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Abstract

Glutathione (GSH), the most abundant intracellular low molecular mass thiol, protects cells from
oxidative damage and regulates their function. Available information is inconsistent regarding
levels of GSH and its disulfide (GSSG) in maintenance hemodialysis patients (HD). In addition,
very limited data are available in HD about the relationship of GSH and GSSG with other
measures of thiol metabolism and with the clinical profile. We tested the hypothesis that
erythrocyte GSH/GSSG redox potential (£,) is lower in HD than in healthy controls (C), and that
E;, correlates with posttranslational thiolation of hemoglobin (Hb) and with standard clinical
parameters in HD. In cross-sectional comparison of 33 stable HD and 21 C, we found a net loss of
reducing capacity in HD as indicated by low erythrocyte GSH/GSSG £, (=257 + 5.5 vs. =270 +
5.6 mV, p=0.002). Glutathionylated Hb (HbSSG) was 46% higher in HD than C (19.3 £+ 4.80 vs.
13.2 £ 2.79 pmol/mg Hb; p = 0.001) and cysteinylated Hb (HbSSCy) was >3-fold higher in HD
than C [38.3 (29.0 — 63.3) vs. 11.5 (9.6 — 17.2) pmol/mg Hb; p = 0.001]. In multiple regression
analysis of the HD cases, statistically significant associations were found between the GSH/GSSG
Epand the BUN (p=0.001), creatinine (o= 0.015) and nPCR (p = 0.05), after adjusting for age,
race/ethnicity and etiology of end-stage renal disease (ESRD). In conclusion, accurate and precise
analysis of GSH, GSSG and mixed disulfides reveals loss of erythrocyte GSH/GSSG £, rise of
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both HbSSG and HbSSCy, and correlation of these thiols with measures of uremia and dietary
protein intake.
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Introduction

Methods

Glutathione (GSH) is the major intracellular thiol redox buffer and abnormalities of its
metabolism have been reported and investigated as manifestations of nephropathy for at
least half a century.l: 2 Continued interest in this area of research has been fostered by
recognition of the critical role that GSH and cell protein sulfhydryl groups play in protecting
cells from reactive oxygen species, other organic radicals and xenobiotics. Conversely,
oxidative stress has profound effects on cellular thiol balance with relative increase in the
levels of oxidized forms of GSH in many tissues® and disruption of the cell signals
regulating proliferation, differentiation, functions and death.? There is ever growing
evidencg that GSH redox participates to the pathogenesis of both acute and chronic kidney
disease.

Despite this large body of supportive evidence, the relationship between thiol oxidation and
the clinical manifestations of renal disease remains elusive. One important reason for this
deficiency depends on the labile chemistry of both pro-oxidant and thiol moieties, e.g. GSH,
which has caused objective challenges in developing accurate and precise research
methodologies and technologies.

Recent advances in this field allow investigators to revisit this topic and attempt to find
association between altered thiol metabolism and other established clinical or laboratory
manifestations of renal disease. For example, methods are now available that minimize
artifact and reproducibly measure the amounts of GSH and of its disulfide forms glutathione
disulfide (GSSG) and mixed disulfides with proteins (RSSP) in intra- and extracellular
environments therefore providing reliable estimates of overall tissue thiol redox status.®

We have taken advantage of these improved methodologies to test the hypothesis that the
intracellular GSH/GSSG ratio and redox potential are lower in hemodialysis patients than in
healthy controls, and that these measures of redox balance correlate in hemodialysis patients
with cell protein thiolation level and with standard parameters of clinical performance and
adequacy of renal replacement treatment.

Patient population and protocol

The study sample consisted of 33 Veterans with ESRD and 21 aged-matched apparently
healthy control subjects with normal renal function. The Veterans with ESRD were enrolled
from a single dialysis clinic that enlisted a total of 48 patients. Two subjects were excluded
because of inclusion in the maintenance hemodialysis (HD) program for <3 months, three
for age >70 years, four for dementia, two for active infection, and one each for active
malignancy, liver cirrhosis, transfer to another unit, refusal to participate. The control
subjects were recruited from the general population using posted advertising and word of
mouth.
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Twenty-nine ESRD subjects were dialyzed via native arteriovenous fistula and 4 via Gore-
Tex vascular graft. In all cases, dialysis was administered three times per week with
polyarylethersulfone/polyvinylpyrrolidone membrane (Revaclear Polyflux, Gambro,
Lakewood, CO) using a Gambro CWP-WRO water purification system. The average
treatment duration was 236 + 14 minutes, with blood flow 394 + 21 ml/min and dialysate
flow 800 ml/min. The Kt/V was 1.82 + 0.34. Blood specimens for the analysis of thiols and
standard chemistry and for the calculation of Kt/V and normalized protein catabolic rate
(nPCR) were collected before and at the end of the mid-week dialysis treatment with stop
flow/stop pump technique.”

The out-patient dialysis medical record was reviewed to collect clinical information
regarding demographics (age, gender, race, ethnicity), dialysis (ESRD cause and vintage,
HD vintage, interdialytic weight gain, Kt/V), cardiovascular status [blood pressure, pulse
rate, and h/o myocardial infarction, percutaneous coronary intervention, coronary artery by-
pass graft, cerebral vascular accident and/or peripheral vascular disease], nutrition [body
mass index, albumin, blood urea nitrogen (BUN), normalized protein catabolic rate (nPCR),
ferritin and transferrin], inflammation [high-sensitivity c-reactive protein (HS-CRP), white
blood cell (WBC) and neutrophil counts], hematopoiesis [hemoglobin (Hb)], acid-base
[venous carbon dioxide], mineral metabolism [parathyroid hormone, calcium (Ca) and
phosphorus (PO4)] and pharmacologic treatment (aspirin, Angiotensin converting enzyme-
inhibitors, Angiotensin receptor blockers, statins, beta-blocker, calcium channel-blockers,
erythropoietin stimulating agents and vitamin D preparations).

The study was approved by the VA R&D Office IRB and The University of Texas Health
Science Center San Antonio. Written informed consent was obtained from every subject.

Laboratory Methods

Blood specimens for thiol analyses were obtained on all HD and control subjects and
processed within approximately 6 minutes from the time of phlebotomy to frozen storage.
Nine-hundred microliters of venous blood were collected from the dialysis access or a
peripheral vein into evacuated tubes containing EDTA (Vacutainer, Becton and Dickinson,
Franklin Lakes, NJ), immediately transferred into microfuge tubes containing 100 .l of 310
mM N-ethylmaleimide (NEM), centrifuged at 8,000xg for 30 seconds, and cleared of the
supernatant plasma. The precipitated erythrocytes were then washed by mixing with normal
saline, re-centrifuged at 8,000xg for 30 seconds, separated from the supernatant saline,
aliquoted, quick-frozen, stored at —80° C, and shipped in liquid nitrogen via currier
(LifeConEXx, Plantation FL) to the analytical laboratory within 4 months from the time of
collection.

GSH and GSSG levels were measured in the clear supernatant of 0.1 ml erythrocyte samples
following cell lysis and protein precipitation with 12% (w/v) trichloroacetic acid (TCA) and
centrifugation at 15,0009 for 2 minutes. The GSH-NEM conjugate was measured using a
HPLC procedure developed in our laboratory® and the GSSG with the GSH recycling
method with minor modifications®19, The latter method takes advantage of the fact that all
GSH present in the erythrocyte clear supernatant has been trapped with NEM and, therefore,
is not available for the recycling reaction. Assessment of intra- and inter-day accuracy and
precision revealed, respectively, a coefficient of variation of less than 4% and a reliability
error of —2.5 to 2.5%. 810 Mixed disulfides consisting of low molecular mass thiols and
proteins were measured in 20 | aliquots of erythrocytes after cell lysis with 5 volumes of
water and elimination of particulate and membrane fragments by centrifugation at 15,0009
for 10 min. The resulting supernatants were subsequently cleared of low molecular mass
thiols and disulfides by gel-filtration (Pharmacia PD10, equilibrated with 50 mM phosphate
buffer, pH 7.4), incubated first with 0.5 mM dithiothreitol (DTT) at room temperature for 15
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minutes to reduce S-S bonds and then with 2 mM (final concentration) monobromobimane
(mBBr, Calbiochem) in the dark for 10 min, deproteinized with TCA (5 % (w/v) final
concentration), and analyzed by HPLC using a Agilent 1100 system equipped with a C18
column (Zorbax Eclipse XDB-C18, 4.6 mm x 150 mm, 5 um).11

Hemoglobin concentration was measured on a Jasco /550 spectrophotometer after
conversion to cyanometHb with the Drabkin’s reagent (100mg/NaCN and 300 mg K3FeCNg
dissolved in 1 L of water).12

The redox potential (£,) of the GSH/GSSG pool in erythrocytes was determined using the
Nernst equation [£, = £y + RT/nF In ([GSSG]/[GSH]?)], where £ is the standard potential
for the redox couple, R is the gas constant (equal to 8.314 J K~1 mol~1), T is the absolute
temperature (in Kelvin), F is the Faraday’s constant (equal to 9.6485x10% C mol~1),n is the
number of electrons transferred, [GSH] and [GSSG] are the molar concentrations of the two
molecules, and the exponential of [GSH] reflects the stoichiometry of 2 GSH oxidized per
GSSG formed (2GSH—GSSG+2e—+2H+). The standard potential £ of the glutathione
redox couple is generally set at —264 mV for pH 7.4, based on a value of =240 mV for pH
7.0 and a pH effect of =59 mV/pH unit.13

Routine chemistry analyses were performed by the Audie Murphy VA Hospital Centralized
Laboratory using a UniCel DxC 800 Synchron Clinical Systems (Beckman Coulter, Brea,
CA).

Statistical analysis

Results

Variables are expressed as mean + SD or median (25-75th percentile), as appropriate based
on distribution. The Skewness/Kurtosis test and normal quantile plots were used to assess
normality and the Levene test to assess homogeneity of variance. A standard log or Box-Cox
transformation was used for transformation of non-normally distributed variables. The two-
tailed t-test for independent samples and univariate analysis of variance were used for
comparison of normally distributed variables, while the Mann-Whitney U and Kruskal-
Wallis tests were used for non-parametric variables. Pearson and Spearman’s rho
correlations were used to assess simple bivariate associations, and bootstrapped multiple
regression analyses were used to further investigate the association of GSH-related variables
with clinical and dietary measures while controlling for the covariates age, race and diabetes
as the primary cause of the ESRD. IBM SPSS Statistics 19 (IBM Corp., Armonk, NY) and
STATA (StataCorp LP, College Station, TX) were used for statistical analysis.

Subject characteristics

The baseline clinical characteristics of the HD Patients and Healthy Controls are shown in
Table 1. The study groups were balanced for age, race, ethnicity, sex distribution and BMI.
The HD Patients were 60.7 + 6.3 years old and moderately overweight; 20 were of
Mexican—American ethnicity. The dialysis vintage was 39 + 23 months. The cause of ESRD
was diabetes mellitus (DM) in 23 subjects, hypertension in 6, glomerulonephritis in 2 and
other in 2. Erythropoietin stimulating agents were prescribed in 32 subjects, calcitriol
analogs in 25, hypoglycemic medications in 28, aspirin in 24, statins in 16, ACE-inhibitors
or Angiotensin Receptor Blockers in 22, beta-blockers in 24. The serum median HS-CRP
was high at 0.41 mg/dL (0.18 — 1.04), while WBC and monocyte counts were hormal. The
serum albumin (3.54 + 0.39 g/dl) and nPCR (0.97 + 0.26 g/kg per day) were low despite
well-preserved BMI. Mild inflammation as well as low albumin and dietary protein intake
are common occurrence in maintenance hemodialysis patientsl4,
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Erythrocyte GSH redox balance

The reduced GSH levels were virtually identical in erythrocytes from HD Patients and
Healthy Controls (8,720 + 2,150 vs. 8,460 * 1,750 pmol/mg Hb; Fig 1a) and they were 300
to 600-fold higher than the disulfide GSSG levels (Fig 1b). The cells from the HD patients,
however, had twice the amount of GSSG (26.4 £ 9.0 vs. 13.2 + 4.2 pmol/mg Hb, p<0.01;
Fig 1b) and 40% lower GSH/GSSG ratio (363 £ 143 vs. 693 + 233, p<0.001; Fig 1c), as
compared to Healthy Controls cells. Figure 1d shows that the GSH/GSSG £, was lower in
the HD Patients than in the Healthy Controls (=257 £ 5.5 vs. =270 £ 5.6 mV, p=0.002)
indicating a net loss of reducing capacity.

Post-translational thiolation of erythrocyte Hb

Consistent with the above finding, the level of glutathionylated Hb (HbSSG) was 46%
higher in HD Patients than in Healthy Controls (19.3 + 4.8 vs. 13.2 £ 2.8 pmol/mg Hb; p =
0.001; Figure 2a). More intriguing were the observations on cysteinylated Hb (HbSSCy;
Figure 2b); in fact, HbSSCy levels were >3-fold higher in Patients than Controls [38.3 (29.0
—-63.3) vs. 11.5 (9.6 — 17.2) pmol/mg Hb; p = 0.001] and cells from the HD Patients
contained twice as much HbSSCy than HbSSG. The cystine levels were measured in the
same erythrocyte lysates after reduction of the disulfide bonds using the monobromobimane
fluorescence method (detection limit 0.33 pmol/mg Hb)1%: 11 and, as expected, they were
undetectable (not shown). In regression analysis, after controlling for age, race and presence
of diabetes, we found direct association of cell HbSSG content with log-transformed GSSG
(p=0.001; Figure 3) and GSH (p=0.03) and inverse association with GSH/GSSG ratio
(p=0.04), highlighting the coexistence of diminished erythrocyte reducing power and Hb
glutathionylation. Similar findings were present for HbSSCy (Appendix Figure Al).

Regression analysis of GSH redox balance and thiolated Hb with clinical parameters

In the HD Patients, we explored correlation of erythrocyte GSH/GSSG £,, HbSSG and
HbSSCy with the standard parameters of clinical care listed in the methods section. In
regression analysis, after controlling for age, race and presence of diabetes, GSH/GSSG £,
was associated with BUN (p = 0.001), creatinine (p = 0.015) and nPCR (p = 0.04; see figure
4). Analysis of the GSH/GSSG ratio rather than the GSH/GSSG £, yielded similar results
(not shown). In addition, HbSSCy (log-transformed) correlated with BUN (p = 0.004),
creatinine (p = 0.03), and nPCR (p = 0.02; see Appendix Figure A2), and HbSSG (log-
transformed) correlated with BUN (p = 0.03), creatinine (p = 0.002) and nPCR (p = 0.04;
see Appendix Figure A3).

Discussion

We report normal levels of GSH and doubling of disulfide GSSG in the erythrocytes of
clinically stable ESRD patients on maintenance HD therapy as compared to age-matched
healthy control subjects. As a consequence, we find lower GSH/GSSG ratio and GSH/GSSG
£, in cells from HD patients, consistent with diminished intracellular reducing power in the
presence of uremia. In addition cells from HD patients contain 46% higher HbSSG and >3-
fold higher levels of HbSSCy compared to controls. HD patients also have twice the amount
of HbSSCy as compared to HbSSG and these patients’ HbSSG and HbSSCy correlate
inversely with the GSH/GSSG. Finally, we find association between the erythrocyte GSH
reducing power and the clinical attributes of HD patients as demonstrated by the correlation
of the GSH/GSSG £, HbSSCy and HbSSG with BUN, serum creatinine and protein
catabolic rate, i.e. parameters related to both uremia and nutrition.

Our observation of normal GSH, high GSSG and low GSH/GSSG ratio in HD patients is
consistent with those of Canestrari, et al.1> Our data, however, differ from those of other
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investigators who reported absolute amounts of erythrocyte GSH and GSSG that were
inexplicably high, low or equal in HD patients vs. healthy controls (see Table 2.a).16-20 In
the latter studies, the GSH/GSSG ratio ranged widely from 25 to 302 in HD patients and
from 38.7 to 574 in healthy subjects. We believe this discrepancy is driven primarily by lack
of standardization of the analytical methods. Specifically, only few studies in HD patients
have properly addressed the technical challenge of spontaneous GSH oxidation after sample
collection.2! More importantly, there is acceleration of this oxidative process after
sequential addition of acids and bases to prepare the samples for analysis.16: 22 From this the
need to spike the samples as soon as possible with agents that mask the sulfhydryl groups
therefore blocking artifactual ex vivo oxidation.15: 16.19. 20 e have previously tested the
masking properties of NEM and found it to be effective, rapid in its action and free from
major artifacts.10 It should be noted that the problem of technical artifact is not confined to
studies on renal patients; even studies in healthy humans have yielded levels of GSH, and
more so of GSSG and S-glutathionylated proteins, that vary over 100-fold, a clear deterrent
to progress in this area of clinical investigation.10 21

As part of our GSH analysis in HD patients and healthy controls, we have also calculated
GSHI/GSSG £, by applying the Nernst equation®. This calculation provides a better measure
of the cell redox state 13 because, unlike the GSH/GSSG ratio, it takes into account both
redox ratio and absolute concentration of GSH. In addition, GSH/GSSG £, facilitates the
quantitative integration and/or comparison of the GSH redox state with that of other
reducing or oxidizing moieties that can also be expressed in electric potential units. In our
study, the GSH/GSSG ratio and £, provided similar information although GSH/GSSG £
values within the HD patient and the healthy control groups were less dispersed with
consequent no overlap of the standard deviations (see Figure 1.c and .d).

Analysis of erythrocyte Hb for evidence of sulfhydryl group S-thiolation is another
important aim of this work because along with GSH/GSSG the sulfhydryl groups of cell
proteins are abundant and critical to cell redox.3: © In essence, analyses of GSH/GSSG and
of protein S-thiolation/dethiolation are complementary, ultimately allowing a more complete
understanding of the cell redox state. We found high levels of HbSSG in cells of HD
patients which in addition to being consistent with the parallel observation of diminished
GSH/GSSG £, confirm the presence of oxidative stress and point to an attempt of cell
proteins to scavenge low molecular mass disulfides from the cytosol. S-glutathionylation of
Hb, a rare event in healthy erythrocytes,1! was reported in a number of pathologic
conditions besides renal failure23-25 including diabetes, hyperlipidemia and Friedreich’s
ataxia.2627. 2823 |t js interpreted as a mechanism to regenerate reduced free GSH from
disulfide GSSG and, ultimately, as a buffering defense mechanism against oxidative
stress.2% We detected 1011 mole HbSSG per mg Hb; as shown in Table 2.b, the
concentration of HbSSG in our samples was equal to 0.04% of total Hbg, i.e. 50 to 500-fold
lower than the 3-18% HbSSG reported by other laboratories.23-2 The latter studies used
detection methods and instrumentation that are clearly different from ours; we suspect,
however, that also in this case the discrepancy results primarily from the use, or lack thereof,
of alkylating reagents that prevent ex vivo oxidation of the sulfhydryl groups during sample
handling.

More surprising was the detection of twice as high a concentration of HbSSCy relative to
HbSSG in our HD patients, considering that intracellular free cysteine concentration is three
orders of magnitude lower than that of GSH (~107M vs. ~10-3M). Intracellular &
cysteinylation seems to occur much less frequently than S-glutathionylation11: 30. 31 and,
although detected in /n vitro models of oxidative stress,32 33 it has never before been
described for Hb. Undetectable levels of cystine in our samples ruled out the possibility that
the observed HbSSCy disulfides were the result of thiol-disulfide exchange reactions. The
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potential significance of this observation comes from the fact that the steric conformation of
HbSSCy does not hinder the cysteine residual, thus allowing this moiety to maintain higher
chemical reactivity than its counterpart GSH group in HbSSG. Thus, S-cysteinylation of Hb
may be viewed as more than just a marker of oxidative stress, but also may have specific
pathogenetic significance by promoting the formation of disulfides with other intracellular
molecules, such as cytoskeleton and membrane proteins, with consequences on both cell
function and life span.

The correlation of GSH/GSSG £, and of the thiolated Hb with BUN, creatinine and nPCR is
particularly interesting to us for several reasons. First, correlation of GSH/GSSG £, with
basic parameters of HD patient care offers support to the clinical relevance of this line of
investigation. Second, while the oxidative effect of uremia on plasma thiols and correction
of the latter by dialysis were clearly shown before,3* we present here novel evidence that
markers of dietary protein intake, and not just uremia, associate with intracellular GSH
redox. This observation is certainly open to several alternative interpretations; an intriguing
possibility is that protein intake may act as double-edged swords in renal failure patients: on
the one hand these foods are absolutely essential nutrients while on the other they may
behave as GSH-consuming pro-oxidants. Such an effect is reminiscent of the “postprandial
oxidative stress” phenomenon well described in the general population, irrespective whether
the nutrient is protein, fat or carbohydrates.35-37 Postprandial oxidative stress, although
hardly ever investigated in renal failure patients,3® may be particularly sustained in this
disease state due to retention of dietary byproducts and toxins that would normally be
eliminated by the kidneys. Third, in HD patients, protein intake could be an indirect marker
of other nutrient intake including fat, carbohydrate, micronutrient and/or other mineral
intake.

To our knowledge, decreased reducing potential and hemoglobin S-thiolation in the
erythrocyte have not yet been attributed specific direct clinical effects in HD patients. We
submit that our cross-sectional observation of an association between thiol redox and
nutritional parameters warrants future prospective investigation to address possible effects
of food quality and/or antioxidant therapy on GSH/GSSG £, and to define possible
interactions between GSH/GSSG £ and clinical outcomes. In relation to the latter, we wish
to stress that our analysis of GSH/GSSG and GSH/GSSG £, in erythrocytes may not be
relevant just to the hematopoietic system since it provides indirect information about the
redox state of all tissues. Indeed, the redox state of erythrocytes is remarkably similar to that
of other cell types, as suggested by coherent change of GSH/GSSG in a variety of cell types
in response to functional variations, e.g. proliferation, senescence and apoptosis.3® Finally, it
is known that erythrocytes exposed to oxidative stress undergo macrophage-dependent
apoptosis, a.k.a. eryptosis, via activation of the cell membrane Ca2*-permeable cation
channel and scrambling of the cell surface asymmetric phosphatidylserine distribution.40: 41
Also, oxidative stress and eryptosis were found to correlate in patients with T2DM and/or
CKD*2 and this same phenomenon was reversed by 7 vitroand in vivo supplementation of
the cysteine and GSH precursor N-acetylcysteine. 43 Taken together, this evidence supports
the possibility that ESRD-induced eryptosis may depend, at least in part on decreased
erythrocyte reducing potential and Hb S-thiolation; measures aimed at monitoring accurately
and at correcting oxidative stress and thiol imbalance may therefore alleviate the shortened
erythrocyte life span by preventing eryptosis.*4

Our study has several obvious limitations including the cross sectional design which allows
establishing association but not causal links between parameters, the small size of the study
population, and the net prevalence of males. Furthermore, many of our HD patients suffered
from diabetes mellitus and prior studies have reported association between this condition

and unfavorable profile of the reducing potential.*> While we cannot completely exclude an
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effect of diabetes mellitus on our findings, regression analysis that controlled for presence of
this disease state as covariate suggests that diabetes alone cannot account for the observed
associations between reduced redox potential and renal and dietary parameters. Larger
prospective studies with more rigorous control of enrolment criteria and with longitudinal
follow-up should be able to resolve these uncertainties

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

GSH glutathione

GSSH glutathione disulfide

HbSSG glutathionylated hemoglobin

HbSSCy cysteinylated hemoglobin

Eh redox potential

DM diabetes mellitus

ESRD end-stage renal disease

Kt/V dialysis adequacy unit

nPCR normalized protein catabolic rate

BUN blood urea nitrogen

CRP C-reactive protein

WBC white blood cells
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(a.) Glutathione (GSH, nmol/mg Hb); (b.) glutathione disulfide (GSSG, nmol/mg Hb); (c.)
ratio between reduced and oxidized glutathione (GSH/GSSG ratio, x102); and (d.) GSH/
GSSG redox power (£, mV x 102) in RBCs from 21 healthy Control subjects (C) and 33

Maintenance HD Patients (HD); mean + SD. () indicates p=0.002 and (**) indicates

£<0.001.
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Figure 2.

(a.) Glutathionylated Hb (HbSSG, pmol/mg Hb) and (b.) cysteinylated Hb (HbSSCy, pmol/
mg Hb) in RBCs from 21 healthy Control subjects (C) and 33 Maintenance HD Patients
(HD); box-and-whisker diagram (median, 25"-75t percentile). **) indicates £<0.001.
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Scatter plot of HbSSG (pmol/mg Hb) with (a.) glutathione (GSH, nmol/mg Hb); (b.)
glutathione disulfide (GSSG, nmol/mg Hb); and (c.) ratio between glutathione and
glutathione disulfide (GSH/GSSG ratio, x102) in RBCs from 33 Maintenance HD Patients
(multiple regression models with age, race and diabetes as covariates).
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Figure 4.

Scatter plot of RBC GSH/GSSG redox power (&, mV x 102) with (a) serum blood urea
nitrogen (BUN, mg/dL); (b) creatinine (Creat, mg/dL); and (c.) normalized protein catabolic
rate (NPCR, g/kg per day) in 33 Maintenance HD Patients (multiple regression models with
age, race and diabetes as covariates).
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Appendix Figure A2.
Scatter plot of RBC HbSSCy (pmol/mg Hb) with (a) serum blood urea nitrogen (BUN, mg/
dL); (b.) Creatinine (Creat, mg/dL); and (c) normalized protein catabolic rate (nPCR, g/kg
per day) in 33 Maintenance HD Patients (multiple regression models with age, race and
diabetes as covariates).
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Appendix Figure A3.

1Scatter plot of HbSSG (pmol/mg Hb) with (a.) serum blood urea nitrogen (BUN, mg/dL);
(b.) Creatinine (Creat, mg/dL); and (c.) normalized protein catabolic rate (nPCR, g/kg per
day) in 33 Maintenance HD Patients (multiple regression models with age, race and diabetes
as covariates).
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