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The endoplasmic reticulum-associated NADH cytochrome
b oxidoreductase (Ncb5or) is widely distributed in animal
tissues. Ncb50or™'~ mice develop diabetes at age 7 weeks and
have increased susceptibility to the diabetogenic oxidant
streptozotocin. Ncb5or deficiency also results in lipoatrophy
and increased hepatocyte sensitivity to cytotoxic effects of
saturated fatty acids. Here we investigate the mechanisms of

=/~ mice and find

these phenomena in prediabetic Ncb5or
that, despite increased rates of fatty acid uptake and
synthesis and higher stearoyl-CoA desaturase (SCD) expres-
sion, Ncb5or™/~ liver accumulates less triacylglyce-
rol (TAG) than wild type (WT). Increased fatty acid
catabolism and oxidative stress are evident in Ncb5or™/~
hepatocytes and reflect increased mitochondrial content,
peroxisome proliferator-activated receptor-vy coactivator la
(PGC-1a) expression, fatty acid oxidation rates, oxidative
stress response gene expression, and oxidized glutathione
content. Nch50r~/~ hepatocytes readily incorporate exoge-
nous fatty acids into TAG but accumulate more free fatty
acids (FFA) and have greater palmitate-induced oxidative
stress responses and cell death than WT, all of which are
alleviated by co-incubation with oleate via TAG channeling.
A high fat diet rich in palmitate and oleate stimulates both
lipogenesis and fatty acid catabolism in Ncb5or™'~ liver,
resulting in TAG levels similar to WT but increased intracel-
lular FFA accumulation. Hepatic SCD-specific activity is
lower in Ncb5or™'~ than in WT mice, although Ncb5or™/'~
liver has a greater increase in Scd1 mRNA and protein levels.
Together, these findings suggest that increased FFA accumu-
lation and catabolism and oxidative stress are major conse-
quences of Ncb5or deficiency in liver.
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NADH-cytochrome b oxidoreductase (Ncb5or)? is an endo-
plasmic reticulum (ER)*-associated protein that has been
implicated in lipid metabolism and diabetes. Ncb5or contains
two redox domains that are homologous to cytochrome b, and
its reductase (1) and a bridging domain that is a member of the
CHORD-SGT1 (CS) protein family (2). The Ncb5or gene is
found in all animals and is widely expressed among human and
mouse tissues (1). Ncb5or-null (Ncb50r ™/ ~) mice develop dia-
betes at about 7 weeks of age due to loss of insulin-producing
B-cells but maintain normal insulin sensitivity (3). The pro-
apoptotic transcription factor C/EBP-homologous protein
(CHOP) in the ER stress pathway appears to be involved in
B-cell loss in Ncb5or™/~ mice because CHOP deletion delays
onset of diabetes by 2 weeks (4). Ncb5or ™/~ B-cells exhibit
increased susceptibility to the diabetogenic effects of the oxi-
dant streptozotocin in vivo (3) and in vitro (5). Furthermore,
B-cells from 12-week-old (diabetic) Ncb5or /~ mice have
mitochondrial hypertrophy and hyperplasticity (3). Ncb5or ™/~
mice also develop lipoatrophy independently of diabetes.
Ncb5or /™ mice that receive islet transplants from wild-type
(WT) mice at 7 weeks remain normoglycemic until age 12
weeks but still have greatly reduced triacylglycerol (TAG)
stores, increased hepatic peroxisome proliferator-activated
receptor-+y coactivator la (PGC-1a) expression, and a reduced
monounsaturated fatty acid (MUFA) to a saturated fatty acid
(SFA) ratio in hepatic TAG, diacylglycerols, and free fatty acids
(FFA) (6). The loss of adiposity and the impaired fatty acid
desaturation in Ncb5or /™ mice is similar to that seen in mice
lacking stearoyl-CoA desaturase 1 (SCD1), which converts pal-
mitic and stearic acids to palmitoleic and oleic acids, respec-
tively (7). Ncb5or ™/~ hepatocytes are more sensitive than WT
cells to palmitate-induced cytotoxicity, as reflected by ER stress
marker expression and cell death (4, 6).

In vitro reconstitution experiments show that the Ncb5or
homolog microsomal cytochrome b, (Cyb5A) and its cognate
reductase Cyb5R3 provide electrons for the SCD reaction (8).

3 Alternative designations for NADH- cytochrome b5 oxidoreductase include
Cyb5R4, b5/b5R, or b5+b5R.

“The abbreviations used are: ER, endoplasmic reticulum; DI, desaturation
index; FAME, fatty acid methyl ester; FAO, fatty acid oxidation; FFA, free
fatty acid; MUFA, monounsaturated fatty acid; SCD, stearoyl-CoA desatu-
rase; SFA, saturated fatty acid; TAG, triacylglycerol; CHOP, C/EBP-homolo-
gous protein; OCR, oxygen consumption rate; DCF, dichlorofluorescin;
PGC-1a, peroxisome proliferator-activated receptor-y coactivator 1«;
ACSL3, acyl-CoA synthetase-3; elF, eukaryotic translation initiation factor;
HMOX1, heme oxygenase 1.
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Surprisingly, mice with global or hepatocyte-restricted Cyb5A
deficiency exhibit only a mild deficiency of SCD products in
hepatic lipids (9, 10), suggesting that another electron donor(s)
may contribute to the SCD reaction in vivo. Ncb5or readily
reduces a variety of artificial substrates in vitro in the presence
of excess NADH or NADPH, as does the Cyb5A:Cyb5R3 com-
plex (1, 11, 12). Ncb5or is a more potent electron donor than
Cyb5A because of the lower redox potential (E, = —108 mV) in
the Ncb5or heme center (11) and its unique heme environment
(13). Of four recognized missense mutations in the human
Ncb5or gene, two (Q187R and H223R) are found in a cohort
with non-autoimmune diabetes (14). The other two (D371Y
and L424M) occur at conserved residues in the b5R domain and
are found as somatic mutations in 7% of human breast cancers
(15). It is not yet known how these Ncb5or mutations affect its
structure and function or contribute to disease pathogenesis.

To clarify the molecular bases of Ncb5or ™~/ cell hypersensi-
tivity to cytotoxic effects of oxidants and of SFA and the
potential role of Ncb5or in fatty acid desaturation, we have
examined early molecular events and biochemical processes
in the livers of prediabetic Ncb5or /™ mice at ages up to 5
weeks. We find that, starting early in neonatal development,
livers of Ncb5or™/~ mice exhibit increased expression of
genes involved in uptake, synthesis, and desaturation of fatty
acids and in mitochondrial biogenesis and oxidative stress
responses. There are corresponding increases in mitochon-
drial content, fatty acid catabolism, and reactive oxygen spe-
cies production. Ncb5or~/~ hepatocytes incorporate fatty
acids readily into TAG but accumulate more FFA and exhibit
reduced content of MUFA relative to SFA at a given level of
SCD expression, suggesting impaired SCD function. These
defects in Ncb5or '~ cells appear to be responsible for their
enhanced susceptibility to the cytotoxic effects of oxidants
and palmitic acid.

MATERIALS AND METHODS

Animals, Diets, and Indirect Calorimetry—Ncb5or '~ mice
were generated as previously described (3) and backcrossed
into C57BL/6 for >12 generations. All experiments were per-
formed in males as specified in a protocol approved by the Insti-
tutional Animal Care and Use Committee at the University of
Kansas Medical Center. Ncb5or '~ and WT mice were gener-
ated from heterozygous crosses and maintained in a pathogen-
free facility at 24 °C under a standard 12-h light/12-h dark cycle
with free access to food and water. Standard rodent chow
(Purina 5015 from LabDiet, St. Paul, MN) was used in all studies
except the 10-day high fat diet feeding protocol in which the
high fat diet (F5194 from BioServ, Frenchtown, NJ) was initi-
ated immediately after weaning and continued for 10 days. The
chow diet contains 3.8 kcal/g, 11% fat by weight, and a compo-
sition of 33% SFA, 35% MUFA, and 32% polyunsaturated fatty
acids (PUFA), all of which in the form of TAG, in comparison to
5.1 kcal/g, 35% fat by weight with a composition of 40% SFA,
50% MUFA, and 10% PUFA in the high fat diet. Mice were
sacrificed in the morning, and plasma and tissues were col-
lected, flash-frozen in liquid nitrogen, and stored at —80 °C
until use. Indirect calorimetry was conducted in a 4-chamber
OxyMax System from Columbus Instruments (Columbus,

/
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OH). The O, and CO,, gas fractions were monitored at both the
inlet and output ports with a flow rate of 0.4 liter/min. These
measurements were used to compute VO, and VCO,, values (10
min per data point) in units of ml/kg/h. Respiratory exchange
rate (RER) was calculated as VCO,/VO, and used to predict the
likely fuel source, i.e. RER = 1.0 (carbohydrates), 0.7 (fat), or
0.85 (proteins or a combination of carbohydrates and fats).

Electron Microscopy—Transmission electron microscopy
was performed in the Electron Microscopy core facility at the
University of Kansas Medical Center. Fresh liver pieces ~1
mm?® in size were fixed in 2% glutaraldehyde in cacodylate
buffer overnight before being processed and embedded in
EPON. Micrographs were obtained with a JEOL (Tokyo, Japan)
100 CXII transmission electron microscope operated at 80 KV.
The NIH Image ] software was used for counting mitochondrial
and cytoplasmic area.

Quantitative RT-PCR—Total RNA was prepared from livers
or hepatocytes of WT and Ncb5or /" mice using TRIzol re-
agent according to manufacturer’s instructions (Invitrogen).
RNA was assessed by determining absorbance of UV light at
260 and 280 nm wavelengths, with A, for quantity and A,/
A,g, ratio for quality. Two pg of RNA were reverse-transcribed
to ¢cDNA with Moloney murine leukemia virus (Invitrogen),
and Power SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA) was used for quantitative PCR. Reactions, 10 ul
each in a 384-well, were performed in duplicate for 40 cycles
according to a 2-step protocol (92 °C for 15 s and 60 °C for 1
min) on a Prism 7900 Sequence Detection System (Applied
Biosystems). The amount of target mRNA was calculated with
the comparative C method and then normalized to that of 18 S
rRNA. Primer Express 2.0 was used to design primers that span
introns. Primer sequences are available upon request.

Mitochondrial DNA Content—Quantitative PCR was per-
formed as above to determine the relative copy numbers of
mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) in
livers from 5-week-old WT and Ncb5or '~ mice. Each reaction
(10 wl) contained genomic DNA (100 ng) and forward and
reverse primers (0.6 um each). Hexokinase 2 (intron 9) and 16 S
rRNA were used as nDNA- and mtDNA-specific targets,
respectively, as described (16). A standard dilution series was
used to confirm the efficiency of exponential amplification for
each primer pair. The mitochondrial to nuclear DNA ratio in
each sample was calculated by dividing the value for 16 S by that
for hexokinase 2.

Immunoblot Analysis—Small pieces (~50 mg) of mouse liv-
ers were homogenized in lysis buffer (25 mm HEPES, 50 mMm
KCl, 6% glycerol, 5mm EDTA, 5 mM EGTA, 0.5% Triton X-100,
50 mMm NaF, 40 mm glycerol phosphate, and 25 mM sodium
pyrophosphate) with inhibitors of phosphatases (PhosSTOP
from Roche Applied Science) and proteases (SigmaFAST from
Sigma). The lysate was then cleared by centrifugation (16,000 X
g 10 min, 4 °C). Total protein content was determined with
Coomassie Plus reagents (Pierce). Proteins (~50 ug) were
loaded into each lane on a 4-15% gradient SDS-PAGE gel.
After electrophoresis, each gel was blotted onto a nitrocellulose
membrane (GE Healthcare) and subjected to immunoblotting
with primary antibodies against total and phosphorylated
elF2a (Cell Signaling Technology, Danvers, MA), PGC-1la
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(Calbiochem), SCD1 (Santa Cruz Biotechnology, Santa Cruz,
CA), and GAPDH (Sigma). Signals were developed with horse-
radish peroxidase-conjugated secondary antibodies and Super-
Signal West Pico chemiluminescent substrate (Pierce). The
Adobe Photoshop software was used to quantify intensity of
signals.

Lipid Profiling and Total Content Assay—Frozen liver tissues
(50100 mg) or hepatocytes (5 X 10°) were homogenized in
lysis buffer (18 mm Tris-HCI, 50 mm EGTA, 300 mm mannitol,
pH 7.5, 1 mm phenylmethanesulfonyl fluoride). Internal stan-
dards consisting of heptadecanoic acid (C17:0) and correspond-
ingto each class of lipid species of interest was added at this step
for quantification. Total lipids in liver homogenate or plasma
(100-200 wl) were extracted by the method of Folch et al.(17)
using chloroform and methanol (2:1) that contained 0.1%
butylhydroxytoluene to prevent lipid oxidation. TAG and FFA
were separated by TLC on silica gel plates using a solvent sys-
tem of hexane:diethyl ether:acetic acid (80:20:1), and the sepa-
rated classes were recovered from the plates and subjected to
transmethylation as described (18). Fatty acid methyl esters
(FAMES) of liver and hepatocyte lipid samples were analyzed by
GC-FID on a GC3900 with flame ionization detector (FID) or
by GC-MS on a GC450 with MS220, respectively, from Varian
(Palo Alto, CA). Both systems used a 100 m X 0.25-mm column,
either Supelco SP-2560 with GC3900 or Varian FAME Select
CP 7420 with GC450. Supelco 37 component FAME mix stan-
dards (Sigma) were used to confirm the identity of all FAMEs.
The absolute amount in each FAME was calculated against the
C17:0 internal control by comparing their peak areas (flame
ionization detector) or total ion current where 10 specific and
abundant ions of each FAME species were counted and the sum
was divided by a response factor to generate its total ion cur-
rent. Total tissue weight (livers) or protein content (hepato-
cytes) was used to normalize lipid content. For assay of total
content of TAG, nonesterified fatty acid, free cholesterol, cho-
lesterol ester, and total lipids from livers or plasma (without
internal standard) were resuspended with 10% Triton X-100 in
isopropyl alcohol and measured by colorimetric kits from
Sigma or Wako Chemicals (Richmond, VA).

Isolation of Hepatocytes, Fatty Acid Treatment, and Cell Via-
bility Assay—Hepatocytes were isolated from 4-week-old
Ncb5or ™/~ and WT mice that were fasted for 2 h by using a
2-step perfusion procedure with Solution I (0.5 mm EGTA and
5.5 mm glucose in Hanks’ buffered salt solution) and Solution II
(1.5 mm CaCl,, 5.5 mm glucose, with 0.0375% collagenase) as
modified from (19). Live hepatocytes with survival rates of
85-90% were incubated in Williams’ medium E (Invitrogen)
containing 10% fetal bovine serum (FBS), glutamine, and peni-
cillin/streptomycin at 37 °C overnight before an 8-h fatty acid
treatment with bovine serum albumin (BSA)-complexed pal-
mitic acid (C16:0) or oleic acid (C18:1), or BSA carrier alone. To
avoid non-physiological toxic effects of fatty acids, each stock
solution was prepared by complexing fatty acids (final concen-
tration 5 mm) with 2.1 mm fatty acid-free BSA in 0.1 m Tris-HCl,
pH 8.0, with constant stirring under nitrogen at 37 °C over-
night, resulting in a molar FFA:BSA ratio of 2.4:1 (20). Solutions
were then passed through a filter (0.2 wm) and stored at —80 °C
until use. Fatty acid concentrations were measured with a non-
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esterified fatty acid C kit (Wako Chemicals). All reagents were
purchased from Sigma unless otherwise indicated. The viability
of cells was determined from their measured ATP content
(CellTiter-Glo(R) Luminescent Cell Viability Assay kit, Pro-
mega, Madison, WI).

Ceramide Analyses—After fatty acid treatment, hepatocytes
from each 6-cm plate were rinsed with isotonic LiCl before lipid
extraction by the method of Bligh and Dyer (21). Ceramide
(CM) species were measured to C8:0-CM internal standard by
negative ion electrospray ionization/MS as previously de-
scribed (22) and normalized to sample protein content.

Fatty Acid Oxidation (FAO)—The rate of mitochondrial
FAO was calculated by measuring the oxidized product of
[n9,10-*H]palmitic acid (Perkin Elmer Life Science) as de-
scribed (23). Briefly, 1 X 10° hepatocytes were seeded in wells of
a 24-well plate, incubated overnight in medium with 10% FBS,
and then incubated (2 h, 37 °C) with BSA-complexed palmitic
acid (0.125 mm unlabeled plus 0.08 uCi of [n9,10-*H]C16:0) in
the presence of carnitine (1 mm) in PBS. The amount of sub-
strate taken up by cells within 2 h represented less than 25% that
of the total amount in the medium. The H[*H]O product was
collected, and its *H content was determined by liquid scintil-
lation spectrometry (LS6500 Scintillation Counter, Beckman-
Coulter, Brea, CA) to calculate the initial reaction rate (mmol/
h/mg of protein). The protein contents of cells were measured
with a BCA protein analysis kit (Pierce).

Extracellular Flux Analysis—Extracellular flux analysis was
performed on a XF24 analyzer (Seahorse Bioscience, Billerica,
MA) as previously described (24). Briefly, 3 X 10* hepatocytes
were seeded into 24-well plates and cultured overnight in com-
plete medium with 10% FBS (see above). Cells were washed
with DMEM (0.8 mm MgSO,, 1.8 mm CacCl,, 143 mm NaCl, 5.4
mMm KCl, 0.91 mm NaH,PO,, 15 mg/ml phenol red, 5.5 mm
glucose, and 2 mMm GlutaMAX from Invitrogen) and incubated
in the same medium (37 °C, 1 h without CO,, preincubation).
Cells were then loaded into the XF24 analyzer to measure oxy-
gen consumption rate (OCR) in short and repeated intervals as
cells alone (base line) and after injection with buffer or BSA-
complexed palmitic acid or oleic acid (0.125 mm) in the pres-
ence of carnitine (1 mm). OCR values under each condition
were normalized to total protein content.

Measurement of Glutathione—Reduced and oxidized gluta-
thione in liver tissue or hepatocytes were measured as de-
scribed (25). Briefly, hepatocytes were washed with ice-cold
phosphate-buffered saline (PBS) and then collected in ice-cold
3% sulfosalicylic acid, 0.1 mm EDTA. Similarly, frozen liver tis-
sue was homogenized in 3% sulfosalicylic acid before centrifu-
gation (16,000 X g, 5 min, 4 °C) to remove proteins. Pellets were
dissolved in 10% SDS for protein determination as above, and
the supernatant was divided into aliquots to measure total and
oxidized glutathione. For the latter, GSH was derivatized with
N-ethylmaleimide (Sigma), and the solution was passed
through a Sep-Pak C18 cartridge (Waters, Milford, MA). Thiol
contents of the total and GSSG aliquots were measured by mix-
ing with Solution 1 (1.2 mm 5,5’-dithiobis-2-nitrobenzoic acid
or 30 mm EDTA, 0.08% BSA, 600 mMm potassium phosphate, pH
7.2) and Solution 2 (0.5 mg/ml NADPH, 2.5 units/ml glutathi-
one reductase in 100 mm imidazole, pH 7.2, 2 mm EDTA, 0.04%
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FIGURE 1. Whole body O, consumption and respiration exchange ratio, and hepatic mitochondrial content of chow-fed Ncb50r~/~ and WT mice. A, O,

consumption of 5-week-old Ncb5or ™

~ and WT mice was measured by indirect calorimetry and plotted as a function of time. The area under the bar was

calculated for each mouse during light (fasting) or dark (fed) cycle. B, respiration exchange ratio of CO, production versus O, consumption of each mouse was
calculated for each time point and averaged for the entire light (fasting) or dark (fed) cycle. Results in A and B were obtained from 3 pairs (n = 3) and plotted
as the mean = S.E. C, representative transmission electron microscopy of WT and Ncb5or~/~ hepatocytes at 5 weeks of age are shown. D, the mitochondrial
and cytoplasmic area was counted by the NIH ImageJ software and used to calculate the mitochondria:cytoplasm area ratio. A total of three pairs (n = 3,>10

cells per animal) were analyzed, and results are expressed as the mean = S.E. E, ratios of mitochondria:nuclei DNA (16 S rRNA:hexokinase 2) were determined

by quantitative PCR. A total of seven pairs (n = 7) were analyzed, and results are expressed as mean = S.E.*, p < 0.05. White bar, WT; black bar, Ncb5or™~

BSA). The cycling reaction was complete after 10-min of incu-
bation at room temperature, and the GSH-reduced products
(5-thio-2-nitrobenzoic acid) were measured by A,;,. Levels of
free thiol were determined relative to a GSH standard calibra-
tion curve.

Measurement of Cellular Hydrogen Peroxide—Cellular
hydrogen peroxide and nuclear DNA levels were determined by
staining with 2',7’-dichlorofluorescin diacetate (Sigma) and
Hoechst 33342 (Molecular Probes, Eugene, OR), respectively.
After washing with PBS, cells were incubated (37 °C for 20 min
in the dark) with 2 um 2',7’-dichlorofluorescin diacetate and
0.1 pg/ml Hoechst in Hanks’ buffered salt solution (with Ca**
and Mg>" but without phenol red). Cells were collected by
trypsinization and resuspended in PBS plus 20 mm glucose at a
density of 1 X 10° cells/ml. Fluorescence measurements were
performed in clear 96-well plates with excitation/emission
wavelengths of 480/533 nm (DCF) or 355/460 nm (Hoechst) on
a SpectraMax M5 microplate reader (Molecular Devices,
Sunnyvale, CA). Cellular hydrogen peroxide level was normal-
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/—

ized to nuclear DNA content as represented by the DCEF:
Hoechst ratio.

SCD Assay—SCD activity was determined by using
[**C]stearoyl-CoA (American Radiolabeled Chemicals, St.
Louis, MO) as described (26). Briefly, microsomes were isolated
from mouse livers and purified on a continuous density gradi-
ent (11). Fifty pug of microsomal proteins were mixed with 2
nmol of [**C]stearoyl-CoA and 1 wmol of NADH in 0.1 mm
Tris-HCI, pH 7.0, and incubated (37 °C, 5 min). Total lipids
were extracted and transmethylated as above to yield FAME.
Radiolabeled substrates (C18:0) and products (C18:1) were
separated by TLC on silica gel plates containing 10% AgNO,
(Analtech, Newark, DE). Signals were stored with phosphor-
imaging and quantitated with a Molecular Imager Pro Plus
system with Quantity One software (Bio-Rad). Counts were
used to calculate the yield ((C18:1)/(C18:0 + C18:1)), which
was then converted to SCD activity (nmol/min/mg). All
reactions were linear within the first 15 min under the above
conditions.
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FIGURE 2. Oxidative stress markers and lipid metabolism in chow-fed Ncb5or™
RNA samples are shown. The level of averaged WT sample was arbitrarily defined as 1 to allow
samples (n = 6) were compared. FA, fatty acid. B,immunoblotting analysis for phosphorylated

oxidative stress and lipid metabolism in WT and Ncb5or ™/~

comparison for each target gene. Six pairs of WT and Ncb5or ™/~

/= and WT mouse liver tissue. A, the relative mRNA levels of genes in

(P-) and total (T-) elF2a, SCD1, PGC-1a, and GAPDH in WT and Ncb5or /'~ liver lysate. Relative intensities against GAPDH (loading control) were calculated from
4 pairs (n = 4) and plotted in C. Intracellular GSSG and GSH levels of six pairs of liver samples were measured (n = 6) and shown as the GSSG:GSH ratio in D and
GSH + GSSG (total glutathione content) in E. All results were obtained from 5-week-old mice and are expressed as the mean = S.E. *, p < 0.05; **, p < 0.01; ***,

p < 0.005. White bar, WT; black bar, Ncb5or ™/~

Statistical Analyses—Statistical analyses were performed
with one-way analysis of variance. p values of <0.05 were con-
sidered statistically significant. Values are presented as the
means * S.E.

RESULTS

Increased Oxygen Consumption and Mitochondrial Density
in Ncb5or~”~ Mice—Lower body weights and loss of adiposity
are observed in chow-fed Ncb5or '~ mice at ages 6 weeks and
older (6). Here we report that despite similar body weights at
birth, Ncb5or /" mice exhibited significantly lower body
weights than WT littermates as early as 2 weeks of age (supple-
mental Table 1).

To determine whether increased oxidative metabolism
(catabolism) retarded growth in Ncb5or ™/~ mice, whole body
oxygen consumption of 5-week-old animals was examined by
indirect calorimetry. As expected, all mice consumed more
oxygen during fed cycles compared with fasting intervals, but
Ncb5or '~ mice consumed significantly more O, than WT
mice by 21 and 14% during fasting and fed periods, respectively
(Fig. 1A). This reflects a profound change in whole body sub-
strate utilization. No significant difference in respiration
exchange ratios was observed (Fig. 1B), suggesting the two gen-
otypes oxidized similar substrate classes.

Consistent with increased oxidative metabolism in
Ncb5or /" mice, the density of mitochondria per unit cyto-
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solic area was significantly higher in Ncb5or '~ than WT
hepatocytes at age 5 weeks, as shown by transmission elec-
tron microscopy (Fig. 1, C and D). We also observed a signif-
icantly higher mitochondrial to nuclear DNA ratio in livers
from Ncb5or /"~ compared with WT mice by quantitative
PCR (Fig. 1E), but no difference in mitochondrial density was
observed at 2 weeks (supplemental Fig. 1) when the body
weights of Ncb5or ™/~ mice first began to diverge signifi-
cantly from WT.

Altered Fatty Acid Metabolism and Increased Oxidative
Stress in NchSor~”~ Livers—Microarray analyses of liver RNA
samples from mice at age 5 weeks indicated that genes in the
following metabolic and stress response pathways are up-regu-
lated in Ncb5or ™/~ compared with WT mice, which was fur-
ther confirmed by quantitative RT-PCR (Fig. 2A4): 1) mitochon-
drial biogenesis (PGC-la (27)), 2) fatty acid desaturation
(SCD1 and SCD2 (28, 29)), 3) fatty acid synthesis (fatty acid
synthase (30)), 4) fatty acid uptake (lipoprotein lipase and
Cluster of Differentiation 36 (31, 32)), 5) fatty acid activation
(long chain acyl-CoA synthetase-3 (ACSL3) (33)), 6) oxidative
stress response (glutathione S-transferase isoforms (GSTa and
GSTT3) (34), metallothionein isoforms (MT1 and MT2) (35,
36) and heme oxygenase 1 (HMOX1) (37)), and 7) ER and redox
stress responses (eukaryotic translation initiation factor 2
(elF2s1/elF2a) (38)).
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TABLE 1

Transcript levels of genes involved in lipid metabolism, mitochondrial biogenesis, and oxidative stress responses in newborn, 2-, 3-, and

5-week-old Ncb5or™"~ and WT mouse livers

All values are the mean =+ S.E. (n = 6) and relative to 18 S (X 10°). FAS, fatty acid synthase; LPL, lipoprotein lipase.

Newborn 2 Weeks 3 Weeks 5 Weeks
WwWT Ncb5or™/~ WT Ncb5or™'~ WT Ncb5or™/~ WT Ncb5or™/~  Fold 7 Ncb5or™/~
SCD1 59.0 = 7.7 134 = 22¢ 8.64 + 1.38 19.2 = 2.9¢ 394 + 51 222 + 74 725 £ 58 1410 £ 140° 1.9
SCD2 41.1 £5.1 131 + 23¢ 4.06 £ 0.43 5.74 = 0.95 4.09 £ 0.55 5.25 = 0.55 1.57 £0.35 3.79 + 0.58" 2.4
FAS 590 = 1.11 12.5 £ 2.9 3.10 = 0.51 5.10 + 0.72¢ 309 =29 20.4 £ 6.3 16.8 £ 2.5 27.9 + 3.9° 1.7
PGC-1a 28.5+ 3.9 34.6 + 1.9 157 £ 2.7 21.0 = 4.2 116 = 2.6 32.0 = 5.5¢ 6.24 + 1.17 11.3 = 0.8° 1.8
ACSL3 0.94 + 0.13 1.92 + 0.32° 0.93 = 0.10 2.31 £ 0.39¢ 2.04 +0.21 1.76 = 0.39 1.88 £ 0.34 3.73 + 0.58" 2.0
CD36 22.8 £ 39 155+ 15 5.28 = 0.62 6.64 + 0.98 5.78 = 0.95 10.6 = 0.7¢ 4,76 £ 1.03 9.20 *+ 1.52¢ 1.9
LPL 105+ 9 114 = 23 170 = 22 138 =11 66.8 +11.0 209 + 22¢ 154 29 37.3 + 8.8" 2.5
MT1 1061 = 85 1576 + 136 94.5 + 16.1 286 =+ 93 273 £ 62 394 = 102 9.52 + 2.74 93.8 £ 17.6“ 99
MT2 249 * 37 362 £ 47 155+ 3.1 50.6 = 19.9 56.6 = 13.7 90.6 £ 12.8 1.02 £ 0.38 14.7 = 3.6° 14
HMOX1 26.8 + 4.7 233+ 1.7 4.86 *+ 0.86 12.6 + 257 11.6 = 0.6 14.7 = 1.4 2.48 + 0.44 5.00 + 0.30 2.0
GSTT3  261+027 270+022 255+030 412+053" 712+101 637 +141 349+084 7.42+221® 21
“p < 0.005.
bp < 0.05.
“p < 0.01.
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FIGURE 3. Hepatic TAG content of chow-fed Ncb5or™'~ and WT mice. A, fatty acid (FA) composition of hepatic TAG from 3-week-old mice as determined by
GC analysis is shown. Identical analyses were performed for hepatic TAG samples from 5- and 12-week-old mice. Values were used to calculate hepatic TAG
level (B) and DI of 16:1/16:0 (C) and 18:1/18:0 (D) at all three ages. Results were obtained from 6-8 animals (n = 6-8) in each experimental group and are

expressed as the mean = S.E.*, p < 0.05. White bar, WT; black bar, Ncb50r

Immunoblotting analyses confirmed increased expression of
PGC-1a, SCD1, and elF2« proteins and of the activated (phos-
phorylated) form of elF2« in liver extract of Ncb5or™/~ mice
(Fig. 2, B and C). Consistent with increased expression of oxi-
dative stress response genes, the fraction of glutathione in its
oxidized form (GSSG) was also higher in Ncb5or ™/~ than in
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WT liver tissue (Fig. 2D) despite similar levels of total (re-
duced + oxidized) glutathione (Fig. 2E).

Temporal progression of gene expression was also measured
in postnatal mouse livers of newborn, 2 and 3 weeks of age
(Table 1). Expression of SCD1 and SCD2 (fatty acid desatura-
tion), fatty acid synthase (synthesis), ACSL3 (activation/catab-

VOLUME 286+NUMBER 13-APRIL 1, 2011



Ncb5or in Fatty Acid Metabolism and Oxidative Stress

JwT I Ncb5or*-

A s B 100
= JwT I Ncb5or-
ko) * =
o © J
S g - 3 %
= %
E S
£ £ 60 |
@ £
© 0.6 IS
£ )
1= o 40
Py E
® 03 - ot
o & 20 -
e o

0 0
C 20

* JwT I Ncb5or-

S 16 |
£
£
£ 12 -
<9
o
€
£ 8-
o
8

4 -l
<

0 .

C16:0 C18:1

FIGURE 4. Mitochondrial fatty acid oxidation in Ncb50r '~ and WT hepatocytes. Hepatocytes were isolated from 4-week-old chow-fed WT and Ncb5or ™

Baseline C16:0 C18:1
D 14
JwT I Ncb5or-

o

= *

o

o |

(G

(@)

[0}

£12

[}

17}

©

el

nd

(G

(@)

1 .
C16:0 C18:1

/—

mice and recovered overnight in medium containing 10% FBS. A, the rate of mitochondrial FAO was determined by incubating cells (37 °C, 2 h) with
BSA-complexed palmitic acid (0.125 mm mixed with 0.8 uCi of [n9,10->H]palmitic acid) in the presence of 1 mm carnitine and measuring the oxidation product
(*HIHO) in media. B, the same hepatocytes were subjected to extracellular flux analysis to measure OCR before (base line) and after the addition of 0.125 mm
BSA-complexed palmitic acid (C16:0) or oleic acid (C18:1) in the presence of 1 mm carnitine. These values were used to calculate the increase in OCR (AOCR),
shown in C and the relative change (OCR:base-line OCR ratio) shown in D. All results were obtained from four animal pairs (n = 4), standardized against total

proteins of hepatocytes and expressed as the mean = S.E. *, p < 0.05. White bar, WT; black bar, Ncb5or

olism), and MT1 (oxidative stress response) genes was higher in
Ncb5or ™/~ than in WT mice even for newborns. Within the
first 3 weeks, transcript levels of genes in fatty acid uptake
(Cluster of Differentiation 36 and lipoprotein lipase), mito-
chondrial biogenesis (PGC-1a), and oxidative stress (HMOX1
and GSTT3) also become higher in Ncb5or /" than in WT
liver. Hepatic SCD1 transcript levels peaked at 5 weeks and
were 2-fold higher in Ncb5or /~ than WT. Hepatic PGC-1a
transcript levels were highest in the neonatal period, then
declined with age less rapidly in Ncb5or /~ than in WT and by
5 weeks were 1.8-fold higher in Ncb50r ™/~ than in WT livers.
Increased expression of genes in de novo lipogenesis (SCD1,
SCD2, fatty acid synthase), fatty acid activation/catabolism
(ACSL3), and mitochondrial biogenesis (PGC-1«) are consis-
tent with the futile fatty acid cycling in Ncb5or /" liver, in
which both fatty acid synthesis and catabolism are increased.
No difference was observed between the two genotypes at 5
weeks of age in expression levels of other genes in lipogenesis,
namely, DGAT?2 (39), GPAT1 (40), and GPAT4 (41) (data not
shown).

Reduced Hepatic TAG Contents in Ncb5or '~ Mice—We
next isolated hepatic TAG chromatographically from mice of
various ages and quantitated the TAG content of various fatty
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acid substituents. The three most abundant fatty acid substitu-
ents in hepatic TAG were palmitate (C16:0), oleate (C18:1n9c),
and linoleate (C18:2n6c¢), and each was more abundant in WT
than in Ncb5or '~ liver TAG at age 3 weeks (Fig. 34), although
the difference was significant only for C16:0 and C18:1. The
total TAG content is reflected by the sum of the amounts of
fatty acid substituents and was lower for Ncb5or /™ than for
WT liver in all examined ages (Fig. 3B). This was significant
both before and after the onset of diabetes, i.e. 5 and 12 weeks,
respectively. In latter age, the hepatic TAG content in
Ncb5or ™/~ mice was >5-fold lower than that of WT.
Palmitate (C16:0) is the principal product of fatty acid syn-
thase in de novo lipogenesis and can be elongated to stearate
(C18:0). These SFA can be converted to their corresponding
MUFA, palmitoleate (C16:1), and oleate (C18:1), respectively,
by SCD. The SCD activity is reflected by the MUFA:SFA ratio
that we have designated as desaturation index (DI). Polyunsat-
urated fatty acids, such as linoleate, are essential; they or their
precursors must be derived from dietary sources and cannot be
synthesized de novo. The DI for 16-carbon (16:1/16:0) and
18-carbon (18:1/18:0) fatty acid substituents of hepatic TAG
was significantly lower for Ncb5or ™/~ mice than for WT at age
3 weeks, and the difference was approximately 3-fold at 12
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Hepatocytes were isolated as above and treated with BSA carrier (vehicle control, —) or BSA-complexed palmitic acid (C16:0) or oleic acid (C18:1) for 8 h. A, cell
viability was assessed by measuring cellular ATP content. B, intracellular H,0O, content was assessed with 2’,7'-dichlorofluorescin diacetate, and relative
intensity of fluorescence signals against nuclear DNA content (DCF:Hoechst ratio) was used in comparison. Images of DCF-stained hepatocytes are shown in
supplemental Fig. 3. C, intracellular glutathione levels were measured and are displayed as the GSSG:GSH ratio (top) and GSH+GSSG (total glutathione content;

bottom panel). All results were obtained from 4 -6 animal pairs (n = 4-6) and are expressed as the mean = S.E. *, p < 0.05. White bar, WT; black bar, Ncb5or

weeks after the onset of diabetes (Fig. 3, C and D). The latter is
concordant with a similar drop in DI values of liver lipids we
previously observed in Ncb5or /~ mice whose diabetes was
cured by transplantation of WT islets (6). There was a transient
reversal of the DI of the hepatic TAG seen for WT and
Ncb5or~/~ mice at 5 weeks, possibly reflecting the up-regula-
tion of hepatic SCD1 and SCD2 mRNA levels in Ncb5or ™/~
mice at that age (Fig. 24).

Contributors to the reduced hepatic TAG content in
Ncb5or /™ mice could include () decreased TAG synthesis,
(b) increased secretion into circulation, or (¢) enhanced oxida-
tive catabolism of fatty acids that might be otherwise incorpo-
rated into TAG. The facts that hepatic expression levels of
DGAT2, GAPT1, and GPAT4 genes are similar in Ncb5or '~
and WT mice (see above) and that rates of fatty acid incorpo-
ration into TAG are similar for isolated Ncb5or~/~ and WT
hepatocytes (see below) argue against defective TAG synthesis
in Ncb5or ™/~ cells. The possibility that hepatic TAG secretion
isincreased in Ncb5or /™ mice is also unlikely because levels of
plasma TAG and other lipids do not differ between Ncb5o0r '~
and WT mice (supplemental Table 1). To compare fatty acid
catabolism in Ncb5or ™/~ and WT hepatocytes, we measured
rates of FAO, as described below.

Higher Levels of Mitochondrial FAO and Cellular Respiration
in NcbSor~’~ Hepatocytes—Isolated hepatocytes were incu-
bated overnight in 10% FBS before exposure to exogenous fatty
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acids, and this protocol increased cell viability to 95% compared
with 75% in previous studies in which FBS was not included in
the recovery medium (4).

With palmitate as substrate, we observed a 30% higher rate of
mitochondrial FAO with Ncb5or ™/~ compared with WT hepa-
tocytes (Fig. 4A4). Similar results were obtained with OCR mea-
surements with Ncb5or '~ and WT hepatocytes in extracellular
flux analyses upon adding buffer (base line) or BSA-complexed
palmitate (C16:0) or oleate (C18:1) (Fig. 4, B—D). Ncb5or '~
hepatocytes exhibited higher OCR values than WT under all of
these conditions (Fig. 4B). Although both palmitate and oleate
induced a greater rise in OCR (AOCR) with Ncb5or /"~ com-
pared with WT hepatocytes (Fig. 4C), no difference between
the genotypes was observed for the relative change (OCR:base-
line OCR ratio) induced by palmitate or oleate (Fig. 4D). Palmi-
tate induced significantly greater FAO than did oleate in
Ncb5or '~ cells (p = 0.012), but no significant difference (p =
0.16) between palmitate and oleate was observed in the FAO
responses of WT cells.

Ncb5or /= and WT hepatocytes exhibited similar mito-
chondrial integrity when proton leak or non-mitochondrial
oxygen consumption was tested with inhibitors for complex I,
complex III, generation of proton gradient, and ATP synthesis
(supplemental Fig. 2). These findings suggest that the increased
mitochondrial FAO in Ncb5or ™~/ cells may be simply due to
the increased mitochondrial density. The higher flux through
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the mitochondrial electron transport chain in Ncb5or /™ cells
is compatible with levels of oxidative stress, and this possibility
was examined further in incubations with SFA or MUFA, as
described below.

Increased Oxidative Stress for Ncb5or~’~ Hepatocytes Chal-
lenged with SFA—Upon short term (8 h) incubation with exog-
enous fatty acids, loss of viability occurred more frequently with
Ncb5or /" than with WT hepatocytes exposed to palmitate
(0.25-0.5 mm) but not oleate, and palmitate-induced cell death
was prevented by co-incubation with oleate (Fig. 54). Under
our current conditions, palmitate treatment (0.25 mm for 8 h)
induced greater cell death (15%) with Ncb5or /™ than with W'T
hepatocytes (3%). Similar results of cell viability were obtained
by measuring cellular ATP content (above) and aminopepti-
dase or dipeptidyl aminopeptidase (data not shown). These
findings are concordant with our previous reports on palmi-
tate-induced cell death (4, 6).

We have previously observed that palmitate induces higher
expression levels of the ER stress markers ATF3, ATF6, BiP,
and CHOP in Ncb5or ™/~ compared with WT hepatocytes (4),
but ER stress responses are less prominent in hepatocytes iso-
lated and treated using the protocol in the current studies,
which exhibit greater fractional viability than those in earlier
studies (see above). No significant difference between geno-
types in palmitate-induced ATF3 or ATF6 expression was
observed, although Ncb5or '~ hepatocytes did exhibit palmi-
tate-induced up-regulation of BiP and CHOP (not shown).
Greater oxidation of the fluorescent marker DCF (Fig. 58 and
supplemental Fig. 3) and a greater rise in the ratio of oxidized to
reduced glutathione (Fig. 5C) occurred in Ncb5or™/~ com-
pared with WT hepatocytes, and these effects were prevented
by co-incubation with oleate (Fig. 5, B and C, top). No signifi-
cant changes in total (oxidized plus reduced) glutathione were
observed under these conditions (Fig. 5C, bottom). DCF oxida-
tion is generally taken to reflect its modification by reactive
oxygen species, such as H,0,, and reduction of such species
occurs at the expense of reduced glutathione (GSH) to yield its
oxidized form (GSSG). The palmitate-induced cytotoxicity in
Ncb5or~/~ hepatocytes was also accompanied by increased
induction of genes involved in mitochondrial biogenesis (PGC-
1a) and oxidative stress responses (HMOX1, GCLC, MT1, and
MT?2), and these effects were prevented by co-incubation with
oleate (Fig. 6).

Increased Accumulation of Palmitate in the Intracellular
TAG and FFA Pools of Nch5or™’~ Hepatocytes upon Short
Term Incubation—When hepatocytes were incubated with
BSA-complexed palmitate under the conditions where differ-
ential cell loss and oxidative stress were observed with
Ncb5or ™/~ cells (Figs. 5 and 6), a rise in TAG content occurred
but did not differ between genotypes (Fig. 7A), suggesting an
intact TAG synthesis in both Ncb5or '~ and WT cells. How-
ever, the DI (16:1/16:0) was significantly lower (by 1.6-fold) for
the TAG pool (Fig. 7A) of Ncb5or '~ compared with WT hepa-
tocytes. Oleate treatment alone abolished the difference in DI
between genotypes, and co-incubation with palmitate and
oleate (1:1) resulted in an even higher TAG content in
Ncb5or ™/~ than WT hepatocytes (Fig. 7A). These observations
suggested TAG remodeling in hepatocytes as a result of fatty
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FIGURE 6. Effects of incubation with palmitate and oleate on expression
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(see above). Total RNAs were collected and used for quantitative RT-PCR.
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acid treatments, a process also revealed by GC-MS analyses of
total cellular lipids.” No significant difference was found
between genotypes in GPAT1, GPAT4, DGAT2, SCD1, and
SCD2 expression in palmitate treatment (supplemental Fig. 4);
therefore, an overabundance of fatty acid substrates rather than
the altered levels of key enzymes in TAG synthesis and fatty
acid desaturation is likely responsible for a similar TAG content
but a lower DI (16:1/16:0) value in Ncb5or~/'~ than WT cells.
Consistently, a significantly higher FFA content was
observed in Ncb5or '~ compared with WT hepatocytes under

> H. Zhu, F. Hsu, and J. Turk, unpublished results.
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and WT hepatocyte TAG and FFA pools. Hepatocytes were isolated and

treated with BSA-complexed palmitic or oleic acid or BSA carrier alone (see above). Intracellular FFA and TAG were prepared and analyzed for
determination of lipid profiles by GC-MS. The total content, desaturation index of C16:1/C16:0 and C18:1/C18:0, was determined for TAG (A) and FFA (B).
Results were obtained from 4 -6 animal pairs (n = 4-6) for TAG and FFA profiling and are expressed as the mean = S.E. *, p < 0.05. White bar, WT; black

bar, Ncb50r™/~. FA, fatty acid.

basal conditions and upon incubation with palmitate but not
oleate or the palmitate/oleate mixture (Fig. 7B). The two geno-
types had similar DI values under all four conditions. Greater
accumulation of free palmitate, thus, correlates with a higher
level of oxidative stress in Ncb5or /~ compared with WT
hepatocytes under basal conditions or upon incubation with
exogenous palmitate. Incubation with oleate or with both
palmitate and oleate appears to channel fatty acids into TAG
synthesis in Ncb5or /™ cells, which abolishes the difference
between Ncb5or/~ and WT hepatocytes in intracellular fatty
acid accumulation (Fig. 7B) and thereby reduces expression of
oxidative stress markers (Fig. 5B). Notably, increased accumu-
lation of intracellular palmitate in Ncb5or ™/~ cells resulted in
no significant change in total ceramide content or the d18:1/
16:0 ceramide species (supplemental Fig. 5).

High Fat Feeding Stimulated Lipogenesis, Fatty Acid Catabo-
lism, and Oxidase Stress Response in NcbSor~"~ Livers—To
examine genotype effects on responses to dietary interventions
in whole animals iz vivo, Ncb5or ™/~ and WT mice were fed a
high fat diet rich in both SFAs and MUFAs for 10 days starting
at age 3 weeks, and the lipid contents of their liver tissues were
then examined. As noted above, both body weights and hepatic
TAG content were found to be lower in chow-fed Ncb5or '~
than WT mice of age 3-5 weeks (Fig. 3B). After 10 days of
consuming the high fat diet, Ncb5or '~ mice maintained lower
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body weights (not shown) and higher hepatic FFA content than
did WT (Fig. 84). Hepatic TAG content, however, became
equivalent between genotypes (Fig. 8B), and the DI values of
16:1/16:0 and 18:1/18:0 were higher in Ncb5or ™/~ than WT
mice (Fig. 8, C and D).

Consistently, the high fat feeding induced a greater fold
increase of hepatic transcript levels in Ncb5or~/~ mice (com-
pared with WT) than chow-fed mice for genes involved in fatty
acid biosynthesis and desaturation (fatty acid synthase (6.7-
fold), SCD1 (9.2-fold), Cyb5A (1.2-fold), FADS2 (5.5-fold)),
fatty acid/lipid uptake (lipoprotein lipase (4.5-fold) and Cluster
of Differentiation 36 (2.3-fold)), glycerolipid/TAG synthesis
(GPAT1, GPAT4, and DGAT?2 (2.3-2.9-fold)), and fatty acid
activation (ACSL1, ACSL4, and ACSL5 (1.3-2.7-fold)) (42— 44)
and upstream regulators (peroxisome proliferator-activated
receptor a (PPAR«a) and PPARS (2.5-3.3-fold)) (33, 45, 46),
mitochondrial biogenesis (PGC-1a (2.9-fold)), and oxidative
stress response (HMOX-1 (3.4-fold) and GSTT3 (4.9-fold))
(Table 2). Up-regulation of SCD2, MT1, MT2, and ACSL3 in
Ncb5or /" mice fed the high fat diet were similar to that of
chow-fed mice.

Despite increased fatty acid catabolism, hepatic TAG con-
tent in Ncb5or ™/~ mice was restored after 10 days of consum-
ing the high fat diet. This suggests that a prolonged intake of
this high fat diet may fully restore adiposity in Ncb5or '~ mice,
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TABLE 2

Transcript levels of genes involved in lipid metabolism, mitochondrial
biogenesis, and oxidative stress response in 4.5-week-old Ncb50r™/~
and WT mouse livers after 10 days of high fat feeding

All values are the mean = S.E. (n = 6) and relative to 18S (X10°). FAS, fatty acid
sythase; PPAR, peroxisome proliferator-activated receptor; LPL, lipoprotein lipase.

Fold increase

WT Ncb5or™'~ in Ncb5or™/~
SCD1 103 + 12 947 + 1587 9.2
SCD2 1.23 = 0.11 1.75 + 0.25 1.4
FADS2 264+ 4.3 144 + 27° 5.5
GPAT1 19.6 + 1.8 452 + 7.0 2.3
GPAT4 5.69 = 1.04 16.3 = 2.27 2.9
DGAT2 52.5 * 4.4 121 + 17¢ 2.3
Cyb5A 353 =9 432 + 18% 1.2
FAS 3.19 = 0.41 21.4 + 547 6.7
PGC-la 3.56 = 0.64 104 + 1.3 2.9
PPAR« 112 +12 28.4 + 2.8° 2.5
PPARS 0.29 = 0.05 0.97 + 0.14% 3.3
ACSL1 31.2 = 3.1 419 = 1.7% 1.3
ACSL3 0.83 = 0.13 2.03 = 0.29° 2.4
ACSL4 4.35 = 0.51 6.45 + 0.71° 15
ACSL5 5.72 * 0.42 152 + 1.7 2.7
CD36 6.11 = 0.52 14.2 + 2.3% 2.3
LPL 10.2 + 0.6 456 * 6.7° 4.5
MT1 37.8 £ 9.1 354 + 707 9.4
MT2 7.40 * 2.04 89.1 = 14.7¢ 12
HMOX1 3.12 + 0.39 10.6 * 1.4° 3.4
GSTT3 1.96 + 0.38 9.50 = 2.23¢ 4.9
“p < 0.005.
bp < 0.05.

which has been confirmed in a separate study.® Similar to chow-
fed mice, the high fat fed Ncb5or /"~ mice had a higher hepatic
FFA content than did WT, correlating to increased expression
of oxidative stress genes in Ncb5or ~/~ liver. Nonetheless, there
was no detectable histological hepatic inflammation (supple-
mental Fig. 6) and no hepatocyte apoptosis by TUNEL staining
in Ncb5or /" mice after consuming a high fat diet for 10 days
(not shown).

Lower SCD Specific Activity in Ncb5or™ "~ Liver Microsomes—
There is a notable discrepancy in the magnitude of up-regu-
lated SCD1 gene expression (transcripts) induced by the high
fat diet (9-fold, Table 2) compared with the less than 2-fold
increase in the DI of 16:1/16:0 and 18:1/18:0 (Fig. 8). To inves-
tigate further, we isolated microsomes from liver tissue of
Ncb5or~/~ and WT mice and determined their SCD activities
directly by measuring conversion of [**C]stearoyl-CoA to
[**C]oleoyl-CoA. With livers from mice fed either chow or a

¢ M. Xu, W. Wang, and H. Zhu, unpublished results.
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high fat diet, absolute SCD activity was ~2-fold higher for
Ncb5or ™/~ than for WT microsomes (Fig. 9, A and C), and this
was statistically significant for mice fed the high fat diet (Fig.
9C). In contrast, the SCD specific activity, i.e. activity versus
SCD1 transcript level, was significantly lower for Ncb5or ™/~
than for WT microsomes, and this was much more drastic for
mice fed a high fat diet (Ncb50or '~ /WT < 0.2) than for those
fed chow (Ncb5or ™/~ /WT ~0.74) (Fig. 9, B and D). To test
whether the lower SCD specific activity (SCD:SCD1 mRNA
ratio) in Ncb5or ~/~ hepatocytes reflects a lower amount of the
SCD1 protein per given transcripts, the level of SCD1 protein
was examined by denaturing protein gel electrophoresis (SDS-
PAGE) and immunoblotting with an SCD1 antibody. It was
found that the relative intensity of the band for immunoreactive
SCD1 divided by that for B-actin was about 8-fold higher for
Ncb5or ™~/ than for WT hepatic microsomes (Fig. 9E), which is
concordant with the 9-fold higher SCD1 transcript level in
Ncb5or /" hepatocytes. These findings indicate that SCD1
proteins in Ncb5or~/~ hepatic microsomes have lower specific
activities than those in WT microsomes. This defect is exagger-
ated upon consumption of a high fat diet that increases fatty
acid catabolism and oxidative stress in Ncb5or~/~ hepatocytes
while imposing a greater demand for lipogenesis.

DISCUSSION

Our current study characterizes hepatic lipid metabolic
abnormalities and their progression with age in Ncb5or-null
mice. Abnormalities include increased uptake, synthesis, accu-
mulation, and oxidation of fatty acids, dysregulated fatty acid
desaturation, and reduced TAG deposition (Fig. 10). Defects in
early neonatal development lead to increased mitochondrial
biogenesis, fatty acid catabolism, and oxidative stress, and these
phenotypic abnormalities are exacerbated by exposure to
excess SFA and attenuated by MUFA. These findings are simi-
lar to those reported for SCD1-deficient cells (47), suggesting
that inactivation of Ncb5or or SCD1 produces a common bio-
chemical defect.

It is notable that hepatic TAG stores in Ncb5or /" mice
exhibited fatty acid desaturation indices that were significantly
lower than those of WT mice as early as age 3 weeks when fed
with chow. This was also the case for Ncb5or /'~ hepatocytes
incubated with palmitate. Such results would be expected in the
setting of dysregulated SCD reaction because it is tightly cou-
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pled to TAG synthesis (48) and likely mediated by the co-local-
ization of SCD1 with DGAT2 (49). TAG synthesis appears to
remain intact in Ncb5or~’~ cells because they can restore
intracellular TAG content to WT levels upon acute fatty acid
supplementation. Restoration of hepatic TAG content also
occurs in Ncb5or-null mice on a high fat diet as a result of

Chow (6 wks) After 10-day HF (4.5 wks)
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FIGURE 9. SCD activity and levels of SCD1 transcripts and SCD immuno-
reactive protein in hepatic microsomes from Ncb50r~/~ and WT mice.
SCD activities were measured for WT and Ncb5or ™/~ liver microsomes of
6-week-old chow-fed (A) and 4.5-week-old mice after 10 days of high fat feed-
ing (C). Absolute activity (nmol/min/mg) was divided by SCD1 mRNA (calcu-
lated as those in Tables 1 and 2) to calculate specific activity “SCD:SCD1 mRNA
ratio,” as plotted in Band D, respectively. Results were obtained from 3 (n = 3)
chow-fed or 6 (n = 6) high fat animal pairs and are expressed as the mean =
S.E. E, immunoblot analysis showed a >8-fold more SCD1 proteins (against
B-actin loading control) in the liver lysate (n = 3 each) of high fat-fed

Ncb5or ™/~ than WT mice. White bar, WT; black bar, Ncb5or™/~. %, p < 0.05.
Wild-type Cell
SFA
%

Acetyl CoA —> SFA

increased expression of SCD1, DGAT?2, and other lipogenic
genes. Global SCD1-null mice have reduced TAG content due
to their impaired ability to generate MUFA (48). Recent studies
show that hepatic SCD1™/~ mice are resistant to obesity
induced by a high carbohydrate diet (50) but not to obesity
induced by a high fat diet, suggesting that another SCD iso-
form(s) may be involved in the desaturation of exogenous SFA
from dietary sources. Notably, SCD1 deficiency exacerbates
diabetes in leptin-deficient obese mice, although SCD1~/~
mice do not develop diabetes per se (51).

Exogenous palmitate mainly distributes among intracellular
TAG and FFA pools upon entry into cells (52). Increased SFA
accumulation within intracellular fatty acid pools appears to be
a central event in the network of responses in Ncb5or-null cells,
which ultimately results in oxidative stress (current study) and
ER stress (4), similar to observation reported by others (53).
Our current study reveals increased activation of elF2a in
Ncb5or ™/~ livers, which is likely involved in both oxidative
stress and ER stress response pathways as previously shown
(54). SFAs are known to induce expression of PGC-13 and
PGC-1a (55), both of which can increase the activities of oxi-
dative metabolic pathways, mitochondrial expansion, and
mitochondrial FAO. Indeed, increases in PGC-1a expression,
fatty acid catabolism, cellular oxidative stress, and expression of
oxidative stress response genes were observed in SFA-treated
Ncb5or-null hepatocytes. The fact that Ncb5or '~ and WT
hepatocytes did not differ in TAG synthesis upon incubation
with palmitate suggests that SFA accumulation rather than
differential TAG channeling (56) is responsible for the
increased susceptibility of Ncb5or ™/~ cells to cytotoxic effects
of palmitate.

Higher levels of intracellular FFA accumulation and oxida-
tive stress are coincidently observed in livers of Ncb5or '~
mice fed a high fat diet. Our in vivo and in vitro experiments
differ in the nature of the biochemical species in which the fatty
acids are provided (TAG versus FFA), in the relative amounts of
fatty acid equivalents provided (low versus high), and in the
intervals over which the fatty acid equivalents were provided
(days versus hours). Circulating fatty acids in mice are mainly
esterified in TAG, so FFA concentrations are low. Fatty acid
metabolism in white adipose tissues and skeletal muscle,

Ncb5or - Cell

TAG |

FA activation 1

B-oxidation 1 MUFA

ll biogenesis 1 } Rost

FA synthesis 1

Acetyl COA =————p SFA' Desaturation 1

FIGURE 10. Working hypothesis of Ncb5or deficiency decreases SCD efficiency and increases fatty acid catabolism and oxidative stress. Left, after an
update into wild-type cells, exogenous SFAs are converted to MUFAs and preferably incorporated into TAG (anabolism) rather than oxidized to acetyl-CoA in
mitochondria (catabolism). Right, Ncb5or ~/~ hepatocytes have a lower capacity to convert exogenous SFAs to MUFAs for TAG synthesis. The higher accumu-
lation of intracellular FFA induces higher levels of fatty acid oxidation, mitochondrial proliferation, and oxidative stress. Exposure to excess SFA induces more
oxidative stress and leads to cell death, whereas co-incubation of MUFAs attenuates cytotoxicity by channeling fatty acids into the TAG pool.
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among other tissues, is expected to weaken the rescue effect of
MUFA in liver of KO mice. Thus, the attenuation of fatty acid-
induced oxidative stress by channeling fatty acids into TAG
synthesis and away from oxidative metabolism occurs more
slowly in the liver of KO mice fed a high fat diet in vivo than is
the case for KO hepatocytes incubated with FFA in vitro.
Despite increased TAG synthesis, livers of Ncb5or-null mice
fed a high fat diet maintain high levels of intracellular fatty acid
accumulation and oxidative stress. Proinflammatory cytokine
has been implicated in SFA-induced hepatic cytotoxicity (57).
Our current study, however, reveals no histological detectable
inflammation in livers of Ncbh5or /~ mice despite minor
increase in expression of proinflammatory cytokine genes.®
Their role in Ncb5or-null liver tissue and hepatocytes is the
focus of ongoing investigation. The lack of difference in cera-
mide profile between Ncb5or '~ and WT cells suggests a cer-
amide-independent pathway of cell loss under palmitate chal-
lenge, which has been reported by others (58, 59).

Our observations raise important questions about the mech-
anism underlying SCD dysregulation in Ncb5or '~ cells.
Among several possibilities, one is that SCD1 requires a redox
partner(s) as the electron donor(s) that is present in WT cells
but under-represented in Ncb5or '~ hepatocytes. Unlike A5
and A6 desaturases from mammals (60, 61) and A9 desaturase
from bakers’ yeast (62, 63), SCDs in mammals have no intrinsic
electron donor domain and, therefore, require a redox partner.
Although Cyb5A and Cyb5R3 fulfill such a role in vitro, they are
not obligate or exclusive redox partners for SCD because SCD
index is mildly reduced in hepatic lipids of Cyb5A-null mice
(10), in contrast to a greater reduction in Ncb5or-null (6) and in
SCD-null mice (48), and no significant change is found in lipids
of brain, kidney, or liver from patients with a methemoglobin-
emia-carrying mutation(s) in the Cyb5R3 or Cyb5A genes (64,
65). It is also possible that Ncb5or cooperates with other redox
partners and that Ncb5or deficiency indirectly impacts SCD
functionality. Iron has been shown to be an essential cofactor
that is required for SCD catalytic activity (66 -70). Additional
studies involving genetic models, dietary interventions, and
biochemical and molecular analyses are under way to examine
these possibilities. Identification of Ncb5or partners in vivo is
also desired for future studies.
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