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Abstract

The zebrafish is a powerful alternative model used to link phenotypes with molecular effects to 

discover drug mode of action. Using a zebrafish embryo-larval toxicity bioassay, we evaluated the 

effects of tamoxifen - a widely used anti-estrogen chemotherapeutic. Zebrafish exposed to ≥10 µM 

tamoxifen exhibited a unique necrotic caudal fin phenotype that was rapidly induced regardless of 

developmental life-stage when treatment was applied. To define tamoxifen’s bioactivity resulting 

in this phenotype, targeted gene expression was used to evaluate 100 transcripts involved in tissue 

remodeling, calcium signaling, cell cycle and cell death, growth factors, angiogenesis and 

hypoxia. The most robustly misregulated transcripts in the tail were matrix metalloproteinases 

mmp9 and mmp13a, induced 127 and 1145 fold, respectively. Expression of c-fos, c-jun, and 

ap1s1 were also moderately elevated (3–7 fold), consistent with AP-1 activity - a transcription 

factor that regulates MMP expression. Immunohistochemistry confirmed high levels of induction 

for MMP13a in affected caudal fin skin epithelial tissue. The necrotic caudal fin phenotype was 

significantly attenuated or prevented by three functionally unique MMP inhibitors: EDTA (metal 

chelator), GM 6001 (broad MMP inhibitor), and SR 11302 (AP-1 transcription factor inhibitor), 

suggesting MMP-dependence. SR 11302 also inhibited induction of mmp9, mmp13a, and a 

putative MMP target, igfbp1a. Overall, our studies suggest that tamoxifen’s effect is the result of 

perturbation of the MMP system in skin leading to ectopic expression, cytotoxicity, and the 

necrotic caudal fin phenotype. These studies help advance our understanding of tamoxifen’s non-

classical mode of action and implicates a possible role for MMPs in tissues such as skin.
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1.0. Introduction

The chemotherapeutic drug tamoxifen is a prodrug commonly used for its anti-estrogenic 

effects to treat various reproductive disorders and diseases (Jordan, 2003; 2005). Tamoxifen 

and the CYP3A4/CYP2D6 derived metabolite 4-hydroxytamoxifen act as potent estrogen 

receptor α antagonists through competitive inhibition in breast and other tissues (Jin et al., 

2005). These drugs also act as weak or partial agonists in endometrium and bone, and are 

thus classified as selective estrogen receptor modulators (SERMs). As a result of this 

activity, tamoxifen is primarily used for hormone therapy for prevention and treatment of 

ER-positive breast cancer for up to 10 years (Burstein et al., 2014). Tamoxifen is also used 

secondarily to treat a number of other reproductive health issues, such as anovulatory 

disorders, gynecomastia, and McCune-Albright syndrome (Eugster et al., 1998; Khan and 

Blamey, 2003; Steiner et al., 2005). As a multi-purpose hormone therapeutic, tamoxifen use 

is likely to remain high and become increasingly common.

Aside from tamoxifen’s clinical use for hormone therapy, its multifaceted bioactivity 

suggests potential for novel therapeutic applications. Many in vitro studies demonstrate 

tamoxifen to be highly cytotoxic and able to induce cellular transformation for a variety of 

cancerous cell types (Petinari et al., 2004). At low micromolar concentrations that typically 

exceed SERM levels, tamoxifen is pro-apoptotic to cancer cells in vitro, including breast 

(Salami and Karami-Tehrani, 2003), glioma (Kim et al., 2005), oral (Chu et al., 2007), and 

prostate (El Etreby et al., 2000). Tamoxifen modulates Ca2+ influx and triggers apoptosis in 

other cancer cell types such as bone (Lu et al., 2002), bladder (Chang et al., 2001), and liver 

(Kim et al., 1999). In malignant melanoma cells, tamoxifen induces cell death through an 

IGF-dependent pathway (Kanter-Lewensohn, 2000). These diverse effects on cell viability 

are under investigation for potential alternative applications.

Despite proven therapeutic value, a number of adverse side effects complicate and limit 

tamoxifen use. Reported side effects include increased risks for endometrial and uterine 

cancer, menopausal symptoms, stroke, deep vein thrombosis, pulmonary embolism, heart 

disease, osteoporosis, uterine cancer, sleep problems, weight gain, anxiety and depression, 

irritability and mood swings (Ganz, 2001; Lorizio et al., 2012). Gel based skin applications 
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(e.g. afimoxifene) can be used to reduce systemic levels of tamoxifen to ameliorate side 

effects and provide localized transdermal treatment (Goyal et al., 2014). However, 

tamoxifen also induces skin-specific side effects including dermal fibrosis, epidermal 

atrophy, thinning of hair, thinning of skin, dryness, reduced vascularity, blistering, peeling, 

and loosening (Boström, 1999). For many drugs like tamoxifen and other emerging 

therapeutics, alternative in vivo approaches are needed to rapidly and comprehensively 

evaluate off-target effects.

The zebrafish model can be used to rapidly evaluate pharmaceuticals, such as tamoxifen, to 

identify novel effects and better understand drug side effects and toxicity (Barros et al., 

2008; Strahle and Grabher, 2010; MacRae and Peterson, 2015). This increasingly popular 

and rapid throughput model can link unique adverse phenotypes with molecular events to 

elucidate mechanisms of action for toxicants in vivo (Hill et al., 2005; Bugel et al., 2014; 

Truong et al., 2014). Yet, many pharmaceuticals have not been thoroughly evaluated with 

this alternative model. Considering tamoxifen’s widespread use and therapeutic value, we 

sought to evaluate tamoxifen using the zebrafish embryo-larval toxicity bioassay with a goal 

to elucidate previously unappreciated bioactivity. Using a phenotypic anchoring approach, 

we demonstrated that tamoxifen rapidly induces widespread cell death resulting in a necrotic 

caudal fin phenotype that is both p53 and estrogen receptor independent. Targeted gene 

expression analysis and immunohistochemistry identified high levels of induction for matrix 

metalloproteinases (MMPs) in the skin, and several inhibitors for MMPs ameliorate the 

phenotype. Collectively these studies suggest that tamoxifen rapidly activated a robust MMP 

response in skin.

2.0. Materials and methods

2.1. Chemicals

Tamoxifen (≥99%, ICI146,474, CAS: 10540-29-1) was obtained from MP Biomedicals 

(Santa Ana, CA). Ethylenediaminetetraacetic acid (≥99%, EDTA, CAS: 60-00-4) and 17β-

estradiol (≥98%, E2, CAS: 50-28-1) were obtained from Sigma-Aldrich (St. Louis, MO). 

Pifithrin α hydrobromide (≥98%, CAS: 63208-82-2), SR 11302 (≥98%, CAS: 160162-42-5), 

and G-15 (GPER antagonist, >99%, CAS: 1161002-05-6) were obtained from Tocris 

Bioscience (Minneapolis, MN). GM 6001 (≥98%, CAS: 142880-36-2) was obtained from 

Enzo Life Sciences (Farmingdale, NY). Dimethyl sulfoxide (≥99.9%, DMSO, CAS: 

67-68-5) was obtained from Avantor Performance Materials (Center Valley, PA). All 

chemicals stocks were prepared in DMSO.

2.2. Zebrafish husbandry

Adult zebrafish (Danio rerio) were maintained on a 14:10 light:dark cycle at the Sinnhuber 

Aquatic Research Laboratory at Oregon State University (Corvallis, OR), in accordance 

with protocols approved by the Oregon State University Institutional Animal Care and Use 

Committee and the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals. Wild type tropical 5D were used for all studies except the apoptosis study, which 

required a secA5-YFP transgenic line to visualize apoptosis in vivo (van Ham et al., 2010). 

Prior to studies, chorions were enzymatically removed from embryos at 4-5 hours post 
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fertilization (hpf) with pronase (Roche, Indianapolis, IN) following procedures by Usenko et 

al. (2007). Dechorionated embryos individually transferred into clear BD 353075 Falcon 96-

well plates (Corning, Corning, NY) contained 100 µL embryo medium (15 mM NaCl, 0.5 

mM KCl, 1 mM CaCl2, 0.15 mM KH2PO4, 0.05 mM Na2HPO4, 1 mM MgSO4, 0.05 mM 

NaHCO3).

2.3. Exposure protocols

Exposures were either static throughout development, or staggered to determine 

developmental windows of sensitivity (Fig. 1). At the onset of exposure, treatments prepared 

in embryo medium were added to achieve the desired final concentration in 0.1% DMSO. 

Exposure plates were covered with parafilm and wrapped in aluminum foil to minimize 

chemical photo degradation, and incubated at 28.5 °C. Embryos were developmentally 

exposed from 6–120 hpf in an initial study to determine developmental toxicity, and 

observed daily for morphological defects (e.g. pericardial and yolk sac edemas, axial and 

craniofacial defects, circulatory effects, etc.). Concentrations tested were 1, 2.5, 5, 10, and 

15 µM. Subsequent exposures to characterize the caudal fin phenotype were conducted at 

48–72 hpf. For those studies, the necrotic caudal fin phenotype was the primary observation 

and scored as either present/absent or by severity for inhibitor rescue studies depending on 

how far the phenotype progressed (Fig. 1). For inhibitor rescue studies (EDTA, G-15, GM 

6001, pifithrin α, SR 11302), inhibitors were co-added at previously determined maximum 

tolerable no observable adverse effect level (NOAEL) concentrations simultaneously with 

tamoxifen.

2.4. Microinjection of morpholinos

Morpholino antisense oligonucleotides were used to investigate the potential involvement of 

tp53 and nuclear estrogen receptors (esr1, esr2a, esr2b) in the onset of the necrotic fin lesion 

caused by tamoxifen, using techniques adapted from Nasevicius and Ekker (2000). 

Morpholinos were designed and synthesized by Gene Tools, LLC (Philomath, OR) and were 

used to knock-down expression in an attempt to ameliorate the phenotype. Morpholinos 

were microinjected into 1–2 cell stage embryos (2–4 nL) directly into the yolk-stream and 

viable animals were selected and manually dechorionated at 24 hpf. The standard control 

morpholino (C-MO) used was 5′ -CCT CTT ACC TCA GTT ACA ATT TAT A-3′ and was 

injected at matching concentrations. The standard translation blocking tp53-MO: 5′ -GCG 

CCA TTG CTT TGC AAG AAT TG-3′ was injected at 1 mM, which has been widely used 

in zebrafish literature and our laboratory (Bill et al., 2009; Miller et al., 2012). The esr1-

MO: 5′ -CAT GTA AAA CAG GCT GGT CAC CTT G-3′ is an E3I3 splice blocking 

morpholino injected at 1.5 mM, and was designed and validated by Griffin et al. (2013). 

Both esr2a-MO and esr2b-MO were newly validated. The esr2a-MO: 5′ -GTA CTT TCA 

GAG AGT CTT ACC TTG T-3′ is an E5I5 splice blocking morpholino and was injected at 

1.5 mM. The esr2b-MO 5′ -CAC ACC TGT CGA AAC ACA CAA GAA C-3′ is an I4E5 

splice blocking morpholino and was injected at 0.5 mM.
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2.5. Analysis of mRNA expression by quantitative real-time polymerase chain reaction 
(qRT-PCR)

Messenger RNA expression for 100 transcripts of interest was evaluated using qRT-PCR 

methods adapted from Bugel et al. (2013). Transcripts selected for analysis were for genes 

involved in pathways identified in literature implicated or related to tamoxifen’s effects in 

various tissues, and were primarily involved in tissue remodeling, calcium signaling, cell 

cycle and cell death, growth factors, angiogenesis and hypoxia (Suppl. Data Table 1). 

Briefly, total RNA was isolated from whole animal larvae and isolated tail tissue using 

RNAzol® RT (Molecular Research Center, Inc., Cincinnati, OH). For whole animal 

expression analysis, four pools of 12 larval animals were sampled at 3, 6, and 12 hours post-

exposure (hpe). For tail specific expression analysis, four pools of 80 tails were sampled 6 

hpe. Tails were cut using a glass microdissection blade at the ventral pigment gap (Fig. 1). 

Isolated total RNA was converted to complementary DNA using the Applied Biosystems 

High-Capacity cDNA Reverse Transcription kit (Life Technologies, Carlsbad, CA). qRT-

PCR was performed using a StepOnePlus™ Real-Time PCR System with Power SYBR® 

Green PCR Master Mix (Applied Biosystems, Foster City, CA). Primers used are listed in 

Suppl. Data Table 1, and were purchased from Integrated DNA Technologies (Coralville, 

IA). Primers were designed to amplify 75–400 bp fragments of each transcript and were 

verified for specificity using the NCBI BLAST. OligoAnalyzer (IDT) was used to evaluate 

primer sets for hetero/homo-dimers (ΔG > -9), formation of hairpins (Tm of hairpin ≪ Tm 

of oligo) and Tm of primers (60 ± 2 °C). Melt curves were generated for each run to ensure a 

single product, and product size was verified by gel electrophoresis. β-actin was used as a 

housekeeping transcript for normalization, and relative expression was quantified using the 

ΔΔCt method (Pfaffl, 2001).

2.6. Whole mount immunohistochemistry (IHC) for MMP13a

For in situ whole mount IHC visualization of MMP13a protein expression in the caudal fin 

in response to tamoxifen, an IgG rabbit polyclonal anti-MMP-13a (hinge) antibody for 

detecting both proenzyme and cleaved active MMP was used (Anaspec, Inc., Fremont, CA, 

Cat. No. 55114). The manufacturer’s protocol was adapted with minor changes. Briefly, 

animals were fixed in 4% paraformaldehyde in PBS at 4 °C overnight, then rinsed 3 times in 

PBSTx for 10 minutes each, then blocked in blocking buffer 1 (PBSTx with 5% BSA, 5% 

NGS, 0.1% DMSO) for 6 hours at 4 °C. Primary antibody was applied overnight in blocking 

buffer 2 (PBSTx with 0.5% BSA, 0.1% DMSO) with a 1:500 dilution at 4 °C. Primary was 

rinsed off with PBSTx 2 × 5 minutes, then 4 × 30 minutes. AlexaFluor 555 goat anti-rabbit 

IgG secondary antibody (1:5000 dilution, Molecular Probes, Eugene, OR) was applied in 

blocking buffer 2 at room temperature for 2 hours. Secondary was washed off with PBSTx 2 

× 5 minutes, then 4 × 30 minutes. Stained embryos were then visualized on an inverted Zeiss 

Axiovert 200M epifluorescence microscope using a Zeiss Axiocam HR camera (Carl Zeiss, 

Oberkochen, Germany).

2.7. Data and statistical analyses

Statistical tests were performed using SigmaPlot™ (v. 11.0) or R (v. 3.2.2), and a p-value ≤ 

0.05 was regarded as significantly different for all studies. For discrete presence/absence 
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data, a Fisher’s exact test was used to compare control versus treatment. Gene expression 

data was evaluated using either one-way ANOVA (Student-Newman-Keuls), or Student’s t-

test (Wilcoxon when normality/variance failed). For gene expression, GENE-E (v. 3.0.204) 

was used to generate heat maps only for significantly altered transcripts with a ≥1.5 fold 

change for whole animal samples and ≥2 fold change for isolated tail samples.

3.0. Results

3.1. Phenotypic characterization of tamoxifen toxicity in zebrafish

A series of developmental exposure studies were conducted to evaluate the effects of 

tamoxifen using the zebrafish embryo-larval toxicity bioassay (Fig. 1). Initially, embryos 

were exposed to tamoxifen (1–15 µM, static non-renewal) throughout development, from 6–

120 hpf, and observed daily for morphological defects and mortality (N = 24 per treatment). 

There was no significant developmental toxicity (morphology or mortality) observed for 1, 

2.5, and 5 µM tamoxifen at any time point (Fig. 2A). However, 10 µM and 15 µM 

significantly induced a highly specific necrosis-like caudal fin defect in 100% of animals by 

24 hpf, with some mortality at 15 µM. With continued exposure, >75% of animals died in 

the 10 µM group, while all animals perished with 15 µM by 120 hpf (Fig. 2A).

Acute exposures within discrete developmental windows were conducted to determine 

whether the fin defect was due to perturbation of tail formation during embryogenesis (Fig. 

1). Embryonic and larval zebrafish were exposed to 10 µM tamoxifen for 24 hours starting 

at 6, 24, 48, 72, and 96 hpf (N = 24 per group). Within all exposure windows, tamoxifen 

significantly induced the necrotic caudal fin phenotype in 100% of treated animals, 

indicating developmental stage-independence (Fig. 2B). The necrotic phenotype was also 

recapitulated in adult animals acutely exposed to 10 µM tamoxifen (Fig. 2C). Fin necrosis 

and skin lesions were more widespread in the adult and observed in pectoral fins and skin 

universally.

To characterize the onset and progression of the caudal fin phenotype, a study was 

conducted using 48 hpf larvae exposed to 10 µM tamoxifen. Larvae at 48 hpf were chosen 

for subsequent studies because tail tissue is differentiated, and enabled the use of 

morpholinos for later functional studies. Transgenic secA5-YFP zebrafish allowed for non-

invasive in vivo visualization of apoptosis within the necrotic fin phenotype (van Ham et al., 

2010). Tamoxifen rapidly induced robust changes in cell morphology at the apex of the 

caudal fin by 3 hpe, which progressively worsened by 6, 12 and 24 hpe (Fig. 3). Apoptosis 

was observed as early as 3 hpe, and co-localized to the lesion as it advanced. Apoptotic cells 

were typically adjacent proximally to the necrotic tissue, in normal appearing tissue that 

later became necrotic-like. A time-lapse video of the development of the phenotype 

demonstrated that tamoxifen rapidly induced the phenotype starting with a necrotic-like 

lesion and propagating into adjacent phenotypically normal tissue (Suppl. Data Video 1). 

Initially, changes in cell morphology rapidly occurred by 3 hpe followed by swelling and 

lysis of apical cells by 6 and 12 hpe. Leukocytes were also observed migrating towards the 

distal part of the damaged tail tissue. Proximal to the caudal fin, skin was observed to 

behave increasingly fluid-like as the phenotype progressed.
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3.2. Evaluation of gene expression

Targeted gene expression was evaluated for 100 transcripts in 48 hpf larval animals acutely 

exposed to 10 µM tamoxifen. Whole animal expression was evaluated at 3, 6, and 12 hpe, 

whereas tail specific expression was evaluated only at 6 hpe. Tamoxifen treatment rapidly 

induced significant and robust changes in expression for a number of transcripts in both the 

whole animal and isolated tails (Fig. 4 and Suppl. Data Table 2). Generally, whole animal 

gene expression was concordant between time points and with the 6 hpe tail dataset. In the 

whole animal, the number of transcripts and the magnitude fold change generally increased 

with exposure time. At 3 hpe, expression of five transcripts were significantly elevated in 

the whole animal (mmp9 > mmp13a > tnfb > c-fos > igfbp1a), all of which were also 

significantly elevated in the 6 hpe tail dataset. At 6 hpe, expression of eleven transcripts 

were significantly elevated in whole animal samples, ten of which were similarly elevated in 

the tail dataset (top 6: mmp9 > mmp13a > tnfb > timb2b > igfbp1a > c-fos), and one that was 

not (epcam). At 12 hpe, 26 genes were elevated in whole animal samples, 17 of which were 

also significantly increased in the tail specific dataset (top 10: mmp13a, mmp9, igfbp1a, 

timp2b, tnfb, igfbp1b, c-fos, cdkn1a, tnfa, c-jun).

Overall, the highest number of transcripts with significantly altered expression levels was 

observed in the isolated tail at 6 hpe (41 out of 100 tested transcripts). Focusing on the 6 hpe 

dataset, transcripts for tissue remodeling and growth factor pathway genes were the most 

robustly altered. These involved several matrix metalloproteinases and other genes involved 

in MMP regulation or function, such as tissue specific inhibitors, and insulin-like growth 

factors. The top 10 transcripts most robustly altered (by fold change) in the 6 hpe tail 

specific dataset were: mmp13a (1146 fold) > igfbp1a (150 fold) > mmp9 (127 fold) > timp2b 

(40 fold), mmp11a (-19 fold) > igfbp1b (16 fold) > tnfb (14 fold) > timp4 (-11 fold) > hif1aa 

(8 fold) > nfkb2 (7 fold). Similarly, the top six transcripts most altered in the 6 hpe whole 

animal dataset were: mmp9 (54 fold) > mmp13a (42 fold) > tnfb (7 fold) > timp2b (4 fold) > 

igfbp1a (3 fold) = c-fos (3 fold). In the 6 hpe tail dataset, a number of transcripts for genes 

involved in cell cycle/cell death were significantly altered with modest fold changes (± 3–6 

fold), notably c-fos, c-jun, tp63, tnfa, tnfb. A number of transcripts for genes involved in 

calcium signaling were also significantly different with low fold-changes (± 2–3 fold), 

specifically the calmodulins, calpains, and cadherins.

3.3. Investigation of the potential role for p53 in the necrotic caudal fin phenotype

To explore the possibility for a tp53 role in mediating the tamoxifen induced caudal fin 

lesion, anti-sense morpholinos and chemical inhibition was used to suppress p53 signaling. 

For these studies, 48 hpf larval animals were exposed to 10 µM tamoxifen with and without 

morpholino or inhibitor, and observed at 3, 6, 12, and 24 hpe (N = 24). The tp53 translation 

blocking morpholino is widely used in zebrafish literature to knock-down mRNA expression 

and concentrations used were similar to those effectively used previously (Bill et al., 2009; 

Miller et al., 2012). The inhibitor, pifithrin α, directly binds the p53 DNA-binding domain, 

though there may be off-target effects on related tp63 and tp73 because of sequence 

similarity (Levrero et al., 2000). The concentration of pifithrin α used (5 µM) was similar to 

effective concentrations previously used and was a maximum tolerable NOAEL 

concentration (Davidson et al., 2014; Duffy and Wickstrom, 2014). In the present study, 
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neither method of p53 suppression, morpholino antisense knockdown nor pifithrin α 

inhibition provided any beneficial effect against the tamoxifen induced caudal fin lesion at 

any observed time point (Fig. 5). The tamoxifen treatments, with or without morpholino/

inhibitor, produced caudal fin necrosis in 100% of animals. Severity between all treatment 

groups treated or co-treated with tamoxifen were qualitatively similar at all evaluated time 

points.

3.4. Demonstration of an MMP-dependent role for tamoxifen toxicity in the necrotic caudal 
fin epithelium

The role of matrix metalloproteinases as key mediators of the necrotic caudal fin phenotype 

was investigated using the 48 hpf larval exposure paradigm. First, whole mount in situ 

immunohistochemistry was used to visualize MMP13a protein expression in the caudal fin 

in response to tamoxifen. Similar to the mRNA study, MMP13a protein expression was 

robustly induced by 10 µM tamoxifen at 6 hpe in the caudal fin lesion of all treated animals 

(Fig. 6). Low level, MMP13a expression was widely observed in a ring like pattern 

resembling a secreted protein specifically localized to large skin cells across the entire body 

of control animals. The antibody used detects both pro-enzyme and active cleaved MMP13a.

Next, the MMP-dependence of the tamoxifen-induced caudal fin phenotype was evaluated 

using three functionally unique MMP inhibitors: EDTA, GM 6001 and SR 113302. EDTA is 

a divalent metal cation chelator commonly used to broadly inhibit MMP activity, and the 

NOAEL concentration (1 mM) used in our studies was consistent with those used previously 

(Hillegass et al., 2007). GM 6001 is a broad competitive inhibitor that complexes with the 

zinc binding site of MMPs to inhibit enzymatic activity. The maximum tolerable NOAEL 

for GM 6001 (100 µM) has been previously used (Hillegass et al., 2007). SR 11302 is an 

inhibitor to AP-1, a transcription factor responsible for regulating MMP gene expression. SR 

11302 was used at 10 µM, the maximum tolerable NOAEL. For these studies, severity of the 

lesion was evaluated on a scale from 1–5 (Fig. 1). Only EDTA completely prevented the 

development of the tamoxifen-induced fin lesion at 3, 6, 12 and 24 hpe. Co-treatment of 

tamoxifen with EDTA in embryo medium (EM) resulted in 0% of animals exhibiting the 

lesion, compared to 100% of animals when treated with tamoxifen in EM without EDTA 

(Fig. 7A). GM 6001 and SR 113302 only partially ameliorated the severity of the lesion, but 

did not block the prevalence of the lesion (Fig. 7B). Co-treatment of tamoxifen with both 

GM 6001 and SR 113302 moderately reduced the severity of the necrotic caudal fin 

phenotype at all evaluated time points, though only slightly better than each inhibitor tested 

alone when co-treated with tamoxifen (Fig. 7B, only 6 and 12 hpe are shown). A gene 

expression study confirmed the ability of SR 11302 to inhibit the robust induction of the two 

primary MMP transcripts of interest, mmp9 and mmp13a, and a putative downstream MMP 

target, igfbp1a. For this study, tail tissue was isolated at 3 hpe, and co-treatment of 

tamoxifen with SR 11302 significantly inhibited induction of mmp9, mmp13a and igfbp1a 

by 28.9%, 64.4% and 44.4%, respectively (Fig. 7C).
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3.5. Evaluation of tamoxifen’s anti-estrogenic potency and potential role of estrogen 
receptors

To determine the anti-estrogenic potency of tamoxifen in larval zebrafish, a co-exposure 

study was conducted from 6–120 hpf with either 0.1% DMSO (control), E2 (100 nM 17β-

estradiol), tamoxifen, or a combination of E2 + tamoxifen (Fig. 8A–B). NOAEL 

concentrations of tamoxifen tested were 0.1, 1, and 5 µM. Gene expression was measured in 

whole animal samples for estrogen responsive transcripts (A) vtg1, a highly specific hepatic 

biomarker, and (B) cyp19a1b, the highly specific brain aromatase. Robust inductions of both 

estrogen biomarkers were significantly inhibited by 1 and 5 µM, but not 0.1 µM tamoxifen 

co-treatment. Hepatic vtg1 expression was inhibited by greater than 98% at 1 µM tamoxifen 

and above (Fig. 8A). Induction of brain aromatase was inhibited by 82% at 1 µM tamoxifen, 

and 96% at 5 µM tamoxifen (Fig. 8B). Together, this demonstrated that the necrotic caudal 

fin phenotype, which developed at 10 µM tamoxifen and higher, exceeded concentrations 

that elicited highly potent antiestrogenic effects on gene expression.

To explore the potential role of estrogen receptors in the tamoxifen induced caudal fin 

lesion, either the chemical inhibitor G-15 was used to antagonize the g-protein estrogen 

receptor (GPER), or splice blocking morpholinos were used to knock-down expression of 

nuclear estrogen receptors (Fig. 8C). For these studies, 48 hpf larval animals were exposed 

to 10 µM tamoxifen with and without inhibitor or individual morpholinos, and observed at 3, 

6, 12, and 24 hpe (N = 24). The concentration of G-15 (25 µM) was previously determined 

to effectively inhibit 5 dpf developmental toxicity of the GPER agonist G-1 in zebrafish in 

our lab (data not shown), and others (Jayasinghe and Volz, 2012). The esr1 morpholino was 

developed and validated by Griffin et al. (2013) and used at similar concentrations, and 

those for esr2a and esr2b were newly developed and validated prior to this study. In the 

present study, inhibition of the membrane g-protein estrogen receptor with G-15 or 

knockdown of nuclear estrogen receptors using morpholinos did not ameliorate nor provide 

a beneficial effect against the tamoxifen induced caudal fin lesion at any observed time 

point. The tamoxifen treatments, with or without morpholino or inhibitor, produced the 

caudal fin defect in 100% of animals and were qualitatively the same at all time points.

4.0. Discussion

In the present studies, we used the zebrafish embryo-larval developmental toxicity bioassay 

as an alternative model to define the effects of tamoxifen, a highly prescribed 

pharmaceutical with diverse bioactivity in many tissue and cell types. A comprehensive 

evaluation of tamoxifen’s toxicity in vivo may provide a better understanding of secondary 

effects and alternative modes of action (Ganz, 2001; Lorizio et al., 2012). To our 

knowledge, tamoxifen has not been fully evaluated in zebrafish, with the exception of its 

specific effects on the cardiovascular, hepatic, and reproductive systems (Burns et al., 2005; 

van der Ven et al., 2007; Bopp and Lettieri, 2008). Our studies demonstrated that acute 

exposure to tamoxifen rapidly induced a unique tail lesion regardless of developmental life-

stage when tamoxifen was applied (Fig. 2). In a high-throughput developmental toxicity 

screen of 1060 compounds, relatively few chemicals (79) induced any type of adverse 

effects on the caudal fin in zebrafish, suggesting similar effects to be uncommon (Truong et 
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al., 2014). It was therefore the focus of these studies to investigate the causative mode of 

action for this unique phenotype to further elucidate tamoxifen’s bioactivity.

Tamoxifen induced the caudal fin phenotype as rapidly as 3 hpe, as observed with both 

secA5-YFP transgenic zebrafish and time-lapse video (Fig. 3, Suppl. Data Video 1). This 

finding paralleled previous studies, which found tamoxifen to be cytotoxic and pro-apoptotic 

in vitro to multiple cell types at low micromolar concentrations (Petinari et al., 2004). 

Apoptotic cells were typically adjacent to the necrotic fin tissue, suggesting apoptosis to be a 

secondary effect. The misregulation of transcripts involved in cell cycle and cell death 

pathways reflected the widespread tissue damage (Fig. 4 and Suppl. Data Table 2). Altered 

expression of regulatory molecules associated with cell death suggested potential for a tp53 

pathway mediated effect, including c-fos, c-jun, cdkn1a (p21), nfkb2, tnfa, tnfb, and tp53. 

Tumor protein p53 is a pleiotropic transcription factor that drives a variety of cellular 

responses and programmed cell death, including both apoptosis and necrosis (Chipuk and 

Green, 2006; Baumann, 2012). The aforementioned transcripts identified in our study are 

similarly involved in cellular responses and interact with tp53 through a variety of 

mechanisms (Elkeles et al., 1999; Ryan et al., 2000; Lohr et al., 2003; Pastor et al., 2010). 

We therefore attempted to mitigate the necrotic caudal fin phenotype using two methods of 

p53 suppression. However, neither morpholino knockdown of tp53 nor chemical inhibition 

by pifithrin α ameliorated the phenotype, suggesting the effect to be tp53-independent (Fig. 

5). In addition, significantly altered transcript levels were observed for several calmodulins, 

caspases and calpains, which are involved with programmed cell death signaling cascades 

(Schuler et al., 2000; Harwood et al., 2005). Calmodulins and calpains are a family of 

calcium-dependent genes involved in cell cycle progression, gene expression, and cell death 

(Goll et al., 2003). For many cell types, tamoxifen’s in vitro cytotoxicity involved calcium 

signaling (Kim et al., 1999; Chang et al., 2001; Lu et al., 2002). However, changes in 

expression for calm, casp and capn genes were generally not robust or compelling (Fig. 4). 

Taken together, our data suggested the apoptosis to be secondary to the widespread tissue 

damage, and not likely directly involved with initiation of the phenotype.

Overall, a number of genes in other related pathways were significantly misregulated in the 

tail, providing valuable molecular insight into the onset and progression of the phenotype. 

The most robustly misregulated transcripts were the MMPs (Fig. 4 and Suppl. Data Table 2). 

This family of calcium-dependent zinc-containing endopeptidases is responsible for 

extracellular matrix degradation and tissue remodeling critical for regulation of skin 

physiology, function, and diseases (Page-McCaw et al., 2007). They play important roles in 

tumor progression for various cancers (e.g. melanoma), through alteration of tumor 

microenvironment thereby affecting proliferation, migration, invasion and metastasis 

(Hofmann et al., 2000; Kessenbrock et al., 2010; Lu et al., 2012). The zebrafish has great 

potential as a versatile tool for studying chemical effects on MMP function in vivo 

(Crawford and Pilgrim, 2005). Our studies identified mmp9 and mmp13a as the primary 

MMPs involved in the necrotic caudal fin phenotype, based on robust induction and 

inhibition studies (Figs. 6–7). Like many MMPs, these two respond to toxicants and drugs 

and are potential therapeutic targets for treating various diseases (Overall and Kleifeld, 

2006; Vartak and Gemeinhart, 2007). In the present studies, robust induction of MMPs 
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offered an explanation for cytotoxicity in the necrotic caudal fin phenotype considering their 

function as endopeptidases and their roles in extracellular gelatin and collagen matrix 

degradation. Further support for a role of MMPs in the tamoxifen caudal fin phenotype came 

from the complete or partial amelioration of the phenotype by MMP inhibitors (Fig. 7). 

Three MMP inhibitors chosen for their differential mechanism of action ameliorated the 

necrotic caudal fin phenotype and were: EDTA, a divalent metal cation chelator; GM 6001, 

a broad-spectrum MMP competitive inhibitor, and SR 11302, an inhibitor of AP-1 

transcription factor signaling. EDTA and GM 6001 provided direct evidence that the MMPs 

were involved in the development of the necrotic caudal fin phenotype, and SR 11302 

suggested that the ectopic induction of mmp9 and mmp13a in skin by tamoxifen was 

mediated through an AP-1 regulated pathway. AP-1 is an inducible transcriptional complex 

composed of c-fos and c-jun proteins that broadly modulate MMP gene expression, and as a 

family, nearly all have AP-1 binding sites in their promoters (Benbow and Brinckerhoff, 

1997). In our studies, expression of c-fos, c-jun, and the ap1s1 subunit were all moderately 

elevated (3–7 fold), consistent with elevated AP-1 activity (Fig. 4 and Suppl. Data Table 2). 

Numerous estrogen receptor ligands, including tamoxifen, transactivate AP-1 through ERβ 

binding (Paech, 1997). Our dataset found that tamoxifen modestly decreased isolated tail 

tissue expression of esr2a (−2.7 fold), the zebrafish ERβ ortholog (Fig. 4 and Suppl. Data 

Table 2). Additionally, tamoxifen is a ligand for the membrane g-protein estrogen receptor 

(GPER), which can subsequently activate c-jun/c-fos (Maggiolini et al., 2004; Prossnitz and 

Barton, 2011). However, the failure of esr1, esr2a and esr2b morpholinos and the GPER 

specific antagonist (G-15) to provide a beneficial effect suggested the caudal fin phenotype 

to be ER-independent (Fig. 8C). Furthermore, robust changes in expression were observed 

for multiple IGF transcripts (igf1a, igfbp1a and igfbp1b), which are known to be cleaved and 

activated by MMPs and play roles in physiological and pathological conditions (McCawley 

and Matrisian, 2001; Samani et al., 2007). These results relate to findings by Kanter-

Lewensohn (2000) where tamoxifen induced apoptosis in malignant melanoma cells in vitro 

by an IGF-dependent pathway. Taken together, these studies suggest a critical role for 

MMPs, though they were not able to determine whether the caudal fin phenotype was due to 

direct MMP action (i.e. extracellular matrix breakdown), or a secondary MMP-mediated 

downstream response (e.g. IGF signaling). Future studies may address this and use 

tamoxifen to further understand how MMPs and IGFs are ectopically regulated in skin in 

vivo.

The skin epithelium is a relatively simple structure in the zebrafish, particularly in the larval 

animal (Le Guellec et al., 2004; Chang and Hwang, 2011). Embryonic and larval zebrafish 

have only two epidermal layers: the surface enveloping layer and epidermal basal layer. Cell 

types include keratinocytes, ionocytes and mucous cells. Skin in adult zebrafish has an 

additional intermediate layer and club cells. These differences provided an advantage in 

using the simpler larval model to characterize the necrotic caudal fin phenotype and 

elucidate the mode of action. The simple larval caudal fin is a non-muscular limb limited to 

actinotrichia (bony ray precursor), neurons, and skin, while lacking vasculature in the region 

where the necrotic phenotype originated. Immunohistochemistry for MMP13a demonstrated 

a specific and widespread pattern of expression across the entire body of the larval animal in 

very large epithelial cells (Fig. 6). The distribution, morphology, and size of the stained 
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epithelial cells were consistent with ionocytes based on studies by Kwong et al. (2013). 

Ionocytes are widespread in zebrafish skin and have several sub-types, generally defined by 

their dominantly expressed ion pump (Janicke et al., 2007; Chang and Hwang, 2011). 

Specific ionocytes sub-types can be regiospecific in larvae, possibly offering an explanation 

for the caudal fin specificity at this life-stage. Unlike the larval animal, the effect was not 

restricted to a particular region of the adult skin and was observed broadly. Furthermore, the 

response in the ionocytes may be a secondary effect, due to signals from adjacent cells, such 

as keratinocytes, which are known to have a highly reactive MMP responsive to certain 

chemicals (Murphy et al., 2004). Further studies using cell specific stains would be 

necessary to positively identify other skin cell types involved.

The aqueous concentrations used in our study to produce the necrotic caudal fin phenotype 

are relatable to blood plasma levels reported in patients using low- and high-dose tamoxifen 

therapy, and also in vitro studies demonstrating cytotoxic effects of tamoxifen. Patients 

using low-dose tamoxifen hormone therapy typically have sub-micromolar blood plasma 

levels, ranging from 0.1 to 0.3 µM (MacCallum et al., 2000; Gallicchio et al., 2004; 

Langenegger et al., 2006), whereas low-micromolar levels of 1–10 µM and greater can be 

achieved with high dose therapy (Ducharme et al., 2003). A relatively high concentration of 

tamoxifen (10 µM) was required to elicit the caudal fin phenotype. This concentration 

exceeded SERM concentrations that are typically in the low to sub-micromolar range. In our 

studies, the anti-estrogenic effects of tamoxifen on the induction of E2 responsive genes was 

only observed at ≥1 µM (Fig. 8A–B). In contrast, van der Ven et al. (2007) showed in a 

partial life-cycle study with zebrafish that exposure to tamoxifen at ~0.1 µM resulted in 

reproductive toxicity in adults, suggesting larvae to be less sensitive to tamoxifen than later 

stages. Furthermore, the concentrations used to produce cytotoxicity in vitro with a broad 

range of cell types typically exceeded 10 µM (Kanter-Lewensohn, 2000; Kim et al., 2005; 

Chu et al., 2007). Therefore, concentrations used to elicit effects on the MMP system and 

the resulting necrotic caudal fin phenotype in our studies may be pharmacologically 

relevant.

Taken together, our studies use a phenotype anchoring approach to provide evidence to 

suggest a role for MMPs in mediating tamoxifen’s effects in skin epithelium. In summary, 

we discovered a unique necrotic caudal fin phenotype that was rapidly induced after 

exposure to tamoxifen. The onset of this phenotype correlated with robust induction of 

several MMP (mmp9 and mmp13b) genes as well as genes involved with the AP-1 

transcriptional factor complex (ap1s1, c-fos, c-jun) that regulates MMP expression. The 

necrotic caudal fin phenotype was attenuated by three unique MMP inhibitors, one of which 

was an AP-1 inhibitor that also inhibited the robust induction of MMP genes. We 

demonstrated that perturbation of the MMP system in skin results in ectopic MMP 

expression, cytotoxicity and ultimately a unique necrotic caudal fin phenotype, implicating 

MMP involvement as the mode of action. This action is likely due to either direct MMP 

action through extracellular matrix breakdown, or an MMP-mediated downstream secondary 

effect. This may help to understand tamoxifen’s effects for other cell types and tissues, and 

perhaps implicates a role for MMPs in skin-specific side effects (Boström, 1999). Overall, 
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our study highlights the potential for zebrafish to be used to evaluate unique effects for new, 

old, and emerging pharmaceuticals for mode of action discovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Tamoxifen rapidly induced a unique necrotic caudal fin phenotype in zebrafish

• Apoptosis co-localized temporally and spatially in the necrotic tail

• The necrotic fin phenotype was p53, GPER and ER independent

• The necrotic fin phenotype was dependent on ectopic MMP induction and 

activity in skin

• The necrotic fin phenotype occurred at concentrations exceeding anti-estrogenic 

effects
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Figure 1. 
Schematic of the exposure and study paradigm used to evaluate tamoxifen’s effects in the 

larval zebrafish model. Initially, embryos were developmentally exposed 6–120 hours post 

fertilization (hpf) and observed daily for toxicity. Embryo and larval animals were then 

exposed in 24 hour periods to determine the window of sensitivity. For most studies, larval 

48 hpf animals were exposed to tamoxifen to characterize the phenotype and elucidate the 

mode of action using transgenic strains, gene expression, IHC and inhibitor rescue studies. 

Gene expression was evaluated in whole animal and isolated tails cut at the pigment gap 

(dashed line). For inhibitor rescue studies, phenotype progression was scored from 1 (least) 

to 5 (most severe).
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Figure 2. 
Exposure to tamoxifen induced a necrotic tail lesion in zebrafish that was not dependent on 

life-stage or development. (A) Zebrafish developmentally exposed to 10 µM tamoxifen or 

greater from 6–120 hours post fertilization (hpf) showed the presence of a necrotic tail 

phenotype at 24 hpf, and high levels of mortality at 120 hpf with continued exposure. 

*Indicates significantly elevated percentage relative to controls (Fisher’s exact test, p ≤ 0.05, 

N = 48 per treatment). (B) Exposure to 10 µM tamoxifen for 24 hours beginning at any time 

point throughout embryonic development significantly induced the tail lesion in 100% of 
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animals (Fisher’s exact test, p ≤ 0.05, N = 24 per group). (C) Adult zebrafish exposed to 10 

µM tamoxifen for 1.5 hours exhibited similar necrotic lesions widespread on the caudal fin 

(shown), pectoral fins, and skin of the body. All control and treatment groups contained 

0.1% DMSO.
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Figure 3. 
Tamoxifen rapidly induced the necrotic caudal fin phenotype in 48 hour post fertilization 

(hpf) larvae exposed to 10 µM tamoxifen, and apoptosis co-localized temporally and 

spatially with the lesion. The secA5-YFP transgenic strain was used to visualize apoptosis in 

vivo. Representative z-stack photomicrographs at 3, 6, 12 and 24 hours post exposure (hpe) 

are shown.
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Figure 4. 
Heat map for targeted mRNA gene expression analysis revealed significant effects on 

transcripts and pathways involved in tissue remodeling, growth factors, and cell cycle and 

death. Gene expression was evaluated in larval animals treated with 10 µM tamoxifen at 48 

hours post fertilization (hpf). Whole animal expression was evaluated at 3, 6 and 12 hours 

post exposure (hpe), and tail specific expression only at 6 hpe in isolated tails (cut at 

pigment gap). Data represents fold changes (treatment to control ratio) calculated using the 

ΔΔCt method. Only significantly altered transcripts with a fold change greater than the 
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cutoff are shown (Student’s t-test or Wilcoxon when normality/variance failed, p ≤ 0.05, N = 

4 replicates with either 12 whole animals each or 75 tails each). The fold change cutoff for 

whole animal and isolated tail samples was ≥1.5 and ≥2, respectively. Gray shaded cells 

(NA) indicate expression below detection.
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Figure 5. 
Suppression of tumor protein 53 with either a specific inhibitor (5 µM pifithrin α) or 

morpholino gene knockdown (tp53-MO) did not prevent nor ameliorate the necrotic caudal 

fin phenotype induced by 10 µM tamoxifen in 48 hours post fertilization (hpf) larval 

animals. Photomicrographs are 12 hours post exposure (hpe), and similarly, no amelioration 

of severity was observed at 3, 6, or 24 hpe. A control morpholino group was included. 100% 

of animals exposed to tamoxifen exhibited the phenotype with or without inhibitor/

morpholino (N = 24 per group).
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Figure 6. 
Whole mount in situ immunohistochemistry analysis revealed robust and widespread 

induction of MMP13a protein expression in skin epithelial ionocytes in the area surrounding 

the necrotic caudal fin lesion. Photomicrographs are shown for 48 hours post fertilization 

(hpf) larval animals treated with 10 µM tamoxifen at 6 hours post exposure (hpe). MMP13a 

expression was localized primarily to skin epithelial ionocytes in controls at low level, and 

high levels in treated animals. Both proenzyme and cleaved active MMP13a are co-

measured.
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Figure 7. 
MMP inhibitors broadly prevented or ameliorated the severity of the necrotic caudal fin 

phenotype induced by 10 µM tamoxifen in 48 hour post fertilization (hpf) larval animals. 

(A) 1 mM EDTA completely blocked the phenotype at 3, 6, 12 and 24 hours post exposure 

(hpe). Example photomicrographs show 6 hpe. Tamoxifen treatment in EDTA did not 

appear qualitatively different than control groups in embryo medium (EM) or EDTA, while 

tamoxifen treatments in embryo medium induced the phenotype in 100% of animals 

(Fisher’s exact test, p ≤ 0.05, N = 36 animals per group). (B) Co-treatment of 10 µM 
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tamoxifen with 100 µM GM 6001 or 10 µM SR 11302, reduced the severity of the necrotic 

caudal fin phenotype. Data are reported as mean ± stdev. Bars not labelled with the same 

letter are significantly different (ANOVA on ranks, Student-Newman-Keuls, p ≤ 0.05, N = 

36 per group). (C) SR 11302, an AP-1 transcription factor inhibitor, significantly reduced 

the robust tail specific induction of mmp9, mmp13a and igfbp1a by 10 µM tamoxifen at 3 

hpe. Fold changes (ΔΔCT) are relative to the 0.1% DMSO control group. Data are reported 

as mean ± stdev. Bars not labelled with the same letter are significantly different (ANOVA 

on ranks, Student-Newman-Keuls, p ≤ 0.05, N = 4 replicates with 75 tails each). Percent 

inhibition was calculated using fold change of the co-treatment group relative to the 

tamoxifen group.
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Figure 8. 
Tamoxifen was highly anti-estrogenic at 1 µM or greater, though the necrotic caudal fin 

lesion was not regulated by estrogen receptors. Developmental exposure to 100 nM 17β-

estradiol (E2) from 6–120 hours post fertilization (hpf) robustly induced estrogen responsive 

genes (A) vtg1 and (B) cyp19a1b at 120 hpf, which were significantly inhibited by co-

treatment with 1 and 5 µM, but not 0.1 µM tamoxifen. Gene expression was evaluated in 

whole animals and fold changes (ΔΔCT) are relative to the 0.1% DMSO control group. Data 

are reported as mean ± stdev. Bars not labelled with the same letter were significantly 
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different (ANOVA on ranks, Student-Newman-Keuls, p ≤ 0.05, N = 4 replicates with 12 

animals each). Percent inhibition was calculated using the fold inductions for the co-

treatment group relative to the E2 group. (C) Co-treatment with G-protein estrogen receptor 

antagonist G-15 (25 µM) or morpholino gene knockdown of esr1, esr2a, or esr2b did not 

prevent nor ameliorate the necrotic caudal fin phenotype induced by 10 µM tamoxifen in 48 

hpf larval animals. Photomicrographs are 6 hours post exposure (hpe), and similarly, no 

amelioration of severity was observed at 3, 12, or 24 hpe. Control groups included 

morpholino and inhibitor alone. 100% of animals exposed to tamoxifen exhibited the 

phenotype with or without morpholino or inhibitor (N = 24 per group).
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