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Abstract

Tamoxifen is a mixed agonist/antagonist estrogen analogue that is frequently used to induce

conditional gene deletion in mice using Cre-loxP mediated gene recombination. Tamoxifen

is routinely employed in extremely high-doses relative to typical human doses to induce effi-

cient gene deletion in mice. Although tamoxifen has been widely assumed to have no influ-

ence upon β-cells, the acute developmental and functional consequences of high-dose

tamoxifen upon glucose homeostasis and adult β-cells are largely unknown. We tested if

tamoxifen influences glucose homeostasis in male mice of various genetic backgrounds.

We then carried out detailed histomorphometry studies of mouse pancreata. We also per-

formed gene expression studies with islets of tamoxifen-treated mice and controls. Tamoxi-

fen had modest effects upon glucose homeostasis of mixed genetic background (F1

B6129SF1/J) mice, with fasting hyperglycemia and improved glucose tolerance but without

overt effects on fed glucose levels or insulin sensitivity. Tamoxifen inhibited proliferation of

β-cells in a dose-dependent manner, with dramatic reductions in β-cell turnover at the high-

est dose (decreased by 66%). In sharp contrast, tamoxifen did not reduce proliferation of

pancreatic acinar cells. β-cell proliferation was unchanged by tamoxifen in 129S2 mice but

was reduced in C57Bl6 genetic background mice (decreased by 59%). Gene expression

studies revealed suppression of RNA for cyclins D1 and D2 within islets of tamoxifen-treated

mice. Tamoxifen has a cytostatic effect on β-cells, independent of changes in glucose

homeostasis, in mixed genetic background and also in C57Bl6 mice. Tamoxifen should be

used judiciously to inducibly inactivate genes in studies of glucose homeostasis.
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Introduction

β-cell regeneration is a fundamental goal in diabetes research that will require elucidation of

the numerous circulating and intrinsic signals that govern growth and expansion of mature

adult β-cells, such as glucose, hormones, and various growth factors [1]. Adult β-cells are

largely the products of self-renewal [2, 3]. Self-renewal capacity of adult β-cells is limited by a

replication refractory period that prevents cells that have recently divided from immediately

re-entering the cell cycle [3–5]. In addition, β-cell regenerative capacity decreases with age by

largely unknown mechanisms [1, 6–8]. The aging process has been commonly linked with cel-

lular senescence, a state in which a cell no longer has the ability to proliferate, and limited

regenerative capacity. In response to increased metabolic requirements such as obesity, preg-

nancy, and after pancreatic injury like partial pancreatectomy, shortening of the refractory

period allows for a compensatory increase in β-cell mass [3, 5, 9]. Failure to adapt to increased

metabolic demand results in insulin deficiency and type 1 and type 2 diabetes. Understanding

the mechanisms that govern β-cell proliferation could be crucial in restoring β-cell mass in

patients with diabetes.

Inducible gene deletion has emerged as a widely employed tool to interrogate developmen-

tal signals in mice. Early studies employed germline gene deletions, revealing that many genes

had primordial roles that were essential for early embryonic development. As a result, it was

difficult to ascertain the roles of these genes in postnatal life [10]. Many genes were active in

multiple tissues of interest, which further complicated studies to determine the tissue-specific

roles of specific gene products in particular tissues of interest. Consequently, tissue-specific

inducible approaches arose as a popular approach to determine the roles of genes.

Tissue-specific inducible gene deletion is often used to determine the function of various

genes or cells of origin in the formation, maintenance, or regeneration of β-cells. Although tet-

racycline inducible methods have been occasionally employed, a more common approach for

β-cell-specific gene deletion involves the anticancer drug tamoxifen and transgenic mice that

express a tamoxifen-dependent form of Cre recombinase in β-cells or their progenitors. In this

system Cre is fused to a mutated ligand-binding domain of the human estrogen receptor (ER)

[11]. This tool allows temporal control and tissue-specific gene deletion during embryonic or

postnatal development, or in adult life. The tamoxfen-mutant estrogen receptor ligand-bind-

ing domain (ERT) preferentially binds to tamoxifen and is insensitive to endogenous estrogen

[12]. Fusion of ERT to Cre allows tamoxifen-inducible Cre (CreERT) which is free to enter the

nucleus and therefore induce a targeted mutation at loxP sites [13]. The CreERT-loxP can indu-

cibly and specifically target loxP sites within tissues that express a particular transgenic pro-

moter. Generation of inducible Cre lines driven by Ins1, Ins2, and Pdx1 promoters has allowed

numerous groups to study adult β-cell biology, bypassing embryonic lethal gene inactivation

or more precisely discerning tissue-specific effects [14, 15].

Estrogens and tamoxifen have profound effects on physiology throughout the body. Estro-

gen receptors have functionally independent DNA- and ligand-binding domains that activate

or repress transcription upon binding of the ligand [16]. Estrogen receptors (ERα and ERβ)

are also highly sophisticated molecular switches that are capable of responding to two cellular

signaling pathways, simultaneously transducing ligand bound and also membrane-associated

receptors signals [16]. Estrogens have widespread systemic effects on glucose homeostasis, β-

cells, and obesity [17, 18]. As an estrogen receptor mixed agonist/antagonist, tamoxifen may

also influence cell cycle entry and has been shown to have potent effects on proliferation and/

or apoptosis of tumor cells via estrogen receptors ERα and ERβ [19]. In addition, at high con-

centrations tamoxifen-mediated growth inhibition may act independent of ERs by inhibition

of protein kinase C (PKC) activity [20, 21].
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Despite widespread use of tamoxifen to induce gene recombination, the dose-response rela-

tionship of tamoxifen on β-cell turnover has not been studied in non-diabetic mice. Given the

published cytostatic and cytotoxic effect of tamoxifen on tumor cells, we sought to investigate

potential effects of tamoxifen on β-cell turnover. Here, we show that tamoxifen directly inhib-

its β-cell proliferation in adult mice, without affecting cell survival and independent of any

changes in glucose homeostasis.

Research design and methods

Mice

All experiments with mice were performed in the animal facility at Children’s Hospital of Phil-

adelphia (CHOP). The experiments contained in this study were performed with approval of,

under supervision by, and according to the guidelines of the CHOP Institutional Animal Care

and Use Committee (IACUC). The CHOP IACUC prospectively approved this research under

protocol #656 with Dr. Kushner as primary investigator.

Male F1 hybrid B6129SF1/J mice (stock 101043) were obtained at 2 months of age from

Jackson Laboratory (Bar Harbor, ME). Inbred C57Bl/6J (Jackson stock 000664) and 129S2

mice (stock 129S2/SvPasCrl) were purchased from Jackson Laboratory and Charles River Lab-

oratories (Wilmington, MA), respectively. Mice labeled continuously with 5-bromo-2-deox-

yuridine (BrdU) in the drinking water, as previously [22]. Euthanasia was performed via

pentobarbital overdose (60 mg/kg).

Tamoxifen

Tamoxifen citrate salt from Sigma-Aldrich (St. Louis, Mo) was dissolved in 0.2ml 10% Etoh in

corn oil and administered via oral gavage for five days. Control animals received oral gavage of

0.2ml 10%EtoH in oil.

Glucose homeostasis

Intraperitoneal glucose tolerance tests were performed on mice fasted for 16 hours with 2 g D-

glucose per kg body weight as previously [23]. Insulin sensitivity tests were performed on mice

fasted for 4 hours. The mice were injected with 0.75 U per kg body weight human regular insu-

lin (diluted to 0.075 U/mL). Blood glucose was measured at 0,15, 30, 60, and 120 minutes after

insulin injection.

Microscopy

We employed wide field fluorescent microscopy to image 5 micron paraffin embedded pancre-

atic sections, as previously [3, 6, 7, 22–31]. For detailed methods please see Tuttle et al, which

includes extensively documented methodologies for fluorescent microscopy [25]. We used a

Zeiss AxioImager wide field microscope (Carl Zeiss, Thornwood, NY) with high numerical

aperture Zeiss objectives (Fluar 5x/0.25 and EC Plan-Neofluar 40x/0.75) to isolate the plane of

focus and thus minimize Z-axis error from vertically adjacent structures. The microscope was

equipped with a motorized and computer controlled Ludl X-Y stage (Ludl, Hawthorne, NY), a

high energy halogen EXFO X-CITE light source (Exfo, Quebec, Quebec, Canada), Chroma

ET/Sputtered Series filters matched for each fluorphore (Chroma, Bellows Falls, VT), an Orca

ER camera (Hamamatsu, Middlesex, NJ), and Volocity 6.1.1 imaging software with automa-

tion modules (PerkinElmer, Waltham, MA)[25].
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Pancreatic morphometry

We acquired thousands of islet images per sample, with tens of thousands of individual nuclei

analyzed/sample. To quantify β-cell area and mass, all possible β-cells were quantified from

3–4 lateral pancreatic sections for both head and tail, as previously [26]. Primary antisera:

guinea pig anti-insulin (Zymed/Invitrogen).

Cell proliferation

Mice were continuously labeled with 5-bromo-20-deoxyuridine (BrdU) for 14 days after gavage

before they were euthanized. Paraformaldehyde-fixed, paraffin-embedded sections were rehy-

drated and then stained with appropriate antisera and DAPI to render slides with DAPI/insu-

lin/BrdU or DAPI/insulin/BrdU/Ki67. Images were acquired from 20–30 islets per animal and

condition, which represented 2,500–4,000 β-cells per animal, as previously [23, 25, 26].

Cell death

Apoptosis analysis was performed on pancreas sections by the TUNEL (dUTP nick end label-

ing) method using Cy2-labeled reagents (Roche, Indianapolis, IN) on rehydrated and trypsin

predigested pancreas sections, as previously [24]. To visualize fragmented DNA in the infrared

spectrum (and overcome pancreatic autofluorescence) the TUNEL reaction was spiked with

Alexa Fluor 647 dUTP (ThermoFisher, Waltham MA). Sections were subsequently stained for

insulin or other antigens and Cy3 secondary antisera as above. An average of 3,000 ß-cells per

mouse were analyzed.

Islet isolation and real-time quantitative PCR (RT-PCR)

Islets were isolated from mice 14 days after tamoxifen treatment (with 0.3mg/g body weight)

and processed into cDNA, as previously [7, 27, 32]. Groups of 30 to 40 islets were used for

gene expression studies. Real-time quantitative dual fluorescent–labeled fluorescence reso-

nance energy transfer (FRET) PCR (50˚C for 2 min and 95˚C for 10 min, followed by 40 cycles

of 95˚C for 15 s and 60˚C for 1 min) was performed to amplify triplicate samples, with primer-

probe sets as previously [7, 27, 32]. Relative gene product amounts were reported for each

gene compared with cyclophilin. Results are reported from a single experiment with biological

repeats averaged and reported as means ± SEM.

Statistics

All results are reported as means ± SEM for equivalent groups. Results were compared with

independent Student’s t-tests (unpaired and two-tailed) reported as P values.

Results

Tamoxifen is well-tolerated in mixed genetic background mice

To assess the potential effects of tamoxifen in vivo, we carried out a treatment study with two-

month-old hybrid male mice (F1 hybrid B6129SF1/J). We used this strain because they closely

resemble the mixed genetic background typical of genetic knockout mice. We choose to focus

on male mice to minimize the impact of estrus cycle on our studies. One group was designated

as a control and gavaged with vehicle (oil), while the tamoxifen-treated groups were gavaged

with drug (0.025, 0.1, 0.2, or 0.3mg/g body weight) for 5 days (Fig 1A). The range of tamoxifen

doses was chosen to approach a maximum of 8mg per day, the typical amount employed to

induce gene deletion when studying glucose homeostasis or β-cell lineage relationships in
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Fig 1. Tamoxifen increases fasting glucose but improves glucose tolerance in mixed genetic background (F1 hybrid B6129SF1/J) mice. (a) Schematic indicating

time course of treatment. Mice received daily oral gavage with tamoxifen (0.025, 0.1, 0.2, or 0.3mg/g body weight) or vehicle for 5 days. Mice were sequentially labeled

with BrdU for two weeks each, starting immediately after tamoxifen treatment. (b, c) Body weight (b) and blood glucose (c) change from the start of treatment (day -5)

to the end of the experiment (day 14). Random fed (d) and fasting (e) blood glucose levels at the end of the experiment. (f, g) Glucose tolerance tests (GTT) 5 days after

the end of tamoxifen with glucose curves (f) and GTT area under curve (AUC) calculations (g). (h, i) Insulin tolerance tests (ITT) 14 days after tamoxifen with glucose

curves (h) and ITT area under curve (AUC) calculations (i). Results expressed as mean ± SEM for 10 mice per group. ��p�0.01, ���p�0.001, tamoxifen vs. vehicle.

https://doi.org/10.1371/journal.pone.0214829.g001
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adult mice [2]. Consistent with previous reports, tamoxifen-treated mice were viable and phe-

notypically healthy during the course of studies. Body weight of the mice was not altered by

tamoxifen treatment at any dose (Fig 1B, Table A in S1 File).

Tamoxifen influences glucose homeostasis in mixed genetic background

mice

We tested for alteration of glucose homeostasis in the tamoxifen-treated mice. Reassuringly,

random fed blood glucose did not change with tamoxifen treatment (Fig 1C, Table A in S1

File). Similarly, random fed glucose was not significantly different within tamoxifen-treated

groups at the end of the study (Fig 1D, Table A in S1 File). Interestingly, fasting blood glucose

was moderately decreased in the low-dose (0.025 mg/d) cohort compared to controls

(p = 0.0077)(Fig 1E, Table A in S1 File). In contrast, high-dose (0.2 or 0.3 mg/d) mice actually

displayed increased fasting blood glucose compared to controls (0.2 mg/d, p = 0.06; 0.3 mg/d

p = 0.0063)(Fig 1E, Table A in S1 File).

We performed provocative testing of glucose homeostasis in the tamoxifen-treated mixed

genetic background mice at day 5. Glucose tolerance was equivalent in the low dose (0.025

mg/d) cohort (Fig 1F, Table A in S1 File). However, glucose tolerance was significantly

improved in each of the high-dose tamoxifen-treated cohorts when compared to controls (0.1

mg/d, p = 0.0086; 0.2 mg/d, p = 0.0019; 0.3 mg/d p = 0.00039). As tamoxifen has been shown

to influence peripheral insulin action [33–35] we also performed insulin sensitivity tests prior

to euthanasia. But, high-dose tamoxifen (0.3 mg/g body weight) had no discernable effect

upon insulin sensitivity compared to controls (Fig 1E, Table A in S1 File). In summary, high-

dose tamoxifen was associated with increased fasting glucose but also appeared to have moder-

ately beneficial effects upon glucose tolerance.

β-cell morphology was not altered 14 days after tamoxifen treatment

We characterized pancreatic histology in the tamoxifen-treated mice. As expected, β-cell mor-

phology was fully intact, without obvious deficits upon β-cells or islet endocrine cells. Pancre-

atic exocrine histology was similarly normal in appearance, without any evidence of

pancreatitis, acinar destruction, lymphocytic infiltrates, or ductal hyperplasia. We used high

throughput imaging methodologies to measure β-cell content, quantifying total pancreas and

insulin area in high-dose tamoxifen-treated mice (0.3 mg/g) and controls. Pancreas mass was

slightly reduced in tamoxifen-treated mice compared to controls (Table B in S1 File). Tamoxi-

fen-treated mice also exhibited non-significant reductions in β-cell area (reduced by 17%,

p = 0.43) and β-cell mass (reduced by 29%, p = 0.20)(Fig 2A and 2B, Table B in S1 File).

Fig 2. Tamoxifen does not influence β-cell area, mass or survival in mixed genetic background mice. (a-b) β-cell morphometry, as quantified by β-cell area (a) or

β-cell mass (b). Results expressed as mean ± SEM for 5 mice per group. (c) β-cell survival, as quantified by intra-islet TUNEL cells over total islet β-cells. Results

expressed as mean ± SEM for 10 mice per group.

https://doi.org/10.1371/journal.pone.0214829.g002
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Tamoxifen does not alter β-cell survival

Estrogen-related signals have been widely reported to influence β-cell survival in pathological

conditions [36–43]. As a result, we considered the possibility that acute effects of high-dose

tamoxifen administration via ERα blockade (or some other target) might adversely impact β-

cell survival. We quantified β-cell death via TUNEL labeling in pancreata from tamoxifen-

treated mice and controls. Reassuringly, pancreas sections from high-dose tamoxifen mice and

controls contained characteristically low levels of apoptotic β-cells (Fig 2C, Table C in S1 File).

We cannot rule out the possibility that tamoxifen might have subtly impaired β-cell survival in

our cohort. Nevertheless, our TUNEL studies are consistent with earlier studies illustrating the

lack of effect on β-cell mass from tamoxen, Thus, high-dose tamoxifen did not seem to grossly

impair β-cell survival in healthy non-diabetic mice.

Tamoxifen inhibits β-cell proliferation in a dose-dependent and tissue-

specific manner

Mice were continuously labeled with BrdU for 2 weeks in the drinking water to capture all β-

cell replicative events and then euthanized. Islets exhibited normal morphology in all groups,

unaltered by any dose of tamoxifen (Fig 3A–3E). To test if tamoxifen altered β-cell prolifera-

tion we quantified BrdU and insulin co-positive cells in the pancreata. β-cell proliferation was

progressively inhibited by increasing doses of tamoxifen: β-cell BrdU was decreased by 12% in

mice treated with 0.025 mg/g (p = 0.19, n = 10), by 24% with 0.1 mg/g (p = 0.049, n = 10), by

41% with 0.2 mg/g (p = 0.0002, n = 10), and by 66% with 0.3mg/g tamoxifen (p = 0.00000006,

n = 10)(Fig 3F, Table D in S1 File). These studies reveal that tamoxifen reduced β-cell prolifer-

ation in a dose-dependent manner in mixed genetic background mice.

To test if tamoxifen had generalized effects upon pancreatic cell division we quantified

BrdU incorporation into acinar tissue. In contrast to β-cells, acinar cell proliferation was actu-

ally increased in two of our tamoxifen-treated cohorts and modestly increased in the third: by

130% with 0.1 mg/g (p = 0.00007), by 180% with 0.2 mg/g (p = 0.000000003), and by 50% with

0.3mg/g tamoxifen (p = 0.13)(Fig 3G, Table D in S1 File). Thus, tamoxifen seemed to variably

increase pancreatic acinar cell proliferation, in sharp contrast to tamoxifen inhibition of β-cell

proliferation.

We performed Ki67 immunostaining to further quantify β-cell proliferation in pancreata

from tamoxifen-treated mice. Ki67 is specific to dividing cells and is therefore useful to detect

active β-cell proliferation. In contrast, continuous BrdU labeling integrates β-cell proliferation

over the entire labeling period (2 weeks). Detection of Ki67 in β-cells at the time of tissue har-

vest (2 weeks after the end of tamoxifen treatment) allowed us to test whether the tamoxifen-

mediated growth inhibition of β-cells was only temporary. Interestingly, β-cell proliferation,

measured by insulin+ Ki67+ cells, was still reduced (by 59%) in animals treated with 0.3 mg/g

tamoxifen at the end of the experiment (p = 0.007, n = 5–7) (Fig 3H–3J, Table E in S1 File).

These results confirm our BrdU incorporation findings of reduced β-cell proliferation in

tamoxifen-treated mice. In addition, the Ki67 results also indicate that tamoxifen has a lasting

impact, with depressed β-cell proliferation notable even after a 2 week washout recovery

period.

Tamoxifen inhibition of β-cell proliferation is genetic background-

dependent

We carried out studies to test to determine genetic background-specific effects of tamoxifen

upon glucose homeostasis and β-cell proliferation. We treated a cohort of pure 129S2 mice
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with tamoxifen (0.2 mg/g body weight) or oil and tested for defects in glucose homeostasis

(Fig 4A). We choose this intermediate dose of tamoxifen to minimize the chance of severe side

effects in this pure strain that might threaten mouse viability. Similar to our mixed genetic

background studies, 129S2 mice tolerated tamoxifen well, with no effect upon body weight or

random fed glucose levels (Fig 4B–4D, Table F in S1 File). Similar to mixed genetic back-

ground mice, fasting glucose was moderately increased compared to controls at the end of the

experiment (p = 0.025)(Fig 4E, Table F in S1 File). Glucose tolerance was slightly improved 5

days post tamoxifen but not at 14 days post tamoxifen (Fig 4F–4I, Table F in S1 File). The glu-

cose homeostasis phenotypes of tamoxifen-treated 129S2 mice resemble that of tamoxifen-

treated F1 hybrid B6129SF1/J mice, with moderate fasting hyperglycemia (Fig 1E) and

improved glucose tolerance at 14 days post tamoxifen (Fig 1G).

We tested for genetic background-specific effects of tamoxifen on β-cell proliferation in the

129S2 mice. As previously, mice were continuously labeled with BrdU for 2 weeks in the

Fig 3. Tamoxifen reduces β-cell proliferation in mixed genetic background mice. (a-e) Representative islet images

for vehicle (a) and increasing doses of tamoxifen (b-e) stained for insulin (red), BrdU (green), and DAPI (blue). Scale

bar: 100μm. (f) Cumulative β-cell proliferation of BrdU+ insulin+ cells after continuous labeling with BrdU 2 weeks

following tamoxifen treatment. (g) Cumulative acinar cell proliferation of BrdU+ acinar cells. Results expressed as

mean ± SEM for 10 mice per group. (h, i) Representative islet images for vehicle (h) and tamoxifen (i) stained for

insulin (red), Ki67 (green), and DAPI (blue). Scale bar: 100μm. (j) β-cell proliferation of Ki67+ insulin+ cells. �p�0.05,
��p�0.01, ���p�0.001, ����p�0.001, tamoxifen (n = 7) vs. vehicle (n = 6).

https://doi.org/10.1371/journal.pone.0214829.g003
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Fig 4. Tamoxifen increases fasting glucose but improves glucose tolerance in pure 129SF1/J mice; Tamoxifen does not significantly reduce β-cell proliferation in

pure 129SF1/J mice. (a) Schematic indicating time course of treatment. 129SF1/J mice received daily oral gavage with tamoxifen (0.2mg/g body weight) or vehicle for 5

days. Mice were sequentially labeled with BrdU for two weeks each, starting immediately after tamoxifen treatment. Body weight (b) and blood glucose (c) change from
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drinking water (Fig 4A). As expected, tamoxifen-treated 129S2 mice exhibited normal islet

morphology (Fig 4J and 4K). In contrast to the mixed genetic background mice, tamoxifen-

treated 129S2 mice only exhibited slight (~17%) and non-significant (p = 0.21) trends to

reduced β-cell proliferation compared to controls (Fig 4L, Table F in S1 File).

We also treated a cohort of pure C57Bl/6J mice with tamoxifen (Fig 5A). C57Bl/6J mice

also tolerated tamoxifen well, without any discernable impact on weight but with modestly

reduced random feed blood glucose levels at the end of the experiment (p = 0.00052 vs. con-

trol)(Fig 5B–5D, Table F in S1 File). In contrast to the hybrid or 129S2 mice, fasting glucose in

the C57Bl/6J mice was actually reduced compared to controls at the end of the experiment

(p = 0.0021)(Fig 5E, Table F in S1 File). At 5 days and 14 days post tamoxifen glucose tolerance

was only slightly (11 and 17%) and non-significantly (p = 0.22 and 0.22) improved (Fig 5F–5I,

Table F in S1 File).

As expected, tamoxifen-treated C57Bl/6J mice exhibited normal islet morphology (Fig 5J

and 5K). But, β-cell proliferation was dramatically reduced in the tamoxifen cohort compared

to controls (by 59%, p = 0.0016)(Fig 5L, Table G in S1 File). Thus, tamoxifen selectively inhib-

its β-cell proliferation in C57Bl/6J mice but not in 129S2 mice. Notably, the reduced β-cell pro-

liferation phenotype of the C57Bl/6J mice occurred without gross alteration in glucose

homeostasis. These results are in contrast to the results in the 129S2 or F1 hybrid B6129SF1/J

groups, both of which exhibited fasting hyperglycemia and improved glucose tolerance with

high-dose tamoxifen. In summary, tamoxifen has a cytostatic effect on β-cells in C57Bl/6J

mice that appears to be independent of any possible changes in glucose homeostasis.

Tamoxifen-associated changes in islet gene expression

To further test the impact of tamoxifen we quantified gene expression in islets of treated mice.

We isolated islets from F1 hybrid B6129SF1/J mice that were treated with tamoxifen (0.3mg/g

of body weight) or oil and then performed RT-PCR using a panel of qPCR primer probe sets

focused upon regulators of cell cycle entry (Fig 6A). Islets from tamoxifen-treated mice exhib-

ited reduced cyclin D1 and D2 RNA expression (cyclin D1 tamoxifen 74% vs. control,

p = 0.04; cyclin D2 tamoxifen 66% vs. control, p = 0.0098)(Fig 6B, Table H in S1 File). P27,

which opposes cell cycle entry, was decreased (P27 tamoxifen 48% vs. control, p = 0.00080). In

contrast, expression of other cell cycle related genes were not consistently altered by tamoxifen

treatment. Cyclins D2 and D1 are known to have essential roles to promote β-cell proliferation

in mice [32]. Thus, sharply reduced D-type cyclin RNAs could possibly explain the reduced β-

cell proliferation of tamoxifen-treated mice.

Discussion

Here we show that tamoxifen inhibits β-cell proliferation in a dose-dependent manner in F1

hybrid B6129SF1/J mice. We further show that high-dose tamoxifen induced fasting hypergly-

cemia but improved glucose tolerance in mixed genetic background mice. These results are

surprising, as tamoxifen has been widely used in the inducible CreERT-loxP system without

knowledge of potential toxic effects on β-cell proliferation on non-diabetic mice. These

the start of treatment (day -5) to the end of the experiment (day 14). Random fed (d) and fasting (e) blood glucose levels at the end of the experiment. (f, g) GTT curves

(f) and GTT AUC calculations (g) 5 days after tamoxifen treatment. (h, i) GTT curves (h) and GTT AUC (i) calculations for 14 days after tamoxifen treatment. (j, k)

Representative islet images for vehicle (j) and tamoxifen (k) stained for insulin (red), BrdU (green), and DAPI (blue). Scale bar: 100μm. (l) Cumulative β-cell

proliferation of BrdU+ insulin+ cells after continuous labeling with BrdU 2 weeks following tamoxifen treatment. Results expressed as mean ± SEM for 5 controls and

3 tamoxifen-treated mice per group. �p�0.05, ��p�0.01, tamoxifen vs. vehicle.

https://doi.org/10.1371/journal.pone.0214829.g004
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Fig 5. Tamoxifen decreases fasting glucose and improves glucose tolerance in C57Bl/6J mice; Tamoxifen significantly reduces β-cell proliferation in C57Bl/6J

mice. (a) Schematic indicating time course of treatment. C57Bl/6J mice received daily oral gavage with tamoxifen (0.2mg/g body weight) or vehicle for 5 days. Mice

were sequentially labeled with BrdU for two weeks each, starting immediately after tamoxifen treatment. (b, c) Body weight (b) and blood glucose (c) change from the
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phenomena could complicate β-cell studies that use the inducible CreERT-loxP system, espe-

cially those that employ mice with the C57Bl6/129 or C57Bl/6J genetic backgrounds.

Our study confirms and complements a recently published study by Gannon and col-

leagues, which similarly communicates unexpected effects of the MIP-CreER transgene and

start of treatment (day 0) to the end of the experiment (day 14). Random fed (d) and fasting (e) blood glucose levels at the end of the experiment. (f, g) GTT curves (f)

and GTT AUC calculations (g) for 5 days after tamoxifen treatment. (h, i) GTT curves (h) and GTT AUC (i) calculations for 14 days after tamoxifen treatment. (j, k)

Representative islet images for vehicle (j) and tamoxifen (k) stained for insulin (red), BrdU (green), and DAPI (blue). Scale bar: 100μm. (l) Cumulative β-cell

proliferation of BrdU+ insulin+ cells after continuous labeling with BrdU 2 weeks following tamoxifen treatment. Results expressed as mean ± SEM for 5 controls and

5 tamoxifen-treated mice per group. ��p�0.01, ���p�0.001, tamoxifen vs. vehicle.

https://doi.org/10.1371/journal.pone.0214829.g005

Fig 6. Altered gene expression in islets harvested from tamoxifen-treated mixed genetic background (F1 hybrid B6129SF1/J) mice.

(a) Schematic indicating time course of treatment. (b) RT-PCR on islet cDNA from tamoxifen-treated mice. Several common genes

known to influence cell cycle entry of β-cells were chosen for analysis, including various cyclins, cyclin inhibitors, and tumor suppressors.

Results expressed as mean ± SEM for 5 controls and 5 tamoxifen-treated mice per group. �p�0.05, ��p�0.01, ���p�0.001, tamoxifen vs.

vehicle.

https://doi.org/10.1371/journal.pone.0214829.g006
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tamoxifen on β-cell growth in C57Bl6/J male mice [44]. Notably, we came across this publica-

tion after we had independently planned and completed our work, yet the major conclusions

of our studies are similar. Still, our work differs from the Gannon paper in several ways: we

carried out dose-response studies using various tamoxifen doses in F1 hybrid B6129SF1/J male

mice followed by quantification of β-cell proliferation; we confirmed β-cell proliferation in a

cohort with Ki67; we quantified acinar cell turnover; we carried out parallel studies in 129S2

and C57Bl6 to test for genetic background-specific effects of tamoxifen sensitivity; and we per-

formed gene expression studies of islets from tamoxifen treated mice to characterize pathways

involved in the β-cell growth. In contrast, Gannon and colleagues also carried out additional

studies with high fat diet and with mice containing the MIP-CreER transgene. Taken together,

these two independent studies coming to similar conclusions about the negative impact of

tamoxfien upon β-cell proliferation should give investigators great caution. β-cell proliferation

studies that deploy the inducible CreERT-loxP system should include a range of appropriate

controls, including cohorts without tamoxifen. The inclusion of such controls will be especially

important in mice that contain a C57Bl6 or mixed genetic background.

As expected for a short tern treatment study, β-cell mass was not grossly altered by tamoxi-

fen treatment in F1 hybrid B6129SF1/J mice. BrdU+ β-cells were decreased in high dose

tamoxifen treated cohorts: Vehicle treated mice exhibited 12.9% BrdU+ β-cells compared to

4.4% BrdU+ β-cells in mice treated with 0.3mg/g tamoxifen. However, this absolute reduction

of 8.5% BrdU+ β-cells would have been expected to result in a net change of only 4% in total β-

cells. Thus, the lack of change in β-cell mass was entirely as expected for a short-term study. As

a result, we concentrated on quantification of BrdU+ β-cells in our subsequent studies of pure

genetic background mice. Similarly, we elected to not quantify β-cell mass in mice that were

treated with lower doses of tamoxifen, which had lesser difference in BrdU+ β-cells compared

to controls.

The anti-proliferative effects of tamoxifen upon β-cells could be due to estrogen receptor-

independent action. In human patients 20–40 mg of tamoxifen is a typical dose for women

with breast cancer [19]. 20 mg provides 285 ng/g body weight for a typical 70kg person [19].

Similarly, tamoxifen has potent endogenous estrogen receptor-mediated effects on tissues

such as uterus when administered to mice at 100 ng/g body weight [45]. However, typical

doses to achieve Cre loxP recombination in transgenic mice are 0.1–0.3 mg/g body weight and

therefore 1000-3000x higher than the doses require to activate endogenous estrogen receptors.

Part of the problem with tamoxifen toxicity may be intrinsic to the inducible CreERT-loxP sys-

tem. Chambon and colleagues derived mutant forms of the estrogen receptor ligand-binding

domain and characterized activity of mutants when fused to Cre [13]. Their most widely used

mutant (Cre-ERT1) was insensitive to estradiol but activated genes with tamoxifen [13]. The

resulting Cre fusion protein (Cre-ERT1) required 250nM 4-hydroxy-tamoxifen to efficiently

recombine around loxP sites [13]. Notably, 4-hydroxy-tamoxifen is an active metabolite of

tamoxifen that has far higher affinity to estrogen receptors than tamoxifen itself. In compari-

son, native estrogen receptor is typically activated by sub-nanomolar estradiol and can be effi-

ciently blocked by sub-nanomolar 4-hydroxytamoxifen [46]. Thus, the dose of tamoxifen

required to efficiently activate CreERT and recombine at loxP sites in mice is vastly higher

(~1000 fold) for Cre-ERT1 than the amount of tamoxifen necessary to influence endogenous

estrogen receptor signals.

Our study has certain limitations. By design we focused on the impact of tamoxifen upon β-

cell proliferation in the immediate 2 weeks following drug administration. As a result we can-

not determine how long a short course of tamoxifen will impair β-cell proliferation. In addi-

tion, we only measured proliferation β-cells and not other islet endocrine cell types. Thus,
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investigators must consider the possibility that tamoxifen could also negatively impact turn-

over of other islet endocrine cells of interest.

Tamoxifen-associated changes in β-cell proliferation might be unavoidable. In our studies

anti-proliferative effects were present in mice that received tamoxifen at 0.1 to 0.3 mg/g body

weight, which correspond to the typical doses used to achieve high-efficiency Cre loxP recom-

bination in transgenic mice. Thus, additional controls are probably necessary for most studies

to determine and attempt to limit any potential confounding effects of high dose tamoxifen.

Although reducing tamoxifen doses to as low as 0.025 mg/g body weight could be considered

to limit the anti-proliferative effects of tamoxifen, this tactic is unlikely to yield sufficient

recombination efficiency in β-cells using current technologies [2]. We found that C57Bl6

exhibited the strongest negative impact on β-cell proliferation. Thus, mice with 129S2 genetic

backgrounds might also be deployed to limit the potential effects of tamoxifen on β-cell prolif-

eration, assuming such lines also allow high efficiency Cre-loxP mediated recombination.

Alternatively, investigators might simply need to consider and acknowledge the potential anti-

proliferative effects of tamoxifen on β-cells within their studies. In addition, it will be impor-

tant to study the impact of tamoxifen upon acute β-cell expansion under various physiological

circumstances, such as obesity or streptozotocin-associated β-cell loss. Similarly, the potential

impact of tamoxifen upon non-β-cells within the islet has yet to be determined but much be

approached cautiously by investigators.

The signals that mediate tamoxifen-inhibited β-cell proliferation are unclear. We were able

to conduct preliminary experiments with whole islets to interrogate the mechanism of tamoxi-

fen’s toxic effects on β-cell proliferation. These studies indicate that RNAs of both major D-

type cyclins in mouse islets (D1 and D2) are altered by tamoxifen administration. These find-

ings are consistent with previous studies implicating cyclins D1 and D2 in β-cell proliferation

[32, 47, 48]. Moreover, the anti-proliferative effects of tamoxifen did not extend to the acinar

cell turnover, where tamoxifen seemed to increase cellular proliferation. It is unclear why such

tissue-specific effects could occur. Notably, our gene expression studies were performed with

cultured whole islets and not with purified β-cells. Thus, additional studies are required to

definitively determine the role and specific molecular mechanisms of tamoxifen upon specific

β-cell-mitogenic pathways. Given the effects of high dose tamoxifen upon PKC mitogenic sig-

nals [20, 21], PKCzmust be considered a top candidate, as PKCz signals are involved in obesity

associated β-cell proliferation via mTOR and Cyclin-D2 [49].

Tamoxifen may have additional effects on mammalian development beyond β-cell prolifer-

ation. A study Moon and colleagues involved expression of CreERT via tamoxifen from the

Forkhead box protein A2 (Foxa2) locus in mice [50]. Various doses and methods of tamoxifen

administration were tested to develop the system. The study noted developmental delay,

abnormal head development, and intrauterine hemorrhage in the embryos of pregnant mice

that received 0.0625 mg/g intra-peritoneal tamoxifen. In contrast, embryos that received 0.12

mg/g tamoxifen via oral gavage appeared to be normal. Tamoxifen may also influence behav-

ioral phenotyping in tests such as the forced swim test [51]. Of course, as a potent anti-estro-

gen tamoxifen also has potent effects upon embryonic development and can be associated with

fetal loss [52].

In summary, tamoxifen suppressed β-cell proliferation but not acinar proliferation in a

dose-dependent manner. Genetic background effects seemed to influence the impact of

tamoxifen upon β-cell proliferation, with more potent effects in C57Bl6 mice compared to

129S2 mice. Tamoxifen was associated with modest changes in glucose homeostasis that could

be separated from changes in β-cell proliferation. Investigators must judiciously use additional

controls to limit potential confounding effects upon β-cell proliferation.
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Supporting information

S1 File. Table A. Tamoxifen increases fasting glucose but improves glucose tolerance in

mixed genetic background (F1 hybrid B6129SF1/J) mice. (a) Schematic indicating time

course of treatment. Mice received daily oral gavage with tamoxifen (0.025, 0.1, 0.2, or 0.3mg/g

body weight) or vehicle for 5 days. Mice were sequentially labeled with BrdU for two weeks

each, starting immediately after tamoxifen treatment. (b, c) Body weight (b) and blood glucose

(c) change from the start of treatment (day -5) to the end of the experiment (day 14). Random

fed (d) and fasting (e) blood glucose levels at the end of the experiment. (f, g) Glucose tolerance

tests (GTT) 5 days after the end of tamoxifen with glucose curves (f) and GTT area under

curve (AUC) calculations (g). (h, i) Insulin tolerance tests (ITT) 14 days after tamoxifen with

glucose curves (h) and ITT area under curve (AUC) calculations (i). Results expressed as

mean ± SEM for 10 mice per group. ��p�0.01, ���p�0.001, tamoxifen vs. vehicle.

Table B. Individual Beta Cell Morphemtry Data from Tamoxifen-Treated Mixed Genetic

Background (F1 C57Bl6/129) Mice. Genetic background, mouse ID, pancreas mass (mg), β-

cell area (%), β-cell mass (mg).

Table C. Individual Beta Cell TUNEL Data from Tamoxifen-Treated Mixed Genetic Back-

ground (F1 C57Bl6/129) Mice. Genetic background, mouse ID, β-cells, TUNEL+ DAPI+

Insulin- Islet Cells, TUNEL+ DAPI+ Insulin- Islet Cells (% of β-cells), TUNEL+ β-cells,

TUNEL+ β-cells (% of β-cells).

Table D. Individual Beta Cell and Acinar Cell Proliferation from Tamoxifen-Treated

Mixed Genetic Background (F1 C57Bl6/129) Mice. Mouse ID, β-cell (number), BrdU+

β-cells (number; % total), acinar cell (number), BrdU+ acinar cells (number; % total).

Table E. Individual Beta Cell Ki67 Proliferation from Tamoxifen-Treated Mixed Genetic

Background (F1 C57Bl6/129) Mice. Mouse ID, β-cell (number), Ki67+ β-cells (number; %

total).

Table F. Individual Physiologic Data from Tamoxifen-Treated Pure Genetic Background

(129S1/SvImJ or C57BL/6J) Mice. Genetic Background, Mouse ID, sex, age prior to treatment

and at harvest (months), body mass (g) at begining and end of experiment, change in body

mass over treatment (g), glucose tolerance tests blood glucose measurements (mg/dl) after a

16-hour overnight fast, and at time 15, 30, 60, and 120 minutes, random fed glucose values

(mg/dl) prior to treatment (day 0) and at end of treatment (day 19).

Table G. Individual Beta Cell Proliferation from Tamoxifen-Treated Pure Genetic Back-

ground (129S1/SvImJ or C57BL/6J) Mice. Mouse ID, β-cell (number), BrdU+ β-cells (num-

ber; % total).

Table H. Quantitative RT-PCR: Gene Expression Studies of Islets Harvested From Tamox-

ifen Treated Mixed Genetic Background (F1 C57Bl6/129) Mice. Mouse ID, cDNAs detected

(cyclophillin, cyclin A2, cyclin D1,cyclin D2, cyclin D3, cyclin E1, cylin E2, p21, p27, p57, p19

Arf, p15 INK4b, p18 INK4c, menin).

(XLSX)
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