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Introduction
Chronic inflammation is an important path physiological 

condition impacting various diseases including but not limited 
to hypertension, kidney disease, atherosclerosis, diabetes, 
cancer, etc. Reduced nitric oxide (NO) bioavailability, a feature 
of these conditions, plays a causal role in endothelial cell 
dysfunction and inflammation. NO is a key regulatory molecule 
of paramount importance for endothelial function including 
its anti-inflammatory and other protective cellular effects. 
Thus, reduced NO bioavailability is associated with various 
diseases that involve activation of NF-kB [1,2] and subsequent 
gene transcription of cytokines (TNFa, IL-1, IL-6) that mediate 
inflammatory responses [3].

Reactive oxygen species (ROS) constitute one of the many 
mediators of inflammation so also are prolyl-4-dioxygenases  

 
also known as prolyl hydroxyl binding proteins (PHDs). ROS 
production within the cell is finely modulated by enzymatic and 
no enzymatic antioxidant defenses. Nuclear factor (erythroid-
derived 2)-like 2 (Nrf2), the redox-sensitive transcription factor, 
is an important antioxidant that serves as a master regulator 
of antioxidant system through increased expression of several 
antioxidant enzymes. It plays a critical role in basal activity and 
coordinated induction of genes encoding numerous antioxidant 
and phase II detoxifying enzymes and related proteins; namely, 
such as superoxide dismutase (SOD), catalase (CAT), UDP-
glucuronosyltransferase, NAD(P)H:quinone oxidoreductase-1 
(NOQ1), heme oxygenase-1 (HO-1), glutamate cysteine ligase, 
glutathione S-transferase (GST), glutathione peroxidase (GPx), 
and thioredoxin, among others [4]. 
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Abstract

Oxidative stress and associated inflammation, features of hypertension and kidney disease, involve many mediators. Nrf2, a transcription 
factor, the primary cellular defense against oxidative stress and MyD88, an adaptor protein has been implicated in inflammation and consequent 
NFkB activation. Prolyl hydroxyl binding protein (PHD), an oxygen sensor in hypoxia is also intricately linked to inflammation/oxidative stress. 
This study evaluated the contribution of PHD in association with Nrf2, MyD88 and NFkB to nitric oxide (NO) deficiency-induced hypertensive 
renal injury. LNNA, inhibitor of NO synthase reduced PHD2 (P<0.05) but not PHD1 expression and increased blood pressure (BP; P<0.05), 
protein excretion (3.5-fold, P<0.05) and KIM-1 expression (3.8-fold, P<0.05). DMOG did not affect LNNA-induced reduction in PHD2 expression 
and the elevated BP but blunted the proteinuria and KIM-1 expression. 

DMOG also blunted decreased Nrf2 expression, increased nuclear expression of p65 (P<0.05) and MyD88 (P<0.05), increased serum TNFa 
and IL-1b(P<0.05) production and xanthine-induced renal production of H2O2 (P<0.05) LNNA-treated animals. These data suggest a protective 
role for PHD2 that is linked to changes in MyD88/p65 expression and cytokine production in the renal injury and inflammation induced by NO 
deficiency and high salt diet. 
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Abbreviations: SOD: Super Oxide Dismutase; HO-1: Heme Oxygenase-1; ROS: Reactive oxygen species , GST: Glutathione S-Transferase; GPx: 
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Through these proteins, Nrf2 regulates cellular antioxidant 
and anti-inflammatory machinery thereby serving as the 
primary cellular defense against the cytotoxic effects of oxidative 
stress [4,5] and when impaired, there is severe oxidative stress 
and inflammation and progression of tissue damage in kidney 
injury [6]. On the other hand, prolyl hydroxyl binding proteins 
(PHDs) are a group of iron, 2-oxoglutarate, and oxygen-
dependent dioxygenases are enzymatic gatekeepers serving 
as oxygen sensors of the body’s adaptive response to hypoxia. 
Of therapeutic interest is that inhibitors of the PHDs, which 
permit the activation of hypoxic adaptation under conditions 
of normoxia, are protective in various models of cardiovascular 
diseases [7-9] and inflammation [10]. In studies that examined 
interactions of NO and PHD, acute and high doses of NO inhibited 
PHD expression/activity [11] while low doses or prolonged 
exposure to NO led to induction of PHD activity [12,13]. 

Although pathways involved in renal oxidative stress and 
inflammation in renal disease are well known [6,14,15], the 
role of PHD as a signaling event in NO withdrawal-induced renal 
oxidative stress and inflammation has received little attention. 
Considering the established distinct roles of NO/oxidant species 
on one hand [16,17] and PHD on the other in the path physiology 
of hypertension, the current study evaluated the relationship 
between PHD2 and Nrf2/oxidative stress on hypertensive 
kidney injury and inflammation following NO withdrawal. 
The overall interaction with MYD88/NFkB pathway was also 
evaluated. Our data demonstrated a selective down-regulation 
of PHD2 in tandem with Nrf2 but increased ROS generation and 
up regulation of NFkB and MyD88.

Materials and Methods
Unless specified otherwise in the text, all chemicals were 

obtained from Sigma-Aldrich (St Louis, Missouri, USA) and are 
of the highest analytical grade. Dimethyloxallyl glycine (DMOG) 
was purchased from Cayman Chemical Company (Ann Arbor, 
Michigan, USA) and was dissolved in distilled water. L-NG-
Nitroarginine (L-NNA) was dissolved in 0.1 mol/l NaHCO3 in a 
stock concentration of 100 mg/ml and subsequent dilution was 
made in tap water. Xanthine was dissolved in 0.1 mol/l NaHCO3 
in a stock concentration of 100 mg/ml and subsequent dilution 
was made in distilled water. This study was approved by the 
Animal Care Committee of the Texas Southern University and 
conforms to the institutional guidelines on animal care and use.

This study was carried out in male rats (334-398 g; mean, 
363+14 g, Sprague-Dawley; Harlan Sprague-Dawley, Houston, 
Texas, USA) treated with L-NNA to inhibit nitric oxide synthesis 
or DMOG, a cell-permeable, competitive inhibitor of PHD 
proteins leading to stabilization of hypoxia-inducible factor 
(HIF). In these experiments, rats were randomly divided into 
four groups, viz, animals receiving normal salt diet and tap water 
orally ad libitum (Control, n = 5-7), animals placed on L-NNA 

(250 mg/l in drinking water ad libitum for 14 days) and high salt 
diet (4% NaCl) and treated with vehicle [distilled water, 1 ml/
kg, intraperitoneally (i.p.) daily; n = 7-9], and animals placed on 
L-NNA, high salt diet, and DMOG (15 mg/kg i.p. daily; L-NNA + 
DMOG, n = 6-8) or animals treated with DMOG alone (DMOG, 15 
mg/kg i.p. daily; n = 5-6). This dose of DMOG, based on literature 
and our previous studies that showed significant inhibition of 
PHD expression [18]. Animals were placed in metabolic cages for 
24-h urine collection for biochemical analyses of sodium (UNaV) 
and protein (UProtV). 

Urine collection was done on days 0, 4, 7 and 14. 2-3 days 
before the end of the study, all animals were instrumented under 
sodium pentobarbital anesthesia (50 mg/kg; i.p.) for placement 
of indwelling catheters in the left carotid artery. The catheters 
were exteriorized through the nape of the neck and the ends 
capped with a three-way tap for subsequent blood collection 
and blood pressure determination in the conscious state. At the 
end of the study period, blood pressure determination was made 
in all animals after which they underwent sodium pentobarbital 
anesthesia (50 mg/kg; i.p.) for blood collection and eventual 
serum preparation. Kidney tissues were also harvested and snap 
frozen in liquid nitrogen for immunoblotting experiments. In a 
subset of animals, renal generation of reactive oxygen species 
(ROS) was evaluated. This was accomplished by determining 
H202 production (Apollo System (model 400, WPI, Sarasota, 
Florida) in sodium pentobarbital-anesthesized (50 mg/kg; i.p.) 
animals in response to intravenous administration of xanthine 
(3, 5, and 10 mg/kg) using size 23G butterfly needle (Abott 
Laboratories, Franklin Lakes, NJ) placed in the tail vein.

Biochemical analyses
Urinary protein was determined using a colorimetric kit 

from Sigma-Aldrich (St Louis, Missouri, USA).

Evaluation of cytokine release
The generation of TNFa and IL-1b in the serum was 

determined using Signosis’s Oxidative Stress ELISA Strip 
Profiling Assay (Signosis Inc, Santa Clara, CA, USA).

Determination of ROS production
H2O2 was determined in a set of animals (n= 5 per group) that 

were randomly allocated to treatment with vehicle and normal 
salt diet (Control), LNNA with or without DMOG (n=5 per group). 
H2O2 generated was measured with an isolated electrode-based 
free radical detection system (Apollo 4000, World Precision 
Instruments) using an electrochemical (amperometric) detection 
principle using an H2O2 electrode (sensor) (HPO Sensor; ISO-
HPO-100, World Precision Instruments, Sarasota, Florida). The 
oxidation of H2O2 at the electrode (sensor) surface produces a 
small current (pA) that is coupled to data acquisition module 
driven by a Digital Signal Processor for real time measurement 
of H2O2. H202 electrode was inserted to a depth of no more than 
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1 mm (cortex) and after a stable baseline was reached (usually 
within 10 minutes of placement), current was measured at 
15 second intervals for 5 minutes. The current generated in 
response to intravenously administered xanthine was converted 
to H202 concentration using a standard curve of standard H2O2 (1, 
2, 4, and 8 mM) in PBS. Base current was extracted to determine 
the actual amount of H2O2 generated. 

Immunoblotting for protein expression
Kidney tissues were homogenized with SDS sample buffer 

containing protease inhibitors for cellular extraction. Protein 
expression of PHD-1 and PHD-2, KIM-1, or MyD88 was evaluated 
in whole kidneys while p65 or Nrf2 expression was evaluated in 
nuclear fractions. Pellets were vortexes for 15 sec 4 times at 10 
min intervals with nuclear extraction buffer and then centrifuged 
for 30 min at 14,000 rpm at 4oC. Protein concentration was 
measured with the BCA protein assay kit (Pierce Biotechnology 
Rockford IL, USA). 50 mg of protein was then loaded onto 10% 
polyacrylamide gels for SDS-PAGE. Separated proteins were 
transferred to PVDF membranes and probed with appropriate 
antibodies - PHD1 and PHD2, MyD88, Nrf2, p65, β-actin, beclin 
1 (Abcam, Cambridge, MA, USA) and KIM-1 (R&D Systems, Inc., 
Minneapolis, MN, USA). Primary antibodies were diluted 1:1000 
and incubated overnight at 4oC. After washing, the blots were 
incubated with appropriate horseradish peroxidase conjugated 
secondary antibodies. Immunodetection was performed using 
luminol reagent (Santa Cruz Biotechnology, Santa Cruz CA, 
USA). b actin or GAPDH was used as internal control. Protein 
band intensities were measured using Molecular Imager FX and 
Quantity One software (Bio-Rad, Hercules, CA, USA).

Statistical analysis
Values were presented as mean + SEM. Means were compared 

between groups and between treatments for significant 
difference using Analysis of Variance. In all cases, P<0.05 was 
considered as statistically significant. 

Results
Effects of inhibition of nitric oxide production on 
expression of prolyl hydroxylase domain-containing 
protein on the expression of PHD following nitric 
oxide synthase inhibition and high salt diet

Figure 1 illustrates that there was no change in the 
expression of PHD1 in the whole kidney of (n=7) rats treated 
with L-NNA (250 mg/L in drinking water for 14 days) and high 
salt diet neither did the addition of DMOG (15 mg/kg, i.p., LNNA/
DMOG, n=6) affect basal expression of PHD1. By contrast, PHD2 
expression was reduced in animals placed on L-NNA (29+3%; P < 
0.05). DMOG did not cause further reduction of PHD2 expression 
in animals treated with L-NNA (LNNA/DMOG). Similarly, DMOG 
alone (n=5) did not affect basal expression of PHD2. 

Figure 1: PHD1 or PHD2 expression in whole kidneys of animals 
treated with high salt diet (4%) and L-NNA (250 mg/L in drinking 
water for 14 days) with (LNNA + DMOG, n=6) or without DMOG 
(15 mg/kg i.p. daily; LNNA, n=7). Expression of PHD1 or PHD2 
in animals treated with vehicle (Control, n=5) or DMOG alone 
(DMOG, n=5) is also shown. Top panel shows representative 
blots. Lane 1, Control; Lane 2 L-NNA; Lane 3 L-NNA+DMOG; 
Lane 4 DMOG. Bottom panel shows quantitative analysis.

*P<0.05 (L-NNA versus Control).

Effects of inhibition of prolyl hydroxylase domain-
containing protein on blood pressure and sodium 
excretion in rats following nitric oxide withdrawal 
and high salt diet

Figure 2a illustrates that mean arterial blood pressure 
increased by 31+5% (P<0.05) on Day 14 in rats (n=9) placed 
on L-NNA (250 mg/L in drinking water for 14 days). DMOG (15 
mg/kg, i.p.) did not affect elevated blood pressure in L-NNA/
high salt-fed rats (LNNA/DMOG, n=8). On its own, DMOG also 
did not affect blood pressure as blood pressure in DMOG-treated 
animals (DMOG, n=6) was not different from that of control rats. 

Figure 2b illustrates that compared to control rats, sodium 
excretion increased (3.2-fold; P<0.05) over the course of the 
study in animals placed on L-NNA and high salt diet. The 
increase peaked by Day 7 and remained unchanged by Day 14. 
DMOG had no effect on sodium excretion in L-NNA/high salt-fed 
rats (L-NNA+DMOG, n=8) as there was no difference in sodium 
excretion in these animals when compared to those that received 
vehicle (L-NNA; P>0.05). Sodium excretion in animals treated 
with DMOG alone (DMOG, n=6) was also not different from those 
of control animals. Moreover, there was no marked change in 
sodium excretion between animals treated with vehicle (Control, 
n=7) or DMOG (n=6) on each day of the study.
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Figure 2: Mean arterial blood pressure (a) or protein excretion 
in the urine (b) of animals treated with high salt diet (4%) and 
L-NNA (250 mg/L in drinking water for 14 days) with (LNNA + 
DMOG, n=8) or without DMOG (15 mg/kg i.p. daily; LNNA, n=9). 
Expression of PHD1 or PHD2 in animals treated with vehicle 
(Control, n=6) or DMOG alone (DMOG, n=6) is also shown. 
Top panel shows representative blots. Bottom panel shows 
quantitative analysis.

*P<0.05 (L-NNA versus Control)

Effects of inhibition of prolyl hydroxylase domain-
containing protein on proteinuria in rats following 
nitric oxide synthase inhibition and high salt diet

Figure 3 illustrates that there was no change in protein 
excretion in control rats throughout the study period. However, 
compared to Day 0, there was a steady increase in proteinuria 
reaching 1.6-fold increase (P<0.05) on Day 7 and 3.3-fold 
increase (P<0.05) on Day 14 in L-NNA/high salt-fed (n=9) 
rats that received vehicle (L-NNA). The increase was blunted 
in rats placed on DMOG (L-NNA + DMOG; P<0.05) on Day 14 
when DMOG blunted the proteinuria by 43+6% (P <0.05). KIM-
1, a biomarker of kidney tubular injury, increased (2.6 fold, 
P<0.05) in L-NNA/high salt-fed (n=7) rats that received vehicle 

(L-NNA). DMOG reduced KIM-1 expression (41+4%; P<0.05). 
Interestingly, DMOG, on its own also tended to reduce basal 
expression of KIM-1 (15+2%; P<0.05) indicating a permissive 
protective role for PHD even under control conditions. However, 
this effect was minimal and did not affect proteinuria.

Figure 3: Protein excretion in urine (a) and expression of KIM-1 
(b) in renal tissue (whole kidneys) of animals treated with high 
salt diet (4%) and L-NNA (250 mg/L in drinking water for 14 
days) with (LNNA + DMOG) or without DMOG (15 mg/kg i.p. 
daily; LNNA). Data in animals treated with vehicle (Control) or 
DMOG alone (DMOG) is also shown. Representative blots and 
corresponding quantitative analysis for KIM-1 expression are 
shown. Lane 1, Control; Lane 2 L-NNA; Lane 3 L-NNA+DMOG; 
Lane 4 DMOG. The number of animals in each group is as 
annotated.

Effects of inhibition of prolyl hydroxylase domain-
containing protein on generation of H202 and Nrf2 
expression in rats following nitric oxide synthase 
inhibition and high salt diet

Reduced NO bioavailability is associated with increased 
generation of reactive oxygen species [16,17]. Basal generation 
of H202 in vehicle-treated (n=5) rats was 12+1.2 mM, a value not 
significantly different from that of L-NNA/high salt-fed (n=5) 
rats (14.7+1.7 mM). Figure 4 illustrates that there was a dose-
dependent increase in the generation of H202 in response to 
intravenously administered xanthine (3, 5, and 10mg/kg). This 
increase, manifested both in peak response and area under the 
curve, was greater in L-NNA/high salt-fed rats (P<0.05, n=5) 
compared with control (n=5) animals. The increase in H202 
generation (area under the curve) was most marked at the 
lowest dose of xanthine (1.42-fold; P<0.05). The corresponding 
increases at the 5 and 10 mg/kg doses of xanthine were 63+5% 
(P<0.05) and 29+4% increase (P<0.05), respectively. DMOG 
(n=5) blunted the increases in H202 generation (P<0.05) in 
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LNNA-treated (n=5) animals. Expression of Nrf2, the redox-
sensitive transcription factor that counteracts oxidative stress 
[5] was reduced in L-NNA/high salt-fed (n=5) rats (29+3%; 
P<0.05). DMOG blunted the effect slightly but significantly 
(12+2%; P<0.05) [18]. 

Figure 4a: Expression of Nrf2 in nuclear fractions of whole 
kidneys of animals treated with high salt diet (4%) and L-NNA 
(250 mg/L in drinking water for 14 days) with (LNNA + DMOG, 
n=6) or without DMOG (15 mg/kg i.p. daily; LNNA, n=7). 
Expression of Nrf2 in animals treated with vehicle (Control, 
n=6) or DMOG alone (DMOG, n=5) is also shown. Top panel 
shows representative blots. Lane 1, Control; Lane 2 L-NNA; 
Lane 3 L-NNA+DMOG; Lane 4 DMOG. Bottom panel shows 
quantitative analysis.

*P<0.05 (L-NNA versus Control)

Figure 4b: In vivo generation of H202 in the kidneys of 
anesthetized rats in response to xanthine (3, 5, and 10 mg/
kg bolus i.v.) following treatment with vehicle (Control, n=5) or 
high salt diet (4%) and L-NNA alone (250 mg/L in drinking water 
for 14 days, n= 5) or high salt diet, LNNA and DMOG (n=5). 
Quantification of the data was done as area under the curve of 
generation of H202 over 5 minutes.

Effects of inhibition of prolyl hydroxylase domain-
containing protein on NFkB and MYD88 expression 
in rats following nitric oxide synthase inhibition and 
high salt diet

Reduced NO bioavailability is associated with activation 
of NFkB [2]. Expression of p65, the functional component 
participating in nuclear translocation and activation of NFκB 

was elevated (53+7%; P<0.05) in animals treated with L-NNA 
(250 mg/L) but this was abolished (P<0.05) in rats treated with 
DMOG. Since MyD88, an adaptor protein activates NFkB [19,20] 
and participates in inflammatory responses, we evaluated its 
expression to determine its correlation to NFkB expression/
activity following NO withdrawal. In animals (n=7) treated 
with L-NNA, MyD88 expression increased (25+4%; P<0.05) and 
DMOG abolished its expression such that MyD88 expression 
was not different between vehicle-treated (Control, n=5) rats 
and those treated with L-NNA and DMOG (LNNA/DMOG; n=7) 
(Figure 5). 

Figure 5: : Expression of p65 (a) or MyD88 (b) in nuclear 
fractions of whole kidneys of animals treated with high salt diet 
(4%) and L-NNA (250 mg/L in drinking water for 14 days) with 
(LNNA + DMOG, n=7) or without DMOG (15 mg/kg i.p. daily; 
LNNA, n=6). Expression of p65 or MyD88 in animals treated 
with vehicle (Control, n=6) or DMOG alone (DMOG, n=5) is 
also shown. Representative blots are shown above the graphs 
representing quantitative analyses. Lane 1, Control; Lane 2 
L-NNA; Lane 3 L-NNA+DMOG; Lane 4 DMOG.

*P<0.05 (L-NNA versus Control) # P<0.05 (L-NNA+DMOG versus 
L-NNA) @ P<0.05 (DMOG versus Control)

Effects of inhibition of prolyl hydroxylase domain-
containing protein on cytokine production in rats 
following nitric oxide synthase inhibition and high 
salt diet

Reduced NO availability in association with activation of NFkB 
[2] is accompanied by gene transcription of proinflammatory 
cytokines (TNFa, IL-1b). Figure 6 illustrates that compared 
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to vehicle-treated (control, n=5) rats, there were several-fold 
increases in serum production of TNFa and IL-1b in L-NNA/high 
salt-fed (n=7) rats. These increases were markedly blunted in 
rats treated with DMOG (LNNA/DMOG). However, DMOG, on its 
own, did not have an effect on the serum production of TNFa or 
IL-1b.

Figure 6: Cytokine (TNFa and IL1b) production in the blood of 
rats treated with high salt diet (4%) and L-NNA (250 mg/L in 
drinking water for 14 days) with (LNNA + DMOG, n=7) or without 
DMOG (15 mg/kg i.p. daily; LNNA, n=6). Cytokine production in 
in animals treated with vehicle (Control, n=6) or DMOG alone 
(DMOG, n=5) is also shown.

*P<0.05 (L-NNA versus Control) # P<0.05 (L-NNA+DMOG versus 
L-NNA) @ P<0.05 (DMOG versus Control)

Effects of DMOG on beclin 1 expression in rats 
following nitric oxide synthase inhibition and high 
salt diet

Autophagy, a cellular defense mechanism that protects the 
cell from injurious stimuli has been associated with treatment 
with DMOG [21]. Expression of beclin 1, a biomarker of 
autophagy, was greater (28+5%, P<0.05) in rats (n=5) treated 
with L-NNA and high salt (LNNA) compared to control (n=4) 
rats. In addition, DMOG which did not affect basal expression 
of beclin 1 blunted its expression (52+4%; P<0.05) in L-NNA/
high salt-fed rats (LNNA/DMOG). This effect is similar to that 
produced by chloroquine (data not shown), a known inhibitor 
of autophagy.

Discussion
PHD, a putative regulator of cardiovascular function is a 

target for the therapy of many cardiovascular diseases including 
but not limited to renal ischemic injury [7], myocardial I/R 
injury [8], and cerebral ischemia [9]. It has also been reported to 
interact and/or be involved in the actions and signaling of many 
mediators such as NO, reactive oxygen species (ROS), and NFkB. 
The current study evaluated downstream signaling events, 
namely; PHD, Nrf2, and NFkB following reduced availability of 
NO and attendant hypertensive renal injury/inflammation. 

The effects of NO on PHD are complex and well documented 
[13] - acute exposure to high doses of NO blocked PHD activity 

whereas chronic exposure to low doses produced the opposite 
effect [22]. It, therefore, stands to reason that blockade of 
low (physiologic) doses of NO as in this study will reverse the 
stimulant effect of low dose NO on PHD leading to reduced PHD2 
expression. This was indeed the case. There is paucity of data on 
the effects of NOS inhibition on PHD expression and/or activity 
and vice versa but one study demonstrated that PHD inhibition 
increased iNOS expression in hypoxia-induced inflammation 
[23]. Though contrary to our previous observation in the 
uninephrectomized rat [18], inhibition of NOS in this study was 
accompanied by a selective down-regulation of PHD2 that was 
not affected by DMOG, a pan PHD inhibitor, indicating that NO 
withdrawal caused a maximal down regulation of PHD2. 

Renal injury caused by NO withdrawal and/or high salt diet 
in this study manifested as proteinuria and increased expression 
of KIM-1, an index of tubular injury that were blunted by DMOG. 
Hypertension accompanied by renal injury is typical of different 
models of hypertension [18]. However, in this study, DMOG did 
not affect L-NNA-induced hypertension indicating that the effect 
of PHD inhibition on blood pressure is independent of its effect 
on renal injury. The same goes for the natriuresis elicited by NO 
withdrawal that was unaffected by DMOG especially on Day 14 
of the study. These data appear to suggest “off-target” effects of 
DMOG that may account for its distinct renoprotection without 
an accompanying antihypertensive effect. In support of this 
notion, DMOG has been reported to induce autophagy in a HIF-
independent manner [21]. However, this does not seem to be the 
case considering that DMOG inhibited autophagy (Figure 7).

Figure 7: Beclin 1 expression in the whole kidney of animals 
treated with high salt diet (4%) and L-NNA (250 mg/L in drinking 
water for 14 days) with (LNNA + DMOG, n=5) or without DMOG 
(15 mg/kg i.p. daily; LNNA, n=5). Expression of p65 or MyD88 
in animals treated with vehicle (Control, n=4) or DMOG alone 
(DMOG, n=3) is also shown. Representative blots are shown 
above the graphs representing quantitative analyses. Lane 1, 
Control; Lane 2 L-NNA; Lane 3 L-NNA+DMOG; Lane 4 DMOG.

 
*P<0.05 (L-NNA versus Control) 
# P<0.05 (L-NNA+DMOG versus L-NNA)
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NO withdrawal or high salt has also been reported to 
stimulate oxidative stress [16,17] that has been linked to Nrf2. 
Nrf2 is a major player in the coordinated induction of genes 
encoding numerous antioxidant and phase II detoxifying 
enzymes and related proteins [4]. The regulation of cellular 
antioxidant/anti-inflammatory process is a known defense 
mechanism against oxidative stress [5], a critical component 
in the progression of kidney disease [24,25]. The exacerbation 
of inflammatory oxidative stress and renal injury that was 
accompanied by diminution of several antioxidant genes 
following deletion of Nrf2 gene [26] supports this notion. 
Consistent with these observations, our data showed that L-NNA 
evoked an increase in xanthine-induced generation of H2O2 that 
was accompanied by down-regulation of Nrf2. Reactive oxygen 
species, especially hydroperoxides are potent activators of the 
redox-sensitive NFkB, a key transcription factor and master 
regulator of many proinflammatory and profibrotic cytokines 
and other mediators was increased in renal failure [14]. Since 
there was a concomitant increase in p65 expression, an index of 
NFkB activation, the reduced Nrf2 expression in these studies 
is probably linked to NFkB activation. Moreover, the increase in 
serum production of TNFa and IL-1b appears to suggest that 
renal injury and attendant inflammation induced by L-NNA 
is linked to NFkB activation and attendant inflammation. The 
reported anti-inflammatory function of Nrf2 [4,27,28] supports 
this notion. 

The possible involvement of other signaling mediators 
in L-NNA-treated rats came from the increased expression of 
myeloid differentiation primary response gene 88 (MyD88). 
MyD88 is an adaptor protein which activation is linked 
downstream to the activation of kinases that degrade IκB, which 
frees NFκB to translocate to the nucleus where it binds κB sites 
in the promoter region of genes encoding pro-inflammatory 
cytokines, including IL1B and IL6 [20,29]. The attendant increase 
in MyD88 expression in L-NNA-treated, high salt-fed rats that 
was coincident with increased p65 expression, increased H2O2 
production, and increased cytokine production in this study 
suggests a correlation between NFkB activation and Nrf2 in this 
model of renal injury [29].

PHD proteins have been reported to hydroxylate many 
cardiovascular targets such as IKKβ [30] for subsequent 
ubiquitin-mediated degradation. Indeed, IKKβ contains, within 
its activation loop, an evolutionarily conserved consensus 
motif for hydroxylation by PHDs. However, the role of PHD in 
inflammation is still controversial. Thus, while siRNA against 
PHD-1 or PHD-2 or DMOG resulted in NFκB activation, over 
expression of PHD induced a decrease in cytokine-stimulated 
NFκB reporter activity [30]. Other studies contradicted these 
observations as deletion of PHD2 inhibited NFkB expression 
[10,31]. Our data showing reduced PHD2 expression coincident 
with increased expression of p65 and MyD88 in L-NNA-treated 
animals link MyD88 to NFkB but does not indicate a critical role 

for PHD in as much as there was no further inhibition of PHD by 
DMOG in LNNA-treated animals despite these changes. 

The down-regulation of Nrf2 by L-NNA coupled with the lack 
of additional reduction in PHD2 expression by DMOG suggests 
non PHD effects of DMOG. DMOG induction of autophagy in a 
HIF-independent manner has been reported [21]. Autophagy 
is a dynamic and protective process present in all cells at low 
levels under basal conditions but can be up regulated by stimuli 
such as nutrient starvation or hypoxia. However, in this study, 
autophagy was induced following NO withdrawal as seen by 
increased expression of beclin 1, an index of autophagy. DMOG 
blunted not induce autophagy [22-31]. 

Conclusion
In conclusion, data from these studies suggest that the 

absence of nitric oxide plus high salt diet caused a down 
regulation of expression of PHD2 and Nrf2 but increased 
expression of NFκB and MyD88, its downstream target. While 
these genes probably account for the hypertensive renal injury, 
the protective effects produced by DMOG may also occur through 
non PHD-dependent mechanisms but not through autophagy.
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