increased renal NF-κB ser536 expression suggesting activation of renal inflamma-
tory process. Downregulation of PRR decreased hyperglycemia-induced activation of renal NF-κB and pro-
tein expression of fibronectin and collagen IV. These results confirm the involvement of PRR in mediating 
hyperglycemia-induced renal inflammation and fibrosis.

Figure 6. Masson staining and immunostaining of collagen IV and fibronectin in kidney of normoglycemic 
and STZ-induced diabetic mice. (a) Masson’s trichrome stain deposition in mice renal cortex. (b) 
Immunohistochemical staining deposition of collagen IV (dark brown; top two panels) and fibronectin (dark 
brown; lower two panels) in mice renal cortex and tubules. PRR, (Pro)renin receptor; Veh + Scr, vehicle with 
scrambled PRR shRNA; Veh + shPRR, vehicle with PRR shRNA; DM + Scr, diabetes with scrambled PRR 
shRNA; DM + shPRR, diabetes with PRR shRNA.
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Further studies should investigate the evidence whether the mitochondria PRR has a role that is separate from 
its role at other cell sites, whether it functions independently and where does it originate. In summary, we provide 
the first evidence for PRR localization in the mitochondria and its role in mitochondria dysfunction, inflamma-
tion, apoptosis and fibrosis in diabetic kidney. We conclude that NOX4/UCP2/NF-κB and Sirt1/FOXO3a signa-
ling pathways mediate the renal effects of PRR in diabetes. This finding may serve as a potential therapeutic tool 
in the management of diabetic kidney disease.

Materials and Methods
Animals. The University of Virginia Animal Care and Use Committee approved all study protocols. All meth-
ods were performed in accordance with the guidelines and regulations of the University of Virginia Animal 
Care and Use Committee and the National Institutes of Health. Eight-week-old male C57BL/6 (BL6) mice were 
purchased from Jackson Laboratory and kept in a 12-hour dark/light cycle and were provided standard chow and 
tap water ad libitum. Mice were randomly divided into four treatment groups: normoglycemic (control) groups 
injected with either PRR ScrRNA (Veh + PRR ScrRNA, n = 7) or PRR shRNA (Veh + PRR shRNA , n = 8), and 
STZ induced diabetic mellitus (DM) groups injected with either PRR ScrRNA (DM + PRR ScrRNA, n = 8) or 
PRR shRNA (DM + PRR shRNA, n = 10). To induce PRR shRNA into the mice kidney, all mice underwent left 
uninephrectomy prior to diabetes induction as we previously described65. In brief, 50 µl PRR shRNA or PRR 
ScrRNA (Viral vector core, University of Iowa, Iowa City, IA) were directly microinjected into the right kidney of 
the mice using a minipump at 3 µl/min.

Thereafter, diabetes was induced by intraperitoneal administration of 55 mg/kg of streptozotocin (STZ; 
Sigma-Aldrich, Saint Louis, MO) for 5 consecutive days. Normoglycemic control mice were treated with an equal 
volume of vehicle (0.9% NaCl). Body weight was measured at baseline and at the end of study. Mice were fasted 
overnight at weeks 1, 5 and 8 to collect blood from tail vein and blood glucose were determined using glucometer. 
At the end of study, mice were sacrificed and kidneys were harvested for mitochondria isolation, protein extrac-
tion, immunostaining and morphological examinations.

24-h urinary albumin and urine albumin-to-creatinine ratio (UACR) analysis. For urine collec-
tions, mice were placed in individual metabolic cages for a period of 24-h in the last week of study and urine 
samples were collected and kept at −80 °C until assayed. Urinary albumin was determined by using a commercial 
mice albumin ELISA kit (Exocell, Philadelphia, PA), and urine creatinine was assessed using creatinine assay kit 
(Cayman Chemical, Ann Arbor, MI). UACR was presented in micrograms per milligram and used as a marker 
for development of diabetic kidney disease.

Renal mitochondria isolation. Commercially available mitochondria isolation kit for tissue (Abcam, 
ab110169, Cambridge, MA) was used to isolate mitochondria from the kidney tissue according to manufac-
turer instructions. The mitochondrial preparation followed cell rupturing, low speed centrifugation to remove 
large particles and finally centrifugation at high speed to isolate mitochondria. In brief, 20 µg of mouse kidney 
tissue was washed twice with wash buffer and minced in pre-chilled dounce homogenizer with isolation buffer. 

Figure 7. Expression of NF-κB, collagen IV and fibronectin in kidney of normoglycemic and STZ-induced 
diabetic mice. (a) Western blot analysis of renal collagen IV protein expression (n = 4, each group). (b) 
Western blot analysis of renal fibronectin protein expression (n = 5, each group). (c) Western blot analysis 
of renal pNF-κB ser536 and total- NF-κB protein expression (n = 4, each group). PRR, (Pro)renin receptor; 
Veh + Scr shRNA, vehicle with scrambled PRR shRNA; Veh + PRR shRNA, vehicle with PRR shRNA; DM + Scr 
shRNA, diabetes with scrambled shRNA; DM + PRR shRNA, diabetes with PRR shRNA. Data presented as 
mean ± SEM, *p < 0.05 vs. Veh + Scr shRNA; #p < 0.05 vs. DM + Scr shRNA.
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Homogenate was centrifuged at 1,000 g for 10 mins at 4 °C, the supernatant was then mixed with isolation buffer 
and centrifuged at 12,000 g for 15 mins at 4 °C, pellet was resuspended in 100 µl of isolation buffer supplemented 
with protease inhibitor cocktail and aliquots were stored at −80 °C until use.

Mitochondria purity assessment. The integrity and purity of the mitochondria fraction were confirmed 
by western blot analysis for several protein markers. Twenty micrograms of protein were separated by 4–12% gra-
dient SDS-PAGE, transferred onto a PVDF membrane, electrotransferred to polyvinylidene difluoride membrane 
(PVDF) (Millipore, Billerica, MA), and probed with primary antibody followed by incubation with horseradish 
peroxidase-labeled IgG (1:5000) depending on the primary antibody. The purity of the mitochondria fraction 
was tested by screening for mitochondria protein utilizing the following antibodies: anti-VDAC (1:1000, 48661, 
cell signaling, CST), anti-β -tubulin (1:5000, ab21058, Abcam) for the cytosol, anti-calnexin for the nuclear and 
endoplasmic reticulum (2433 S, cell signaling, CST) in the isolated mitochondria versus in the supernatant frac-
tion. We found that all mitochondria preparations were essentially free of cytosolic and nuclear contaminants. 
Together, these results attest to the purity of our mitochondria fractions, i.e., they were substantially free of cyto-
solic, nuclear or endoplasmic reticulum components.

Renal mitochondria SOD2 activity measurement. SOD2 activity was detected by using a commer-
cially available superoxide dismutase assay kit (706002, Cayman Chemical, MI) according to manufacturer 
instructions. Kidney tissue samples were rinsed with PBS and homogenized in cold 20 mM HEPES buffer, cen-
trifuged at 1,500 g for 5 min at 4 °C, supernatant was collected and used for assay. In brief, 10 µl of tissue samples 
or standard were added into each well of 96 well plate followed with 200 µl of the diluted radical detector. The 
reaction was initiated by adding 20 µl of Xanthine Oxidase into each well, plate was incubated on a shaker for 
30 minutes at room temperature. Absorbance was measured at 440 nm using a plate reader.

Renal mitochondria Atp levels measurement. Renal mitochondria ATP levels were measured by 
using a commercially available ATP assay kit (K354-100, Biovision, CA) according to manufacturer instructions. 
Kidney tissue samples were homogenized in ATP assay buffer, the homogenates were added into 96-well plate. 
50 µl of the reaction mix was added to each well containing the ATP standard and test samples. After 30 min 
incubation, absorbance was measured at OD 570 nm on microplate reader (Epoch, BioTek, Japan). ATP concen-
trations were calculated by construction of ATP calibration curve.

Western blot analysis. Western blot analysis was performed as described previously8. In brief, whole kid-
ney homogenates were lysed in the presence of protease inhibitors. Clear protein extracts were obtained by cen-
trifugation at 12,000 g for 10 min. 20 μg proteins were transferred to subjected to 4%-12% gradient SDS-PAGE, 
transferred onto a PVDF membrane filters (Bio Rad). PVDF membranes were blocked with 5% dry milk for 1 h. 
Membranes were incubated in the primary overnight at 4 °C. The following antibodies used in the study are: 
anti-PRR (1:1000, HPA003156, Sigma), anti-NOX4 (1:1000, ab133303, Abcam), anti-SOD2 (1:1000, ab13533, 
Abcam), anti-UCP2 (1:1000, ab203244, Abcam), anti-Caspase 3 (1:1000, CST #9665, Cell signaling), anti-pNF-κB 
Ser536 (1:1000, ab86299, Abcam), anti- tNF-κB (1:1000, ab16502, Abcam), anti-collagen IV (1:1000, ab6586; 
Abcam), anti-fibronectin (1:1000, ab2413; Abcam), anti-sirt1 (1:200, sc-15404, Santa Cruz), anti-pFOXO3a 
ser318/312 (1:1000, CST #9465, Cell signaling), anit-FOXO3a (1:200, sc-48348, Santa Cruz), and anti-β-actin 
(1:5000, sc-47778, Santa Cruz). This was followed by incubation with the corresponding secondary antibody 
(horseradish peroxidase-labeled IgG, 1:1000). β-actin was used to normalize per total amount of loaded proteins. 
Chemiluminescence blot images were captured by the UVP imaging and analyzed by using Image J software 
(NIH, Bethesda, MD).

Histology staining in kidney. Sections (4-µm thick) cut from 4% formalin-fixed, paraffin-embedded kid-
ney samples were used for periodic acid-Schiff (PAS) staining and Masson’s trichrome staining.

immunohistochemical staining. Immunohistochemical staining was performed to determine renal cel-
lular expression of PRR (1:100, Sigma Aldrich HPA003156), collagen IV (1:200, Abcam ab6586), and fibronectin 
(1:400, Abcam ab2413). 4-µm-thick kidney sections were used. Heat-induced antigen retrieval was conducted in 
10 mM sodium citrate (pH 6.0). Endogenous peroxide activity was suppressed by 3% peroxide-methanol solu-
tion. VECTASTAIN® ABC KIT (Vector Laboratories, Burlingame, CA) was used for blocking and color reaction. 
Immunostaining was performed by incubation with primary antibody overnight at 4 °C followed by 30 min of 
incubation with a secondary antibody conjugated with biotin at room temperature.

Statistical analysis. Data analysis was carried out using STATISTICA version 5.0 (StatSoft, Tulsa OK). 
Values are expressed as mean ± SEM. Significant differences among multiple groups were examined using 
two-way analysis of variance (ANOVA) with repeated measures, and the Bonferroni correction method as a 
post-hoc test. P < 0.05 was considered statistically significant.

References
 1. Nguyen, G. & Muller, D. N. The biology of the (pro)renin receptor. Journal of the American Society of Nephrology: JASN 21, 18–23, 

https://doi.org/10.1681/ASN.2009030300 (2010).
 2. Nguyen, G. The (pro)renin receptor in health and disease. Ann Med 42, 13–18 (2010).
 3. Huang, J. & Siragy, H. M. Glucose promotes the production of interleukine-1beta and cyclooxygenase-2 in mesangial cells via 

enhanced (Pro)renin receptor expression. Endocrinology 150, 5557–5565, https://doi.org/10.1210/en.2009-0442 (2009).
 4. Li, C. & Siragy, H. M. (Pro)renin receptor regulates autophagy and apoptosis in podocytes exposed to high glucose. American 

journal of physiology. Endocrinology and metabolism 309, E302–310, https://doi.org/10.1152/ajpendo.00603.2014 (2015).

https://doi.org/10.1038/s41598-019-47055-1
https://doi.org/10.1681/ASN.2009030300
https://doi.org/10.1210/en.2009-0442
https://doi.org/10.1152/ajpendo.00603.2014


1 0Scientific RepoRtS |         (2019) 9:11667  | https://doi.org/10.1038/s41598-019-47055-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 5. Li, Z. et al. (Pro)renin Receptor Is an Amplifier of Wnt/beta-Catenin Signaling in Kidney Injury and Fibrosis. Journal of the American 
Society of Nephrology: JASN 28, 2393–2408, https://doi.org/10.1681/ASN.2016070811 (2017).

 6. Matavelli, L. C., Huang, J. & Siragy, H. M. (Pro)renin receptor contributes to diabetic nephropathy by enhancing renal inflammation. 
Clinical and experimental pharmacology & physiology 37, 277–282, https://doi.org/10.1111/j.1440-1681.2009.05292.x (2010).

 7. Siragy, H. M. & Huang, J. Renal (pro)renin receptor upregulation in diabetic rats through enhanced angiotensin AT1 receptor and 
NADPH oxidase activity. Experimental physiology 93, 709–714, https://doi.org/10.1113/expphysiol.2007.040550 (2008).

 8. Li, C. & Siragy, H. M. High glucose induces podocyte injury via enhanced (pro)renin receptor-Wnt-beta-catenin-snail signaling 
pathway. PloS one 9, e89233, https://doi.org/10.1371/journal.pone.0089233 (2014).

 9. Huang, J., Matavelli, L. C. & Siragy, H. M. Renal (pro)renin receptor contributes to development of diabetic kidney disease through 
transforming growth factor-beta1-connective tissue growth factor signalling cascade. Clinical and experimental pharmacology & 
physiology 38, 215–221, https://doi.org/10.1111/j.1440-1681.2011.05486.x (2011).

 10. Prabhakar, S., Starnes, J., Shi, S., Lonis, B. & Tran, R. Diabetic nephropathy is associated with oxidative stress and decreased renal nitric 
oxide production. Journal of the American Society of Nephrology: JASN 18, 2945–2952, https://doi.org/10.1681/ASN.2006080895 (2007).

 11. Barman, S., Pradeep, S. R. & Srinivasan, K. Zinc supplementation alleviates the progression of diabetic nephropathy by inhibiting 
the overexpression of oxidative-stress-mediated molecular markers in streptozotocin-induced experimental rats. The Journal of 
nutritional biochemistry 54, 113–129, https://doi.org/10.1016/j.jnutbio.2017.11.008 (2017).

 12. Block, K., Gorin, Y. & Abboud, H. E. Subcellular localization of Nox4 and regulation in diabetes. Proceedings of the National Academy 
of Sciences of the United States of America 106, 14385–14390, https://doi.org/10.1073/pnas.0906805106 (2009).

 13. Mohammedi, K. et al. Manganese superoxide dismutase (SOD2) polymorphisms, plasma advanced oxidation protein products 
(AOPP) concentration and risk of kidney complications in subjects with type 1 diabetes. PloS one 9, e96916, https://doi.org/10.1371/
journal.pone.0096916 (2014).

 14. Mollsten, A., Jorsal, A., Lajer, M., Vionnet, N. & Tarnow, L. The V16A polymorphism in SOD2 is associated with increased risk of 
diabetic nephropathy and cardiovascular disease in type 1 diabetes. Diabetologia 52, 2590–2593, https://doi.org/10.1007/s00125-
009-1550-1 (2009).

 15. Koziel, A., Sobieraj, I. & Jarmuszkiewicz, W. Increased activity of mitochondrial uncoupling protein 2 improves stress resistance in 
cultured endothelial cells exposed in vitro to high glucose levels. American journal of physiology. Heart and circulatory physiology 
309, H147–156, https://doi.org/10.1152/ajpheart.00759.2014 (2015).

 16. Mailloux, R. J. & Harper, M. E. Uncoupling proteins and the control of mitochondrial reactive oxygen species production. Free 
radical biology & medicine 51, 1106–1115, https://doi.org/10.1016/j.freeradbiomed.2011.06.022 (2011).

 17. Echtay, K. S. et al. Superoxide activates mitochondrial uncoupling proteins. Nature 415, 96–99, https://doi.org/10.1038/415096a 
(2002).

 18. Cardoso, S., Santos, M. S., Moreno, A. & Moreira, P. I. UCP2 and ANT differently modulate proton-leak in brain mitochondria of 
long-term hyperglycemic and recurrent hypoglycemic rats. Journal of bioenergetics and biomembranes 45, 397–407, https://doi.
org/10.1007/s10863-013-9503-2 (2013).

 19. Ruiz-Ramirez, A. et al. High-sucrose diet increases ROS generation, FFA accumulation, UCP2 level, and proton leak in liver mitochondria. 
American journal of physiology. Endocrinology and metabolism 301, E1198–1207, https://doi.org/10.1152/ajpendo.00631.2010 (2011).

 20. Lameloise, N., Muzzin, P., Prentki, M. & Assimacopoulos-Jeannet, F. Uncoupling protein 2: a possible link between fatty acid excess 
and impaired glucose-induced insulin secretion? Diabetes 50, 803–809 (2001).

 21. Fine, E. J., Miller, A., Quadros, E. V., Sequeira, J. M. & Feinman, R. D. Acetoacetate reduces growth and ATP concentration in cancer 
cell lines which over-express uncoupling protein 2. Cancer cell international 9, 14, https://doi.org/10.1186/1475-2867-9-14 (2009).

 22. Lu, X. et al. Activation of ENaC in collecting duct cells by prorenin and its receptor PRR: involvement of Nox4-derived hydrogen 
peroxide. American journal of physiology. Renal physiology 310, F1243–1250, https://doi.org/10.1152/ajprenal.00492.2015 (2016).

 23. Clavreul, N., Sansilvestri-Morel, P., Magard, D., Verbeuren, T. J. & Rupin, A. (Pro)renin promotes fibrosis gene expression in HEK 
cells through a Nox4-dependent mechanism. American journal of physiology. Renal physiology 300, F1310–1318, https://doi.
org/10.1152/ajprenal.00119.2010 (2011).

 24. Sharma, A. et al. Oxidative Stress and NLRP3-Inflammasome Activity as Significant Drivers of Diabetic Cardiovascular 
Complications: Therapeutic Implications. Frontiers in physiology 9, 114, https://doi.org/10.3389/fphys.2018.00114 (2018).

 25. Li, X. et al. Advanced oxidation protein products aggravate tubulointerstitial fibrosis through PKC-dependent mitochondrial injury 
in early diabetic nephropathy. Antioxidants & redox signaling. https://doi.org/10.1089/ars.2017.7208 (2018).

 26. Lim, J. et al. Effects of low-level light therapy on hepatic antioxidant defense in acute and chronic diabetic rats. Journal of biochemical 
and molecular toxicology 23, 1–8, https://doi.org/10.1002/jbt.20257 (2009).

 27. Cadenas, E. & Davies, K. J. Mitochondrial free radical generation, oxidative stress, and aging. Free radical biology & medicine 29, 
222–230 (2000).

 28. Andreyev, A. Y., Kushnareva, Y. E. & Starkov, A. A. Mitochondrial metabolism of reactive oxygen species. Biochemistry. Biokhimiia 
70, 200–214 (2005).

 29. Qi, H. et al. Glomerular Endothelial Mitochondrial Dysfunction Is Essential and Characteristic of Diabetic Kidney Disease 
Susceptibility. Diabetes 66, 763–778, https://doi.org/10.2337/db16-0695 (2017).

 30. Qi, W. et al. Pyruvate kinase M2 activation may protect against the progression of diabetic glomerular pathology and mitochondrial 
dysfunction. Nature medicine 23, 753–762, https://doi.org/10.1038/nm.4328 (2017).

 31. Edgar Romualdo, E. G., Lilia, A. M., Rafael, S. G. & Alfredo, S. M. Antioxidant effects of damiana (Turnera diffusa Willd. ex Schult.) 
in kidney mitochondria from streptozotocin-diabetic rats. Natural product research, 1–4, https://doi.org/10.1080/14786419.2017.1
380009 (2017).

 32. Kanda, A., Noda, K., Saito, W. & Ishida, S. Pro)renin receptor is associated with angiogenic activity in proliferative diabetic 
retinopathy. Diabetologia 55, 3104–3113, https://doi.org/10.1007/s00125-012-2702-2 (2012).

 33. Zhang, J., Noble, N. A., Border, W. A., Owens, R. T. & Huang, Y. Receptor-dependent prorenin activation and induction of PAI-1 
expression in vascular smooth muscle cells. American journal of physiology. Endocrinology and metabolism 295, E810–819, https://
doi.org/10.1152/ajpendo.90264.2008 (2008).

 34. Kurauchi-Mito, A. et al. Significant roles of the (pro)renin receptor in integrity of vascular smooth muscle cells. Hypertension 
research: official journal of the Japanese Society of Hypertension 37, 830–835, https://doi.org/10.1038/hr.2014.92 (2014).

 35. Lu, X., Garrelds, I. M., Wagner, C. A., Danser, A. H. & Meima, M. E. (Pro)renin receptor is required for prorenin-dependent and 
-independent regulation of vacuolar H(+)-ATPase activity in MDCK.C11 collecting duct cells. American journal of physiology. 
Renal physiology 305, F417–425, https://doi.org/10.1152/ajprenal.00037.2013 (2013).

 36. Quadri, S. & Siragy, H. M. Regulation of (pro)renin receptor expression in mIMCD via the GSK-3beta-NFAT5-SIRT-1 signaling 
pathway. American journal of physiology. Renal physiology 307, F593–600, https://doi.org/10.1152/ajprenal.00245.2014 (2014).

 37. Sihn, G., Rousselle, A., Vilianovitch, L., Burckle, C. & Bader, M. Physiology of the (pro)renin receptor: Wnt of change? Kidney 
international 78, 246–256, https://doi.org/10.1038/ki.2010.151 (2010).

 38. Yoshikawa, A. et al. The (pro)renin receptor is cleaved by ADAM19 in the Golgi leading to its secretion into extracellular space. 
Hypertension research: official journal of the Japanese Society of Hypertension 34, 599–605, https://doi.org/10.1038/hr.2010.284 
(2011).

 39. Shanmugasundaram, K. et al. NOX4 functions as a mitochondrial energetic sensor coupling cancer metabolic reprogramming to 
drug resistance. Nature communications 8, 997, https://doi.org/10.1038/s41467-017-01106-1 (2017).

https://doi.org/10.1038/s41598-019-47055-1
https://doi.org/10.1681/ASN.2016070811
https://doi.org/10.1111/j.1440-1681.2009.05292.x
https://doi.org/10.1113/expphysiol.2007.040550
https://doi.org/10.1371/journal.pone.0089233
https://doi.org/10.1111/j.1440-1681.2011.05486.x
https://doi.org/10.1681/ASN.2006080895
https://doi.org/10.1016/j.jnutbio.2017.11.008
https://doi.org/10.1073/pnas.0906805106
https://doi.org/10.1371/journal.pone.0096916
https://doi.org/10.1371/journal.pone.0096916
https://doi.org/10.1007/s00125-009-1550-1
https://doi.org/10.1007/s00125-009-1550-1
https://doi.org/10.1152/ajpheart.00759.2014
https://doi.org/10.1016/j.freeradbiomed.2011.06.022
https://doi.org/10.1038/415096a
https://doi.org/10.1007/s10863-013-9503-2
https://doi.org/10.1007/s10863-013-9503-2
https://doi.org/10.1152/ajpendo.00631.2010
https://doi.org/10.1186/1475-2867-9-14
https://doi.org/10.1152/ajprenal.00492.2015
https://doi.org/10.1152/ajprenal.00119.2010
https://doi.org/10.1152/ajprenal.00119.2010
https://doi.org/10.3389/fphys.2018.00114
https://doi.org/10.1089/ars.2017.7208
https://doi.org/10.1002/jbt.20257
https://doi.org/10.2337/db16-0695
https://doi.org/10.1038/nm.4328
https://doi.org/10.1080/14786419.2017.1380009
https://doi.org/10.1080/14786419.2017.1380009
https://doi.org/10.1007/s00125-012-2702-2
https://doi.org/10.1152/ajpendo.90264.2008
https://doi.org/10.1152/ajpendo.90264.2008
https://doi.org/10.1038/hr.2014.92
https://doi.org/10.1152/ajprenal.00037.2013
https://doi.org/10.1152/ajprenal.00245.2014
https://doi.org/10.1038/ki.2010.151
https://doi.org/10.1038/hr.2010.284
https://doi.org/10.1038/s41467-017-01106-1


1 1Scientific RepoRtS |         (2019) 9:11667  | https://doi.org/10.1038/s41598-019-47055-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 40. Ago, T. et al. Upregulation of Nox4 by hypertrophic stimuli promotes apoptosis and mitochondrial dysfunction in cardiac myocytes. 
Circulation research 106, 1253–1264, https://doi.org/10.1161/CIRCRESAHA.109.213116 (2010).

 41. Wang, X. R., Zhang, M. W., Chen, D. D., Zhang, Y. & Chen, A. F. AMP-activated protein kinase rescues the angiogenic functions of 
endothelial progenitor cells via manganese superoxide dismutase induction in type 1 diabetes. American journal of physiology. 
Endocrinology and metabolism 300, E1135–1145, https://doi.org/10.1152/ajpendo.00001.2011 (2011).

 42. Pias, E. K. et al. Differential effects of superoxide dismutase isoform expression on hydroperoxide-induced apoptosis in PC-12 cells. 
The Journal of biological chemistry 278, 13294–13301, https://doi.org/10.1074/jbc.M208670200 (2003).

 43. Xu, Y. et al. Manganese superoxide dismutase deficiency triggers mitochondrial uncoupling and the Warburg effect. Oncogene 34, 
4229–4237, https://doi.org/10.1038/onc.2014.355 (2015).

 44. Haines, B. A., Mehta, S. L., Pratt, S. M., Warden, C. H. & Li, P. A. Deletion of mitochondrial uncoupling protein-2 increases ischemic 
brain damage after transient focal ischemia by altering gene expression patterns and enhancing inflammatory cytokines. Journal of 
cerebral blood flow and metabolism: official journal of the International Society of Cerebral Blood Flow and Metabolism 30, 1825–1833, 
https://doi.org/10.1038/jcbfm.2010.52 (2010).

 45. Fink, B. D. et al. UCP2-dependent proton leak in isolated mammalian mitochondria. The Journal of biological chemistry 277, 
3918–3925, https://doi.org/10.1074/jbc.M107955200 (2002).

 46. Bo, J. et al. Methylglyoxal Impairs Insulin Secretion of Pancreatic beta-Cells through Increased Production of ROS and 
Mitochondrial Dysfunction Mediated by Upregulation of UCP2 and MAPKs. Journal of diabetes research 2016, 2029854, https://doi.
org/10.1155/2016/2029854 (2016).

 47. Pi, J. et al. Persistent oxidative stress due to absence of uncoupling protein 2 associated with impaired pancreatic beta-cell function. 
Endocrinology 150, 3040–3048, https://doi.org/10.1210/en.2008-1642 (2009).

 48. Comelli, M., Di Pancrazio, F. & Mavelli, I. Apoptosis is induced by decline of mitochondrial ATP synthesis in erythroleukemia cells. 
Free radical biology &. medicine 34, 1190–1199 (2003).

 49. Tsujimoto, Y. Apoptosis and necrosis: intracellular ATP level as a determinant for cell death modes. Cell death and differentiation 4, 
429–434, https://doi.org/10.1038/sj.cdd.4400262 (1997).

 50. Li, P. A. et al. Hyperglycemia enhances DNA fragmentation after transient cerebral ischemia. Journal of cerebral blood flow and 
metabolism: official journal of the International Society of Cerebral Blood Flow and Metabolism 21, 568–576, https://doi.
org/10.1097/00004647-200105000-00011 (2001).

 51. Klotz, L. O. et al. Redox regulation of FoxO transcription factors. Redox biology 6, 51–72, https://doi.org/10.1016/j.redox.2015.06.019 
(2015).

 52. Brunet, A. et al. Stress-dependent regulation of FOXO transcription factors by the SIRT1 deacetylase. Science 303, 2011–2015, 
https://doi.org/10.1126/science.1094637 (2004).

 53. Kim, H. N. et al. Sirtuin1 Suppresses Osteoclastogenesis by Deacetylating FoxOs. Molecular endocrinology 29, 1498–1509, https://
doi.org/10.1210/me.2015-1133 (2015).

 54. Orimo, M. et al. Protective role of SIRT1 in diabetic vascular dysfunction. Arteriosclerosis, thrombosis, and vascular biology 29, 
889–894, https://doi.org/10.1161/ATVBAHA.109.185694 (2009).

 55. Wang, Y. Q. et al. SIRT1 Protects Against Oxidative Stress-Induced Endothelial Progenitor Cells Apoptosis by Inhibiting FOXO3a 
via FOXO3a Ubiquitination and Degradation. Journal of cellular physiology 230, 2098–2107, https://doi.org/10.1002/jcp.24938 
(2015).

 56. Cheong, J. K. et al. Casein kinase 1alpha-dependent feedback loop controls autophagy in RAS-driven cancers. The Journal of clinical 
investigation 125, 1401–1418, https://doi.org/10.1172/JCI78018 (2015).

 57. Bhattacharya, S., Manna, P., Gachhui, R. & Sil, P. C. D-saccharic acid 1,4-lactone protects diabetic rat kidney by ameliorating 
hyperglycemia-mediated oxidative stress and renal inflammatory cytokines via NF-kappaB and PKC signaling. Toxicology and 
applied pharmacology 267, 16–29, https://doi.org/10.1016/j.taap.2012.12.005 (2013).

 58. Lv, W., Booz, G. W., Wang, Y., Fan, F. & Roman, R. J. Inflammation and renal fibrosis: Recent developments on key signaling 
molecules as potential therapeutic targets. European journal of pharmacology 820, 65–76, https://doi.org/10.1016/j.
ejphar.2017.12.016 (2018).

 59. Anders, H. J. et al. The macrophage phenotype and inflammasome component NLRP3 contributes to nephrocalcinosis-related 
chronic kidney disease independent from IL-1-mediated tissue injury. Kidney international 93, 656–669, https://doi.org/10.1016/j.
kint.2017.09.022 (2018).

 60. Zhang, L. et al. Anti-inflammatory effects of Lefty-1 in renal tubulointerstitial inflammation via regulation of the NF-kappaB 
pathway. International journal of molecular medicine 41, 1293–1304, https://doi.org/10.3892/ijmm.2017.3327 (2018).

 61. Kempe, S., Kestler, H., Lasar, A. & Wirth, T. NF-kappaB controls the global pro-inflammatory response in endothelial cells: evidence 
for the regulation of a pro-atherogenic program. Nucleic acids research 33, 5308–5319, https://doi.org/10.1093/nar/gki836 (2005).

 62. Wang, S. et al. Interleukin-22 ameliorated renal injury and fibrosis in diabetic nephropathy through inhibition of NLRP3 
inflammasome activation. Cell death & disease 8, e2937, https://doi.org/10.1038/cddis.2017.292 (2017).

 63. Dixon, A. & Maric, C. 17beta-Estradiol attenuates diabetic kidney disease by regulating extracellular matrix and transforming 
growth factor-beta protein expression and signaling. American journal of physiology. Renal physiology 293, F1678–1690, https://doi.
org/10.1152/ajprenal.00079.2007 (2007).

 64. Wang, B. et al. miR-200a Prevents renal fibrogenesis through repression of TGF-beta2 expression. Diabetes 60, 280–287, https://doi.
org/10.2337/db10-0892 (2011).

 65. Li, C. et al. Protective role of growth hormone against hyperhomocysteinemia-induced glomerular injury. Naunyn-Schmiedeberg’s 
archives of pharmacology 386, 551–561, https://doi.org/10.1007/s00210-013-0848-1 (2013).

Acknowledgements
This study was supported by National Institutes of Health grants DK078757, DK114875 and HL091535 to H.M. 
Siragy.

Author contributions
H.M.S. supervised and designed the study, interpreted data and edited the final version of the manuscript; 
C.L. designed the study, performed surgery and experiments, analyzed and interpreted data, and drafted the 
manuscript; L.C.M. performed experiments and helped to edit the manuscript; S.A. performed experiments and 
helped draft the manuscript.

Additional information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-47055-1
https://doi.org/10.1161/CIRCRESAHA.109.213116
https://doi.org/10.1152/ajpendo.00001.2011
https://doi.org/10.1074/jbc.M208670200
https://doi.org/10.1038/onc.2014.355
https://doi.org/10.1038/jcbfm.2010.52
https://doi.org/10.1074/jbc.M107955200
https://doi.org/10.1155/2016/2029854
https://doi.org/10.1155/2016/2029854
https://doi.org/10.1210/en.2008-1642
https://doi.org/10.1038/sj.cdd.4400262
https://doi.org/10.1097/00004647-200105000-00011
https://doi.org/10.1097/00004647-200105000-00011
https://doi.org/10.1016/j.redox.2015.06.019
https://doi.org/10.1126/science.1094637
https://doi.org/10.1210/me.2015-1133
https://doi.org/10.1210/me.2015-1133
https://doi.org/10.1161/ATVBAHA.109.185694
https://doi.org/10.1002/jcp.24938
https://doi.org/10.1172/JCI78018
https://doi.org/10.1016/j.taap.2012.12.005
https://doi.org/10.1016/j.ejphar.2017.12.016
https://doi.org/10.1016/j.ejphar.2017.12.016
https://doi.org/10.1016/j.kint.2017.09.022
https://doi.org/10.1016/j.kint.2017.09.022
https://doi.org/10.3892/ijmm.2017.3327
https://doi.org/10.1093/nar/gki836
https://doi.org/10.1038/cddis.2017.292
https://doi.org/10.1152/ajprenal.00079.2007
https://doi.org/10.1152/ajprenal.00079.2007
https://doi.org/10.2337/db10-0892
https://doi.org/10.2337/db10-0892
https://doi.org/10.1007/s00210-013-0848-1


1 2Scientific RepoRtS |         (2019) 9:11667  | https://doi.org/10.1038/s41598-019-47055-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-47055-1
http://creativecommons.org/licenses/by/4.0/

	(Pro)renin receptor contributes to renal mitochondria dysfunction, apoptosis and fibrosis in diabetic mice
	Results
	Blood glucose, body weight, 24-hour urinary albumin excretion, urinary albumin to creatinine ratio (UACR) and renal histolo ...
	Localization of PRR to mitochondria in the kidney. 
	Expression of NOX4 in whole kidney and renal mitochondria fraction. 
	SOD2 expression and activity, expression of UCP2 and ATP level in renal mitochondria. 
	Renal expressions of Sirt1, Forkhead Box O (FOXO3a) and Caspase-3. 
	Immunostaining of collagen IV and fibronectin in the kidney. 
	Renal expressions of NF-κB, collagen IV and fibronectin. 

	Discussion
	Materials and Methods
	Animals. 
	24-h urinary albumin and urine albumin-to-creatinine ratio (UACR) analysis. 
	Renal mitochondria isolation. 
	Mitochondria purity assessment. 
	Renal mitochondria SOD2 activity measurement. 
	Renal mitochondria ATP levels measurement. 
	Western blot analysis. 
	Histology staining in kidney. 
	Immunohistochemical staining. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Blood glucose levels, 24-hour urinary albumin, urinary albumin to creatinine ratio (UACR), and renal PAS staining in normoglycemic and STZ-induced diabetic mice.
	Figure 2 Localization of PRR in kidney and renal mitochondria of normoglycemic and STZ-induced diabetic mice.
	Figure 3 Expression of NOX4 in kidney and renal mitochondria of normoglycemic and STZ-induced diabetic mice.
	Figure 4 SOD2 expression and activity, expression of UCP2 and ATP levels in renal mitochondria of normoglycemic and STZ-induced diabetic mice.
	Figure 5 Expression of Sirt1, FOXO3a and Caspase-3 in kidney of normoglycemic and STZ-induced diabetic mice.
	Figure 6 Masson staining and immunostaining of collagen IV and fibronectin in kidney of normoglycemic and STZ-induced diabetic mice.
	Figure 7 Expression of NF-κB, collagen IV and fibronectin in kidney of normoglycemic and STZ-induced diabetic mice.




