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Abstract 

Oxidative stress and inflammation play a central role in progression and complications of CKD and are, 

in part, due to impairment of the Nrf2 system which regulates expression of antioxidant and 

detoxifying molecules. Natural Nrf2 inducing phytochemicals have been shown to ameliorate kidney 

disease in experimental animals. However due to adverse outcomes clinical trial of synthetic Nrf2 

activator, bardoxolone methyl (BARD), in CKD patients was terminated. BARD activates Nrf2 via 
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covalent modification of reactive cysteine residues in Nrf2 repressor molecule, Keap-1. In addition to 

Nrf2, Keap1 suppresses IKKB, the positive regulator of NFkB. Treatment with BARD analog, dh404, 

at 5-20 mg/kg/day in diabetic obese Zucker rats exacerbates whereas its use at 2 mg/kg/day in 5/6 

nephrectomized rats attenuates CKD progression. We, therefore, hypothesized that deleterious effects 

of high dose BARD are mediated by activation of NFkB.  

CKD (5/6 nephrectomized) rats were randomized to receive dh404 (2 or 10mg/kg/day) or vehicle for 

12 weeks. Vehicle-treated group exhibited glomerulosclerosis, interstitial fibrosis and inflammation, 

activation of NFkB, upregulation of oxidative, inflammatory and fibrotic pathways, and suppression of 

Nrf2 activity and its key target gene products. Treatment with low dose dh404 restored Nrf2 activity 

and expression of its target genes, attenuated activation of NFkB and fibrotic pathways, and reduced 

glomerulosclerosis, interstitial fibrosis and inflammation. In contrast treatment with high dh404 dosage 

intensified proteinuria, renal dysfunction and histological abnormalities, amplified up-regulations of 

NFkB and fibrotic pathways, and suppression of Nrf2 system. Thus therapy with BARD analogs exerts 

a dose-dependent dimorphic impact on CKD progression.  

 

Key words: Chronic kidney disease, CKD progression, Oxidative stress, Inflammation, Fibrosis, Nrf2, 

antioxidant system 

 

Introduction 

Chronic kidney disease (CKD) is invariably associated with oxidative stress and inflammation which 

play a major role in the pathogenesis and progression of kidney disease and its numerous complications 

[1-6]. Inflammation and oxidative stress are inseparably interconnected as they can trigger and 

intensify each other. Oxidative stress occurs as a result of either increased production of ROS, 
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depressed capacity of the antioxidant system, or both [7]. In presence of oxidative stress the 

uncontained or uncontainable ROS attack, denature, and modify structural and functional molecules 

and activate redox-sensitive transcription factors and signal transduction pathways. These events lead 

to tissue damage and dysfunction by promoting necrosis, apoptosis, inflammation, fibrosis, and other 

disorders. Oxidative stress in CKD is due to a combination of increased production of ROS and 

impaired antioxidant capacity [8,9]. ROS production is markedly increased in the diseased kidney, as 

well as vascular and various other tissues. This is primarily driven by activation or upregulation of the 

ROS-producing enzymes (NAD(P)H oxidase (NOX) isoforms, cycloxygenase-2, lipoxygenase, and 

uncoupled nitric oxide synthase), mitochondrial dysfunction, and endoplasmic reticulum stress [10-14]. 

Increased ROS production in CKD is compounded by the failure of the endogenous antioxidant defense 

system [4,15,16]. This is primarily due to the impaired activation of nuclear factor-erythroid-2-related 

factor 2 (Nrf2), a transcription factor that regulates basal activity and coordinated induction of 

numerous genes encoding phase-2 detoxifying and antioxidant enzymes and related proteins. The 

integrity of the Nrf2 function is essential for the maintenance of the redox balance under normal 

conditions and in mounting biological response to oxidative stress. Despite increased production of 

ROS which should provoke upregulation of endogenous antioxidant system, oxidative stress in CKD 

fails to elicit an appropriate antioxidant defense response. Instead, oxidative stress in animal models of 

CKD is associated with a diminished nuclear translocation (activation) of Nrf2, and significant 

reduction of its target gene products such as superoxide dismutase (SOD) isoforms, catalase, heme 

oxygenase-1 (HO-1, glutathione peroxidase, glutamate-cysteine ligase subunits, and NQO1 which are 

the major antioxidant and detoxifying enzymes [8,9]. In addition to promoting oxidative stress, 

impaired Nrf2 function contributes to intra-renal inflammation and progression of kidney disease. In 

fact ablation of Nrf2 gene results in intensification of oxidative stress, inflammation, and renal injury in 
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diabetic animals [17] and heightens the severity of ischemic and nephrotoxic acute kidney injury [18]. 

In contrast natural phytochemical Nrf2 activators such as sulforaphane, epigallocatechin-3-gallate, and 

curcumin, improve nephropathy in animal models of acute or chronic kidney diseases of diverse 

etiologies [19-23]. Together these observations support the role of Nrf2 deficiency in the pathogenesis 

of oxidative stress, inflammation, and progression of kidney disease.  

The synthetic triterpenoid compounds belonging to the bardoxolone methyl (CDDO-Methyl ester) 

family are potent Nrf2 activators [24,25]. By interacting with the keap1 molecule these compounds 

facilitate nuclear translocation of Nrf2 and expression of its target genes [26]. Although the phase IIb 

clinical trial of bardoxolone methyl in CKD patients with Type 2 diabetes showed improvement in the 

estimated glomerular filtration rate, it increased proteinuria, serum transaminase levels, and the 

incidence of adverse events [27]. Furthermore due to increased mortality from congestive heart failure 

the multi-center, randomized, placebo-controlled, Phase 3 clinical trial of a bardoxolone methyl analog 

in type 2 diabetic patients with stage 4 CKD (BEACON trial) was terminated [28]. Finally in a recent 

study Zoja et al [29] found substantial weight loss, anorexia, liver injury, exacerbation of proteinuria, 

dyslipidemia, glomerulosclerosis, and tubular damage with long term administration of the 

bardoxolone analogues, RTA 405 (50 and 100 mg/kg/day) and dh404 (5 and 25mg/kg/day) in obese 

Zucker rats with type-2 diabetes and nephropathy. These observations raised doubt about the potential 

efficacy of the bardoxolone methyl analogs in Type 2 diabetic nephropathy. In contrast, long term 

administration of BARD analog, dh404 at 2 mg/kg in rats with CKD induced by 5/6 nephrectomy 

resulted in amelioration of oxidative stress, inflammation, renal function and histology [30-32]. These 

observations point to the possible differences in the drug dosage as the potential cause of the divergent 

results of the reported studies. This assumption was confirmed by a recent elegant study by Tan et al. 

who showed that dh404, at lower but not higher doses, significantly lessens diabetes-associated 
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atherosclerosis and nephropathy in apolipoprotein E−/− mice with streptozotocin-induced diabetes 

[33]. In an attempt to explore this possibility and to determine the optimal drug dosage, we conducted a 

series of preliminary experiments using a wide range of a bardoxolone methyl analog, dh404 dosage 

(0.5-20 mg/kg/day) in male Sprague Dawley rats. We found significant reduction in food intake, 

weight loss, intense proteinuria and deterioration renal lesions and the gross anatomy of the liver in 

animals treated with dh404 at doses between 5-20 mg/kg. However animals treated with 1-2 mg/kg/day 

dh404 showed favorable response. It is of note that, many natural Nrf2 inducing phytochemicals have 

hormetic properties with beneficial effects at nanomolar concentrations and toxic effects at higher 

concentrations [34,35]. It is, therefore, conceivable that the divergent response to bardoxolone 

analogues reported in the experimental animals [29-33] represents a shared hormetic property with 

their natural counterparts. The present study was undertaken to explore the impact of BARD analogue, 

dh404, dosage on kidney tissue Nrf2-Keap1, NFkB, fibrotic, and oxidative pathways as well as renal 

structure and function in rats with CKD induced by 5/6 nephrectomy.   

   

Methods 

Animals- Male Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN) weighing 225–250 g 

fed regular rat chow (Purina Mills, Brentwood, MO) and water were randomized to CKD and control 

groups. The CKD group underwent 5/6 nephrectomy as described previously [12] while the control 

group underwent sham operation. The CKD rats were further randomized to receive RTA dh404 2 

mg/kg, 10 mg/kg, or vehicle (sesame oil) once daily for 12 weeks (n=7/group). Tail arterial pressure 

was determined by plethysmography as described previously [10]. The animals were then placed in 

metabolic cages for a 24-h urine collection and euthanized by exsanguination using cardiac puncture. 

The kidneys were harvested and immediately processed for histological evaluation and Western blot 
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analysis. Serum creatinine, urine protein and hematocrit were determined using standard laboratory 

methods. Serum malondialdehyde (MDA) was measured as described previously [8]. All experiments 

were approved by the University of California Irvine Institutional Committee for the Use and Care of 

Experimental Animals. 

Histopathological procedure- Three-micron sections of the formalin-fixed and paraffin-embedded 

kidney tissues were cut and stained with hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) 

methods. The tissue sections were examined in a blinded fashion and the severity of the lesions 

quantified as described in in an earlier study [36]. 

Western blot analyses- Cytoplasmic and nuclear extracts of the kidney tissues were prepared as 

described previously [8]. The following antibodies were used to measure proteins of interest in the 

cytoplasmic or nuclear fractions by Western blot analysis: Rabbit antibodies against rat NFκB p65, 

Nrf2, Keap1, modulatory and catalytic subunits of glutamate-cysteine ligase (GCLM and GCLC), 

cyclooxygenase-2 (COX-2) and heme oxygenase-1 (HO-1) were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). Antibodies against phosphorylated inhibitor of NFkB (pIKB), 

myeloperoxidase (MPO), TGF-beta, and NOX4, were purchased from Abcam Inc (Cambridge, 

Massachusetts, USA). Antibodies against catalase (EMD Chemicals, Gibbstown, NJ), inducible nitric 

oxide synthase (iNOS; Thermo Scientific, Rockford), MCP1 (Biovision, Milpitas, USA), eNOS (BD, 

Franklin Lakes), gp91
phox

 (BD Bioscience, San Jose, CA), Plasminogen activator inhibitor (PAI-1; BD, 

Franklin Lakes, USA), and alpha smooth muscle actin (Sigma-Aldrich, Saint Louis, MO, USA) were 

purchased from the cited sources. Antibodies against histone H1 (Santa Cruz Biotechnology), and actin 

were used for measurements of the housekeeping proteins for nuclear and cytosolic target proteins, 

respectively.  
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In brief, aliquots containing 50 µg proteins were fractionated on 8 and 4–20% Tris-glycine gel (Novex, 

San Diego, CA) at 120 V for 2 h and transferred to a Hybond-ECL membrane (Amersham Life 

Science, Arlington Height, IL). The membrane was incubated for 1 h in blocking buffer (1 × TBS, 

0.05% Tween-20 and 5% nonfat milk) and then overnight in the same buffer containing the given 

antibodies. The membranes were washed three times for 5 min in 1 × TBS, 0.05% Tween-20 before a 

2-h incubation in a buffer (1 × TBS, 0.05% Tween-20 and 3% nonfat milk) containing horseradish 

peroxidase-linked anti-rabbit IgG and anti-mouse IgG (Amersham Life Science) at 1:1,000 dilution. 

The membranes were washed four times and developed by autoluminography using the ECL 

chemiluminescent agents (Amersham Life Science). 

Statistical analysis- Analysis of variance (ANOVA) was used in statistical evaluation of the data using 

SPSS software version 17.0 (SPSS, Chicago, IL). P values <0.05 were considered significant. Data are 

expressed as means ± SEM. 

Results 

General data- Data are shown in Table1. The vehicle-treated CKD rats exhibited proteinuria, 

hypertension, weight loss, anemia, and significant elevation of serum urea, creatinine, and MDA 

concentrations. Administration of high dose dh404 resulted in a significant increase in proteinuria, 

exacerbation of azotemia, and weight loss when compared with the vehicle-treated CKD group. This 

was associated with significant rise in serum MDA, denoting deterioration of oxidative stress. In 

contrast treatment with low dose dh404 resulted, amelioration of anemia and hypertension, modest 

reduction in serum creatinine and a significant reduction in MDA concentration. There was no 

significant difference in body weight between the vehicle-treated and low dose dh404-treated CKD 

groups.  
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Histological data- Remnant kidneys in the vehicle-treated CKD group showed interstitial fibrosis, 

leukocyte infiltration, tubular atrophy and dilatation, and glomerular sclerosis. Treatment with high 

dose dh404 resulted in dramatic exacerbation of glomerulosclerosis, interstitial inflammation and 

fibrosis. In contrast therapy with the low dose dh404 attenuated interstitial inflammation and fibrosis 

and glomerulosclerosis in the CKD rats (Figures 1). 

 Oxidative and inflammatory pathways- Compared with the control group, the kidney tissue in the 

vehicle-treated CKD rats showed a significant increase in phosphorylated IKB and a marked increase 

in the nuclear p65 translocation denoting NFkB activation. This was associated with significant increase 

in the NAD(P)H oxidase subunits (gp91
phox

, NOX4), MPO, iNOS, COX-2, and MCP1, and 

accumulation of nitrotyrosine, a biomarker of oxidative/nitrosative stress. Administration of high dose 

dh404 intensified whereas treatment with low dose attenuated these abnormalities in the remnant 

kidneys of the CKD animals (Figures 2 and 3). 

Pro-fibrotic pathway- Compared to the normal control rats, kidney tissues in the vehicle-treated CKD 

rats exhibited significant upregulation of TGF beta, PAI-1 and alpha smooth muscle actin. 

Administration of high dose dh404 increased whereas treatment with low dose dh404 significantly 

lowered expression of these pro-fibrotic mediators in the remnant kidneys of the CKD animals (Figure 

4). 

Nrf2/Keap1 pathway- Compared with the control group nuclear Nrf2 content was markedly reduced 

and Keap1 abundance was significantly elevated in the kidneys of vehicle-treated CKD group. This 

was associated with significant down-regulations of CuZn-SOD, catalase, HO-1, and eNOS, in the 

kidneys of vehicle-treated CKD rats reflecting impaired Nrf2 activation. Administration of high dose 

dh404 intensified whereas treatment with low dose dh404 attenuated these abnormalities (Figure 5). 
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Discussion  

  In confirmation of earlier studies [8,9,14,30] oxidative stress and inflammation in the remnant kidney 

tissues in the vehicle-treated CKD rats were accompanied by impaired Nrf2 activity and 

downregulation of its target gene products. Long-term treatment with dh404 at 2 mg/kg/day restored 

Nrf2 activity and expression of its target gene products. This was associated with attenuation of 

oxidative stress, inflammation, and glomerular and tubulo-interstitial lesions, and partial improvement 

of renal function confirming the results of recent studies (30-32). In contrast, dh404 treatment at 10 

mg/kg/day dosage resulted in intensification of proteinuria, deterioration of renal function and 

histological lesions, and amplification of oxidative stress and inflammation, confirming the effects 

observed in the Zucker rats with diabetic nephropathy and ApoE deficient mice with streptozoticine-

induced diabetes [29, 33]. Taken together these findings indicate the dose dependent dimorphic actions 

of Bardoxolone methyl analogs on CKD progression with favorable effect at a low drug dosage and 

toxic effects at a high dosage. The dimorphic response to the Bardoxolone analogs which are potent 

synthetic Nrf2 inducers is consistent with the well-known hormetic properties of the natural plant-

based Nrf2 activators [37,38]. These phytochemicals found in fruits and vegetables are known to 

reduce the risk of cancers, neurodegenerative disorders, and cardiovascular disease. Although the 

health benefits of these phytochemicals have been attributed to their antioxidant properties, the 

underlying mechanisms of their actions are actually based on their stress-inducing properties [39]. In 

fact many of these phytochemicals act as toxins protecting the plants against insects and parasites 

which consume huge quantities of the plant products relative to their body mass [,40,41]. In contrast, 

when ingested by humans and other mammals at the relatively low amounts contained in the dietary 

fruits and vegetables, they can protect against a variety of adverse disorders by activating the adaptive 

stress response pathways. In this context several studies have demonstrated the hormetic mechanisms 
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of action of resveratrol, curcumin, sulforaphanes and catechins in cultured cells and in experimental 

animal [39,40]. Hormesis pathways activated by phytochemicals include Nrf-2 which stimulates 

transcription of genes controlled by the antioxidant response element, histone deacetylases of the 

sirtuin family, and FOXO transcription factors [40]. Activation of these pathways confers protection by 

up-regulating expression of antioxidant enzymes, detoxifying compounds, protein chaperones, and 

trophic factors. In fact these phytochemicals have been shown to prevent or ameliorate a variety of 

diseases including cardiovascular disease [42,43], neurodegenerative disorders [44-49], and acute and 

chronic kidney disease [19-23]. In contrast, excessive or unrestrained activity of Nrf2 system has been 

shown to have adverse consequences. For instance unrestrained activation of Nrf2 pathway leads to 

post-natal mortality in Keap1knock out mice [50] and worsening of insulin resistance, adipose tissue 

contraction, weight loss, and hepatic steatosis in Keap1 knock down leptin-deficient mice [51]  

Nrf2 is held in the cell cytoplasm as an inactive complex by Keap1 (Kelch-like ECH-associated protein 

1) a repressor molecule which mediates Nrf2 degradation by serving as an adaptor for Cul3 Rbx1 E3 

ligase complex. Keap1 molecule contains a number of reactive cysteine residues that serve as sensors 

of the intra-cellular redox state. Covalent or oxidative changes of thiols in these cysteine residues lead 

to conformational changes in Keap1 molecule which prevent its ability to bind Nrf2 [52]. This enables 

nuclear translocation and heterodimerization of Nrf2 with its co-activator, small Maf, leading to 

transcriptional upregulation of genes encoding antioxidant and phase 2 detoxifying molecules. 

Alternatively release and translocation of Nrf2 may occur via phosphorylation of its threonine or serine 

residues by protein kinase C, mitogen-activated protein kinases, phosphatidylinositol-3-kinase/Akt, 

casein kinase-2, or the endoplasmic reticulum enzyme PERK [53,54]. BARD analogues promote 

activation of Nrf2 via covalent modification of the specific thiols in the Keap1 molecules [26]. In 

addition to repression of Nrf2, Keap1 participates in repression of IKKB (the positive regulator of NF-
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kB) by facilitating its proteasomal degradation [55]. Accordingly oxidative or covalent modification of 

Keap1 can lead to release of IKKB, phosphorylation of IKB (the NFkB inhibitor) by IKKB, 

dissociation of IKB-NFkB complex, and nuclear translocation of NFkB, events that trigger 

transcriptional upregulation of pro-inflammatory and pro-fibrotic mediators. In fact, our CKD animals 

treated with high dose of dh404 exhibited increased phosphorylated IKB and activation of NFkB 

pathway. Activation of NFkB, in turn, suppresses Nrf2 activity by preventing dissociation of Nrf2 from 

keap1 in the cytoplasm and by blocking Nrf2 binding to the antioxidant response elements of its target 

genes in the nucleus [56,57]. Thus excessive oxidative or covalent modification of keap1 leads to 

activation of inflammatory system and paradoxical inhibition of Nrf2, a scenario which is consistent 

with the divergent dose response to BARD analogs observed in CKD rats employed in the present 

study and in ApoE deficient mice with streptozotocin-induced diabetes. In this context the dimorphic 

dose response to the potent synthetic Nrf2 activator, bardoxolone analog dh404, observed in our CKD 

animals is consistent with the shared hormetic properties of their natural plant based counterparts.  

It should be noted that in an earlier in vitro study of human leukemia cell line Ahmad et. al. [58] found 

that Triterpenoid CDDO-Me can block the NFkB pathway by directly interacting with Cys-179 residue 

of IKKβ. The finding of reduced IKB phosphorylation and NFKB activation in our CKD animals 

treated with low dose dh404 is consistent with the results of the above in vitro study. However, 

remnant kidney tissues of CKD rats treated with high dose dh404 for an extended period showed 

heightened IKB phosphorylation and NFkB activation. This observation likely points the dominant 

action of the extended in vivo exposure to high levels of these compounds on Keap-1 enabling release 

of IKKB and activation of NFKB.   

In conclusion, administration of low dose dh404 restored Nrf2 activity and expression of its target 

genes, attenuated activation of NFkB and TGF-β pathway, and reduced glomerulosclerosis, interstitial 
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fibrosis and inflammation in rats with CKD. In contrast the CKD animals given high dh404 dosage 

showed massive weight loss, intense proteinuria, exacerbation of kidney lesions and dysfunction. These 

findings point to the dose-dependent dimorphic impact of the BARD analogs on CKD progression. 
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Table1- Body weight (BW), arterial pressure (BP), Serum urea (SUr), serum creatinine (SCr), serum 

Malondialdehyde (MDA), 24-hr urine volume (UV), and 24 hour urine protein (UP) in sham- operated 

control (CTL), untreated CKD, CKD rats treated with low and high dose dh404.    

 BW 

(g) 

BP 

(mmHg) 

Urea  

(mg/dl) 

Cr  

(mg/dl) 

MDA 

(µM/L) 

UV  

(ml) 

UP 

(mcg/mg cr) 

CTL 416±9 118±2.7 19.3±1.09 0.39±0.09 0.61±0.05 8.3±2.1 12.7±1.6 

CKD 380±5.1
*
 152±5.1

*
 72.98±10.2

*
 1.19±0.08

*
 1.41±0.09

*
 23.7±1.7

*
 39.4±9

*
 

CKD+L 385±10.2
*
 123±1.5 41.58±2.96

*#
 0.73±0.05

*#
 0.84±0.07

#
 21.3±2.4

*
 41.6±3.4

*
 

CKD+H 366±8.8
*
 136±4.2 99.8±4.9

*&
 1.07±0.04

*&
 2.33±0.2

*&
 29.9±3.1

*
 80.0±4.0

*&
 

 

 *p < 0.05 compared to CTL, 
#
p < 0.05 compared to CKD, 

&
 p < 0.05 compared to CKD + Rx Low; 

n=6; (Mean ±SEM)  
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Figure 1- Representative Photomicrographs of the HE and PAS stained kidney sections and bar graphs 

depicting the extent of tubulo-interstitial injury (upper panel) and glomerulosclerosis (lower panel) in 

the normal control rats and vehicle treated, low dose dh404-treated, and high dose dh404-treated CKD 

rats.  

** P<0.01,  CKD+VEHICLE vs CKD+Rx Lo 

*  P<0.05,  CKD+VEHICLE vs CKD+Rx Hi 

# P<0.001, CKD+Rx Lo vs CKD+Rx Hi 

 

Figure 2 – Representative Western blots and group data depicting phosphorylated IKB, nuclear content 

of p65 active subunit of NFκB and protein abundance of MCP-1, iNOS, COX-1, COX-2, and 

myeloperoxidase (MPO) in the renal tissues of the normal control rats (n=6) and CKD rats treated with 

vehicle (CKD), low dose dh404 (CKD-L, n=7) or high dose dh404 (CKD-H, n=7). Data are means ± 

SE.    

Figure 3 – Representative Western blots and group data depicting the NAD(P)H oxidase subunits 

(NOX-4, gp91phox), iNOS, and nitrotyrosine abundance in the normal control rats (n=6) and CKD rats 

treated with vehicle (CKD), low dose dh404 (CKD-L, n=7) or high dose dh404 (CKD-H, n=7). Data 

are means ± SE. 

Figure 4 – Representative Western blots and group data depicting TGF-β, α-SM actin, and PAI-1 

abundance in the kidney tissues of normal control rats (n=6) and CKD rats treated with vehicle (CKD), 

low dose dh404 (CKD-L, n=7) or high dose dh404 (CKD-H, n=7). Data are means ± SE. 

Figure 5– Representative Western blots and group data depicting nuclear translocation of Nrf2 and 

protein abundances of its downstream gene products, CuZn-SOD, catalase, heme oxygenase-1 (HO-1) 
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and eNOS in the renal tissues of the normal control rats (n=6) and CKD rats treated with vehicle 

(CKD), low dose dh404 (CKD-L, n=7) or high dose dh404 (CKD-H, n=7).  
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I-Oxidative stress plays a central role in progression and complications of CKD 

II- Oxidative stress in CKD is in part due to impaired Nrf2 activity  

III- However recent clinical trial of Nrf2 inducer bardoxolone (BARD) in CKD patients failed 

IV- Given Nrf2 activators’ hormetic properties this could be due to drug overdose. 

V- This assumption was confirmed in our CKD rats treated with high vs low BARD dosages    
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