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Part I: Literature review 

 

Inflammation in UUO 

 

Unilateral ureteral obstruction (UUO) is an experimental model of renal injury that 

mimics the complex pathophysiology of chronic obstructive nephropathy in an accelerated 

manner. Within the first week of induction, a network of inflammatory, vasoactive and 

apoptotic processes result in the rapid appearance of signs of tubular atrophy and features 

of tubulointerstitial fibrosis. Tubulointerstitial infiltration of leukocytes, predominantly 

macrophages [1], is a particularly early, prominent and crucial event at the onset of UUO, 

helping to lay the foundation for all subsequent developments. Increased numbers of 

macrophages are observed as early as four hours after UUO in rats [1, 2]. Leukocyte 

recruitment after UUO is mediated by fast local renal cellular responses of resident kidney 

cells [3], involving increased expression of chemokines, chemokine receptors [4, 5], and 

adhesion molecules like osteopontin [3, 6] and selectins [3]. Other induced molecules 

include platelet-derived growth factor-D (PDGF-D) [7], and macrophage-colony stimulating 

factor (M-CSF), which supports both systemic macrophage recruitment and local 

macrophage proliferation [8]. Upon recruitment and stimulation, infiltrating inflammatory cells 

themselves produce numerous cytokines and vasoactive agents that sustain and enhance 

the inflammation, and contribute to stimulation of fibrogenic, apoptotic and gene regulatory 

signalling pathways involving among several other mechanisms, the renin-angiotensin 

system, transforming growth factor beta (TGF-β), and nuclear factor kappa B (NF-κB) [2, 3]. 

During obstruction, leukocyte infiltration was found to correlate in time with glomerular 

filtration functional decline. After up to six days of UUO, relief of obstruction resulted in slow 

but remarkable resolution of tubulointerstitial infiltration [1]. Without relief of obstruction, 

fibrotic and atrophic and processes continue to progressive tissue loss, massive deposition 

of extracellular matrix, and irreversible loss of function.  

 

Oxidant stress in UUO 

 

Oxidative stress is involved in these processes [9]. Various markers of oxidant 

stress are increased in UUO kidneys, such as the oxidatively damaged protein product N
ε
-

carboxymethyl-lysine (CML) [10]; the marker of DNA oxidant damage, 8-hydroxy-2’-

deoxyguanosine (8-OHdG) [11]; and lipid peroxidation markers such as malondialdehyde 
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(MDA) [12, 13], 8-iso prostaglandin F2α (8-iPGF2α) [14], and 4-HNE or 4-HHE [15]. Oxidant 

stress response molecules like heat shock protein-70 (HSP-70) [13] and heme oxygenase-1 

(HO-1) [11] are also strongly expressed after UUO. Mice that are genetically deficient in the 

protective endogenous antioxidant enzyme catalase, are more susceptible to UUO-induced 

renal injury than normal wild type mice [15, 16]. Furthermore, increased renal concentrations 

of reactive oxygen species (ROS) have been observed in obstructed kidneys [17]; along with 

decreased activities of all major native protective antioxidant enzymes, superoxide 

dismutase (SOD) [15, 17], catalase and glutathione peroxidase [15]. 

 

Closely related to these data are reports indicating that nitric oxide (NO) plays a 

protective anti-apoptotic role in UUO. NO acts as a physiological antioxidant counterbalance 

to ROS. Apoptosis, mediated by caspases [18], is a prominent feature of injury in this model. 

To study the role of NO in apoptosis during UUO, Felsen and colleagues [19] subjected 

cultured tubular epithelial cells to mechanical stretch as an in vitro replication of UUO-

induced tubular cellular stress. Mechanical stretch induced apoptosis, which was aggravated 

by the non-specific NO synthase (NOS) inhibitor, L-NAME, but inhibited by both the NO 

precursor L-arginine, and the NO donor agent SNAP. In the in vivo component of the study, 

inducible NOS (iNOS) knockout mice (iNOS-/-) were compared with wild type mice. iNOS-/- 

mice expressed significantly less NOS activity, and demonstrated more severe tubular 

apoptosis than their wild type counterparts. L-NAME further aggravated apoptosis in iNOS-/- 

mice, indicating the importance of other NOS isoforms. In other studies, NO has been 

variously shown to protect against interstitial fibrosis and loss of renal function in UUO, and 

L-arginine supplementation during UUO helps to preserve renal function after relief of 

temporary obstruction [20]. Recently, liposome-mediated iNOS gene transfer was proposed 

as an elegant NO delivery technique into obstructed kidneys [21, 22]. 

 

Despite the appreciable evidence of oxidant stress involvement in UUO, little is 

known about the possible source(s) of such increased stress. Because oxidant stress 

mechanisms vary between models, it is important to identify specific ROS sources that may 

be potential treatment targets. Various ROS sources implicated in other renal injury models 

include the mitochondrial respiratory chain [23, 24], NADPH oxidase [25], and uncoupled 

NOS [26]. Recently, mRNA and proteins of the NADPH oxidase components p22-, p47-, and 

p67-phox were all found to be upregulated in UUO kidneys [15], raising the possibility that 

this enzyme is the oxidant stress source in obstructive nephropathy. 
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There is currently limited information about whether direct antioxidant therapy can 

reduce inflammation or ameliorate other nephropathic changes that follow UUO. The 

general antioxidant agent, α-tocopherol, did not convincingly reduce kidney tissue MDA [12], 

and neither NAC nor vitamin E substantially relieved renal injury [11] induced by UUO. 

However, statins have demonstrated benefits that appear to stem from reduction of oxidant 

stress. Simvastatin reduced markers of renal inflammation and fibrosis [27]. Fluvastatin 

attenuated 8-OHdG expression along with fibronectin and α-smooth muscle actin (α-SMA) 

[11]. In another study, fluvastatin similarly alleviated UUO-induced expression of α-SMA, 

and significantly reduced interstitial fibrosis based on morphometric indices; these benefits 

were accompanied by signs of relief of oxidant stress, shown by reduction in UUO-induced 

expression of advanced glycation end-products (AGE). Because of the pleiotropic effects of 

statins, though, it is not clear of their beneficial effects were mediated mainly via antioxidant 

mechanisms. The present study was designed as a preliminary effort to test whether a 

specifically directed antioxidant intervention would reduce inflammation due to UUO. The 

reasoning behind the study is that if NADPH oxidase is a functionally important source of 

oxidant stress in UUO, then its inhibition would alleviate UUO-induced inflammation. 

 

NADPH oxidase and apocynin 

 

Nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase) catalyses 

the production of the superoxide anion through the reaction of NADPH and oxygen. In 

functional terms, there are two forms of the enzyme. The first form is leukocyte NADPH 

oxidase, which catalyses the production of large amounts of superoxide to facilitate 

leukocyte phagocytic function. This is the longest-recognised and best-characterised form of 

the enzyme. The second form of NADPH oxidase is not simply a single entity but a group of 

closely related oxidases that are found in non-phagocytic cells. The physiologic function of 

these enzymes is to generate limited amounts of superoxide for normal cellular functions, 

such as oxygen sensing and signal transduction [28, 29]. Under pathophysiologic 

circumstances, however, these oxidases are liable to over-stimulation, leading to excessive 

production of superoxide, with attendant increase in downstream conversion to other ROS. If 

the tissue antioxidant defensive mechanisms are overwhelmed by excess radicals, a state of 

oxidant stress ensues, with numerous possible deleterious effects. Non-phagocyte forms of 

NADPH oxidase occur in a variety of tissue types, including the kidney. NADPH oxidases 

have a complex structure, comprising multiple sub-units that are either membrane-bound or 

located in the cytoplasm in the resting state. Upon stimulation, various cytosolic components 
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migrate to link up with the membrane-bound subunits, resulting in the fully assembled, 

biologically active enzyme. To add to the complexity, between different cell and tissue types, 

non-phagocyte NADPH oxidases differ in the details of sub-unit expression [30]. 

 

Various NADPH oxidase subunits have been found expressed in the kidney [31], 

including Renox (renal NADPH oxidase) [32], a component that seems to be uniquely 

expressed in renal tissue, and both tubular and glomerular NADPH oxidase activities have 

been demonstrated [33]. Therefore, in renal pathophysiologic conditions that involve 

increased oxidant stress, NADPH oxidase is always considered a possible source of oxidant 

stress. It has been shown to contribute to stress in key cardiovascular events that are of 

renal interest, such as atherosclerosis [30, 34] and hypertension [30], and is implicated in a 

range of specific renal disease models, such as 5/6 subtotal nephrectomy [25], anti-Thy 1.1 

nephritis [35], diabetic nephropathy [26], and NOS inhibition [36]. NADPH oxidase may 

account for increased ROS production in the aging kidney [37]. It also seems to be the 

source of oxidant stress in UUO, based on increased expression of major subunits [15]. 

Further evidence of NADPH oxidase contribution to tissue injury is derived from 

observations in NADPH oxidase-deficient mice, developed by genetic knockout of crucial 

enzyme subunits such as gp91phox or p47phox. For example, the gp91phox-/- mice are 

protected against oxidant stress and injury in hypoxic pulmonary hypertension [38], 

revealing the enzyme’s crucial role in the pathogenesis of that condition. The drawback with 

these genetically modified animals is that they are immunodeficient due to severe loss of 

normal leukocyte function [39, 40].   

 

One of the major difficulties with assessing the functional role of NADPH oxidase is 

that specific blockers are relatively scarce. The iodonium compound, diphenylene iodonium 

(DPI) has been widely applied in the role of NADPH oxidase inhibitor [28, 30]. Of 

importance, however, DPI is also an efficient inhibitor of other ROS-producing enzymes, 

including xanthine oxidase, NOS, and other flavin-containing oxidases [41]. Furthermore, 

DPI is also recognised as a powerful mitochondrial ROS inhibitor [42]. Because of this non-

specificity, data derived from experiments based on the use of DPI can only yield cautious 

conclusions about the role of NADPH oxidase. Thus, in the present study we have utilised 

apocynin, a specific, well-characterised NADPH oxidase inhibitor that acts by preventing the 

assembly of enzyme subunits at the membrane, thereby blocking enzyme activity [43]. 

Moreover, by curtailing the amounts of superoxide available for reacting with NO, apocynin 

indirectly provides the additional benefit of also suppressing peroxynitrite formation [44].  
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These effects make apocynin a reasonable candidate for effective suppression of oxidant 

stress and inflammation, and there is evidence to show that it does indeed possess the 

potential for such effects. In vitro, apocynin inhibited superoxide production in kidneys of rats 

exposed to chronic NOS inhibition [45], and suppressed LPS-induced pro-inflammatory 

activation of cultured cardiomyocytes [46]. Apocynin is easily administered in vivo by 

convenient oral route, and is well tolerated by mice without adversely affecting humoral or 

cellular immunity [47]. Some reported in vivo beneficial benefits of apocynin treatment are 

included in Table 1. 

 

Table 1. Examples of beneficial effects of in vivo apocynin treatment 

Organ-

system 
Animal model Effect of apocynin Ref 

BMP-4 treatment (mice) Alleviation of hypertension [48] 

Dopamine D5 receptor null mice Alleviation of hypertension [49] 

Dexamethasone hypertension (rats) Prevention and reversal of hypertension [50] 

ACTH hypertension (rats) Prevention and reversal of hypertension [51] 

Diabetic nephropathy (rats) Relief of proteinuria and glomerular injury [52] 

Hyperhomocysteinaemia (rats) Relief of proteinuria and glomerular injury [53] 

Cardio-

vascular 

/ renal 

Angiotensin II infusion (mice) 
Relief of renal NO depletion and sodium 

retention 
[54] 

Remote hepatic injury (mice) Limitation of hepatic parenchymal damage [55] 

Liver 

Portal hypertension (rats) 
Reduced portosystemic collaterals, improved 

splanchnic angiogenetic and circulatory indices 
[56] 

Zymosan arthritis / otitis (mice) Relief of tissue inflammation [57] 

Collagen-induced arthritis (rats) Relief of tissue inflammation [58] 

Joints, 

soft 

tissues 

and skin Tubercle bacteria inoculation (rats) Prevention of ulcerative skin lesions [59] 

Neural Sleep apnoea model (mice) 
Reduced hypoxia/reoxygenation 

hypersomnolence 
[60] 

Eye Ischaemic retinopathy (mice) Prevention of retinal neovascularisation [61] 

 

Abbreviations: BMP, bone morphogenetic protein; ACTH,adrenocorticotrophic hormone; NO, nitric oxide 
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Older and newer therapies in UUO 

 

Different therapeutic approaches have been investigated in UUO over the years. 

Indicative of the crucial role of Angiotensin II (Ang II) [2], genetic or pharmacological 

measures that counteract Ang II, such as angiotensinogen gene knockout [62], angiotensin-

converting enzyme (ACE) inhibition [63], Ang II type 1 (AT1) receptor inhibition [15, 17], or 

AT1a receptor gene knockout [64], have shown considerable benefits in reducing UUO-

induced renal fibrosis. In the past few years, a number of innovative therapeutic approaches 

have been probed, with varying degrees of relief of UUO-induced injury. Such approaches 

include drugs targeted at injury-mediating signal transduction pathways, like NPC 31169, a 

specific p38α inhibitor that interrupts the p38 mitogen-activated protein kinase (MAPK) 

pathway [65]. Similarly, Y-27632 was employed to block the small GTPase Rho effector 

proteins, ROCK (Rho-associated coiled-coil forming protein kinase) [66]. In another study, 

the chemokine receptor CCR1 was targeted by a non-peptide antagonist, BX471 [5]. Other 

workers have explored immunologic techniques, such as the use of the anti-c-fms antibody 

to inhibit macrophage activation by macrophage-colony stimulating factor (M-CSF) [8]. 

Molecular methods have also been exploited, exemplified by antisense oligonucleotide 

treatment to reduce connective tissue growth factor (CTGF) [67]. Although potentially 

promising, information about these approaches remains largely limited for the time being. 

 

TGF-β is one of the cytokines that play a major role in the inflammation and tissue 

damage that characterise obstructive nephropathy [68]. Biologic actions of TGF-β are 

effected via activation of their transmembrane receptor serine/threonine kinases, with 

downstream signal transduction through Smad proteins, which are TGF-β-responsive 

transcription factors. Smads 1, 2, 3, 4 and  and 5 variously work together as transcriptional 

regulators of target genes to effect TGF-β-mediated actions, while Smads 6 and 7 are 

regarded as intracellular antagonists of TGF-β signalling [69]. When stimulated during UUO, 

TGF-β signalling favours fibrosis; thus Smad3 deficiency ameliorates inflammation and 

fibrosis after UUO [70, 71] while Smad7 downregulation contributes to fibrosis [72]. In UUO 

research, there is currently much interest in the role of bone morphogenetic proteins 

(BMPs), a large subgroup of the TGF-β superfamily. Although BMPs have their own distinct 

receptors, they share broadly similar signalling pathways with TGF-β, including transduction 

via Smad proteins [73, 74]. BMPs are known to also signal through non-Smad pathways 

involving JNK and p38 MAP kinase [74, 75]. BMPs are multifunctional proteins that exert 

complicated biological activity in diverse organ systems. The various BMPs differ in their 
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receptor binding properties, which dictate their biologic effects. BMP signalling behaviour is 

complex, and involves cross-talk with TGF-β within the Smad network that is not yet fully 

elucidated [75]. In the kidney, effects of BMP-7 counteract those of TGF-β. BMP-7 (also 

known as osteogenic protein-1, OP-1) has shown an impressive ability to inhibit UUO-

induced tubulointerstitial fibrosis [76], via inhibition of apoptosis and epithelial-mesenchymal 

transdifferentiation [68]; and to accelerate the restoration of renal function following relief of 

obstruction [77]. There is much less information about the renal effects of other BMPs, 

particularly BMP-6, which bears similarity to BMP-7 in terms of amino acid sequence [73] 

and ALK2 receptor binding [75]. 

 
 
 

Part II: Pilot study 
 
Apocynin relieves renal interstitial macrophage influx and protects kidney bone 

morphogenetic protein-7 (BMP-7) gene expression in murine obstructive nephropathy 

 

Introduction 

 

Oxidant stress is a well documented feature in unilateral ureteral obstruction (UUO) 

and is believed to contribute to tubulointerstitial macrophage infiltration characterising the 

early phase of injury. NADPH oxidase subunits are upregulated during UUO, and thus this 

may be the enzymatic source of oxidant stress. To gain an insight into whether NADPH 

oxidase-dependent oxidant stress contributes to the renal inflammatory response after UUO, 

we carried out the UUO procedure in mice, and compared renal interstitial macrophage 

influx in the presence or absence of the specific NADPH oxidase assembly inhibitor, 

apocynin.  

 

Recently, bone morphogenetic protein-7 (BMP-7) has shown strong potential as a 

therapeutic option that may prevent or reverse nephropathic effects induced by UUO [77]. 

The protective effect of BMP-7 in the kidney is thought to involve an ability to suppress pro-

inflammatory behaviour particularly in tubular epithelial cells [78]. Since BMP-7 belongs to 

the transforming growth factor β (TGF-β) superfamily, there is a strong possibility that its 

expression and signalling might be redox sensitive, but this is not clear in the context of 

UUO. Moreover, BMP-7 has also been shown to relieve tubulointerstitial injury in some other 

renal injury models [78] that are known to be associated with increased oxidant stress. Thus, 
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we took the opportunity to examine whether apocynin, via NADPH oxidase blockade, might 

also have a beneficial effect on BMP-7 gene expression. 

 

Methods 

 

We used male C57BL/6J mice, weighing about 25g (Harlan Nederland, Horst, The 

Netherlands). Mice were maintained on a standard diet (RMH-TM; Hope Farms, Woerden, 

The Netherlands) and tap water ad libitum and housed in cages in a room maintained at 

22
O
C, 60% humidity with a 12/12-hour light/dark cycle. The Utrecht University board for 

studies on experimental animals approved the protocol.  

 

UUO procedure. Mice were lightly anaesthetised, a small incision made on the left 

flank, and left ureter ligated at two points in the middle third and cut between the ligatures. 

The wound was sutured, anaesthaesia withdrawn, and animals returned to their cages on 

regaining consciousness under monitoring.  

 

At termination, mice were injected with an anaesthetic cocktail (46.7mg/ml 

ketamine, 8mg/ml xylazine, and 0.067mg/ml atropine) at 0.1 ml/20g IP, and blood samples 

collected. Samples from both obstructed and contralateral kidneys were obtained under 

RNAse-free conditions and were either fixed in 4% formaldehyde, or snap-frozen in liquid 

nitrogen and stored at –80
o
C until analysed.  

 

Pharmacological treatment. A subset of mice received the NADPH oxidase inhibitor 

apocynin 10 mmol/L in drinking water (Sigma Aldrich, Zwijndrecht, The Netherlands), 

commenced 72 hours before the UUO procedure.  

 

Renal histology and immunohistochemistry. Formaldehyde-fixed, paraffin-

embedded kidney tissue was stained using standard procedures with haematoxylin and 

eosin and periodic acid-schiff for light microscopic examination by a renal pathologist in 

blinded fashion. To assess renal macrophage infiltration, frozen kidney sections were dried, 

fixed with acetone, blocked and incubated with a rat antibody against the mouse 

macrophage antigen F4/80 [79] (Serotec Benelux, Oxford, UK). Sections were further 

incubated with horseradish peroxidase-conjugated rabbit anti-rat and swine anti-rabbit 

antibodies (DakoCytomation BV, Herverlee, Belgium). They were developed with Nova Red 
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and counterstained with haematoxylin. F4/80-positive cells per high power field (field area 

0.245 mm
2
) were counted in blinded fashion.  

 

Quantitative RT-PCR. Total RNA was extracted from 30 mg frozen renal cortex 

using RNeasy columns (Qiagen, Venlo, The Netherlands). After cDNA synthesis, expression 

of BMP-7 mRNA was assessed by quantitative real-time PCR using TaqMan Gene 

Expression Assays with pre-designed probe and primers (Applied Biosystems, Foster City, 

CA, USA). PCR was carried out in an ABI PRISM 7900 Sequence Detection System 

(Applied Biosystems) with an initial 10-minute step at 95 °C, followed by 45 cycles of 15 

seconds at 95 °C and 1 minute at 60 °C. β-actin mRNA expression was used as an 

endogenous control. 

 

Statistics. Data is shown as mean (SEM) unless otherwise indicated. Differences 

among groups were analysed using appropriate forms of analysis of variance. Statistical 

significance was accepted at the level of p<0.05.  

 

Results 

 

Study I: In initial experiments with mice treated with apocynin for five days, 

apocynin induced no histological changes (not shown). The renal macrophage count in 

apocynin-treated mice was significantly lower than in controls (32 ± 2 vs. 40 ± 2 cells per 

field, p=0.025) (n = at least 6 per group). 

 

_________________________________________________________________________ 

 

UUO induces time-dependent renal macrophage infiltration
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Figure 1. Renal interstitial 

macrophage population after 2, 4 

or 7 days of UUO. White bars: 

contralateral kidneys, black bars: 

obstructed kidneys. Abbreviation: 

d=day (duration of UUO). *p<0.01, 

obstructed vs. contralateral 

kidney. Microscopic field area: 

0.245 mm
2
 



 115 

Study II: In the second series of experiments, mice underwent UUO without 

intervention, for 2, 4 or 7 days before termination. UUO induced renal tubulointerstitial injury 

as expected (not shown). UUO induced renal macrophage infiltration with time-dependent 

increase over 2, 4, or 7 days (Fig. 1).  

 

Different subsets of mice underwent UUO for 2 or 4 days, along with apocynin 

treatment. There were 6 mice per group. After 2 days of UUO, apocynin showed a minimal 

but statistically significant reduction in the total macrophage count (Fig. 2a); upon a closer 

look at the macrophage influx alone the apocynin effect is clearer (i.e., the differences 

between macrophage counts in the obstructed and corresponding contralateral kidneys) (Fig 

2b). The reduction was not sustained at 4 days (not shown), and apocynin was therefore not 

continued through to day 7. 

 

_________________________________________________________________________ 
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_________________________________________________________________________ 

 

Gene expression studies of BMP-7 revealed a similar temporal pattern of findings. 

As shown in Figure 3a, there was a drastic, time-dependent decrease of BMP-7 mRNA 

expression after 2, 4, and 7 days of UUO. To test whether the early anti-inflammatory impact 

of apocynin might be related to BMP-7, we examined its expression at the 2-day time point. 

Figure 2. A (left panel). Renal interstitial macrophage population after 2 days of UUO, with or 

without apocynin treatment. B (right panel). Net macrophage influx into obstructed kidneys after 2 

days of UUO, with or without apocynin treatment. White bars: contralateral kidneys (CL), black bars: 

obstructed kidneys (OB). Abbreviation: APO – apocynin. Microscopic field area: 0.245 mm
2
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Figure 3b shows that apocynin treatment of mice during 2-day UUO resulted in significant 

alleviation of BMP-7 mRNA downregulation. 

_________________________________________________________________________ 
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_________________________________________________________________________ 

 

 

Discussion 

 

We conducted a pilot study to probe whether apocynin, a specific inhibitor of the 

membrane-bound NADPH oxidase enzyme complex, would influence renal interstitial 

macrophage infiltration in the early phase of unilateral ureteral obstruction (UUO) in mice. 

Renal inflammation is an early and crucial event in UUO, a model of obstructive 

nephropathy that can eventually lead to extensive tubulointerstitial destruction. Apocynin 

achieved a limited, but significant, 25% reduction in the influx of macrophages at 2 days, 

suggesting NADPH oxidase involvement. The modest effect indicates that UUO-induced 

macrophage infiltration is not totally oxidant-dependent. Alternatively, UUO may be 

characterised by multiple sources of oxidant stress. In parallel with its anti-inflammatory 

effect, apocynin also significantly alleviated UUO-induced downregulation of the reno-

protective protein BMP-7. 

 

 Of much interest is that apocynin also significantly reduced baseline macrophage 

counts in control mice. This may be a further indication of the anti-inflammatory potential of 

Figure 3. A (left panel). Kidney mRNA expression of BMP-7 after 2, 4, or 7 days (d) of UUO.  B (right 

panel). Effect of apocynin (APO) on kidney mRNA expression of BMP-7 after 2d of UUO. mRNA in 

obstructed kidneys relative to contralateral.  White bar: contralateral kidneys used as control (CON), 

black bars: obstructed kidneys. *p<0.001 vs. contralateral (control) kidney. 
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apocynin. This is to our knowledge the first study suggesting that in vivo administration of 

apocynin can influence either baseline or stimulated renal macrophage infiltration. In the 

highly inflammatory UUO model, a modest 25% reduction in macrophage influx might 

represent considerable benefit. Comparable alleviation of macrophage infiltration was 

achieved by simvastatin [27], and a similar degree of reduction in inflammatory cell influx 

was observed in CD44 knockout mice [80]. CD44 is a macrophage receptor that plays a key 

role in macrophage adhesion and transendothelial migration during the process of 

chemoattraction following UUO. The similarity in degree of relief provided by apocynin and 

CD44 knockout may indicate that CD44-mediated macrophage recruitment is NADPH 

oxidase-dependent, while presumably there are other chemotactic pathways that are either 

not ROS-dependent or are mediated by ROS from other sources. Bascands and Schanstra 

[3] previously commented that UUO-induced leukocyte infiltration seems to result from 

additive effects of multiple mechanisms operating in concert. Therefore, multiple 

interventions would likely be necessary for full inhibition. Potentially, apocynin may be of 

particular value as an additive treatment in combination with other agents that work through 

different mechanisms. It would be informative to extend experimentation with apocynin to a 

multi-dose study, and to test it in other renal injury models with evidence of NADPH oxidase-

dependent oxidant stress.  

 

The initial relief of macrophage influx seen with apocynin was not sustained by the 

fourth day of UUO. This pattern is similar to early but non-sustained reductions in 

macrophage infiltration were achieved in knockout models of plasminogen activator inhibitor-

1 (PAI-1) or osteopontin [2]. These observations indicate that, in the presence of sustained 

urinary obstruction, when one chemotactic mechanism is inhibited there may be a tendency 

for other chemoattractant mechanisms to compensate over time. Supporting this notion, it is 

notable that UUO-induced renal expression of leukocyte attractants, such as M-CSF, 

increases in a time-dependent fashion [8], which might contribute to later increases in 

macrophage population. This situation further emphasises that multiple pathways and 

mediators operate in UUO pathophysiology. To counter such time-based cytokine 

expression patterns, it may well be that time-dependent dose adjustments in medications 

will be necessary. 

 

 The pronounced downregulation of BMP-7 that we observed in UUO was 

significantly alleviated by apocynin therapy, suggesting that NADPH-dependent oxidant 

stress has a role in BMP regulation. Since it has been demonstrated that BMP-7 suppresses 
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pro-inflammatory effects in the kidney [81], it also seems quite plausible that the beneficial 

effect of apocynin on macrophage influx is at least partly due to the support of BMP-7 

expression. This would be consistent with well-documented renal protective characteristics 

of BMP-7, and it would be in line with the effect of kielin/chordin-like protein, a molecule that 

enhances BMP-7 signalling and was recently shown to alleviate renal fibrosis induced by 

UUO [82]. Thus far, there has been limited information about the relation of oxidant stress 

and BMP-7, and it has not been previously shown that antioxidant therapy can promote 

renal BMP-7 expression. Our finding suggests that oxidant stress derived from NADPH 

oxidase plays a significant role in the transcriptional regulation of BMP-7 during UUO. 

 

It is known that macrophages are present in the normal kidney [6]. We previously 

observed that for unknown reasons, baseline tubulointerstitial macrophage levels in 

C57BL/6 mice are relatively high in comparison with another well known mouse strain, the 

129S2/Sv [83]. Our present observations now raise the question whether this may be 

connected with higher basal NADPH oxidase activity. In this study, we found that apocynin 

reduced baseline macrophage levels. The functional significance of this observation is 

unclear, but it raises the question whether the relatively high background renal macrophage 

population in C57BL/6 mice is in some way attributable to a comparatively heightened basal 

state of renal NADPH oxidase activity. This would be unexpected because we [84, 85] and 

others [86, 87] have demonstrated that the C57BL/6 strain is relatively resistant to a number 

of well-known experimental renal injury models. Indeed, we observed that resistance of 

C57BL/6 to AngII-induced renal injury is based on powerful intrarenal antioxidant status [85]. 

A high basal NADPH oxidase activity level in the same strain would therefore seem to be a 

contradiction. However, it is conceivable that a high background oxidant tone may indeed be 

one of the reasons for the ability of this strain to be relatively resistant to further external 

injurious stimuli. Could this be speculatively termed a state of natural “oxidative 

immunisation” or “oxidant pre-conditioning”? It seems an intriguing possibility.  

 

In summary, in this pilot study we have observed that apocynin slightly but 

significantly reduced renal macrophage influx in mice, 48 hours after ureteral obstruction, 

suggesting that UUO-induced renal inflammatory cell infiltration is partly NADPH oxidase-

dependent. The anti-inflammatory activity of apocynin may be related to its beneficial effect 

on BMP-7 gene expression. Interestingly, apocynin also diminished basal macrophage 

count in control mice. Anti-inflammatory potential of apocynin merits further study.  
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