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Abstract

The presence of HSPs in female reproductive and their relationship with the steroid hormone fluctuation have been
reported in several mammals but not in non-human primates. The present research dealt with the oviductal expression and
localization of the more studied HSPs (60, 70, and 90) as well as the morphological changes in the Hamadryas baboon
(Papio hamadryas) during the follicular, preovulatory, and luteal phases of the menstrual cycle. Therefore, western blots,
histomorphological, and immunohistochemical analyses were carried out. The results of western blot analysis displayed
the lowest HSP expression in the luteal phase. The histomorphology showed that the mucosal epithelium consisted of
undifferentiated cuboidal cells in follicular and luteal phases and well-distinguishable columnar ciliated and non-ciliated
cells during the preovulatory phase. Immunohistochemistry evidenced that the mucosal epithelium contained cytoplasmic
and nuclear HSP60, 70, and 90 immunostaining in the follicular and luteal phases. During the preovulatory phase, the non-
ciliated cells showed: (i) cytoplasmic HSP60; (ii) nuclear and cytoplasmic HSP90. Ciliated cells showed cytoplasmic and
ciliary HSP70 and ciliary HSP90. The stromal cells and myocytes of muscular layer displayed a decreased cytoplasmic
HSP60 in the preovulatory phase and nuclear and low cytoplasmic HSP70 throughout the menstrual cycle. Nuclear HSP90
decreased in ampulla stromal cells and the follicular phase myocytes. These findings indicate that the expression pattern
of HSP60,70, and 90 is related to the morphofunctional features of the baboon oviductal ampulla during the menstrual
cycle and could represent a referent point for further studies in the oviduct of Primates.
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Introduction

The oviduct is a highly specialized structure of the female
reproductive system that assumes one of the most basic roles
in the reproductive process, being the site of fertilization,
pre-implantation, and embryo development (Li and Winut-
hayanon 2017). Based on the macroscopic and microscopic
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features, the oviduct can be divided into four main regions:
fimbria, infundibulum, ampulla, and isthmus. Each seg-
ment has a specific structure subordinated to the function
in charge (Abe 1996; Barton et al. 2020). Particularly, the
ampulla is the site where fertilization occurs. The oviduct
is a small, elongated, and tubular structure that connects the
ovary to the uterus and is formed by a fibromuscular com-
plex composed of layers such as mucosa, smooth muscle
layer, and connective serosa.

The important role of the oviduct is entrusted to the
luminal fluid that interacts successively with gametes and
embryos (Li and Winuthayanon 2017). The oviductal fluid
is a complex solution containing ions, energy substrates,
amino acids, prostaglandins, steroid hormones, growth
factors, and various proteins. The most abundant proteins
in oviduct secretions include serum albumin, oviductin
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(OVGP1), and heat shock proteins (HSPs) (Saint-Dizier et
al. 2020).

Heat shock proteins (HSPs) are ubiquitous proteins,
which were discovered by Ritossa (1962) and fully char-
acterized in their genetic structure and activity at the end of
the last century (Hu et al. 2022). Heat shock proteins are the
most conserved proteins in nature (Neuer et al. 2000) and
are suddenly expressed upon heat stress that, on the contrary,
usually causes a drastic switch-off in the protein expression.
Their presence is crucial for cell survival because they are
involved not only in protecting the cell from heat shock but
also in regulating intracellular transport, maintaining pro-
teins active, in regulating their folding and degradation (Hu
et al. 2022). In addition, HSPs can behave as extracellular
stress proteins (Calderwood et al. 2007). According to their
molecular weight, HSPs are categorized into six families:
HSP100, HSP90, HSP70, HSP60, HSP40, and small (15 to
30 kDa) HSPs. Each family of HSPs is composed of mem-
bers expressed either constitutively or regulated inductively
(Schmitt et al. 2007). In animals, the most studied HSPs are
those with molecular masses of 60, 70, and 90 kDa (Hu et al.
2022). The HSP60 is mainly contained in the mitochondrial
matrix, where it is necessary for the correct folding of mito-
chondrial proteins and the proteolytic degradation of mis-
folded or denatured proteins (Khalil et al. 2011; Malik and
Lone 2021; Hu et al. 2022). The expression of HSP70 is low
under physiological conditions, permitting constitutive cel-
lular activities to proceed, while different stresses strongly
induce it (Qian et al. 2006; Hu et al. 2022). In unstressed
cells, HSP90 can constitute up to 1% of total cellular pro-
teins (Kuhn et al. 2006). It has a role in maintaining pro-
tein conformation under normal conditions by associating
with several intracellular proteins such as some receptors,
calmodulin, actin, tubulin, and several kinases (Kopecek et
al. 2001; Takaki et al. 2007; Sima and Richter 2018; Hu et
al. 2022).

The appearance of the menstrual cycle and the modula-
tion of the oviductal morphology and function are regulated
by sex hormone fluctuations (Barton et al. 2020) that are
also modulators of the HSPs expression in several tissues
such as the porcine ovary (Sirotkin and Bauer 2011) and rat
hypothalamus (Olazabal et al. 1992). As for the oviduct, sex
hormone-depending HSPs expression has been reported in
ewes (Soleihavoup et al. 2016), rats (Mariani et al. 2000),
buffalos (Kalyanaraman et al. 2022), and bovines (Bauer-
sachs et al. 2004). Proteomic analyses of oviducts revealed
the presence of several HSPs in the luminal fluid of cows
(Lamy et al. 2016), rabbits (Yu et al. 2019), and ewes
(Soleihavoup et al. 2016), whereas immunohistochemical
investigations localized the site of the expression of HSPs
in cattle (Boilard et al. 2004)], rats (Mariani et al. 2000),
and women (Lachance et al. 2007). The role of HSPs in
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the oviduct is not clearly understood, although it has been
demonstrated that HSP60 expressed by oviductal epithelial
cells modulates sperm motility in humans (Lachance et al.
2007). Moreover, the members of the Hsp70 family, which
are expressed in oviductal cells, increase sperm viability in
sows and cattle (Elliott et al. 2009) and participate in the
zona pellucida-sperm interaction controlling polyspermy in
cattle (Sakatani et al. 2015).

The studies on the localization of HSPs in mammalian
oviducts are few and not exhaustive. HSP70 and HSP25
have been detected in the ampulla of rats during the estrous
cycle (Mariani et al. 2020). HSP60 has been localized in the
ampulla of early estrus cows (Boilard et al. 2004) and women
(Lachance et al. 2007). To our knowledge, no reports have
been conducted on the presence and localization of HSPs in
the oviduct of non-human primates. Baboons, as opposed
to laboratory animals, can be considered a beneficial model
for translational medicine, being very close to humans in
size, reproductive tracts, and menstrual cycle (Bauer 2015).
Thus, this study aimed to examine the abundance and local-
ization of the major HSP families (HSP60,70, and 90) in
the oviduct of a non-human primate such as the baboon
Papio hamadryas (Linnaeus, 1758) throughout the men-
strual cycle. Particularly, we dealt with the ampulla because
it is the site of oocyte fertilization and early embryonic
development.

Materials and methods

All chemicals were purchased from Sigma-Aldrich (Milano,
Italy) unless otherwise stated.

Animals

In this study, fourteen captive females of Papio hamadryas
housed in the Safari Zoo (Fasano (BR), South Italy) were
enrolled. The subjects were all adults, sexually mature, not
pregnant, and without endometrial disorders (hyperplasia,
endometritis, neoplasia) evaluated by ultrasonography. All
surgical interventions were conducted following Italian law
in respect of animal welfare.

The research was performed on oviducts removed dur-
ing a laparoscopic salpingectomy program for birth con-
trol of Papio hamadryas. The clinical project was required
and authorized with written informed consent by the Zoo’s
property (Leo 3000 S.p.a, c/o Safari Zoo) and approved by
the Ethical Committee of the Department of Emergency
and Organs Transplantation of the University of Bari-Aldo
Moro (approval number: 05/2020).
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Laparoscopic salpingectomy

Abdominal ultrasonography was performed before surgery
to evaluate the reproductive tract and exclude pregnant
females. Animals were kept fasting for 15 h and water was
withheld 8 h before surgery. Restrained in a squeeze cage,
animals were hand injected with Tiletamine-zolazepam
2.5 mg/kg and Medetomidine 0.03 mg/kg. A 21G intrave-
nous cannula was placed in the cephalic vein, and propofol
was administered to allow intubation. During the surgical
procedure, animals were maintained with isofluorane. The
administration of methadone 0.1 mg/kg IM and meloxicam
0.21 mg/kg as a single dose was necessary to guarantee
analgesia. A previous report described the surgical proce-
dures in detail (Lacitignola et al. 2022). Briefly, the 3port
technique with 5 mm instruments and a telescope placed at
the umbilical and hypogastric regions were employed. The
dissection of the oviduct, from the fimbriae to the uterine
attachment, was performed with a radiofrequency bipolar
vessel-sealing device. Immediately after excision, small
fragments of the ampulla were frozen in liquid nitrogen for
molecular analysis; the remaining tissue was fixed in 4%
(w/v) phosphate-buffered (PBS) paraformaldehyde and pro-
cessed for histological investigations.

Identification of the menstrual cycle phases

The baboon reproductive cycle’s phase was identified as
previously described (Desantis et al. 2022). Briefly, serum
samples obtained by blood centrifugation were used to eval-
uate beta-estradiol and progesterone concentrations by com-
mercial ELISA kits (monkey ELISA kits, My BioSource;
San Diego, CA USA). Measurements were made in dupli-
cate. Moreover, for each subject, the stage of the menstrual
cycle was confirmed by evaluating the specific pattern of
the vaginal cytology as previously published (Desantis et
al. 2022) and here briefly described. A vaginal swab was
employed to collect epithelial cells from the anterior vagina.
Cells were transferred onto a microscope slide by rolling
the swab on it. After fixation, cells were stained by the Diff
Quick method and observed under the optical microscope
Nikon Eclipse E600 (Nikon, Japan). At least 100 epithelial
cells were observed and counted for the presence of epithe-
lial nucleated (parabasal, intermediate, superficial cells) and
anucleated (cornified) cells. The presence of leukocytes,
erythrocytes and bacteria was also evaluated. The cornifica-
tion index (CI) was calculated as the number of cornified
cells x100/total number of epithelial cells. A CI value > 80%
was associated to the preovulatory phase.

Western blot analysis

Frozen fragments from the oviductal ampulla were pul-
verized in liquid nitrogen and completely homogenized
in cold lysis buffer (PBS, 0.1% Triton-X) in the presence
of protease inhibitors as previously described (Desantis et
al. 2010). Forty micrograms of proteins were loaded into
a precast 4-20% polyacrylamide gel (Criterion, Bio-Rad,
Milano, Italy), electrophoresed, and transferred to a PVDF
membrane (Millipore, Milano, Italy) by the Trans-Blot®SD
Semi-Dry Transfer cell (Bio-Rad, Milano, Italy).

The membrane was hybridized with a solution containing
1 pug of the primary antibody by the Snap i.d. system (Merck-
Millipore, Germany). For the identification of HSP60, 70,
and 90, the following mouse monoclonal antibodies were
employed: anti-HSP 60 (dilution: 1:600 sc-13115, Santa
Cruz Biotechnology Inc., USA), anti-HSP 70 (dilution:
1:600 sc-7298, Santa Cruz Biotechnology Inc., USA), and
anti-HSP 90 (dilution: 1:600 SMC-107, StressMarq Biosci-
ences Inc., Cadboro Bay, Victoria, Canada). For loading con-
trol and normalization, the membrane was also hybridized
to rabbit anti-beta-actin antibody (dilution: 1:1500 A2103,
SIGMA-Aldrich, USA). The hybridization signal was evi-
denced by the Vectastain elite system (Vector-Laboratories,
Burlingame, CA, USA) following the procedure suggested
by the company. In the negative control tests, the hybrid-
ization procedure was performed: (a) omitting the primary
antibodies and (b) hybridizing the membrane with a solution
containing the primary antibodies of the three HSPs let to
react with a molar excess of their control peptides (HSP60
control peptide sc-13115P; HSP70 control peptide sc-7298P;
HSP90 control peptide SPR102A) and the anti-beta-actin
primary antibody. The latter control was also performed to
verify the specificity of the obtained signals in this species.
Anyway, because all primary antibodies employed were
raised against proteins of human origin, a theoretical iden-
tity between human and non-human primates was checked.
For each HSP, the gene sequences of the two species were
aligned by the software “BLAST” (NCBI). Sequence iden-
tities were as follows: HSP60 98.20% (sequences acces-
sion numbers: M34664 (human), MW981594 (nonhuman
primate); HSP70 98.18% (sequences accession numbers:
M11717 (human), MW981595 (non-human primate);
HSP90 92.58% (sequences accession numbers: AF275719
(human), XR 167694.3 (nonhuman primate). The optical
density of each protein band was quantified using Quantity
One software (BioRad, Milano, Italy). The values expressed
as arbitrary units (A.U.) are presented as the ratio of the spe-
cific protein to the corresponding beta-actin optical density.
The western blot procedure was repeated twice.
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Histology
Tissue preparation

Oviducts from follicular (n=35), preovulatory (n=4), and
luteal (n=5) phases of baboon Papio hamadryas imme-
diately after salpingectomy were immersed in 4% (w/v)
PBS- paraformaldehyde and fixed for 24 h at room tem-
perature (RT). After trimming excess tissue, the ampulla
was separated from each oviduct, dehydrated in an ethanol
series, cleared in xylene, and embedded in paraffin. Serial
Sect. (5 um thick) were cut and, after de-waxing with xylene
and hydration in an ethanol series of descending concen-
trations, were stained with hematoxylin-eosin for morpho-
logical analysis and by immunohistochemistry to reveal the
presence and localization of HSPs.

Immunohistochemistry

Immunoperoxidase reaction was performed on serial paraf-
fin Sect. (5 um) using the same mouse monoclonal primary
antibodies (1:200) against HSP60, HSP70, or HSP90 used
for the western blot procedure. Sections were pretreated
(15 min) with 3% H,O, in methanol to inhibit endogenous
peroxidase activity, then rinsed with PBS and blocked for
30 min with normal horse serum (NHS) (Vector-Labora-
tories, Burlingame, CA, USA). Sections were incubated
overnight at 4 °C in a solution containing anti-HSP60, anti-
HSP70, or anti-HSP90 in PBS containing 2.5% NHS. After
rinsing in PBS, sections were incubated with Biotinylated
Universal Antibody (Vector-Laboratories, Burlingame, CA,
USA). Sections were again rinsed in PBS, and the staining
was visualized by incubating in DAB (Vector-Laboratories)

a b
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Fig. 1 Western blot analysis of HSP 60, 70, and 90 proteins in the
Papio hamadryas oviductal ampulla during the menstrual cycle. Panel
a: Representative immunoblot images of the three HSPs and beta-actin
in the ampulla oviduct samples. Beta-actin protein was used as an
internal control. Panel b: The bar graphic represents the densitometric
analysis of the three HSPs. The relative intensity was determined by
the ratio of each HSP to its corresponding internal control as mea-
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solution for 7 min. The specificity of immunohistochemical
staining was tested by replacing either the primary antibod-
ies, Biotinylated Universal Antibody, or the ABC complex
with PBS or by incubating sections with a solution con-
taining the primary antibody absorbed with a molar excess
of its control peptide under these conditions, staining was
abolished.

The evaluation of staining intensities was based on sub-
jective estimates of three of the authors (S.D., M.A., M.C.),
and the inter- and intraobserver error was tested to assess the
reproducibility of the system. A high degree of consistency
was found among observers.

Statistical analysis

The normal distribution of the quantitative HSP data was
assessed by the Kolmogorov-Smirnov test. The amounts
of HSPs among the different phases of the reproductive
cycle were analyzed by the non- parametric Kruskal-Wallis’
test and Mann-Whitney U-test, when appropriate and val-
ues expressed in arbitrary units (A.U.) by a bar graphic as
mean =+ standard deviation (S.D.). P values < 0.05 were con-
sidered significant.

Results
The abundance of HSP proteins in the ampulla
oviduct of adult hamadryas baboons during the

menstrual cycle

The quantitative change in the ampulla HSPs amount was
evaluated by Western blot analysis. As shown in Fig. 1- panel
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sured by densitometry. A.U., arbitrary units; LP, luteal phase; FP, fol-
licular phase; PP, preovulatory phase, N negative control. *= P <0.05;
**= P<0.01 determined by the non-parametric Kluskal- Wallis’ test
and Mann-Whitney U-test, when appropriate. Data are represented as
mean + standard deviation of four or five baboon tissue samples for
preovulatory, follicular and luteal phases. Bars, standard deviation;
asterisks indicate significant differences between phases
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a, HSP60, 70, and 90 were expressed in the Papio hama-
dryas oviduct during the follicular, preovulatory, and luteal
phases. The absence of positive signals for HSPs in the neg-
ative control (Fig. 1, lane N) demonstrates the specificity of
the employed anti-HSP primary antibodies.

The densitometric analysis represented as a bar chart in
panel b, shows that all the three HSPs were expressed at the
lowest level in the luteal phase. Comparing the expression
level of each HSP between the follicular phase and the luteal
phase, we found statistically significant differences (HSP60,
P<0.05; HSP70 and 90. P<0.01), and this difference in
the protein expression was still evident in the preovula-
tory phase with respect to the luteal phase (P <0.05). Only
HSP90 expression changed significantly between the fol-
licular and preovulatory phases (P <0.05). The expression

Fig. 2 Light micrographs showing histological
features of the baboon Papio hamadryas oviductal
ampulla. a, low magnification of a cross-sectioned
of ampulla. b,¢,d, details of morphological features
of the ampulla epithelium during the menstrual
cycle. e,f,g, mucosal folds constituted of covering
epithelium and lamina propria. h-j, muscular layer.
cc, ciliated cell; 1, lumen; Ip, lamina propria; m, mus-
cularis; mf, mucosal fold; s, serosa; arrow, mucosal
epithelium; asterisk, non-ciliated (secretory) cell.
Hematoxylin-eosin staining. Scale bars: 2a, 500 pm;
b,c,d, 10 um; e-j, 30 um

level of the oviductal HSP70 is the highest compared to
those of HSP60 and HSP90 (HSP70 vs. HSP60; HSP70 vs.
HSP90, P<0.001).

Histological analysis

The histological sections showed that the ampulla is con-
stituted of mucosal folds (covering epithelium and lamina
propria) (Fig. 2a,e.f,g), a muscular wall (Fig. 2a,h,i,j), and
connective serosa (Fig. 2a).

As it has been previously reported (Desantis et al. 2022),
the epithelium lining the mucosal folds consisted of cuboi-
dal and undifferentiated cells during the follicular and
luteal phases (Fig. 2b,d) and well-differentiated columnar

Follicular phase
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Table 1 Expression of the HSP 60,70,90 in the mucosal epithelium
of baboon Papio hamadryas oviductal ampulla during the menstrual
cycle
Men-
strual
phases
Fol- +/+n/++as
licular
phase
Preovu-
latory
phase
Luteal
phase
ac, apical cytoplasm; as, apical surface; CC, ciliated cells; ci, cilia; g,
granular staining; n, nucleus; NC, nonciliated cells

Heat Shock Proteins (HSPs)
HSP60 HSP70

HSP90

+/4+n/++ac +¥/*

+gNC/++acNC +NC/++CC/+ci +n/+acNC/+ci

+-+/++n/++ac ++*/++n +*/+n

* positivity not in all cells. If not specified, the positivity was detected
in both nonciliated and ciliated cells

Results are expressed by a subjective scale: -, negative reaction; +, +,
++, faintly, weakly, clearly visible immunostainings

ciliated and non-ciliated cells during the preovulatory phase
(Fig. 2¢).

HSPs immunolocalization

The immunolocalization of HSP60, 70, and 90 patterns in
the ampulla displayed variable staining during the menstrual

Fig. 3 HSP60 immunoreactivity in the
baboon (Papio hamadryas) oviductal
ampulla during the menstrual cycle. The
immunohistochemical stain used diamino-
benzidine as the chromogen. a,b,c show

the immunoreactivity in the epithelium and
lamina propria of the mucosal folds. The
insets of a,b,c show details of the epithelium
immunoreactivity. d,e,f display the immunos-
taining of the muscle layer. Note the lower
immunostaining in the mucosal fold and the
muscle layer of the preovulatory phase com-
pared to the follicular and luteal phases. g,h,i
show the absence of immunostaining in the
negative control procedures. cc, ciliated cell;
e, epithelium; lp, lamina propria; m, muscle
layer; mf, mucosal fold nc, non-ciliated
cells; asterisk, apical region of noncili-

ated cells. Scale bars: ab,c,d,e,f=20 pum;
g,h,i=100 pum; insets of a,b,c=10 um
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Follicular phase

cycle. The results of the immunohistochemical patterns in
the mucosal epithelium are summarized in Table 1; Figs. 3,
4 and 5.

HSP60 (Fig. 3)

During the follicular phase, HSP60 positivity was observed
in the nucleus and the entire cytoplasm of the epithe-
lial cells. Particularly, the epithelium apical surface was
strongly stained (Fig. 3a). Also, the stromal cells (Fig. 3a)
and the muscle cells (Fig. 3d) showed cytoplasmic HSP60-
immunoreactivity. During the preovulatory phase, immuno-
reactivity was detected in the cytoplasm of the nonciliated
cells (Fig. 3b). The immunostaining had a granular pattern
and was mainly observed in the apical cytoplasm (inset of
Fig. 3b). Also, the stromal cells (Fig. 3b) and muscle cells
(Fig. 3e) displayed very weak immunostaining. The luteal
phase showed an HSP60 immunostaining pattern like the
follicular phase (Fig. 3c,f).

HSP70 (Fig. 4)

In the ampulla, the mucosal epithelial cells, stromal, and
smooth muscle cells displayed nuclear and cytoplasmic
immunostaining for HSP70. During the follicular phase, the

HSP60

Preovulatory phase Luteal phase



Veterinary Research Communications (2024) 48:979-990

985

cytoplasmic reaction was concentrated in the apical region
of the epithelial cells (Fig. 4a). In addition, the stromal and
muscle cells were strongly immunostained (Fig. 4a,d). In
the ampullae of the preovulatory phase, HSP70 was detected
in the cytoplasm of the nonciliated and, to a major extent,
in ciliated cell cytoplasm, nucleus, and cilia (Fig. 4b). The
stromal and especially the muscle cells were not uniformly
labeled and both the cell types displayed immunopositiv-
ity ranging from negative to strong staining (Fig. 4b,e).
During the luteal phase, the mucosal epithelium showed
strong nuclear and cytoplasmic HSP70-immunopositivity
(Fig. 4c), also detected in the stromal cells (Fig. 4c) and
muscle cells (Fig. 41).

HSP90 (Fig. 5)

In the follicular phase ampullae a well-visible HSP90
immunostaining was observed in the cytoplasm and nucleus
of some cells constituting the mucosal epithelium while
faint immunoreactivity was detected in the lamina propria
(nucleus of stromal cells) (Fig. 5a) and in almost all mus-
cle cells of muscularis (Fig. 5d). During the preovulatory
phase, HSP90-positive immunoreaction was localized in the
nucleus of all epithelial cell types and the apical cytoplasm
of nonciliated cells and in the cilia of ciliated cells (Fig. 5b).
No significant change in the intensity and immunostaining

Fig. 4 HSP70 immunoreactivity in the
baboon (Papio hamadryas) oviductal
ampulla during the menstrual cycle. The
immunohistochemical stain used diamino-
benzidine as the chromogen. a,b,c show

the immunoreactivity in the epithelium and
lamina propria of the mucosal folds. The
insets of a,b,c show details of the epithelium
immunoreactivity. Note in picture b the
stronger staining of ciliated cells compared
to nonciliated cells during the preovulatory
phase. d,e,f display the immunostaining of
the muscle layer. Note the lower immunos-
taining in the muscle layer of the preovula-
tory phase compared to follicular and luteal
phases. g,h,i show the absence of immunos-
taining in the negative control procedures.
cc, ciliated cell; e, epithelium; lp, lamina
propria; m, muscle layer; mf, mucosal fold;
nc, non-ciliated cells; arrowhead, cilia. Scale
bars: ab,c,d,e,f=20 um; g,h,i=100 um;
insets of a,b,c=10 um

Follicular phase

pattern of lamina propria and muscularis was observed
compared to the follicular phase (Fig. 5e). The ampullae
of the luteal phase showed an HSP90-immunolocalization
pattern like the follicular phase in the mucosal epithelium
(compare Fig. Sc with Fig. 5a), whereas lamina propria and
muscle cells displayed slightly higher HSP90 immunore-
activity than the follicular phase (compare Fig. Sc,f with
Fig. 5a,d) and the preovulatory phase (compare Fig. c,f with
Fig. Sb,e).

Discussion

Human reproduction has benefited significantly by inves-
tigating non-human primate models such as macaques
and baboons (Bauer 2015). Their menstrual cycle closely
resembles that of women (Goncharov et al. 1976) as well
as the estrogen synthesis during pregnancy (Kling et al.
1972) so that the limit deriving from the use of most labora-
tory animals, whose estrous cycle is strikingly different, is
overcome (Brenner and West 1975). Until now, few reports
exist on the molecular expression of the baboon oviduct
proteins. This work, which planned to enlarge knowledge
on the baboon Papio hamadryas oviduct, demonstrated for
the first time that the abundance and immunolocalization of

HSP70

Preovulatory phase Luteal phase
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Fig. 5 HSP90 immunoreactivity in the
baboon (Papio hamadryas) oviductal
ampulla during the menstrual cycle. The
immunohistochemical stain used diamino-
benzidine as the chromogen. a,b,c show

the immunoreactivity in the epithelium and
lamina propria of the mucosal folds. The
insets of a,b,c show details of the epithelium
immunoreactivity. Note the strong positivity
of nonciliated cell apical zone and the weak
staining of the cilia during the preovulatory
phase (inset of b). d,e,f display the immunos-
taining of the muscle layer. Note the stronger
immunostaining of muscle cells in the
preovulatory and luteal phases compared to
the follicular phase. g,h,i show the absence
of immunostaining in the negative control
procedures. ac, apical cytoplasm; e, epithe-
lium; Ip, lamina propria; m, muscle layer; mf,
mucosal fold; nc, non-ciliated cells; arrow-
head, cilia. Scale bars: ab,c,d,e,f=20 um;
g,h,i=100 pm; insets of a,b,c=10 um

Follicular phase

the HSP proteins are related to the menstrual cycle, which is
regulated by the fluctuation of the sex steroids.

The Western blot analysis results showed that the abun-
dance of HSP70 protein was more than HSP60 and 90.
Notably, in the luteal phase, the quantitative values of the
three investigated HSPs were significantly lower than in
the other phases of the menstrual cycle. These findings
agree with previous observations (Soleihavoup et al. 2016),
which reported a strong reduction of HSP71 (belonging to
the HSP70 family) in the luteal phase of the ewe oviduct.
The relationship between sex steroids and HSP expression
has been observed in other mammals, such as rats (Olazabal
et al. 1992) and buffalos (Kalyanaraman et al. 2022), and
reinforces what is evidenced by the sex steroid regulation
of the HSPs on the oviductal secretome (Binelli et al. 2008).

Also the immunohistochemical analysis results demon-
strated changes in the localization and expression of the
HSP60,70, and 90 in the ampulla during the phases of the
menstrual cycle. As for the ampulla epithelium, HSP60, in
addition to the cytoplasmic localization, was unexpectedly
found in the nuclei during the follicular and luteal phases,
when the nonciliated and the ciliated cells are not distin-
guishable. The presence of this chaperonine in the cytoplasm
and mitochondria of normal cells is well- known (Malik
and Lone 2021; Hu et al. 2022). In addition, the nuclear
expression of HSP60 has been detected in the nucleus of
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the oviductal epithelium in women with severe salpingeal
pathology such as Chlamydia trichomonas-induced oviduct
sterility (Zhao and Li 2004).

Interestingly, the present study revealed that during the
preovulatory phase, when the nonciliated and ciliated cells
were well differentiated, apical positivity was clearly visible
in the nonciliated cells. It has been reported that HSP60 is
secreted by epithelial cells on the external side of the cell
environment (Sangiorgi et al. 2017). Thus, these results
suggest that the apical expression of HSP60 is directly cor-
related to the estradiol level and that HSP60 may consti-
tute part of the material secreted from the nonciliated cells.
The ampulla is the site where sperm interaction with cumu-
lus—oocyte complex occurs and where complex physical
and chemical factors could exist and contribute to regulat-
ing sperm activities. The presence of HSP60 in the apical
cytoplasm has been immunohistochemically demonstrated
in bovine during the early estrus (Boilard et al. 2004) and
in human ampulla (Lachance et al. 2007). In both these
species, HSP60 binds to spermatozoa (Boilard et al. 2004;
Lachance et al. 2007) without affecting sperm viability,
motility, or acrosomal integrity. In addition, a role in the
protective integrity of the bovine sperm plasma membrane
and in acquiring their fertilizing capacity has been pro-
posed (Lachance et al. 2007). As for the ciliated cells, the
present study did not detect the presence of HSP60 in this
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epithelial cell type. In contrast, Liman (2023) has recently
demonstrated the cilia of the ciliated cells of efferent duct-
ules in the domestic cat exhibited strong HSPD1/HSP60
immunostaining.

As for the HSP70, this protein was characteristically
much more expressed in the epithelium apical zone during
the follicular phase than in the other menstrual phases. We
cannot give an interpretation of this finding because previ-
ous ultrastructural studies reported that during the follicular
phase, the apical region of the epithelium lining the lumen
of the baboon ampulla lacks cytoplasmic organelles and
secretory granules (Verhage et al. 1997). During the preovu-
latory phase, HSP70 was detected weakly expressed in the
cytoplasm of nonciliated cells and, to a major extent in the
ciliated cells and in the cilia. These results align with pre-
vious reports on the HSP70 cellular localization (Hu et al.
2022 for references). This study demonstrated that also the
expression of HSP70 is responsive to hormonal changes. In
rats, the cytoplasm of ampulla epithelial cells shows a dif-
ferent expression of HSP70 during the estrus cycle reaching
the highest level during diestrus (Mariani et al. 2000). The
involvement of HSP70 in female reproductive functions has
been reported in mice (Swelum et al. 2021) because sup-
plementation of the culture medium with monoclonal anti-
bodies against HSP70 inhibits fertilization. As regards the
expression of HSP70 in the cilia, our results agree with the
evidence of the presence of this protein in cilia or flagella
of various organisms such as Chlamydomonas, sea urchins,
tetrahymena, and rabbits (Williams and Nelsen 1997; Ste-
phens and Lemieux 1999). In cilia, HSP70 is related to
axonemal protein dynamics (Stephens and Lemieux 1999).
The observed presence of HSP70 in the nuclei of epithelial
cells during the follicular and luteal phases is difficult to
interpret, although a selective transfer of HSP70 from the
cytoplasm to the nucleus has been detected (Mehlen and
Arrigo 1994). It has been reported that the nuclear localiza-
tion of HSP70 has a role in inhibiting apoptosis (Schoedel et
al. 2021) and in the heat shock response in vitiligo (Abdou
et al. 2013). Long-term exposure of bovine oviduct epithe-
lial cells to high temperature (41 °C) increased the expres-
sion of HSP70 with no effect on cell viability, suggesting
its putative protective role (Rapala et al. 2018). In addition,
it has been suggested that high levels of HPS70 mRNA are
related to the rise in the body temperature with a concomi-
tant increase in the temperature of the reproductive organs,
which is a common feature in farm animals before estrus
and until ovulation (Kalyanaraman et al. 2022). It must take
into account that sex steroid fluctuation is responsible for
the rise in the basal temperature, which induces the presence
of heat stress mediators in reproductive organs during the
preovulatory periods (Olazabal et al. 1992; Soleihavoup et
al. 2016). In buffalo (Kalyanaraman et al. 2022) and bovine

(Bauersachs et al. 2004) oviducts, the maximal expression
of HSP70 mRNA has been detected during the late estrous
cycle phase. Moreover, an increase in the level of HSP70 in
the bovine oviduct has been reported during the late proes-
trus and estrus phases when the down-regulation of estrogen
receptors occurs (Salvetti et al. 2008).

The presence of HSP90 was characteristically detected
in the apical region of secretory nonciliated cells and in
the cilia during the preovulatory phase. The secretion of
HSP90 from nonciliated cells could be implicated in the
lumen milieu, whereas ciliary HSP90 could be involved
in the ciliary beating and transport of gametes. The pres-
ence of HSP90 has been immunohistochemically detected
in the cilia of mouse oviducts in which their involvement
in the stability of ciliary tubulin and in the regulation of
ciliary beating has been suggested (Takaki et al. 2007). This
suggests that the expression of HSP90 is important for the
progression of spermatozoa along the ampulla. In the ovi-
duct ampulla, diverse sperm movements and activities have
been observed in vivo in the mouse model, where complex
physical and chemical factors could exist and contribute to
regulating sperm activities (Wang and Larina 2023). Since
the ampulla is the site of fertilization, it is possible to sup-
pose that HSP90 has a role in this process. A similar trend
of HSP90 detected in the present study has been observed in
the sheep oviduct (Soleihavoup et al. 2016). These findings
meet with the view that HSP90 regulates estrogen recep-
tor signaling (Suuronen et al. 2008) and consequently the
morpho-functional features of estrogen tissue target.

The stromal cells (fibroblasts and macrophages) of the
baboon oviductal ampulla showed a weaker cytoplasmic
HSP60-positivity during the preovulatory phase compared to
the other phases of the menstrual cycle. Although previous
studies have detected the presence of HSP60 in the ampulla
stromal cells of humans (Zhao and Li 2004) and estrus bovine
(Boilard et al. 2004), the present study demonstrates the rela-
tionship between sex hormone fluctuation and the expression
of HSP60 in the oviductal stromal cells of the baboons. Unlike
HSP60, the expression of HSP70 in the stromal cells did not
show significant changes during the menstrual cycle. To our
knowledge, studies on the expression of this chaperonine in the
oviduct of other mammals are lacking. However, it has been
reported the increased expression of HSP70 in endometrial
stromal cells during postpartum in rats (Liman 2017) as well
as the role of estradiol in the increased HSP70 in the endome-
trium of pregnant sheep (Jee et al. 2021). Moreover, the present
study revealed the nuclear expression of HSP90 in the ampulla
stromal cells throughout the menstrual cycle. No data on the
presence of this chaperonine in the oviduct of other mamma-
lian species have been published to date. As for the female
reproductive tract, the immunolocalization of HSP90 has been
observed in the stromal cells of the human uterus throughout
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the menstrual cycle (Komatsu et al. 1997) and in postpartum
uterus of rats (Liman 2017). Although the functions of HSPs in
fibroblasts are unknown, it has been suggested that the expres-
sion of HSP70 and HSP90 could be associated with their sur-
vival and mobility (Liman 2017).

The smooth muscle cells of the muscular wall expressed
cytoplasmic HSP60 immunoreactivity in the ampulla through-
out the menstrual cycle, with the weakest immunostaining
during the preovulatory phase. To the best of the authors’
knowledge, there is no study illustrating the expression of
HSP60 in the oviductal muscle cells of other mammals.

The presence of HSP70 has been observed in the oviduct
of rats, although no differences between the segments and the
phases of the estrous cycle are reported (Mariani et al. 2000).
Our study aligns with data reported in humans by Komatsu
et al. (1997); in fact, the baboon myocytes displayed cyto-
plasmic and nuclear HSP70 immunostaining during the
entire menstrual cycle especially during the follicular phase.
It has been reported that HSP70 binds progesterone recep-
tors (Smith and Toft 1993) that are highly expressed in myo-
metrial smooth muscle cells during the proliferative phase,
and are maintained in the secretory phase (Lessey et al. 1988;
Kawaguchi et al. 1991). For this reason, the involvement of
this chaperonine in addition to the progesterone in the prolif-
erative activity (Kawaguchi et al. 1991) and in the morpho-
logical and functional differentiation of the smooth muscle
cells in the menstrual cycle and during pregnancy (Fujii et al.
1990) can be assumed. As for HSP90, in the present study,
this protein was found in the nucleus of the muscle cells of
the ampulla muscularis throughout the menstrual cycle with a
strong expression in the preovulatory and luteal phases. The
immunostaining was stronger in the preovulatory and luteal
phases than in the follicular phase. There are no studies illus-
trating the expression of HSP90 in the muscle cells of the
oviduct muscularis in other mammals. However, the presence
of HSP90 has been observed in the nucleus and cytoplasm
of myocytes of rat postpartum myometrium (Liman 2017).
HSP90 immunoreactivity has been found in the myometrial
smooth muscle cells of women throughout the menstrual
cycle and the staining intensity was stronger in the prolifera-
tive phase than in the secretory phase (Komatsu et al. 1997).
In the latter phase, the expression of estrogen receptors is
down-regulated, whereas progesterone is maintained (Lessey
et al. 1988; Kawaguchi et al. 1991). It has been reported that
HSP90 masks the functional domains to maintain an inac-
tive state (Smith and Toft 1993), as well as it is necessary for
the maintenance of the appropriate conformation required for
the hormone-binding activity of the steroid receptors (Bresn-
ick et al. 1989). Therefore, the expression of HSP90 in the
muscularis of the baboon oviductal ampulla may be related
to the change in sex steroid receptor levels during the men-
strual cycle. It is known that steroid hormones play a roles in

@ Springer

the regulation of ampulla muscular activities that drive the
oviductal fluid flow (Barton et al. 2020) and that the HSPs
expressed in the smooth muscles are important modula-
tors of muscle contraction, cell migration, and cell survival
(Salinthone et al. 2008).

Conclusions

This is the first report demonstrating the presence of HSPs,
namely HSP60, 70, and 90, in the oviductal ampulla of non-
human primates such as baboon Papio hamadryas. Particu-
larly, a spatial-temporal specificity of the expression of these
proteins was observed during the phases of the menstrual
cycle. The results strengthen the idea that the expression of
HSPs in the Papio hamadryas oviduct might be essential for
the modulation of the role played by the oviductal ampulla.
Although the specific roles played by oviductal HSPs in the
oviduct are not well understood, our results contribute to
highlighting the indisputable role and the relationship among
HSPs, sex hormones, and functional activity in the baboon
oviduct. This study provides new insights into the molecu-
lar composition of the oviduct of a primate phylogenetically
close to humans whose female reproductive apparatus is regu-
lated by the same hormonal events, but in which an extensive
study of the expression of HSPs has not been carried out yet.
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