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Abstract

We recently reported that, in a concentration-dependent manner, chloride protects hepatic 

glutathione transferase zeta 1 from inactivation by dichloroacetate, an investigational drug used in 

treating various acquired and congenital metabolic diseases. Despite the importance of chloride 

ions in normal physiology, and decades of study of chloride transport across membranes, the 

literature lacks information on chloride concentrations in animal tissues other than blood. In this 

study we measured chloride concentrations in human liver samples from male and female donors 

aged 1 day to 84 years (n = 97). Because glutathione transferase zeta 1 is present in cytosol and, to 

a lesser extent, in mitochondria, we measured chloride in these fractions by high-performance 

liquid chromatography analysis following conversion of the free chloride to 

pentafluorobenzylchloride. We found that chloride concentration decreased with age in hepatic 

cytosol but increased in liver mitochondria. In addition, chloride concentrations in cytosol, (105.2 

± 62.4 mM; range: 24.7 – 365.7 mM) were strikingly higher than those in mitochondria (4.2 ± 3.8 

mM; range 0.9 – 22.2 mM). These results suggest a possible explanation for clinical observations 

seen in patients treated with dichloroacetate, whereby children metabolize the drug more rapidly 

than adults following repeated doses, and also provide information that may influence our 

understanding of normal liver physiology.
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Introduction

The chloride ion is an essential electrolyte and is the predominant anion in extracellular 

fluid. It functions importantly in many fundamental biological processes, including 

regulation of pH, maintenance of intracellular volume and resting membrane potential and 

cell growth and differentiation [1,2]. Transport of chloride across cell membranes is 

facilitated by both voltage-gated and non-voltage-gated chloride channels [3]. 

Hyperchloremic metabolic acidosis, myocardial dysfunction, renal tubular defects and cystic 

fibrosis are among the many pathological conditions associated with disruption of chloride 

homeostasis [1,3,4].

The extensive literature on chloride physiology and pathophysiology is restricted mainly to 

assessing changes in extracellular fluid chloride levels or ion flux and largely neglects 

measurements of intracellular compartmental chloride concentrations. We recently reported 

that in a concentration-dependent manner, chloride and certain other anions protect 

glutathione transferase zeta 1 (GSTZ1) from irreversible inactivation by DCA [5]. DCA is a 

mechanism-based inhibitor of GSTZ1, reportedly by adduct formation with the protein [6]. 

GSTZ1 also functions as maleylacetoacetate isomerase, the penultimate enzyme in the 

catabolism of tyrosine. Inhibition of this isomerization step by DCA leads to accumulation 

of reactive tyrosine and heme intermediates that have been implicated in a reversible 

peripheral neuropathy associated with chronic DCA exposure [7]. This is of interest because 

DCA is an investigational drug used to treat acquired and inborn errors of mitochondrial 

bioenergetics [7], and is converted to an inactive metabolite, glyoxylate by GSTZ1 [8]. 

Thus, factors that influence the interaction of DCA and GSTZ1 have significant clinical 

import.

Differences in DCA pharmacokinetics, likely due to rates of inactivation of GSTZ1, exist in 

patients of varying age, with older patients exhibiting pharmacokinetic evidence of a greater 

extent of inactivation and increased incidence of side effects [9]. A possible explanation for 

these observations is a decrease in liver cytosolic chloride concentration ([Cl−]) as age 

increases, which would lead to more rapid GSTZ1 inactivation. While the [Cl−] in serum is 

well characterized, ranging from 98–106 mM [10], we found only one report of [Cl−] in 

human liver. The 1960 paper by Widdowson and Dickerson found liver [Cl−] to be 55.8 mM 

in newborns, 42.8 mM in 4–7 month olds, and 38.3 mM in adults [11]. These groups were 

comprised of 4, 3, and 4 individuals, respectively, and the ages of the adults were not given. 

The reported concentrations were for whole-liver lysates and therefore do not represent any 

cellular environment in which GSTZ1 exists. Two additional studies reported the 

intracellular [Cl−] in cultured rat hepatocytes to be 38 mM [12] and 30.1 mM [13], 

respectively.

In the current study we characterized the [Cl−] in liver over a wide age range of donors. We 

determined chloride concentration in both cytosolic and mitochondrial compartments, as 

well as in whole liver for a sub-set of the samples. Standard gravimetric determination of 

chloride is very laborious and chloride-selective ion probes suffer from interference due to 

bile salts [14], making them impractical to use on liver samples. The HPLC method we 

employed allows rapid, accurate and highly reproducible results. Our findings show that 
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there are major changes in cellular [Cl−] that occur during human development, providing 

valuable information that can be used to better predict patient response to DCA.

Materials and Methods

Materials and liver samples

All reagents were purchased from Sigma Aldrich (St. Louis, MO) and were the highest 

purity available, unless otherwise specified. Normal human liver samples were obtained 

from the Cooperative Human Tissue Network, University of Alabama at Birmingham, the 

NICHD Brain and Tissue Bank of the University of Maryland and the University of Florida 

Clinical and Translational Science Institute.

Chloride Derivatization and Chromatography

The method used was based on that described by Tsikas et al. [15], with minor modifications 

to facilitate use with more complex biological samples and to improve chromatographic 

separation. The process involves conversion of pentafluorobenzyl bromide to 

pentafluorobenzyl chloride when the bromide form is added to a sample containing chloride 

(Figure 1A). Acetone (400 μl) was added to 50 μL of cytosol or mitochondria sample, 

prepared as previously described [16], or to 50 μL of sonicated whole liver homogenate in 

water. Mitochondrial samples were lysed by sonication. After vortexing, the mixture was 

incubated at −20 °C for 1 hour prior to centrifuging at 16,000 g at 4 °C to pellet insoluble 

components. The supernatant was transferred to a clean tube and 10 μL of 2,3,4,5,6-

pentafluorobenzyl bromide was added in a fume hood. The solution was mixed and 

incubated in a capped tube at 50 °C f or 30 minutes. Acetone was removed under a gentle 

stream of nitrogen gas and the remaining aqueous solution was mixed with 400 μL of 75/25 

acetonitrile/water containing 25 μM p-hydroxybiphenyl, which served as the internal 

standard. The resulting solution was passed through a 0.45 or 0.22 μm nylon spin filter 

(Costar, Tewksbury, MA) before loading 50 μL onto a Discovery C-18 column (Sigma 

Aldrich) attached to either a Shimadzu CBM-20A (Kyoto, Japan) or Beckman-Coulter 

System Gold (Brea, CA) HPLC instrument and eluted using a 1:1 acetonitrile:water mobile 

phase at 1 mL/minute. UV absorbance of the eluent was monitored at 264 nm.

Construction of Standard Curves and calculation of [Cl−]

Standard curves were generated by injecting a series of samples consisting of the buffer used 

for that subcellular fraction [16] that contained increasing concentrations of NaCl that 

appropriately represented the [Cl−] range in the cytosol (0.5 to 7.5 mM) or mitochondria 

(0.01 to 1 mM), and a fixed concentration, 25 μM, of 4-hydroxybiphenyl as internal 

standard. For the whole liver homogenate samples, the standard curve was prepared in water 

and concentrations ranged from 5 to 20 mM. Areas for the pentafluorobenzyl chloride peak 

were normalized by taking the ratio of this peak to the internal standard peak. Plots of the 

peak ratio against the concentration of [Cl−] were linear and the slope and intercept values 

were used to calculate the [Cl−] in samples. The raw [Cl−] was corrected for the dilution of 

the sample (using a liver density of 1 g/mL). This value was then converted to either a 

cytosolic or mitochondrial [Cl−] by dividing by constant factors of 0.364 or 0.148, 
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respectively, as the liver is reported to be composed of 36.4% cytosol and 14.8% 

mitochondria [17].

Results

Assay parameters and validation

The HPLC conditions gave excellent separation of the pentafluorobenzyl chloride peak 

(19.5 min) from the internal standard (9 min) and from pentafluorobenzyl bromide (22 min). 

Studies with dialyzed liver cytosol and mitochondria to which no chloride was added 

showed that there were no interfering peaks at the retention time of pentafluorobenzyl 

chloride. Addition of a known concentration of chloride to dialyzed liver cytosol or 

mitochondria gave a peak at 19.5 min. Figure 1B shows a representative chromatogram from 

liver cytosol. The ratio of the pentafluorobenzyl chloride peak area to the internal standard 

peak area was linear with increasing [Cl-] up to at least 20 mM. Replicate standard curves 

prepared on different days showed that inter-day variability was less than 10%. Although 

different buffers or water were used to prepare standard curves for mitochondria, cytosol 

and whole liver, there was no evidence of a buffer effect (Table 1). The limit of detection, 

calculated as the concentration that gave a signal to noise ratio of at least 3, was 0.05 mM, 

and the limit of quantitation was 0.1 mM. Table 1 shows parameters for the standard curves 

used for mitochondria, cytosol and whole liver.

Recovery studies were carried out by spiking a mitochondrial sample with additional 

chloride. This yielded concentrations that were calculated to be the sum of the endogenous 

and added anion. Addition of 0.25 mM chloride resulted in recovery of 101.9 ± 5.1% of the 

added chloride and addition of 1 mM resulted in recovery of 94.7 ± 4.0% of the added 

chloride.

Measurement of [Cl−] in whole human liver homogenates

In order to provide a point of reference for which to compare our cytosolic and 

mitochondrial samples, we determined the [Cl−] in a subset of 32 whole liver homogenate 

samples that appropriately represented the range of ages in our complete dataset. After 

accounting for sample dilution, the calculated concentrations represent the mean [Cl−] in 

each liver sample. We obtained a range of 25.1 to 62.9 mM Cl− and a mean of 42.0 ± 9.0 

mM Cl− (Figure 2A). A Spearman correlation showed that there was not a relationship 

between whole liver [Cl−] and age (p > 0.1). There was a statistically significant increase of 

the ratio of whole liver chloride to cytosolic chloride (cytosolic data from Figure 3) with 

increasing age (Figure 2B, slope = 0.557, p < 0.001).

Determination of human liver cytosolic and mitochondrial [Cl−]

Liver samples from 97 donors, ranging in age from 1 day to 84 years, were separated into 

cytosolic and mitochondrial fractions as described previously [16]. The cytosolic [Cl−], 

corrected for the volume of cytosol in liver, had a minimum of 29.7 mM, a maximum of 

365.7 mM, and a mean of 105.2 ± 62.4 mM. Plotting cytosolic [Cl−] against donor age 

(Figure 3A) shows a striking change with increasing age that becomes even more 

pronounced when age is plotted on a logarithmic scale (Figure 3B). As donor age increases, 
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both the average cytosolic [Cl−] and the variability between donors decreases. The 

Spearman correlation between these two parameters yields an r value of −0.552 with a two-

tailed p < 0.0001. A node is visible in the data around the age of 10,000 days, which is 

approximately 27 years of age. Donors below this cutoff had a mean cytosolic [Cl−] of 125.2 

mM while those above this age had a mean of 75.4 mM Cl− (Figure 3C).

The mitochondrial [Cl−], corrected for the volume of mitochondria in liver, ranged from 0.9 

mM to 22.2 mM (mean = 4.2 ± 3.8 mM) and was weakly correlated with age (r = 0.247; p < 

0.05). However, the absolute values changed only slightly and are much lower than the 

cytosolic concentrations. This trend can be seen with age plotted on a linear (Figure 4A) or 

logarithmic (Figure 4B) scale. The mitochondrial [Cl−] shows a highly significant difference 

compared to the cytosolic concentration (Figure 4C). Our data showed there was an inverse 

trend (r = −0.189, p < 0.1) between mitochondrial and cytosolic [Cl−] (Figure 4D) in 

individual donors, although this is likely due to their mutual correlation with age, rather than 

to a cause and effect relationship in the two compartments. There was no discernable 

difference in [Cl−] when analyzed according to gender or race (data not shown). The raw 

data for cytosolic, mitochondrial, and whole liver chloride concentrations are provided in 

Supplementary Table 1.

Discussion

Using an HPLC-based method for determining [Cl−] in biological tissues, we have measured 

the [Cl−] in whole human liver as well as in the cytosolic and mitochondrial compartments. 

Our whole liver concentrations closely matched the limited data that have previously been 

published [11]. While this confirms the previous work and validates the method we used, 

this concentration has little relevance to our study of DCA metabolism by GSTZ1, because 

the enzyme is not found at any subcellular compartment exhibiting that [Cl−].

In the cytosol, there was a striking decrease of [Cl−] as donor age increased. Interestingly, 

this correlates with changes in the pharmacokinetics and side effects that have been 

observed in patients treated with DCA [9]. In those studies, adult subjects exhibited 

decreased rates of clearance and increased side effects after repeated doses of DCA. Young 

patients were less likely to show these phenomena and they are thought to be related to 

differences in the rate of GSTZ1 inactivation, although the cause of that difference was 

unknown [18,19]. The current data, along with those we have recently published showing a 

protective effect of chloride on the rate of inactivation of GSTZ1 during DCA metabolism 

[5], make it likely that the increased cytosolic chloride concentration in the livers of young 

patients, where the majority of GSTZ1 is located, decreases their rates of GSTZ1 

inactivation.

Interestingly, the cytosolic [Cl−] was much higher than that found in the whole liver 

homogenate. This hints that the remainder of the liver (organelles, extracellular matrix, etc.) 

has very low chloride content. However, age is not associated with a change in whole liver 

[Cl−] but is inversely associated with cytosolic [Cl−], which leads to an increase in the ratio 

of the whole liver [Cl−] to cytosolic [Cl−]. One possible explanation for this observation is 

that [Cl−] increases in one or more compartments while decreasing in the cytosol. It is 
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unclear what this other compartment may be (extracellular matrix, nuclei, endoplasmic 

reticulum, etc.). Future studies are required to resolve this uncertainty.

The mitochondria are both the major site of DCA dynamics [7] and a significant site of 

biotransformation [16]. In contrast to our findings in liver cytosol, we observed a noticeable 

increase in mitochondrial [Cl−] with age, although it was not as dramatic as was the age-

related decline in cytosolic [Cl−]. Regardless of the magnitude of this increase, the major 

observation is that the cytosolic [Cl−] was often over 10x higher than the mitochondrial 

[Cl−]. This finding suggests that DCA-induced inactivation of GSTZ1 may occur more 

rapidly in mitochondria than in cytoplasm. Animal studies to test this postulate are currently 

underway. However, when viewed through the lens of a whole animal, rapid inactivation of 

mitochondrial GSTZ1 may not have a major consequential impact on DCA metabolism or 

toxicity, because 86% of liver GSTZ1 is located in the cytosol [16].

There was an inverse correlation between cytosolic and mitochondrial [Cl−] in liver from the 

same donor. Therefore, the mechanism resulting in increased cytosolic [Cl−] is likely 

independent of that regulating mitochondrial [Cl−]. The plasma membrane contains multiple 

types of chloride channels that are activated by swelling [20] or Ca2+ [21]. Conversely, the 

mitochondria contain only voltage-gated anion channels [22]. Because mitochondrial 

function is strongly dependent on ion gradients, it would be expected that these gradients 

would be well regulated and not vary greatly with age, to keep the [Cl−] near optimal. This 

possibly explains the minor change in mitochondrial chloride levels in terms of absolute 

values.

A potential limitation of this work is our reliance on cytosolic and mitochondrial volume in 

rat hepatocytes [15], because similar data in humans is not available. Nevertheless, our 

results represent the first large-scale developmental study to examine chloride 

concentrations in the human liver. As chloride concentrations impact GSTZ1 stability and 

therefore DCA kinetics, the data presented here could be used to help determine proper 

patient dosing. They not only provide valuable information that will be used in the treatment 

of patients with DCA, but also raise questions regarding the normal physiology of chloride 

in cells. It is our hope that others will find additional uses for these data as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

GSTZ1 glutathione transferase Z1

DCA dichloroacetate

Cl− chloride concentration
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Highlights

• This study is the first large scale measurement of hepatic chloride in any 

species.

• The chloride concentration is much higher in human hepatic cytosol than in the 

mitochondria.

• Chloride concentration decreases with age in the cytosol while increasing in the 

mitochondria.
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Figure 1. 
A) Conversion of pentafluorobenzyl bromide to pentafluorobenzyl chloride. Although the 

reaction is reversible, the large excess of pentafluorobenzyl bromide pushes the equilibrium 

to the right. B) Representative chromatogram from a cytosolic liver fraction. p-

hydroxybiphenyl elutes at 9 minutes, pentafluorobenzyl chloride elutes at 19.5 minutes, and 

the unreacted pentafluorobenzyl bromide elutes at 22 minutes.
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Figure 2. 
Chloride concentrations in whole liver homogenates. A) Measured chloride concentrations 

were plotted against donor age. B) The ratio of whole liver to cytosolic [Cl−] was plotted 

against donor age.
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Figure 3. 
Changes in cytosolic liver chloride as a function of age. Calculated cytosolic chloride 

concentrations were plotted against donor age in years with a linear scale (A) and in days 

with a logarithmic scale (B). The dashed lines represent an arbitrary division between the 

high and low chloride samples at 10,000 days of age. Panel C shows a highly significant 

difference in cytosolic [Cl−] in livers from donors less than or greater than 10,000 days of 

age. ** denotes p < 0.0001 as determined by Student’s T test.
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Figure 4. 
Changes in mitochondrial chloride as a function of age. Calculated mitochondrial chloride 

concentrations were plotted against donor age in years with a linear scale (A) and in days 

with a logarithmic scale (B). C) Histogram showing the average [Cl−] in the cytosolic and 

mitochondrial compartments. Values represent the mean across all ages and error bars show 

the standard deviation. ** denotes p < 0.0001 as determined by Student’s T test. D) 

Scatterplot showing the relationship between cytosolic and mitochondrial [Cl−] in individual 

donors.
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Table 1

Chloride assay parameters. The number of replicates indicated were prepared for each standard curve. The 

curve from resuspension buffer was used for mitochondria, from phosphate buffer for cytosol and from water 

for the whole liver analyses.

Linear range, mM Matrix Slope Intercept R2 value

0.01 to 1 (n=3) Resuspension buffer 0.131 ± 0.014 0.131 ± 0.006 0.976 ± 0.007

0.05 to 7.5 (n=3) Phosphate buffer 0.138 ± 0.003 0.118 ± 0.018 0.993 ± 0.009

5 to 20 (n=2) Water 0.150 ± 0.002 0.088 ± 0.039 0.997 ± 0.001
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