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Abstract
Kidney uncoupling protein 2 (UCP-2) increases in streptozotocin-induced diabetes, resulting in
mitochondria uncoupling, i.e., increased oxygen consumption unrelated to active transport. The
present study aimed to investigate the role of UCP-2 for normal and diabetic kidney function
utilizing small interference RNA (siRNA) to reduce protein expression. Diabetic animals had
increased glomerular filtration rate and kidney oxygen consumption, resulting in decreased
oxygen tension and transported sodium per consumed oxygen. UCP-2 protein levels decreased 2
and 50% after UCP-2 siRNA administration in control and diabetic animals respectively. Kidney
function was unaffected by in vivo siRNA-mediated gene silencing of UCP-2. The reason for the
lack of effect of reducing UCP-2 is presently unknown but may involve compensatory
mitochondrial uncoupling by the adenosine nucleotide transporter.
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1 Introduction
Diabetic nephropathy is a common complication in diabetes mellitus and often results in the
need for dialysis and/or kidney transplantation. In the year of 2030 the projected prevalence
of diabetes mellitus worldwide is 366 million people [1] with 37% expected to develop
kidney damage [2].
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The mechanisms underlying diabetic nephropathy are presently unclear, but there is a
connection between kidney dysfunction and alterations in the energy metabolism, increased
oxidative stress, mitochondria dysfunction and increased oxygen consumption (QO2) [3–5].
The increased oxidative stress directly contributes to increased QO2 resulting in decreased
oxygen tension (pO2) [4]. A major source of reactive oxygen species (ROS) is the
mitochondria electron transport chain and normally 0.2% of total QO2 is due to production
of superoxide radicals (O2.−) [6] but this increases in diabetes [ 7]. Cultured renal proximal
tubular cells exposed to hyperglycemia display increased membrane potential together with
increased production of O2.−. After the initial response, a decrease in the mitochondrial
membrane potential, increased QO2 and decreased O2.− production has been reported [8],
indicating mitochondria uncoupling. Uncoupling proteins (UCP-2) releases protons
independently of ATP-production and therefore decreases membrane potential and O2.−

production [9, 10]. In diabetes, up-regulation of kidney UCP-2 results in mitochondria
uncoupling which may contribute to increased QO2 [5, 11]. Therefore, we investigated the
role of kidney UCP-2 in diabetes by utilizing in vivo gene silencing of UCP-2.

2 Materials and Methods
All animal procedures were approved by the Animal Care and Use Committee. Diabetes was
induced in male Sprague Dawley rats (250–300 g, streptozotocin 65 mg/kg bw, tail vein).
Blood glucose was measured using a reagent test strip (MediSense, Bedford, MA, USA) in a
blood sample obtained from the cut tip of the tail and considered diabetic if it increased ≥15
mM within 24 h of injection and remained elevated. For administration of siRNA, a
polyethylene catheter was placed in the carotid artery under isoflurane anesthesia (2% in
40% O2). A nonfunctional scrambled (scrl siRNA) or a siRNA directed against UCP-2 (id
no. 50931, Ambion, Austin, TX, USA) was administered in a volume of 6 ml of 37 °C
sterile saline during 6 s via a catheter in the carotid artery which was subsequently ligated.
siRNA was administered at day 5 of diabetes and all experiments carried out 2 days
thereafter.

Kidney cortexes were homogenized in RIPA buffer (1% tergitol type NP40, 0.5% sodium
deoxycholate, 0.1% SDS, 10 mM NaF, 80 mM Tris, pH 7.5). Enzyme inhibitors
(phosphatase inhibitor cocktail-2; 10 μl/ml, Sigma–Aldrich, St. Louis, MO, USA and
Complete Mini; one tablet/1.5 ml; Roche Diagnostics, Mannheim, Germany) were added
before each experiment. Molecular weight separation was performed on 12.5% Tris–HCl
gels with Tris/glycine/SDS buffer, the proteins transferred to nitrocellulose membranes and
detected with goat anti-rat UCP-2 (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and HRP-conjugated rabbit anti-goat, (1:10,000; Kirkegaard and Perry Laboratories,
Gaithersburg, MD, USA). β-actin was detected with mouse anti-rat β-actin antibody
(1:10,000, Sigma–Aldrich, St Louis, MO, USA) and secondary HRP-conjugated goat-anti
mouse antibody (1:60,000; Kirkegaard and Perry Laboratories, Gaithersburg, MD, USA).

Animals were sedated with sodium thiobutabarbital (Inactin, 120 mg/kg bw non-diabetic
animals, 80 mg/kg bw diabetic animals, i.p) and were placed on a heating pad that was
servo-controlled at 37 °C. Tracheotomy was performed and polyethylene catheters were
placed in the femoral artery and vein to allow monitoring of blood pressure (Statham P23dB,
Statham Laboratories, Los Angeles, CA, USA), blood sampling and infusion of saline (5 ml/
kg bw/h nondiabetic animals, 10 ml/kg bw/h diabetic animals). The left kidney was exposed
by a subcostal flank incision and immobilized. The left ureter and bladder were catheterized
to allow for timed urine sampling and urinary drainage, respectively. After surgery, the
animal was allowed to recover for 40 min. Kidney pO2 was measured using Clark-type
oxygen electrodes (Unisense, Aarhus, Denmark). Glomerular filtration rate (GFR) and renal
blood flow (RBF) were measured by clearance of 14C-inulin and 3H-para-aminohippuric
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acid (185 kBq bolus followed by 185 kBq/kg bw/h, American Radiolabelled Chemicals, St.
Louis, MO, USA). RBF was calculated assuming an extraction of 70%. GFR was calculated
as inulin clearance = ([inulin]urine*urine flow)/[inulin]plasma and RBF with PAH-clearance
adjusted for the hematocrit. Total kidney QO2 (μmol/min) was estimated from the
arteriovenous difference in O2 con+ tent (O2ct = ([Hb]*oxygen saturation*1.34 +
pO2*0.003)) *total RBF. Tubular Na+ transport (TNa+, μmol/min) was calculated as follows:
TNa+ = [PNa+]*GFR-UNaV, where [PNa+] is plasma Na concentration and UNaV is the
urinary Na + excretion. TNa+ per QO2 was calculated as TNa+/QO2. Statistical comparisons
were performed using one-way analysis of variance with Bonferroni post hoc test were
appropriate. p < 0.05 was considered significant and all values are mean ± SEM.

3 Results
Increased blood glucose and decreased weight were observed with diabetes. Weight loss was
also observed after administration of siRNA (Table 30.1). UCP-2 was increased in diabetic
rats compared to controls but decreased in both groups by UCP-2 siRNA (Fig. 30.1).
Diabetics had increased GFR which was maintained after UCP-2 siRNA (Fig. 30.2). No
differences in RBF were detected between any of the groups (data not shown). QO2
increased and TNa+/QO2 decreased in diabetic animals compared to controls (Figs. 30.3 and
30.4). Diabetic animals had decreased kidney pO2 compared to control animals which was
unaffected by UCP-2 siRNA (Fig. 30.5). All parameters investigated were unaffected by
scrambled siRNA.

4 Discussion
The present study demonstrates increased protein levels of UCP-2 in the diabetic rat kidney
concomitant with increased total kidney QO2 and decreased TNa+/QO2. This isconsistent
with the hypothesis that defective renal oxygenation in diabetes is mediated by enhanced
expression of UCP-2. However, neither GFR, RBF, pO2, QO2 nor TNa+/QO2 were affected
by selective siRNA-mediated gene silencing of UCP-2. There are several possible
explanations. First, we only achieved a partial knockdown in UCP-2. It is possible that the
residual UCP-2, possibly through increased activity, prevented a significant effect on in vivo
kidney function. Second, it can be argued that diabetic nephropathy is a disease evolving
during several years and 48 h knockdown of UCP-2 might not be enough. Third, possible
compensatory up-regulation of other mitochondrial uncoupling mechanisms that were not
investigated in the present study, but it is also possible the increased compensatory
mitochondria uncoupling may have obscured an effect of reduced UCP-2 expression.
Specifically, mitochondrial uncoupling can also be mediated by the adenosine nucleotide
transporter.

5 Conclusion
The diabetic kidney had defective oxygenation and enhanced expression of UCP-2. siRNA-
mediated knockdown of UCP-2 for 48 h in the diabetic kidney did not reverse that defect on
kidney function in vivo. The role of UCP-2 and mitochondria uncoupling in diabetes needs
to be further evaluated, preferentially using genetically modified mice.
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Fig. 30.1.
UCP-2 protein expression in kidney cortex. Scrl scrambled, asterisk denotes p<0.05
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Fig. 30.2.
Glomerular filtration. Scrl scrambled, asterisk denotes p<0.05
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Fig. 30.3.
Total kidney oxygen consumption. Scrl scrambled, asterisk denotes p<0.05
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Fig. 30.4.
Transported sodium per consumed oxygen. Scrl scrambled, asterisk denotes p<0.05
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Fig. 30.5.
Oxygen tension in kidney cortex. Scrl scrambled, asterisk denotes p<0.05
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Table 30.1

Body weight and blood glucose

Bw (g) BG (mM)

Control 349 ± 7 4.8 ± 0.15

Control + scrambled siRNA 272 ± 7* 4.9±0.35

Control + UCP-2 siRNA 303 ± 6* 5.65±0.47

Diabetes 278±8* 19.3±0.52*

Diabetes + scrambled siRNA 296 ± 9* 18.2±1.1*

Diabetes + UCP-2 siRNA 308 ± 13* 18.2±0.7*

*
Denotes p < 0.05 vs. untreated control animals
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