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Estrogen is a pivotal enzyme for survival and health in both genders, though their quantum, tropism, tissuespeciﬁc distribution, and receptor aﬃnity varies with diﬀerent phases of life. Converted from androgen via
aromatase enzyme, this hormone is indispensable to glucose homeostasis, immune robustness, bone health,
cardiovascular health, fertility, and neural functions. However, estrogen is at the center of almost all human
pathologies as well-infectious, autoimmune, metabolic to degenerative. Both hypo and hyper level of estrogen
has been linked to chronic and acute diseases. While normal aging is supposed to lower its level, leading to tissue
degeneration (bone, muscle, neural etc.), and metabolite imbalance (glucose, lipid etc.), the increment in inﬂammatory agents in day-to-day life are enhancing the estrogen (or estrogen mimic) level, fueling ‘estrogen
dominance’. The resultant excess estrogen is inducing an overexpression of estrogen receptors (ERα and ERβ),
harming tissues, leading to autoimmune diseases, and neoplasms. The unprecedented escalation in the polycystic
ovary syndrome, infertility, breast cancer, ovary cancer, and gynecomastia cases are indicating that this sensitive
hormone is getting exacerbated. This critical review is an eﬀort to analyze the dual, and opposing facets of
estrogen, via understanding its crosstalk with other hormones, enzymes, metabolites, and drugs. Why estrogen
level correction is no trivial task, and how it can be restored to normalcy by a disciplined lifestyle with wise
dietary and selective chemical usage choices has been discussed. Overall, our current state of knowledge does
not disclose the full picture of estrogen’s pleiotropic importance. Hence, this review should be a resource for
general public as well as researchers to work in that direction.

1. Introduction
Estrogen is more than just an estrus-inducing sex hormone. In fact,
this steroid hormone controls almost all aspects of female and even
male health [1]. Critical functions like glucose homeostasis, lipid
homeostasis, bone metabolism, brain function, follicular growth, skeletal growth, and ovulation, among a myriad other functions, depend
on its signals [1,2]. Estrogens (C18) are formed by the demethylation of
androgens (C19), the male hormone precursors [3]. Aromatase, a cytochromes P450 (CYP) class monooxygenase enzyme, encoded by
CYP19 gene is extremely critical for estrogen biosynthesis [4–6]. Aromatase is responsible for the aromatization of androgen into estrogen.
Most of the estrogen perturbation-caused ailments as breast cancer,
polycystic ovary syndrome (PCOS), endometriosis, osteoporosis,
ovarian cancer, gastric cancer, pituitary cancer, Alzheimer's disease,
schizophrenia, male hypogonadism, and transgender issues, are linked
to aromatase malfunction as well [3]. The same estrogen ligands when
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bound to diﬀerent receptors, exert diﬀerent physiological functions by
autocrine or paracrine mechanisms, of which some are beneﬁcial for
the body, and some are detrimental [7]. Considering the gamut of
diseases that are linked to estrogen, hormonal replacement therapy
(HRT) is a common therapeutic option [8], which however is not sideeﬀect-free. In both genders, the depletion of estrogen can lead to digestive issues, osteoporosis, Alzheimer’s disease etc. In fact, it can be
argued that chemotherapy blocking the essential estrogen signals lead
totoxicity-related death in cancer patients. This critical review discusses
the indispensable, dual and antagonizing function of estrogen in human
body.
2. Estrogen and its receptors
Aromatase activity varies in diﬀerent parts of the body, so does
estrogen. Adipose tissues are the predominant steroidogenesis sites.
Apart from ovary, placenta, and breasts, estrogens can occur in skin,
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bone, brain, liver, and adrenal glands [9]. Gender, age, and health
status are factors deciding estrogen level in the body [10]. Puberty is a
phase where estrogen level is high in females, which mediates sexual
diﬀerentiation [11].
Estrogen (17 beta-estradiol) exerts its diverse functions by ligating
to the nuclear hormone receptor protein, a form of transcription factor
[12]. These classes of receptors are critical for the embryonic development, cell diﬀerentiation and homeostasis. Estrogen receptors (ER)
occur in the nucleus, cytoplasm, and mitochondria of cells, and as a
result of alternative splicing of the transcripts, they can be of several
types. The two dominant types are alpha, and beta, which further occur
in multiple isoforms. Alpha type ER (ERα) was discovered ﬁrst, followed by the rather recent discovery of beta-type ER (ERβ). In silico
analysis of the ERs from both types showed the presence of common
domains/motifs i.e. N-terminal DNA binding domain, and C-terminal
ligand binding domain [13]. As per the SMART (Simple Modular Architecture Research Tool)-based in silico analysis of some ER sequences
retrieved from UniProt, both human ERα and ERβ had ZnF_C4 domain
(c4 zinc ﬁnger) [14,15]. Zinc ﬁnger (Znf) domains are small DNAbinding motif with variation in binding modes. The classes under the
Znf superfamily include ZnF_BED, ZnF_A20, ZnF_NFX etc. [16,17].
Homologues of all these zinc ﬁnger motifs have been detected in pathogenic viruses like HCV, HIV, and dengue. Another oft-occurring
domain in these ERs include HOLI. This is a ligand binding domain of
hormone receptors [18]. Further analysis showed that androgen receptor has a coiled-coil region, along with the above 2 domains. Glucocorticoid receptor has a HOLI domain; thyroid hormone receptor beta
has ZnF_C4, and HOLI; Insulin-like growth factor 1 receptor has
transmembrane region; G-protein coupled estrogen receptor 1 has 7
transmembrane regions. So, almost all the steroid receptors share the
same motifs. Some other domains in the ERs with less-conﬁdent scores
included Mcm10, ICA69, TR_THY, APC10, IL4_13, MAGE_N, AMA-1,
B_lectin, Thymopoietin, C6, IBR, BowB, ZnF_GATA, IB, zf-AD, RPOLCX,
PHD, RING, ZnF_NFX, LU, LDLa, C1_4, RINGv, ZnF_RBZ, SR, LRRCT,
RGS, MADF, HTH_MARR, Rapamycin_bind, HTH_ARSR, BSD, FerA,
CarD_TRCF, WH2, IDEAL, and ZM [15]. These domains regularly occur
in pathogenesis-associated proteins from the organisms of diverse
kingdoms [15,19]. It is suggested that all these virulence-associated
domains have radiated from the same parent domain.
However, sequence variations in other parts of the ER proteins lead
to diﬀerent aﬃnity for the estrogen. Once bound to the ligand estrogen,
the ER becomes dimeric, and bind to estrogen response elements of
DNA, regulating transcription [20]. The N-terminal DNA-binding domain of the ERs can elicit activating or repressing eﬀects. On ligation
with the ERs, estrogen acts as a mitogen, promoting cell division,
neoplastic transformation and proliferation. Activity of estrogen is more
pronounced in those tissues where its receptors are abundant, such as
ovary, breast, brain (hypothalamus), kidneys, bone (bone marrow) etc.
By binding to its receptors in the hypothalamus, it regulates anorexigenic/orexigenic stimuli, controlling food intake and glucose level.
Tissue distributions of both the ER types diﬀer. As per the current
state of knowledge, ERα occurs in the female reproductive system,
while ERβ occurs in the prostate, colon, cardiovascular, and central
nervous systems. Skeletal muscle expresses both ERs.
The antagonistic functions of ERα and ERβ have been documented.
They have some common functions as well, but they regulate unique
sets of genes, as revealed from microarray experiments [21]. ERα is the
main regulator of GLUT4 (glucose transporter type 4) expression in
adipose tissues, while ERβ is the repressor of the protein [22]. ERα
induced leptin expression while ERβ inhibited its expression in 3T3-L1
adipocytes [23]. Leptin is a 16 kDa peptide formed by the white adipocytes, and is required for homeostasis [24]. This adipokine causes
cardiac hypertrophy (thickening of myocardium) [25]. Leptin, along
with adiponectin, and hepatocyte growth factor (HGF), enhances aromatase expression and inﬂammation [26–28].
ERα overexpression is a hallmark of estrogen +ve breast cancer

Fig. 1. Estrogen-ER complexation and the pathways activated. As the ligand estrogen
binds to the ERs, they act as transcription regulators. The activated ER regulates the
activation of the proinﬂammatory transcription factor NFκB. NFκB pathway activation
induces M-CSF production which plays role in macrophage transformation by upregulating c-Jun, a major component of the transcription factor activator protein (AP)-1. Jun
amino-terminal kinase (JNK), which phosphorylates c-Jun, is activated by the ligandreceptor complex as well. AP-1 induces the elaboration of the inﬂammatory cytokine
TNF-alpha, which increases VEGF expression in breast cancer cells.

[29]. ERα has ameliorative eﬀects following trauma-hemorrhage [30].
Hyperinsulinemia activates DNA methyltransferases, which decrease
ERα expression via their gene methylation [31]. ERα-ligated estrogen
stimulates cell proliferation and induces neoplastic transformation
[32].
Polymorphism in ERβ has been associated with endometrioid carcinoma [33]. ERβ has been observed in TNBC (triple negative breast
cancer) cell lines (MDA-MB-453, SUM-185-PE and MFM-223) [34].
A study reports that the net action of estrogen is an outcome of the
relative ratio of each ER type [35]. The ERs and the pathways activated
followed by estrogen binding has been presented in Fig. 1. Functions of
ERs have been discussed in later sections as well, as the context required. Though much remains to be known about the role of both receptor types, Table 1 presents a list of pathologies and the dominant ER
types.
3. Estrogen imbalance and consequent diseases
Both hyper and hypo level of estrogen sets oﬀ a diverse array of
diseases i.e. autoimmune, metabolic, neural, and gender-speciﬁc,
among others [12]. The section below brieﬂy narrates the common
pathologies, resultant of perturbed estrogen level. Also, the pathologies
resultant of estrogen perturbation have been presented in Fig. 2 and
Table 2.
3.1. Hyper-estrogen activity-driven pathologies
High estrogen level is causal of numerous health issues, some key of
which have been discussed here. Polycystic ovary syndrome (PCOS) is
characterized by the endocrine disturbance, leading to cysts in the
Table 1
Pathologies and the dominant ER types.
ER type

Pathologies

References

ERα

Thyroid tumors
ER +ve breast cancer
Endometrioid carcinoma
Triple negative breast cancer

[52]
[29]
[33]
[34]

ERβ
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Fig. 2. Inﬂammatory lifestyle lowers body pH and activates aromatase enzyme, which increases the level of estrogen. The expression of estrogen in tissues lead to cancerous proliferations
and other autoimmune pathologies. Estrogen inhibitors can block the hormone’s adverse eﬀects to some extent, but estrogen deﬁciency has its pathological consequences as well.

normal thyroid glands has been reported [52]. Autoimmune diseases as
systemic lupus erythromatosus (SLE) [53,54] and multiple sclerosis
(MS) [55–57] are also the resultants of estrogen overactivity. Genderspeciﬁc eﬀect of estrogen has been well-documented. High estrogen
level leads to short stature (by early epiphyseal closure) in both genders, while it speciﬁcally causes hypogonadism and gynecomastia (the
proliferation of male breast glandular tissue) in males [58,59], and
breast hypertrophy in females [60].

ovaries. Its symptoms include hirsutism, alopecia, amenorrhea, infertility, hypertension, type 2 diabetes mellitus, depression etc. [36–39].
Endometriosis is an uterine anomaly where uterus tissues grow outside,
resulting in irregular periods, abdominal pain, chronic exhaustion, and
infertility [40–42]. A number of cancers have been linked to ER expression in diﬀerent tissues. Such cancers include endometrial/ovarian
cancer, caused by the overexpression of estrogen in ovulatory follicles
[43,44]. Breast cancer is a heterogeneous form of cancer, in the proliferation of which estrogen has predominant role [45,46]. In the estrogen receptor positive (ER +ve)-type breast cancer, estrogens or its
mimics, bind to ER, driving cancerous epithelial hyperplasia [47].
Gastric cancer [6], lungs cancer [48], hepatic cancer [49], and pituitary
cancer [50] are other forms of cancers, resultant of high estrogen level.
Thyroid carcinoma and adenomatous goiter have been linked to
estrogens [51]. The presence of ERα in human thyroid tumors and

3.2. Hypo-estrogen activity-driven pathologies
Estrogen level achieves a spurt in puberty which start menstrual
cycle in females. In the late fourth or early ﬁfth decade of life, estrogen
depletes to a large extent. After menopause, ovary almost stops producing it, which pave the path for a number of pathologies, involving

Table 2
Pathologies associated with hyper and hypo level of estrogen.
Level of estrogen

Regulators of estrogen

Diseases

References

High estrogen

*The enhancers*
Inﬂammation
Bisphenol A (BPA)
Alcohol, marijuana, heroin, cannabis, methadone, amphetamines
Cosmetic products (fragrance compounds), Antidepressants (diazepam)

Breast cancer
Prostate cancer
Polycystic ovary syndrome
Ovarian cancer
Endometriosis
Gastric cancer
Pituitary cancer
Thyroid carcinoma and adenomatous goiter
Schizophrenia
Systemic lupus erythematosus
Multiple Sclerosis
Male hypogonadism and oligospermia
Gynecomastia
Obesity

[1,2]
[3]
[4,5]
[6]
[7,8]
[9]
[10]
[11]
[12,13]
[14,15]
[16,17]
[18]
[19]
[20]

Low estrogen

*The inhibitors*
Prolactin
Antidepressants
Opiates
Estrogens
Anti-androgens,
Anti-hypertensive drugs
H2-receptor antagonists
Anticonvulsants
Immunosuppressive drugs (glucocorticosteroids, methotrexate)
Herbicides

Osteoporosis
Arthralgia (joint pain)
Alzheimer's disease
Parkinson's disease
Diabetes
Eclampsia

[21,22]
[23]
[24,25]
[26]
[27]

405

Biomedicine & Pharmacotherapy 102 (2018) 403–411

S. Patel et al.

But, when stressors are recurrent, neuro-immune-endocrine axis
perturbation is perpetual. These regulatory systems coordinate to create
an extracellular acidic milieu, a requisite environment, evolutionarilydesigned to neutralize the stressors. However, this defense strategy
comes at a price. The acidosis activates hydrolyzing enzymes, which are
instrumental in the elaboration of inﬂammatory cytokines (TNF-α
(tumor necrosis factor-alpha), IL-6 (interleukin -6), and M-CSF (macrophage colony-stimulating factor)). These cytokines cannot distinguish
between self and non-self in their destructive roles. So, human system
and organs are damaged as well. Sensing the inﬂammation state, and
the need to detoxify the system, aromatase and other cytochromes P450
(CYP) enzymes undergo hyperactivity. Higher production of estrogen
completes this vicious cycle.
Estrogen is a master regulator, and its interacts with a spectrum of
other hormones, and enzymes to mediate its versatile functions. Also,
estrogen receptors can be expressed in response to drugs. Sex steroid
imbalance leads to thyroid issues. Estrogen administration increases
thyroxine-binding globulin level [88]. Estradiol stimulates the phosphorylation of Akt, AMPK (AMP-activated protein kinase) and the Akt
substrate [89]. Prostaglandin PGE2 increases intracellular cAMP levels
and stimulates estrogen biosynthesis via aromatase activity [90]. The
synergy between cyclooxygenases (COX-1 and COX-2) and aromatase,
the hormone which generates estrogen, has been observed in breast
cancer tissues [91]. The hyper-produced estrogen regulates breast
cancer proliferation, by autocrine or paracrine mechanisms [92]. Estrogen damages DNA and interferes with its repair via the manipulation
of ATM, ATR, CHK1, BRCA1, and p53 proteins [93].
Studies are revealing the role of estrogen in areas of human physiology which was unthinkable years before. In rat model, it was observed that the fertilized eggs do not survive if exposed to proteases, as
the enzymes lyse the embryo. ERα signaling can inhibit the protease,
and in absence of the receptor, fertilization and fetus survival is aﬀected
[94]. On the other hand, a mice model study reports that estrogen increased the extracellular expression and IL-12-induced function of the
inﬂammatory serine protease Granzyme A [95]. Such conﬂicting reports of estrogens functions is rampant in the literature. HIV protease
inhibitor induces cholesterol accumulation in the macrophages and
increases the risk of atherosclerosis. From mice model it came forth that
ERα is involved in the macrophage cholesterol metabolism [96]. SERMs
(selective estrogen receptor modulators) such as clomiphene and toremifene, could inhibit Ebola virus infection, by inhibiting the virus
entry. If approved, the SERMs can be a breakthrough therapy for the
deadly ﬁlovirus [97].

organs as well as systemic. Estrogen deﬁciency-caused imbalance between bone absorption and resorption, leading to osteoporosis, an ailment of bone fragility and porosity [61,62]. Arthralgia is characterized
by joint pain, stiﬀness and functional disability. Depleting estrogen
level in the geriatrics is responsible for this bone condition. Alzheimer's
disease, a form of dementia, characterized by high amyloid beta (Aβ)
production, and hyper-phosphorylation of tau protein, resulting in
hippocampus degeneration, has been linked to the drop in estrogen
level [63–65]. Tau protein is required for the stabilization of microtubules, but the post-translational modiﬁcation leads to their aggregation [63]. Parkinson's disease, a neurodegenerative disease involving
the degeneration of midbrain substantia nigra, aﬀects the motor abilities like walking, balancing, and swallowing, because of tremor, bradykinesia (slow spontaneous movement), and pain [66–68]. Schizophrenia, a dopaminergic system-associated neuropathology, has been
linked to estrogen eﬀect [69,70]. Often these pathologies causal of low
estrogen level, occur as co-morbidities [71]. Declining estrogen level
aﬀects blood glucose homeostasis, which results in adiposity and insulin resistance, and consequent cardiovascular disease risks and diabetes. Estrogen deﬁciency increases the risk of renal pathology in diabetics, via the overactivity of RAAS [72] and by altering renal calcium
absorption [73]. Preterm delivery due to eclampsia (a form of seizure
during pregnancy), is the resultant of aromatase inhibition, thus estrogen deﬁciency, and high blood pressure [74]. Low estrogen synthesis
results in long stature due to delayed epiphyseal closure, and eunuchoid
body [75].
In practical situation, estrogen is prone to oscillation between the
extremes. It is a matter of serious concern as the ﬂuctuataing level of
the hormone can mislead the signaling system at as low as at picomolar
to nanomolar level. The fetal and juvenile organisms are at higher risk
by the ill eﬀects of the endocrine disruptors. Unintentional or ignorance-driven exposure to aromatase and estrogen manipulators can
perturb estrogen level. Personal care products and household consumables have chemicals (parabens, phthalates, nitro musks, benzophenones, bisphenol A, pesticides, ﬁre retardants) with estrogenic property
[76].
Apart from menopause, ovariectomy, and aging, the usage of aromatase inhibitors are one cause of the low estrogen production [77].
Anterior pituitary-secreted prolactin (luteotropic hormone or luteotropin) reduces aromatase activity, thus lowers estrogen level [78].
Antidepressants, antipsychotics, anticonvulsants opiates, estrogens,
anti-androgens, anti-hypertensive drugs, and H2-receptor antagonists,
increase prolactin level in the body, which reduces estrogen level [79].
Herbicides (glyphosates, Roundup etc.) and azole compounds (agricultural antifungals), immunosuppressive drugs (glucocorticosteroids,
methotrexate), antimalarials, and anticancer drugs (anastrozole, exemestane, letrozole) are aromatase inhibitors [80–84]. Cigarette smoke
is suspected to inhibit aromatase [85].
In this scenario, due to the intentioal or accidental lifestle mistakes,
signaling pathways go haywire. The imbalance leads to gender-ﬂuidity
problems. High estrogen in males can cause feminization, while low
estrogen in females can cause the dominance of androgen, thus masculinization. Oral contraceptive pills, such as ethinylestradiol and
progestin, can bind to steroid receptors for androgen exerting masculinization eﬀect on the female brain [86].

5. Therapies and regulators of estrogen-related pathologies
As both the high as well as low estrogen level is associated with
separate sets of pathologies, their management modalities have been
invented. Aromatase inhibitors (such as anastrozole, letrozole, and exemestane) are anti-estrogen agents, so used to treat cancers, endometriosis, PCOS, gynecomastia etc. [3,98–101]. Tamoxifen, a triphenylethylene derivative, an estrogen receptor antagonist, is the
mainstay therapy for hormone-dependent breast cancers which interferes with the transcriptional regulation by the ERs [100]. However,
estrogen being a versatile messenger, its manipulation via the aromatase inhibition or estrogen receptor modulation, is risky. It is akin
to trying to cut the tree branch on which the lumberjack is perched on.
Aromatase inhibitors can cause side eﬀects which include bone fracture, osteoporosis, arthralgia, and Alzheimer’s disease, among others
[77,102–104]. Also, the therapeutic intervention is not guaranteed to
be eﬀective as two interferon response genes IFITM1 (interferon-induced transmembrane protein) and PLSCR1 (phospholipid scramblase
1) resist the aromatase inhibitors [105].
L-DOPA, dopaminergic agonists (dopamine receptor agonists),
monoamine oxidase-B (MAO-B) [106], and ergot alkaloid derivatives,
include available therapies to delay neural pathologies caused by

4. Interaction of estrogen with other body components
Estrogen as a pivotal signaling molecule, playing role in both health
and ailments has been studied amply. Like most other body components, it behaves diﬀerently in homeostatic and non-homeostatic situations. When homeostasis prevails, estrogen protects against all invaders and stressors, maintaining health. For example, estrogen binds
to ERα and promotes glucose transporter GLUT4 expression, and their
internalization, promoting glucose homeostasis in skeletal muscles
[87].
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cramps, fatigue etc.Studies report that high CK level is often accompanied by high aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH) and aldolase level as
well. Na-K-ATPase (sodium-potassium ATPase), an electrogenic pump
located in the cell membranes, is vital for ionic balance. By transporting
sodium and potassium ions across the membranes, the pump maintains
physiological pH [117]. Among other regulators, endogenous hormones
(some cardiotonic steroids), including estrogen, aﬀect the performance
of these pumps [118]. RAAS (renin-angiotensin-aldosterone system)
maintains blood pressure by regulating extracellular ﬂuid volume
[119–121]. Kidney-secreted renin acts on its substrate angiotensinogen
to form angiotensin I, which is acted upon by angiotensin-converting
enzyme (ACE) to generate the versatile peptide angiotensin II
[122,123]. This eﬀector component can cause hypertension by exerting
vasoconstriction. Estrogen as a vasodilator, protects against the detrimental hypertensive eﬀects of the activated RAAS. It has been welldocumented that the depleting estrogen level in post-menopausal females make them prone to cerebral, cardiovascular and renal pathologies [124,125]. However, like a lot of other ambiguous ﬁndings pertaining this hormone, its angiotensin-enhancing roles have emerged
[126].
Androgen upregulates aromatase activity as it acts as the enzyme’s
substrate. Aromatase has an androgen-speciﬁc site which binds to androstenedione molecule and aromatizes its steroid ring, converting it
into estrogen [127]. Androgen is anti-inﬂammatory, but inﬂammatory
milieu induces the transformation of androgen to estrogen [128]. Progesterone metabolite 20 alpha-dihydroprogesterone (20αDHP) can act
as an anti-estrogen agent [129]. There are ample evidences on the estrogen-opposing and hyperplasia-suppressing role of progesterone
[130,131].

Fig. 3. Phytoestrogens like lignan, isoﬂavone and coumestan, act as estrogen agonists,
and on ligation with the estrogen receptors, initiate estrogen signaling. It is debated that
the phytoestrogens might be acting as antagonists, blocking estrogen from binding to the
receptors, thus might hold potential as selective estrogen receptor modulators (SERMs).

estrogen deﬁciency. They alleviate some symptoms of the targeted
pathologies, yet cause dyskinesia and dystonia [106].
Lignans are diphenolic compounds in plants (such as cereals, ﬂaxseed, soy etc.), which on ingestion, are metabolized into enterolactone
and enterodiol [107]. The role of these phytoestrogens in estrogen
regulation is debatable. While one group believes that these steroids
boost estrogen level, another group assumes that they can be an antagonists of estrogen. By binding to the ER, the phytoestrogens can
exclude endogenous estrogen, preventing its downstream eﬀects.
SERMs have been proposed as a way to prevent cancerous attributes of
estrogen. In this regard, plant lignans, rich in phytoestrogens are candidates for SERMs. The often-conﬂicting results, regarding their roles
are obvious for diﬀerent tissues, as they express diﬀerent ERs with
antagonizing functions. Binding of the lignans to the ERs will evoke
opposing functions. This mechanism of estrogen inhibition by phytoestrogens has been illustrated in Fig. 3. Other phytochemicals as
coumestrol, luteolin, kaempferol, resveratrol, curcumin, apigenin, catechin, nicotine, hesperitin etc. are known to lower aromatase activity
[108,109]. Also, vitamin E being an antioxidant, can attenuate aromatase, by reducing oxidative stress level, though the mechanism is
not well-published [110].
With aging, the hypothalamic-anterior pituitary-gonad axis
weakens, leading to high adiposity, insulin resistance, dyslipidemia,
tissue inﬂammation etc. [111,112]. Active form of vitamin D, the 25hydroxyvitamin D can attenuate the instances of breast and ovarian
cancer [113]. Calcitriol (1,25-dihydroxyvitamin D3) suppresses COX-2
enzyme expression, reducing the levels of inﬂammatory prostaglandins.
Also, this form of vitamin D decreases the expression of aromatase,
causing reduction in estrogen level [114]. Serum sex-hormone-binding
globulins regulate circulating steroid level. Low level of the globulinsead to lincreased estrogen level [115].
Creatine kinase (CK) catalyzes ATP hydrolysis and the formation of
ADP. CK has various isoforms which occur in diverse cellular regions
and body tissues. In vivo studies have shown the link between CK and
estrogen [116]. High CK level leads to muscle conditions as spasms,

6. Discussion
Despite a wealth of information garnered on estrogen, our understanding is incomplete and full of misleading information. Estrogen can
prevent inﬂammation, but can mediate inﬂammation as well. For example, estrogen boosts epithelial integrity and prevents pathogenesis of
Escherichia coli-caused urinary tract infections (UTIs) in mice model
[132]. Exogenous estrogen protects from postmenopausal rheumatoid
arthritis, and osteoporosis [133]. However, the estrogen therapy can
cause SLE, and thromboses [133].
While reporting and interpreting a pathological condition due to
deﬁcient or excess estrogen level, it should be remembered that same
estrogen in interaction with diﬀerent ER type is likely to exert diﬀerent
eﬀects.
The precise distribution and regulators of the ERs are yet to be
unraveled. Questions abound regarding the ERs. What is diﬀerence
between ERα and ERβ? Which critical amino acid is substituted that
makes the two ER behave diﬀerently? To prevent the expression of the
problematic ER should be our goal. For hypo and hyper estrogen status,
the objective will vary. The discovery of agonists for both alpha and
beta forms of estrogen receptors is one approach. Agonists speciﬁc to
either types of the receptors have been evaluated, but they often
backﬁre, with undesirable results. The often-disparate tissue distributions, and antagonizing functions of the two forms of ERs add another
layer of complications in the therapeutic eﬀorts. Some observations of
functional dichotomy have been mentioned here. ERα is the predominant isoform in cortical bone, while ERβ is the predominant form
in trabecular bone. ERβ was involved in the prevention of geriatric
hearing loss. So, it cannot be concluded that a particular receptor type
is good or bad, as both types of ER have beneﬁcial as well as evil roles.
It is most likely that, the hormonal milieu decides the expression of the
ER, just as the substrates induce enzyme expression. In fact, in the
disturbed metabolic state, the human body’s endocrine system is attempting to restore balance through the up-regulation of a distinct type
of ER.
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additives in food need to be monitored. Research community ought to
strive to unveil the hidden aspects of estrogen.

Cancer therapies often fail because they target the estrogen [93].
Inhibiting the aromatase enzyme, responsible for producing this hormone can shut down signaling between neuro-hormonal-immune
components. It can lead to death. So, targeting estrogen is never in the
best interest of the body.
Genetic polymorphisms have often been attributed to cause breast
cancer. Mutations in BRCA1 and BRCA2 might be hereditary, but majority of the issues related to imbalanced estrogen are the resultant of
lifestyle issues. All hormones are sensitive signaling molecules, vital for
healthy life. Estrogen particularly is a violently alert hormone recruiting or recruited by other surveillance components essential for
homeostasis. Unfortunately, unhealthy living conditions are perturbing
estrogen level. Lifestyle revision can delay or prevent the pathological
eﬀects of estrogens. Modern living is full of encounter with endocrinedisrupting chemicals (parabens, phthalates, nitro musks, benzophenones, bisphenol A, pesticides, and ﬁre retardants). These compounds
are upregulators of aromatase, and are estrogenic [134]. Together they
create an inﬂammatory, acidic milieu. The large repertoire of chemicals
being used in daily life are perceived as stress to the body, to tackle
which, high level of estrogen is produced. Perturbation in the estrogen
level, in fact ‘estrogen dominance’ is responsible for the ER expression
and activation [135]. So, this hormone level should not be allowed to
ﬂuctuate beyond normal level. The level of estrogen is a direct output of
aromatase activity which in turn is the result of inﬂammations endured
or being encountered. So, one’s lifestyle should be such as to minimize
inﬂammations. Lifestyle revision can delay or prevent the pathological
eﬀects of estrogens. Apart from reducing the usage of these endocrinemanipulating chemicals, dietary changes are assumed to help in the
expression of the right type of ER in right tissues. Acidogenic food lead
to drop in extracellular matrix pH, causing acidosis [136]. It causes
aberrant enzyme activation, including that of matrix metalloproteinase,
and aromatase. Tumor is one symptom of inﬂammation [137,138]. Just
as other symptoms of inﬂammation such as swelling, redness, and heat
resolve with care and time, tumor might be resolving, regressing on
their own. However, recurrent abuse of the system or organs might be
feeding aromatase to elaborate tissue-speciﬁc estrogen.
Authorities should take stringent actions to control environmental
pollutants and to educate consumers to be aware of the risks of estrogen-begetting stressors and estrogenic chemicals. It is ironical and
unfortunate that the life-giving estrogen itself is the clastogen, morbidogen, and carcinogen. But, that is how evolution has designed us, so
nothing much can be done about it, except to being cautious, so as not
to agitate it. The balanced activation of both receptor types is requisite
for a healthy life. This critical review is expected to be of interest to
general public as well as the researchers, as the mankind faces an enormous health challenge.

Compliance with ethical standards
The authors declare that there is no competing interest. This work
does not involve human participants or animal models.
References
[1] G.E. Gillies, S. McArthur, Estrogen actions in the brain and the basis for diﬀerential action in men and women: a case for sex-speciﬁc medicines, Pharmacol.
Rev. 62 (2010) 155–198, http://dx.doi.org/10.1124/pr.109.002071.
[2] E.R. Simpson, C. Clyne, G. Rubin, W.C. Boon, K. Robertson, K. Britt, C. Speed,
M. Jones, Aromatase—a brief overview, Annu. Rev. Physiol. 64 (2002) 93–127,
http://dx.doi.org/10.1146/annurev.physiol.64.081601.142703.
[3] J. Blakemore, F. Naftolin, Aromatase: contributions to physiology and disease in
women and men, Physiology (Bethesda) 31 (2016) 258–269, http://dx.doi.org/
10.1152/physiol.00054.2015.
[4] L.R. Nelson, S.E. Bulun, Estrogen production and action, J. Am. Acad. Dermatol.
45 (2001) S116–24 (Accessed 29 September 2016), http://www.ncbi.nlm.nih.
gov/pubmed/11511861.
[5] M. Demura, R.M. Martin, M. Shozu, S. Sebastian, K. Takayama, W.-T. Hsu,
R.A. Schultz, K. Neely, M. Bryant, B.B. Mendonca, K. Hanaki, S. Kanzaki,
D.B. Rhoads, M. Misra, S.E. Bulun, Regional rearrangements in chromosome
15q21 cause formation of cryptic promoters for the CYP19 (aromatase) gene,
Hum. Mol. Genet. 16 (2007) 2529–2541, http://dx.doi.org/10.1093/hmg/
ddm145.
[6] M. Izawa, M. Inoue, M. Osaki, H. Ito, T. Harada, N. Terakawa, M. Ikeguchi,
Cytochrome P450 aromatase gene (CYP19) expression in gastric cancer, Gastric
Cancer 11 (2008) 103–110, http://dx.doi.org/10.1007/s10120-008-0463-x.
[7] S. Nilsson, J.Å. Gustafsson, Estrogen receptors: therapies targeted to receptor
subtypes, Clin. Pharmacol. Ther. 89 (2011) 44–55, http://dx.doi.org/10.1038/
clpt.2010.226.
[8] L.L. Shook, An update on hormone replacement therapy: health and medicine for
women: a multidisciplinary, evidence-based review of mid-life health concerns,
Yale J. Biol. Med. 84 (2011) 39–42 (Accessed 14 November 2016), http://www.
ncbi.nlm.nih.gov/pubmed/21451783.
[9] G. Piriu, E. Torac, L.E. Gaman, L. Iosif, I.C. Tivig, C. Delia, M. Gilca, I. Stoian,
V. Atanasiu, Clozapine and risperidone inﬂuence on cortisol and estradiol levels in
male patients with schizophrenia, J. Med. Life 8 (2015) 548–551 (Accessed 26
October 2016), http://www.ncbi.nlm.nih.gov/pubmed/26664488.
[10] M.J. García-Barrado, E.J. Blanco, L. Catalano-Iniesta, V. Sanchez-Robledo,
M.C. Iglesias-Osma, M. Carretero-Hernández, J. Rodríguez-Cobos, D.J. Burks,
J. Carretero, Relevance of pituitary aromatase and estradiol on the maintenance of
the population of prolactin-positive cells in male mice, Steroids 111 (2016)
121–126, http://dx.doi.org/10.1016/j.steroids.2016.03.020.
[11] J.R. Roy, S. Chakraborty, T.R. Chakraborty, Estrogen-like endocrine disrupting
chemicals aﬀecting puberty in humans—a review, Med. Sci. Monit. 15 (2009)
RA137–45 (Accessed 13 August 2015), http://www.ncbi.nlm.nih.gov/pubmed/
19478717.
[12] H.-R. Lee, T.-H. Kim, K.-C. Choi, Functions and physiological roles of two types of
estrogen receptors, ERα and ERβ, identiﬁed by estrogen receptor knockout mouse,
Lab. Anim. Res. 28 (2012) 71–76, http://dx.doi.org/10.5625/lar.2012.28.2.71.
[13] R. Kumar, M.N. Zakharov, S.H. Khan, R. Miki, H. Jang, G. Toraldo, R. Singh,
S. Bhasin, R. Jasuja, The dynamic structure of the estrogen receptor, J. Amino
Acids 2011 (2011) 1–7, http://dx.doi.org/10.4061/2011/812540.
[14] Uni Prot The, Consortium, The universal protein resource (UniProt), Nucleic Acids
Res. 36 (2008) D190–D195, http://dx.doi.org/10.1093/nar/gkm895.
[15] C.P. Ponting, J. Schultz, F. Milpetz, P. Bork, SMART: identiﬁcation and annotation
of domains from signalling and extracellular protein sequences, Nucleic Acids Res.
27 (1999) 229–232, http://dx.doi.org/10.1093/nar/27.1.229.
[16] A.M. Smith, C.N. Hansey, S.M. Kaeppler, TCUP: a novel hAT transposon active in
maize tissue culture, Front. Plant Sci. 3 (2012) 6, http://dx.doi.org/10.3389/fpls.
2012.00006.
[17] S.K. Gupta, A.K. Rai, S.S. Kanwar, T.R. Sharma, Comparative analysis of zinc
ﬁnger proteins involved in plant disease resistance, PLoS One 7 (2012) e42578,
http://dx.doi.org/10.1371/journal.pone.0042578.
[18] R.K. Bledsoe, E.L. Stewart, K.H. Pearce, Structure and function of the glucocorticoid receptor ligand binding domain, Vitam Horm. (2004) 49–91, http://dx.doi.
org/10.1016/S0083-6729(04)68002-2.
[19] S. Patel, Pathogenicity-associated protein domains: the ﬁercely-conserved evolutionary signatures, Gene Rep. 7 (2017) 127–141, http://dx.doi.org/10.1016/j.
genrep.2017.04.004.
[20] K. Dechering, C. Boersma, S. Mosselman, Estrogen receptors alpha and beta: two
receptors of a kind? Curr. Med. Chem. 7 (2000) 561–576 (Accessed 18 November
2016), http://www.ncbi.nlm.nih.gov/pubmed/10702625.
[21] C. Zhao, K. Dahlman-Wright, J.-A. Gustafsson, Estrogen receptor beta: an overview
and update, Nucl. Recept. Signal. 6 (2008) e003, http://dx.doi.org/10.1621/nrs.
06003.
[22] R.P.A. Barros, U.F. Machado, M. Warner, J.-A. Gustafsson, Muscle GLUT4 regulation by estrogen receptors ERbeta and ER, Proc. Natl. Acad. Sci. U. S. A. 103
(2006) 1605–1608, http://dx.doi.org/10.1073/pnas.0510391103.

7. Conclusions
Estrogen’s pleiotropic role and indispensability in homeostasis is
adequately-proven. Its waveing in either extreme is hazardous. Excess
estrogen will lead to autoimmune diseases and cancer, while less estrogen will lead to osteoporosis, and brain degeneration, among other
pathologies. As being between Scylla and Charybdis is dangerous, both
hyper as well as hypo estrogen level can push an individual towards
morbidity or mortality. Current cancer management regimen appears
insuﬃcient. To normalize one stressor (hormone imbalance), subjecting
the body to an array of other stressors (toxic drugs) appear paradoxicalyet it is the current convention. Long term usage of toxic chemotherapeutics is unadvisable as the battle arena is the human body, which
already has lost its homeostasis (cancer is a reﬂection of lost homeostasis). Homeostasis can be maintained by a healthy, personalized
lifestyle. The only sustainable way to ensure optimal estrogen level is to
understand body type, estrogen dynamics with age, and through eﬀorts
to stay away from stressors. Intake of and exposure to detrimental
chemicals by air, water, personal care products, and pesticides/
408

Biomedicine & Pharmacotherapy 102 (2018) 403–411

S. Patel et al.

[23] K.W. Yi, J.-H. Shin, H.S. Seo, J.K. Lee, M.-J. Oh, T. Kim, H.S. Saw, S.-H. Kim, J.Y. Hur, Role of estrogen receptor-α and -β in regulating leptin expression in 3T3L1 adipocytes, Obesity. 16 (2008) 2393–2399, http://dx.doi.org/10.1038/oby.
2008.389.
[24] R.S. Ahima, Revisiting leptin’s role in obesity and weight loss, J. Clin. Invest. 118
(2008) 2380–2383, http://dx.doi.org/10.1172/JCI36284.
[25] M.E. Hall, R. Harmancey, D.E. Stec, Lean heart: role of leptin in cardiac hypertrophy and metabolism, World J. Cardiol. 7 (2015) 511–524, http://dx.doi.org/
10.4330/wjc.v7.i9.511.
[26] S. Basu, K. Combe, F. Kwiatkowski, F. Caldeﬁe-Chézet, F. Penault-Llorca, Y.J. Bignon, M.-P. Vasson, Cellular expression of cyclooxygenase, aromatase, adipokines, inﬂammation and cell proliferation markers in breast cancer specimen,
PLoS One 10 (2015) e0138443, http://dx.doi.org/10.1371/journal.pone.
0138443.
[27] S. Catalano, S. Marsico, C. Giordano, L. Mauro, P. Rizza, M.L. Panno, S. Andò,
Leptin enhances, via AP-1, expression of aromatase in the MCF-7 cell line, J. Biol.
Chem. 278 (2003) 28668–28676, http://dx.doi.org/10.1074/jbc.M301695200.
[28] Y. Zhou, L. Rui, Leptin signaling and leptin resistance, Front. Med. 7 (2013)
207–222, http://dx.doi.org/10.1007/s11684-013-0263-5.
[29] S. Ali, R.C. Coombes, Estrogen receptor alpha in human breast cancer: occurrence
and signiﬁcance, J. Mammary Gland Biol. Neoplasia 5 (2000) 271–281, http://dx.
doi.org/10.1023/A:1009594727358.
[30] T. Suzuki, T. Shimizu, H.-P. Yu, Y.-C. Hsieh, M.A. Choudhry, K.I. Bland,
I.H. Chaudry, Estrogen receptor-predominantly mediates the salutary eﬀects of
17beta-estradiol on splenic macrophages following trauma-hemorrhage, AJP Cell
Physiol. 293 (2007) C978–C984, http://dx.doi.org/10.1152/ajpcell.00092.2007.
[31] J. Min, Z. Weitian, C. Peng, P. Yan, Z. Bo, W. Yan, B. Yun, W. Xukai, Correlation
between insulin-induced estrogen receptor methylation and atherosclerosis,
Cardiovasc. Diabetol. 15 (2016) 156, http://dx.doi.org/10.1186/s12933-0160471-9.
[32] W. Yue, J.D. Yager, J.P. Wang, E.R. Jupe, R.J. Santen, Estrogen receptor-dependent and independent mechanisms of breast cancer carcinogenesis, Steroids 78
(2013) 161–170, http://dx.doi.org/10.1016/j.steroids.2012.11.001.
[33] D. Chakravarty, R. Srinivasan, S. Ghosh, A. Rajwanshi, S. Gopalan, Estrogen receptor Beta (ERβ) in endometrial simple hyperplasia and endometrioid carcinoma,
Appl. Immunohistochem. Mol. Morphol. 16 (2008) 535–542, http://dx.doi.org/
10.1097/PAI.0b013e31816755a9.
[34] K.M. McNamara, S. Oguro, F. Omata, K. Kikuchi, F. Guestini, K. Suzuki, Y. Yang,
E. Abe, H. Hirakawa, K.A. Brown, I. Takanori, N. Ohuchi, H. Sasano, The presence
and impact of estrogen metabolism on the biology of triple-negative breast cancer,
Breast Cancer Res. Treat. 161 (2016) 213–227, http://dx.doi.org/10.1007/
s10549-016-4050-2.
[35] P.M. Linares, A. Algaba, A. Urzainqui, M. Guijarro-Rojas, R. González-Tajuelo,
J. Garrido, M. Chaparro, J.P. Gisbert, F. Bermejo, I. Guerra, V. Castellano,
M.E. Fernández-Contreras, Ratio of circulating estrogen receptors beta and alpha
(ERβ/ERα) indicates endoscopic activity in patients with Crohn’s disease, Dig. Dis.
Sci. 62 (2017) 2744–2754, http://dx.doi.org/10.1007/s10620-017-4717-5.
[36] G.W. Bates, R.S. Legro, Longterm management of Polycystic Ovarian Syndrome
(PCOS), Mol. Cell. Endocrinol. 373 (2013) 91–97, http://dx.doi.org/10.1016/j.
mce.2012.10.029.
[37] S.M. Sirmans, K.A. Pate, Epidemiology, diagnosis, and management of polycystic
ovary syndrome, Clin. Epidemiol. 6 (2013) 1–13, http://dx.doi.org/10.2147/
CLEP.S37559.
[38] N. Madnani, K. Khan, P. Chauhan, G. Parmar, Polycystic ovarian syndrome, Indian
J. Dermatol.Venereol. Leprol. 79 (2013) 310–321, http://dx.doi.org/10.4103/
0378-6323.110759.
[39] H. Teede, A. Deeks, L. Moran, E. Diamanti-Kandarakis, C. Kouli, A. Bergiele, et al.,
Polycystic ovary syndrome: a complex condition with psychological, reproductive
and metabolic manifestations that impacts on health across the lifespan, BMC
Med. 8 (2010) 41, http://dx.doi.org/10.1186/1741-7015-8-41.
[40] T. Bloski, R. Pierson, Endometriosis and chronic pelvic pain: unraveling the
mystery behind this complex condition, Nurs. Womens Health 12 (2008) 382–395,
http://dx.doi.org/10.1111/j.1751-486X.2008.00362.x.
[41] C. Mehedintu, M.N. Plotogea, S. Ionescu, M. Antonovici, Endometriosis still a
challenge, J. Med. Life 7 (2014) 349–357 (Accessed 7 August, 2016), http://www.
ncbi.nlm.nih.gov/pubmed/25408753.
[42] M.L. Macer, H.S. Taylor, Endometriosis and infertility: a review of the pathogenesis and treatment of endometriosis-associated infertility, Obstet. Gynecol. Clin.
North Am. 39 (2012) 535–549, http://dx.doi.org/10.1016/j.ogc.2012.10.002.
[43] J.-J. Wei, J. William, S. Bulun, Endometriosis and ovarian cancer: a review of
clinical, pathologic, and molecular aspects, Int. J. Gynecol. Pathol. 30 (2011)
553–568, http://dx.doi.org/10.1097/PGP.0b013e31821f4b85.
[44] S.-M. Ho, Estrogen, progesterone and epithelial ovarian cancer, Reprod. Biol.
Endocrinol. 1 (2003) 73, http://dx.doi.org/10.1186/1477-7827-1-73.
[45] A. Pazaiti, I.S. Fentiman, Basal phenotype breast cancer: implications for treatment and prognosis, Womens Health (Lond. Engl). 7 (2011) 181–202, http://dx.
doi.org/10.2217/whe.11.5.
[46] S. Patel, Breast cancer: lesser-known facets and hypotheses, Biomed.
Pharmacother. 98 (2018) 499–506, http://dx.doi.org/10.1016/J.BIOPHA.2017.
12.087.
[47] N. Tung, Y. Wang, L.C. Collins, J. Kaplan, H. Li, R. Gelman, A.H. Comander,
B. Gallagher, K. Fetten, K. Krag, K.A. Stoeckert, R.D. Legare, D. Sgroi, P.D. Ryan,
J.E. Garber, S.J. Schnitt, Estrogen receptor positive breast cancers in BRCA1
mutation carriers: clinical risk factors and pathologic features, Breast Cancer Res.
12 (2010) R12, http://dx.doi.org/10.1186/bcr2478.
[48] M.K. Verma, Y. Miki, K. Abe, S. Nagasaki, H. Niikawa, S. Suzuki, T. Kondo,

[49]

[50]

[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

409

H. Sasano, Co-expression of estrogen receptor beta and aromatase in Japanese
lung cancer patients: gender-dependent clinical outcome, Life Sci. 91 (2012)
800–808, http://dx.doi.org/10.1016/j.lfs.2012.08.029.
L. Cocciadiferro, V. Miceli, O.M. Granata, G. Carruba, Merlin, the product of NF2
gene, is associated with aromatase expression and estrogen formation in human
liver tissues and liver cancer cells, J. Steroid Biochem. Mol. Biol. 172 (2016)
222–230, http://dx.doi.org/10.1016/j.jsbmb.2016.05.023.
P.H. Gonzales, L.C. Mezzomo, N.P. Ferreira, A.V. Roehe, M.B.F. Kohek, Mda
C. Oliveira, Aromatase P450 expression in human pituitary adenomas,
Neuropathology 35 (2015) 16–23, http://dx.doi.org/10.1111/neup.12145.
R. Rahbari, L. Zhang, E. Kebebew, Thyroid cancer gender disparity, Future Oncol.
6 (2010) 1771–1779, http://dx.doi.org/10.2217/fon.10.127.
D. Mirebeau-Prunier, S. Le Pennec, C. Jacques, J.-F. Fontaine, N. Gueguen,
N. Boutet-Bouzamondo, A. Donnart, Y. Malthièry, F. Savagner, Estrogen-related
receptor alpha modulates lactate dehydrogenase activity in thyroid tumors, PLoS
One 8 (2013) e58683, http://dx.doi.org/10.1371/journal.pone.0058683.
M. Cojocaru, I.M. Cojocaru, I. Silosi, C.D. Vrabie, Manifestations of systemic lupus
erythematosus, Mædica 6 (2011) 330–336 (Accessed 22 September 2016), http://
www.ncbi.nlm.nih.gov/pubmed/22879850.
C.E. Weckerle, T.B. Niewold, The unexplained female predominance of systemic
lupus erythematosus: clues from genetic and cytokine studies, Clin. Rev. Allergy
Immunol. 40 (2011) 42–49, http://dx.doi.org/10.1007/s12016-009-8192-4.
J.K. Huang, S.P.J. Fancy, C. Zhao, D.H. Rowitch, C. Ffrench-Constant,
R.J.M. Franklin, Myelin regeneration in multiple sclerosis: targeting endogenous
stem cells, Neurotherapeutics 8 (2011) 650–658, http://dx.doi.org/10.1007/
s13311-011-0065-x.
E. Waubant, Improving outcomes in multiple sclerosis through early diagnosis and
eﬀective management, Prim. Care Companion CNS Disord. 14 (2012), http://dx.
doi.org/10.4088/PCC.11016co2cc.
H.F. Harbo, R. Gold, M. Tintoré, Sex and gender issues in multiple sclerosis, Ther.
Adv. Neurol. Disord. 6 (2013) 237–248, http://dx.doi.org/10.1177/
1756285613488434.
N. Cuhaci, S.B. Polat, B. Evranos, R. Ersoy, B. Cakir, Gynecomastia: clinical evaluation and management, Indian J. Endocrinol. Metab. 18 (2014) 150–158, http://
dx.doi.org/10.4103/2230-8210.129104.
L.E. Crosnoe-Shipley, O.O. Elkelany, C.D. Rahnema, E.D. Kim, Treatment of hypogonadotropic male hypogonadism: case-based scenarios, World J. Nephrol. 4
(2015) 245–253, http://dx.doi.org/10.5527/wjn.v4.i2.245.
K.A. Metwalley, H.S. Farghaly, Aromatase excess syndrome presenting with prepubertal gynecomastia in an Egyptian child with type 1 neuroﬁbromatosis, Indian
J. Hum. Genet. 19 (2013) 472–474, http://dx.doi.org/10.4103/0971-6866.
124379.
S. Kilbreath, K.M. Refshauge, J. Beith, L. Ward, K. Sawkins, R. Paterson, P. CliftonBligh, P.N. Sambrook, J.M. Simpson, L. Nery, Prevention of osteoporosis as a
consequence of aromatase inhibitor therapy in postmenopausal women with early
breast cancer: rationale and design of a randomized controlled trial, Contemp.
Clin. Trials 32 (2011) 704–709, http://dx.doi.org/10.1016/j.cct.2011.04.012.
M.T. Drake, B.L. Clarke, E.M. Lewiecki, The pathophysiology and treatment of
osteoporosis, Clin. Ther. 37 (2015) 1837–1850, http://dx.doi.org/10.1016/j.
clinthera.2015.06.006.
M. Kolarova, F. García-Sierra, A. Bartos, J. Ricny, D. Ripova, Structure and pathology of tau protein in Alzheimer disease, Int. J. Alzheimers. Dis. 2012 (2012)
731526, http://dx.doi.org/10.1155/2012/731526.
S.C. Janicki, N. Park, R. Cheng, N. Schupf, L.N. Clark, J.H. Lee, Aromatase variants
modify risk for Alzheimer’s disease in a multiethnic female cohort, Dement.
Geriatr. Cognit. Disord. 35 (2013) 340–346, http://dx.doi.org/10.1159/
000343074.
W. Wharton, C.E. Gleason, V.M. Miller, S. Asthana, Rationale and design of the
Kronos Early Estrogen Prevention Study (KEEPS) and the KEEPS cognitive and
aﬀective sub study (KEEPS Cog), Brain Res. 1514 (2013) 12–17, http://dx.doi.org/
10.1016/j.brainres.2013.04.011.
S. Varanese, Z. Birnbaum, R. Rossi, A. Di Rocco, Treatment of advanced
Parkinson’s disease, Parkinson’s Dis. 2010 (2011) 480260, http://dx.doi.org/10.
4061/2010/480260.
A. Reeve, E. Simcox, D. Turnbull, Ageing and Parkinson’s disease: why is advancing age the biggest risk factor? Ageing Res. Rev. 14 (2014) 19–30, http://dx.doi.
org/10.1016/j.arr.2014.01.004.
N.S. Narayanan, R.L. Rodnitzky, E.Y. Uc, Prefrontal dopamine signaling and
cognitive symptoms of Parkinson’s disease, Rev. Neurosci. 24 (2013) 267–278,
http://dx.doi.org/10.1515/revneuro-2013-0004.
S. Gupta, P. Kulhara, What is schizophrenia: a neurodevelopmental or neurodegenerative disorder or a combination of both? A critical analysis, Indian J.
Psychiatry 52 (2010) 21–27, http://dx.doi.org/10.4103/0019-5545.58891.
J. Kulkarni, E. Gavrilidis, R. Worsley, T. Van Rheenen, E. Hayes, The role of estrogen in the treatment of men with schizophrenia, Int. J. Endocrinol. Metab. 11
(2013) 129–136, http://dx.doi.org/10.5812/ijem.6615.
N. Pathak-Gandhi, A.D.B. Vaidya, Management of Parkinson's disease in ayurveda:
medicinal plants and adjuvant measures, J. Ethnopharmacol. 197 (2016) 46–51,
http://dx.doi.org/10.1016/j.jep.2016.08.020.
E. O’Donnell, J.S. Floras, P.J. Harvey, Estrogen status and the renin angiotensin
aldosterone system, Am. J. Physiol. Regul. Integr. Comp. Physiol. 307 (2014)
R498–500, http://dx.doi.org/10.1152/ajpregu.00182.2014.
O.K. Öz, A. Hajibeigi, K. Howard, C.L. Cummins, M. Van Abel, R.J.M. Bindels,
R.A. Word, M. Kuro-o, C.Y.C. Pak, J.E. Zerwekh, Aromatase deﬁciency causes
altered expression of molecules critical for calcium reabsorption in the kidneys of
female mice, J. Bone Miner. Res. (2007) 1893–1902, http://dx.doi.org/10.1359/

Biomedicine & Pharmacotherapy 102 (2018) 403–411

S. Patel et al.

jbmr.070808.
[74] R. Xu, B. Mao, S. Li, J. Liu, X. Li, H. Li, Y. Su, G. Hu, Q.-Q. Lian, R.-S. Ge, Structureactivity relationships of phthalates in inhibition of human placental 3β-hydroxysteroid dehydrogenase 1 and aromatase, Reprod. Toxicol. 61 (2016) 151–161,
http://dx.doi.org/10.1016/j.reprotox.2016.04.004.
[75] E.K. Baykan, M. Erdoğan, S. Özen, Ş. Darcan, L.F. Saygılı, Aromatase deﬁciency, a
rare syndrome: case report, J. Clin. Res. Pediatr. Endocrinol. 5 (2013) 129–132,
http://dx.doi.org/10.4274/Jcrpe.970.
[76] S. Patel, Fragrance compounds: the wolves in sheep's clothings, Med. Hypotheses
102 (2017) 106–111, http://dx.doi.org/10.1016/j.mehy.2017.03.025.
[77] A.E. Borrie, R.B. Kim, Molecular basis of aromatase inhibitor associated arthralgia:
known and potential candidate genes and associated biomarkers, Expert Opin.
Drug Metab. Toxicol. (2016) 1–8, http://dx.doi.org/10.1080/17425255.2017.
1234605.
[78] A. Majumdar, N.S. Mangal, Hyperprolactinemia, J. Hum. Reprod. Sci. 6 (2013)
168–175, http://dx.doi.org/10.4103/0974-1208.121400.
[79] D. La Torre, A. Falorni, Pharmacological causes of hyperprolactinemia, Ther. Clin.
Risk Manage. 3 (2007) 929–951 (Accessed 25 October 2016), http://www.ncbi.
nlm.nih.gov/pubmed/18473017.
[80] J.A. Zarn, B.J. Brüschweiler, J.R. Schlatter, Azole fungicides aﬀect mammalian
steroidogenesis by inhibiting sterol 14 alpha-demethylase and aromatase, Environ.
Health Perspect. 111 (2003) 255–261 (Accessed 26 October 2016), http://www.
ncbi.nlm.nih.gov/pubmed/12611652.
[81] C. Egbuta, J. Lo, D. Ghosh, Mechanism of inhibition of estrogen biosynthesis by
azole fungicides, Endocrinology 155 (2014) 4622–4628, http://dx.doi.org/10.
1210/en.2014-1561.
[82] S. Richard, S. Moslemi, H. Sipahutar, N. Benachour, G.-E. Seralini, Diﬀerential
eﬀects of glyphosate and roundup on human placental cells and aromatase,
Environ. Health Perspect. 113 (2005) 716–720, http://dx.doi.org/10.1289/ehp.
7728.
[83] A. Popescu, A.H. Kao, Neuropsychiatric systemic lupus erythematosus, Curr.
Neuropharmacol. 9 (2011) 449–457, http://dx.doi.org/10.2174/
157015911796557984.
[84] C. Yildirim-Toruner, B. Diamond, Current and novel therapeutics in the treatment
of systemic lupus erythematosus, J. Allergy Clin. Immunol. 127 (2011), http://dx.
doi.org/10.1016/j.jaci.2010.12.1087 303-312-4.
[85] A. Biegon, N. Alia-Klein, J.S. Fowler, Potential contribution of aromatase inhibition to the eﬀects of nicotine and related compounds on the brain, Front.
Pharmacol. 3 (2012) 185, http://dx.doi.org/10.3389/fphar.2012.00185.
[86] B.A. Pletzer, H.H. Kerschbaum, 50 years of hormonal contraception-time to ﬁnd
out, what it does to our brain, Front. Neurosci. 8 (2014) 256, http://dx.doi.org/10.
3389/fnins.2014.00256.
[87] R.P.A. Barros, C. Gabbi, A. Morani, M. Warner, J.-Å. Gustafsson, Participation of
ERα and ERβ in glucose homeostasis in skeletal muscle and white adipose tissue,
Am. J. Physiol.—Endocrinol. Metab. 297 (2009), http://dx.doi.org/10.1152/
ajpendo.00189.2009 E124 LP-E133.
[88] R. Tahboub, B.M. Arafah, Sex steroids and the thyroid, Best Pract. Res. Clin.
Endocrinol. Metab. 23 (2009) 769–780, http://dx.doi.org/10.1016/j.beem.2009.
06.005.
[89] N.H. Rogers, C.A. Witczak, M.F. Hirshman, L.J. Goodyear, A.S. Greenberg,
Estradiol stimulates Akt, AMP-activated protein kinase (AMPK) and TBC1D1/4,
but not glucose uptake in rat soleus, Biochem. Biophys. Res. Commun. 382 (2009)
646–650, http://dx.doi.org/10.1016/j.bbrc.2009.02.154.
[90] R. Sirianni, A. Chimento, A. De Luca, F. Zolea, A. Carpino, V. Rago, M. Maggiolini,
S. Andò, V. Pezzi, Inhibition of cyclooxygenase-2 down-regulates aromatase activity and decreases proliferation of leydig tumor cells, J. Biol. Chem. 284 (2009)
28905–28916, http://dx.doi.org/10.1074/jbc.M109.041020.
[91] J.M. Fowler, N. Ramirez, D.E. Cohn, N. Kelbick, J. Pavelka, I. Ben-Shachar,
C. Morrison, Correlation of cyclooxygenase-2 (COX-2) and aromatase expression
in human endometrial cancer: tissue microarray analysis, Am. J. Obstet. Gynecol.
192 (2005), http://dx.doi.org/10.1016/j.ajog.2005.01.009 1262-71-3.
[92] L. Vona-Davis, D.P. Rose, Adipokines as endocrine, paracrine, and autocrine factors in breast cancer risk and progression, Endocr. Relat. Cancer 14 (2007)
189–206, http://dx.doi.org/10.1677/ERC-06-0068.
[93] C.E. Caldon, Estrogen signaling and the DNA damage response in hormone dependent breast cancers, Front. Oncol. 4 (2014), http://dx.doi.org/10.3389/fonc.
2014.00106.
[94] W. Winuthayanon, M.L. Bernhardt, E. Padilla-Banks, P.H. Myers, M.L. Edin,
F.B. Lih, S.C. Hewitt, K.S. Korach, C.J. Williams, Oviductal estrogen receptor α
signaling prevents protease-mediated embryo death, Elife 4 (2015), http://dx.doi.
org/10.7554/eLife.10453.
[95] E. Karpuzoglu, C.W. Schmiedt, J. Pardo, M. Hansen, T.L. Guo, S.D. Holladay,
R.M. Gogal, Serine protease inhibition attenuates rIL-12-induced GZMA activity
and proinﬂammatory events by modulating the Th2 proﬁle from estrogen-treated
mice, Endocrinology 155 (2014) 2909–2923, http://dx.doi.org/10.1210/en.20141045.
[96] K.F. Allred, E.J. Smart, M.E. Wilson, Estrogen receptor-alpha mediates gender
diﬀerences in atherosclerosis induced by HIV protease inhibitors, J. Biol. Chem.
281 (2006) 1419–1425, http://dx.doi.org/10.1074/jbc.M506046200.
[97] L.M. Johansen, J.M. Brannan, S.E. Delos, C.J. Shoemaker, A. Stossel, C. Lear,
B.G. Hoﬀstrom, L.E. DeWald, K.L. Schornberg, C. Scully, J. Lehár, L.E. Hensley,
J.M. White, G.G. Olinger, FDA-approved selective estrogen receptor modulators
inhibit ebola virus infection, Sci. Transl. Med. 5 (2013), http://dx.doi.org/10.
1126/scitranslmed.3005471.
[98] C.A. Miller, Y. Gindin, C. Lu, O.L. Griﬃth, M. Griﬃth, D. Shen, J. Hoog, T. Li,
D.E. Larson, M. Watson, S.R. Davies, K. Hunt, V.J. Suman, J. Snider, T. Walsh,

[99]
[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]
[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

410

G.A. Colditz, K. DeSchryver, R.K. Wilson, E.R. Mardis, M.J. Ellis, Aromatase inhibition remodels the clonal architecture of estrogen-receptor-positive breast
cancers, Nat. Commun. 7 (2016) 12498, http://dx.doi.org/10.1038/
ncomms12498.
S.K. Singh, Aromatase inhibitors in male sex, Indian J. Endocrinol. Metab. 17
(2013) S259–61, http://dx.doi.org/10.4103/2230-8210.119594.
I. Le Ray, S. Dell’Aniello, F. Bonnetain, L. Azoulay, S. Suissa, Local estrogen
therapy and risk of breast cancer recurrence among hormone-treated patients: a
nested case-control study, Breast Cancer Res. Treat. 135 (2012) 603–609, http://
dx.doi.org/10.1007/s10549-012-2198-y.
M.E. Pavone, S.E. Bulun, Aromatase inhibitors for the treatment of endometriosis,
Fertil. Steril. 98 (2012) 1370–1379, http://dx.doi.org/10.1016/j.fertnstert.2012.
08.053.
J. Fields, A. Richardson, J. Hopkinson, D. Fenlon, Nordic walking as an exercise
intervention to reduce pain in women with aromatase inhibitor–associated arthralgia: a feasibility study, J. Pain Symptom Manage. 52 (2016) 548–559, http://
dx.doi.org/10.1016/j.jpainsymman.2016.03.010.
V. Mariotti, D.B. Page, O. Davydov, D. Hans, C.A. Hudis, S. Patil, S. Kunte,
M. Girotra, A. Farooki, M.N. Fornier, Assessing fracture risk in early stage breast
cancer patients treated with aromatase-inhibitors: an enhanced screening approach incorporating trabecular bone score, J. Bone Oncol. 7 (2016) 32–37,
http://dx.doi.org/10.1016/j.jbo.2016.10.004.
R. Li, J. Cui, Y. Shen, Brain sex matters: estrogen in cognition and Alzheimer's
disease, Mol. Cell. Endocrinol. 389 (2014) 13–21, http://dx.doi.org/10.1016/j.
mce.2013.12.018.
H.J. Choi, A. Lui, J. Ogony, R. Jan, P.J. Sims, J. Lewis-Wambi, Targeting interferon
response genes sensitizes aromatase inhibitor resistant breast cancer cells to estrogen-induced cell death, Breast Cancer Res. 17 (2015) 6, http://dx.doi.org/10.
1186/s13058-014-0506-7.
P.J. Houghton, M.-J. Howes, Natural products and derivatives aﬀecting neurotransmission relevant to Alzheimer’s and Parkinson’s disease, Neurosignals 14
(2005) 6–22, http://dx.doi.org/10.1159/000085382.
I.E.J. Milder, I.C.W. Arts, B. van de Putte, D.P. Venema, P.C.H. Hollman, Lignan
contents of Dutch plant foods: a database including lariciresinol, pinoresinol, secoisolariciresinol and matairesinol, Br. J. Nutr. 93 (2005) 393–402 (Accessed 3
October 2016), http://www.ncbi.nlm.nih.gov/pubmed/15877880.
C. Wang, T. Mäkelä, T. Hase, H. Adlercreutz, M.S. Kurzer, Lignans and ﬂavonoids
inhibit aromatase enzyme in human preadipocytes, J. Steroid Biochem. Mol. Biol.
50 (1994) 205–212 (Accessed 29 September 2016), http://www.ncbi.nlm.nih.
gov/pubmed/8049151.
S. Singh, M. Awasthi, V.P. Pandey, U.N. Dwivedi, Plant derived anti-cancerous
secondary metabolites as multipronged inhibitor of COX, Topo and aromatase:
molecular modeling and dynamics simulation analyses, J. Biomol. Struct. Dyn.
(2016) 1–65, http://dx.doi.org/10.1080/07391102.2016.1241720.
R. Brigelius-Flohe, M.G. Traber, Vitamin E: function and metabolism, FASEB J. 13
(1999) 1145–1155 http://www.fasebj.org/content/13/10/1145.full.
J.D. Veldhuis, D.M. Keenan, P.Y. Liu, A. Iranmanesh, P.Y. Takahashi, A.X. Nehra,
The aging male hypothalamic-pituitary-gonadal axis: pulsatility and feedback,
Mol. Cell. Endocrinol. 299 (2009) 14–22, http://dx.doi.org/10.1016/j.mce.2008.
09.005.
P.G. Cohen, Aromatase, adiposity, aging and disease. The hypogonadal-metabolicatherogenic-disease and aging connection, Med. Hypotheses 56 (2001) 702–708,
http://dx.doi.org/10.1054/mehy.2000.1169.
M. Walentowicz-Sadłecka, P. Sadłecki, P. Walentowicz, M. Grabiec, The role of
vitamin D in the carcinogenesis of breast and ovarian cancer, Ginekol. Pol. 84
(2013) 305–308 (Accessed 18 November 2016), http://www.ncbi.nlm.nih.gov/
pubmed/23700865.
A.V. Krishnan, S. Swami, D. Feldman, The potential therapeutic beneﬁts of vitamin
D in the treatment of estrogen receptor positive breast cancer, Steroids 77 (2012)
1107–1112, http://dx.doi.org/10.1016/j.steroids.2012.06.005.
A. Onat, G. Hergenç, A. Karabulut, S. Albayrak, G. Can, Z. Kaya, Serum sex hormone-binding globulin, a determinant of cardiometabolic disorders independent
of abdominal obesity and insulin resistance in elderly men and women,
Metabolism. 56 (2007) 1356–1362, http://dx.doi.org/10.1016/j.metabol.2007.
05.020.
D.L. Crombie, R. Mukherjee, D.P. McDonnell, J.S. Hayes, M.W. Wang, Creatine
kinase activity as an indicator of unopposed estrogen action in the mouse uterus
associated with anti-progesterone treatment, J. Steroid Biochem. Mol. Biol. 49
(1994) 123–129 (Accessed 18 November 2016), http://www.ncbi.nlm.nih.gov/
pubmed/8031708.
M. Suhail, Na, K-ATPase: ubiquitous multifunctional transmembrane protein and
its relevance to various pathophysiological conditions, J. Clin. Med. Res. 2 (2010)
1–17, http://dx.doi.org/10.4021/jocmr2010.02.263w.
S. Patel, Plant-derived cardiac glycosides: role in heart ailments and cancer
management, Biomed. Pharmacother. 84 (2016) 1036–1041, http://dx.doi.org/
10.1016/j.biopha.2016.10.030.
L.G. Navar, Physiology: hemodynamics, endothelial function, renin-angiotensinaldosterone system, sympathetic nervous system, J. Am. Soc. Hypertens 8 (2014)
519–524, http://dx.doi.org/10.1016/j.jash.2014.05.014.
S.A. Atlas, The renin-angiotensin aldosterone system: pathophysiological role and
pharmacologic inhibition, J. Manage. Care Pharm. 13 (2007) 9–20, http://dx.doi.
org/10.18553/jmcp.2007.13.s8-b.9.
S. Iravanian, S.C. Dudley, The renin-angiotensin-aldosterone system (RAAS) and
cardiac arrhythmias, Heart Rhythm 5 (2008) S12–S17, http://dx.doi.org/10.
1016/j.hrthm.2008.02.025.
D. Crisan, J. Carr, Angiotensin I-converting enzyme: genotype and disease

Biomedicine & Pharmacotherapy 102 (2018) 403–411

S. Patel et al.

[123]

[124]

[125]

[126]

[127]

[128]

[129]

associations, J. Mol. Diagn. 2 (2000) 105–115, http://dx.doi.org/10.1016/S15251578(10)60624-1.
K.E. Bernstein, R.A. Gonzalez-Villalobos, J.F. Giani, K. Shah, E. Bernstein,
T. Janjulia, Y. Koronyo, P.D. Shi, M. Koronyo-Hamaoui, S. Fuchs, X.Z. Shen,
Angiotensin-converting enzyme overexpression in myelocytes enhances the immune response, Biol. Chem. 395 (2014) 1173–1178, http://dx.doi.org/10.1515/
hsz-2013-0295.
C. Maric-Bilkan, E.L. Gilbert, M.J. Ryan, Impact of ovarian function on cardiovascular health in women: focus on hypertension, Int. J. Womens Health 6 (2014)
131–139, http://dx.doi.org/10.2147/IJWH.S38084.
B. Xue, Z. Zhang, T.G. Beltz, F. Guo, M. Hay, A.K. Johnson, Estrogen regulation of
the brain renin-angiotensin system in protection against angiotensin II-induced
sensitization of hypertension, Am. J. Physiol. Heart Circ. Physiol. 307 (2014)
H191–H198, http://dx.doi.org/10.1152/ajpheart.01012.2013.
A. Mompeón, M. Lázaro-Franco, C. Bueno-Betí, D. Pérez-Cremades, X. VidalGómez, E. Monsalve, M.M. Gironacci, C. Hermenegildo, S. Novella, Estradiol,
acting through ERα, induces endothelial non-classic renin-angiotensin system increasing angiotensin 1-7 production, Mol. Cell. Endocrinol. 422 (2016) 1–8,
http://dx.doi.org/10.1016/j.mce.2015.11.004.
D. Ghosh, J. Griswold, M. Erman, W. Pangborn, Structural basis for androgen
speciﬁcity and oestrogen synthesis in human aromatase, Nature 457 (2009)
219–223, http://dx.doi.org/10.1038/nature07614.
S. Capellino, R.H. Straub, M. Cutolo, Aromatase and regulation of the estrogen-toandrogen ratio in synovial tissue inﬂammation: Common pathway in both sexes,
Ann. N. Y. Acad. Sci. 1317 (2014) 24–31, http://dx.doi.org/10.1111/nyas.12398.
J.R. Pasqualini, G. Chetrite, The anti-aromatase eﬀect of progesterone and of its
natural metabolites 20alpha- and 5alpha-dihydroprogesterone in the MCF-7aro

[130]
[131]
[132]

[133]
[134]
[135]

[136]

[137]

[138]

411

breast cancer cell line, Anticancer Res. 28 (2008) 2129–2133 http://www.ncbi.
nlm.nih.gov/pubmed/18751385 (Accessed 30 September, 2016).
J.J. Kim, E. Chapman-Davis, Role of progesterone in endometrial cancer, Semin.
Reprod. Med. 28 (2010) 81–90, http://dx.doi.org/10.1055/s-0029-1242998.
C.A. Lange, D. Yee, Progesterone and breast cancer, Women’s Health 4 (2008)
151–162, http://dx.doi.org/10.2217/17455057.4.2.151.
P. Lüthje, H. Brauner, N.L. Ramos, A. Övregaard, R. Gläser, A.L. Hirschberg,
P. Aspenström, A. Brauner, Estrogen supports urothelial defense mechanisms, Sci.
Transl. Med. 5 (2013), http://dx.doi.org/10.1126/scitranslmed.3005574.
S.E. Walker, Estrogen and autoimmune disease, Clin. Rev. Allergy Immunol. 40
(2011) 60–65, http://dx.doi.org/10.1007/s12016-010-8199-x.
P.D. Darbre, Underarm antiperspirants/deodorants and breast cancer, Breast
Cancer Res. 11 (Suppl. 3) (2009) S5, http://dx.doi.org/10.1186/bcr2424.
M. Bondesson, R. Hao, C.-Y. Lin, C. Williams, J.-Å. Gustafsson, Estrogen receptor
signaling during vertebrate development, Biochim. Biophys. Acta 1849 (2014)
142–151, http://dx.doi.org/10.1016/j.bbagrm.2014.06.005.
S. Patel, Stressor-driven extracellular acidosis as tumor inducer via aberrant enzyme activation: a review on the mechanisms and possible prophylaxis, Gene 626
(2017) 209–214, http://dx.doi.org/10.1016/j.gene.2017.05.043.
R.P. Tracy, The ﬁve cardinal signs of inﬂammation: Calor, Dolor, Rubor, Tumor …
and Penuria (Apologies to Aulus Cornelius Celsus, De medicina, c. A.D. 25), J.
Gerontol. A: Biol. Sci. Med. Sci. 61 (2006) 1051–1052 (Accessed 15 October
2016), http://www.ncbi.nlm.nih.gov/pubmed/17077197.
T.A. Wilgus, S. Roy, J.C. McDaniel, Neutrophils and wound repair: positive actions
and negative reactions, Adv. Wound Care 2 (2013) 379–388, http://dx.doi.org/10.
1089/wound.2012.0383.

