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Abstract:



Although taurine has been shown to play multiple important physiological roles in teleosts, little is known about the molecular mechanisms underlying dietary requirements. Cell lines can provide useful tools for deciphering biosynthetic pathways and their regulation. However, culture media and sera contain variable taurine levels. To provide a useful cell line for the investigation of taurine homeostasis, an adult zebrafish liver cell line (ZFL) has been adapted to a taurine-free medium by gradual accommodation to a commercially available synthetic medium, UltraMEM™-ITES. Here we show that ZFL cells are able to synthesize taurine and be maintained in medium without taurine. This has allowed for the investigation of the effects of taurine supplementation on cell growth, cellular amino acid pools, as well as the expression of the taurine biosynthetic pathway and taurine transporter genes in a defined fish cell type. After taurine supplementation, cellular taurine levels increase but hypotaurine levels stay constant, suggesting little suppression of taurine biosynthesis. Cellular methionine levels do not change after taurine addition, consistent with maintenance of taurine biosynthesis. The addition of taurine to cells grown in taurine-free medium has little effect on transcript levels of the biosynthetic pathway genes for cysteine dioxygenase (CDO), cysteine sulfinate decarboxylase (CSAD), or cysteamine dioxygenase (ADO). In contrast, supplementation with taurine causes a 30% reduction in transcript levels of the taurine transporter, TauT. This experimental approach can be tailored for the development of cell lines from aquaculture species for the elucidation of their taurine biosynthetic capacity.
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1. Introduction


Taurine (2-amino ethanesulfonic acid) is an abundant β-amino acid found in a variety of vertebrate tissues that is essential for cardiovascular function and vision [1]. In mammals, the physiological functions of taurine include the formation of carboxylic conjugates of bile and a variety of xenobiotics [2,3], anti-inflammatory and anti-apoptotic activity [4,5,6], antioxidant defense [7], osmoregulation [8,9,10], membrane stabilization [11,12], and neuronal development [13,14,15].



Taurine is considered semi-essential in most species [4] and only essential in strict carnivores, such as cats [16,17]. Species lacking sufficient endogenous synthesis require dietary supplementation. As in mammals, taurine plays important roles in many physiological processes in fish including bile salt conjugation [18], osmoregulation [19], and vision [20,21]. In addition, dietary taurine supplementation has been shown to stimulate growth in multiple fish species, such as rainbow trout [22]; Japanese flounder [18,23]; turbot [24]; red seabream [25,26]; cobia [27,28,29,30,31]; Atlantic salmon [32]; and yellowtail [33].



In contrast to animals, taurine is found only at very low levels in plants—less than 1% of the levels found in animal tissues [34]. Because of the need to replace fishmeal in aquafeeds with plant ingredients, taurine requirements in fish diets have been investigated in multiple aquaculture species, as has the taurine biosynthetic pathway (reviewed in [35]). In vertebrates, the major pathway of taurine biosynthesis is from sulfur-containing amino acids such as methionine and cysteine (Figure 1) (reviewed in [35]). In animals, methionine-derived homocysteine is used as a sulfur source and its condensation product with serine (cystathionine) is converted to cysteine. The major pathway of taurine biosynthesis involves the sequential oxidation of cysteine to cysteine sulfinic acid by cysteine dioxygenase (CDO), followed by decarboxylation by cysteine sulfonate decarboxylase (CSAD), and oxidation of the resulting hypotaurine to taurine. However, other possible pathways have been proposed, including production of cysteic acid from cysteine sulfinic acid without hypotaurine production and subsequent decarboxylation by a presumptive cysteic acid decarboxylase (CAD) to form taurine [35]. In addition, hypotaurine could be produced via oxidation of cysteamine, the end product of coenzyme A degradation, via oxidation by 2-aminoethanethiol dioxygenase (ADO) [35].


Figure 1. Taurine biosynthetic pathway from methionine-derived cysteine.
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In addition to the enzymes responsible for synthesis, a highly conserved membrane transporter is critical in the transport and recycling of taurine [36]. In general, tissue taurine levels are regulated by the circulating plasma taurine levels and an increase or decrease in renal TauT expression and activity [36]. TauT activity is upregulated when circulating taurine levels are low, to increase the reabsorption and recycling of existing taurine, and downregulated when plasma taurine levels are high to allow maintenance of appropriate concentrations. Animals capable of regulating TauT expression and activity do so rapidly after dietary taurine intake or changes in dietary protein or taurine content [37].



Cell lines provide an important biological tool for carrying out investigations into areas such as physiology, virology, toxicology, carcinogenesis, but also can be useful for deciphering biosynthetic pathways and their regulation. However, their usefulness in conducting investigations into taurine homeostasis is compromised by the fact that current cell culture media all contain taurine provided either by fetal serum (FBS) and/or as a component of the medium (reviewed in [38,39]). In order to test whether taurine levels influence fish cell growth and expression of genes involved in taurine synthesis, we needed to use a taurine-free, and therefore serum-free, medium to grow the cells. To achieve this goal, we have successfully adapted an adult zebrafish liver cell line (ZFL) to serum-free synthetic medium (UltraMEM™-ITES), allowing us to control taurine levels. Unlike many carnivorous fish, the omnivorous zebrafish has a complete taurine biosynthetic pathway and is not dependent on taurine in the diet, being able to convert methionine via cysteine into taurine [40]. The usefulness of ZFL cells adapted to serum-free medium was demonstrated by an investigation of the effect of taurine on growth rate, expression of the genes involved in taurine biosynthesis and transport, as well as the relationship between taurine and methionine levels.




2. Results


2.1. Taurine Concentrations in L-15 Medium and Fetal Bovine Serum (FBS)


Despite the fact that taurine is not listed as a component of Leibovitz’s L-15, the taurine level is 11 ± 0.8 μM (Table 1). In addition, the taurine level in FBS (Atlanta Biologicals, Lawrenceville, GA, USA) is 20 ± 4 μM, giving an overall 12 μM in L-15/ supplemented with 9% FBS. In order to provide taurine-free conditions, we sought an alternate taurine-free medium from which serum was excluded. A commercially available serum-free medium, UltraMEM™-ITES (Lonza, Walkersville, MD, USA) was assessed for suitability. Taurine is undetectable in this medium (Table 1), potentially providing conditions under which the effects of exogenous taurine could be tested directly.



Table 1. Taurine Concentrations in L-15, FBS, and UltraMEM™-ITES.







	
Source

	
Taurine Concentration (Mean ± S.D.)






	
L-15

	
11 ± 0.8 μM




	
FBS

	
20 ± 4 μM




	
L-15+FBS

	
12 ± 1 μM




	
UltraMEM™-ITES

	
Not detectable








Amino acid concentrations of L-15, FBS, and UltraMEM™-ITES: Taurine concentration was measured by liquid chromatography/mass spectrometry as described in Section 4.2 [41]. FBS, fetal bovine serum.









2.2. Adaptation of ZFL Cells to Growth in Serum-Free Medium


Supplementing basal culture media with animal serum of different origins is essential for cell growth, metabolism, and to stimulate proliferation [38,39]. To address cell requirements in serum-free conditions, insulin, transferrin, ethanolamine, and selenium supplements (ITES) have been developed (reviewed in [39]). Insulin functions as a growth factor that helps cells utilize glucose and amino acids [39]. Transferrin is a universal iron carrier that provides iron and also helps cells maintain iron homeostasis [42]. Ethanolamine is required for phospholipid synthesis and selenium is required for proper functioning of glutathione peroxidase, thioredoxin reductase, and other antioxidant enzymes [43,44]. Even with ITES supplementation, cultured cells need to undergo a gradual adaptation process that involves progressive adaptation to lower serum concentrations until serum-free conditions are reached [39]. This gradual accommodation is necessary because abrupt withdrawal of serum induces a swift response across different cell types by compromising mTOR and other signal transduction pathways, reducing protein synthesis and halting cell growth (reviewed in [45]).



The adaptation of ZFL cells to growth in 100% UltraMEM™-ITES was assessed by monitoring cell doubling time during the adaptation period, as shown in Figure 2. The exchange from L15-FBS to 90% L-15-FBS/10% UltraMEM™-ITES had no effect on ZFL cell doubling time. With each successive exchange from 20 to 90% UltraMEM™-ITES, cell doubling time increased approximately two-fold, with the cells adapting to the new medium formulation over 7–10 days and returning to the initial doubling time of 2.54 ± 0.28 days. After 123 days of adaptation, ZFL cells were switched from 90 to 100% UltraMEM™-ITES. This exchange resulted in an increased doubling time to 12 days. However, over the next 250 days and with the inclusion of the commonly used culture medium buffering agent, N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES-KOH, 20 mM, pH 7), the cells adjusted and adopted a stable doubling time of 6.6 ± 0.43 days, approximately 2.5 times that of the initial doubling time in L15-FBS. After 500 days of adaptation, doubling time could be decreased to 3.9 ± 0.26 days after further supplementation with 2 mM taurine or increased methionine.


Figure 2. Doubling times of adult zebrafish liver cell line (ZFL) cells during adaptation to growth in UltraMEM™-ITES. ZFL cells were exchanged into decreasing percentages of L15-FBS and increasing percentages of UltraMEM™-ITES. Medium substitutions were made every second passage. Cell counts were taken every 2–8 days. Doubling times were calculated for ZFL growing in L15-FBS alone (blue diamonds), in L15-FBS supplemented with a range of UltraMEM™-ITES concentrations (red squares), or in UltraMEM™-ITES, HEPES-KOH supplemented with 2 mM taurine (green triangles).
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2.3. Effect of Taurine Supplementation on Amino Acid Pools in Cells and Medium


ZFL cells, fully adapted to growth in 100% UltraMEM™-ITES, were incubated with UltraMEM™-ITES containing 0, 12 μM, 160 μM, and 2 mM taurine for 24 h. A comparison of amino acid concentrations in the medium before and after incubation with ZFL cells for 24 h is shown in Table 2. We chose 12 μM as representative of the taurine level found in L-15/FBS; 160 μM as representative of the level found in zebrafish [41]; 2 mM as representative of a typical taurine concentration used to examine taurine effects in cultured cells (supplementation with 0.1–20 mM reported). In general, there was little change in the media concentrations of amino acids after 24 h with or without taurine supplementation. The exceptions are the rapid and dramatic depletion of methionine, as well as the elevated level of alanine from excretion by the cells. The increase in taurine reflects that added to supplement the medium.



Table 2. Amino acid concentrations (μM) of UltraMEM™-ITES before and after incubation with ZFL cells for 24 h.







	

	
At 0 h

	
After 24 h






	
Amino Acid

	
0 μM

	
+0 μM

	
+12 μM

	
+160 μM

	
+2 mM




	
B (D/N)

	
68

	
63 ± 1

	
64 ± 2

	
58 ± 4

	
75 ± 5




	
S

	
939

	
774 ± 19

	
778 ± 27

	
682 ± 65

	
817 ± 56




	
Z (E/Q)

	
68

	
91 ± 3

	
94 ± 1

	
88 ± 7

	
120 ± 8




	
G

	
85

	
140 ± 7

	
143 ± 2

	
127 ± 9

	
152 ± 10




	
H

	
774

	
851 ± 32

	
863 ± 17

	
743 ± 69

	
836 ± 49




	
HYPOTAURINE

	
0.00

	
2 ± 0.1

	
3 ± 0.02

	
0.0 ± 0.0

	
0.0 ± 0.0




	
TAURINE

	
0.00

	
0.00 ± 0.0

	
7.4 ± 0.2

	
112 ± 10

	
1,963 ± 131




	
R

	
263

	
245 ± 9

	
244 ± 6

	
219 ± 22

	
236 ± 19




	
T

	
249

	
160 ± 6

	
158 ± 7

	
141 ± 13

	
170 ± 12




	
A

	
105

	
662 ± 5

	
702 ± 7

	
613 ± 56

	
789 ± 37




	
P

	
35

	
25 ± 4

	
19 ± 1

	
17 ± 1

	
21 ± 3




	
Y

	
78

	
73 ± 2

	
72 ± 1

	
65 ± 5

	
76 ± 4




	
V

	
462

	
404 ± 14

	
407 ± 9

	
358 ± 28

	
429 ± 28




	
METHIONINE

	
46

	
19 ± 2

	
16 ± 2

	
15 ± 1

	
14 ± 1




	
K

	
170

	
156 ± 5

	
158 ± 4

	
140 ± 10

	
165 ± 11




	
I

	
210

	
126 ± 4

	
123 ± 3

	
110 ± 8

	
130 ± 9




	
L

	
595

	
471 ± 17

	
473 ± 2

	
416 ± 32

	
506 ± 32




	
F

	
68

	
35 ± 3

	
32 ± 2

	
30 ± 3

	
28 ± 2




	

	
Recovery of norleucine (pmol per sample with 50 pmol load)




	
NORLEUCINE *

	

	
50 ± 2

	
50 ± 2

	
51 ± 1

	
51 ± 5








Amino acid concentrations (μM) in UltraMEM™-ITES before and after 24 h incubation with ZFL cells. ZFL cells, fully adapted to growth in 100% UltraMEM™-ITES, were incubated in 0 μM, 12 μM, 160 μM, or 2 mM taurine for 24 h. Amino acid concentrations were measured by LC-MS, as described in Section 4.2 [41]. The amino acid analysis method used converts glutamine and asparagine to their respective acids so values presented represent both amino acid forms. * Norleucine (50 pmol) was injected with each sample to assess amino acid recovery; the value is calculated from the fluorescence area of the norleucine peak injected. Samples were normalized based on norleucine recovery and represent the mean of triplicates ± standard deviation.








The cellular levels of amino acids (normalized to recovered norleucine) are shown in Table 3. Because the average volume of ZFL cells is not known, amino acid levels are expressed as pmol per 3 × 107 cells. Even in the absence of taurine supplementation, the intracellular taurine level was 315 ± 63 pmol per 3 × 107 cells, indicating a robust ability to synthesize taurine. Supplementation of the medium with 12 μM taurine, the concentration found in L15/FBS, increased intracellular taurine 1.8-fold (Table 4).



Table 3. Amino acid levels in ZFL cells growing in UltraMEM™-ITES with/without taurine supplementation (pmol per 3 × 106 cells).







	

	
Medium at 0 h (μM)

	
Cellular Concentration after 24 h (pmol per 3 × 106 Cells)






	
Amino Acid

	

	
+0 μM

	
+12 μM

	
+160 μM

	
+2 mM




	
B (D/N)

	
68

	
73 ± 16

	
83 ± 6

	
87 ± 13

	
115 ± 6




	
S

	
939

	
238 ± 9

	
236 ± 11

	
223 ± 27

	
254 ± 16




	
Z (E/Q)

	
68

	
593 ± 22

	
732 ± 40

	
720 ± 100

	
654 ± 33




	
G

	
85

	
94 ± 21

	
119 ± 3

	
112 ± 11

	
135 ± 13




	
H

	
774

	
37 ± 13

	
33 ± 4

	
31 ± 7

	
32 ± 1




	
HYPOTAURINE

	
0.00

	
41 ± 10

	
61 ± 3

	
61 ± 12

	
62 ± 6




	
TAURINE

	
0.00

	
315 ± 63

	
566 ± 34

	
862 ± 34

	
1008 ± 44




	
R

	
263

	
18 ± 5

	
ND

	
ND

	
ND




	
T

	
249

	
54 ± 8

	
59 ± 5

	
57 ± 10

	
66 ± 4




	
A

	
105

	
307 ± 59

	
348 ± 26

	
340 ± 41

	
424 ± 21




	
P

	
35

	
53 ± 8

	
55 ± 10

	
51 ± 10

	
62 ± 2




	
Y

	
78

	
19 ± 2

	
20 ± 2

	
20 ± 3

	
22 ± 1




	
V

	
462

	
86 ± 17

	
93 ± 9

	
91 ± 10

	
103 ± 4




	
METHIONINE

	
46

	
9 ± 1

	
8 ± 0.2

	
8 ± 0.2

	
8 ± 0.20




	
K

	
170

	
21 ± 3

	
19 ± 1

	
20 ± 0.6

	
22 ± 0.1




	
I

	
210

	
33 ± 5

	
34 ± 5

	
34 ± 3

	
37 ± 0.3




	
L

	
595

	
94 ± 23

	
105 ± 9

	
100 ± 9

	
118 ± 6




	
F

	
68

	
24 ± 5

	
25 ± 4

	
23 ± 2

	
23 ± 2




	

	
Recovery of norleucine (pmol per sample with 50 pmol load)




	
NORLEUCINE *

	

	
54 ± 3

	
54 ± 3

	
53 ± 2

	
53 ± 2








Effect of taurine supplementation on amino acid levels in ZFL cells grown in UltraMEM™-ITES. ZFL cells, fully adapted to growth in 100% UltraMEM™-ITES, were exposed to 0 μM, 12 μM, 160 μM, and 2 mM taurine for 24 h. Triplicate plates, each with an average of 3 × 107 cells, were used for each condition. Protein recovered from each condition was 29 ± 2, 28 ± 0.7, 25 ± 0.9, and 22 ± 1.5 pg/cell protein, respectively. * Norleucine (50 pmol) was injected with each sample to assess amino acid recovery; the value is calculated from the fluorescence area of the norleucine peak injected. Samples were normalized based on total protein levels and norleucine recovery and represent the mean of triplicates ± standard deviation. Amino acid levels were measured as described in the legend for Table 2 and are expressed as pmol per 3 × 106 cells.








Table 4. Fold change in intracellular levels of taurine, hypotaurine, and methionine in response to taurine supplementation of the medium.







	
Taurine Supplementation

	
Fold Change in Intracellular Taurine Level

	
Fold Change in Intracellular Hypotaurine Level

	
Fold Change in Intracellular Methionine Level






	
12 μM

	
1.8

	
1.5

	
0.9




	
160 μM

	
2.8

	
1.5

	
0.9




	
2 mM

	
3.2

	
1.5

	
0.9










Increasing taurine concentration in the medium to 160 μM or 2 mM increased taurine levels 2.8- and 3.2-fold, respectively, approaching saturation. Our expectation was that this would be reflected in decreased hypotaurine levels reflecting suppression of cellular taurine biosynthesis. Surprisingly, at any level of taurine supplementation, intracellular hypotaurine actually increased 1.5-fold with increasing media taurine, remaining reasonable constant at any concentration of taurine supplementation, suggesting little suppression of cellular taurine biosynthesis. Our expectation was that supplementation with taurine would spare methionine and potentially lead to increases in intracellular methionine. In fact, at any level of taurine supplementation, intracellular methionine decreased by approximately 10%. There appeared to be no effect on other cellular amino acid pools with taurine supplementation except perhaps on arginine, although this may be a measurement artifact of the large taurine levels masking arginine quantification. It should be noted that the amino acid analysis method used converts glutamine and asparagine to their respective acids so values presented represent both amino acid forms.




2.4. Transcript Levels of Taurine Transporter and Taurine Biosynthesis Pathway Genes


To examine whether added taurine affected transcript abundance of the genes involved in taurine biosynthesis, cells were treated without or with 160 μM taurine. After 24 h, the cells were collected and RNA extracted for quantitative reverse transcription PCR (RT-qPCR) analysis of taurine transporter (TauT), cysteine dioxygenase (CDO), cysteine sulfinic acid (CSA), and cysteine sulfonate decarboxylase (CSAD) transcripts.



The transcript levels were expressed relative to those of ribosomal protein L13A (Figure 3). The relative expression of TauT, ADO, CDO, and CSAD to the reference transcript was largely influenced by the lower level of L13A transcript abundance in cells growing in UltraMEM™-ITES compared to those growing in L15-FBS (Figure 3, inset). The addition of taurine to the taurine-free medium had little effect on the expression of the biosynthetic pathway genes, ADO, CDO, and CSAD. However, a 30% reduction was seen in transcript levels of the taurine transporter, TauT, presumably to decrease the uptake of taurine into the cells. Such a response has also been reported in rat astrocytes in which the taurine content in cultured cells varies greatly according to the concentration of taurine in the extracellular medium [46]. As in rat astrocytes, taurine supplementation downregulates TauT transcript levels in ZFL cells but not those for taurine biosynthetic enzymes.


Figure 3. Transcript levels of taurine pathway and taurine transporter genes in ZFL cells growing in L15/FBS versus UltraMEM™-ITES (±taurine). Quantitative RT-PCR was performed using cDNA from 10 ng RNA and primers given in Table 2. qPCR was performed using a 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA) with SYBR green fluorescent label. Reactions included Taqman™ Universal master mix (Bio-Rad, Hercules, CA, USA), 1:100 SYBR green (100 U stock), 5 μM of each primer. Expression levels of zebrafish cysteamine dioxygenase (ADO), cysteine dioxygenase (CDO), cysteine sulfinate decarboxylase (CSAD), taurine transporter protein (TauT) are expressed relative to 60S ribosomal protein L13A transcript levels. Data are presented as the mean ± S.D. (n = 3 replicates).
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2.5. Growth Effects of Taurine Are Dependent on Methionine Concentration


Figure 2 showed that even with taurine supplementation, ZFL cells growing in UltraMEM™-ITES had a slower doubling time than L15/FBS. However, an examination of the growth curve showed that at low densities, the cells had a doubling time similar to cells growing in L-15/FBS, but reached saturation density very quickly (Figure 4A). Taurine (2 mM) decreased the doubling time at higher densities and increased the saturation density. However, in comparison, cells growing in L15-FBS continued to grow exponentially over the time course observed, suggesting that both taurine-supplemented and unsupplemented UltraMEM™-ITES media are limiting in some essential nutrient(s). In addition to lacking taurine, UltraMEM™-ITES has a methionine concentration of only 50 μM in contrast to L-15 which has 500 μM Met (Table 2). Furthermore, after only 24 h in culture, the methionine concentration of UltraMEM™-ITES was reduced to approximately 40% of its initial concentration, suggesting that the methionine concentration is limiting (Table 3). Since methionine is the substrate for taurine biosynthesis, it was of interest to investigate the effect of increased methionine concentration on the growth response to taurine in UltraMEM™-ITES adapted cells. The growth of cells in L-15/FBS was compared to that in UltraMEM™-ITES/500 μM methionine with or without taurine supplementation (Figure 4B). With methionine supplementation, saturation density was not reached over the course of the growth curve. Twelve micromolar (12 μM), but not 160 μM taurine, decreases doubling time.


Figure 4. Effect of methionine concentration in culture medium on response of ZFL cells to taurine. Panel (A): UltraMEM™-ITES adapted ZFL cells were grown in L-15/FBS (blue diamonds), or UltraMEM™-ITES supplemented with 0 (red squares) or 2 mM taurine (green triangles). Panel (B): UltraMEM™-ITES adapted ZFL cells were grown in L-15/FBS (blue diamonds), or UltraMEM™-ITES/500 supplemented with 0 μM (red squares), 12 μM (green triangles), or 160 μM taurine (pink circles). Cells were counted daily. Fifty percent (50%) of each medium was replaced every other day. Data are presented as the mean ± S.D. (n = 3 replicates).
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3. Discussion


The recent approval of the use of taurine as a feed additive to fish feed by the Food and Drug Administration [47] following the earlier approval by the European Food Safety Authority [48] will increase the need for a wider understanding of taurine homeostasis in fish species of interest to aquaculture. This successful adaptation of ZFL cells to growth in UltraMEM™-ITES has allowed the first definitive investigation of the effects of taurine on expression of taurine biosynthetic pathway and taurine transporter genes in a defined cell type and has shown that taurine supplementation can stimulate growth. With a large excess of taurine in the medium, the intracellular taurine content of ZFL cells in a defined synthetic medium can be increased more than threefold above the basal value provided by biosynthesis. These data indicate that the transport capacity of ZFL cells for exogenous taurine in UltraMEM™-ITES is much higher than their capacity for endogenous taurine biosynthesis. Previous studies have shown that taurine transport capacity can be downregulated by the dietary intake of taurine in mammals [49] and that TauT is important for maintenance of taurine levels in fish [50,51,52,53]. Taurine has also been shown to downregulate TauT transcript levels in cultured rat astrocytes, although not those for taurine biosynthetic enzymes [46]. The effects of taurine concentration have been examined in the culture medium of turbot muscle cells [54]. Although these studies claimed to be in taurine-free L-15 medium, amino acid levels were not measured either in the medium or in the cells. Our studies here have demonstrated that L-15 in fact contains 12 μM taurine. The studies in cultured turbot cells also claimed that the cells were adapted to serum-free conditions. However, the adaptation period used was 24 h, a time presumably sufficient to allow reduction of cellular taurine levels (not shown), but in fact quite inadequate to generate cells accommodated to survive in serum-free conditions. Nevertheless, consistent with our findings, transcript levels for TauT were reduced by 60% at 100 μM taurine, compared presumably to 12 μM.



Although not directly comparable, the ZFL responses are in contrast to what has been reported for zebrafish grown for eight weeks on diets with low (0.02 ± 0.001%) or high (4.08 ± 0.21%) levels of taurine [30]. Whole body taurine levels, expressed as a percentage of body weight, of 1.37 ± 0.03% were found in fish fed the low taurine diet versus 2.04 ± 0.28% in fish fed the high taurine diet. In the liver of fish fed the low taurine diet, transcript levels of ADO and CSAD were significantly higher than in fish fed the low taurine diet, although no differences were seen in the transcript levels of CDO and TauT [41]. This may reflect the observations of Eide et al. who demonstrated a reduced capacity of ZFL cells to upregulate transcription of key genes involved in xenoestrogen responses, compared to primary hepatocytes [55]. Alternatively, it could reflect the differences in the period of exposure or the response of cultured cells that are not under the same metabolic or proliferative control as cells within the animal.



The serum-free adapted cell line described here will allow more in-depth future studies of taurine homeostasis and the biosynthetic capacity of zebrafish cells, such as an investigation of the levels and activities of the biosynthetic enzymes. Certainly, this cell line highlights the importance of monitoring amino acid levels in deciphering the effects/requirements of dietary taurine and will allow a focus on regulation of TauT by sulfur amino acids. Although transcript levels of CDO, CSAD, and ADO do not change in response to taurine supplementation, CDO and CSAD are known to be regulated post-transcriptionally. CDO is one of the most highly regulated metabolic enzymes responding to dietary cysteine. In mammals, it undergoes up to 45-fold changes in concentration and up to 10-fold changes in catalytic efficiency (reviewed in [56]). Cellular CDO concentrations are tightly regulated by the rate of proteasomal degradation as controlled by polyubiquitination [57,58,59]. CDO concentrations can change up to 45-fold [60], multiplied by the potential 10-fold difference in catalytic efficiency [61], for a total potential change in CDO activity of up to 450-fold [40]. CSAD, a pyridoxal-5′-phosphate (PLP)-dependent enzyme, is the rate-limiting enzyme for taurine biosynthesis in mouse [62]. In a CSAD null mouse, the plasma levels of taurine are reduced by >80% and most offspring die shortly after birth [63,64]. Similarly, use of the metabolic modeling program, ZebraGEM, suggests that taurine biosynthesis is controlled by CSAD in zebrafish [65]. Knockdown of CSAD in zebrafish embryos significantly reduces taurine level and results in increased mortality and cardiac abnormalities [40]. CSAD activity can be regulated by phosphorylation by protein kinase C [66].



Fish have varied taurine biosynthesis capability, presumably reflecting differences in the expression levels/activities of the key enzymes and the taurine transporter. The cell line adaptation strategy described here and the synthetic medium used should be applicable to other fish cell lines. For cell lines from aquaculture species with a demonstrated taurine dependence such as cobia (Rachycentron canadum) [27,30], yellowtail (Seriola quinqueradiata) [19,33], seabream (Pagrus major) [67], or sablefish [68], it should be possible to adjust cells to the synthetic medium by inclusion of taurine. Taurine could be subsequently withheld to examine effects on the biosynthetic pathways. Such cell lines would be invaluable in elucidating taurine biosynthetic capacity of different species, the relationship to sulfur amino acids, and thus in designing adequate diets for aquaculture species.




4. Materials and Methods


4.1. Cell Lines and Cell Culture


The ZFL cell line (ATCC #CRL-2643), derived from a pool of 10 adult zebrafish livers, has characteristics of liver parenchymal cells and exhibits characteristics consistent with differentiated liver cell function [69]. ZFL cells have been used to investigate toxicological [70,71], pharmacological [72], and innate immune function studies in fish [73]. Cells were maintained in Leibovitz’s L-15 medium (Cellgro, Manassas, VA, USA), supplemented with 20 mM HEPES-KOH, pH 7, 2 mM sodium pyruvate, 100 units·mL−1 of penicillin and streptomycin, and supplemented with 9% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA) (L15-FBS) in 100 mm tissue culture plates at 28 °C, without sodium bicarbonate and CO2 ([74]).



UltraMEM™-ITES (Lonza, Walkersville, MD, USA) is a protein-free basal medium supplemented with insulin, transferrin, ethanolamine, selenium (ITES) and l-glutamine. Recombinant human insulin and transferrin, both at 20 μg·mL−1, are the only protein components. ZFL cells maintained in L15-FBS were initially transferred into medium containing 10% UltraMEM™-ITES with 20 mM HEPES-KOH, pH 7, and 2 mM sodium pyruvate. After two passages, cells were transferred to L15-FBS containing 20% UltraMEM™-ITES. Over 123 days in culture, L15-FBS was exchanged with increasing concentrations of UltraMEM™-ITES in 10% increments every second passage, going from 0 to 100% UltraMEM™-ITES. Over this period, FBS concentrations decreased concomitantly from 9 to 0%. Cell health was monitored by regular microscopic observation for normal growth.



Cells were counted every 2–8 days by trypsinization in 0.05% trypsin/0.03% ethylenediaminetetraacetic acid (EDTA) in phosphate buffered saline (PBS) for 10 min at room temperature. Average cell counts were calculated from the number of cells in four quadrants. Doubling times (DT) were calculated using the formula DT = T ln2/ln(Xe/Xb), in which T is the incubation time, Xb is the cell number at the beginning, and Xe is the cell number at the end of the period.




4.2. Measurement of Medium Amino Acid Concentrations and Cellular Amino Acid Pools


Amino acid levels in culture medium: ZFL cells were cultured in 100 mm plates with 10 mL UltraMEM™-ITES supplemented with 0, 12, 160 μM, or 2 mM taurine for 24 h. At each taurine concentration, the growth medium from three replicate plates was removed and a 1-mL aliquot was taken for amino acid analysis.



Amino acid levels in ZFL cells: cells were washed rapidly two times with 10 mL of precooled (4 °C) PBS. Five milliliters of MeOH, prechilled on dry ice, was added to each plate to disrupt the cells. Cells and liquid were scraped into 15-mL conical tubes. Next, 2 × 4 mL MeOH was used to wash the plates for collection of residual cells and combined with the first cell suspension. The samples were held in liquid nitrogen for 10 min, thawed in an ice bath for 10 min, and briefly vortexed. This freeze–thaw cycle was repeated three times to complete cell disruption. The sample was centrifuged at 4 °C and 3000× g for 30 min to remove cell debris and the supernatant was transferred to a new tube. Methanol was removed by drying at 60 °C prior to amino acid analysis. The residue was solubilized in 1 mL of PBS and the protein concentration was quantitated using a Qubit™ Protein Assay kit (Life Technologies Corporation, Eugene, OR, USA) according to the manufacturer’s instructions. After sample normalization based on total protein levels, absolute levels of amino acids in the supernatants were quantified by LS-MC using the Waters AccQ Tag™ method on an Agilent 1200 Infinity Series HPLC with Quaternary Pump and FLD Detector. Statistical analysis of free amino acid pools in media and cells were performed using one-way ANOVA and Tukey’s multiple-range test. A p-value of less than 0.05 was taken to indicate statistical significance. Norleucine (50 pmol) was injected with the sample to assess amino acid recovery. The amino acid concentration in the medium is expressed as μM. The level of amino acids in the cells is given as pmol per 3 × 106 cells.




4.3. Measurement of Transcript Levels of the Enzymes of Taurine Biosynthesis


RNA was prepared from ZFL cells using the Ambion PureLink total RNA extraction mini kit (Life Technologies Corporation, Carlsbad, CA, USA) following the manufacturer’s protocol. RNA concentration, purity, and integrity were determined by Nanodrop ND-1000 spectrophotometry (NanoDrop Technologies, Wilmington, DE, USA) and automated electrophoresis using the Agilent 2100 BioAnalyzer (Agilent, Santa Clara, CA, USA). Values of >2 for 260/280 and 260/230 ratios were considered to be of sufficient purity. Generation of cDNA amplicons of the predicted size was confirmed by end-point RT-PCR. cDNA was synthesized using Revertaid™ M-MULV reverse transcriptase (Fermentas GmbH, St. Leon-Roth, Germany) and random hexamer primers (Qiagen, Valencia, CA, USA). Amplification of cDNA for large ribosomal protein L13A was used as an internal control. Quantitative PCR (qPCR) was performed on a 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA) with SYBR green fluorescence. Data generated were analyzed using 7500/7600 Sequence Detection Software (Life Technologies, Foster City, CA, USA).



Primers used to amplify cDNAs for zebrafish cysteamine dioxygenase (ADO), cysteine dioxygenase (CDO), cysteinesulfinate decarboxylase (CSAD), and taurine transporter (TauT) were designed to span exon-exon junctions based on published zebrafish sequences in GenBank by Primer 3 software (Table 5). The efficiency of the primers (>90% for all pairs) was determined using five different dilutions of cDNA (20, 10, 5, 2.5, and 1.25 ng cDNA per reaction) made from ZFL cell RNA. Primers for ribosomal protein, L13A, used as the reference gene, were based on published primer sequences [75]. Paired t-tests (p = 0.05) were used to assess the differences in relative expression of the target genes.



Table 5. Primer pairs used for quantitative reverse transcription PCR (RT-qPCR).







	
Gene

	
Forward Primer

	
Reverse Primer

	
GenBank Accession Number






	
D. rerio ADO

	
5′-TTACAGACTGCTGGGAAAAA-3′

	
5′-GGCTTGAAACAAGCAAATAA-3′

	
NM_001008634.1




	
D. rerio CDO

	
5′-GAACCTGATGGAGTCCTACC-3′

	
5′-AACTTTCCGTTTCCTTCATC-3′

	
NM_200741.1




	
D. rerio CSD

	
5′-AGCTGAGATCTCTCCTGGAC-3′

	
5′-TGGTATTGAGGGTTTCAGTG-3′

	
NM_001007348




	
D. rerio TauT

	
5′-ATCACCTGTTGGGAGAAACT-3′

	
5′-CAGGTAGTACAAGCCACAGG-3′

	
NM_001037661.1




	
D. rerio L13A

	
5′-TCTGGACTGTAAGAGGTATGC-3′

	
5′-AGACGCACAATCTTGAGAGCAG-3′

	
NM_212784.1








Primer pairs used for RT-qPCR. Sequences of the primer pairs used for RT-qPCR determination of the transcript levels of zebrafish cysteamine dioxygenase (ADO), cysteine dioxygenase (CDO), cysteinesulfinate decarboxylase (CSAD), taurine transporter (TauT), and ribosomal protein L13A (L13A).













Acknowledgments


This work was supported by the NOAA-EPP-funded Living Marine Sciences Cooperative Science Center (LMRCSC), NA11SEC4810002. We thank Travonya Kenley, of Cheyney University, for verification of the PCR primers and Janell Hadid of Morgan State University for investigating the response of cells to different methionine concentrations. Both were LMRCSC supported summer interns. We acknowledge the assistance of Michelle Price (Plant Sensory Systems, Waters Corporation, Milford, MA, USA) in performing the amino acid analysis. This is contribution number 5359 from the University of Maryland Center for Environmental Science (UMCES) and contribution number 17-205 for the Institute of Marine and Environmental Technology (IMET).




Author Contributions


Rosemary Jagus and Allen R. Place conceived and designed the experiments. Rosemary Jagus and Chieh-Lun Liu developed the ZFL cells that grew in UltraMEM™-ITES. Chieh-Lun Liu performed the experiments. Aaron M. Watson developed and contributed primer pairs, as well as transcript levels in ZFL grown in L-15/FBS. RJ, Allen R. Place, and Chieh-Lun Liu analyzed the data. Rosemary Jagus wrote the paper with input from Allen R. Place and Chieh-Lun Liu.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Ripps, H.; Shen, W. Review: Taurine: A “very essential” amino acid. Mol. Vis. 2012, 18, 2673–2686. [Google Scholar] [PubMed]

	2. 
Hofmann, A. Bile Acids: The Good, the Bad, and the Ugly. Physiology 1999, 14, 24–29. [Google Scholar]

	3. 
Falany, C.N.; Johnson, M.R.; Barnes, S.; Diasio, R.B. Glycine and taurine conjugation of bile acids by a single enzyme. Molecular cloning and expression of human liver bile acid CoA: Amino acid N-acyltransferase. J. Biol. Chem. 1994, 269, 19375–19379. [Google Scholar] [PubMed]

	4. 
Schuller-Levis, G.B.; Park, E. Taurine: New implications for an old amino acid. FEMS Microbiol. Lett. 2003, 226, 195–202. [Google Scholar] [CrossRef]

	5. 
Hsu, T.C.; Chiang, S.Y.; Wu, J.H.; Tsai, C.C.; Huang, C.Y.; Chen, Y.C.; Tzang, B.S. Treatment with taurine attenuates hepatic apoptosis in NZB/W F1 mice fed with a high-cholesterol diet. J. Agric. Food Chem. 2008, 56, 9685–9691. [Google Scholar] [CrossRef] [PubMed]

	6. 
Chen, K.; Zhang, Q.; Wang, J.; Liu, F.; Mi, M.; Xu, H.; Chen, F.; Zeng, K. Taurine protects transformed rat retinal ganglion cells from hypoxia-induced apoptosis by preventing mitochondrial dysfunction. Brain Res. 2009, 1279, 131–138. [Google Scholar] [CrossRef] [PubMed]

	7. 
Espe, M.; Holen, E. Taurine attenuates apoptosis in primary liver cells isolated from Atlantic salmon (Salmo salar). Br. J. Nutr. 2013, 110, 20–28. [Google Scholar] [CrossRef] [PubMed]

	8. 
Lambert, I.H. Regulation of the cellular content of the organic osmolyte taurine in mammalian cells. Neurochem. Res. 2004, 29, 27–63. [Google Scholar] [CrossRef] [PubMed]

	9. 
Lambert, I.H.; Kristensen, D.M.; Holm, J.B.; Mortensen, O.H. Physiological role of taurine—From organism to organelle. Acta Physiol. (Oxf.) 2015, 213, 191–212. [Google Scholar] [CrossRef] [PubMed]

	10. 
Oja, S.S.; Saransaari, P. Taurine as osmoregulator and neuromodulator in the brain. Metab. Brain Dis. 1996, 11, 153–164. [Google Scholar] [CrossRef] [PubMed]

	11. 
Schaffer, S.W.; Azuma, J.; Madura, J.D. Mechanisms underlying taurine-mediated alterations in membrane function. Amino Acids 1995, 8, 231–246. [Google Scholar] [CrossRef] [PubMed]

	12. 
Schaffer, S.W.; Jong, C.J.; Ramila, K.C.; Azuma, J. Physiological roles of taurine in heart and muscle. J. Biomed. Sci. 2010, 17 (Suppl. 1), S2. [Google Scholar] [CrossRef] [PubMed]

	13. 
Saransaari, P.; Oja, S.S. Enhanced taurine release in cell-damaging conditions in the developing and ageing mouse hippocampus. Neuroscience 1997, 79, 847–854. [Google Scholar] [CrossRef]

	14. 
Trenkner, E. Possible role of glutamate with taurine in neuron-glia interaction during cerebellar development. Prog. Clin. Biol. Res. 1990, 351, 133–140. [Google Scholar] [PubMed]

	15. 
Hernández-Benítez, R.; Vangipuram, S.D.; Ramos-Mandujano, G.; Lyman, W.D.; Pasantes-Morales, H. Taurine enhances the growth of neural precursors derived from fetal human brain and promotes neuronal specification. Dev. Neurosci. 2013, 35, 40–49. [Google Scholar] [CrossRef] [PubMed]

	16. 
Morris, J.G. Idiosyncratic nutrient requirements of cats appear to be diet-induced evolutionary adaptations. Nutr. Res. Rev. 2002, 15, 153–168. [Google Scholar] [CrossRef] [PubMed]

	17. 
Verbrugghe, A.; Bakovic, M. Peculiarities of one-carbon metabolism in the strict carnivorous cat and the role in feline hepatic lipidosis. Nutrients 2013, 5, 2811–2835. [Google Scholar] [CrossRef] [PubMed]

	18. 
Kim, S.; Matsunari, H.; Takeuchi, T.; Yokoyama, M.; Murata, Y.; Ishihara, K. Effect of different dietary taurine levels on the conjugated bile acid composition and growth performance of juvenile and fingerling Japanese flounder Paralichthys olivaceus. Aquaculture 2007, 273, 595–601. [Google Scholar] [CrossRef]

	19. 
Takagi, S.; Murata, H.; Goto, T.; Hayashi, M.; Hatate, H.; Endo, M.; Yamashito, H.; Ukawa, M. Hemolytic suppression roles of taurine in yellowtail Seriola quinqueradiata fed non-fishmeal diets based on soybean protein. Fish. Sci. 2006, 72, 546–555. [Google Scholar] [CrossRef]

	20. 
Omura, Y.; Yoshimura, R. Immunocytochemical localization of taurine in the developing retina of the lefteye flounder Paralichthys olivaceus. Arch. Histol. Cytol. 1999, 62, 441–446. [Google Scholar] [CrossRef] [PubMed]

	21. 
Omura, Y.; Inagaki, M. Immunocytochemical localization of taurine in the fish retina under light and dark adaptations. Amino Acids 2000, 19, 593–604. [Google Scholar] [CrossRef] [PubMed]

	22. 
Gaylord, T.; Barrows, F.; Teague, A.; Johansen, K.; Overturf, K.; Shepherd, B. Supplementation of taurine and methionine to all-plant protein diets for rainbow trout (Oncorhynchus mykiss). Aquaculture 2007, 269, 514–524. [Google Scholar] [CrossRef]

	23. 
Kim, S.; Matsunari, H.; Namura, K.; Tanaka, H.; Yokoyama, M.; Murata, Y.; Ishihara, K. Effect of dietary taurine and lipid contents on conjugated bile acid composition and growth performance of juvenile Japanese flounder Paralichthys olivaceus. Fish. Sci. 2008, 74, 875–881. [Google Scholar] [CrossRef]

	24. 
Wang, Q. Dietary sulfur amino acid modulations of taurine biosynthesis in juvenile turbot (Psetta maxima). Aquaculture 2014, 422–423, 141–145. [Google Scholar] [CrossRef]

	25. 
Matsunari, H.; Yamamoto, T.; Kim, S.; Goto, T.; Takeuchi, T. Optimum dietary taurine level in casein-based diet for juvenile red sea bream Pagrus major. Fish. Sci. 2008, 74, 347–353. [Google Scholar] [CrossRef]

	26. 
Kim, S.; Sasaki, T.; Awa, M.; Inamata, M.; Honryo, T.; Agawa, Y.; Ando, M.; Sawada, Y. Effect of dietary taurine enhancement on growth and development in red sea bream Pagrus major larvae. Aquac. Res. 2016, 47, 1168–1179. [Google Scholar] [CrossRef]

	27. 
Lunger, A.; McLean, E.; Gaylord, T.; Kuhn, D.; Craig, S. Taurine supplementation to alternative dietary proteins used in fish meal replacement enhances growth of juvenile cobia (Rachycentron canadum). Aquaculture 2007, 271, 401–410. [Google Scholar] [CrossRef]

	28. 
Salze, G.; Craig, S.R.; Smith, B.H.; Smith, E.P.; McLean, E. Morphological development of larval cobia Rachycentron canadum and the influence of dietary taurine supplementation. J. Fish Biol. 2011, 78, 1470–1491. [Google Scholar] [CrossRef] [PubMed]

	29. 
Salze, G.; McLean, E.; Craig, S.R. Dietary taurine enhances growth and digestive enzyme activities in larval cobia. Aquaculture 2012, 362–363, 44–49. [Google Scholar] [CrossRef]

	30. 
Watson, A.M.; Barrows, F.T.; Place, A.R. Taurine supplementation of plant derived protein and n-3 fatty acids are critical for optimal growth and development of cobia, Rachycentron canadum. Lipids 2013, 48, 899–913. [Google Scholar] [CrossRef] [PubMed]

	31. 
Watson, A.M.; Buentello, A.; Place, A.R. Partial replacement of fishmeal, poultry by-product meal and soy concentrate with two non-genetically modified soybean cultivars in diets for juvenile cobia, Rachycentron canadum. Aquaculture 2014, 434, 129–136. [Google Scholar] [CrossRef]

	32. 
Espe, M.; Ruohonen, K.; El-Mowafi, A. Effect of taurine supplementation on the metabolism and body lipid-to-protein ratio in juvenile Atlantic salmon (Salmo salar). Aquac. Res. 2012, 271, 349–360. [Google Scholar] [CrossRef]

	33. 
Takagi, S.; Murata, H.; Goto, T.; Endo, M.; Yamashita, H.; Ukawa, M. Taurine is an essential nutrient for yellowtail Seriola quinqueradiata fed non-fish meal diets based on soy protein concentrate. Aquaculture 2008, 280, 198–205. [Google Scholar] [CrossRef]

	34. 
Kataoka, H.; Ohnishi, N. Occurrence of taurine in plants. Agric. Biol. Chem. 1986, 50, 1887–1888. [Google Scholar]

	35. 
Salze, G.P.; Davis, D.A. Taurine: A critical nutrient for future fish feeds. Aquaculture 2015, 437, 215–229. [Google Scholar] [CrossRef]

	36. 
O'Flaherty, L.; Stapleton, P.P.; Redmond, H.P.; Bouchier-Hayes, D.J. Intestinal taurine transport: A review. Eur. J. Clin. Investig. 1997, 27, 873–880. [Google Scholar] [CrossRef]

	37. 
Tappaz, M.L. Taurine biosynthetic enzymes and taurine transporter: Molecular identification and regulations. Neurochem. Res. 2004, 29, 83–96. [Google Scholar] [CrossRef] [PubMed]

	38. 
Brunner, D.; Frank, J.; Appl, H.; Schöffl, H.; Pfaller, W.; Gstraunthaler, G. Serum-free cell culture: The serum-free media interactive online database. Altex 2010, 27, 53–62. [Google Scholar] [CrossRef] [PubMed]

	39. 
Van der Valk, J.; Brunner, D.; De Smet, K.; Svenningsen, A.; Honegger, P.; Knudsen, L.E.; Lindl, T.; Noraberg, J.; Price, A.; Scarino, M.L.; et al. Optimization of chemically defined cell culture media—Replacing fetal bovine serum in mammalian in vitro methods. Toxicol. In Vitro 2010, 24, 1053–1063. [Google Scholar] [CrossRef] [PubMed]

	40. 
Chang, Y.C.; Ding, S.T.; Lee, Y.H.; Wang, Y.C.; Huang, M.F.; Liu, I.H. Taurine homeostasis requires de novo synthesis via cysteine sulfinic acid decarboxylase during zebrafish early embryogenesis. Amino Acids 2013, 44, 615–629. [Google Scholar] [CrossRef] [PubMed]

	41. 
Watson, A.M. 2013. Taurine: An Indispensable Ingredient in the Development of Sustainable Aquafeeds. Ph.D. Thesis, University of Maryland College Park, Maryland, MD, USA, 2013. [Google Scholar]

	42. 
Bjare, U. Serum-free cell culture. Pharmacol. Ther. 1992, 53, 355–374. [Google Scholar] [CrossRef]

	43. 
Helmy, M.H.; Ismail, S.S.; Fayed, H.; El-Bassiouni, E.A. Effect of selenium supplementation on the activities of glutathione metabolizing enzymes in human hepatoma Hep G2 cell line. Toxicology 2000, 144, 57–61. [Google Scholar] [CrossRef]

	44. 
Karlenius, T.C.; Shah, F.; Yu, W.C.; Hawkes, H.J.; Tinggi, U.; Clarke, F.M.; Tonissen, K.F. The selenium content of cell culture serum influences redox-regulated gene expression. Biotechniques 2011, 50, 295–301. [Google Scholar] [PubMed]

	45. 
Pirkmajer, S.; Chibalin, A.V. Serum starvation: Caveat emptor. Am. J. Physiol. Cell Physiol. 2011, 301, C272–C279. [Google Scholar] [CrossRef] [PubMed]

	46. 
Bitoun, M.; Tappaz, M. Taurine down-regulates basal and osmolarity-induced gene expression of its transporter, but not the gene expression of its biosynthetic enzymes, in astrocyte primary cultures. J. Neurochem. 2000, 75, 919–924. [Google Scholar] [CrossRef] [PubMed]

	47. 
Nutrient Approval is Victory for U.S. Fish Farmers and Seafood Lovers. Available online: http://www.nmfs.noaa.gov/stories/2017/02/taurine-QA.html (accessed on 9 February 2017).

	48. 
European Food Safety Authoriy (EFSA). Scientific Opinion on the safety and efficacy of taurine as a feed additive for all animal species: EFSA Panel on Additives and Products or Substances used in Animal Feed (FEEDAP). EFSA J. 2012, 10, 2736. [Google Scholar]

	49. 
Rozen, R.; Scriver, C.R. Renal transport of taurine adapts to perturbed taurine homeostasis. Proc. Natl. Acad. Sci. USA 1982, 79, 2101–2105. [Google Scholar] [CrossRef] [PubMed]

	50. 
Kozlowski, D.J.; Chen, Z.; Zhuang, L.; Fei, Y.J.; Navarre, S.; Ganapathy, V. Molecular characterization and expression pattern of taurine transporter in zebrafish during embryogenesis. Life Sci. 2008, 82, 1004–1011. [Google Scholar] [CrossRef] [PubMed]

	51. 
Takeuchi, K.; Toyohara, H.; Sakaguchi, M. A hyperosmotic stress-induced mRNA of carp cell encodes Na+- and Cl−-dependent high affinity taurine transporter. Biochim. Biophys. Acta 2000, 1464, 219–230. [Google Scholar] [CrossRef]

	52. 
Zarate, J.; Bradley, T. Molecular cloning and characterization of the taurine transporter of Atlantic salmon. Aquaculture 2007, 273, 209–217. [Google Scholar] [CrossRef]

	53. 
Pinto, W.; Rønnestad, I.; Jordal, A.E.; Gomes, A.S.; Dinis, M.T.; Aragão, C. Cloning, tissue and ontogenetic expression of the taurine transporter in the flatfish Senegalese sole (Solea senegalensis). Amino Acids 2012, 42, 1317–1327. [Google Scholar] [CrossRef] [PubMed]

	54. 
Wang, X.; Gen, H.; Xu, W.; Zhou, H. Molecular cloning and characterization of taurine transporter from turbot (Psetta Maxima) and its expression analysis regulated by taurine in vitro. Aquac. Res. 2016, 1–11. [Google Scholar] [CrossRef]

	55. 
Eide, M.; Rusten, M.; Male, R.; Jensen, K.H.; Goksøyr, A. A characterization of the ZFL cell line and primary hepatocytes as in vitro liver cell models for the zebrafish (Danio rerio). Aquat. Toxicol. 2014, 147, 7–17. [Google Scholar] [CrossRef] [PubMed]

	56. 
Stipanuk, M.H.; Ueki, I.; Dominy, J.E.; Simmons, C.R.; Hirschberger, L.L. Cysteine dioxygenase: A robust system for regulation of cellular cysteine levels. Amino Acids 2009, 37, 55–63. [Google Scholar] [CrossRef] [PubMed]

	57. 
Stipanuk, M.H. Sulfur amino acid metabolism: Pathways for production and removal of homocysteine and cysteine. Annu. Rev. Nutr. 2004, 24, 539–577. [Google Scholar] [CrossRef] [PubMed]

	58. 
Stipanuk, M.H.; Dominy, J.E.; Lee, J.I.; Coloso, R.M. Mammalian cysteine metabolism: New insights into regulation of cysteine metabolism. J. Nutr. 2006, 136, 1652S–1659S. [Google Scholar] [PubMed]

	59. 
Stipanuk, M.H.; Jurkowska, H.; Roman, H.B.; Niewiadomski, J.; Hirschberger, L.L. Insights into taurine synthesis and function based on studies with cysteine dioxygenase (CDO1) knockout mice. Adv. Exp. Med. Biol. 2015, 803, 29–39. [Google Scholar] [PubMed]

	60. 
Lee, J.I.; Londono, M.; Hirschberger, L.L.; Stipanuk, M.H. Regulation of cysteine dioxygenase and gamma-glutamylcysteine synthetase is associated with hepatic cysteine level. J. Nutr. Biochem. 2004, 15, 112–122. [Google Scholar] [CrossRef] [PubMed]

	61. 
Dominy, J.E.; Hwang, J.; Guo, S.; Hirschberger, L.L.; Zhang, S.; Stipanuk, M.H. Synthesis of amino acid cofactor in cysteine dioxygenase is regulated by substrate and represents a novel post-translational regulation of activity. J. Biol. Chem. 2008, 283, 12188–12201. [Google Scholar] [CrossRef] [PubMed]

	62. 
De la Rosa, J.; Stipanuk, M.H. Evidence for a rate-limiting role of cysteinesulfinate decarboxylase activity in taurine biosynthesis in vivo. Comp. Biochem. Physiol. B 1985, 81, 565–571. [Google Scholar] [CrossRef]

	63. 
Park, E.; Park, S.Y.; Dobkin, C.; Schuller-Levis, G. Development of a novel cysteine sulfinic Acid decarboxylase knockout mouse: Dietary taurine reduces neonatal mortality. J. Amino Acids 2014, 2014, 346809. [Google Scholar] [CrossRef] [PubMed]

	64. 
Park, E.; Park, S.Y.; Dobkin, C.; Schuller-Levis, G. A novel cysteine sulfinic acid decarboxylase knock-out mouse: Comparison between newborn and weanling mice. Adv. Exp. Med. Biol. 2015, 803, 3–16. [Google Scholar] [PubMed]

	65. 
Bekaert, M. Reconstruction of Danio rerio metabolic model accounting for subcellular compartmentalisation. PLoS ONE 2016, 7, e49903. [Google Scholar] [CrossRef] [PubMed]

	66. 
Tang, X.W.; Hsu, C.C.; Schloss, J.V.; Faiman, M.D.; Wu, E.; Yang, C.Y.; Wu, J.Y. Protein phosphorylation and taurine biosynthesis in vivo and in vitro. J. Neurosci. 1997, 17, 6947–6951. [Google Scholar] [PubMed]

	67. 
Takagi, S.; Murata, H.; Goto, T.; Hatate, H.; Endo, M.; Yamashita, H.; Miyatake, H.; Ukawa, M. Role of taurine deficiency in inducing green liver symptom and effect of dietary taurine supplementation in improving growth in juvenile red sea bream Pagrus major fed non-fishmeal diets based on soy protein concentrate. Fish. Sci. 2011, 77, 235–244. [Google Scholar] [CrossRef]

	68. 
Johnson, R.B.; Kim, S.K.; Watson, A.M.; Barrows, F.T.; Kroeger, E.L.; Nicklason, P.M.; Goetz, G.W.; Place, A.R. Effects of dietary taurine supplementation on growth, feed efficiency, and nutrient composition of juvenile sablefish (Anoplopoma fimbria) fed plant based feeds. Aquaculture 2015, 445, 79–85. [Google Scholar] [CrossRef]

	69. 
Ghosh, C.; Zhou, Y.L.; Collodi, P. Derivation and characterization of a zebrafish liver cell line. Cell Biol. Toxicol. 1994, 10, 167–176. [Google Scholar] [CrossRef] [PubMed]

	70. 
Tang, S.; Allagadda, V.; Chibli, H.; Nadeau, J.L.; Mayer, G.D. Comparison of cytotoxicity and expression of metal regulatory genes in zebrafish (Danio rerio) liver cells exposed to cadmium sulfate, zinc sulfate and quantum dots. Metallomics 2013, 5, 1411–1422. [Google Scholar] [CrossRef] [PubMed]

	71. 
Cavalcante, D.G.; Da Silva, N.D.; Marcarini, J.C.; Mantovani, M.S.; Marin-Morales, M.A.; Martinez, C.B. Cytotoxic, biochemical and genotoxic effects of biodiesel produced by different routes on ZFL cell line. Toxicol. In Vitro 2014, 28, 1117–1125. [Google Scholar] [CrossRef] [PubMed]

	72. 
Pomati, F.; Cotsapas, C.J.; Castiglioni, S.; Zuccato, E.; Calamari, D. Gene expression profiles in zebrafish (Danio rerio) liver cells exposed to a mixture of pharmaceuticals at environmentally relevant concentrations. Chemosphere 2007, 70, 65–73. [Google Scholar] [CrossRef] [PubMed]

	73. 
Ruyra, A.; Torrealba, D.; Morera, D.; Tort, L.; MacKenzie, S.; Roher, N. Zebrafish liver (ZFL) cells are able to mount an anti-viral response after stimulation with poly(I:C). Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2014, 182C, 55–63. [Google Scholar] [CrossRef] [PubMed]

	74. 
Fernandez, R.D. Establishment and characterization of seven continuous cell lines from freshwater fish. J. Aquat. Anim. Health 1993, 28, 27–34. [Google Scholar] [CrossRef]

	75. 
Tang, R.; Dodd, A.; Lai, D.; McNabb, W.C.; Love, D.R. Validation of zebrafish (Danio rerio) reference genes for quantitative real-time RT-PCR normalization. Acta Biochim. Biophys. Sin. 2007, 39, 384–390. [Google Scholar] [CrossRef] [PubMed]

























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  marinedrugs-15-00147


  
    		
      marinedrugs-15-00147
    


  




  





media/file6.jpg
N

9
L

5

R

N wsae N @ o B
sages
>
>
- ——
cell number (x 108)

cell number (x 10°)

it

012345867389 0123456782910
Days of culture Days of culture

0






media/file1.png
Cysteine Cysteine sulfonate

dioxygenase decarboxylase Hypotaurine
: Q d (CDO) (CSAD) Dehydrogenase
J 0; d
2 .
. Cysteinesulfinic =5 Hypotaurme Taurine
Cysteine s

2-aminoethanethiol

dioxygenase
/ (ADO)
0,

N

B

Coenzyme A weowwwwwmwmwwmw=w===39» Cysteamine





media/file7.png
<

——

ﬁﬁm987654321
(301 X) Jequinu ||@2
— ——
—_ 4 —m—
—— el

R

|

> |

«

)

u“w98765431

(501 %) Joaqwinu |22

2 3 4 5 6 7 8 9 10

1

0

2 3 4 5 6 7 8 9

1

0

Days of culture

Days of culture





media/file5.png
P<0.01

CSD

i
ADO

CDO

TauT

0
o

Y ®© N - O
o o o o

V<l 03 patedwod
uoissaldxa jJuadiad

V<11 0} paiedwod uoissaldxa Juadiad

CSD

ADO

CDO

TauT





media/file3.png
Doubling time (days)

12

u
100% u
9 - -
10%  20% 30% 40%  50% 60%  70% 80% 90%
*:; [ ]
5, 01 -
=
- \Z
B n
D 2 .
o)
=
3 Weoet o m ®* o0 % L e et L4 %0, *
a
0 | | L L} LE L} L] L] L] L}
0 20 40 60 80 100 120 140 160 180
...................................... ; Days of culture
[ | . -
P m n
= o | - - "
: [ 15 -
u H | m u m =4
: L n u
. : = = -.ll'
: * AA, 44 A , 4
S
-.0 W% 00 %% “ P 000909040 000, 000%0,°%0 0,00 0P 0 0% %0
100 200 300 400 500 600

Days of culture





media/file4.jpg
P<0.01

csp

D0

TauT

ver o1 poseduion
uorssaueo wonsod

—

0o

O ® ® ~ © ©® T O & —

Ve 03 paseduios uoissaidxa jusosad

)

CSD

ADO

Ccbo

TauT





media/file8.png





media/file0.jpg
Cysteine Cysteine sulfonate

dioxygenase decarboxylase Hypotaurine
(c00) (csAD) Dehydrogenase
—

Cysteine

i

Coenzyme A

cystelnesummc
acid

-

Hyputaurine Taurine

2-aminoethanethiol
dioxygenase
(ADO)
0,

Cysteamine





media/file2.jpg
uu_lI’

@ @ @ we 0 w0 1w w0
Days o culture

L
SRS ORI S e N

Doubling time (days)

300 400 500 600
Days of culture





