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Aldh 112 knockout mouse metabolomics
links the loss of the mitochondrial folate
enzyme to deregulation of a lipid
metabolism observed in rare human
disorder
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Abstract

Background: Mitochondrial folate enzyme ALDH1L2 (aldehyde dehydrogenase 1 family member L2) converts 10-
formyltetrahydrofolate to tetrahydrofolate and CO, simultaneously producing NADPH. We have recently reported
that the lack of the enzyme due to compound heterozygous mutations was associated with neuro-ichthyotic
syndrome in a male patient. Here, we address the role of ALDH1L2 in cellular metabolism and highlight the
mechanism by which the enzyme regulates lipid oxidation.

Methods: We generated Aldh1/2 knockout (KO) mouse model, characterized its phenotype, tissue histology, and levels
of reduced folate pools and applied untargeted metabolomics to determine metabolic changes in the liver, pancreas,
and plasma caused by the enzyme loss. We have also used NanoString Mouse Inflammation V2 Code Set to analyze
inflammatory gene expression and evaluate the role of ALDH1L2 in the regulation of inflammatory pathways.

Results: Both male and female Aldh1/2 KO mice were viable and did not show an apparent phenotype. However, H&E
and Oil Red O staining revealed the accumulation of lipid vesicles localized between the central veins and portal triads
in the liver of Aldh1/2”" male mice indicating abnormal lipid metabolism. The metabolomic analysis showed vastly
changed metabotypes in the liver and plasma in these mice suggesting channeling of fatty acids away from (-
oxidation. Specifically, drastically increased plasma acylcarnitine and acylglycine conjugates were indicative of impaired
B-oxidation in the liver. Our metabolomics data further showed that mechanistically, the regulation of lipid metabolism
by ALDH1L2 is linked to coenzyme A biosynthesis through the following steps. ALDH1L2 enables sufficient NADPH
production in mitochondria to maintain high levels of glutathione, which in turn is required to support high levels of
cysteine, the coenzyme A precursor. As the final outcome, the deregulation of lipid metabolism due to ALDHTL2 loss
(Continued on next page)

* Correspondence: sergey_krupenko@unc.edu

"Natalia I. Krupenko and Jaspreet Sharma contributed equally to the study.
'Nutrition Research Institute, University of North Carolina, Chapel Hill, NC,
USA

2Department of Nutrition, University of North Carolina, Chapel Hill, NC, USA
Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40246-020-00291-3&domain=pdf
http://orcid.org/0000-0002-6926-2776
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:sergey_krupenko@unc.edu

Krupenko et al. Human Genomics (2020) 14:41

Page 2 of 15

(Continued from previous page)
led to decreased ATP levels in mitochondria.

homeostasis and the energy balance in the cell.

Coenzyme A

Conclusions: The ALDH1L2 function is important for CoA-dependent pathways including 3-oxidation, TCA cycle, and
bile acid biosynthesis. The role of ALDH1L2 in the lipid metabolism explains why the loss of this enzyme is associated
with neuro-cutaneous diseases. On a broader scale, our study links folate metabolism to the regulation of lipid
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Background

Folate metabolism, linked to the one-carbon transfer,
supports fundamental cellular processes such as amino
acid biogenesis, nucleotide biosynthesis, methylation,
and NADPH production [1]. Biochemical reactions in-
volving folate coenzymes are executed by more than 20
enzymes, which typically reside in cytoplasm or mitochon-
dria [1]. ALDHIL2, a mitochondrial enzyme in folate
metabolism, converts 10-formyl-THF (tetrahydrofolate) to
THF and CO, in a NADP"-dependent reaction [2]. While
the biological significance of this enzyme is not fully
understood, it was reported that the ALDH1L2-catalyzed
reaction is an important source of NADPH in mitochon-
dria [3], and this function links the enzyme to melanoma
metastasis [4]. We have recently reported that the loss of
the ALDHIL2 activity through deleterious mutations in
the ALDHIL2 gene is linked to neuro-ichthyotic syn-
drome [5]. Such syndromes represent a group of rare gen-
etic diseases commonly associated with impaired lipid
metabolism [6]. One of the most recognized of these con-
ditions, Sjogren—Larsson syndrome (SLS: MIM#270200),
is typically caused by mutations in the ALDH3A2 gene en-
coding for fatty acid aldehyde dehydrogenase and charac-
terized by congenital ichthyosis, leukoencephalopathy,
intellectual disability, and spastic di- or tetraplegia [7].
ALDHI1L2-deficient patient displayed atypical phenotype
with fibroblasts derived from his skin showing strong
changes in acylcarnitines and intermediates of the Krebs
cycle compared to the cells from healthy individuals [5].
Overall, this study demonstrated that ALDH1L2 is im-
portant for the mitochondrial integrity and for mainten-
ance of the energy balance in the cell.

A homologous enzyme with the same activity,
ALDHILI, resides in cytoplasm [8]. The two enzymes
are products of different genes with mitochondrial
ALDHI1L2 appearing as the result of gene duplication
during vertebrate evolution; the event can be traced to
bony fish [9]. The primordial Aldhlll gene was the
product of natural fusion of three unrelated genes, (i) a
folate-related formyltransferase, (ii) an acyl carrier pro-
tein, and (iii) an aldehyde dehydrogenase [8]. Merging a
folate-binding domain with the aldehyde dehydrogenase
catalytic machinery enabled a novel enzymatic reaction,

the oxidation of folate-bound formyl group to CO,. Ex-
perimental data suggest that this reaction is important
for the regulation of the overall cellular folate pool as
well as the proliferative capacity of the cell [10, 11]. We
have recently generated mice with targeted Aldhill
knockout and demonstrated that the animals lacking the
enzyme display metabolic signs of folate deficiency and
have impaired glycine metabolism in the liver [12]. The
cause of these metabolic perturbations was the inability,
in the absence of ALDH1L1, to convert 10-formyl-THF
to THF resulting in the shortage of the latter metabolite
required for the generation of glycine from serine [12].
These findings support the hypothesis that in non-
proliferating cells the ALDH1L1-catalyzed reaction is
important to restore the THF pool [13]. THF is the
acceptor of one-carbon groups in the folate metabol-
ism and is required for the serine to glycine conver-
sion, histidine degradation, and formate oxidation,
the reactions taking place in cytoplasm [1]. In mito-
chondria, THF is involved in additional reactions,
the glycine degradation and the utilization of the in-
termediates of choline/betaine metabolism, dimethyl-
glycine, and sarcosine [1].

Mitochondria and cytoplasm cannot freely exchange
folate coenzymes or metabolites of folate pathways, the
phenomenon causing strict compartmentalization of
folate metabolism [1]. Accordingly, two sets of folate
enzymes, cytoplasmic and mitochondrial, are present in
eukaryotic cells. These enzymes play specialized roles in
cellular metabolism but may have somewhat overlapping
functions as demonstrated for serine hydroxymethyl-
transferases [14]. The question of whether ALDHI1L1
and ALDH1L2 functions are redundant or whether they
have independent significance for the cell remained un-
answered. The overlapping function of the two enzymes
is perhaps suggested by the fact that birds and reptiles
have lost the gene for the cytosolic enzyme [9]. In our
previous study, Aldh1l1 knockout mice were viable and
did not have apparent phenotype [12] raising the ques-
tion of whether the mitochondrial enzyme can compen-
sate for the loss of the cytosolic counterpart. Here, we
have generated and characterized Aldh1l2 knockout
mice and demonstrate that in contrast to ALDHI1LI, the
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mitochondrial enzyme is important for the regulation of
lipid metabolism.

Materials and methods

Generation of Aldh1/2 knockout mice

All animal experiments were conducted in strict accord-
ance with the National Institutes of Health’s “Guide for
Care and Use of Laboratory Animals” and were ap-
proved by the Institutional Animal Care and Use Com-
mittee at the Medical University of South Carolina
(MUSC), Charleston, South Carolina, and by the Institu-
tional Animal Care and Use Committee at the David H.
Murdock Research Institute (DHMRI), Kannapolis,
North Carolina. Mice were housed in microisolator
cages on a 12-h light/dark cycle and allowed access to
water and chow ad libitum. ES cells (clone EPD0514 5
F12 with the targeted non-conditional allele for Aldh112)
were obtained from the NCRR-NIH-supported KOMP
Repository (www.komp.org). This clone was from the
C57BL/6N background with the agouti gene engineered
into the agouti locus. Mice were generated at the MUSC
Transgenic and Genome Editing Core Facility by a
standard method [15]. ES cells (passage 4) have been ex-
panded and injected into freshly isolated C57BL/6-Tyr"
blastocysts (10 ES cells per blastocyte), which were fur-
ther injected into CD-1 pseudo-pregnant mice (12 blas-
tocysts per mouse). Six chimeric pups were born from
three injected females and at weaning, we obtained four
male chimeric mice, three having 70-98% and one hav-
ing 40% of the agouti coat color. All male chimeras were
bred to C57BL/6-Tyr® females, and both black and
agouti pups (male and female) were tested for germline
transmission of the targeted gene. Two of the chimeras
(40% and 98%) showed germline transmission. Mice,
heterozygous for the targeted allele, were bred back to
the C57BL/6N mice. Heterozygous (Aldh112*") breed-
ing pairs were used to generate knockout and wild type
littermates for the studies.

Genotyping

Genotyping was carried out by polymerase chain reaction
(PCR) of tail lysates obtained using direct PCR (Tail) lysis
reagent (cat #101-T) and Proteinase K (specific activity >
600 U/ml, Thermo Scientific, cat #EO0491). Primers for
genotyping are shown in Supplementary Table S1.

Tissue histology

Three-month-old mice were euthanized using CO,, or-
gans were harvested, fixed using 4% paraformaldehyde
in sodium phosphate buffer pH 7.4, and embedded in
paraffin. Five-micrometer sections were deparaffinized,
rehydrated, and stained with H&E. For Oil Red O stain-
ing, the liver tissues (frozen OCT blocks) were cut into
5 pm sections, mounted on slides, and allowed to dry.

Page 3 of 15

The sections were fixed in 10% formalin for 10 min, and
then, the slides were rinsed with PBS (PH 7.4). After air
dry, the slides were placed in 100% propylene glycol for
2 min and stained in 0.5% Oil Red O solution in propyl-
ene glycol for 30 min. The slides were then transferred
to an 85% propylene glycol solution for 1 min, rinsed in
distilled water twice, and processed for hematoxylin
counterstaining.

Western blot assays

Total protein was prepared from flash-frozen tissues.
Approximately 300 mg of the tissue was minced and ho-
mogenized in 1ml of RIPA or IP-lysis buffer (Thermo
Scientific, Pittsburg, PA) with protease and phosphatase
inhibitors (1:100, Sigma-Aldrich, St. Louis, MO). Proteins
were resolved by SDS-PAGE in 4-15% gradient gels
(Novex, Invitrogen, Carlsbad, CA) and transferred to
PVDF membranes (Millipore, Bedford, MA) in a transfer
buffer containing 10% methanol. The membranes were
probed with primary antibodies in Tris-buffered saline
with Tween-20 and 5% nonfat milk or BSA. A detailed de-
scription of the primary antibodies is provided in Supple-
mentary Table S2. Horseradish peroxidase-conjugated
secondary antibodies (GE Healthcare) were used at 1:5000
dilution and signal assessed with Super Signal West Pico
chemiluminescence substrate (ThermoFisher Scientific,
Waltham, MA, USA).

Preparation of mitochondrial and cytosolic fractions
Mitochondria were isolated by differential centrifugation
using the Mitochondria Isolation kit (Abcam, Cambridge,
UK) according to the manufacture’s protocol and were sol-
ubilized using IP-lysis buffer. Following the isolation of
mitochondria, the supernatant representing the cytosol was
spun at 22,000xg for 30 min and the resultant supernatant
was concentrated five-fold in a centrifugal concentrator
with a molecular weight cut-off of 10,000 (Merck-Millipore,
Burlington, MA).

Assays of reduced folate pools

Samples were prepared essentially as we described [16].
Fifty milligrams of tissues was homogenized on ice in 1
ml of 50 mM Tris-HCI buffer, pH 7.4 containing 50-mM
sodium ascorbate using a Dounce homogenizer and
lysed by heating for 3 min in a boiling water bath. In the
case of the whole blood, 50 pl of the sample was mixed
with 450 ul of the same buffer and treated as above.
Lysates were chilled on ice and centrifuged for 5 min at
17,000xg at 4 °C. Folate pools were measured in tissue
lysates by the ternary complex assay method as we de-
scribed previously [15, 17]. Folate levels were calculated
per milligram of protein measured by Bradford assay or
per milliliter of whole blood. Statistical analysis was
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carried out using GraphPad Prism VIII software. Statis-
tical significance was calculated using Student’s ¢ test.

ATP and NADPH assays

The liver tissue was excised and flash-frozen from mice
under isoflurane following IACUC guidelines. ATP and
NADPH/NADP" were measured in whole liver lysate or
isolated mitochondria using colorimetric ATP and fluor-
escence NADPH/NADP™ kits (Abcam, ab83355 and
ab65349), respectively, according to the manufacturer’s
protocols. Twenty-five micrograms of the sample were
used in the assay. In each case, experiments were carried
out in quadruplicates. Statistical analysis was carried out
using the GraphPad Prism VIII and JMP software. Statis-
tical significance was calculated using Student’s ¢ test.

Metabolome analysis

Metabolomics was performed using commercial services
from Metabolon (Durham, NC). Individual samples
(100-200 mg of flash-frozen tissue) were subjected to
methanol extraction then split into aliquots for analysis
by ultrahigh performance liquid chromatography/mass
spectrometry (UHPLC/MS). The global biochemical
profiling analysis included four unique arms consisting
of reverse phase chromatography-positive ionization
methods optimized for hydrophilic compounds (LC/MS
Pos Polar) and hydrophobic compounds (LC/MS Pos
Lipid), reverse phase chromatography with negative
ionization conditions (LC/MS Neg), as well as a HILIC
chromatography method coupled to negative ion mode
ESI (LC/MS Polar) [18]. All of the methods alternated
between full-scan MS and data-dependent MSn scans.
The scan range varied slightly between methods but
generally covered 70-1000 m/z. Metabolites were identi-
fied by automated comparison of the ion features in the
experimental samples to a reference library of chemical
standard entries that included retention time, molecular
weight (m/z), preferred adducts, and in-source fragments
as well as associated MS spectra and curated by visual
inspection for the quality control using software
developed at Metabolon [19]. A detailed description
of metabolome-related methodology is provided in
Supplementary Methods.

Statistical analysis

The analysis was carried out essentially as described
[5, 20-22]. Two types of statistical analyses were per-
formed: (1) significance tests and (2) classification
analysis. Standard statistical analyses were performed
in Array Studio software package on log-transformed
data. For analyses not standard in Array Studio, the R
program (http://cran.r-project.org/) was used. Follow-
ing log transformation and imputation of missing
values, if any, with the minimum observed value for
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each compound, Welch’s two-sample ¢ test was used as a
significance test to identify biochemicals that differed sig-
nificantly (p < 0.05) between experimental groups. An es-
timate of the false discovery rate (g value) was calculated
to take into account the multiple comparisons that nor-
mally occur in metabolomic-based studies. Classification
analyses used included principal components analysis
(PCA), hierarchical clustering, and OPLS-DA. For the
scaled intensity graphics, each biochemical in the original
scale (raw area count) was rescaled to set the median
across all samples equal to 1.

NanoString

RNA was extracted using a mRNeasy micro kit (Qiagen,
Valencia, CA, Catalog #217084), and the gene expression
analysis was performed by the genomics facility of David
H. Murdok Research Institute (Kannapolis, NC). Raw in-
tensity values (counts) obtained from the analysis were
normalized using counts for six housekeeping genes in-
cluded in the array.

Results

Generation and characterization of Aldh1/2”" mice

We generated AldhIl2” mice using ES cells (clone
EPD0514_5_F12 with the targeted non-conditional allele
for Aldhl1l2) obtained from the NCRR-NIH-supported
KOMP Repository (www.komp.org). The non-conditional
targeting of Aldh1l2 was achieved via homologous recom-
bination with the gene-trapping vector depicted in Fig. 1a,
whereby the trapping cassette inserted in the intron up-
stream of exon 11 and resulting in a constitutive null mu-
tation. PCR-based genotyping of the wild type Aldhil2
allele generated a 338-bp amplicon, whereas amplification
of the mutant allele generated a 598-bp amplicon (Fig.
1b). The successful knockout of the Aldhll2 gene was
demonstrated by the loss of the ALDH1L2 mRNA and
protein in the pancreas, the organ with the highest expres-
sion of the enzyme (Fig. 1c, d). Of note, heterozygous
Aldh1l2*” mice showed a partial decrease in the
ALDHI1L2 protein levels in the pancreas indicating a
gene-dosage effect on the protein expression (Fig. 1d and
Supplementary Fig. S1). We have also demonstrated the
loss of the enzyme in the liver though its levels in this
organ are much lower than in the pancreas (Fig. 1c, d).
Analysis of the expression of the cytosolic isoform,
ALDHI1L1, showed that it was not affected by the loss of
the ALDH1L2 protein (Fig. 1c, d).

Both female and male Aldh112”" mice were viable, fer-
tile, and developed normally with their body weight
similar to the weight of wild type littermates at weaning
and at the age of 6 months (Supplementary Table S3 and
Supplementary Fig. S4). No phenotypic difference be-
tween Aldh112”" and Aldh112** mice in terms of growth
or food consumption was observed, and knockout mice
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Fig. 1 Generation and characterization of Aldh1/2 knockout mice. a Schematic presentation of the Aldh1/2 gene-trapping vector. Ex, exon; FRT,
Flp-recombinase target; loxP, Cre-recombinase site. Primers for mouse genotyping and their approximate target locations are shown (WTf and
WTr, primers for the wild type allele; RAF5-12 and TTR1-12, primers for the disrupted allele). b PCR-based genotyping of the wild type Aldh1I2 allele
(WTFf/WTr primer pair) generates a 338 bp fragment, whereas amplification of the disrupted allele (RAF5-12/TTR1-12 primer pair) generates a 598-bp
fragment. ¢ Levels of Aldh112 and Aldh11T mRNA in the pancreas and liver of wild type and Aldh1/2 KO mice measured by RT-PCR. d Western blot
assays of mitochondria (upper panels) and cytosol (lower panels) from pancreas of Aldh12**, Aldh112*=, and Aldh112”~ mice (n = 3). e Westemn blot
assays of mitochondria (upper panel) and cytosol (lower panel) from livers of Aldh112%* and Aldh1127~ mice (n = 2). St, molecular weight standards. f
H&E and g Oil Red O staining of the liver tissue from Aldh1/2** and Aldh1/2”" male mice (two mice for each genotype were analyzed)
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appeared healthy. Offspring analysis from Aldh1I2"" in-
tercrosses (192 pups) showed an average litter size of
6.13 and no deviation from the Mendelian inheritance
ratio (slight differences observed for males did not reach
significance). Similar litter size (6.1) was observed when
mating male or female Aldh1l2”" with AldhII2"" mice,
as well as from mating pairs where both sexes were ei-
ther Aldh112”" or Aldh1l2""* genotype (Supplementary
Table S4). Thus, the loss of Aldh1l2 neither affects the
mice fertility nor results in embryonic lethality.

Effect of Aldh1/2 KO on tissue histology
Gross examination of the brain, lungs, kidney, liver, pan-
creas, heart, and spleen did not reveal any noticeable

differences between genotypes in the organ size, weight,
or morphology (Supplementary Figs. S3). H&E staining
and histological analysis of the tissues further indicated
the lack of differences between the two genotypes (Sup-
plementary Fig. S4). Overall, our study demonstrates
that phenotypically, the Aldh112” genotype is indistin-
guishable from the Aldh112** genotype in most organs.
However, histological changes were noted in the liver of
KO male mice. Specifically, the livers of male mice con-
tain increased vacuolar change consistent with the accu-
mulation of lipid in hepatocytes as observed in the fatty
livers (Fig. 1f). The vacuolar changes are focused around
the central veins with smaller vacuoles closer to the vein
and larger vacuoles in the midzonal region. This is an
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important observation as the blood oxygenation and
metabolic capacities of hepatocytes differ based on loca-
tion within the lobule. Oil Red O staining of liver sec-
tions confirmed the high content of lipids in the liver in
male mice (Fig. 1g). Overall, these data showed that the
male knockouts accumulate more fats in the liver than
wild type mice.

Levels of folate, NADPH, and ATP in Aldh1/2 KO mice

We have evaluated levels of reduced folate pools in the
livers of Aldh112”" and Aldh112*/* male mice. Our folate
assay measures 10-formyl-THF, 5-methyl-THF, the com-
bination of THEF/5,10-methylene-THF, and the combin-
ation of dihydrofolate (DHF) and folic acid (FA) [15, 17].
We observed statistically significant differences between
the genotypes in two folate pools, 10-formyl-THF and
FA/DHE, with higher levels of these metabolites found
in Aldh112”" mice (Fig. 2a). Of note, the total folate pool
was not different between Aldh1l2”" and Aldh112**
mice (Fig. 2a). The changes in 10-formyl-THF agree with
the role of ALDH1L2-catalyzed reaction and correspond
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to the elevation of this folate pool in a patient lacking
ALDHI1L2 expression due to compound heterozygous
mutations [5].

Since ALDH1L2 produces NADPH and was reported as
a major contributor to the NADPH pool in mitochondria
[3], we measured levels of NADPH and total NADP*/
NADPH in liver lysates. These experiments showed that
levels of NADPH indeed were significantly (40%) decreased
in Aldhll2”" compared to Aldh1I2** mice (Fig. 2b and
Supplementary Fig. S5). Interestingly, the total NADP"/
NADPH pool was also decreased to a similar extent so the
ratio between the oxidized and reduced forms remained
the same (Fig. 2¢, d; Supplementary Figs. S6 & S7). We
have also observed a strong decrease in ATP in Aldhll2”
mice (Fig. 2e, f; Supplementary Figs. S8, S9 & S10). These
changes were more profound in mitochondria with only
marginal changes in the cytosol, and moderate changes in
the total lysates that reflect the sum of changes in both
compartments (Fig. 2e, f).
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Fig. 2 Levels of ALDH1L2-relevant metabolites in the liver of Aldh112* and Aldh 1127~ male mice. a Levels of reduced folate pools (FA, folic acid;
THF, tetrahydrofolate; 5-MTHF, 5-methyl-THF; 10-CHO-THF, 10-formyl-THF). For each group, samples from 3 mice were analyzed in quadruplicate.
b-d Levels of NADPH, NADPH plus NADP™ (NADPt), and the ratio between oxidized/reduced coenzyme. Five and six mice were analyzed for
Aldh112%* (WT) and Aldh 1127~ (KO) groups, respectively; analysis was done in quadruplicate. e Levels of ATP in mitochondria, cytosol, and total
liver lysates. Number of biological replicates (b-e) correspond to the number of dots; for each sample, measurements were performed in
quadruplicate. f Relative changes in ATP between Aldh1/2™* and Aldh1/2”" mice. Numbers in a—e show p values (statistical analysis was carried
out using graph pad Prism VIII software. Data are expressed as mean + SE. Statistical significance was calculated using Student's t test)
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Metabolomic analysis of Aldh1/2 knockout mouse tissues

We performed an untargeted metabolomic analysis of
the liver and pancreatic tissues isolated from Aldh112*,
Aldn112*”, and Aldh112”" male mice. In these experi-
ments, lysates were prepared from the whole tissues. In
the liver, we observed a strong effect of the KO on the
metabolomic profile (Fig. 3a). Specifically, a significant
effect of genotype was evident for 267 out of total 676
assigned metabolites (p < 0.05 for 195 metabolites and
0.05 < p < 0.1 for 72 metabolites) with OPLS-DA show-
ing good segregation between genotypes and the gene-
dosage dependence (Fig. 3b). Though no effect of the
KO on levels of folate was observed in this analysis, it
should be emphasized that this metabolomic approach
typically measures a limited number of folate coenzymes
(5-MTHEF, FA, and dihydrofolate) and only their mono-
glutamylated forms; thus, these values do not reflect the
actual folate changes, especially if they are not large. In
the pancreas, Aldhll2 KO resulted in statistically
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significant changes only for 91 metabolites (p < 0.05 for
62 metabolites and 0.05 < p < 0.1 for 29 metabolites, Fig.
3a). OPLS-DA showed good separation of pancreatic
metabotypes between AldhII2"* and Aldhll2”" mice,
but the metabotype of the heterozygous Aldh1[2*" mice
was more similar to the metabotype of the knockout
mice (Fig. 3c). Twenty-one metabolites that differenti-
ated the study groups were common between the two
tissues (Fig. 3d, e).

Effect of Aldh1/2 KO on the liver metabolome

Analysis of metabolomic data in the liver of Aldh1[2*,
Aldh112", and Aldh1l2”" mice showed strong changes
in numerous metabolites from a variety of pathways
(Supplementary Data File 1), which could be a result of
the decreased NADPH (Fig. 4a, b). Insufficient produc-
tion of NADPH in mitochondria is commonly associated
with decreased cellular capacity to remove ROS leading
to increased oxidative stress [23—25]. Our data indicate
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Fig. 3 Comparison of the liver and pancreas metabolomic data for Aldh1/2**, Aldh112*/~, and Aldh1/27~ male mice. a Summary of metabolome
analysis. b, ¢ OPLS-DA of metabolomic data for the liver and pancreas (three Aldh1/2 genotypes are included). d Venn diagram showing the
number of metabolites changed in the liver and pancreas upon ALDH1L2 loss. e List of metabolites changed in both the liver and pancreas upon
the ALDH1L2 loss
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Fig. 4 Metabolomic analysis of Aldh112"*, Aldh1/2"~, and Aldh112”~ male mice links metabolic changes to ALDH1L2 function. a Proposed
sequence of linked metabolic nodes downstream of ALDH1L2 catalysis. b The ALDH1L2 loss causes NADPH decrease; schematic depicts the
mechanism of associated decrease in antioxidants, GSH and ascorbate. c-e Levels of y-glutamyl cycle metabolites and ascorbate are diminished
while levels of dehydroascorbate are increased in Aldh1/2 KO mice. f Cystine is strongly elevated in plasma of Aldh1/2 KO mice. g Coenzyme A
biosynthesis and pathways downstream of the coenzyme affected by the Aldh1/2 loss. h-I Intermediates of coenzyme A biosynthesis, TCA cycle
metabolites, bile acids, and ATP are decreased while methylmalonic acid (MMA) is elevated in Aldh1/2 KO mice




Krupenko et al. Human Genomics (2020) 14:41

that levels of common antioxidants, GSH and cysteine,
are drastically decreased (8.3-fold and 5.6-fold, respect-
ively) in Aldh1l2 KO mice (Fig. 4c). In support of the
loss of the reductive potential of the cell, levels of ascor-
bate (vitamin C) decreased 5-fold while levels of dehy-
droascorbate (oxidized vitamin C) increased 1.66-fold,
dropping the reduced/oxidized vitamin C ratio more
than 8-fold (Supplementary Data File 1 and Fig. 4e).
GSH also serves as a storage for cysteine, with GSH,
cysteinylglycine and cysteine being a part of y-glutamyl
cycle (simplistically illustrated in Fig. 4d) [26]. Three key
metabolites of this cycle are strongly decreased in
Aldh1l2 KO mice (Fig. 4c), the finding indicating that
the loss of the gene limits cysteine availability and thus
decreases the liver’s capacity for cysteine-dependent re-
actions. Cysteine is directly obtained from the diet or
synthesized from methionine via the methionine cycle
and transsulfuration pathway [27]. Apparently, the latter
pathway does not compensate for the oxidation-linked
loss of cysteine in Aldh1l2”" mice: the intermediate of
the pathway, cystathionine is reduced in KO mice (Sup-
plementary Data File 1). In support of the loss of cyst-
eine due to oxidation, levels of cystine are elevated in
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plasma of KO mice 5.18-fold, p = 0.011 (Fig. 4f and Sup-
plementary Data File 3).

One of the key cysteine-required pathways, the coenzyme
A (CoA) biosynthesis [28], is strongly downregulated in
Aldh112 KO mice (Fig. 4g, h). Three consecutive metabolites
within the pathway downstream of the cysteine-required
step, including the final product CoA, are significantly de-
creased in the KO compared to wild type mice (Fig. 4h). Fur-
ther analysis showed that several CoA-dependent pathways
are altered in KO mice. This finding indicates that upon the
ALDHIL2 loss, the CoA deficiency has a strong impact on
liver metabolism. Specifically, the accumulation of methyl-
malonic acid (observed in both the liver and pancreas), the
dramatic drop in the bile acid levels, and the accumulation
of acylcarnitines are in agreement with a low abundance of
CoA (Fig. 4g—i and Supplementary Data File 1). One of the
most crucial pathways requiring CoA, [B-oxidation of fatty
acid, is also expected to be downregulated in the KO mice
(Fig. 4g). Both the accumulation of acylcarnitines and de-
creased intermediates of TCA cycle support this mechanism
(Supplementary Data File 1 and Fig. 4k). In agreement with
a lower capacity of the TCA cycle, the level of ATP in the
liver of Aldh1/2 KO mice was decreased (Fig. 41).
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Fig. 5 Comparison of the liver and plasma metabolomic data for wild type and Aldh1/2 KO male mice. a Summary of metabolome analysis. b
Venn diagram showing metabolites changed in liver and plasma upon ALDH1L2 loss. ¢, d OPLS-DA of metabolomic data for the plasma and liver
of wild type and KO mice. e Schematic depicting the fate of fatty acids: in the case of 3-oxidation impairment (linked to CoA deficiency in
Aldh112 KO mice) fatty acids are conjugated with carnitine and glycine and directed to the blood or converted to triglycerides and deposited in
the liver. f, g Acylcamitines and acylglycines are elevated in plasma of Aldh1/2 KO mice
J
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Metabolomic analysis of Aldh1/2 knockout mouse plasma

In a separate experiment, we analyzed metabolites in the
plasma of Aldh112”" and Aldh112*"* mice. In parallel with
plasma analysis, we also analyzed the liver metabolome.
Mouse groups in this experiment were different from the
first experiment described above. A total of 685 metabo-
lites were assigned in plasma and 752 in the liver; 282 and
280 metabolites, respectively, showed statistically signifi-
cant changes (Fig. 5a and Supplementary Data File 3) with
79 perturbed metabolites overlapping between both tis-
sues (Fig. 5b and Supplementary Data File 5). Good segre-
gation between genotypes was evident in both tissues (Fig.
5¢, d). We noted a strong increase in numerous acylcarni-
tines in plasma of Aldh112”~ compared to Aldh112*"* mice
(Fig. 5e, g), which is in agreement with the elevation of
these metabolites in the liver and pancreas (Supplemen-
tary Data File 1). Furthermore, many acylglycine conju-
gates are elevated in the plasma of Aldh112”" compared to
Aldn112"* mice (Fig. 5f). Six elevated acylcarnitine
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conjugates and five acylglycine conjugates are common
between the liver and plasma (Supplementary Data File 5).
Of note, numerous intermediates of amino acid degrad-
ation pathways are markedly elevated in KO mice (Supple-
mentary Data File 4). As well, intermediates of amino acid
metabolism are elevated in the liver though to a lesser ex-
tent (Supplementary Data File 3). Also, our analysis
showed the accumulation of advanced glycation end prod-
ucts N6-carboxymethyllysine and 1-carboxyethylated val-
ine (Supplementary Data Files 3 and 5). Elevation of
additional carboxyethylated metabolites, 1-
carboxyethylisoleucine, 1-carboxyethyltyrosine, and 1-
carboxyethylphenylalanine was observed (Supplementary
Data File 3). By analogy, it may be assumed that these are
also advanced glycation end-products. However, there is
no literature regarding the origin or roles of these metabo-
lites. Overall, plasma metabolome indicated a strong effect
of the Aldh1/2 KO on metabotype that supports our find-
ings from the liver metabolome analysis.
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Fig. 6 Bioinformatics analysis of NanoString data for livers of Aldh1/12** and Aldh112”7~ male mice. PCA was carried out using the sklearn package
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Aldh112 KO versus Aldh1I1 KO in the effect on
inflammation pathways

One of the goals of this study was to differentiate the
function of the ALDH1L2 enzyme from the function of
its cytosolic counterpart ALDHI1L1. We previously re-
ported that the Aldhi/1 KO in mice affected genes asso-
ciated with inflammation [12]. The role of the folate
metabolism in inflammation and immunity has been
underscored [29, 30]. Metabolomic analysis of Aldh1l2
KO mice indicates that these mice are likely to experi-
ence enhanced oxidative stress. Oxidative stress is highly
correlative with inflammation, which is an essential
component of the immune response [31]. Though
Aldhl1l2 KO (Supplementary Data Files 1 and 3) and
Aldhlll KO [12] have strictly different metabotypes,
both genotypes were associated with the diminished
antioxidant pool in the liver. The effect was especially
profound for the Aldh1l2”" genotype where both antiox-
idants, reduced GSH and ascorbate, are strongly de-
creased (Fig. 4c, e). These findings raised the question of
whether the loss of Aldhil2 affects the expression of
genes associated with inflammation in a manner similar
to the Aldh1l1 KO.

To investigate the effect of Aldh1/2 knockout on gene
expression profile, we performed NanoString analysis of
mRNAs from the livers of 3-month-old male mice (Sup-
plementary Data File 6) using a commercial inflamma-
tion panel and matched it with our previous analysis of
Aldhl1ll KO, where a custom panel was used [12]. The
present panel includes a total of 242 genes relevant to
inflammation and the immune response. The compari-
son between groups is based on 48 genes overlapping
between the two panels (Supplementary Data File 6).
PCA showed that AldhIl2”" mice strongly segregate
from both WT and AldhIl1”" mice (Fig. 6a). Our ana-
lysis indicated that Aldh1l2 KO and Aldh1l1 KO groups
segregate from each other much stronger than each of
them from the WT group, the finding suggesting a vastly
different effect of each KO on gene expression in the
liver. Based on 48 genes, Aldh1127~ and Aldh112"'~ geno-
types were close to each other but different from
Aldh112*"* and Aldhl1lI™”~ genotypes (Fig. 6a, b). To fur-
ther identify transcripts that contribute most to the dis-
crimination between the wild type and heterozygous or
homozygous Aldhl1l2 knockout mice, we performed a
multivariate analysis applying a supervised machine learn-
ing method to the standardized data. Unlike the unsuper-
vised PCA, applied Partial Least Squares-Discriminant
Analysis (PLS-DA) takes advantage of the known sample
type information and can quantify the relative contribu-
tion of each protein to the separation of the genotypes by
using the VIP value [32]. Figure 6¢ shows the top 20 dis-
criminating proteins based on the PLS-DA analysis.
Among the top 20 targets differentiating either the
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Aldh112”~ or Aldh1l2"~ genotype from the wild type
genotype, 17 genes overlap (Fig. 6¢) suggesting a strong ef-
fect of the single allele loss. Our study further demon-
strated good segregation between AldhIl2”~ and
Aldh112*"~ groups when a greater number of genes are in-
cluded in the analysis (Fig. 6d, e). Noticeably, genes differ-
entiating Aldh112”~ and Aldhl1l2"~ genotypes do not
overlap with genes differentiating both genotypes from
the wild type (Fig. 6f). Overall, these data suggest that
ALDHIL2 protein expression is important for the control
of inflammation in the liver.

Several targets differentiating the Aldh112”"/Aldh112*"
group from WT/Aldhlll KO group, but not Aldhll2”
group from Aldh112*" group are linked to metabolomic
changes associated with complete or partial Aldh1I2 loss.
Thus, changes in intermediates of the urea cycle and ar-
ginine metabolism would fit to alteration of expression
of inducible nitric oxide synthase 2 (Nos2) and arginase
(Argl) while the effect on NADPH and oxidative stress
would explain changes in the expression of the former
gene as well as changes in NADPH oxidase 1 (NoxI). Of
note, strong accumulation of 4-guanidinobutanoate in
the liver and plasma of Aldhll2 KO mice is also in
agreement with arginase deficiency [33].

Discussion

Two closely related enzymes in the cell, cytosolic
ALDHIL1 and mitochondrial ALDH1L2, catalyze the
same biochemical reaction, the conversion of 10-formyl-
THF to THF and CO, [34]. This reaction simultaneously
produces NADPH from NADP". It is not clear whether
these enzymes have overlapping metabolic functions or
whether each reaction serves different purposes.
ALDHIL1 is suggested as a regulator of the folate me-
tabolism, the function closely associated with the regula-
tion of cellular proliferation [10, 11, 13]. In agreement
with such function, ALDHILL1 is strongly and ubiqui-
tously downregulated in many human cancers through
the promoter methylation [35]. The role of ALDH1L2 is
not well documented. Of note, ALDH1L2 expression in
the liver, the main organ of folate metabolism, is very
low compared to the expression of ALDH1L1, which is
one of the most abundant proteins in liver cytosol [8].
On the other hand, ALDHI1L?2 is highly expressed in the
pancreas where its levels are even higher than levels of
ALDHIL1 [2], the finding which was confirmed in the
present study. In contrast to the cytosolic enzyme,
ALDHI1L2 is expressed in cancer cell lines and is upreg-
ulated in colorectal tumor tissues [2, 36]. Furthermore,
it may play a role in promoting cancer metastasis as it
was shown in melanomas [4]. It was reported that in
cultured cancer cells ALDH1L2 is a primary contributor
to mitochondrial NADPH [3] and thus may be involved
in the oxidative stress response mechanism. Also, several
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studies have indicated that ALDH1L2 could be a stress-
response target for certain drugs (reviewed in [34]).

Our study demonstrates that despite the fact that
ALDHI1L2 is expressed in the liver at a low level, its
knockout in mice produces a strong effect on liver meta-
botype (Supplementary Data File 1). Notably, the
Aldh1l2 KO induced changes in the liver folate pool
similar to those produced by Aldhlll KO [12] with a
very strong effect on 10-formyl-THF, which was highly
elevated in both Aldh112”~ and Aldhlll™~ genotypes.
Previously, such effect of the ALDHI1L2 loss was ob-
served in fibroblast cell culture obtained from a patient
who lost the enzyme expression as a result of deleterious
compound mutations in ALDHIL2 [5]. Aldh112”" mice
also have highly elevated dihydrofolate in the liver, the
phenomenon which may be associated with the shortage
of NADPH required for the reduction of dihydrofolate
to THEF. The loss of Aldh1l2 had a very strong effect on
lipids, which we also attribute to the insufficient NADP
H generation. The sequence of events underlying this
link would be as follows: low NADPH limits the reduc-
tion of GSSG to GSH; this in turn decreases the ability
of the cell to maintain sufficient levels of cysteine (by
reducing cystine) and leads to the low availability of
cysteine for biochemical reactions including CoA bio-
synthesis (Fig. 4g). In fact, our metabolomic data support
this model. As an ultimate outcome, insufficient CoA
would impair f-oxidation and have a profound effect on
fatty acid metabolism.

Overall metabolomic changes in mice due to the
Aldh1i2 loss were very different from the changes ob-
served upon the knockout of the cytosolic isoform
ALDHIL1 [12]. As we have recently reported, ALDH1L1
is important for the regulation of glycine metabolism in
the liver with levels of glycine and numerous glycine
conjugates being strongly decreased in the liver of
Aldh1ll KO mice [12]. In contrast to these findings,
acylglycine conjugates were uniformly elevated in
Aldh112” mice without changes in levels of glycine it-
self. The mechanism underlying such differences is the
decreased glycine production upon the Aldhlll loss
causing low glycine availability for biochemical reactions
versus enhanced glycine conjugation with fatty acids
upon the Aldhl1l2 loss. We suggest that the latter process
is the result of impaired B-oxidation in Aldh112”" mice.
Indeed, the accumulation of non-oxidized fatty acids asso-
ciated with disorders of f-oxidation promotes their conju-
gation with glycine and carnitine [37]. Likewise, the strong
elevation of acylcarnitines as well as acylglycines in
Aldh112”" mice is the most noticeable metabolite changes
in the plasma. Of note, the elevation of acylcarnitines with
different acyl chain length takes place in KO mice. Inter-
estingly, we have previously observed similar changes in
levels of acylcarnitines in skin fibroblasts derived from a
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patient with lost ALDHI1L2 expression [5]. Our findings
are also in agreement with the fact that the liver is the
major contributor to systemic short-chain acylcarnitines
[38] with plasma acylcarnitines reflecting mitochondrial 3-
oxidation in the liver in a mouse model [39]. Since the
pathogenesis of the liver fat accumulation includes im-
paired fatty acid oxidation as one of the possible causes,
the accumulation of lipids in the liver of Aldh1[2 KO mice
fits well with the proposed mechanism linking the
ALDHIL2 loss to impaired B-oxidation [40]. For example,
altered hepatic fatty acid metabolism in nonalcoholic fatty
liver disease commonly leads to the accumulation of tri-
glycerides within hepatocytes [41].

Our analysis indicates that the cause of impaired (-
oxidation in the liver of ALDH1L2-deficient mice is in-
sufficient CoA biosynthesis, the phenomenon we link to
the low availability of cysteine. In support of the CoA-
linked mechanism, there are indications in the literature
that acylcarnitine concentrations and the relative carni-
tine pool composition reflect the intra-mitochondrial
acyl-CoA to free CoA ratio with a high sensitivity [42].
We propose that the shortage of cysteine in our model
is not due to its low synthesis or low dietary availability
but is rather associated with oxidative stress due to de-
creased NADPH levels and eventually with impaired me-
tabolism of GSH, which led to its deficiency. Within the
cell, mitochondrial GSH is the main defense against
physiological oxidative stress generated by cellular res-
piration [26, 43, 44]. Altered GSH homeostasis in
Aldh1]l2 KO mice is further supported by the shift in
levels of ascorbate/dehydroascorbate towards a more
oxidative state. Indeed, GSH and ascorbate are the most
abundant reducing agents in the cell with GSH being
capable of non-enzymatic reduction of dehydroascorbate
to ascorbate as well as participating in enzymatic dehy-
droascorbate reduction [45]. GSH fulfills several other
essential functions in the cell including storage and
transfer of cysteine [26, 43]. GSH is present in all mam-
malian cells but may be especially important for organs
such as the liver with intensive aerobic respiration and
exposure to exogenous toxins. In fact, though GSH
homeostasis of the organism is a highly complex process,
it is predominantly regulated by the liver [46]. Elevated
levels of ophthalmate and oxoproline in plasma of
Aldh1l2 KO mice are as well indicative of impaired
glutathione biosynthesis and hepatic glutathione deple-
tion [47, 48].

The present study demonstrates that the ALDHI1L2
function is important to support systemic metabolic
homeostasis and thus may have a more far-reaching im-
portance with regard to human diseases. For example,
elevated plasma levels of C3 and C5 acylcarnitines, the
phenomenon linked to the ALDH1L2 loss, could be as-
sociated with obesity, metabolic syndrome, insulin
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resistance, and type 2 diabetes [49, 50]. Such an increase
was shown to reflect decreased mitochondrial function
or mitochondrial impairment [51, 52]. Also, plasma con-
centrations of butyrylcarnitine and methylbutyrylcarni-
tine were higher in NASH [53]. Additionally, plasma
levels of acylcarnitines are a part of the signature separ-
ating health and disease for metabolic syndrome in
Dutch middle-aged individuals [54]. The role of
ALDHIL?2 in the regulation of mitochondrial function, -
oxidation, and acylcarnitine levels suggests that the en-
zyme could be especially relevant to diabetes. In fact, in-
creased plasma acylcarnitines were identified as predictive
markers of mitochondrial disfunction in type 2 diabetes
[55] which could be associated with incomplete (-
oxidation of fatty acids [56]. Mechanistically, mitochon-
drial overload might generate by-products, which would
affect the insulin signaling pathway, thus leading to insulin
resistance [52]. In agreement with this hypothesis, mito-
chondrial B-oxidation is altered in patients with type 2
diabetes [57]. These alterations are likely caused by nutri-
ent overload and are especially pronounced in obese pa-
tients. Accordingly, patients with type 2 diabetes show
elevation of short chain acylcarnitines (C2 and C4) [57].
Elevated plasma levels of short-chain acylcarnitines are
also associated with the increased risk of gestational dia-
betes mellitus [58] and were among predictive markers for
the development of diabetic nephropathy [59]. Though fu-
ture studies should shed light on the role of ALDHI1L2 in
diabetes, changes of several metabolites in Aldhll2 KO
mice recorded in the present work indicate the link be-
tween Aldhll2 and diabetes. Such link is supported by al-
terations of levels of end-products of protein glycation
[60], the glucose marker 1,5-anhydroglucitol [61], and 3-
methylhistidine [62] in Aldh1/2 KO mice.

Metabolomic analysis of Aldh1/2 KO mice indicates
that these mice are likely to experience enhanced oxida-
tive stress. Oxidative stress is highly correlative with in-
flammation, which is an essential component of the
immune response [31]. Furthermore, we have previously
shown that ALDHIL2 function is important for the
maintenance of mitochondrial integrity [5]. Mitochon-
drial dysfunction linked to excessive ROS production
was increasingly implicated in inflammatory responses
and associated diseases (reviewed in [63]). In this con-
text, ALDHI1L2 is likely to be involved in inflammatory
responses as well. Our analysis of the gene expression
relevant to inflammation and immunity indicates that
the ALDHI1L2 loss indeed affected the expression pat-
tern of these genes. Notably, Aldhi1/2 KO mice are very
different from both wild type mice and Aldh1l1 KO mice
in regard to the expression profiles of inflammation-
related proteins, further suggesting non-overlapping
functions of the cytosolic and mitochondrial 10-formyl-
THF metabolizing reactions. Thus, PCA shows that
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Aldh112” and Aldhll2"” mouse groups segregated
much better from both wild type and Aldh1ll KO mice
than from each other. However, when compared separ-
ately based on a larger number of genes, strong differen-
tiation between Aldh112” and Aldh112*” groups is
evident. The top target differentiating the Aldhi1l2 KO
group from the WT/Aldhlll KO group is interferon
gamma, which would be in agreement with recent find-
ings that interferon signaling is responsive to folate sta-
tus in murine mammary cancer cells [29]. Interestingly,
several targets differentiating the Aldh1127"/Aldh1I2*"
group from WT/Aldh1ll KO group but not Aldh112”
group from Aldh112*” group might be linked to meta-
bolomic changes associated with complete or partial
loss of the protein. Thus, changes in intermediates of
the urea cycle and arginine metabolism would fit to al-
teration of expression of inducible nitric oxide synthase
2 (Nos2) and arginase (Argl) while the effect on NADP
H and oxidative stress would explain changes in the ex-
pression of the former gene as well as changes in
NADPH oxidase 1 (NoxI). Of note, strong accumula-
tion of 4-guanidinobutanoate in the liver and plasma of
Aldhll2 KO mice is also in agreement with arginase
deficiency [33].

Conclusions

We recently reported that ALDHI1L2 maintains mito-
chondrial integrity in skin fibroblasts and the loss of the
enzyme leads to a neuro-cutaneous disease [5]. The
present study further underscores this mitochondrial en-
zyme as an important regulator of fatty acid f-oxidation
in the liver. Numerous studies demonstrated that folate
and lipid pathways interact in the liver, which is not sur-
prising since the liver is the main organ for both folate
and lipid metabolism [64, 65]. This interaction, however,
is mainly viewed as the influence through folate-related
methylation associated with the availability of methyl
group donors [66]. Our study points toward an add-
itional mechanism by which folate metabolism can
affect lipid biogenesis, through the oxidative stress-
linked regulation of B-oxidation and highlighted the
unique role of ALDHI1L2 enzyme in this process. Inter-
estingly, numerous metabolic changes in Aldhil2 KO
mice reflect those determined in skin fibroblasts from
the patient with SLS-like symptoms linked to the loss
of the gene [5]. This includes decreased NADPH and
ATP in the liver and elevated acylcarnitines in the liver
and plasma of the KO mice. While inherited defects in
complex lipid synthesis, including Sjogren-Larsson syn-
drome, is likely to affect all organs/tissues [67], specific
liver pathology was not reported for SLS patients. How-
ever, the Aldh3a2 gene linked to the SLS etiology is
most highly expressed in the liver of mice [68]. Our
study also indicates that the function of mitochondrial
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ALDHI1L2 does not overlap with the function of the
cytosolic isozyme ALDHI1L1, and the cytosolic homolog
does not compensate for the loss of the mitochondrial
enzyme. Generation of double KO mice lacking both
ALDHI1L1 and ALDHI1L2 proteins will provide further
insight into the functional interaction of the two
pathways.
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