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Background and Purpose: Renal fibrosis plays an important role in the development and progression of chronic
kidney disease (CKD). Clinical studies have shown that CKD progresses differently in males and females, which
may be related to circulating levels of sex hormones. In this study, we investigated the effect of tamoxifen (TAM),
a selective estrogen receptor modulator (SERM), on renal fibrosis in male and female rats subjected to unilateral
ureteral obstruction (UUO) and human precision-cut kidney slices (PCKS).
Experimental Approach: Female, ovariectomized female (OVX), and male rats were subjected to 7 days of UUO
and treated with TAM by oral gavage. Moreover, we studied individual responses to TAM treatment in PCKS
prepared from female and male patients. In all models, the expression of fibrosis markers was examined by
western blot, qPCR, and immunohistochemistry.
Key Results: TAM decreased the expression of fibronectin, α-smooth muscle actin, and collagen-1 and -3 in female,
OVX, and male rats. In addition, TAM mitigated TGF-β-induced fibrosis in human PCKS, irrespective of sex, yet
interindividual differences in treatment response were observed.
Conclusion and Implications: TAM ameliorates renal fibrosis in males and females, although we did observe sex
differences in drug response. These findings warrant further research into the clinical applicability of TAM, or
other SERMs, for the personalized treatment of renal disease.

1. Introduction
Chronic kidney disease (CKD) affects approximately 10 % of the
population, is a leading cause of global mortality, and its incidence is
steadily increasing [1]. Renal fibrosis is a driving force in CKD pro
gression, causing excessive deposition of the extracellular matrix (ECM)
and loss of renal cells, which leads to loss of renal function and end-stage
renal disease (ESRD) [2].
Observations in mammals indicate that sex differences exist in renal
(patho)physiology. In most experimental models of renal disease, male
animals progress more rapidly than females [3,4]. In addition, clinical
studies have shown that CKD progresses more slowly in women than in
men [5]. These sex differences may be related to sex hormones, which
affect a number of cellular processes. In addition, estrogen has antioxi
dant and renoprotective properties, and estrogen-regulated genes are

involved in ECM metabolism [6,7]. Due to these effects of estrogen, we
postulated that a selective estrogen receptor modulator (SERM) might
protect against renal fibrosis.
Tamoxifen (TAM) is a SERM that has an anti-estrogenic effect on the
mammary glands and is, thus, used for the prevention and treatment of
breast cancer [8,9]. Interestingly, TAM inhibits unilateral ureteral
obstruction (UUO)-induced fibrosis in mice by suppressing renal fibro
blast activation via the modulation of estrogen receptor (ER)α-mediated
TGF-β1 signaling [10]. This anti-fibrotic effect of TAM has also been
found in rats with L-NAME-induced hypertensive nephrosclerosis [11].
However, the anti-fibrotic efficacy of TAM has never been studied, to
our knowledge, at an individual level in human tissue. In the current
study, we examined the impact of TAM on renal fibrogenesis using a
well-established in vivo model, viz. UUO, and a recently developed ex
vivo model of human renal fibrosis; namely, human precision-cut kidney

Abbreviations: CKD, chronic kidney disease; ECM, extracellular matrix; ER, estrogen receptor; ESRD, end-stage renal disease; FN, fibronectin; OVX, ovariecto
mized; PCKS, precision-cut kidney slices; SERM, selective estrogen receptor modulator; TAM, tamoxifen; UUO, unilateral ureteral obstruction.
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slices (PCKS).

(Olympus). Fibrotic areas were measured using ImageJ software based
on histological analysis and quantification of kidney collagen fibers.

2. Material and methods

2.3. Quantitative polymerase chain reaction

2.1. Animals - experimental design and surgical procedures

Total RNA was extracted from cortical tissue (rat and human) using a
Nucleospin RNA II mini kit following the manufacturer’s protocol
(Macherey Nagel, Düren, Germany). RNA concentration was quantified
by spectrophotometry at 260 nm then stored at − 80 ◦ C. cDNA synthesis
was performed as previously described [12]. The mRNA levels were
calculated relative to GAPDH levels for each sample. The sequences of
the primers used are shown in Table 1.

All animal experiments were performed in accordance with the
Danish National Guidelines for the Care and Handling of Experimental
Animals, in cooperation with a veterinarian. The animal protocols were
approved by the Department of Clinical Medicine, Aarhus University,
according to the licenses for the use of experimental animals issued by
the Danish Veterinary and Food Administration (Approval no. 2015-150201− 00658).
Studies were performed on 7− 8-week-old female and male Wistar
rats. Animals had free access to a standard rodent diet (Altromin, Lage,
Germany) and tap water. During the experiments, rats were housed in
groups of two to three per cage with a 12 h:12 h light-dark cycle at a
temperature of 21 ± 2 ◦ C and humidity of 55 ± 2%. Bilateral ovariec
tomies (ovariectomized; OVX) were performed in half of the female rats
using a dorsal approach 14 days before UUO. OVX was confirmed by
increased body weight. The starting weights at the day of UUO were;
female (222.3 ± 2.98 g), OVX (243.8 ± 3.24 g), and male (190.7 ± 3.22
g). TAM (Sigma Chemical Co. T5648) was dissolved in ethanol and
mixed with corn oil (Sigma Chemical Co.). TAM was administered by
daily oral gavage, with a dose of 25 mg/kg for female and OVX rats and
50 mg/kg for male rats. The dosing regime was based on a preliminary
dose-finding study, which indicated that a higher dose was lethal for
females. The treatment was initiated 5 days prior to UUO and continued
for 7 days. Control groups received vehicle (ethanol in corn oil). UUO
was performed as previously described [12]. Male rats were used in our
previous study, and ER mRNA data and kidney weight after treatment
with TAM have previously been published [12].

2.4. Western blotting
The procedure for western blotting was similar to that described
previously [12,14]. Briefly, tissue was homogenized, and the superna
tant was used to measure protein concentration. Next, 20 μg protein was
loaded and size-separated by SDS-PAGE and blotted onto a nitrocellu
lose membrane. The membrane was then incubated with a primary
antibody against FN (Abcam, ab2413) or α-SMA (Dako, M0851), and
antibody
binding
was
visualized
with
horseradish
peroxidase-conjugated secondary antibodies. Levels of the protein of
interest were normalized to total protein, as measured using Stain-Free
technology [15].
2.5. Precision-cut kidney slices
The use of human tissue for the preparation of PCKS was approved by
the Central Denmark Region Committees on Biomedical Research Ethics
(Journal number 1− 10-72− 211-17) and the Danish Data Protection
Agency. All participants provided written informed consent. PCKS were
prepared from functional (i.e., eGFR > 60 mL/min/1.73 m2) and
macroscopically healthy renal cortical tissue obtained from both female
and male patients following tumor nephrectomies, as described previ
ously [13,16]. PCKS viability was assessed by determining the ATP
content of the slices using the ATP Colorimetric/Fluorometric Assay Kit
(Sigma), according to the manufacturer’s instructions. Patient de
mographics are presented in Table 2.

2.2. Immunofluorescence and immunohistochemistry
For immunolabeling, the kidneys were fixed by retrograde perfusion
via the abdominal aorta using 4% PFA in 0.01 M PBS buffer, washed in
PBS, dehydrated using a graded series of alcohol, embedded in paraffin,
and processed for immunolabeling, as previously described [13]. For
immunoperoxidase labeling, the sections were incubated with a primary
antibody against fibronectin (FN; Abcam, ab2413) and collagen 3
(Abcam, ab7778), followed by incubation with a P448-conjugated sec
ondary antibody. Light microscopy was performed using an Olympus
BX50 light microscope and CellSens imaging software.
For immunofluorescence labeling, sections were incubated with a
primary antibody against α-SMA (Dako, M0851) and then with an Alexa
Fluor 488-conjugated secondary antibody. Sections were then counter
stained with DAPI as described previously [13]. Fluorescence micro
scopy was performed using an Olympus BX61 microscope and image
processing was performed using Xcellence Rt software.
In addition, sections were stained with H&E to assess gross
morphology. For Masson’s trichrome staining, the rehydrated sections
were left in Bouin’s solution overnight. Afterward, the sections were
colored in Mayer’s hematoxylin to stain the nuclei, then colored with
Biebrich scarlet. Afterward, the sections were incubated with 5%
phosphomolybdic acid solution with aniline blue. Then, the sections
were dehydrated using a graded series of alcohol before being mounted
using Tissue Mount. For Sirius red staining, the rehydrated sections were
left in tap water for 10 min. After 30 min in 0.1 % Picro-Sirius solution
(Ampliqon, AMPQ99684.0500), the sections were dehydrated and
mounted with Mounting Medium Pertex (HistoLab).
Six to eight images were taken in a blinded manner for each spec
imen at 10x magnification with no overlapping regions. The severity of
fibrosis was quantified by identifying the number of fibrotic areas in
Masson’s Trichrome and Sirius red stained kidney tissue using an
Olympus BX50 light microscope and CellSens imaging software

2.6. Principal component (PC) analysis
Gene expression differences were visualized using PC plots. In these
plots, components were calculated based on all samples visualized in the
specific plot and subsequently stratified. Gene expression was tested for
significance using a permuted multivariate analysis of variance
Table 1
Sequences of the primers used for QPCR.
Primer
Fibronectin

α-SMA
Rat

Collagen1
Collagen3
GAPDH
Fibronectin

Human

α-SMA
Collagen1
RPL22

2

Sequence
Sense 5′ -CCGAATCACAGTAGTTGCGG-3′
Antisence 5′ -GCATAGTGTCCGGACCGATA-3′
Sense 5′ -CATCATGCGTCTGGACTTGG-3′
Antisence 5′ -CCAGGGAAGAAGAGGAAGCA-3′
Sense 5′ -TCAAGATGGTGGCCGTTACT-3′
Antisence 5′ -CATCTTGAGGTCACGGCATG-3′
Sense 5′ -ATGAATTGGGATGCAACTAC-3′
Antisence 5′ -TCTAGTGGCTCATCATCACA-3′
Sense 5′ -TAAAGGGCATCCTGGGCTACACT-3′
Antisence 5′ -TTACTCCTTGGAGGCCATGTAGG-3′
Sense 5′ -CAGTGGGAGACCTCGAGAAG-3′
Antisence 5′ -GTCCCTCGGAACATCAGAAA-3′
Sense 5′ -ACCCACAATGTCCCCATCTA-3′
Antisence 5′ -GAAGGAATAGCCACGCTCAG-3′
Sense 5′ -CCTGGATGCCATCAAAGTCT-3′
Antisence 5′ -AATCCATCGGTCATGCTCTC-3′
Sense 5′ -GGAGCAAGAGCAAGATCACC-3′
Antisence 5′ - TGTTAGCAACTACGCGCAAC-3′
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(Fig. 4a).
Since TAM binds to ERs, we determined the expression of ERα, ERβ,
and membrane-bound GPER in female, OVX, and male rats subjected to
UUO. All three ER receptors were expressed in UUO kidneys, and TAM
did not significantly affect the expression (Figure S1).

Table 2
Patient demographics.
Patients included
Age (years)
BMI
eGFR (ml/min/173 m2)
Ischemia time (min)

Female

Male

6
65.7 ± 2.2
26.1 ± 1.8
85.2 ± 2.2
25 ± 3.2

7
70.3 ± 6.1
25.3 ± 1.7
80.7 ± 3.7
35 ± 2.2

3.3. TAM attenuates TGF-β-induced renal fibrosis in human PCKS
To improve the translation of our findings, we studied the impact of
TAM on TGF-β-induced renal fibrosis in a unique human fibrosis model,
viz. human PCKS. As shown in Fig. 5, treatment with 10 ng/mL TGF-β for
48 h induced a fibrotic response in the slices, illustrated by an increased
intensity of picrosirius red (Fig. 5a and c) and Mason trichrome staining
(Fig. 5b and c). Moreover, TGF-β-induced collagen deposition was
attenuated by TAM treatment in both males and females (Fig. 5).

BMI: Body Mass Index, eGFR: Estimated Glomerular Filtration Rate. Values are
presented as mean ± SEM.

(PERMANOVA) using the package Adonis within the framework vegan
(999 permutations). This analysis was performed using R version 4.0.0.
2.7. Statistics

3.4. Interindividual differences in the treatment effect of TAM in human
PCKS

Data are presented as mean ± SEM. Comparisons between experi
mental groups were performed using either a Kruskal-Wallis test fol
lowed by Dunn’s multiple comparisons test or one-way ANOVA followed
by a Tukey’s multiple comparisons test. GraphPad Prism software
(GraphPad Software, La Jolla, CA, USA) was used for all statistical an
alyses. P values < 0.05 were considered significant.

Next, we evaluated individual patient responses to TAM treatment.
As shown in Fig. 6, we noted an overall beneficial impact of TAM on
TGF-β-induced fibrosis in human PCKS, irrespective of sex. However,
interindividual differences in treatment effect were observed. Following
TAM treatment, we noted a reduction in FN gene expression (ratio < 1)
in five of six females and five of seven males. With regard to α-SMA
expression, a reduction was observed in three of six females and six of
seven males. Lastly, TAM mitigated TGF-β-induced COL1A1 expression
in five of six females and six of seven males. Moreover, TAM did not
affect PCKS viability, as evaluated by ATP measurements (Fig. 6c).

3. Results
3.1. TAM affects the gross morphology and fibrotic areas in kidneys from
female, OVX, and male rats subjected to UUO
To examine the impact of TAM on renal fibrogenesis, we subjected
female, OVX, and male rats to 7 days of UUO. UUO surgery induced
swelling of the kidneys as well as redness indicative of inflammation.
TAM appeared to reduce the redness and swelling (Fig. 1a). Further
more, the administration of TAM reduced the weight of the obstructed
kidney in female rats by KW/100 g BW (g): Female UUO = 0.96 ± 0.15
versus UUO + TAM = 0.58 ± 0.01*. However, no effect of TAM was
observed in OVX or male rats. OVX UUO = 0.69 ± 0.04 versus UUO +
TAM = 0.65 ± 0.03, and male UUO = 0.78 ± 0.05, versus UUO + TAM =
0.76 ± 0.03. H&E staining further indicated that there was more tubular
dilation following UUO in all groups, which was reduced by TAM
treatment (Fig. 1b). In addition, UUO promoted the development of
renal fibrosis, as illustrated by the increased deposition of collagen as
visualized by Picrosirius red (Fig. 1c) and Masons trichrome staining
(Fig. 1d). Moreover, the observed UUO-induced collagen deposition was
mitigated by TAM treatment (Fig. 1c-f).

3.5. Sex differences in the treatment effect of TAM in human PCKS
As shown in Fig. 7, PC analysis separated treatment groups in both
the male and female populations. Moreover, a separation was found
between males and females based on the changes in gene expression
following TAM treatment, with 85.65 % of the variance explained by
PC1 and 9.58 % explained by PC2 (p = 0.06; Fig. 7c). These findings
suggest a sex difference in drug response.
4. Discussion
Renal fibrosis plays a crucial role in the development and progression
of CKD. Here, we investigated the anti-fibrotic efficacy of TAM using
UUO rats and human PCKS. Our results demonstrated that TAM treat
ment decreased UUO-induced renal tubular damage and ECM deposition
in two fibrosis models. Importantly, to the best of our knowledge, this is
the first study to investigate the anti-fibrotic effects of TAM at the level
of individual patients as well as to compare the treatment response in
both males and females.
A major finding of this study is that TAM treatment reduces UUOinduced tubulointerstitial fibrosis. TAM treatment attenuated the pro
duction and deposition of ECM components, as demonstrated by the
diminished expression of fibronectin and collagen in UUO kidneys. The
reduced expression of ECM components might be due to a direct effect of
TAM on the number of pro-fibrotic myofibroblasts. TAM decreased the
gene and protein expression of the myofibroblast marker α-SMA, indi
cating that it reduces the number of ECM-producing myofibroblasts.
These results are consistent with those of previous studies demonstrating
that TAM reduces the progression of fibrosis in UUO mice [10,17] and
L-NAME-induced hypertensive rats [11]. In addition, treating human
PCKS with TGF-β induced a fibrotic response, as evidenced by a similar
gene expression profile of selected fibrosis markers, compared to UUO
rats. Moreover, TAM attenuated TGF-β-induced fibrogenesis in human
PCKS, irrespective of sex, but interindividual differences in drug efficacy
were observed. These results indicate that human PCKS could poten
tially be used to study the factors underlying individual patient

3.2. TAM reduces the expression of fibrosis markers in rats subjected to
UUO
Next, we studied the anti-fibrotic effects of TAM at the gene and
protein levels. To this end, we investigated the expression levels of the
fibrosis markers FN, α-SMA, collagen-1, and collagen-3 using qPCR,
western blotting, and immunohistochemistry. After 7 days of UUO, the
expression of FN significantly increased, both at the mRNA and protein
levels, in female, OVX, and male rats, and treatment with TAM signifi
cantly reduced the gene and protein expression of FN (Fig. 2a-d).
Furthermore, the expression levels of renal α-SMA increased signif
icantly after 7 days of obstruction in female, OVX, and male rats, which
was significantly decreased by TAM (Fig. 3a-d). Accordingly, fluores
cence microscopy revealed a stronger staining intensity of α-SMA pro
tein in obstructed kidneys compared to the sham group, as well as a
reduction in staining intensity following TAM treatment (Fig. 3a-d).
Moreover, as shown in Fig. 4a-f, collagen-1 and -3 expression
significantly increased after UUO. Treatment with TAM significantly
reduced the mRNA levels of collagen-3 in female, OVX, and male rats
(Fig. 4b,d,f,g) as well as the mRNA levels of collagen-1 in female rats
3
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Fig. 1. Histopathological characterization. (a) Gross morphology of kidneys from female, OVX, and male rats in sham, UUO, or UUO treated with TAM groups. UUO
surgery induced swelling of the kidneys. (b) H&E staining indicated tubular dilation following UUO in all groups, which appeared to be reduced by TAM treatment.
(c) UUO increased the deposition of collagen, as visualized by Picrosirius red (d) and Masons trichrome staining. (e) Quantification of Picrosirius red (f) and Masons
trichrome staining as a percentage of total area from sham and UUO rats. Magnification 4x (H&E), scale bar 200 μm. Magnification 20x (Picrosirius red and Masons
trichrome), scale bar 50 μm. Data are presented as a scatter plot with mean ± SEM (n = 4). *P < 0.05, ** P < 0.01, *** P < 0.001.
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Fig. 2. TAM attenuates UUO-induced fibro
nectin expression in cortical tissue from fe
male, OVX, and male rats. (a, b, c) mRNA
levels of fibronectin (FN). Representative
western blotting and quantitative data show
the induction of renal FN protein expression
after unilateral ureteral obstruction (UUO)
relative to total protein. TAM significantly
reduced the FN mRNA and protein levels in
female, OVX, and male rats subjected to
UUO. Data are presented as a scatter plot
with mean ± SEM (n = 6-9). (d) Represen
tative micrographs show immunohistochem
istry staining of FN in different groups, as
indicated. Magnification 20x, scale bar 50
μm. *P < 0.05, **P < 0.01, *** and P <
0.001.
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Fig. 3. TAM reduces α-SMA expression in
female and male rats subjected to UUO. (a,
b, c) mRNA levels of α-SMA relative to
GAPDH for female, OVX, and male rats.
Graphs represent the protein expression of
α-SMA and analysis of protein band in
tensity relative to total protein. Data are
presented as a scatter plot with mean ±
SEM (n = 6-9). (d) Immunofluorescence
staining of α-SMA in the cortex from fe
male, OVX, and male rats subjected to
UUO or sham. Green fluorescence repre
sents α-SMA and blue color represents the
nuclei. Magnification 20x, scale bar 100
μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4. TAM reduces COL3 expression
in female, OVX, and male rats and COL1
expression in female rats. (a, c, e) mRNA
level of collagen-1 relative to GAPDH
for female, OVX, and male rats. (b, d, f)
mRNA levels of collagen-3 relative to
GAPDH for rats subjected to sham and
UUO. Data are presented as a scatter
plot with mean ± SEM (n = 6-9). (g)
Immunohistochemistry
staining
of
collagen-3 in the cortex from female,
OVX, and male rats subjected to sham or
UUO and treated with TAM. Magnifica
tion 20x, scale bar 50 μm. *P < 0.05,
**P < 0.01, ***P < 0.001.
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Fig. 5. TAM attenuates TGF-β-induced renal fibrosis in human PCKS. Slices were incubated with TGF-β (10 ng/mL) for 48 h to induce fibrosis as described previously
(Stribos E., Transl. Res., 2016; Jensen MS., Acta Physiol., 2019). (a) Immunohistochemistry staining of Picrosirius red staining in cortical tissue from female and male
patients. Red color represents collagen fibers and muscle fibers and yellow represents cytoplasm. (b) Immunohistochemistry staining of Masson’s Trichrome staining
in tissue from female and male patients. Blue color represents collagen whereas red represents muscle and cytoplasm. Magnification 20x, scale bar 50 μm. (c)
Quantification of Picrosirius red and Masson’s trichrome staining as a percentage of the total area of the tissues from female and male patients exposed to TGF-β (10
ng/mL) and TAM (5 nM). Data are presented as a scatter plot with mean ± SEM (n = 3-4). *P < 0.05, **P < 0.01, *** P < 0.001.
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Fig. 6. TAM effects show interindividual differences in human PCKS. (a) The effect of TAM on mRNA levels of FN, α-SMA, and COL1 relative to RPL22 in human
PCKS from female and male patients exposed to TGF-β for 48 h and co-treated with TAM for the final 6 h. (b) Ratio of the effects after TAM treatment (TGF-β+TAM/
TGF-β) indicating a reduction in FN gene expression (ratio < 1) in five of six females and five of seven males. α-SMA expression indicates a reduction in three of six
females and six of seven males. TAM mitigated TGF-β-induced COL1A1 expression in five of six females and six of seven males. (c) Viability of PCKS after treatment
with 10 ng/mL TGF-β in the absence or presence of TAM (5 nM), assessed by the ATP content of the slices. Data are presented as a scatter plot with grand mean (n =
6-7).

responses to treatment, thus, contribute to the field of personalized
medicine.
TAM is best known for its ability to inhibit estradiol’s stimulatory
effects on estrogen-sensitive breast tissue, and is mainly used for the
treatment of ER-positive breast cancer in women [18]. In women, the
side effects of TAM have been well-studied [19–21]; however, little is
currently known regarding the incidence of side effects in men, despite
there being an increase in the off-label use of TAM for the treatment of
male breast cancer, infertility, idiopathic gynecomastia, and gyneco
mastia in relation to the treatment of prostate cancer [22]. Sex differ
ences exist regarding the levels of endogenous estradiol, the distribution
of ERs in the body, and the metabolic breakdown of drugs [23–25].
Therefore, we speculated that the anti-fibrotic effects of TAM might vary
between the sexes [22]. Our study did not reveal overt sex differences in
the overall impact of TAM treatment on renal fibrosis; however, we did
observe sex-specific changes in the gene expression profile of fibrosis
markers after TAM treatment. Further studies are needed to identify the
sex-specific genetic fingerprint of TAM treatment.

Kidneys are important targets for estrogen-mediated gene expression
[26] and the incidence of ESRDs increases after menopause, suggesting
that estrogen may prevent the development or progression of renal
diseases [27]. One of the main characteristics of aging is a decline in
circulating estrogen levels in females. This may affect the expression of
ER, hence, TAMs action in different tissues. With age, ERα mRNA and
protein levels decrease in the uterus and increase in the kidneys.
Conversely, in the kidneys of men, ERα expression declines with age
[28]. In addition, renal expression of ERα is lower in male mice than in
female mice [28]. This finding is in agreement with those of the present
study, as we also detected a lower ERα mRNA level in the kidneys of
male rats compared to in female rats (Figure S1), which could affect the
efficacy of TAM. We did not evaluate the expression levels of ERα in
human PCKS, but previous studies have shown the presence of ER in the
kidneys of both men and women [29,30]. Based on age, all female pa
tients in our study were menopausal, which could have an effect on renal
ERα expression. This might explain why we did not observe any sex
differences in the anti-fibrotic effects of TAM. It would be interesting to
9
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fibrogenesis induced 42 h prior to treatment followed by 6 h of coexposure to TAM. Based on these results, we postulate that TAM
might be used for the treatment of established renal fibrosis.
In conclusion, this study demonstrates that TAM effectively attenu
ates renal fibrosis in both males and females. Moreover, we revealed that
interindividual differences in treatment response exist. These findings
warrant further investigation into the clinical applicability of TAM for
the treatment of renal disease.
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