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ABSTRACT

Mitochondrial pyruvate carrier 1 (MPC1) is a component of the MPC1/MPC2
heterodimer that facilitates the transport of pyruvate into mitochondria. Pyruvate
plays a central role in carbohydrate, fatty, and amino acid catabolism. The present
study examined epididymal white adipose tissue (eWAT) and intrascapular brown
adipose tissue (iBAT) from MPC1¥ mice following 24 weeks of feeding, which indicated
low energy accumulation as evidenced by low body and eWAT weight and adipocyte
volume. To characterize molecular changes in energy metabolism, we analyzed the
transcriptomes of the adipose tissues using RNA-Sequencing (RNA-Seq). The results
showed that the fatty acid oxidation pathway was activated and several genes involved
in this pathway were upregulated. Furthermore, qPCR and western blotting indicated
that numerous genes and proteins that participate in lipolysis were also upregulated.
Based on these findings, we propose that the energy deficiency caused by reduced MPC1
activity can be alleviated by activating the lipolytic pathway.

Subjects Cell Biology, Developmental Biology, Molecular Biology

Keywords Mitochondrial pyruvate carrier 1, RNA-Sequencing, White adipose tissue, Pyruvate,
Energy metabolism

INTRODUCTION

Pyruvate is a central substrate in energy metabolism, paramount to carbohydrate, fatty
acid, and amino acid catabolic and anabolic pathways (Compan et al., 2015). MPCl1 is a
component of the MPC1/MPC2 complex that facilitates the transport of pyruvate into
mitochondria. Previous studies have shown that complete MPC1 deficiency results in
embryonic lethality in mice (Li et al., 2016; Vanderperre et al., 2016). Rauckhorst et al.
(2017) found that a high-fat diet increased hepatic mitochondrial pyruvate utilization
and tricarboxylic acid (TCA) cycle capacity in a hepatocyte MPC disruption model.
Vanderperre et al. (2016) generated a mouse strain with complete loss of MPC1 expression,
which exhibited such severe energy deficit that no mouse could survive. However, these
phenotypic consequences were reversed when the pregnant dams were fed a ketogenic diet.
Fatty acid metabolism plays a particularly important role in energy balance when MPC is
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lost or inhibited, yet little research has examined the molecular changes involved. In our
previous study, a mouse line with an MPC1 protein partial deficiency was generated using
the CRISPR/Cas9 system. MPC1% mice experienced energy deficiency, as evidenced by
low body weight, decreased movement, low body shell temperature, and limited adipose
accumulation (Zou ef al., 2018). We hypothesized that fatty acid oxidation alleviates

the energy deficiency; however, the molecular changes in energy metabolism remained
unclear. Therefore, the present study explored the regulatory mechanism underlying fatty
acid metabolism in MPC1% mice.

Adipose tissues play a central role in regulation of energy balance. Adipose tissues are not
only organs that store energy in the form of fatty acids but synthesize and secrete numerous
growth factors, enzymes, and hormones that are related to energy homeostasis (De Jong et
al., 2015; Yang et al., 2017). Various metabolic processes are regulated by adipose tissues,
including glucose homeostasis, lipid metabolism, and inflammation (Xu et al., 2018). The
two main types of adipose tissues in mammals are white adipose tissues (WATSs) and brown
adipose tissues (BATs). The white adipocytes are round-shaped cells that contain a single
large fat droplet, whereas brown adipocytes are generally smaller in size (Lo ¢ Sun, 2013;
Spiegelman ¢ Flier, 2001). Epididymal white adipose tissues (eWATs) that are attached to
the epididymis and testis are the largest visceral WATSs and are referred to as a ‘classical’
white fat depots (De Jong et al., 2015).

RNA-Sequencing (RNA-Seq) is a well-developed approach to study transcriptome
profiling that uses deep-sequencing technologies. It provides a much more precise
measurement of transcripts and isoforms than other methods (Wang, Gerstein & Snyder,
2009). In this study, RNA-Seq was utilized to detect changes in the energy pathway of
MPCI1* mice. We subsequently characterized changes in the fatty acid metabolism of
MPC1* mice by detecting alterations in various genes and proteins that are involved in
the energy metabolism pathway to better understand the role of MPC1.

MATERIAL AND METHODS

MPC1* mice and wild-type (WT) mice were fed for 24 weeks

Six male MPC1¥ mice and six male WT C57BL/6 mice were fed for 24 weeks with
sterile water and food ad libitum. These were used in the experiments after weaning (at
5 weeks), with six mice per group. Three mice were housed in one cage. This research
was conducted at the SPF Animal Laboratory of the Supervision & Testing Center for
GMO Food Safety, Ministry of Agriculture (Beijing, China), with the license number
SYXK (Beijing) 2015-0045. The environment temperature was maintained at 20 °C-24 °C,
with humidity between 40%-70%, and a 12-h light/dark cycle. During the acclimatization
period, the animals were fed with commercially produced standard laboratory animal
chow manufactured by Keao Xieli Li Feed Co., Ltd. (Beijing, China).

All experimental procedures were performed according to guidelines provided by the
Animal Welfare Act and Animal Welfare Ordinance. The animal experiment and housing
procedures were conducted in compliance with the OECD Good Laboratory Practice
guidelines. This animal study was approved by the Animal Experimental Welfare & Ethical
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Inspection Committee (No. 2016005), the Supervision & Testing Center for GMO Food
Safety, Ministry of Agriculture (Beijing, China). The animals were handled according to
the Guide for the Care and Use of Laboratory Animals (Bayne, 1996), and the attendant
committees approved all protocols utilized.

Tissue collection
Orbital sinus blood was sampled from 10-week-old mice at after 5 h or 48 h of fasting, and
centrifuged at 4,000 g for 10 min. The isolated sera were stored at —80 °C until further
analysis. Serum triglycerides (TG) and non-esterified fatty acids (FFAs) were measured
using an ELISA kit (Beijing Fangchengjiahong Technology Co., Ltd, Beijing, China).
After 24 weeks of feeding, the mice were sacrificed. The iBATs and eWATSs were collected
and weighed. Interscapular BATs are visible at the level of the shoulder blades when the
back skin is removed. Tissues were fixed in 4% paraformaldehyde at room temperature
overnight. The fixed tissues were subsequently dehydrated by a graded series (70% to 95%)
of ethanol and then embedded in paraffin. Paraffin sections of 5 pm thickness were stained
with hematoxylin and eosin (H&E). Portions of the iBATs and eWATs were frozen in
liquid nitrogen until further analysis.

RNA isolation, cDNA synthesis, and real-time qPCR

Total RNA was extracted from the eWATSs and iBATs using TRIzol according to the
manufacturer’s instructions. RNA was reverse transcribed using a High-Capacity cDNA
Reverse Transcription Kit (AH341; TransGen, Illkirch-Graffenstaden, France), following
the manufacturer’s protocol. The qPCR reactions were conducted with TransStart Green
qPCR Super mix kit (AQ101; Transgen, Illkirch-Graffenstaden, France) on a CFX96 system
(Bio-Rad, Richmond, CA, USA). RNA concentrations of each sample were determined
using a NanoDrop 1000 system (Thermo Scientific, Waltham, MA, USA). All RNA samples
were within a 260:280 ratio >1.8, and a 260:230>1.8. Relative target mRNA abundance was
normalized to that of GADPH. Primer sets for quantitative real-time PCR are summarized
in Table 1.

RNA-Seq

Total RNA extraction

Total RNA was extracted using RNeasy Micro Kit (74004; QIAGEN, Valencia, CA, USA),
according to the manufacturer’s instructions. Extracted RNA was quantified with the Qubit
RNA Assay Kit (Invitrogen).

Library generation and sequence

mRNA library construction was performed with an NEBNext Ultra RNA Library Prep Kit
for llumina (E7530; New England Biolabs, Ipswich, MA, USA), according to the manuals,
using 500 ng total RNA. Briefly, library preparation was performed using the following
steps: RNA fragmentation, reverse transcription using random primers, second strand
cDNA synthesis, end repair, dA-tailing, adapter ligation, U excision, and PCR enrichment.
The libraries were sequenced on Illumina Hiseq X Ten instruments with 150-bp paired-end
reads. All clusters that passed the quality filter were exported as FASTQ files.
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Table 1 Sequences of primers used for qPCR analysis.

Gene name Forward(5'-3") Reverse (5'-3')

CPT2 CAGCACAGCATCGTACCCA TCCCAATGCCGTTCTCAAAAT
ATGL CCAACACCAGCATCCAGT CAGCGGCAGAGTATAGGG

HSL CGCCATAGACCCAGAGTT TCCCGTAGGTCATAGGAGAT
Cox4 CGGCGTGACTACCCCTTG TGAGGGATGGGGCCATACA
Perilipin2 GATTGAATTCGCCAGGAAGA TGGCATGTAGTCTGGAGCTG
Perilipin3 CTGAGAAAGGCGTCAAGACC TTTCTTGAGCCCCAGACACT
PGC1p CGTATTTGAGGACAGCAGCA TACTGGGTGGGCTCTGGTAG
MPC1 GACTATGTCCGGAGCAAGGA TAGCAACAGAGGGCGAAAGT
MPC2 TGTTGCTGCCAAAGAAATTG AGTGGACTGAGCTGTGCTGA
FASN TCCAAGACTGACTCGGCTACTGAC GCAGCCAGGTTCGGAATGCTATC
ACC AGCTGATCCTGCGAACCT GCCAAGCGGATGTAAACT

PPAR«x ATACATAAAGTCCTTCCCGCTG GGGTGATGTGTTTGAACTTGATT
PPARSB GCTATCATTACGGAGTCCACG TCGCACTTGTCATACACCAG

Bioinformatics analyses

After trimming the adaptor sequences and removing low-quality reads from raw RNA-Seq
using Cutadapt (v1.10), the reads were aligned to the mm10 reference genome using
Tophat2 (v2.0.13), and the reads aligned to genes were counted using Cufflinks (v2.2.1).
The FPKMs were normalized using Cuffnorm. Differentially expressed genes (DEGSs) were
calculated using Cuftdiff. This work was accomplished by Beijing Geek Gene Technology
Co., Ltd (Beijing, China).

Unsupervised hierarchical clustering was conducted using log, (FPKM+-1) across all
samples. Genes used for clustering were selected according to maximum{log, (FPKM
+1)}>1 and sd{log, (FPKM+1)}>0.5. Each group comprised three individuals (greater
than twofold difference in xpression; P<0.05). An MA-plot, an application of a Bland-
Altman plot for visual representation of genomic data, was used to visualize the differences
between the measurements taken in two samples by transforming the data into M (log
ratio) and A (mean average) scales, and then plotting these values. Each point on the
plot stands for a gene. The x-axis was calculated as log, ((FPKMA +1)/(FPKMB+1)),
whereas the y-axis was calculated as 1/2 [log, (FPKMA+1)+log, (FPKMB+1)]. DEGs were
marked in red (P <0.001 and FC >1.2) and in blue (0.05 >P>0.001 and FC >1.2). A
Volcano plot, which is a scatter-plot that is used to readily identify changes in large data
sets composed of replicate data, was used to indicate the significance vs. fold-change on
the y and x axes, respectively. Each dot stands for a gene. The x-axis was calculated as
log, ((FPKMA+1)/(FPKMB +1)), and the y-axis was calculated as log10(p). Pathways and
molecule functions that were enriched in the MPC1¥ mice were identified using GO term
and KEGG pathway analyses.

Western blotting

The eWATs and iBATs were used for protein isolation and quantification. The tissues
proteins were extracted using a RIPA lysis buffer (0.15 M NaCl, 1.0% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris (pH 7.4) 0.1 M EDTA, 2 mg/L leupeptin,
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and 100 mg/L sodium fluoride). Proteins were isolated by centrifugation (4 °C, 12,000 g,
15 min), and protein concentrations were measured with a BCA assay kit (Beyotime
Biotechnology, China). Equal amounts of protein were separated by 12% SDS-PAGE
for ATGL, 8% SDS-PAGE for ACC, 10% Tricine-PAGE for MPC1 and MPC2 (Haider,
Reid & Sharp, 2012), and the proteins were subsequently transferred to PVDF using the
Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (Bio-Rad Laboratories, Hercules,
CA, USA) (80 V, 60~120 min for SDS-PAGE, and 150V, 60~100 min for Tricine-PAGE).
The filters were incubated for 1.5 h in Blotto solution (5% milk powder (w/v) in TBST
and 3.2 mM MgCl,, pH 7.4). The membranes were incubated overnight with primary
antibodies at 4 °C and then probed with secondary antibodies conjugated with horseradish
peroxidase HRP. Primary antibodies used in this study were rabbit mAb ACC (Cell Signaling
Technology 3662), rabbit mAb ATGL (2138; Cell Signaling Technology, Danvers, MA,
USA), rabbit mAb B-Tubulin (2146; Cell Signaling Technology, Danvers, MA, USA), rabbit
MPC1 (14462; Danvers, MA, USA), and rabbit MPC2 (46141; Cell Signaling Technology,
Danvers, MA, USA) at a 1:1,000 dilution. Secondary antibodies were anti-rabbit antibodies
(#A0208; Beyotime Biotechnology, Jiangsu, China) at a dilution of 1:2,000. Western blot
detection was performed using chemiluminescent HPR substrate (Millipore Corporation,
Billerica, MA, USA) and subsequently, autoradiography was performed with a ChemiScope
3300 mini Imaging and Analysis System (Clinx Science Instruments Co., Ltd., Shanghai,
China). Quantification of the immunoblot was performed by grayscale value analysis with
the Clinx image analysis software. The relative protein expression data were normalized to
that of B-tubulin.

Data analysis

Microsoft Excel was used to organize and statistically analyze the data and prepare figures.
Microsoft PowerPoint was used to draw the roadmap on energy metabolism. Unless
otherwise noted, data were represented as the mean & SD, and statistical significance was
determined using a two-tailed student’s t-fest with a statistically significant difference
defined as a P value <0.05. Differential gene expression and gene-set enrichment analysis
were analyzed using the KEGG pathway.

RESULTS

MPC1 deficiency increases fat depletion and changes the
pathomorphism of e WAT

To investigate how metabolism is reprogrammed in response to MPC1 deficiency in
vertebrates, we generated a mouse model (MPC1%) using the CRISPR/Cas9 system (Zou et
al., 2018). Figure 1 A shows that after 24 weeks of feeding, the body weight and eWAT weight
of the MPC1¥ mice significantly decreased compared to the WT mice (P<0.05). The weight
of the iBATSs of the MPC1¥ mice also decreased but was not statistically significant. We
isolated the eWATs and iBATSs of the MPC1¥ mice to determine relative Mpc mRNA and
MPC protein expression. The qPCR results (Figs. 1B and 1C) showed that the expression of
mpcl significantly decreased in the iBATs and eWATs. Western blotting of the eWATSs and
iBATs in the heterozygous (MPC1%) mice demonstrated a significant reduction (P<0.01)
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Figure 1 MPC mRNA and protein expression levels in MPC1% mice. (A) The body weight (BW),
eWAT weight and iBAT weight in the 24-week-old MPC1* mice and WT mice, n = 6; (B) The fold-
changes of mRNA levels in eWATs; (C) The fold changes of mRNA levels in iBAT; (D) MPC1 and MPC2
protein expression levels in eWATSs; (E) The relative expression level of MPC1 and MPC2 protein in
eWATs; (F) MPC1 and MPC2 protein expression levels in iBATs; (G) The relative expression level of
MPC1 and MPC2 protein in iBATs; Data are expressed as the mean =+ standard deviation (mean £ SD).
The relative protein expression data were normalized to that of S-tubulin. *P < 0.05, P < 0.01 for

MPCI* mice vs. WT mice.
Full-size & DOI: 10.7717/peerj.5799/fig-1

in MPCI1 protein expression compared to the WT (Figs. 1D—1G). Despite MPC1 deficiency,
normal levels of mpc2 mRNA and MPC2 protein expression were observed.

Histopathological analysis indicated that the volume of adipocytes in the MPC1¥ mice
was smaller than that in WT mice (Fig. 2A). Small and tight adipocytes were observed in
the eWATSs of the MPC1¥ mice. We measured the diameter of 100 adipocytes (Fig. 2B)
and calculated the diameter percentage (Fig. 2C). The adipocyte diameter of the MPC1+
mice were within the range of 20~30 pum, whereas that of the WT mice was 40~50 pm.
The eWAT mass, which was calculated according to the size and the number of adipocytes,
was significantly correlated with eWAT weight and average adipocyte size. Adipocytes
play a central role in energy balance, in which these serve as major sites of storage and
expenditure, and as endocrine cells, secrete adipokines and other molecules that regulate
energy storage and metabolism of other tissues (Spiegelman ¢~ Flier, 2001). Both body fat
accumulation and adipocyte size are associated with metabolic abnormalities. Adipocyte
size is thought to be related to its physiological function and has been positively correlated
with TG levels.

Figures 2D and 2E show that after 5 h or 48 h of fasting, serum FFA and TG levels
increased in the MPC1¥ mice compared to the WT mice. The MPC1* mice displayed
energy accumulation deficiency. Fatty acids are stored in the form of TG in all cells,
but predominantly within adipose tissue such as the iBATs and eWATs. When the body
acquires excessive amounts of energy from food, the surplus energy is stored in adipose
tissues. In response to energy demands, the fatty acids from stored TGs are mobilized for
use by peripheral tissues. In the MPC1* mice, the eWATs displayed reduced accumulation
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Figure 2 Histopathological changes and mitochondrial markers of eWATs in the MPC1* mice. (A)
Representative HE-stained images of eWAT' from 24-week-old WT and MPCI= mice, scale bars: 50 pm,
n = 6; (B) Average adipocyte volume of eWATs in WT and MPC1* mice, n = 6; (C) The percentage of
adipocyte volume in picture A (n = 100 adipocyte). The volume (diameters) was tested by the software
installed in the pathological microscope (RM2500, Leica), 100 adipocytes in each mouse were tested. (D)
Serum TG levels of TG in mice that underwent 5 h and 48 h fasting, n = 6; (E) Serum FFA levels of mice
that underwent 5 h and 48 h fasting, n = 6; (F) Fold-changes in mtDNA levels in eWATSs, n = 6; (G) The
mRNA expression levels of Nrfl, N1f2, and Tfam in the eWATs, n=6.* P < 0.05, ** P < 0.01 for MPCI1*
mice vs. WT mice.

Full-size Gl DOL: 10.7717/peerj.5799/fig-2

of lipid droplets. These findings suggest that the TGs are metabolized for use by peripheral
tissues.

The mitochondrial damage was evaluated through the mtDNA number and the
mRNA expression levels of nuclear respiratory factors 1/2 (Nrfl, Nrf2) and mitochondrial
transcription factor A (Tfam). The mtDNA number in the eWATSs decreased but was not
statistically significant (Fig. 2F). The mitochondrial biogenesis genes (Nrf2 and Tfam)
were downregulated in the MPC1¥ mice relative to those of the WT mice, suggesting that
MPC1* mice have reduced mitochondrial biogenesis activity (Fig. 2G).

The fatty acid metabolism pathway is activated in MPC1* mice

The primary sources of fatty acids for oxidation include the diet or those mobilized
from adipose tissues. Therefore, changes in adipose tissues were further investigated in this
study. Because the eWATs displayed significant changes in the weight and histopathological
analysis, we subsequently conducted RNA-Seq analysis. A p-value threshold of <0.05 and a
1.2-fold change were adopted to define significant biological variations. The eWATs of the
MPC1* mice showed 1,625 differentially expressed genes relative to the WT mice, which
included 880 upregulated genes and 745 downregulated genes. Unsupervised hierarchical
clustering was conducted using log, (FPKM+-1) across samples (Fig. 3A). All 1,625 genes
were used in clustering, which were selected using a maximum {log,(FPKM+1)}>1 and
sd{log, (FPKM+1)}>0.5. Expression values are represented in different colors, indicating
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Figure 3 Transcriptome analysis of gene expression profile mRNAs in eWATs. (A) Unsupervised hi-
erarchical clustering; (B) MA-plot of genes sequenced in eWATs of the MPC1% mice and WT mice. Dif-
ferentially expressed genes are marked in red (P <0.001 and FC >1.2) and blue (0.05 >P>0.001 and FC
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Pathways (D) and molecular function (E) enriched in MPC1% mouse eWATs as compared to the WT n =
3.

Full-size Gl DOI: 10.7717/peerj.5799/fig-3

expression levels above or below the median expression level across all samples. The MA-
plot and the volcano plot show the fold changes of significantly differentially expressed
genes (Figs. 3B and 3C). Significance versus fold-change were plotted on the y and x axes,
respectively. Each dot stands for a gene. We further determined the genes and pathways
that were differentially expressed between the MPC1* mice and WT mice. Pathways
and molecular functions that were enriched in MPC1¥ mice compared to the WT mice
were identified using GO and KEGG analyses (Figs. 3D and 3E). Various pathways were
activated in the MPC1¥ mice, including carbon metabolism, AMPK signaling pathway,
insulin signaling pathway, oxidative phosphorylation, pyruvate metabolism, fatty acid
metabolism, TCA cycle, and cancer pathway. Some of the genes corresponding to fatty acid
metabolism are presented in Table 2 and Table S1.

As expected, the pathway of fatty acid oxidation in acyl-CoA degradation was activated.
Several genes involved in fatty acid oxidation were upregulated, including acetyl-coenzyme
A acetyltransferase 2 (Acat2), enoyl-coenzyme A, hydratase coenzyme A dehydrogenase
(Ehhadh), peroxisome proliferator-activated receptor « (Ppara), fatty acid desaturase 1
(Fadsl), acyl-CoA synthetase (Acs), alcohol dehydrogenase 1 (Adhl), fatty acid transport
proteins (Fatps), enoyl coenzyme A hydratase, and short chain 1 (Echsl). ACAT2 is the major
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Table2 Signaling pathway enriched in eWAT of MPC1% mice in RNA-Seq.

Signaling pathway

Representative genes Clustering for analysis

Adipocytokine signaling pathway
Fatty degradation

Cholesterol metabolism

Regulation of lipolysis in adipocytes
Oxidative phosphorylation

Fatty acid digestion and absorption
Steroid biosynthesis
Insulin signaling pathway

Pathway in cancer

Acacp, Irsl, Ppara, Ppary, Rxrf8 Acsbgl

Acat2, Adhl, Ehhadh, Echs1, Fads1, FATPs

Lrp2, Ldlr, Lipg, Lrpapl Lipolysis
Adoral, Irsl, Pik3r1, Pik3cp

Atp5a1, Atp5cl, Cox4, Cox7a, Ndufvl, Ndufs2, Ndufs9,
Ndufa/ 81, Sdhd, Sdha

Acat2, Dgatl, Scarbl, Agpat2

Lipogenesis
Cyp51, Lss, Nsdh1, Cyp2el, Hsd1181, Hsd17812
Gysl, Irsl1, Pik3r1, Ppara, Ppplr3g, Ppplr3c, Pik3cS Insulin resistance
Axin2, Esr1, Gstm5, Rxrb, Tcf7, Wnt4, Wnt2b, Glutl, Tgfe, Cancer

Ccndl, Cdk4/6, Rxrf8

cholesterol-esterifying enzyme that plays a critical role in preventing murine atherosclerosis
and hypertriglyceridemia (Alger et al., 2010). Ehhadh is part of the classical peroxisomal
fatty acid B-oxidation pathway, which is highly inducible via peroxisome proliferator-
activated receptor o (PPARw) activation (Bjorndal et al., 2018). Strong associations between
fads1 and blood fatty acid levels have been reported, particularly that between fadsI and
PUFAs and long-chain PUFAs (Glaser, Heinrich ¢ Koletzko, 2010). The expression level of
Acs, a gene involved in fatty acid metabolism, was found to be associated with increased
lipid loading as well as higher insulin sensitivity. Adhl plays an important role in ethanol
oxidation and fatty acid degradation (Lieber, 2004). Echsl, a gene involved in fatty acid
beta oxidation, regulates cellular ATP production (Zhu, Xi ¢ Kukreja, 2012). The fatps
gene facilitates the uptake of very long-chain (VLCFA) and long-chain fatty acids (LCFA)
(Guitart et al., 2014).

Oxidative phosphorylation is the metabolic pathway in which cells use enzymes to oxidize
nutrients, thereby releasing energy, which is used to produce ATP. In transcriptomics,
oxidative phosphorylation was found to be activated in the MPC1¥ mice. The PPAR
signaling pathway was activated, which was significant because PPARx and PPARy
can promote fatty acid oxidation (Biswas et al., 2016). The oxidative phosphorylation of
mitochondria was upregulated, including genes in the ATP synthase (Atp5al, Atp5cl)
(Tappenden et al., 2011), and cytochrome c oxidase enzyme (Cox4il, Cox7a). ATP5al and
ATP5cl are important subunits of ATP synthase that regulate ATP synthesis. This suggests
that the upregulation of these two genes signals the MPC1-deficient mice’s constant
demand for energy to survive. COX is the proposed rate-limiting enzyme; it contains
several subunits and is involved in the electron transport complex, suggesting a regulatory
role in modulating energy metabolism (Huttermann et al., 2012).

MPC1* mice exhibit enhanced lipolysis and reduced lipogenesis

To further examine the effects of MPC1 deficiency on fat oxidation, we investigated
the mRNA levels of several related key genes. Figure 4A shows that the relative mRNA
abundances of key markers of lipolysis hormone-sensitive lipase (Hsl), adipose triglyceride
lipase (Atgl), cytochrome c oxidase subunit 4 (Cox4), and perilipin2 were significantly
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increased in the eWATs of the MPC1¥ mice. The release of metabolic energy, in the
form of fatty acids, is controlled by a complex series of interrelated cascades that result
in the activation of TG hydrolysis. The primary intracellular lipases are ATGL and HSL.
Each TG molecule in the lipid droplets can be hydrolyzed to three FAs by ATGL and
HSL. Perilipin2 plays a positive role in adipocytes during lipolysis and modulates lipid
absorption (Takahashi et al., 2016). Cox4 is a gene involved in the electron transport
complex, suggesting a regulatory role in modulating energy metabolism (Hutternann et al.,
2012). Oxidation of fatty acids occurs in the mitochondria. The transport of long-chain fatty
acyl-CoA into the mitochondria is accomplished via an acyl-carnitine intermediate, which
itself is generated by the action of carnitine palmitoyltransferase 1 (CPT1) and carnitine
palmitoyltransferase 2 (CPT2), enzymes that are present in the outer mitochondrial
membrane. The cpt2 gene was upregulated in the eWATSs, whereas the cptl gene was
upregulated in the iBATs (Figs. 4A and 4B), thereby promoting the transport of fatty acids
to the mitochondria for oxidation. Cox4 was also upregulated in the iBATs (Fig. 4B).

Conversely, the transcriptional level of fatty acid synthase (Fasn) significantly decreased
in both the iBATs and eWATs, and acetyl-Coenzyme A carboxylase (Acc) was significantly
decreased in the iBATs. ACC is the most highly regulated enzyme in the fatty acid synthesis
pathway. FASN catalyzes successive reactions to form fatty acids. Decreased mRNA levels
of acc and fasn result in a reduction in lipogenesis. A previous study demonstrated that
the disruption of MPC1 activity attenuates the accumulation of lipid droplets in MPC1*
mice, resulting in low body weight and reduced eWAT (Zou et al., 2018).

We subsequently quantified protein enrichment in the MPC1¥ mice by western blotting,
Figure 5 shows that the expression of ATGL, one of the key markers in lipolysis, significantly
increased (P <0.05) in the eWATs and iBATs of the MPC1¥ mice. The expression of this
marker has also been associated with increased TG oxidation in mitochondria. As previously
observed, the protein expression levels of one important synthase, ACC, were reduced in
the eWATs and iBATSs of the MPC1¥ mice, with that in the eWATSs showing a statistically
significant difference (P <0.05). ACC is the rate-limiting step in fatty acid synthesis.

DISCUSSION

Pyruvate lies at the intersection of glycolysis, gluconeogenesis, and the TCA cycle. Pyruvate
is transported into the inner mitochondrial matrix by the MPC protein carrier. During
normal cellular metabolism in the presence of the MPC complex, pyruvate is imported
into the mitochondria where it is oxidized to acetyl-CoA which then enters the TCA
cycle to produce reducing equivalents for oxidative phosphorylation. When MPC1 was
knocked down, glucose metabolism in the TCA cycle was significantly, but not completely,
decreased. A report showed that ATP-linked respiration is affected when all three pathways,
namely, pyruvate transport, glutamine, and fatty acid oxidation, are inhibited (Vacanti
et al., 2014). Alterations in glutamine levels have been detected by many researchers,
whereas effective changes in fatty acid metabolism in MPC1¥ mice has received less
attention but its relevant has lately been recognized (Gray et al., 2015; McCommis et al.,
2015; Vigueira et al., 2014). Vacanti et al. (2014) observed that oxidative TCA flux was
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achieved through enhanced glutaminolysis. The present study conducted mRNA-Seq,
which indicated that the glutaminolysis pathway was upregulated, which agrees with
the findings of our previous research that glutamine is oxidized in MPCI deficiency.
Upregulation of the phosphogluconate dehydrogenase (Pgd), gamma-glutamyltransferasel
(Ggtl), glutathione peroxidase 5 (Gpx5), glutathione reductase (Gsr), and glutathione s-
transferase (Gstm) genes was also observed. These genes can elevate glutamine anaplerosis
and oxidation.

Given the MPC position at the interface between mitochondrial pyruvate metabolism
and glycolysis, it seems likely that alterations in MPC activity mightbe has relationship with
tumour (McCommis & Finck, 2015). The results of this research indicate that the deficiency
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of MPC1 influences the expression of various genes that are involved in in the metabolism
of cancer. Multiple mechanisms contribute to metabolic derangement in cancer, but the
synthesis and metabolism of pyruvate play central roles (Bayley ¢ Devilee, 2012). Low
MPC1 expression is correlated with poor survival in almost all cancers (Schell et al., 2014).
Similarly, chemical inhibition of tumor xenografts with CHC slightly enhances tumor
growth (Yang et al., 2014). In an epidemiological investigation, Schell et al. demonstrated
that the MPC1 is positively associated with cancer risks when the gene was underexpressed
or deleted. In addition, MPC1 is downregulated in a variety of tumor cell lines and
solid tumors, including those of the bladder, breast, brain and central nervous system,
cervical cancer, colorectal cancer, esophageal cancer, gastric cancer, head and neck cancer,
kidney cancer, liver cancer, lung cancer, ovarian cancer, pancreatic cancer, and prostate
cancer (Hong et al., 2007; Schell et al., 2014). Although no cancer or tumor was observed
in MPC1¥ mice, the mRNA expression levels of genes metabolized in hepatocellular
carcinoma cancer, breast cancer, gastric cancer ,and prostate cancer were found

to be abnormal.

Adipose tissues are the central metabolic organs involved in the regulation of whole-body
energy and metabolic homeostasis, and the white adipose tissues function as key energy
reservoirs (Choe et al., 2016). Considering the critical role of mpcl in controlling energy
metabolism (McCommis & Finck, 2015) and the relevant phenotype in white adipose tissue
(Zou et al., 2018), we conducted various experiments using adipose tissues of heterozygous
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(MPC1%) mice. We did not perform much whole-body research except for the exploration
of body weight and serum TG and FFA levels. There are certain limitations on the adipose
tissue metabolic data in the absence of additional whole-body data. Adipose tissues act as
organs that are involved in the regulation of glucose homeostasis and energy homeostasis
via multiple metabolic signaling pathways targeting the liver, pancreas, skeletal muscle, and
other organs (Kim, Cho ¢ Kim, 2014). Though the release of adipokines, adipose tissue
establishes a crosstalk with these organs (Romacho et al., 2014). On the other side, factors
released from these organs can interact with adipose tissue itself, such as the myokines from
the skeletal and the cardiokines from the heart (Romacho et al., 2014). The multidirecttional
network of these organs may have interaction effect with the adaptive utilization of adipose
tissues (Ouwens et al., 2010). Some fat depots such as the perivascular adipose tiuuse may
additionally contribute to the complexity of interorgan crosstalk (Ouwens et al., 2010;
Romacho et al., 2014). Increased fatty acid oxidation in skeletal muscle and reduced glucose
production in liver will influence the secrete function of adipose tiuuses (Dadson, Liu ¢
Sweeney, 2011; Ouwens et al., 2010; Romacho et al., 2014). In our next research, we plan
to examine the metabolic status of the whole body. To uncover the function of mpcl in
energy metabolism, more studies involving cells and white adipose tissues using a knockout
model are warranted.

In our previous study, we generated MPC1¥ mice and analyzed their phenotype
when MPC1 protein was partially deficient, and the results indicated that the mice
exhibited changes such as low body weight, decreased movement, and low body shell
temperature, and a decrease in fat accumulation (Zou et al., 2018). Here, we detected
molecular changes in adipose tissues (iBATs and eWATs) that are involved in energy
metabolism, including lipogenesis and lipolysis. The MPC1¥ mice showed weak glycol
metabolism, and carbohydrates were not able to generate sufficient amounts of ATP via
mitochondrial respiration to sustain daily energy requirements. In response to these energy
demands, stored fatty acids are mobilized to supplement energy. The low body weight and
reduced adipose tissue accumulation that we observed in the MPC1% mice suggested that
fatty acid oxidation was mobilized when mitochondrial pyruvate transport was limited.
We provide a brief review of energy metabolism of fatty acids in an MPCl1-deficient mouse
model, focusing on the pathway of FA lipolysis (Fig. 6). Our intention was to provide a
framework of the generation of new ideas on how to manipulate fatty acid metabolism
in MPC1% mice. According to our results, MPC1¥ mice sustain the energy balance in
mitochondrial metabolism by increasing the fatty acid 8-oxidation and decreasing the
fatty acid synthesis. Increased fatty acid metabolism and decreased lipogenesis result in
low TG accumulation in all tissues, especially lipid droplets. In conclusion, the present
study provides further evidence for the role of MPC1 in the energy metabolism. Screens
to explore the metabolic mechanism of mpcl in energy homeostasis may provide novel
therapies for chronic diseases.

Zou et al. (2018), PeerdJ, DOI 10.7717/peerj.5799 13/18


https://peerj.com
http://dx.doi.org/10.7717/peerj.5799

Peer

Oxidative phosphorylation Mitochondrion
Glucose
l l MPC
Pyruvate TcA N acetyl-CoA
Citate
l Beta-Oxidation I
acely-CoA

Acc l l

lFasn malonyl-CoA t Up l Down
ACS l

FA ________——>

FA-CoA
i fime
—-’perilipinsl
TG
Lipid Droplet

Figure 6 Schematic changes through fatty acid metabolic pathways in MPC1* mice.
Full-size &l DOI: 10.7717/peer;j.5799/fig-6

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the Genetically Modified Organisms Breeding Major Projects
of the People’s Republic of China (2016ZX08011-005). There were no additional external
funding received for this study. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Genetically Modified Organisms Breeding Major Projects: 20162X08011-005.

Competing Interests
The authors declare there are no competing interests.

Zou et al. (2018), PeerJ, DOI 10.7717/peerj.5799 14/18


https://peerj.com
https://doi.org/10.7717/peerj.5799/fig-6
http://dx.doi.org/10.7717/peerj.5799

Peer

Author Contributions

e Shiying Zou conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or
tables, authored or reviewed drafts of the paper.

e Liye Zhu performed the experiments, contributed reagents/materials/analysis tools,
authored or reviewed drafts of the paper.

e Kunlun Huang approved the final draft.

e Haoshu Luo performed the experiments.

e Wentao Xu conceived and designed the experiments, approved the final draft.

e Xiaoyun He conceived and designed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the paper, approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

This animal study was approved by the Animal Experimental Welfare & Ethical
Inspection Committee (2016005), the Supervision & Testing Center for GMO Food
Safety, Ministry of Agriculture (Beijing, China).

Data Availability
The following information was supplied regarding data availability:
The raw data are included in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.5799%supplemental-information.

REFERENCES

Alger HM, Brown JM, Sawyer JK, Kelley KL, Shah R, Wilson MD, Willingham MC,
Rudel LL. 2010. Inhibition of acyl-coenzyme A: cholesterol acyltransferase 2
(ACAT?2) prevents dietary cholesterol-associated steatosis by enhancing hepatic
triglyceride mobilization. Journal of Biological Chemistry 285:14267—-14274
DOI 10.1074/jbc.M110.118422.

Bayley JP, Devilee P. 2012. The Warburg effect in 2012. Current Opinion in Oncology
24:62-67 DOI 10.1097/CCO.0b013e32834deb%e.

Bayne K. 1996. Revised guide for the care and use of laboratory animals available.
American Physiological Society. The Physiologist 39:199-208.

Biswas D, Ghosh M, Kumar S, Chakrabarti P. 2016. PPARalpha-ATGL pathway
improves muscle mitochondrial metabolism: implication in aging. FASEB Journal
30:3822-3834 DOI 10.1096/1].201600571RR.

Bjorndal B, Alteras EK, Lindquist C, Svardal A, Skorve J, Berge RK. 2018. As-
sociations between fatty acid oxidation, hepatic mitochondrial function, and
plasma acylcarnitine levels in mice. Nutrition ¢ Metabolism 15:Article 10
DOI10.1186/512986-018-0241-7.

Zou et al. (2018), PeerdJ, DOI 10.7717/peerj.5799 15/18


https://peerj.com
http://dx.doi.org/10.7717/peerj.5799#supplemental-information
http://dx.doi.org/10.7717/peerj.5799#supplemental-information
http://dx.doi.org/10.7717/peerj.5799#supplemental-information
http://dx.doi.org/10.1074/jbc.M110.118422
http://dx.doi.org/10.1097/CCO.0b013e32834deb9e
http://dx.doi.org/10.1096/fj.201600571RR
http://dx.doi.org/10.1186/s12986-018-0241-7
http://dx.doi.org/10.7717/peerj.5799

Peer

Choe SS, Huh JY, Hwang IJ, Kim JI, Kim JB. 2016. Adipose tissue remodeling: its role in
energy metabolism and metabolic disorders. Frontiers in Endocrinology 7:Article 30
DOI 10.3389/fend0.2016.00030.

Compan V, Pierredon S, Vanderperre B, Krznar P, Marchiq I, Zamboni N, Pouyssegur
J, Martinou JC. 2015. Monitoring mitochondrial pyruvate carrier activity in real
time using a BRET-based biosensor: investigation of the warburg effect. Molecular
Cell 59:491-501 DOI 10.1016/j.molcel.2015.06.035.

Dadson K, Liu Y, Sweeney G. 2011. Adiponectin action: a combination of en-
docrine and autocrine/paracrine effects. Frontiers in Endocrinology 2:Article 62
DOI 10.3389/fend0.2011.00062.

De Jong JM, Larsson O, Cannon B, Nedergaard J. 2015. A stringent validation of mouse
adipose tissue identity markers. American Journal of Physiology, Endocrinology and
Metabolism 308:E1085-E1105 DOI 10.1152/ajpendo.00023.2015.

Glaser C, Heinrich J, Koletzko B. 2010. Role of FADS1 and FADS2 polymorphisms
in polyunsaturated fatty acid metabolism. Metabolism-Clinical and Experimental
59:993-999 DOI 10.1016/j.metabol.2009.10.022.

Gray LR, Sultana MR, Rauckhorst AJ, Oonthonpan L, Tompkins SC, Sharma A,

Fu X, Miao R, Pewa AD, Brown KS, Lane EE, Dohlman A, Zepeda-Orozco D,

Xie J, Rutter J, Norris AW, Cox JE, Burgess SC, Potthoff MJ, Taylor EB. 2015.
Hepatic mitochondrial pyruvate carrier 1 is required for efficient regulation of
gluconeogenesis and whole-body glucose homeostasis. Cell Metabolism 22:669-681
DOI10.1016/j.cmet.2015.07.027.

Guitart M, Osorio-Conles O, Pentinat T, Cebria J, Garcia-Villoria J, Sala D, Sebastian
D, Zorzano A, Ribes A, Jimenez-Chillaron JC, Garcia-Martinez C, Gomez-Foix
AM. 2014. Fatty acid transport protein 1 (FATP1) localizes in mitochondria in
mouse skeletal muscle and regulates lipid and ketone body disposal. PLOS ONE
9:€98109 DOI 10.1371/journal.pone.0098109.

Haider SR, Reid HJ, Sharp BL. 2012. Tricine-SDS-PAGE. Methods in Molecular Biology
869:81-91 DOI 10.1007/978-1-61779-821-4_8.

Hong Y, Ho KS, Eu KW, Cheah PY. 2007. A susceptibility gene set for early onset col-
orectal cancer that integrates diverse signaling pathways: implication for tumorigene-
sis. Clinical Cancer Research 13:1107-1114 DOI 10.1158/1078-0432.CCR-06-1633.

Huttemann M, Klewer S, Lee I, Pecinova A, Pecina P, Liu J, Lee M, Doan JW, Larson D,
Slack E, Maghsoodi B, Erickson RP, Grossman LI. 2012. Mice deleted for heart-type
cytochrome c oxidase subunit 7al develop dilated cardiomyopathy. Mitochondrion
12:294-304 DOI 10.1016/j.mito.2011.11.002.

Kim JH, Cho HT, Kim Y]J. 2014. The role of estrogen in adipose tissue metabolism:
insights into glucose homeostasis regulation. Endocrine Journal 61:1055-1067
DOI 10.1507/endocrj.E]14-0262.

LiX,LiY,Han G, JiY, Fan Z, Zhong Y, Cao ], Zhao J, Mariusz G, Zhang M, Wen
J, Nesland JM, Suo Z. 2016. Establishment of mitochondrial pyruvate carrier 1
(MPC1) gene knockout mice with preliminary gene function analyses. Oncotarget
7:79981-79994 DOI 10.18632/oncotarget.13210.

Zou et al. (2018), PeerdJ, DOI 10.7717/peerj.5799 16/18


https://peerj.com
http://dx.doi.org/10.3389/fendo.2016.00030
http://dx.doi.org/10.1016/j.molcel.2015.06.035
http://dx.doi.org/10.3389/fendo.2011.00062
http://dx.doi.org/10.1152/ajpendo.00023.2015
http://dx.doi.org/10.1016/j.metabol.2009.10.022
http://dx.doi.org/10.1016/j.cmet.2015.07.027
http://dx.doi.org/10.1371/journal.pone.0098109
http://dx.doi.org/10.1007/978-1-61779-821-4_8
http://dx.doi.org/10.1158/1078-0432.CCR-06-1633
http://dx.doi.org/10.1016/j.mito.2011.11.002
http://dx.doi.org/10.1507/endocrj.EJ14-0262
http://dx.doi.org/10.18632/oncotarget.13210
http://dx.doi.org/10.7717/peerj.5799

Peer

Lieber CS. 2004. The discovery of the microsomal ethanol oxidizing system and
its physiologic and pathologic role. Drug Metabolism Reviews 36:511-529
DOI 10.1081/DMR-200033441.

Lo KA, Sun L. 2013. Turning WAT into BAT: a review on regulators controlling the
browning of white adipocytes. Bioscience Reports 33(5):e00065
DOI 10.1042/BSR20130046.

McCommis KS, Chen Z, Fu X, McDonald WG, Colca JR, Kletzien RF, Burgess SC,
Finck BN. 2015. Loss of mitochondrial pyruvate carrier 2 in the liver leads to defects
in gluconeogenesis and compensation via pyruvate-alanine cycling. Cell Metabolism
22:682-694 DOI 10.1016/j.cmet.2015.07.028.

McCommis KS, Finck BN. 2015. Mitochondrial pyruvate transport: a historical
perspective and future research directions. Biochemical Journal 466:443—454
DOI10.1042/BJ20141171.

Ouwens DM, Sell H, Greulich S, Eckel J. 2010. The role of epicardial and perivascular
adipose tissue in the pathophysiology of cardiovascular disease. Journal of Cellular
and Molecular Medicine 14:2223-2234 DOI 10.1111/.1582-4934.2010.01141 x.

Rauckhorst AJ, Gray LR, Sheldon RD, Fu X, Pewa AD, Feddersen CR, Dupuy AJ,
Gibson-Corley KN, Cox JE, Burgess SC, Taylor EB. 2017. The mitochondrial
pyruvate carrier mediates high fat diet-induced increases in hepatic TCA cycle
capacity. Molecular Metabolism 6:1468—1479 DOI 10.1016/j.molmet.2017.09.002.

Romacho T, Elsen M, Rohrborn D, Eckel J. 2014. Adipose tissue and its role in organ
crosstalk. Acta Physiologica 210:733—753 DOI 10.1111/apha.12246.

Schell JC, Olson KA, Jiang L, Hawkins AJ, Van Vranken JG, Xie J, Egnatchik RA, Earl
EG, DeBerardinis R]J, Rutter J. 2014. A role for the mitochondrial pyruvate carrier
as a repressor of the Warburg effect and colon cancer cell growth. Molecular Cell
56:400—413 DOI 10.1016/j.molcel.2014.09.026.

Spiegelman BM, Flier JS. 2001. Obesity and the regulation of energy balance. Cell
104:531-543 DOI 10.1016/50092-8674(01)00240-9.

Takahashi Y, Shinoda A, Kamada H, Shimizu M, Inoue J, Sato R. 2016. Perilipin2 plays
a positive role in adipocytes during lipolysis by escaping proteasomal degradation.
Scientific Reports 6:20975 DOT 10.1038/srep20975.

Tappenden DM, Lynn SG, Crawford RB, Lee K, Vengellur A, Kaminski NE, Thomas
RS, LaPres JJ. 2011. The aryl hydrocarbon receptor interacts with ATP5alphal,

a subunit of the ATP synthase complex, and modulates mitochondrial function.
Toxicology and Applied Pharmacology 254:299-310 DOI 10.1016/j.taap.2011.05.004.

Vacanti NM, Divakaruni AS, Green CR, Parker SJ, Henry RR, Ciaraldi TP, Murphy AN,
Metallo CM. 2014. Regulation of substrate utilization by the mitochondrial pyruvate
carrier. Molecular Cell 56:425—-435 DOI 10.1016/j.molcel.2014.09.024.

Vanderperre B, Herzig S, Krznar P, Horl M, Ammar Z, Montessuit S, Pierredon
S, Zamboni N, Martinou JC. 2016. Embryonic lethality of mitochondrial pyru-
vate carrier 1 deficient mouse can be rescued by a ketogenic diet. PLOS Genetics
12:e1006056 DOI 10.1371/journal.pgen.1006056.

Zou et al. (2018), PeerdJ, DOI 10.7717/peerj.5799 1718


https://peerj.com
http://dx.doi.org/10.1081/DMR-200033441
http://dx.doi.org/10.1042/BSR20130046
http://dx.doi.org/10.1016/j.cmet.2015.07.028
http://dx.doi.org/10.1042/BJ20141171
http://dx.doi.org/10.1111/j.1582-4934.2010.01141.x
http://dx.doi.org/10.1016/j.molmet.2017.09.002
http://dx.doi.org/10.1111/apha.12246
http://dx.doi.org/10.1016/j.molcel.2014.09.026
http://dx.doi.org/10.1016/S0092-8674(01)00240-9
http://dx.doi.org/10.1038/srep20975
http://dx.doi.org/10.1016/j.taap.2011.05.004
http://dx.doi.org/10.1016/j.molcel.2014.09.024
http://dx.doi.org/10.1371/journal.pgen.1006056
http://dx.doi.org/10.7717/peerj.5799

Peer

Vigueira PA, McCommis KS, Schweitzer GG, Remedi MS, Chambers KT, Fu X,
McDonald WG, Cole SL, Colca JR, Kletzien RF, Burgess SC, Finck BN. 2014.
Mitochondrial pyruvate carrier 2 hypomorphism in mice leads to defects in glucose-
stimulated insulin secretion. Cell Reports 7:2042-2053
DOI 10.1016/j.celrep.2014.05.017.

Wang Z, Gerstein M, Snyder M. 2009. RNA-Seq: a revolutionary tool for transcrip-
tomics. Nature Reviews Genetics 10:57—63 DOI 10.1038/nrg2484.

Xu Q, Mariman ECM, Roumans NJT, Vink RG, Goossens GH, Blaak EE, Jocken JWE.
2018. Adipose tissue autophagy related gene expression is associated with glu-
cometabolic status in human obesity. Adipocyte 7:12—19
DOI 10.1080/21623945.2017.1394537.

Yang JP, Anderson AE, McCartney A, Ory X, Ma G, Pappalardo E, Bader J, Elisseeff
JH. 2017. Metabolically active three-dimensional brown adipose tissue engineered
from white adipose-derived stem cells. Tissue Engineering Part A 23:253-262
DOI 10.1089/ten.TEA.2016.0399.

Yang C, Ko B, Hensley CT, Jiang L, Wasti AT, Kim J, Sudderth J, Calvaruso MA,
Lumata L, Mitsche M, Rutter J, Merritt ME, DeBerardinis RJ. 2014. Glutamine
oxidation maintains the TCA cycle and cell survival during impaired mitochondrial
pyruvate transport. Molecular Cell 56:414—424 DOI 10.1016/j.molcel.2014.09.025.

Zhu SG, Xi L, Kukreja RC. 2012. Type 2 diabetic obese db/db mice are refractory to
myocardial ischaemic post-conditioning in vivo: potential role for Hsp20, F1-
ATPase delta and Echsl. Journal of Cellular and Molecular Medicine 16:950-958
DOI10.1111/5.1582-4934.2011.01376.x.

Zou S, Lang T, Zhang B, Huang K, Gong L, Luo H, Xu W, He X. 2018. Fatty acid
oxidation alleviates the energy deficiency caused by the loss of MPC1 in MPC1(+)
mice. Biochemical and Biophysical Research Communications 495:1008—1013
DOI 10.1016/j.bbrc.2017.11.134.

Zou et al. (2018), PeerdJ, DOI 10.7717/peerj.5799 18/18


https://peerj.com
http://dx.doi.org/10.1016/j.celrep.2014.05.017
http://dx.doi.org/10.1038/nrg2484
http://dx.doi.org/10.1080/21623945.2017.1394537
http://dx.doi.org/10.1089/ten.TEA.2016.0399
http://dx.doi.org/10.1016/j.molcel.2014.09.025
http://dx.doi.org/10.1111/j.1582-4934.2011.01376.x
http://dx.doi.org/10.1016/j.bbrc.2017.11.134
http://dx.doi.org/10.7717/peerj.5799

