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Kidney Hypoxia, Attributable to Increased Oxygen
Consumption, Induces Nephropathy Independently
of Hyperglycemia and Oxidative Stress

Malou Friederich-Persson, Erik Thorn, Peter Hansell, Masaomi Nangaku, Max Levin, Fredrik Palm

See Editorial Commentary, pp 827-828

Abstract—Diabetic nephropathy is strongly associated with both increased oxidative stress and kidney tissue hypoxia. The
increased oxidative stress causes increased kidney oxygen consumption resulting in kidney tissue hypoxia. To date, it has
been difficult to determine the role of kidney hypoxia, per se, for the development of nephropathy. We tested the hypothesis
that kidney hypoxia, without confounding factors such as hyperglycemia or elevated oxidative stress, results in nephropathy.
To induce kidney hypoxia, dinitrophenol (30 mg per day per kg bodyweight by gavage), a mitochondrial uncoupler that
increases oxygen consumption and causes kidney hypoxia, was administered for 30 consecutive days to rats. Thereafter,
glomerular filtration rate, renal blood flow, kidney oxygen consumption, kidney oxygen tension, kidney concentrations of
glucose and glycogen, markers of oxidative stress, urinary protein excretion, and histological findings were determined and
compared with vehicle-treated controls. Dinitrophenol did not affect arterial blood pressure, renal blood flow, glomerular
filtration rate, blood glucose, or markers of oxidative stress but increased kidney oxygen consumption, and reduced
cortical and medullary concentrations of glucose and glycogen, and resulted in intrarenal tissue hypoxia. Furthermore,
dinitrophenol treatment increased urinary protein excretion, kidney vimentin expression, and infiltration of inflammatory
cells. In conclusion, increased mitochondrial oxygen consumption results in kidney hypoxia and subsequent nephropathy.
Importantly, these results demonstrate that kidney tissue hypoxia, per se, without confounding hyperglycemia or oxidative
stress, may be sufficient to initiate the development of nephropathy and therefore demonstrate a new interventional target
for treating kidney disease. (Hypertension.2013;62:914-919.) ® Online Data Supplement

Key Words: cell hypoxia m chronic kidney disease m dinitrophenols m kidney m nephropathy,
chronic tubulointerstitial m oxygen consumption m uncoupling agents

rogressive loss of kidney function leads to end-stage renal
disease (ESRD), requiring dialysis or kidney transplan-
tation. Diabetes mellitus, hypertension, glomerulonephritis,
and cystic kidney disease are all major causes for ESRD.!
Approximately 45% of all cases of ESRD are caused by diabe-
tes mellitus,? and the number of affected patients will continue
to increase because the prevalence of diabetes mellitus is pro-
jected to increase from 171 million in 2000 to 366 million in
2030.3 Development of diabetic nephropathy is closely associ-
ated with increased levels of oxidative stress,** and alterations
in kidney metabolism and oxygen handling.®® These functional
alterations precede the structural changes of the kidney.'*!!
Fine et al’ suggested already in 1998 that kidney hypoxia is a
mediator of progressive kidney disease, and chronic tubuloint-
erstitial hypoxia is now commonly acknowledged as a pathway

to ESRD.'*"5 Although the kidneys receive 25% of cardiac out-
put, and the blood in the renal vein is well oxygenated,'® the
kidney oxygen tension (Po,) is markedly lower than arterial
Po,, and the renal medulla operates in a hypoxic milieu already
during physiological conditions.!”!® It should be noted that the
kidney does not display the same relationship between oxygen
demand and supply as other organs, for example, the brain.
Increasing oxygen delivery (DO,) to the kidney by increasing
renal blood flow (RBF) is likely to result in a simultaneously
increased tubular electrolyte load attributable to increased glo-
merular filtration rate (GFR). This will increase active tubular
transport that, per se, increases the energy demand resulting
in increased kidney oxygen consumption (QO,). Therefore,
increased intrarenal oxygen metabolism will inevitably result
in kidney tissue hypoxia and potentially contribute to the
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development of nephropathy." Indeed, kidneys from diabetic
and hypertensive animals have increased renal QO,."***
However, it is difficult to mechanistically separate intrarenal
tissue hypoxia from oxidative stress because it is increased
oxidative stress that causes the initial increase in kidney QO,,
which results in the lower tissue Po, in these kidneys.”*

In kidneys from diabetic rats, increased mitochondrial uncou-
pling protein-2 activity increases mitochondrial QO,.*' By
releasing protons across the mitochondrial inner membrane
independently of ATP production, uncoupling protein-2 con-
trols the mitochondrial membrane potential and therefore also
superoxide formation. Mitochondrial uncoupling is therefore an
antioxidant mechanism but with the side effect of significantly
elevated QO,. The chemical mitochondrial uncoupler, 2,4-dini-
trophenol (DNP), also increases mitochondrial QO, without
increasing ATP production. DNP was therefore used as a weight
loss therapy in the early 1930s but was banned from the market
in 1938 because of causing cataract and overdosing fatalities.”*

In this study, we tested the hypothesis that intrarenal
hypoxia, per se, without confounding factors such as hyper-
glycemia and oxidative stress, can induce nephropathy.

Material and Methods

All animal procedures were approved by the Uppsala animal eth-
ics committee and were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.
Male Sprague-Dawley rats were treated with DNP (30 mg per day per
kg bodyweight,” 1 mL dissolved in 1.5% methyl cellulose) or vehicle
by gavage for 30 days. During the treatment period, the body weight,
weight gain, and food and water intake were monitored and, after the
treatment period, the in vivo kidney function was evaluated in terms of
GFR, RBE kidney QO,, kidney Po,, DO, kidney concentrations of glu-
cose and glycogen (analyzed using bioluminescence imaging),”® and
tubular reabsorption of Na* and proteinuria. In each group, randomly
selected animals (n=6—8) were analyzed for urinary excretion of thio-
barbituric acid reactive substances, kidney cortex content of protein car-
bonyls, tubular damage indicated by vimentin staining, and infiltration
of immune cells by mouse monoclonal macrophage CD68 antibody
(ED-1) staining. Expressions of oxygen-regulated genes were analyzed
by reverse transcription polymerase chain reaction.”” Nephropathy was
defined as the development of proteinuria and histological alterations.
See the online-only Data Supplement for a detailed Methods section.

Statistical analysis was performed using Student ¢ test. P<0.05
(2-sided) was considered statistically significant, and all values are
presented as mean+SEM.

Results
Treatment with DNP did not statistically change body weight,
blood glucose, kidney weight, mean arterial pressure, RBF,
GFR, or tubular reabsorption of Na*. Renal DO,, hemoglo-
bin content, and food and water intake was increased, and

Table. Animal Characteristics and Investigated In Vivo Parameters
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(umol O,/min/kidney)

18
16
14
12 4
10 1
8
6
4
2
0

Kidney oxygen consumption

Control  DNP
(n=14)  (n=9)
Figure 1. Total kidney oxygen consumption in rats with and

without administration of 2,4-dinitrophenol (DNP). *P<0.05
compared with vehicle-treated controls.

transported Na* per consumed oxygen was reduced in rats
treated with DNP (Table 1).

DNP increased QO, (Figure 1) and reduced kidney content of
glycogen and glucose (Figure 2A and 2B). The increased metab-
olism induced by DNP resulted in tissue hypoxia in both kid-
ney cortex and medulla (Figure 3). Furthermore, DNP treatment
induced proteinuria and increased vimentin staining and infiltra-
tion of ED-1—positive cells (Figure 4A—4C). Importantly, chronic
DNP treatment did not statistically affect markers of oxidative
stress in either urine or in kidney tissue (Figure SA and 5B).

Acute infusion of DNP to determine its acute toxicity did
not statistically alter urinary protein excretion in either con-
trols (46.9+£7.7 versus 50.9+5.9 png/min; ns) or in chronically
DNP-treated animals (76.9+7.6 versus 57.4+10.2 pg/min; ns)
compared with baseline. However, acute DNP administration
decreased both cortical and medullary kidney Po, in controls
(34+2 versus 44+1 and 26+1 versus 30+2 mm Hg, respectively;
both P<0.05) but did not statistically affect any of the other
investigated parameters in any of the 2 groups (data not shown).

Discussion

This study demonstrates that kidney hypoxia, attributable
to increased kidney QO,, induces nephropathy without con-
founding factors such as hyperglycemia or oxidative stress.
The results from the present study may therefore demonstrate
that kidney tissue hypoxia, per se, is sufficient to induce simi-
lar nephropathy as commonly observed in animal models of
experimental diabetic and hypertensive kidney disease as well
as in the corresponding patient populations.

There is growing support for kidney tissue hypoxia as a
main pathogenic mechanism for development of chronic kid-
ney disease, both in diabetes mellitus and other conditions.!*!?
Indeed, decreased kidney Po, has been demonstrated in

Weight Food Water
BG, Hb, Gain, Intake,  Intake,
Group BW,g mmol/lL  mg/dL KW, g g/d g/d mL/d

RBF, mL GFR,mL DO, pmol  TNa*, pmol
MAP, per min per min per min per min
mmHg  perKidney perKidney perKidney  perKidney  TNa*/QO,

Control  433x21 6.1x0.4 150+4

1.3+0.0 4.4x02 24+1 311
DNP 452+13  5.4+0.5 169+4* 1.4+0.0 3.9+0.3 29+1* 40+1*

177571 229.6+26.2 24.9+6.8
2124+58* 174.9+17.2 12.7+1.5*

1013 10.3x0.4 1.5+0.1
94+9 9.1x0.7 1.3+0.1

Body weight (BW), blood glucose (BG), hemoglobin (Hb), kidney weight (KW), weight gain, food intake, water intake, mean arterial pressure (MAP), renal blood flow
(RBF), glomerular filtration rate (GFR), kidney delivery of oxygen (DO,), tubular reabsorption of Na* (TNa*) and transported Na* per consumed oxygen (TNa*/Q0,) in rats

with and without administration of dinitrophenol (DNP) for 30 days.
*P<0.05 compared with untreated controls, n=8 to 14 in each group.
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diabetes mellitus,”?-32 hypertension,?**3* polycystic kidney
disease, hypertensive nephrosclerosis, and chronic glomeru-
lonephritis.*® Fine et al’ proposed that the initial glomerular
injury leading to decreased RBF in peritubular capillaries
causes decreased tissue Po,, which promotes tubulointerstitial
fibrosis. The remaining glomerular and peritubular capillar-
ies are subjected to increased RBF and hydrostatic pressure,
which in turn increases damage and promotes further develop-
ment of fibrosis. Consequently, both decreased and increased
RBF in the peritubular capillaries would lead to tubulointer-
stitial hypoxia. They proposed a critical interstitial hypoxia
level that resulted in the progressive loss of kidney function.’
Indeed, loss of peritubular capillaries has been reported in dia-
betes mellitus®” and ischemic injury.’® Furthermore, develop-
ment of hypoxia and tubulointerstitial fibrosis correlates with
decreasing GFR in patients with chronic kidney disease.*
Also, it has been reported that cortical interstitial fibrosis,
reduced proximal tubule epithelium volume, and atrophied
proximal tubules all correlate with GFR at the time of biopsy.*

In the present study, we observed increased vimentin stain-
ing, a marker of tubular damage,” in the animals treated
with DNP. Vimentin has been used to investigate the degree
of tubulointerstitial damage in both patients*'#* and animal
models.** Importantly, we also detected increased urinary pro-
tein leakage in the DNP-treated animals, which is commonly
regarded as a good predictor for progressive nephropathy.* It

*

W
o o o

(mmHg)
> 8

Kidney oxygen tension

o

B Control (n=10) [J DNP (n=9)

Kidney cortex Kidney medulla

Figure 3. Oxygen tensions in kidney cortex and medulla in rats
with and without administration of 2,4-dinitrophenol (DNP) for 30
days. *P<0.05 compared with vehicle-treated controls.

Figure 2. Glycogen (A) and glucose
content (B) in kidney cortex and medulla
in rats with and without administration

of 2,4-dinitrophenol (DNP) for 30 days.
Representative images are displayed to
the right. *P<0.05 compared with vehicle-
treated controls.

is possible that the hypoxic injury results not only in increased
protein permeability across the glomerular capillary but also
negatively affects protein reabsorption in the proximal tubule.
Both these mechanisms promote proteinuria. It has also been
demonstrated that albumin can induce elevated cytokine levels
in tubular cells and thereby promote apoptosis.**¢ Proteinuria
may therefore be a self-sustained pathway to accelerate
nephropathy. Indeed, it has been demonstrated that the level
of proteinuria correlated to a more rapid loss of kidney func-
tion in patients with chronic kidney disease.*’

Despite increased DO, in the chronically DNP-treated animals,
there was still intrarenal tissue hypoxia. It may be speculated that
the reason as to why kidneys with elevated QO, do not benefit
from increased DO, may be attributable to arteriovenous precap-
illary shunting of oxygen. In the kidney, arteries run in parallel
to veins, which constitutes the basis for a morphological shunt.
Thus, increased kidney QO, results in a larger arteriovenous oxy-
gen gradient, which facilitates shunting and prevents increased
DO, to counteract the intrarenal tissue hypoxia. In pioneering
studies, Levy et al*** injected labeled erythrocytes in supersatu-
rated oxygen buffer and measured the transit time for the eryth-
rocytes and the oxygen peak to travel across to the renal vein.
They reported that the oxygen peak appeared on average 1.25
seconds earlier than the erythrocytes, and it was concluded that
the oxygen traveled a shorter distance compared with the erythro-
cytes that were restricted to the vasculature.**° The only possible
explanation is a functional arteriovenous shunt of oxygen, which
has also been supported by later reports by others. 7205051

In the present study, treatment with DNP for 30 days resulted
in nephropathy evident as proteinuria, increased vimentin
expression, and infiltration of immune cells. However, DNP
is considered an environmental toxin and may be nephrotoxic,
per se. Indeed, reports of proteinuria after treatment with DNP
exist. Two women treated with a low-dose DNP for 35 to 37
days and dogs treated with DNP for 6 months all developed pro-
teinuria.*>>* Any influence of direct nephrotoxic effects of DNP
for the observed results in the present study cannot be excluded
because other mitochondrial uncouplers, such as carbonyl
cyanide p-trifluoromethoxy-phenylhydrazone, have a similar
chemical structure and most likely similar toxicity. Therefore,
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Figure 4. Urinary protein excretion (A), number of vimentin-
positive cells (B), and number of mouse monoclonal macrophage
CD68 antibody (ED-1)-positive cells (C) in rats with and without
administration of 2,4-dinitrophenol (DNP) for 30 days. *P<0.05
compared with vehicle-treated controls. Representative images
of kidney cortex of vimentin and ED-1 staining from rats with and
without administration of DNP are displayed to the right. Vimentin
staining of the glomeruli in control animals is normal and does
not indicate damage.

future experiments in which the possible toxicity of DNP can
be excluded, possibly by reversing the hypoxia after DNP treat-
ment, are needed to conclusively solidify the role of hypoxia,
per se, as the main mechanism for development of nephropathy.
Importantly, acute infusion of DNP resulted in decreased cortical
and medullary Po, but did not affect the urinary protein excre-
tion in the present study. This indicates that DNP exerts an effect
on renal metabolism but without any acute nephrotoxicity. It is
also unlikely that the nephropathy attributable to chronic DNP
treatment is the result of ATP depletion because both groups
had similar GFR and Na* excretion, which is in good agreement
with previous reports.®>¥ As active tubular reabsorption of Na*
accounts for =85% of total kidney QO,,”” an ATP deficiency
would likely be manifested as increased urinary Na* excretion
and deranged whole-body Na* homeostasis. In accordance, the
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Figure 5. A and B, Urinary excretion of thiobarbituric acid
reactive substances (TBARS) and kidney cortex content of
protein carbonyls in rats with and without administration of
2,4-dinitrophenol (DNP) for 30 days.

kidney content of glycogen and glucose was decreased, but not
depleted, by the chronic DNP treatment. These results collec-
tively confirm that DNP elevates mitochondrial usage of these
energy substrates, but that the kidney still has the necessary
substrate supply to sustain sufficient ATP production to uphold
tubular function. We therefore propose that DNP is indeed neph-
rotoxic, but the mechanism consists of kidney hypoxia resulting
in tubulointerstitial damage and proteinuria.

It has been reported that DNP protects against ischemia-
reperfusion injury in the heart>® and cortical neurons, which
is likely because of reduced oxidative stress originating from
mitochondrial sources. However, peripheral neuropathy has
been reported in patients after long-term DNP treatment.*
In the present study, we did not observe any obvious signs
of neuropathy or altered behavior from the DNP treatment.
Furthermore, blood flow increases in response to increased
QO, in most organs and tissues. Thus, the DNP-induced
increased QO, is likely to have most profound effects on the
intrarenal oxygen availability because the blood flow does not
increase in response to increased QO, in the kidney.

The present study is in accordance with numerous studies
indicating chronic tubulointerstitial hypoxia as the important
mediator of nephropathy.'®"> Interestingly, Navajo Indians
living at high altitude had 1.8-fold higher prevalence of age-
adjusted nondiabetes-related ESRD compared with both the
general population and Native Americans in the United States.®!
Furthermore, patients with type 2 diabetes mellitus living at
1700 m above sea level present with elevated baseline urinary
protein excretion and increased prevalence of proteinuria com-
pared with corresponding patients living at sea level.®* It should
be noted that these differences are independent of glycemic
control, lipidemia status, mean arterial pressure, or incidence of
retinopathy. Thus, the available literature suggests that kidney
tissue hypoxia is a key player for the development of chronic
kidney disease in numerous pathological conditions.”228-36

In conclusion, the present study provides additional support
that kidney tissue hypoxia, resulting from increased QO, induced
by mitochondria uncoupling, can result in tubulointerstitial dam-
age and proteinuria. Kidney hypoxia may therefore be an impor-
tant pathogenic mechanism for the development of nephropathy.

Perspectives

Metabolic changes are likely to occur early and precede later irre-
versible histological alterations. Thus, being able to detect and
target these early changes in the intrarenal oxygen metabolism
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may provide new therapeutic targets in the fight against the
growing burden of chronic kidney disease and later ESRD.
The results from the present study demonstrate that increased
mitochondrial QO,, without confounding factors such as hyper-
glycemia or oxidative stress, may be sufficient to induce kidney
tissue hypoxia and initiate the development of kidney disease.
Thus, interventions to prevent excessive mitochondrial QO, or
to restore kidney tissue oxygen availability may prove beneficial
to prevent nephropathy in diabetes mellitus and hypertension.
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Novelty and Significance

What Is New?

This study demonstrates that increased kidney oxygen consumption and
subsequent kidney tissue hypoxia are sufficient to induce nephropathy.

What Is Relevant?

Most conditions associated with development of kidney disease also
have confounding factors such as hyperglycemia or oxidative stress,

The present study provides further support that hypoxia is a com-
mon pathway for development of chronic kidney disease.

which, per se, could contribute to disease development. By using 2,4-di-
nitrophenol to induce kidney hypoxia, we were able to demonstrate that
hypoxia alone is sufficient to initiate disease development.

Summary
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Animals, treatments, surgical procedures and in vivo measurements.

Male Sprague-Dawley rats (Charles River Laboratories, Sulzfeld, Germany, n=32) were
housed in a temperature controlled environment and had free access to standard rat chow (R3,
Ewos, Sodertdlje, Sweden) and tap water and randomly assigned to either treatment with DNP
(30 mg/kg bw/day for 30 days by oral gavage) or vehicle (1 ml 1.5% methylcellulose). 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.

Animals were anaesthetized with sodium thiobutabarbital (Inactin, 120 mg/kg bw, i.p)
and placed on a servo-controlled heating pad, tracheotomy performed and polyethylene
catheters placed in the femoral artery and vein to allow monitoring of mean arterial pressure
(MAP, Statham P23dB, Statham Laboratories, Los Angeles, CA, USA), blood sampling and
infusion of saline (5 ml/kg bw/h). The left kidney was exposed by a subcostal flank incision
and immobilized. Total RBF was measured by and ultrasound flow probe (Transonic Systems
Inc., Ithaca, NY, USA). The left ureter and bladder was catheterized to allow for timed urine
sampling and urinary drainage, respectively. After surgery, the 40-minute recovery period
was followed by a 40-minute experiment period at the end of which a blood sample was
carefully drawn from the renal vein and analyzed in a blood gas analyzer (IStat, Abbott
Laboratories, Abbott Park, IL, USA). Thereafter, 0.1 ml DNP-saturated saline (0.6 pug/kg bw)
was administered as a bolus intravenous infusion and kidney function monitored for an
additional 40 minutes in order to determine any acute nephrotoxicity of DNP. Urinary Na"
concentration was determined by flame photometry (IL943, Instrumentation Laboratory,
Milan, Italy) and urinary protein excretion by DC Protein Assay (Bio-Rad Laboratories, CA,
USA). Kidney tissue pO, was measured using Clark-type oxygen electrodes (Unisense,
Aarhus, Denmark). GFR was measured by clearance of *H-inulin (185 kBq bolus followed by
185 kBg/kg bw/h, American Radiolabelled Chemicals, St Louis, MO, USA). Kidney QO, was
estimated from the arterio-venous difference in oxygen content (O,) multiplied by RBF
according to the formula O,ct=([Hb]*oxygen saturation*1.34+p0,*0.003)*RBF. Kidney
oxygen delivery (DO,) was calculated according to arterial O,ct*RBF. Tubular Na" transport
(TNa+) was calculated from [Na+]plasma*GFR—[Na+]urine*urine flow rate and electrolyte
transport efficiency according to TNa'/QO,.

Kidney content of glucose and glycogen.

An enzyme solution containing luciferase was applied to a kidney cryosection in a microscope
placed in a dark box, resulting in emission of photons in proportion to the concentration of the
studied metabolite (either glucose or glycogen).! The photons was registered by a photon-
counting camera (C2400-47, Hamamatsu Photonics, Japan) mounted on the microscope
(Axiovert 135 M, Carl Zeiss, Germany). The light intensity (gray value) in different parts of
the resulting digital bioluminescence image reflects the local metabolite concentrations. A
dark field image of the same section was obtained to outline histological structures in the
corresponding bioluminescence image. To calibrate the bioluminescence signal, standards
were made by dissolving different concentrations of glucose or glycogen in physiological
saline with 8% low-molecular-weight gelatin. The solution was frozen, and 16 um
cryosections were cut, analyzed exactly as the tissue sections and grey values in the different
standards used to convert grey values in kidney sections into metabolite concentrations
(umol/gram wet weight). Photon-counting images were obtained using Wasabi software
(Hamamatsu Photonics). Further analysis of images was performed using KS400 software
(Carl Zeiss).



Immunohistochemistry

A separate set of animals (n=6-8 per group) was used for tissue collection and subsequent
analysis of histological alterations (vimentin expression and infiltration of ED1 positive cells)
and mRNA analysis of hypoxia-related genes. The animals were anesthetized with Inactin and
a polyethylene catheter placed in the carotid artery followed by infusion of 20 ml ice-cold
phosphate buffered saline and the renal vein cut opened in order to facilitate complete
drainage of the kidneys. The kidneys were dissected on ice and placed in methyl Carnoy’s
fixative (methanol:chloroform:acetic acid, 6:3:1) or snap frozen using liquid nitrogen.
Carnoy-fixed tissue sections were paraffin-embedded and indirect immunoperoxidase
methods were used to identify vimentin (a marker of tubular injury) using mouse monoclonal
antibody V9 (Dako, Carpinteria, CA, USA) and monocytes and macrophages using mouse
monoclonal antibody ED-1 (Chemicon, Temecula, CA, USA) on 3 pm thick sections.
Computer-based counting of ED1 positive infiltrating cells was performed utilizing image J
software (NIH, Bethesda, MD, USA) and the number of vimentin positive tubules surrounded
by healthy tubules was counted as previously described.” Nuclei were not counterstained.
Quantification was performed in a blinded manner using 20 randomly selected fields of cortex
per cross-section (x100).

Thiobarbituric acid reactive substances (TBARS) and protein carbonyls

50 ul cortex homogenate was added to 42 pl 0.67% thiobarbituric acid, vortexed and heated to
97°C for 60 minutes. After cooling the samples on ice 50 pl methanol:1 mM NaOH (91:9)
was added, the samples vortexed and centrifuged at 3000 rpm for 5 minutes at
roomtemperature. The supernatant was analyzed for fluorescence using excitation/emission of
532/553 nm and the concentration calculated using a standard curve of malondialdehyde
ranging from 250 nM to 0.98 nM and multiplied with the urine flow to be displayed as
TBARS excretion.’

Protein carbonyls was analyzed using a kit from Cayman Chemicals, Ann Arbour, Michigan,
USA according to the manufacturer’s instructions.

Expressions of oxygen-regulated genes

Total RNA was extracted from kidney homogenates with Isogen RNA isolation kit (Nippon
Gene, Tokyo, Japan). Supercript II reverse transcriptase (Life Technologies BRL, Rockville,
MD, USA) was used to synthesize cDNA from total RNA and levels were assessed by real-
time quantitative PCR using SYBR green PCR reagent (Qiagen, Hilden, Germany) and the
iCycler PCR system (Bio-Rad Laboratories, Hercules, CA, USA) according to manufacturer’s
instructions. Briefly, amplification reactions consisted of 1 pl of cDNA, 12.5 pl of the
Universal 2XxPCR mastermix (Qiagen, Hilden, Germany), and 5 pL each of the specific
primers. Primer concentrations in the final volume of 25 pL were 500 nmol/l. In control
experiments, no false positives were detected and the variance between each of the replicates
was within 5% and all PCR reactions were performed in triplicate. Ct, or threshold cycle, was
used for relative quantification of the input target number. The amount of Ct for control
samples was considered 1. The number of Cts for other samples was subtracted from that of
the control samples. The relative amount of amplified genes is given by 2 after
normalization for B-actin. The PCR primers for heme oxygenase (HO-1), vascular endothelial
growth factor (VEGF), and erythropoietin (EPO) were the same as previously reported.*

Hypoxia-inducible factor system

DNP-treated animals presented with increased mRNA levels of HIF-1a and HO-1, whereas
the levels of EPO, VEGF and GLUT-1 were not significantly changed compared to controls
(Table S1). An important mechanism to counteract sustained hypoxia is via the heterodimeric



transcription factor HIF. In the presence of oxygen, the a-subunit is rapidly degraded and HIF
therefore remains inactive. However, during hypoxia the a-subunit escapes degradation and
forms an active heterodimer with the -subunit, resulting in transcription of genes involved in
anaerobic metabolism, angiogenesis, oxygen delivery, antioxidant defenses and iron
metabolism.™ In the present study, the kidney tissue hypoxia induced by DNP resulted in up-
regulation of HIF-la and HO-1, without affecting EPO, VEGF or GLUT-1 which is in
agreement with previous results.” However, the increased hemoglobin levels in the DNP-
treated animals might seem contradictory, but it should be noted that circulating EPO levels
are regulated also by other tissues than the kidney.® Furthermore, mRNA may not reflect
actual EPO protein levels and the level in the seemingly hypoxic kidneys from DNP-treated
animals might therefore be a result of a negative feedback mechanism involving several organ
systems. The HIF system can be artificially activated independently of hypoxia by inhibiting
prolyl hydroxylases. Cobalt is commonly referred to as a hypoxia mimetic due to its ability to
cause accumulation of the a-subunit. Administration of cobalt has been reported to reduce
proteinuria, tubulointerstitial damage and loss of peritubular capillaries in a type 2 model of
diabetes. Therefore, drugs that activate HIF may prove to be beneficial in reducing kidney
hypoxia and subsequent development of nephropathy. >’ However, drug-induced activation of
the HIF system should be thoroughly evaluated before translated into clinical practice since
there are reports that HIF also can promote fibrosis in the kidney.
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Table S1. Gene products of the hypoxia-inducible factor (HIF)-1 and HIF-regulated
genes. mRNA levels of hypoxia-inducible factor (HIF-la), hemeoxygenase-1 (HOI-),
erythropoietin (EPO), glucose transporter-1 (GLUT-1) and vascular endothelia growth factor
(VEFG) in rats with and without administration of dinitrophenol (DNP) for 30 days.

Group HIF-1la HO-1 EPO  GLUT-1 VEGF

Control 1.0£0.3 1.0£04 1.0£04 1.0£0.2 1.0£0.3
DNP 3.2+0.8% 42+0.1* 1.1£0.4 0.7+0.3 0.7+0.3

Values are normalized to controls. * denotes P<(0.05 compared to untreated controls, n=6-8 in
each group.



