
Nickel Inhibits Mitochondrial Fatty Acid Oxidation

Radha Uppalaa, Richard W. McKinneya, Kelly A. Brantb, James P. Fabisiakb, and Eric S. 
Goetzmana,*

aDepartment of Pediatrics, University of Pittsburgh School of Medicine, Pittsburgh, PA 15224, 
USA

bDepartment of Environmental and Occupational Health, University of Pittsburgh Graduate 
School of Public Health, Pittsburgh, PA 15219, USA

Abstract

Nickel exposure is associated with changes in cellular energy metabolism which may contribute to 

its carcinogenic properties. Here, we demonstrate that nickel strongly represses mitochondrial 

fatty acid oxidation—the pathway by which fatty acids are catabolized for energy—in both 

primary human lung fibroblasts and mouse embryonic fibroblasts. At the concentrations used, 

nickel suppresses fatty acid oxidation without globally suppressing mitochondrial function as 

evidenced by increased glucose oxidation to CO2. Pre-treatment with L-carnitine, previously 

shown to prevent nickel-induced mitochondrial dysfunction in neuroblastoma cells, did not 

prevent the inhibition of fatty acid oxidation. The effect of nickel on fatty acid oxidation occurred 

only with prolonged exposure (>5 hr), suggesting that direct inhibition of the active sites of 

metabolic enzymes is not the mechanism of action. Nickel is a known hypoxia-mimetic that 

activates hypoxia inducible factor-1α (HIF1α). Nickel-induced inhibition of fatty acid oxidation 

was blunted in HIF1α knockout fibroblasts, implicating HIF1α as one contributor to the 

mechanism. Additionally, nickel down-regulated the protein levels of the key fatty acid oxidation 

enzyme very long-chain acyl-CoA dehydrogenase (VLCAD) in a dose-dependent fashion. In 

conclusion, inhibition of fatty acid oxidation by nickel, concurrent with increased glucose 

metabolism, represents a form of metabolic reprogramming that may contribute to nickel-induced 

carcinogenesis.
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1. Introduction

Nickel compounds represent an environmental threat to human health [1,2]. Nickel is widely 

used in industrial processes including electroplating, electroforming, and welding. The use 

of nickel is increasing due to its presence in stainless steel and particularly in nickel-

cadmium rechargeable batteries. The lungs and skin are the major target organs for human 

nickel exposure [3]. Nickel concentrations in the air can reach high levels at industrial 

workplaces where it is used [4]. Additionally, nickel is present in cigarette smoke [5]. 

Inhalation exposure to nickel is associated with pulmonary inflammation, epithelial 

hyperplasia, fibrosis, asthma, and lung cancers [1,2,3]. The mechanisms of nickel-induced 

carcinogenesis are not clear, but may involve damage to mitochondria [6,7]. It has been 

proposed that stabilization of hypoxia inducible factor-1α (HIF1α) by nickel leads to 

hypoxia-like alterations in energy metabolism such as enhancement of glycolysis and 

repression of the TCA cycle [8,9]. In one study, the negative effects of nickel on 

mitochondrial function could be prevented with carnitine treatment [10]. The primary 

biological role for carnitine is to facilitate transport of fatty acids across the mitochondrial 

membrane [11]. However, the effects of nickel on mitochondrial fatty acid metabolism have 

not been studied. Here, we have used cell culture models to demonstrate that nickel 

suppresses mitochondrial fatty acid oxidation (FAO), an important mitochondrial energy 

metabolism pathway in the heart, muscle, liver, and lung [12,13].

2. Materials & Methods

Cell culture and treatments

Human lung fibroblasts (HLF) were isolated as outgrowths from explanted surplus 

transbronchial biopsy tissues obtained during routine follow-up bronchoscopy of lung 

transplant recipients as previously described in accordance with a protocol approved by the 

University of Pittsburgh Institutional Review Board [14]. Wild-type and HIF1α knockout 

MEFs were a gift of Dr. John LaPres. Nickel sulfate treatments were conducted as 

described, at the concentrations and times indicated in the text and figure legends. L-

carnitine pre-treatments were conducted as described by He, et al [10].

Substrate oxidation

The oxidation of 14C-palmitate, 14C-glucose, and 14C-palmitoylcarnitine (Perkin Elmer) 

to 14CO2 and acid-soluble short-chain metabolites (ASM) was conducted in quadruplicate in 

24-well sealed trapping plates as described [15]. Rates of metabolism were normalized to 

cellular protein content. After one hour of exposure to radiolabeled substrates, the wells 

were acidified by injection of perchloric acid, and then the plates were further incubated at 

37°C for two hours to trap the 14CO2.

Western blotting

Western blotting was conducted as previously described [15]. Antibodies used were: anti-

very long-chain acyl-CoA dehydrogenase (VLCAD) and anti-log-chain acyl-CoA 

dehydrogenase (LCAD) (1:1000; gifts of Dr. Jerry Vockley), anti-acetyllysine antibody 

(1:1000; Cell Signaling Technology, Danvers, MA), and a respiratory chain antibody 
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cocktail (1:1000; Mitosciences, Eugene, OR). Staining of the membranes with Ponceau S 

was used to verify equal loading.

Acyl-CoA dehydrogenase activity assays

Acyl-CoA dehydrogenase activity was measured with palmitoyl-CoA (Sigma, St. Louis, 

MO) as substrate exactly as described [16].

3. Results & Discussion

Inhalation represents a major route of human exposure to nickel. Nickel has previously been 

shown to induce an inflammatory response in human primary lung fibroblasts (HLFs)[14]. 

In the present studies we tested the effects of nickel on mitochondrial energy metabolism in 

HLFs. First, HLFs were treated with 200 μM nickel for 48 hours and then assayed for FAO 

using 14C-palmitate. During the assay, 14C-palmitate is broken down to 14C-acetyl-CoA 

which then enters the TCA cycle and is ultimately oxidized completely to 14CO2. We 

measured both the rate of breakdown to 14C-acetyl-CoA/TCA cycle intermediates (acid 

soluble metabolites) and 14CO2. Both measures indicated that nickel treatment significantly 

inhibits FAO in cultured HLFs (Fig 1A,B).Nickel has been proposed to inhibit the TCA 

cycle and induce the Warburg effect, characterized by increased glycolysis concomitant with 

reduced mitochondrial function [9]. Inhibition of the TCA cycle could secondarily affect the 

FAO pathway, which is functionally integrated with both the TCA cycle and the electron 

transport chain [17]. To test this, we measured oxidation of uniformly labeled 14C-glucose 

to 14CO2 in nickel-treated HLFs. The result showed that in contrast to its inhibitory effect on 

FAO, nickel significantly promoted the rate of glucose oxidation to CO2 (Fig 1C). This 

indicates that in HLFs nickel selectively inhibits FAO, and that the inhibition is not due to 

dysfunction of the TCA cycle. Further, the inhibition of FAO by nickel is not an inherent 

property of HLFs, because FAO in normal wild-type mouse embryonic fibroblasts (MEFs) 

was also found to be sensitive to nickel inhibition in a dose-dependent fashion (Fig 1D).

We next set out to determine the mechanism(s) by which nickel treatment might lead to 

selective inhibition of mitochondrial FAO. The rate-limiting step for FAO is carnitine-

dependent transport across the mitochondrial membrane, mediated by the enzymes carnitine 

palmitoyltransferase-1 (CPT1) and carnitine palmitoyltransferase-2 (CPT2)[18]. He, et al 

[10] recently showed that pre-treatment of neuroblastoma cells with carnitine could prevent 

the cytotoxicity and mitochondrial dysfunction induced by high doses of nickel. Because of 

the known function of carnitine in the transport of fatty acids, we reasoned that nickel may 

reduce FAO by inhibiting CPT1 on the outer mitochondrial membrane. To explore this 

mechanism we measured the effects of nickel on the oxidation of 14C-palmitoylcarnitine, 

which can bypass CPT1 and directly traverse the mitochondrial membrane. MEFs were 

incubated with 400 μM nickel for 24 hr and then 14C-palmitoylcarnitine was added to the 

media. The rate of palmitoylcarnitine oxidation to CO2 was significantly inhibited by nickel 

(Fig 2A), excluding CPT1 as a direct nickel target. Furthermore, pre-treatment of MEFs 

with carnitine prior to the nickel treatment did not rescue FAO (Fig 2B), consistent with the 

idea that nickel does not inhibit FAO via effects on the carnitine-dependent transport steps.
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Once inside the mitochondria, long-chain fatty acids are chain-shortened in four enzymatic 

steps. The rate-limiting of the four steps is the first step, catalyzed by the acyl-CoA 

dehydrogenases [12,18]. Long-chain acyl-CoA dehydrogenase (LCAD) and very long-chain 

acyl-CoA dehydrogenase (VLCAD) are the major long-chain enzymes in the family, 

showing significant overlap in their utilization of long-chain substrates [18]. In humans, 

VLCAD predominates in most tissue types while LCAD predominates in rodent tissues [19]. 

HLFs were found to express VLCAD but not LCAD, while murine lung fibroblasts (MLFs) 

express only LCAD, and MEFs express both enzymes (Fig 2C). Due to the dominant role of 

VLCAD in HLFs, we tested whether nickel could directly interfere with its enzymatic 

activity. Incubation of purified recombinant VLCAD with increasing concentrations of 

nickel reduced its ability to dehydrogenate palmitoyl-CoA and pass electrons to its redox 

partner electron transferring flavoprotein (ETF)(Fig 2D). However, in extracts prepared 

from MEFs treated with nickel for 24 hr, there was no significant loss of acyl-CoA 

dehydrogenase activity toward palmitoyl-CoA at nickel concentrations less than 1 mM (Fig 

2E), whereas the pathway is clearly inhibited at nickel concentrations <400 μM (see Fig 

1D). This suggests that the primary mechanism by which nickel blocks FAO in an intact cell 

does not involve direct inhibition of acyl-CoA dehydrogenase enzymatic activity. Moreover, 

short-term treatment of MEFs with 400 μM nickel does not inhibit FAO (Fig 2F), indicating 

that nickel impinges on the FAO pathway through mechanisms that require prolonged 

exposure rather than through acute inhibition of metabolic enzymes.

We further explored mechanisms involving chronic nickel exposure, such as changes in 

gene expression or mitochondrial content. As an indicator of mitochondrial content, extracts 

from nickel-treated MEFS were western-blotted with an antibody cocktail recognizing 

several subunits of the respiratory chain. No significant effects of nickel were seen on the 

amounts of the respiratory chain subunits (Fig 3A, top panel). Protein acetylation is another 

mechanism known to inhibit mitochondrial FAO [20]. Nickel had no effect on the total 

amount of mitochondrial protein acetylation (Fig 3A, middle panel). Nickel treatment did, 

however, modestly reduce the abundance of VLCAD in nickel-treated MEFs in a dose-

dependent fashion (Fig 3B). LCAD protein abundance was not affected (Fig 3B), which 

likely explains the fact that <400 μM of nickel does not cause a measureable loss in 

combined acyl-CoA dehydrogenase activity toward palmitoyl-CoA as measured in cell 

extracts (Fig 2E). The selective loss of VLCAD may play a bigger role in HLFs, which do 

not express LCAD. Nickel did indeed reduce expression of VLCAD in HLFs (Fig 3C).

There is considerable literature implicating nickel as a hypoxia mimetic that activates 

hypoxia inducible factor-1α (HIF1α), with many downstream effects that ultimately result in 

metabolic reprogramming [14,21,22]. We sought to determine whether the effect of nickel 

on FAO was HIF1α-dependent by comparing the response to nickel between wildtype and 

HIF1α knockout MEFs. Palmitate oxidation was significantly reduced by nickel in both 

MEF cell lines, but the effect was attenuated in HIF1α knockout cells (Fig 3D). Thus, 

activation of HIF1α by nickel is partially responsible for the observed effect on FAO. Other, 

as yet unidentified mechanisms clearly contribute to the suppression of FAO by nickel.

In HLFs, the cytokine transforming growth factor-β (TGFβ) is a major driver of 

inflammatory, proliferative, and pro-fibrotic changes in cellular function [23]. TGFβ has 
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been shown to down-regulate expression of nuclear-encoded mitochondrial proteins in A549 

lung cancer cells [24]. We hypothesized that TGFβ would suppress FAO similar to nickel. 

HLFs were treated with 200 μM nickel, 2 ng/mL TGFβ, or both compounds for 48 hr. In 

contrast to nickel, TGFβ treatment significantly increased FAO (Fig 4A). The rate of FAO in 

cells treated simultaneously with nickel/TGFβ resembled that of cells receiving nickel alone. 

With regards to glucose oxidation, both nickel and TGFβ significantly increased the rate of 

glucose metabolism to CO2, but the effects were not synergistic (Fig 4B).

Tumorigenesis is characterized by promotion of anabolic processes which are required for 

enhanced cellular growth and proliferation, such as lipid synthesis. Lipid synthesis from 

glucose requires glycolyisis (glucose to pyruvate) as well as mitochondrial pyruvate 

oxidation to produce acetyl-CoA, which can then be exported back to the cytosol and used 

for anabolic pathways. Fatty acid synthesis and FAO cannot operate simultaneously. 

Malonyl-CoA, an intermediate in fatty acid synthesis, effectively inhibits CPT1 to prevent 

newly synthesized fatty acids from entering the mitochondria and being degraded [18]. The 

suppressive effects of nickel on mitochondrial FAO may contribute to its ability to drive 

tumor formation by consequently creating a permissive environment for fatty acid synthesis 

[25]. TGFβ, in contrast, drives both glucose metabolism and FAO (Fig 4). TGFβ can 

promote proliferation but the effect appears to be specific to fibroblasts, as proliferation of 

epithelial cells is potently inhibited by TGFβ [26]. While TGFβ has been shown to promote 

progression of advanced tumors, it shows suppressive effects with regards to tumor initiation 

[26]. The fact that nickel can override TGFβ and inhibit FAO when co-administered to 

HLFs suggests that nickel may also override the tumor suppressive benefits of TGFβ during 

cancer initiation. Future work is needed to determine the importance of metabolic 

reprogramming in nickel-associated cancers, and whether targeting the FAO pathway may 

be of therapeutic benefit in counteracting the carcinogenic effects of nickel.
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Highlights

Nickel is an environmental threat linked to lung inflammation, fibrosis, and cancer.

Nickel alters cellular metabolism by inhibiting fatty acid oxidation.

This effect is partially dependent upon hypoxia inducible factor-1α.

Nickel down-regulates expression of a key fatty acid oxidation enzyme.
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Figure 1. Nickel (Ni) inhibits mitochondrial fatty acid oxidation
Human lung fibroblasts (HLFs) were treated with 200 μM nickel sulfate for 48 hours prior to 

measuring 14C-palmitate oxidation to (A) labeled short-chain acid-soluble metabolites 

(ASM) and (B) trapped 14CO2. (C) Glucose oxidation to 14CO2 is increased by 48 hours of 

nickel treatment. (D) The effect of nickel is not specific to HLFs, as palmitate oxidation was 

dose-dependently reduced by nickel sulfate in mouse embryonic fibroblasts (MEFs). All 

data are presented as the means and standard deviations of quadruplicate assays. *P <0.05 

versus untreated control cells.
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Figure 2. Nickel (Ni) does not inhibit fatty acid oxidation (FAO) via direct effects on 
mitochondrial FAO enzyme activities
FAO is carnitine-dependent. (A) If nickel inhibited entry of fatty acids into mitochondria via 

the carnitine shuttle, then palmitoylcarnitine oxidation should not be inhibited by nickel, but 

the inhibition persists. (B) Administration of 1 mM L-carnitine (LC) with Ni does not 

relieve the inhibition of FAO. (C) VLCAD is the only acyl-CoA dehydrogenase expressed 

in human lung fibroblasts (HLF) while LCAD is expressed in murine lung fibroblasts 

(MLF). Mouse embryonic fibroblasts (MEF) express both acyl-CoA dehydrogenases. (D) 

Enzymatic activity of purified recombinant VLCAD is dose-dependently inhibited by Ni 

doses greater than 400 μM, but in (E) extracts of Ni-treated MEFs it takes ≥1 mM Ni to 

reduce the combined acyl-CoA dehydrogenase activity (LCAD + VLCAD). (F) Short-term 

treatment of MEFs with 400 μM Ni has no effect on FAO. All data are presented as the 

means and standard deviations of quadruplicate assays. *P <0.05 versus untreated control 

cells.
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Figure 3. Nickel reduces expression of VLCAD and the effect of nickel on FAO is partially 
abrogated in HIF1α knockout cells
(A) The mechanism of nickel sulfate (NiSO4) on FAO does not involve changes to the 

abundance of the respiratory chain (top panel) or changes in mitochondrial protein lysine 

acetylation (Ac-K; middle panel). (B) Nickel dose-dependently reduces VLCAD, but not 

LCAD, protein levels in MEFs. Densitometry from repeated VLCAD blots was used to 

generate the line graph. (C) Nickel also reduces VLCAD protein abundance in human lung 

fibroblasts. (D) Wildtype and HIF1α knockout MEFs were treated with the indicated 

concentrations of nickel for 24 hrs and palmitate oxidation measured. The effect of nickel is 

significantly blunted at concentrations of nickel >200μM. *P <0.05, HIF1α−/− versus 

wildtype cells. Assays were performed in quadruplicate.
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Figure 4. Effects of nickel and TGFβ on human lung fibroblast metabolism
HLFs were grown to confluency and treated with 200 μM nickel, 2 ng/mL TGFβ, or both for 

48 hours. (A) 14C-palmitate oxidation, and (B) 14C-glucose oxidation to 14CO2. All data are 

presented as the means and standard deviations of quadruplicate assays. *P <0.05 versus 

untreated control cells.
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