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Chronic hypoxia has been postulated as one of the mechanisms involved in salt-
sensitive hypertension and chronic kidney disease (CKD). Kidneys have a critical
role in the regulation of arterial blood pressure through vasoactive systems, such as
the renin-angiotensin and the kallikrein–kinin systems, with the angiotensin-converting
enzyme (ACE) and kallikrein being two of the main enzymes that produce angiotensin
II and bradykinin, respectively. Neutral endopeptidase 24.11 or neprilysin is another
enzyme that among its functions degrade vasoactive peptides including angiotensin
II and bradykinin, and generate angiotensin 1–7. On the other hand, the kidneys are
vulnerable to hypoxic injury due to the active electrolyte transportation that requires
a high oxygen consumption; however, the oxygen supply is limited in the medullary
regions for anatomical reasons. With the hypothesis that the chronic reduction of oxygen
under normobaric conditions would impact renal vasoactive enzyme components and,
therefore; alter the normal balance of the vasoactive systems, we exposed male
Sprague-Dawley rats to normobaric hypoxia (10% O2) for 2 weeks. We then processed
renal tissue to identify the expression and distribution of kallikrein, ACE and neutral
endopeptidase 24.11 as well as markers of kidney damage. We found that chronic
hypoxia produced focal damage in the kidney, mainly in the cortico-medullary region,
and increased the expression of osteopontin. Moreover, we observed an increase of
ACE protein in the brush border of proximal tubules at the outer medullary region, with
increased mRNA levels. Kallikrein abundance did not change significantly with hypoxia,
but a tendency toward reduction was observed at protein and mRNA levels. Neutral
endopeptidase 24.11 was localized in proximal tubules, and was abundantly expressed
under normoxic conditions, which markedly decreased both at protein and mRNA levels
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with chronic hypoxia. Taken together, our results suggest that chronic hypoxia produces
focal kidney damage along with an imbalance of key components of the renal vasoactive
system, which could be the initial steps for a long-term contribution to salt-sensitive
hypertension and CKD.

Keywords: renal hypoxia, kallikrein, angiotensin-converting enzyme, neprilysin, neutral endopeptidase, subtle
renal injury

INTRODUCTION

Hypertension and chronic kidney disease (CKD) are major public
health problems worldwide, with chronic hypoxia being one of
the suggested mechanisms involved in the genesis of salt-sensitive
hypertension and to the progression of CKD (Suga et al., 2001;
Nangaku and Fujita, 2008). Several factors, such as angiotensin
II, cyclosporine A, phenylephrine, and hypokalemia have been
postulated to induce local vasoconstriction and renal hypoxia,
which subsequently may lead to CKD (Johnson et al., 2002; Vio
and Jeanneret, 2003).

Renal function and arterial blood pressure regulation are
under physiological control by renal vasoactive substances,
through the activation of different systems such as the following:
nitric oxide synthases, the endothelin system, the renin-
angiotensin system (RAS), the kallikrein–kinin system (KKS),
and renal eicosanoids produced by cyclooxygenases 1 and 2.
Among nitric oxide synthases, neuronal nitric oxide synthase
(nNOS, NOS-1) plays an important role in the kidneys by
regulating renal hemodynamics in the immature kidney during
pre and postnatal stages (Rodebaugh et al., 2012). Additionally,
NOS-1 and NOS-3 are upregulated by acute hypoxia (Gess
et al., 1997). On the other hand, endothelin-1, which is
a multifunctional peptide, has potent vasoconstrictor and
profibrotic effects on the systemic vasculature and kidneys. The
endothelin system seems to play a fundamental role in diabetes,
proteinuric renal disease, hypertension, and renovascular disease
(Hargrove et al., 2000; Kelsen et al., 2011; Meyers and Sethna,
2013). Our laboratory mainly studied the following two systems:
the RAS, the KKS, and renal eicosanoids, which are related to
both systems. We have focused on enzymes in both systems,
since they are currently known as important targets of inhibitors
in antihypertensive treatment, and are used in CKD. The RAS
leads to vasoconstriction and sodium retention, and its main
active peptide is angiotensin II. The latter is produced by the
angiotensin-converting enzyme (ACE), and is metabolized by
aminopeptidase A to angiotensin III (Mizutani et al., 2008)
and by neutral endopeptidase 24.11 (NEP) or neprilysin to
inactive metabolites (Rice et al., 2004; Campbell, 2017). The
KKS produces vasorelaxation and sodium excretion through
bradykinin produced by kallikrein, which is the key enzyme of
the system. The renal KKS participates in renal and extrarenal
events such as regulation of blood pressure and control
of sodium and water excretion. Kallikrein originates in the
connecting tubule (CNT) and generates bradykinin, which is
the effector hormone in the kidney regulating sodium excretion
and glomerular hemodynamics, among other effects (Jaffa et al.,
1992; Vio et al., 1992; Madeddu et al., 2007; Zhang et al., 2018).

Bradykinin levels are regulated by ACE and NEP. There is
another family of natriuretic peptides that participates in the
regulation of arterial blood pressure, with atrial natriuretic
peptide being the main one that involves renal action (Chen,
2005). Furthermore, the availability of vasoactive hormones is
regulated by peptidases that degrade them. In kidneys, NEP
has the critical function of degrading bradykinin, angiotensin
II and natriuretic peptides, and transforming angiotensin I into
angiotensin 1–7 (Rice et al., 2004; Judge et al., 2015; Campbell,
2017).

Renal vasoactive systems are involved in a delicate balance
of opposite effects that lead to the production of either
vasoconstrictor or vasodilator hormones, which activate sodium-
retaining or excretory mechanisms, and have profibrotic or
antifibrotic consequences (Bader and Ganten, 2008). For
example, ACE and NEP have opposite actions in the regulation
of vasoactive peptides: ACE transforms angiotensin I into
angiotensin II (with hypertensive effects) and NEP transforms
angiotensin I into angiotensin 1–7 (with antihypertensive
effects). Angiotensin 1–7 can be further degraded by ACE into
angiotensin 1–5 (Rice et al., 2004; Campbell, 2017).

Alterations of vasoactive enzymes have been described during
the progression of CKD and hypertension. In fact, most drugs
used to treat hypertension have been designed to inhibit members
of the RAS family. Furthermore, new studies suggest that the use
of the angiotensin II receptor antagonist in addition to the NEP
inhibitor is a promising strategy to treat heart failure associated
to hypertension (Volpe et al., 2016).

It is known that the kidney is very sensitive to changes in
oxygen supply. Partial pressure of oxygen (PO2) is carefully
balanced between the cortex and the outer medulla, where under
normoxia, the PO2 gradient within the kidney has been found
to reach about 70 mmHg in the cortex and outer medulla, and
up to 10 mmHg in the inner medulla and papilla (Leichtweiss
et al., 1969; Baumgärtl et al., 1972; Günther et al., 1974; Lübbers
and Baumgärtl, 1997; O’Neill et al., 2015). Adequate kidney
oxygenation is crucial to fuel active transportation processes of
electrolytes and water in the nephron. Although kidneys receive
a very high blood flow, oxygen extraction is relatively low.
Consequently, kidneys are particularly susceptible to hypoxic
injury because small changes in flow, which can be generated by
vasoconstriction for example, are translated into local hypoxia
(Epstein, 1997). This can then generate focal lesions, and lead
to manifestations of kidney damage when the condition becomes
chronic.

Based on the current knowledge exposed above, the present
study was guided by the hypothesis that chronic reduction of
oxygen, under normobaric conditions, affects renal vasoactive
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enzyme components, altering the normal balance of vasoactive
systems, and favoring the vasoconstrictor profibrotic RAS.

MATERIALS AND METHODS

Animals and Experimental Procedures
Experiments were performed in 12 adult male Sprague-Dawley
rats (180–200 g, n = 6 for each group, normoxia and hypoxia).
This study was carried out in accordance with recommendations
in the “Manual de Normas de Bioseguridad” (Biosafety
Norms Manual, 2nd Ed., 2008, FONDECYT-CONICYT). The
experimental protocol for animals was approved by the Bio-
Ethics Committee of the School of Science at Universidad de
Chile. Animals were housed in a 12 h light/dark cycle with free

TABLE 1 | Body weight and hematocrit values in normoxic and hypoxic animals.

Normoxia Hypoxia

Body weight (g) 337.8 ± 7.7 219.3 ± 5.2∗

Hematocrit (%) 44.3 ± 0.3 74.2 ± 1.2∗

∗P < 0.001.

access to food (Prolab RMH 3000, Purina LabDiet) and water, and
were randomly assigned to either a control group (normoxia) or
to chronic normobaric hypoxia for 2 weeks.

Chronic Normobaric Hypoxia Exposure
Animals (n = 12) were exposed to normoxia (n = 6), serving as
controls for normobaric hypoxia (n = 6) for 2 weeks as previously
described (Icekson et al., 2013). Briefly, three rats were allocated
to a cage (D × W × H; 48 cm × 26 cm × 15 cm) and two
cages were placed in a 300 L (60 cm × 50 cm × 100 cm) acrylic
chamber with a hermetic lid. The oxygen content (FiO2) in the
chamber was continuously monitored through an oxygen sensor
(AX300, Teledyne Analytical Instruments, CA, United States),
whose output was fed to an automatic programmable controller
(Zelio SR2B121BD, Schneider Electric, France) that controlled
two solenoid valves (2026BV172, Jefferson Solenoid Valves, FL,
United States). A relief output valve opened simultaneously
with the admission valves, and remained opened for 40 s after
the closure of the latter ones, while two mechanic relief valves
opened whenever the pressure inside the chamber exceeded
approximately 17 mmHg. Thus, the mean pressure in the
chamber was slightly larger (1P = 1.3 ± 0.1 mmHg) than the
atmospheric one (717.2 ± 0.3 mmHg). The atmosphere within

FIGURE 1 | Conventional staining with H-E in renal tissue from normoxic and hypoxic animals. Representative images of kidneys from animals in control (A,B) and
hypoxic (C,D) conditions. (A,B) Normoxic tissue has tubules and tubulointerstitial space of normal aspect, both in the medullary zone and in the cortex. Blood
vessels present usual appearance. (C,D) In hypoxic kidneys, it is possible to observe tubular dilation in some areas of the field, affecting certain blood vessels that
irrigate such areas. Dotted areas correspond to higher magnification images on the right column. G = Glomerulus. Scale bar = 100 µm.
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the chamber was continuously homogenized by four internal
fans. After closure, chamber air was purged for approximately
5 min with pure N2, until attaining approximately 9.5% of
FiO2. From then on, the system automatically regulated FiO2
levels in the chamber by admitting N2 or compressed air into
the chamber if FiO2 values were over 9.8% or below 8.7%,
respectively. Mean FiO2 within the chamber was 9.33 ± 0.12%
(mean ± SD). CO2 produced by animal ventilation was trapped
by using CaCO3 (250 g), and urinary NH3 with H3BO3 (60 g).
The chamber remained open for about 5 min every other day
to clean the internal cages and replenish the water containers,
whereas CO2 and NH3 traps were changed every four days. The
cages were rotated within the chamber to maximize homogeneity.
The pressure inside the chamber was continuously measured
with a gauge transducer (Statham P20), and the FiO2 signal was
recorded at 1 Hz with a computerized analog to digital acquisition
system (DI-158U, DATAQ Instruments Inc., OH, United States).
The temperature in the chamber was recorded at 5 min intervals
throughout the 14 days of hypoxia with a data logger (EL-USB-2,
Lascar Electronics Inc., PA, United States).

At the end of the treatment, rats were deeply anesthetized with
isoflurane (isoflurane in O2, induction 4–5%) and euthanized by

exsanguination. Blood was obtained from Vena Cava in heparin-
tubes, and both kidneys were removed. Then, isoflurane was
increased until breathing stopped and death of the animals
was confirmed. Pneumothorax was performed as a secondary
physical method of euthanasia.

Kidneys were rapidly decapsulated and approximately 100 mg
slices were cut with a transverse cross section in the middle of the
kidney (discarding both poles) to obtain samples for quantitative
polymerase chain reaction (qRT-PCR). Samples for qRT-PCR
were stored at –80◦C until they were processed.

The hematocrit was determined by microcentrifugation using
two uncoated hematocrit glass tubes (length 75 mm) per sample,
filled and centrifuged for 5 min in a micro-hematocrit centrifuge
(Hermle Z200). The hematocrit was established using a micro-
hematocrit tube reader, and the mean value was calculated.

Source of Antisera and Chemicals
ACE antiserum (SC-12187) was purchased from Santa Cruz
Biotechnology, United States. Osteopontin (OPN) monoclonal
antibody (MPIIIB10) was obtained from Developmental Studies
Hybridoma Bank, IA, United States, and NEP antiserum (AB-
5458) from EMD Millipore. Kallikrein antibody was used

FIGURE 2 | Conventional staining with PAS in renal tissue from normoxic and hypoxic animals. (A,C) show a general view of cortical and medullary zones for each
group. (A,B) correspond to the normoxia group. The color fuchsia is present mainly in the basal membrane and the brush border of proximal tubules. No signs of
injury are observed in this group. (C,D) correspond to the hypoxia group, showing an area that presents focal damage. Only a few tubules present dilation, while the
area that surrounds it presents normal appearance. Dotted areas indicate higher magnification images presented in the right column. G = Glomerulus. Scale
bar = 100 µm.
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as reported previously (Salas et al., 2007). Random primer
dNTPs and FAST SYBR Green Master Mix were acquired from
Thermo Fisher Scientific. Secondary antibody and corresponding
peroxidase-anti-peroxidase (PAP) complex were purchased from
MP Biomedicals, Inc., Germany.

Tissue Processing and
Immunohistochemical Analysis
Renal tissue samples (3 mm thick) were fixed by immersion in
Bouin’s solution for 24 h at room temperature. Tissue was then
dehydrated, embedded in Paraplast Plus, serially sectioned at
5 µm thick with a Leica rotatory microtome, mounted on glass
slides, and stored.

Conventional staining of tissue sections was performed
with Hematoxylin-Eosin (H-E), Periodic Acid-Schiff (PAS) for
histological analysis, and Picrosirius red for collagen staining
(Villanueva et al., 2006, 2014).

Immunostaining was carried out using an indirect
immunoperoxidase technique to localize kallikrein, ACE,
OPN, and NEP in rat kidneys. Briefly, tissue sections were
dewaxed, rehydrated, rinsed in 0.05 M Tris-phosphate-saline
(TPS) buffer, pH 7.6, and incubated overnight at 22◦C with

a primary antiserum raised against kallikrein, ACE, OPN, or
NEP. The secondary antibody and corresponding PAP complex
were applied for 30 min each at 22◦C. The immunoperoxidase
reaction was visualized after incubation of sections in 0.1%
(wt/vol) diaminobenzidine and 0.03% hydrogen peroxide.
Sections were rinsed with TPS buffer between incubations,
counterstained with hematoxylin, dehydrated, cleared with
xylene and then coverslipped. Controls for the immunostaining
procedure were prepared by omission of the first antibody.
Images were examined with conventional light microscopy and
acquired using a Nikon Eclipse E600 microscope and Nikon
DS-Ri1 digital camera.

Quantitative RT-PCR
Total RNA was extracted from whole kidney tissue using
TRIzol, according to the manufacturer’s instructions. RNA
integrity was determined by 1% agarose gel electrophoresis
and its concentration, by absorbance at 260/280 nm using a
2.5 µg aliquot of total RNA to cDNA synthesis. Samples were
treated with DNAse I using MMLV, dNTPs and random
primers to obtain cDNA. The housekeeping gene used
was glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

FIGURE 3 | Osteopontin in renal tissue from normoxic and hypoxic animals. The arrows indicate the localization of OPN that appears stained in brown. (A,B)
correspond to the normoxia group. In (A) it is possible to observe a little OPN stain that indicates low expression levels of this protein. Brown stains are totally absent
in (B), and the same happens in others fields of the same renal section, representing normal conditions. (C,D) correspond to the hypoxia group. It is possible to
observe an increase of OPN staining, expressed mainly in tubular cells. The left panel shows a cortical area where a glomerulus is observed (G). The right panel
corresponds to the outer stripe of the outer medulla. All images have the same magnification. Scale bar = 100 µm.
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(forward primer: 5′-CACGGCAAGTTCAACGGC-3′, reverse
primer 5′-GGTGGTGAAGACGCCAGTA-3′). The primer
sequences used were the following: kallikrein, forward primer:
5′-GCATCACACCTGACGGATTG-3′, reverse primer: 5′-
GGCCTCCTGAGTCACCCTTG -3′; ACE, forward primer:
5′-AACACGGCTCGTGCAGAAG-3′, reverse primer: 5′-
CCTGCTGTGGTTCCAGGTACA-3′; and NEP, forward primer:
5′-TCAGCCTTTCTGTGCTCGTC-3′, reverse primer: 5′-
ATTGCGTTTCAACCAGCCTC-3′. Quantitative PCR was
performed in duplicate in a StepOnePlus Real-Time PCR
System (Applied Biosystems) using FAST SYBR Green Master
Mix for amplification. Results were normalized by GAPDH.
Mathematical quantification was made using the 2−11CT

method (Livak and Schmittgen, 2001).

Statistics
All data are presented as mean ± SEM. Statistical analyses were
performed using an unpaired Student’s t-test and GraphPad
Prism software (version 5.0c for Windows, GraphPad Software,
CA, United States). Differences with P < 0.05 were considered
statistically significant.

RESULTS

General Features and Morphological
Traits
An increase in hematocrit and a decrease in body weight
were observed in hypoxic animals compared to controls, over
the 2-week period of hypoxia, which is characteristic of this
experimental condition (Table 1).

For the morphological study we selected conventional stains
with different properties to address tissue structure at the light
microscopy level. They were H-E, PAS and Picrosirius Red. They
provide information about general structure (H-E), more detailed
information of structural shapes of tubules, glomeruli and vessels,
provided by the glycoprotein and basement membrane staining
(PAS), and collagen staining as an index of tissue damage
(Picrosirius red).

The immunohistochemistry technique was used to evaluate
de novo expression of tubular OPN, which is a key macrophage
chemokine that is not normally expressed in adult kidneys, and is
induced by tubular damage of different origins (Lombardi et al.,
2001).

FIGURE 4 | Collagen staining with Picrosirius red stain in renal tissue from normoxic and hypoxic animals. (A,B) correspond to the normoxia group. (C,D)
correspond to the hypoxia group. The left panel shows a panoramic view of the cortical and medullary zones of both groups. The dotted area indicates images with
higher magnification on the right column. The arrows indicate the location of collagen stained in red. Note that peritubular collagen is scarce in all images. However,
in the hypoxia group it is possible to observe small areas of fibrosis, characterized by an increase in local collagen. In (A,B) an arterial blood vessel is observed with
perivascular collagen, which does not constitute fibrosis. All structures other than collagen are stained in yellow. G corresponds to the glomerulus. Scale bar = 100
µm.
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Also, immunohistochemistry was used to characterize the
protein expression at tissue level and the distribution in the
kidney of the vasoactive enzymes kallikrein, ACE, and NEP.

Renal tissue specimens were examined in coded samples by
two of the researchers (C.Cespedes and C.Vio), and systematic
analysis of kidney tissue samples was done focusing on the overall
morphological aspect, and on cortical and medullary tubules,
glomeruli, blood vessels, interstitial space, and intratubular
spaces.

An overall and detailed examination of renal tissue with
conventional PAS and H-E staining of kidneys from normoxic
animals showed no signs of pathological alterations in the
cortex or the medulla. No vascular changes were observed,
tubules were shaped normally in terms of diameter and
cell size, and no signs of cell infiltration and inflammation
were observed in the tubulointerstitial space. Glomeruli
from cortical or juxtamedullary nephrons had normal aspect
(Figures 1A,B, 2A,B).

A panoramic examination of kidney tissue from hypoxic
animals over the cortex and medulla revealed a mild and focalized
morphological alteration, characterized by focal lesions in the
outer medullary and inner cortical zone, as evidenced with H-E

staining (Figure 1). More detailed information was obtained with
PAS staining, showing the focal alteration at this outer medullary
region (Figure 2).

Focal areas with signs of alterations consisted of “spotty”
areas mainly located in the outer medulla and inner cortical
zone, close to juxtamedullary nephrons (Figures 1, 2). They
contained dilated tubules with atrophic tubular epithelia, and
basophilic aspect. Such atrophic and dilated tubules had a mild
cellular infiltration in the corresponding tubulointerstitial space
(Figures 2C,D).

In control animals, the presence of renal OPN was observed
with a very scarce distribution in tubular cells of the cortex, as
expected for normal tissue (Figures 3A,B). In contrast to normal
tissue, kidneys from hypoxic animals showed an increased
expression of OPN in cortical tubules with a focal distribution, as
shown in Figures 3C,D, which corresponds to the typical pattern
of de novo expression of OPN in renal injury.

In normal tissue, staining with Picrosirius red revealed typical
collagen staining around arteries, and very faint staining in
peritubular locations (Figures 4A,B). On the other hand, focal
staining was observed in tissue from hypoxic animals in discrete
areas corresponding to focal areas of local injury, as presented in

FIGURE 5 | Kallikrein immunostaining in renal tissue from normoxic and hypoxic animals. Green arrows indicate the localization of kallikrein (brown immunostaining)
in both groups. It is expressed only in the cortical zone, specifically in the apical pole and perinuclear area of connecting tubule cells. (A,B) correspond to the
normoxia group. Greater expression of kallikrein stains are observed in this group compared to the hypoxia group (C,D), which presents less staining in the same cell
type. The immunostained mark is not present in the collecting duct or another tubule type, in the glomerulus (G), or in blood vessels. All images of the cortical zone
have the same magnification. Scale bar = 100 µm.
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FIGURE 6 | Kallikrein gene expression in whole kidney tissue samples from
normoxic and hypoxic animals. The graph represents the standardized
average of kallikrein gene expression in both conditions, expressed as fold
change between control versus hypoxic group. Results were averaged and
mean values were compiled for statistical analysis. A slight decrease is
observed, which does not constitute a statistically significant difference
between the normoxia and hypoxia groups. GAPDH was used as a
housekeeping gene.

Figures 4C,D, where peritubular signs of fibrosis around dilated
and injured tubules were observed.

Thus, the histological evidence presented above is consistent
with mild manifestations of lesions, with focal distribution
patterns located in the outer medulla and inner cortical zone
of the kidneys. No similar lesions were observed in the inner
medulla or in the outer cortical zone of normoxic animals.

It is relevant to note that this outer medullary/inner
cortical area is the zone where juxtamedullary nephrons reside.
Juxtamedullary nephrons are fewer than cortical or superficial
nephrons, but are very important for sodium management
and blood pressure regulation because they generate medullary
circulation.

Vasoactive Enzyme Expression and
Distribution
Kallikrein
In normal and hypoxic experimental groups, kallikrein is
restricted to connecting tubular cells (CNTc) of CNT of
distal nephrons. In normal tissue, CNTc display abundant
immunoreactive kallikrein in the apical pole and in the
perinuclear area, where the Golgi complex resides. CNTc are
intermingled with kallikrein negative cells, which correspond to
intercalated cells. CNT are always in close anatomical relation
with afferent arterioles close to glomeruli (Figures 5A,B).
Kallikrein distribution in renal tissue from hypoxic animals was
similar to control animals in the CNTc. However, decreased
immunostaining intensity and stained focal areas were observed,
and there was faint staining in focal tubules (Figures 5C,D).

Kallikrein gene expression measured by qRT-PCR was not
significantly modified (P > 0.05), although it tended to decrease
(Figure 6).

Angiotensin-Converting Enzyme
In normal animals, ACE was located exclusively in the S3
segment of proximal tubules, and was more concentrated in
the inner cortical zone and outer medulla. The enzyme was
present in the brush border of the apical cellular pole. No ACE
was observed in other tubular cells or in the tubulointerstitial
space (Figures 7A,B). In hypoxic animals, the same pattern of
localization was observed over the proximal tubules, although
with more intensity. Furthermore, strong staining in more
disarranged proximal tubules was observed in focal areas, and
focal ACE staining on the peritubular side (Figures 7C,D).

ACE gene expression, as measured by qRT-PCR, was
significantly higher (P < 0.001) in hypoxic animals compared to
controls (Figure 8).

Neutral Endopeptidase 24.11 or Neprylisin
This was observed in control animals in the brush border of
proximal tubules, and more concentrated in the outer medulla
than in the cortex. Heavy staining was observed in control renal
tissue (Figures 9A,B), whereas less area was stained in hypoxic
kidneys compared to controls. Furthermore, the presence of
NEP in focal areas was observed in rather dilated and atrophied
tubules (Figures 9C,D). Moreover, NEP gene expression, as
measured by qRT-PCR, significantly decreased (P < 0.001) by
almost 50% in hypoxic animals compared to controls (Figure 10).

DISCUSSION

Hypoxia due to renal vasoconstriction has been proposed to
contribute to early stages of CKD and salt-sensitive hypertension
(Suga et al., 2001; Johnson et al., 2002). The main findings of
the present study are that normobaric hypoxia (10% O2) for
2 weeks induced subtle renal injury, with discrete focal lesions,
and local changes in components of renal vasoactive systems,
such as increases in kallikrein and ACE, and less NEP expression.

Normobaric hypoxia may be induced by a variety of
conditions that reduce the supply of oxygen to organs, such
as chronic obstructive pulmonary disease (Kent et al., 2011),
obstructive sleep apnea syndrome (Chiang, 2006), CKD (Shoji
et al., 2014), and certain conditions that induce local renal
hypoxia like cyclosporine A, hypokalemia, angiotensin II or
contrast media (Lombardi et al., 2001; Suga et al., 2001; Zhou and
Duan, 2014; Fähling et al., 2017). Normobaric hypoxia studies
have an advantage over experiments using hypobaric conditions
in that hypoxia effects are not mixed with those of low pressure.
In fact, arterial blood pressure has been reported to remain
unchanged in chronic hypobaric hypoxia (Rabinovitch et al.,
1979; Hsieh et al., 2015), but to increase in chronic normobaric
hypoxia (Schwenke et al., 2008; Moraes et al., 2014; Flor et al.,
2018). The latter highlights the importance of choosing the right
type of hypoxia depending on the pathological conditions to be
studied, since both conditions may evoke distinct physiological
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responses (Savourey et al., 2003; Richard and Koehle, 2012).
Hence, we used the normobaric hypoxia model in order to mimic
the low oxygen supply that kidneys face under pathological
conditions, and to distinguish the effects of hypoxia from
hypobaria.

Morphological Alterations
Hypoxia is a key pathogenic event that can activate a vicious cycle
of destructive processes. In our model, we observed a discrete
focal lesion of tubular damage with conventional H-E, and
Picrosirius red staining without glomerular damage, indicating
the mild and patchy nature of the lesion. The expression of
tubular OPN, which is a key macrophage chemokine, without
infiltrative cells was somehow unexpected. However, it suggests
that longer periods or more severe hypoxia are required to induce
infiltration. When compared to other models of mild damage
(angiotensin II, hypokalemia, phenylephrine and cyclosporine
A) (Johnson et al., 2002), the present model displays a similar
damage pattern, but with less intensity. A possible explanation
for the low intensity of the damage is that this degree of hypoxia
is counteracted in kidneys by regulatory mechanisms that supply
oxygen to kidneys as the increased hematocrit (Table 1). Similar

results have been shown in proximal and distal tubular cells in
renal ischemia, tubulointerstitial nephritis, glomerulonephritis,
and acute hypoxia (Hampel et al., 2003; Mazzali et al., 2003).
These effects are in agreement with upregulation of inflammatory
and profibrotic genes in response to hypoxia (Fu et al., 2016; Ow
et al., 2018). Fibrosis and subsequent tubular damage exacerbate
hypoxia, and induce the activation of genes that favor the
expression of vasoconstrictor mediators such as endothelin-1,
which could reduce oxygen delivery even more (Hampel et al.,
2003). Considering that the outer medulla of the kidney is
particularly vulnerable to reduced oxygen supply due to an
imbalance between oxygen requirements and medullary blood
flow (Fine et al., 2000; Zhou and Duan, 2014), we and others
have proposed that a common pathway is perhaps local hypoxia,
which creates a vicious circle that initiates and maintains focal
renal injury (Vio and Jeanneret, 2003).

A larger inflammatory response was described in rats
subjected to chronic hypoxia (81.9 mmHg) (Mazzali et al., 2003).
The latter study achieved low PO2 by reducing barometric
pressure to an equivalent altitude of 5550 m, although PO2
reduction was more severe in the present study (67.1 mmHg).
This reduction in barometric pressure, however, may induce

FIGURE 7 | Angiotensin-converting enzyme (ACE) immunostaining in renal tissue from normoxic and hypoxic animals. ACE localization (immunostained in brown) is
indicated with green arrows. It is mainly expressed in the medullary zone, at the brush border of the proximal tubule; more specifically in segment S3. (A,B)
correspond to the normoxia group. The ACE stain is less in the control group compared to the hypoxia group (C,D). Additionally, in image (D), the immunostained
mark appears in the tubulointerstitial space, where there is also a higher number of infiltrative cells. All images correspond to the medullary zone with the same
magnification. Scale bar = 100 µm.
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FIGURE 8 | Angiotensin-converting enzyme gene expression in whole kidney
tissue samples from normoxic and hypoxic animals. The graph exhibits the
average of ACE gene expression. Units were defined as fold change between
control versus hypoxic group. Results were averaged and mean values were
compiled for statistical analysis. There is a significant increase (∗∗∗P < 0.001)
in ACE gene expression in the hypoxia group when compared to the normoxia
group. GAPDH was used as a housekeeping gene.

physiological responses that are independent from PO2 reduction
(Savourey et al., 2003, 2007; Richard and Koehle, 2012).
Moreover, the exposure period was 10 days shorter in the
experiments reported here. In chronic intermittent hypoxic
experiments, changes in arterial pressure did not develop until
3 weeks of exposure (Del Rio et al., 2010). Thus, differences may
arise from the different exposure period and barometric pressure.

Alterations in Vasoactive Systems
Changes in renal vasoactive components have been proposed to
contribute to early stages of CKD and salt-sensitive hypertension.
In fact, Johnson et al. (2002) proposed that changes in vasoactive
systems constitute a common base for a variety of stimuli (e.g.,
hypokalemia, angiotensin II, phenylephrine, cyclosporine A) that
induce vasoconstriction, leading to ischemia and subsequent
subtle renal injury. In such conditions, rats are more sensitive
to high-salt induced hypertension, even though arterial blood
pressure augmentation is reversed after removing the stimuli.
This suggests that renal damage is at the base of this mechanism.

Decreased Kallikrein Levels
Kallikrein is a serine protease with a key function for
kidneys, since it produces bradykinin, which is one of
the main vasorelaxing peptides that also inhibits sodium
reabsorption through the activation of bradykinin receptor type
2 (Mukai et al., 1996; Sivritas et al., 2008). Our histology
and immunohistochemistry data showed a local decrease of
kallikrein in CNTc. It is worth noting that kallikrein-containing

cells are always in close contact with arterioles underlying
the anatomical link between KKS and RAS (Vio et al., 1988).
Even though changes in kallikrein gene expression were not
significant, there was a tendency to decrease. We have previously
reported that hypokalemia, ischemia and phenylephrine (stimuli
that produce renal hypoxia and kidney damage) also reduced
kallikrein expression, which could contribute to the imbalance
of vasoactive enzymes that favor vasoconstriction and sodium
retention. The latter may, in turn, lead to the onset of renal
injury and hypertension (Martinez et al., 1990; Suga et al., 2001;
Johnson et al., 2002; Basile et al., 2005). Further studies are
required to determine whether kallikrein reduction is a cause or
a consequence of hypoxia. Thongboonkerd et al. (2002) reported
a dual role of kallikrein, where episodic hypoxia (which mimics
obstructive sleep apnea syndrome) reduced its activity associated
with hypertension, while sustained hypoxia increased kallikrein
levels. The difference in kallikrein expression observed under
the experimental conditions reported here may have been due
to the reoxygenation produced between the end of hypoxia
and the extraction of renal tissue. This could be explained
by the oxidative stress generated during reoxygenation, which
may activate different pathways, and could influence kallikrein
expression (Milano et al., 2004; Bianciardi et al., 2006). Reduced
kallikrein expression favors vasoconstriction, which may worsen
hypoxia and lead to kidney damage, since overexpression of
human kallikrein in kidneys has been observed to protect
rats from hypoxia-induced hypertension (Thongboonkerd et al.,
2002).

Increased ACE Levels
ACE plays a critical role in RAS signaling: It produces angiotensin
II (the main vasoconstrictor peptide), which activates pathways
leading to hypertension and fibrosis, while also degrading
bradykinin. Results from immunohistochemistry in this study
showed a local increase of ACE in proximal tubules at the outer
medullary region. The observed change in protein expression is
consistent with greater gene expression, as measured by qRT-
PCR. For many years, much effort has been placed on creating
drugs to inhibit ACE, but very little is known about its regulation.
It has been reported that phenylephrine, angiotensin II infusion
and hypokalemia induce the ACE expression, which has been
associated with kidney hypoxia and damage (Johnson et al., 1999;
Lombardi et al., 2001; Suga et al., 2001; Vio and Jeanneret, 2003).

It seems that ACE regulation differs depending on the tissue
analyzed (Jackson et al., 1986; Oparil et al., 1988; King et al.,
1989). For instance, Oparil et al. (1988) reported that hypoxia
reduced ACE activity in lungs (associated to angiotensin II
reduction), but increased its activity in renal tissue, which was
reversed to normal levels when rats were returned to normoxia.
Reasons behind organ-specific regulation of ACE are not known,
but lungs and kidneys seem to present opposite ACE regulations.
Vascular endothelial growth factor (VEGF) is postulated to
be the major growth factor modified in response to hypoxia,
which increases local production of ACE (Enholm et al., 1997;
Saijonmaa et al., 2001), and generates synergy between the RAS
and VEGF, hence contributing to angiogenesis and vascular
remodeling in response to hypoxia.
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FIGURE 9 | Neutral endopeptidase immunostaining in renal tissue from normoxic and hypoxic animals. The NEP protein is indicated with green arrows, and it
appears immunostained in brown. Its expression was located in proximal tubules, being more concentrated in the S3 segment (both in superficial and juxtamedullary
nephrons) at the medullary ray and outer strip of the medulla, respectively. (A,B) correspond to the normoxia group. NEP expression is higher in the control group
compared to the hypoxia group (C,D). All images correspond to the medullary zone, and they have the same magnification. Scale bar = 100 µm.

FIGURE 10 | Neutral endopeptidase gene expression in whole kidney tissue
samples from normoxic and hypoxic animals. The graph shows the average of
NEP gene expression. Arbitrary units were defined as fold change between
control versus hypoxic group. Results were averaged and mean values were
compiled for statistical analysis. There is a significant decrease in NEP gene
expression in the hypoxia group compared to the normoxia group
(∗∗∗P < 0.001). GAPDH was used as a housekeeping gene.

Increases in ACE may be acting in the following two ways:
(1) to increase the amount of angiotensin II that leads to greater
vascular resistance and fibrosis, and (2) to decrease the amount
of kallikrein by degradation, contributing to an imbalance of
vasoactive enzymes and thus to the onset of renal injury observed
during hypoxia.

Decreased NEP Levels
Together with ACE, NEP is the most important kinin-degrading
enzyme in the cardiovascular system. Renal NEP is responsible
for processing a range of substrates as vasoactive peptides,
including bradykinin, endothelins, angiotensin I and angiotensin
II, among others (Rice et al., 2004; Judge et al., 2015; Campbell,
2017). In our model, we observed that hypoxia decreased
NEP expression both at protein and gene expression levels.
Immunohistochemical staining showed that NEP is abundantly
expressed in proximal tubules at the outer medullary region
under normoxic conditions, but hypoxia reduced its expression.
One of the consequences of NEP reduction is a lower generation
of angiotensin 1–7, an antihypertensive peptide that counteracts
the effects of angiotensin II, which is consistent with a
hypertensive phenotype.

There are few studies that report on NEP localization,
although the enzyme exhibits vast tissue distribution, with greater
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abundance in kidneys and lungs (Li et al., 1995). Previous studies
by Carpenter and Stenmark (2001) showed that normobaric
hypoxia, although for a much shorter time (72 h), caused
a decline in NEP expression at the pulmonary level, which
caused increases in vascular permeability. The latter corresponds
to a phenotype that is reversed through recombinant NEP
administration or a bradykinin receptor antagonist. Down-
regulation of NEP by hypoxia has been reported in mouse
primary cortical and hippocampal neurons as well as in prostate
cancer cell lines, where NEP decrease is associated with a loss
of beneficial effects mediated by the specific degradation of the
substrate (Wang et al., 2011; Nalivaeva et al., 2012; Mitra et al.,
2013). It has been shown that the hypoxia inducible factor
negatively regulates NEP expression, due to the presence of
hypoxia-responsive elements in its promoter (Mitra et al., 2013),
which could be responsible for NEP reduction.

Taken together, the changes in the enzymes that regulate
the production/degradation of the vasoactive peptides observed
in our experimental conditions suggest that hypoxia induces a
hypertensive phenotype due to an imbalance of the vasoactive
peptides, leading to an increase in the vasoconstrictors and
a decrease in vasodilators, such as: decreased bradykinin
(antihypertensive peptide) due to decreased kallikrein and
increased ACE; increased angiotensin II (hypertensive peptide)
due to increased ACE; and reduction of angiotensin 1–7
(antihypertensive peptides) due to decreased NEP.

In summary, we describe local and subtle renal injuries and
changes in renal vasoactive components that could damage
the kidney, making it more sensitive to high-salt induced
hypertension under conditions such as high salt load. Future
experiments could involve challenging renal function with high
sodium diets to increase oxygen consumption and induce salt-
sensitive hypertension.

STUDY LIMITATIONS

Although this study attempted to limit oxygenation time
before collecting the samples (2 h maximum) and during
feeding/cleaning the animals (5 min every 48 h), changes
occurring during reoxygenation (e.g., changes in redox status)
could not be ruled out, and may have altered our results.

Additionally, renal function could not be measured, since the
metabolic cages could not be placed under hypoxic conditions.

Due to space limitations in the hypoxic chambers, the
experiments were performed using only male rats. Considering
the important differences between males and females in terms
of cardiovascular and renal function, it is important to perform
these experiments on females in the future to evaluate the possible
differences that may exist in the response to hypoxia.

Finally, changes in the expression of key enzymes of the RAS
and the KKS were measured, but it cannot be assumed that
this will translate into changes in peptide levels. Local levels of
angiotensin II and bradykinin will be measured and evaluated in
future studies.
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