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ABSTRACT

Free and open-source software for image analysis and morphological measurements in scientific research
is rising in popularity and capabilities as new methods, plugins and macros are being actively developed.
A semi-automated method for measuring rat uterus morphology using free and open-source software (Gimp
and FIJI) is demonstrated in this paper. Research was performed on ovariectomized rats as a model of
osteoporosis (with sham-operated control group). The animals were treated with alendronate, hop extract
or the combination of the two. Whole histological slides were photographed and images were manually
pre-processed in Gimp. Color masks from Gimp were loaded in FI1JI and polar transformation and meas-
urements were made using a custom macro. This analysis was supplemented by manual assessment of Ki67
proliferation marker expression by a pathologist. Our results suggest that monotherapy or combination
therapy with alendronate and hop extract does not cause proliferation of the endometrium in ovariectomized
rats and would be safe for use in osteoporosis treatment in this regard. The semi-automated method used in
this research is more precise and unbiased than older manual methods. Furthermore, it can be easily adapted
for analysis of whole-slide images of almost any round or oval organ.
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INTRODUCTION developing countries, or small laboratories with limited
funding. It is not surprising, then, that free and open-

FREE AND OPEN-SOURCE SOFTWARE source image analysis programs are being increasingly

IN BIOMEDICAL IMAGE ANALYSIS developed, perfected, and used in scientific biomedical
image analysis. Probably the best example is ImageJ,

created 35 years ago as NIH Image, which became Im-
ageJ and soon stimulated creation of different plugins

Image analysis in biological studies is moving away
from semi-quantitative manual analysis and steering in
direction of obtaining exact numerical data through the and even ImageJ-based distributions, such as FIJI. All
usage of digital technologies for image processing and this work was driven by the needs of researchers rather
analysis. Some image processing and analysis software than by profit and market (Schindelin et al., 2012:

pg(_:ka_ges are proprietary a_nd are used only with a spe-  gchneider et al., 2012; Rueden et al., 2017).

cific instrument (e.g. a microscope or a CT scanner),

while others are open-source and developed by individ- Th§se programs have become more poyverful as
uals or organizations in the scientific community. computing capabilities of modern computers increased,

so nowadays many of these software packages support
large, whole-slide images, which contain very large
amount of data (Aeffner et al., 2019). Some programs can

Proprietary software often comes with a significant
price tag. This may be out of reach of scientific teams in
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be integrated with online platforms for controlled access
to images and their metadata, such as OMERO, an open
source platform (Burel et al., 2015). Some open access
programs also offer the flexibility of writing custom
plugins or macros that can be tailored to specific projects
which might be out of scope for proprietary software.
These and other developments in the field have led to an
unprecedented collection and analysis of biomedical im-
ages for scientific research in recent decades (Schneider
etal., 2012).

Furthermore, some studies require that the images
be edited or combined before the measurements are
made or simply for a better presentation of the results.
Probably the most popular software for that purpose
is a proprietary program Adobe Photoshop. There are
free and open-source alternatives to this software,
such as GIMP (GNU image manipulation program by
GIMP Development Team, 2022. Available at:
https://www.gimp.org.), which is one of the most
used and most functional such programs and is avail-
able for Linux, Windows and macOS (Solomon,
2009; Sedgewick, 2017).

OSTEOPOROSIS, PHYTOESTROGENS,
AND REPRODUCTIVE ORGANS

Osteoporosis is a metabolic disorder of the skele-
tal system characterized by the reduction of bone
mass and increased bone fragility (Ensrud and Cran-
dall, 2017). Primary osteoporosis is caused by the
physiological reduction in sex hormone levels in older
age, while secondary osteoporosis is, by definition,
osteoporosis with a different and clearly definable eti-
ology, such as adverse reactions to medication and
other (Dobbs et al., 1999; Ji and Yu, 2015).

In the second half of the 20" century, estrogen re-
placement therapy was used for the treatment of oste-
oporosis, however, research in late 20" and early 215
century showed that estrogen therapy was related to
increased risk of breast cancer and cardiovascular dis-
eases. Therefore, bisphosphonates a took major role
in treating osteoporosis in modern medicine, and the
use of selective estrogen receptor modulators
(SERMs) increased in recent decades (Tella and Gal-
lagher, 2014; An, 2016). Bisphosponates are synthetic
analogues of pyrophosphate which inhibit bone re-
sorption through several mechanisms, prominent
members of the group being alendronate, risendronate
and ibandronate (Drake et al., 2008).

Recent research focused on using phytoestrogens
from different plants in the treatment of postmeno-
pausal symptoms, such as hot flashes, and the data
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show that they are effective to a certain extent, with-
out significant side-effects (Chen et al., 2015). Re-
search also showed that phytoestrogens from soybean,
hops and other sources can inhibit bone loss and help
the in prevention of osteoporosis both in animals and
humans and are being considered as candidates for os-
teoporosis prevention and treatment (Fu et al., 2014;
Stupski et al., 2021). One of the recent candidates for
research is 8-prenylnaringenin (8PN), the most potent
phytoestrogen in hops, and one of the most potent
phytoestrogens known to date. Although 8PN content
in hops is relatively low, cytochrome P450 in the liver
and certain microbes in distal colon can transform
prenylated isoflavones from hops (xanthohumol and
isoxanthohumol) into 8PN (Guo et al., 2006;
Possemiers et al., 2006). 8PN has a high affinity for
estrogen receptors (ER), with a preference for ERa
over ERB. ERa expression is prevalent in uterus,
bone, adipose tissue and mammary gland, among oth-
ers (Pohjanvirta and Nasri, 2022). In vivo and in vitro
studies show that 8PN has a beneficial effect on oste-
ogenesis, prevents bone loss and improves biome-
chanical bone properties (Himpel et al., 2005; Sehm-
isch et al., 2008; Ming et al., 2013; Luo et al., 2014).

Since phytoestrogens act via ER, there is a justi-
fied concern that they, especially the more potent ones
(such as 8PN), might have adverse effects on estro-
gen-sensitive organs, such as uterus, vagina, and
mammary gland (Rimoldi et al., 2006; Stulikova et
al., 2018). Different trophic effects of 8PN on repro-
ductive organs have been described, from negligible
to significant, depending on the dose and study de-
sign, and information about estrogenic effects on the
reproductive organs could be important for the assess-
ment of safety of putative 8PN therapy in humans.
(Himpel et al., 2005; Christoffel et al., 2006; Rimoldi
et al., 2006; Keiler et al., 2015; Stulikova et al.,
2018).

To date, there is no data about the effect of
bisphosphonate and hop extract combination therapy
on the osteoporosis and reproductive organs. In this
paper we investigated the effect of alendronate, hop
extract and their combination on uterine morphology
of ovariectomized Wistar rats. We hereby also
demonstrate a method for measuring rat uterus mor-
phology, which can easily be adapted to suit the anal-
ysis of whole-slide images of almost any hollow or-
gan, such as cross-sections of blood vessels or intes-
tines. Results of these analyses are supplemented by
manually assessed Ki67 expression.
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MATERIAL AND METHODS

ANIMALS AND STUDY DESIGN

The study was approved by ethical committees of
Faculty of Science, University of Zagreb (Approval
Code: 251-58-10617-19-704) and Faculty of Medicine
Osijek (Approval Code: 2158-61-46-22-16), as well as
Croatian National ethical committee for protection of la-
boratory animals (EP 233/2020). Care and handling of
the animals were in line with current international ethi-
cal norms, such as the Croatian law (Law on the Welfare
of Animals, NN135/06 and NN37/13), EU Directive
2010/63/EU for animal experiments and Guide for the
Care and Use of Laboratory Animals (National Research
Council (US) Committee for the Update of the Guide for
the Care and Use of Laboratory Animals., 2011).

A total of 68 six month old female Wistar rats were
divided into 7 groups, 9 - 10 rats per group. Six groups
were ovariectomized, while the control group underwent
a sham operation. The 6 ovariectomized groups were:
1) untreated (OV, receiving 1 mL of intragastric (IG) pro-
pylene glycol, vehicle for the hop extract), 2) alendro-
nate-low (AL, receiving 1mg/kg IG alendronate),
3) alendronate-high (AH, receiving 2 mg/kg 1G alendro-
nate), 4) alendronate-low + hop extract (AL-X, receiving
1 mg/kg IG alendronate and 60 mg/kg hop extract), 5)
alendronate-high + hop extract (AH-X, receiving 2 mg/kg

3890 - GIMP.

IG alendronate and 60 mg/kg hop extract), and 6) hop ex-
tract (X, receiving 60 mg/kg hop extract). The control
group also received 1 mL of IG propylene glycol. The an-
imals were anesthetized using sevoflurane, sacrificed and
uteri were fixed in 4 % paraformaldehyde. Middle third
part of each uterus was embedded into paraffin blocks,
and cut on a rotary microtome (Slee CUT 4060, Slee,
Mainz, Germany) into 6 um slides.

Alendronate was used as Alendox 70 (Belupo,
Koprivnica, Croatia), for hop extract XanthoFlav was
used (Hopsteiner, New York, USA), and sevoflurane was
used as Sevorane (Abbott Laboratories, Chicago, Illinois,
USA). According to HPLC analysis, XanthoFlav extract
contained 75% xanthohumol, 0,4% isoxanthohumol,
0,3% 8-prenylnaringenin and 1,7% 6-prenylnaringenin.

UTERINE MORPHOLOGY

Slides stained with hematoxylin and eosin were
photographed using Axiovert 200M microscope and
Axiocam MRc camera (Carl Zeiss, Oberkochen, Ger-
many). The whole slide was scanned under a 20 x ob-
jective as separate tiles forming a grid. The tiles were
stitched together using Grid/Collection stitching plugin
in FIJI distribution (Schindelin et al., 2012), and an im-
age of the whole uterus cross-section was obtained for
each slide. Stitched images were manually processed in
GIMP software to obtain color masks of endometrial
layer, lumen, and total uterine tissue (Fig.1).

Fig. 1. Creating color masks in Gimp. Image shows editable semi-transparent masks representing each layer of the
uterus (myometrium and perimetrium in blue, endometrium in red and lumen in yellow), each mask on a separate

layer of the image.
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The endometrium area and total uterus cross-section
area were measured using FI1JI. Share of endometrium
area in total uterus area was calculated. The average
thickness of the endometrium and whole uterus was
measuredusing a custom-written macro in FIJI (see
supplementary material). The ratio of average endome-
trium thickness and average total uterus thickness was
calculated. First input for the macro were the previ-
ously made color masks of the lumen that were used to
find the center of mass. Center of mass coordinates
were then used to perform polar transformation on
mask images of the endometrium or whole uterus
cross-section using the Polar transformer plugin for FIJI
(Available at: https://imagej.nih.gov/ij/plugins/polar
-transformer.html). Polar transformer “unfolds” the
masks taking a line for each of 360° viewed from the
center of mass coordinates of a round object and creates
a linear output image (Fig. 2). Using the macro, each
row of pixels (representing 1°) was analyzed for white
or black pixels using the histogram function. The sum
of black pixels in each row was stored in a comma-sep-
arated value (.csv) file and the average value of the 360
measurements was used as the average thickness.
Based on the pixel to micrometer ratio, pixel values
were converted to micrometers. Share of the endome-
trium area or average thickness in whole uterus area or
average thickness were statistically analyzed in Past

software (Ham-mer et al., 2001) using ANOVA with
Tukey-Kramer post hoc test.

KI67 EXPRESSION

Ki67 immunohistochemical (IHC) staining was per-
formed on an automatic VENTANA BenchMark Ultra
IHC stainer (Roche, Basel, Switzerland). Rabbit mono-
clonal anti-Ki67 primary antibody produced by Roche
(REF 791-4286) was used as recommended by supplier.
Signal visualization was performed using UltraView
Universal DAB Detection kit by Roche (REF 760-500).
Slides were counterstained with hematoxylin as part of
IHC stainer’s protocol, manually dehydrated and co-
verslipped using automatic coverslipper Dako Sakura
(Agilent, California, USA). Reaction buffer (Roche,
REF 950-300) without primary antibody was used as
negative control. The nuclear staining for Ki67 was as-
sessed manually by an expert pathologist, using the
AXIO Imager Microscope (Zeiss, Oberkochen, Ger-
many). The tissues included in the analysis were: lu-
minal epithelium (LE), glandular epithelium (GE), en-
dometrial stroma (S) and myometrium (M). Strong nu-
clear Ki67 signal was counted in five consecutive high-
power fields (40 x objective), which provides around
500 cells for analysis (Kinra and Malik, 2020). Results
were analyzed using Kruskal-Wallis test with Dunn’s
post hoc and Bonferroni’s correction in Past software
(Hammer et al., 2001).

A

B

Fig. 2. Polar transformation of the prepared masks. Original mask of whole uterus cross-section (A); original mask
of endometrium cross-section (B); polar transformation of image A (C); polar transformation of image B (D).
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Fig. 3. Ki67 expression. Image is showing part of the endometrium stained for Ki67 (A) and a negative control (B).
Ki67 signal is visible in the nuclei of the lining and glandular epithelium, as well as several stromal cells. Objective

40 x, scale bar 100 pum.

RESULTS

UTERINE MORPHOLOGY

Brightfield microscopy examination revealed nor-
mal uterine morphology. As expected, the sham control
group had significantly larger organs with endometrium
morphology corresponding to normal estrous cycle. The
ovariectomized groups had noticeably thinner endome-
trium, with markedly less glands and connective tissue

(Fig. 4).
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Once the masks were created and loaded in FIJI, our
custom macro transformed the masks to linear images
and measured the average thickness successfully. The
share of endometrium area in total uterine cross-section
area and the share of endometrium thickness in total
uterine thickness were significantly higher in the control
group than in all the ovariectomized groups. As for the
ovariectomized groups, no significant differences were
found in the measured values. Regardless of the treat-
ment, the endometrium measurements were similar to
the OV group (Fig. 4).
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Fig. 4. Results of morphometric analysis. Ratio of endometrium area in total uterine area (A); ratio of endometrium
thickness in total uterine thickness (B). Cont. — control group; OV — ovariectomized untreated group; AL — low dose
alendronate; AH — high dose alendronate; AL-X — alendronate-low and hop extract; AH-X — alendronate-high and
hop extract; X — hop extract. Significant p values are shown on the graphs.
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Fig. 5. Analysis of Ki67 expression. Share of Ki67 positive cells in luminal epithelium (A), glandular epithelium (B),
stroma (C) and myometrium (D). Cont. — control group; OV — ovariectomized untreated group; AL — low dose alen-
dronate; AH — high dose alendronate; AL-X — alendronate-low and hop extract; AH-X — alendronate-high and hop
extract; X — hop extract. Significant p values are shown on the graphs.

KI67 EXPRESSION

Under a brightfield microscope, clear Ki67 THC
staining was observed on all slides (Fig. 3). Some false
positives detected in small blood vessels were ignored
during the analysis. In all the investigated tissues (LE,
GE, S and M), the highest level of Ki67 expression was
found in the control group, although not all of it was sta-
tistically significant (Fig. 5). Ki67 expression in the LE
was significantly lower in groups treated with alendro-
nate (both high and low dose), than in the sham-operated
group. In the GE, no significant changes in Ki67 expres-
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sion were found. In the S, significantly lower Ki67 ex-
pression was found in the AH group, compared to both
control group and AL group. As for the M, Ki67 expres-
sion was significantly lower in AH, AH-X and X group
than in the control group, and it should be noted that AL-
X group was near borderline significance (p = 0.078). In
the M, Ki67 expression was also significantly lower in
the AH group compared to the AL group.

DISCUSSION

The significantly larger thickness and area of the en-
dometrium in the control group was expected, as these
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animals had ovaries and normal exposure to sex hor-
mones. Nevertheless, the fact that other groups did not
differ significantly shows that neither the hop extract,
alendronate, nor their combination caused any signifi-
cant proliferation of the endometrium. In the light of
some concerns about phytoestrogen therapy for osteopo-
rosis due to its potentially proliferative effects, our re-
sults suggest that hop extract, alone or in combination
with alendronate, may be safe for use regarding the pro-
liferative effects on endometrium in the given dose
range. In fact, endometrial cancer risk is already known
to be decreased by alendronate therapy for osteoporosis
(Newcomb et al., 2015). Therefore, our results suggest
that alendronate and hop extract combination should be
safe in this regard.

Ki67 is a marker of cellular proliferation, often used
to assess the proliferative activity of malignant tumors.
It is considered a clinically relevant marker in endome-
trial cancer (Kitson et al., 2017). Reduction of Ki67 ex-
pression in ovariectomized groups was expected, since
the sex hormones are directly involved in regulation of
cellular proliferation in the uterine tissues (Quarmby and
Korach, 1984; Marusak et al., 2007). Furthermore, in
some tissues, a significant or near-significant decrease
in Ki67 expression was seen in alendronate-treated
groups, especially in the AH group. This is consistent
with other research which shows that bisphosphonate
therapy lowers Ki67 in different tissues (Soydan et al.,
2015; Kassab, 2019; Sung et al., 2020). The association
of bisphosphonate therapy with a reduced risk of post-
menopausal endometrial cancer seems logical in the
context of lower expression of Ki67, an indicator of cel-
lular proliferation, however, the mechanisms behind this
phenomenon are still unclear (Newcomb et al., 2015).
This effect of bisphosphonate therapy may alleviate con-
cerns regarding the possible proliferative effect of phy-
toestrogen therapy if used concomitantly with bisphos-
phonates. In our study, hop extract did not have a prolif-
erative effect similar to estrogen. According to recent re-
search, phytoestrogens can have different effects on fe-
male genital tract, but this varies with different phytoes-
trogens and one of the effects is reduced risk of endome-
trial cancer in humans (Burton and Wells, 2002). There-
fore, our research suggests that alendronate and hop ex-
tract, alone or in combination therapy, do not cause pro-
liferation of uterine tissues, and can even have a certain
antiproliferative effect. It should be noted that, due to al-
ready mentioned biotransformation of xanthohumol into
8PN, most of the hop extract effects could be via 8PN.

It was interesting to see that Ki67 expression was
significantly higher in the AL group than in the AH
group in myometrium, and stroma. This might suggest
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that the effect of alendronate on the proliferation of cells
in the myometrium is dose-dependent. Nevertheless,
this was not present between AL-X and AH-X groups.
Therefore, the effect of alendronate and hop extract may
be additive in this respect. However, the difference be-
tween these groups and OV group was not significant,
so the actual importance of these results is unclear. Fur-
ther investigation of this effect is needed.

In the past, we have successfully used free and
open-source software for research projects, e.g. for
measurements of trabecular bone, aortae and femoral ar-
teries (Bijeli¢ et al., 2017, 2022; Kozina et al., 2019).
The method we used to measure uterine morphology
was developed as we were looking for a method more
precise and unbiased for measurement of hollow organs
than some older methods (such as drawing a target over
the organ and measuring several diameters or measuring
the longest and shortest radius/diameter). In our method
we made 360 measurements, one for each degree from
the center of mass. An average of 360 measurements
gives a more precise result than just several measure-
ments since many hollow organs are of irregular shape
and morphology of their layers can vary on the cross-
section. Our method can be easily adapted for measure-
ment of any relatively round organ cross-section.

The method itself is semi-automated as multi-layered
organs, such as uterus and blood vessels, have to be seg-
mented first in order to identify the layers of interest (such
as endometrium or myometrium). This needs to be done
by an experienced histologist or pathologist. Although se-
lection and segmentation can be done in FIJI, manual seg-
mentation in Gimp has many advantages, e.g. selecting in
multiple layers, using transparency function, easy editing
of the selection, much more extensive undo/redo func-
tions etc. This allows for meticulous annotation and pre-
paring of masks that can be easily measured in FIJI using
our macro. Another advantage of using Gimp is saving of
the .xcf files with all the layers and selections intact for
later review and modification as needed.

We have considered several programs for counting
Ki67, however, in this paper, we decided to assess it
manually by a pathologist. Although there are fine pro-
grams and plugins for measuring IHC signal, such soft-
ware may not always be 100% accurate, which depends
not only on the software itself, but also on the strength
of IHC staining, possible background staining, false pos-
itives, and the counterstain. The common errors that
come from usage of automated analysis include frag-
menting one positive nucleus into 2 or more, merging of
several positive nuclei, failing to detect weakly stained
nuclei, identifying cytoplasmic staining and endothelial
cells etc. Manual preparation and editing of these images
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to achieve good results with automated counting would
be too time consuming in our case. On the other hand,
some groups have reported good results, some of them
with free and open-source software, such as QuPath and
ImageJ (Feng et al., 2020; Boyaci et al., 2021), but there
is still room for improvement, both in free and commer-
cial software (Vesterinen et al., 2022). This is an active
field of research and, hopefully, the results may allow
for full automatization of the positive cell counting in
the future.

In conclusion, our semi-automated method enables
precise and unbiased analysis of whole-slide images of
almost any round or oval organ using free and open-
source software. To our knowledge, this is the first paper
dealing with the impact of combination therapy with
alendronate and hop extract on uterine morphology in
osteoporosis model.
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