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ABSTRACT
Obstructive sleep apnea (OSA) has been associated with oxidative stress and
various cardiovascular consequences, such as increased cardiovascular disease risk.
Quantitative real-time PCR is frequently employed to assess changes in gene expression
in experimental models. In this study, we analyzed the effects of chronic intermittent
hypoxia (an experimental model of OSA) on housekeeping gene expression in the left
cardiac ventricle of rats. Analyses via four different approaches—use of the geNorm,
BestKeeper, and NormFinder algorithms; and 2−ΔCt (threshold cycle) data analysis—
produced similar results: all genes were found to be suitable for use, glyceraldehyde3-phosphate dehydrogenase and 18S being classified as the most and the least stable,
respectively. The use of more than one housekeeping gene is strongly advised.
Keywords: Cell hypoxia; Reference standards; Sleep apnea, obstructive; Cardiovascular
diseases; Models, animal; Polymerase chain reaction.

Obstructive sleep apnea (OSA), which is a sleep-related
breathing disorder with a high worldwide prevalence,(1,2)
causes various metabolic, oxidative, and sympathetic
disturbances, increasing the risk of cardiovascular
disease.(3) The most widely used animal model of OSA,
particularly when the focus is on its cardiovascular
consequences, is the chronic intermittent hypoxia (CIH)
model.(3) The CIH model mimics many of the putative
pathological effects of OSA, such as increased blood
pressure and sympathetic activity.(4)
Real-time PCR is the most commonly used tool to
study gene expression of specific targets. In order to
obtain reliable results in quantitative real-time PCR,
it is necessary to use appropriate reference genes, or
housekeeping genes (HKGs),(5) as internal controls for
gene expression normalization, which is essential to the
evaluation of relative gene expression. However, using
certain unstable genes as HKGs can strongly compromise
data reliability.(6,7) Therefore, each experimental condition
should have an HKG selection step in order to obtain
good quality data. The three most widely used algorithms
for HKG selection are those provided by the computer
programs geNorm,(8) BestKeeper,(9) and NormFinder.(10)
To our knowledge, there have been no studies assessing
the stability of HKG expression in the left ventricle, or
any other cardiac structure, using in vivo models of

hypoxia, most such studies having been performed
in vitro. Therefore, the objective of the present study
was to report the selection of HKGs in the left cardiac
ventricle of rats submitted to CIH, using the geNorm,
BestKeeper, and NormFinder algorithms to analyze the
expression stability of five commonly used HKGs. Our
results provide important information for HKG selection
in future studies employing a CIH model.
Twenty-two adult male Wistar Hannover rats were
submitted to CIH (8 h/day) as described previously.(11) All
experimental procedures were performed in accordance
with current ethical and practical guidelines for the use
of laboratory animals.(12) This study was approved by
the Animal Research Ethics Committee of the Federal
University of São Paulo (Protocol no. 2025/11).
Animals were assigned to one of three experimental
groups: control (n = 6); CIH (six weeks of CIH, n = 7);
and CIH+N (six weeks of CIH, followed by two weeks of
recovery in normoxia, n = 8). The CIH protocol is described
in detail elsewhere,(11) as is the rationale behind the use
of a two-week recovery period in the CIH+N group.(13)
After six weeks (the end of the CIH protocol) or eight
weeks (the end of the CIH+N protocol), animals were
euthanized by rapid decapitation. Subsequently, the
heart was rapidly removed and washed with saline,
after which the left ventricle was dissected. All tissues
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were rapidly dissected on dry ice and stored at −80°C
until extraction.
Total RNA was extracted using TRIzol reagent
(Thermo Fisher Scientific Inc., Waltham, MA, USA)
and treated with DNase. Quantitative real-time
PCR was performed with SYBR Green, as described
previously.(11) For our HKG evaluation, we chose five of
the most commonly used genes, from different gene
pathways: eukaryotic 18S ribosomal RNA (rRNA);
beta-actin (ACTB); beta-2-microglobulin (β2M);
glyceraldehyde-3-phosphate dehydrogenase (GAPDH);
and hypoxanthine guanine phosphoribosyl transferase
(HPRT). The primer sequences for all of those HKGs
are described elsewhere.(11)
Gene expression stability was evaluated using the programs geNorm (Gene Quantification: http://download.
gene-quantification.info/), NormFinder (Department of
Molecular Medicine, Aarhus University Hospital, Aarhus,
Denmark: http://moma.dk/normfinder-software), and
BestKeeper (Gene Quantification: http://download.
gene-quantification.info/). The geNorm program
calculates the average expression stability (M-value) for
each gene, lower M-values indicating greater stability.(8)
The NormFinder program provides a stability value
number for each gene, lower stability values indicating
less stability.(10) The BestKeeper program calculates a
Pearson’s correlation coefficient for each gene, values
of p closer to 1.0 indicating greater stability.(9) We also
analyzed all of the 2−ΔCt (threshold cycle) data by one-way ANOVA.(14) To test for normality and homogeneity,
we employed the Kolmogorov-Smirnov test and Levene’s
test, respectively. The level of statistical significance
was set at p < 0.05.
Our evaluation of RNA quality and integrity demonstrated intact 18S and 28S rRNA. Optimization of primer
conditions and cDNA concentrations was performed
and described previously.(11) The 2−ΔCt values, analyzed
independently, did not achieve significance (p > 0.05
for all), although 18S expression trended toward
significance (p = 0.076 vs. p > 0.4 for the remaining
genes; data not shown). These data indicate that,
although all five HKG candidates are suitable for use,
the expression of 18S demonstrates a tendency to
show greater variability between groups.
In our BestKeeper analysis to identify the best HKGs
in CIH models, all five candidate genes presented values
that were acceptable (p < 0.01). According to the
BestKeeper ranking, GAPDH was the best candidate,
followed by ACTB. In addition, 18S presented the
lowest Pearson’s correlation coefficient, indicating
that it was the least stable of the five HKG candidates.
All BestKeeper Pearson’s correlation coefficients are
described in Table 1 and depicted in Figure 1A.
In our geNorm analysis, all five candidate genes
presented M-values lower than 1.5, which is considered
to be the cut-off value for suitability,(8) in all analyses.
According to the geNorm ranking, GAPDH was the best
candidate gene, followed by β2M. In addition, 18S
presented the highest M-value and was ranked as the
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least stable gene. All geNorm M-values are described
in Table 1 and depicted in Figure 1B. The BestKeeper
and geNorm algorithms produced very similar results,
the only difference being in terms of the second best
HKG candidate.
In our NormFinder analysis, all five candidate genes
presented stability values below 0.15, the cut-off value
for suitability.(10) Similar although not identical to the
BestKeeper results, the NormFinder algorithm identified
GAPDH as the best candidate gene, followed by β2M.
In addition, 18S presented the highest stability value
and was therefore ranked as the least stable gene.
All NormFinder stability values are described in Table
1 and depicted in Figure 1C.
The NormFinder HKG ranking was identical to that
of BestKeeper, GAPDH and ACTB being ranked as the
most stable genes, whereas 18S was ranked as the
least stable. However, the geNorm ranking showed a
slight difference—ACTB in third position and β2M in
second position. The data from all three algorithms
corroborate those reported in a previous study involving
cardiosphere-derived cells (endogenous cardiac stem
cells, candidates for restoring lost tissue) and evaluating
the influence of aging on gene stability. The authors
found that ACTB, GAPDH, and β2M were the most stable
HKGs in both adult or neonatal cardiosphere-derived cells
under conditions of normoxia or hypoxia. (15) Although
our study involved the left ventricle portion of the heart,
which is composed of several cell types, the tissue
origin is the same as that of the cardiosphere-derived
cells analyzed by those authors. Conversely, in a study
employing an animal model of left ventricular diastolic
dysfunction, GAPDH was found to be the second most
stable gene, underscoring its stability in vivo.(16) In
addition, ACTB presents good stability in models using
different hypoxia stimuli, such as various cell types
submitted to hypoxia in vitro(7,15) and various brain
structures submitted to hypoxia in vivo.(11)
Although analyses of β2M have shown it to be unstable
in some brain structures and cell lines,(7,11) our analysis of
tissue from the left ventricle ranked β2M among the most
stable candidate genes. Our data underscore those of
several other studies, which classified β2M as one of the
most stable candidate genes, in cardiosphere-derived cells
under hypoxic conditions(15) and in human chondrocytes
cultured at oxygen concentrations of 5% and 1%.(17)
In the present study, HPRT was found to be among
the least stable candidate genes. However, it can
be considered suitable for use because it presented
acceptable stability in the geNorm and BestKeeper
analyses. Our data are in conflict with those of some
previous studies, in which HPRT has been reported to
be one of the most stable genes, in cultures of cells
submitted to acute hypoxia(7) and in an in vivo model
of ischemia in the right ventricle.(18) Nevertheless,
our data corroborate those of another previous study
involving cardiosphere-derived cells, in which HPRT
was found to be among the least stable genes under
conditions of hypoxia.(19) The discrepancies among these
studies might be due to differences in the origin of the
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Table 1. Rankings of left ventricle candidate housekeeping genes, by the stability of their expression, from the BestKeeper,
geNorm, and NormFinder evaluations.

Rank
1
2
3
4
5

BestKeeper
Gene
Ra
GAPDH
0.774
ACTB
0.745
β2M
0.727
HPRT
0.713
18S
0.588

geNorm

NormFinder

Gene

M-valueb

Gene

Stability valueb

GAPDH
β2M
ACTB
HPRT
18S

0.3877
0.4377
0.4641
0.4945
0.5182

GAPDH
ACTB
β2M
HPRT
18S

0.0759
0.1085
0.1094
0.1095

0.1176

R: Pearson’s correlation coefficient; M-value: average expression stability; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase; ACTB: beta-actin; β2M: beta-2-microglobulin; HPRT: hypoxanthine guanine phosphoribosyl
transferase; and 18S: eukaryotic 18S ribosomal RNA. aValues closer to 1.0 (the higher values in this scenario)
indicate greater stability. bLower values indicate greater stability.
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Figure 1. BestKeeper, geNorm, and NormFinder stability analyses of housekeeping genes in the left ventricle of rats
submitted to chronic intermittent hypoxia. R: Pearson’s correlation coefficient; M-value: average expression stability;
ACTB: beta-actin; HPRT: hypoxanthine guanine phosphoribosyl transferase; β2M: beta-2-microglobulin; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; and 18S: eukaryotic 18S ribosomal RNA.

tissue evaluated (cardiac tissue vs. prostate, kidney,
and breast tissues) and in the experimental condition
(hypoxia vs. ischemia).
Our data corroborate those of several other studies
that classified 18S as an unsuitable HKG. In studies
employing in vitro models of hypoxia, 18S has been
found to be inappropriate as an HKG in the LNCaP
(prostate cancer) cell line(20,21) and in locust muscle
cells,(6) as it has in studies employing in vivo models of
CIH in various brain structures.(11) Our data corroborate
those of previous studies demonstrating 18S sensitivity
to different hypoxia stimuli. To our knowledge, this is
the first study to evaluate 18S expression in cardiac
tissue under hypoxic conditions.

Our study has some limitations. The CIH model
mimics only one of the four major factors of OSA. In
addition, analyses of the stability of HKG expression
can demonstrate inter-model and even inter-structure
variability.(7,11) Therefore, the results of HKG expression
studies are not generalizable to all structures or to
all models of hypoxia. Nevertheless, the results of
present study demonstrate that all of the HKGs tested
are suitable for use, although it is inadvisable to
use 18S. In addition, the geNorm, BestKeeper, and
NormFinder algorithms produced very robust results,
with little variation among the three. However, to
obtain reliable data, the use of more than one HKG
is strongly advised.
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