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Abstract

Phthalates have been used in a wide variety of consumer goods. Their versatility as plasticizers has 

translated into worldwide use in a vast array of consumer products. These compounds can leach 

into matrices, such as food and liquids that can be routed for human exposure. One of the most 

used phthalates is Diethylhexyl phthalate (DEHP). Diethylhexyl phthalate and its metabolite 2-

ethyl-1-hexanol (2-EH) have demonstrated biological effects which merit further evaluation. In 

this work, we expand on our previous work with DEHP and screen the 2-EH metabolite for 

different cell death endpoints such as growth inhibition, apoptosis, autophagy, caspase activation, 

DNA fragmentation, and cell cycle arrest using fluorophores and the NC3000 instrument. 

Significant results (p < 0.05) revealed higher toxicity for the 2-EH metabolite when compared to 

DEHP. Also, 2-EH presented apoptosis induction with characteristic hallmarks, such as loss of 

mitochondrial membrane potential, caspase activation, DNA fragmentation and cell cycle arrest at 

the S phase. In addition, the presence of autophagosome was detected through L3CB protein 

staining. We conclude that 2-EH presents differences in cell death endpoints that interestingly 

differ from the DEHP parent compound. Further studies are needed to establish the molecular 

pathways responsible for the observed effects.
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1. Introduction

Modern manufacturing practices have relied on plastics to improve the physical properties of 

consumer goods. In turn, plastic manufacturing technologies have evolved to modify the 

characteristics of their products. Phthalates are widely used as plasticizers to increase the 

flexibility and durability of plastic products. Since the 1920s with the introduction of 
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Diethylhexyl phthalate (DEHP) phtalate ester, compounds have been used extensively in 

different types of products such as building materials, flooring, piping, food packaging, and 

medical devices, among others [1] [2] [3]. Exposure to phthalates can occur from food, 

water air, fabrics, dust, medications, cosmetics, and any plastic-made products. Also, the 

preparation of food or drink, using microwaves, can promote the leaching of phthalates from 

containers [4].

Diethylhexyl phthalate is a common phthalate historically used for imparting flexibility to 

plastic products including medical devices, such as catheters, blood, and IV bags, among 

others [5]. The high use of this compound has led to it being detected in air, water, soil and 

in dust particles [6] and might be persistent in the environment due to a relative low 

biodegradability [7]. The degradation of DEHP can produce the 2-ethyl-1-hexanol (2-EH) 

metabolite (Figure 1). This compound can be generated either after ingestion of DEHP and 

enzymatic degradation into mono-(2-ethylhexyl) phthalate (MEHP) and finally 2-EH [8]. 

Other sources of 2-EH can include some microorganisms that can degrade diester 

plasticizers [9].

Our previous work [10] established the toxicity and apoptosis induction of both DEHP and 

MEHP on human lymphoblast cells. Various cell death hallmarks were documented 

including mitochondrial membrane permeabilization, generation of reactive oxygen species 

(ROS), and caspase activation. This work aims to build our knowledge of 2-EH and further 

establish a comparison of the biological effects among DEHP and 2-EH.

2. Materials and Methods

2.1. Reagents

2-EH and DEHP were purchased from Sigma Aldrich (St. Louis, MO) and diluted with 

dimethyl sulfoxide (DMSO) 1% for the working solutions (0.1% final DMSO concentration 

to cells) which were kept in sterile conditions and refrigerated until utilized. Positive 

controls: DEHP, camptothecin, and chloroquine for autophagy assays were purchased from 

Sigma Aldrich. DMSO 0.1% and culture media were used as a vehicle negative control.

2.2. Cell Culture

The human lymphoblast cell line TK6 was obtained from the American Type Culture 

Collection (Manassas, VA. ATCC CRL-8015). Cell cultures were maintained in RPMI 1640 

culture media with 10% fetal bovine serum (ATCC). Cells were maintained at 37°C with 5% 

CO2.

2.3. Growth Inhibition 50% Determination (GI50)

TK6 Cells were seeded (30,000 cells/well) on fluorometry compatible 96 well plates 

(NUNC, Rochester, NY) then exposed to the experimental compounds at ten different doses 

(in triplicates) for 24 hours. After the incubation period, the Prestoblue cell viability reagent 

(Invitrogen, Carlsbad, California) was added to all wells. This reagent is reduced by 

metabolically active cells to its fluorescent form and the fluorescence produced by the 

reduced form is analyzed using a Fluorostar Optima fluorescence reader (BMG lab tech, 
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Cary, NC) using the 485/520 nm filters. Results were analyzed using the MARS data 

analysis software (BMG). Data with a coefficient of determination (R) lower than 98 was 

not considered. This growth inhibition dose was used in all subsequent experiments.

2.4. Annexin V

The annexin V assay is a common assay used in the detection of apoptosis. This assay 

measures the migration phosphatidylserine (PS) to the exterior surface of cells, a common 

event in apoptotic cells [11]. Approximately 3.0 × 106 cells were treated for 24 hours with 

the 24-hour GI50 dose for each test compound and the controls camptothecin 10 μM, and 

vehicle (DMSO). After the exposure period, cells were stained with annexin V conjugate, 

and propidium iodide (Biotium, Hayward, CA). These stained cells are then analyzed using 

the Nucleo Counter NC3000 system annexin V assay (Chemometec, Allerød, Denmark). 

Fluorescence of cells is detected and categorized on fluorescence emitted. A one-way 

ANOVA with post hoc Tukey test was also performed for all cell death assays (GraphPad 

Prism v.6).

2.5. Mitochondrial Membrane Permeabilization

Mitochondrial membrane permeabilization (MMP) is a key event in the apoptotic process 

[12]. A total of 1 × 106 cells were exposed to the test compounds and the controls at their 

GI50 doses. Cells suspensions were stained with 200 μg/ml of 5,5’,6,6’-tetrachloro-1,1’,3,3’-

tetraethyl benzimidazolo carbocyanine iodide (JC-1). Fluorescence was analyzed using a 

Fluorostar Optima fluorescence reader (BMG lab tech, Cary, NC) using the 485/520 nm 

filters. Results were analyzed using the fluorometer’s MARS data analysis software (BMG).

2.6. Caspase Activity

Caspase activation has been used as a key endpoint to identify cell death via apoptosis. In 

brief, apoptosis activation via caspases which can be grouped into two major categories; 

initiators and effectors. We have selected as endpoints Caspases 3 and 7 as the effectors, and 

Caspases 8 and 9 as the initiators. Once this signaling is activated, the cell proceeds with 

activating its enzymatic degradation [13]. Here, cell cultures were exposed to the test 

compounds as described previously and stained with the Fluorescent Labeled Inhibitors of 

Caspases (FLICA) purchased from (Immunochemistry Technologies, Bloomington Min.). 

This compound binds to the active caspase enzymes and emits green fluorescence at 488 - 

492 nm peaking at 515 - 535 nm. Higher fluorescence will represent a higher number of 

cells with active caspase 3 & 7.

2.7. DNA Fragmentation

DNA Fragmentation is another common endpoint used to measure apoptotic responses on 

cells [14]. This event mediated by nucleases generates small fragments of DNA, which can 

be quantified by examination of DNA content and examining cells containing less than 1 

DNA equivalent. The NC3000 assay for DNA fragmentation was used and is based on the 

removal of small DNA fragments and the retention of higher weight fragments stained with 

the DNA marker 4’,6-diamidino-2-phenylindole (DAPI). Cells were fixed with 70%, ethanol 

then stained with 1 μg/ml DAPI, and analyzed using the NC3000 instrument which measures 
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DAPI fluorescence intensity measuring and quantifying high molecular weight DNA 

fragments.

2.8. Cell Cycle

Changes in the cell cycle can provide useful insights into drug effects. Some compounds 

may cause cells to become arrested in a particular stage [15]. To study 2-EH effects, the 

NC3000 fixed cell cycle assay was performed. This DAPI based assay uses ethanol-fixed 

cells then stained with 1 μg/ml DAPI and analyzed to measure by fluorescence DNA content 

and determination of cell cycle stage.

2.9. Autophagy

Autophagy is a key cellular process for maintaining homeostasis, and involves the 

degradation of subcellular components [16] [17]. During this process, cellular components 

reach lysosomes for degradation [18]. It has been documented that phthalates can cause 

autophagic cell death with mitochondrial effects [19]. The Premo autophagy sensor kit was 

purchased from Thermo Fisher (Waltham, MA). This probe binds to the LC3B protein, 

which is used to detect autophagic membranes. Approximately, 4.0 × 104 cells were treated 

using the Premo kit following manufacturer’s specifications and plated in 96 well plates then 

is analyzed using a Fluorostar Optima fluorescence reader (BMG lab tech, Cary, NC) using 

the 485/520 nm filter.

2.10. Cathepsin B

Cathepsins are a group of proteases present in lysosomes and present during autophagy [20]. 

These enzymes degrade intracellular and extracellular materials into their basic forms 

reusable by the cells [21]. The green cathepsin B assay (Immunochemistry Technologies, 

Bloomington MN) was used to detect cells with elevated cathepsin B levels. Cells were 

stained following the manufacturer’s specifications and analyzed using a Fluorostar Optima 

fluorescence reader (BMG lab tech, Cary, NC) using the 485/520 nm filter.

3. Results

3.1. Growth Inhibition 50% Determination (GI50)

Growth inhibition 50% (GI50) is commonly used as a measure of the inhibition of 50% of 

exposed cells to a substance. The growth inhibition dose of 4.4 μM for 2-EH and 76 μM for 

DEHP on TK6 cells were determined after a 24-hour exposure (Table 1). The measurement 

of fluorescence corresponding to viable metabolically active cells was measured at 24 hours. 

The 2-EH compound presented a dose-dependent inhibition of all tested doses (Figure 2).

3.2. Annexin V

Results for annexin V assay revealed statistically significant (p < 0.05) induction of 

apoptosis when compared to the negative vehicle control (Figure 3). The negative control 

presented an average of 12% apoptotic cells whereas the positive camptothecin control 

presented a 52.6% average. The experimental compounds present late apoptotic events with 

25% for the parent DEHP and 78.6% for the 2-EH samples.
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3.3. Mitochondrial Membrane Permeabilization

Mitochondrial health was assessed after exposure to the phthalates and the controls. 

Statistically significant (p < 0.05) differences were detected on all test compounds when 

comparing to the negative control (Figure 4). Mitochondrial membrane health was assessed 

by measuring the green fluorescence (Fluorescence Standard Units or FSU) of JC-1 stained 

cells. Cells with an intact mitochondrial membrane will emit orange fluorescence, whereas 

cells with compromised membranes will fluoresce green. Negative samples reflected an 

average of 3380 FSU while the positive camptothecin control presented an average of 2130 

FSU. The phthalate samples reflected values of 1797 FSU for DEHP and 556 FSU for 2-EH. 

The 2-EH presented the least number of cells with intact mitochondrial membrane potential 

(ΔΨm).

3.4. DNA Fragmentation

Figure 5 presents our DNA fragmentation results which presented an average of 14.2% for 

the negative control and 45.6% for the positive control. DEHP presented an average of 

25.6% which was not statistically significant when compared to the negative control and 2-

EH (75.3%) presented a majority of cells with fragmented DNA indicating cells undergoing 

the cell death process.

3.5. Caspase Activity

3.5.1. Caspase 3—Activation of effector caspase 3 was detected in the camptothecin 

positive control and 2-EH samples. Camptothecin samples presented an average of (74.6%) 

and the 2-EH samples an average of 82.0%. both samples presented statistically significant 

(p < 0.05) caspase 3 activation (Figure 6). DEHP samples and the negative control did not 

activate caspases in a significant manner with 10.6% and 8.6% respectively.

3.5.2. Caspase 8—Messenger caspase 8 activation was detected in all treated samples in 

a statistically significant (p < 0.05) manner. Negative samples averaged 9.6% of caspase 8 

active cells and the camptothecin positive control average 37.6% activation. Phthalate 

samples presented 25.0% and 84.0% for DEHP and 2-EH respectively (Figure 7). Only the 

negative sample did not activate caspase 8 in a significant manner.

3.5.3. Caspase 9—Caspase 9 activation was significantly present on all treated samples 

only the negative control presented a low activation 14.5% of caspase 9. Camptothecin 

samples averaged 62% and the phthalate samples also presented high activation of caspase 9 

with an average 30% for DEHP and 83.25% for 2-EH (Figure 8).

3.5.4. Cell Cycle—This analysis revealed that all the treated samples suggest cell cycle 

arrest at the S (synthesis) phase (Figure 9). The camptothecin positive control, a compound 

known to alter the cell cycle [22] presents a 48.0% of cells arrested at the S phase. DEHP 

and 2-EH presented 36.0% and 34.0% of cells arrested at the S phase respectively. These 

results confirm similar findings previously reported in which DEHP exposed cells presented 

S phase cell cycle arrest although no mechanistic explanation is know with certainty [23].

Rios et al. Page 5

Open J Apoptosis. Author manuscript; available in PMC 2020 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.5.5. Autophagy—Autophagy was detected in all the exposed samples. The negative 

control presented an average FSU value of 852 was the lowest one obtained. Samples 

exposed to the test compounds presented statistically significant differences (p< 0.05) when 

comparing them to the negative control. Chloroquine control averaged 1120 FSU while the 

DEHP and 2-EH averaged 1287 and 1984 FSU respectively (Figure 10).

3.5.6. Cathepsin B—Detection of cathepsins presented unexpected results, the negative 

control and 2-EH did not present any statistically significant (p < 0.05) results (Figure 11). 

The negative sample presented an average of 24,810.3 FSU and the 2-EH sample an average 

of 24,278.0 FSU. Control chloroquine samples presented an average of 36,947.5 FSU and 

the DEHP samples 46,342.2 FSU. In this essay, we can see that the DEHP shows an increase 

in cathepsin B while the 2-EH does not show a significant increase.

4. Discussion

The ubiquitous nature of phthalates in the modern world has caused an increase in the study 

of their biological interactions and potential health effects. Our previous work [10] presented 

the effects of MEHP and DEHP on TK6 lymphoblast cells. This current work expands on 

the previous findings by studying 2-EH a downstream metabolite of DEHP. Our results 

presented some differences in cell death hallmarks between DEHP and 2-EH. Our data 

shows that 2-EH is more toxic after 24-hour exposure on the TK6 lymphocytes. The GI50 

dose of 4.4 μM shows higher 2-EH toxicity when comparing to DEHP with a 76 μM dose at 

24 hours. Both compounds cause cell death however, some of the cell death hallmarks differ 

between DEHP and 2-EH.

Both compounds presented the traditional apoptosis hallmark of PS migration in the annexin 

V staining although at lower levels in DEHP than 2-EH. Additionally, both compounds 

presented mitochondrial membrane depolarization an event which has been documented in 

our previous work for MEHP and DEHP and by other researchers [10] [23]. It has been 

shown that mitochondria with collapsed ΔΨm are removed by autophagy [24]. Still, other 

research has proposed that degraded mitochondria induced by cathepsin B can lead to 

apoptosis [23]. In our results, 2-EH did not present significant levels of cathepsin B but was 

positive for the Premo autophagy assay which detects the LC3B protein found in lysosomes. 

DEHP presented signaling caspase activation (CASP 8 and 9) but in lower levels when 

compared to 2-EH which presented very high levels of active caspases. In terms of effector 

caspase (CASP 3) results presented some differences in activation DEHP presented some 

activation but not in a significant manner in contrast to 2-EH that did activate CASP 3 

significantly. These CASP 3 results correlate with the observed DNA fragmentation results 

which presented low, albeit not significant results for DEHP while 2-EH results presented a 

high percentage (75.3%) of the cell with fragmented DNA. It is well understood that CASP 

3 activation degrades DNA protein kinases, cytoskeletal proteins involved in chromatin 

condensation and nuclear fragmentation [25] [26]. Caspase activation during apoptosis can 

be a complex process because of the interplay that occurs between the different activation of 

extrinsic and intrinsic caspases [27]. This might explain the messenger caspase activation 

and variation in effector caspase observed in our results in which we observed CASP 8 and 9 

activation but not significant CASP 3 in DEHP and all active caspases in 2-EH. It has been 
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suggested by some authors that in certain cases conditions may arise in which an autophagic 

response is followed by apoptosis [28]. The cell cycle results reveal arrest at the S phase for 

both test compounds. Previous studies have proposed that the increase of cells in the S phase 

can be due to arrest in this phase or acceleration of the transition from G1 to S or both [29] 

[30] [31].

5. Conclusion

Based on our results, 2-EH shows activation of several different cell death events when 

comparing it to DEHP. The phthalate 2-EH presented higher toxicity with significant 

activation of caspases, alterations in mitochondrial potential, cell cycle arrest in S phase, the 

presence of autophagic lysosomes but no cathepsin B activation. Due to the interplay 

between the autophagic and apoptotic cell death events, further studies are needed to 

determine the mechanistic details and signaling events. The activation the majority of our 

tested cell death parameters by 2-EH and its higher toxicity warrants further mechanistic 

studies; its implications in public health and environmental impacts for these emerging 

contaminants.
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Figure 1. 
DEHP and its metabolites. MEHP and 2-EH are the principal metabolites from DEHP.
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Figure 2. 
24 exposure dose response 2-EH. This compound presented average toxicity of 4.4 μM. Cell 

death effects present dose-dependent toxicity. Figure 2 presents results from 5 doses with 

average data from 3 experiments; error bars indicate standard deviation.
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Figure 3. 
Annexin V apoptosis assay. After a 24-hour exposure period our results reveal statistically 

significant (p < 0.05) apoptosis induction by all the test compounds. DEHP was the lowest 

inducer of apoptosis but still presented significant induction when compared to the negative 

vehicle control.
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Figure 4. 
Mitochondrial membrane potential. Negative samples reflect an average of 3380 

Fluorescence Standard Units (FSU) while the camptothecin control presented an average of 

2130 FSU. The phthalate samples reflect values of 1797 FSU for DEHP and 556 FSU for 2-

EH. The 2-EH sample presents the least number of cells with intact mitochondrial 

membrane potential.
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Figure 5. 
Cells with fragmented DNA. the negative control presented an average of 14.2% and 45.6% 

for the positive camptothecin control. DEHP presented an average of 25.6% and 2-EH 

(75.3%) presented a majority of cells with fragmented DNA. DEHP value was not 

statistically significant (p < 0.05) when compared to the negative control.
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Figure 6. 
Caspase 3 activation. Only camptothecin and the 2EH samples presented caspase 3 

activation. DEHP presented 10.6% of cells with active caspase 3 comparable to the negative 

control (8.6%). Only the positive control camptothecin (74.6%) and 2-EH (82.0%) presented 

statistically significant (p < 0.05) caspase 3 activation.
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Figure 7. 
Caspase 8 activation. Negative vehicle sample averaged 9.6% of caspase 8 active cells with 

the positive camptothecin averaging 37.6% activation. DEHP samples presented 25.0% and 

84.0% for 2-EH. Both phthalate compounds activated caspase 8.
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Figure 8. 
Caspase 9 activation. The negative control presented a low 14.5% of active caspase 9. 

Camptothecin samples averaged 62% and the phthalate treated samples also presented high 

activation of caspase 9 with an average 30% for DEHP and 83.25% for 2-EH.
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Figure 9. 
Cell cycle arrest. All the treated samples show some level of arrest at the S (synthesis) phase 

of the cell cycle. Camptothecin presents 48.0% of cells arrested at the S phase. DEHP and 2-

EH presented 36.0% and 34.0% of cells arrested at the S phase respectively.
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Figure 10. 
Autophagy activation. The negative control presented the lowest average FSU value of 852. 

Samples exposed to the test compounds presented statistically significant differences (p < 

0.05) when compared to the negative control. Chloroquine averaged 1120 FSU while the 

DEHP and 2-EH averaged 1287 and 1984 FSU respectively.
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Figure 11. 
Detection of cathepsin B. Negative sample presented an average of 24,810.3 FSU and the 2-

EH sample an average of 24,278.0 FSU. Positive control chloroquine samples presented an 

average of 36,947.5 FSU and the DEHP samples 46,342.2 FSU. Of the phthalate 

compounds, only DEHP was positive for cathepsin B staining.
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Table 1.

Growth inhibition 50% after 24-hour exposure in TK6 cells. 2-EH presented the highest toxicity of 4.4 μM.

Compound GI50 Dose

DEHP 76 μM

2-EH 4.4 μM
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