Taylor & Francis
Taylor & Francis Group

Pharmaceutical Biology

nfnrma

ISSN: 1388-0209 (Print) 1744-5116 (Online) Journal homepage: informahealthcare.com/journals/iphb20

Comparison of the endothelial toxicity induced by
short-term amiodarone and diazepam exposure
in a human umbilical vein endothelial cell line
(EVC304)

Yuan Gao, Lei Fang, Runlan Cai, Chuanjie Zong, Fen Liu & Yun Qi

To cite this article: Yuan Gao, Lei Fang, Runlan Cai, Chuanjie Zong, Fen Liu & Yun Qi (2014)
Comparison of the endothelial toxicity induced by short-term amiodarone and diazepam
exposure in a human umbilical vein endothelial cell line (EVC304), Pharmaceutical Biology,
52:10, 1256-1261, DOI: 10.3109/13880209.2014.889174

To link to this article: https://doi.org/10.3109/13880209.2014.889174

% Published online: 15 Jul 2014.

\]
[:1/ Submit your article to this journal &

||I| Article views: 804

A
h View related articles &'

SR\
@ View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalinformation?journalCode=iphb20


https://informahealthcare.com/action/journalInformation?journalCode=iphb20
https://informahealthcare.com/journals/iphb20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.3109/13880209.2014.889174
https://doi.org/10.3109/13880209.2014.889174
https://informahealthcare.com/action/authorSubmission?journalCode=iphb20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=iphb20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.3109/13880209.2014.889174?src=pdf
https://informahealthcare.com/doi/mlt/10.3109/13880209.2014.889174?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.3109/13880209.2014.889174&domain=pdf&date_stamp=15 Jul 2014
http://crossmark.crossref.org/dialog/?doi=10.3109/13880209.2014.889174&domain=pdf&date_stamp=15 Jul 2014

http://informahealthcare.com/phb
ISSN 1388-0209 print/ISSN 1744-5116 online
Editor-in-Chief: John M. Pezzuto
Pharm Biol, 2014; 52(10): 1256-1261
© 2014 Informa Healthcare USA, Inc. DOI: 10.3109/13880209.2014.889174

Pharmaceutical

. informa
Biology

healthcare

ORIGINAL ARTICLE

Comparison of the endothelial toxicity induced by short-term
amiodarone and diazepam exposure in a human umbilical vein
endothelial cell line (EVC304)

Yuan Gao', Lei Fang', Runlan Cai', Chuanjie Zong'?, Fen Liu', and Yun Qi

"Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing, China and
2Heilongjiang University of Chinese Medicine, Harbin, China

Abstract

Context: Venous irritation is the most common side effect of intravenous therapy. Although
many in vitro models have been developed to evaluate intravenous drug irritation, these
models are not widely accepted.

Objectives: The aim of this paper is to determine whether delayed or immediate cytotoxicity
better reflects the in vivo venous irritation ranking.

Materials and methods: We compared the endothelial toxicity induced by high-concentrations
of amiodarone and diazepam after short-term exposure (20 min) in a human umbilical vein
endothelial cell line (EVC304) by using five in vitro models: lactate dehydrogenase (LDH),
glucose-6-phosphate dehydrogenase (G6PD), glutathione (GSH), adenosine triphosphate (ATP),
and MTT assays.

Results: In the 24-h MTT assay, the IC5, of diazepam and amiodarone was 1.08 and 1.96 mM,
respectively. In the 48-h MTT assay, the ICso of diazepam and amiodarone was 1.114 and
1.128 mM, respectively. In the intracellular LDH and G6PD assays, the ECsq of diazepam was
found to be 3.307 and 1.53 mM, while the values of amiodarone were 0.853 and 0.325 mM,
respectively. In the intracellular ATP and GSH assays, the ECso of diazepam was 0.905 and
1.283 mM, while the values of amiodarone were 0.040 and 0.326 mM, respectively.
Conclusion: Both the results of intracellular macromolecule activities and micromolecule
concentrations were similar to that observed in in vivo venous irritation studies. However, the
delayed cytotoxicity rank from the MTT assay is inconsistent with the in vivo venous irritation
rank, suggesting that initial toxicity, but not the delayed toxicity, is related to venous irritation.
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Introduction

Although venous irritation is the most common side effect of
intravenous therapy, its pathogenesis is not fully understood.
The most prevalent opinion is that chemical irritation of the
endothelium leads to sterile inflammation. Vascular injury not
only causes multi-organ dysfunction but also compromises
the normal pharmacokinetics of therapeutic drugs. In areas
with increased vascular permeability, drugs may extravasate
and accumulate inside the interstitial space. The bioavailabil-
ity and effectiveness of the drug may decrease, and the local
toxicity may increase (Hu et al., 2008). Therefore, intravenous
drug-induced vascular irritation and injury is an issue of
concern because there are no apparent diagnostic markers for
either pre-clinical or clinical monitoring (Brott et al., 2005).
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Various methods have been developed to evaluate the
venous irritation caused by intravenous drugs. The classic
venous irritation test is an in vivo model that determines the
pathology of rabbit ear vein tissue (Hoover et al., 1990;
Kohno et al., 2008). Other in vivo models, such as the rabbit
ear temperature model (Ward et al., 1991a,b; White &
Yalkowsky, 1991) and the rat lateral tail vein model (Wang
et al., 1999), have also been used to assess drug-induced
phlebitis. In vitro models, such as the hemolysis test (Husa &
Adams, 1944) and the intracellular phosphokinase enzyme
activity in an L6 muscle cell line (Hoover et al., 1990), have
been described. However, these in vitro models have not been
widely accepted due to their failure to accurately indicate
drug-induced venous irritation. In 1990, Hoover and col-
leagues (Hoover et al., 1990) compared in vitro and in vivo
models to assess the venous irritation of parenteral drugs and
determined that the in vivo model provides a sensitive
measure of the potential venous tolerance to parenteral
formulations and that the conventional hemolysis test results
were inconsistent if the drug formulations contained certain
components that may alter the ultraviolet absorption spectrum
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of hemoglobin (Reed & Yalkowsky, 1985, 1986; Yalkowsky,
1998). The use of non-vessel cells for an in vitro assessment
of local tolerance is problematic because the results reflect
the general cytotoxicity potential rather than a target-specific
response.

In vivo studies provide the most direct and accurate
measurements; however, in vitro models, which can be
performed rapidly and do not involve animal ethics, have
proven to be extremely useful in preformulation studies
because these allow early changes to the formulation and thus
avoid expensive delays (Hoover et al., 1990; Yalkowsky et al.,
1998). The endothelial lining of blood vessels functions as a
barrier between the blood and the interstitial compartments to
control and restrict the trans-endothelial flux of fluid and
macromolecules (Mehta & Malik, 2006). These cells, which
are the first cells that are exposed to the drug at the site of
injection, have been commonly used to predict the injection
site toxicity. Some researchers have focused on the endothe-
lial cell compatibility of intravenous drugs (Robibaro et al.,
1998; Vorbach et al., 2002) and have recommended important
clinical medication parameters based on the in vitro toxicity
dosage (Robibaro et al., 1998). Intracellular depletion assays
of adenosine triphosphate (ATP), adenosine diphosphate,
guanosine diphosphate, guanosine triphosphate, and lactate
dehydrogenase (LDH) (Armbruster et al., 2000; Medlicott
et al., 1998; Vorbach et al., 1998, 2002) and endothelial cell
viability assays (Kruse et al., 2007) have also been used.
Nevertheless, these studies used varied methodologies and
different cell types, exposure times, and quantifiable end-
points. Different experimental designs and assays reflect
different pathophysiological implications. Thus, it is uncertain
which of the above-mentioned assays are suitable for the
prediction of venous irritation.

Amiodarone, which is an antiarrhythmic drug, is com-
monly administered as a bolus injection followed by a short-
term infusion (Ward et al., 1991a). Diazepam, which is a
benzodiazepine sedative, is incorporated into a stable,
submicronized injectable emulsion (Levy et al., 1989).
Previous non-clinical (White & Yalkowsky, 1991) and clinical
studies (Hilleman et al., 1987; Levy et al., 1989) showed that
the venous irritation of diazepam is slight, while that of
amiodarone is severe. Thus, in this study, we deliberately
chose these two drugs, which cause phlebitis in a very
different degree, to assess the immediate and delayed
cytotoxicity induced by short-term exposure to a high dose
of drugs in an established human umbilical vein endothelial
cell line (EVC304). The purpose of this paper is to determine
whether delayed or immediate cytotoxicity better reflects the
in vivo venous irritation ranking.

Materials and methods
Materials

Diazepam and amiodarone injections were purchased
from Tianjin Jinyao Amino Acid Co., Ltd. (Tianjin,
China) and Sanofi-Aventis Co. (Paris, France), respectively.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brom-
ide (MTT), glucose-6-phosphate (G6P), diaphorase, phenazine
methosulfate (PMS), iodonitrotetrazolium chloride (INT),
Triton X-100, and dimethyl sulfoxide (DMSO) were obtained
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from Sigma-Aldrich (St. Louis, MO). NADP*, NAD™, and
bovine serum albumin (BSA) were obtained from Roche Ltd.
(Basel, Switzerland). Dulbecco’s modified Eagle’s medium
(DMEM), ethylenediaminetetraacetic acid (EDTA), fetal calf
serum (FCS), and trypsin were purchased from Gibco BRL
(Grand Island, NY). The 96-well and 6-well plates were
purchased from Corning Incorporated (One Riverfront Plaza,
NY). All the other reagents were of analytical grade.

Cell cultures and treatments

EVC304 is a unique, spontaneously transformed human
umbilical vein endothelial cell line that displays a specific
repertoire of surface molecules (Mutin et al., 1997). This cell
line was kindly provided by Prof. Qiujun Lv of the Academy
of Military Medical Sciences (Beijing, China). The cells were
grown in DMEM supplemented with 10% heat-inactivated
FCS and 1% penicillin—streptomycin solution in a humidified
incubator with 5% CO, at 37 °C.

For the MTT assay, the cells were cultured in 96-well plates
(3-5 x 10* cells/well) overnight. For the intracellular LDH,
ATP, glucose-6-phosphate dehydrogenase (G6PD), and gluta-
thione (GSH) assays, cells were cultured in six-well plates
(0.5-1 x 10° cells/well) and allowed to attach for 24 h before
treatment. The cells were then washed with Hank’s buffer and
treated with diazepam or amiodarone for 20 min at 37 °C.

MTT assay

The cells were treated for 20min with diazepam or
amiodarone, and the possibility of delayed toxicity was
evaluated 24 h and 48 h after the removal of the drugs. After
treatment, the cells were washed with Hank’s buffer, and the
culture medium was replaced with new DMEM without
drugs. The cells were cultured for 21 h and 45h and then
incubated with 20 ul MTT (0.5 mg/ml) for 3h. The medium
was aspirated, and 200 pl of DMSO was added to each well to
dissolve the formazan crystal. The absorbance at 540 nm was
then measured.

Intracellular LDH assay

The intracellular LDH activity was measured as previously
described with some modifications (Decker & Lohmann-
Matthes, 1988). After treatment, the cells were incubated with
0.2% Triton X-100 at 37°C for 30min with shaking
(800 rpm). The cell lysates were collected and centrifuged
at 4000 x g for 15min at 4°C, and the supernatant was
recovered. The supernatant (70 pul) was transferred to micro-
titer wells, and 20 pl of the lithium lactate solution (36 mg/ml
in 10mM Tris buffer, pH 8.5) and then 20 pl of INT solution
(2mg/ml in PBS, pH 7.2) was added to each of the wells. The
enzymatic reaction was initiated by the addition of 20 ul of a
solution containing NAD" and diaphorase (3 mg/ml NAD™,
13.5 U/ml diaphorase, 0.03% BSA, and 1.2% sucrose in PBS,
pH 7.2), and the mixture was incubated at room temperature
for 20 min. The absorbance at 492 nm was then measured.

Intracellular G6PD assay

The intracellular G6PD activity was determined using a
previously described method (Quillen et al., 2006) with some



1258 Y. Gao et al.

modifications. Dulbecco’s phosphate-buffered saline (D-PBS)
was prepared according to Freshney (1983). After incubation,
the cells were treated with the primary assay mixture
[0.125mM NADP and 0.05% (w/v) Triton X-100]. The
plates were incubated for 30min at 37°C with shaking
(800 rpm). The supernatant was transferred to a microcen-
trifuge tube and centrifuged at 4000 x g for 10min. The
supernatant was dispensed at 150 pl/well in a 96-well plate.
About 50 pl of the secondary assay mixture (0.333 M Tris, pH
7.8; 0.2% Triton X-100; 0.02mM PMS; 1.25mM INT;
0.125mM NADP and 42mM G6P) was added to each
well. The plate contents were mixed for 30 s on a plate shaker
and incubated at 37°C for 10min. The absorbance was
measured at 492 nm.

Intracellular ATP assay

The intracellular ATP content was determined using the
ATP chemiluminescence assay kit (Vigorous, Beijing,
China). After incubation, the cells were lysed with 0.5M
HCIO,, and the reaction was neutralized with 1M K,COs.
The cell lysates were collected and centrifuged at 10000 x g
for 15min at 4°C. Then, 10l of the supernatant of each
sample was used for the assay according to the kit
specifications.

Intracellular GSH assay

The intracellular GSH concentration was measured according
to a previously reported method (Hissin & Hilf, 1976) with
some modifications. After treatment, the cells were incubated
for 2min with 0.5M HCIO,4, and the reaction was
neutralized with 1M K,COj;. The cell lysates were col-
lected and centrifuged at 10000 x g for 15min at 4°C,
and the supernatant was recovered. The supernatant
(10 ul) was transferred to a 96-well solid black flat-bottom
plate, and 180ul of PBS (pH 7.2) and 10pl of
o-phthalaldehyde (1 mg/ml in methanol) were added to each
well. The fluorescence was measured using a fluorescence
microplate reader (Thermo Scientific, Vantaa, Finland)
with an excitation wavelength of 355nm and an emission
wavelength of 405 nm.

Statistics and data analysis

A one-way ANOVA was used to determine the statistical
significance between different groups. A Student #-test was
used when only two groups were compared. The 1Csq (50%
inhibition concentration) and ECsy (50% depletion concen-
tration) values were calculated from the concentration—
response curves through a graphic method to determine the
significant right-ward shift. Data represent the mean + SD of
at least three independent experiments, each experiment was
performed in triplicate. Differences with p<0.05 were
considered statistically significant.

Results

Effects on cell viability

Cell cytotoxicity assays are the most common in vitro
bioassay methods that are used to predict the toxicity
of substances in various tissues. These assays demonstrate
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Figure 1. Delayed toxicity of diazepam and amiodarone on the viability
of EVC304 cells. The cells were exposed to a high concentration of the
drugs for a period of 20 min. The drugs were removed, and the delayed
toxicity was evaluated at 24 h (A) and 48 h (B). *p <0.05 and **p <0.01
compared with the normal control group.

the degree of damage caused by a drug. Compared with
the control group, diazepam and amiodarone markedly
decreased the number of viable cells in a concentration-
dependent manner (Figure 1). In the 24h assay, the
ICsy values of diazepam and amiodarone were
1.08+0.025mM and 1.96+0.030mM, respectively. In
the 48-h MTT assay, the ICsy, values of diazepam and
amiodarone are 1.114+0.016 mM and 1.128 +0.003 mM,
respectively.

Effects on LDH

Most cells contain LDH, and the loss of membrane integrity
due to lethal injury can be assessed by monitoring the
concentration of intracellular or extracellular LDH (Koizumi
et al., 1996). Compared with the normal control group,
diazepam and amiodarone markedly decreased the intracel-
lular LDH concentration in a concentration-dependent
manner (Figure 2). The concentration-response curve of
diazepam was significantly right-shifted compared with that
obtained for amiodarone (p <0.01). Diazepam did not lead to
a significant decrease in the LDH levels at a dosage of
1.01 mM, whereas amiodarone decreased the LDH concen-
tration significantly at a dosage of 0.32 mM. The ECs, values
of diazepam and amiodarone were found to be
3.307 +£0.040 mM and 0.853 +0.031 mM, respectively.
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Figure 2. Effects of diazepam and amiodarone on the intracellular LDH
activity after short-term (20min) exposure. *p<0.05 and **p<0.01
compared with the normal control group.

Effects on G6PD

The G6PD enzyme, which is abundant in the endothelial cell
cytoplasm (Quillen et al., 2006), produces NADPH and plays
a key role in the regulation of cellular redox (Lee et al., 2011).
G6PD was recently shown to regulate growth in nucleated
cells (Gao et al., 2009). A previous study showed that the
G6PD status affected the cellular responses to external stimuli
(Cheng et al., 2000). G6PD can be stabilized in an aqueous
solution by the addition of NADP* and one of its substrates
and then assayed using the secondary assay mixture. In this
assay, 4.2mM GO6P, as the substrate, was added to the
mixture, and the NADP* concentration was adjusted to
stabilize the enzyme. Compared with the normal control
group, diazepam and amiodarone markedly decreased the
intracellular G6PD concentration in a concentration-depend-
ent manner. As shown in Figure 3, the concentration—response
curve of diazepam was significantly right-shifted compared
with that obtained for amiodarone (p <0.01). G6PD was not
depleted with the addition of 0.69 mM diazepam, whereas
0.32mM amiodarone significantly decreased the G6PD
concentration. The ECsq values of diazepam and amiodarone
were found to be 1.53+0.003mM and 0.325+0.023 mM,
respectively.

Effects on ATP

ATP is a major metabolite of living cells and is rapidly
lost in injured cells (Imamura et al., 2009). The endothelial
metabolism was examined by determining the intracellular
ATP concentration of the treated cells. Exposure to diaze-
pam or amiodarone for 20min induced a concentration-
dependent decrease in the cellular ATP content of the
treated cells (Figure 4). The concentration—response curve
of diazepam was significantly right-shifted compared
with that obtained for amiodarone (p<0.01). Exposure to
0.48mM diazepam did not significantly affect the intra-
cellular ATP concentration, whereas 26 uM amiodarone
leads to a significant decrease in the intracellular ATP
level. The ECsq values of diazepam and amiodarone were
found to be 0.905+0.015mM and 40.30+1.527 M,
respectively.
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Figure 3. Effects of diazepam and amiodarone on the intracellular G6PD
activity after short-term (20 min) exposure. *p <0.05 and **p<0.01
compared with the normal control group.
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Figure 4. Effects of diazepam and amiodarone on the intracellular ATP
concentration after short-term (20 min) exposure. **p <0.01 compared
with the normal control group.

Effects on GSH

GSH, a cysteine-containing tripeptide of glutamate, cysteine,
and glycine, is the most abundant endogenous non-protein
thiol in cells (Fang et al., 2002; Parcell, 2002). This tripeptide
plays important roles in the detoxification of xenobiotic
compounds and as an antioxidant of ROS and free radicals
(Masella et al., 2005). A shortage of intracellular GSH usually
causes a cell to be at risk for oxidative damage (Nagai et al.,
2002). Therefore, the maintenance of intracellular GSH
equilibrium is essential for cellular function and survival.
Based on the concentration—response curves (Figure 5), both
diazepam (at a concentration ranging from 0.84 to 3.50 mM)
and amiodarone (at a concentration ranging from 0.12 to
1.50 mM) decrease the intracellular GSH concentration. The
intracellular GSH concentration—curve of diazepam was
significantly right-shifted compared with that obtained for
amiodarone (p<0.01). The ECsy values of diazepam and
amiodarone were found to be 1.283+0.02ImM and
0.326 +0.015 mM, respectively.

Discussion

In this study, EVC304 cells were exposed to diazepam or
amiodarone injection at high concentrations for 20min
(Armbruster et al., 2000; Robibaro et al., 1998; Vorbach
et al., 1999), and the initial injury (LDH, G6PD, ATP, and
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Figure 5. Effects of diazepam and amiodarone on the intracellular GSH
concentration after short-term (20min) exposure. *p<0.05 and
*¥p <0.01 compared with the normal control group.
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Figure 6. Comparison of the ECs, values of diazepam and amiodarone
determined through the ATP, G6PD, GSH, and LDH assays. **p <0.01
compared with the diazepam group.

GSH assays) and delayed toxicity (MTT assays) were
examined. High concentrations of the drugs were used
because many injectable drugs may be used clinically at
higher concentrations than their aqueous solubility limits
(Yalkowsky et al., 1998). To minimize interference from the
test compounds, we measured intracellular components
instead of extracellular factors. In a previous study
(Robibaro et al., 1998), the levels of extracellular prostacyclin
I, and thromboxane A,, which are secreted by endothelial
cells were measured. However, functional secretion assays are
usually applicable to normal cells with an integral membrane,
whereas short-term exposure to high concentrations of a drug
may impair the cell membrane. Thus, it was reasonable to
measure intracellular factors instead of extracellular
secretions.

After short-term exposure to a high concentration of the
tested drugs, the intracellular levels of both macromolecule
(LDH and G6PD) and micromolecule (GSH and ATP)
components were variably decreased, and this decreases
may be attributed to the leakage of intracellular factors
through an impaired plasmalemma. The level of cytomem-
brane damage, which was indirectly measured by the
reduction in the levels of intracellular factors, was similar
to the level of venous irritation (Figure 6) (Ward et al., 1991a;
White & Yalkowsky, 1991). Our results also illustrate how the
drug dosage may vary between different in vitro assays. For
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instance, the ECs values of amiodarone determined through
intracellular assays measuring ATP and LDH were 0.040 and
0.853 mM, respectively. There is a 21.3-fold difference in the
drug ECs, values found between these two assays. Thus, it is
not accurate to recommend a clinical dosage based on a single
in vitro assay. In fact, the evaluation of the cytomembrane
integrity through a macromolecule or micromolecule assay
may lead to an erroneous conclusion. The reduction in the
intracellular enzyme activity may result from cytoplasmic
leakage or enzyme denaturation (Paolucci-Jeanjean et al.,
2001). Therefore, based on the effects of amiodarone on
G6PD, LDH, and GSH, the significant depletion of intracel-
lular ATP may be due to other mechanisms in addition to
cytoplasmic leakage. The simultaneous determination of
micromolecule concentrations and enzyme activities to
evaluate the venous irritation caused by different drugs may
be more accurate than to the determination obtained using
only one assay. The simultaneous reduction in the levels of
both micromolecules and macromolecules after short-term
drug exposure is likely attributable to cytoplasmic leakage
through an impaired plasmalemma.

MTT assay quantifies mitochondrial activity by measuring
the formation of a dark blue formazan product formed by the
reduction of the tetrazolium ring of MTT. The reduction of
MTT is thought to mainly occur in the mitochondria through
the action of succinate dehydrogenase, therefore, providing a
measure of cell viability. Although the method was previously
used for evaluating the venous irritation of macrolides on
endothelial cells (Millrose et al., 2009), our results indicate
that the MTT assay is not an effective method. After short-
term exposure, endothelial cellular content was significantly
reduced but the change of mitochondrial activity was
undetected, indicating the plasma membrane breakdown
appears to precede the respiratory impairment. The incon-
sistency between the delayed cytotoxicity and the extent of
damage of plasmalemma suggests that the intracellular
mitochondrial function may have been impaired by the drug
accumulated in the cells. Therefore, it is important to choose
suitable assay methods depending on the cell damage mode.
Our study can help to find the appropriate ones for evaluating
the degree of venous irritation.

Conclusions

In conclusion, this study demonstrates that venous irritation is
related to initial toxicity rather than delayed toxicity after
short-term exposure of EVC304 to amiodarone or diazepam.
Because the initial toxicity of endothelial cells may represent
cell damage by venous irritation, we used the endothelial cell
line EVC304 in our study. The depletion of endothelium-
associated molecules is also indicative of acute cellular
damage. Further studies focusing on the direct relationships
between in vitro models and in vivo assays will be necessary
for the establishment of a vascular endothelial cell model for
the evaluation of venous irritation.
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