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Abstract

Hexavalent chromium [Cr(VI)] is a lung carcinogen and its complete mechanism of action remains 

to be investigated. Metabolic reprogramming of key energy metabolism pathways (e.g., increased 

anaerobic glycolysis in the presence of oxygen or “Warburg effect,” dysregulated mitochondrial 

function, and lipogenesis) are important to cancer cell and tumor survival and growth. In our 

current understanding of Cr(VI)-induced carcinogenesis, the role for metabolic reprogramming 

remains unclear. In this study, we treated human lung epithelial cells (BEAS-2B) with Cr(VI) for 6 

months and obtained malignantly transformed cells from an isolated colony grown in soft agar. We 

also used Cr(VI)-transformed cells from two other human lung cell lines (BEP2D and WTHBF-6 

cells). Overall, we found that all the Cr(VI)-transformed cells had no changes in their 

mitochondrial respiratory functions (measured by the Seahorse Analyzer) compared with 

passaged-matched control cells. Using a xenograft tumor growth model, we generated tumors 

from these transformed cells in Nude mice. Using cells obtained from the xenograft tumor tissues, 

we observed that these cells had decreased maximal mitochondrial respiration, spare respiratory 

capacity, and coupling efficiency. These results provide evidence that, although mitochondrial 

dysfunction does not occur during Cr(VI)-induced transformation of lung cells, it does occur 

during tumor development.
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I. INTRODUCTION

Hexavalent chromium [Cr(VI)] is a known human lung, nasal, and esophageal carcinogen.
1–5 Epidemiological studies of Cr(VI)-exposed workers have reported up to an 80-fold 

increased risk of developing lung cancers.4 Although the exact mechanism of chromate-

induced lung cancer remains elusive, there are multiple mechanisms reported in the 

literature: (1) Cr(VI) is a potent genotoxic agent that acts as a carcinogen by inducing DNA 

double-strand breaks, chromosome instability, altered DNA repair, and other genomic 

alterations6–8; (2) Cr(VI) generates reactive oxygen species that cause downstream 

alterations in protein signaling and redox metabolism imbalance1–5; (3) Cr(VI) is able to 

increase epidermal growth factor receptor (EGFR) expression; and (4) Cr(VI) is able to 

induce angiogenesis.1–3 Some evidence suggests that Cr(VI) is able to induce altered cellular 

energetics.9–11 Cr(VI) is also able to directly activate upstream factors that regulate 

metabolism in human cells or alter metabolic pathway signaling patterns.12 We propose that 

Cr(VI)-altered energy metabolism occurs in the mechanism of Cr(VI)-induced 

carcinogenesis.

Altered cellular metabolism was first proposed to be an underlying feature of cancer cells as 

early as the 1920s.13–15 There is growing evidence that cancer cells have increased 

glycolysis with an increase in lactic acid fermentation of pyruvate (or anaerobic glycolysis), 

where normal cells have a lower levels of glycolysis and low levels of lactic acid 

fermentation with a high oxidation of pyruvate in mitochondria (or aerobic glycolysis). This 

change in the usage of pyruvate after glycolysis persists even in the presence of 

physiological or ambient oxygen levels, appears to be a permanent shift to anaerobic 

glycolysis, and has subsequently been termed the “Warburg effect”.16,17 This altered energy 

usage is important for the survival of cancer cells and may provide these cancer cells 

survival advantages in the tumor microenvironment.16,17 Other energy metabolism pathways 

have been shown to be altered in cancer cells, such as high rates of energy-consuming 

processes of DNA synthesis and protein synthesis. Similarly, increased lipogenesis in cancer 

cells is found to be vital to cancer cell survival and growth.16–18 Mitochondrial dysfunctions 

and alterations to mitochondrial respiration have been associated with cancer and tumor 

progression.19 All of the aforementioned alterations of cellular energetics have recently been 

considered hallmarks of cancer.16–18

Given the vast reporting on the importance of metabolic changes in cancer, there remains 

sparse literature on the role of mitochondrial dysfunction during the carcinogenesis 

processes. Due to recent advancements in our understanding of cellular energetics and the 

development of tools to functionally measure metabolism (i.e., the Seahorse Analyzer), we 

can now directly analyze mitochondrial respiration. There are some literature reports 

investigating mitochondrial respiration during transformation of human cell lines; for 

example, one study reported that mitochondrial dysfunction plays an important role in 

pancreatic carcinogenesis, whereas another found that mitochondrial dysfunction is 

important in prostate carcinogenesis.20,21

When examining mitochondrial changes, there are multiple end points: mitochondrial DNA, 

mitochondrial membrane potential, mitochondrial structure, mitochondrial respiratory 
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functions, and the different complexes in the mitochondria. To investigate mitochondrial 

changes in Cr(VI) carcinogenesis, we chose to study the role of mitochondrial respiratory 

dysfunction. We exposed human bronchial epithelial airway cells (BEAS-2B) to low 

concentrations of sodium chromate for 6 months and then isolated an individual colony from 

soft agar and characterized the metabolism of these cells. We compared our malignantly 

transformed cells against two sets of Cr(VI)-transformed lung cell lines and passage-

matched control cells from previous chromium studies, which originated from immortalized 

human lung bronchial cells (BEP2D cells) and immortalized human lung fibroblasts 

(WTHBF-6 cells).8,22 We carried out tumorigenesis studies by employing a xenograft tumor 

growth model using Nude mice and subcutaneously grafting each of the Cr(VI)-transformed 

lung cells. Then, we isolated xenograft-tumor derived cells from xenograft tumor tissues. 

These xenograft-tumor derived cells closely mimic cell lines derived from a tumor.

Our data showed no major mitochondrial respiration changes were observed in Cr(VI)-

transformed cells compared with their passaged-matched control cells. However, we 

observed that xenograft tumor-derived cells had decreased maximal mitochondrial 

respiration and spare respiratory capacity (or respiratory reserve) of the mitochondria 

compared with Cr(VI)-transformed cells and passaged-matched control cells. These results 

indicate that there is no change in mitochondrial respiration during Cr(VI)-induced 

transformation, but mitochondrial respiration is decreased during tumor development, 

possibly due to the tumor microenvironment.

II. MATERIALS AND METHODS

A. Reagents

Sodium chromate, glutamine (for Seahorse tests), oligomycin, 2-deoxyglucose, rotenone, 

and antimycin A were from Sigma-Aldrich (St. Louis, MO, USA). Trypsin/EDTA, sodium 

pyruvate, penicillin/streptomycin, LHC media, and L-glutamine were from Thermo Fisher 

Scientific (Waltham, MA, USA). Dulbecco’s minimal essential medium and Ham’s F-12 

medium (DMEM/F-12) were from Mediatech (Herndon, VA, USA). Cosmic calf serum was 

from Hyclone (Logan, UT, USA). Collagenase Type II was from STEMCELL Technologies 

(Vancouver, Canada) Tissue culture dishes, flasks, and plastic ware were from Falcon 

Labware (Becton-Dickinson, Franklin Lakes, NJ, USA). Carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) and XF base medium were from Agilent 

Technologies (Santa Clara, CA, USA).

B. Cell Culture

BEAS-2B, BEP2D, and WTHBF-6 were used as model human lung cells. BEAS-2B are 

SV40 immortalized human bronchial airway cells that were obtained from ATCC.23 BEP2D 

cells are HPV-immortalized human bronchial epithelial cells that were received as a gift 

from Dr. Curtis Harris at the National Institutes of Health (NIH).24 WTHBF-6 cells are 

hTERT-expressing human lung fibroblasts that were received as a gift from Dr. John P. Wise, 

Sr. at the University of Louisville.25 WTHBF-6 and Cr(VI)-transformed WTHBF-6 cell 

lines were cultured in a 50:50 mixture of Dulbecco’s minimal essential medium and Ham’s 

F12 medium plus 15% cosmic calf serum, 1% L-glutamine, and 1% penicillin/streptomycin. 
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BEAS-2B and Cr(VI)-transformed BEAS-2B cell lines were cultured in LHC-9 medium. 

BEP2D and Cr(VI)-transformed BEP2D cell lines were cultured in LHC-8 medium. All 

cells were maintained in a 37°C, humidified incubator with 5% CO2. At least once a week, 

cells were subcultured using 0.25% trypsin/1 mM EDTA solution and all experiments were 

performed on logarithmically growing cells.

C. Preparation of Chromium Compounds

Sodium chromate (Na2CrO4) is a soluble form of Cr(VI) and was administered as a solution 

in water as described previously.26

D. Chromium Time Course

BEAS-2B cells were exposed to sodium chromate (0.5 μM) for 6 months (180 days) and 

routinely cultured with sodium chromate re-added during subculturing and when the 

medium was refreshed (48–72 hours). Passage-matched control BEAS-2B cells were 

cultured alongside the two treatment groups. Following 6 months of exposure, cells were 

seeded into agar and an individual colony from the 0.5 μM treatment group was isolated. 

Passaged-matched control BEAS-2B cells were cultured alongside the agar dishes.

E. Seahorse Extracellular Flux Analysis

The Seahorse XF96 Extracellular Flux Analyzer (Agilent Technologies) was used to 

measure mitochondrial respiration activity in all cells. Twenty-four hours prior to the assays 

BEAS-2B, BEP2D, and WTHBF-6 cells were seeded at a density of 4.0 × 104, 4.5 × 104, 

and 3.5 × 104 cells per well in a XF96 plate, respectively. The seeding densities used for the 

Cr(VI)-transformed cells were the same as their passaged-matched control cells. The 

mitochondrial stress tests were performed per manufacturer’s protocol. For the basal 

medium for the experiments, we used XF base medium with 25 mM glucose, 2.0 mM 

glutamine, and 1.0 mM pyruvate. During the assay, the values used for injections were 100 

μM oligomycin and 50 mM 2-deoxyglucose. For the injections of FCCP BEAS-2B, control 

and transformed cell lines received 0.3 μM FCCP and BEP2D and WTHBF-6 control and 

transformed cell lines received 0.6 μM FCCP. Data were normalized to baseline read for the 

third oxygen consumption read and are presented as a percentage.27 Coupling efficiency was 

not normalized as to the baseline third oxygen read given that it has an internal 

normalization in its calculation. The basal respiration, maximal respiration, spare respiratory 

capacity, coupled respiration, coupling efficiency, non-mitochondrial oxygen consumption, 

and proton leak were calculated using the Seahorse Wave software for XF analyzers. All 

Seahorse experiments were performed in at least triplicate by the Redox Metabolism Shared 

Resource Facility at the University of Kentucky.

F. Soft Agar Assay and Colony Isolation

To confirm malignant transformation of the Cr(VI) treated BEAS-2B cells had occurred, an 

anchor-age-independent cell growth assay was used. Soft agar colony formation assays were 

performed as described previously.28 Briefly, 2 mL of 0.67% agar in LHC-9 medium was 

placed into each well of a six-well culture plate. A suspension (2 mL) containing 5 × 104 

cells was mixed with 2 mL of 0.33% agar-LHC-9 and placed on the previous bottom layer of 
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the agar and grown for 8 weeks. Twenty-four hours after plating, cultures were examined 

microscopically to confirm an absence of large clumps of cells. Colonies were stained with 

5% 4-Nitroblue tetrazolium chloride. To establish cultures from anchor-age-independent 

colonies, one soft-agar colony was plucked under sterile conditions and then dispersed in 

trypsin and re-plated into culture dishes.

G. Xenograft Studies

The animal studies were conducted in accordance with NIH animal use guidelines and the 

experimental protocol approved by the institutional animal care and use committee of the 

University of Kentucky at Lexington. Athymic Nude mice (NU/NU, 6–8 weeks old; The 

Jackson Laboratory) were housed in a pathogen-free room in the animal facilities at the 

Chandler Medical Center, University of Kentucky. Cells (1 × 106 cells per mouse) from each 

cell line were re-suspended in serum-free medium with basement membrane matrix (BD 

Biosciences) at a 1:1 ratio (total volume = 100 μL) and subcutaneously injected into the 

flanks of Nude mice for up to 6 months. There were a total of eight injection sites per cell 

line used; each mouse received one subcutaneous injection per side (a total of eight mice 

were used per experiment). Mice were checked daily for tumor appearance. At the end of the 

experiment, mice were sacrificed and tumors were excised into pieces to be snap frozen or to 

be used for cell line development. Tumor volume was determined by Vernier caliper, 

following the formula of A × B2 × 0.52, where A is the longest diameter of tumor and B is 

the shortest diameter.29

H. Xenograft-Derived Cells

Tumors were minced into small pieces and then digested for 2 hours with collagenase type II 

in phosphate-buffered saline. Samples were then run through a cell filter (40 μM, Thermo 

Fisher Scientific) and plated into T-25 flasks. The medium was replaced after 72 hours and 

routine culture was carried out once cells reached confluence.

I. Statistics

A one way ANOVA with multiple comparisons was used to calculate p-values to determine 

the statistical significance of the difference in means. For tumor incidence, significance was 

determined by the chi-squared test. Statistical tests were considered significant at p < 0.05 

and were performed using Prism 7 software (GraphPad Software, La Jolla, CA, USA).

III. RESULTS

A. Chromium-Transformed BEAS-2B Cells Do Not Exhibit Mitochondrial Respiratory 
Dysfunction

BEAS-2B cells chronically treated with 0.5 μM Cr(VI) [6 months (180 days)] generated 

colonies in soft agar (data not shown). We developed Cr(VI)-transformed cells (B2B-CrT) 

from an isolated colony collected from soft agar. Passaged-matched control BEAS-2B cells 

and B2B-CrT were analyzed for mitochondrial respiration using the Seahorse Analyzer and 

the mitochondrial stress test assay. The basal respiration, maximal respiration, and spare 

respiratory capacity of the Cr(VI)-transformed cells (B2B-CrT) were not different from 

passaged-matched control BEAS-2B cells (Fig. 1C). The proton leak, non-mitochondrial 
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oxygen consumption, and coupling efficiency were unchanged in the transformed cells 

compared with the passage-matched control cells (Fig. 1D,E). Interestingly, the transformed 

cells had a higher coupled respiration (Fig. 1D). These data indicated that Cr(VI)-

transformed BEAS-2B cells did not display mitochondrial respiratory dysfunction and may 

be more metabolically active.

B. Chromium-Transformed BEP2D Cells Do Not Exhibit Mitochondrial Respiratory 
Dysfunction

Because cancer cells usually display some mitochondrial respiratory dysfunction, we tested 

whether our findings were cell specific by comparing with other Cr(VI)-transformed cell 

types. We received HPV (E6 and E8) immortalized bronchial epithelial airway cells (BEP2D 

cells) and Cr(VI)-transformed BEP2D cells (BPD-CrT) from Dr. John P. Wise, Sr.8 Passage-

matched control BEP2D cells and BPD-CrT were analyzed for mitochondrial respiration 

using the Seahorse Analyzer and the mitochondrial stress test assay.

The basal respiration, maximal respiration, and spare respiratory capacity of the transformed 

cells were not different from passaged-matched control BEP2D cells (Fig. 2A–C). The 

proton leak and non-mitochondrial oxygen consumption were un-changed in the 

transformed cells compared with the passage-matched control cells (Fig. 2D). The coupled 

respiration and coupling efficiency were not statically different from passaged-matched 

control cells (Fig. 2D,E). These data indicated that BPD-CrT cells did not display 

mitochondrial respiratory dysfunction. These results are consistent with results from 

BEAS-2B cells.

C. Chromium-Transformed Lung Fibroblasts Do Not Exhibit Mitochondrial Respiratory 
Dysfunction

As mentioned before, we were surprised to find no major respiration changes in our Cr(VI)-

transformed cells. To further show that our findings were not unique to immortalization 

factor or cell type, we compared our results with h-TERT immortalized fibroblasts. We 

obtained immortalized human lung fibroblast cells (WTHBF-6 cells) and Cr(VI)-

transformed WTHBF-6 cells (T23-3 and T73-3) from Dr. John P. Wise, Sr.22 These three 

different cell lines also allowed us to determine whwether immortalization or cell type plays 

a role. Passaged-matched control WTHBF-6 (C52-2), T23-3, and T73-3 cells were analyzed 

for mitochondrial respiration using the Seahorse Analyzer and the mitochondrial stress test 

assay. The basal respiration, maximal respiration, and spare respiratory capacity of the 

Cr(VI)-transformed fibroblasts were not different from passaged-matched control fibroblast 

cells (Fig. 3A–C). The proton leak, non-mitochondrial oxygen consumption, coupling 

efficiency, and coupled respiration were unchanged in the transformed cells compared with 

the passage-matched control cells (Fig. 3D,E). These data indicated that Cr(VI)-transformed 

fibroblasts did not display mitochondrial respiratory dysfunction and confirmed the results 

of the epithelial cell lines, suggesting that immortalization factors did not play any role.

D. Cr(VI)-Transformed Cells Grow Tumors in Nude Mice

It was important to further demonstrate that our Cr(VI)-transformed cells were malignantly 

transformed because we did not observe any changes in mitochondrial respiratory 
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dysfunction and most cancer cell lines and tumors reported in the literature exhibit 

mitochondrial dysfunction.19 We used the xenograft tumor growth assay to demonstrate that 

all sets of Cr(VI)-transformed cells were malignantly transformed and were able to induce 

tumors in Nude mice. We injected all sets of the transformed cells and their passaged-

matched control cells into Nude mice. Our results showed that B2B-CrT, BPD-CrT, T23-3, 

and T73-3 cells were able to grow tumors in Nude mice (Figs. 4–6). None of the passaged-

matched control cells grew tumors in Nude mice. These data from the tumorigenesis 

experiments confirm that our Cr(VI)-transformed cells were malignantly transformed.

E. Cr(VI)-Lung Fibroblast Xenograft-Derived Cells Have Mitochondrial Respiratory 
Dysfunction

Carcinogenesis is considered a multi-step process. The mechanism of metal-induced 

carcinogenesis can be conceptualized into two stages. During the first stage, normal cells 

undergo neoplastic transformation into malignantly transformed cells. In this stage, Cr(VI)-

induced cellular transformation did not induce mitochondrial respiratory dysfunction. The 

second stage is the progression from malignantly transformed cells into tumors 

(tumorigenesis).30 We investigated whether xenograft tumor-derived cells have 

mitochondrial respiration changes. This would further provide evidence that the tumor 

microenvironments may drive some of the mitochondrial dysfunctions found in cancer cells 

reported in the literature. From the WTHBF-6 Cr(VI)-transformed cell lines’ xenograft 

tumor tissues, we isolated cells. Specifically, we isolated six cell lines from the T23-3 

xenograft tumor tissues and two cell lines from the T73-3 xenograft tumor tissues. Passaged-

matched control WTHBF-6 cells (C52-2), two Cr(VI)-trans-formed colonies (T23-3 and 

T73-3), and the xenograft tumor-derived cell lines (T23-3-X2, T23-3-X3, T23-3-X4, T23-3-

X5, T23-3-X6, T23-3-X7, T73-3-X2, and T73-3-X3) were analyzed for mitochondrial 

respiration. Again, mitochondrial respiration was measured using the Seahorse Analyzer.

The basal respiration of xenograft tumor-derived cells were not different between passaged-

matched control cells (C52-2 cells) and Cr(VI)-transformed cells (T23-3 and T73-3 cells) 

(Fig. 7A,B,E,F). Xenograft tumor-derived cells showed decreases in maximal respiration 

and spare respiratory capacity compared with the passage-matched control cells and the 

transformed cell lines (except for T23-3-X3, which had increased respiration). The proton 

leak was higher in T23-3-X5, T23-3-X6, T23-3-X7, T73-3-X3, and T73-3-X3 cells 

compared with passaged-matched control cells (C52-2) (Fig. 7C,G). In most of the xenograft 

tumor-derived cell lines (T23-3-X2, T23-3-X4, T23-3-X5, T23-3-X6, T23-3-X7, T73-3-X2, 

and T73-3-X3), coupled respiration was higher than the passaged-matched control cells (Fig. 

7C,G). Non-mitochondrial oxygen consumption was lower in all the xenograft tumor-

derived cells except for T73-3-X2.All of the xenograft tumor-derived cells showed decreased 

mitochondrial coupling efficiency compared with passaged-matched control fibroblasts and 

Cr(VI)-transformed cells. These data demonstrate that xenograft tumor-derived cells showed 

mitochondrial respiratory dysfunction and provided evidence that mitochondrial dysfunction 

observed in cancer may be, at least in part, due to tumor microenvironments.
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IV. DISCUSSION

Over the last few decades, significant progress has been made in our understanding of the 

mechanisms of Cr(VI)-induced carcinogenesis, including the roles of reactive oxygen 

species, genomic instability, and DNA damage repair deficiency in Cr(VI) carcinogenic 

mechanism.6–8 However, some pathways believed to be important in cancer pathogenesis 

remain to be investigated (i.e., immortalization factors, growth signaling pathways, and 

energy metabolism). It has been established that altered energy metabolism is important for 

carcinogenesis and cancer cell survival. Specifically, increased lipid synthesis, the “Warburg 

effect,” and mitochondrial dysfunction are known to be important metabolic changes in 

cancer cells.16–18 There is limited literature on mitochondrial dysfunction during the 

transformation process of malignant cell transformation.

Previously, it was shown that human skin fibroblasts treated with a high concentration (5 

μM) of Cr(VI) generated cell populations that were resistant to Cr(VI) toxicity and survived 

treatment. These cells exhibit no mitochondrial DNA damage compared with control 

passaged-matched cells. However, these cells had a decreased spare respiratory capacity 

compared with control.31 It is important to note that, in our Cr(VI)-transformed cells, we did 

not see major changes in their spare respiratory capacity as observed with skin fibroblasts in 

the aforementioned study. There are two possible explanations for this: (1) the previous 

studies focused on acute, high-Cr(VI) exposures and this change could be related to survival 

during acute Cr(VI) exposure, and (2) another report found that human lung and skin 

fibroblasts have different sensitivities to Cr(VI).32

In the present study, we report on mitochondrial respiration in multiple sets of Cr(VI)-

transformed lung cells compared with their passage-matched control cells. We also report on 

the mitochondrial respiration of xenograft tumor-derived cells. Previously, it was shown that 

Cr(VI) cancer stem-like cells had decreased oxygen consumption compared with passaged-

matched control BEAS-2B cells and BEAS-2B Cr-(VI)-transformed cells.33 It has been 

established in other studies that cancer stem cells have different metabolism compared with 

cancer cells, which would explain the difference in results obtained from Cr(VI) cancer 

stem-like cells and our current study.33,34 Another study reported that acute exposure to 

Cr(VI) could cause mitochondrial dysfunction.10 It is important to note that this difference 

from our results could be due to toxicity of Cr(VI) at 48 hours and may represent a survival 

response to acute Cr(VI) toxicity and that the changes reported are not necessarily part of the 

Cr(VI)-induced carcinogenic mechanism.

Through measuring functional mitochondrial respiration, our results indicate that 

mitochondrial respiration is not affected negatively in Cr(VI)-transformed lung cells 

compared with passaged-matched control cells. We observe that most of Cr(VI)-transformed 

cells have increased coupled respiration, but some Cr(VI)-transformed cells do not. The 

xenograft tumor-derived cells have increased coupled respiration compared with their 

Cr(VI)-transformed cell counter. The observed differences in some of the respiration 

functions between the transformed cells could be due to the fact that some mitochondrial 

changes in the cells are not uniform during cellular transformation and other metabolic end 
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points (e.g., glycolysis, lipid synthesis, mitochondrial membrane potential, and 

mitochondrial DNA changes) could also be involved.

We report on the mitochondrial respiration of cells derived from xenograft tumor tissues. We 

found that xenograft tumor-derived cells had significant inhibition of their maximum 

mitochondrial respiration and spare respiratory capacity. These cells also had decreased 

coupling efficiency, which is another end point showing mitochondrial respiratory 

dysfunction. Conversely, one cell line (T23-3-X2) showed increased mitochondrial 

respiration, suggesting that not every cell from a tumor undergoes mitochondrial 

dysfunction. These data indicate that cellular transformation does not drive mitochondrial 

dysfunction; rather, it may be due to the tumor microenvironment.

Treatment of immortalized prostate epithelial cells with ethidium bromide causes depletion 

of mitochondrial DNA, which has been a critical factor in various cancer end points (e.g., 

survival, migration, and glycolytic metabolism).35 Patient-derived pancreatic cancer cell 

lines had mutations in their mitochondrial DNA and further examination of the metabolic 

profiling led to the finding that complex I, III, and IV were inhibited in some of the patient-

derived pancreatic cell lines.16 In the same study, the investigators reported that, in the 

patient-derived pancreatic cell lines (with complex I inhibition), oxygen consumption was 

lower than that in immortalized pancreatic cells.16 These patient-derived xenografts cell line 

results are in agreement with our results obtained from xenograft tumor-derived cells. In 

another report, human lung cells (BE-AS-2B) chronically (6 month) exposed to arsenic were 

reported to have mitochondrial dysfunction. The investigators measured the end point of 

gene expression and found that multiple genes associated with mitochondrial dysfunction 

were lower in the arsenic-treated cells compared with the passaged-matched control 

BEAS-2B cells. Specifically, the expressions of genes associated with the electron transport 

chain were lower.21

Although there was no mitochondrial respiratory dysfunction in Cr(VI)-transformed cells, it 

is possible that other end points of mitochondrial dysfunction may be present. These include 

mitochondrial DNA damage, mitophagy dysfunction, and changes to the mitochondrial 

membrane potential. Because respiration is unaffected in these cells, it is likely that the 

mitochondrial membrane potential is unaffected. Future studies are needed to investigate the 

cause of mitochondrial respiration changes in xenograft tumor-derived cells. Specifically, the 

role of Nrf2 in the mitochondrial changes needs to be investigated given that Nrf2 is 

upstream of some metabolism pathways and this transcription factor is constitutively 

activated in Cr(VI)-transformed cells compared with passaged-matched control cells.
1–3,29,36 Further, when constitutively activated, Nrf2 plays an oncogenic role in cancer 

development. It is also likely that Nrf2 may not properly regulate metabolism end points as 

described previously in the literature and may be a major cause for metabolism shifts.36 The 

changes in the mitochondrial membrane potential, mitochondrial DNA, and mitophagy 

during Cr(VI)-transformation and in xenograft tumor-derived cells remain to be determined.

In conclusion, the results from the present study show that, during the early stage of metal-

induced carcinogenesis [normal cells to malignantly transformed human lung cells due to 

exposure to Cr(VI)] does not result in mitochondrial respiratory dysfunction. These results 
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were not cell-type specific (fibroblast vs. epithelial cells). In the second stage of metal-

induced carcinogenesis (transformed cells to tumor), we observed mitochondrial respiratory 

dysfunction. Therefore, our results obtained from xenograft-tumor derived cells suggest that 

mitochondrial respiratory dysfunction occurs during the later stage of Cr(VI)-induced 

carcinogenesis (transformed cells to tumor).
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FIG. 1: 
C(VI)-transformed bronchial airway epithelial cells (BEAS-2B) do not have mitochondrial 

respiratory dysfunction. (A) Mitochondrial respiration profile for BEAS-2B cells with the 

relevant injection strategy for the Seahorse Analyzer mitochondrial stress test. (B) Oxygen 

consumption data for BEAS-2B and B2B-CrT cells presented as a baseline percentage to the 

third oxygen consumption read. (C) Basal respiration, maximal respiration, and spare 

respiratory capacity for the BEAS-2B and B2B-CrT cells. (D) Proton leak, non-

mitochondrial oxygen consumption, and coupled respiration for BEAS-2B and B2B-CrT 

cells. (E) Mitochondrial coupling efficiency for BEAS-2B and B2B-CrT cells. Data are the 

average of at least three experiments ± SEM. *p < 0.05.
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FIG. 2: 
C(VI)-transformed bronchial airway epithelial cells (BEP2D) do not have mitochondrial 

respiratory dysfunction. (A) Mitochondrial respiration profile for BEP2D cells with the 

relevant injection strategy for the Seahorse Analyzer mitochondrial stress test. (B) Oxygen 

consumption data for BEP2D and BPD-CrT cells presented as a baseline percentage to the 

third oxygen consumption read. (C) Basal respiration, maximal respiration, and spare 

respiratory capacity for BEP2D and BPD-CrT cells. (D) Proton leak, non-mitochondrial 

oxygen consumption, and coupled respiration for BEP2D and BPD-CrT cells. (E) 

Mitochondrial coupling efficiency for BEP2D and BPD-CrT cells. Data for B–E are the 

average of at least three experiments ± SEM. *p < 0.05.
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FIG. 3: 
C(VI)-transformed human lung fibroblasts (WTHBF-6) do not have mitochondrial 

respiratory dysfunction. (A) Mitochondrial respiration profile for WTHBF-6 cells with the 

relevant injection strategy for the Seahorse Analyzer mitochondrial stress test. (B) Oxygen 

consumption data for the control WTHBF-6 cells (C52-2 cells) and Cr(VI)-transformed 

WTHBF-6 cells (T23-3 and T73-3 cells) presented as a baseline percentage to the third 

oxygen consumption read. (C) Basal respiration, maximal respiration, and spare respiratory 

capacity for C52-2, T23-3, and T73-3 cells. (D) Proton leak, non-mitochondrial oxygen 

consumption, and coupled respiration for C52-2, T23-3, and T73-3 cells. (E) Mitochondrial 

coupling efficiency for C52-2, T23-3, and T73-3 cells. Data are the average of at least three 

experiments ± SEM. *p < 0.05.
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FIG. 4: 
C(VI)-transformed human lung bronchial cells (BEAS-2B cells) grow tumors in Nude mice. 

Passage-matched control BEAS-2B cells and Cr(VI)-transformed BEAS-2B cells (B2B-CrT 

cells) were injected into the flanks of 6-week-old athymic Nude mice (1 × 106 cells per 

mouse) and checked weekly for tumor appearance. There were eight subcutaneous injection 

sites per cell line. (A) Tumor incidences. (B) Tumor volume measured after euthanasia. 

Tumor volume was determined by calipers following the formula A × B2 × 0.52, where A is 

the longest diameter of tumor and B is the shortest diameter. (C) Tumor weights. Data are 

expressed as the mean ± SEM.
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FIG. 5: 
C(VI)-transformed human lung bronchial cells (BEP2D cells) grow tumors in Nude mice. 

Passage-matched control BEP2D cells and Cr(VI)-transformed BEP2D cells (BPD-CrT 

cells) were injected subcutaneously into the flanks of 6-week-old athymic Nude mice (1 × 

106 cells per mouse) and checked weekly for tumor appearance. There were eight 

subcutaneous injection sites per cell line. (A) Tumor incidences. (B) Tumor volume 

measured after euthanasia. Tumor volume was determined by calipers following the formula 

A × B2 × 0.52, where A is the longest diameter of tumor and B is the shortest diameter. (C) 

Tumor weights. Data are expressed as the mean ± SEM.
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FIG. 6: 
C(VI)-transformed human lung fibroblasts (WTHBF-6 cells) grow tumors in Nude mice. 

Passage-matched control WTHBF-6 cells (C52-2 cells) and Cr(VI)-transformed WTHBF-6 

cells (T23-3 and T73-3 cells) were injected subcutaneously into the flanks of 6-week-old 

athymic Nude mice (1 × 106 cells per mouse) and checked weekly for tumor appearance. 

There were eight subcutaneous injection sites per cell line. (A) Tumor incidences. (B) 

Tumor volume measured after euthanasia. Tumor volume was determined by calipers 

following the formula A × B2 × 0.52, where A is the longest diameter of tumor and B is the 

shortest diameter. (C) Tumor weights. Data are expressed as the mean ± SEM.
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FIG. 7: 
Xenograft tumor-derived cells have dysfunctional mitochondrial respiration. (A) Oxygen 

consumption data for the control WTHBF-6 cells (C52-2 cells) and Cr(VI)-transformed 

WTHBF-6 cells (T23-3 cells) and xenograft tumor-derived cells (T23-3-X2, T23-3-X3, 

T23-3-X4, T23-3-X5, T23-3-X6, and T23-3-X7 cells) presented as a baseline percentage to 

the third oxygen consumption read. (B) Basal respiration, maximal respiration, and spare 

respiratory capacity for C52-2, T23-3, T23-3-X2, T23-3-X3, T23-3-X4, T23-3-X5, T23-3-

X6, and T23-3-X7 cells. (C) Proton leak, non-mitochondrial oxygen consumption, and 

coupled respiration for C52-2, T23-3, T23-3-X2, T23-3-X3, T23-3-X4, T23-3-X5, T23-3-

X6, and T23-3-X7 cells. (D) Mitochondrial coupling efficiency for C52-2, T23-3, T23-3-X2, 

T23-3-X3, T23-3-X4, T23-3-X5, T23-3-X6, and T23-3-X7 cells. (E) Oxygen consumption 

data for control WTHBF-6 cells (C52-2 cells), Cr(VI)-transformed WTHBF-6 cells (T73-3 

cells), and xenograft tumor-derived cells (T73-3-X2 and T73-3-X3 cells) presented as a 

baseline percentage to the third oxygen consumption read. (F) Basal respiration, maximal 

respiration, and spare respiratory capacity for the C52-2, T73-3, T73-3-X2, and T73-3-X3 

cells. (G) Proton leak, non-mitochondrial oxygen consumption, and coupled respiration for 
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C52-2, T73-3, T73-3-X2, and T73-3-X3 cells. (H) Mitochondrial coupling efficiency for 

C52-2, T73-3, T73-3-X2, and T73-3-X3 cells. Data are the average of at least three 

experiments ± SEM. *p < 0.05 from C52-2 cells. #p < 0.05 from either T23-3 or T73-3 cells.
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