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Abstract
Reproductive surgeries leave women more susceptible to postoperative hypervolemic hyponatremia because during this period
women can retain water at an accelerated pace and much faster than they do sodium. This review proposes that estrogen and
progestogen exposure play an important role in the increased risk of hyponatremia in menopausal women. Estrogen and
progesterone exposure have important effects on both body fluid regulation and cardiovascular function and both of these
reproductive hormones impact blood pressure responses to sodium loads. This article provides information on the effects of
female reproductive hormones and hormone therapy (HT) on fluid regulation and cardiovascular function during menopause.
Thirst- and fluid-regulating hormones respond to both osmotic and volume stimuli. Aging women maintain thirst sensitivity to
osmotic stimuli but lose some thirst sensitivity to changes in central body fluid volume. Thus, older adults are more at risk of
dehydration because they may replenish fluids at a slower rate. Estrogen therapy increases osmotic sensitivity for mechanisms
to retain body water so may help menopausal women control body fluids and avoid dehydration. Some progestogens can mitigate
estradiol effects on water and sodium retention through competition with aldosterone for the mineralocorticoid receptor and
attenuating aldosterone-mediated sodium retention in the distal tubule. However, some progestogens can increase cardiovascu-
lar risks. Appropriate balance of these hormones within HT is important to avoid the negative consequences of body fluid and
sodium retention, including edema and hypertension.

Keywords
hormone therapy, estrogen, progesterone, body fluid regulation, arginine vasopressin

Reproductive surgeries leave women more susceptible to post-

operative hypervolemic hyponatremia because women retain

water at a faster rate than sodium during this period,1-5 especially

after reproductive surgeries.4,7 Indeed, women are at high risk of

postoperative hyponatremia even after relatively low-risk sur-

geries such as operative hysteroscopy. In such surgeries, glycine

solution (lacking electrolytes) is used as a distension medium and

can cause intravascular volume retention, increasing the risk of

hyponatremia, cerebral and/or pulmonary edema, psychological

disturbances, and even death.4,8-9 A combination of anesthesia,

nausea, and the postsurgical experience tends to increase arginine

vasopressin (AVP). This hormone, the primary hormone involved

in free water retention, is also associated with altered astroglia

volume regulation in both pre- and postmenopausal (PM)

women.3,5,10,11 Studies in animals support an important role for

estradiol in increasing astroglia volume in women with hypona-

tremia, suggesting a role for female reproductive hormones in the

dire consequences that can be associated with postoperative

hyponatremia in both young and PM women.6,12

Hormones During Menopause

The stages of the menopause transition are classified by

changes in menstrual bleeding, concomitant with changes in

the pituitary gonadotropin follicle-stimulating hormone (FSH).

The menopause transition is characterized by wide variability

in both FSH and estradiol in the blood, so changes in the circu-

lating levels of these hormones are not consistent indicators of

menopausal status during perimenopause. As women advance

through menopause, the ovaries produce less estrogen, and

these changes in estrogen exposure have important effects on

most tissues in the body. Although PM women have depleted

their supply of follicles capable of developing into mature

ovum, the pituitary gland continues to produce FSH, and this

production continues throughout life. Interestingly, both estro-

gen exposure and gonadotropin levels in menopause can be

elevated by conditions such as obesity and insulin resistance,

which are both related to inactivity. This review will focus
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on the effects of lower estrogen and progesterone exposure on

fluid regulation.

Synthetic versus naturally produced estrogens and progestogens.
Hormone therapy (HT) is a primary treatment for vasomotor

symptoms and other symptoms related to menopause. A

progestogen is given to women with an intact uterus to avoid

endometrial hyperplasia that can progress to endometrial carci-

noma. It is important to distinguish between the physiological

effects of synthetic estrogens and progestogens compared to

endogenously produced estradiol and progesterone. Within the

context of water regulation, for example, progesterone has a

high affinity for the mineralocorticoid receptor and competes

with aldosterone for this receptor. It is primarily through this

mechanism that progesterone increases sodium excretion in

men13-17 and can prevent water retention associated with

estrogens.14 Most progestins do not possess this antimineralo-

corticoid effect so have little impact on the water and sodium

retention properties of estrogens. Our studies in young women

have demonstrated this contrast comparing osmotic regulation

of AVP as well as sodium and water regulation during com-

bined oral contraceptives containing norethindrone versus the

mid-luteal phase of the menstrual cycle.15 Thus, it has been

suggested that this property of progestins may contribute to the

weight gain associated with HT. Newer synthetic progestogens,

such as drospirenone (combined with ethinylestradiol for HT),

have similar pharmacodynamics to progesterone and may be

effective aldosterone antagonists.14 The route of administration

of these hormones may also impact physiological responses.

Estrogens are administered orally, as a subcutaneous implant,

a vaginal gel, or a transdermal patch. The impact of the differ-

ent delivery routes has important physiological and metabolic

and cardiovascular effects in PM women,16 although the effects

of the different modes of administration on water regulation

have not been studied. For an excellent review on the different

modes of delivery and impact on these physiological systems,

see Khalil.16

Overview of Water Regulation

Water is the largest component of the human body representing

60% to 70% of a healthy, young individual’s body weight. In a

60-kg healthy PM woman, in whom lean mass is reduced,

approximately 33 to 34 L of body is composed of water, or

about 55%. Of the body’s water, approximately 65% is con-

tained in the cells (intracellular water), and approximately

5% of the remaining extracellular water is in the bloodstream

(blood or plasma volume). It is this small percentage of water

(from 3.0 to 4.0 liters) that is used by the body’s fluid regula-

tory and cardiovascular systems to control fluid intake and

output, thirst, and blood pressure.

Integrated neural and hormonal systems have evolved to

control thirst and sodium appetite in order to ensure the precise

regulation of volume and osmolality of body fluids. These

systems are sensitive to stimuli arising from deficits in the

intracellular and extracellular fluid compartments or to changes

in plasma osmolality (or ‘‘tonicity’’ of the blood because

plasma osmolality is primarily a function of plasma sodium

concentration in humans). Arginine vasopressin, the primary

hormone controlling renal free water clearance, is synthesized

in the cell bodies of the paraventricular nuclei (PVN) and

supraoptic nuclei (SON) located in the anterior hypothalamus.

Axons from these nuclei project into the posterior pituitary

where AVP is stored and released in response to stimulation

of central osmoreceptors. Osmotic stimuli are sensed by

Osmo-Naþ receptor neurons located in the PVN and SON. This

system is described in detail in Figure 1. Thirst and AVP are

sensitive to increases in POsm as slight as 5 mOsmol (2%-

3%); following this threshold for osmotic AVP and thirst sti-

mulation, these variables increase linearly with POsm.19,21 Early

studies using arterial injections of hypertonic saline directly to

rat brains were the first to demonstrate the existence of these

so-called ‘‘osmoreceptors’’22 and that these receptors pos-

sessed a direct control over AVP22; studies that followed indi-

cated the anterior/preoptic hypothalamus was central to the

regulation of thirst and drinking (see Figure 1). In addition to

osmoreceptors, nerves responsible for detecting changes in

plasma or blood volume, called volume–pressure receptors,

exist in the superior and inferior vena cava and the atria of the

heart. These baroreceptors detect stretch that occurs during

changes in central blood volume, which are initiated with intra-

vascular fluid volume decrements of approximately 10% or

greater. Thus, an acute change in central volume or plasma

osmolality can initiate a global response including thirst sensa-

tion, sodium appetite, sympathetic nervous system activity,

renin–angiotensin–aldosterone system activity, and atrial

natriuretic peptide secretion,23 in addition to AVP secretion.

McKinley et al23 and Antunes Rodrigues et al22 are suggested

for excellent in-depth reviews on central thirst mechanisms and

body fluid regulation.

Ovarian Hormones and Water Regulation

Estrogen and progesterone effects on the osmotic regulation of AVP.
Both estrogens and progestogens can influence the neural and

hormonal systems described earlier, which control thirst, fluid

intake, sodium appetite and renal fluid, and sodium regulation

(Figure 2). Estrogen receptors (ERs) are present in the PVN

and SON of animals,26,27 and there are sex differences in the

AVP neuron activity and size in these nuclei.27 To assess

reproductive hormone effects on osmotic regulation of AVP,

we began our studies in young (19- to 35-year-old) women

(Figure 3). We examined the slope and intercept of the P[AVP]:

osmolality (POsm) and thirst: POsm relationships during

exercise-induced dehydration and hypertonic saline infusion

under different levels of reproductive hormone exposure,

including different phases of the menstrual cycle, oral contra-

ceptive pills, and hormone suppression.21 In a series of stud-

ies, we demonstrated an estrogen-associated shift to an earlier

abscissal intercept or threshold for osmotic sensation of thirst

and the release of AVP, with no change in the slope or sensi-

tivity of this relationship (Figure 3).19,28 In other words, a
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smaller increase in POsm was required to trigger AVP release

and thirst in the brain. These shifts persisted during progestin

and combined ethinyl estradiol–norethindrone oral contracep-

tive treatments and were supported by our subsequent

hormone suppression studies.28 However, in these young

women, the earlier osmotic AVP release was not associated

with greater renal water retention indicating a shift in the

osmotic operating point for body fluid to a lower POsm during

estradiol exposure.

Menopause and Hydration

Hydration and aging. Independent of menopause, aging has

important effects on fluid balance. Aging is associated with

higher basal POsm, and there is an age-related blunting of thirst

sensation during exercise and water deprivation.18 Most impor-

tant, body fluid homeostasis restoration following dehydration

or water loading is slower relative to younger individuals,18

most likely due to slower kidney function. We demonstrated

that osmoreceptor signaling triggering thirst sensation remains

intact in older adults, but thirst sensitivity to extracellular vol-

ume change is reduced in older adults,29,30 indicating volume-

sensing mechanisms are impaired in older adults. Conversely,

older individuals are slower to excrete water relative to their

younger counter parts, so aging also increases the risk of

hyponatremia. There are no reports of sex differences in fluid

regulation in older adults, and we did not detect any trends

within our own data.29,30

Estrogen and progesterone effects on the regulation of body water
and electrolytes in menopause. In PM women, estradiol adminis-

tration is associated with increased basal P[AVP], plasma

volume expansion, and an earlier osmotic threshold for AVP

release (280 vs 285 mOsmol/kg H2O18; Figure 4). Unlike in

younger women, the estrogen-related earlier osmotic AVP

threshold is associated with water and sodium retention in

PM women.18-19 Specifically, although thirst and drinking

appear unaffected by estradiol exposure in the older women,

urine output is reduced resulting in greater overall fluid reten-

tion (Figure 5). The mechanism for the estradiol effects within

PM women has not been determined, but estradiol influences the

central regulation of AVP synthesis and release (see Figure 2).

Estrogens readily cross the blood–brain barrier and gain

access to the hypothalamic nuclei that control AVP synthesis

and release.27,31-33 The impact of estrogens could be mediated

by either ER-a or ER-b as both are expressed in hypothala-

mic–pituitary system. Estrogen receptor-a is expressed in the

organum vasculosum of the lamina terminalis, the subfornical

organ, and the Median preoptic nucleus (MPO) (brain regions

that connect with the PVN and SON; Figure 1) so may med-

iate osmotic regulation of AVP. Evidence also suggests a role

for the ER-b, as this receptor is expressed in magnocellular

vasopressin neurons in the PVN and SON.34-36 Finally, it is

well established that progesterone plays an important role in

the hypothalamic regulation of oxytocin via the progesterone

metabolite, allopregnanalone, and the progesterone receptor

is not expressed in this region.37 An interesting study also

linked allopregnanalone to nitric oxide production and plasma

volume expansion.38 Taken together, these studies suggest a

role of progesterone as well as estrogen in the central regula-

tion of body fluids and that water regulation oxytocin may be

the relevant hormone. Although the evidence in animals has

clearly demonstrated that chronic hyperosmolality inhibits

ER-b messenger RNA expression, hypo-osolality can

enhance the expression, and ER-b can induce AVP secretion

under hypo-osmotic conditions, there are cross-species

Figure 1. Schematic of central regulation of body fluid regulation in
response to acute changes in sodium and volume. The PET scan of the
anterior cingulate cortex is from Denton et al,20 reprinted . Copyright
(1999) National Academy of Sciences, USA. The organum vasculosum
of the lamina terminalis (OVLT) is a circumventricular organ located
outside the blood–brain barrier (BBB), in the anteroventral part of the
third ventricle that is an essential component of the osmotic thirst
sensation pathway. Osmotic information from the OVLT is trans-
mitted neurally to the hypothalamus and ultimately results in thirst,
drinking, and arginine vasopressin (AVP) release. The median preoptic
nucleus (NM) is responsible for initiating drinking in response to volu-
metric and angiotensinergic thirst stimulation. Through these mechan-
isms, the NM is utilized by both the subfornical organ (SFO) and the
nucleus of the solitary tract (NTS), structures at the center of sodium
appetite and thirst regulation. Changes in volume are initiated by the
kidneys and stimulated by angiotensin outside the BBB. The SFO sends
a message across the BBB to the NM, which then initiates volumetri-
cally controlled thirst and drinking responses. Atrial baroreceptors
also send a signal to the NTS. In addition to stimulating thirst, angio-
tensin stimulates the SFO and causes fluid-regulating hormones to
be secreted by the pituitary and adrenal glands, increases blood pres-
sure, and eventually causes the kidney to stop secreting sodium and
water, which, in turn, decreases both salt appetite and water intake.
The paraventricular (PVN) and supraoptic nuclei (SON), both located
in the hypothalamus, signal the release of AVP by the posterior pitui-
tary. Thus, both the PVN and the SON also represent important
structures involved in the control of water and sodium regulation
because AVP has powerful effects on both blood pressure and free
water retention. Finally, the anterior cingulate cortex is involved in the
relay of neural signals between the right and the left hemispheres of
the brain. This part of the brain is important for decision making and
plays an important role in sensing thirst and initiating drinking.17

Adapted with permission from G. W. Mack17.
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differences and these ER effects have not been directly tied to

water or electrolyte homeostasis and have not been identified in

humans. For a full review on the specific roles of the ER

subtypes, progesterone, and androgens in the neurohypophysial

neurons, see Sladek and Somponpun.34

Estrogens may also impact AVP regulation indirectly by

acting on catecholaminergic neurons25 that bind estrogen

and project to the PVN and SON; early evidence indicated

estradiol-binding sites in the nuclei of catecholamine cell

bodies in the PVN and SON. Investigations have also

revealed parallel changes in brain norepinephrine and AVP

in female rats and that ovarian steroids modulated norepi-

nephrine turnover in the PVN,39 supporting a role for estra-

diol in the osmoregulatory system through catecholamines.

There is also evidence for cholinergic and angiotensinergic

innervation of vasopressinergic cells in the PVN and SON,

both of which are modulated by sex steroids.40 Finally, in

older women, estrogen effects on osmoregulation may be

related to follicle-stimulating hormone through an adenylate

cyclase mechanism, although in PM women gonadotropins

are reduced after estrogen administration as reported by

Studd et al.41

Ovarian hormone effects on the renin–angiotensin–aldosterone
system in PM women. Both estrogens and progesterones play

important roles in whole-body water and sodium regulation

as well as in the brain. Moreover, the impact of estrogen and

progesterone exposure on systems that regulate water and

sodium could be especially profound in PM women. Estradiol

stimulates the liver to synthesize angiotensinogen, a substrate

to the kidney hormone renin. Renin is necessary to form angio-

tensin I that is subsequently converted to angiotensin II (ANG

II) by angiotensin-converting enzyme. Angiotensin II, one of

the most powerful vasoconstrictors in the body, can increase

blood pressure and also stimulate the adrenal gland to release

aldosterone. Aldosterone is a primary hormone involved in

tubular-regulated sodium retention by the kidney, and this

greater sodium retention usually results in water retention. In

our studies during hypertonic saline infusions in older women,

we found that the primary cause of the estrogen-related water

retention was a reduction in sodium and total osmol excretion,

consistent with other studies in PM women during long-term

estrogen therapy.42 Thus, the primary method of water reten-

tion in the PM women was via sodium retention rather

than AVP-mediated free water retention (we did not give

Fluid and sodium regulation

Cardiovascular control/
blood pressure

Thirst and
sodium
appetite

Kidneys

AVP

RAAS

E2

P4

CNS (osmoreceptors)

PNS (baroreceptors)

ANG II
(CNS)

E2

P4

AVP

RAAS

Renal tubules

E2, P4

ANG II
AVP

AVP

ANG II

neurons

E2

P4

E2

P4

Figure 2. Schematic to illustrate the complex control of fluid and sodium balance and the multiple ways in which estradiol (E2) and progesterone
(P4) may influence these processes. Adapted with permission from Stachenfeld.24 Fluid and sodium regulation are controlled by a number of
complex systems, all of which are influenced by estrogens and progesterone. Both the central nervous system (CNS) and the peripheral nervous
system (PNS) contribute to fluid regulation; estrogens and progesterones can influence fluid regulation directly via the brain or indirectly by
influencing the actions of angtiotensin II (ANG II) and arginine vasopressin (AVP) blood pressure changes and changes in the sodium-
regulating hormones (aldosterone and renin [RAAS]). Estradiol and P4 can also increase brain ANG II mediated in the brain and increase this
hormone’s important stimulating effect on thirst and fluid intake. Finally, both E2 and P4 influence sodium and water regulation in the distal
tubules of the kidney. This impact can occur directly on the tubules or through both AVP and the RAAS and contribute to water retention.
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our participants progesterone or progestins). There is evidence

that estrogen-related sodium retention is mediated through

aldosterone42 and that the estrogen-associated changes in elec-

trolyte handling are a consequence of changes in aldosterone

distal tubule binding sites or a direct estrogen effect on

the proximal tubule. Specifically, the effects of estrogens

on fluid regulation in older women are mediated in the

kidney. However, short-term estradiol administration does

not alter plasma aldosterone concentration at rest or in response

to hypertonic saline infusion.18 Moreover, estrogen-related

sodium retention appears independent of changes in potassium

excretion, which would also argue against an aldosterone-

dependent mechanism.

Although much of the research in HT in PM women has

focused on estrogens, progesterone is the primary steroid

involved in blood pressure changes around menopause43 and is

important for fluid regulation as well.42 For example, progester-

one and drospirenone (the progestin in Yasmin) antagonizes the

aldosterone effects on the cardiovascular system, and progester-

one competes with the mineralocorticoid receptor in the distal

tubule of the kidney. In contract, progestogens that upregulate

androgen receptors may increase hypertension risk in susceptible

women.44 Moreover, such progestogens may upregulate the

thrombin receptor in the vessel wall, increasing atherosclerotic

risk and thromboembolic disease.45 In young women, progester-

one can inhibit aldosterone-dependent sodium reabsorption at

distal sites in the nephron and produce a transient natriuresis

followed by a compensatory stimulation of the renin–aldoster-

one system. However, while the impact of progesterone on the

renin–angiotensin–aldosterone system effects on blood pressure

changes have been studied in PM women, fluid and sodium

regulation in response to the renin–angiotensin–aldosterone

system has not been directly examined.

Summary

Estrogen and progesterone exposure have important effects on

both body fluid regulation and cardiovascular function. It is

clear that both of these reproductive hormones impact osmotic

regulation of AVP and mediate sex differences in blood pres-

sure responses to sodium loads. It is also likely that because

of these sex effects young women are at greater risk of the neg-

ative outcomes of hyponatremia, just as young men are at

greater risk of hypertension. As women age, they not only lose

the hormone-mediated protection for cardiovascular disease,

but HT often used for bone metabolism and treatment of vaso-

motor symptoms may change body fluid and sodium regulation

in PM women.

Suggestions for Further Lines of Research

Although much research has focused on estrogen effects in

women as they age, progesterone exposure has been largely

ignored. Considering that progesterone is the primary mediator

of blood pressure changes as well as sodium regulation, the

study of progesterone in menopause is an important area of

study. The renin–angiotensin–aldosterone system is the

most important fluid- and sodium-regulating system in the

body, has profound effects on cardiovascular function, and is

sensitive to progesterone. Hormone therapy in PM women

most often includes progesterone, and some women whose

health preclude them from using estrogens during the perime-

nopausal transition exclusively use progesterone to treat vaso-

motor symptoms. Despite the widespread use of progestogens

0
1.5

2

2.5

3

3.5

4

4.5

5

0 279 282 285 288 291 294 297 300 303

P
[A

V
P

],p
g/

m
l

POsm, mOsmol/kg H20

Women-Follicular Phase

Women-Luteal Phase

Men

Figure 3. Osmotic regulation of P[AVP] in women during the follicular
and luteal phases of the menstrual cycle and in men.19 Women (folli-
cular phase): f(x) ¼ 0.14*x þ �273, R2 ¼ .97; women (luteal phase):
f(x)¼ 0.09*xþ�263, R2¼ .89; Men: f(x)¼ 0.24*xþ�270, R2¼ .99.
Data are expressed as means + standard error of the mean. Adapted
with permission from Stachenfeld et al.19

POsm,mosmol/kg H2O

0

1

2

3

4

5

6

7

8

9

276 280 284 288 292 296 300 304 308

Estradiol

Control

P
[A

V
P

],p
g
/m

l

0

Figure 4. Osmotic regulation of P[AVP] in postmenopausal women
taking 0.1 mg/d 17-b-estradiol (patch) compared to placebo control.
Shaded area is baseline. Mean linear regression equations were P[AVP]

¼ 0.33 (POsm� 280) and P[AVP] ¼ 0.36 (POsm� 285) for estrogen and
placebo control treatments, respectively. Data are expressed as
means + standard error of the mean. Adapted with permission from
Stachenfeld et al.18

Stachenfeld 559

559



in older women and the clear impact of these hormones on

hypertension, cardiovascular disease, and fluid regulation, the

progesterone effects on the regulation of sodium and water

retention have not been studied.
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