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Recent literature on the subject supports the notion that oxidative stress plays a key role in the pathogenesis of
endometriosis and its evolution and symptom presentation. The main symptoms of endometriosis, namely chronic pain
and infertility, are contingent on the establishment of chronic inflammation, with dysregulation of the immune system and
multiple cell functions, including the control of ROS generation. Targeting oxidative stress could prove a winning strategy
to manage both endometriotic lesion progression by curbing the hyperproliferative phenotype acquired by endometrial
cells and inhibiting iron overload, and also endometriosis-associated symptoms.
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| 1. Introduction

Endometriosis is a chronic disease characterized by implantation and growth of endometrial-like tissue, including glands
and stroma, outside the uterine cavity 2. |t affects about 10% of women of childbearing age and is associated with
debilitating chronic pelvic pain and infertility B4, causing significant impairment to quality of life and inevitably impacting
social, occupational, and psychological aspects, too 2.

Although the pathophysiology of endometriosis remains poorly understood, various biological processes are known to be
key players in its development and progression. These implants acquire other crucial characteristics such as unrestrained
growth through steroid receptivity dysregulation WBIA  as well as proangiogenic features (B8 Moreover, the
inflammatory response and immune system modulation promoting ectopic endometrium implantation initially, and implant
maintenance and progression subsequently, also appears to be pivotal 19 Oxidative stress, namely disequilibrium
between production and neutralization of reactive oxygen species (ROS), has been shown to be present in these
processes and looks to play a key role in disease pathogenesis and evolution [LL[22113],

As described by Nisolle and Donnez [14], there are three forms of the disease, as endometriotic lesions can develop (i) on
the peritoneum as superficial disease, (ii) inside the ovaries as cysts, and (iii) as deep-infiltrating disease most commonly
observed in the rectovaginal septum. Current treatment options include surgical ablation or excision of lesions in the
pelvic cavity or hormone therapy to suppress lesion proliferation . Furthermore, assisted reproductive technology (ART)
should be offered to infertile endometriosis patients who are unsuitable candidates for natural conception X2l Previous
surgery, advanced disease stage, and association with adenomyosis and ovarian and/or deep nodular endometriosis
appear to be linked to poorer ART outcomes R8I byt in vitro fertilization (IVF) is still the most effective strategy to
manage infertility in these patients 12ILEIL7[18]

There is a clear clinical need for new therapeutic approaches, not only to treat endometriosis-related symptoms such as
chronic pain and infertility but also to curtail its recurrence and progression. Oxidative stress may be a potential
therapeutic target for both objectives, as it plays a crucial role in disease development and evolution.

| 2. ROS and Antioxidant Defense

The clinical importance of oxygen toxicity was not fully appreciated until an epidemic of retrolental fibroplasia (severe
retinopathy) occurred in the early 1950s 22, Indeed, oxygen at high partial pressures is toxic to the respiratory,
cardiovascular, nervous, and gastrointestinal systems. Toxicity results from the formation of ROS, which are chemically
reactive molecules produced naturally within biological systems.

ROS are actually intermediaries produced by normal oxygen metabolism but are known to have deleterious effects. To
protect themselves, cells have developed a wide range of antioxidant systems to limit the production of ROS, inactivate
them, and repair cell damage 12[131120121][22]23] | heglthy individuals, ROS and antioxidants are balanced, but when the



balance is tipped toward an overabundance of ROS, oxidative stress is triggered and can impact the entire reproductive
lifespan of a woman, as reported by Ruder et al. 29,

It is clear that ROS are generated within cells in the course of normal cellular mechanisms and that cells are adequately
equipped with a range of cytoprotective enzymes and antioxidants to combat their toxicity 12312021123 One of the
master regulators of cytoprotective defense against oxidative stress is the nuclear factor erythroid 2-related factor 2/Kelch
ECH associated protein 1 Activation and translocation to the nucleus of Nrf2 initiates the transcription of a number of
genes, known as antioxidant response elements, involved in redox homeostasis and protection from oxidative stress-
related injury (24, This response includes an increase in antioxidant systems such as superoxide dismutase (SOD) and

catalase (CAT), elevated autophagic cell activity for repair of various cell compartments, and also mitochondrial
biogenesis [25][24],

However, excessive release of ROS induces cellular damage and likely alters cellular function by regulating protein
activity and gene expression. Indeed, ROS play an essential role in regulating the transcription factor nuclear factor kappa
B (NFkB), which has been implicated in endometriosis [3[28]. This transcription factor triggers the expression of multiple
genes encoding proinflammatory cytokines, growth and angiogenic factors, adhesion molecules, and inducible enzymes
nitric oxide synthase (NOS) and cyclooxygenase (COX) [Z7[28] A|l these constituents are expressed by activated
peritoneal macrophages and are involved in the pathogenesis of endometriosis by inducing endometrial fragment
adhesion, proliferation, and neovascularization 2729,

| 3. Origin of Oxidative Stress in the Peritoneal Cavity

Understanding the role of hemoglobin (Hb), heme, and the iron-induced redox balance in endometriosis has given rise to
several hypotheses to explain why oxidative stress is triggered in the case of pelvic endometriosis 12 and is potentially
involved in its pathophysiology. Erythrocytes, apoptotic endometrial tissue, and cell debris swept into the peritoneal cavity
by menstrual reflux and macrophages have all been suggested as possible inducers of oxidative stress L2I30131][32][33][34]
[35]

Erythrocytes are likely to release pro-oxidant and proinflammatory factors such as Hb and its highly toxic by-products
heme and iron into the peritoneal environment. While iron and heme are fundamental to living cells, unless they are
properly chelated, free iron and (to a lesser degree) heme play key roles in the formation of deleterious ROS [B2I3611371[38]

However, erythrocytes are observed in the peritoneal cavity of 90% of menstruating women 14!, so it is puzzling why some
patients develop macroscopically visible peritoneal endometriotic lesions while others do not B2, One theory is that
peritoneal protective mechanisms may be swamped by menstrual reflux in some patients, either because of its
abundance or due to defective scavenging systems [S2[S6I37][38]

In case of hemorrhage, lysis of erythrocytes results in iron overload, which in turn causes iron-mediated damage,
oxidative injury, and inflammation BQ142] 5o jron may well be implicated in endometriosis development [231[38][401142] ' A
crucial defense mechanism counteracting the effects of hemorrhage is mediated by haptoglobin (Hp), which binds to
extracellular Hb, thereby weakening its oxidative and inflammatory potential. Moreover, Hp promotes the clearance of Hb
via the CD163 scavenger receptor present on macrophages 1,

As in most tissue, activated macrophages recruited inside the pelvic cavity of women play a vital role in the degradation of
erythrocytes, as indicated by the presence of numerous iron-laden macrophages in the peritoneal fluid of endometriosis
subjects 28129 and mice injected intraperitoneally with erythrocytes B2, Macrophages generally phagocytose senescent
erythrocytes or endocytose the Hb—Hp complex 41, Thus, Hb and heme metabolism by heme oxygenase (HO) releases

iron, which is then integrated into ferritin in macrophages or returned to the iron transporter transferrin via peritoneal fluid
[43]

Iron conglomerates have also been encountered in endometriotic lesions 2228l composed of hemosiderin, another iron
storage form found in conditions of iron overload and usually associated with toxic pathological states in humans. Iron
storage is significantly greater in peritoneal macrophages of endometriosis patients than in controls 8. Cellular iron
storage within ferritin limits the ability of iron to generate ROS, conferring an antioxidant effect (28, However, continued
delivery of iron to macrophages may overwhelm the capacity of ferritin to store and sequester the metal, causing oxidative
damage to cells.

In many other tissues, iron is known to induce oxidative stress, resulting in macromolecular oxidative damage, tissue
injury, and chronic inflammation 41421441 |t yas therefore suggested that oxidative stress could be responsible for local
destruction of the peritoneal mesothelium, creating adhesion sites for ectopic endometrial cells 122811451 and promoting



invasion [LLI461[47]

Heme oxygenase-1 (HO-1) is a heme-degrading enzyme strongly upregulated by heme that shields cells from heme-
induced oxidative stress by generating beneficial molecules such as carbon monoxide (CO), bilirubin, and ferritin. Indeed,
induction of HO-1 is accompanied by increased ferritin synthesis, scavenging of free iron, and, ultimately, protection
against its adverse effects (48], Bilirubin is an important antioxidant defending against oxidative damage and inflammation
(491 \while CO is a soluble gas acting as a signal molecule.

HO-1, which has a number of triggers such as ROS, free heme, heavy metals, and cytokines (231159 js able to break down
Hb and release iron from heme. Together with iron, HO-1 boosts levels of CO and biliverdin, both of which play a unique
protective and antioxidant role, as well as possessing anti-inflammatory and antiapoptotic properties. HO-1-induced
cytoprotective effects require co-expression of ferritin, but CO has been shown to exert significant cytoprotective, anti-
inflammatory, and antiapoptotic properties all by itself 231311,

In endometriosis patients, Hb concentrations were found to be higher in peritoneal fluid, and stronger HO expression was
observed in ectopic endometrium, particularly red lesions, compared to eutopic endometrium and mesothelial cells L2311,
However, since inducible HO-1 was weakly expressed by macrophages and mesothelial cells that make up the majority of
cells in the peritoneal cavity, and because there was no concomitant upturn in peritoneal fluid levels of its final by-product
bilirubin, it strongly infers that detoxifying systems, while present, may be inadequate to metabolize Hb in the case of
endometriosis 32381,

In conclusion, oxidative stress arises when the balance between ROS production and antioxidant defense is disrupted 12
[21][301[47] gye to either insufficient antioxidant protection or excess ROS production.

References

1. Zondervan, K.T.; Becker, C.M.; Missmer, S.A. Endometriosis. N. Engl. J. Med. 2020, 382, 1244-1256.

2. Taylor, H.S.; Kotlyar, A.M.; Flores, V.A. Endometriosis is a chronic systemic disease: Clinical challenges and novel
innovations. Lancet 2021, 397, 839-852.

3. Giudice, L.C. Clinical practice. Endometriosis. N. Engl. J. Med. 2010, 362, 2389-2398.

4., Shafrir, A.L.; Farland, L.V.; Shah, D.K.; Harris, H.R.; Kvaskoff, M.; Zondervan, K.; Missmer, S.A. Risk for and
consequences of endometriosis: A critical epidemiologic review. Best Pract. Res. Clin. Obstet. Gynaecol. 2018, 51, 1-
15.

5. Simoens, S.; Dunselman, G.; Dirksen, C.; Hummelshoj, L.; Bokor, A.; Brandes, I.; Brodszky, V.; Canis, M.; Colombo,
G.L.; DeLeire, T.; et al. The burden of endometriosis: Costs and quality of life of women with endometriosis and treated
in referral centres. Hum. Reprod. 2012, 27, 1292-1299.

6. Reis, F.M.; Petraglia, F.; Taylor, R.N. Endometriosis: Hormone regulation and clinical consequences of chemotaxis and
apoptosis. Hum. Reprod. Update 2013, 19, 406—-418.

7. Han, S.J.; Jung, S.Y.; Wu, S.-P.; Hawkins, S.M.; Park, M.J.; Kyo, S.; Qin, J.; Lydon, J.P.; Tsai, S.Y.; Tsai, M.J.; et al.
Estrogen receptor 3 modulates apoptosis complexes and the inflammasome to drive the pathogenesis of
endometriosis. Cell 2015, 163, 960-974.

8. Donnez, J.; Smoes, P.; Gillerot, S.; Casanas-Roux, F.; Nisolle, M. Vascular endothelial growth factor (VEGF) in
endometriosis. Hum. Reprod. 1998, 13, 1686—1690.

9. Symons, L.K.; Miller, J.E.; Kay, V.R.; Marks, R.M.; Liblik, K.; Koti, M.; Tayade, C. The immunopathophysiology of
endometriosis. Trends Mol. Med. 2018, 24, 748-762.

10. Vinatier, D.; Cosson, M.; Dufour, P. Is endometriosis an endometrial disease? Eur. J. Obstet. Gynecol. Reprod. Biol.
2000, 91, 113-125.

11. Murphy, A.A.; Santanam, N.; Parthasarathy, S. Endometriosis: A disease of oxidative stress? Semin. Reprod.
Endocrinol. 1998, 16, 263-273.

12. Van Langendonckt, A.; Casanas-Roux, F.; Donnez, J. Oxidative stress and peritoneal endometriosis. Fertil. Steril. 2000,
77, 861-870.

13. Donnez, J.; Binda, M.M.; Donnez, O.; Dolmans, M.M. Oxidative stress in the pelvic cavity and its role in the
pathogenesis of endometriosis. Fertil. Steril. 2016, 106, 1011-1017.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nisolle, M.; Donnez, J. Peritoneal endometriosis, ovarian endometriosis, and adenomyotic nodules of the rectovaginal
septum are three different entities. Fertil. Steril. 1997, 68, 585-596.

de Ziegler, D.; Borghese, B.; Chapron, C. Endometriosis and infertility: Pathophysiology and management. Lancet
2010, 376, 730-738.

Maignien, C.; Santulli, P.; Gayet, V.; Lafay-Pillet, M.C.; Korb, D.; Bourdon, M.; Marcellin, L.; de Ziegler, D.; Chapron, C.
Prognostic factors for assisted reproductive technology in women with endometriosis-related infertility. Am. J. Obstet.
Gynecol. 2017, 216, 280.e1-280.€e9.

Maignien, C.; Santulli, P.; Marcellin, L.; Korb, D.; Bordonne, C.; Dousset, B.; Bourdon, M.; Chapron, C. Infertility in
women with bowel endometriosis: First-line assisted reproductive technology results in satisfactory cumulative live-birth
rates. Fertil. Steril. 2021, 115, 692—-701.

The Practice Committee of the American Society for Reproductive Medicine. Endometriosis and infertility: A committee
opinion. Fertil. Steril. 2012, 98, 591-598.

Bostek, C.C. Oxygen toxicity: An introduction. AANA J. 1989, 57, 231-237.

Ruder, E.H.; Hartman, T.J.; Blumberd, J.; Goldman, M.B. Oxidative stress and antioxidants: Exposure and impact on
female fertility. Hum. Reprod. Update 2008, 14, 345-357.

Agarwal, A.; Aponte-Mellado, A.; Premkumar, B.J.; Shaman, A.; Gupta, S. The effects of oxidative stress on female
reproduction: A review. Reprod. Biol. Endocrinol. 2012, 10, 49.

Aon, M.A,; Cortassa, S.; O'Rourke, B. Redox-optimized ROS balance: A unifying hypothesis. Biochim. Biophys. Acta
2010, 1797, 865-877.

Iwabuchi, T.; Yoshimoto, C.; Shigetomi, H.; Kobayashi, H. Oxidative stress and antioxidant defense in endometriosis
and its malignant transformation. Oxid. Med. Cell Longev. 2015, 2015, 848595.

Li, W.; Yu, S.; Liu, T.; Kim, J.H.; Blank, V.; Li, H.; Kong, A.N.T. Heterodimerization with Small Maf Proteins Enhances
Nuclear Retention of Nrf2 via Masking the NESzip Motif. Biochim. Biophys. Acta 2008, 1783, 1847—-1856.

Martinez, V.D.; Vucic, E.A.; Thu, K.L.; Pikor, L.A.; Hubaux, R.; Lam, W.L. Unique Pattern of Component Gene
Disruption in the NRF2 Inhibitor KEAP1/CUL3/RBX1 E3-Ubiquitin Ligase Complex in Serous Ovarian Cancer. Biomed.
Res. Int. 2014, 2014, 159459.

Gonzéalez-Ramos, R.; Van Langendonckt, A.; Defrére, S.; Lousse, J.C.; Colette, S.; Devoto, L.; Donnez, J. Involvement
of the nuclear factor-kB pathway in the pathogenesis of endometriosis. Fertil. Steril. 2010, 94, 1985-1994.

Gonzalez-Ramos, R.; Donnez, J.; Defrere, S.; Leclercq, I.; Squifflet, J.; Lousse, J.C.; Van Langendonckt, A. Nuclear
factor-kappa B (NF-kB) is constitutively activated in peritoneal endometriosis. Mol. Hum. Reprod. 2007, 13, 503-509.

Lousse, J.C.; Van Langendonckt, A.; Defrere, S.; Gonzalez Ramos, R.; Colette, S.; Donnez, J. Peritoneal
endometriosis is an inflammatory disease. Front. Biosci. 2012, 4, 23-40.

Lousse, J.C.; Van Langendonckt, A.; Gonzalez-Ramos, R.; Defrere, S.; Renkin, E.; Donnez, J. Increased activation of
nuclear factor-kappa B (NF-kappaB) in isolated peritoneal macrophages of patients with endometriosis. Fertil. Steril.
2008, 90, 217-220.

Harlev, A.; Gupta, S.; Agarwal, A. Targeting oxidative stress to treat endometriosis. Expert Opin. Ther. Targets 2015, 19,
1447-1464.

Carvalho, L.F.; Samadder, A.N.; Agarwal, A.; Fernandes, L.F.; Abrao, M.S. Oxidative stress biomarkers in patients with
endometriosis: Systematic review. Arch. Gynecol. Obstet. 2012, 286, 1033—1040.

Lambrinoudaki, I.V.; Augoulea, A.; Christodoulakos, G.E.; Economou, E.V.; Kaparos, G.; Kontoravdis, A.; Papadias, C.;
Creatsas, G. Measurable serum markers of oxidative stress response in women with endometriosis. Fertil. Steril. 2009,
91, 46-50.

Yamawaki, H.; Pan, S.; Lee, R.T.; Berk, B.C. Fluid shear stress inhibits vascular inflammation by decreasing
thioredoxin-interacting protein in endothelial cells. J. Clin. Investig. 2005, 115, 733-738.

Santulli, P.; Chouzenoux, S.; Fiorese, M.; Marcellin, L.; Lemarechal, H.; Millischer, A.E.; Batteux, F.; Borderie, D.;
Chapron, C. Protein oxidative stress markers in peritoneal fluids of women with deep infiltrating endometriosis are
increased. Hum. Reprod. 2015, 30, 49-60.

Defrere, S.; Van Langendonckt, A.; Vaesen, S.; Jouret, M.; Gonzalez Ramos, R.; Gonzalez, D.; Donnez, J. Iron
overload enhances epithelial cell proliferation in endometriotic lesions induced in a murine model. Hum. Reprod. 2006,
21, 2810-2816.

Van Langendonckt, A.; Casanas-Roux, F.; Dolmans, M.M.; Donnez, J. Potential involvement of hemoglobin and heme
in the pathogenesis of peritoneal endometriosis. Fertil. Steril. 2002, 77, 561-570.



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Van Langendonckt, A.; Casanas-Roux, F.; Donnez, J. Iron overload in the peritoneal cavity of women with pelvic
endometriosis. Fertil. Steril. 2002, 78, 712-718.

Van Langendonckt, A.; Casanas-Roux, F.; Eggermont, J.; Donnez, J. Characterization of iron deposition in
endometriotic lesions induced in the nude mouse model. Hum. Reprod. 2004, 19, 1265-1271.

Koninckx, P.R.; Donnez, J.; Brosens, |. Microscopic endometriosis: Impact on our understanding of the disease and its
surgery. Fertil. Steril. 2016, 105, 305-306.

Lousse, J.C.; Defrere, S.; Van Langendonckt, A.; Gras, J.; Gonzalez-Ramos, R.; Colette, S.; Donnez, J. Iron storage is
significantly increased in peritoneal macrophages of patients with endometriosis and correlates with iron overload in the
peritoneal fluid. Fertil. Steril. 2009, 91, 1668-1675.

Levy, A.P.; Levy, J.E.; Kalet-Litman, S.; Miller-Lotan, R.; Levy, N.S.; Asaf, R.; Guetta, J.; Yang, C.; Purushothaman,
K.R.; Fuster, V.; et al. Haptoglobin genotype is a determinant of iron, lipid peroxidation, and macrophage accumulation
in the atherosclerotic plaque. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 134-140.

Defrere, S.; Lousse, J.C.; Gonzalez-Ramos, R.; Colette, S.; Donnez, J.; Van Langendonckt, A. Potential involvement of
iron in the pathogenesis of peritoneal endometriosis. Mol. Hum. Reprod. 2008, 14, 377-385.

Balla, G.; Jacob, H.S.; Balla, J.; Rosenberg, M.; Nath, K.; Apple, F.; Eaton, J.W.; Vercellotti, G.M. Ferritin: A
cytoprotective antioxidant stratagem of endothelium. J. Biol. Chem. 1992, 267, 18148—-18153.

Potts, M.B.; Koh, S.E.; Whetstone, W.D.; Walker, B.A.; Yoneyama, T.; Claus, C.P.; Manvelyan, H.M.; Noble-Haeusslein,
L.J. Traumatic injury to the immature brain: Inflammation, oxidative injury, and iron-mediated damage as potential
therapeutic targets. NeuroRx 2006, 3, 143-153.

Arumugam, K.; Yip, Y.C. De novo formation of adhesions in endometriosis: The role of iron and free radical reactions.
Fertil. Steril. 1995, 64, 62—64.

Buttke, T.M.; Sandstrom, P.A. Oxidative stress as a mediator of apoptosis. Immunol. Today 1994, 15, 7-10.

Agarwal, A.; Gupta, S.; Sharma, R. Role of oxidative stress in female reproduction. Reprod. Biol. Endocrinol. 2005, 3,
1-21.

Wagener, FA.; Volk, H.D.; Willis, D.; Abraham, N.G.; Soares, M.P.; Adema, G.J.; Figdor, C.G. Different faces of the
heme-heme oxygenase system in inflammation. Pharmacol. Rev. 2003, 55, 551-571.

Stocker, R.; Glazer, A.N.; Ames, B.N. Antioxidant activity of albumin-bound bilirubin. Proc. Natl. Acad. Sci. USA 1987,
84, 5918-5922.

Nakahira, K.; Takahashi, T.; Shimizu, H.; Maeshima, K.; Uehara, K.; Fujii, H.; Nakatsuka, H.; Yokoyama, M.; Akagi, R.;
Morita, K. Protective role of heme oxygenase-1 induction in carbon tetrachlorideinduced hepatotoxicity. Biochem.
Pharmacol. 2003, 15, 1091-1105.

Retrieved from https://encyclopedia.pub/entry/history/show/28611



