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Curcumin as a MicroRNA Regulator

in Cancer: A Review

Amir Abbas Momtazi, Fahimeh Shahabipour, Sepideh Khatibi,

Thomas P. Johnston, Matteo Pirro, and Amirhossein Sahebkar

Abstract Curcumin is a natural dietary polyphenol for which anti-tumor effects

have been documented. Anti-inflammatory and antioxidant properties of curcumin,

along with its immunomodulatory, proapoptotic, and antiangiogenic properties, are

often referred to as the main mechanisms underlying the anti-tumor effects. At the

molecular level, inhibition of NF-kB, Akt/PI3K, and MAPK pathways and

enhancement of p53 are among the most important anticancer alterations induced
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by curcumin. Recent evidence has suggested that epigenetic alterations are also

involved in the anti-tumor properties of curcumin. Among these curcumin-induced

epigenetic alterations is modulation of the expression of several oncogenic and

tumor suppressor microRNAs (miRNAs). Suppression of oncomiRs such as

miR-21, miR-17-5p, miR-20a, and miR-27a and over-expression of miR-34 a/c

and epithelial-mesenchymal transition-suppressor miRNAs are among the most

important effects of curcumin on miRNA homeostasis. The present review will

summarize the findings of in vitro and experimental studies on the impact of

curcumin and its analogues on the expression of miRNAs involved in different

stages of tumor initiation, growth, metastasis, and chemo-resistance.

Keywords Cancer • Curcumin • Epigenetics • miRNA • Turmeric
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Sp Specificity protein

WT1 Wilm’s tumor 1

1 Curcumin

Curcuma longa (turmeric) is a medicinal plant cultivated across the Indian subcon-

tinent and in tropical countries, particularly in Southeast Asia. In addition to its use

as a food additive and dietary spice, the plant has a long record in several traditional

systems of medicine such as Ayurvedic medicine and Traditional Chinese Medicine

(Strimpakos and Sharma 2008). Curcuminoids are pigments present in dried rhi-

zomes of C. longa and are responsible for the yellow color of the plant. There are

three compounds known as curcuminoids: curcumin, demethoxycurcumin, and

bis-demethoxycurcumin (Strimpakos and Sharma 2008). Chemical structure and

physicochemical properties of curcuminoids and curcumin analogues are presented

in Table 1. Curcumin is structurally a polyphenolic compound, existing in at least

two turmeric forms, keto and enol. The latter form is more chemically stable

(Akram et al. 2010). Curcumin and turmeric products meet the safety standard of

health authorities such as the Food and Drug Administration (FDA) of the USA, the

Natural Health Products Directorate of Canada, and also the Expert Joint Commit-

tee of the Food and Agriculture Organization/World Health Organization

(FAO/WHO) on food additives (JECFA). Additionally, a daily curcumin intake

(ADI) of 0.1–3 mg/kg-body weight has been accepted by the Joint FAO/WHO

Expert Committee on Food Additives (NCI 1996). Curcumin possesses numerous

biological and pharmacological properties such as anti-inflammatory (Ganjali

et al. 2014; Gupta et al. 2010; Panahi et al. 2012b, 2014a, b, 2016; Sahebkar

2014; Sahebkar et al. 2013), antioxidant (Panahi et al. 2012a; Sahebkar

et al. 2013, 2015; Sharma 1976), anti-ischemic (Sahebkar 2010), hepatoprotective

(Rahmani et al. 2016), anti-diabetic (Nishiyama et al. 2005; Sharma et al. 2006),

anti-arthritic (Kumar and Rai 2012; Kuncha et al. 2014; Panahi et al. 2014a, 2016;

Yang et al. 2015), analgesic (Sahebkar and Henrotin 2015), neuroprotective (Chen

et al. 2015; Sahebkar 2013; Shen et al. 2015; Wang et al. 2015), lipid-modifying

(Panahi et al. 2016; Sahebkar et al. 2014; Arafa 2005; Asai and Miyazawa 2001;

Fan et al. 2006; Mohammadi et al. 2013; Um et al. 2014; Wang et al. 2014),

immunomodulatory (Ganjali et al. 2014; Sahebkar et al. 2016; Sankar et al. 2013;

Seyedzadeh et al. 2014), cognitive-enhancing and anti-Alzheimer (Sahebkar 2016;

Shakeri and Sahebkar 2016), anti-depressant (Esmaily et al. 2015; Panahi

et al. 2015), wound-healing (Sidhu et al. 1998), and antimicrobial (Jordan and

Drew 1996; Kim et al. 2003; Mahady et al. 2001; Negi et al. 1999; Reddy

et al. 2005) effects. Such a diversity in the biological effects of curcumin is due

to the capacity of this compound to interact with numerous molecular targets

Curcumin as a MicroRNA Regulator in Cancer: A Review 3
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including receptors, cytokines, hormones, growth factors, transcription factors,

enzymes, and cell adhesion molecules (Jurenka 2009). Several studies have shown

that curcumin inhibits the growth of different types of cancer cells by exerting effects

on genes and cell-signaling pathways at multiple levels (Mirzaei et al. 2016; Momtazi

and Sahebkar 2016; Akram et al. 2010; Strimpakos and Sharma 2008). The cellular

processes targeted by curcumin occur at three stages of carcinogenesis: initiation,

promotion, and progression. These processes regulate gene expression, transcription

factors, growth factors and their receptors, nuclear factors, and hormones and hormone

receptors together with other potential regulators including miRNA and various

epigenetic events (Momtazi et al. 2016; Li et al. 2010; Teiten et al. 2013).

2 Anticancer and Cancer Chemo-Preventive Properties

of Curcumin

One of the central nuclear factors regulated by curcumin is nuclear factor kappa B

(NF-kB). NF-kB potentially serves as an important link between inflammatory

conditions and the pathogenesis of many types of malignancies. NF-kB can be

activated by any stimulus that can trigger tumor necrosis factor (TNF), including

free radicals, inflammatory cytokines, endotoxins, ionizing radiation, ultraviolet

light, and carcinogens. Curcumin has been shown to be a strong suppressor of

NF-kB. Additionally, curcumin inhibits the activation of IkB kinase (IKK) and,

thus, prevents the phosphorylation of IkB and the subsequent translocation of

NF-kB to the nucleus (Aggarwal et al. 2004). Curcumin inhibits some signaling

pathways, such as the Akt/PI3K pathway and the mitogen-activating protein

kinases (MAPKs) pathway, involved in cancer and inflammation. With respect to

the inhibition of the Akt/PI3K pathway, which transmits signals received by the

epidermal growth factor receptor (EGFR) tyrosine kinase, curcumin suppresses cell

growth by interference with EGFR signaling (Chen et al. 2006). Moreover,

curcumin enhances cell death or apoptosis via inhibition of the MAPKs pathway,

which includes c-Jun N-terminal kinases (JNKs), extracellular signal-regulated

kinases (ERKs), p58 kinases, and stress-activated protein kinases (SAPKs)

(Aggarwal and Shishodia 2006; Strimpakos and Sharma 2008). This process is

regulated by inducing JNK and subsequent activation of c-jun and c-abl, which,

after phosphorylation, creates a homodimer or a heterodimer with c-fos. This

hetero/homodimer is then attached to the activator protein-1 (AP-1) response

elements in the promoters of target genes such as bax, B-cell lymphoma-2

(Bcl-2), and Bcl-XL, which then leads to cell death or apoptosis (Collett and

Campbell 2004). Curcumin can alter the expression of genes involved in tumor

growth and apoptosis, namely oncogenes and tumor suppressor genes. p53 is a well-

known tumor suppressor. Loss-of-function mutations in this gene may cause sev-

eral types of cancers, as well as resistance to chemotherapy (Mao et al. 1994; Sun

2006). p53 can be modulated by curcumin in several ways. Curcumin induces

Curcumin as a MicroRNA Regulator in Cancer: A Review 7



apoptosis selectively in different malignant cell lines, such as human mammary

epithelial carcinoma cells, prostate cancer cells, and B-lymphoma cells, by increas-

ing p53 expression at the G2 phase of the cell cycle (Choudhuri et al. 2005). In

addition, p73 is a member of the p53 family which encodes both a tumor suppressor

(transaction-competent p73 – TAp73) and a putative oncogene (dominant-negative

p73 – DNp73). Recently, Wang et al. (2016) found that curcumin induced DNA

damage, increased TAp73/DNp73 ratio, and also led to apoptosis in p53-deficient

Hep3B cells.

3 Role of Epigenetics in Cell Homeostasis and Cancer

Epigenetics refers to a reversible change in gene expression and chromatin organi-

zation without any alteration in DNA sequences, leading to silencing or activation

of multiple genes. Epigenetic alterations occur mainly through changes in histone

modifications, DNA methylation, or miRNA expression (Sawan et al. 2008). His-

tone modifications include lysine acetylation, ADP-ribosylation, ubiquitination,

and sumoylation that affect chromatin structure and function. Histone acetylation

is well-studied among histone modifications, and is regulated by two types of

enzymes, namely histone acetyl transferases (HATs) and histone deacetylases

(Grunstein 1997). While hyperacetylation of histones leads to an open and tran-

scriptionally active chromatin, deacetylation of histones causes a closed chromatin

conformation (Steger and Workman 1996). DNA methylation is catalyzed by a

family of enzymes called DNA methyltransferases (DNMTs) at the 50 position of

the cytosine within the context of CpG sequences. In cancer cells, two different

patterns related to DNA methylation can be observed, hypomethylation and

hypermethylation. Hypomethylation of DNA causes the activation of proto-

oncogenes or cancer-related genes, while tumor suppressor genes are silenced

with hypermethylation of their promoter regions (Mani and Herceg 2010). Epige-

netic silencing of tumor suppressor genes with DNA methylation leads to onco-

genic processes. Hence, reactivation of tumor suppressor genes by DNA

hypomethylation has emerged as a molecular target for cancer therapy (Das and

Singal 2004). Several lines of evidence have shown that curcumin regulates gene

expression in various cancers through modulation of epigenetic mechanisms. Three

epigenetic mechanisms are regulated by curcumin to selectively activate or inacti-

vate genes implicated in cancer (Teiten et al. 2013). Curcumin can inhibit

acetyltransferase activity in cervical HeLa cancer cells, and this inhibition leads

to apoptosis with abrogation of p300-mediated p53 acetylation (Balasubramanyam

et al. 2004). Moreover, curcumin induces apoptosis in LNCaP prostate cancer cells

treated at a dose of 10–30 μM. In addition, acetylation of histone H3 and H4 by

curcumin has been observed over the same dose range (Shankar and Srivastava

2007). In medulloblastoma cells, curcumin reduced histone deacetylase 4 (HDAC4)

expression and activity when applied over the concentration range of 5–40 μM,

thereby inducing apoptosis and cell cycle arrest at the G2/M phase (Lee et al. 2011).

8 A.A. Momtazi et al.



With respect to an inhibitory effect on DNA methylation, curcumin covalently

blocks the catalytic thiolate of DNMT1. This epigenetic event may be achieved

through different mechanisms, including disruption of an NF-kB/Sp1 complex

bound to the promoter region of DNMT1, and reversal of the CpG methylation of

the promoter region of a cancer methylation marker. For example, curcumin, at a

concentration of 5 μm, is capable of reversing DNA methylation in the promoter

region of the Neurog1 gene whose expression is silenced due to extensive methyl-

ation in prostate cancer LNCaP cells (Shu et al. 2011). Additionally, curcumin

reactivated silenced tumor suppressor gene retinoic acid receptor β (RARβ) by

reducing DNA methylation (Jiang et al. 2015). The third layer of epigenetic

modification is controlled by miRNAs, which represent a promising target for the

prevention and treatment of cancer.

4 Role of miRNAs in Cell Homeostasis and Cancer

miRNAs are endogenous RNAs of about 22 nucleotides in length that belong to

family of small noncoding single-stranded regulatory RNAs. miRNAs regulate

gene expression through multiple mechanisms, and could serve as either oncogenic

or tumor-suppressive factors. Over 2,000 miRNAs have been discovered in humans

which are involved in the regulation of many physiological and pathological

processes (Hammond 2015). Hence, miRNAs could be used as biomarkers for

diagnosis and prognosis of disease, and also as targets for cancer therapy

(Li et al. 2010). Biogenesis of miRNAs involves transcription by RNA polymerase

II in the nucleus to form the long primary transcripts (pri-miRNA) which have

hundreds to thousands of nucleotides (Lee et al. 2004). Pri-miRNAs consist of a

hairpin stem of 33 base-pairs, a terminal loop, and two single-stranded flanking

regions upstream and downstream of the hairpin which are processed in several

modification steps. Initially, the pri-miRNA is cleaved by the RNase III (Drosha)

and the DGCR8 (DiGeorge critical region 8) protein to form a 70-nucleotide

precursor miRNA (pre-miRNA). In the next step, pre-miRNA is transported by

nuclear export factor, Exportin 5, to the cytoplasm where another RNase III (Dicer)

cleaves the pre-miRNA hairpin and generates an RNA duplex of about 22 nucleo-

tides. Mature miRNA is then incorporated into the RNA-induced silencing complex

(RISC) and guides RISC to target mRNA. The level of complementarity between

the guide strand and mRNA target determines which silencing mechanism will be

employed (Winter et al. 2009). miRNAs regulate the gene expression at the level of

messenger RNA degradation and translation. The mature miRNA which binds

perfectly to the 30UTR of mRNA induces targeted mRNA cleavage, while

miRNA that binds imperfectly to mRNA leads to translational suppression (Wil-

liams and Spencer 2012). As mentioned above, changes in miRNAs expression

profiles may be associated with human diseases such as the progression and

metastasis of cancer, skeletal muscle diseases, and cardiovascular diseases (Ambros

2003; Wang and Lee 2009). Alterations in miRNA expression are not only an effect

Curcumin as a MicroRNA Regulator in Cancer: A Review 9



of tumorigenesis, but might have a causative role in cancer development by

affecting the initiation, progression, and dissemination of tumors. To date, numer-

ous miRNAs have been identified and implicated as either tumor suppressor or

promoters (Brighenti 2015). A well-established example of miRNAs with tumor

suppressor activity is the let7 family, which consists of let-7, miR-48, miR-84, and

miR-241. Many studies have demonstrated that this miRNA cluster is down-

regulated in various cancers, especially in lung cancer. The tumor suppressor effect

of let7 miRNAs is mediated by targeting human Ras 30UTRs. miR-34 is another

notable cancer-associated miRNA that has been found to possess tumor suppressor

activity. Studies have shown that this miRNA may be induced by p53 signaling

(Chang et al. 2007; Corney et al. 2007). Consequently, the high expression of

mir-34a leads to increased apoptosis and changes in the expression of genes related

to cell cycle progression, apoptosis, DNA repair, and angiogenesis (Chang

et al. 2007). Among oncogenic miRNAs, miR-21 has been shown to be

up-regulated in several malignancies such as colorectal and breast cancers.

Up-regulation of miR-21 is associated with tumor cell proliferation, migration,

invasion, metastasis, and suppression of apoptosis by down-regulating the tumor

suppressors phosphatase and tensin homolog (PTEN) and programmed cell death

protein 4 (PDCD4) (Asangani et al. 2008).

Inflammation, oxidative stress, apoptosis, and angiogenesis have a strong impact

on tumorigenesis. Most of these processes have been shown to be regulated through

a complex network of epigenetic mechanisms, in which miRNAs play an important

role. By acting on several of the above-mentioned pathways, curcumin can mitigate

tumorigenesis. A schematic highlighting of the anticancer effects of curcumin is

presented in Fig. 1. Specifically, modulation of miRNA expression might explain a

significant amount of the tumor-suppressive effects of curcumin. Patterns of

miRNA expression which are modulated by curcumin are presented in different

human cancer cell lines (Table 2) and types of cancer (Table 3 and Fig. 2).

5 Search Strategy

A systematic literature search was performed in Scopus (http://www.scopus.com)

and Medline (http://www.ncbi.nlm.nih.gov/pubmed), without any language restric-

tion, to identify all published articles dealing with curcumin-modulated Micro

RNAs in different cancer cells. The search terms included [“curcumin” AND

“cancer” AND “Micro RNA”] in titles and abstracts. The search was performed

from inception to March, 2016.

10 A.A. Momtazi et al.
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Apoptosis
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Programmed Cell Death protein 4
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Chr12Chr1

miR-200b miR-429 miR-200c miR-141

EZH2
Suz12
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Gene silencing

E-catherin
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Sox2
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Pluripotency

K-ras

Fig. 1 Schematic highlighting of the anticancer effects of curcumin. Curcumin suppresses cell

proliferation by decreasing the expression of miR-21, which then leads to up-regulation of PTEN

and activation of the Akt signaling pathway. Curcumin also stimulates apoptosis by up-regulation

of miR-21, which targets programmed cell death protein 4 (PDCD4) and up-regulates miR-34a by

activation of p53. Moreover, curcumin exerts inhibitory effects on metastasis by causing over-

expression of the miR-200 family, which suppresses the expression of the polycomb repressive

complexes (PRCs) including EZH2, SUZ12, and EMT. Curcumin inhibits Ras activity through

up-regulation of tumor-suppressive microRNAs such as let-7a/b/c/d that target cancer stem cell

(CSC) marker genes such as Nanog, Sox2, and Oct4
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Table 2 Modulation of miRNA expression by curcumin and its analogues in different human

cancer cell lines

Cancer type Curcumin type Cell line

Regulated miRNA by

curcumin References

Colon cancer CDF CR HCT-116,

CR HT-29, the

metastatic

SW620

miR-21(�) Roy

et al. (2013)

Curcumin Rko, HCT116 miR-21 (�) Mudduluru

et al. (2011)

CDF CR HCT-116,

CR SW620

miR-3a/c (+) Roy

et al. (2012)

Curcuminoid SW-480 miR-27a (�) Noratto

et al. (2013)

Curcumin HCT1160-

5FUR,

SW480- 5FUR

miR-200b (+) miR-200c

(+) miR-141 (+)

miR-429 (+) miR-101

(+) miR-34a (+)a

Toden

et al. (2015)

Curcumin RKO miR-27a (�)

miR-20a (�) miR-17-5p

(�)

Gandhy

et al. (2012)

Pancreatic

cancer

Curcumin,

liposomal

curcumin

BxPC-3 miR-22 (+) Sun

et al. (2008)miR-199a* (�)

Curcumin,

CDF

MIAPaCa-E,

MIAPaCa-M

miR-21 (��) Ali

et al. (2010)

BxPC-3 miR-21 (�)

CDF MIAPaCa-E,

MIAPaCa-M,

BxPC-3

miR-200b/c (++)

Curcumin MIAPaCa-E,

MIAPaCa-M,

BxPC-3

miR-200b/c (+)

CDF AsPC-1,

MiaPaCa-2

let-7a/b/c/d (+)

miR-26a (+)

miR-101 (+)

miR-146a (+) miR-200b

(+)

Bao

et al. (2012)

miR-21 (�)

CDF COLO-357,

BxPC-3,

MIAPaCa-2

miR-21 (�) Ali

et al. (2012)

MIAPaCa-2 miR-143 (+)

Curcumin AsPC-1,

BxPC-3

miR-7 (+) Ma

et al. (2014)

Melanoma EF24 B16 miR-21 (�) Yang

et al. (2013)

(continued)
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Table 2 (continued)

Cancer type Curcumin type Cell line

Regulated miRNA by

curcumin References

Curcumin Murine

B78H1,

human

SK-MEL-28

mmu-miR-205-5p (++)

mmu -miR-205-3p (+)

mmu-miR-142-5p (+)

Dahmke

et al. (2013)

mmu-miR-130b-3p (�)

EF24 Lu1205, A375 miR-33b (+) Zhang

et al. (2015)Lu1205 Let-7 (+)

A375 Let-7 (¼)b

Lu1205, A375 miR-200a (¼)

miR-98 (¼)

miR-145 (¼)

miR-26a (¼)

Lung cancer Curcumin A549 miR-21 (�) Zhang

et al. (2010b)

The p53 wild-

type H460,

A427, A549

miR-192-5p (+)

miR-215 (+)

Ye

et al. (2015)

p53-null

H1299

miR-192-5p (¼)

miR-215 (¼)

A549 miR-186* (�) Tang

et al. (2010)

and Zhang

et al. (2010a,

b)

Curcumin,

CDF

A549, H1299 miR-874 (+) Ahmad

et al. (2015)

Breast cancer Curcumin MCF-7 miR-15a (+)

miR-16 (+)

Yang

et al. (2010)

miR-19a (�)

miR-19b (�)

Li

et al. (2014)

MDA-MB 231 miR181b (+) Kronski

et al. (2014)

MDA-MB-

231,

MDA-MB-

435

miR-34a (+) Guo

et al. (2013)

Prostate cancer Poly(lactic-

coglycolic

acid)-curcumin

nanoparticles

C4-2, DU-145

and PC-3

miR-21 (�)

miR-205 (+)

Yallapu

et al. (2014)

EF24 DU145 miR-21 (�) Yang

et al. (2013)

Bladder cancer Curcumin T24, J82,

TCCSUP

miR-203 (+) Saini

et al. (2011)

Retinoblastoma Curcumin Y79 let-7 g* (+)

miR-22 (+)

Sreenivasan

et al. (2012)

(continued)
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6 Modulation of miRNAs in Different Types of Cancer:

The Influence of Curcumin

6.1 Colon Cancer

The miR-17-5p, mir-20a, miR-21, miR-27a, miR-34a/c, miR-101, miR-141,

miR-200b/c, and miR-429 have roles in curcumin-mediated treatment of the

human colon cancer (Tables 2 and 3).

Expression of miR-21 has been found to increase in colon cancer cells. One of

the most important miR-21 targets in human colon cancer cells is the PTEN, a

tumor-suppressive gene that is involved in the regulation of the cell cycle, as well as

preventing cells from proliferation. Difluorinated-curcumin (CDF), a safe analog of

the curcumin with a greater bioavailability than the parent compound, has been

shown to prevent growth of chemo-resistant colon cancer cells (Kanwar

et al. 2011). Roy et al. studied the effect of CDF on miR-21 expression in the

chemo-resistant (CR) HCT116 and HT29, and the metastatic SW620 human colon

cancer cell lines. Target of miR-21 was experimentally validated by luciferase

assay, qRT-PCR, and western-blot analysis. As determined by qRT-PCR, the

expression of miR-21 in CR HCT116, HT29, and the metastatic SW620 cells was

markedly decreased when they were incubated with 100 nM CDF. This was

associated with increased expression of PTEN in CDF-treated cancer cells. The

results suggest that CDF-induced growth and metastasis inhibition of colon cancer

cells by a decrease in miR-21 lead to an increase in PTEN and subsequent

activation of the Akt signaling pathway (Roy et al. 2013). Another target of

miR-21 in human colon cancer cells is the PDCD4, which is a tumor suppressor

that is involved in apoptosis. Mudduluru et al. investigated the effect of curcumin

on miR-21 expression in Rko and HCT116 human colon cancer cell lines and

in vivo using the chick chorioallantoic membrane (CAM) assay. As determined by

qRT-PCR, both Rko and HCT116 cells, and primary tumors showed a significant

Table 2 (continued)

Cancer type Curcumin type Cell line

Regulated miRNA by

curcumin References

miR-503 (+)

miR-200c (+)

miR-135b (�)

miR-210 (�)

miR-25* (�)

miR- 95 (�)

miR-514 (�)

miR-106b* (�)

miR-34c-3p (�)

miR-92a-1* (�)
amiR-34a expression was the only up-regulated in HCT116-5FUR cells
bNot changed
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reduction in pre-miR and miR-21 expression after curcumin treatment in a dose-

dependent manner. It was suggested that this finding resulted from the inhibition of

the transcription factor AP-1 binding to the promoter and induction in the expres-

sion of the tumor suppressor PDCD4, which is a target of miR-21. The target of

miR-21 was experimentally confirmed by transfection and a luciferase assay, ChIP

assay, qRT-PCR, and western-blot analysis. The findings suggest that curcumin-

induced tumor suppression, and inhibition of migration, invasion, and in vivo

metastasis might at least in part be mediated by miR-21-triggered, PDCD4-

dependent mechanisms (Mudduluru et al. 2011).

The miR-34 target in human colon cancer cells is Notch-1 that functions as a

receptor for membrane-bound ligands, and has multiple roles during development.

Roy et al. investigated the effect of CDF on miR-34a/c expression in CR HCT116

and SW620 human colon cancer cell lines. As determined by qRT-PCR, the

expression of miR-34a/c in both CR HCT116 and SW620 cells was significantly

induced when they were incubated with 100 nM CDF. The target of miR-34 was

experimentally confirmed by methylation-specific PCR and western-blot analysis.

The re-expression of miR-34 led to a marked reduction in the expression of its

target gene, Notch-1. The loss of expression of miR-34 in colon cancer is, in part,

due to promoter hypermethylation of miR-34, which can be re-expressed with CDF.

This suggests that CDF could be a novel demethylating agent for restoring the

expression of miR-34 family (Roy et al. 2012).

miR-27a is a target in human colon cancer SW480 cells, which suppresses

transcription of specificity protein (Sp) transcription factors that regulate the

Fig. 2 Modulation of miRNAs in different types of cancer by curcumin and its analogues
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multidrug resistance protein 1 (MDR1) and have an important role in the growth

and metastasis of colon cancer cells. Noratto et al. investigated the effect of

curcuminoids on miR-27a expression in the SW480 human colon cancer cell line.

As determined by qRT-PCR, the expression of miR-27a in SW480 cells was

decreased by 70–93% when they were incubated with 2.5–10 g/mL curcuminoids.

The target of miR-27a was experimentally confirmed by a luciferase assay and

western-blot analysis. The suppression of miR-27a led to a 2.5-fold increase in the

expression of its target gene, ZBTB10. The results showed that curcuminoid-

induced growth inhibition of colon cancer cells is mediated by disruption of the

miR-27a-ZBTB10-Sp axis (Noratto et al. 2013).

The target of epithelial-mesenchymal transition (EMT)-suppressive miRNAs

(miR-200b, miR-200c, miR-34a, miR-141, miR-429, and miR-101) in colon cancer

cells are the polycomb repressive complexes (PRCs), including BMI1, SUZ12, and

EZH2, which have a crucial role in development through epigenetic silencing of

genes. EMT is responsible for progression and metastasis of cancer, and is also

accountable for chemo-resistance. Toden et al. evaluated the effect of curcumin on

the expression pattern of EMT-suppressive miRNAs in HCT1160-5-fluorouracil

(FUR) and SW480-5FUR cell lines, as well as in a mouse xenograft tumor model.

As determined by qRT-PCR, the expression of EMT-suppressive miRNAs in the

curcumin-treated HCT116-5FUR and SW480-5FUR cells was up-regulated.

miR-34a expression was the only one up-regulated in HCT116-5FUR cells, but

not in the SW480-5FUR cell line. Since SW480 is p53-mutated and miR-34a is

primarily up-regulated by p53, it follows that curcumin up-regulates miR-34a

through p53 activation. miR-200c expression was increased in the mouse xenograft

treated with 50 mg/kg/day of curcumin. It was demonstrated that over-expression of

miR-200c, a key EMT-suppressive miRNA, was accompanied with reduced tumor

growth in the xenograft model. The target of EMT-suppressive miRNAs was

experimentally confirmed by western-blot analysis. In conclusion, curcumin

suppressed tumor growth in human colon cancer cells through the suppression of

EMT and PRC due to the up-regulation of EMT-suppressive miRNAs (Toden

et al. 2015).

The miR-27a, miR-20a, and miR-17-5p targets in the human colon cancer cells

are ZBTB10 and ZBTB4, Sp repressors. Gandhy et al. examined the effect of

curcumin on miR-27a, miR-20a, and miR-17-5p expression in the RKO colon

cancer cell line. The qRT-PCR analysis revealed that curcumin (10 μM) decreased

the expression of miR-27a and also miR-20a/miR-17-5p, which inhibit the expres-

sion of ZBTB10 and ZBTB4, respectively. The target of miR-27a, miR-20a, and

miR-17-5p was experimentally confirmed by western-blot analysis. The induction

of transcriptional repressors ZBTB10 and ZBTB4 was accompanied by decreased

expression of Sp1, Sp3, Sp4, and Sp-regulated gene mRNA levels that play a role in

cell proliferation (EGFR, cMET, and cyclin D1), survival (survivin and Bcl-2),

inflammation (p65 and p50), and metabolism/drug transport (fatty acid synthase)

(Gandhy et al. 2012). To summarize, curcumin and CDF can exert anti-proliferative

and proapoptotic effects and reduce chemo-resistance in colorectal cancer cell lines

by modulation of the expression/activity of PTEN, Notch1, PDCD4, Sp repressors

(ZBTB4, ZBTB10), and PRCs-related pathways (Table 4). These curcumin-
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induced pathway modulations in colorectal cancer are likely to be mediated by

changes in the expression of miR-17-5p, mir-20a, miR-21, miR-27a, miR-34a/c,

miR-101, miR-141, miR-200b/c, and miR-429 (Fig. 2).

6.2 Pancreatic Cancer

miR-7, miR-21, miR-22, miR-26a, miR-101, miR-146a, miR-199a*, miR-200b/c,

let-7a,b,c,d,i, and miR-221 have roles in curcumin-mediated effects on human

pancreatic cancer (Tables 2 and 3). The target of miR-22 in human pancreatic

cancer cells are estrogen receptor1 (ESR1) and Sp1 transcription factor genes.

Over-expression of ESRs leads to interruption of the cell cycle, apoptosis, and

DNA repair, and finally, tumorigenesis. Sun et al. (2008) investigated the effect of

curcumin and liposomal curcumin on miR-22 and miR-199a* expression in the

BxPC-3 human pancreatic cancer cell line at concentrations of 10 μmol/L. Lipo-

somal encapsulated curcumin enhanced absorption properties when compared to

non-liposomal encapsulated curcumin administered orally (Kurzrock and Li 2005;

Li et al. 2007); hence, its effect on pancreatic cancer was evaluated. As determined

by microarray analysis and qRT-PCR, the expression of miR-22 was up-regulated

by 10 μmol/L curcumin and 10 μmol/L liposomal curcumin by 60.3% and 68.6%,

respectively, whereas miR-199a* was down-regulated by 25.1% and 36.40%,

respectively (Sun et al. 2008). The target of miR-22 was predicted by PicTar and

TargetScan software, and experimentally validated by miRNA transfection and

flow cytometry analysis. miRNA-22 down-regulated ESR1 and Sp1 in BxPC-3

cells treated with curcumin. The attenuation in ESR1 and Sp1expression resulted in

alteration of miR-22 and miR-199a* expression and liposomal-based, curcumin-

treated BxPC-3 cells demonstrated inhibited cell growth and proliferation (Sun

et al. 2008).

miR-21 is an oncogenic miRNA and has been shown to have anti-apoptotic

activity in various cancer cell lines. Its target in pancreatic cancer cells is PTEN. On

the contrary, miR-200b/c led to the reversal of the oncogenic EMT phenotype. Ali

et al. investigated the effect of CDF, curcumin, or gemcitabine on the expression of

miR-200 and miR-21 in human pancreatic cancer cell lines MIAPaCa-E (relatively

resistant to gemcitabine), MIAPaCa-M (highly resistant to gemcitabine), and

BxPC-3 (gemcitabine-sensitive). As determined by qRT-PCR, the expression of

miR-21 was significantly decreased in both MIAPaCa-E and MIAPaCa-M cells

compared with BxPC-3 cells after treatment with either CDF alone, or in combi-

nation with gemcitabine. The target of miR-21 was experimentally validated by

PTEN cDNA transfection, antisense miR-21 oligonucleotide transfection, and

western-blot analysis. BxPC-3, MIAPaCa-E, and MIAPaCa-M cells treated with

CDF, curcumin, or gemcitabine and various combinations of these compounds for

72 h showed increased expression of miR-200b and miR-200c, but the effect was

much more pronounced in CDF-treated cells, suggesting the superiority of CDF

when compared to curcumin. In conclusion, inhibition of miR-21 led to the
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reactivation of PTEN, resulting in the inactivation of phosphorylated Akt. In

addition, reactivation of miR-200b/c, which may, in turn, result in the reversal of

the EMT phenotype and, thus, sensitize gemcitabine-resistant pancreatic cancer

cells to gemcitabine (Ali et al. 2010). In another different in vivo study, the role of

miR-21 and miR-200b/200c was evaluated in curcumin and a CDF-treated animal

model. Bao et al. investigated the effect of curcumin and its synthetic analogue,

CDF, on miR-21 and miR-200b/c expression in pancreatic tumors in vivo using a

mouse xenograft model following curcumin (5 mg/mouse/day) and/or CDF (5 mg/

mouse/day) treatment, administered intragastrically once daily for 12 days. As

determined by qRT-PCR, the expression of miR-21 in the mouse xenograft

model was significantly decreased after CDF treatment, but was only slightly

decreased after curcumin treatment. In contrast, CDF treatment increased the

expression of both miR-200b and miR-200c, but the effect on these miRNAs with

curcumin was minimal. The targets of miR-21, miR-200b, and 200c were experi-

mentally validated by western-blot analysis. Importantly, results of these studies

have suggested superiority of CDF, as opposed to curcumin, in suppressing the

expression of miR-21, which results in the re-expression of PTEN and

re-expression of miR-200. Consequently, the re-expression of both PTEN and

miR-200 could be responsible for the reversal of the EMT phenotype and the

reduction in tumor growth observed in the xenograft model treated with CDF

(Bao et al. 2011).

MicroRNAs belonging to the let-7 family, miR-26a, miR-101, miR-146a, and

miR-200b are a panel of tumor-suppressive microRNAs that target cancer stem

cells (CSC) marker genes such as EZH2, EpCAM, Nanog, Sox2, and Oct4. Bao

et al. investigated the effect of CDF on the panel of tumor-suppressive microRNAs

and miR-21 expression in human pancreatic cancer cell lines AsPC-1 and

MiaPaCa-2, and in vivo using a xenograft mouse model following CDF (2.5 mg/

mouse/d) treatment, administered intragastrically once daily for 3 weeks. The target

of tumor-suppressive microRNAs was experimentally validated by transfection of a

miRNA precursor and western-blot analysis. As determined by qRT-PCR, CDF

treatment caused re-expression of tumor-suppressive microRNAs such as let-7a/b/

c/d, miR-26a, miR-101, miR-146a, and miR-200b that are lost in AsPC-1 and

MiaPaCa-2 cells. miR-21 expression was substantially greater in the AsPC-1 and

MiaPaCa-2 cells and CDF was able to down-regulate its expression. Similarly, in

the orthotopic xenograft model of human pancreatic cancer, administration of CDF

inhibited tumor growth in a manner associated with reduced expression of EZH2,

Notch-1, CD44, EpCAM, and Nanog, and increased expression of let-7, miR-26a,

and miR-101 (Bao et al. 2012).

let-7 family, miR-143, and miR-21 target in pancreatic cancer cells is K-Ras

gene that produces ras kinase with GTPase activity. The Ras kinase is implicated in

cellular signal transduction. It is found to regulate cell proliferation and differen-

tiation in many types of cancer cells, such as pancreatic cancer. The expression of

the let-7 family and miR-143 is attenuated in MIAPaCa-2 cells compared to COLO-

357 and BxPC-3 cells. However, miR-21 is up-regulated in MIAPaCa-2 cells. Ali

et al. (2012) examined the effect of CDF on the expression of the miRNAs
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mentioned above in human pancreatic cancer cell lines COLO-357, MIAPaCa-2,

and BxPC-3, and in a tumor model treated by CDF (5 mg/mice/day) intragastrically

once daily for 12 days. As shown by qRT-PCR data, let-7i expression was signif-

icantly up-regulated and miR-21 was down-regulated in all three cell lines, and

miR-143 was up-regulated in MIAPaCa-2 cells following treatment with 0.5 μM-

1 μM of CDF for 48 h. In vivo studies showed a similar result; miR-143 and let-7i

were up-regulated and miR-21 was down-regulated in CDF-treated mouse models.

miRNAs targets were experimentally validated by antisense oligonucleotide trans-

fection and western-blot analysis. let-7i and miR-141 over-expression and reduced

miR-21 expression induced by CDF reduced Ras expression and its GTPase

activity. Inhibition of Ras activity through up-regulation and down-regulation of

the above-mentioned miRNAs by CDF treatment resulted in decreased tumor

growth in vivo and inhibited cell proliferation in vitro (Ali et al. 2012).

The miR-7 target in human pancreatic cancer cells is histone-lysine N-
methyltransferase SETD8, which plays an important role in epigenetic gene regu-

lation. Ma et al. investigated the effect of curcumin on miR-7 expression in human

AsPC-1 and BxPC-3 pancreatic cancer cells. As determined by qRT-PCR, the

expression of miR-7 was significantly increased after curcumin treatment (6 μM)

for 72 h in both AsPC-1 and BxPC-3 cells. The target of miR-7 was experimentally

validated using an invasion assay, miR-7 mimic transfection, qRT-PCR, and

western-blot analysis. The findings demonstrated that curcumin suppressed cell

proliferation, induced cell apoptosis, and inhibited cell migration in pancreatic

cancer cells partly through up-regulation of miR-7 and subsequent down-regulation

of SET8 and its downstream effectors, including p53 (Gleissner et al. 2014).

Finally, expression of miR-221 is up-regulated in pancreatic cell lines and tumor

tissues compared to normal pancreatic duct epithelial cells and normal pancreas

tissues (Sarkar et al. 2013). Also, pancreatic cancer patients with high miR-221

expression had a shorter survival compared to those with lower expression. Inter-

estingly, treatment of pancreatic cancer cells with CDF down-regulates the expres-

sion of miR-221 and up-regulates the expression of PTEN, p27(kip1), p57(kip2),

and p53 up-regulated modulator of apoptosis (PUMA), leading to the inhibition of

cell proliferation and migration of MiaPaCa-2 and Panc-1 cells (Sarkar et al. 2013).

In conclusion, curcumin, liposomal curcumin, and CDF can induce anti-

proliferative and proapoptotic effects and decrease chemo-resistance in pancreatic

cancer cells through modulation of the expression of ESR1 and Sp1 transcription

factors, PTEN, CSC marker genes, K-Ras, and SETD8-related pathways (Table 4).

Changes in the expression of miR-7, miR-21, miR-22, miR-143, miR-199a*,

miR-200c, tumor-suppressive microRNAs (let-7a,b, c,d,i, miR-26a, miR-101,

miR-146a, and miR-200b), and miR-221 occur as a result of these curcumin-

induced pathway modulations in pancreatic cancer cells.
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6.3 Lung Cancer

It has been shown that miR-21, miR-192-5p, miR-215, miR-186, miR-186*, and

miR-874 have crucial roles in curcumin-treated lung cancer cells (Tables 2 and 3).

The miR-21 target in lung cancer cells treated by curcumin is PTEN and this can

mediate the anticancer activities of curcumin in non-small cell lung cancer

(NSCLC) cells. Zhang and Bai (2014) evaluated miR-21 modulation by curcumin

in the lung cancer cell line A549. qRT-PCR analysis showed dose-dependent and

significant suppression of mir-21 expression in the A549 cell line exposed to

20–40 μM of curcumin. There was approximately a 60% reduction in the miR-21

expression in cells exposed to 40 μM of curcumin. The expression of mir-21 was

measured by qRT-PCR. Curcumin at 20–40 μM inhibited cell proliferation and

induced apoptosis in A549 cells. Flow cytometric analysis of A549 cells exposed to

20–40 μM of curcumin showed that curcumin significantly increased the proportion

of apoptotic annexin V-positive cells by approximately two- to fivefold, compared

to untreated control (Zhang and Bai 2014). The miR-192-5p and miR-215 are

among the most responsive miRs to curcumin treatment, and they have been

identified as putative anti-oncogenic miR in NSCLC cells. Ye et al. (2015) inves-

tigated the effect of curcumin on the expression of miR-192-5p/215 in the p53 wild-

type H460, A427, and A549 cell lines, as well as the p53-null H1299 cell line. The

tumor suppressor p53 is frequently inactivated by mutations or deletions in cancer.

As revealed by miR microarray and qRT-PCR, miR-192-5p/215 expression was

up-regulated in curcumin (15 μM) treated A549 cells (p53 wild type), but not in

H1299 cells (p53-null). The functional studies demonstrated that the proapoptotic

effect of curcumin was related to over-expression of miR-192-5p/215 in H460,

A427, and A549 cells. Curcumin up-regulated and activated p53 in the p53 wild-

type H460, A427, and A549 NSCLC cells, while lack of p53 in H1299 cells

impaired the response of miR-192-5p/215 to curcumin treatment. As predicted by

miRBase, TargetScan, PicTar, and miRDB in silico miRNA target databases, and

also confirmed by a dual-luciferase activity assay, XIAP is a target of miR-192-5p/

215. The result showed that curcumin induced apoptosis through activation of the

p53-miR-192-5p/215-XIAP pathway in NSCLC cells. In summary, the p53-miR-

192-5p/215-XIAP pathway may be a feasible therapeutic target for NSCLC

(Ye et al. 2015).

Recently, Jin et al. (2015) confirmed that curcumin treatment effectively

increased the relative miR-192-5p expression and suppressed the PI3K/Akt signal-

ing pathway; these effects were paralleled by inhibition of cell proliferation and

increased apoptosis of human NSCLC cells, and were reversed by anti-miR-192-5p

mimics.

The miR-186* exerts an oncogenic role in human lung cancer cells by down-

regulating proapoptotic genes. Tang et al. (2010) and Zhang et al. (2010a, b)

investigated the effect of curcumin on the expression of miR-186* in A549/DDP

human lung cancer cells. Microarray analysis and qRT-PCR revealed that curcumin

could induce apoptosis by down-regulating miR-186* expression in A549/DDP

Curcumin as a MicroRNA Regulator in Cancer: A Review 23



cells. The target of miR-186* was predicted using the Miranda database and was

confirmed by using dual-luciferase reporter assays and western-blot analysis.

Caspase-10, as a target of miR-186*, was significantly increased in curcumin-

treated lung cancer cells. Caspase-10 is believed to be an initiator caspase in

death receptor signaling that is crucial for apoptotic signaling. These results dem-

onstrate that curcumin induces A549 cell apoptosis through the miR-186* pathway

in a dose- and time-dependent manner. In conclusion, curcumin can suppress A549

cell proliferation and induce apoptosis by increasing caspase-10 through down-

regulation of miRNA-186* expression (Tang et al. 2010; Zhang et al. 2010a, b).

The miR-874 is a tumor-suppressive miR which has been shown to target matrix

metalloprotease-2 (MMP-2) in NSCLC cell lines. Ahmad et al. (2015) found that

CDF could inhibit MMP-2 expression and activity in A549 and H1299 NSCLC

cells much more effectively than curcumin and resulted in up-regulation of

miR-874, validating molecular modeling results. Additionally, CDF was found to

be much more effective in down-regulating MMP-2 secretion, relative to curcumin,

at all the time periods and in both A549 and H1299 cell lines (Ahmad et al. 2015).

In summary, the anti-apoptotic and anti-proliferative effect of curcumin in lung

cancer cells is related to modulation of PTEN, Caspase-10, and MMP-2 gene

expression. It has been shown that curcumin exerted its effects by modulating the

expression of miR-21, miR-192-5p, miR-215, miR-186, miR-186*, and miR-874.

6.4 Breast Cancer

Curcumin has significant effects on the expression of miR-15a, miR-16, miR-19,

miR181b, and miR-34a in breast cancer cells (Tables 2 and 3). Both miR-15a and

miR-16 may inhibit the expression of anti-apoptotic Bcl-2, thereby inducing apo-

ptosis. Bcl-2 is a key factor in inhibiting apoptosis in eukaryotic cells. Yang

et al. investigated the expression of miR-15a and miR-16 in curcumin-treated

MCF-7 human breast cancer cells. Curcumin reduced the expression of Bcl-2 by

up-regulating the expression of miR-15a and miR-16 in MCF-7 cells. Different

concentrations of curcumin (10–60 μM) had a dose-dependent cytotoxic effect on

MCF-7 cells as revealed by the annexin V/propidium iodide staining assay. Treat-

ment with 30–60 μM curcumin for 24 h induced significant cell apoptosis compared

with controls. The results of this study indicate that miR-15a and miR-16 can most

likely serve as potential gene therapy targets for Bcl-2-overexpressing tumors

(Yang et al. 2010).

In the miR-17-92 cluster, miR-19 has been identified as a key oncomiR that

exerts oncogenic function by targeting several critical tumor suppressor genes such

as PTEN. Li et al. studied the effect of curcumin on the expression of miR-19a and

miR-19b in bisphenol A (BPA)-induced MCF-7 cells. BPA, a known endocrine

disrupter, is closely related to the development of breast cancer. As demonstrated

by qRT-PCR, curcumin decreased the gene expression of oncogenic miR-19a and

miR-19b in BPA-induced MCF-7 cells. Using western blotting, PTEN, p-AKT, and
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p53 were confirmed as targets of miR-19a and miR-19b based on expression

patterns. Curcumin was able to increase the expression of miR-19-related down-

stream proteins, including PTEN, p-AKT, p-MDM2, p53, and proliferating cell

nuclear antigen (PCNA). By modulating the miR-19/PTEN/AKT/p53 axis,

curcumin inhibited the proliferative effects of BPA on MCF-7 cells (Li et al. 2014).

miR-181b induces apoptosis and necrosis in breast cancer cells by targeting the

chemokine (C-X-C motif) ligand 1 (CXCL1) and 2. Apoptosis/necrosis assays

revealed that miR181b over-expression led to enhanced apoptosis, as well as

necrosis. miR-181b down-regulates CXCL1 and -2 through direct binding to their

3-UTR. As studied by Kronski et al. (2014) microarray miR expression analyses

and qRT-PCR showed that curcumin induces miR-181b expression in metastatic

breast cancer MDA-MB 231 cells. The curcumin-induced up-regulation of

miR181b led to reduced expression of the prometastatic cytokines CXCL1 and

-2, thus, repressing the potential for metastasis. Therefore, the inhibitory effect of

curcumin on the expression of CXCL1 and 2 would suggest that it has great

potential in anti-metastatic treatment of cancer (Kronski et al. 2014).

miR-34a has been described as a miRNAwith anti-tumorigenic properties. Bcl-2

and Bmi-1 play important roles in tumorigenesis and have been shown to be

regulated by miR-34a. Guo et al. (2013) reported that curcumin decreases the

expression of Bcl-2 and Bmi-1 by up-regulating miR-34a in MDA-MB-231 and

MDA-MB-435 cells. As determined by qRT-PCR, miR-34a is normally expressed

at low levels, however, treatment of both cell lines with curcumin (30 and 35 μM)

significantly increased the expression of miR-34a. Bcl-2 and Bmi-1 were analyzed

by western blot, and it would appear based on previous studies that curcumin

inhibits cell proliferation and invasion, and induces cell cycle arrest and apoptosis,

by inhibiting the expression of SIRT1, Bcl-2, and Fra-1. Curcumin inhibits breast

cancer cell growth and invasion by regulating of miR-34a (Guo et al. 2013).

The tumor suppressor p16(INK4A) protein inhibits the pro-carcinogenic effects

of breast stromal fibroblast by repressing IL-6 expression and secretion. This effect

is mediated by miR-146b-5p, that inhibits IL-6 expression through a specific

sequence at the IL-6 30UTR. Treatment of active breast stromal fibroblasts with

curcumin increased the level of p16(INK4A) and miR-146b-5p and suppressed IL-6

(Al-Ansari and Aboussekhra 2015).

To summarize, curcumin demonstrated an inhibitory effect on breast cancer

proliferation and metastasis by inducing cell cycle arrest and apoptosis by modu-

lating the expression of Bcl-2, Bmi-1, CXCL1 and -2, PTEN, p-AKT, p-MDM2,

p53, p16(INK4A) and PCNA-related pathways (Table 4). The modified expression

of miR-15a, miR-16, miR-19, miR181b, miR-34a and miR-146b-5p would seem to

account for these curcumin-induced pathway modulations in breast cancer.
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6.5 Prostate Cancer

miR-21, miR-205, miR-141, miR -183, miR-152, and miR-208 have been shown to

exert an important role in curcumin-treated prostate cancer cells (Tables 2 and 3).

miR-205 is down-regulated in prostate cancer and exerts tumor-suppressive func-

tions, but miR-21 in this cancer seems to be associated with oncogenic effects.

Yallapu et al. (2014) investigated the gene expression of miR-21 and miR-205 in

prostate cancer cells C4-2, DU-145, and PC-3 that were treated with PLGA-CUR

NPs, which are a novel formulation of poly(lactic-coglycolic acid)-curcumin

nanoparticles. As determined by qRT-PCR, significant down-regulation of onco-

genic miR-21 and up-regulation of miR-205 was observed when prostate cancer

cells were treated with PLGA-CUR NPs (4 and 6 μM). PLGA-CUR NPs caused a

ninefold reduction in the expression of miR-21 and a tenfold increase in miR-205

levels. PLGA-CUR NPs were capable of modifying both in vitro and in vivo

prostate cancer cell growth, as well as molecular pathways involved in apoptosis,

oncogenic signaling pathways, and the tumor microenvironment (Yallapu

et al. 2014). Some properties of curcumin such as a low bioavailability, rapid

metabolism, and dose-limiting toxicities resulted in structural analogs of curcumin

being designed. EF24 (diphenyl difluoroketone), a curcumin analogue, can improve

the therapeutic effects of curcumin by increasing potency, decreasing side-effects,

and increasing the bioavailability (Adams et al. 2004; Reid et al. 2014). Yang

et al. (2013) evaluated the effect of EF24 (5 μM) on the gene expression of miR-21

in DU145 prostate tumor tissue. As revealed by qRT-PCR, EF24 was able to

suppress the expression of miR-21 in prostate cancer cells both in vitro and

in vivo. The targets of miR-21 in prostate cancer cells have been experimentally

validated by qRT-PCR and immunoblotting. EF24 increased the expression of the

miR-21 target genes, PTEN, and PDCD4 in DU145 tumor tissue, and suppressed

the expression of markers of proliferating cells (cyclin D1 and Ki67). Expression

profiling of miRs regulated by EF24 in vitro and in vivo showed that the anti-tumor

activity of EF24 reflected the enhanced expression of potential tumor suppressor

miRs, as well as the suppressed expression of oncomiRs, including miR-21. In

conclusion, EF24 may induce apoptosis and inhibit cell growth in prostate cancer

cells by suppression of miR-21 and, as a consequence, the up-regulation of PTEN

and PDCD4 (Yang et al. 2013).

The bioinformatics analyses highlighted three miRs, which included miR-141,

-183, and -152 that may be regulated by curcumin in prostate cancer cells. miR-141

is an androgen-regulated circulating miR that is involved in the progression of

prostate cancer through its regulation (inhibition) of apoptosis. miR-141 is

up-regulated in cancer primarily through the effects of zinc finger transcription

factor Trps1, which is involved in oxidative stress and in DU145 cell death by

apoptosis. miR-183 was reported to be up-regulated in prostate cancer and Dkk-3/

SMAD4 were identified as potential target genes of miR-183 (Ueno et al. 2013).

Two-dimensional gel electrophoresis (2D-DIGE) has identified miR-152 to be a

tumor-suppressive miR due to its regulatory effects on DNMT1.
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Recently, Guo et al. (2015) found that curcumin (from 0.2 to 0.8 μmol/L) dose-

dependently inhibited the proliferation of prostate cancer cells, increased the cell

cycle suppressor CDKN1A at protein level but not mRNA levels, and inhibited

miR-208. These data suggest that curcumin inhibits growth of prostate cancer cells

via miR-208-mediated CDKN1A activation (Guo et al. 2015).

Finally, proteins modulated by curcumin are implicated in protein folding (such

as heat-shock protein PPP2R1A; RNA splicing proteins RBM17, DDX39; cell

death proteins HMGB1 and NPM1; proteins involved in androgen receptor signal-

ing, NPM1 and FKBP4 FKBP52), and curcumin could have an effect on miR-141,

miR-152, and miR-183 expression (Table 4) (Teiten et al. 2012).

6.6 Melanoma

miR-21, miR-33b, mmu-miR-205-5p have roles in curcumin-mediated treatment of

melanoma cells (Tables 2 and 3). miR-21 targets in melanoma cells are PTEN,

PDCD4, and Bcl-2, which are involved in cell cycle regulation and apoptotic

pathways. Yang et al. (2013) studied the effect of EF24 on miR-21 expression in

a B16 melanoma cell line treated with EF24 (5 μM) for 24 h. qRT-PCR analysis

demonstrated the expression level of miR-21 in EF24 treated cells was down-

regulated by more than 70%. Down-regulation of miR-21 in EF24-treated mela-

noma cells led to a significant increase in the expression of PTEN and PDCD4, but

had no effect on Bcl-2. Thus, EF24 can suppress the growth of melanoma cells

through cell cycle arrest by inhibiting the expression of miR-21, which results in

up-regulation of tumor suppressor genes (Yang et al. 2013).

The miR-33b target is the high mobility group AT-hook 2 (HMGA2), a key

mediator of tumor-EMT. Zhang et al. (2015) investigated the effect of EF24 on the

expression of miR-33b, miR-200a, Let-7, miR-98, miR-145, and miR-26a in the

melanoma cell lines Lu1205 and A375. As determined by qRT-PCR, EF24 treat-

ment conferred a 10.5- and 6.6-fold increase in miR-33b expression in Lu1205 and

A375 cells, respectively. Furthermore, EF24 treatment up-regulated Let-7 by 2.9-

fold in Lu1205 cells, while it did not result in a significant change in Let-7

expression in A375 cells. Importantly, all other miRNA levels were insensitive to

EF24 treatment. The miR-33b target was predicted by three major prediction

software programs; namely, TargetScan, PicTar, and miRandam, and experimen-

tally validated by a dual-luciferase assay and western-blot analysis. In summary,

EF24 limits melanoma metastasis and EMT by mediating the suppression of

miR-33b-dependent HMGA2 (Zhang et al. 2015).

mmu-miR-205-5p targets in melanoma are anti-apoptotic Bcl-2 and PCNA

proteins. Dahmke et al. (2013) evaluated the effect of dietary curcumin (consisting

of 77% curcumin, 17% demethoxycurcumin, and 3% bis-demethoxycurcumin)

consumption (160 mg/day) on the miRNA expression signature of a mouse mela-

noma model, and of murine B78H1 cells, human SK-MEL-28, and MeWo cells

(treated with 20 μM curcumin): in vivo and in vitro results were similar.
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A microarray analysis revealed 147 miRNAs were markedly regulated following

the administration of curcumin. The twenty most up-regulated and down-regulated

miRNAs were identified. Among these miRNAs, the expression level of miRNAs

that previously showed anticancer properties, including mmu-miR-205-5p,

mmu-miR-205-3p, mmu-miR-142-5p, and mmu-miR-130b-3p, were confirmed

by qRT-PCR. The most up-regulated miRNA, mmu-mir-205-5p, was expressed

135-fold greater in curcumin-treated samples. Also, mmu-miR-205-3p and

mmu-miR-142-5p were up-regulated, but mmu-miR-130b-3p was down-regulated

in murine B78H1 and human SK-MEL-28 cells. MeWo cells, derived from mela-

noma lymph node metastases, did not show an effective regulation of these

miRNAs. The miRNA targets were predicted by the online analysis-tool called

GeneTrail, and were experimentally validated by western-blot analysis. Bcl-2 and

PCNA, which participate in cancer-related pathways including apoptosis and pro-

liferation, were identified as targets of mmu-miR-205-5p. The expression of Bcl-2

and PCNA were significantly down-regulated by curcumin treatment. Finally,

curcumin inhibited melanoma by modulating both proliferation and apoptosis

pathways (Dahmke et al. 2013). In summary, curcumin and EF24 may inhibit

melanoma growth and metastasis by inducing cell cycle arrest and apoptosis by

modulating the expression of PCNA, PDCD4, PTEN, and Bcl-2-related pathways.

The modified expression of miR-21, miR-33b, and mmu-miR-205-5p may possibly

account for these curcumin-induced pathway modulations in melanoma cells

(Table 4).

6.7 Other Types of Cancers

miR-31 has been found to be up-regulated in oral squamous-cell carcinoma (OSCC)

and to act as an oncogenic miRNA. There is up-regulation of miR-31, miR-181b,

and miR-222 in OSCC cells following EGF treatment. Up-regulation of miR-31

induced by EGF was abrogated by either AKT inhibition, or by the knockdown of

C/EBPb expression. Lu et al. investigated the effect of curcumin (6, 12, and 24 μM)

on miR-31 expression in three different OSCC cell lines: SAS, OECM-1, and

HSC-3. The miR-31 expression was found to be down-regulated in a dose-

dependent manner in SAS cells. As revealed by western-blot analysis, curcumin

attenuated AKT activation and down-regulated C/EBPb in response to miR-31

inhibition (Lu et al. 2014). In another study, Xiao et al. evaluated the effects of

curcumin on the expression of miR-9 in OSCC cells and explored the potential

relationships between miR-9 and the Wnt/β-catenin pathway in curcumin-mediated

OSCC inhibition in vitro. qRT-PCR analysis suggested that curcumin treatment

(20, 40, and 60 μM) caused a significant elevation in the expression of miR-9 in

SCC-9 cells in a dose-dependent manner. In conclusion, curcumin inhibited SCC-9

cell proliferation by up-regulating miR-9 expression and suppressing

Wnt/β-catenin signaling. These effects were thought to result from the increase in
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the expression levels of GSK-3b, phosphorylated GSK-3b, and β-catenin, and by a

decrease in the cyclin D1 level (Xiao et al. 2014).

miR-203 is the only miR that has been studied in relation to curcumin’s effects in
bladder cancer. miR-203 is tumor suppressive, and DNA hypermethylation of its

promoter has been shown to be down-regulated in bladder cancer. Its targets in

bladder cancer are Akt2 and Src oncogenes, which have important roles in prolif-

eration and apoptosis pathways. Saini et al. (2011) examined the effect of curcumin

on miR-203 expression in bladder cancer cell lines (T24, J82, and TCCSUP) treated

with 10 μM curcumin. As determined by qRT-PCR, curcumin up-regulated the

expression level of miR-203 nearly twofold in bladder cancer cells. miRANDA and

TargetScan softwares were used to predict miR-203 targets. The targets were

experimentally validated by western-blot analysis. Result showed that increased

miR-203 expression led to down-regulation of its target oncogenes, Akt2 and Src,

which resulted in inhibition of proliferation and induction of apoptosis in bladder

cancer cells. In summary, curcumin directly induces hypomethylation of the

miR-203 promoter, and subsequently, suppresses cellular proliferation, migration,

and invasion of bladder cancer (Saini et al. 2011).

miR-22 is down-regulated in the human retinoblastoma (RB) tumor. Its target in

human RB cells is the erythroblastic leukemia viral oncogene homolog 3 (Erbb3)

that is involved in diverse biological responses, including proliferation, differenti-

ation, cell motility, and survival. Sreenivasan et al. evaluated the effect of curcumin

on the expression profile of miRNAs in the Y79 RB cell line. miRNA microarray

analysis of curcumin-treated Y79 RB cells showed significant up-regulation of four

tumor suppressor miRNAs (let-7 g*, miR-22, 503, and 200c) and significant down-

regulation of eight oncomiRs (miR-135b, 210, 25*, 95, 514, 106b*, 34c-3p, and

92a-1*). The altered miRNA expression after curcumin treatment was confirmed by

qRT-PCR. The targets of the miRNAs were predicted using miRBase, TargetScan,

and the PicTar database algorithms, and subsequently validated by western-blot

analysis. Results showed that the expression of the miR-22 target, Erbb3, was

reduced as a function of miR-22 over-expression in curcumin-treated Y79 RB

cells. In short, curcumin most likely inhibited cell proliferation, as well as dimin-

ished migration, through up-regulation of tumor-suppressive miRNAs; specifically,

miR-22, and thereby caused inhibition of Erbb3 (Sreenivasan et al. 2012).

It has been reported that miR-9 inhibits ovarian cancer cell proliferation, migra-

tion, and invasion through suppression of the talin1/FAK/Akt pathway. Zhao

et al. (2014) investigated the effect of curcumin (10–60 μM) on miR-9 expression

in SKOV3 ovarian cancer cells. qRT-PCR analysis revealed that curcumin treat-

ment caused a significant increase in the expression of miR-9 in SKOV3 cells. Flow

cytometric analysis demonstrated that exposure to 60 μM curcumin for 72 h

resulted in a significant increase in the percentage of apoptosis as a consequence

of miR-9 up-regulation (Zhao et al. 2014).

In stem cells, miR-145 induces differentiation by suppressing the promoter of

OCT4 and SOX-2. Additionally, miR-145 directly targets OCT4 and SOX-2

30-UTR. Down-regulation of miR-145 in a wide range of tumors suggests that

this miRNA acts as a tumor suppressor. Mirgani et al. (2014) studied the effect of
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dendrosomal curcumin (DNC) on miR-145 expression in U87MG glioblastoma

cells. DNC was prepared as 142 nm spherical structures with consistent physical

and chemical stability. As demonstrated by qRT-PCR, miR-145 expression was

significantly increased in U87MG cells treated with DNC (17.5 mM). DNC

decreased the expression of OCT4A, OCT4B1, and SOX-2 in a miR-145-dependent

manner. Transcription factors, OCT4 (octamer binding protein 4), SOX-2 (SRY

[sex determining region Y]-box 2), and Nanog play crucial roles in the maintenance

of stemness in both embryonic and somatic stem cells (Mirgani et al. 2014).

In nasopharyngeal carcinoma (NPC), miR-125a-5p targets the expression of

tumor protein 53 (TP53). Gao et al. (2014) studied hsa-miR-125a-5p, hsa-miR-

574-3p, and hsa-miR-210 expression in the HONE1 NPC cell line treated with

curcumin. Curcumin treatment down-regulated the expression of hsa-miR-125a-5p,

hsa-miR-574-3p, and hsa-miR-210 as determined by miR microarray analysis and

qRT-PCR. Expression of hsa-miR-125a-5p has been shown to enhance prolifera-

tion, migration, and invasion of HONE1 cells. Curcumin caused inhibitory effects

on HONE1 cells by inhibiting the expression of hsa-miR-125a-5p, and subse-

quently, enhancing the expression of TP53. Curcumin may provide a novel strategy

to block hsa-miR-125a-5p for miR-based gene therapies in NPC (Gao et al. 2014).

In another study, Gao et al. (2012) found that miR-15a/16-1 mediates the down-

regulation of Wilm’s tumor 1 gene (WT1), which plays an important role in the

anti-proliferative effect of curcumin in leukemic cells (Gao et al. 2012). Pure

curcumin up-regulated the expression of miR-15a/16-1 and down-regulated the

expression of WT1 in leukemic cells and primary acute myeloid leukemia (AML)

cells. The mRNA and protein levels of WT1 were detected by qRT-PCR and

western blotting, respectively, after K562 and HL-60 cells were treated with pure

curcumin.

Recently, Taverna et al. (2015) found that addition of curcumin to chronic ML

cells caused a dose-dependent increase of PTEN, target of miR-21, and also down-

regulated Bcr-Abl expression through the cellular increase of miR-196b. In vivo,

curcumin-mediated selective packaging of miR-21 in exosomes is associated with

an antileukemic effect in chronic ML.

miR-21 is up-regulated in esophageal cancer. Another important miR is miR-34,

which has been found to participate in the regulation of p53 and Notch pathways

consistent with tumor suppressor activity. Notch signaling and its regulations are

critically important at the level of post-transcriptional and/or translational regula-

tion of genes by miRNAs in esophagus. Subramaniam et al. (2012) showed

curcumin treatment down-regulated the expression of Notch-1 specific

microRNAs, miR-21, and miR-34a, and up-regulated tumor suppressor let-7a

miRNA in esophageal cancer cell lines TE-7, TE-10, and Eso-1, as determined

by qRT-PCR. Curcumin treatment resulted in a dose- and time-dependent inhibi-

tion of proliferation and colony formation in esophageal cancer cell lines.

Curcumin significantly suppressed the proliferation of esophageal cancer cell

lines together with modulation of the above-mentioned miRNAs and their targets

(Subramaniam et al. 2012).
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Finally, MEG3 is a tumor suppressor long noncoding RNA, whose methylation

in its promoter region elicits the decrease in its expression in hepatocellular cancer

(HCC) cells. Zamani et al. (2015) found that DNC dependent over-expression of

miR-29a and miR-185 can down-regulate the expression of DNMT1 and subse-

quently over-expresses MEG3. Also, the expression levels of miR-200a/b might

determine the therapeutic efficacy of curcumin in HCC cells (Liang et al. 2013).

7 Concluding Remarks

Curcumin and its analogues, CDF, EF24, as well as nanoparticle formulations

incorporating these agents, can exert anticancer effects by modulating the expres-

sion of oncomiRs and tumor-suppressive miRNAs in different cancer cells both

in vitro and in vivo (Tables 2 and 3). Among various cancers, colon and pancreatic

cancers have been the most extensively studied ones. Curcumin suppresses the

progression and metastasis of chemo-resistant colon cancer cells through down-

regulation of oncomiRs, including miR-27a, miR-20a, and miR-17-5p and

up-regulation of EMT-suppressive miRNAs including miR-200b/c, miR-34a,

miR-141, miR-429, and miR-101 (Fig. 2). Interestingly, CDF can demethylate

the promoter of the miR-34 family that causes re-expression of these miRNAs in

colon cancer cells. Additionally, down-regulation of miR-21 expression mediated

by curcumin and/or CDF induces tumor suppression, and inhibition of migration,

invasion, and metastasis of colon cancer cells. Curcumin and/or liposomal

curcumin down-regulates miR-199a* expression and up-regulates miR-22 expres-

sion, which subsequently leads to inhibited cell growth and induces pancreatic

cancer cells to undergo apoptosis. Also, in pancreatic CSCs, CDF up-regulates the

expression of miR-143 and a panel of tumor-suppressive microRNAs (let-7 family,

miR-26a, miR-101, miR-146a, and miR-200b) that targets CSC marker genes.

Finally, curcumin suppressed cell proliferation, induced cell apoptosis, and

inhibited cell migration in pancreatic cancer cells due, in part, to up-regulation of

miR-7. In summary, among oncomiRs that are modulated by exposure to curcumin,

miR-21 seems to be targeted in a variety of cancer cells. However, some oncomiRs,

including miR-17-5p, miR-20a, and miR-27a, were specifically down-regulated in

colon cancer cells. Additionally, tumor-suppressive miRNAs, including miR-34 a/c

and EMT-suppressive miRNAs, were specifically up-regulated in colon cancer.

With regard to previous studies, it is suggested that the suppression of miR-21,

miR-17-5p, miR-20a, and miR-27a and the over-expression of miR-34a/c and

EMT-suppressive miRNAs, might offer a promising strategy forward in terms of

inhibiting tumor progression.
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Functional Impact of Ryanodine Receptor
Oxidation on Intracellular Calcium
Regulation in the Heart
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Abstract Type 2 ryanodine receptor (RyR2) serves as the major intracellular Ca2+

release channel that drives heart contraction. RyR2 is activated by cytosolic Ca2+

via the process of Ca2+-induced Ca2+ release (CICR). To ensure stability of Ca2+

dynamics, the self-reinforcing CICR must be tightly controlled. Defects in this

control cause sarcoplasmic reticulum (SR) Ca2+ mishandling, which manifests in a

variety of cardiac pathologies that include myocardial infarction and heart failure.

These pathologies are also associated with oxidative stress. Given that RyR2

contains a large number of cysteine residues, it is no surprise that RyR2 plays a

key role in the cellular response to oxidative stress. RyR’s many cysteine residues

pose an experimental limitation in defining a specific target or mechanism of action

for oxidative stress. As a result, the current understanding of redox-mediated RyR2

dysfunction remains incomplete. Several oxidative modifications, including

S-glutathionylation and S-nitrosylation, have been suggested playing an important

role in the regulation of RyR2 activity. Moreover, oxidative stress can increase

RyR2 activity by forming disulfide bonds between two neighboring subunits

(intersubunit cross-linking). Since intersubunit interactions within the RyR2

homotetramer complex dictate the channel gating, such posttranslational modifica-

tion of RyR2 would have a significant impact on RyR2 function and Ca2+ regula-

tion. This review summarizes recent findings on oxidative modifications of RyR2

and discusses contributions of these RyR2 modifications to SR Ca2+ mishandling

during cardiac pathologies.
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1 Excitation-Contraction Coupling and SR Ca2+ Cycling

Excitation-contraction coupling (ECC) is the cellular mechanism that connects the

electrical stimulus to the contraction of the heart. During the action potential (AP), a

small Ca2+ influx via L-type Ca2+ channels (LTCCs) causes a massive Ca2+ release

from the sarcoplasmic reticulum (SR). This global rise in cytosolic Ca2+ concen-

tration ([Ca2+]i) triggers cell contraction with the binding of Ca2+ to the myofila-

ment protein troponin C. This induces an allosteric change in the troponin-

tropomyosin complex, allowing for myosin heads to form a cross bridge interaction

with actin. Once this Ca2+-dependent interaction takes place, mechanical force is

generated with the hydrolysis of ATP by the actomyosin ATPase. These cycles will

persist as long as ATP and Ca2+ are present in sufficient concentration (Goldman

1987). Thus, Ca2+ transport systems involved in the movement of Ca2+ into and out

of the cytosolic milieu contribute directly to the activation and relaxation of the

myofilaments. In adult ventricular myocytes, Ca2+ released from the SR plays a

particularly important role in cell contraction. The cardiac SR is equipped with

Ca2+ handling machinery that is perfectly designed to regularly repeat the major

steps of the cardiac cycle: Ca2+ release and uptake (Zima et al. 2014). SR Ca2+

release predominantly occurs via the type 2 ryanodine receptors (RyR2), whereas

SR Ca2+ uptake is entirely mediated by the type 2a SR Ca-ATPase (SERCA)

(Bers 2001).
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1.1 Molecular Components of Ca2+ Cycling

Activated by Ca2+ influx via LTCCs, RyR2 mediates a massive Ca2+ release during

systole. This mechanism is known as Ca2+-induced Ca2+ release (CICR) (Fabiato

1983). In order for membrane excitation to simultaneously activate SR Ca2+ release

in ventricular myocytes, sarcolemmal invaginations called transverse tubules

(T-tubules) descend deep into the myocyte (Fig. 1). The SR forms a junction with

the T-tubule creating a specialized subcellular microdomain called the dyadic cleft

that allows for efficient activation of CICR (Soeller and Cannell 1999). Within the

dyadic cleft, RyR2s and LTCCs interact in a highly organized lattice forming the

Ca2+ release unit (CRU; Fig. 1) (Cheng and Lederer 2008). It has been estimated

that CRU comprises a cluster of ~100 RyRs (Franzini-Armstrong et al. 1999).

However, the exact value currently remains a debated issue. Other investigators

have estimated RyR2 cluster number to be smaller in size (Baddeley et al. 2009;

Hayashi et al. 2009). These RyR2 clusters align with LTCCs in the dyadic cleft via

junctophilins (Garbino et al. 2009). Activation of single CRU (spontaneously or by

LTCC Ca2+ current) produced a local increase of [Ca2+]i called Ca2+ spark (Cheng

et al. 1993). The global Ca2+ release is the result of the spatiotemporal activation of

thousands of individual CRU or Ca2+ sparks (Fig. 1). Thus, the amplitude of the

global Ca2+ transient during systole is the result of local subcellular recruitment of

CRUs (Stern 1992).

During diastole, there are two major Ca2+ transport systems that compete for

cytosolic Ca2+: SERCAa and the sarcolemmal Na+-Ca2+ exchanger (NCX). The

sarcolemmal Ca2+-ATPase and the mitochondrial Ca2+ uniporter compete as well,

but are considered to be minor components (Bassani et al. 1992). Immediately after

the global rise in cytosolic Ca2+, the majority of Ca2+ is sequestered back into the

SR by SERCA and to a lesser extent is extruded from the cell by NCX (Fig. 1). The

contribution of SERCA and NCX to decreasing [Ca2+]i during diastole is variable

among animal species. It has been estimated that NCX contributes only 7% to Ca2+

removal in small rodent myocardium (Bers 2001). Whereas in rabbit, dog, and

human myocardium, SERCA and NCX contribute approximately 70% and 30% to

cardiac relaxation, respectively. There are two major contributors to the Ca2+

transient in the heart: LTTC-mediated Ca2+ current and SR Ca2+ release. While

Ca2+ current contributes approximately 30% to the Ca2+ transient in the rabbit

ventricle, the majority of Ca2+ comes from SR Ca2+ release by RyR2 (Bers 2001).

At steady state, Ca2+ current and SR Ca2+ release must be balanced by Ca2+

extrusion and SR Ca2+ reuptake. Therefore, any changes in sarcolemmal Ca2+

current, SR Ca2+ release, SR Ca2+ uptake, or sarcolemmal Ca2+ extrusion can have

a profound effect on Ca2+-dependent inotropy (force) and lusitropy (relaxation)

(Eisner et al. 1998).
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1.2 Ryanodine Receptor Complex

Predominantly expressed in cardiac muscle, the type 2 RyR is a tetrameric channel

with a total molecular weight of approximately 564 kDa. RyR2 has a relatively low

selectivity given its permeability to many different divalent and monovalent
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Fig. 1 Intracellular Ca2+ regulation in adult ventricular myocytes. (a, top panel) a representative
confocal image of rabbit ventricular myocytes loaded with the voltage-sensitive fluorescent dye

Di-8-ANEPPS. Di-8-ANEPPS was used to label the T-tubular system. (a, bottom panel) the

diagram illustrates the main components of Ca2+ release unit (CRU) in ventricular myocytes. A

significant fraction of L-type Ca2+ channels (LTCC) is localized in the T-tubule (TT), whereas the

majority of ryanodine receptors (RyR2) is concentrated in the junctional SR. Ca2+-ATPase

(SERCA) pumps cytosolic Ca2+ back into the SR, and the Na+-Ca2+ exchanger (NCX) removes

Ca2+ from the cell. The plasmalemmal Ca2+-ATPase and mitochondria play a minor role in cardiac

relaxation. (b) Confocal images of diastolic Ca2+ spark (top) and an action potential-induced Ca2+

transient (bottom). Activation of a single CRU generates a Ca2+ spark, whereas simultaneous

activation of thousands of these individual release units generates a global Ca2+ transient
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cations. Furthermore, the channel has a very high conductance of approximately

100 pS for divalent cations (Fill and Copello 2002). Its characteristically low

selectivity for Ca2+ is suggested to be fundamental to its physiological role to

produce a fast and large Ca2+ release event. While Ca2+ needs to compete with

other cations for occupancy of the channel pore, it has been proposed that RyR2 has

surface or vestibule charges that may enhance the permeation of Ca2+ (Gillespie

2008; Mead-Savery et al. 2009). Although cytosolic Ca2+ is the central physiolog-

ical activator of RyR2, other free ions and small molecules can alter its activity

including caffeine, Mg2+, H+, and ATP (Eager and Dulhunty 1998; Masumiya

et al. 2001; Fill and Copello 2002). There are a number of proteins that interact

with RyR2 as well, each of which can modulate the channel’s activity (Fig. 2).

Proteins that interact on the cytosolic side of RyR2 include calmodulin (CaM),

FK-506-binding proteins (FKBP), sorcin, and Homer-1 (for reviews, see (Bers

2004; Meissner 2004; Marx et al. 2000)). The two known kinases that are

scaffolded on RyR2, protein kinase A (PKA), and calcium-/calmodulin-dependent

kinase (CaMKII) have been shown to phosphorylate RyR2 at Ser-2809 and

Ser-2815, respectively (Marx et al. 2000; Wehrens et al. 2004). Also, there are

two known protein phosphatases that play a role in regulating RyR2 phosphoryla-

tion, including PP1 and PP2A. Spanning the SR membrane, but also associated with

RyR2, are the auxiliary proteins junctin and triadin. Their function is thought to be

important for RyR’s ability to sense luminal Ca2+ ([Ca2+]SR) via interactions with

the SR Ca2+-binding protein calsequestrin (CASQ). All of the aforementioned
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Fig. 2 Regulation of cardiac ryanodine receptor. On the cytosolic side, RyR2 interacts with

calmodulin (CaM), FK-506-binding proteins (FKBP), homer, sorcin, two major protein kinases

(PKA and CaMKII), and two phosphatases (PP1 and PP2A). Luminal Ca2+ regulates RyR2 activity

by directly binding to the luminal side of the channel (a). Moreover, triadin and junction form the

luminal Ca2+ sensor via interactions with the SR Ca2+-buffering protein calsequestrin (CASQ; b).
Luminal Ca2+ can also indirectly regulate RyR2 by acting on the cytosolic Ca2+ activation site of

neighboring channels by a “feed-through” mechanism (c)

Functional Impact of Ryanodine Receptor Oxidation on Intracellular Calcium. . . 43



proteins that make up the RyR2 complex are necessary for proper function of RyR2

channel activity.

1.3 Ca2+-Induced Ca2+ Release

Unlike ECC in skeletal muscle, local Ca2+ entry from LTCC is an absolute

requirement for SR Ca2+ release in cardiac muscle. Fabiato and Fabiato were the

first to characterize cardiac CICR (Fabiato and Fabiato 1975). They showed that SR

Ca2+ release by CICR was graded, having a dependence on both time and trigger.

Moreover, it was shown that the introduction of high [Ca2+] immediately after the

Ca2+ pulse trigger would cause a decrease in SR Ca2+ release. It was concluded that

this characteristic was due to a Ca2+-dependent inactivation site on the cytosolic

side of RyR2 (Fabiato 1985). While the activation characteristics of RyR2 have

since been confirmed, inactivation of RyR2 or termination of CICR still remains

controversial (Stern and Cheng 2004). A more recent study was unable to show that

high [Ca2+]i promotes inactivation of CICR (Nabauer and Morad 1990; Stevens

et al. 2009). Their results suggest the existence of other CICR termination mech-

anisms. In vitro and in vivo studies have shown that RyR2 channel activity and

CICR termination are indeed dependent on [Ca2+]SR (Sitsapesan and Williams

1994; Terentyev et al. 2002; Gyorke et al. 2004; Qin et al. 2008). Furthermore, it

has been demonstrated that SR Ca2+ release terminates at a critical level of [Ca2+]SR,

which is dependent on RyR2 channel gating (Zima et al. 2008). For example, RyR2

sensitization to cytosolic Ca2+ by the presence of caffeine results in a lower SR

termination level, increased SR Ca2+ fractional release, and increased cytosolic Ca2+

transient (Domeier et al. 2009). These characteristics of increased RyR2 activity are

suggested to have pathological significance in the event of arrhythmogenic sponta-

neous Ca2+ waves and promoting abnormally low SR Ca2+ content as seen in the

failing heart (Zima et al. 2014).

1.4 Luminal Ca2+ and Inter-RyR2 Regulation of CICR

While Fabiato was the first to suggest an inactivation mechanism for RyR2 ([Ca2+]i-

dependent), a number of other mechanisms have since been proposed that implicate

luminal Ca2+ regulation ([Ca2+]SR-dependent) of RyR2 in the termination of CICR.

Without changes in RyR2 channel activity, SR Ca2+ release terminates at a critical

level that remains constant on a beat-to-beat basis (Domeier et al. 2009). Moreover,

the termination level observed from a single RyR cluster (during Ca2+ spark events)

also remains constant (Zima et al. 2008). This intrinsic property of RyR2 implies

that there is the potential for a Ca2+ sensor to exist on the luminal side of the channel

(Fig. 2a). While few argue the existence of a luminal Ca2+ binding site on RyR2 that

acts as the primary [Ca2+]SR sensor (Chen et al. 2014), multiple studies claim that
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the luminal Ca2+ sensing mechanism is solely regulated by a complex made up of

junctin, triadin, and calsequestrin (Gyorke et al. 2004; Qin et al. 2008) (Fig. 2b).

Furthermore, evidence linking the naturally occurring mutations in calsequestrin

and triadin to catecholaminergic polymorphic ventricular tachycardia (CPTV)

provide further support for the latter mechanism (Liu et al. 2006; Roux-Buisson

et al. 2012).

While the dependence of SR Ca2+ release on SR Ca2+ load is widely accepted as

fact, the theory that RyR2 activity is solely regulated by a luminal Ca2+ mechanism

remains highly debatable. Other mechanisms have been proposed that explain

termination of SR Ca2+ release as a RyR2 current-dependent process (Guo

et al. 2012; Cannell et al. 2013; Bovo et al. 2015b). Recently proposed mechanism

called induction decay (Cannell et al. 2013) or pernicious attrition (Guo et al. 2012)

explains the local CICR dependence on SR Ca2+ load by the magnitude of the trans-

SR Ca2+ driving force. This simply means that as RyR2 Ca2+ current increases with

increasing SR Ca2+ load, inter-RyR2 CICR within a cluster will facilitate Ca2+

release (Fig. 2c). Intuitively, as SR Ca2+ load falls, local Ca2+ release will fail to

sustain inter-RyR2 CICR leading to the termination of SR Ca2+ release. While

RyR2 gating is stochastic in nature, the decreased local [Ca2+]i will no longer be

sufficient to activate channels that have spontaneously closed. Therefore, any

modifications that promote the open conformation of RyR2 or enhance the chan-

nel’s sensitivity to [Ca2+]i would likely hinder this termination process and, there-

fore, allow for a greater amount of SR Ca2+ release (Domeier et al. 2009; Bovo

et al. 2015b).

1.5 SR Ca2+ Leak

The RyR2, being the main Ca2+ release channel in the SR, is responsible for

triggered Ca2+ release during systole as well as non-triggered Ca2+ release during

diastole. Non-triggered Ca2+ release events are referred to as SR Ca2+ leak. Ca2+

leak mediated by RyR2 can occur as spontaneous Ca2+ sparks as well as non-spark-

mediated Ca2+ leak (Zima et al. 2010). Ca2+ sparks are observed as spatially

restricted rises in [Ca2+]i that predominantly occur at junctional SR, which lie

adjacent to the z-lines of sarcomeres. Cheng and colleagues were the first to

visualize Ca2+ sparks in 1993 (Cheng et al. 1993). Soon after, a growing body of

work described the average Ca2+ spark to increase local [Ca2+]i by approximately

300–500 nM and have a spatial width of about 2 μm (Lopez-Lopez et al. 1994;

Cannell et al. 1995; Satoh et al. 1997). While Ca2+ sparks occur at a very low

frequency in a healthy myocyte, a significantly increased Ca2+ sparks propensity

during diastole observed during sympathetic stimulation with β-adrenergic receptor
(β-AR) agonists (Bovo et al. 2012; Santiago et al. 2013) or in failing heart

(Kubalova et al. 2005; Domeier et al. 2009). As the frequency of Ca2+ sparks

during diastole increases over time, Ca2+ sparks can summate, causing local [Ca2+]i
to rise to a level at which neighboring clusters become activated. Consequently, the
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subsequent activation of several RyR2 clusters within a small region can propagate

an asynchronous global SR Ca2+ release event known as a spontaneous Ca2+ wave.

Ca2+ waves are a form of SR Ca2+ leak that is sufficient to induce spontaneous APs

and is therefore considered an important trigger for cardiac arrhythmias

(Schlotthauer and Bers 2000; Xie and Weiss 2009; Shiferaw et al. 2012). Although

the majority of SR Ca2+ leak arises via RyR2 clusters that are responsible for the

spark generation, sparks are very rare events during rest in healthy ventricular

myocytes (Bovo et al. 2014). The absence of Ca2+ sparks can be explained if SR

Ca2+ leak is mainly composed of unsynchronized openings of individual RyRs in a

release cluster (non-spark-mediated Ca2+ leak) (Zima et al. 2010; Santiago

et al. 2010).

2 SR Ca2+ Cycling in Heart Disease

In the healthy myocardium, SR Ca2+ handling is robust and dynamic in nature,

allowing the molecular machinery of the sarcomere to respond in an appropriate

fashion. In fact, the intrinsic ability of the myocardium to modify amplitude and

duration of each Ca2+ transient is fundamental property of the heart so that it can

match cardiac output with the demand of the body (Lakatta 2004). In both ischemic

and non-ischemic etiologies of heart disease, the heart undergoes a large number of

changes that contribute to the disease phenotype as well as to the progression into

heart failure (HF). In these pathophysiological states, both the contractile function

and the electrical properties of the myocardium become dysfunctional. Abnormal

Ca2+ handling is considered to be a major downstream effect that ultimately pro-

motes the cardiac disease phenotypes. The inability of the failing heart to maintain

an adequate SR Ca2+ load is an important contributor to the hearts’ lack of capacity
to meet cardiac demand (Houser et al. 2000; Bers 2001; Zima et al. 2014). Another

consequence of impaired SR Ca2+ handling is the increased risk for cardiac

arrhythmias. For instance, the abrupt increase in [Ca2+]i as a result of stress (e.g.,

β-AR activation) can cause the formation of pro-arrhythmic Ca2+ waves (Bers

2001; Janse 2004; Pogwizd and Bers 2004; Eisner et al. 2009).

2.1 Ischemia/Reperfusion

In the event that a coronary artery becomes obstructed as a result of atherosclerotic

plaques, the downstream blood flow slows or completely ceases, creating a hypoxic

environment for the non-perfused myocardium. In the ischemic environment,

metabolites build up within the interstitium and intracellularly due to the energy

consumption of the working myocardium and the lack of blood perfusion. Com-

monly associated with ischemia/reperfusion (I/R) injury are complex cellular

metabolic changes including a decrease in [ATP] and a subsequent increase in
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free [Mg2+], [ADP], and inorganic phosphate ([Pi]) as well as a drop in intracellular

pH (Opie and Clusin 1990; Opie 1993). Furthermore, increased reactive oxygen

species (ROS) generation is prominent as a result of I/R injury (Misra et al. 2009).

All the aforementioned factors are known to modulate the activity of the proteins

required for intracellular Ca2+ cycling, particularly RyR2. Consequently, the

enhanced RyR2-mediated Ca2+ leak results in the occurrence of pro-arrhythmic

Ca2+ waves (Belevych et al. 2009, 2012). As a result, a major complication

associated with reperfusing blood to the ischemic region is the increased risk of

arrhythmogenesis (Yavuz 2008). These bouts of arrhythmias have the potential of

initiating reentrant tachyarrhythmias, which can devolve into fibrillation and

ultimately sudden cardiac death (Bunch et al. 2007).

2.2 Heart Failure

Congestive HF can be simply defined as the inability for cardiac output to meet the

metabolic demand from the body. Today, HF remains the leading cause of hospi-

talization for ages 65 and older in the United States and Europe. Researchers have

documented different cellular changes of the myocardium that prove to be depen-

dent on the etiology of HF (Sen et al. 2000). Cardiovascular disease risk factors can

promote a variety of cellular changes in the myocardium, which ultimately affect

the development of HF. Myocardial infarction (MI), due to coronary artery disease,

is the leading cause of ischemic HF, while increased cardiac afterload (e.g.,

hypertension) is a common cause of non-ischemic HF (Cowburn et al. 1998).

Due to progressive cardiac remodeling, patients who suffer from HF have a poor

prognosis as well as a low quality of life. In patients suffering from end-stage HF,

death either results from cardiac pump failure or arrhythmias (Lane et al. 2005).

SR Ca2+ mishandling is one of the hallmark changes that take place in HF. This

SR dysfunction is an important contributor to the heart’s depressed contractile

function and the increased incidence of arrhythmias, implicating RyR2 and

SERCA dysfunction as the primary cause. In a majority of studies, HF is associated

with increased SR Ca2+ leak and decreased SR Ca2+ reuptake mediated by RyR2

and SERCA, respectively. However, there is conflicting evidence with respect to

the contribution of RyR2 to impaired SR Ca2+ cycling. Furthermore, pathophysi-

ological differences have been observed between ischemic and idiopathic HF with

regard to SR Ca2+ cycling dysfunction. A study by Sen et al. found that impaired

SERCA activity was the primary impairment in ischemic HF, whereas SERCA

activity in idiopathic HF was not significantly different when compared to healthy

myocardium (Sen et al. 2000). Furthermore, impaired SR Ca2+ release was only

observed in idiopathic HF. These results suggest that the underlying mechanisms

responsible for SR Ca2+ cycling dysfunction may depend on the etiology of HF.

Moreover, HF is commonly defined as a condition of chronic oxidative stress

due to compromised energetics. The impaired cardiac metabolism is considered to

play an important role in the progression of disease (Mak and Newton 2001;
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Ventura-Clapier et al. 2004; Santos et al. 2011). As the disease progresses, oxida-

tive stress worsens due to the increasing energy demand and workload of the failing

heart, thus perpetuating a deleterious cycle (Seddon et al. 2007). Although HF is

associated with a large number of complex changes, the focus of this review is

directed at understanding the role oxidative stress on SR Ca2+ regulation and RyR2

function. To date, RyR2 has been characterized in HF as having an increased

phosphorylation level, an increased oxidation level, and a decreased association

of auxiliary proteins. All of the aforementioned have been associated with increased

channel activity. While functionally important phosphorylation sites on RyR2 have

been characterized (Marx et al. 2000; Wehrens et al. 2004; Xiao et al. 2006), the

specific mechanisms of oxidative modifications of RyR2 and their contribution to

defective SR Ca2+ cycling remain incomplete.

3 Oxidative Stress

Oxidative stress is a prominent feature in the onset and progression of a number of

disease states, including cardiovascular disease. Although the generation of ROS

has been shown to play an important role in normal cell signaling, during periods of

oxidative stress, excessive ROS production can have detrimental effects on normal

protein function and cell viability. Furthermore, increased ROS production can

induce lipid peroxidation and DNA damage that can compromise the structural and

genetic integrity of the cell.

In order to counteract any ROS produced, the cell has an intrinsic antioxidant

system that allows for the breakdown of ROS into nontoxic molecules. Some of the

major components of the cellular antioxidant system include superoxide dismutase

(SOD), catalase, and glutathione peroxidase (Turrens 2003; Yamawaki et al. 2003;

Slodzinski et al. 2008), which act as selective scavenging enzymes. The nonspecific

antioxidants include glutathione and thioredoxin systems. Reduced glutathione

(GSH), a highly abundant low-molecular-weight thiol, is considered the largest of

antioxidant pools and is arguably the most important antioxidant system in the

myocardium. GSH is considered the main line of defense against ROS, because it is

ubiquitous throughout all cellular compartments.

Thus, oxidative stress can be simply defined as increased ROS production that

overwhelms the cellular antioxidant defense (Giordano 2005). Depending on the

etiology of disease, oxidative stress can manifest at different time points and from

different sources. The following will briefly review acute oxidative stress in I/R as

well as chronic oxidative stress in HF.
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3.1 Acute Oxidative Stress in Ischemia/Reperfusion Injury

It is has been well characterized that restoring blood flow to the ischemic region

drastically increases ROS production, which further increases oxidative stress. The

generation of ROS, due to an increased supply of oxygen to ischemic myocardium,

has been implicated as the underlying factor that promotes I/R injury (Vanden Hoek

et al. 1996; Zweier et al. 1987). In this condition, the electron transport chain (ETC)

in the mitochondria becomes uncoupled, producing superoxide anion (O2
.�)

(Turrens 1997). This sudden burst of ROS overwhelms the intrinsic antioxidant

system. The GSH/GSSG ratio can decrease considerably during I/R (Ceconi

et al. 1988; Werns et al. 1992), which can contribute to mitochondrial ROS spill

over (Aon et al. 2007, 2010; Brown et al. 2010). Other sources of ROS, including
NADPH oxidase (NOX), uncoupled nitric oxide synthase (NOS), and xanthine

oxidase (XO), are also believed to play a role in I/R injury (Becker 2004; Zweier

and Talukder 2006; Angelos et al. 2006). A recent study implicated Ca2+-dependent

delayed after depolarizations (DADs) as the major mechanism of arrhythmogenesis

in a dog model of acute MI (Belevych et al. 2012). It has been shown that the

occurrence of DADs could be prevented with intravenous perfusion of the ROS

scavenger Tempol (Xing et al. 2009). The results from these studies implicate

oxidative stress as a major factor in the generation of cardiac arrhythmias after MI.

During MI, excessive β-AR stimulation manifests in the ischemic region due to

elevated concentrations of catecholamines (Lameris et al. 2000). Both ex vivo and

in vivo I/R studies have shown that the main source of endogenous catecholamines

is in fact from nonexocytotic release at sympathetic nerve endings that innervate the

myocardium (Lameris et al. 2000; Kurz et al. 1995). β-AR stimulation is considered

to be an important contributor in I/R injury. Increased β-AR stimulation can further

increase energy demand and intracellular ROS production (Christensen and

Videbaek 1974; Bovo et al. 2015a). Studies that block PKA activation via beta

blockers or direct inhibition of PKA has proven to be effective in reducing infarct

size (Makaula et al. 2005; Spear et al. 2007). A recent study done by Nagasaka

et al. showed that mitochondrial ROS production was significantly increased in the

presence of PKA catalytic subunit in permeabilized myocytes (Nagasaka

et al. 2007).

3.2 Chronic Oxidative Stress in Heart Failure

The mechanisms that are responsible for the progression of heart failure are very

complex and have been under intensive investigation for many years. However, one

of the common features that have been implicated to play an important role in the

pathophysiology of HF is chronic oxidative stress (Belch et al. 1991; Hill and

Singal 1997). Both experimental and clinical studies have measured an increase in

ROS production in HF (Mak and Newton 2001; Ventura-Clapier et al. 2004;

Functional Impact of Ryanodine Receptor Oxidation on Intracellular Calcium. . . 49



Giordano 2005; Santos et al. 2011). HF is commonly associated with morphological

and functional abnormalities in mitochondria (Schaper et al. 1991). While

compromised mitochondrial function is considered a significant cause of oxidative

stress (Balaban et al. 2005; Turrens 2003; Giordano 2005), the molecular mecha-

nisms of this defect in HF are not fully understood. In a mouse model of MI-induced

HF, an increase in ROS production and lipid oxidation were associated with

impaired mitochondrial function (Ide et al. 2001). Furthermore, in a canine model

of HF, the mitochondrial ETC was significantly more prone to uncoupling and

subsequent ROS production (Ide et al. 1999). These results also provide evidence

for a positive correlation between depressed contractility and the level of ROS

production.

Moreover, it has been shown that antioxidant activity progressively deteriorates

in HF (Hill and Singal 1997). During HF progression, myocardium switches energy

substrate from fatty acids to glucose. These adaptive changes in cellular metabo-

lism are associated with decreased expression of mitochondrial transcription factors

and proteins (Ventura-Clapier et al. 2004; Santos et al. 2011). In our recent studies,

we found that the mitochondrial ROS defense is substantially reduced in HF,

especially at the mitochondrial type 2 SOD (SOD-2) level (unpublished results).

While the impaired SOD-2 function has been implicated in numerous diseases

(including Parkinson, cancer, diabetes) (Turrens 2003; Miao and St Clair 2009),

its role in HF has never been explored. We suggest that the SOD-2 decline is the

critical step in a chain of events that lead to oxidative stress and HF progression.

Foremost, SOD-2 is the only defense line against mitochondrial O2
.�, whereas

H2O2 can be neutralized by several enzymes (including peroxidase, peroxiredoxin,

and catalase). Thus, SOD-2 downregulation would have more significant impact on

ROS level than downregulation of any other ROS-scavenging enzyme. Second,

O2
.� reacts extremely rapidly with nitric oxide (NO) forming highly reactive

peroxynitrite (ONOO.�) (Ferdinandy and Schulz 2003). Thus, the downregulation
of SOD-2 in HF would have the significant impact on nitroso-redox balance: an

increase of reactive ONOO.� production and a decrease of cardioprotective

NO. In support of this hypothesis, Sod2�/� knockout mice are characterized by

a maladaptive cardiac hypertrophy and cardiomyopathy (Makino et al. 2011;

Lebovitz et al. 1996). Thus, restoring SOD-2 defense can be an effective strategy

to improve cardiac function and delay HF progression.

4 Oxidative Posttranslational Modifications of RyR2

Recent emphasis has been placed on the study of oxidative posttranslational

modifications (PTMs) and their important role in the regulation of heart function.

Among all cardiac ion transporters and channels, RyR2 appears to be the most

sensitive to redox modification (Zima and Blatter 2006; Hool and Corry 2007), thus

linking oxidative stress to Ca2+ regulation. RyR2 has approximately 360 cysteine

residues per tetrameric channel, with an estimated 84 of those are in a reduced free
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thiol state (Xu et al. 1998). Each free thiol residue can serve as a target for a number

of oxidative modifications including S-nitrosylation, S-glutathionylation, or disul-
fide cross bridge formation. To date, a number of in vitro studies have shown that

both ROS and other free radicals can induce changes in RyR2 channel activity.

Bilayer studies have shown that RyR2 channel activity is increased in the presence

of ROS, whereas reducing agents decrease the RyR2 activity (for review, see Zima

and Blatter (2006)). Elevated ROS production, which is associated with increased

cardiac demand, has been suggested to play a role in the augmentation of SR Ca2+

release (Heinzel et al. 2006). Therefore, oxidative PTMs of RyR2 may function as a

mechanism for positive inotropy in the healthy heart. However, in the case of MI or

HF, abnormally elevated ROS level can cause irregular Ca2+ cycling and, therefore,

contractile dysfunction and arrhythmias. It has been shown that abnormal SR Ca2+

release in myocytes from infarcted (Belevych et al. 2009) and failing (Terentyev

et al. 2008) heart was associated with an increase in RyR2 oxidation.

4.1 S-Glutathionylation

In the presence of oxidative stress, free thiols of cysteine residues are the first

subjected to oxidation. Depending on the degree of oxidative stress, protein free

thiols can be oxidized by ROS to form sulfenic (R-SOH), sulfinic (R-SO2H), or

sulfonic (R-SO3H) acid products (Giles and Jacob 2002). GSH attenuates ROS

production during oxidative stress either by directly scavenging free radicals or

acting as a substrate for the major antioxidant enzyme glutathione peroxidase. Also,

GSH can readily react with protein sulfenic acids forming the reversible

S-glutathionylation of RyR2. The reversible reduction of S-glutathionylation is

carried out mainly by the enzyme glutaredoxin. The formation of sulfinic and

sulfonic acids, however, are considered biologically irreversible. Thus, the forma-

tion of the protein-glutathione-mixed disulfide is thought to have a protective role

during changes in cellular redox state (Townsend 2007). However, it has been

proposed that S-glutathionylation may play a role in promoting protein disulfide

formation of both intra- and intermolecular species (Bass et al. 2004; Cumming

et al. 2004; Brennan et al. 2004).

In all tissues, the ratio between oxidized and reduced GSH (GSSG/GSH) is an

important indicator of the redox state. Changes in cellular redox environment

potentially affects the activity of many proteins, including RyR2 (Zima and Blatter

2006). As a result, oxidative stress can potentially promote abnormally elevated

[Ca2+]i in the myocardium during diastole (Kourie 1998). In cardiomyocytes,

cytosolic glutathione is mainly reduced under normal physiological conditions.

During oxidative stress, however, the GSSG/GSH ratio can increase significantly

(Ceconi et al. 1988; Werns et al. 1992) as well as total protein-glutathione-mixed

disulfides (Tang et al. 2011). The increased formation of glutathione-mixed

disulfides is a common feature of oxidative stress due to the abundance of

glutathione and the ready conversion of reactive thiols. Recent studies have been
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implicated glutathione mixed disulfides as a critical signaling mechanism that

plays a causative role, rather than a protective role, in cardiovascular disease.

With respect to SR Ca2+ cycling, however, it is unclear if increased glutathione-

mixed disulfide is beneficial or detrimental. S-glutathionylation of RyR2 is also

thought to play a role in myocardial preconditioning before an ischemic insult. For

example, tachycardia-induced preconditioning was proven to reduce the infarct

size after ischemia (Domenech et al. 1998). It was later identified that tachycardia

stimulated NADPH oxidase-dependent S-glutathionylation of RyR2, increasing

RyR2 Ca2+ release and decreasing SR Ca2+ leak in SR microsomal preparations

(Sanchez et al. 2005). It still remains controversial whether or not increased single-

channel activity or increased Ca2+ release from SR microsomes can also coincide

with decreased SR Ca2+ leak within a cellular milieu.

4.2 S-Nitrosylation

The vast body of research studying ischemic preconditioning has yielded many

different molecular mechanisms (Zaugg et al. 2003). Given its complex nature, the

crucial downstream targets that give a tissue the ability to resist ischemic injury

make up a sizeable list that has steadily grown over the recent years. NO signaling,

an important regulator in many physiologic processes, and subsequent protein

S-nitrosylation is commonly identified as an important molecular intermediate

allowing for ischemic preconditioning. Several cardioprotection studies defined

many downstream targets of NO, having identified the cardioprotective effect as

the result of covalently linked NO with reactive protein thiols (S-nitrosylation).
These downstream targets include proteins that are involved in mitochondrial

metabolism, apoptosis, ROS defense, protein trafficking, myofilament contraction,

and Ca2+ handling. Overall, increased S-nitrosylation in the myocardium can be

antiapoptotic and anti-inflammatory (Sun and Murphy 2010; Lima et al. 2010). As

mentioned previously, the reperfusion of blood or reintroduction of O2 to the

ischemic tissue stimulates oxidative phosphorylation in impaired mitochondria,

which results in a burst of ROS production. Recent studies have found that

S-nitrosylation of mitochondrial protein complexes (I and IV) of the ETC inhibits

their activity, which limits oxidative phosphorylation (Zhang et al. 2005; Sun

et al. 2007; Rassaf et al. 2014). Furthermore, S-nitrosylation of myofilament pro-

teins decreases their sensitivity to Ca2+, decreasing myofilament cross bridge

formation, which subsequently reduces ATP consumption (Nogueira et al. 2009).

By promoting energy conservation in the myocardium, S-nitrosylation limits ROS

production from uncoupled mitochondria during I/R.

The cardioprotective effects of S-nitrosylation on Ca2+ machinery, although

independent, complements the effect seen in the mitochondria. In both I/R and

HF, impaired Ca2+ cycling commonly leads to an increase in diastolic [Ca2+]i as

well as depleted [Ca2+]SR. In a state of [Ca
2+]i overload, the diastolic function of the

heart is impaired, and the likelihood of arrhythmogenesis is increased. Evidence of
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S-nitrosylation-dependent cardioprotection has been documented for the major

components of Ca2+ cycling, preventing [Ca2+]i overload (Loyer et al. 2008). For

LTCC, S-nitrosylation of the channel has been shown to reduce the channel activity.
Also, SERCA activity has been reported to increase in response to S-nitrosylation.
Paradoxically, RyR2 activity has been shown to increase in response to

S-nitrosylation (Zima and Blatter 2006; Gonzalez et al. 2009). Other studies,

however, showed that hyponitrosylation of RyR2 caused the channel to be more

susceptible to oxidation by ROS, leading to increased SR Ca2+ leak and

arrhythmogenesis (Gonzalez et al. 2010). Moreover, it has been suggested that

S-nitrosylation can potentially prevent irreversible oxidation of cysteine residues

(Sun and Murphy 2010). Thus, S-nitrosylation of RyR2 may act as a protective

PTM against oxidative stress and detrimental SR Ca2+ leak. By maintaining SR

Ca2+ load and preventing [Ca2+]i overload, S-nitrosylation plays a very important

role in cardiac function during periods of oxidative stress. Recent work from

Gonzalez et al. identified that enhanced xanthine oxidase superoxide production

caused a decrease in cardiac RyR2 S-nitrosylation with an overall decrease in free
thiols, promoting SR Ca2+ leak in heart failure rats (Gonzalez et al. 2010).

4.3 Intersubunit Cross-Linking

The protein-protein interaction between RyR2 subunits has been implicated in

channel gating (Abramson and Salama 1989; Kimlicka et al. 2013; Strauss and

Wagenknecht 2013) and, therefore, likely plays an important role in regulating SR

Ca2+ release. In the past decade, there has been a great amount of progress in

defining the quaternary structure of RyR (Serysheva et al. 2008; Cornea et al. 2009;

Tung et al. 2010; Zalk et al. 2015), particularly for the skeletal type 1 isoform

(RyR1). Although only a small portion of the cytosolic domain has been crystal-

lized to date, high-resolution cryo-EM studies have provided insight into confor-

mational changes that occur as a result of channel activation. By superimposing the

3-D crystal structure of the N-terminal domain (1–532 amino acids) of RyR within

the 3-D matrix created using images from cryo-EM, it was determined that the

intersubunit gap between N-terminal domains becomes widened by ~7 Å in the

open conformation. These results suggest that any protein-protein interactions that

are taking place in the closed conformation are likely disrupted as the result of

channel opening (van Petegem 2015). Although the N-terminal domain is only

responsible for a small portion of the intersubunit interaction, it is of particular

interest because a large number of disease mutations have been found to localize

within it. In fact, a majority of these mutations were found facing the intersubunit

boundary. Thus, it is highly plausible that these mutations affect the channel

function by disrupting normal interdomain interactions. Moreover, the mutations

were all associated with a gain-of-function phenotype (increased RyR channel

activity) (Kimlicka et al. 2013). These functional results are consistent with the
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structural evidence, supporting the claim that RyR channel activity is indeed

affected by changes in the intersubunit interactions.

Recent work by Han et al. demonstrated that in the presence of an oxidant, RyR1

undergoes covalent disulfide cross-linking between neighboring subunits

(intersubunit cross-linking) that is reversible with the reducing agent dithiothreitol.

In parallel, cryo-EM images showed that RyR1, which normally has a cytosolic

structure that resembles a pinwheel (Fig. 3), undergoes major morphological

changes as a result of H2O2 treatment. These morphological changes, however,

are reversible with the treatment of dithiothreitol (Han et al. 2006). A different

cryo-EM study used a nonselective cross-linking agent (glutaraldehyde) to induce

intersubunit cross-linking. In these conditions, RyR1 adopted a conformation that

resembled that of the open state. In both these studies, the authors suggest that

intersubunit cross-linking leads to activation of RyR1 as a result of structural

changes that directly affect gating of the channel (Aghdasi et al. 1997; Strauss

and Wagenknecht 2013).

Abramson and Salama were the first to suggest that intersubunit cross-linking is

involved in the gating of RyR1 (Abramson and Salama 1989). They argue that thiol

oxidation is a necessary requirement for RyR1 channel opening. In order for this

hypothesis to be correct, the transition from conducting to nonconducting states

would have to coincide with the reduction of the principal disulfides regulating

gating. Furthermore, because the cytosolic environment is maintained at a highly

reduced state, this proposed gating mechanism assumes that dynamic disulfide

formation is present without oxidative stress. Recently, a study done by

Zissimopoulos et al. provides some biochemical evidence to support this hypothesis

for both RyR1 and RyR2. The major limitation to this study, however, was that full-

length RyR was not used in the experimental approach (Zissimopoulos et al. 2013).

Their work shows that N-terminal fragments of RyR2 self-assemble into oligomers

similar to that of RyR1. Interestingly, unlike RyR1, N-terminal fragments of RyR2

were covalently linked by endogenous disulfide bonds in ambient conditions

(absence of exogenous ROS treatment). Even though both RyR1 and RyR2

N-terminal fragments formed disulfide-linked oligomers with H2O2 in a dose-

dependent manner, the authors suggest that a difference in sequence homology

between isoforms may explain the disparity in disulfide bond formation. Alterna-

tively, if the requisite cysteine residues are in fact conserved between isoforms,

Oxidative stress 

Normal RyR2 Leaky RyR2 

Fig. 3 Oxidative stress can

increase diastolic SR Ca2+

leak by inducing

intersubunit cross-linking

within the ryanodine

receptor complex. The

RyR2 tetramer is shown as

viewed from the

cytoplasmic face
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other oxidative PTMs (e.g., glutathionylation, nitrosylation) that resist disulfide

formation may be unique to RyR1.

In light of recent work, the susceptibility for intersubunit cross-linking appears

to be increased for the cardiac isoform of RyR2 (Zissimopoulos et al. 2013).

Although some work has been done to examine the effects of intersubunit cross-

linking on RyR2 function, no studies have examined its role in SR Ca2+ cycling

within the cellular environment. We have recently discovered that the redox-

mediated RyR2 cross-linking has a significant impact on the channel activity and

SR Ca2+ release (Mazurek et al. 2014). We found that the RyR2 cross-linking

increased the open probability of RyR2 measured in lipid bilayers and RyR2-

mediated Ca2+ leak in isolated ventricular myocytes. Lastly, we found a positive

correlation between the cross-linking level and SR Ca2+ leak. When the cross-

linking reached the maximum level, further oxidation of RyR2 did not enhance SR

Ca2+ leak. These results clearly demonstrate that the intersubunit cross-linking is a

strong regulator of cardiac RyR2 function in vivo and in vitro (Fig. 3).

5 Conclusion

Ca2+ released through RyR2 is essential for initiating a robust myocardial contrac-

tion. Consequently, defects in RyR2 regulation contribute to contractile dysfunc-

tion in a variety of cardiac pathologies (Janssen and de Tombe 1997; Marks 2000;

Gyorke and Carnes 2008; Yano 2008; Zima and Terentyev 2013). In particular,

abnormal RyR2 activity due to cysteine oxidation (Zima and Blatter 2006; Hool

and Corry 2007) causes SR Ca2+ mishandling, arrhythmias, and contractile dys-

function in infarcted (Belevych et al. 2009) and failing hearts (Mochizuki

et al. 2007; Terentyev et al. 2008; Domeier et al. 2009; Belevych et al. 2011).

Since RyR2 cysteine oxidation is implicated in the progression of cardiac disease,

these cysteine residues are promising targets for therapeutic intervention. RyR2

contains as many as 90 cysteine residues per monomer, and the redox status of these

residues can affect RyR2 function (Zima and Blatter 2006). However, the func-

tionally important redox-sensing sites on RyR2 have yet to be characterized. As a

result, RyR2 oxidation has always been treated as a nonselective PTM. In contrast,

three functionally important phosphorylation sites on RyR2 have been character-

ized (Marx et al. 2000; Wehrens et al. 2004; Xiao et al. 2006), and clinical studies

targeting these sites are currently underway (Lehnart 2007; Lompre et al. 2010; van

Oort et al. 2010). Thus, identifying the functionally important RyR2 cysteines is

essential for understanding the molecular mechanisms of RyR2 regulation and SR

Ca2+ mishandling during oxidative stress.
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Electromagnetic Fields and Stem Cell Fate:

When Physics Meets Biology

Sara Hassanpour Tamrin, Fatemeh Sadat Majedi, Mahdi Tondar,

Amir Sanati-Nezhad, and Mohammad Mahdi Hasani-Sadrabadi

Abstract Controlling stem cell (SC) fate is an extremely important topic in the

realm of SC research. A variety of different external cues mainly mechanical,

chemical, or electrical stimulations individually or in combination have been

incorporated to control SC fate. Here, we will deconstruct the probable relationship

between the functioning of electromagnetic (EMF) and SC fate of a variety of

different SCs. The electromagnetic (EM) nature of the cells is discussed with the

emphasis on the effects of EMF on the determinant factors that directly and/or

indirectly influence cell fate. Based on the EM effects on a variety of cellular

processes, it is believed that EMFs can be engineered to provide a controlled signal

with the highest impact on the SC fate decision. Considering the novelty and broad
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applications of applying EMFs to change SC fate, it is necessary to shed light on

many unclear mechanisms underlying this phenomenon.

Keywords Differentiation • Electromagnetic field • Self-renewal • Stem cell fate •

Stem cell niche
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1 Introduction

Research on SCs, one of the fascinating areas of biology and biophysics, has led to

many discoveries and provided new ways of treatment for many diseases (Goldstein

et al. 2015; Alwaal et al. 2015; Larsimont and Blanpain 2015; Wolff et al. 2015;

Kemp et al. 2015; Harris and Sadiq 2015; Doyle et al. 2015). SCs are unspecialized

cells that transmute into specialized cells to constitute different types of tissues

(Fig. 1). These cells possess two important properties; differentiation into a variety

of cell lineages and self-renewal as the ability to proliferate without the commit-

ment in the lineage (Zhang and Wang 2008; Reya et al. 2001). It is known that fine

balance between self-renewal and differentiation is crucial in regulating the

dynamic states of tissue function, tissue maintenance during homeostatic condi-

tions, and generation of differentiated progeny in response to injury (James

et al. 2015; Li and Jiang 2011; Ramalho‐Santos 2004; Celso et al. 2009). Under-

going self-renewing or differentiation, as the two possibilities for each SC during

division, can be introduced as a phenomenon called cell fate decision (Fig. 2)

(Morrison and Kimble 2006; Knoblich 2001, 2008; Neum€uller and Knoblich

2009; Inaba and Yamashita 2012). Thereby, how differentiation and self-renewal

in SCs can be controlled is the key question on controlling SC fate. Shedding light

on the mechanisms underlying the balance between self-renewal and differentiation

is a critical step in understanding the language of SCs and provides essential

information for controlling SC fate.

An interesting aspect of physics interfacing with biology relates to the EM

phenomena within the biological systems. An EM phenomenon is defined as the

relation between electricity and magnetism, where an oscillating electric produces a

magnetic field, and in consequence, the magnetic field can generate an electric field.

This connection was discovered by Hans Christian Örsted in 1819 and theoretically
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formulated by James Clerk Maxwell in 1864 (Malmivuo and Plonsey 1995). A

combination of oscillating electric and magnetic fields, moving perpendicularly to

each other, creates EM waves. The waves are characterized based on the wave-

length and frequency or energy as their energy increases with the growing fre-

quency (Fig. 3) (Gherardini et al. 2014). EM waves have covered our life and even

exist within the biological systems (Malmivuo and Plonsey 1995; Levin 2003;

Pokorný et al. 2001; Jelı ́nek et al. 1999). During the last decades with advances

in technology and growing introduction of electronic devices, the concerns about

Fig. 1 SCs and their differentiation potential (potency). SCs as unspecialized cells can undergo

proliferation and differentiation to produce more SCs and constitute different types of cells and

tissues. ESCs and adult SCs are two broad types of SCs. Potency, which describes the differen-

tiation potential in SCs, decreases from the first cells in the embryo to the differentiated ones.

Fertilization between two gamete cells (egg and sperm) produces Zygote, the earliest develop-

mental stage of the embryo in multicellular organisms. The zygotes are totipotent and can form a

complete viable organism. The zygote undergoes division and develops further to form morula

consisting of many smaller cells, blastomeres. The morula’s cell differentiates and forms blasto-

cyst. It consists of a fluid-filled cavity, a cluster of cells on the interior called inner cell mass (ICM)

and the outer layer, trophoblast, surrounding ICM. Blastocyst is a source of ESCs and is derived

from ICM cells. ESCs, the descendants of totipotent cells, are pluripotent and can differentiate into

nearly all cells. Differentiation potential is decreased in multipotent and unipotent cells.

Multipotent SCs can differentiate into a number of cell types which are closely related family of

cells, whereas unipotent cells can produce only one cell type. However, unipotent stem cells are

different from non-SCs in their self-renewal property (Celso et al. 2009; Bernhard and Palsson

2004; Nichols 2001)
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the adverse effects of EM waves have been increased (Liu et al. 2013; Han

et al. 2014; Megha et al. 2015). The EM waves are classified into EMFs/non-

ionizing radiations and EM radiations/ionizing radiation. EMFs are low-level

radiations among EM waves with the energy too low to break the electron bonds

and consist of the ultraviolet, the visible light, the infrared radiation, the

radiofrequency emissions, the microwave emissions, the extremely low-frequency

(ELF) fields, and the static magnetic and electric fields (Gherardini et al. 2014).

Although there are studies showing adverse effects of EM radiations on biological

systems, much of the evidence, particularly those focusing on static or

low-frequency fields, because of induced weak currents and ion redistribution

through exposure, indicates that EMFs or non-ionizing radiations may have positive

biological effects (Torres-Duran et al. 2007; Gerardi et al. 2008; Gaetani

et al. 2009; Falone et al. 2007; Park et al. 2013; Kang et al. 2013; Yan

et al. 2010; Soda et al. 2008).

Several studies have indicated that cells communicate with each other and with

their environment through sending and receiving the EM signals (Malmivuo and

Plonsey 1995; Levin 2003; Pokorný et al. 2001; Jelı́nek et al. 1999; Furse

et al. 2009; Rahnama et al. 2011). Moreover, it is known that SC fate can be

influenced via both specific intracellular signals (Pauklin and Vallier 2013; Orford

and Scadden 2008; White and Dalton 2005; Singh and Dalton 2014) and extrinsic

signals derived from SC’s microenvironment or “niche” (Fig. 4) (Li and Jiang 2011;

Fig. 2 SC niche and its components. SC niche is an anatomic site for the maintenance of SCs,

made up of supporting cells, ECM, soluble and surface bound signaling factors, cell–cell contacts,

external mechanical and electrical forces, metabolites, and hormones, in which SCs differentiation

is inhibited. During cell division, SCs can divide symmetrically or asymmetrically and SC fate

decision is a choice between self-renewal and differentiation. The balance between HSC self-

renewal and differentiation is thought to be controlled via the crosstalk between HSCs and their

niches
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Fig. 3 Electromagnetic (EM) field and EM radiation. Electric fields and magnetic fields are

coupled together to form EM fields/waves. The frequency, wavelength, and energy describe the

EM waves. The EM spectrum extends from Radio to Gamma radiation with the decreasing order

of wavelength and increasing order of frequency and energy. (The wavelength increases from

Gamma to Radio waves, while the frequency and energy decreases.)

Fig. 4 A schematic demonstration of the hematopoietic stem cell (HSC) niche. HSC niche is an

anatomical location within the bone marrow consisting of hematopoietic and non-hematopoietic

cells like osteoblasts, as well as extracellular components. HSCs within their niche located near the

bone surfaces self-renew, and outside the niche commence the process of differentiation into

mature blood cells (Dzierzak and Enver 2008; Papayannopoulou and Scadden 2008)
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Watt and Huck 2013; Gattazzo et al. 2014; Spradling et al. 2001; Dzierzak and

Enver 2008), as well as the interaction between these two signal groups (Fig. 2).

Therefore, the possible roles of EMFs as environmental signals in the SC fate

decision not only do not seem negligible, but also pose an interesting discussion in

the SC field. In this article, we discuss determinant factors influencing the cell fate

with a focus on the probable associations between cell fate decision and the EM

energy.

2 Natural Endogenous EMFs

According to some reports, all living cells divulge EM signals through emitting the

ultra-weak EM radiations (Malmivuo and Plonsey 1995; Levin 2003; Furse

et al. 2009; Rahnama et al. 2011; Pokorný et al. 2001). In biological systems,

these photon emissions (bio-photons) refer to “mitogenic radiation,” introduced to

biological science by a Russian embryologist, Alexander Gurwitsh (Taylor and

Harvey 1931). These EM radiations existing in the ultraviolet and infrared ranges

are essential for the function of cells and their interactions (Taylor and Harvey

1931). Besides, the concept of “fields of life,” formulated by Harold Saxton Burr in

1937, can be a reason for the existence of EMFs in biological systems (Matthews

2007). It was also discovered that electro-dynamic fields, measurable with standard

voltmeters, can organize and control the living systems (Levin 2003; Matthews

2007).

The natural endogenous EMFs have been detected in either extracellular matrix

or within the cellular structures (Pokorný et al. 1997; Pokorný 2004). The most

likely source of these fields is a mechanical vibration of polar biological structures

that can be described by Fr€ohlich model (Pokorný et al. 1997; Pokorný 2004;

Šrobár 2012, 2013). Briefly, electric dipoles and charges such as proteins, lipids,

nucleic acids, and free ions exist in many structures within cells, and motility of

these units generates an altering electric field and in consequence produces a

varying magnetic field; Moreover, the altering magnetic field produces an electric

field. Such coupled electrical and magnetic interactions lead to the generation of

EMF in the cellular environment. For example, the solenoidal form of DNA seems

to act physically as a conductive wire of nucleic acids with a core of histones, with a

potential to generate EM force (Pienta and Hoover 1994). Motility of charges

through DNA accounted as a current through a wire, thereby, has the potential to

generate a magnetic field in the histones. Since DNA is a double-stranded molecule,

a flux of current is created in DNA due to the movement of DNA and histones,

leading to the generation of a mechanical force (Pienta and Hoover 1994), however

there is no evidence reported on generation of EMF in DNA.

In several studies, the creation of EMFs by living cells (natural endogenous

EMFs) has not only been reported (Levin 2003; Pokorný et al. 2001), but has also

been quantified (Malmivuo and Plonsey 1995; Pokorný et al. 2001; Jelı ́nek
et al. 1999). The cell membrane is a serious candidate as the source of EM signals
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and has a selective permeability, which acts selectively in the transportation of

different ion species across it. This feature leads to accumulation of ions at the inner

and outer membrane surfaces. A difference in the concentration of ions, including

potassium (K+), chloride (Cl�), and (Na+) across the membrane produces a voltage

difference in a bioelectrical gradient named transmembrane potential (TMP)

(Malmivuo and Plonsey 1995; Panagopoulos et al. 2002). In reality, all cells

generate bioelectrical signals correlated to the translocation of ions between the

extracellular and intracellular spaces, meaning that there exist changes in TMP and

ion fluxes. The ion channels and ion pumps are the sources of these gradients and

assist in controlling the flow of ions and their concentrations. The channels are

sensitive to TMP and correlated with the gates that are chemically or electrically

activated or deactivated. These opening and closing of gates locally change TMP

and produce an electric flow transmitted to other points in the membrane

(Malmivuo and Plonsey 1995; Panagopoulos et al. 2002; Lim et al. 2009; Adams

and Levin 2013).

In addition to the cell membrane, cytoskeleton consists of polar units. The

cytoskeleton structure is composed of filaments like microtubules (MTs) that fulfill

requirements for the Frohlich coherent vibrations and as a result generates EMF.

MTs consist of electric dipoles, α-tubulin and β-tubulin heterodimers (Pokorný

et al. 1997; Bowne‐Anderson et al. 2013). The synchronized oscillation of these

subunits generates the natural endogenous field. The dynamic instability of MTs,

convertible polymerization and depolymerization, has a correlative role in the

formation of EMFs. It can be noted that the energy supply, which is a need for

oscillation, is provided by hydrolysis of guanosine triphosphate to guanosine

diphosphate in MTs (Pokorný et al. 1997, 2001; Bowne‐Anderson et al. 2013;

Ramalho et al. 2007; Havelka et al. 2011; Zhao and Zhan 2012). It is reasonable

to state that cells have a high level of electro-dynamic activity during division due

to the formation of the mitotic spindle and the rearrangement of MTs. The EM

activity of yeast cells during mitosis has been measured, and an evident connection

between MTs configuration and EM activity was detected (Pokorný et al. 2001;

Šrobár 2013). It should be also underlined that a regulated generation of reactive

oxygen species (ROS) and reactive nitrogen species due to natural metabolic

processes can produce bio-photons (Rahnama et al. 2011; Vladimirov and

Proskurnina 2009; Thar and K€uhl 2004). In oxidative phosphorylation (OXPHOS),

a strong electrochemical gradient is created upon mitochondrial driven pumping of

protons from the matrix into the inter-membrane space (Šrobár 2013; Pokorný

2012). Transfer of protons across the inner membrane produces water ordering

that leads to the generation of a strong static electric field (Pokorný 2012). This field

is able to change the region of the MT oscillations due to the close association

between mitochondria and cytoskeleton filaments. Therefore, MTs can immerse in

the mitochondrial’s electrostatic field (Šrobár 2013).
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3 Externally Applied EMF

Living cells transmit not only EM signals, but also receive them (Levin 2003; Furse

et al. 2009; Rahnama et al. 2011). Cells and their surrounding environment absorb

energy when they are exposed to external EMFs (Fig. 5). Simeonova

et al. (Simeonova et al. 2002) presented a method to calculate energy absorption

Fig. 5 A schematic of the effects of externally applied EM fields. (a) A wide variety of biological

processes can be influenced by EM fields. Cells exposed to the EM fields can absorb energy via

their compartments and surrounding medium. Highlighted results: Alternation in cell membrane

functions, stimulation of galvanotaxis and cell motion, change in cell cycle, cell division and

spindle MT assembly, alternation of enzymes and their activities, changes in several metabolic

parameters, and stimulation of an active status in the cells. (b) Motility of ions between the

extracellular and intracellular spaces. The changes in ion fluxes and TMP are influenced by EM

fields. Ionic channels, pumps, and pores control the ionic gradient and are sensitive to TMP
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in a single human red blood cell. It is documented that various critical cellular

systems can be regulated using EM energy. The Earth’s geomagnetic field (GMF)

and shielding from this field were shown active in many abnormalities of living

systems. Malformed eyes and retarded/blocked development of larvae are some

defects caused by shielding from GMF (Asashima et al. 1991). It was also reported

that shielding from GMF influences the function of the immune system (Roman and

Tombarkiewicz 2009). In Wistar rats, a long-term shielding of the GMF resulted in

a decreased ability of macrophages to release NO and to synthesize O2, vital

microbicidal molecules of macrophages in males and females, respectively. A

single exposure (2 h) of ELF-EMF (60 Hz, 2.4 mT) on Wistar rats resulted in a

drop in the total cholesterol content of liver and led to an elevated density of

lipoproteins in blood serum and lipoperoxides (Torres-Duran et al. 2007). Addi-

tionally, long-term exposure to ELF-EMF (less than 100 Hz, by 50 days) in rats

increased their body weight and blood glucose content and elevated the fatty acid

metabolism (Gerardi et al. 2008). The changes observed in several metabolic

parameters after exposure to ELF magnetic fields suggest that the external ELF

electric fields have a significant impact on the metabolic processes and enzymatic

activities (Torres-Duran et al. 2007). Electric fields are also capable of

galvanotactic induction in the cells, a directional cellular movement towards the

cathode or the anode; some cells, such as mouse embryo fibroblasts migrated

towards the cathode, whereas some others like human granulocytes moved towards

the anode (Mycielska and Djamgoz 2004; Brown and Loew 1994).

Spreading evidence demonstrates that the exposure to the EMF alters the

proliferation and differentiation of cells under EMFs (Gaetani et al. 2009; Falone

et al. 2007; Park et al. 2013; Kang et al. 2013; Serena et al. 2009; Tsai et al. 2009;

Chen et al. 2000). For instance, exposure to EMF (15 Hz, 5 mT, by 21 days)

increased collagen type II expression and glycosaminoglycan content of cultures in

human mesenchymal stem cells (human MSCs), and thereby stimulated

chondrogenic differentiation of SCs (Mayer‐Wagner et al. 2011). In human,

MSCs exposed to ELF-EMF (50 Hz, 1 mT) showed an increase in the expression

of neural markers and indicated an enhanced neural differentiation (Park

et al. 2013). Exposure of these cells to daily pulsed EMF (with a pulse duration

of 300 μs, and a constant rate of 7.5 Hz) showed that ELF-EM stimulation may

modulate osteogenic differentiation of human MSCs (Tsai et al. 2009). Likewise,

the stimulating effects of EMF (15 Hz, 1 mT, by 3 days) on osteoblast-specific

mRNA expression in rat bone marrow MSCs indicated a promoted osteogenic

differentiation of these cells (Yang et al. 2010). Stimulation of embryonic neural

stem cell (NSC) with 50 Hz ELF-EMF (2 mT for 3 days) resulted in an alteration in

the expression of genes regulating neuronal differentiation (Ma et al. 2014). In

cardiac SCs, exposure to ELF-EMFs (7 Hz, 2.5 μT), tuned at calcium (Ca2+) ion

cyclotron energy resonance (Ca2+�ICR), showed an increase in the expression of

cardiac markers after 5 days exposure, suggesting that this stimulation may drive a

cardiac-specific differentiation with no pharmacological or genetic manipulation

(Gaetani et al. 2009). Therefore, the influence of externally applied EMFs on cell

behavior is undeniable.
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Although there is a vast body of evidence regarding the understanding of the

interaction of external EMFs with biological systems, the discussion about the

degree of influence and safety of these fields on living systems has been remained

unsettled. Overall, the cellular physiological state and the parameters related to the

applied fields, such as frequency and exposure time, are strongly associated with the

influence of the EMFs on the cells. It is not surprising to claim that EM energy

emissions have a potential to affect the SC fate decision. However, the mechanisms

underlying EMF effects are still poorly understood. In general, external EMFs can

influence SC fate decisions via a direct EM interference with natural endogenous

fields, or via affecting determinant factors affecting the SC fate.

3.1 Natural Endogenous Fields Are Affected by
External EMFs

The direct interaction of external EMFs with natural endogenous fields or constit-

uent components of endogenous fields may cause a change in the original pattern of

natural fields (Panagopoulos 2014). In fact, polar biological structures like ions that

make natural endogenous fields are likely magnetic targets for external fields. It is

theoretically formulated that electric and magnetic fields interact with each other

and also with polar structures as a target (Malmivuo and Plonsey 1995). Based on

the Coulomb’s law, electric charges are able to exert electric forces on each other

along the line between the charges. Besides the electric force, a magnetic force is

exerted by moving charges, although it is not parallel to the line between the

charges (Furse et al. 2009; Lim et al. 2009). Thereby, EMFs as a combination of

electric and magnetic fields can exert forces on polar units.

Theoretical studies confirmed that EMFs are able to rearrange the electric

charges in cellular environments, including ECM, the cell membrane, and intracel-

lular medium (Fig. 5). The oscillating electric and magnetic fields can exert forces

to ions placed within the channel proteins and those existing on either side of the

plasma membrane, thereby affecting the ion vibration and concentration

(Halgamuge et al. 2009). The ion cyclotron resonance (ICR) theory confirms that

ions can circle the vector of a static magnetic field such as GMF (Gerardi

et al. 2008; Furse et al. 2009; Halgamuge et al. 2009). GMF may be utilized in

biological systems through ICR-like mechanisms. The energy states of ions alter

during the resonance, by which biological activities are regulated (Halgamuge

et al. 2009). Therefore, the interaction of external fields with cellular targets may

cause an oscillation at polar units’ resonance frequency and an alteration in the

magnitude, frequency, and direction of the original endogenous field. Also, since

theoretical studies confirm the existence of a significant electric dipole moment

along MTs’ axes due to the permanent electric dipoles of tubulin heterodimers

(Ramalho et al. 2007; Stracke et al. 2002), it is reasonable to acclaim that EMFs is

able to target MTs and affect MTs dynamic instability. Dynamic instability of MTs
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has a correlative role in the formation of endogenous EMFs due to the presence of

tubulin dipoles (Pokorný et al. 1997, 2001; Bowne‐Anderson et al. 2013; Ramalho

et al. 2007; Havelka et al. 2011; Zhao and Zhan 2012); thereby external EMFs can

impact the endogenous field.

Due to the correlation of natural endogenous fields with cellular functions, the

claim of a direct impact of external fields on endogenous fields and their effects on

cell functions is not unsubstantial. It has been shown that cellular processes and

natural endogenous EMFs influence each other. In fact, the EM nature of biological

systems is the reason that transmission of signals can affect the regulation of many

cellular processes. According to Gurwitsch (Levin 2003), the association of endog-

enous fields with the developmental events seems reasonable, for instance, embry-

onic morphology is affected by altering the regular pattern of natural EMF. Natural

endogenous electric fields of cells change during the developmental and regener-

ative states (Levin 2003; Matthews 2007). Characterization of the electric fields

showed a correlation between the field parameters and corresponding biological

events. It was also proposed that morphogenesis relies on an intricate pattern of

direct electric fields (Levin 2003; Matthews 2007).

Some studies have indicated that EM activity within cells is associated with cell

motion and cell division and that spindle MT assembly can be facilitated by MTs’
electric fields (Pokorný et al. 2001; Zhao and Zhan 2012). The appearance of an

abnormality in natural endogenous fields can result in an irregularity in cells

function. For instance, cancer cells are directly influenced by a change in the

electric fields of organisms (Levin 2003; Matthews 2007). It should be noted that

as a result of the Warburg effect, cancer cells differ from healthy cells in their EM

activity (Rahnama et al. 2011) and entropic state (Zhao and Zhan 2012). This

implies that one source of energy for electric oscillation of MTs could be the

overall entropic cellular environment (Zhao and Zhan 2012). Evidence shows that

a disturbance in the mitochondria-MT network may lead to transfer to cancer states.

The mitochondrial dysfunction of cancer cells increases the damping of MT

oscillations and reduces the energy supply, thereby disturbing the power and

coherence of EMFs (Pokorný 2012). Moreover, mitochondrial dysfunction in

cancer cells may inhibit pyruvate pathways and suppress the proton transfer from

the matrix into the inter-membrane space, leading to a drop in the level of water

ordering and electric field (Pokorný 2012).

3.2 Cell Fate Determinant Factors Are Affected by
External EMFs

Among a vast body of evidence indicating EMFs affect biological systems, deter-

minant elements in SC self-renewal and differentiation affected by these fields

directly and/or indirectly have highlighted the potential of EMF to regulate SC fate

decision.
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3.2.1 Ion Concentration and Transmembrane Potential (TMP)

The cellular response to external fields involves the vibration and transport of ions

(Fig. 5) (Halgamuge et al. 2009). According to data on ICR recognized in the living

organisms, the presence of a very weak magnetic field alters ion concentration

within the cells by tuning the field’s frequency with the characteristic frequency of

the ions involved (Gerardi et al. 2008; Furse et al. 2009; Halgamuge et al. 2009).

Ions like Ca2+ have mediatory roles in the effect of EMF on cell function (Levin

2003; Gaetani et al. 2009; Kang et al. 2013; Lim et al. 2009; Walleczek 1992;

Morabito et al. 2010), for controlling the morphogenesis (Levin 2003), regulation

of proliferation (Gaetani et al. 2009), differentiation (Gaetani et al. 2009; Gillo

et al. 1993), and other cellular processes (Gaetani et al. 2009; Clapham 2007;

Nicotera et al. 1989). A disruption in Ca2+-dependent cell signalling and a modu-

lation in the regulation of Ca2+ channels were reported for some neuronal cells

exposed to EMF (50 Hz, 0.5–1 mT) for 24–72 h (Grassi et al. 2004). It was

demonstrated that ELF magnetic fields as the combination of two static (ranging

from 27 to 37 mT) and oscillatory (7–72 Hz, 13–114 μT) forms of magnetic fields

can regulate the transport of Ca2+ through interaction with Ca2+ channels in the cell

membrane (Bauréus Koch et al. 2003). In human MSCs, an increase in the extra-

cellular Na+/K+ concentration was detected upon exposure to ELF-magnetic fields

(50 Hz, 20 mT); this exposure led to the activation of Na+/K+ channels and thereby

an increase in Na+/K+ concentration (Yan et al. 2010).

Second messenger pathways involving small signalling molecules such as Ca2+

are strongly associated with the changes of TMP, depolarization, or hyperpolariza-

tion (Adams and Levin 2013; Cho et al. 1999). An asymmetric disturbance in TMP

has been induced by an external electric field resulted in a hyperpolarization of the

membrane surfaces faced to an anode and depolarization in other surfaces faced to a

cathode (Brown and Loew 1994; Cho et al. 1999). Voltage-sensitive Ca2+ channels

may be activated due to the depolarization of cathode-facing membrane surface,

and thereby increases the concentration of intracellular free Ca2+ (Onuma and Hui

1988).

3.2.2 Intracellular Molecular Mechanisms

It is well known that cell fate is closely related to the signaling pathways (Fig. 5)

(Li and Neaves 2006; Blank et al. 2008) and transcriptional factors (Orford and

Scadden 2008; Young 2011; Ye et al. 2011; Pesce and Sch€oler 2000, 2001; Rodda
et al. 2005; Mitsui et al. 2003). For example, Wnts, a family of protein ligands, are

expressed in a variety of tissues and impact many processes such as tissue homeo-

stasis, embryogenesis, and generation of cell polarity (Rattis et al. 2004; Nusse

2008; Huang et al. 2007). It has been seen that the activity of this pathway is

required to control spindle orientation, for example in C. elegans (Watt and Hogan

2000). Additionally, this pathway is involved in OXPHOS (Reya et al. 2001;
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Saretzki 2005) and can act as a niche factor. It has a regulatory role in the

maintenance of self-renewing state, for example in HSCs (Blank et al. 2008; Rattis

et al. 2004; Nusse 2008; Huang et al. 2007; Holland et al. 2013; Reya et al. 2003).

Over-expression of the activated form of β-catenin (Nusse 2008) as a mediator of

the Wnt signaling pathway can expand immature cells like HSCs and promote their

self-renewal capacity. Over-expression of Wnt signaling inhibitors such as axin

enhancing degradation of β-catenin causes HSCs to lose their capability to

repopulate (Rattis et al. 2004; Huang et al. 2007; Reya et al. 2003). Additionally,

Wnt signaling pathway in the skin was shown effective in promoting SC activation

and expansion (Li and Neaves 2006). It should be implied that Wnts have a

relationship with the genes involved in self-renewal; Wnt showed a repressing

role on Nanog and over-expression of Oct4 caused an increase in the transcriptional

activity of β-catenin (Nusse 2008). Moreover, an alteration in this pathway was

shown to be related to an on/off switching in the expression of telomerase reverse

transcriptase (TERT), a catalytic subunit of telomerase (Saretzki 2009). It has been

reported that pulsed EMFs (8 Hz, 3.82 mT) in ovariectomized rat can activate Wnt/

b-catenin signaling pathway and consequently, reveal positive effects on bone mass

and trabecular bone microarchitecture and strength (Zhou et al. 2012a, b). The

influence of pulsed EMFs on Wnt/β-catenin signaling has also been reported in

osteoblasts after exposure (Zhai et al. 2016; Lin et al. 2015).

In addition to Wnt signaling pathways, MAPK signalings have regulatory

impacts on many cellular processes such as proliferation, differentiation, and

modulation of mitosis motility, metabolism, and apoptosis (Seger and Krebs

1995; Zhang and Liu 2002; Chang and Karin 2001) (details of MAPK pathway in

Ref. (Zhang and Liu 2002) and Fig. 6). The elevated differentiation of human ESCs

has been shown correlated with the activation of MAPKs family (Ji et al. 2010).

Such activation via radiofrequency and ELF-EMF is a sign of EMFs’ impact on

intracellular molecular mechanisms (Blank and Goodman 2009; Li et al. 2013;

Leszczynski et al. 2002). The MAPK and phosphatidylinositide 3-kinases (PI3Ks)

pathways are known as the participants in the synthesis of enhanced collagen in

mouse osteoblast-like MC3T3-E1 cells upon exposure to ELF-EMF (60 Hz, 3 mT)

(Soda et al. 2008). Suppression of the PI3K pathway or activation of the MAPK

pathway led to an increase in collagen content of the exposed cells (Soda

et al. 2008).

Moreover, transcriptional factors such as Oct4, Nanog, c-Myc, and Sox2 can

influence SC fate. The expression of these factors in differentiated cells differs from

undifferentiated ones. The expression of a complex network of these factors has

been appeared to maintain the self-renewing undifferentiated state in SCs (Orford

and Scadden 2008; Pesce and Sch€oler 2000, 2001; Rodda et al. 2005; Mitsui

et al. 2003) and developmental control of mammalian embryos (Pesce and Sch€oler
2000; Guo et al. 2004; Nichols et al. 1998). Surprisingly, these factors can repro-

gram somatic cells to induce pluripotent stem cells (iPSCs) (Kang et al. 2009a, b;

Ryan and Rosenfeld 1997;(Hochedlinger and Plath 2009; Moon et al. 2011). Like

ESCs, the reprogrammed cells have the potential to differentiate into three germ

layers: endoderm, ectoderm, and mesoderm (Ryan and Rosenfeld 1997). There are
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several studies indicating that Oct4 is a key factor in the reprogramming (Okita

et al. 2007; Nakagawa et al. 2007; (Yu et al. 2007) and is one of the three proteins

that are sufficient to reprogram differentiated adult cells to the ESCs in mouse and

human (Okita et al. 2007; Nakagawa et al. 2007; Kang et al. 2009a, b). It has also

been reported that exposure to EMFs enhances the reprogramming efficiency of

somatic cells to pluripotency through inducing epigenetic alterations. In mouse

somatic cells, a significant increase in Oct4, Sox2, and Nanog expressions after

EL-EMF exposure (50 Hz, 1 mT) indicated an increased iPSC cell generation and

confirmed that EL-EMF exposure promoted somatic cell reprogramming into

pluripotency (Baek et al. 2014). The exposure of somatic cells to the radiofrequency

energy via Radio Electric Asymmetric Conveyer stimulation increased the expres-

sion of Oct4, Sox2, c-Myc, and Nanog, and reprogrammed them towards

pluripotency in fibroblasts (Maioli et al. 2013).

Fig. 6 A schematic presentation of MAPK pathways in the signaling network in mammalian cells.

Mitogen-activated protein kinase (MAPK) signalling pathway plays a key function in a variety of

complex cellular processes such as proliferation, differentiation, apoptosis, and survival. MAPKs

can be activated by a range of stimuli (mitogens, cytokines, growth factors, and environmental

stress), causes a downstream signalling cascade, and consequently, leads to the transcription of

genes that encode proteins. At least three MAPK families, including extracellular signal-regulated

kinase (ERK), Jun kinase (JNK/SAPK), and p38 MAPK have been characterized in mammalian

cells
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3.2.3 Redox Status and ROS

EMFs can affect ROS generation (Fig. 5), while ROS-induced signaling molecules

play an essential role in many processes (Ji et al. 2010; Waypa et al. 2002; Chandel

et al. 2000; Hamanaka and Chandel 2009, 2010; Bedard and Krause 2007; Lu

et al. 2010; Zhang et al. 2011; Rafalski and Brunet 2011; Ezashi et al. 2005; Diehn

et al. 2009; Hosokawa et al. 2007; Schmelter et al. 2006). ROS molecules are highly

reactive molecules (oxygen radicals) such as superoxide, hydroxyl, peroxyl,

alkoxyl, and even some non-radicals like hydrogen peroxide, with a potential to

convert into free radicals (Vladimirov and Proskurnina 2009; Bedard and Krause

2007; Andreyev et al. 2005; Adam-Vizi and Chinopoulos 2006). The amount of

ROS should be controlled since these molecules have two distinct roles; ROS not

only act as an intermediary messenger (Hamanaka and Chandel 2009, 2010; Bedard

and Krause 2007; Rehman 2010), but they also function as a toxic agent.

Overproduction of ROS may lead to an alteration in redox status and oxidative

stress in cells (Graziewicz et al. 2002; Guo et al. 2010; Ott et al. 2007). It is known

that normal cellular activities require a balanced redox. Cells are usually able to

prevent the accumulation of ROS at detrimental levels via antioxidant systems

having a suppressive effect on ROS (Guo et al. 2004; Andreyev et al. 2005; Oktem

et al. 2005; Zang et al. 1998; Cairns et al. 2011). A disequilibrium between the

production of free radicals and the scavenging capacity of antioxidant compounds

and enzymes such as peroxidases, catalase, vitamins, and superoxide dismutases

(SOD) can lead to an oxidative stress to cells (Lee et al. 2004).

Cell fate determination was shown to be linked to the level of ROS and oxidative

stress (Blank et al. 2008; Lu et al. 2010; Hosokawa et al. 2007; Suda et al. 2005).

Several studies demonstrated that low ROS levels in SCs are linked to the progeny

and maintenance of self-renewal. The ROS level was shown to be less in the early

progenitors not only in ESCs but also in adult SCs (Ji et al. 2010; Zhang et al. 2011;

Rafalski and Brunet 2011; Ezashi et al. 2005; Diehn et al. 2009; Hosokawa

et al. 2007; Schmelter et al. 2006). The cardiovascular differentiation in ESCs

was argued to be associated with the NADPH oxidase expression and ROS gener-

ation (Schmelter et al. 2006). The enhanced differentiation of human ESCs via

ROS-involved signaling pathways resulted in an elevated expression of mesoder-

mal and endodermal markers (Ji et al. 2010). Furthermore, ROS-inducing condi-

tions reduce the expression of Oct4, Nanog, and Sox2 in human ESCs

(Ji et al. 2010). Oxidative stress has been considered responsible for the oxidized

low-density lipoprotein (ox-LDL) activity in biological systems (Lu et al. 2010;

Chu et al. 2011). It was reported that the suppressed proliferation in bone marrow

SCs and inhibited expression of Oct4 through ox-LDL is mediated by ROS gener-

ated from ox-LDL (Lu et al. 2010; Chu et al. 2011). The inhibitory function of

antioxidants in the ROS-induced differentiation suggests that the promoted differ-

entiation occur via high ROS levels. It was shown that an increase in the ROS

production during ESCs differentiation is linked to an attendant increased antiox-

idant expression, whereas antioxidants are expressed at low levels in the
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undifferentiated state (Rehman 2010). Treatment of free radical scavenger

decreases ESCs differentiation and increases the expression of pluripotency

markers such as Oct4 (Ji et al. 2010). Thioredoxin antioxidant has shown its pivotal

role in the redox regulation of transcription factors like Oct4 (Guo et al. 2004;

Nordberg and Arner 2001), and a probable regulatory role in totipotential property

of ESCs (Guo et al. 2004; Kobayashi-Miura et al. 2002). Moreover, an increase in

the Nanog expression related to ROS can be reduced through the suppressive

effects of manganese-superoxide dismutase (MnSOD) on ROS (Fijalkowska

et al. 2010).

Some cellular responses like proliferation and differentiation in response to

EMFs are linked to the generation and activities of ROS (Falone et al. 2007; Serena

et al. 2009; Blank and Goodman 2009; Schmelter et al. 2006; Oktem et al. 2005;

Consales et al. 2012; Jelenković et al. 2006; Zwirska-Korczala et al. 2005; Simkó

2004; Simko 2007; Katsir and Parola 1998; Sauer and Wartenberg 2005; Sauer

et al. 1999). It should be highlighted that different cell types, due to their particular

redox status, display different reactions to the same stimulus (Simko 2007). Expo-

sure to the radiofrequency EMFs (at 900 MHz) enhanced the production of ROS in

murine L929 fibrosarcoma cells (Zeni et al. 2007). In contrast, in an experimental

model of rat lymphocytes exposed to radiofrequency radiation at 900 MHz, results

indicated that acute exposure after 5 and 15 min did not stimulate ROS production.

Nevertheless, a combination of radiofrequency radiation and iron ions in the rat

lymphocytes increased the level of ROS (Zmyślony et al. 2004). Stimulation of

NADH-oxidase pathway with a consequent production of superoxide anion radicals

upon exposure of mouse bone marrow-derived cells to ELF-MF (50 Hz, 1 mT) is

another result emphasizing the EMF impact (Rollwitz et al. 2004). Surprisingly,

EMFs can impact the activities of antioxidative enzymes (Zwirska-Korczala

et al. 2005; Simko 2007; (Katsir and Parola 1998). The activation of antioxidant

enzymes in rat liver mitochondria, upon exposure to EM pulse with the strength of

60 kV/m, prevented the generation of free radicals (Wang et al. 2013). A significant

rise was detected in the activity of SOD enzymes in mice (Lee et al. 2004) and rat

(Jelenković et al. 2006) brains after exposure to the ELF-magnetic field of 60 Hz

and 50 Hz, respectively.

Redox-sensitive kinases can also impact signaling pathways like ROS activated

signaling pathways (Ji et al. 2010; Waris and Ahsan 2006). These proteins play a

modulating function in gene expression through the phosphorylation of transcrip-

tion factors (Waris and Ahsan 2006). ROS and oxidative stress phosphorylated

p38/MAPK in HSCs led to a defect in the self-renewal capacity (Blank et al. 2008;

Bedard and Krause 2007; Suda et al. 2005). On the other hand, inactivation of p38

MAPK protects against the loss of self-renewal capacity in HSCs. Furthermore, the

ROS-induced up-regulation of p16 and p19 in HSCs are blocked by the p38/MAPK

inhibitor or an antioxidant, N-acetylcysteine (Suda et al. 2005). It has also been

found that the intracellular ROS content of HSCs can be regulated by AKT, a

family of serine/threonine-specific protein kinase. The combined loss of two

isoforms of this kinase family has shown an impairment in self-renewal capacity

of HSCs (Juntilla et al. 2010). Impairment of endothelial differentiation by Ox-LDL
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has also been reported due to the inhibition of Akt phosphorylation (Chu

et al. 2011). Moreover, AKT participates in controlling the cellular metabolisms

and PI3Ks signaling cascade with a central role in the cell survival signaling (Soda

et al. 2008; Cairns et al. 2011). The PI3K/AKT pathway can participate in self-

renewing of the HSC. A faulty reconstitution and a reduced proliferative capacity

were demonstrated with a decreased PI3K activity in these cells (Juntilla

et al. 2010).

It is worthy to mention that the down-regulation of human TERT has been

detected in human ESCs under ROS-induced conditions (Ji et al. 2010). The cells

differentiated from TERT overexpressing SCs demonstrated a lower intracellular

oxidative stress and a higher apoptosis resistance. These cells also maintained a

high level of telomerase expression (Armstrong et al. 2005; Yang et al. 2008; Lee

et al. 2005). A high telomerase activity level is a contributor to the immortality and

self-renewal (Wesbuer et al. 2010; Ahmed et al. 2008). Different studies showed

that the down-regulation of telomerase correlates significantly with the differenti-

ation in embryonic and adult SCs (Saretzki et al. 2008; Li et al. 2005; Bagheri

et al. 2006). In mouse and human ESCs, over-expression of the telomerase

improved proliferation and ability for colony formation (Armstrong et al. 2005;

Yang et al. 2008). Altogether, the concentration of ROS seems to be one of the vital

factors regulating SC fate; EMFs are capable of influencing SC fate decision via

affecting ROS generation.

3.2.4 Mitochondria

Mitochondria, the main sites of energy metabolism and ATP generation (Fig. 7)

(Adam-Vizi and Chinopoulos 2006; Loureiro et al. 2013), play central roles in

many cell processes such as differentiation, apoptosis, and metabolism of key

cellular intermediates (Ye et al. 2011; Loureiro et al. 2013; Parker et al. 2009).

They also act as a controller in concentrating Ca2+ ions (Parker et al. 2009; Scarpa

and Graziotti 1973). It is a known fact that endoplasmic reticulum, an important site

for Ca2+ ion storage, has a critical function in the Ca2+-mediated signaling path-

ways (Clapham 2007). The physical association between mitochondria and endo-

plasmic reticulum not only emphasizes the Ca2+ signaling role in mitochondria but

also corroborates that mitochondria play a temporary function in Ca2+ storage

(Clapham 2007).

Based on the studies on mitochondrial features in the differentiated and

undifferentiated states, the relationship between mitochondrial properties and

stemness maintenance seems reasonable (St. John et al. 2005; Cho et al. 2006;

Lonergan et al. 2006). During differentiation process, several physiological

changes take place inside mitochondria, such as the alteration in the mitochondrial

DNA copy number, ATP content, and oxygen consumption (Fig. 8). A reduction in

mitochondrial number has been observed in undifferentiated SCs (Rehman 2010;

Guo et al. 2010; Saretzki et al. 2008; Parker et al. 2009; St. John et al. 2005; Cho

et al. 2006; Lonergan et al. 2006, 2007). Low mitochondrial DNA content might act
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Fig. 7 A schematic illustration of mitochondria and electron respiratory chain. (a) A mitochon-

drion consists of two membranes (outer membrane and a more complex inner membrane), the

matrix, and the space between the two membranes, called the inter-membrane space. The inner
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as an indicator of stemness. Up-regulation of ESCs’ capacity to transcribe mito-

chondrial DNA as well as the increased mitochondrial DNA copies per cell has

been detected in committed ESCs, losing their pluripotency. These all imply that

there is a marked correlation between SC pluripotency and mitochondrial DNA

(Lonergan et al. 2006, 2007; Facucho-Oliveira and John 2009). Moreover, low

levels of ATP have been reported in undifferentiated ESCs. Mitochondrial activity

and also mitochondrial DNA replication increase in ESCs undergoing differentia-

tion. This represents that the mitochondrial DNA encodes ETC’s components.

Thus, an increased ATP content taking place with the increased mitochondrial

activity might act as a signal to initiate the differentiation and decrease the stemness

(Guo et al. 2010; Cho et al. 2006; Lonergan et al. 2006, 2007). Importantly,

metabolic characterization showed that SCs prefer anaerobic metabolism (Rehman

2010; Loureiro et al. 2013). Studies on mouse epiblast SCs revealed that the

respiration activity of mitochondria is lower in these cells, in contrast to the earlier

stages of mouse SCs (Zhou et al. 2012a, b; Houghton 2006). Several studies

indicated that undifferentiated cells are more glycolytic than differentiated ones.

During the differentiation of ESCs, the energy production is switched to OXPHOS

(Rehman 2010; Cho et al. 2006) which plays an essential function in the differen-

tiation of ESCs to cardiomyocytes and creation of sarcomeres (Chung et al. 2007).

Moreover, a more glycolytic nature of the undifferentiated cells has also been

detected in adult SCs, like HSCs (Suda et al. 2011) and MSCs (Rehman 2010;

Funes et al. 2007), demonstrating a high rate production of glycolysis and lactate.

This phenomenon is in contrast to the condition of the differentiated cells. It is

known that OXPHOS is linked to the mitochondrial DNA transcription. A limited

mitochondrial DNA transcription has been reported in stemness situation, while

mitochondrial mass and oxygen consumption increase with differentiation

(Ye et al. 2011; St. John et al. 2005; Cho et al. 2006; Lonergan et al. 2006;

Facucho-Oliveira and John 2009). Such alterations in mitochondria can be related

to transcriptional factors. During differentiation of ESC, down-regulation of Oct4,

Sox2, and Nanog has been reported in correlation with mitochondrial activities.

However, in an undifferentiated state of SCs, the mitochondrial activities are

suppressed (Ye et al. 2011; Facucho-Oliveira and John 2009). The decision

between the oxidative and anaerobic glycolytic metabolisms can be mediated by

these genes and their products (Kang et al. 2009a, b; Shakya et al. 2009). A

connection between several common Oct (Oct4, Oct1) targets and energy

⁄�

Fig. 7 (continued) membrane contains the proteins involved in the electron transport and ATP

synthesis. During the electron transport, protons are pushed from the matrix out to the cytosolic

side of the inner mitochondrial membrane, creating a proton-motive force to synthesize ATP from

ADP. At the end of this electron transport chain, ROS, H2O, and CO2 are produced as by-products.

(b) The components of the electron transport chain. The electron transport chain consists of four

complexes. Each of the complexes is embedded in the inner mitochondrial membrane containing

several different electron carriers. The electrons move along the electron transport chain from

NADH to O2, while a proton is released at each step (Adam-Vizi and Chinopoulos 2006)
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metabolisms demonstrated that a small mitochondrial function and a high rate of

glycolysis are the characterizations of the metabolic pattern (Kang et al. 2009a, b;

Kondoh et al. 2007). Therefore, it is reasonable to claim that EMFs can influence

the SC fate via direct or indirect effects on mitochondria.

It has been revealed that external fields are directly or indirectly capable of

affecting the mitochondrial features such as the mitochondrial membrane potential

(Δφm) and consequently impact the factors controlling SC fate decision. The

mobility of protons during mitochondrial OXPHOS for ATP generation produces

an electrochemical gradient across the membrane, and the proton-motive force

(PMF) is expressed in units of electrical potential including Δφm and ΔpH
(pH gradient) (Adam-Vizi and Chinopoulos 2006). In most circumstances, Δφm

dominates pmf. This potential influences almost all activities in the mitochondria

and is valued about 150–180 mV (Adam-Vizi and Chinopoulos 2006). Δφm as a

Fig. 8 A schematic presentation of different characteristics between differentiated and

undifferentiated states. (a) In undifferentiated states, cells are more glycolytic. Mitochondrial

(mt) activity, mt. number, mt. mass, and mt. DNAs are low in contrast to the mature cells. ATP and

ROS content as well as the O2 consumption are less in these cells. However, the expression of

some transcription factors, HIF factors (Heddleston et al. 2009; Forristal et al. 2010; Mathieu

et al. 2011; Eliasson and J€onsson 2010), and also telomerase activity are high in these cells. (b) In

mature cells, the activity of some factors like HIFs, telomerase, Oct4, and Nanog are lower than

undifferentiated ones. In contrast, mt. activity, mt. number, mt. mass, mt. DNA, ATP content, ROS

content and O2 consumption are high in these cells. Oxidative phosphorylation in these cells is

higher than glycolytic metabolism
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reflection of mitochondrial functional status is associated with the differentiation

states (Ye et al. 2011).

Mitochondrial permeability transition is responsible for the release of several

proteins (such as cytochrome c) from the mitochondrial inter-membrane space into

the cytoplasm (Fig. 7) (Bernardi and Di Lisa 2015). In mitochondria, the control of

bioenergetic parameters such as redox state of pyridine nucleotides is linked to Δφ

m or pmf. The pyridine nucleotides, nicotinamide adenine dinucleotide (NAD), and

nicotinamide adenine dinucleotide phosphate (NADP) participate in the energy

transduction. They exist in two forms: oxidized (NAD+, NADP+) and reduced

(NADH, NADPH). The balance between these two forms is central to the mainte-

nance of the redox status and regulation of the ion channels and cell signaling, not

only under the normal condition, but also in pathological states (Nakamura

et al. 2012). Δφm in differentiated cells, like fibroblasts, are maintained via ETC

and form a proton gradient within the chain. However, in human pluripotent SCs

this maintenance occurs through glycolysis. It should be noted that ATP hydrolysis

maintains Δφm upon an impairment of ETC in the differentiated cells (Zhang

et al. 2011). Moreover, an increase in aerobic glycolysis and a drop in Δφm have

been detected in leukemia cells cultured over bone marrow-derived mesenchymal

stromal cells. It was suggested that the Warburg effect in leukemia-stroma

co-culture cells is promoted via mitochondrial uncoupling (Samudio et al. 2008).

Mitochondrial uncoupling taking place under physiologic conditions is defined as

the abrogation of ATP synthesis in response to Δφm and mediated by uncoupling

proteins (UCPs) as mitochondrial inner-membrane proteins regulating cell metab-

olism. In cancer cells, the increased dependency to glycolysis has been suggested to

be possibly due to inability to synthesize ATP in response to Δφm (Samudio

et al. 2009).

In Jurkat cells upon induction of a nanosecond electric pulse (4 ns, 10 MV/m

electrical pulses at a 1 kHz repetition rate) to the cells, an increase in both

permeabilities of mitochondrial membrane and release of cytochrome c, and a

decrease in Δφm were reported (Napotnik et al. 2012). Δφm was dropped in

human cancer cells SMMC7721 upon exposure to electric pulses (120 ns, 600 V/

cm). Notably, a significant decrease in Δφm and release of cytochrome c into the

cytoplasm act as a signal to apoptosis. The duration and intensity of electric pulses

have a determinant function in regulatory effects of these pulses over cells (Jiang

et al. 2008). Similar effects on mitochondrial permeability and release of cyto-

chrome c were reported upon exposure of amniotic epithelial cells to 50 Hz

magnetic field (0.4 mT) for 60 min. The transition of mitochondrial permeability

and the release of cytochrome c were induced without any significant effect onΔφm

(Feng et al. 2016). However, neuroblastoma cells exposed to 50 Hz EMF with the

intensity of above 0.8 mT showed a significant reduction in Δφm (Calabrò

et al. 2013).

EMFs can also indirectly impact the mitochondria via regulating the Ca2+

concentration. Also, Ca2+ concentration level can trigger mitochondrial permeabil-

ity (Bernardi and Di Lisa 2015; Kristián et al. 2000; Vaseva et al. 2012; Moon

et al. 2012). Interestingly, EMF-based ROS generation is another indirect route to

Electromagnetic Fields and Stem Cell Fate: When Physics Meets Biology 83



affect mitochondrial function (Fig. 7) (Adam-Vizi and Chinopoulos 2006). The

mitochondrial activity and the amount of ROS production are closely related

together (Adam-Vizi and Chinopoulos 2006). Researchers discovered that the

rate of mitochondrial activity in undifferentiated NSCs is higher and the amount

of ROS generation is lower in compared to differentiated neurons and glial cells

(Zhang et al. 2011; Rafalski and Brunet 2011). ROS release in an undifferentiated

state is less since glycolysis instead of OXPHOS predominately produces the

cellular energy. The high levels of oxidative damage reported in some differenti-

ating cells can be due to a rise in mitochondrial activity (Rehman 2010). The

mitochondrial antioxidant MnSOD also influences mitochondrial ROS level

(Fijalkowska et al. 2010). An increase in mitochondrial mass can be linked to the

growing expression of antioxidant (Guo et al. 2004). Moreover, it was reported that

ROS and oxidative stress have the ability to alter the activity of the antioxidative

enzymes such as MnSOD and the copper- and zinc-containing superoxide

dismutase (Cu/ZnSOD) (Zwirska-Korczala et al. 2005; Masri et al. 2008).

It should be noted that large amounts of oxidative stress can have an inhibitory

function in the mitochondrial DNA polymerase activity via reducing its DNA

binding efficiency (Graziewicz et al. 2002). ROS level can also influence ATP

production. It has been shown that ATP generation in mitochondria is accompanied

by a lower degree of oxidative stress (Saretzki 2009). Studies on isolated heart and

brain mitochondria demonstrated that ROS production is related to Δφm/pmf and

the level of NADH. ROS production is succinate-supported, meaning that mito-

chondria need a high Δφm to generate ROS. In other words, a small drop in Δφm

results in a decline in ROS production. On the other hand, the over-expression of

UCPs might have a protective function against excessive ROS conditions. The

reducer role of UCPs against ROS production may be dependent on a drop in

NADH: NAD+ ratio (Adam-Vizi and Chinopoulos 2006). UCP2 is capable of

regulating energy metabolism. The regulatory function of UPC2 in human plurip-

otent SCs stimulated the aerobic glycolysis (Zhang et al. 2011). UCP2 not only

regulates cell metabolism, but also impacts the ROS and differentiation (Saretzki

2009). In overall, UCP2 plays a regulatory function in the SC fate. Both in vivo and

in vitro experiments indicated that the amount of UCP2 is less in differentiated cells

in comparison with undifferentiated cells. In other words, the expression of UCP2 is

repressed with differentiation (Zhang et al. 2011; Rafalski and Brunet 2011). The

repression of UCP2 displays a necessary role in decreasing the glycolysis and

maintaining or even increasing the mitochondrial glucose oxidation in differenti-

ated human pluripotent SCs (Zhang et al. 2011).

3.2.5 MT Dynamic Instability

SCs can divide symmetrically or asymmetrically (Fig. 2) (Morrison and Kimble

2006; Bernhard and Palsson 2004). During symmetric cell division, both daughter

cells attain the same fate. However, during asymmetric cell division, one daughter

cell becomes a new SC, and the other differentiates. In other words, one cell leaves
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Fig. 9 Cell cycle and cell division. (a) Stages of mitosis. Cell cycle consists of three periods:

interphase, mitotic (M) phase, and cytokinesis. During interphase proceeding in three stages,

synthesis (S) phase, and two gap phases (G1 and G2), the cell grows and prepares for division.

During M phase cell splits itself into two daughter cells, and in the cytokinesis stage, cell divides
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the niche and produces a large number of progenies, whereas the other cell remains

SC cell and receives the same niche signals (Fig. 2) (Morrison and Kimble 2006;

Knoblich 2001). The control of symmetric and asymmetric divisions in SCs can be

a valuable approach to balance self-renewal and differentiation. Importantly, the

main subject in the control of cell division is related to the mitotic spindle and its

orientation, establishing the symmetric or asymmetric SC division. The position of

mitotic spindle determines the cleavage plane and the spatial arrangement of two

daughter cells could be delimited thereupon. During the cell division, the segrega-

tion of chromosomes between daughter cells is performed by the mitotic spindle

(Siller and Doe 2009). Cellular spindle consists of two spindle poles where MTs are

nucleated by centrosomes at these ends (Fig. 9). Spindle MTs making up the mitotic

spindle grow dynamically by polymerization and shrink by depolymerization,

which refers to “dynamic instability” of MTs (Bowne‐Anderson et al. 2013;

Wang 2010; Walczak et al. 2010). Spindle alignment can be influenced by astral

MT interactions with the cell cortex and cytoplasm. The plus-end depolymerization

of astral MTs attaching to the cell cortex can generate the pulling forces, which

influence the astral MTs. Similarly, these forces can be produced by cortically

attached MT minus-end and translocation of MT plus-ends (Siller and Doe 2009;

Trushko et al. 2013). Therefore, the productive spindle orientation is depended on

the regulation of MT length. In other words, regulation of MT dynamic instability

has a crucial role in the correct spindle positioning. EMFs can potentially influence

MT dynamic instability, according to the claim that EMFs can target MTs because

of the tubulin dipoles. Several studies referred to the regulatory function of electric

(Ramalho et al. 2007; Zhao and Zhan 2012; Stracke et al. 2002; Zhao et al. 1999)

and magnetic fields (Denegre et al. 1998; Valles 2002) in MT polymerization and

cell division (Fig. 5).

4 Conclusion

SC functions rely on intrinsic genetic programs, extrinsic signals from their niche,

and also the interaction between the two. The control of SC behavior and interac-

tions between these cells together and with their niche can influence cell fate. Since

the EMF was demonstrated to be an efficient approach to transporting energy

between cells and also between the cells and their microenvironment, cells are

able to communicate electromagnetically. In this article, the impact of both natural

Fig. 9 (continued) completely. Besides, there is a resting phase (G0) in which the cell division is

stopped (Orford and Scadden 2008; Bernhard and Palsson 2004). M phase/mitosis causes the

chromosomes to be segregated between two daughter cells and consists of five stages; prophase,

prometaphase, metaphase, anaphase, and telophase (Wang 2010) (b) Confocal images during

interphase, mitosis stages, and cytokinesis in the Dictyostelium discoideum cells stained for

chromatin (Reproduced with the permission from Ref. (Rump et al. 2011)
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endogenous EMFs and external EMF in the regulation of cellular processes,

particularly cell fate was emphasized. Two possible ways were proposed by

which external EMFs potentially can influence SC fate decisions: (1) externally

applied fields can affect determinant factors influencing the SC fate (i.e., by

alteration of ROS generation and intracellular ionic concentrations), and (2) exter-

nally applied fields are capable of varying the natural endogenous EMF via a direct

interference with endogenous fields, and consequently, cause a change in the

corresponding functions of natural endogenous fields control. Since externally

applied EMFs are able to regulate cellular processes corresponding to the SC fate

decision, it is expected that novel strategies would be developed in the near future

for the controlled delivery of EMFs to the cells for further modulating cell fate. In

other words, given the fact that the niche provides a microenvironment composed

of cellular and extracellular signals, and SCs and their niche components interact

with each other, EMF as an external signal has the potential to be presented as a

possible participating component in SC niche and consequently has an impact on

SC fate. However, understanding how EMFs influence SC fate is related to how

SCs sense and response to these fields. Further research is required to shed lights on

the complex regulatory networks in SCs and their interactions with EMFs.
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The Zebrafish Heart as a Model

of Mammalian Cardiac Function

Christine E. Genge, Eric Lin, Ling Lee, XiaoYe Sheng, Kaveh Rayani,

Marvin Gunawan, Charles M. Stevens, Alison Yueh Li,

Sanam Shafaat Talab, Thomas W. Claydon, Leif Hove-Madsen,

and Glen F. Tibbits

Abstract Zebrafish (Danio rerio) are widely used as vertebrate model in develop-

mental genetics and functional genomics as well as in cardiac structure-function

studies. The zebrafish heart has been increasingly used as a model of human cardiac

function, in part, due to the similarities in heart rate and action potential duration

and morphology with respect to humans. The teleostian zebrafish is in many ways a

compelling model of human cardiac function due to the clarity afforded by its ease

of genetic manipulation, the wealth of developmental biological information, and

inherent suitability to a variety of experimental techniques. However, in addition to

the numerous advantages of the zebrafish system are also caveats related to gene

duplication (resulting in paralogs not present in human or other mammals) and

fundamental differences in how zebrafish hearts function. In this review, we discuss

the use of zebrafish as a cardiac function model through the use of techniques

such as echocardiography, optical mapping, electrocardiography, molecular
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investigations of excitation-contraction coupling, and their physiological impli-

cations relative to that of the human heart. While some of these techniques (e.g.,

echocardiography) are particularly challenging in the zebrafish because of dimi-

nutive size of the heart (~1.5 mm in diameter) critical information can be derived

from these approaches and are discussed in detail in this article.

Keywords Cardiac electrophysiology • Echocardiography • Electrophysiology •

Excitation-contraction coupling • Optical mapping • Phylogeny
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1 Introduction to the Zebrafish as a Model

The teleostian zebrafish (Danio rerio) is a widely used non-mammalian vertebrate

model in developmental genetics and functional genomics as well as in cardiac

structure-function studies (Bakkers 2011; Verkerk and Remme 2012; Asnani and

Peterson 2014). Zebrafish hearts are increasingly used as a model of mammalian

cardiac function, in part, due to the similarities in heart rate and action potential

duration and morphology with respect to human hearts (Arnaout et al. 2007, p. 126;

Nemtsas et al. 2010). The zebrafish is a compelling model of mammalian cardiac

function due to the clarity afforded by its ease of genetic manipulation, the wealth

of developmental biological information, and inherent suitability to a variety of

experimental techniques. However, in addition to the numerous advantages of the

zebrafish system are also caveats and fundamental differences in how zebrafish

hearts function. In this review, we discuss the use of zebrafish in techniques such as

echocardiography, optical mapping, electrocardiography, molecular investigations

of excitation-contraction coupling, and their physiological implications to the

human heart.

Historically, the zebrafish has been an important developmental model in part

due to its transparency in its larval stages that allows not only for discerning

developmental checkpoints but also for direct observation of cardiac function

(Granato et al. 1996; Kane et al. 1996). More recently the role of zebrafish as a

model organism has been expanded to include the adult zebrafish due to the
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relative ease of genetic manipulation and a genome that bears similarity to humans

(Bakkers 2011). Furthermore, zebrafish produce large numbers of offspring with

short generation times and their upkeep is cost effective. This tropical fish is small,

robust and survives well at temperatures close to room temperature (24–28�C)
(Spence et al. 2008; Sidhu et al. 2014). The zebrafish genome is fully sequenced,

publicly available, and was the third high-quality genome sequenced after those of

mouse and human (Howe et al. 2013). Human Genome Wide Association Studies
(GWAS) are limited to statistical association between a particular genetic variant

and a given disease. Genetic variations associated with human disease often have a

relatively minor phenotype, necessitating large amounts of sequencing data or

testing in an alternative model system to elucidate the mechanism. Zebrafish as a

vertebrate are closer genetically to humans than invertebrate models such as

Drosophila or C. elegans. Hence they can be used as an animal model for mutations

that have a strong phenotypic effect, and providing insight into the disease pheno-

type in humans.

The genetic similarity between humans and zebrafish enables the use of targeted

mutagenesis techniques to systematically model human disease genes (Arnaout

et al. 2007). Morpholino oligonucleotides (MOs) were the original standard tech-

nique for the generation of anti-sense knockdown mutations in zebrafish due to their

time and cost effectiveness (Nasevicius and Ekker 2000; Bill et al. 2009); however,

MOs were also susceptible to off-target inhibition (Law and Sargent 2014; Kok

et al. 2015). Recently, MOs have been superseded for the most part by the

application of clustered regularly interspaced palindromic repeats (CRISPRs) for

targeted genetic modifications (Hwang et al. 2013). CRISPRs recently have been

established as a powerful reverse genetic screening strategy in the zebrafish model

(Shah et al. 2015) and are commonly used for both knock-outs and knock-ins.

Through these gene screening and modification strategies, zebrafish can efficiently

be used for the verification of candidate disease genes and functional character-

ization in human disease models. Further, high throughput sequencing technologies

have also been used in zebrafish, including RNAseq for characterization of the

transcriptome (Collins et al. 2012). Transcriptomic analysis provides the link

between genotype and phenotype in zebrafish to better understand the underlying

mechanisms of physiological responses (Qian et al. 2014). The combination of

genomic, transcriptomic, and proteomic information available in the zebrafish

provides a well-characterized platform for the exploration of many biological

processes. An extensive freely available online database, ZEBRAFISHIN, inte-

grates genetic, genomic, and developmental data for zebrafish as a model organism

(Howe et al. 2013). This is closely linked to ZIRC, an NIH research facility that

provides access to zebrafish lines, probes, and health services. These easily acces-

sible services contribute to the appeal of the model.

There are important similarities between zebrafish and human cardiac physiol-

ogy, including action potential morphology and basic contractile dynamics, making

the zebrafish a robust model for cardiac function in experiments that focus on

channelopathies and cardiomyopathies. The similarities in action potential

(AP) morphology (Arnaout et al. 2007; Brette et al. 2008) contrast with other
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model systems such as mice that possess fundamental differences from human

hearts in terms of heart rates and repolarization characteristics. The similarities

between mammals and zebrafish have made the zebrafish an ideal model, in some

respects, for the study of channelopathy-causing mutations and the functional

effects of electrophysiological abnormalities (Langheinrich et al. 2003;

Langenbacher et al. 2005; Arnaout et al. 2007; Brette et al. 2008). Basic

excitation-contraction (E-C) coupling is also conserved between teleosts and mam-

mals with respect to fundamental features such as Ca2+ sparks and the ability of

Ca2+ waves to trigger after-depolarizations (Llach et al. 2011; Bovo et al. 2013).

This similarity is dictated by the conservation of key domains in several sarcomeric

proteins (Fu et al. 2009). The use of transgenic zebrafish as models for cardiac

function permits the manipulation of molecular components of the contractile

apparatus. Transgenic studies allow the direct exploration of the genetic factors

and molecular modifications that underlie human disease states. The application of

these techniques makes the zebrafish particularly attractive for the study of human

cardiac muscular diseases such as dilated or hypertrophic cardiomyopathies

(Dahme et al. 2009).

Despite the many similarities, the zebrafish is a phylogenetically distant species

from human. Fish are ectothermic with a morphologically distinct heart composed

of two main contractile chambers working in series rather than the mammalian

four-chambered heart as seen in Fig. 1. The two-chamber physiology as well as a

lack of pulmonary circulation makes it difficult to completely integrate cardio-

vascular development and function. The end diastolic volume in the fish ventricle is

greatly determined by atrial contraction rather than central venous pressure seen in

mammals (Cotter et al. 2008). Fish typically show an early to late ventricular filling

Fig. 1 Schematic of the chambers of a typical fish heart. SV is the sinus venosus; BA is the bulbus

arteriosus; CA is the conus arteriosus. The heart outflow tract (OFT) of fish is formed by two

portions: a proximal conus arteriosus and a distal bulbus arteriosus. Although the form and

function of the CA in teleosts such as the zebrafish remain somewhat controversial
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ratio around 0.2, much lower than the typical healthy human and indicative of

differential hemodynamics (Ho et al. 2002). For this reason, direct comparison of

some parameters of whole heart function in zebrafish cannot be made with that of

humans.

While the basics of cardiac excitation-contraction (E-C) coupling are conserved

across vertebrates, differences between teleost and mammalian Ca2+ sources,

myofilament Ca2+ sensitivities and/or spatial arrangement of the contractile ele-

ment are essential for function in the environmental conditions in which teleosts

exist. Ventricular myocytes from zebrafish more closely resemble myocytes from

neonatal mammals rather than adults in terms of structure and function (Iorga

et al. 2011). They are around 100 μm in length, thin (around 5 μm) (Brette

et al. 2008) with decreased diffusion distance to the center of the cell and generally

lacking T-tubules (trout (Farrell and Jones 1992; Vornanen 1998); neonatal rabbit

(Huang et al. 2005)). Critical processes such as cardiac E-C coupling must be

adaptable to allow for the necessary cardiac scope due to the broad environmental

conditions to which ectothermic teleosts are exposed. The evolution of variability

in cardiac contractility is an important consideration in ectotherms. The underlying

evolutionarily mechanism for producing these contractile changes involves differ-

ential expression of paralogs, particularly, key proteins guiding the Ca2+ signaling

of sarcomeric function. The understanding of both conservation and modification of

electrophysiology and contractile components is essential in the appropriate utili-

zation of the zebrafish model.

About 71% of human genes have at least one corresponding gene in the zebrafish

genome, known as an ortholog (Howe et al. 2013). Due to gene duplication events

there may be two orthologs in the zebrafish genome for a given human gene. The

zebrafish genome has several thousand unique genes without a corresponding

ortholog in the mammalian genome. Gene duplication is thought to be one of the

major driving forces in evolutionary innovation as it introduces the ability to have

novelty without loss of the original function (Ohno 1993). While most genes are

lost after a duplication event, tissue specific expression may lead to the retention of

multiple copies of a given gene, known as paralogs. These copies can then divide

ancestral functions (sub-functionalization) or develop new functions

(neo-functionalization) (Ohno 1993; Meyer and Schartl 1999). Gene duplication

has led to multiple copies of genes that code for sarcomeric proteins and ion

channels, consequently there may be multiple genes in zebrafish that are

orthologous to a given human gene. This is an evolutionary adaptation by the

zebrafish that allows them to regulate cardiac contractility through the differential

expression of functionally similar isoforms and paralogs (Karasinski et al. 2001;

Sehnert et al. 2002; Rottbauer et al. 2006; Seeley et al. 2007; Zhao et al. 2008; Ohte

et al. 2009; Sogah et al. 2010; Alderman et al. 2012; Genge et al. 2013, 2016; Zou

et al. 2015; Singh et al. 2016). Certain channels that produce cardiac ion currents

are regulated by non-orthologous genes in zebrafish and humans, for example the

major repolarizing (IK1, IKr) and depolarizing (INa, ICaL) currents (Leong

et al. 2010a, b; Vornanen and Hassinen 2016). While variation in zebrafish gene

content may be a method of coping with varying environmental conditions, the
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resulting unique gene content and expression in fish creates challenges in assigning

a given function to a gene product that may be different between species.

Variation in ion currents due to genetic divergence between fish and humans due

to this fish specific genome duplication can confound the selection of candidate

molecules for medicinal drug development or in toxicological testing. With the

increasing use of zebrafish as a model of vertebrate cardiac physiology (Milan

et al. 2003; Arnaout et al. 2007; Scholz et al. 2009; Leong et al. 2010a, b; Nemtsas

et al. 2010; Bovo et al. 2013; Dvornikov et al. 2014), the variation in paralog use

must be considered due to the increased number of teleost-specific paralogous

genes that code for cardiac proteins. Shared cardiac functions need to be distin-

guished as either derived or novel in zebrafish and humans. The discrepancies in

gene content and cardiac function between humans and ectothermic models often

originate in molecular adaptation to the native environment. Mammalian hearts

function normally at a specific narrow temperature range (~37–38�C) while ecto-

therms must tolerate a broad range of environmental temperatures. Zebrafish must

be able to maintain cardiac function between 6 and 38�C (Spence et al. 2008). The

function of orthologous enzymes is conserved when the orthologous enzymes are at

their typical physiological temperature (Somero and Hochachka 1969; Fields and

Somero 1998; Somero 2005). As such there is variation in the biophysical proper-

ties of key proteins in the contractile element that are preferentially expressed by

zebrafish at different temperatures. The substantial variation in cardiac function

based on divergence in genetic background complicates the use of the zebrafish as a

model. Even where commonalities are shared in whole-heart physiological mea-

surements, the underlying mechanism may be divergent in teleosts. In this review,

we will discuss both the conserved similarities in teleost and human hearts as well

as the basis of variation that must be acknowledged when using this comparative

model. While this can make the study of the ectothermic zebrafish difficult,

zebrafish can be an excellent model for the study of mammalian cardiac systems

when care is taken in the selection of appropriate techniques and questions.

2 In Vivo Function of the Zebrafish Heart

Visualization of in vivo heart function is important to identify the correlation

between genotype and phenotype, to understand heart disease progression and/or

treatment applied in longitudinal studies (Gemberling et al. 2015; Nair et al. 2016).

High-resolution echocardiography has been used to examine cardiac structure and

function of the in vivo adult zebrafish (Gerger et al. 2015; Lee et al. 2016). This

accurate and non-invasive method allows real-time imaging in vivo for investi-

gation of the many cardiac mutations available for zebrafish (Sun et al. 2008).

In echocardiographic imaging, two-dimensional (2D) bright (B)-mode image is

considered the basic guide mode (Fig. 2). The zebrafish ventricle, atrium and bulbus

arteriosus can be seen from a long-axis B-mode view. Functional parameters

including stroke volume (SV), ejection fraction (EF), fractional shorting (FS),
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and fractional area change (FAC) can be calculated from this view (Gerger

et al. 2015; Lee et al. 2016). Cardiac volumes can be calculated from 2D B-mode

images, using the Simpson method, which has proved to give the best prediction for

calculating fish ventricular volumes (Coucelo et al. 2000). The end diastolic volume

(EDV) of zebrafish is typically around 2.3 μL using these methods (Lee et al. 2016).

One-dimensional (1D) Motion (M)-mode images are acquired by a rapid

sequence of B-mode scans along a single line and displayed as a function of time.

This view is challenging to obtain in zebrafish due to the small heart size

(~1.5 mm); also the compact layer and the sponge layer in the zebrafish heart are

difficult to distinguish. However, Liu et al. developed a method of ultrahigh frame-

rate (UHFR) echocardiography which can record M-mode images and measure

zebrafish ventricular internal diameter (Liu et al. 2013). They reported the frac-

tional shortening (FS) to be 42� 4% (mean� SD) and 60� 13% for the long axis

and short axis of the ventricle, respectively, and fractional area change (FAC) was

77� 9% (Liu et al. 2013). FS calculated from 1D M-mode is much higher than the

2D B-mode calculation, which is around 17–24% (Hein et al. 2015; Lee et al. 2016).

In the ectothermic zebrafish, acute temperature can be used as a perturbation on

the whole animal model to quantify cardiac responses to stress, and thermal

acclimation to alter cardiac function and morphology in similar-sized teleosts

Fig. 2 Echocardiographic long-axis B-mode of ZF ventricle. 2D B-mode long-axis view of a

zebrafish ventricle. Zebrafish ventricle, atrium and bulbus arteriosus can be seen from this view.

Tracing on the edge of the ventricle throughout diastole (d) and systole (s) allows an assessment of

cardiac functional parameters. V volume, SV stroke volume, EF ejection fraction, FS fractional

shortening
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(Johnson et al. 2014). In work done by our group, echocardiography with a high

frequency probe (70 MHz) was used to observe cardiac function for warm-

acclimated (WA) and cold-acclimated (CA) zebrafish at 28 and 18�C (Lee

et al. 2016). Heart rate (HR) is the critical factor modulating the cardiac response

to acute temperature change as it increases from 78� 6 bpm at 18�C to

162� 10 bpm at 28�C regardless of acclimation state. Stroke volume did not

change in response to acute temperature change or acclimation (1.06–1.17 μL). A
similar lack of change in relative stroke volume measured with laser Doppler blood

flow has been seen in other zebrafish undergoing the same temperature shift (Little

and Seebacher 2013).

Dopplermode echocardiography is an important tool for studying hemodynamics,

which is extremely useful for zebrafish heart imaging to identify the direction and

velocity of blood flow from B-mode images (Ho et al. 2002). Parameters including

heart rate (HR), ventricular inflow, ventricular outflow, the velocity time integral

(VTI), isovolumic relaxation time (IVRT), isovolumic contraction time (IVCT),

ejection time (ET), andmyocardial performance index (MPI) can be clearlymeasured

from the pulse wave (PW) Doppler mode (Sun et al. 2008; Lee et al. 2016).

One important parameter that can be determined in zebrafish heart by PW

Doppler is the E/A ratio (Fig. 3). As there are two components of ventricular

inflow: early (E) filling peak velocity during ventricular relaxation (passive filling)

and the atrial (A) filling peak velocity that is the result of atrial contraction. Unlike

mammals, the E velocities are significantly lower than the A velocities in fish hearts

(Ho et al. 2002). This is consistent with the notion that the end diastolic volume in

the fish ventricle is determined in large part by atrial contraction rather than central

venous pressure as seen in mammals (Cotter et al. 2008). The increased importance

of late ventricular filling by atrial contraction rather than the passive early filling of

the ventricle is reflected in the early to late filling ratio (E/A ratio) of teleosts. Fish

typically show an E/A ratio around 0.2, much lower than that of the healthy human

Fig. 3 Zebrafish ventricular inflow velocity obtained by using pulse wave Doppler. The pulse

wave Doppler mode of ventricular inflow. The velocity (in mm/s, y-axis) is shown over time

(in ms, x-axis). Early filling peak velocity (E velocity), the atrial filling peak velocity (A velocity),

ejection time (ET), isovolumic contraction time (IVCT) and isovolumic relaxation time (IVRT)

can be measured from this view
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(1.5� 0.4) (Ho et al. 2002; Nagueh et al. 2009) under resting conditions. In our

zebrafish study, E/A ratio was found to be 0.28 regardless of the acute or acclimated

temperature state (Lee et al. 2016). This value corroborates previous zebrafish

studies, which have shown similar E/A ratios at 15�C and 25�C (Ho et al. 2002;

Sun et al. 2008). End systolic volume (ESV) of the fish heart is very small (Coucelo

et al. 2000) relative to that of the mammalian heart even when normalized by body

weight. This results in species such as zebrafish having relatively low systolic

pressure generation (~2.5 mm Hg) in the ventricle (Hu et al. 2001).

One of the challenges for echocardiography in the zebrafish is the appropriate

use of anesthetic. Tricaine methane sulfonate (MS-222) has been widely used as an

anesthetic agent for zebrafish studies. It is known that the MS-222 doses normally

used (100–200 ppm or mg/ml) are potent cardiac depressants and can result in heart

rates less than 100 bpm or even death (Huang et al. 2010). A reasonable solution

was proposed by Huang et al. in which they used a modified anesthetic protocol that

was the combination of pH-adjusted MS-222 (45 ppm) and isoflurane (45 ppm),

which showed significantly less impact on zebrafish cardiac function (Huang

et al. 2010). We have found that using this drug combination, the zebrafish heart

rate can be kept above 160 bpm at 28�C and achieved full recovery after long term

exposure (up to 40 min) (Lee et al. 2016). Other anesthetics have been used that can

also maintain cardiac function, or specifically for lacking a deleterious effect on

SV, such as AQUI-S (Little and Seebacher 2013).

The zebrafish is an interesting model of cardiac regeneration that has been

studied using in vivo echocardiography. It has been reported that zebrafish can

remove scar tissue and regenerate its heart even after 20% ventricular resection

(Poss et al. 2002). Non-invasive echocardiography is the most suitable tool for

longitudinally observing the cardiac structure and function during recovery of adult

zebrafish (Hein et al. 2015). Evaluation of ventricular recovery after cryo-

cauterization and myocardial motion during heart regeneration has been done by

Doppler imaging (Lee et al. 2014; Huang et al. 2015). Regeneration is of interest

in the zebrafish model due to the insight it might offer for novel approaches to

cardiac regeneration in humans.

Further advanced echocardiographic techniques have been used in zebrafish

regeneration models, such as strain analysis using speckle-tracking applied on

high-resolution B-mode images to assess the regional myocardial motion and

deformation. It has been used to evaluate cardiac regeneration after myocardial

cryoinjury (Hein et al. 2015). The imaging modalities evaluated both regional and

global zebrafish ventricular functional changes and contribute to establish further

adult zebrafish as cardiac disease model and regeneration process.

Amongst the numerous advantages of echocardiography and its hemodynamic

measurements of the in situ heart are also significant limitations including a

significant upfront investment in equipment and need for a highly skilled sono-

grapher. By the very nature of making recordings from an intact organism, imaging

quality is marred by the presence of movement artifact. Since bone is highly

reflective to acoustical waves, there are a very limited number of probe positions

and angles that give a clear view of the zebrafish heart. The combination of these
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factors often limits recording lengths to several seconds and prevents the quantifi-

cation of infrequent events such as errant beats by echocardiography. However, the

use of whole animal in vivo cardiac function to characterize mutant phenotypes and

to be able to do this non-invasively and longitudinally is invaluable, especially

when coupled with other measures of cardiac function.

3 Whole Heart Measurements

One of the attractive elements of the zebrafish model is the similarity between the

zebrafish and human ECG recordings, in large part, due to the similarities in heart

rate and ventricular action potential durations. Developmentally, the transparency

of zebrafish embryos allows heart rates to be manually observed (Granato

et al. 1996). Additionally, embryonic ECGs are available from microelectrode

recordings as early as 3 dpf, in which there can be diffusional drug delivery

(Dhillon et al. 2013). In adult zebrafish, needle electrodes must be used and require

anesthetic, which may be limited by the same cardiodepressive effects influencing

echocardiographic measurements if appropriate anesthetic protocols are not

employed (Milan et al. 2006; Chaudhari et al. 2013).

While hemodynamic measurements are invaluable, the absence of electrical

information can make interpretation difficult. In particular, in vitro ECG recordings

in the adult heart can show alteration of cardiac cycle components in response to

drugs that exert electrophysiological effects on cardiomyocytes (Tsai et al. 2011).

The addition of concurrent electrocardiography with hemodynamic measurements,

which requires minimal additional equipment, gives a valuable physiological

context and is ideally suited towards longer recordings. However, the insertion of

the ECG electrodes greatly increases the invasiveness of the procedure, nullifying

one of the key advantages of echocardiography. An additional limitation of ECG

recordings in intact adult zebrafish is imprecise drug dosages with indirect delivery

but this can be improved with intraperitoneal injections (Chaudhari et al. 2013). As

well, continued gill movement in anesthetized fish contributes significant move-

ment artifacts and signal noise. Averaging the ECG waveform over numerous

cardiac cycles increases the signal integrity and further improvements in signal

quality are possible with arrested gill movement and external perfusion but can

introduce confounding effects (Milan et al. 2006).

An alternative approach to intact recordings is to excise the heart, which

circumvents the complexities of anesthetization and motion artifacts, with the

additional advantage of diffusional drug delivery (Tsai et al. 2011). In the excised

preparation, neurohormonal regulation is lost and there is an increased risk of

physical damage. However, peri-cardiac incisions can be made on a euthanized

zebrafish to allow direct visualization of the heart prior to full heart isolation (Lin

et al. 2015). Since rate and rhythm are observable by eye and rough handling of the

heart has instantaneous deleterious effects, the health of the zebrafish heart can be

continuously monitored to assess any possible damage during extraction. While the
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excision process can initially be technically challenging, the result is an exception-

ally stable preparation in which heart rate and rhythm can be stable ex-vivo for

12–24 h (Lin et al. 2014).

ECGs can be recorded using microelectrodes (Tsai et al. 2011) or by field-

electrodes in which the heart is positioned within 1 mm, of two 0.5 mm silver-

chloride electrodes (Lin et al. 2015). Embedding the electrodes into the bottom of a

vinyl-terminated PDMS (e.g., Sylgard)-coated Petri dish allows for relatively high

throughput screening since each heart only needs to be positioned between the

recording electrodes for a short duration. One of the limitations of these arrange-

ments is the difficulty in performing solution changes without changing the relative

positioning of the heart and electrode positioning may contribute to variability

observed in p- and t-wave polarity (Tsai et al. 2011). Since relative positioning can

change the apparent conduction axis (Dhillon et al. 2013), cannulation of the

zebrafish heart through the aortic-equivalent bulbus arteriosus facilitates precise

relative positioning and the rotation of the heart can be manipulated to optimize the

ECG recording (Lin et al. 2015). Cannulation also allows for superfusion with

minimal movement artifact to improve signal quality.

The primary information available in an ECG recording is the temporal rela-

tionship of atrial depolarization, ventricular depolarization, and ventricular re-

polarization from which clinically relevant parameters such as heart rate,

atrioventricular delay, and ventricular action potential duration can be derived

(Tsai et al. 2011; Dhillon et al. 2013). Since ECG electrodes directly measure

electrical activity, the length of an ECG recording is effectively unlimited making

ECG especially well suited to investigating rare electrical events. Complementary

techniques such as glass microelectrodes and optical mapping techniques are better

suited to determining intermediate voltage kinetics. Impaled microelectrodes are

one of the few techniques that can give absolute membrane voltages and rates of

membrane depolarization and repolarization. The discrete nature of a microelec-

trode recording allows electrical signals to be precisely localized. However the size

of a zebrafish heart makes multiple simultaneous recordings, such as for conduction

velocity measurements or for assessing cell-to-cell variability, difficult (Lin

et al. 2015).

Optical mapping recordings lack the ability to measure absolute membrane

potentials but are able to capture relative changes from the atria and ventricles

simultaneously, making it especially well suited to conduction velocity measure-

ments and for investigating arrhythmogenicity (Efimov et al. 2004; Herron

et al. 2012). Two common potentiometric dyes, di-4-ANEPPS (Sedmera

et al. 2003; Tsai et al. 2011) and RH-237 (Lin et al. 2014) have been used in

adult zebrafish hearts. While both dyes are prone to photobleaching, extended

imaging using di-4-ANEPPS has been reported to have phototoxic effects (Sedmera

et al. 2003) whereas no changes in rhythm were observed using RH-237 (Lin

et al. 2014, 2015). However, it is unclear whether this result was due to the

properties of the potentiometric dyes or due to other experimental parameters

such as differences related to the use of cytochalasin D versus blebbistatin as the

excitation-contraction uncoupler. Tsai et al. (2011) also used di-4-ANEPPS but
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made no mention of rhythm changes related to imaging. In rat hearts, effects of

di-4-ANEPPS on AV conduction have been observed (Nygren et al. 2003) but no

changes to AV conduction were reported in zebrafish (Sedmera et al. 2003).

Optical mapping can be extended to include simultaneous calcium measure-

ments and the combination of the potentiometric dye RH-237 and the calcium-

sensitive dye Rhod-2 is a powerful technique which has been used in zebrafish (Lin

et al. 2015) (Fig. 4). As many indicator dyes are sensitive to the cell-specific

microenvironment, it should be noted that the RH-237/Rhod-2 combination used

in zebrafish contained spectral cross-talk (Lin et al. 2015) whereas no cross-talk was

reported when used in guinea-pig (Choi and Salama 2000) or in rat myocyte

cultures (Fast 2005). The species specific background may necessitate the use of

possible alternative dye combinations (reviewed in Fast (2005) and Jaimes

et al. (2016)).

Optical mapping recordings are considerably data rich. Thus, in one voltage-

calcium recording of the zebrafish heart, measureable parameters include: heart

rate, atrial action potential durations, atrial calcium transient, atrial conduction

velocity, atrioventricular delay, ventricular action potential duration, ventricular

calcium transient, and ventricular conduction velocity but can require extensive

Fig. 4 Fluorescent voltage and calcium recordings as a function of temperature. Atrial and

ventricular recordings were made at 28�C (top) and 18�C (bottom). Voltage signals (solid lines)
have a fast upstroke and rapid repolarization, resulting in a prominent peak. The upstroke of the

calcium transient (dotted lines) is initially fast and then slows as it approaches peak calcium. The

slow phase of the calcium upstroke coincides with early repolarization such that Ca2+ levels are

increasing while voltage levels are decreasing. The slow approach to peak calcium followed by

gradual relaxation results in a rounded calcium transient peak. Observable effects of changing

temperature include changes to heart rate, atrioventricular delay, and voltage and calcium transient

durations
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data analysis. MATLAB-based processing and analysis tools are published and

freely available (Laughner et al. 2012) as are additional methods of cycle averaging

to increase signal quality (Ding et al. 2014; Lin et al. 2015).

In optical mapping experiments, larger hearts are associated with larger signal

intensities and the advantages of working with a heart smaller than 1 mm2 may

appear to be counterintuitive. One advantage of the zebrafish model, that leverages

its diminutive size, is its compatibility with common fluorescence microscopes. As

the dyes used in optical mapping utilize common excitation and emission wave-

lengths, many fluorescence microscopes can be readily converted to optical map-

ping applications with the addition of a sufficiently fast digital camera. With care,

confocal and spinning disk microscopes can also be used.

Conduction velocities in the zebrafish are relatively fast, with 20 ms and 25 ms

conduction times in the atrial and ventricular compartments, respectively (Sedmera

et al. 2003). Therefore, high-resolution conduction velocity measurements benefit

from high speed cameras upwards of 500 fps. However, speed requirements for

accurately measuring action potential and calcium transient kinetics is surprisingly

low, with fast-Fourier analysis indicating few frequency components above 100 Hz

(Mironov et al. 2006). Continuous developments in camera technology make high

speed sensors increasingly affordable. A potential difficulty with using a

microscope-based optical mapping system with lower-cost digital cameras is the

smaller sensor sizes which limits the viewable area. This can be circumvented with

lower magnification objectives and/or the addition of a demagnifying transfer lens

in front of the camera sensor. Alternatively, a custom optical pathway can be

constructed with simple lens (Lin et al. 2015) in a custom fashion and can be

done more cost effectively.

The small size of the zebrafish heart has many pragmatic advantages for use in a

simpler optical mapping set-up worth noting. The size of the zebrafish heart

contributes to its ability to maintain cardiac function for many hours without

external perfusion or oxygenation. This, in combination with the flexibility of the

zebrafish heart to thrive under ambient temperature conditions, means that zebrafish

optical mapping experiments can be conducted in the absence of perfusion pumps,

gas bubblers, and temperature controllers. In mammalian optical mapping experi-

ments, the stability of the preparation is heavily dependent on maintaining adequate

coronary flow and pulsatile flow from the perfusion systems can contribute to

movement artifact during image acquisition. As 37�C is significantly higher than

ambient, maintaining sufficient warmth throughout the imaging system is also a

non-trivial concern. Conversely, zebrafish hearts can function comfortably between

18 and 28�C (Spence et al. 2008) and do not require precise temperature regulation

since cardiac cycles separated by 1�C are not statistically different. The relative

indifference of zebrafish hearts to these rather large variations in temperature

allows consumer aquarium-grade water heaters and coolers, which are typically

accurate to �1�C, to be used to good effect.

Further, the size of the zebrafish heart and the lack of an oxygenated perfusion

system greatly decrease the rate of consumption of RH-237, Rhod-2 and, most

importantly, blebbistatin per experiment. Blebbistatin, as a contractile inhibitor, is
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necessary in modern optical mapping experiments to prevent muscle contraction,

which would otherwise obscure the voltage and calcium dynamics recordings. As

blebbistatin is typically supplied to mammalian hearts through the coronary circu-

lation, the blebbistatin solution must be oxygenated and warmed prior to circula-

tion, resulting in a circulating volume of hundreds of mL. As it is this recirculating

volume that is used to deliver drugs to the coronary circulation, its volume can have

a significant effect on the cost of each experiment. In a typical zebrafish optical

mapping experiment, with no recirculating perfusion system, the imaging chamber

holds 1.5 mL and RH-237 and Rhod-2 loading steps occur in 250 μL chambers.

These considerations all make the zebrafish a much more cost-effective model to

work with.

In mammals, hypothermia reduces cardiac output primarily through negative

chronotropic effects with complex effects on stroke volume (Wood and Thoresen

2015). Moderate hypothermia (37�C�>29�C) is strongly inotropic due to changes
in action potential duration and calcium handling (Shattock and Bers 1987) while

more severe temperature reductions (>15�C) result in calcium overload and con-

tracture (Liu et al. 1990; Wang et al. 1997). In zebrafish, reduced temperatures also

reduce cardiac output primarily through negative chronotropic effects in which the

transition from 28�C to >18�C is associated with a 40% decrease in heart rate (Lin

et al. 2014) while stroke volume is maintained (Lee et al. 2016) At 28�C, zebrafish
heart rates vary across a wide range of values, from 50 bpm to over 200 bpm, and

the average atrial and ventricular action potential duration (APD50) is 33 and 98 ms,

respectively (Lin et al. 2014). In spontaneously beating hearts, the rate dependence

of atrial and ventricular action potential durations was sufficiently shallow at 28�C,
that the heart rate effect was comparable to inter-heart variability. Overall, there

was a weakly correlated heart rate effect of 7 ms per 100 bpm for atrial APD50 and

14 ms per 100 bpm for ventricular APD50 at 28
�C. The heart rate effect was also

examined within hearts using field stimulation with similar effects (Lin et al. 2015).

Temperature strongly affects atrial and ventricular action potential durations,

with Q10 values of 2.7 and 2.0, respectively, with additional effects on the action

potential morphology. Because temperature has such a strong effect on heart rate,

temperature-induced changes combine both the direct temperature effect together

with indirect effects of reducing heart rate. For individual hearts, faster heart rates at

28�C would be expected to experience a larger indirect temperature effects due to

the larger absolute change in heart rate. For example, a heart beating at 200 bpm at

28�C would experience a four-fold greater indirect temperature effect than a heart

beating at 50 bpm upon cooling to 18�C. The average atrioventricular delay in

zebrafish is 1 ms, with shallow rate dependence at 28�C but with a 70% increase in

AV delay by cooling from 28�C to 18�C. Similar to mammalian hearts, zebrafish

atrioventricular delays have decremental conduction, in which faster heart rates

have longer atrioventricular delays. The absolute change experienced by a given

heart will depend on the both on the starting heart rate at 28�C and the rate-

dependence of AV delay at 18�C.
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Although no additional information is present in the ECG recording beyond

what is available in the optical mapping recordings, ECG can have an important

role in optical mapping experiments. Simultaneous recordings of ECG and optical

mapping indicate that the peak of the P-wave aligns with the peak of the atrial

action potential while atrial repolarization is absent from the ECG recording as is

typically observed in the mammalian heart. For the ventricle, the exact relationship

between the QRS complex and the ventricular action potential can vary with the AV

delay and the peak of the R-wave roughly aligns with peak voltage while the end of

the t-wave aligns with complete repolarization. However, even though rates of

photobleaching and phototoxicity are limited even with 6 min of accumulated

image acquisition time per heart (Lin et al. 2014), continuous illumination of the

heart for several minutes results in movement artifact due to photo inactivation of

blebbistatin activity. Therefore, the optical mapping approach is not as well suited

for continuous monitoring as in ECG. Combining continuous ECG monitoring with

episodic optical mapping recordings may be the ideal arrangement for imaging

sporadic electrical events (Fig. 5).

Fig. 5 Simultaneous ECG

and optical mapping. Silver

chloride wire electrodes

(0.5 mm) were placed 1 mm

from the lateral aspects of

the atria and ventricle and

the ECG signal was

acquired concurrently with

optical mapping (RH-237).

Average ECG (green), atrial
AP (lilac), and ventricular

AP (blue) cycles were
creating using the peak of

the peak of the

QRS-complex
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Simultaneous voltage and calcium recordings using RH-237 and Rhod-2 can

quantify the temporal differences in calcium handling between the atrial and

ventricular compartments of the zebrafish heart (Lin et al. 2015). Atrial and

ventricular calcium transients have distinctly separate relationships with respect

to their voltage dynamics and changes in voltage kinetics produce parallel changes

in the calcium dynamics. A variable rate stimulation protocol results in linear rate-

dependent shortening of the action potentials. In the atrium, the calcium transient

duration is 30 ms longer than the action potential duration over a 150 bpm differ-

ence in rate. In the ventricle, the calcium transient duration is 20 ms longer over the

same range.

Another attractive feature in optical mapping technology is the potential use of

genetically encoded voltage and calcium indicators, often referred to as optogenetic

sensors, which can be brighter and inherently more photo-stable than fluorescent

dyes, giving improved signal quality reviewed in Looger (2012) and Cohen (2016).

The kinetics of optogenetic sensors may be slower than fluorescent dyes (Rose

et al. 2014; Cohen 2016) but the high signal-to-noise ratio may yield higher

effective temporal resolution. Optogenetic sensors are also not prone to leakage

or compartmentalization and are more suitable for long imaging protocols

(Broussard et al. 2014) and longitudinal studies. For example, one can conduct a

time course study in tracking the development of the heart from embryo stage to

adulthood and monitoring arrhythmogenesis in a mutant line. Perhaps more impor-

tantly, optogenetic sensors can have targeted expression opposed to the diffuse

labeling associated with the incubation of fluorescent dyes, leading to far lower

background signals, higher imaging contrast, and spatial resolution (Broussard

et al. 2014). This targeted expression in the heart was recently demonstrated with

a transgenic line carrying a dual function genetically encoded voltage and calcium

indicators in which the reporter gene expression was driven by the cardiac specific

promoter cmlc2 (Hou et al. 2014). As zebrafish embryos are translucent and can be

imaged under a conventional epifluorescent microscope, targeted expression in the

heart also permits for ease in identifying potential founders that carry the

optogenetic sensor of choice (Hou et al. 2014).

Numerous variants of optogenetic sensors have been developed in recent years.

Typically, these sensors comprise a sensing domain tethered to one or two reporter

fluorescent proteins (FPs), resulting in fluorescence readout either via F€orster
resonance energy transfer (FRET) or conformational change in monomeric FP.

FRET-based sensors are ratiometric in nature, thus, less prone to motion artifact,

making it the appropriate tool to image a moving heart (Lutcke et al. 2010).

However, the signal-to-noise ratio of monomeric FP is higher than FRET-based

indicators, leading to increased spatial and temporal resolution (Tian et al. 2009).

For monomeric FP-based sensor, GFP is commonly used, although indicators with

red-shifted fluorescent proteins are increasingly favored due to less phototoxicity

(high wavelength excitation), deeper tissue penetrance, and less background auto-

fluorescence (Shen et al. 2015; Abdelfattah et al. 2016).

Genetically encoded voltage indicators based on GFP include ArcLight and

ASAP1. ArcLight reports action potential with high sensitivity (ΔF/F¼�35% in
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response to 100 mV depolarization) but with relatively slow upstroke (Jin

et al. 2012). Comparatively, ASAP1 reliably reports AP with similar sensitivity

(ΔF/F¼�30% in response to 100 mV depolarization) and has faster on/off kinetics

(~2 ms) (St-Pierre et al. 2014). For genetically encoded calcium indicators, exten-

sive protein engineering in the GCaMP family has produced a whole line of

indicators, with the most recent permutation GCaMP6 claimed to have highest

sensitivity, Ca2+ binding affinity, larger dynamic range, and fastest kinetics (Chen

et al. 2013). Furthermore, a derivative of GCaMP called GECO has been developed

with a variety of FPs (Wu et al. 2014a, b; Zhao et al. 2014; Shen et al. 2015)

resulting in the flexibility of choosing a calcium indicator with a range of Kd values

for Ca2+ and spectral separation. This flexibility in the selection of fluorescent

spectra enables multiplex imaging to determine the voltage and calcium dynamics

using green- and red-shifted optogenetic sensors.

4 Isolated Cardiomyocytes

4.1 Electrophysiology

Zebrafish cardiac electrophysiology is comparable to mammals as they share major

inward and outward currents resulting in similar action potential duration (APD)

and morphology (Nemtsas et al. 2010). While optical mapping provides tangible

advantages for exploring electrophysiology at multicellular and whole organ levels,

it is complemented well by electrophysiological measurements on the individual

cell. The use of patch clamping techniques on isolated zebrafish cardiomyocytes

(Nemtsas et al. 2010; Zhang et al. 2011) or in heterologous expression systems

expressing cloned ion channels (Scholz et al. 2009; Vornanen and Hassinen 2016)

records individual channel activity critical for understanding the mechanism of

function. Increased understanding can help to better predict the action of pharma-

cological agents when using the zebrafish heart as a model and is reviewed

extensively elsewhere (Leong et al. 2010a, b; Alday et al. 2014; Vornanen and

Hassinen 2016). However, as noted previously, due to whole genome duplication,

as well as multiple orthologs and isoforms, the molecular mechanisms, function,

and response to pharmacological agents of individual ion channels can be signifi-

cantly different between the hearts of zebrafish and mammals (Verkerk and Remme

2012; Vornanen and Hassinen 2016). The following outlines current understanding

of zebrafish cardiomyocyte ion channel currents with the view to highlight neces-

sary caution in interpreting the results of APD and morphology when using

zebrafish as a model of mammalian cardiac electrophysiology.

Similar to mammals, inwardly rectifying current (Ik1) maintaining the cardiac

resting membrane potential (phase 4) is present in both atria and ventricle of the

zebrafish, along with higher Ik1 density in the ventricle than atria (Nemtsas

et al. 2010). However, six isoforms of Kir2 channels are expressed in zebrafish,
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consequently driving Ik1 mainly through orthologs of Kir2.4 and Kir2.2a which are

not the main mammalian isoforms (Szuts et al. 2013; Hassinen et al. 2015),

suggesting that Ik1 is produced by divergent ion channels to those of mammals.

In zebrafish, the upstroke and the plateau phase of the AP are created by the

depolarizing inward currents of Na+ (INa) and Ca2+ (ICa), respectively, (Nemtsas

et al. 2010). The upstroke (phase 0) of the AP is driven by fast INa but with slower

upstroke velocity than mammals (Warren et al. 2001). A more negative voltage

dependence of inactivation seen in both cultured embryonic and freshly isolated

adult zebrafish ventricular myocytes has been suggested to result in lower INa
density and consequently the slower upstroke velocity (Warren et al. 2001; Nemtsas

et al. 2010). Interestingly, whereas Nav1.5 channels, which underlie INa in mam-

malian cardiac tissue, are relatively TTX-insensitive compared to neuronal and

skeletal muscle isoforms, zebrafish cardiac Nav1.5 channels display three times

higher sensitivity to TTX than their mammalian counterpart (Nemtsas et al. 2010).

It is intriguing as to how this is advantageous to the zebrafish, but it is due to the

preservation of an aromatic residue, which is critical for TTX binding in mamma-

lian neuronal and skeletal muscle channels, but which is substituted for cysteine in

mammalian cardiac Nav1.5 channels (Haverinen and Vornanen 2007; Nemtsas

et al. 2010). Another interesting discovery is the presence of two zebrafish

orthologs (scn5Laa and scn5lab – identified as scn12aa and scn12ab on Ensembl)

that share 60–65% amino acid identity with the human SCN5A gene encoding

cardiac Nav1.5 channel (Novak et al. 2006; Chopra et al. 2010). Both of these genes

are expressed in zebrafish hearts (Novak et al. 2006) and produce typical voltage-

gated sodium currents when expressed in CHO cells (Chopra et al. 2010). The

additional SCN5 gene is likely the result of the teleost-specific whole genome

duplication based on linkage analysis (Novak et al. 2006).

The L-type Ca2+ current (ICa,L) is the primary contributor to the long plateau

phase (phase 2) of the ventricular action potential in adult mammals, while T-type

Ca2+ current (ICa,T) is limited to pacemaker cells and immature cardiomyocytes

(Mesirca et al. 2014). Careful pharmacological dissection of ICa,T and ICa,L using

nifedipine and nickel showed that both currents are present in zebrafish atrial and

ventricular myocytes (Nemtsas et al. 2010). L-type Ca2+ channel gene expression

and robust ICa,L density was found in zebrafish ventricles, which contributes to the

long plateau phase of AP and the resemblance of the mammalian AP phenotype

(Rottbauer et al. 2001; Brette et al. 2008; Nemtsas et al. 2010). The dominant

L-type Ca2+ channel α1 subunit expressed in human hearts is α1C (Cav1.2), which

when mutated in zebrafish, abolishes ventricular contraction (Rottbauer

et al. 2001), However, α1D (Cav1.3) is also expressed in the adult zebrafish heart

(Sidi et al. 2004). Furthermore, L-type Ca2+ channels are heteromeric protein

complexes, which include a cytoplasmic β subunit that modulates electrophysio-

logical activity. Two genes have been identified in zebrafish as orthologs for the

primary β subunit expressed in human cardiac tissues, but the function of each is

unclear based on morpholino studies in zebrafish embryos (Zhou et al. 2008). The

presence of robust T-type Ca2+ current in mammals typically occurs in the devel-

oping heart, suggestive of a more immature phenotype of zebrafish cardiomyocytes.
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The functional relevance of ICa,T in adult zebrafish myocytes is yet unknown

(Verkerk and Remme 2012), but in embryos ICa,T blockade by NNC55-0396

reduces action potential generation (Alday et al. 2014). The T-type Ca2+ channels

expressed in zebrafish hearts display properties likely to be consistent with the

Cav3.1 subunit (Nemtsas et al. 2010), although immunofluorescence experiments

suggest the additional presence of Cav3.2 (Alday et al. 2014). The genetic basis for

these channels is unknown.

In mammals, the transient outward current (Ito) constitutes the rapid repolar-

ization (phase 1) of the AP, but the current is thought to be absent in the adult zebrafish

heart (Nemtsas et al. 2010). The slow delayed rectifier K+ current (Iks), which
accounts for the mammalian repolarization reserve that is necessary to adapt to

stress conditions (Schmitt et al. 2014) may also not be expressed in zebrafish

cardiomyocytes (Nemtsas et al. 2010; Alday et al. 2014). However, orthologs of

mammalian KCNQ1 and KCNE1 are expressed at the transcript level in zebrafish

(Tsai et al. 2011; Wu et al. 2014a, b), and in intact whole heart organ optical

mapping experiments the IKs blocker chromanol 293B prolonged AP duration (Tsai

et al. 2011). It is unclear why these studies differ in their reporting as to the presence

of a functional IKs current. Given the prominent dependence of IKs current on

stimulation rate and adrenergic tone (PKA levels), one possible reason is the

difference between measurements made in isolated cells compared with intact

hearts.

Analogous to mammals, the rapid delayed rectifier K+ current (Ikr) is a dominant

repolarization current in the zebrafish heart (Nemtsas et al. 2010). Cloned zebrafish

ether-a-go-go-related gene (zERG) channels display comparable biophysical prop-

erties to human Ikr producing hERG channels (Scholz et al. 2009). Moreover, loss

of function of IKr in zebrafish hearts recapitulates perturbed repolarization as

observed in the human long QT syndrome (LQTS) leading to significant interest

in the utility of zebrafish hearts as a model for studying and screening

arrhythmogeneic IKr gene mutation phenotypes (Arnaout et al. 2007). In zebrafish

embryos Jou et al. knocked down the KCNH2 gene with morpholinos and then

injected the wild-type or mutant hERG1 gene. The authors observed a high success

rate for detecting LQTS causing mutations to produce repolarization disorders and

bradycardia in the zebrafish embryos. In addition, Milan et al. applied a wide

variety of pharmacological agents known to cause acquired LQTS to zebrafish

embryos and demonstrated that the majority produced repolarization disorders,

suggesting the system may be used as a high throughput screening tool (Milan

et al. 2003). These studies present an exciting potential utility of the zebrafish

model, but one key issue is that in zebrafish Ikr is not generated by the orthologous

channel of hERG1, which is found in mammalian cardiomyocytes; but rather is

produced by an ortholog of hERG2 (KCNH6) (Leong et al. 2010a, b). This presents

a potential confounding factor when investigating hERG1 mutations that cause

electrical disturbances such as LQTS as it is currently unclear whether mutations in

the hERG1 ortholog of zebrafish fully recapitulate the disease (Arnaout et al. 2007).

Further, the similarity between zebrafish orthologs of hERG may require further

characterization of the appropriate gene to be used for mutation. Optical mapping of

Zebrafish Heart Function 117



adult zebrafish hearts revealing AP and calcium handling information will also

likely aid in the development of the zebrafish heart as a model for human electrical

disorders.

In terms of pharmacological screening, understanding the molecular correlate is

essential as different paralogs of zebrafish may produce ion channels with varying

drug sensitivity (Abi-Gerges et al. 2011; Hassinen et al. 2015). However, functional

relationship in pharmacology can still be established using optical mapping if

appropriate care is taken given the caveats described above. Part of the importance

of using zebrafish in pharmacological model is in monitoring the effects of drugs on

the interdependence of ion channels, i.e. the entire depolarization and repolarization

currents (Pugsley et al. 2015). Preliminary work using 100 nM dofetilide showed

that the APD50 is elongated by 75 ms (Fig. 6) mimicking acquired long-QT

syndrome. This work corroborates what has been done on individual channels

with many compounds prolonging QT intervals in zebrafish (Langheinrich

et al. 2003; Milan et al. 2003; Mittelstadt et al. 2008), suggesting that zebrafish

can still be used in gross pharmacological screening.

Evidently, cardiac electrophysiology of zebrafish is quantitatively different from

mammals, but the qualitative similarities allow the zebrafish heart to serve as a

useful tool in modeling mammalian cardiac excitation, arrhythmogenesis, and

pharmacological screening. With appropriate attention paid to characterization of

the wild-type zebrafish, electrophysiological techniques will be important for

understanding disease state models of mutants as well.

Fig. 6 Voltage recording

of dofetilide effect using

optical mapping.

Observable 70 ms

prolongation in APD50

45 min after application of

100 nM of the HERG

(ZERG) channel blocker

dofetilide (RED)
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4.2 Excitation-Contraction (E-C) Coupling

The basic process of cardiac E-C coupling, converting the electrical signal of an

action potential to the mechanical response of contraction, is conserved between

humans and fish (Bovo et al. 2013). However, specifics of the mechanism are

different. In mammalian cardiac excitation-contraction coupling, membrane depolar-

ization activates voltage-gated L-type Ca2+ channel (LTCC or CaV1.2) which, in

turn, activates the opening of ryanodine receptors (RyR2) leading to a much greater

calcium release from the sarcoplasmic reticulum (SR) via Ca2+-induced calcium

release (CICR). Proportionally, SR calcium release accounts for between 70 and

90% of the calcium necessary to activate contraction and extensive membrane

invaginations of the transverse-tubule network allow this calcium release to occur

deep within the cell.

In zebrafish cardiac E-C coupling, membrane depolarization also activates

voltage-gated calcium channels, which in turn activates SR calcium release. How-

ever, the relative contribution of SR calcium release is thought to be far more

limited, contributing to around 20% of the calcium transient and the majority of the

calcium necessary to activate contraction comes directly through trans-

sarcolemmal influx from extracellular sources (Zhang et al. 2011; Bovo

et al. 2013). As in most fish, zebrafish cardiomyocytes lack an extensive

T-tubular network (Brette et al. 2008; Di Maio and Block 2008), such that an

apparent spatial separation exists between RyR and LTCC possibly explaining the

reduction in SR Ca2+ release (Bovo et al. 2013). Interestingly, RyR phosphorylation

by PKA shows that it acts similarly to the mammalian system (Bovo et al. 2013) but

the RyR are apparently organized into release clusters with low cytosolic calcium

sensitivity (Bovo et al. 2013). However, calcium sparks have been demonstrated in

zebrafish that are quite similar in properties and frequency to trout, mammalian and

human cardiomyocytes. Although zebrafish hearts may have similar heart rates and

action potential durations with respect to humans, the underlying mechanisms of

E-C coupling still need to be resolved.

These differences in E-C coupling have profound differences in the way that

contractility is physiologically regulated in each system. Due to the dominant role

of SR calcium release in mammalian systems, contractility is primarily controlled

by modulating the amount of SR calcium release with lesser effects through

increasing calcium influx. Since SR calcium release is affected by the SR calcium

load, contractility is indirectly affected by the activity of SR-ATPases (SERCA).

In zebrafish myocytes, contractility is less reliant on CICR and is primarily

regulated by modulating calcium entry, which occurs mainly through L-type and

T-type calcium channels with secondary effects through reverse-mode sodium-

calcium exchange (NCX) activity. In zebrafish ventricular myocytes, ICa,L accounts
for 50% of calcium influx (Zhang et al. 2011). Zebrafish also maintain mammalian-

like systems of response to β adrenergic receptor stimulation through LTCC-

mediated increased cytosolic Ca2+ transient amplitude upon addition of the PKA

activator forskolin (Bovo et al. 2013). Just as in mammalian hearts, increased heart
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rate increases diastolic calcium and increases calcium-dependent inactivation.

Increased diastolic calcium levels would also be expected to increase SR calcium

loads in the zebrafish heart. However, because SR calcium release is unlikely to be a

dominant source of activating calcium, the increase in SR calcium release is unable

to compensate for the decreased calcium entry and zebrafish hearts exhibit a

negative force-frequency response (Bovo et al. 2013). However, this interpretation

is complicated by the fact that the murine heart, in which SR Ca2+ release plays a

dominant role, often exhibits a negative force-frequency response. The apparent

lesser importance of the SR for E-C coupling is reflected in a lack of arrhythmias

with morpholino-knockdown of SERCA activity but defects in contractility in

zebrafish embryos (Ebert et al. 2005).

Increased frequency directly reduces ICa, by limiting the time to recovery from

voltage-dependent inactivation and indirectly reduces ICa, by increasing calcium-

dependent inactivation through rising diastolic calcium levels. In combination,

increasing the effective heart rate in single ventricular myocytes, from 30 bpm to

120 bpm, reduces ICa by 45% (Zhang et al. 2011). Yet, the magnitude of the calcium

transient is relatively unaffected suggesting to some investigators that an alternative

mechanism of calcium influx must be in place. However, this notion remains

controversial in light of the comparable properties of the RYR2 and the Ca2+ sparks

in zebrafish.

Contractility in mammalian cardiomyocytes varies with voltage and the rela-

tionship closely follows the voltage-dependence of activation of LTCC which

peaks near 0 mV, reflecting an optimal balance between channel activation and

driving force for calcium entry. However, in zebrafish myocytes, contractility

continues to increase at more depolarized membrane potentials. In mammalian

hearts the primary role of NCX is in relaxation, exchanging cytosolic calcium for

extracellular sodium, which is favored by hyperpolarized membrane potentials and

by high cytosolic calcium levels. However, due to the stoichiometry of 3 Na+:Ca2+,

strong depolarization can induce reverse-mode NCX activity resulting in calcium

influx.

In fish, both ICa and reverse-mode NCX are capable of triggering Ca2+ release

from the SR (Hove-Madsen et al. 2003). Reverse-mode NCX activity is most

favorable when there is strong membrane depolarization, high cytosolic sodium

concentration, and low cytosolic calcium – conditions that are present at the

upstroke of the action potential (Birkedal and Shiels 2007). This is augmented by

the fact that fish typically have a higher density of NCX than adult mammals. At

high stimulation rates, ICa is reduced and [Na+]i may further increase, favoring

increasing amounts of reverse-mode NCX. In general, a higher NCX activity is

observed in teleost cardiomyocytes relative to mammalian (Vornanen 1999; Hove-

Madsen et al. 2000; Zhang et al. 2011). Therefore, high NCX activity may con-

tribute to the zebrafish heart’s ability to maintain contractility at high heart rates

despite the strong suppressive effects on ICa. Defective NCX activity leads to

abnormal Ca2+ transients and de-synchronized contractions in the tremblor (tre)

mutant, indicating the importance of NCX for proper rhythmicity of the zebrafish

heart (Langenbacher et al. 2005).
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It is likely that to some degree, the small volume and elongated shape of

zebrafish ventricular myocytes (and the commensurate high surface-to-volume

relationship) compensates for lack of T-tubules as in mammalian atrial cells

(Blatter et al. 2003). This could relate to the impact of temperature on CICR.

Mammalian hearts can induce rapid elevations in cytosolic Ca2+ via CICR, but it

appears that zebrafish must rely primarily on direct Ca2+ influx (Verkerk and

Remme 2012) as a slower but more robust mechanism of E-C coupling in a

temperature variable environment. However this conclusion must reconciled with

the following facts: (1) the SR Ca2+ load and uptake rate (temperature adjusted) in

many teleost is comparable to or greater than that of mammals; (2) caffeine

contractures are comparable in magnitude; (3) calcium can be released sponta-

neously from the SR and (4) the properties of sparks are similar to mammals. In

some respects some could view the zebrafish as a model of immature human cardiac

myocytes in many ways with the lack of t-tubules and reliance on extracellular Ca2+

(Huang et al. 2005). While this may not be the ideal model for E-C coupling to

compare to mature humans, the similarities with immature human cardiomyocytes

and overall developmental pathways allow zebrafish to be used in recapitulating

disorders that occur at these stages of development.

4.3 Contraction

Work characterizing myofilament mechanical function is critical to understanding

contractile dynamics of many zebrafish cardiomyopathy models. Several of these

studies have concluded that cardiac myofibrils from zebrafish, like those from mice,

are suitable contractile models to study cardiac function at the sarcomeric level

(Iorga et al. 2011; Dvornikov et al. 2014). The proportions of the zebrafish

cardiomyocyte make cardiac myofibrils ideally suited for force and sarcomere

length measurements in response to changes in [Ca2+], as the entire cell can be

perfused simultaneously (Stehle et al. 2002, 2009; Lionne et al. 2003). The funda-

mental mechanism of cardiac contraction is conserved across vertebrates. The basic

contractile unit of the sarcomere is composed of thick and thin filaments, which

form the characteristic striated pattern of cardiac muscle and regulate cardiac

contraction and relaxation. As the cytosolic Ca2+ concentration increases, the

regulatory Ca2+ binding site II of cTnC becomes occupied, leading to a conforma-

tional change that exposes a hydrophobic patch on cTnC. This hydrophobic patch

then interacts with TnI and allows the TnI inhibitory peptide to withdraw from the

actin filament (Parmacek and Solaro 2004). The cTnC-Ca2+ binding interaction also

interrupts the TnT-Tropomyosin (Tm) interaction, and permits actin/myosin cross-

bridge formation and initiates muscle contraction. The modulation of twitch force

by both extracellular [Ca2+] and sarcomere length (SL), myofilament length-

dependent activation, is an intrinsic property and critical mediator of contractile

function of both mammalian and zebrafish cardiomyocytes (Dvornikov et al. 2014)

(Fig. 7).
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Similarities exist between the mammalian and zebrafish system in regulation of

contractile force, namely a direct proportionality between extracellular [Ca2+] and

cytosolic Ca2+ transients (Dvornikov et al. 2014). As has been established in the

mammalian system (Allen and Kurihara 1979; Janssen and de Tombe 1997) cell

Fig. 7 Schematic of the role of troponin in muscle contraction
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length does not affect the magnitude of the cytosolic Ca2+ transient in the first

twitch following cell stretch, just as in zebrafish (Dvornikov et al. 2014). The

appearance of ventricular myofibrils from zebrafish is similar to mouse papillary

muscles (Iorga et al. 2008, 2011). These myofibrils often branch just as in mammals

(Iorga et al. 2011). The resting SL recorded in zebrafish (1.85 μm in (Dvornikov

et al. 2014); 2.12 μm in (Iorga et al. 2011)) is comparable to that in all teleost

species studied to date (Shiels et al. 2006; Patrick et al. 2011) as well as murine

models ((SL¼ 2.03� 0.03 μm) (Iorga et al. 2008)).

Ca2+ sensitivity in cardiac myocytes is influenced much more by SL than

skeletal myocytes (Hanft and McDonald 2010). In zebrafish, Ca2+-dependent

force of myotomal myofibrils is almost one order of magnitude lower (Iorga

et al. 2011) than skeletal muscle of other teleosts (Altringham and Johnston

1982) and mammals (Edman 2005; Poggesi et al. 2005). The contractile element

and thus cardiac TnC have an increased sensitivity for Ca2+ at longer sarcomere

lengths (Granzier et al. 1991; de Tombe et al. 2010). Extracellular Ca2+, cytosolic

Ca2+, and consequently twitch force are directly proportion in single cardiac

myocytes isolated from adult zebrafish hearts (Dvornikov et al. 2014). The kinetics

of force development in zebrafish were found to be dependent on [Ca2+] but the

relaxation was independent, neither of which was affected by SL (Dvornikov

et al. 2014) in agreement with findings on the mammalian sarcomere (Poggesi

et al. 2005). The rate constant of force development after Ca2+ activation, isometric

force at maximal Ca2+ activation, Ca2+ sensitivity of force, and force response to an

external stretch are all comparable in the zebrafish and mice models (Iorga

et al. 2011). In mammalian systems, persistent stretch is concurrent over minutes

with a slow increase in twitch force (Cingolani et al. 2011) known as the slow force

response (SFR), which is poorly understood. This property is not present in either

trout (Patrick et al. 2011) or zebrafish (Dvornikov et al. 2014), therefore the study of

the mechanisms of SFR may not be possible in zebrafish.

The mammalian force–SL relationship is curvilinear and depends on extra-

cellular [Ca2+] (ter Keurs et al. 1980; Kentish et al. 1986). The slope of this relation-

ship increases proportionally with stretch as does the twitch force in mammals (ter

Keurs et al. 1980; Kentish et al. 1986; de Tombe and ter Keurs 1991). This forms

the basis of the Frank-Starling response of the heart, in which the heart ejects a

greater stroke volume at greater end diastolic volumes. This is an essential property

of the myocardium which differentiates it from skeletal muscles and this response is

intact in the zebrafish heart and individual myocytes. The force-pCa relationship is

comparable in mice and zebrafish myofibrillar bundles, though maximal force may

be slightly higher in the latter (Iorga et al. 2011). Both zebrafish skinned myofibrils

and ventricular cells display a length-dependent force generation that is similar in

magnitude to the mammalian sarcomere (Mateja and de Tombe 2012; Dvornikov

et al. 2014). Increased sensitivity of the zebrafish sarcomere is thought to be causal

as the changes occur at constant cytosolic [Ca2+] (Dvornikov et al. 2014). The

zebrafish is a good model for studying length dependent activation (LDA) as it

shares this property as expected with other teleosts such as trout (Patrick et al. 2010)

as well as mammals (Mateja and de Tombe 2012).
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Passive stiffness is similar in zebrafish and mice myofibrils with low stretch

(Iorga et al. 2011). Passive force at low stretch in rainbow trout and rats also shows

similar levels of passive stiffness (Patrick et al. 2010). However, with extensive

stretch (beyond ~2.5 μm), passive forces in zebrafish and mice are very different

(Iorga et al. 2011). Force decay upon Ca2+ removal is biphasic in zebrafish (Steffen

et al. 2007; Iorga et al. 2011) and numerous species of mammals (Stehle et al. 2002;

Poggesi et al. 2005). The initial slow decay of force can be used to estimate cross-

bridge detachment, this phase occurs while SL is constant (Poggesi et al. 2005;

Stehle et al. 2009); the rate constant corresponding to this phase is similar in

zebrafish and mice when measured at 10�C (Iorga et al. 2011). A delay then occurs

which is longer in zebrafish than that seen in mice at this common experimental

temperature (Iorga et al. 2011). Following the delay is a faster force decay occurs as

the sarcomeres lengthens accelerating cross-bridge detachment (Poggesi

et al. 2005; Stehle et al. 2009); the rate constant corresponding to this phase of

relaxation is smaller in zebrafish than in mice (Iorga et al. 2011). The overall effect

is that zebrafish myofibrils relax more slowly than those isolated from mice, this

makes sense in light of murine (~600 bpm at 37�C) and zebrafish (~150 bpm at

28.5�C) resting HR at their respective physiological temperatures (Iorga

et al. 2011). While the molecular basis is currently unknown, it has been speculated

that this is due to different titin isoforms and/or differential phosphorylation states

of the contractile proteins in fish (Seeley et al. 2007; Patrick et al. 2010; Iorga

et al. 2011; Zou et al. 2015) based on the weak contractile phenotype of the

pickwick mutation (Driever et al. 1996) in zebrafish. A further benefit in using

zebrafish myofibrils is their slower rate of contraction and relaxation compared to

murine models such that kinetic parameters can be determined above 10�C (Iorga

et al. 2011).

Variation in paralogs of contractile proteins can create variation in the mecha-

nics of cardiac contraction present in zebrafish studies of cardiac myofibrils (Iorga

et al. 2011; Dvornikov et al. 2014). In mammals, many of these sarcomeric proteins

have muscle-specific paralogs that are expressed such that a single paralog is

uniquely found in each muscle type (Huang and Jin 1999). Mutant zebrafish have

been used to study cardiac specific orthologs of human sarcomeric proteins such as

troponin T (Sehnert et al. 2002), troponin C (Ohte et al. 2009; Sogah et al. 2010),

tropomyosin (Zhao et al. 2008), myosin light chain (Rottbauer et al. 2006), and titin

(Seeley et al. 2007; Zou et al. 2015). However both the expression patterns and

function of these same sarcomeric proteins may vary from humans due to retention

of additional duplicated products in the zebrafish genome. Hence the phenotype of

these mutants may not be directly translated to humans without knowledge of the

fish-specific molecular basis. While the overall mechanism of contraction is con-

served, the molecular basis of contraction in fish provides an interesting platform to

understand the consequence of genome duplication in the zebrafish model.
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5 Molecular Basis of Cardiac Function

With numerous mutations of zebrafish genes serving as both cardiomyopathy and

channelopathy models, it becomes increasingly important to ensure that the correct

zebrafish equivalent to the disease-causing human gene is found. Despite the fact

that zebrafish have additional copies of many genes that are important to cardiac

function, the wealth of knowledge available on the genomic level allows us to

translate the physiological and biological conclusions that can be gleaned from

zebrafish-based experiments effectively to mammalian systems. By addressing

questions on the molecular level, one can better design experiments that are

biologically appropriate to the model. An example of this can be seen in using

genomic and phylogenetic analyses in conjunction with transcriptomic data, and

integrating these findings with protein structure and functional data (e.g., molecular

dynamics simulations and isothermal titration calorimetry) for exploration of tro-

ponin (Tn) paralogs (Genge et al. 2016; Stevens et al. 2016).

In mammalian cardiac cells co-expression of multiple variants of proteins

composing the Tn complex can result in modified protein interactions and variation

in Ca2+ sensitivity leading to non-uniform contraction (Wei and Jin 2011).

Co-expression for Tn isoforms is often indicative of a diseased state of the mam-

malian heart (Anderson et al. 1991; Wei and Jin 2011). For example, the

co-presence of multiple TnT splice variants in adult mammalian hearts reduces

cardiac efficiency by desynchronizing the Ca2+ activation of the thin filaments (Jin

et al. 2008). While mixed isoform usage of both TnT and TnI is found during fetal

cardiac development, co-expression results in less contractile force (Fentzke

et al. 1999; Yin et al. 2015). Many sarcomeric proteins also have multiple homologs

expressed in the zebrafish heart (Alderman et al. 2012; Genge et al. 2013; Shih

et al. 2015). Paralogs for transcripts of both TnC and TnI are expressed in a

chamber- and temperature-specific manner in cardiac tissue of zebrafish (Sogah

et al. 2010; Alderman et al. 2012; Genge et al. 2013, 2016). The presence of

multiple fish-specific gene products of important components of the cardiac con-

tractile element may be indicative of how fish have evolved mechanisms to thrive in

variable environments. Incorporating the chamber-specific variation with temper-

ature response reveals the complexity of these mechanisms in achieving survival,

but may also be important to understanding variability in results in a zebrafish

model.

TnC is a highly conserved protein across phylogeny, with few sequence changes

maintained in any vertebrate ortholog. The cardiac contractile element in all species

studied to date is less sensitive to Ca2+ when the temperature is decreased (Harrison

and Bers 1989), therefore it is understandable that a higher relative TnC sensitivity

is needed for teleosts to maintain proper cardiac function in colder environments

(Gillis et al. 2005, 2007). The role of paralog usage likely creates functional

differences in the atrium and ventricle through the use of chamber-specific isoforms

of many contractile proteins (e.g., myosin heavy chain and myosin light chain

(Karasinski et al. 2001)). In zebrafish, TnC1b and TnC1a transcripts are expressed
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in a chamber-specific manner (Genge et al. 2013). This could possibly lead to

changes in the Ca2+ affinity of the entire Tn complex.

The consequences of many gene products for Tn have been explored in some

detail by our group on the protein function level (Genge et al. 2013, 2016; Stevens

et al. 2016). These paralogs have very similar functions, but the differences

between them involve the subtle manipulation of the energetic landscape of the

transition between closed and open conformations. This has an effect on Ca2+

binding properties that is related to Ca2+ sensitivity, yet still maintains limited

structural deviation between the structural models of each TnC paralog (Stevens

et al. 2016). The expression of multiple TnC paralogs with minimal differences in

Ca2+ sensitivity may allow flexibility in response to variable environmental condi-

tions while still maintaining uniform cardiac contraction. While two paralogs of the

cardiac TnC protein are not present in humans, the mechanism of initiation of

cardiac contraction is conserved. Many disease-causing mutations are expected to

increase Ca2+ sensitivity in a manner similar to the naturally occurring mutations in

fish TnC (Gillis and Tibbits 2002), as a result, great care must be taken in the

generalization of biological data. Additionally a more complete understanding of

the molecular details of the contractile apparatus machinery across species will

allow us to more accurately and efficaciously interpret and translate experimental

designs and results between the zebrafish model and human disease.

Interaction sites that mediate important functions by binding regulatory proteins

have strong evolutionary constraints on amino acid substitutions (Guharoy and

Chakrabarti 2005). The conformation of TnC increases in degree of hydrophobic

patch opening upon interaction with the switch region of TnI in mammalian models

(Gagne et al. 1995; Li et al. 1999). The TnI switch peptide (TnISW) will bind to and

stabilize the open conformation of TnC, while simultaneously occluding the hydro-

phobic cleft (Li et al. 1999). To fully understand the dynamics between the open

and closed state of TnC, TnI is necessary to stabilize the open conformation, which

results in higher sensitivity. Having multiple paralogs in combination to form the

Tn complex in teleost heart will change strength of interaction. A lower strength of

interaction between mammalian cardiac TnC/TnI is responsible, at least in part, for

the dependence of cardiac contractility on the formation of strong cross-bridges for

full activation to occur. The increased dependence of strong cross-bridge formation

has been suggested to be partially responsible for the steeper length dependence of

force generation. Variability between contacts and residue distances between the

TnI switch and TnC paralogs may promote faster sarcomeric relaxation and lower

Ca2+ sensitivity (Palpant et al. 2010), as has been found in mammalian TnI3 (Genge

et al. 2016). Correlated mutations suggest that compensatory changes that occur

between interacting residues are crucial to maintain protein function (Ovchinnikov

et al. 2014). Utilizing the teleost Tn complex thus provides an example of how

compensatory substitutions to prevent loss of function and provide an important

capacity to adapt, as well as emphasize the importance of looking at mutations in

one protein in context with interacting proteins. An understanding of the inter-

actions with other proteins is necessary for full understanding of variability in

126 C.E. Genge et al.



function of Tn or any other sarcomeric protein in not only the zebrafish, but also all

vertebrate models.

The work done on the evolution of paralogs of the contractile unit can contex-

tualize the variation seen in zebrafish as a cardiac model. Certain paralogs may be

utilized to recapitulate a mammalian model under certain conditions despite over

differences in gene and protein structures. The co-evolution of Tn subunits can thus

be used for the model of variation in contractile function as well as understanding

the consequences of gene duplication on contractile function in the zebrafish. This

work is by no means in isolation. Another example can be seen in work focused on

the importance of transcriptional regulation for paralog usage and splice variation

in titin in producing diseased phenotype in zebrafish cardiomyopathy models

(Seeley et al. 2007; Zou et al. 2015). It may be necessary to understand the impact

of retained duplicate gene products on the molecular level in order to accurately

generate biological questions as well as explain a number of physiological mecha-

nisms that occur in the zebrafish.

6 Conclusions/Summary

Although numerous caveats exist in using zebrafish to directly model human

cardiac physiology, for specific questions the advantages of the zebrafish model

are obvious. The relative ease of genetic manipulation and the conservation of

many components of E-C coupling make the adult zebrafish an attractive model for

cardiac function studies. This requires accurate knowledge of the molecular basis of

the components of cardiac ionic currents and the contractile unit. Despite variation

in the molecular basis, the conservation of the structure of critical domains of

several ion channels and sarcomeric proteins does not preclude this model if

appropriate attention is paid to evolutionary divergence. The assumption cannot

be made that an orthologous gene in zebrafish will have the same function as it does

in human so appropriate phylogenetic studies coupled with functional assays should

be used.
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