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First published August 28, 2019; doi:10.1152/ajprenal.00253.2019.—To
assess whether renal hypoxia is an early event in adenine-induced chronic
kidney disease, adenine (100 mg) or its vehicle was administered to male
Sprague-Dawley rats by daily oral gavage for 7 days. Kidney oxygen-
ation was assessed by 1) blood oximetry and Clark electrode in thiobu-
tabarbital-anesthetized rats, 2) radiotelemetry in unanesthetized rats, and
3) expression of hypoxia-inducible factor (HIF)-1� and HIF-2� protein.
After 7 days of treatment, under anesthesia, renal O2 delivery was 51%
less, whereas renal O2 consumption was 65% less, in adenine-treated rats
than in vehicle-treated rats. Tissue PO2 measured by Clark electrode was
similar in the renal cortex but 44% less in the medulla of adenine-treated
rats than in that of vehicle-treated rats. In contrast, in unanesthetized rats,
both cortical and medullary tissue PO2 measured by radiotelemetry
remained stable across 7 days of adenine treatment. Notably, anesthesia
and laparotomy led to greater reductions in medullary tissue PO2 mea-
sured by radiotelemetry in rats treated with adenine (37%) than in
vehicle-treated rats (16%), possibly explaining differences between our
observations with Clark electrodes and radiotelemetry. Renal expression
of HIF-1� was less after 7 days of adenine treatment than after vehicle
treatment, whereas expression of HIF-2� did not differ significantly
between the two groups. Renal dysfunction was evident after 7 days of
adenine treatment, with glomerular filtration rate 65% less and serum
creatinine concentration 183% greater in adenine-treated rats than in
vehicle-treated rats. Renal cortical tissue hypoxia may not precede renal
dysfunction in adenine-induced chronic kidney disease and so may not be
an early pathological feature in this model.

chronic kidney disease; crystalline nephropathy; hypoxia; radiotelem-
etry; renal dysfunction; renal tissue PO2

INTRODUCTION

Tubulointerstitial hypoxia has been proposed as a “final
common pathway” in chronic kidney disease (CKD) (14, 15,
17, 37). According to the “chronic hypoxia hypothesis,” during
the initial stages of CKD, glomerular injury causes decreased
renal blood flow (RBF) and O2 delivery (DO2) via peritubular
capillaries, thereby decreasing renal tissue PO2 (34). Tissue
hypoxia, in turn, is proposed to activate multiple signaling
pathways that promote tubulointerstitial fibrosis (15). Simulta-

neously, the remaining glomerular and peritubular capillaries
maintain normal whole kidney glomerular filtration rate (GFR)
by increasing single-nephron GFR, in part by increased glo-
merular capillary pressure, which, in turn, increases damage to
the glomerulus and capillary network and promotes further
development of fibrosis (16, 37, 38, 40). CKD is characterized
by rarefaction of peritubular capillaries and tubulointerstitial
fibrosis (34, 41), regardless of its etiology (2). These processes
would be expected to lead to tubulointerstitial hypoxia, thus
setting up a vicious cycle driving the progression of CKD (37,
38, 40). However, as we have recently argued, there are still
important gaps in our knowledge of the role of hypoxia in the
pathogenesis of CKD (44). Most critically, if tubulointerstitial
hypoxia is a major driver of pathology in CKD, it should be
detectable before overt renal dysfunction (44). This has been
observed in some forms of CKD. For example, Franzén et al.
(20) demonstrated cortical tissue hypoxia 3 days after the
induction of type 1 diabetes in mice using electron paramag-
netic resonance oximetry. This intrarenal tissue hypoxia was
evident before the onset of albuminuria (20). Cortical tissue
hypoxia was also evident as early as 15 h after activation of the
renin-angiotensin system in a model of angiotensin II-depen-
dent hypertensive CKD (8), well before the development of
renal injury (26).

Adenine-induced CKD (Ad-CKD) is associated with renal
tissue hypoxia (19). Ad-CKD is a form of tubular crystalline
nephropathy (36). Clinically, deficiency of adenine phospho-
ribosyl transferase leads to accumulation of adenine in the
blood, resulting in an insoluble crystal (2,8-dihydroxyadenine)
precipitate in the renal tubules and obstruction of tubular flow,
which initiates renal injury (25, 39, 56). A similar disease
phenotype can be induced in rodents by adenine feeding (19,
47, 57). Ad-CKD in rodents is characterized by elevated
plasma concentrations of urea (35) and creatinine (50), pro-
teinuria (19, 50), interstitial fibrosis (19, 25, 35, 39), extensive
tubular dilation (9), degeneration of the proximal tubular epi-
thelium with loss of the brush border (25, 50), and inflamma-
tory cell infiltration (50). An advantage of this model is that
CKD develops rapidly, within 2 wk (19), so its time course can
be precisely monitored. Previously, tissue hypoxia, evinced by
positive staining for pimonidazole adducts, was observed after
2 wk of adenine feeding, at a time when CKD was advanced
(19, 45). Thus, in that study it was not possible to determine
whether tissue hypoxia precedes renal dysfunction in Ad-CKD.
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In the present study, we tested the hypothesis that hypoxia is
an early event in Ad-CKD, preceding development of overt
renal dysfunction. We used three independent methods to
assess kidney oxygenation in the first 7 days of adenine
feeding, each with strengths and limitations. First, we mea-
sured renal tissue PO2 by Clark electrode in anesthetized rats
after 7 days of adenine feeding. This technique allowed us to
generate a “map” of tissue PO2 within the renal cortex and
medulla. It also allowed us to determine the effects of adenine
feeding on renal DO2 and renal O2 consumption (V̇O2) (42).
However, measurements can be made at only a single time
point and are potentially confounded by anesthesia and lapa-
rotomy. Second, we used radiotelemetry to assess renal oxy-
genation continuously in conscious rats during 7 days of
adenine feeding. This method provides exquisite temporal
resolution, but tissue PO2 can only be measured in relative
terms and only in a single location in the kidney of each rat (8,
27, 28). Third, we quantified the effects of 7 days of adenine
feeding on expression of hypoxia-inducible factor (HIF) pro-
teins HIF-1� and HIF-2� in the cortex, inner medulla, and
outer medulla. This method provides information about the state
of hypoxia signaling cascades (31), although these could poten-
tially be modified by factors other than renal oxygenation (23).

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats, aged 8–9 wk (n � 43 rats), were
obtained from the Animal Resources Centre (Perth, WA, Australia).
Rats were housed individually under standard laboratory conditions:
22 � 1°C and 40 � 1% humidity (means � ranges), with a 12:12-h
light-dark cycle. Rats were allowed free access to water and a standard
laboratory rat chow diet. Experiments were approved in advance by
the Animal Ethics Committee of the Monash University Animal
Research Platform. The experiments were performed in accordance
with the Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes. Rats were allowed 1 wk to acclimatize to their
housing conditions before the commencement of experimental proto-
cols.

Induction of Ad-CKD

Rats received either adenine (n � 23 rats, 100 mg, Sigma-Aldrich,
Castle Hill, NSW, Australia) or its vehicle [n � 20 rats, 1 ml of 0.5%
(wt/vol) methylcellulose, Methyl Cellulose 400 Solution, sterilized,
Wako Pure Chemical Industries, Tokyo, Japan) by oral gavage.
Adenine or its vehicle was administered daily for a period of 7 days.

Protocols

Protocol 1: renal tissue oxygenation and its determinants in anes-
thetized rats. Renal tissue PO2 was assessed in anesthetized rats using
a Clark electrode (50-�m tip, OX-50, Unisense, Aarhus, Denmark)
the day after the final administration of adenine (n � 7 rats) or its
vehicle (n � 7 rats). In addition, we also assessed renal excretory
function and the major determinants of renal tissue PO2, renal DO2,
and V̇O2. The methods we deployed have been previously described in
detail (42, 43) so are only described in brief here. Rats were anesthe-
tized with thiobutabarbital sodium (100 mg/kg ip, Inactin, Sigma-
Aldrich, St. Louis, MO) and artificially ventilated with 40% O2. They
were given a maintenance infusion of 2% (wt/vol) BSA (Sigma-
Aldrich) and 2 mg/kg pancuronium bromide (AstraZeneca) through
the jugular vein at a rate of 2 ml/h during surgical preparation and
during the measurement period.

EVALUATION OF SYSTEMIC AND RENAL HEMODYNAMICS. The left
carotid artery was catheterized for the measurement of mean arterial

pressure (MAP) and to facilitate arterial blood sampling. The left renal
artery was isolated, and a transonic flow probe (type 0.7 VB, Tran-
sonic Systems, Ithaca, NY) was placed around it so that total RBF
could be determined. The bladder was catheterized for urine collection
and the subsequent determination of GFR (clearance of [3H]inulin)
and renal excretory function. Blood samples were collected from the
carotid artery (0.5 ml) and left renal vein (0.1 ml) for oximetry
(iSTAT, CG8� cartridges, Abbott Laboratories, Abbott Park, IL).

ASSESSMENT OF RENAL OXYGENATION. We determined cortical
tissue PO2 by averaging the tissue PO2 measured with a Clark electrode
at six randomly chosen sites, at a depth of 2 mm from the surface of
the left kidney. We also generated a profile of tissue PO2 with depth
from the renal surface. The Clark electrode was inserted into the
kidney and advanced at 1-mm increments, up to a depth of 10 mm
below the cortical surface (43).

Protocol 2: temporal changes in renal tissue PO2 during the first 7
days of treatment with adenine or its vehicle. Renal cortical or
medullary tissue PO2 was measured by radiotelemetry in rats treated
with adenine or its vehicle from the day before and for 7 days during
treatment with adenine. Body weight and water intake were monitored
daily throughout the experimental period. At the end of the experi-
mental protocol, blood, urine, and tissue samples were collected for
assessment of renal dysfunction and damage.

IMPLANTATION OF THE RADIOTELEMETER. The construction, cal-
ibration, sterilization, and implantation of the radiotelemeters have
been previously described in detail, including a detailed description of
perioperative care (28). The telemeters were implanted under isoflu-
rane (IsoFlo, no. 05260-05, Abbott Laboratories) anesthesia [4%
(vol/vol) for induction and 2.5–3% (vol/vol) for maintenance]. In
brief, after the exposure and isolation of the left kidney, the carbon
paste electrode and reference electrode were inserted either 2 or 5 mm
into the left kidney so that cortical (n � 14 rats) or medullary tissue
oxygenation (n � 11 rats) could be measured. The auxiliary electrode
was then placed on the kidney. The electrodes were secured on
the kidney by applying tissue glue (3M Vetbond, 3M Animal Care
Products) on a small piece of cellulose patch (no. 1469SB, Data
Science) covering each electrode. The body of the radiotelemetry unit
remained internalized and anchored onto the abdominal muscle. After
surgery, the rat was transferred to a standard cage placed on a
receiver/recharging device (TR181 SmartPad, TR181, Millar, Hous-
ton, TX) to allow renal tissue PO2 to be measured continuously across
the study period (27, 28). A recovery period of at least 7 days was
allowed between implantation of the telemeter and commencement of
the experiment. Tissue PO2 was measured continuously for 24 h
before and 7 days after treatment was commenced with adenine or its
vehicle.

RESPONSIVENESS OF THE TELEMETER TO CHANGES IN RENAL OX-

YGENATION INDUCED BY ALTERED INSPIRED O2. Rats with electrodes
placed in the renal medulla underwent this procedure at the comple-
tion of the study (day 8). For technical reasons we were unable to
complete this procedure in rats with electrodes in the renal cortex. The
rat cage was placed in a Perspex box, and rats were allowed to breathe
room air (21% O2). Thirty minutes later, the box was sealed, and 10%
O2 was delivered into the Perspex box for 30 min at a rate of 5 l/min.
After this first intervention, the lid of the Perspex box was removed,
and the rat was allowed to breathe room air for a further 30 min
(second control period). After that, the lid of the Perspex box was
replaced, and 100% O2 was delivered for 30 min at a rate of 5 l/min.
This second intervention was followed by a third control period,
where the lid of the Perspex box was removed and the rat breathed
room air for 30 min.

EXPLANTATION OF THE TELEMETER AT DAY 8. Once responses to
altered inspired oxygen content were determined, rats were then
anesthetized by an intraperitoneal injection of 60 mg/kg pentobarbital
sodium (Sigma-Aldrich). Once a surgical level of anesthesia was
achieved, renal tissue PO2 was recorded for ~7 min to examine the
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effect of anesthesia on renal tissue PO2. Next, a midline incision was
made to expose the radiotelemeter and kidney. Renal tissue PO2 was
then recorded for a further ~5 min to assess the combined effects of
anesthesia and laparotomy on renal tissue PO2. The right renal artery
and vein were then ligated, and the right kidney was removed,
decapsulated, weighed, and flash frozen in liquid nitrogen and stored
at �80°C for later analysis of HIF protein expression by Western blot
analysis (see below). A 1.5-ml blood sample was then collected by
cardiac puncture for analysis of blood chemistry (iSTAT, Chem8�
cartridge, Abbott Laboratories). Each rat subsequently received 2 mL
potassium chloride (250 mg/ml) via cardiac puncture to induce car-
diac arrest. The current measured by the telemeter rapidly decreased
and reached a stable baseline within 30 s of death. The telemeters,
with electrodes attached, were then explanted and calibrated as pre-
viously described (27). The left kidney and heart were removed and
weighed. Tissue samples were fixed in 10% neutral buffered formalin
solution for further histological experiments.

QUANTIFICATION OF TISSUE PO2. The current signal from the
radiotelemeter was filtered with a 25-Hz low-pass filter. Artifacts were
removed when the first-order derivative of the measured current
exceeded a threshold of 5–500 nA/s. The zero-offset current of the
radiotelemeters, determined at the end of the experiment after cardiac
arrest, was subtracted from all measurements. Data are expressed as
percentages relative to the day before adenine or vehicle treatment
commenced.

EXPRESSION OF HIFs. The frozen right kidneys collected from rats
in which kidney tissue PO2 was measured by radiotelemetry were
thawed, and the middle slice of each kidney was dissected into three
regions (i.e., the cortex, outer medulla, and inner medulla with
papilla). Protein expression of HIF-1� and HIF-2� was then quanti-
fied by Western blot analysis, as previously described in detail (43).

HISTOLOGICAL ASSESSMENT OF TISSUE DAMAGE AND COLLAGEN

DEPOSITION. The formalin-fixed left kidneys were processed, embed-
ded in paraffin, and sectioned at 5 �m. Sections from each kidney
were stained with hematoxylin and eosin (1, 19) and picrosirius red
(7). All sections were scanned at �40 magnification using Aperio
Scan Scope (Leica Biosystems Imaging). Quantification of collagen
deposition in kidney sections processed for picrosirius red staining
was performed using the Image Scope Positive Pixel Count Algorithm
(Leica Biosystems Imaging). Results are presented as percentages of
the total area stained with picrosirius red.

Statistical Analyses

Statistical analyses were performed using SYSTAT (version 13,
Systat Software, Chicago, IL). First, normality was assessed using the
Shapiro-Wilk test (51). Data that did not violate normality are pre-
sented as means � SE, whereas data that violated normality are
presented as medians (25th percentile, 75th percentile). Dichotomous
comparisons were made using either Student’s t-test with Welch’s
correction or the Mann-Whitney U-test. Variables measured at mul-
tiple time points were analyzed using repeated-measures ANOVA,
with P values conservatively adjusted using the Greenhouse-Geisser
method (32). Two-sided P values of �0.05 were considered statisti-
cally significant.

RESULTS

Protocol 1: Renal Tissue Oxygenation and Its Determinants
in Anesthetized Rats

Morphological parameters, body temperature, and blood
chemistry. Before the treatment period commenced, the body
weight of rats subsequently treated with adenine (362 � 14 g)
was similar to that of vehicle-treated rats (355 � 16 g, P �
0.73). However, after the 7-day treatment period, adenine-
treated rats were significantly lighter (�17%) than vehicle-

treated rats (Table 1). At the completion of the experimental
protocol, left kidney weight was 86% greater in adenine-
treated rats than in vehicle-treated rats. Body temperature,
blood electrolytes, and hematocrit were similar in adenine-
treated and vehicle-treated rats (Table 1). The only exceptions
were ionized Ca2� concentration, which was 7% less in ade-
nine-treated than in vehicle-treated rats, and arterial PCO2,
which showed a tendency (P � 0.07) toward hypocapnia in
adenine-treated rats.

Systemic hemodynamics and renal hemodynamics and func-
tion under anesthesia. MAP was 24% higher in adenine-treated
rats than in vehicle-treated rats (Table 2). RBF was 51% less,
GFR was 65% less, and urine flow was 167% greater in
adenine-treated rats than in vehicle-treated rats when these
variables were corrected for kidney weight. Filtration fraction
did not differ significantly between the two groups.

Blood O2 content. Arterial and renal venous blood hemo-
globin, PO2, and blood O2 content in rats treated with adenine

Table 1. Characteristics of vehicle-treated and adenine-
treated rats under anesthesia

Parameter Vehicle Adenine P Value

Morphology
Body weight, g 391 � 12 325 � 11 0.002
Left kidney weight, g 1.4 � 0.1 2.6 � 0.1 	0.001

Temperature
Core temperature, °C 36.5 � 0.3 36.6 � 0.3 0.82

Arterial blood chemistry
Na�, mM 141.4 � 1.3 144.7 � 2.4 0.23
K�, mM 4.8 � 0.1 4.6 � 0.2 0.29
Ionized Ca2�, mM 1.29 � 0.02 1.20 � 0.02 0.005
Glucose, mM 11.2 � 1.2 14.5 � 1.6 0.13
Hematocrit, % 47.2 � 1.0 46.7 � 0.6 0.69
PCO2, mmHg 37.7 � 2.4 31.7 � 1.8 0.07
HCO3

�, mM 25.7 � 0.6 24.8 � 0.8 0.43
pH 7.44 � 0.03 7.50 � 0.03 0.12

Values are means � SE; n � 7 vehicle-treated rats for morphology, tem-
perature, and arterial blood chemistry and n � 9 adenine-treated rats for
morphology, n � 7 adenine-treated rats for temperature, and n � 8 adenine-
treated rats for arterial blood chemistry. P values are the outcomes of a
Student’s unpaired t-test with Welch’s correction.

Table 2. Systemic and renal hemodynamic and renal
functional parameters in anesthetized vehicle-treated and
adenine-treated rats

Parameter Vehicle Adenine P Value

Systemic hemodynamic
Mean arterial pressure, mmHg 107 � 6 133 � 5 0.01
Heart rate, beats/min 455 � 30 400 � 9 0.13
O2 saturation, % 99.0 � 0.3 97.6 � 1.4 0.34

Renal hemodynamic
Renal blood flow, ml·min�1·g

kidney wt�1 1.45 � 0.24 0.71 � 0.09 0.02
Glomerular filtration rate,

ml·min�1·g kidney wt�1 0.37 � 0.05 0.13 � 0.02 0.003
Urine flow, �l·min�1·g

kidney wt�1 2.8 � 0.4 8.3 � 1.6 0.02
Filtration fraction, % 41.8 � 6.1 35.4 � 5.3 0.45

Values are means � SE; n � 7 vehicle-treated rats and n � 8 adenine-
treated rats for renal blood flow, n � 6 adenine-treated rats for glomerular
filtration rate, urine flow, and filtration fraction, and n � 7 adenine-treated rats
for systemic hemodynamics. P values are outcomes of a Student’s unpaired
t-test with Welch’s correction.
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were similar to levels in vehicle-treated rats (Table 3). How-
ever, arterial hemoglobin saturation was slightly but signifi-
cantly greater in adenine-treated rats than in vehicle-treated
rats.

Renal O2 supply and utilization. Renal DO2 was 51% less,
and V̇O2 was 65% less, in rats treated with adenine compared
with vehicle-treated rats, when these variables were corrected
for kidney weight (Fig. 1). In contrast, fractional extraction of
O2 did not differ significantly between the two groups.

Spatial distribution of renal tissue PO2 in anesthetized vehi-
cle-treated and adenine-treated rats. Cortical tissue PO2, mea-
sured by Clark electrode at a depth of 2 mm below the renal
capsule, was heterogeneous across the left kidney in both
vehicle-treated and adenine-treated rats. The lowest tissue PO2

in the cortical region was measured at 2.7 mmHg, and the
highest tissue PO2 was 133.7 mmHg (Fig. 2A). However, the
average cortical tissue PO2 of rats treated with adenine did not
differ significantly from that in the corresponding vehicle-
treated group (Fig. 2B). Tissue PO2 was consistently lower,
from the corticomedullary junction to a depth of 9 mm below
the renal capsule, in adenine-treated rats compared with vehi-
cle-treated rats (Fig. 2C). Notably, average medullary tissue
PO2, between 4- and 6-mm depth, was 44% less in adenine-
treated rats than in vehicle-treated rats, whereas cortical tissue
PO2 (average of 1- to 2-mm depth) was comparable between
adenine-treated and vehicle-treated rats (Fig. 2D).

Protocol 2: Temporal Changes in Renal Tissue PO2 During
7 Days of Treatment With Adenine or Its Vehicle

Body weight and water intake. Body weight differed signif-
icantly between the two groups across the 7-day treatment
period (Fig. 3A). At the completion of the protocol, body
weight had increased by 8 � 1% in vehicle-treated rats,
whereas in adenine-treated rats, it had, if anything, decreased
(by 6 � 4%) compared with its baseline value.

Daily water intake of rats treated with vehicle remained
stable across the 7-day study period (Fig. 3B). However, water
intake in adenine-treated rats had increased by 47 � 20% at
day 2 and remained consistently greater than its baseline level
across the remainder of the 7-day treatment period.

Temporal changes of renal tissue PO2 in unanesthetized rats.
Both cortical and medullary tissue PO2 measured by telemetry
remained relatively stable across the 7-day treatment period in
both adenine-treated and vehicle-treated rats (Fig. 4).

Responsiveness of the radiotelemeter to altered inspired O2.
In the case of rats equipped with radiotelemeters in the renal
medulla, at the completion of the experimental protocol, re-
sponses to altered inspired O2 were tested in unanesthetized
rats (Fig. 5). When rats were exposed to hyperoxia (100%
inspired O2), medullary tissue PO2 increased by 21 � 11% in
vehicle-treated rats and 29 � 4% and adenine-treated rats.
When rats were exposed to hypoxia (10% inspired O2), med-
ullary tissue PO2 decreased by 19 � 10% in vehicle-treated rats
and 27 � 4% in adenine-treated rats.

Effects of anesthesia and laparotomy on renal tissue PO2. At
the end of the experimental protocol, the effects of anesthesia
and laparotomy on renal tissue PO2 were assessed in rats
equipped with radiotelemeters in the renal cortex or in the renal
medulla (Fig. 6). Cortical tissue PO2 was reduced under anes-

Table 3. Blood oxygenation in anesthetized vehicle-treated
and adenine-treated rats

Parameter Vehicle Adenine P Value

Arterial blood
Hemoglobin, g/dl 16.2 � 0.5 15.8 � 0.2 0.51
PO2, mmHg 127.6 � 10.8 139.0 � 4.8 0.36
O2 saturation, % 98.8 � 0.2 99.4 � 0.1 0.03
O2 content, ml O2/dl 21.9 � 0.5 21.7 � 0.4 0.77

Renal venous blood
Hemoglobin, g/dl 14.8 � 0.4 14.8 � 0.5 0.99
PO2, mmHg 43.7 � 4.8 53.0 � 5.0 0.21
O2 saturation, % 76.0 � 7.9 86.4 � 4.9 0.29
O2 content, ml O2/dl 16.5 � 1.6 18.7 � 1.3 0.30

Values are means � SE; n � 7 vehicle-treated rats and n � 7 adenine-
treated rats. P values are the outcomes of a Student’s unpaired t-test with
Welch’s correction.
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Fig. 1. Whole kidney oxygenation in vehicle-treated and adenine-treated rats.
Columns and error bars represent means � SE (n � 7 vehicle-treated rats and
n � 7 adenine-treated-rats). A: renal O2 delivery (DO2). B: renal O2 consump-
tion (V̇O2). C: fractional extraction of O2 (FEO2

). KW, kidney weight. P values
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0.05 was considered statistically significant.
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thesia and was further reduced after laparotomy in both treat-
ment groups. The magnitude of the reduction in cortical tissue
PO2 after laparotomy was similar in adenine-treated rats
(38 � 5%) to that in vehicle-treated rats (34 � 2%; Fig. 6A). In
the renal medulla, anesthesia was accompanied by a 12 � 1%
reduction in tissue PO2 in adenine-treated rats and a similar
(14 � 8%) reduction in vehicle-treated rats (Fig. 6B). How-
ever, after laparotomy, a greater reduction in medullary tissue
PO2 was observed in adenine-treated rats (37 � 7%) than in
vehicle-treated rats (16 � 4%).

Morphological parameters and blood chemistry. After the
7-day treatment period, adenine-treated rats were significantly
lighter (�13%) than in vehicle-treated rats (Table 4). In con-
trast, left kidney and right kidney weights were 83.7 and 90.6%
greater, respectively, in adenine-treated rats than in vehicle-
treated rats. Plasma electrolyte concentrations, hematocrit lev-
els, and hemoglobin concentrations were comparable between
the two treatment groups (Table 4). Blood urea nitrogen was
283% greater, and plasma creatinine concentration was 183%
greater, in adenine-treated rats than in vehicle-treated rats.

Histological assessment of tissue damage and collagen
deposition. Renal cortical and medullary tissue from vehicle-
treated rats appeared relatively normal (Fig. 7, A–D). In the

cortex, the glomeruli were intact with no apparent abnormali-
ties of Bowman’s space (Fig. 7B). Renal tubules were closely
spaced, and the interstitial space was not prominent in either
the cortex or medulla (Fig. 7, B and C). In contrast, the tissue
architecture of kidneys of adenine-treated rats was abnormal
(Fig. 7, E–H). Adenine treatment induced marked tubular
dilation and disintegration of the brush border of the apical
surface of renal tubules in both the cortex and medulla (Fig. 7,
F–H). Nevertheless, the glomeruli remained intact with no
apparent abnormalities of Bowman’s space. Renal tubular casts
were observed in the kidneys of adenine-treated rats.

Renal tissue sections from vehicle-treated rats showed very
little picrosirius red staining. Red staining was observed in the
perivascular region, associated with the normal presence of
perivascular adventitia. However, there was very little red stain
in the interstitium (Fig. 8, A–D). In contrast, kidney sections
from adenine-treated rats show considerable red staining in the
interstitium of the cortex and outer medulla (Fig. 8, F and G).
The amount of picrosirius red staining was 155% greater in the
cortex and 58% greater in the medulla of adenine-treated rats
than in vehicle-treated rats (Fig. 9).

Expression of HIFs. After the 7-day treatment period, levels
of HIF-1� protein were 40% less in the cortex, 58% less in the
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outer medulla, and 75% less in the inner medulla in adenine-
treated rats than in vehicle-treated rats (Fig. 10, A–C). In
contrast, levels of HIF-2� protein did not differ significantly
between the two groups in any of the three regions of the
kidney (Fig. 10, D–F).

DISCUSSION

In the present study, we used three independent methods to
assess kidney oxygenation during the first week of develop-
ment of Ad-CKD. We found no evidence of hypoxia in the
renal cortex of adenine-treated rats, as assessed by either Clark
electrode in anesthetized rats at the end of a 7-day treatment
period, radiotelemetry in unanesthetized rats across the course
of the 7-day treatment period, or postmortem assessment of
HIF-1� and HIF-2� protein expression. Similarly, we found no
evidence of hypoxia in the renal medulla using radiotelemetry
or postmortem assessment of HIF-1� and HIF-2� protein
expression. In contrast, in anesthetized rats, we found that
medullary tissue PO2, measured by Clark electrode, was less in
adenine-treated rats than in vehicle-treated rats. However, our
observations in rats instrumented with radiotelemeters indicate
that this observation could be confounded by the effects of
anesthesia and laparotomy. Thus, although the renal medulla of
adenine-treated rats appears to be hypoxic under anesthesia,
the balance of evidence indicates that renal hypoxia is not a
prominent characteristic of the early stages of Ad-CKD. Crit-
ically, renal dysfunction and interstitial fibrosis were found to

be present as early as 7 days after the commencement of
adenine treatment. Thus, renal cortical tissue hypoxia might
not be an early characteristic of Ad-CKD and so may not be a
primary driver of pathology in this model.
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Using radiotelemetry in unanesthetized rats, we found that
tissue PO2 in both the cortex and medulla was maintained
across a 7-day treatment period. This observation does not
support the hypothesis that renal tissue hypoxia precedes renal
pathology in Ad-CKD. Our failure to detect hypoxia using
radiotelemetry is unlikely to be due to a deficit in the sensitivity
of the method. As we have previously shown (27), we could
detect tissue hypoxia and hyperoxia in rats subjected to acute
changes in inspired O2 content. Furthermore, Emans et al. (8),
using the same method, were able to detect cortical tissue
hypoxia as early as 15 h after activation of the renin-angioten-
sin system in a rat model of angiotensin II-dependent hyper-
tensive CKD, well before the development of renal injury (26).

The apparent absence of renal cortical tissue hypoxia in the
early stages of Ad-CKD could be due to relatively well
balanced changes in renal DO2 and V̇O2. Renal DO2 is the
product of total RBF and the quantity of O2 carried in arterial
blood (10). In our present study, we determined that RBF
(indexed to kidney weight) in adenine-treated rats was approx-
imately half that of vehicle-treated rats, whereas blood hemo-
globin concentration and levels of both arterial PO2 and O2

saturation were similar to those in vehicle-treated rats. Thus,
renal ischemia is the major factor driving the deficit in renal
DO2 in the early stages of Ad-CKD. Previous studies have
demonstrated deficits in RBF (24, 49) and anemia (47) in
Ad-CKD when rats were treated with adenine for longer
periods (i.e., 2 wk or more). However, to our knowledge, our
present observations represent the first available quantification
of renal DO2 and V̇O2 in Ad-CKD.

Consistent with the concept that kidney tissue oxygenation is
governed by the balance between local tissue DO2 and V̇O2

(12), our present findings indicate that the relative preservation
of renal cortical tissue PO2 within the first 7 days of adenine
treatment may be due to the fact that the deficit in renal V̇O2

(65%) matched the deficit in DO2 (51%). Notably, renal cortical
tissue hypoxia observed in other models of CKD has consis-
tently been found to be associated with imbalanced changes in
DO2 and V̇O2. For example, renal tissue hypoxia in polycystic
kidney disease is associated with reduced renal DO2 but little
reduction in renal V̇O2 (42). Furthermore, renal cortical hyp-
oxia associated with intravenous infusion of angiotensin II was
found to be associated with decreased renal DO2 but relatively
well maintained renal V̇O2 (8). Indeed, renal cortical hypoxia is
associated with disruption of the balance between renal DO2

and V̇O2 in multiple forms of CKD and acute kidney injury (6,
30, 46, 55).

The marked deficit in GFR that we observed in rats treated
with adenine (66%) likely provided some protection against the
development of renal hypoxia by limiting renal V̇O2 (which
was reduced by 65%). We recently observed a similar scenario
in rats during the subacute phase of severe renal ischemia-
reperfusion injury (43). That is, renal tissue hypoxia could not
be detected, and both GFR and renal V̇O2 were significantly
reduced. There is a close association between renal V̇O2 and
GFR (48, 52), as the latter determines tubular Na� load and
thus tubular Na� reabsorption (11). For example, Redfors et al.
(48) found, in human patients after cardiac surgery, that in-
creased GFR after administration of mannitol was associated

Table 4. Characteristics of vehicle-treated and adenine-
treated rats after the 7-day treatment period

Parameter Vehicle Adenine P Value

Morphology
Body weight, g 422 � 9 369 � 10 	0.001
Left kidney, g 1.35 � 0.05 2.48 � 0.09 	0.001
Right kidney, g 1.39 � 0.06 2.65 � 0.13 	0.001
Heart weight, g 1.10 � 0.05 1.08 � 0.07 0.81

Blood chemistry
Na�, mM 136.6 � 0.9 136.1 � 2.8 0.89
K�, mM 4.0 � 0.1 4.0 � 0.3 0.94
Cl�, mM 100.7 � 1.3 98.7 � 2.4 0.47
Ionized Ca2�, mM 1.28 � 0.03 1.16 � 0.07 0.13
Glucose, mM 9.5 � 0.2 8.7 � 0.4 0.07
Hematocrit, % 37.0 � 0.9 35.9 � 1.3 0.47
Hemoglobin, g/dl 12.6 � 0.3 12.2 � 0.4 0.47
Anion gap, mM 12.6 � 1.3 15.0 � 0.7 0.14
Total CO2, mM 28.6 � 0.7 27.6 � 0.6 0.31
Blood urea nitrogen, mM 4.5 � 0.3 17.2 � 1.9 	0.001
Creatinine, mg/dl 0.46 � 0.05 1.30 � 0.14 	0.001

Values are means � SE; n � 14 vehicle-treated rats for morphology and
n � 7 vehicle-treated rats for arterial blood chemistry and n � 14 adenine-
treated rats for morphology and n � 7 adenine-treated rats for arterial blood
chemistry. P values are outcomes of a Student’s unpaired t-test with Welch’s
correction.
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with increased tubular Na� reabsorption and renal V̇O2. Thus,
one could envisage scenarios in which renal tissue is normoxic,
hypoxic, or even hyperoxic at various stages during develop-
ment and progression of both acute kidney injury and CKD,
depending on the relative changes in DO2 and V̇O2 and their
determinants (13). For local tissue DO2, determinants include
RBF and the intrarenal distribution of perfusion, blood hemo-
globin concentration, and arterial PO2. For V̇O2, determinants
include total Na� reabsorption, the distribution of tubular
reabsorption across the various nephron segments, and the

metabolic efficiency of tubular Na� reabsorption. The latter, in
turn, depends on a range of factors including the degree of
damage to the integrity and polarity of endothelial cells and the
presence of oxidative stress (13).

We could not detect renal medullary hypoxia in the first
week of Ad-CKD in unanesthetized rats using telemetry. How-
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Fig. 8. Micrographs of kidney sections from rats treated with vehicle (A–D) or
adenine (E–H) stained with picrosirius red. Cortical (B and F), outer medullary
(C and G), and inner medullary regions (D and H) are shown. Boxes in A and
E show regions presented in B–D and F–H. Images are typical of two sections
taken from each kidney. n � 5 rats/group. Note the intense red staining in
kidneys of adenine-treated rats representing collagen accumulation in the
interstitium, whereas vehicle-treated rats show only faint staining around
glomeruli and normal staining of the adventitia surrounding arteries and veins.
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Fig. 7. Micrographs of kidney sections from rats treated with vehicle (A–D) or
adenine (E–H) stained with hematoxylin and eosin. Cortical (B and F), outer
medullary (C and G), and inner medullary regions (D and H) are shown. Boxes
in A and E show regions presented in B–D and F–H. Images are typical of two
sections taken from each kidney. n � 5 rats/group. Note the presence of tubular
casts (arrows) formed from precipitation of 2,8-dihydroxyadenine.
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ever, in anesthetized rats, the medullary tissue PO2 level mea-
sured by Clark electrode was less after 7 days of adenine
treatment than in corresponding vehicle-treated rats. How can
we explain the difference between these two sets of findings?
One possibility is that anesthesia and subsequent laparotomy
confounded our measurements made with Clark electrodes. In
rats equipped with radiotelemeters, we found that both cortical
and medullary tissue PO2 levels were reduced by anesthesia and
laparotomy. Importantly, medullary tissue PO2 fell more after
laparotomy in adenine-treated rats than in vehicle-treated rats.
It is well established that anesthetic agents, including barbitu-
rates such as pentobarbital and thiobutabarbital, can depress
systemic and renal hemodynamics during the time of anesthe-
sia and after skin incision (3, 4, 53, 54). It is also likely that
laparotomy can alter neurohumoral function. Regardless, our
findings suggest that the relative hypoxia in the renal medulla
of adenine-treated rats, as measured by Clark electrode under
anesthesia, may not reflect the situation in conscious animals.

The recognition that anesthesia and laparotomy markedly
reduce both cortical and medullary tissue PO2 is important
because, until recently, the only available direct measurements
of renal tissue PO2 had been made in anesthetized animals and
humans. Telemetric methods are now available, such as the
system used in the present study. However, this method is
limited by the fact that it is not possible to generate a reliable
estimate of absolute tissue PO2 (27). Rather, this method really
only allows changes in tissue PO2 to be assessed. Nevertheless,
it is now possible to directly measure renal tissue PO2 in
conscious, albeit large, animals using fiber optic probes (5).
Further development and use of methods for monitoring renal
tissue oxygenation in conscious animals, and the extension of
their use to smaller species such as rats, should lead to
considerable advances in our knowledge of the physiology and
pathophysiology of renal oxygenation.

Renal expression of HIF-2� protein did not differ signifi-
cantly between adenine-treated and vehicle-treated rats. More-
over, HIF-1� protein was downregulated in the kidneys of
adenine-treated rats. These observations are consistent with a
conclusion that renal tissue is not hypoxic during the first 7
days of Ad-CKD. The marked downregulation of HIF-1�
throughout the kidney in Ad-CKD is of particular interest

because it indicates that O2-independent pathways might be
important in regulating HIF activity in early Ad-CKD. We
were unable to investigate the nature of these O2-independent
pathways, which could conceivably lead to reduced HIF-1�
synthesis by reducing the expression of its gene or increased
rate of breakdown of HIF-1�. Some examples of the latter have
recently been identified. Koh et al. (29) found that hypoxia-
associated factor, an E3 ubiquitin ligase, binds to HIF-1� but not
HIF-2� and initiates its proteasomal degradation by O2-indepen-
dent mechanisms. Furthermore, multiple lines of evidence indi-
cate that posttranslational modification of HIF subunits at specific
residues, such as phosphorylation (18) and acetylation (21, 22),
may affect HIF protein stability and transactivation activity.

Renal dysfunction appears to precede the development of
renal cortical tissue hypoxia in Ad-CKD. Our findings in
relation to renal medullary oxygenation are more equivocal,
but at best the evidence for the presence of hypoxia is weak.
We previously found evidence of hypoxia in both the cortex
and medulla, assessed by pimonidazole adduct immunohisto-
chemistry, after 14 days of adenine treatment (19). More
recently, we have confirmed these findings using an improved
method for detecting pimonidazole adducts in injured kidneys
(45). However, in the present study, using multiple methods,
we were unable to detect cortical tissue hypoxia during the first
7 days of adenine treatment. Nevertheless, administration of
adenine caused kidney dysfunction by day 7, as indicated by
marked increases in the plasma concentrations of urea and
creatinine, along with decreased GFR measured by inulin
clearance. Pathological changes were also visible at the tissue
level after 7 days of adenine treatment as reflected by intersti-
tial fibrosis and tubular dilatation. Presumably, the pathophys-
iological mechanisms underlying the development of renal
dysfunction in Ad-CKD are dominated by the influence of
tubular obstruction caused by tubular casts (probably 2,8-
dihydroxyadenene crystals) as shown here and previously by
others (57, 58).

Our study has several strengths and limitations. The radio-
telemetric technique we used to measure renal tissue PO2

provided relatively stable and reproducible measurements of
cortical or medullary tissue PO2 in the absence of confounding
effects of anesthesia. In addition, we showed that the technique
could detect acute changes in medullary tissue PO2 induced by
systemic hypoxia and hyperoxia. These observations are con-
sistent with those of previous studies in unrestrained rats (8,
27). However, we can only measure renal tissue PO2 in one site
in each animal, and tissue PO2 can be expressed only in relative
terms. We were also only able to measure renal DO2 and V̇O2

in rats under barbiturate anesthesia. This experiment also
allowed us to deploy a Clark electrode to generate a spatial
profile of renal tissue PO2. Nevertheless, anesthesia may con-
found the measurement of renal tissue PO2, particularly in the
medulla. Together, use of Clark electrodes and radiotelemetry
enabled us to establish both temporal and spatial profiles of
renal tissue PO2 during the early stages of Ad-CKD. For
technical reasons, we could not determine renal Na� clearance
or, consequently, changes in total Na� reabsorption. Nonethe-
less, it seems reasonable to conclude that the major cause of the
65% reduction in renal V̇O2 in anesthetized adenine-treated rats
was probably reduced Na� reabsorption as a consequence of
the 65% reduction in GFR. Furthermore, our quantification of
HIF-1� and HIF-2� protein levels also provides no evidence
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of renal hypoxia in the early stages of Ad-CKD. However,
interpretation of these observations must be tempered by the
recognition that factors other than tissue PO2, which we were
unable to interrogate in the present study, also contribute to the
regulation of HIF signaling (23).

Taken collectively, our present findings do not support a
major role for renal cortical hypoxia in the initial stages of
Ad-CKD. However, we must emphasize that our findings
cannot be generalized to other forms of CKD. The presence of
renal tubular hypoxia has been documented in other experi-
mental rodent models of CKD (8, 20, 33, 34) before any
tubulointerstitial damage could be observed. Nevertheless, the
observation of an association between hypoxia and later de-
velopment of CKD does not demonstrate causation. Further-
more, the absence of renal tissue hypoxia in the early stages of
Ad-CKD does not rule out a role for hypoxia in the later
progression of this disease.

In conclusion, our present findings indicate that renal corti-
cal tissue hypoxia does not precede renal dysfunction in the
early stages of Ad-CKD. The relative preservation of renal
cortical tissue PO2 in this model might be a consequence of the
well-maintained balance between renal DO2 and V̇O2. Our
findings also provide further evidence that anesthesia can
confound measurement of renal tissue PO2.
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Fig. 10. Levels of hypoxia-inducible
factor (HIF)-1� and HIF-2� protein in
vehicle-treated (V) and adenine-treated
(A) rats after the 7-day treatment pe-
riod. Protein levels of HIF-1� are
shown in the graphs and immunoblots
for the cortex (A), outer medulla (B),
and inner medulla (C) of the left kid-
neys. Protein levels of HIF-2� are
shown in both graphs and immuno-
blots for the cortex (D), outer medulla
(E), and inner medulla (F) of the left
kidneys. n � 6 vehicle-treated rats (Œ)
and n � 8 adenine-treated rats (�).
Values are expressed as medians (25th
percentile, 75th percentile). AU, arbi-
trary units. P values are outcomes of a
Mann-Whitney U-test.
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