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Abstract 

Marine mammals respond to the presence of polycyclic and planar 

halogenated aromatic hydrocarbons (PAH or PHAH) with the induced expression 

in endothelium of cytochrome P4501A1, regulated through the aryl hydrocarbon 

receptor (AHR) transcription factor. Physiological responses in other animals, 

such as edema and inflammation indicate that the endothelium may be 

compromised by exposure to AHR agonists, which are ubiquitous in the marine 

environment. In other mammals and fish the cellular and molecular 

consequences of exposure to AHR agonists have been elucidated in cultured 

endothelial cells. We have cultured and characterized cetacean endothelial cells 

(EC) and used them in induction studies. Endothelial cells were cultured from the 

lung and kidney of the bottlenose dolphin Tursiops truncatus  and exposed to the 

AHR agonists β-naphthoflavone  (βNF) and 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD). βNF (1-3 µM)  induced significant increases in CYP1A1(O-deethylation 

of 7-ethoxyresorufin to resorufin;EROD) activity to 3.6 and 0.92 pmol/mg/min in 

lung and kidney EC, respectively.  TCDD was more potent than βNF, and more 

efficacious, with maximum induction of CYP1A1activity of 10.1 and 15.2 

pmol/mg/min in lung and kidney EC at 3-10 nM TCDD.  The differential response 

indicates that the lung and kidney endothelial cells in culture retain the ability to 

respond in a selective manner to specific stimuli. Both the molecular mechanisms 

of induction and the physiological consequences, especially in the vasculature, of 

toxicant exposure can be studied in this system. 

Key words: endothelium, CYP1A, EROD, dioxin, cetacean, microvascular 
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Introduction 

 Marine organisms are continuously exposed to polycyclic and planar 

halogenated aromatic hydrocarbons (PAH and PHAH) in their environment. The 

toxicological consequences of experimental exposure to these toxicants in fish 

and mammals include developmental abnormalities (Guiney et al.,1997), 

mutagenesis (Shimada and Fujii-Kuriyama,2004), inflammation (Hennig et 

al.,2002b), and edema (Teraoka et al.,2003). In marine mammals high tissue 

levels of PHAH, including ortho-substituted polychlorinated biphenyl (PCB) 

congeners and other organochlorines, have been correlated with compromised 

immune systems (Lahvis et al.,1995), reproductive abnormalities 

(Reijnders,1986), an unusually high incidence of tumors (Martineau et al.,2002) 

and epizootic outbreaks (Hall et al.,1992; Aguilar and Borell,1994). The strongest 

molecular effect of exposure to PAHs or PHAHs in vertebrates is the induction of 

enzymes of the cytochrome P4501A (CYP1A) family, through the aryl 

hydrocarbon receptor (AHR) transcription factor (Hahn,1998; Mimura and Fujii-

Kuriyama,2003). The level of CYP1A1 induction in laboratory mammals and fish 

has been shown to depend upon the concentration of the AHR agonist used as 

an inducer in whole animals and in cells in culture, including in endothelial cells 

e.g., (Stegeman et al.,1995; Annas et al.,2000b; Garrick et al.,2005). 

Toxicant accumulation (Marsili et al.,2001) and the expression of CYP1A1 

(Angell et al.,2004) have been documented in cetaceans, primarily in the biopsy 

samples from field studies; integumentary CYP1A1 expression is primarily in 

endothelial cells (Angell et al.,2004).  Controlled exposure studies that have 
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established a causal relation between toxicant dose and CYP1A1 level in 

laboratory mammals and fish are not possible with cetaceans. Thus, the relation 

between toxicant levels, AHR activation and the physiological consequences of 

exposure have been inferred in cetaceans from other types of studies. For 

example, in liver microsomes from two cetacean species (Delphinapterus leucas 

and Globicephala  melas) CYP1A1 expression level is correlated with the levels 

in blubber of non-ortho and mono-ortho PCB congeners (AHR agonists) and with 

the rate of metabolism of these congeners (White et al.,1994; White et al.,2000). 

The presence of the AHR receptor has been confirmed by cloning of the receptor 

from the beluga, Delphinapterus leucas  (Jensen and Hahn,2001).  Godard et al. 

(2004) demonstrated that in vitro induction of CYP1A1expression by β-

naphthoflavone  in skin biopsy slices from sperm whale, Physeter 

macrocephalus,  was dose dependent in endothelial tissue.  

The endothelium in many vertebrate tissues is rich in AHR expression and 

responds to xenobiotic exposure with the induction of CYP1A1enzymes and 

physiological responses, such as edema and inflammation (Bayou-Denizot et 

al.,2000; Hennig et al.,2002b), which indicates that the endothelium may be 

compromised in exposed animals. Cultures of mammalian and teleost endothelial 

cells, which show induction of CYP1A1 by pHAH and PAH, are being used to 

study the mechanisms of the cellular response and the sensitivity of the 

endothelium in various species to various xenobiotics (Farin et al.,1994; 

Stegeman et al.,1995; Celander et al.,1997; Annas and Brittebo,1998; Bayou-

Denizot et al.,2000; Annas et al.,2000b; Hennig et al.,2002a; Garrick et al.,2005). 
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Chat et al (Chat et al.,1998) used immortalized and freshly isolated rat brain 

microvessel endothelial cells to demonstrate that there is no loss in functional 

activity in CYP1A1 and related enymes in these endothelial cells even after 62 

passages. Thum et al (Thum et al.,2000) report that in rat aortic endothelial cell 

cultures loss of induction of CYP1A1 in response to Aloclor 1254 was only seen 

in cells which no longer tested positive as endothelial cells. 

In cultures of cetacean (dolphin) kidney epithelial cells PAH exposure 

caused DNA damage and inhibited cell growth and exposure to fuel oil caused 

apoptosis and altered transport and enzyme activities after high exposure levels 

(Carvan et al.,1995; Pfeiffer et al.,2000; Sweat et al.,2001). However, there are 

no studies with endothelial cells cultured from cetacean tissues which describe 

the dose dependent responses to toxicant exposure. This is an important 

objective given the biological roles of endothelium, the frequent detection of 

CYP1A1 in endothelium in biopsies  and its potential as a marker of exposure in 

marine mammals (Ben-David et al.,2001; Angell et al.,2004; Godard et al.,2004). 

We have developed endothelial cell cultures from tissue samples from the 

kidney and lung of an Atlantic bottlenose dolphin,Tursiops truncatus 

(Middlebrooks et al.,1999). We report here the induction of CYP1A1expression 

and activity in these endothelial cells in response to exposure to β-napthoflavone 

(βNF) and 2,3,7,8 -tetrachlorodibenzo-p-dioxin (TCDD).  
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Materials And Methods 

Chemicals 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) (>98% pure) was obtained 

from Ultra Scientific, Hope, RI, USA. 7-Ethoxyresorufin was purchased from 

Molecular Probes (Eugene, OR). Dimethylsulfoxide (DMSO), β-napthoflavone 

(βNF) and all other reagents were the highest grade available from Sigma (St. 

Louis, MO). Cell culture materials from Sigma were Cell Culture Tested. Other 

sources were noted below. 

Culture of Kidney and Lung  Cells 

Dolphin cell lines were developed from kidney and lung biopsies taken 

from a stillborn Atlantic bottlenose dolphin calf at Marine Life Aquarium, Gulfport, 

MI and transported in physiological saline to the lab at University of Southern 

Mississippi (Middlebrooks et al.,1999). The parenchymal tissue samples, taken 

within 24 hours of the delivery, were trypsinized for five hours and cultured in 

Liebovitz –15 (L-15) complete medium with 10 % fetal bovine serum (Hyclone) in 

tightly capped flasks (Middlebrooks et al.,1999).  Cell lines TuTruK (kidney) and 

TuTruL (lung) were established from these cells. 

Cells from passages 19 for kidney (TuTruK) and 18 for lung (TuTruL)  cell 

lines were selected as the starting cultures for the current studies and were 

evaluated for heterogeneity by phase contrast microscopy (Garrick,2000; Garrick 

et al.,2005). The kidney cells appeared to be homogeneous in size and 

appearance, although not a pure (cloned) culture. The lung cell culture revealed 

what appeared to be two cell types, based on cell size. Culture conditions were 
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changed to those that favored endothelial cell growth:  M199SE [Medium 199 

with Earle’s salts and 20 mM NaCl, 20 mM HEPES, 26 mM NaHCO3  , 0.68 mM 

glutamine, 10 µM pyruvate 1X antibiotic-antimycotic solution (100 U/ml penicillin, 

100 µM/ml streptomycin, 2.5 µM/ml amphotericin B)] with 10 % serum (Cosmic 

Calf Serum, fortified (CCS), Hyclone, Logan, UT) in T-75 flasks and incubated at 

37 ° C in 5 % CO2 (Garrick,2000; Garrick et al.,2005).  

Endothelial cells can be identified by the uptake pattern of fluorescently 

labeled acetylated low-density lipoprotein (DiI-Ac-LDL, 1,1’-dioctadecyl-1-

2,3,3’,3’-tetramethyl-indocarbocyanide perchlorate acetylated LDL, Biomedical 

Technologies, Stoughton, MA) (Garrick et al, 2005).  The kidney cells were 

identified as homogeneous  endothelial cells with Dil-Ac-LDL uptake when 

viewed on a Zeiss Axiovert S100 fluorescence microscope. We tested the lung 

cells with Dil-Ac-LDL and found that the smaller cells took up Ac-LDL and the 

larger did not. We subcultured the lung cells with differential plating times and by 

removing the larger cells we were able to obtain a homogeneous cell culture in 

one passage based on Dil-Ac-LDL uptake. Cells grown from these homogeneous 

cultures were the lung cells used in all subsequent studies. The cells used in this 

study were at passages 19-21. 

At confluence the cells were subcultured or aliquots cryopreserved in the 

vapor phase of liquid nitrogen by standard procedures. 
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Treatment of Cells 

 Cells were seeded into 48 well plates (Costar, Cambridge MA)) at a 

density of ~2 x 105 cells/well and grown to confluence in 0.5 ml of M199SE with 

10 % CCS and incubated at 37° C in CO2.  Subsequent procedures were as 

described in Stegeman et al, 1995, for intact cells. At confluence the medium 

was removed and the cells were rinsed with serum – free M199SE and 0.5 ml of 

M199SE with 1% CCS was added to each well. DMSO, or serial dilutions of 

TCDD or βNF dissolved in DMSO, was added to the wells in 2.5 µl aliquots from 

dilutions of stock solutions so that DMSO was present at 0.5% (v/v) in all wells 

except for untreated cells (Stegeman et al.,1995). Each dose was added to 6 

wells, the plate was shaken for I min. and the cultures returned to the incubator 

at 37° C in 5%CO2 for 48 hrs. In Stegeman et al. (1995) both βNF and TCDD 

produced induction after a 48 hour exposure. The wells were examined 

microscopically before and after treatment to confirm the cells were confluent and 

intact.  

Cells that were used for the microsomal preparations were grown in T-75 

flasks, exposed to 25µl of the appropriate dosing solution in 5 ml of M199SE (to 

maintain the 0.5% (v/v) of DMSO) with 1% CCS, shaken for 1 min. and incubated 

at 37° C in 5%CO2  for 48 hours. The cells were confluent and intact before and 

after the treatment. 

Preparation of microsomes from endothelial cells 

Microsomal fractions were prepared from endothelial cells treated with chemicals 

in T-75 flasks. After a 48 hour exposure, the dosing medium was removed and 
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the flask was rinsed with serum - free M199SE. One ml of PBS-HEPES pH 7.5 

with 2 mM EDTA was added to the flask. The flask was floated on liquid nitrogen 

to snap freeze the cultures and stored at –80° C until used. Frozen cells were 

scraped from the flask into buffer, homogenized, sonicated and subcellular 

fractions obtained by differential centrifugation as described in Stegeman et 

al.(1995). Pellets were resuspended in buffer (50 mM Tris, pH 7.4, 1 mM 

dithiothreitol, 1 mM EDTA, 20% glycerol) and frozen in liquid N2 until used. 

Protein content was determined using the bicinchoninic acid method, with serum 

albumin as a standard (BCA  Protein Assay Kit, Pierce, Rockford, IL). 

Assays  

1. EROD activity 

The O-deethylation of 7-ethoxyresorufin to resorufin, (EROD) a kinetic 

measure of CYP1A1activity, was determined fluorometrically in intact cells with a 

Cytofluor 4000 (Millipore) multiwell plate reader, as described for porcine 

endothelial cells (Stegeman et al.,1995). Incubation procedures were modified as 

described earlier (Hestermann et al.,2000; Hestermann et al.,2002; Garrick et 

al.,2005). At the end of the dosing time the medium was removed and the cells 

washed with 0.5 ml of phosphate - buffered – saline (PBS) with HEPES pH 7.5 

(0.136 M NaCl, 8.1 mM Na2HPO4, 1.47 mM K2HPO4, 2.68 mM KCl, 10 mM 

HEPES). 

The EROD reaction was initiated by the addition of 200 µl / well of a 

solution of 7-ethoxyresorufin  (2.67 µM in PBS-HEPES at pH 7.8) and monitored 

kinetically for 20 min. Resorufin standard curves were prepared in PBS-HEPES 



 10 

pH 7.8 in wells in each plate. At completion of the EROD assay total protein 

content was measured in each well with the fluorescamine assay with BSA 

solutions for the standard curve. EROD activity was calculated as pmol of 

resorufin produced /mg protein/min as described previously (Kennedy et 

al.,1993; Stegeman et al.,1995; Hahn et al.,1996; Ganassin et al.,2000).  

Significance of the change in the level of EROD activity in cells was tested 

with the Kruskal-Wallis test with Dunn’s as a post-test. for non-parametric 

ANOVA with GraphPad InStat. 

2. NADPH-dependent cytochrome c reductase activity 

 NADPH-dependent cytochrome c reductase was measured in microsomal 

preparations from both treated and untreated cells by the reduction of horse 

heart cytochrome c at 37° C by the method described previously (Stegeman et 

al.,1982; Stegeman et al.,1995). Cuvettes contained 15-20 µg of protein in a total 

volume of 500 µl. Activity calculated from the change in absorbance at 550 nm is 

expressed as nmol/mg/min. 

3. Immunoblotting for CYP1A1 

The presence of CYP1A1 was detected by immunoblot analysis of 

microsomal preparations as described previously, with slight modification (Hahn 

et al.,1993; Stegeman et al.,1995). Microsomal protein (30 to 70 µg) and a range 

of standards of CYP1A from scup (Stenotomus chrysops) were resolved on a 4-

20 % acrylamide gradient gel in TRIS-glycine with SDS (Jule,Inc, Milford, CT). 

Proteins electrophoretically transferred to nitrocellulose (Schleicher & Schuell, 

Keene, NH) were incubated with monoclonal antibody Mab 1-12-3 against scup 
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CYP1A (Park et al.,1986)  and a secondary antibody linked to horseradish 

peroxidase. Mab 1-12-3 strongly recognizes CYP1A1 but not CYP1A2 in 

mammals (Drahushuk et al.,1999). Detection and quantification of the bands 

relative to those of scup CYP1A were as before (Stegeman et al.,1995; Garrick 

et al.,2005). 

4. EC50  Calculation 

 EC50, the inducer concentration producing half maximal induction of EROD 

activity, was calculated using the curve fitting routine of GraphPad Prism for 

nonlinear regression sigmoidal dose response. The modified Gaussian equation 

for EC50 was described in (Stegeman et al.,1995).  

Results  

Cell Preparations 

 Figure 1 shows cultures of the cells from the kidney (A, B) and the lung 

(C,D) of the bottlenose dolphin. The morphology of the two preparations in the 

phase contrast micrographs in A and C is similar and cobblestone like, typical of 

endothelial cells. The appearance of the kidney cells was the same as in the 

cultures when first received. In contrast to the kidney cells, the lung cell cultures 

were somewhat heterogeneous when first received. However, non-endothelial 

cells lifted off more rapidly than endothelial cells and by using differential plating 

times we were able to obtain a population of EC from the original lung cell 

culture. In subsequent studies we used only cells passed from the lung 

endothelial cell cultures that were homogeneous. The uptake of Dil-Ac-LDL by 

the kidney and lung cells, seen in the fluorescent micrographs in Fig1.B and D, 
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was homogeneous and confirmed that these are endothelial cells; however, the 

vessel type of origin is not clear. The most likely source of the endothelial cells 

from both the kidney and lung parenchymal tissues was the microvasculature 

although there is no specific marker, at present, to confirm that cells are 

microvascular in origin. 

Figure 1 here 

Induction of CYP1A1 Activity 

 The kidney and lung cells were grown in 48 well plates and treated for 48 

hours with DMSO, TCDD or βNF. The incubation medium contained 1% serum to 

minimize loss of inducer to serum proteins (Hestermann et al.,2000). At the end 

of the 48 hours the EROD activity (CYP1A1activity) and total protein were 

measured in each well as described in the Methods.  

Table 1 here 

The results for EROD activity given in Table 1 indicate that TCDD and βNF 

induce CYP1A1 in the lung and kidney endothelial cells in similar yet distinct 

ways. These data are averages of from 6 to 18 measurements in individual wells 

at a given inducer concentration from experiments in different plates of cells. As 

reported for other cells, the  EROD activity level can vary from plate to plate 

(Bello et al.,2001; Garrick et al.,2005) but the relative activity at the different 

inducer concentrations (shape of the dose-response curve) remains the same. 

When DMSO-treated, both kidney and lung cells had negligible levels of EROD 

activity (Table 1): if averaged across all plates, a total of 24 wells,  EROD activity 

with DMSO present was 0.435 + 0.12 pmol/mg/min in lung cells and 0.431 + 0.06 
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pmol/mg/min in kidney cells. Incubation with increasing concentrations of βNF 

resulted in a small but significant increase in CYP1A1 activity in both kidney and 

lung cells  to a maximal EROD activity beyond which higher concentrations of 

βNF resulted in a decreased level of CYP1A1 activity.  The maximal EROD 

activity in response to βNF in the lung cells was about 3X greater than it is in the 

kidney cells.  

TCDD also produced a dose-dependent increase in EROD activity to a 

maximum response and then a decrease in activity at the highest TCDD 

concentrations in both the lung and kidney endothelial cells.  The level of activity 

induced was similar for the kidney and lung cells for most of the concentrations of 

TCDD used. The peak activity appeared to be higher in the kidney than in the 

lung endothelial cell but this difference was not significant. The maximal rates of 

EROD activity in cells treated with TCDD for 48 hrs were 15.2 pmol/mg/min for 

kidney and 10.1 pmol/mg/min for lung endothelial cells. 

Figure 2 here 

The normalized data for CYP1A1 (EROD) induction with βNF and with 

TCDD are plotted in Figure 2 A and B.  The two lines plotted in Fig 2A suggest a 

difference in the EC50s (concentration at half maximal peak response) for βNF 

with the two cell populations; but with the current number of data points we 

consider these values, 0.15 µM for kidney cells and 0.24 µM for lung cells, to be 

estimates rather than firm numbers and do not consider this difference 

significant.  
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The similarity in the response to TCDD is seen in 2B where the lines for 

the normalized data for the kidney and lung endothelial cells superimpose. The 

EC50 for CYP1A1 induction by TCDD in the kidney cells is 0.019 nM TCDD and 

in the lung cells is 0.018 nM TCDD. Thus, TCDD was more potent than βNF with 

EC50 in nM vs. µM range respectively (Fig. 2A and 2B), and more efficacious 

(Hestermann et al.,2000), with maximum induction of CYP1A1 activity 3-10 times 

higher in lung and kidney endothelial cells (Table 1). 

NADPH-dependent cytochrome c reductase activity 

 The levels of NADPH cytochrome c  (P450) reductase activity measured 

in microsomal preparations from treated and untreated kidney and lung 

endothelial cells were similar, 30 nmoles/mg/min in each. These rates are similar 

to the 40 nmol/mg/min reported in porcine aortic endothelial cells (Stegeman et 

al.,1995) and should be similarly effective in supporting CYP1A1activity.  

Immunochemical Identification of CYP1A 

Microsomal preparations  from kidney and lung cells exposed to 10 nM 

TCDD for 48 hours in T-75 flasks were immunobloted with the Mab 1-12-3 that 

strongly recognizes CYP1A1 but not CYP1A2 in mammals. No band was 

detected in microsomes from DMSO treated cells, in accord with the low basal 

levels of EROD activity. As shown in Fig. 3, immunoblotting confirmed that 

CYP1A1 is present in bottlenose dolphin kidney and lung endothelial cells 

exposed to TCDD concentrations that produce significant increases in EROD 

activity.  

Figure 3 here 
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Amounts of CYP1A1 in unknowns can be estimated based on the relative 

staining densities of the scup CYP1A standards. The CYP1A1 equivalents were 

calculated to be 1.2 pmol/mg in kidney endothelial cells and 1.7 pmol/mg in lung 

endothelial cells treated with 10 nM TCDD, a dose at which the EROD activity is 

similar in the two types of endothelial cells. 

Discussion 

 Cultures of endothelial cells from the lung and kidney of the bottlenose 

dolphin, Tursiops truncatus, exposed to the AHR agonists βNF and TCDD 

responded with induction of CYP1A1as indicated by EROD activity and 

immunodetection of CYP1A. Based on EROD activity and immunoblot results, 

CYP1A1 levels were negligible in both kidney and lung cells treated with DMSO. 

In both kidney and lung endothelial cells the levels of CYP1A1 induced after 

TCDD treatment were about 10-fold greater than after βNF treatment. The 

induction of EROD activity in the kidney and lung endothelial cells allowed us to 

establish the first dose response curves for an AHR agonist in endothelial cells 

cultured from a cetacean.  The dose-response curves demonstrate that 

endothelial cells originating from different tissues (lung and kidney) of the 

bottlenose dolphin respond similarly to TCDD induction but significantly different 

maximal CYP1A1 induction in response to βNF. This system provides the 

opportunity to both characterize factors that may determine the similarities and 

difference in response and to explore how CYP1A1functions (e.g. production of 

reactive oxygen or biotransformation) may be associated with conditions in which 

the endothelium is compromised. 
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 A consistent observation in vertebrates from fish to mammals is that the 

endothelium in many organs is a major extra-hepatic site of CYP1A1induction by 

PHAHs or PAHs (Stegeman et al.,1989; Guiney et al.,1997; Wilson et al.,2005).  

The induction of CYP1A1 in endothelium by βNF was observed also in vitro in 

skin tissue slices from whales (Godard et al.,2004). In cetacean populations, in 

vivo, an elevated level of AHR receptor agonists can be correlated with the 

expression of CYP1A1detected immunohistochemically in integument samples 

(Angell et al.,2004). Different levels of expression of CYP1A1 were reported for 

endothelium from several organs in populations of beluga whale in which the 

contaminant levels were known (Wilson et al.,2005). The supplementary data 

(doi:10.1289/eph.7664 at http://dx.doi.org/) lists the different  levels in 

endothelium from kidney and lung.  

A differential induction of CYP1A1expression in endothelium in different 

vessels in the vasculature has been observed in vivo, after either acute or 

chronic exposure to AHR agonists (Schlezinger and Stegeman,2000a; Wilson et 

al.,2005), and has been reported  in vitro for endothelial cells cultured from 

arteries, veins, capillaries, endocardium and the microvasculature of vertebrates 

(Annas et al.,2000b; Granberg et al.,2003; Garrick et al.,2005). In cetaceans, 

exposure to toxicants also results in differential expression of CYP1A1in 

endothelium, i.e., primarily in the microvascular or capillary endothelium, in the 

skin (Angell et al.,2004; Godard et al.,2004) and in other organs (Wilson et 

al.,2005). The availability of bottlenose dolphin lung and kidney endothelial cells 
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now allows studies of toxicant response in cetacean endothelial cells from two 

organs. 

 There is negligible CYP1A1activity (EROD) or protein present (Fig 3) in 

either lung or kidney endothelial cells not exposed to inducer; this is similar to 

most other mammalian endothelial cell cultures (Stegeman et al.,1995; Annas et 

al.,2000b). In endothelial cells originally cultured from tissue from mature female 

eels (Garrick et al.,2005), in human aortic endothelial cells (Celander et al.,1997) 

and in integument tissue slices from sperm whale field samples (Godard et 

al.,2004), there is a low expression of CYP1A1 in endothelium even with no 

inducer present in the test system. This low level of CYP1A1 expression in 

endothelial cells or cetacean tissue slices has been interpreted as low levels of 

environmental induction in field samples, presence of some additional unknown 

inducers, or constitutive expression (Godard et al.,2004; Garrick et al.,2005).  We 

do question whether this very low level of CYP1A1 activation would have 

significant physiological or toxicological consequences in the vasculature.  

The peak EROD rates induced with βNF are 3X higher in the dolphin lung 

endothelial cells than in the kidney endothelial cells, 3.36 and 0.92 pmol/mg/min 

respectively, and are similar to EROD activity reported for other mammalian 

endothelial cells, 1 to 6 pmol/mg/min (Stegeman et al.,1995; Celander et 

al.,1997; Annas et al.,2000b). Endothelial cells cultured from two different 

vascular beds of the American eel also have significantly different EROD activity 

after exposure to βNF, i.e., 135 pmol/mg/min in endocardial cells and negligible 

activity in capillary cells from the rete mirabile (Garrick et al.,2005).  
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 The maximum CYP1A1 activity induced by TCDD in both dolphin lung and 

kidney endothelial cells is similar to that induced in kidney endothelial cells from 

the American eel (16 pmol/mg/min) and considerably lower than that in eel 

endocardial cells (142 pmol/mg/min)(Garrick et al.,2005) but well within the range 

reported for mammalian large vessel endothelial cells, 3 to 30 pmol/mg/min 

(Stegeman et al.,1995; Celander et al.,1997; Annas et al.,2000b). TCDD is 

known to be a potent inducer of CYP1A1and this is reflected in the EC50 s of 

0.019 nM and 0.018 nM TCDD for lung and kidney EC, respectively, that are 

within the range of EC50 s 0.015 to 0.045 nM TCDD reported for other endothelial 

(Stegeman et al.,1995; Garrick et al.,2005) or non-endothelial cells (Hahn et 

al.,1996; Bello et al.,2001; Carlsson and Part,2001; Tom et al.,2001). Thus, the 

endothelial cells from the dolphin respond to in vitro induction by TCDD at a 

concentration similar to endothelial cells from other mammals and teleosts.  

In summary, we have shown that endothelial cell lines grown from the 

microvasculature of the lung and the kidney of the same bottlenose dolphin calf 

respond to βNF induction with a maximum level of CYP1A1 activity similar to 

other mammalian endothelial cells, although there is a threefold difference in the 

maximum activity of the two dolphin cell lines. The response to TCDD induction 

is quite similar in the two dolphin endothelial cell lines and is similar to the 

responses in other mammalian cells. We observed functional diversity in different 

areas of the vasculature in response to induction with AHR agonists in 

endothelial cell lines cultured from the American eel (Garrick et al.,2005). The 

data from the dolphin cell endothelial cell lines suggest that there are tissue 
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specific differences in the response in marine mammals to some AHR agonists 

and we now have the ability to explore this question on the cellular level. 

. The similarity in the response to TCDD in the kidney and lung endothelial 

cells suggest that the response to pHAHs  may be similar in other endothelial 

and that this might extend to skin endothelial cells in biopsies. Differences in the 

βNF response lead to the question of whether the response to PAHs might differ 

and whether this difference may be seen in skin endothelial cells as well. There 

is need to develop additional cultures of cells from cetaceans in order to explore 

the organ and species differences in susceptibility to AHR agonists that is 

suggested by field studies.  

While the difference in response to βNF in these cell populations is 

intriguing, the similarity in their responses could provide important insights into 

the pathophysiology of the endothelium. For instance, CYP1A1expression is 

linked to an inflammatory response both in vivo and in vitro but the 

consequences of inflammation can be quite different if it occurs in the brain or 

lung compared to in striated muscle tissue. If there is constitutive expression of 

CYP1A1in some species or a statistically significant but very low level of 

induction of CYP1A1in some organs, are there physiological consequences of 

this in the vasculature of that animal or organ?   

In conclusion, we can now extend the study of the effects of toxicant 

exposure in cetaceans to in vitro studies with endothelial cell lines. This will allow 

us to explore such questions as inducer structure-activity relationships, the basis 

for the toxic equivalency approach and to explore further the consequences of 
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AHR action and CYP1A1induction on endothelial cells from different parts of the 

vasculature, an important physiological question. 
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   Table 1       
 Production of resorufin from 7-ethoxyresorufin in lung and kidney endothelial cells. 
 Cells are induced in 48 well plates for 48 hours.    
 Values are mean + SE; n is a minimum of 6 wells, a maximum of 18   
          
   pmol/mg/min      
          
µµµµM β β β βNF    DMSO  0.01 0.1 1 3 10    

             
Lung Cells         
Average 0.90 1.55 1.57 1.20  3.63**  2.47**    

+SE  0.28 0.25 0.40 0.09 0.37 0.26    
          

Kidney Cells         
Average  0.20 0.44 0.29  0.92** 0.33 0.47    

+SE 0.06 0.19 0.19 0.23 0.26 0.52    
          
          
         

          
nM TCDD DMSO  0.01 0.1 0.3 1 3 10 15 30 

          
Lung Cells         
Average 0.30  1.60   6.27**  7.03**  10.12**  6.09** 3.69 

+SE  0.05  0.25  0.75 0.97 1.27 0.52 0.50 
          

Kidney Cells         
Average 0.44 0.69 1.61 5.21  6.29**  15.20**  10.22**  7.86**  6.98* 

+SE 0.05 0.49 0.78 0.51 0.78 1.32 1.73 1.79 0.78 
 

** Significant difference among column means at p <0.002 with the Kruskal-Wallis test with 

Dunn’s as a post-test for non-parametric ANOVA calculated with GraphPad InStat. 
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Figure Captions 

Figure 1. Micrographs of kidney (A,B) and lung (C,D) endothelial  cells of the 

bottlenose dolphin Tursiops  truncatus. (A) and (C) are phase contrast 

micrographs and (B) and (D) are fluorescence micrographs showing the uptake 

of DiI-acetylated-LDL viewed on a Zeiss Axiovert S100 at 10X. The uptake 

pattern for Dil-Ac-LDL in (B) and (D) is characteristic of endothelial cells. 

Figure 2. Normalized plots of EROD activity after βNF and TCDD exposure. 

Normalized plots (percent of maximal response) of the EROD activity (mean + 

SE) from Table 1 (with log transformation of inducer concentration) are given for 

βNF (A) and TCDD (B) for the lung and kidney endothelial cells. Normalized plots 

of the data are used to calculate EC50.  EC50 calculated  for βNF is 0.15 and 0.24 

µM for kidney and lung cells respectively and EC50 for TCDD is 0.019 and 0.018 

nM for kidney and lung cells.  

Figure 3.  Immunoblot  of CYP1A1 in microsomes isolated from kidney or lung 

endothelial cells. Cultures were exposed to TCDD for 48 hours as described in 

the methods. Microsomes from: (A) cells after DMSO; (B) 0.4 pmol scup CYP1A 

standard; (C) kidney cells after 10 nM TCDD, 75 µg protein, 1.4 pmol/mg; (D) 

lung cells after10 nM TCDD, 75 µg protein, 1.7pmol/mg (D). The dolphin 

CYP1A1 band migrated similar to scup CYP1A at 54 kD.  
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