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1. ABSTRACT

Proposed hypothetical causes of endometriosis include
retrograde menstruation, lymphatic and vascular metastasis,
iatrogenic  direct implantation, coelomic metaplasia,
embryonic rest, and mesenchymal cell differentiation
(induction). Each theory, individually, fails to account for
all types of endometriotic lesions, thereby implicating
combined and/or type-specific mechanisms. Recent
evidence supports the presence of endometrial
stem/progenitor cells and their possible involvement in
eutopic endometrial regeneration and differentiation. Thus
an additional novel mechanism for the origin of
endometriotic lesions is that they arise from ectopic
endometrial stem/progenitor cells.
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2. INTRODUCTION

Endometriosis is defined as the presence of
endometrium-like tissues outside of the uterine cavity. It is
frequently associated with a variety of symptoms including
dysmenorrhea and dyspareunia (1, 2). The common sites
for endometriotic implants are the ovaries, pelvic
peritoneum, uterine ligaments, and the rectovaginal septum.
Endometriosis may also be found rarely on the intestine,
bladder, pelvic lymph nodes, cervix, vagina, fallopian
tubes, and in distant sites such as the lung, skin, kidney,
brain, and spinal column (1-3). The principal microscopic
finding is that of glandular components surrounded by
endometrial-like stroma (4). Endometriotic lesions,
particularly deep infiltrating endometriosis, are also often
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accompanied by smooth muscle cell components,
presumably arising via smooth muscle metaplasia (5).
Angiogenesis and innervation are also observed in
endometriotic lesions (6, 7).

Since its identification over 80 years ago,
several theories have been proposed to account for the
origin and pathogenesis of endometriosis (8-13). Amongst
these  hypotheses, the  retrograde  menstruation
(implantation) theory has been most widely accepted as it is
a very plausible explanation for peritoneal endometriosis
(9, 12, 13). Coeclomic metaplasia and the embryo rest
theories are also well documented (8-13), and may account
for the pathogenesis of ovarian endometriomas and
rectovaginal endometriosis, respectively (9). However,
each theory in itself fails to explain all types of
endometriosis. Thus, several combined and/or type-specific
mechanisms may be involved in the establishment of
endometriotic lesions (8-13).

The human endometrium undergoes cyclical
regeneration throughout a woman’s reproductive life,
which suggests that it contains a population of
stem/progenitor cells. Recent evidence supports the
presence of endometrial stem/progenitor cells and their
possible involvement in eutopic endometrial regeneration
and differentiation (14-16). This taken in the context of the
implantation theory forms the basis for a novel hypothesis
that states that endometrial stem/progenitor cells may be
responsible for giving rise to endometriosis when they are
ectopically located.

In this review article we first summarize
various conventional theories that have been proposed to
explain the pathogenesis of endometriosis. We then
introduce and discuss a new concept, which we will refer to
as the “stem cell theory” in which endometriotic lesion
cells originate from endometrial stem/progenitor cells.

3. CONVENTIONAL THEORIES

3.1. Implantation theory
3.1.1. Retrograde menstruation theory

The retrograde menstruation theory or
implantation theory, proposed by Sampson more than 80
years ago (17), states that endometriotic lesions may result
from the implantation of viable refluxed endometrial
tissues on the peritoneal surface and/or pelvic organs via
retrograde menstruation through the fallopian tubes (8-13,
18).

This hypothesis has been most widely
accepted, in particular, for peritoneal endometriosis (9, 12,
13), as it is biologically plausible and supported by the
following observations: 1) menstrual blood and peritoneal
fluid contain viable endometrial cells (19, 20), 2) shed
endometrial cells are able to implant and proliferate in vivo
(21, 22), 3) retrograde menstruation is universally
(approximately 90%) observed in reproductive-aged
women (19), 4) obstructed menstruation is associated with
endometriosis (23, 24), and 5) the frequency of
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endometriotic implants is influenced by an individual’s
pelvic anatomy (25).

Ovarian endometriomas can also be explained
by the implantation theory in which the inversion and
invagination of the ovarian cortex implanted with
menstrual debris may generate endometriotic lesions within
the ovary, which ultimately develop into endometriomas.

Although substantial circumstantial evidence
supports this theory, documentation of critical events
including initial attachment, secondary proliferation, and
invasion of the endometrial implants have not been done on
a microscopic level in vivo (26-28). It is somewhat
surprising that the molecular events joining the relatively
common findings of endometriosis and retrograde
menstruation remain elusive, and this detracts from an
otherwise plausible hypothesis.

3.1.2. Lymphatic and vascular metastasis theory

This theory proposes that endometriosis may
result from the lymphatic and hematogenous dissemination
of endometrial cells/tissues (29, 30). It has been advocated
to account for the occurrence of endometriosis at distant or
unusual sites such as the parenchyma of the lung, lymph
nodes, and brain. As in the implantation theory, there are
several observations which support this, which include: 1)
endometrial tissues are present in the uterine veins of
women with adenomyosis (30), and 2) the intravenous
injection of endometrial tissue induces pulmonary
endometriosis in rabbits (31), and 3) the presence of
endometriosis in lymph nodes following lymphadenectomy
has been observed in approximately 6% of women (32).

3.1.3. Iatrogenic direct implantation

Endometriosis is rarely observed at surgical
scars resulting from many types of procedures including
cesarean section, episiotomy, and abdominal
laparotomy/laparoscopy (10). The pathogenesis of this type
of endometriosis is best explained by the iatrogenic direct
implantation theory in which endometrial cells/tissues are
deposited into the area of a surgical incision (10). While
straightforward, this theory does not exclude the possible
contributions of coelomic metaplasia and lymphatic or
hematologic dissemination.

3.2. Metaplasia theory
3.2.1. Coelomic metaplasia theory

The premise of this theory, originally
proposed by Iwanoff and Meyer, is that yet to be identified
cells, which are capable of differentiating into
endometrium, may be present among the mesothelial cells
lining the ovary and pelvic peritoneum (11, 18). This
hypothesis accounts not only for peritoneal endometriosis
but also for ovarian endometriomas. Indeed, Nisolle and
Donnez argued that endometriomas are caused by
metaplasia of the invaginated coelomic epithelium (9). The
coelomic metaplasia theory also explains the occurrence of
endometriosis in prepubertal (33) and adolescent girls (34),
in women who never menstruated (35), and in any location
containing mesothelium including the pleural cavity (3).
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3.2.2. Embryonic rest theory

In the 1890s, Von Recklinghausen (36) and
Russell (37) introduced the embryonic rest theory in which
embryonic cell rests of miillerian origin could differentiate
into functioning endometrium under a specific stimulus.

In the coelomic metaplasia theory, the origin
of endometriosis is basically restricted to the mesothelium,
whereas the embryonic rest theory proposes that
endometriotic lesions are derived from embryonic cell rests
which are not necessarily confined to the mesothelium.
Since embryonic cell rests of miillerian origin are present
not only in women but also in men, this theory could
explain the rare cases of endometriosis reported in men (38,
39). Using this embryonic rest theory Nisolle and Donnez
explained the histogenesis of rectovaginal endometriosis, a
deep-infiltrating endometriosis of the rectovaginal septum
(9). They postulated that rectovaginal endometriosis
corresponded to an adenomyotic nodule derived from
miillerian rests by a process of metaplasia (9).

3.3. Induction theory

The induction theory proposes that
unidentified factors present in the menstrual effluent and/or
produced by the menstrual endometrium may induce
differentiation of undifferentiated (peritoneal) cells into
endometrial-like tissues (10, 11, 13). This theory is partly a
prerequisite for the coelomic metaplasia theory in that a
specific stimulus is believed to be required for endometrial
metaplasia. Several in vivo and in vitro experiments support
the induction theory (40-43); however, the definitive
inducing factors and the precise mechanism(s) responsible
for endometrial metaplasia and/or differentiation remain to
be elucidated.

3.4. Composite theory

None of the previously discussed theories in
isolation explains the pathogenesis of all types of
endometriosis. Javert proposed combining the theories of
implantation, vascular/lymphatic metastasis with the theory
of direct extension of endometrial tissue through the
myometrium, and termed his explanation the composite
theory (44).

In a similar context, Nisolle and Donnez
postulated that the pathogenesis of endometriosis may be
type specific (9). They proposed that the implantation
theory is the most appropriate for peritoneal endometriosis.
Coelomic metaplasia of invaginated ovarian epithelial
inclusions rather than the implantation/dissemination of
refluxed endometrial tissues/cells onto the surface of
ovaries could give rise to ovarian endometriomas.
Rectovaginal endometriosis is well explained by the
embryonic rest theory in which it would result from
metaplasia of millerian remnants present in the
rectovaginal septum.

All of these conventional theories in isolation
or in combination account for the pathogenesis of

endometriosis. However, even the well-established
retrograde menstruation theory has been questioned
because it has not been able to be duplicated
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experimentally or proven on a microscopic basis (14-16).
Indeed, the implantation theory does not address what types
of cells/tissues are involved in the establishment of
endometriotic lesions. Although the human endometrium is
believed to have a unique regeneration potential, it is
unlikely that any of the cell types present in the endometrial
tissue would give rise to continuously growing
endometriotic lesions. The stem cell theory not only
identifies a putative endometriosis-initiating cell but also
addresses other unresolved/unexplained issues.

4. STEM CELL THEORY

4.1. Adult stem cells and the human endometrium

Adult stem cells (also termed somatic stem
cells or tissue-specific stem cells) are found in an
undifferentiated state throughout the whole body (15). They
are able to self-renew through indefinite and/or asymmetric
cell division, under the appropriate physiological
microenvironment or “stem cell niche” thereby generating
committed cells that go on to maintain their organ of origin.
They play a critical role in the replenishment and
regeneration of dying cells and damaged tissues, thereby
contributing to the structural and functional maintenance of
the organs and tissues.

The human uterine endometrium, which
mainly consists of glandular epithelium and stroma,
exhibits menstruation-associated tissue breakdown and
shedding but subsequently displays complete renewal in
each monthly menstrual cycle. These dynamic and unique
properties  support the presence of endometrial
stem/progenitor cells that likely reside in the basalis layer
and serve as a potential source by which to regenerate the
entire endometrium (15).

4.2. Endometrial stem cells and their roles in
endometrial physiology

Recently, many groups including ours, through a
variety of methods, have identified, isolated, and/or
characterized putative endometrial stem/progenitor cells
and their relevant cells (45-69), which show plasticity to
differentiate into a variety of tissue types. These are listed
in Table 1 (16). It seems, however, that each of the methods
used produces cells which are distinct from the cells
isolated by another method. For instance, several groups
including us have employed side population-based
method(s) to isolate putative endometrial stem/progenitor
cells (45, 53, 56, 66). These endometrial SP cells share
some properties; however, they differ with respect to the
expression pattern of surface markers, clonal efficiency,
preference for culture conditions, and localization in the
eutopic normal endometrium (45, 53, 56, 66). Thus,
precisely how many types of stem cell exist in the human
endometrium, how they differ in phenotype and function,
and what hierarchical relationship extends across the
various types of these stem cells, remain to be elucidated.
Table 1 also summarizes the results of several clinical
observations and animal experiments that illustrate the
plasticity of adult stem cells, particularly those from the
bone marrow in relation to the endometrium in humans (51,
65) and in mice (49, 69). These studies collectively provide
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Table 1. Functional identification and differentiation capacities of endometrial stem/progenitor cells. Adapted with permission

from reference 16

Stem/progenitor cell type Possible commitment References
[Epithelial cells |Stromal cells |Other cells

Clonogenic human endometrial

o + 50
epithelial cells
(Clonogenic human - endometrial + Adipocytes, osteocytes, smooth muscle cells, chondrocytes 48, 50
stromal cells
Human endometriall
CD146"PDGF'-Rb" mesenchymal| + Adipocytes, osteocytes, smooth muscle cells, chondrocytes 63
stem cell-like cells
Human endometrial tissue-| .

e + + Endothelial cells 55
reconstituting cells
Endometrial stromal cells + Chondrocytes, dopaminergic neurons 67, 68
Human ESP cells + + Endothelial cells, smooth muscle cells 45, 53, 56, 66
Bone marrow-derived cells + + 49, 51, 65, 69
Menstrual blood cells n Cardiomyocytes, myocytes, adipocytes, osteocytes, smooth 57.59. 62
muscle cells, chondrocytes, neural cells

Endothelial progenttor cells (bone ? Endothelial cells, perivascular cells 54, 55, 58
marrow-derived)
Mouse label-retaining cells I+ + Perivascular cells 46,47, 52, 64

Abbreviation: '"PDGF, platelet-derived growth factor

strong evidence that the bone marrow can serve as an
exogenous source of endometrial stromal and glandular
precursor cells.

We have recently demonstrated that
endometrial side population (ESP) cells, which
preferentially express a universal stem cell marker, ATP-
binding cassette sub-family G member 2 (ABCG?2), exhibit
the potential for differentiation into glandular, stromal,
endothelial and smooth muscle cells (56) (Figure 1).
Intriguingly, these SP cells have endothelial progenitor cell
(EPC)-like properties (56), and ABCG2" cells largely
corresponding to ESP cells indeed reside preferentially in
the vascular wall of endometrial small vessels of both the
functional and basal layers (56). We therefore postulate that
putative endometrial stem/progenitor cells within the side
population may propagate and differentiate into various cell
components of the human endometrium through
angiogenesis, ultimately contributing to the regeneration of
the entire endometrium (15, 56) (Figure 1). Given the
localization of ESP cells in the functional layer of the
human endometrium (56), the basal layer may not be the
only source for renewed endometrium (15). Furthermore,
ESP cells have some properties similar to EPCs (56), which
originate in the bone marrow (70, 71). These observations
are consistent with the above-mentioned paradigm that
bone marrow-derived cells contribute to the regeneration of
the endometrium.

4.3. Possible role of stem cells in the pathogenesis of
endometriosis

When one considers the regeneration and
differentiation potentials of endometrial stem/progenitor
cells including ESP cells (56) in the context of implantation
theory, a reasonable secondary hypothesis is that these
putative stem/progenitor cells, which are at least in part
originated from bone marrow, can give rise to
endometriotic lesions when they are implanted or located at
ectopic sites (15, 16, 72) (Figure 2).

Endometrial stem/progenitor cells may be
transported to ectopic sites via many routes: retrograde
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menstruation, lymphatic and vascular dissemination, direct
migration and invasion, or a combination. Given the bone-
marrow origin of the endometrial stem/progenitor cells (51,
65), it is conceivable that hematogenous dissemination of
these cells may be more likely than initially thought.
Indeed, bone-marrow-derived cells also populate
established endometriotic implants in mice (49, 69) and
may be found in endometriosis lesions of hysterectomized
mice (49). Thus, the stem cell theory also explains the more
unusual cases of endometriosis located at distant sites such
as the lung or brain (Figure 2).

As mentioned before, the critical weakness of
the retrograde menstruation theory is that, despite the high
prevalence of peritoneal endometriosis, it is extremely rare
to detect microscopically the initial developmental steps of
endometrial implants including the attachment of the
endometrial tissue to the peritoneum and its secondary
proliferation and invasion (26-28). The stem cell theory
with some modification accounts for this. Based on this

theory,  endometriosis  arises  from  endometrial
stem/progenitor cell(s) contained in the implanted
endometrial fragments. We propose that endometrial

stem/progenitor “cells” rather than endometrial “tissues”
implant and give rise to endometriotic lesions; therefore, it
may be almost impossible to detect the initial attachment
and proliferation events of these cells. If our hypothesis is
correct, endometriotic lesions likely become
microscopically detectable once the initial events are
completed and at that time will be classified as established
lesions. In this context, endometrial stem/progenitor cells
are both necessary and sufficient for the establishment of
endometriosis even if a single or very few cells locate
ectopically. In contrast, non-stem/progenitor cells in the
endometrium, which are the majority of total endometrial
cells, will not give rise to “persistent” endometriosis even
when a large number of them exist ectopically.

The functional layer of endometrium is
sloughed off at menstruation and is partially refluxed into
the peritoneal cavity through the fallopian tubes. Therefore,
endometrial stem/progenitor cells should be present in the
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Figure 1. Proposed model for ESP cell-driven endometrial regeneration. Adapted with permission from reference 56.
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Figure 2. Proposed model for the ectopic location of putative endometrial stem/progenitor cells including ESP cells and the
subsequent establishment of endometriotic lesion. Adapted with permission from reference 15.
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functional layer if the stem theory is correct. Although
these cells are believed to localize to the basal layer (73,
74), our data have shown that ABCG2+ cells, largely
corresponding to ESP cells, one of the putative endometrial
stem/progenitor cells, are also present in the functional
layer (56).

Endometrial stem/progenitor cells comprise
only a small fraction of all endometrial cells. For instance,
ESP cells occupy only approximately 2% of the
endometrial cell population (56). Thus, the chance of
endometrial/stem progenitor cells implanting ectopically
and giving rise to endometriotic lesions is very low.
Furthermore, in general, stem/progenitor cells function only
in the presence of an appropriate stem cell niche. Thus, it is
plausible that the coincidence of the initial implantation
event and the presence of a suitable stem cell niche may
be extremely rare, which may partly account for the
discrepancy between the incidence of endometriosis and
the frequent occurrence of retrograde menstruation.

The clonality of an endometriotic lesion is
pertinent to its origin and natural history. Several studies
have demonstrated that ovarian endometriomas are
monoclonal in origin (75-77), supporting the single-cell
derivation of endometrial ovarian cysts. Conversely,
peritoneal endometriotic lesions are polyclonal (78, 79).
Importantly, however, individual glands of endometriotic
lesions are monoclonal (78). These observations indicate
that single and/or multiple precursor cells may give rise
to a single peritoneal endometriotic lesion, the glands of
which individually arise from a single stem/progenitor
cell (78). Recent studies suggest that certain stem cell
markers are expressed preferentially in endometriotic
lesions (80-82). These findings collectively support the
stem cell theory. Stem cell theory does not contradict the
metaplasia theory which states that presently unidentified
precursor cells in the mesothelium and/or miillerian duct
remnants are capable of differentiation into endometrial
cells under some specific stimulus (9-13). If the stem cell
theory is widely interpreted, these putative precursor
cells can be regarded as endometrial stem/progenitor
cells.

Sasson and Taylor originally proposed a
possible role for as-yet-unidentified endometrial stem
cells in the pathogenesis of endometriosis (72). The recent
data of our group and others (45, 56) further strengthens
this concept of a “stem cell theory” by identifying the ESP
cell as not only being the most likely candidate for the
endometrial stem/progenitor cell. Additionally, these
observations suggest that the ESP also contains the
endometriosis-initiating (EMI) cell. Considering the
pathogenesis of endometriosis, EMI cells should have the
following properties. First, since the functional layer shed
during menstruation, the retrograde menstruation theory
(implantation theory) requires the presence of EMI cells in
the functional layer. Second, attachment, migration and
angiogenesis are essential for the implantation and survival
of EMI cells at ectopic site(s). EMI cells, therefore, should
have migratory potential and angiogenic capability. Third,
to give rise to endometriotic lesion(s) containing glandular
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structures, EMI cells should demonstrate pluripotency. Our
recent data have revealed that ESP cells satisfy most of the
criteria of EMI cells in that ESP cells are present in the
functional layer and have migratory, angiogeneic and stem
cell-like properties (56). In addition to lending further
credence to the stem cell theory of endometriosis, our ESP
cell observations also provide additional support to the
retrograde menstruation theory. Thus, our current review
offers novel data and provides a new insight into the
pathogenesis of endometriosis (72).

5. SUMMARY AND PERSPECTIVE

More than 100 years have passed since the
first theory explaining endometriosis was proposed. To
date, the implantation and metaplasia theories have been
widely accepted, and they are not mutually exclusive. Each
theory alone, however, fails to completely explain the
pathogenesis of all types of endometriosis. In keeping
with the emerging paradigm of stem cell biology in the
female reproductive tract (14-16, 45-69, 83, 84), a stem
cell theory has been recently proposed to account for the
establishment of endometriotic lesions. Evidence in
support of the stem theory is growing; however, no direct
evidence for the role of endometrial stem/progenitor cells
in the pathogenesis of endometriosis has been reported to
date. Although many groups, including ours, have
identified, isolated, and characterized putative
endometrial stem/progenitor cells, no consensus exists
regarding which of these distinct populations represents
the endometrial stem/progenitor cell fraction. Once an
endometrial stem cell is defined, it will be possible for
the stem cell theory of endometriosis to progress beyond
the level of a simple hypothesis.

6. ACKNOWLEDGEMENTS

The authors thank members of our research
group, Hideyuki Okano and Yumi Matsuzaki for their
generous assistance and collaboration with this project. We
acknowledge the secretarial assistance of Rika Shibata.
This work was partly supported by Grant-in-Aids from the
Japan Society for the Promotion of Science (to T.M and
Y.Y.), Grant-in-aid from Keio University Sakaguchi-
Memorial Medical Science Fund (to T.M.); and grant-in-aid
from the Japan Medical Association (to T.M.).

7. REFERENCES

1. Giudice, L. C. & L. C. Kao: Endometriosis. Lancet, 364,
1789-99 (2004)

2. Bulun, S. E.: Endometriosis. N Engl J Med, 360, 268-79
(2009)

3. Jubanyik, K. J. & F. Comite: Extrapelvic endometriosis.
Obstet Gynecol Clin North Am, 24, 411-40 (1997)

4. Robboy, S. J, M. C. Anderson & P. Russell:
Endometriosis. In: Pathology of the female reproductive
tract. Eds: S. J. Robboy, M. C. Anderson&P. Russell.
Churchill livingstone, London (2002)



Stem cell theory for the pathogenesis of endometriosis

5. Anaf, V., P. Simon, I. Fayt & J. Noel: Smooth muscles
are frequent components of endometriotic lesions. Hum
Reprod, 15,767-71 (2000)

6. Taylor, R. N., J. Yu, P. B. Torres, A. C. Schickedanz, J.
K. Park, M. D. Mueller & N. Sidell: Mechanistic and
therapeutic implications of angiogenesis in endometriosis.
Reprod Sci, 16, 140-6 (2009)

7. Medina, M. G. & D. 1. Lebovic: Endometriosis-
associated nerve fibers and pain. Acta Obstet Gynecol
Scand, 88, 968-75 (2009)

8. Oral, E. & A. Arici: Pathogenesis of endometriosis.
Obstet Gynecol Clin North Am, 24, 219-33 (1997)

9. Nisolle, M. & J. Donnez: Peritoneal endometriosis,
ovarian endometriosis, and adenomyotic nodules of the
rectovaginal septum are three different entities. Fertil
Steril, 68, 585-96 (1997)

10. Witz, C. A.: Current concepts in the pathogenesis of
endometriosis. Clin Obstet Gynecol, 42, 566-85 (1999)

11. Seli, E., M. Berkkanoglu & A. Arici: Pathogenesis of
endometriosis. Obstet Gynecol Clin North Am, 30, 41-61
(2003)

12. Jensen, J. R. & C. C. Coddington, 3rd: Evolving spectrum:
the pathogenesis of endometriosis. Clin Obstet Gynecol, 53,
379-88 (2010)

13. Nap, A. W., P. G. Groothuis, A. Y. Demir, J. L. Evers &
G. A. Dunselman: Pathogenesis of endometriosis. Best Pract
Res Clin Obstet Gynaecol, 18, 233-44 (2004)

14. Gargett, C. E.: Uterine stem cells: what is the evidence?
Hum Reprod Update, 13, 87-101 (2007)

15. Maruyama, T., H. Masuda, M. Ono, T. Kajitani & Y.
Yoshimura: Human uterine stem/progenitor cells: their
possible role in uterine physiology and pathology.
Reproduction, 140, 11-22 (2010)

16. Gargett, C. E. & H. Masuda: Adult stem cells in the
endometrium. Mol Hum Reprod, 16, 818-34 (2010)

17. Sampson, J. A.: Peritoneal endometriosis due to the
menstrual dissemination of endometrial tissue into the
peritoneal cavity. . Am J Obstet Gynecol., 14, 469 (1927)

18. Witz, C. A.: Pathogenesis of endometriosis. Gynecol
Obstet Invest, 53 Suppl 1, 52-62 (2002)

19. Halme, J., M. G. Hammond, J. F. Hulka, S. G. Raj & L. M.
Talbert: Retrograde menstruation in healthy women and in
patients with endometriosis. Obstet Gynecol, 64, 151-4 (1984)

20. Koks, C. A., G. A. Dunselman, A. F. de Goeij, J. W.
Arends & J. L. Evers: Evaluation of a menstrual cup to collect
shed endometrium for in vitro studies. Fertil Steril, 68,
560-4 (1997)

2760

21. Scott, R. B. & L. R. Te: External endometriosis--the
scourge of the private patient. Ann Surg, 131, 697-720
(1950)

22. Ridley, J. H. & 1. K. Edwards: Experimental
endometriosis in the human. Am J Obstet Gynecol, 76, 783-
9; discussion 789-90 (1958)

23. Sanfilippo, J. S., N. G. Wakim, K. N. Schikler & M. A.
Yussman: Endometriosis in association with uterine
anomaly. Am J Obstet Gynecol, 154, 39-43 (1986)

24. D'Hooghe, T. M., C. S. Bambra, M. A. Suleman, G. A.
Dunselman, H. L. Evers & P. R. Koninckx: Development
of a model of retrograde menstruation in baboons (Papio
anubis). Fertil Steril, 62, 635-8 (1994)

25. Jenkins, S., D. L. Olive & A. F. Haney: Endometriosis:
pathogenetic implications of the anatomic distribution.
Obstet Gynecol, 67, 335-8 (1986)

26. Redwine, D. B.: Was Sampson wrong? Fertil Steril, 78,
686-93 (2002)

27. Redwine, D. B.: Sampson revisited: a critical review of
the development of Sampson's theory of origin of
endometriosis. In: Endometriosis: Current Management and
Future Trends. Eds: J. A. Garcia-Velasco&B. R. Rizk.
Jaypee Brothers Medical Publishers, New Delhi (2010)

28. Katabuchi, H.: Endometriosis as an enigmatic pelvic

disease (Japanese). Journal of Japan Society of
Endometriosis, 29, 22-31 (2008)
29. Halban, J.: Hysteroadenosis mestica. Wein Kin

Wochenschr, 37, 1205 (1924)

30. Sampson, J. A.: Metastatic or Embolic Endometriosis,
due to the Menstrual Dissemination of Endometrial Tissue
into the Venous Circulation. Am J Pathol, 3, 93-110 43
(1927)

31. Hobbs, J. E.: Endometriosis of the lungs: experimental
and clinical study. Am J Obstet Gynecol, 40, 832-3 (1940)

32. Javert, C. T.: The spread of benign and malignant
endometrium in the lymphatic system with a note of
coexisting vascular involvement. Am J Obstet Gynecol, 64,
780-806 (1952)

33. Clark, A. H.: Endometriosis in a young girl. JAMA,
136, 690 (1948)

34. Schifrin, B. S., S. Erez & J. G. Moore: Teen-age
endometriosis. Am J Obstet Gynecol, 116, 973-80 (1973)

35. El-Mahgoub, S. & S. Yaseen: A positive proof for the
theory of coelomic metaplasia. Am J Obstet Gynecol, 137,
137-40 (1980)

36. Von Recklinghausen, F.: Adenomyomas and
cystadenomas of the wall of the uterus and tube:



Stem cell theory for the pathogenesis of endometriosis

their origin as remnants of the wolffian body. Wien Klin
Wochenschr 8, 530 (1896)

37. Russell, W. W.: Aberrant portions of the mu” llerian
duct found in an ovary: ovarian cysts of

mu”llerian origin. . Bull John Hopkins Hospital, 10, 8-10
(1899)

38. Oliker, A. J. & A. E. Harris: Endometriosis of the
bladder in a male patient. J Urol, 106, 858-9 (1971)

39. Schrodt, G. R, M. O. Alcorn & J. Ibanez:
Endometriosis of the male urinary system: a case report. J
Urol, 124, 722-3 (1980)

40. Levander, G. & P. Normann: The pathogenesis of
endometriosis; an experimental study. Acta Obstet Gynecol
Scand, 34, 366-98 (1955)

41. Merrill, J. A.: Experimental Induction of Endometriosis
across Millipore Filters. Surg Forum, 14, 397-9 (1963)

42. Merrill, J. A.: Endometrial induction of endometriosis
across Millipore filters. Am J Obstet Gynecol, 94, 780-90
(1966)

43. Matsuura, K., H. Ohtake, H. Katabuchi & H. Okamura:
Coelomic metaplasia theory of endometriosis: evidence
from in vivo studies and an in vitro experimental model.
Gynecol Obstet Invest, 47 Suppl 1, 18-20; discussion 20-2
(1999)

44. Javert, C. T.: Pathogenesis of endometriosis based on
endometrial homeoplasia, direct extension, exfoliation and
implantation, lymphatic and hematogenous metastasis.
Including five case reports of endometrial tissue in pelvic
lymph nodes. Cancer, 2, 399-410. (1949)

45. Cervello, 1., C. Gil-Sanchis, A. Mas, F. Delgado-Rosas,
J. A. Martinez-Conejero, A. Galan, A. Martinez-Romero,
S. Martinez, 1. Navarro, J. Ferro, J. A. Horcajadas, F. J.
Esteban, J. E. O'Connor, A. Pellicer & C. Simon: Human
endometrial side population cells exhibit genotypic,
phenotypic and functional features of somatic stem cells.
PLoS One, 5, 10964 (2010)

46. Cervello, I, J. A. Martinez-Conejero, J. A. Horcajadas,
A. Pellicer & C. Simon: Identification, characterization and
co-localization of label-retaining cell population in mouse
endometrium with typical undifferentiated markers. Hum
Reprod, 22, 45-51 (2007)

47. Chan, R. W. & C. E. Gargett: Identification of Label
Retaining Cells in Mouse Endometrium. Stem Cells, 24,
1529-38 (2006)

48. Dimitrov, R., T. Timeva, D. Kyurkchiev, M.
Stamenova, A. Shterev, P. Kostova, V. Zlatkov, 1. Kehayov
& S. Kyurkchiev: Characterization of clonogenic stromal
cells isolated from human endometrium. Reproduction,
135, 551-8 (2008)

2761

49. Du, H. & H. S. Taylor: Contribution of bone marrow-
derived stem cells to endometrium and endometriosis. Stem
Cells, 25, 2082-6 (2007)

50. Gargett, C. E., K. E. Schwab, R. M. Zillwood, H. P.
Nguyen & D. Wu: Isolation and culture of epithelial
progenitors and mesenchymal stem cells from human
endometrium. Biol/ Reprod, 80, 1136-45 (2009)

51. Ikoma, T., S. Kyo, Y. Maida, S. Ozaki, M. Takakura, S.
Nakao & M. Inoue: Bone marrow-derived cells from male
donors can compose endometrial glands in female
transplant recipients. Am J Obstet Gynecol, 201, 608 e1-8
(2009)

52. Kaitu'u-Lino, T. J, L. Ye & C. E. Gargett:
Reepithelialization of the uterine surface arises from
endometrial glands: evidence from a functional mouse
model of breakdown and repair. Endocrinology, 151, 3386~
95 (2010)

53. Kato, K., M. Yoshimoto, K. Kato, S. Adachi, A.
Yamayoshi, T. Arima, K. Asanoma, S. Kyo, T. Nakahata &
N. Wake: Characterization of side-population cells in
human normal endometrium. Hum Reprod, 22, 1214-23
(2007)

54. Masuda, H., C. Kalka, T. Takahashi, M. Yoshida, M.
Wada, M. Kobori, R. Itoh, H. Iwaguro, M. Eguchi, Y.
Iwami, R. Tanaka, Y. Nakagawa, A. Sugimoto, S.
Ninomiya, S. Hayashi, S. Kato & T. Asahara: Estrogen-
mediated endothelial progenitor cell biology and kinetics
for physiological postnatal vasculogenesis. Circ Res, 101,
598-606 (2007)

55. Masuda, H., T. Maruyama, E. Hiratsu, J. Yamane, A.
Iwanami, T. Nagashima, M. Ono, H. Miyoshi, H. J. Okano,
M. Ito, N. Tamaoki, T. Nomura, H. Okano, Y. Matsuzaki &
Y. Yoshimura: Noninvasive and real-time assessment of
reconstructed  functional human endometrium in
NOD/SCID/y.™" immunodeficient mice. Proc Natl Acad
Sci U S A4, 104, 1925-30 (2007)

56. Masuda, H., Y. Matsuzaki, E. Hiratsu, M. Ono, T.
Nagashima, T. Kajitani, T. Arase, H. Oda, H. Uchida, H.
Asada, M. Tto, Y. Yoshimura, T. Maruyama & H. Okano:
Stem cell-like properties of the endometrial side
population: implication in endometrial regeneration. PLoS
ONE, 5, ¢10387 (2010)

57. Meng, X., T. E. Ichim, J. Zhong, A. Rogers, Z. Yin, J.
Jackson, H. Wang, W. Ge, V. Bogin, K. W. Chan, B.
Thebaud & N. H. Riordan: Endometrial regenerative cells:
a novel stem cell population. J Transl Med, 5, 57 (2007)

58. Mints, M., M. Jansson, B. Sadeghi, M. Westgren, M.
Uzunel, M. Hassan & J. Palmblad: Endometrial endothelial
cells are derived from donor stem cells in a bone marrow
transplant recipient. Hum Reprod, 23, 139-43 (2008)

59. Cui, C. H., T. Uyama, K. Miyado, M. Terai, S. Kyo, T.
Kiyono & A. Umezawa: Menstrual blood-derived cells



Stem cell theory for the pathogenesis of endometriosis

confer human dystrophin expression in the murine model of
Duchenne muscular dystrophy via cell fusion and
myogenic transdifferentiation. Mol Biol Cell, 18, 1586-94
(2007)

60. Hida, N., N. Nishiyama, S. Miyoshi, S. Kira, K.
Segawa, T. Uyama, T. Mori, K. Miyado, Y. lkegami, C.
Cui, T. Kiyono, S. Kyo, T. Shimizu, T. Okano, M.
Sakamoto, S. Ogawa & A. Umezawa: Novel cardiac
precursor-like cells from human menstrual blood-derived
mesenchymal cells. Stem Cells, 26, 1695-704 (2008)

61. Musina, R. A., A. V. Belyavski, O. V. Tarusova, E. V.
Solovyova & G. T. Sukhikh: Endometrial mesenchymal
stem cells isolated from the menstrual blood. Bull Exp Biol
Med, 145, 539-43 (2008)

62. Patel, A. N., E. Park, M. Kuzman, F. Benetti, F. J. Silva
& J. G. Allickson: Multipotent menstrual blood stromal
stem cells: isolation, characterization, and differentiation.
Cell Transplant, 17, 303-11 (2008)

63. Schwab, K. E. & C. E. Gargett: Co-expression of two
perivascular cell markers isolates mesenchymal stem-like cells
from human endometrium. Hum Reprod, 22,2903-11 (2007)

64. Szotek, P. P., H. L. Chang, L. Zhang, F. Preffer, D.
Dombkowski, P. K. Donahoe & J. Teixeira: Adult mouse
myometrial label-retaining cells divide in response to
gonadotropin stimulation. Stem Cells, 25, 1317-25 (2007)

65. Taylor, H. S.: Endometrial cells derived from donor stem
cells in bone marrow transplant recipients. Jama, 292, 81-5
(2004)

66. Tsuji, S., M. Yoshimoto, K. Takahashi, Y. Noda, T.
Nakahata & T. Heike: Side population cells contribute to the

genesis of human endometrium. Fertil Steril, 90, 1528-37
(2008)

67. Wolff, E. F., A. B. Wolff, D. Hongling & H. S. Taylor:
Demonstration of multipotent stem cells in the adult human
endometrium by in vitro chondrogenesis. Reprod Sci, 14, 524-
33 (2007)

68. Wolff, E. F., X. B. Gao, K. V. Yao, Z. B. Andrews, H. Du,
J. D. Elsworth & H. S. Taylor: Endometrial stem cell
transplantation restores dopamine production in a parkinson's
disease model. J Cell Mol Med, 15, 747-55 (2011)

69. Bratincsak, A., M. J. Brownstein, R. Cassiani-Ingoni, S.
Pastorino, 1. Szalayova, Z. E. Toth, S. Key, K. Nemeth, J.
Pickel & E. Mezey: CD45-positive blood cells give rise to
uterine epithelial cells in mice. Stem Cells, 25, 2820-6 (2007)

70. Urbich, C. & S. Dimmeler: Endothelial progenitor cells:
characterization and role in vascular biology. Circ Res, 95,
343-53 (2004)

71. Timmermans, F., J. Plum, M. C. Yoder, D. A. Ingram,
B. Vandekerckhove & J. Case: Endothelial progenitor cells:
identity defined? J Cell Mol Med, 13, 87-102 (2009)

2762

72. Sasson, I. E. & H. S. Taylor: Stem cells and the
pathogenesis of endometriosis. Ann N Y Acad Sci, 1127,
106-15 (2008)

73. Padykula, H. A.: Regeneration in the primate uterus:
the role of stem cells. Ann N Y Acad Sci, 622, 47-56 (1991)

74. Padykula, H. A., L. G. Coles, W. C. Okulicz, S. L.
Rapaport, J. A. McCracken, N. W. King, Jr., C. Longcope
& 1. R. Kaiserman-Abramof: The basalis of the primate
endometrium: a bifunctional germinal compartment. Biol
Reprod, 40, 681-90. (1989)

75. Jimbo, H., Y. Hitomi, H. Yoshikawa, T. Yano, M.
Momoeda, A. Sakamoto, O. Tsutsumi, Y. Taketani & H.
Esumi: Evidence for monoclonal expansion of epithelial
cells in ovarian endometrial cysts. Am J Pathol, 150, 1173-
8 (1997)

76. Tamura, M., T. Fukaya, T. Murakami, S. Uehara & A.
Yajima: Analysis of clonality in human endometriotic cysts
based on evaluation of X chromosome inactivation in
archival formalin-fixed, paraffin-embedded tissue. Lab
Invest, 78, 213-8 (1998)

77. Wu, Y., Z. Basir, A. Kajdacsy-Balla, E. Strawn, V.
Macias, K. Montgomery & S. W. Guo: Resolution of clonal
origins for endometriotic lesions using laser capture
microdissection and the human androgen receptor
(HUMARA) assay. Fertil Steril, 79 Suppl 1, 710-7 (2003)

78. Nabeshima, H., T. Murakami, K. Yoshinaga, K. Sato,
Y. Terada & K. Okamura: Analysis of the clonality of
ectopic glands in peritoneal endometriosis using laser
microdissection. Fertil Steril, 80, 1144-50 (2003)

79. Mayr, D., G. Amann, C. Siefert, J. Diebold & B.
Anderegg: Does endometriosis really have premalignant
potential? A clonal analysis of laser-microdissected tissue.
Faseb J, 17, 693-5 (2003)

80. Gotte, M., M. Wolf, A. Staebler, O. Buchweitz, R.
Kelsch, A. N. Schiiring & L. Kiesel: Increased expression
of the adult stem cell marker Musashi-1 in endometriosis
and endometrial carcinoma. J Pathol, 215, 317-29 (2008)

81. Forte, A., M. T. Schettino, M. Finicelli, M. Cipollaro,
N. Colacurci, L. Cobellis & U. Galderisi: Expression
pattern of stemness-related genes in human endometrial
and endometriotic tissues. Mol Med, 15, 392-401 (2009)

82. Pacchiarotti, A., D. Caserta, M. Sbracia & M.
Moscarini: Expression of oct-4 and c-kit antigens in
endometriosis. Fertil Steril, 95, 1171-3 (2011)

83. Ono, M., T. Maruyama, H. Masuda, T. Kajitani, T.
Nagashima, T. Arase, M. Ito, K. Ohta, H. Uchida, H.
Asada, Y. Yoshimura, H. Okano & Y. Matsuzaki: Side
population in human uterine myometrium displays
phenotypic and functional characteristics of myometrial
stem cells. Proc Natl Acad Sci U S A, 104, 18700-18705
(2007)



Stem cell theory for the pathogenesis of endometriosis

84. Ono, M., T. Kajitani, H. Uchida, T. Arase, H. Oda, S.
Nishikawa-Uchida, H. Masuda, T. Nagashima, Y.
Yoshimura & T. Maruyama: OCT4 expression in human
uterine myometrial stem/progenitor cells. Hum Reprod, 25,
2059-67 (2010)

Abbreviations: ABCG2: ATP-binding cassette sub-family
G member 2; EPC: endothelial progenitor cell; ESP:
endometrial side population

Key Words: Endometriosis, Endometrium, Stem,
Progenitor Cells, Pathogenesis, Implantation, Metaplasia,
Bone Marrow, Regeneration, Endothelial Progenitor Cells,
Endothelial Cells, Review

Send correspondence to: Tetsuo Maruyama, Department of
Obstetrics and Gynecology, School of Medicine, Keio
University, 35 Shinanomachi, Shinjuku-ku, Tokyo 16-8582,
Japan, Tel: 81-3-5363-3578, Fax, 81-3-5363-3578, E-
mail:tetsuo@a5.keio.jp

2763



