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The Selective Estrogen Receptor Modulator, 
Raloxifene, Is Protective Against Renal 
Ischemia–reperfusion Injury
Paul Hernandez, MD,1 Ciaran O’Brien, MD,1 Seth J. Concors, MD,1 Zhonglin Wang, MD,1  
Guanghui Ge, MD,1 Wayne W. Hancock, MBBS, PhD,2,3 and Matthew H. Levine, MD, PhD1,4 

INTRODUCTION
There is an emerging body of evidence that estrogen is 
responsible for improved outcomes in female kidney trans-
plant recipients.1-4 Although the exact mechanism is not 
yet known, estrogen appears to exert its protective effects 
by ameliorating ischemia–reperfusion injury (IRI).1,5-8 In 
renal transplantation IRI results in delayed graft function 
(DGF), defined as requiring dialysis in the first week after 

transplantation.9 DGF results in increased costs, length of 
stay, readmissions after transplantation, rejection, and graft 
failure.10-12 Any therapy that can ameliorate IRI and the 
attendant DGF will improve transplant outcomes and may 
enlarge the supply of organs by enabling use of organs with 
greater ischemic insult. We have previously demonstrated 
increased IRI tolerance in a mouse model with the adminis-
tration of exogenous 17β-estradiol, and this has raised hopes 
of a potential therapy that might improve human deceased 
donor transplant outcomes1;  however, there are known 
risks to systemic estrogen therapy, including increased risk 
of coronary artery disease, stroke, venous thromboembo-
lism, and breast and endometrial cancer.13,14 These risks 
have driven the development of selective estrogen receptor 
modulators (SERMs), a class of drugs that have tissue-spe-
cific agonist/antagonist actions on the estrogen receptor.15 
Clinically, SERMs are used for hormonal treatment/preven-
tion of breast cancer, osteoporosis, and estrogen deficiency 
symptoms in postmenopausal women.16-18 In this study, we 
have examined whether the beneficial effects of exogenous 
estrogen in renal IRI can be replicated by SERMs.

MATERIALS AND METHODS

Animals
We used 8- to 12-wk-old WT C57BL/6 adult female 

mice (The Jackson Laboratory) weighing 18 to 25 g.

Warm IRI Model
Mice were anesthetized with prewarmed pentobar-

bital sodium (65 mg/kg IP). Immediately after loss of a 
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Original Basic Science

Background. There is increasing evidence that estrogen is responsible for improved outcomes in female kidney transplant 
recipients. Although the exact mechanism is not yet known, estrogen appears to exert its protective effects by ameliorating 
ischemia–reperfusion injury (IRI). In this study, we have examined whether the beneficial effects of exogenous estrogen in renal 
IRI are replicated by therapy with any one of several selective estrogen receptor modulators. Methods. C57BL/6 adult mice 
underwent standardized warm renal ischemia for 28 min after being injected with the selective estrogen receptor modulators, 
raloxifene, lasofoxifene, tamoxifen, bazedoxifene, or control vehicle (dimethyl sulfoxide), at 16 and 1 h before IRI. Plasma 
concentrations of blood urea nitrogen and creatinine were assessed 24, 48, 72, and 96 h post-IRI. Tissue was collected 30 
d postischemia for fibrosis analysis using Sirius Red staining. Results. Raloxifene treatment in female mice resulted in sig-
nificantly lower blood urea nitrogen and creatinine after IRI and significantly lower fibrosis 30 d following IRI. Conclusions. 
Raloxifene is protective against both acute kidney injury and fibrosis resulting from renal IRI in a mouse model.

(Transplantation 2022;106: 2166–2171).
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righting reflex, they were placed on a heated surgical pad 
(37 °C) in a temperature-controlled operative appara-
tus. Core body temperature was continuously measured 
throughout and maintained at 36.0 °C ± 0.5 °C. Using 
an operating microscope, an abdominal midline incision 
was made, and the left renal pedicle was exposed and 
clamped for 28 min with a microvascular clip (Roboz 
Surgical Instrument Co). Twenty-eight minutes was 
selected to yield significant IRI in control animals which 
was consistently survivable in the unilateral IRI and 
contralateral nephrectomy model in female mice.19 For 
male mice, 15 min of clamp time yielded similar injury to 
28 min in female mice.1 After the clamp was released, the 
right kidney was exposed and removed, and the abdomen 
was closed. Animals were subcutaneously injected with 
100 mL/kg warm saline after the operation to assist in the 
maintenance of hydration. Animals were kept in an incu-
bator (37 °C) from the time of anesthetic administration 
until completely awake.19

SERMs
Raloxifene, lasofoxifene, tamoxifen, and bazedox-

ifene (Sigma Aldrich) were dissolved in dimethyl sulfox-
ide (4 mg/mL) and administered at a dose of 10 mg/kg at 
16 and 1 h before administration of anesthesia for IRI. 
Control animals were injected with the carrier dimethyl 
sulfoxide (2.5 mL/kg) at 16 and 1 h before administration 
of anesthesia for IRI.

Blood Urea Nitrogen/Creatinine Measurements
Plasma concentrations of blood urea nitrogen (BUN) 

and creatinine were serially assessed 24, 48, 72, and 96 h 
post-IRI using an i-STAT Portable Clinical Analyzer with 
Chem8+ cartridges (Abbott Laboratories). These car-
tridges have a maximum BUN reading of 140 mg/dL and a 
minimum Cr reading of <0.2 mg/dL.

Tissue Collection and Histopathology
Under terminal general anesthesia, the left kidney in 

warm IRI experiments was harvested at 30 d after the 
ischemia experiment, fixed in 10% neutral-buffered 
formalin, and paraffin embedded. Histologic sections 
(4 μm) were stained with Sirius Red for quantification 
of fibrosis. Sirius Red–stained sections were scanned 
using the Aperio ScanScope CS slide scanner (Aperio 
Technologies, Leica Biosystems), and digitized images 
were analyzed with Aperio ImageScope software using 
an algorithm optimized for the detection of interstitial 
fibrosis (red staining of collagen fibers) as a percentage 
of the total volume of tissue on the slide.19 Subcapsular 
areas were excluded so as to limit the analysis to paren-
chymal changes.

Statistics
BUN/creatinine curves were compared using 2-way 

ANOVA with Tukey’s post hoc tests as appropriate. The 
Sirius Red staining percentage by group was compared 
pairwise using a 2-tailed Student t test. Statistical analy-
sis was performed with GraphPad Prism, version 6.0h 
(GraphPad Software). A P of <0.05 was considered statis-
tically significant.

Study Approval
All animal studies were approved by the IACUC of 

Children’s Hospital of Philadelphia and performed at 
a facility accredited by the American Association for 
Accreditation of Laboratory Animal Care.

RESULTS
Raloxifene-treated female animals showed significant 

protection from IRI. BUN was significantly lower in 
raloxifene-treated animals than in controls across all time 
points, and peak creatinine was significantly lower before 
returning to baseline at 72 h in both groups (Figure  1A 
and B). Sirius Red staining and automated quantifica-
tion showed significantly less interstitial fibrosis in the 
raloxifene-treated animals than in controls (Figure 1C–G). 
Raloxifene treatment in male animals did not result in sig-
nificant differences in BUN or creatinine (Figure 1H and 
I). Raloxifene treatment in female animals did not result in 
meaningful differences in baseline pre-IRI BUN or creati-
nine compared with controls (Figure 1J and K).

Lasofoxifene, tamoxifen, and bazedoxifene treatment 
did not appear to ameliorate IRI in this model. BUN and 
creatinine curves were not significantly different for any of 
these groups (Figure 2A–F). Based on the literature reports 
of tamoxifen’s effect on renal interstitial fibrosis, Sirius Red 
staining was performed on the tamoxifen-treated animals. 
Tamoxifen-treated animals did not show significantly less 
fibrosis than controls (Figure 3).

DISCUSSION
We examined the effect of SERMs in a validated 

mouse model of renal IRI. Although prior work has 
demonstrated the protective influence of female sex and 
supplemental estrogen, no prior study has investigated 
the use of SERMs as a therapy to mitigate renal IRI. Our 
current work shows a marked protection from renal IRI 
with the use of raloxifene, with lower serum biomark-
ers of acute kidney injury and decreased fibrosis at 30 
d. The classical description of estrogen receptor signal-
ing involves the passive diffusion of lipophilic estrogen 
across cell membranes followed by interaction with the 
ligand binding domain of an estrogen receptor in either 
the cytoplasm or the nucleus. Binding 17β-estradiol 
leads to estrogen receptor dimerization, at which point 
the DNA binding domain of the dimerized estrogen 
receptor complex can bind to the targeted DNA motifs 
called estrogen response elements. There are 2 isoforms 
of the estrogen receptor, estrogen receptor alpha (ERα) 
and estrogen receptor beta (ERβ). Upon binding of estra-
diol, homo- or heterodimerization with either estrogen 
receptor is possible. Binding with an estrogen response 
element results in recruitment of transcriptional co-acti-
vators and ultimately gene transcription.20 In addition to 
this classical pathway, estrogen and its receptors are also 
involved in nonnuclear signaling pathways, particularly 
in the endothelium, where estrogen is thought to increase 
endothelial NO synthase.21

We and other groups have demonstrated the protec-
tive role of supplemental 17β-estradiol in animal models 
of renal IRI, and we have demonstrated that the presence 
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of ERα is necessary for the improved renal IRI tolerance 
observed among female mice as well as the protective 
effect of supplemental 17β-estradiol.1,5-8,22,23 Additionally, 
estrogen has also been investigated in cardiovascular 

disease and cardiac IRI7,21; however, large clinical studies 
have raised concerns that estrogen therapy may increase 
the risk of heart disease, venous thromboembolism, stroke, 
and breast cancer.13,14

FIGURE 1.  Female mice treated with raloxifene had significantly lower BUN (A) and creatinine (B) after IRI than controls; female 
mice treated with raloxifene had significantly less renal interstitial fibrosis at 30 d post-IRI by automated Sirius Red quantification (C).
Representative images of Sirius Red staining of control (D and F) and raloxifene-treated animals (E and G) 30 d post-IRI. Male mice 
treated with raloxifene did not show a significant difference in BUN (H) or creatinine (I) post-IRI. Raloxifene did not meaningfully impact 
baseline BUN (J) or creatinine (K) levels in animals before IRI. BUN, blood urea nitrogen; IRI, ischemia–reperfusion injury.
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SERMs are a broad class of drugs with a variety of 
different tissue-specific agonist/antagonist effects on the 
estrogen receptor, and there is little knowledge of the 
effects of SERMs on renal IRI. Tamoxifen, the best known 
SERM, is in widespread clinical use in breast oncology, 
where its antagonist effect on the estrogen receptor helps 
to treat and prevent hormone responsive breast cancers. 
Unfortunately, tamoxifen has an agonist effect on the 
endometrium, resulting in an increased risk of endometrial 
cancers.24 Other SERMs, such as raloxifene, are in clini-
cal use for osteoporosis, where they function as estrogen 

receptor agonists on osteoblasts and are estrogen antago-
nists in breast tissue but lack tamoxifen’s agonist effects on 
the endometrium.25

The tissue specificity of SERMs is under active investiga-
tion and likely is due to multiple factors. For example, the 
estrogen receptor is known to interact with a variety of dif-
ferent co-activators and co-repressors, which are expressed 
in a tissue-specific manner. Conformational changes to 
the estrogen receptor upon binding a SERM are thought 
to alter these interactions, resulting in differential effects 
based on the tissue-specific profile of co-activators and 

FIGURE 2.  Female mice treated with lasofoxifene (A and B), tamoxifen (C and D), or bazedoxifene (E and F) did not show significantly less 
renal injury after warm IRI as measured by blood urea nitrogen or serum creatinine than controls. BUN, blood urea nitrogen; IRI, ischemia–
reperfusion injury.
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co-repressors.15 Additionally, expression of ERα and ERβ 
varies by tissue type, and the SERMs have different affini-
ties and effects on each receptor isoform.26

Although the effects of SERMs on breast cancer and 
bone density have been studied extensively, the effects of 
SERMs on IRI have yet to be elucidated. Animal stud-
ies have shown that raloxifene decreases IRI in a cardiac 
model.27 Although no prior studies have specifically inves-
tigated the effect of SERMs in renal IRI, one study has 
shown that tamoxifen results in decreased fibrosis in a 
ureteral obstruction model of renal tubulointerstitial fibro-
sis.28 In another study, raloxifene was shown to attenuate 
renal tubular damage in a hereditary glomerular nephritic 
model of renal injury.29 Finally, a retrospective analysis of 
the raloxifene evaluation trial for osteoporosis showed 
slower increases in serum creatinine and slower decreases 
in estimated glomerular filtration rate in that cohort of 
postmenopausal women.30

There is a strong body of evidence that estrogen recep-
tor-mediated signaling can ameliorate renal IRI and result 
in improved outcomes in transplantation and other dis-
ciplines. Additionally, several promising studies have 
suggested that SERMs may share some of estrogen’s ben-
eficial qualities with regard to IRI, without the off-target 
effects of estrogen; however, our study characterizes the 
effects of the SERMs in a validated mouse model of renal 
IRI, showing a clear protective effect of raloxifene and 
no benefit of other SERMs. This study further expands 
our understanding of the relationship between estrogen 
and IRI. Additionally, as raloxifene is safe and in wide-
spread clinical use, this finding could rapidly be tested in 
the clinical environment, leading to new therapies to miti-
gate renal IRI.

REFERENCES
	 1.	 Aufhauser DD Jr, Wang Z, Murken DR, et al. Improved renal ischemia 

tolerance in females influences kidney transplantation outcomes. J 
Clin Invest. 2016;126:1968–1977.

	 2.	 Zhou JY, Cheng J, Huang HF, et al. The effect of donor-recipient gen-
der mismatch on short- and long-term graft survival in kidney trans-
plantation: a systematic review and meta-analysis. Clin Transplant. 
2013;27:764–771.

	 3.	 Müller V, Szabó A, Viklicky O, et al. Sex hormones and gender-related 
differences: their influence on chronic renal allograft rejection. Kidney 
Int. 1999;55:2011–2020.

	 4.	 Naderi G, Azadfar A, Yahyazadeh SR, et al. Impact of the donor-
recipient gender matching on the graft survival from live donors. BMC 
Nephrol. 2020;21:5.

	 5.	 Hosszu A, Antal Z, Veres-Szekely A, et al. The role of Sigma-1 
receptor in sex-specific heat shock response in an experimen-
tal rat model of renal ischaemia/reperfusion injury. Transpl Int. 
2018;31:1268–1278.

	 6.	 Singh AP, Singh N, Pathak D, et al. Estradiol attenuates ischemia 
reperfusion-induced acute kidney injury through PPAR-γ stimulated 
eNOS activation in rats. Mol Cell Biochem. 2019;453:1–9.

	 7.	 Ikeda M, Swide T, Vayl A, et al. Estrogen administered after cardiac 
arrest and cardiopulmonary resuscitation ameliorates acute kidney 
injury in a sex- and age-specific manner. Crit Care. 2015;19:332.

	 8.	 Satake A, Takaoka M, Nishikawa M, et al. Protective effect of 17beta-
estradiol on ischemic acute renal failure through the PI3K/Akt/eNOS 
pathway. Kidney Int. 2008;73:308–317.

	 9.	 Siedlecki A, Irish W, Brennan DC. Delayed graft function in the kidney 
transplant. Am J Transplant. 2011;11:2279–2296.

	10.	 Bahl D, Haddad Z, Datoo A, et al. Delayed graft function in kidney 
transplantation. Curr Opin Organ Transplant. 2019;24:82–86.

	11.	 Mannon RB. Delayed graft function: the AKI of kidney transplantation. 
Nephron. 2018;140:94–98.

	12.	 Serrano OK, Vock DM, Chinnakotla S, et al. The relationships between 
cold ischemia time, kidney transplant length of stay, and transplant-
related costs. Transplantation. 2019;103:401–411.

	13.	 Rossouw JE, Anderson GL, Prentice RL, et al; Writing Group for the 
Women’s Health Initiative Investigators. Risks and benefits of estrogen 
plus progestin in healthy postmenopausal women: principal results 
from the Women’s Health Initiative randomized controlled trial. JAMA. 
2002;288:321–333.

	14.	 Manson JE, Chlebowski RT, Stefanick ML, et al. Menopausal hor-
mone therapy and health outcomes during the intervention and 
extended poststopping phases of the Women’s Health Initiative rand-
omized trials. JAMA. 2013;310:1353–1368.

	15.	 Shang Y, Brown M. Molecular determinants for the tissue specificity of 
SERMs. Science. 2002;295:2465–2468.

	16.	 Cummings SR, Eckert S, Krueger KA, et al. The effect of raloxifene 
on risk of breast cancer in postmenopausal women: results from the 
MORE randomized trial. Multiple outcomes of raloxifene evaluation. 
JAMA. 1999;281:2189–2197.

	17.	 Delmas PD, Bjarnason NH, Mitlak BH, et al. Effects of raloxifene 
on bone mineral density, serum cholesterol concentrations, and 
uterine endometrium in postmenopausal women. N Engl J Med. 
1997;337:1641–1647.

	18.	 Love RR, Mazess RB, Barden HS, et al. Effects of tamoxifen on bone 
mineral density in postmenopausal women with breast cancer. N Engl 
J Med. 1992;326:852–856.

	19.	 Levine MH, Wang Z, Bhatti TR, et al. Class-specific histone/protein 
deacetylase inhibition protects against renal ischemia reperfusion 
injury and fibrosis formation. Am J Transplant. 2015;15:965–973.

	20.	 Hewitt SC, Korach KS. Estrogen receptors: structure, mechanisms 
and function. Rev Endocr Metab Disord. 2002;3:193–200.

	21.	 Menazza S, Sun J, Appachi S, et al. Non-nuclear estrogen receptor 
alpha activation in endothelium reduces cardiac ischemia-reperfusion 
injury in mice. J Mol Cell Cardiol. 2017;107:41–51.

	22.	 Kang KP, Lee JE, Lee AS, et al. Effect of gender differences on the 
regulation of renal ischemia-reperfusion-induced inflammation in 
mice. Mol Med Rep. 2014;9:2061–2068.

	23.	 Singh AP, Singh N, Bedi PMS. Estradiol mitigates ischemia reperfu-
sion-induced acute renal failure through NMDA receptor antagonism 
in rats. Mol Cell Biochem. 2017;434:33–40.

	24.	 Fisher B, Costantino JP, Wickerham DL, et al. Tamoxifen for pre-
vention of breast cancer: report of the National Surgical Adjuvant 
Breast and Bowel Project P-1 Study. J Natl Cancer Inst. 
1998;90:1371–1388.

	25.	 Vogel VG. The NSABP study of tamoxifen and raloxifene (STAR) trial. 
Expert Rev Anticancer Ther. 2009;9:51–60.

	26.	 Paige LA, Christensen DJ, Grøn H, et al. Estrogen receptor (ER) mod-
ulators each induce distinct conformational changes in ER alpha and 
ER beta. Proc Natl Acad Sci U S A. 1999;96:3999–4004.

	27.	 Ogita H, Node K, Asanuma H, et al. Amelioration of ischemia- and 
reperfusion-induced myocardial injury by the selective estrogen 

FIGURE 3.  Female mice treated with tamoxifen did not show 
significantly less renal interstitial fibrosis at 30 d post-IRI by 
automated Sirius Red quantification. IRI, ischemia–reperfusion injury.



© 2022 Wolters Kluwer	 	 2171Hernandez et al

receptor modulator, raloxifene, in the canine heart. J Am Coll Cardiol. 
2002;40:998–1005.

	28.	 Kim D, Lee AS, Jung YJ, et al. Tamoxifen ameliorates renal tubu-
lointerstitial fibrosis by modulation of estrogen receptor α-mediated 
transforming growth factor-β1/Smad signaling pathway. Nephrol Dial 
Transplant. 2014;29:2043–2053.

	29.	 Nishi Y, Satoh M, Nagasu H, et al. Selective estrogen receptor modu-
lation attenuates proteinuria-induced renal tubular damage by modu-
lating mitochondrial oxidative status. Kidney Int. 2013;83:662–673.

	30.	 Melamed ML, Blackwell T, Neugarten J, et al. Raloxifene, a selective 
estrogen receptor modulator, is renoprotective: a post-hoc analysis. 
Kidney Int. 2011;79:241–249.


