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Abstract

The hereditary kidney stone disease primary hyperoxaluria type 1 (PH1) is caused by a functional 

deficiency of the liver-specific, peroxisomal, pyridoxal-phosphate-dependent enzyme, 

alanine:glyoxylate aminotransferase (AGT). One third of PH1 patients, particularly those 

expressing the p.[(Pro11Leu; Gly170Arg; Ile340Met)] mutant allele, respond clinically to 

pharmacological doses of pyridoxine. To gain further insight into the metabolic effects of AGT 

dysfunction in PH1 and the effect of pyridoxine, we established an “indirect” glycolate 

cytotoxicity assay using CHO cells expressing glycolate oxidase (GO) and various normal and 

mutant forms of AGT. In cells expressing GO the great majority of glycolate was converted to 

oxalate and glyoxylate, with the latter causing the greater decrease in cell survival. Co-expression 

of normal AGTs and some, but not all, mutant AGT variants partially counteracted this 

cytotoxicity and led to decreased synthesis of oxalate and glyoxylate. Increasing the extracellular 

pyridoxine up to 0.3 μM led to an increased metabolic effectiveness of normal AGTs and the AGT-

Gly170Arg variant. The increased survival seen with AGT-Gly170Arg was paralleled by a 40% 

decrease in oxalate and glyoxylate levels. These data support the suggestion that the effectiveness 

of pharmacological doses of pyridoxine results from an improved metabolic effectiveness of AGT; 

that is the increased rate of transamination of glyoxylate to glycine. The indirect glycolate toxicity 

assay used in the present study has potential to be used in cell-based drug screening protocols to 

identify chemotherapeutics that might enhance or decrease the activity and metabolic effectiveness 

of AGT and GO, respectively, and be useful in the treatment of PH1.
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1. Introduction

The hereditary kidney stone disease primary hyperoxaluria type 1 (PH1, OMIM 259900) is 

caused by a functional deficiency of the liver-specific peroxisomal pyridoxal-phosphate-

dependent enzyme alanine:glyoxylate aminotransferase (AGT) [1]. Failure to transaminate 

intraperoxisomal glyoxylate to glycine in PH1 leads to its oxidation by cytosolic lactate 

dehydrogenase (LDH) to the metabolic end-product oxalate. The elevated synthesis and 

excretion of oxalate can lead to the deposition of insoluble calcium oxalate in the kidney and 

urinary tract, and eventually renal failure. More than 170 mutations have been identified in 

the gene encoding AGT (i.e. AGXT), which lead to a wide variety of molecular and cellular 

phenotypes, including accelerated AGT degradation, aggregation, loss of catalytic activity, 

and peroxisome-to-mitochondrion mistargeting [2–4].

For patients with PH1, pyridoxine remains the only pharmacological treatment [5–8] 

although other options are currently being investigated [8–12]. Despite having been used for 

decades in PH1, there are still many questions regarding the effect of pyridoxine in PH1. By 

definition, pyridoxine responsiveness is defined as a minimum 30% decrease in urinary 

oxalate after a 3 month trial at an optimal dose [8]. Some patients may even normalize their 

urinary oxalate with pyridoxine [13–15]. A few mutations have been positively linked with 

pyridoxine responsiveness but represent only a third of PH1 patients [3,16–19]. The first to 

be identified and most responsive to pyridoxine is the p.[(Pro11Leu; Gly170Arg; 

Ile340Met)] found in ~30% of PH1 patients [13,16]. Two other mutations, the p.[(Pro11Leu; 

Phe152Ile; Ile340Met)] and p.[(Pro11Leu; Ile244Thr; Ile340Met)], have also been shown to 

be potentially B6 responsive [13,14,16,20–24]. However, even within these groups, not all 

patients respond with a sufficient decrease in urinary oxalate. It is well known that 

pyridoxine is metabolized to pyridoxal-5′-phosphate (PLP), the essential cofactor of AGT. 

Depending on the particular AGT mutation, PLP can function as a prosthetic group and/or a 

chemical chaperone [21–23,25–27]. In a CHO cell-based system expressing various normal 

and mutant forms of AGT, extracellular pyridoxine, via intracellular PLP, was shown to lead 

to increased expression of immunoreactive AGT, increased catalytic activity and increased 

peroxisomal targeting [23]. These effects of pyridoxine are presumed, without direct 

evidence as yet, to result in an increased metabolic effectiveness of AGT, that is, an 

increased efficiency in the transamination of peroxisomal glyoxylate to glycine, thus 

limiting net glyoxylate and oxalate synthesis (Fig. 1) and decreasing oxalate urinary 

excretion [8].

The aim of the present study was to determine the effect of pyridoxine on cell viability and 

glyoxylate/oxalate synthesis in a previously-established CHO cell cytotoxicity assay in 

which cells were stably transformed with glycolate oxidase (GO) and various normal and 

mutant forms of AGT [23,28,29]. Our results show that normal AGTs, as well as some PH1 
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mutant forms of AGT, improve cell survival after the addition of glycolate by decreasing the 

synthesis of glyoxylate and oxalate. In addition, the pyridoxine-responsiveness of PH1 

patients expressing the p.[(Pro11Leu; Gly170Arg; Ile340Met)] variant is paralleled in our 

cell-based system by a decrease in glyoxylate and oxalate synthesis. The cell-based 

“indirect” glycolate cytotoxicity assay used in the present study has potential as a system for 

screening drugs that might increase the activity and enhance the metabolic effectiveness of 

AGT [30].

2. Experimental procedures

2.1. Expression constructs and cell lines

The full-length normal human GO, AGT cDNAs (AGT-MA and AGT-mi) and mutant 

human AGT cDNAs (AGT-170, AGT-152, AGT-244, AGT-41) were generated as described 

previously. [28,29,31–33] and subcloned in the mammalian expression vectors 

pcDNA3.1(-)zeo for GO and pcDNA3.1(+)neo for AGT (both Invitrogen, Carlsbad, CA, 

USA). The description of the encoded AGT enzymes is listed in Table 1.

2.2. Cell lines, transformation and culture

The establishment and characterization of transfected CHO cell lines expressing GO and 

AGT variants was reported previously [23,28,29]. Briefly, a CHO cell expressing GO was 

initially created by stable transformation. The same CHO GO cell line was then used to 

create double transformant cell lines expressing GO and normal or mutant AGTs (Table 1). 

Transfected and wild-type CHO cells were cultured in Ham’s F12 medium supplemented 

with 10% fetal bovine serum, as described before [28,29]. Expression of AGT and GO was 

maintained by adding Geneticin (800 μg/ml) and Zeocin (400 μg/ml), respectively, to the 

culture medium. The levels of expression of AGT and GO in the transfected cell lines 

remained stable over a period of at least 3 months. All cell culture reagents were from 

Invitrogen (Carlsbad, CA, USA) or Corning (NY, USA).

2.3. Pyridoxine and B6 vitamers

The pyridoxine concentration in cells was varied by growing cells for a minimum of four 

weeks in a medium containing the appropriate pyridoxine concentrations as reported 

elsewhere [23]. The standard pyridoxine concentration (0.3 μM) was defined by culture in 

Ham’s F12 and normal FBS. Lower pyridoxine concentrations were achieved by culture in a 

specialty Ham’s F12 medium without B6 vitamers and either supplemented with normal 

FBS (defined as < 0.3 μM pyridoxine and referred to as “low” concentration) or dialyzed 

FBS (defined as nominal 0 μM pyridoxine) (Invitrogen, Carlsbad, CA, USA). The higher 

pyridoxine concentrations (defined as 50 μM and 250 μM pyridoxine) were achieved by 

adding pyridoxine hydrochloride (Sigma-Aldrich, St Louis, MO, USA) to the culture.

2.4. Cell-based indirect glycolate toxicity assay

Cells were plated at a density needed to reach sub-confluency at the endpoint. Glycolate was 

added the day after plating to final concentrations of 0 to 1500 μM in a culture medium and 

cells were grown under standard conditions (without Geneticin or Zeocin) for 24 to 48 h 

before analysis. Depending on the experiment, the toxicity was assessed either by measuring 
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cell viability with a CCK-8 assay at 24 h (Dojindo Molecular Technologies, Japan) or by the 

number of cells surviving at 48 h for increased discrimination between cell lines and 

conditions using Scepter cell counter (Millipore, Billerica, MA, USA) with size gated 

between 9.675 and 19.05 μm. Results were normalized to that of controls grown with equal 

pyridoxine concentrations, without glycolate. Glycolic acid, glyoxylic acid, glycine and 

oxalate stock solutions were buffered to pH 7.4 with NaOH and filter-sterilized (all from 

Sigma-Aldrich, St Louis, MO, USA).

2.5. Catalytic activity

AGT and GO activities in cell lysates were measured by a spectrophotometric method as 

published previously [28,34,35]. The AGT assay was carried out in the presence of 150 μM 

PLP in the assay.

2.6. Measurement of extracellular metabolites

Cells were seeded at 4 × 105 cells/well in 6 well-plates and incubated with glycolate (0 to 

250 μM) for 24 h, so that typical viability with glycolate at 24 h remained >80%. For oxalate 

and glycolate measurements, the media were collected and filtered with 10 mM HCl-washed 

3 K MWCO filters (Millipore, Billerica, MA, USA). The filtrates were acidified to 60 mM 

with 2 M HCl before being analyzed by ion chromatography (IC) for oxalate and ion 

chromatography coupled with mass spectrometry (IC-MS) for glycolate. Oxalate was 

determined by IC (Dionex Corp., Thermo Scientific, Sunnyvale, CA, USA) with suppressed 

conductivity detection (AERS 500) using an IonPac 6 μm AS22 2 × 250 mm ion exchange 

column and mobile phase of 30 mM tetraborate at 0.3 ml/min and room temperature [36]. 

Glycolate was determined by 13C2-glycolate isotope dilution using IC-MS (Thermo Fisher 

Scientific Inc.). The IC equipment consisted of a Dionex™ ICS-5000 system with an AS15, 

2 × 150 mm, anion exchange column at a controlled temperature of 30 °C and a 

Dionex™ERS™500 anion electrolytically regenerated suppressor. A gradient of KOH from 3 

to 80 mM over 30 min at a flow rate of 0.3 ml min−1 was used to separate sample anions. 

The mass spectrometer (MSQ-PLUS) was operated in ESI negative mode, needle voltage 1.5 

V, cone voltage 30 V, and 450 °C, and column eluent was mixed with 50% acetonitrile at 

0.30 ml/min using a zero dead volume mixing tee prior to entry into the MSQ. Samples were 

diluted in the same amount of 13C2-glycolate and selected-ion monitoring (SIM) at the 

following mass/charge ratios, 12C2-glycolate (SIM75) and 13C2-glycolate (SIM77), were 

then used to quantify glycolate. Glyoxylate was quantified in cell culture media perchloric 

acid (0.5 M) extracts by reversed phase high pressure liquid chromatography following 

derivatization with 30 mM phenylhydrazine for 15 min at room temperature in the dark. A 

Kinetex 100 * 4.6 mm, 2.6 μm, C18, 100 Ǻ column (Phenomenex Inc., Torrance, CA) was 

used at a flow rate of 0.4 ml/min, 20 °C, with UV detection at 320 nm to separate and 

measure the phenylhydrazone products. The mobile phase contained 0.1 M ammonium 

acetate, 4% acetonitrile and 4% methanol.

2.7. Reactive oxygen species (ROS) production

For intracellular ROS production, cells cultured in white walled 96-well plates were loaded 

with 10 μM CM-H2DCFDA (Invitrogen, Carlsbad, CA, USA) in HBSS for 30 min. After 

washing with HBSS, cells were incubated with glycolate in a serum-free medium without 
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phenol red. Fluorescence intensity was measured on a microplate reader (Synergy HT, 

Biotek, Winooski, VT, USA) at 37 °C for 4 h. Results were expressed as relative 

fluorescence intensities.

2.8. Statistical analyses

Results are expressed as mean ± SD, unless otherwise specified. Statistical significance was 

calculated with one or two-way ANOVA to take into account the different cell lines and 2-

carbon metabolites concentrations. To compare the effect of pyridoxine on metabolite 

production, Student’s t-test was used. p values ≤ 0.05 were considered statistically 

significant.

3. Results

3.1. Characterization of the system: expression of GO and AGT

The expression of immunoreactive AGT and GO examined by immunofluorescence and the 

AGT catalytic activities have been previously reported [23,29]. All AGT variants had lower 

catalytic activities compared with AGT-MA (p < 0.001) and AGT-41 was inactive. There 

was no statistical difference in the catalytic activity of GO in the cell lines expressing this 

enzyme (Fig. 2) (mean GO: 314 ± 120 nmol/min/mg protein).

3.2. Glycolate is only cytotoxic after metabolic conversion to glyoxylate

Different metabolites belonging to the glyoxylate–glyoxylate–oxalate pathway were tested 

for their toxic effect on various CHO cell lines expressing GO and AGT (Fig. 3.). Both 

glyoxylate (at 250 μM and above, Fig. 3A) and oxalate (at 1 mM and above, Fig. 3C) were 

toxic to both wild-type and GO-expressing cells. On the other hand, glycolate was only toxic 

in cells expressing GO (Fig. 3B). The cytotoxicity of glyoxylate and glycolate, but not 

oxalate, in GO expressing cells could be partially counteracted by co-expression of AGT-

MA.

3.3. Glycolate indirect cytotoxicity depends on the activity of normal and mutant AGTs

The dose–response to glycolate incubation at 0.3 μM pyridoxine was studied for all CHO 

cell lines (Fig. 4). Cell lines expressing functional AGT variants showed intermediate 

survival curves compared to the control cell lines (CHO wt and CHO GO) or the inactive 

AGT variant (AGT-41) (Fig. 4). The glycolate concentrations corresponding to a 50% cell 

survival (IC50) were higher for cells expressing normal AGT variants (AGT-MA and AGT-

mi) compared to PH1 mutants and ranged from 739 μM for AGT-MA to 146 μM for 

AGT-41.

3.4. Functional AGT reduces production of glyoxylate and oxalate from glycolate in cells 
expressing GO

The decrease in viability seen after glycolate incubation of cells may result from the 

formation of glyoxylate and oxalate. Glycolate added to the cell culture media of cells 

expressing GO resulted in proportional increases in media oxalate. After 24 h incubation 

with 250 μM glycolate, almost all the glycolate (90%) was metabolized and 60–80% could 
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be recovered as oxalate. Both glycolate and oxalate at concentrations of 250 μM were stable 

in media for such a period. Recovery of oxalate formed was complete as the media of cells 

incubated with 250 μM oxalate for 24 h yielded 247 ± 3 μM oxalate. In the absence of GO 

and AGT, neither oxalate, nor glyoxylate was produced by CHO cells after incubation with 

glycolate (Fig. 5). In contrast, the expression of different AGT variants resulted in 

significant differences in the amount of oxalate and glyoxylate produced (p < 0.05) 

compared to CHO GO. The expression of AGT-MA or AGT-mi resulted in a 4-fold and 3-

fold lower oxalate and glyoxylate produced, respectively, compared with CHO GO cells 

(Fig. 5). In cells expressing the AGT mutant AGT-170, the amount of oxalate and glyoxylate 

produced was higher compared with normal AGT and amounted to 30–40% of the glycolate 

added (Fig. 5) (p < 0.05).

3.5. Pyridoxine attenuates the indirect cytotoxicity of glycolate in cells expressing normal 
and some mutant forms of AGT

In order to see whether pyridoxine was able to increase the metabolic effectiveness of AGT 

mutants, cell lines expressing GO and different AGT variants were cultured in the presence 

of various concentrations of pyridoxine (0–250 μM) before the addition of glycolate (Fig. 6). 

The survival of CHO wt, CHO GO, as well as cells expressing AGT-41 and AGT-152 

remained below 15% at all pyridoxine concentrations. In the other cell lines expressing 

normal AGTs or AGT-170 pyridoxine significantly modified cell survival (p < 0.001). The 

survival of cells expressing AGT-MA, AGT-mi or AGT-170 increased significantly with 

increasing pyridoxine concentration up to 0.3 μM, after which a decrease was observed both 

at 50 μM (Fig. 6) and 250 μM (data not shown). There was a modest but significant increase 

of survival for cells expressing AGT-244, with a 1.6 fold increase in cell survival with 

standard or higher pyridoxine concentrations compared with low concentrations (p < 0.001).

3.6. Pyridoxine decreases oxalate and glyoxylate production

To examine if the increased resistance to indirect glycolate toxicity following the addition of 

pyridoxine could be due to decreased oxalate and glyoxylate production, both metabolites 

were measured in media containing standard or low concentrations of pyridoxine (Table 2). 

Changes in pyridoxine concentrations had no effect on oxalate or glyoxylate produced in 

cells not expressing AGT (CHO GO) and little effect in cells expressing normal AGTs (CHO 

GO + AGT-MA and CHO GO + AGT-mi). However, at lower levels of pyridoxine, cells 

expressing the mutant AGT-170 showed a significant increase of oxalate and glyoxylate 

produced, compared with higher pyridoxine levels (p < 0.001). Oxalate and glyoxylate levels 

produced in cells expressing AGT-170 were always higher than that produced in cells 

expressing AGT-MA (p < 0.02, p < 0.01 for oxalate after Bonferroni correction). Syntheses 

in cells expressing AGT-mi were significantly different from those expressing AGT-MA 

when pyridoxine levels were low (p < 0.01, p < .0.05 after Bonferroni correction for 

oxalate).

3.7. ROS production occurs in cells following glycolate metabolism

Both glyoxylate and oxalate have been reported to provoke oxidative stress in renal cells 

[44–47]. In an attempt to see if such was the case during the metabolism of glycolate to 

glyoxylate and oxalate in CHO cells, we investigated the production of ROS during the 
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indirect glycolate toxicity assay by measuring the oxidation of DCFH in cells incubated with 

glycolate (Fig. 7). In the absence of GO, no change in cellular ROS was detected, but in both 

CHO GO and CHO GO AGT-MA cells, a significant increase in ROS was produced in 

response to glycolate metabolism.

4. Discussion

The development of a cell model that over-expresses GO and produces a cytotoxic response 

on exposure to glycolate has proven to be useful for assessing pharmacological approaches 

that limit mutant AGT mitochondrial mistargeting and for understanding the response of 

AGT mutants to pyridoxine [23,48]. In the present study we have characterized the 

metabolism of glycolate in this model to help understand the mechanism of the cytotoxic 

response and how it is altered by pyridoxine, normal AGT and some of its mutant forms.

In cells expressing GO, glyoxylate and thence oxalate were produced from the metabolism 

of glycolate, and the expression of functional AGT reduced the amount of both. As in 

HepG2 cells, both oxalate and glyoxylate produced in the cells were released in the culture 

media and could be reliably and accurately measured [36]. In CHO cells stably transfected 

with GO, oxalate was the major end product of the added glycolate with smaller amounts of 

glyoxylate detected. The fact that glyoxylate could be measured here probably reflects the 

abnormally high amounts produced since it would be quickly oxidized to oxalate by LDH. 

Recovery of glycolate, as either oxalate or glyoxylate, in the media of cells expressing only 

GO averaged 70%, which could be partly explained by a loss of glyoxylate through reaction 

with surrounding proteins, or trapping in the cells.

In cells stably transfected with GO and various forms of AGT, the production of oxalate and 

glyoxylate was compatible with the specific activities of AGT variants demonstrated with 

purified enzyme preparations as well as the AGT catalytic activities reported in human 

subjects. The indirect cell toxicity seen with glycolate was tempered by the metabolic 

efficiency of AGT variants and was consistent with both AGT activity patterns and 

metabolite production [4,23]. In the present model, the different transfected CHO cells lines 

may have different AGT to GO expression ratios despite having comparable GO and AGT 

expression [23,29], which has to be taken into account when direct comparisons between 

cell lines are made.

The minor allele of AGT has been shown to code for a slightly less stable and less active 

AGT enzyme than that of the major allele, with enzyme activity ranging from 45 to 100% of 

normal depending on the model (purified protein or expression in cells) and the activity in 

the liver reported around 90% [49]. In the present study, the concentrations of oxalate and 

glyoxylate were different in cells expressing AGT-mi and AGT-MA only when pyridoxine 

concentration was below 0.3 μM. Similar urinary oxalate excretions in individuals 

containing only the major allele or heterozygous for the minor allele have been reported, but 

the patients’ status regarding pyridoxine was not known [50]. The impact of the minor allele 

of AGT is expected to be minor at best but may only be of consequence for minor allele 

homozygotes, especially if the pyridoxine levels are low. Cells expressing AGT-170, 

however, produced significantly higher levels of oxalate and glyoxylate than normal AGT, 

Fargue et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2016 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



consistent with its mistargeting to mitochondria in these cells [29] and the elevated oxalate 

production observed in individuals with PH who carry this allele [49].

Studies on normal and mutant forms of purified recombinant AGT have shown that PLP and 

PMP can increase AGT catalytic activity, stability and dimerization [4,21,22,25,26,51–53]. 

The decreased survival of cells expressing AGT-MA, AGT-mi and even AGT-170 seen at 

pyridoxine concentrations of 50 μM and above paralleled the paradoxical decrease in 

catalytic activity seen previously for AGT-MA and AGT-mi [23,48]. Recent work by Cellini 

and colleagues has shown that the excess PNP formed from pyridoxine at high 

concentrations inhibits AGT activity so that there is an optimal pyridoxine concentration 

range below and above which AGT activity is decreased [48]. This effect is specific to this 

vitamer as pyridoxamine and pyridoxal did not result in elevation of PNP. Whether this is 

relevant for treatment in PH patients is unclear but re-elevation of urinary oxalate has been 

reported in PH1 patients treated with higher doses of pyridoxine [15]. Pyridoxine is used as 

a treatment in a variety of inborn errors of metabolism and other diseases and plasma levels 

of PLP under B6 treatment have been reported to be between 200 and 900 nM [27,54–56]. 

Future clinical studies may be able to narrow down the therapeutic target for plasma B6 in 

PH1 patients. In our study, up to concentrations of 300 nM, pyridoxine increased AGT 

activity in cells by both viability assessment and measurement of the oxalate and glyoxylate 

produced. Among the different AGT variants studied, some were more responsive to 

pyridoxine than others, consistent with the known pyridoxine responsiveness of some 

mutants in patients and different responses in purified protein and transfected cells.

In patients with PH1, those expressing the p.[(Pro11Leu; Gly170Arg; Ile340Met)] mutation 

have the greatest pyridoxine responsiveness, sometimes normalizing urinary oxalate [13,15]. 

Studies with the purified protein have shown that the decreased stability of the mutant dimer 

could be normalized by PLP [22]. In CHO cells transfected with this mutant form of AGT, 

pyridoxine had been shown to increase catalytic activity, protein expression and peroxisomal 

targeting [23]. In the present study the survival of cells expressing AGT-170 was improved 

with pyridoxine up to 0.3 μM. This was associated with a significant decrease (≈40%) in 

oxalate and glyoxylate produced by the cells, which is consistent with what is expected to 

happen in hepatocytes of PH1 patients. Neither cell survival nor glycolate metabolism was 

completely normalized by pyridoxine in the present work. It is possible that the optimal 

concentration of pyridoxine necessary to achieve normalization of AGT efficiency falls 

between the levels assessed here and further work will be necessary to narrow the 

therapeutic window.

Some measure of pyridoxine responsiveness was observed for the AGT-244 mutant in the 

cytotoxicity assay. This is consistent with what has been observed in CHO cells and in a few 

PH1 patients carrying the p.[(Pro11Leu; Ile244Thr; Ile340Met)] mutation, who have been 

reported to respond to pyridoxine therapy [20,23]. Surprisingly, cells expressing AGT-152 

did not respond to pyridoxine despite the fact that some PH1 patients expressing the p.

[(Pro11Leu; Phe152Ile; Ile340Met)] allele have been found to be pyridoxine responsive. 

[16,23]. Considering that this cell line displayed a higher sensitivity to glycolate exposure, a 

lower range of glycolate concentrations may have been necessary to be used. Published work 

has shown that the AGT-152 variant is pyridoxine responsive in assays with purified protein, 
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CHO cell expression and in PH1 patients bearing this mutation [21,23]. The minor allele of 

AGT (AGT-mi) has been shown to have a lower stability than AGT-MA, which was 

improved by PLP [22]. Likewise the catalytic activity of AGT-mi was increased by 

pyridoxine in CHO cells [23]. An increased cell survival with small increase in pyridoxine 

was shown in the present study but no significant decrease in oxalate or glyoxylate 

concentrations could be detected. However, since those were already low, it is possible that 

the sensitivity of our assays and small sample size were insufficient to detect it.

Most studies on oxidative stress and oxalate have demonstrated that calcium oxalate 

monohydrate crystals (COM) both generate and are triggered by oxidative stress and ROS 

production [57]. Studies have also shown that oxalate in itself and glyoxylate have the 

potential to cause ROS production in renal proximal tubule cells [44–47]. The fact that cell 

damage and H2O2 production have only been shown for concentrations of free oxalate ≥5 

mM points to the role of COM [44,58]. In contrast, oxidative stress and ROS production in 

renal cells have been seen at lower concentrations (above 0.5 mM after 24 h) [47]. In CHO 

cells, a greater toxicity was seen using similar concentrations of glycolate, compared to 

adding glyoxylate and oxalate to the media. This suggests that production of glyoxylate and 

oxalate in the cells is more efficient in triggering cytotoxicity. Changes in intracellular 

concentrations of oxalate and glyoxylate would need to be assessed to determine their role 

more precisely and their potential for direct cell injury. In our study, both cells expressing 

GO and GO + AGT showed a similar DCF response signal following glycolate metabolism, 

which could be related to the significant hydrogen peroxide production during GO activity, 

although other reactive oxygen species triggered by glyoxylate or oxalate cannot be 

excluded. The inability of AGT to suppress ROS production in contrast to its protection 

against loss of viability suggests that ROS production is not in itself the major contributor to 

glycolate sensitivity in CHO GO cells. Other measures of oxidative stress and potential 

mitochondrial repercussions could however be studied in such a cell model, where direct 

production of oxalate and glyoxylate takes place in cells. The possible implications for PH 

in the liver, and other tissues, warrants further investigation.

In addition to detecting changes in the metabolic activity of AGT, this system could be used 

to detect a decreased activity (inhibition) of GO, which would be expected to be of equal 

benefit to patients with PH1 and indeed other forms of PH. Therapies targeting GO and GO 

inhibitors have been the object of several studies and would be logical candidates for this 

assay [59–61]. Inhibitors should attenuate the cytotoxic response of GO-expressing cells to 

glycolate. Adapting the present method for drug screening would allow candidate drugs to 

be tested for their potency. Such an assay could find a place alongside current models for 

drug screening in PH, such as yeast assays and mouse models [52,62, 63]. In addition to a 

qualitative assessment, this system could also allow a more quantitative description of the 

cellular mechanism of action (protein expression, catalytic activity, subcellular targeting) as 

has been done recently [30,48], as well as a direct assessment of oxalate and glyoxylate 

produced by the cells.
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Fig. 1. 
Compartmentalization of enzymes and the flux of metabolites in CHO cells stably 

transfected with GO and AGT. AGT: normal alanine:glyoxylate aminotransferase targeted to 

peroxisomes; AGT*: mutant AGT mistargeted to mitochondria; GO: glycolate oxidase; 

LDH: lactate dehydrogenase; ECF: extracellular fluid. Untransformed CHO cells express 

LDH but not AGT or GO. Solid arrows indicate metabolic pathways; dashed arrows indicate 

transport pathways.
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Fig. 2. 
GO and AGT catalytic activities in stably transfected CHO cell lines. Units: GO nmol 

substrate/min/mg protein (black boxes); AGT μmol pyruvate/h/mg protein (gray 

histograms). The results of the AGT assay were published in part previously [29]. The 

reference ranges for GO and AGT activity in the human liver are 13.2–101.6, and 19.1–47.9, 

respectively [34,43]. Results (n = 5–9) are expressed as mean ± SEM. GO catalytic activities 

in different cell lines were compared to the GO activity in CHO GO AGT-MA cells (***p < 

0.001).
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Fig. 3. 
Influence of GO and AGT on cell survival after incubation with 2-carbon metabolites. CHO 

wt (white), CHO GO (black) and CHO GO AGT-MA (gray) cells were exposed to 

increasing concentrations (0–1 mM) of either glyoxylate (A), glycolate (B) or oxalate (C) 

for 1 day. Cell viability was normalized against untreated controls and expressed as mean% 

of the control (+SD; n ≥ 3). Significant differences are marked as follows: $: AGT-MA vs 

WT; #: AGT-MA vs GO; *: GO vs WT ($$$/###/***p < 0.001; #/*p < 0.05).
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Fig. 4. 
Impact of AGT variants on cell survival after incubation with varying concentrations of 

glycolate. CHO wt cells (black △) and CHO cells stably expressing GO (orange ○) ± 

different AGT variants (AGT-MA: blue □, AGT-mi: green ◇, AGT-170: red ▲, AGT-152: 

purple ●, AGT-244: violet ■, AGT-41: yellow ◆) were incubated for 2 days with glycolate 

(0 to 1500 μM). Cell survival was normalized against untreated controls. Data expressed as 

mean ± SEM (n ≥ 2). Cell survival curves were fitted with Graphpad Prism 6.0 software.

Fargue et al. Page 18

Biochim Biophys Acta. Author manuscript; available in PMC 2016 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Synthesis of oxalate and glyoxylate in CHO cells expressing GO and AGT after incubation 

with varying concentrations of glycolate. CHO wt and CHO cells expressing GO ± AGT-

Ma, AGT-mi or AGT-170 were incubated with different glycolate concentrations (a: 0, b: 

100, c: 250 μM) for 24 h. The concentrations of oxalate (white bars), glycolate (black bars) 

and glyoxylate (gray bars) released in the media were measured by IC, IC/MS and HPLC, 

respectively and plotted as stacked columns. Results (n ≥ 3) are expressed as mean ± SD.
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Fig. 6. 
Effect of pyridoxine on the survival of CHO GO AGT cells after glycolate incubation. CHO 

cells stably expressing GO ± different AGT variants (AGT-MA, AGT-mi, AGT-170) grown 

in different concentrations of pyridoxine (0: light gray, < 0.3: dark gray, 0.3: black, 50 μM: 

hatched) were incubated for 2 days with glycolate (0, 500, 750 μM). Cell survival was 

normalized against untreated controls grown in the same pyridoxine concentration and 

expressed as a ratio to the survival at matched (500 and 750 μM). Glycolate in 0.3 μM 

pyridoxine. Results are expressed as mean and range (n ≥ 4) of both glycolate 

concentrations. Different superscript letters denote significant differences between columns 

(p < 0.01). The estimated range of normal PLP levels in human plasma is 10–100 nmol/l.
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Fig. 7. 
Reactive oxygen species (ROS) production. Intracellular ROS production was measured 4 h 

after incubation with glycolate (0–250 μM) in CHO wt (dashed line) and CHO GO (full line) 

CHO GO + AGT-MA (dotted line) after loading with DCF-DA. Results are expressed as 

mean ± SEM relative increases in specific fluorescence intensities (n = 2–4), statistical 

difference between CHO wt and CHO GO ± AGT-MA is indicated (**p < 0.01; ***p < 

0.001).
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Table 2

Effect of pyridoxine on oxalate and glyoxylate production in stably transfected CHO cells incubated with 

glycolate.

Cell line Oxalate (μM) Glyoxylate (μM)

Standard B6 Low B6 Standard B6 Low B6

100 μM glycolate

CHO GO AGT-MA 2.2 ± 1.7 4.9 ± 0.8a,* 0.6 ± 0.2 1.1 ± 0.3

CHO GO AGT-mi 5.8 ± 0.8b,* 7.2 ± 1.0b,** 0.7 ± 0.2 1.1 ± 0.3

CHO GO AGT-170 16.2 ± 2.8b,** 30.2 ± 2.2a,b,*** 2.1 ± 0.7b 4.7 ± 0.4a,b,***

CHO GO 69.7 ± 7.0 61.1 ± 8.9 6.3 ± 0.2 9.6 ± 0.2

250 μM glycolate

CHO GO AGT-MA 11.9 ± 4.3 11.1 ± 1.9 1.2 ± 0.3 2.0 ± 0.4a,*

CHO GO AGT-mi 17.2 ± 3.3 20.6 ± 1.6b,*** 1.7 ± 0.9 3.2 ± 0.1b,***

CHO GO AGT-170 51.9 ± 6.7b,*** 86.7 ± 4.3a,b,*** 8.1 ± 2.5b,** 18.4 ± 2.4a,b,***

CHO GO 139.9 ± 17.8 128.2 ± 5.2 24.8 ± 0.1 31.7 ± 1.7

Cells were grown at least 4 weeks in either standard pyridoxine concentration (0.3 μM) or with low pyridoxine concentration (< 0.3 μM) (see 
Experimental procedures). Adapted cells were incubated with 100 or 250 μM glycolate for 24 h. The concentrations of oxalate and glyoxylate 
released in the media were measured by IC and reverse phase HPLC, respectively. Results (n = 3–4, except CHO GO, n = 2) are expressed as 
means ± SD. The background oxalate (1.7 μM) and glyoxylate (2.3 μM) measured in CHO wt incubated with 250 μM glycolate was subtracted 
from the data. A significant difference in oxalate and glyoxylate production between standard and low concentrations of pyridoxine is indicated by 
(a) between cells expressing AGT variants by (b). Statistical analysis was done by Student’s t-test (raw p values: *p < 0.05; **p < 0.01; ***p < 
0.001). Bold values indicate p < 0.05 after Bonferroni correction.
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