
 

 

Introduction 
 
Chronic kidney disease (CKD) is a global public 
health problem [1] associated with rising costs 
and high rates of premature morbidity and mor-
tality [2]. In general, CKD is complicated by ac-
celerated arteriosclerosis and cardiovascular 
risk factors (both traditional and non-traditional) 
[3], and therefore strategies directed at treating 
CKD may be beneficial in addressing these is-
sues. CKD due to diabetes and hypertension, 
which account for approximately 75% of all 
cases of end-stage renal disease in the United 
States [4], are characterized by tubulointerstitial 
fibrosis and glomerulosclerosis [5-8].  

Oxidative stress and inflammation are key driv-
ing forces in the development and progression 
of CKD and its sequelae including hypertension, 
interstitial fibrosis, uremia and anemia [9]. 
Thus, CKD in humans can be reproduced in the 
rodent model of chronic renal failure (CRF) by 
adenine; and this CRF model provides a unique 
opportunity to study the pathogenesis and ef-
fects of interventions that target disease pro-
gression due to the presence of chronic progres-
sive tubulointerstitial nephritis, metabolic ab-
normalities and declining renal function [9].  
 
Oxidative stress in CRF is associated with deple-
tion of glutathione (GSH) which is the most 
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Abstract: Background: Oxidative stress and inflammation promote the development and progression of chronic kid-
ney disease. Oxidative stress is associated with depletion of tissue glutathione (GSH), the most abundant endoge-
nous intracellular antioxidant, but degradation of oral GSH by digestive enzymes limits its therapeutic use. We hy-
pothesized that GSH repletion with F1, a novel oral GSH precursor containing cystine as a cysteine carrier, would 
restore tissue GSH and attenuate oxidative stress and inflammation, and thereby reduce the severity of interstitial 
nephropathy in chronic renal failure (CRF). Methods: Male Sprague-Dawley rats (n=5-8) were assigned to 3 groups: 
Control (regular rat chow), CRF (rat chow containing 0.7% adenine), and F1-treated CRF (rat chow containing 0.7% 
adenine and F1, 0.5g/kg/day) for 2-weeks. Animals were switched to regular chow and euthanized after 2 additional 
weeks. Results: Consumption of 0.7% adenine-containing diet caused azotemia; severe kidney swelling; heavy tubu-
lar and glomerular damage; massive tubulointerstitial nephropathy; impaired urinary concentrating capacity; severe 
anemia; increased markers of oxidative stress, plasma oxidized glutathione disulfide (GSSG); reduced GSH/GSSG 
ratio and manganese superoxide dismutase; increased expression of inflammatory mediators (cyclooxygenase-2, 
cytoplasmic NF-κB, p-IκBα, nuclear NF-κB p65), and 3-nitrotyrosine, p<0.05. Co-treatment with F1 significantly at-
tenuated tubulointerstitial inflammation and edema, improved urinary concentrating capacity, azotemia and anemia, 
and normalized markers of tissue oxidative and nitrosative stress, p<0.05. Conclusions: The novel oxidative stress 
modulator, F1, markedly attenuated oxidative stress indicators, inflammation, renal injury and dysfunction in the rat 
model of CRF. Studies to determine the effects of F1 in other models of acute and CRF are warranted.  
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abundant endogenous intracellular antioxidant 
that exists in tissues in millimolar concentra-
tions and in bodily fluids in micromolar concen-
trations [10]. GSH or γ-glutamylcysteinylglycine 
is synthesized in cells from the amino acids gly-
cine, L-glutamic acid and L-cysteine. L-cysteine 
provides a sulfhydryl group and acts as a proton 
donor to facilitate the biologic activity of glu-
tathione. Two GSH moieties (2GSH) reduce free 
radicals and peroxides during conversion to its 
oxidized form glutathione disulfide (GSSG) [11, 
12]. Under normal physiologic conditions, the 
majority of the GSH pool exists as reduced GSH 
and a small portion is in the GSSG state, such 
that a reduced GSH/GSSG ratio signifies the 
presence of oxidative stress. Thus, GSH exerts 
potent antioxidant actions by scavenging reac-
tive oxygen species (ROS) [13] and serving as 
the substrate for major antioxidant enzymes.  
 
Although, the administration of antioxidants 
might be a seemingly suitable antidote to the 
detrimental effects of oxidative stress in CRF, 
high doses of conventional antioxidants as oral 
supplements have demonstrated variable bene-
fit in attenuating uremic complications [14-18]. 
Indeed, GSH is an attractive candidate for the 
treatment of oxidative stress, however, its enzy-
matic degradation precludes its therapeutic use 
by oral supplementation [19]. Recently, the oral 
administration of a novel oxidative stress modu-
lator, F1 containing cystine as a cysteine carrier 
has been shown to ameliorate oxidative stress 
and its consequences both in vitro [20] and in 
vivo [21], possibly in part by increasing intracel-
lular GSH levels. The present study was de-
signed to test the hypothesis that GSH repletion 
with F1 administration may attenuate oxidative 
stress and inflammation and thereby ameliorate 
the severity of tubulointerstitial nephropathy in 
the adenine-induced rat model of CRF.  
 
Materials and methods 
 
Antioxidant 
 
The novel antioxidant, F1 (FT061452/
RE39734™), is designed as a GSH precursor in 
which cysteine is replaced with cystine and se-
lenomethonine [22]. F1, a tasteless and odor-
less powder was provided by Proimmune®, 
Rhinebeck, NY with the following formulation: L-
cystine: 99.68 mg, glycine: 199.39 mg, se-
lenomethionine: 1.54 mg and L-glutamine: 
199.39 mg per 500 mg. 

Animals 
 
The experimental protocol was approved by the 
Institutional Animal Care and Use Committee of 
the University of California, Irvine, CA. Male 
Sprague-Dawley rats [23] with an average body 
weight of 250-300 g (Harlan Sprague-Dawley 
Inc., Indianapolis, IL) were housed in a climate-
controlled vivarium with 12-h day and night cy-
cles. Male SD rats were randomly assigned to: 
Control (fed regular rat chow), CRF (fed rat chow 
containing 0.7% adenine for 2 weeks), and F1-
treated CRF (fed rat chow containing 0.7% ade-
nine and F1, 0.5 g/Kg/day for 2 wks) groups 
and followed for an additional 2 weeks on regu-
lar diet (Prolab, RMH 2500), which provided 
59.1% of the energy as carbohydrate, 12.1% as 
fat and 28.8% as protein. Animals were then 
euthanized by exsanguination using cardiac 
puncture under general anesthesia (sodium 
pentobarbital, 50 mg/kg IP).  
 
Blood pressure was determined by tail-cuff 
plethysmography (CODA2, Kent Scientific Corpo-
ration, Torrington, CT) at 2 and 4 weeks. Con-
scious rats were placed in a restrainer on a 
warming pad and allowed to rest for 15min be-
fore blood pressure measurements. A tail-cuff 
was inflated around the rat tails and released 
several times to allow the animal to be condi-
tioned to the procedure. Blood pressures were 
measured at 2 and 4 weeks. 
 
Biochemical determination 
 
Animals were placed in metabolic cages for 
timed urine collection for protein (Chondrex Inc., 
Redmond, WA) and creatinine determination 
and protein-to-creatinine ratio calculation. 
Plasma urea (Bioassay Systems, Hayward, CA), 
and Jaffe alkaline picrate assay-based 
creatinine (Bioassay Systems, Hayward, CA) for 
creatinine clearance were measured per manu-
facturer’s instructions. All laboratory determina-
tions were made on samples taken between 9-
11 am without overnight food restriction. 
 
Histology 
 
Kidneys were removed and weighed, and a sec-
tion was fixed in 10% formalin, dehydrated in 
alcohol series, cleared in toluene and embed-
ded in paraffin. The remainder was cleaned with 
PBS, snap-frozen in liquid nitrogen, and stored 
at -70°C until processed. Light microscopy stud-
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ies were done on paraffin-embedded kidney 
sections stained with hematoxylin and eosin (H 
& E) or periodic acid-Schiff (PAS) and examined 
under a photomicroscope (Nikon Eclipse, Ja-
pan). Proliferation, mesangial expansion, and 
glomerulosclerosis (segmental collapse and 
obliteration of capillary lumen with accumula-
tion of PAS-positive material in part or the whole 
glomerular tuft, with or without adhesion to 
Bowman’s capsule) were evaluated. Severity of 
glomerulosclerosis was evaluated using an in-
dex score that includes the percent of glomeruli 
showing sclerosis and the extension of the 
glomerulosclerosis within the glomeruli with a 
grade of 0 to +4, as previously described [24]. 
Briefly, glomeruli were graded from 0 to +4 as 
follows: grade 0, normal; grade +1, <25% in-
volvement of the glomerular tuft; grade +2, 25% 
to 50% involvement of the glomerular tuft; 
grade +3, 50% to 75%; and grade +4, sclerosis 
occupying >75% of the glomerular tuft. The 
glomerulosclerosis score was obtained as fol-
lows: (1 × number of glomeruli with grade +1) + 
(2 × number of glomeruli with grade +2) + (3 × 
number of glomeruli with grade +3) + (4 × num-
ber of glomeruli with grade +4)/total number of 
glomeruli examined. All glomeruli suitable for 
analysis (range 50 to 61) were examined in 
each animal.  
 
Tubulointerstitial damage (infiltration, fibrosis, 
tubular dilatation, or atrophy) was evaluated 
semi-quantitatively, in which the grading of 0 to 
4 was done according to the extent of damaged 
tubulointerstitial area in the renal cortex as in 
previous investigations [25-27]: 0, normal; 
grade 1, <10%; grade 2, 10%-25%; grade 3, 
25%-50%; grade 4, 50%-75%; and grade 5, 75%
-100%. The extent of the damage was evaluated 
by visual selection of the injured areas in suc-
cessive fields in the cortical and juxtamedullary 
areas of each animal using computer-assisted 
analysis of digitalized images (Nikon, NIS-
Elements D 3.2 System Microscope and Micro-
scope Digital Camera), with the GraphPad Prism 
4 software. All histological determinations were 
done by a blinded observer. 
 
Determination of reduced (GSH) and oxidized 
(GSSG)  
 
Reduced (GSH) and oxidized (GSSG) levels were 
measured using the BIOXYTECH® GSH/GSSG-
412™ assay kit (OXISResearch™, A division of 
Oxis Health Product, Inc., Portland, OR), as per 

manufacturer’s instructions. Briefly, reduced 
GSH and oxidized GSSG concentrations on 
separate tissue samples were measured by 
omission or addition of 1-methyl-2-
vinlylpyridinium trifluromethanesulfonate, re-
spectively and GSH/GSSG ratio was used as an 
indicator of redox balance. 
 
Tissue and nuclear protein preparation and 
Western blot analyses 
 
Frozen kidney tissue was processed for determi-
nation of cyclooxygenase-2 (COX-2), nuclear 
factor-kappa B (NF-κB; Santa Cruz, CA), Mn-
superoxide dismutase (Mn-SOD; Millipore, Biller-
ica, MA), and phosphorylated (p)-IkBα (Cell Sig-
naling, Denver, USA) abundance. GAPDH (Sigma
-Aldrich, MO, USA) and Histone H1 (1:200; 
Santa Cruz, CA, USA) were used as housekeep-
ing genes. Briefly, kidney tissue was homoge-
nized in 1 ml of RIPA buffer (50 mM TrisHCl 
pH7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 
0.1% SDS) and protease inhibitor cocktail 
(Sigma). The crude extract was centrifuged at 
2,000 × g at 4°C for 15min to remove tissue 
debris. Protein concentration of the supernatant 
was measured prior to each Western blot analy-
sis using a BCA Protein Assay Kit purchased 
from Pierce Biotechnology (Rockford, Ill., USA) 
following the manufacturer’s protocol. Nuclear 
proteins were prepared from kidney tissues us-
ing the CelLytic NuCLEAR Extraction kit (Sigma 
Aldrich) as per manufacturer’s instructions for 
nuclear NF-κB p65 rabbit mAb (Cell Signaling, 
Denver, USA). Aliquots of tissue and nuclear 
extract containing 50 μg of protein were frac-
tionated on 8 and 4–20% Bis-Tris Gels 
(Invitrogen, Calif., USA and Novex, San Diego, 
CA) at 120V for 2h. After electrophoresis, pro-
teins were transferred to Hybond-enhanced 
chemiluminescence (ECL) membrane 
(Amersham Life Science, Arlington Heights, Ill., 
USA). The membrane was incubated for 1h in 
blocking buffer (1 × Tris-buffered saline, 0.05%-
0.1% Tween-20, 5% TBST nonfat dry milk) and 
then overnight in the TBST buffer containing the 
primary antibody. Membranes were washed 
three times for 5 min in 1 × 0.05% TBS, Tween-
20 prior to 2h incubation in blocking buffer plus 
diluted horseradish peroxidase-linked anti-
mouse or rabbit IgG at 1:2000 (Sigma) or 
1:1000 dilution (Amersham Life Science). The 
washing procedures were repeated before the 
membranes were developed with ECL agents 
and subjected to autoluminography for 10secs 
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to 5mins.  
 
Statistical analysis 
 
Statistical comparisons were done with multi-
group ANOVA analysis and Tukey post-tests with 
the help of a commercial statistical program 
(InstatR, Graph Pad, San Diego, CA). Two-tailed p 
values of p<0.05 were considered statistically 
significant. Data are given as mean ± standard 
deviation [23]. 
 
Results 
 
Two weeks after the animals were fed adenine-
containing diet, they developed CRF with signifi-
cant loss of body weight and modest but signifi-
cant increase in systolic blood pressure 
(p<0.05), which was sustained until the end of 
the study (Table 1). At completion of the 4-week 
study, urine output increased 4.5-fold and 
plasma urea increased 1.7-fold compared to 
controls, p<0.05. F1 administration did not sig-
nificantly alter body weight or systolic blood 
pressure but significantly reduced plasma urea 
1.4-fold and urine volume 1.3-fold compared to 
CRF rats, p<0.05 (Table 1). Plasma creatinine 
increased 3.6-fold and creatinine clearance was 
reduced ~5.0-fold in CRF animals compared to 
controls. These parameters were improved 1.8- 
and 3.1-fold, respectively with co-administration 
of F1, but the changes did not reach statistical 
significance.  
 
As expected, the CRF animals had marked renal 
swelling, discoloration and deformity. F1 dra-

matically attenuated the observed gross mor-
phologic injury to the kidneys of CRF rats, Figure 
1. On H & E stains of kidney sections, both tubu-
lointerstitium and glomeruli of control rats ap-
peared normal, Figure 2 A and B, while CRF rats 
had considerable damage consisting of severe 
inflammatory cell infiltration, vascular conges-
tion, interstitial fibrosis and adhesions of glome-
rular tuft to Bowman’s capsule, Figure 2 C and 
D. These changes were improved in the animals 
treated with F1, Figure 2 E and F.  

Table 1. Physiologic parameters of animals 

  Control 
(n = 5-7) 

CRF 
(n = 6-8) 

CRF + F1 
(n = 7) 

Body Weight (g) 470±19 421±13* 410±39* 

Systolic blood pressure (mm Hg) at 2 weeks 124±7 147±10* 158±10* 
Systolic blood pressure (mm Hg) at 4 weeks 119±9 139±11* 134±14* 

Plasma urea (mg/dl) 44.65±9.28 96.45±19.73* 68.74±15.90** 

Plasma creatinine (mg/dl) 0.29±0.06 1.03±0.48 0.56±0.28 
Urine volume (ml) 9.6±2.1 43.9±6.5* 34.0±2.0*,** 

Creatinine clearance (ml/min) 2.57±0.49 0.5±0.18 1.55±0.85 

Protein/creatinine ratio (g/mg) 6.2±0.9 8.1±2.1 9.2±4.3 
Hematocrit (%) 46±2 31±2* 36±2* 

Data are mean ± SD: *p<0.05 compared to Control, **p<0.05 compared to CRF. Control: rats fed regular rat chow for 4 weeks, 
CRF: fed 0.7% adenine for 2 weeks followed by regular rat chow for 2 weeks, CRF + F1: fed 0.7% adenine + F1 (0.5g/kg/day) for 2 
weeks followed by regular rat chow for 2 weeks. 

 

Figure 1. The figure shows gross massive swelling, 
discoloration and deformity of the kidneys following 
adenine-induced CRF at 4 weeks compared to Con-
trol rats fed regular rat chow. Simultaneous admini-
stration of F1 has prevented this renal damage. CRF: 
Chronic Renal Failure rats were fed 0.7% adenine for 
2 weeks followed by regular rat chow for 2 weeks; 
CRF + F1: animals were fed 0.7% adenine and F1, 
0.5g/kg/day simultaneously for 2 weeks followed by 
regular rat chow for 2 additional weeks. 
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Renal injury was semi-quantified on PAS-stains 
of kidney sections. The tubulointerstitial dam-
age of the adenine-treated CRF animals: grade 
4, 75-100%, score 0.83 ± 0.08 was essentially 
undetectable in the controls and appreciably 
less in the CRF + F1 group: grade 3, 25-50%, 
score 0.47 ± 0.10, p<0.0001, Figure 3A. The 
tubulointerstitial damage was accompanied by 
prominent glomerulosclerosis: grade +3, 50-
75%, score 0.65 ± 0.04 in the CRF animals 
compared to controls: grade 1, 0-25%, score 
0.05±0.02, p<0.001 that was significantly at-
tenuated in the CRF + F1 group: grade 2, 25-
50%, score 0.43 ± 0.02, p<0.001, Figure 3B.  
 
We examined the level of oxidative stress in-
duced by adenine as determined by plasma 
GSSG level and GSH/GSSG ratio. Plasma GSSG 
was significantly increased in CRF compared to 
control (4.88 ± 1.79 vs. 2.43 ± 1.29), and 
plasma GSH/GSSG was also significantly re-
duced (2.48 ± 0.67 vs. 1.76 ± 0.30), p<0.05. 
These alterations were essentially blocked with 
administration of F1 (2.19 ± 0.56 and 3.32 ± 
0.90, respectively), p<0.05, Figures 4A and 4B. 
As a result of the increased oxidative stress in-
duced by adenine, we examined the natural 
mitochondrial antioxidant response reflected in 
the level of MnSOD. We observed a significant 
reduction in Mn-SOD/GAPDH expression com-
pared to control (0.19 ± 0.08 vs. 0.51 ± 0.27) 

that was prevented with F1 treatment (0.57 ± 
0.25) supporting the beneficial effect of F1, 
p<0.05, Figure 5. 
 
We investigated the effect of CRF and F1 ad-
ministration on the oxidative stress-induced 
release of inflammatory mediators. Western blot 
analysis of whole kidney tissue demonstrated 
dramatically enhanced expression of COX-2 in 
CRF rats compared to control rats (1.40 ± 0.05 
vs. 0.16 ± 0.06) that was normalized with F1 co
-administration (0.02 ± 0.01), p<0.05, Figure 6.  
 
Oxidative stress is a primary activator of the 
heterodimeric NF-κB. Upon activation, release of 
cytoplasmic p-IκBα allows for translocation of 
NF-κB to the nucleus to enhance transcription 
of NF-kB-dependent genes and consequent re-
lease of proinflammatory cytokines in the patho-
genesis of inflammation and fibrosis [28]. There 
were considerable increases in the expression 
of NF-κB (0.66 ± 0.25) and p-IκBα (0.57 ± 0.08) 
in adenine-induced CRF compared to control 
(0.24 ± 0.06 and 0.29 ± 0.04, respectively) that 
were significantly inhibited with F1 (0.18 ± 0.05 
and 0.32 ± 0.04, respectively), p<0.05, Figure 
7A and 7B. In addition, there was a large in-
crease in nuclear NF-kB p65 subunit compared 
to control (0.68 ± 0.12 vs. 0.17 ± 0.05) that 
was significantly attenuated by F1 treatment 
(0.49 ± 0.02), p<0.05, Figure 7C.  

Figure 2. Hematoxylin & Eosin stains of kidney medulla and cortex. Tubulointerstitium (magnification × 100) and 
glomeruli (magnification × 200) appeared normal in Control rats, but were significantly abnormal in CRF rats. The 
changes were improved in CRF + F1-treated rats.  
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In uremia, reactive nitrogen spe-
cies-induced nitrosative stress 
may participate in the patho-
genesis of tissue injury and in-
flammation through the interac-
tion between superoxide anion 
and nitric oxide, and 3-
nitrotyrosine is an in vivo bio-
marker of this process [29, 30]. 
There was an increase in 3-
nitrotyrosine expression in CRF 
rats compared to controls (0.48 
± 0.09 vs. 0.07 ± 0.02) that was 
normalized with F1 administra-
tion (0.09 ± 0.04), p<0.05, Fig-
ure 8.  
 
The development of anemia is a 
nearly universal complication of 
progressive renal failure caused 
by a combination of shortened 
erythrocyte lifespan and dimin-
ished erythropoiesis due to re-
duced erythropoietin production 
by the diseased kidney and 
erythropoietin resistance caused 
by the prevailing inflammation. 
The untreated CRF group exhib-
i ted  s ign i f i c an t  anemia 
(hematocrit of 31% vs. 46% in 
controls, p<0.05) confirming the 
result of an earlier study in this 
model[9]. Administration of F1 
resulted in partial amelioration 
of anemia (hematocrit to 36%) in 
the CRF animals, Table 1. 

Figure 3. Representative micrographs 
show PAS-stained kidney sections 
from Control, CRF and CRF + F1-
treated animals and quantitative 
data. A. Tubulointerstitial damage 
was undetectable in Control rats, 
prominent in CRF animals and signifi-
cantly reduced in CRF + F1 rats. B. 
PAS staining of renal cortex showed 
significantly increased glomeruloscle-
rosis in CRF rats compared to Control 
rats that was prevented with co-
administration of F1. PAS: Periodic 
Acid Schiff. Magnification × 200, N=5
-8, *p<0.001 vs. Control, **p<0.001 
vs. CRF. 
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Figure 9 depicts a summary of our results. It 
shows the overall effects of oxidative and ni-
trosative stress in the development of tubu-
lointerstitial fibrosis induced by adenine and 
factors that were significantly ameliorated by F1 
administration.  
 
Discussion 
 
This is the first study to show that modulation of 
a GSH precursor by replacement of cysteine 

with cystine in F1 can cause significant attenua-
tion of kidney tissue damage, marked by gross 
edema and interstitial fibrosis, azotemia, mark-
ers of oxidative stress, and inflammation in the 
adenine-induced animal model of CRF with se-
vere progressive chronic interstitial nephropa-
thy. In addition, we observed a modest improve-
ment of plasma creatinine, creatinine clearance 
and anemia. These results are in agreement 
with previous works indicating that effective 
amelioration of excess oxidative stress and in-

Figure 4. Assay of A. Plasma GSSG and B. GSH/GSSG ratio was performed on plasma from Control, CRF and CRF + 
F1-treated rats. F1 administration blocked the increase in GSSG and reduced GSH/GSSG ratio for individual animals. 
GSSG: oxidized glutathione disulfide, GSH: reduced glutathione, N=5-8, bars = means, *p<0.05. 

Figure 5. Representative Western blot and quantita-
tive data of Mn-SOD and GAPDH protein expression 
from Control, CRF and CRF + F1 treated animal 
groups. Expression of Mn-SOD was significantly de-
pressed in CRF and this reduction was prevented by 
F1 co-administration. Mn-SOD: manganese superox-
ide dismutase, N=5-8, *p<0.05 

Figure 6. Representative Western blot and quantita-
tive data of COX-2 and GAPDH protein expression 
from control, CRF and CRF + F1-treated animal 
groups. Expression of COX-2 was significantly aug-
mented in CRF and this increase was prevented with 
F1 treatment. COX-2: cyclooxygenase-2, N=5-8, 
*p<0.05 compared to Control, **p<0.05 compared 
to CRF rats. 
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flammation can reduce CRF progression [26, 
31, 32]. In particular, melatonin, which has 
been shown to possess potent antioxidant and 
anti-inflammatory properties, significantly re-
duced glomerulosclerosis and tubulointerstitial 
injury in rats following renal ablation [31]. Also, 
Gum Arabic, which has traditionally been used 
in Middle Eastern countries to alleviate the se-
verity of CRF in humans, was recently shown to 
improve glomerular, tubular and interstitial le-
sions, and renal dysfunction, and increase renal 
SOD activity in the adenine-induced model of 
CRF [33]. Although, the exact mechanism(s) for 
these observations have not been identified, it 
has been suggested that the beneficial effects 
of these therapies may possibly involve direct 
antioxidant and/or anti-inflammatory activity. 
Recently, the use of bardoxolone methyl, which 
stimulates expression of endogenous antioxi-
dant and cytoprotecitve molecules via activation 
of the Keap 1-Nrf2 pathway, has been shown to 
improve renal function in patients with CRF 
[34].  
 
Consumption of 0.7% adenine-containing diet 
resulted in severe CRF due to crystal-induced 
tubulointerstitial nephritis, marked swelling, 
discoloration and deformity of the kidney, loss 
of urinary concentrating ability (polyuria), az-
otemia (elevated plasma urea), anemia, a sig-

Figure 7. Representative Western blot and quantita-
tive data for A. NF-κB/GAPDH, B. p- IκBα/GAPDH from 
whole kidney and C. nuclear NF-κB p65/Histone H1 
abundance from nuclear protein of Control, CRF and 
CRF + F1 treated animal groups. Expression of NF-κB, 
p-IκBα and NF-κB was significantly enhanced in CRF 
and this increase was prevented with F1 administra-
tion. NF-κB: Nuclear factor-kappa B, p-IκBα: pho-
phorylated-I kappa Bα. N=5-8, *p<0.05 compared to 
Control, **p<0.05 compared to CRF rats.  

Figure 8. Representative Western blot and quantita-
tive data of 3-Nitrotyrosine/GAPDH protein from 
whole kidney of Control, CRF and CRF + F1-treated 
rats. Expression of 3-nitrotyrosine was upregulated in 
CRF and ameliorated by F1 administration. N= 5-8, 
*p<0.0.05 compared to Control, **p<0.05 com-
pared to CRF. 
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nificant rise in blood pressure, and minimal pro-
teinuria, consistent with the interstitial, as op-
posed to glomerular nature of kidney disease in 
this rodent model.  
 
NF-κB has a pivotal role in the induction as well 
as resolution of inflammation through regulation 
of hundreds of genes [35, 36]. Although, there 
are several common drugs that may influence 
its activation [37-39], there are currently no 
therapeutics that specifically block NF-κB and 
thus interference with NF-κB may be a target of 
oxidative stress modulators. From our studies, 
F1 administration significantly attenuated ex-
pression of tissue NF-κB and activation of NF-κB 
as evidenced by reduction in p-IκBα as well as 
increased nuclear translocation of NF-κB p65 
suggesting that the effects of F1 may be far 
reaching at the level of gene transcription. As 
we have demonstrated, administration of F1 for 
2 weeks during concurrent exposure to adenine 
attenuated infiltration of inflammatory cells.  
 
GSH, the most abundant intracellular free-
radical scavenger performs its major functions 
to maintain redox balance in the cytosol where 
up to 85% to 90% of total body GSH resides, 
with a smaller portion functioning in organelles 
such as mitochondria, nuclear matrix, and per-
oxisomes [40]. GSH, as a whole molecule, can-
not be directly taken up by mammals into cells 
and is largely metabolized in the gastrointesti-
nal tract into its constituent amino acids, gly-
cine, glutamic acid and cysteine. Ultimately, 
GSH is re-assimilated intracellularly under the 
regulation of two cytosolic, ATP-dependent en-
zymes. A priori, it might seem paradoxical that 

cystine, the oxidized form of cysteine, in combi-
nation with glutamic acid and glycine would im-
prove the redox state. This paradox appears to 
be due to the pleiotropic nature of cystine/
cysteine as cystine functions as a stable 
“cysteine carrier”, necessary for translocation to 
the intracellular milieu via the cystine-glutamate 
transporter [40]. Once in the cytoplasm, it is 
decoupled to two cysteines, via substrate-
specific enzymes, oxidoreductases and thiol-
transferases, which supply the intracellular cys-
teine necessary for GSH and protein biosynthe-
sis [41]. Thus, the processes that achieve GSH 
synthesis require special conditions that are 
only present within the cell.  
 
Administration of oral GSH preparations is lim-
ited by their ability to provide adequate sub-
strate to accommodate intracellular GSH syn-
thesis. Intravenous GSH administration is ex-
pensive, short-lived, and impractical, as the 
transiently higher plasma concentrations are 
largely independent of intracellular GSH activity, 
where much of the oxidative reactions take 
place. N-acetyl-L-cysteine (NAC), a GSH precur-
sor which despite showing initial promise [11], 
has not demonstrated consistent clinical effi-
cacy [42, 43]. Thus, a GSH precursor with 
cystine as the physiologic cysteine carrier, could 
create a more optimal Cys/CySS redox state, 
and improved cellular delivery of antioxidant 
substrate to attenuate oxidative stress to a 
greater degree than traditional GSH precursors, 
such as NAC. Although, NAC administration was 
not a part of this study, we have previously 
shown that F1 is more effective than NAC-based 
GSH antioxidants in attenuating spermine-

Figure 9. The figure shows a schematic of results of the study showing the effects of adenine to induce components 
of oxidative stress, and the effects of F1 to significantly attenuate these alterations. CRF: chronic renal failure, GSSG: 
oxidized glutathione, GSH/GSSG: reduced glutathione/oxidized glutathione ratio, MnSOD: manganese superoxide 
dismutase, COX-2: cyclooxygenase-2, NF-κB: nuclear factor-kappa B, p-IκBα: phosphorylated-I kappa Bα, NF-κB p65: 
nuclear factor-kappa B p65 subunit. Please see text for details. 
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induced oxidative stress in vascular smooth 
muscle cells [44].  
 
In this study, we have demonstrated that F1 has 
a universal effect to target several pathways in 
the process of oxidative stress and inflamma-
tion resulting in measureable improvements in 
pathologic parameters associated with CRF. 
These findings support the need for additional 
studies to clarify the mechanistic pathways and 
examine the clinical efficacy of cysteine/cystine 
based GSH antioxidants for the prevention/
treatment of oxidative stress-induced medical 
conditions including CRF-related atherosclero-
sis. It is also possible that F1 might act by modi-
fying the antioxidant response element and/or 
other pathways yet to be clearly elucidated such 
as modulation of Nrf2 and Keap 1, which have 
been shown to be important in protecting 
against oxidative tissue injury [45]. Indeed, fur-
ther studies are needed to assess the effect 
and mechanisms of continued F1 administra-
tion after cessation of adenine exposure and in 
various other models of CRF such as diabetic 
nephropathy, hypertensive nephrosclerosis, 
obstructive nephropathy, and glomerulonephri-
tis.  
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