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Abstract
Previous data showed the lack of efficacy of 
an adrenoceptor antagonist to revert hyperten-
sion induced by chronic intermittent hypoxia 
(CIH). We hypothesized that, in addition to 
sympathetic activation, CIH may change the 
availability and dynamics of cysteine. 
Temporal variation in total cysteine and its 
fractions, free reduced, free oxidized and 
protein-bound (CysSSP), were measured in 
homogenates of kidney cortex and medulla of 
Wistar rats. Animals were exposed to CIH for 
14, 21 and 60 days and cysteine fractions and 
fibronectin gene expression were assessed at 
these time-points. Two different phases in cys-
teine dynamics were identified. An early phase 
(14d) characterized by an increase in cysteine 
oxidation and CysSSP forms. Late events 
(>21d) were characterized by a global reduc-

tion in cysteine, minimum level of CysSSP 
and maximum overexpression of fibronectin 
in kidney cortex. In conclusion, cysteine 
dynamics is influenced by the duration of CIH 
exposure: first there is a cysteine disulfide 
stress-like adaptive response followed by a 
progressive loss of cysteine availability and a 
decrease in CysSSP fraction. Kidney fibrosis 
associated to an unbalance in cysteine dynam-
ics might contribute to the inefficacy of avail-
able antihypertensive drugs in patients with 
delayed diagnosis of sleep apnea.
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10.1	 �Introduction

We have previously reported the lack of efficacy 
of carvedilol (CVDL) in reversing hypertension 
induced by chronic intermittent hypoxia (CIH) in 
rats (Diogo et al. 2015). CVDL is an unselective 
beta-blocker with intrinsic anti-α1-adrenergic and 
antioxidant activities. Neither dose, bioavailabil-
ity, nor absence of beta-blocking activity were 
responsible for our findings (Diogo et al. 2015). A 
plausible explanation is that CVDL would be 
unable to stop oxidative stress and kidney inflam-
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mation in response to CIH. More, the chronicity 
of intermittent hypoxia promotes progressive car-
diometabolic disease and irreversible renal dam-
age (Wu et  al. 2015, Sun et  al. 2012) that 
compromise the antihypertensive effect of drugs, 
mainly when treatment is prescribed too late. The 
temporal variation in factors involved in kidney 
oxidative stress and inflammation during CIH is 
unknown. Additionally, the contribution of cyste-
ine to the mechanisms underlying the regulation 
of blood pressure and kidney function has been 
supported by several reports (Vasdev et al. 2009). 
Evidence on cysteine effects in fibrosis is scarce 
(Horie et al. 2003). Mechanisms have been mostly 
investigated through N-acetylcysteine and cyste-
ine supplementation (Vasdev et  al. 2009), sup-
porting that its low availability is related to kidney 
function, particularly in early phases of injury.

Cysteine availability is a net contribution of 
three pools which can dynamically exchange 
one- to-one, depending on the redox status of tis-
sue involved. The protein-bound fraction (S- cys-
teinylated proteins, CysSSP) is generated by a 
reversible post-translational modification through 
a disulfide bound between free reduced low 
molecular weight cysteine and cysteine residues 
of proteins (Rossi et al. 2009). The free cysteine 
pool includes the reduced (CysSH) and oxidized 
cysteine fractions (CysSSX). The oxidized free 
cysteine pool contains mixed disulfides, like 
cysteinyl-glutathione or the combination of two 
cysteines (cystine).

Herein, we hypothesized that the duration of 
intermittent hypoxia exposure changes the 
dynamics of cysteine in the kidney and decreases 
its availability, favoring kidney fibrosis and con-
sequently compromising the management of 
hypertension.

10.2	 �Methods

10.2.1	 �Animals

Thirty-five male Wistar Crl:WI (Han) (Rattus 
norvegicus L.), aged 10–13  weeks, with mean 
body weights of 293 ± 7 g were housed in poly-
carbonate cages with wire lids and maintained 

under standard laboratory conditions as follows: 
artificial 12 h light/dark cycles, room tempera-
ture (22  ±  2.0  °C) and relative humidity of 
60  ±  10%. Rats were given reverse osmosis 
water ad libitum and standard laboratory diet 
(SDS diets RM1). This diet has 2.2  g/Kg of 
methionine and 2.4 g/kg of cystine (SDS, Special 
Diets Services, UK).

All applicable institutional and governmental 
regulations concerning the ethical use of animals 
were followed and the present study was also 
approved by the Institutional Ethics Committee 
of the NOVA Medical School for animal care and 
use in research.

10.2.2	 �Chronic Intermittent Hypoxia 
(CIH) Exposure

Rats were randomly assigned and divided into six 
groups: Group 1 – CIH 14 days (n = 6), Group 
2 – normoxic conditions (Nx) 14 days (n = 5), 
Group 3 – CIH 21 days (n = 6), Group 4 – Nx 
21 days (n = 6), Group 5 – CIH 60 days (n = 6) 
and Group 6 – Nx 60 days (n = 6). A period of 
2 days was provided for chamber acclimatization 
under normoxic conditions (21% O2 + 79% N2) 
before the exposure to CIH. Normoxic rats were 
exposed for 14, 21 or 60  days, respectively, to 
21% O2 and 79% N2 in the same room as the CIH 
animal groups. Animals were kept in a eucapnic 
atmosphere inside medium A-chambers 
(Biospherix Ltd., NY, USA). O2 concentration 
inside the chambers was controlled using 100% 
nitrogen (N2) and 100% O2 via electronically 
regulated solenoid switches, which gradually 
lowered the O2 in the chamber from 21% to 5% 
O2 (OxyCycler AT series, Biospherix Ltd). 
Chambers were infused with 100% N2 for 3.5 min 
to quickly reduce the O2 concentration to 5%; 
then the chambers were infused with 100% O2 
for 7 min to restore O2 to ambient levels of 21%, 
until the next CIH cycle. Each CIH cycle lasted 
10.5  min (normoxic period: 3.5  min; hypoxic 
period: 7 min) and the rats were exposed during 
their sleep period (light phase of light/dark cycle) 
to 5.6 CIH cycles/h, 10.5 h/day (9:30–8:00 pm), 
for 14, 21 or 60 days. During the remaining time, 
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the chambers were ventilated with room air (21% 
of O2).

10.2.3	 �Gene Expression Analysis

Left kidney cortex and medulla samples were 
collected and homogenized in Trizol® (Life 
Technologies) using a tissue homogenizer 
(Heidolph DIAX 900). After total RNA extrac-
tion, cDNA was synthesized from 1  μg of 
RNA. Quantitative real time PCR (qPCR) was 
carried out in a final volume of 8.3 μL, with 
4 μL of SYBR® Green Master Mix, 10 μM of 
each primer, plus 1 μL of cDNA for each sam-
ple. Relative quantification (arbitrary units) of 
fibronectin gene expression was assessed in 
kidney samples. Rat specific primers were 
used for the housekeeping gene β-actin. Fold 
change was calculated in CIH-exposed rats in 
relation to the normoxic group for each 
time-course.

10.2.4	 �Determination of Cysteine 
Fractions

Cysteine fractions were quantified in right kidney 
cortex and medulla homogenates according to 
Grilo and co-authors by high performance liquid 
chromatography with fluorescence detection 
(Grilo et al. 2017).

10.2.5	 �Statistical Analysis

Data are presented as the ratio of CIH/Nx groups 
or as percentage of effect whenever applicable 
and as mean values with their standard devia-
tions. Differences were considered significant at 
p  <  0.05 and obtained using Two-way ANOVA 
with Bonferroni multiple comparison test or 
Student t-test whenever applicable. GraphPad 
Prism version 5 (GraphPad Software Inc., San 
Diego, CA, USA) was used to perform all the sta-
tistical analysis.

10.3	 �Results

We have previously characterized the time-course 
of blood pressure evolution with the current para-
digm of CIH (Diogo et al. 2015). Under this para-
digm, hypertension is established at day 14, the 
plateau of increased blood pressure is attained at 
day 21 and carvedilol was administered from day 
35 until day 60.

To clarify the degree of irreversible compro-
mise of the kidney, we assessed fibronectin gene 
expression at day 21 and day 60 (Fig. 10.1). At 
day 21 there was a slight increase in fibronectin 
in both cortex and medulla (p < 0.05) that was 
remarkably higher at day 60  in kidney cortex 
(p < 0.001).

Renal cortex and renal medulla of animals not 
exposed to CIH presented a total cysteine content of 
5.73 ± 1.16 and 4.83 ± 1.01 μM/mg tissue, respec-
tively. In these tissues the major fraction was repre-
sented by reduced cysteine (2.37  ±  1.14 vs. 
2.77 ± 0.64 μM/mg tissue) followed by free oxi-
dized (2.10 ± 0.95 vs. 1.1 ± 0.73 μM/mg tissue) and 
CysSSP (1.26 ± 0.92 vs. 0.97 ± 0.5 μM/mg tissue).
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Fig. 10.1  Fibronectin gene expression upon exposure to 
CIH for 21 and 60 days. Gene expression was normalized 
with β-actin and quantified by qPCR in renal tissue 
homogenates. Data are presented as the ratio of chronic 
intermittent hypoxia (CIH) by normoxia (Nx) groups. (*) 
Two-way ANOVA with Bonferroni post-test vs. day 21; 
(+) Student t-test Nx vs. CIH at each represented time-
point. Grey bar – 21 days; black bar – 60 days
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The total content of cysteine (free + protein 
bound) was quantified in order to investigate the 
impact of CIH exposure on cysteine availability. 
At day 14 the total cysteine availability in both 
renal cortex and medulla was similar to nor-
moxia. It decreased at day 21, attaining its mini-
mum in kidney medulla and remaining low until 
day 60 (Fig. 10.2a, p < 0.001).

Further, we addressed if changes in cysteine 
availability were accompanied by variation in 
cysteine dynamics. Although no loss in total cys-
teine availability was noted at day 14, it was 
already apparent an increase in CysSSP fraction 
at this time point (Fig. 10.2b, p < 0.05). This ini-
tial increase in CysSSP was maximal at day 14 of 
CIH and observed in both cortex (p < 0.05) and 
medulla (p < 0.05). Further, this cysteine fraction 
decreased over-time in both kidney cortex and 
kidney medulla, reaching its minimum at day 60 
at kidney cortex (p < 0.001). Also, at both kidney 
cortex and medulla at days 14 and 21 the redox 

couple CysSH/CysSSX shifted towards an oxi-
dized status in CIH-group and recovered to con-
trol levels at day 60 (Fig. 10.2c).

10.4	 �Discussion

Our data shows that CIH influences both avail-
ability and dynamics of cysteine in kidney 
Tissues in a time-dependent and biphasic man-
ner. Increased cysteine oxidation is an early event 
in this time-course, which is followed by a latter 
gradual decrease in protein S- cysteinylation and 
simultaneously a recovery of the cysteine redox 
couple to normoxic levels. Our hypothesis-
oriented research was motivated by the fact that 
the kidney is exposed to relatively high concen-
trations of cysteine (Stipanuk et al. 2002) and the 
availability of cysteine highly increases in devel-
oping kidney from term to adult life (Foreman 
and Segal 1987). In fact, the kidney is vital in 
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Fig. 10.2  Cysteine dynamics in kidney cortex and 
medulla upon 14, 21 and 60 days of CIH exposure. (a) 
Total content of cysteine in kidney cortex and medulla. (b) 
S-cysteinylation (CysSSP) of proteins in kidney homoge-
nates. (c) CysSH/CysSSX in kidney homogenates. Data 

are presented as percentage of effect from normoxia (Nx) 
upon CIH exposure. (*) Two-way ANOVA with Bonferroni 
post-test vs. day 14. (+) Student t-test Nx vs. CIH at each 
timepoint. White bar – 14 days; grey bar – 21 days; black 
bar – 60 days
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preventing the loss of cysteine from the organism 
(Kowalczyk-Pachel et al. 2016) and is an impor-
tant source of this amino acid with antioxidant, 
anti-inflammatory and anti-fibrotic properties 
(Vasdev et al. 2009, Horie et al. 2003). Also, cys-
teine has been described as a blood pressure reg-
ulator and a renoprotective factor (Vasdev et al. 
2009). Cysteine availability in kidney also regu-
lates cysteine metabolism (Stipanuk et al. 1992).

We must highlight that in the present work we 
measured the net content of cysteine and its frac-
tions that, to our best knowledge, was investi-
gated for the first time in kidney and particularly 
in CIH model. However, total cysteine content 
was of the same magnitude of that reported by 
others (Stipanuk et al. 2002). This allowed us to 
distinguish cysteine dynamics and relate it to 
time-course establishment of hypertension and 
progression to kidney fibrosis. For instance, 
fibrosis is concomitant with a decrease in cyste-
ine availability and proceeded by early events in 
its dynamics that were not reflected by changes in 
the total amount of cysteine.

Early after CIH exposure (day 14), the CysSH/
CysSSX ratio, which is a pivotal node for redox 
signaling (Jones et  al. 2004), shifted towards a 
more oxidized state, accompanied by an increase 
in CysSSP.  Scarce information exists on the 
physiological role of CysSSP (Rossi et al. 2009). 
Nevertheless, S-thiolation events like CysSSP, 
have a key role regulating several signaling path-
ways, which may lead to adaptive responses in 
order to surpass kidney injury (Eaton et al. 2003).

Increases in cysteine free oxidized and in 
CysSSP fractions were previously described as 
“disulfide stress” in an acute inflammation model 
of pancreatitis (Moreno et al. 2014). This disul-
fide stress would promote redox signaling (Jones 
et  al. 2004) with several targets including ribo-
nuclease inhibitor, APE1/Ref1 (Naganuma et al. 
2010), Keap1(Miyazaki et  al. 2014), phospha-
tases and protein disulfide isomerases (Wang and 
Asghar 2017) that have important roles in kidney 
and blood pressure regulation.

On the other hand, maximal fibrosis was coinci-
dent with minimum values of CysSSP. A plausible 
hypothesis is that longer exposure to intermittent 
hypoxia would inhibit the enzymes involved in 

S-thiolation process (Wouters, Fan, and Haworth 
2010). Besides its redox regulatory function (Banks 
et al. 2008), CysSSP can ensure protection of pro-
teins against irreversible oxidation  (Auclair et  al. 
2013), which is often associated with permanent 
loss of protein function and the accumulation of 
insoluble aggregates (Rossi et  al. 2009, Dalle-
Donne et al. 2007, Grilo et  al. 2017), suggesting 
that at later stages proteins are more vulnerable to 
this pro-fibrotic process (Li et al. 2007).

Our findings show that when treatment with 
carvedilol was initiated to revert hypertension 
induced by CIH a significant degree of fibrosis 
was already established, and the variations in 
cysteine redox dynamics might not be targeted by 
this adrenergic blocker.
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