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Hypoxic preconditioning ameliorates endometrial and myometrial
damage and improves uterine function following prolonged hypoxia

in nonpregnant rats

Mohammed Alotaibi
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Abstract. Normal repeated uterine contractions are associated with uterine hypoxic stresses, and
uterine transplantation and severe bleeding during hysterectomy may lead to hypoxia and irrevers-
ible cellular damage. This study investigated the effects of short repeated hypoxic episodes on the
structure and function of uterine tissues following sustained prolonged hypoxia. Small segments of
uterine tissue were dissected from three groups of nonpregnant rats and mounted in a tissue bath
system. Prolonged hypoxia markedly increased the infiltration of eosinophils into the myometrium
and caused fibrotic stroma and degeneration of endometrial glands with marked infiltration of eo-
sinophils into the endometrium compared to the control group. In addition, the mean myometrial
contractile function significantly decreased to 69 + 1% compared to 100% control with irregular and
uncoordinated contractile activity (p < 0.01). Intriguingly, preconditioning with brief hypoxic episodes
prevented the endometrial and myometrial degenerative changes. Although the mean myometrial
contractile function decreased to 80 + 3% during reoxygenation compared to the 100% control, the
entire force was greater than the force in the non-preconditioned group (p < 0.01). These results pro-
vide compelling evidence that prolonged hypoxia exacerbates the degree of cellular damage and that
preconditioning with repeated cycles of short hypoxia/reoxygenation can ameliorate cellular damage.
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Introduction

The uterus is a myogenic organ composed primarily of
smooth muscle cells (the myometria) which produce the
actual contractions. The nature of these contractions is phasic
and spontaneous which shows cycles of discrete repeated
contractions and relaxation without hormonal or neural
stimuli (Wray et al. 2015). Uterine contractions are necessary
during transport of sperm from the cervix into the oviducts,
during menstruation to expel the functional endometrial
layer each month, throughout pregnancy, and importantly,
during labor to expel the fetus and placenta. Anatomically,
the uterus is supplied by the uterine artery, which traverses
the myometrium and subdivides into small blood vessels
that supply the deep endometrial layer.
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Previous studies on women and animals have shown that
normal uterine contractions are associated with a reduction
in uterine blood flow (Brotanek et al. 1969; Larcombe-McD-
ouall etal. 1999). As the uterus contracts, it occludes its own
blood vessels, resulting in local hypoxia/ischemia, which oc-
curs repetitively with subsequent contractions. The intensity
and frequency of uterine contractions can be augmented by
uterotonics such as oxytocin or prostaglandins. These are
given routinely to some women during dysfunctional labors,
which can further increase the intensity of uterine activity
and hence the duration of hypoxia. We recently discovered
that uterine tissue obtained from laboring women or rats
responded more strongly to oxytocin than uterine tissues
from nonpregnant or early pregnant women or rats, sug-
gesting that the myometrium becomes progressively more
sensitive to the uterotonics in preparation for labor (Alotaibi
2017). In fact, some women are much more sensitive than
others to the effect of uterotonics, and uterine hypertonicity,
tachysystole, or hyperstimulation can develop even with low
doses (Kunt et al. 2010).
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Severe hypoxia/ischemia can occur in tissues during
trauma, organ transplantation, surgery, or in the presence
of tumor resulting in tissue dysfunction or irreversible cel-
lular damage (McCully et al. 2004; Kupiec-Weglinski et al.
2005). However, abrupt restoration of blood flow/reoxygena-
tion after prolonged ischemia/hypoxia has been reported
to increase rather than decrease the cellular damage as it
stimulates the production of reactive oxygen species (ROS)
which can further accelerate the cellular damage and affect
the functional recovery (Gottlieb et al. 1994; Gute et al. 1998).
Ischemia/reperfusion injury is the main cause of uterine
damage during uterine transplantation, hysterectomy for
benign or malignant tumors, or during severe postpartum
hemorrhage (Fageeh et al. 2002; Diaz-Garcia et al. 2013).

A new phenomenon known as hypoxic or ischemic pre-
conditioning was first discovered by Murry et al. in 1986,
where brief cycles of hypoxia/ischemia were found to mark-
edly reduce the myocardial cellular injury following sus-
tained hypoxia/ischemia (Murry et al. 1986). We found pre-
viously that repeated cycles of short hypoxia can significantly
improve the uterine contractile activities in laboring women
and pregnant rats (Alotaibi et al. 2015) and that pregnant
uterus could tolerate the deleterious effects of hypoxia than
the nonpregnant tissue (Alotaibi 2018). Moreover, it has been
shown that prolonged hypoxia/ischemia can cause profound
endothelial dysfunction and that hypoxic preconditioning
(HPC) can significantly protect microvascular endothelial
cells against the deleterious effects of prolonged hypoxia
(Kharbanda et al. 2001; Wu et al. 2013). In the present study,
we used an in vitro rat model to study the effects of HPC on
isolated uterine smooth muscles.

We tested the hypothesis that sustained prolonged hy-
poxia can cause irreversible endometrial and myometrial
damage and then tested if HPC could ameliorate this damage
or improve the contractile function in nonpregnant rats.

Materials and Methods

Animals and uterine tissue

Adult female Virgin Wistar rats weighing 200 g, obtained
from a local supplier, were used in this study. The experi-
ments performed on laboratory rats were conducted in ac-
cordance with the advice and approval of the Institutional
Animal Care Committee (IACC) of King Saud University.
Rats were housed in a temperature-controlled room (~24-
26°C) with a 12-hour light/dark cycle and were fed food
pellets and water ad libitum. All rats were in the diestrus stage
of the estrous cycle as determined by a daily vaginal smear.
On the day of the experiment, the animals were euthanized
by cervical dislocation under CO, inhalation according to
the Schedule 1 procedure of the UK Scientific Act of 1986.

The abdomen was opened longitudinally and the uterus was
immediately removed and placed into a physiological saline
solution (PSS) containing (in mM): 115 NaCl, 4.7 KCl, 2
CaClz, 1.2 MgSO4, 1.18 KH2PO4, 22 NaHCO3, and 7.88
dextrose, (pH 7.40).

Measurement of tension and experimental protocols

Longitudinal uterine strips (2 x 10 mm), with intact endo-
metrium and serosa, were dissected carefully and mounted
in 5 ml organ bath chambers (Panlab, ADInstruments Ltd,
Sydney, Australia). Uterine strips were stretched to 1 g stand-
ard resting tension and allowed to equilibrate in a buffered
PSS solution with 100% O, at 37°C for at least 30 min. To
measure the degree of O, or N; and to deliver the appropriate
amount needed, a sophisticated fibre-optic oxygen micropro-
be (OxyMicro, World Precision Instruments, FL, USA) was
deeply inserted into the solution and the amount of delivered
gas was manually adjusted from the tank. Once steady and
regular phasic uterine contractions were established, uterine
strips were divided into three groups: 1) Control group (n =
9), uterine strips received 100% O, without any hypoxia; 2)
Prolonged hypoxia group (n = 9), uterine strips received
sustained hypoxia for 40 min (by replacing the O, with N)
followed by 20-min reoxygenation (recovery) period and
3) Preconditioning group (n = 9), uterine strips received
3 cycles of 2 min hypoxia separated by recovery periods and
were subjected to sustained hypoxia for 40 min followed by
20-min reoxygenation period.

Histopathological examination

After the 20-min reoxygenation period, the uterine strips
were immediately removed from the bathing solution and
fixed in 10% buffered formalin for 48 hours. The strips were
then processed (Tissue processor Leica ASP300, Germany)
and embedded (Leica EG1150 H embedder, Germany) in
paraffin wax. Tissue sections (~5 pm thick) were stained
with hematoxylin-eosin (H&E) for morphological studies.
Photomicrographs were captured at a magnification of x200
using a BX-60 light microscope equipped with a digital
camera (Olympus Corporation, Tokyo, Japan) and exam-
ined for histological analysis by arbitrary scale to assess the
severity of morphological changes. Histologic examination
was performed by an experienced histopathologist who was
blinded to the experimental groups.

Data and statistical analyses

Data were analyzed using Origin Software (OriginLab,
Northampton, MA). The main contractile parameter calcu-
lated was the area under the curve (AUC) which measures
the entire contractile activity under the area of interest. Data
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were analyzed as follows: contractile activity during the last
10 min in 100% O, (before application of hypoxia) was cal-
culated and designated as a 100% control. The last 10 min of
the recovery period (after the prolonged hypoxia) was then
calculated and expressed as a percentage of this control. Data
were presented as mean + standard error of the mean (SEM)
using the appropriate t-test. p values < 0.05 were considered
as statistically significant with n representing the number
of uterine samples, one from each rat. Histopathological
alterations were graded as minimal, moderate, or severe
(Schafer et al. 2018).

Results

Normal uterine function and structure

As shown in Fig. 14, isolated uterine strips are able to pro-
duce frequent, regular, and phasic spontaneous contractions
if placed in an optimal environment (i.e. continuous perfu-
sion of PSS with 100% O, at 37°C). In the histologic exami-
nation, the endometrial glands and stroma (lamina propria)
appeared normal with an intact and regular arrangement of
the myometrial cells (Fig. 1B).

Effects of prolonged hypoxia on uterine function and structure

Application of prolonged sustained hypoxia for 40 min
decreased the entire contractile force significantly during
hypoxia to 12 + 3% (p < 0.0001), and during reoxygenation to
69 + 1% compared to the 100% control (before application of
hypoxia) (n=9; p <0.01; Fig. 2A). In all uterine strips tested,
the pattern of contractile activity did not return to the regu-
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lar and stable contractions seen before the induction of the
hypoxia with incoordinate contractile pattern. The baseline
of contractions was markedly dropped during the prolonged
hypoxia and became elevated and irregular throughout the
reoxygenation period. The histologic examination revealed
severe degenerative changes in both endometrial and myo-
metrial cells (Fig. 2B). The myometrial cells were markedly
affected by the presence of concentric fibroid tissues around
the cells and the endometrial glands showed surrounding
severe fibrotic stroma with marked infiltration of eosinophils.

Effects of repetitive short hypoxia on uterine function and
structure after prolonged hypoxia

Application of 3 cycles of 2 min hypoxia decreased the force
of contraction and the tissue was able to recover success-
tully after each hypoxic episode. However, when prolonged
sustained hypoxia was applied for 40 min, the entire uterine
force decreased significantly during hypoxia to 33 £4% (p <
0.01), and during reoxygenation to 80 + 3% compared to the
100% control (before application of hypoxia) (n=9; p <0.01;
Fig. 3A). Although the force decreased during the reoxygena-
tion period in this group, it was more powerful than the
force during reoxygenation in the prolonged hypoxia group.
Histological examination revealed mild infiltration of the
endometrial glands and stroma by eosinophils and mild to
moderate degenerative changes in myometrial cells (Fig. 3B).

Discussion

We recently discovered that repeated episodes of transient
hypoxia could significantly improve the contractile uterine

Figure 1. A. Representative original recording showing the spontaneous uterine activity in 100% oxygen. B. Normal endometrial glands
and stroma (lamina propria) in rat uterus. Note the presence of normal myometrial cells (inset). Light microscopy: staining with hema-

toxylin and eosin x200. Scale bar represents 50 pm.
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Figure 2. A. Representative original recording showing the effect of 40 min hypoxia on rat uterine contractile activity. B. Marked infiltration
of numerous eosinophils into the myometrium (arrowhead). The endometrial glands appear with surrounding fibrotic stroma with marked
infiltration of eosinophils (inset, arrowhead). Light microscopy: staining with hematoxylin and eosin x200. Scale bar represents 50 um.

function after prolonged lethal hypoxia in the pregnant but
not in the nonpregnant rats (Alotaibi 2018). The present
study investigated the impact of intermittent short hypoxic
episodes on the survival of endometrial and myometrial
cells as well as on uterine contractile function following
prolonged sustained hypoxia in nonpregnant rats. We
found that sustained hypoxia can cause significant severe
irreversible damage to uterine tissues, which is ameliorated
by preconditioning with short, repetitive, nonlethal hypoxic
episodes. The uterus is an active organ even at rest, produc-
ing cyclical phasic spontaneous contractions separated by
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periods of relaxation. Like any other organ in the body,
it is vulnerable to some degree of pathophysiological hy-
poxia which is known to have a strong impact on cellular
transcriptome (Cummins et al. 2005). Repeated hypoxic/
ischemic insults occur normally within the uterus as it oc-
cludes its own blood vessels during each contraction with
subsequent alterations of intracellular pH and metabolites
(Larcombe-McDouall et al. 1999). Sustained hypoxia/is-
chemia can also develop within the uterus during uterine
transplantation, long gynecological surgeries, and during
severe postpartum hemorrhage. As a result, cellular injury

B

Figure 3. A. Representative isometric recording showing the effect of prolonged hypoxia (40 min) on uterine contraction precondi-
tioned with repeated brief cycles of hypoxia in nonpregnant rats. B. Endometrial glands and stroma infiltrated by mild eosinophils
(inset, arrowhead). Myometrial cells are mildly affected (arrow). Light microscopy: staining with hematoxylin and eosin x200. Scale
bar represents 50 pm.



Hypoxic preconditioning improves uterine function

501

or death may occur secondary to hypoxic/ischemic insults,
which is correlated with the duration and intensity of blood
flow interruption. During the period of sustained hypoxia/
ischemia, the stored ATP is depleted resulting in a genera-
tion of ROS during the reoxygenation/reperfusion period
(Horton et al. 1993) which can directly or indirectly aftect the
integrity of the cellular membrane. In this study, we showed
that prolonged hypoxia clearly damaged the endometrial
and myometrial cells and these degenerative changes did
not improve during the recovery period even after leaving
the tissue in 100% oxygen for a long period, suggesting that
irreversible damage to some uterine compartments took
place. Our findings are consistent with previous studies in
vivo which found severe degenerative endometrial changes
with infiltration of leukocytes (including eosinophils) after
prolonged ischemia in nonpregnant rats (Sahin et al. 2014;
Aslan et al. 2017). Activated eosinophils were reported to
release free radicals (Chanez et al. 1990) and were implicated
in epithelial damage (Yukawa et al. 1990). The major targets
of generated ROS are endothelial and smooth muscle cells
which can lead to severe mitochondrial and cellular damage,
and muscle dysfunction (Ballinger et al. 2000). Another typi-
cal sign of endometrial damage due to prolonged hypoxia is
the destruction of endometrial glands and the presence of
fibrotic stroma. It has been shown in mice that prolonged
ischemia for 30 min is able to cause detachment of endo-
metrial cells upon reperfusion (Okazaki et al. 2005). Diaz-
Garcia et al. (2013) investigated the viability of transplanted
uterus after exposure to warm ischemia in order to mimic the
time-frame of hypoxia/ischemia that occurs during routine
pelvic surgeries, and found that prolonged ischemia had
severe detrimental effects on the survival of the transplanted
uterus. We also found that prolonged hypoxia (40 min) can
significantly reduce the force of myometrial contraction even
after complete restoration of oxygen. This finding is consist-
ent with the results of previous studies showing markedly
reduced intestinal smooth muscle contraction after 30 min
of sustained ischemia (Guschlbauer et al. 2010). The under-
lying mechanisms of the irregularity of uterine contractile
activity that we observed during reoxygenation are not clear
as there are limited data in the literature investigating the
effect of prolonged hypoxia on contractility. However, it
can be explained partly by the increased Ca?" overload that
accumulated during hypoxia. It has been demonstrated in
rat cardiomyocytes that prolonged hypoxia (60 min) can
cause significant irreversible hypercontracture and serious
cellular injury during the reoxygenation, possibly due to
Ca?* accumulation in the cytosol during hypoxia (Abdallah
etal. 2010). Furthermore, it was reported in isolated human
uterine strips that prolonged hypoxia (20 min) is associated
with elevated intracellular Ca?* during entire application of
hypoxia (Monir-Bishty et al. 2003). Another possible expla-
nation for irregular myometrial activity after hypoxia is the

development of fibroid tissues, inflammation, and death of
some myometrial cells as we found by histologic examina-
tion. Our finding is in keeping with previous morphological
examinations which showed severe intracellular damage and
some cellular death during reoxygenation from sustained hy-
poxia in isolated rabbit (Kilgore et al. 1993) and rat (Kang et
al. 2000) cardiomyocytes. When oxygen is unavailable, ATP
is rapidly degraded and converted to hypoxanthine which
can react with xanthine oxidase in the reoxygenation period
to produce ROS (Saugstad 1996), which is known to cause
muscle damage (Ballinger et al. 2000). Another detrimental
effect of sustained hypoxia is the reduction of Na*-K* AT-
Pase activity which was reported in hearts (Elmoselhi et al.
2003) and smooth muscles (Shen et al. 2016). The myocar-
dium, kidney, liver, intestine, and brain are among the organs
in which HPC has been studied. However, few or no studies
were found relating to uterine tissue. We found that when
uterine tissue was preconditioned with brief cycles of repeti-
tive hypoxia, the degenerative endometrial and myometrial
damage after the prolonged hypoxia decreased markedly in
comparison with prolonged hypoxia alone. We suggest that
ROS, which are produced during the prolonged hypoxia,
may further damage the cellular contents. It has been shown
in humans that ischemic preconditioning can significantly
attenuate the detrimental endometrial dysfunction and sys-
temic neutrophil activation in vivo (Kharbanda et al. 2001).
Furthermore, it has been reported in isolated rat aortic
segments that, after HPC, the level of ROS was significantly
reduced and the functional recovery of endothelial cells was
improved following prolonged hypoxia (Carrasco-Martin et
al. 2005). The molecular mechanisms rendering slight im-
provement in uterine structure and function by short hypoxic
insults are not fully understood. We found previously that
repetitive episodes of short hypoxia can significantly improve
the force of uterine contraction in pregnant rats, possibly by
stimulating the prostaglandins biosynthesis and activation of
the purinergic receptors (Alotaibi et al. 2015). In addition,
we found that pregnant myometrium was able to withstand
the effects of prolonged hypoxia than the nonpregnant tissue
after repeated brief hypoxic insults (Alotaibi 2018). Other
studies suggest that preconditioning with intermittent hy-
poxic episodes can increase ATP release and expression of its
receptors which could improve muscle contraction (Elliott
etal. 2013). In addition, it has been reported that precondi-
tioning the heart with 3 cycles of ischemia can significantly
prevent the reduction in Na*-K* ATPase activity following
sustained ischemia (Elmoselhi et al. 2003).

In conclusion, this study demonstrated the detrimental
effects of prolonged hypoxia on endometrial and myometrial
cells survival and it clearly showed that during reoxygena-
tion severe degenerative changes occurred in uterine tissues,
which manifested as contractile dysfunction. However, chal-
lenging the uterine tissue with brief cycles of hypoxia could
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markedly improve the endometrial/myometrial structure and
function after sustained hypoxia. Further studies are needed
to investigate the exact mechanisms behind the HPC in the
uterus as few or no studies were performed on this tissue.
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