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Zimmerman MA, Hutson DD, Trimmer EH, Kashyap SN,
Duong JL, Murphy B, Grissom EM, Daniel JM, Lindsey SH.
Long- but not short-term estradiol treatment induces renal damage in
midlife ovariectomized Long-Evans rats. Am J Physiol Renal Physiol
312: F305–F311, 2017. First published November 9, 2016; doi:
10.1152/ajprenal.00411.2016.—Clinical recommendations limit
menopausal hormone therapy to a few years, yet the impact of a
shorter treatment duration on cardiovascular health is unknown. We
hypothesized that both short- and long-term estradiol (E2) treatment
exerts positive and lasting effects on blood pressure, vascular reac-
tivity, and renal health. This study was designed to mimic midlife
menopause, followed by E2 treatment, that either followed or ex-
ceeded the current clinical recommendations. Female Long-Evans
retired breeders were ovariectomized (OVX) at 11 mo of age and
randomized into three groups: 80-day (80d) vehicle (Veh�Veh),
40-day (40d) E2 � 40d vehicle (E2�Veh), and 80d E2 (E2�E2). In
comparison to Veh�Veh, both the E2�Veh and E2�E2 groups had
lower systolic blood pressure and enhanced mesenteric relaxation in
response to estrogen receptor-� stimulation. Despite the reduced
blood pressure, E2�E2 induced renal and cardiac hypertrophy, re-
duced glomerular filtration, and increased proteinuria. Interestingly,
kidneys from E2�Veh rats had significantly fewer tubular casts than
both of the other groups. In conclusion, long-term E2 lowered blood
pressure but exerted detrimental effects on kidney health in midlife
OVX Long-Evans rats, whereas short-term E2 lowered blood pressure
and reduced renal damage. These findings highlight that the duration
of hormone therapy may be an important factor for renal health in
aging postmenopausal women.
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PREMENOPAUSAL WOMEN HAVE a lower incidence of hypertension
compared with age-matched men, whereas women �65 yr are
more likely than men to be hypertensive (28). Decades of
patient data provide evidence that estradiol (E2) therapy re-
duces cardiovascular risk (13), suggesting that hormone ther-
apy may provide benefits beyond the relief of menopausal
symptoms. However, in 2002, the Women’s Health Initiative
(WHI) showed that patients on conjugated equine estrogens
alone or with combined medroxyprogesterone acetate had an
increased risk for coronary heart disease, stroke, and breast
cancer (33). As a result of the WHI findings, clinical recom-
mendations were modified to limit postmenopausal hormone

therapy to a few years (3), causing a drastic decrease in
hormone therapy prescriptions (10, 19). However, the impact
of this shorter duration of treatment on long-term cardiovas-
cular consequences is not known.

The Long-Evans strain mimics the sexual dimorphism of
blood pressure (BP) in the patient population, with higher BP
in males compared with aged-matched females (11, 31). Sex
hormones influence this parameter in multiple animal models
(34), including female Long-Evans rats, which display ovari-
ectomized (OVX)-induced increases in BP (8, 11). Prior stud-
ies showed that 40-day (40d) E2 treatment initiated immedi-
ately after midlife OVX in Long-Evans rats exerts positive
effects on cognition well beyond the duration of treatment (32).
Since hypertension exacerbates cognitive dysfunction via de-
creases in gray matter volume, white matter integrity, and
cerebrovascular function (9, 40), the effect of E2 on cognition
may partially be attributed to improvements in cardiovascular
health. Moreover, the cardiovascular implications of limiting
hormone therapy for the treatment of menopausal symptoms to
only a few years is unknown. Whether short-term E2 therapy
alters the cardiovascular system, or whether a longer duration
of E2 is necessary, remains to be determined.

The goal of the present study was to compare the impact of
short- and long-term E2 treatment on cardiovascular health.
Similar to all rodents, female Long-Evans rats begin the
transition from regular to irregular estrus cycling around 11 mo
of age and reach persistent estrus by 14 mo (11). In contrast to
undetectable circulating E2 during human menopause, repro-
ductive senescence in rodents is characterized by sustained
plasma E2 levels (21). Therefore, all animals in the present
study underwent OVX at 11 mo to reliably and unequivocally
reduce circulating levels of endogenous E2. Animals were
randomized into three treatment regimens following midlife
OVX: 1) vehicle control; 2) short-term (40d) E2 to mimic the
current guideline of 2–3 yr treatment, followed by 40d of
vehicle; and 3) long-term [80-day (80d)] E2 to mimic hormone
therapy extending past the current guidelines. Cardiovascular
health was assessed by measuring BP, vascular reactivity, and
renal health. We hypothesized that both short- and long-term
E2 treatment initiated after midlife OVX would exert positive
and lasting effects on BP, vascular reactivity, and renal health.

METHODS

Animals. All experiments were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of Labora-
tory Animals (1996) and approved and monitored by the Tulane
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University Institutional Animal Care and Use Committee. Animals
were group housed in a temperature-controlled Association for As-
sessment and Accreditation of Laboratory Animal Care International-
accredited vivarium under a 12:12-h light-dark cycle with ad libitum
access to food and water. Animals were maintained on Teklad Global
Soy Protein-Free Extruded Rodent Diet 2020X diet from Harlan
Laboratories during the entire study. Female retired breeder Long-
Evans rats were received from Harlan Laboratories (Indianapolis, IN)
at 11 mo of age. All animals were OVX at 11.5–12 mo of age and then
randomized to three treatment groups (n � 10 per group). Treatments
were administered via a subcutaneous 5-mm silastic capsule (0.58-in.
inner diameter and 0.077-in. outer diameter; Dow Corning, Midland,
MI) containing either 25% 17�-E2 (Sigma-Aldrich, St. Louis, MO)
diluted with cholesterol, or 100% cholesterol vehicle (4, 37). One
capsule was inserted at the time of OVX, and, after 40d, the original
capsule was replaced by a new capsule for the remaining 40d. The first
treatment group received only vehicle capsules (Veh�Veh), the
second group received 40d of E2 and then 40d of vehicle (E2�Veh),
and the third group received only E2 capsules (E2�E2). The efficacy
of implants was confirmed by vaginal smears collected before 40d and
80d time points, along with uterine weights and serum E2 levels
(Calbiotech, Spring Valley, CA).

Blood pressure measurements. Systolic BP was measured via
tail-cuff plethysmography. After a 1-wk recovery from OVX, animals
were placed in restrainers for biweekly BP measurements (1 day for
acclimation and 1 day for collection). Animals were warmed in a 37°C
incubator for 15–20 min before seven cycles of cuff inflation. Only
readings with clear arterial pulsation were included in the pressure
average. At the end of the 80d treatment, nonfasting blood glucose
was measured with a glucometer, and plasma ANG II was measured
by radioimmunoassay, as previously described (36). Wet weights of
the uterus, kidney, and left ventricle were obtained and normalized to
body weight.

Urinary markers. Animals were placed in metabolic cages to
collect urine at the 40d and 80d time points. All urine samples were
centrifuged to remove particulate matter and frozen at �80°C until
assayed. Urinary protein concentration was determined via Bradford
assay (Bio-Rad, Hercules, CA) with bovine serum albumin as the
standard and is expressed as milligrams of protein per day. Serum and
urine creatinine were measured using the Jaffe method (39).
Creatinine values were measured at 492 nm with known concen-
trations of creatinine as assay standards. The estimated glomerular
filtration rate (GFR) in milliliters per minute was calculated as
previously described (24).

Vascular reactivity. Animals were decapitated, and the mesenteric
arcade was isolated and equilibrated on a wire myograph, as previ-
ously described (23). Vascular contractility to increasing concentra-
tions of phenylephrine (PE) (10�7 to 10�3 M; MP Biomedicals, Santa
Ana, CA) and prostaglandin F2� (PGF2�; 10�8 to 10�4.5 M; Tocris,
Bristol, UK) were normalized to the maximum contraction induced by
potassium chloride (KCl; 80 mM). After repeated 5-min washings,

mesenteric vessels were preconstricted with PE (10�5 M), and relax-
ation to increasing concentrations of sodium nitroprusside (SNP;
10�10 to 10�5 M) and acetylcholine (ACh; 10�10 to 10�5 M) were
expressed as the percentage of the initial PE contraction. To assess the
contribution of estrogen receptors (ER) in mediating the vasodilatory
response to E2, we used E2 for nonselective ER activation and
{4,4=,4==-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol} (PPT; Toc-
ris) for selective activation of ER-�. Vessels were preconstricted with
PE, and the relaxation to 10�5 M E2 or PPT was normalized to the
initial PE contraction.

Immunohistochemistry. Kidneys were formalin-fixed overnight and
paraffin-embedded, and 4-�m sections were mounted onto slides.
Renal morphology was assessed using Richard-Allan Scientific Go-
mori Trichrome Blue (Thermo Fisher Scientific, Waltham, MA) and
NovaUltra Periodic Acid-Schiff Stain Kit (IHC World, Woodstock,
MD), according to the manufacturer’s directions. Glomerulosclerosis
was scored in a blinded manner, as previously described (25). Tissue
sections were quantified as the percent of pixels with positive strain-
ing over total pixels.

Statistical analysis. All data are presented as means 	 SE. BP
between-treatment comparisons were analyzed using one-way
ANOVA, and within-treatment comparisons used repeated-measu-
res ANOVA. All other data were analyzed using one-way or two-way
ANOVA, followed by Tukey’s multiple-comparisons test. Differ-
ences were considered statistically significant when P 
 0.05. Anal-
yses were performed using Prism Version 6.0 software (GraphPad
Software, La Jolla, CA).

RESULTS

E2 opposes OVX-induced increases in BP. Systolic BP was
not different between treatment groups at baseline (Veh�Veh:
142 	 11 mmHg, n � 8; E2�Veh: 135 	 5 mmHg, n � 10;
E2�E2: 141 	 5 mmHg, n � 7; P � 0.75). The Veh�Veh
group displayed an incremental increase in BP that became
significant from baseline by week 8 (Fig. 1A). In contrast, BP
in the E2�Veh and E2�E2 groups did not increase from
baseline. Final systolic BP was significantly lower in both
E2�Veh and E2�E2 groups vs. Veh�Veh (Veh�Veh:
170 	 9 mmHg; E2�Veh: 148 	 5 mmHg; E2�E2: 148 	 6
mmHg; P 
 0.05) (Fig. 1B).

Long-term E2 increases tissue hypertrophy. Body weight at
the time of OVX was comparable between treatment groups
(Veh�Veh: 368 	 13 g; E2�Veh: 363 	 7 g; E2�E2:
378 	 9 g, n � 7–10 per group; P � 0.54). At the end of the
study, body weight was not significantly different between
groups (Fig. 2A). However, when body weight was expressed
as percent change from baseline, the E2�E2 group gained
significantly less weight compared with the Veh�Veh group

Fig. 1. A: systolic BP was significantly in-
creased over time only in the Veh�Veh
group. *P 
 0.05, **P 
 0.01 vs. week 1. B:
final systolic BP was significantly greater in
Veh�Veh compared with all other groups.
*P 
 0.05. Values are means 	 SE.
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(P 
 0.005; Fig. 2B). Success of E2 treatment and OVX was
confirmed by serum E2 levels, which were significantly greater
in E2�E2 rats (Fig. 2C) compared with animals that did not
receive E2 on days 40–80. Uterine weight was measured to
further confirm the effectiveness of E2 treatment during days
40–80 and was significantly greater in the E2�E2 group (P 

0.0001) compared with Veh�Veh and E2�Veh (Fig. 2D).
Despite having a lower BP, renal and left ventricular wet
weights were significantly greater in the E2�E2 group (Fig. 2,
E and F). There were no alterations in circulating ANG II
between treatment groups, but E2�E2 rats had significantly
lower nonfasting blood glucose levels compared with
Veh�Veh and E2�Veh groups (Table 1).

E2 enhances vessel reactivity to ER-�. In isolated mesen-
teric arteries, vasoconstriction to PGF2� (Fig. 3A) and PE (Fig.
3B) was concentration-dependent with a maximum contraction
of 180 	 5% for PGF2� and 199 	 6% for PE when normal-
ized to the KCl contraction. There were no significant differ-

ences between all treatment groups to KCl, PGF2�, or PE-
induced contraction. Endothelium-independent relaxation was
measured using SNP, and endothelium-dependent relaxation
was measured using ACh. The vasodilatory response reached
maximum relaxation at 29 	 4% for SNP (Fig. 3C) and
23 	 5% for ACh (Fig. 3D) when vessels were preconstricted
with PE. There were no significant differences between all
treatment groups for SNP- or ACh-induced relaxation.

Maximum relaxation to nonselective ER activation with E2
was 39 	 4% and was not significantly different between
treatment groups (Fig. 4A). Selective ER-� activation with the
selective agonist PPT was significantly greater in both
E2�Veh and E2�E2 treated groups (8 	 1%) compare with
Veh�Veh (52 	 17%; Fig. 4B). There was not a significant
difference in the PPT response between E2�Veh and E2�E2.

Long-term E2 increases indexes of renal damage. Since
renal hypertrophy was increased in the E2�E2 group, despite
a lower BP, additional experiments were performed to assess
kidney damage. Urine was collected using metabolic cages at
the 40d and 80d time points. There was a trend for E2 to
increase proteinuria at 40d, but a significant increase was found
only after 80d of E2 (Fig. 5A). While creatinine excretion was
similar between all groups at the end of the study (Fig. 5B),
E2�E2 rats had a significant increase in serum creatinine (Fig.
5C) and a decline in estimated GFR (P � 0.009) compared
with Veh�Veh and E2�Veh (Fig. 5D). Renal pathology found
no significant differences in glomerulosclerosis, Bowman’s
space, or interstitial fibrosis between treatment groups (Table
1). Interestingly, renal tubular cast formation in the renal outer
medulla was significantly reduced in E2�Veh compared with
Veh�Veh and E2�E2 (Fig. 6).

DISCUSSION

The primary novel finding of the present study was that,
after midlife OVX, both short- and long-term E2 maintained a
lower BP, but long-term E2 induced renal damage. This study
demonstrates that the benefits of E2 on the cardiovascular
system in midlife OVX Long-Evans rats may be organ depen-
dent. While both short- and long-term E2 prevented BP eleva-
tion and enhanced vascular relaxation to ER-�, long-term E2
decreased GFR and increased proteinuria and renal tubular
casts. Overall, our present findings indicate that the duration of
E2 treatment is critical for determining the relative benefits and
risks of postmenopausal hormone therapy.

In the present study, both short- and long-term E2 attenuated
OVX-induced increases in BP. Our findings support previous
work in young animals, including the mRen2 female rat (7), the
Dahl salt-sensitive rat (15), and the ANG II-infused mouse
(42), however, data from older animals are less clear. In
60-wk-old mRen2 rats that underwent OVX at 15 wk, estrogen

Fig. 2. Raw body weight was not different between treatment groups (P �
0.61; A), but percent change in body weight over baseline was significantly
lower in the E2�E2 group (B). Serum estradiol levels (C) and uterine (D),
kidney (E), and heart weights (F) were significantly greater in the E2�E2
group. Values are means 	 SE; N � 7–10. *P 
 0.05 vs. Veh�Veh.

Table 1. Indexes of renal function and damage in vehicle- and E2-treated OVX-female Long-Evans rats

Veh�Veh E2�Veh E2�E2 One-way ANOVA, P Value

Nonfasting glucose, mg/dl 147 	 7 133 	 8 118 	 5* 
0.01
Plasma ANG II, fmol/ml 18.3 	 4.4 20.2 	 2.1 16.3 	 3.7 0.31
Bowman’s space, �m2 2.29 	 0.04 2.08 	 0.18 1.98 	 0.23 0.49
Renal cortical fibrosis, %affected 19.3 	 5.4 15.2 	 2.4 13.0 	 1.0 0.40
Glomerulosclerosis index 1.76 	 0.12 1.79 	 0.13 1.83 	 0.15 0.94

Values are means 	 SE; N � 5–10 rats. *Significant difference from Veh
Veh.
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has no effect on BP, even when challenged with a high-salt diet
(43). Conversely, BP in 12-mo-old Dahl salt-sensitive rats is
higher in animals OVX at 2 mo compared with rats treated with
E2 or those that are ovary intact (14). Strain and timing of
OVX may also be a factor, as OVX at 18 mo of Fischer
344 � Brown Norway rats induces a significant increase in BP
(41), but OVX at either 12 wk or 24 mo does not impact BP in
spontaneously hypertensive rats (18). Our results support pre-
vious work in the Long-Evans strain showing that midlife
OVX increases BP, whereas E2 treatment blunts this hyper-
tensive effect (8). Moreover, because the impact of surgical
menopause on BP in the midlife Long-Evans rat mirrors
postmenopausal hypertension in women, this strain is an ex-
cellent model for studying the impact of hormone treatment on
cardiovascular health.

In the present study, the beneficial effects of short- and
long-term E2 on BP were not associated with alterations in the
response to vasoconstrictors (PGF2�, PE) or vasodilators (SNP,
ACh). Since estrogen induces vasodilation through both stim-

ulation of endothelial nitric oxide and direct effects on vascular
smooth muscle (22), we also assessed the vasodilatory re-
sponse to ER stimulation. No significant differences were
found in the response to nonselective ER activation, but vessels
from both E2 treatment groups had an enhanced response to the
ER-� agonist PPT. Similarly, aortic vasodilation to PPT in 11-
to 15-wk-old female Sprague-Dawley rats is impaired follow-
ing OVX (5), while hippocampal ER-� expression is preserved

Fig. 3. Mesenteric artery responses to pros-
taglandin F2� (PGF2�; A), phenylephrine
(PE; B), sodium nitroprusside (SNP; C), and
acetylcholine (D) were not different between
treatment groups. Values are means 	 SE;
N � 7–10. P � 0.05.

Fig. 4. A: mesenteric artery responses to estradiol (E2) were not different
between treatment groups (P � 0.31). B: both E2�Veh and E2�E2 groups
had significantly greater relaxation to the estrogen receptor-� agonist PPT
compared with Veh�Veh. Values are means 	 SE. *P 
 0.005 vs. Veh
Veh.

Fig. 5. A: proteinuria was significantly increased in the E2�E2 group at the
end of the study. *P 
 0.05 vs. Veh�Veh and E2�Veh. B: urine creatinine
was not altered by treatment (P � 0.38). C: serum creatinine was significantly
greater in E2�E2 rats. *P 
 0.05 vs. all other groups. D: estimated GFR was
significantly reduced by E2�E2 treatment. *P 
 0.05 vs. all other groups.
Values are means 	 SE.
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using the same treatment paradigm as in the present study (32).
Specific receptor subtypes may be altered by aging and hor-
mones, despite no change in the global response, revealing
opposing actions of ERs in the vasculature. Furthermore, the
enhanced PPT response in both E2�Veh and E2�E2 vessels
suggests that even short-term E2 treatment preserved the va-
sodilatory function of ER-�.

The kidneys play an important role in long-term BP regula-
tion, and defects in renal function exacerbate cardiovascular
complications. In the present study, short-term E2 treatment
induced renoprotection, as evidenced by a decrease in renal
tubular casts, while long-term E2 negatively impacted the
kidney. Assessments of renal oxidative stress, nitric oxide
status, inflammation, proliferation, and epithelial-mesenchy-
mal transition did not reveal a mechanism for the observed
renal damage (data not shown). In other animal studies, E2 is
protective against some forms of renal injury (16, 17, 20), but
not others (30). Few studies utilize older animals, but estrogen
is protective against the development of renal disease in 12-
mo-old Dahl salt-sensitive rats (26). Clinically, renal disease
progresses more slowly in women compared with men (6, 29),
until the protective benefits of estrogen are disrupted or im-
paired through kidney dialysis or natural causes, such as
menopause (12). However, the impact of postmenopausal E2
therapy in renal health is unclear, as studies report both
positive (1, 35) and negative (2, 27) consequences.

In our study, the renal damage induced by long-term E2 was
associated with decreased GFR and elevated serum creatinine.
Since these changes occurred in the absence of overt structural
damage, we speculate that the decline in GFR was due to
changes in hemodynamics. Interestingly, renal pathology re-
vealed a predominance of tubular casts in the vehicle control
and long-term E2 group that was not present in the short-term

E2 group. We also found that long-term E2 increased protein-
uria independent of BP. The proteinuria detected after 80d of
E2, and not at 40d, suggests that treatment duration is an
important factor. This effect is not exclusive to females, since
E2 treatment in castrated 14-mo-old male Otsuka-Long-Evans-
Tokushima-Fatty rats increased proteinuria independent of
changes in BP (38). Similar to our results, postmenopausal
patients prescribed estrogen-only therapies have a significant
decline in GFR compared with nonusers (2), and menopausal
hormone therapy for more than 5 yr is associated with an
increased risk of microalbuminuria independent of BP (27).
Our results highlight a need to further investigate how aging
and chronic noncyclical E2 dosing affects the estrogenic re-
sponse in the kidney.

It is unknown how present treatments using E2 combined
with a synthetic progesterone or the use of selective or cyclic
E2 administration would influence our study outcomes. How-
ever, our present findings suggest that the duration of hormone
therapy may be an important factor for renal health in aging
postmenopausal women, and provide support that hormone
therapy in postmenopausal women with a decline in renal
function could further exacerbate their condition.
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Fig. 6. Tubular casts were significantly re-
duced in the kidneys of E2�Veh rats. Values
are means 	 SE; N � 9. *P 
 0.05 vs. all
other groups.
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