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Introduction
Cardiovascular Diseases (CVDs) are intimately related to hypoxia 

and hypoxia inducible factor (HIF) is a key transcription factor that 
plays an important role in the cellular adaptive response to hypoxia such 
as glycolysis, erythrocytosis, and angiogenesis [1]. Expression of HIF-
1α is negatively regulated by prolyl hydroxylase domain-containing 
protein (PHD), an enzyme that belongs to an evolutionarily conserved 
subfamily of dioxygenases which uses 2-oxogluatarate as substrate 
and Fe2+ and ascorbic acid as cofactors. PHD subfamily includes 
three isoforms, namely; PHD1, PHD2, and PHD3, of which PHD2 
is the most abundantly expressed mammalian isoform. In normoxia, 
HIF-1α is hydroxylated by PHD, the cellular oxygen “sensor” that 
mediates oxygen-dependent hydroxylation of proline residue of HIF-
1α leading to subsequent ubiquitination and proteasomal degradation 
of HIF-1α [1]. In hypoxic situations, PHD activity is inhibited 
leading to stabilization of HIF-1α in the nucleus and activation of 
transcription by the non-hydroxylated and stabilized form of HIF-1α, 
and finally, the expression of target genes which mediate its effects. The 
importance of PHD regulation of HIF-1α was shown in many studies 
that demonstrated that such regulation participates in the control of 
cardiorenal function and blood pressure [2-4].

Since the recognition that CVDs are intimately related to hypoxia, 
the HIF-1α/PHD pathway has been evaluated as an important 
therapeutic target in the management of CVDs. Indeed, mechanisms 
sensing hypoxia may be important contributors to the development 
of pulmonary hypertension and to tissue injury and repair associated 
with hypertensive disease and in integrated aspects of cardiovascular 
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function [5]. In this regard, hypoxia mimetic agents which inhibit 
PHD and increase HIF1α expression and activity have been reported 
to attenuate CVDs and the attendant pathology in many experimental 
animal models of diseases including renal ischemic injury [6], 
myocardial I/R injury [7], and cerebral ischemia [8]. Similarly, PHD 
inhibition upregulated HIF-1α level and attenuated salt-induced 
hypertension in Dahl S rats, a salt-sensitive hypertensive model [4]. 
These and other studies showing that PHD inhibition downregulated 
vascular angiotensin type 1 receptor [9], support a protective role for 
increased HIF-1α expression and activity in CVDs. However, other 
studies documented the contrary: that hypoxia participates in the 
progression of CVDs. This is evidenced by the observation that HIF-
1α was upregulated in DOCA/salt hypertension [10] and that HIF-1α 
induction promoted the pathology of AII-induced perivascular fibrosis 
[11] and neointimal formation in response to carotid artery injury
[12]. This is underscored by the fact that hypoxia has been reported
to elicit many effects including activation of circulating and local
renin angiotensin system (RAS) [13,14]. However, in another study,

Abstract
KKidney disease could result from hypertension and ischemia/hypoxia. Key mediators of cellular adaptation to 

hypoxia are oxygen-sensitive hypoxia inducible factor (HIF)s which are regulated by prolyl-4-hydroxylase domain 
(PHD)-containing dioxygenases. However, HIF activation can be protective as in ischemic death or promote renal 
fibrosis in chronic conditions. This study tested the hypothesis that increased HIF-1α consequent to reduced PHD 
expression contributes to the attendant hypertension and target organ damage in deoxycorticosterone acetate (DOCA)/
salt hypertension and that PHD inhibition ameliorates this effect. In rats made hypertensive by DOCA/salt treatment 
(DOCA 50 mg/kg s/c; 1% NaCl orally), PHD inhibition with dimethyl oxallyl glycine (DMOG) markedly attenuated 
hypertension (P<0.05), proteinuria (P<0.05) and attendant tubular interstitial changes and glomerular damage (P<0.05). 
Accompanying these changes, DMOG blunted the increased expression of kidney injury molecule (KIM)-1 (P<0.05), 
a marker of tubular injury and reversed the decreased expression of nephrin (P<0.05), a marker of glomerular injury. 
DMOG also decreased collagen I staining (P<0.05), increased serum nitrite (P<0.05) and decreased serum 8-isopostane 
(P<0.05). However, the increased HIF-1α expression (P<0.01) and decreased PHD2 expression (P<0.05) in DOCA/salt 
hypertensive rats was not affected by DMOG. These data suggest that reduced PHD2 expression with consequent 
increase in HIF-1α expression probably results from hypoxia induced by DOCA/salt treatment with the continued hypoxia 
and reduced PHD2 expression evoking hypertensive renal injury and collagen deposition at later stages. Moreover, a 
PHD inhibitor exerted a protective effect in DOCA/salt hypertension by mechanisms involving increased nitric oxide 
production and reduced production of reactive oxygen species.
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overexpression of PHD i.e. reduced HIF-1α in the kidneys of DOCA/
salt hypertensive rat led to a reduction in the pathological changes that 
are characteristic of this model of hypertension [15]. Unlike the high 
renin models of hypertension in which a definitive role for HIF/PHD 
system has been documented [12,13], there is paucity of information 
on the DOCA/salt model, a low renin model of hypertension. In this 
study, we tested the hypothesis that increased HIF-1α consequent to 
reduced PHD expression contributes to DOCA/salt hypertensive renal 
injury and that PHD inhibition ameliorates this effect. In view of the 
role of reactive oxygen species (ROS) in DOCA/salt hypertension 
[16] and of nitric oxide in the effects associated with PHD inhibitors
[2,17], we also evaluated the possible involvement of nitric oxide and
ROS in these effects. Our data showed reduced expression of PHD2
and increased expression of HIF-1α in DOCA/salt hypertension that
appears to be a defense mechanism against excessive hypertensive
renal injury. Our data also demonstrated that PHD inhibition exerts a
protective effect in this model of hypertension that appears to involve
increased production of nitric oxide and/or reduced production of
ROS.

Materials and Methods
Ethical approval 

This study was approved by the Institutional Animal Care and 
Use Committee (IACUC) of Texas Southern University (TSU) and 
conforms to the institutional guidelines on animal care and use. The 
TSU’s IACUC is accredited by the American Association for the 
Accreditation of Laboratory Animal Care and meets the National 
Institutes of Health standards as set forth in the “A Guide for Care and 
Use of Laboratory Animals” (DHHS publication [NIH] 8523, revised).

Unless specified otherwise, all chemicals were obtained from 
Sigma-Aldrich (St Louis, MO) and are of the highest analytical 
grade. Dimethyl oxallyl glycine (DMOG, Cayman Chemical Co, 
Ann Arbor, MI, USA), is a cell-permeable, competitive inhibitor of 
prolyl hydroxylase domain-containing proteins (PHD) leading to 
stabilization of HIF. 

This study was carried out in young (4-5 week old) male and female 
rats (125-155 g Sprague-Dawley; Harlan Sprague-Dawley, Houston, 
TX, USA). In these experiments, all animals were uninephrectomized 
(UNx) and randomly divided into groups that received mineral oil 
(vehicle, 1 ml/kg s.c.) and tap water ad libitum (Control, n=6-9), DOCA 
(25 mg/kg s.c. twice weekly) and 1% NaCl in their drinking water ad 
libitum (DOCA, n=6-9), DOCA and 1% NaCl + DMOG (15 mg/kg i.p. 
daily, n=5-6). The dose of DMOG was that reported in the literature 
to inhibit PHD [17]. An additional group of rats consisted of UNx 
animals placed on tap water ad libitum and treated with DMOG (15 
mg/kg i.p. daily, n=5-6) alone. These animals were placed in metabolic 
cages once weekly for 24 hr urine collection for biochemical analyses of 
sodium (UNaV) or protein (UProtV). At the end of three weeks, rats were 
anesthetized with thiobutabarbital (Inactin, 100 mg/kg i.p) and blood 
was collected from the carotid artery for determination of serum nitrite, 
creatinine, and 8-Isoprostane. Thereafter, a laparotomy was performed 
and kidneys were harvested from anaesthetized (pentobarbital sodium, 
100 mg/kg i.p.; n=5-9 per group) rats, weighed immediately and snap 
frozen in liquid nitrogen for immunoblotting experiments. 

Blood pressure measurement 

In another set of UNx animals (n=5 per group), radiotelemeters 
(PA11C40, Data Sciences International, St Paul, Minnesota, USA) were 
placed in the abdominal aorta under sodium pentobarbital [50 mg/kg; 

intraperitoneally (i.p.)] for continuous monitoring of blood pressure 
in conscious animals (following the manufacturer’s protocol). The 
animals were allowed to recover from surgery and were stabilized for 1 
week before starting the experiments. Treatment consisted of mineral 
oil (1 ml/kg i.p; n=5), DOCA + 1% NaCl (n=5), DOCA + 1% NaCl + 
DMOG (n=5), or DMOG (n=5) using doses as quoted in the groups 
above. 

Biochemical analyses 

Urinary protein (UProtV) was determined by a colorimetric kit 
from Sigma-Aldrich (St Louis, MO, USA) and or serum nitrite was 
determined spectrophotometrically using the Griess assay [18]. Serum 
creatinine was determined colorimetrically using Jaffe method and 
serum 8-Isoprostane was determined by a colorimetric kit from Cell 
Biolabs Inc. (San Diego, CA).

Immunoblotting of protein expression

40 µg of protein from kidney homogenate was electrophoresed 
on 10% polyacrylamide gels and transferred to PVDF membrane 
(Amersham Pharmacia, NJ, USA). Blots were probed with rabbit 
polyclonal antibody to nephrin, PHD2, HIF-1α (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), KIM-1 (R&D Systems, Inc., 
Minneapolis, MN, USA), and β actin (Abcam, Cambridge, MA, 
USA) at 1:300 dilution, followed by incubation with appropriate 
horseradish peroxidase conjugated secondary antibodies at 1:8000 
dilution. Immunocomplexes were visualized using an enhanced 
chemiluminescence (ECL-Plus) detection system from Amersham 
Pharmacia. The intensity of the bands was scanned and quantified 
using personal densitometer SI scanner and Image Quant analysis 
software (Molecular Dynamics, Sunnyvale, CA). 

Histopathologic studies

Kidneys harvested from anaesthetized (pentobarbital sodium, 
100 mg/kg i.p.; n=4-5 per group) rats were subjected to formalin 
fixation and paraffin embedding. 4-µm tissue sections were prepared 
and stained with hematoxylin and eosin (H&E) and periodic acid-
Schiff (PAS) stains. Histological analysis was done single blind using 
a semiquantitative scoring method as described by Raij et al. [19]. 
All lesions were scored as follows based on the extent and severity: 
normal, grade 0; mild, grade 1 (involving up to 25%); moderate, grade 
2 (involving 25-50%); severe, grade 3 (involving 50-75%); very severe, 
grade 4 (involving 75-100%), Medial thickening in small arteries and 
arterioles were scored as fold increases as follows: normal, 1; mild 
thickening, 1.5; moderate, 2.5; marked, 3.5.

Collagen I staining: Immunohistochemical staining for 
collagen type I was performed to evaluate interstitial fibrosis. 
Four-micron paraffin-embedded tissue sections were submitted to 
immunoperoxidase staining using goat anti-rat polyclonal antibody 
against collagen type I (Southern Biotech, Birmingham, Alabama; 
dilution 1: 100) followed by peroxidase-labeled rabbit anti-goat 
polyclonal antibody (Dako, Carpinteria, California; Dilution 1:200). 
The severity of interstitial fibrosis was evaluated as the percentage of 
renal cortical tissue stained positive for collagen I. This was derived 
from the ratio of the grid points located within the areas of collagen 
deposition to the total number of grid points. These points were chosen 
randomly from 20 high powers (x 400) cortical fields and examined 
under a 1x1 cm reticule with 121 grid points. 

Statistical Analysis
Values were presented as mean ± SEM. Means were compared 
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between groups and between treatments for significant difference 
using ANOVA followed by a Newman-Keul’s multiple range test for 
comparisons within the groups and unpaired t-test for comparisons 
between groups. In all cases, p<0.05 was considered significant.

Results
Blood pressure elevation in DOCA/salt-treated rats – effect 
of PHD inhibition

Figure 1a illustrates the changes in mean arterial blood pressure in 
animals placed on three weeks of treatment with DOCA and 1% NaCl 
in the presence or absence of DMOG. Animals treated with DMOG 
alone (DMOG, n=5) did not show a change in blood pressure when 
compared to control (n=5) rats. However, arterial blood pressure 
increased by 44 ± 3% (P<0.05; n=5) in rats treated with DOCA/1% 
NaCl. On its own, DMOG did not affect blood pressure but it markedly 
blunted the increase in blood pressure in animals treated with DOCA 
(DOCA+DMOG, P<0.05; n=5). The inhibition by DMOG was evident 
as early as Day 7 but was most pronounced on Day 21. 

Renal injury following DOCA/1% NaCl administration – 
effect of PHD inhibition

The role of PHD/HIF-1α on kidney injury in animals placed on 
DOCA/1% NaCl (DOCA; n=9) is illustrated in Figure 1b. Protein 
excretion was barely detectable in all the animals on Day 0 (baseline) 
of the study and there was no increase in protein excretion by Week 3 
in control rats (n=8) or in uninephrectomized rats treated with DMOG 
alone (DMOG; n=5). However, protein excretion increased (P<0.05) 
as early as Week 1 in animals placed on DOCA/1% NaCl, reaching a 
several-fold increase (P<0.01) by Week 3. DMOG markedly blunted 
the proteinuria (2.9-fold; P<0.01) at Week 3 in animals placed on 
DOCA/1% NaCl (DOCA+ DMOG; n=6). 

Organ enlargement in DOCA/salt-treated rats – effect of 
PHD inhibition 

The effect of alteration of PHD/HIF-1α on organ hypertrophy 
in animals after three weeks of treatment with DOCA/1% NaCl is 
illustrated in Figure 1c and d. Kidney/body weight increased markedly 
(56 ± 4%, P<0.05; n=9) in rats made hypertensive by treatment with 
DOCA/1% NaCl. Kidney/body weight index increased slightly but 
significantly in uninephrectomized DMOG-treated (17 ± 3%, n=5) 
rats when compared to the untreated uninephrectomized controls 
(P<0.05). However, in animals treated with DOCA/1% NaCl, DMOG 
reduced the renal hypertrophy (P<0.05; n=6), to a level that is not 
significantly different from that seen in uninephrectomized DMOG-
treated rats. Similarly, there was LV hypertrophy (32±3%, P<0.05) 
following three weeks of placement of rats on DOCA/1% NaCl (n=9), 
Figure 1d. However, unlike the situation with kidney weight, DMOG 
did not affect LV hypertrophy in these hypertensive animals neither 
did it affect LV weight/body weight index in control animals. The lack 
of corresponding quantitative effects by DMOG on organ enlargement 
as with blood pressure elevation suggests that the effects produced by 
DMOG are independent of blood pressure changes.
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Figure 1: Mean arterial blood pressure (a), proteinuria (b), kidney weight- (c) 
and left ventricular/body weight indices (d) in uninephrectomized rats placed on 
1% NaCl (CONTROL, n=8) treated with DOCA (25 mg/kg s.c. twice weekly) in 
the absence (DOCA, n=9) or presence of DMOG (15 mg/kg i.p; DOCA+ DMOG; 
n=6). Animals that underwent uninephrectomy and received ordinary tap water 
were treated with DMOG (DMOG, n=5) for comparison.
 #P<0.05 versus Control @P<0.05 vs DOCA
##P<0.01) versus Control @@P<0.05 versus DOCA 
Figure 1a represents data from 5 animals per group. The other n values apply 
to Figure 1 b, c, and d.
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Figure 2: Expression of KIM-1 (a) or nephrin (b) in whole kidneys of 
uninephrectomized rats placed on 1% NaCl in drinking water (CONTROL, n=6; 
Lane 1) treated with DOCA (25 mg/kg s.c. twice weekly) in the absence (DOCA, 
n=9; Lane 3) or presence of DMOG (DOCA+DMOG; n=6; Lane 4). A set of 
animals that underwent uninephrectomy were placed on tap water and treated 
with DMOG alone (DMOG; n=5; Lane 2). A representative blot of the expression 
of KIM-1 or nephrin is shown with internal loading control (-actin). Graphs 
depict the quantitation by densitometry.
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Effect of PHD inhibition on markers of renal injury in DOCA/
salt hypertensive animals

Figure 2a illustrates that accompanying the proteinuria at 3 weeks 
in rats made hypertensive by administration of DOCA and 1% NaCl 
(DOCA; n=9) was a 3.4-fold increase (P<0.01) in the expression of KIM-
1, a marker of tubular injury. DMOG did not affect KIM-1 expression 
on its own (DMOG; n=6) but markedly blunted DOCA/salt-induced 
increase in KIM-1 expression. Similarly, in DOCA/salt-hypertensive 
rats, there was a marked reduction (61+4%; P<0.05) in the expression 
of nephrin, a marker of glomerular injury, Figure 2b. However, in the 
presence of DMOG (DOCA+DMOG; n=6), the decrease in nephrin 
expression was prevented (P<0.01). When compared to control rats, 
DMOG on its own (DMOG; n=5) did not significantly affect nephrin 
expression. 

Histopathological changes in the kidney following DOCA/
salt treatment – Effect of DMOG

Figure 3a illustrates representative glomerular (upper panel), 
arterial/arteriolar (middle panel), and tubulointerstitial lesions (lower 
panel) in rats placed on DOCA and 1% NaCl (DOCA). Glomerular lesions 
consisted of glomerular enlargement, hypercellularity, inflammatory 
cell infiltration, and fibrinoid deposit (upper panel). Arterial changes 
consisted of fibrinoid deposit, destruction of arterial wall, medial 
thickening with periarterial fibrosis, reactive atypia of endothelial cells, 
and mural disorganization (middle panel). Tubulointerstitial lesions 
consisted of tubular interstitial fibrosis, mononuclear inflammatory 
cell infiltration, tubular atrophy and dilatation, loss of tubular segment 
differentiation and perivascular deposition of collagen (lower panel). 
In DOCA/salt hypertensive rats treated with DMOG (DOCA+DMOG; 
n=6), these pathological changes were abolished or mild in extent and 
severity when compared to that observed in the DOCA/salt group. 
Figure 3b illustrates glomerular damage and tubulointerstitial changes 
in quantitative terms. 

Figure 3c (upper panel) illustrates that immunoperoxidase staining 
for collagen I, though normally present in the kidney, is inconspicuous 
in control and DMOG-treated rats (DMOG) but perivascular 
and interstitial deposition is marked and diffuse in DOCA/salt 
hypertensive rats (DOCA, n=5). In DOCA/salt hypertensive rats that 
were treated simultaneously with DMOG (DOCA+DMOG, n=5), 
collagen I deposition is markedly attenuated. Figure 3c (lower panel) 
is a quantitative illustration of collagen I staining, a marker of fibrosis, 
in these animals. Collagen I staining was about 5% in the control 
(n=5) and DMOG-treated (n=4) rats but the staining increased 3-fold 
(P<0.01) in DOCA/salt hypertensive (n=5) rats and this was markedly 
blunted (P<0.05) by DMOG. 

Effect of DMOG on PHD2 and HIF-1α expression in DOCA/
salt hypertension

Figure 4a illustrates that there was reduced PHD2 protein 
expression (43 ± 6%; P<0.01) in rats placed on DOCA/1% NaCl 
treatment for 3 weeks (DOCA; n=9). In DOCA/salt-treated rats 
that were treated additionally with DMOG (DOCA+ DMOG; n=6), 
PHD2 protein expression was unchanged (37 ± 4%: P<0.05) from 
that seen in the rats placed on DOCA/salt alone. When compared to 
uninephrectomized rats placed on tap water (Control, n=8), DMOG 
on its own, reduced PHD protein expression (23 ± 3%, P<0.05; n=5); 
an effect that is consistent with its widely recognized effect as a PHD 
inhibitor. By contrast, HIF-1α protein expression was increased (47 
± 5%, P<0.05) in rats treated with DOCA/salt for 3 weeks, Figure 4b. 
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Figure 3: Histopathological changes (a, b) or immunohistochemical staining for 
collagen I (c) in kidneys of uninephrectomized rats placed on 1% NaCl in drinking 
water (CONTROL, n=8) treated with DOCA (25 mg/kg s.c. twice weekly) in the 
absence (DOCA, n=9) or presence of DMOG (DOCA+ DMOG; n=6). A set of 
animals that underwent uninephrectomy were placed on tap water and treated 
with DMOG alone (DMOG; n=6). 
Figure shows sections stained with hematoxylin and eosin (H & E; a) or 
immunoperoxidase staining for collagen I (c). Magnifications are shown at x200 
(x400 for the arteriole). Arrows show lesions in DOCA/salt hypertensive rats 
(DOCA) as described fully in the text: glomerular enlargement, hypercellularity, 
inflammatory infiltrates, fibrinoid deposition (a, upper panel), thickening of 
arterial wall, periarterial fibrosis, mural disorganization (a, middle panel), 
interstitial inflammation, fibrosis, tubular atrophy or dilatation (a, lower panel). 
Quantitation of glomerular and tubular lesions are shown in Figure 3b and that 
of collagen deposition are shown in Figure 3c. Normal deposition of collagen I 
(in rectangle inset).
 #P<0.05 versus Control @P<0.05 versus DOCA
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Treatment with DMOG did not affect the increase in HIF-1α protein 
expression in DOCA/salt-treated animals. However, consistent with its 
negative regulator effect on HIF-1α, DMOG alone increased basal HIF-
1α protein expression (23 ± 3%; P<0.05).

Effect of DMOG on renal function, nitric oxide and reactive 
oxygen species production in DOCA/salt hypertensive 
animals

Figure 5a illustrates serum creatinine, an index of renal function, or 
serum nitrite, an index of systemic NO availability, or 8-isoprostane, an 
index of free radical production in animals placed on DOCA/1% NaCl 
in the absence or presence of DMOG. There was more than a 2-fold 
increase (P<0.05) in serum creatinine after three weeks of treatment 
with DOCA/1% NaCl (n=6) when compared to uninephrectomized 
controls (n=6). DMOG treatment (DOCA+DMOG; n=6) blunted 

DOCA/salt-induced increase in serum creatinine by 50 ± 7%; P<0.05). 
On its own, DMOG did not affect serum creatinine as the level was not 
different from that in uninephrectomized controls. Figure 5b illustrates 
that compared to uninephrectomized controls (n=6), serum nitrite 
decreased markedly (57 ± 6%, P<0.05) after three weeks of treatment 
with DOCA and 1% NaCl. DMOG, on its own (DMOG; n=5) tended 
to increase serum nitrite. However, DMOG abolished the reduction 
in serum nitrite in rats treated with DOCA and 1% NaCl reversing it 
completely. Coincident with these changes, serum 8-isoprostane level 
was higher (72 ± 7%, P<0.05) in DOCA/salt hypertensive rats and 
DMOG virtually abolished this increase (89 ± 5%, P<0.05).

Discussion
The HIF-1α/PHD system regulates cardiovascular function and 

CVDs is intimately linked to reduced oxygen-concentration state with 
inhibition of PHD recognized as a potential treatment for many CVDs. 
In this study, we report decreased PHD2 expression and increased 
HIF-1α expression, hypertensive renal injury, increased expression of 
KIM-1, an index of tubular injury, decreased expression of nephrin, 
an index of glomerular injury, and increased collagen I staining, an 
index of fibrosis in DOCA/salt hypertensive rats. In addition, there was 

Control         DOCA          DOCA+        DMOG

Control      DOCA     DOCA+      DMOG

CONTROL (n=8)    DOCA (n=9)DOCA+DMOG (n=6) DMOG (n=6)

DMOG

β Actin

HIF-1α

β Actin

PHD2

CONTROL (n
=8

)

DOCA (n
=9

)

DMOG (n
=6

)

DOCA +D
MOG (n

=6
)

1.5

1.0

0.5

0.0

2.0

1.5

1.0

0.5

0.0

# #

#

# #

@

D
en

si
to

m
et

ric
 R

at
io

(A
rb

itr
ar

y 
U

ni
t)

D
en

si
to

m
et

ric
 R

at
io

(A
rb

itr
ar

y 
U

ni
t)

(b)

(a)

Figure 4: PHD2 (a) or HIF-1 (b) expression in whole kidneys of 
uninephrectomized rats placed on 1% NaCl in drinking water (CONTROL, n=8) 
treated with DOCA (25 mg/kg s.c. twice weekly) in the absence (DOCA, n=9) 
or presence of DMOG (DOCA+ DMOG; n=6). A set of animals that underwent 
uninephrectomy were placed on tap water and treated with DMOG alone 
(DMOG; n=5). A representative blot of the expression of PHD2 or HIF-1 is 
also shown with internal loading control (-actin). Graphs depict quantitation of 
immunoblot by densitometry.
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Figure 5: Serum creatinine (a), nitrite (b), or 8-Isoprostane (c) in rats after 
three weeks of treatment with DOCA/1% NaCl (DOCA, n=5) or with DMOG 
(DOCA+DMOG, n=6). Serum levels in rats placed on tap water treated with 
DMOG alone (DMOG, n=5) or in uninephrectomized rats placed on 1% NaCl 
drinking water (Control, n= 6) are also shown.
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marked reduction in serum nitrite but higher serum creatinine and 
8-Isoprostane alongside with histopathological changes that consisted
of glomerular and fibrinoid changes, tubular interstitial necrosis, and
mononuclear inflammatory cell infiltration among others. DMOG,
a widely recognized PHD inhibitor [9,20], markedly blunted these
effects and improved renal function. These data are consistent with
studies that demonstrated protective effect of inhibition of PHD as
was reported for AII-induced vascular remodeling in the mouse heart
[11], podocyte injury and proteinuria in the remnant kidney [20] or
gentamicin-induced nephrotoxicity [21].

Studies involving hypoxia/HIF-1α and PHD and DOCA/
salt hypertension are few and far between but a major study [10] 
demonstrated that the initial phase following DOCA treatment was 
characterized by a reduction in the population of oxygen- and nutrient-
supplying peritubular capillaries (PTCs) accompanied by elevation of 
HIF-1α and VEGF, two hypoxia-responsive angiogenic factors, without 
affecting blood pressure or eliciting any pathology. There was a delayed 
phase during which HIF-1α and VEGF expression was greatly enhanced 
alongside hypertensive renal damage and enhanced apoptosis. Data 
from the current study also demonstrated no change in blood pressure 
or any indication of renal damage during Week 1 of DOCA treatment 
–the period during which there was reduction in PTCs [10]. However,
there was a downregulation of PHD2 and increased expression of HIF-
1α at three weeks - a stage that corresponded to the delayed phase of
DOCA/salt exposure characterized by renal pathology [10]. Based on
these data, it appears that the potential sequence of events following
DOCA/salt treatment is reduced oxygen tension, reduced PHD2
expression/activity, increased HIF-1α stabilization, continued hypoxia, 
hypertension and damage to kidney, heart, and vasculature.

The question arises whether PHD inhibition/HIF-1α especially at 
the latter stage of DOCA/salt hypertension will be counterproductive 
because of the potential to exacerbate the ongoing pathology. However, 
the notion is countered by the possibility that HIF-1α stabilization at the 
latter stage of DOCA/salt treatment was necessary to mitigate against 
hypertensive renal damage and not to propagate it as demonstrated 
by the protective effect of PHD inhibition [11,20,21]. However, data 
from other studies revealed that the effect of PHD inhibition appears to 
depend, among other things, on the type of CVD and whether it is acute 
or chronic in nature. Thus, acutely injured kidneys appear to benefit 
from the protective effects of HIF-regulated biological processes, while 
chronic hypoxia, mediated in part through HIF-1a, can contribute 
to increased extracellular matrix production and thereby potentially 
promote the progression of renal disease [22]. Indeed, overexpression 
of PHD3 gene blunted renal injury in the DOCA/salt hypertensive rat 
[15] leading the authors to suggest that PHD inhibition and subsequent 
HIF-1α stabilization may be an important pathway to hypertension and 
end organ damage under pathological conditions. This is not surprising 
considering that hypoxia attenuates renal function in hypertension
[23] exacerbating the ongoing pathology.

In considering whether PHD inhibition/increased HIF-1α protects 
or promotes tissue/organ damage, we recognize that the conventional 
premise is that HIF-1α mitigates against the damaging effect of hypoxia  
by regulating the expression of genes vital for cellular adaptive responses 
to hypoxia such as glycolysis, erythrocytosis, and angiogenesis [3,9]. 
Thus, inhibition of PHD in hypoxia should result in stabilization and 
activation of HIF-1α for adaptive (protective) effects on tissues [3,24]. 
Thus, in this study, DMOG protected against hypertensive renal injury 
in DOCA/salt hypertension suggesting that reduced expression of 
PHD2, consequent to increased HIF-1α expression/activity is a defense 
mechanism in DOCA/salt hypertension. The lack of additional effect 

by DMOG on PHD expression in DOCA/salt-treated rats despite its 
strong protective effects on hypertension and end organ damage may 
be accounted for by the possibility that PHD inhibition has a negligible 
effect on HIF-1α activation as was reported in AII-induced vascular 
fibrosis [14]. Thus, PHD inhibition does not necessarily translate to 
a commensurate decrease in PHD expression or increase in HIF-1α 
expression. In fact, a recent study demonstrated a paradoxical increase 
in PHD3 by DMOG despite its renoprotective effect in the remnant 
kidney [20].

In evaluating the possible mechanism for the protective effect 
of DMOG in this study, we examined a role for nitric oxide. This is 
because (i) NO synthase is a target gene for HIF-1α [1,7,17] and (ii) NO 
regulates PHD [2,17] leading to attenuation of proline hydroxylation 
of HIF-1α. Indeed, in mice subjected to renal ischemia/reperfusion 
injury, DMOG up-regulated NOS expression [24]. In this study, the 
increased serum nitrite level in DMOG-treated rats and the blunting 
of the reduced serum nitrite in DOCA/salt hypertensive rats treated 
with DMOG is consistent with these observations, underscoring the 
possibility that NO production is a mechanism for PHD inhibition-
related protection in DOCA/salt hypertension. Moreover, the 
improved renal function (reduced serum creatinine) in DMOG-treated 
rats; consistent with blunted KIM-1 expression and increased nephrin 
expression supports DMOG-related preservation of glomerular and 
tubular function in DOCA/salt hypertension, a low renin model. 
The relationship between hypoxia vis-à-vis the HIF/PHD system on 
renin is an ongoing debate. Hypoxia was shown to upregulate renin 
[13] but a recent study involving stabilization of HIF in mice through
conditional deletion of von Hippel-Lindau (vHL) protein, its negative
regulator, resulted in accumulation of HIF-1α and -2α but a reduction
in expression of renin and number of renin-producing cells [25].
Though the jury is still out, the latter suggests that hypoxia-inducible
genes are essential for normal development and physiologic adaptation 
of renin-producing cells. It therefore appears that the HIF/PHD system 
is relevant in low and high renin models as seen in the protective effect 
of PHD inhibition in AII-induced vascular inflammation [11] and the
remnant kidney [20].

As DOCA/salt hypertension is characterized by increased vascular 
production of ROS [16] that is attributable to eNOS uncoupling [26] 
and reduced NO bioavailability [27], among others, we evaluated 
the effect of DMOG on oxidative stress. Our data revealed that 
the antihypertensive and renoprotective effects of DMOG may be 
accounted for by its ability to reduce production of reactive oxygen 
species through increased NO production. This is consistent with the 
established role of HIF in oxidative stress and the observation that 
DMOG-associated HIF-1α activation blunted gentamicin-induced 
nephrotoxicity and renal injury in the remnant kidney model through 
reduced oxidative stress and/or increase in antioxidant species [20,21].

Conclusion
Data from this study suggest that reduced PHD2 expression 

and consequent increase in HIF-1α expression probably result from 
hypoxia induced by DOCA/salt treatment. This priming event was 
accompanied by hypertension or renal damage at later stages when the 
continued hypoxia, reduced PHD2 expression and increased HIF-1α 
expression were accompanied by hypertensive renal injury and collagen 
deposition. Despite the lack of additional effect on PHD expression, a 
protective effect of a known PHD inhibitor in DOCA/salt hypertension 
emerges by mechanisms that are in part related to increase NO and/or 
reduced reactive oxygen species production. 
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