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Abstract

Low-grade inflammation is a critical pathological factor contributing to the development of
metabolic disorders. B-carotene oxygenase 2 (BCO2) was initially identified as an enzyme
catalyzing carotenoids in the inner mitochondrial membrane. Mutations in BCOZ are associated
with inflammation and metabolic disorders in humans, yet the underlying mechanisms remain
unknown. Here, we used loss-of-function approaches in mice and cell culture models to
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investigate the role of BCO2 in inflammation and metabolic dysfunction. We demonstrated
decreases in BCOZ2 mRNA and protein levels and suppression of mitochondrial respiratory
complex | proteins and mitochondrial superoxide dismutase levels in the liver of type 2 diabetic
human subjects. Deficiency of BCO2 caused disruption of assembly of the mitochondrial
respiratory supercomplexes, such as supercomplex I1l,+IV in mice, and overproduction of
superoxide radicals in primary mouse embryonic fibroblasts. Further, deficiency of BCO2
increased protein carbonylation and populations of natural killer cells and M1 macrophages, and
decreased populations of T cells, including CD4* and/or CD8" in the bone marrow and white
adipose tissues. Elevation of plasma inflammatory cytokines and adipose tissue hypertrophy and
inflammation were also characterized in BCO2 deficient mice. Moreover, BCO2 deficient mice
were more susceptible to high-fat diet-induced obesity and hyperglycemia. Double knockout of
BCOZ2and leptin receptor genes caused a significantly greater elevation of the fasting blood
glucose level in mice at 4 weeks of age, compared to the age- and sex-matched leptin receptor
knockout. Finally, administration of Mito-TEMPO, a mitochondrial specific antioxidant attenuated
systemic low-grade inflammation induced by BCO2 deficiency. Collectively, these findings
suggest that BCO?2 is essential for mitochondrial respiration and metabolic homeostasis in
mammals. Loss or decreased expression of BCO2 leads to mitochondrial oxidative stress, low-
grade inflammation, and the subsequent development of metabolic disorders.
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Introduction

Low-grade inflammation, also called chronic inflammation, is featured by immune cell
activation and moderate increases in inflammatory markers present in the central circulation
and tissues [1]. It often does not have clinical symptoms, particularly at the early stage of the
disease process. However, prolonged low-grade inflammation can contribute to the
development of several metabolic disorders, including but not limited to insulin resistance,
hyperglycemia, dyslipidemia, and adipocyte hypertrophy and obesity [2—4]. These metabolic
disruption caused by low-grade inflammation has become significant health issues in both
developed and under-developed countries. Therefore, precisely understanding the causes and
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effects of low-grade inflammation is critical for the development of strategies in the
treatment and/or prevention of low-grade inflammation and its relevant metabolic diseases.

Low-grade inflammation can be caused by heritable genetic factors and be triggered by
environmental factors, such as lifestyle, diet, and exposure to environmental contaminants
[5-7]. Numerous bodies of evidence show that the mitochondria are not only the
powerhouse of the cell but also function as signaling organelles in the immune response and
low-grade inflammation [8-9]. Accumulation of mitochondria-derived superoxide radicals,
e.g., mitochondrial oxidative stress, causes damages to biological molecules, such as DNA,
RNA, lipids, and proteins inside and outside of mitochondria [10-12]. Consequently,
mitochondrial dysfunction and associated oxidative stress exhibit an essential role in
immune cell activation and immune responses, resulting in low-grade inflammation.

[B-carotene oxygenase 2 (BCO?2) is a carotenoid cleavage enzyme located to the inner
mitochondrial membrane (IMM) [13]. Mutations and deletion of BCO2 induce carotenoid
accumulation in laboratory mice and other animal models when fed a carotenoid diet [13—
15]. Expression of BCOZtranscripts is developmentally regulated for sexual dichromatism
and carotenoid ornamentation (or coloration) in peripheral tissues in birds, poultry, and other
domestic avian species [16—19]. Carotenoid-based coloration could be controlled through
switches in the regulation of enzymatic activity or BCOZ expression levels [19]. The human
BCOZ gene expresses five protein splice variants. Interestingly, published data suggest that
BCO2 might be enzymatically inactive in the retina of humans, where macular carotenoids
are preferentially deposited [20-22]. Observational clinical research also confirmed that
BCO2 deficiency and mutations are associated with low-grade inflammation and metabolic
disorders in human subjects [20, 23-25]. We recently reported that loss of BCO2 is related
to impaired mitochondrial respiration and cellular oxidative stress in mouse models [26, 27].
Therefore, there is a need to elucidate additional roles for BCO2 beyond carotenoid
metabolism and determine if BCO2 can regulate mitochondrial redox homeostasis in
mammals.

In this current study, we hypothesized that BCO?2 is essential to mitochondrial redox balance
by regulating mitochondrial respiratory supercomplex assembly. Deficiency of BCO2 leads
to mitochondrial oxidative stress and consequent metabolic dysfunction. To validate this
hypothesis, we first examined whether BCO2 deficiency was associated with mitochondrial
respiration and oxidative stress in the liver of type 2 diabetic human subjects. Next, we
determined the effect of BCO2 on mitochondrial respiratory complex assembly, oxidative
stress, low-grade inflammation, and metabolic dysfunction in BCO2 knockout (KO) mice
and overexpression cell culture models. Further, we characterize the susceptibility of BCO2
KO mice to obesity and diabetes in models of high-fat induced obesity and/or BCO2 and
leptin receptor (LepR) double knockout mice. Finally, we offset the low-grade inflammation
in BCO2 KO mice by systemic application of Mito-TEMPO, a mitochondrial specific
antioxidant, which demonstrated the link between mitochondrial oxidative stress and
inflammation in BCO2 deficiency.
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Materials and Methods

Human liver specimen and BCO2 expression assessments

Liver tissue specimens were purchased from the Sekisui-XenoTech Biobank (Kansas City,
KS, USA). In total, we obtained 3 specimens of healthy controls (C1, C2, C3) and 3
specimens of type 2 diabetic patients (D1, D2, D3). Tissues were divided and stored in
RNAIlater or sterile PBS at —80 °C for long-term storage. The patients’ detailed information
was provided in Supplemental Table S1. Hepatic BCO2 mRNA expression was assessed by
real-time PCR. Hepatic protein expression of BCO2 and other mitochondrial proteins was
determined by immunoblotting, as described below.

Mouse strains, husbandry, BCO2 and db/db double knockout, and high-fat diet treatments

Two strains of whole-body BCO2 knockout mice (homozygous) in either 129S6 (WT) or
C57BL/6J (WT(B6)) backgrounds (e.g., KO and KO(B6), respectively) were maintained in
the Laboratory Animal Research Facility at Oklahoma State University (OSU, Stillwater,
OK, USA). The colonies were kept on a daily 12-hour light/dark cycle and fed a standard
chow diet (AIN 93M) and water ad /ibitum from the Research Diets, Inc (New Brunswick,
NJ, USA). All animal protocols and procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at OSU (the breeding colony ACUP# HS-13-4 and the
research ACUP# HS-14-4).

BCO2 KO(B6) homozygous and db/db heterozygous (Het) mice were backcrossed to obtain
double knockout homozygous mice, or KO(B6)/db/db, with deficiencies of BCOZand LepR
genes [28]. Mice from the following 6 groups at 4 weeks of age were used for fasting blood
glucose test and other assessments, WT(B6), KO(B6), KO(B6)/dbHet, KO(B6)Het/dbHet,
db/db, and KO(B6)/db/db, n=6-12.

For high-fat (HF) dietary treatments, 6-week old male KO and WT mice were fed a low-fat
(LF, 10 kCal %fat, 17 kCal % sucrose) or HF diet (45 kCal % fat, 17 kCal % sucrose) ad
libitum for 28 weeks, totaling four experimental groups (n=12), as WT-LF, KO-LF, WT-HF,
and KO-HF. These diets were purchased from Research Diets, Inc. (catalog #s: D12450H
(LF) and D12451 (HF)).

Mouse embryonic fibroblast (MEF) cell isolation and mitochondrial superoxide detection
by MitoSOX labeling

MEF cells were isolated from mouse embryonic tissue at E10.5-13 of WT and KO mice
(homozygous) as described elsewhere [29]. Primary MEFs were cultured in DMEM (with
4.5 g/L glucose) with 10 % fetal bovine serum (FBS) under 5 % CO, at 37 °C.
Mitochondrial superoxide radicals were measured in primary MEFs at passage 4 using
MitoSOX (1.5 umol/L) (catalog # M36008, Molecular Probes, Inc., Eugene, OR, USA). The
Mito-Tracker solution at 0.4 pmol/L (catalog # MP 7514, Invitrogen, Inc., Carlsbad, CA,
USA ) was applied to label mitochondria [30]. 4’,6-diamidino-2-phenylindole (DAPI)
staining was used to determine the number of nuclei. Images were acquired by Keyence BZ-
XB800E All-in-One fluorescence microscope. MitoSOX signals were quantified via the
ImageJ software (NIH, USA), and normalized to Mito-Tracker signals.
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Glucose tolerance tests

Intraperitoneal glucose tolerance test (GTT) was performed at 6-week-old male mice of WT
and KO (n=6). Mice were fasted for 6 h prior to injection of a 20% glucose solution (2 g
glucose/kg body weight). Blood glucose was measured from the tail vein before and after
the glucose injection (at 0, 15, 30, 60, and 120 min) using a ReliOn glucometer.

Mito-TEMPO administration in mice

Mito-TEMPO (catalog # SML0737, Sigma-Aldrich, Inc, St Louis, MO, USA) was dissolved
in sterile PBS (pharmaceutical grade) to make a stock concentration of 1 mg/mL. Six-week-
old male KO mice received intraperitoneal (i.p.) injections of Mito-TEMPO (3.5 mg/kg BW/
day, KO-Tempo) or sterile PBS (KO-PBS) for 7 consecutive days [32]. Age-and gender-
matched WT mice were injected intraperitoneally with sterile PBS as control (WT-PBS).
GTT was performed in mice on day 6 of the Mito-TEMPO administration. At the end of the
treatment, mice were euthanized after 3 h fasting. Blood was drawn, and obtained plasma
solutions were used for assessment of lipid parameters and cytokines. The liver and skeletal
muscles were used for mitochondrial isolation and total protein extraction, as previously
described [26]. The bone marrow was also collected for flow cytometry as described below.

Necropsy, blood collection, tissue harvest, histology, and global metabolomics analysis

All mice were euthanized using ketamine/xylazine (0.006-0.01 mL/g BW) after 3 h fasting.
Blood was drawn into the EDTA-coated tube and centrifuged to obtain plasma for measuring
lipid parameters and cytokines. Liver, adipose (abdominal fat), and gastrocnemius tissues
were carefully dissected to avoid contamination of surrounding tissues. Tissue samples for
protein extraction were frozen in liquid nitrogen and stored under —80 C until use. For the
histology study, pieces of adipose tissue were fixed into 10% neutral buffered formalin.
Embedding, sectioning, and hematoxylin & eosin (HE) staining were performed in the
Oklahoma Animal Disease Diagnostic Laboratory. For cell size measurements, a minimum
of 6 images was taken per mouse (n=5). Adiposoft software was used to measure the size of
adipocyte cells [33]. The distribution of cell size was analyzed as a percentage of total
counted cells.

Fresh liver (~50 mg liver tissues) was used for global metabolomics profiling assay,
conducted by Metabolon, Inc. (Durham, NC, USA) as described previously [34]. Metabolite
samples were prepared using the automated MicroLab STAR® system (Hamilton Company,
Allston, MA, USA). A recovery standard was added prior to the first step in the extraction
process for QC purposes. To remove protein, to dissociate small molecules bound to protein
or trapped in the precipitated protein matrix, and to recover chemically diverse metabolites,
proteins were precipitated with methanol under vigorous shaking for 2 min (GenoGrinder
2000, Glen Mills Inc., Clifton, NJ, USA) followed by centrifugation. The resulting extracts
were divided into two fractions: one for analysis by ultrahigh performance liquid
chromatography-tandem mass spectroscopy (UPLC-MS/MS) and gas chromatography-mass
spectroscopy (GC-MS). Samples were placed briefly on a TurboVap® (Zymark) to remove
the organic solvent. The UPLC-MS/MS platform was based on a Waters ACQUITY UPLC
and a Thermo Scientific Q-Exactive high resolution/accurate mass spectrometer interfaced
with a heated electrospray ionization (HESI-II) source and Orbitrap mass analyzer operated
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at 35,000 mass resolution. One aliquot was analyzed using a column of Waters UPLC BEH
C18 (2.1x100 mm, 1.7 um). Extracts reconstituted in acidic conditions were gradient eluted
from a C18 column using water and methanol containing 0.1% formic acid. The samples
destined for analysis by GC-MS were dried under vacuum for a minimum of 18 h prior to
being derivatized under dried nitrogen using bistrimethyl-silyltrifluoroacetamide.
Derivatized samples were separated on a 5% diphenyl / 95% dimethyl polysiloxane fused
silica column (20 m x 0.18 mm ID; 0.18 pm film thickness) with helium as the carrier gas
and a temperature ramp from 60 °C to 340°C in a 17.5 min period. Samples were analyzed
on a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole mass spectrometer using
electron impact ionization (EI) and operated at unit mass resolving power. Raw data were
extracted, peak-identified and QC processed using Metabolon’s hardware and software.
Compounds were identified by comparison to library entries of purified standards or
recurrent unknown entities. Metabolon maintains a library based on authenticated standards
that contain the retention time/index (RI), mass to charge ratio (/7/z), and chromatographic
data (including MS/MS spectral data) on all molecules present in the library. Furthermore,
biochemical identifications are based on three criteria: retention index within a narrow RI
window of the proposed identification, accurate mass match to the library +/— 0.005 amu,
and the MS/MS forward and reverse scores between the experimental data and authentic
standards. Contents of 1,3-dipalmitoylglycerol (1,3-DPG), 1,2-dipalmitoylglycerol (1,2-
DPG), squalene, and 3-hydroxy-3-methylglutarate (HMG) were analyzed by two-tailed
Student’s t-test, n=6.

Mitochondrial respiratory supercomplex formation by Blue Native PAGE (BN-PAGE) and
immunoblotting

Immune cell

Hepatic mitochondrial proteins were isolated from fresh liver tissues and solubilized with 1
% digitonin (Sigma, St Louis, MO) as previously described [35, 36]. Digitonin-solubilized
mitochondrial proteins were subjected to Blue Native (BN)-PAGE followed by
immunoblotting [26]. BN-PAGE gradient gels (3-12%) were purchased from Novex
(catalog # BN1001BOX, Life Technologies, Carlsbad, CA, USA). Antibodies against
proteins of individual mitochondrial complexes and/or related supercomplexes (SCs) were:
NADH: ubiquinone oxidoreductase subunit B6 (NDUFB6) (complex I, or CI), ubiquinol-
cytochrome reductase core protein Il (UQCRC?2) (CIlII), and mitochondrial encoded
cytochrome C oxidase 11 (MTCO2) (CIV), respectively.

isolation and flow cytometry

Immune cells were isolated from adipose tissue and bone marrow (mainly flushed from both
femur and tibia) according to modified protocols published elsewhere [37, 38]. For bone
marrow immune cell collection, the tibia and femur were carefully removed and cut at the
proximal and distal ends. The bone marrow was flushed from tibia and femur using ice-cold,
complete media (DMEM supplemented with 0.5% BSA and 10 mmol/L EDTA, pH 7.4).
Bone marrow immune cells were separated by centrifugation at 110 x g, 5 min, 4 °C. For
adipose tissue immune cells, abdominal fat tissues were minced and digested enzymatically
with 1 mg/mL type Il collagenase (catalog # C6885, Sigma-Aldrich, Inc) for 45 minto 1
hour at 37°C with continuous shaking. Homogenates were triturated numerous times and
passed through a 70-100 um filter. Adipose tissue immune cells were separated by

Free Radlic Biol Med. Author manuscript; available in PMC 2022 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 7

centrifugation at 650 x g, 10 min, 4°C. Subsequently, red blood cells (RBC) were lysed by
RBC lysing buffer (catalog # 349202, BD Biosciences, Inc., San Jose, CA, USA) at room
temperature for 7 minutes. After lysing, cell numbers were counted, and cell suspensions
were diluted accordingly with staining buffer (catalog # 554656, BD Biosciences, INC.).

Fluorochrome-conjugated antibodies and/or their isotype controls were used to ensure the
specificity of immunostaining in flow cytometry analysis. The antibodies used in the current
study are listed in Supplemental Table S2. Labeled immune cells were analyzed using a BD
FACSaria Il (BD Bioscience, Heidelberg, Germany), and respective data analysis was
performed with BD FACSDiva™ software package. Mouse T cell sub-populations were first
gated on lymphocytes (CD3e™) and then CD4* T cells, defined as CD3e*CD4*, and CD8* T
cells were defined as CD3e*CD8a*. Mouse bone marrow natural killer (NK) cells were
defined as CD3e"CD16/32*CD56*[39]. Mouse bone marrow M1 macrophages were defined
as CD11c*TNF-a*CD38*, and M2 macrophages were defined as Egr2*CD206*Arg1* [40].
Bone marrow-derived, mouse adipose NK cells were defined as CD3"CD45*IL6Ra* [41].

F4/80* cells in adipocyte tissues by immunohistochemistry

Immunohistochemistry staining was performed as described, with some modifications [42].
Briefly, formalin-fixed, paraffin-embedded adipocyte tissue sections (5 um in thickness)
were deparaffinized, rehydrated, and treated with antigen retrieval buffer (0.01 M citrate
acid, pH 6.0). Tissue section samples were incubated in PBST (1x PBS with 0.1% Tween
20) containing 1% (v/v) BSA and 22.52 mg/mL glycine for 1 h, at room temperature; and
then incubated with antibody against F4/80 conjugated with FITC (1:100 dilution, catalog #
MCA497FB, Bio-Rad, Inc.) overnight at 4 °C. These samples were then washed with PBST
and further counterstained with DAPI (1:4000) for 1 minute at room temperature to visualize
the nucleus. Finally, samples were washed with PBST, mounted with FluorSave™ Reagent
(Calbiochem, 345789), and examined under a Keyence BZ-X800E All-in-One fluorescence
microscope. F4/80* cells (green) were counted and normalized to nuclei as a proxy for total
cell number using DAPI staining for quantification using ImageJ software.

Plasma parameters measurements

Plasma lipid and inflammatory markers were measured as previously described [26, 27].
Plasma concentrations of C-reactive protein (CRP), non-esterified fatty acids (NEFA), total
cholesterol (CHOL), triglycerides (TG), low-density lipoprotein CHOL (LDL-C), and high-
density lipoprotein CHOL (HDL-C) were measured using a BioLis 24i automated analyzer
(Carolina Chemistry, NC, USA). The Bio-Plex MAGPIX Multiplex reader and the
corresponding kit (catalog # M60009RDPD/MDO000000EL, Bio-Rad Laboratories Inc,
Hercules, CA, USA) were used for inflammation markers, including tumor necrosis factor-
alpha (TNF-a), monocyte chemoattractant protein-1 (MCP-1), interleukin 6 (IL-6),
interleukin 1 beta (IL-1p), and IL-18, according to the manufacturer’s instruction.

Total protein extraction and immunoblotting analysis

Samples from mouse tissues and human liver specimens were homogenized using a
TissueRuptor (Qiagen) in the cell lysis buffer containing 20 mM Tris, pH 7.5, 0.5 mM
EDTA, 0.5 mM EGTA, 0.5% Triton X-100, and 1% protease/phosphatase inhibitors [26].
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After homogenization, lysates were sonicated and centrifuged at 8,000 x g, 4 °C, 10
minutes. The supernatants were collected and stored at —80 °C for future analysis. Protein
concentration was estimated by bicinchoninic acid assay (BCA assay, Pierce, Rockford, IL,
USA). Equal amounts of total proteins were separated by SDS-PAGE followed by
immunoblotting. Protein expression was normalized to loading controls, B-actin, or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The antibodies used in the current
study are listed in Supplemental Table S3.

Total hepatic triglyceride measurement

Triglyceride content was analyzed using the triglyceride colorimetric assay kit (catalog #
10010303, Cayman Chemical Company, Ann Arbor, MI, USA). Briefly, fresh liver samples
(250 mg/specimen) were homogenized in cell lysis buffer supplemented with 1%
phosphatase/protease inhibitors and centrifuged at 10,000 x g, 4 °C, 10 minutes. The
supernatant solution was transferred into a new tube and stored under =80 °C for TG
analysis according to the manufacturer’s instructions. The final data were normalized by
protein concentration.

Detection of protein carbonylation

Protein carbonylation, a form of oxidative damage, was detected using an OxyBlot protein
oxidation detection kit (catalog # S7150, EMD Millipore, Temecula, CA, USA) according to
the manufacturer’s instruction [43]. Protein samples of white adipocyte (WAT) and
gastrocnemius muscle (Muscle) tissues were reacted with 2,4-dinitrophenylhydrazine (DNP-
hydrazine) to derivatize the carbonyl groups to 2,4-dinitrophenylhydrazone (DNP-
hydrazone). The treated samples were separated by SDS-PAGE followed by immunoblotting
[26]. Oxidized protein expression was normalized to p—actin, a loading control.

8-hydroxy-2-deoxyguanosine (8-OHdG) immunofluorescence in MEFs

Endogenous oxidative DNA damage was measured by 8-OHdG immunofluorescence in
MEFs. Briefly, 80 % confluent primary MEFs at passage 5 were treated with Mito-TEMPO
(2 and/or 20 pmol/L, 1 h), PBS as a negative control. After treatments, cells were fixed in
ice-cold methanol at —20 °C for 10 min, followed by 1-h blocking in 5 % FBS and then 12-h
incubation with primary anti-8-OHdG antibody (catalog # sc-393871, 1:100, Santa Cruz
Biotech, Dallas, TX, USA) at 4 °C. Alexa Fluor 488 antisera (catalog # A28175, 1:400,
Molecular Probes, Inc., Eugene, OR, USA) were used as a secondary antibody. DAPI
staining was applied to visualize nuclei. Images were acquired by Keyence BZ-X800E All-
in-One fluorescence microscope. At least 50 cells per group were viewed and imaged. The
experiment was replicated once.

RNA extraction and real-time PCR

Relative gene transcriptional expression was determined by real-time PCR as previously
described [44]. Total RNA from human liver and mouse WAT were extracted using the
standardized Trizol method and quantified by Nano-drop spectrophotometry. cDNA was
synthesized using SuperScript Il reverse transcriptase (#18064014, Invitrogen) from
extracted total RNA. Real-time PCR analysis was performed by using SYBR Green
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chemistry (catalog #4472908, ThermoFisher Scientific) on an ABI 7900HT sequence-
detection instrument and 2.4 SDS software (Applied Biosystems). The primers used in this
current study are listed in Supplemental Table S4. The relative mMRNA abundance was
calculated by use of the 2*"-AACt method [44], and normalized to the control group.

Statistical analysis

Results

All values are expressed as means + SD. Unpaired two-tailed Student’s t-test was used to
determine statistical significance between two groups (such as WT and KO). Statistical
significance was set at P< 0.05 (*P<0.05; **P<0.01; ***P< 0.001). ANOVA was used for
the analysis of data from more than two groups. Labeled means without a common letter
differ, P<0.05.

Decreased expression of BCO2 mRNA and protein in human diabetic liver

Real-time PCR and immunoblotting results revealed that the expression levels of hepatic
BCO2mRNA and proteins were significantly decreased in humans with type 2 diabetes,
compared to the healthy control subjects (Figures 1A and 1B). We further determined the
protein levels of NDUFA9 and NDUFB6, mitochondrial respiratory complex | proteins, and
SOD2, a scavenger of mitochondrial superoxide radicals [45]. Similar to the changes in
BCO2 protein, these three protein levels were also decreased in diabetic livers, compared to
healthy controls (Fig. 1C-1D). These data might suggest the link of BCO2 to mitochondrial
function in health and diabetes.

Deficiency of BCO2 disrupts mitochondrial respiratory supercomplex assembly and
stimulates mitochondrial superoxide production

We recently reported that BCO2 deletion is associated with the alteration of mitochondrial
respiration activities and cellular oxidative stress in mice [26]. Here, we assessed whether
BCO2 is associated with the assembly of SCs in mitochondria in WT and KO mice, using
BN-PAGE followed by immunoblotting with the antibodies against NDUFB6 (Cl),
UQCRC2 (CIII), MTCO2 (CIV), respectively. The deletion of BCO2 broadly disrupted
assembly of SCs, particularly I11,+1V, and possible other SCs as evaluated by changed
positions in Figure 2 A-C, for example, I+ lIx+1V, 1+ Hx+1Vy, 1o+ Ho+1V,, and other
megacomplexes, which were not well separated due to limited sizes of these BN-PAGE gels
used. Next, we examined the production of superoxide radicals in MEFs generated from WT
and KO mice by MitoSOX staining (Red), Mito-Tracker labeled mitochondria in green
(Figure 2D, Supplemental Figure S1). In BCO2 KO MEFs, the relative ratio of MitoSOX/
Mito-Tracker signals was significantly stronger than that in WT MEFs, indicating elevated
superoxide production in KO MEFs.

Deficiency of BCO2 leads to protein carbonylation and systemic low-grade inflammation

Cellular oxidative stress can cause biological macromolecule oxidation, such as proteins,
lipids, and nucleotides. Protein carbonylation is a form of protein oxidation that can be

induced by oxidative stress [26, 30]. Increased protein carbonylation was identified in the
WAT and gastrocnemius muscle tissues in KO mice, compared to the WT (Figure 3A and
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3B). These results are consistent with our previous observation in the liver [26]. Significant
increases in heat shock protein 60 (HSP60), a mitochondrial oxidative stress marker, were
demonstrated in liver, WAT, and muscle from KO mice, compared to the WT (Figure 3C).

Next, we asked whether BCO2 deficiency was associated with alterations in immune
homeostasis. Therefore, we examined the immune cell population changes in the bone
marrow of KO mice. Flow cytometry results indicated that KO mice had increases in NK
cell numbers (Figure 3D) and the ratio of M1 to M2 macrophages (Figure 3E), but decreases
in CD4" and CD8™ T cell populations (Figure 3F), compared to the WT. The increase in
M1/M2 macrophages may indicate M1 macrophage homing from peripheral tissues and the
central circulation. We also identified modulate, but significant elevations of circulating
inflammatory markers, including CRP, TNF-a, MCP-1, IL-6, and IL-1p in KO mice,
compared to the WT (Figure 3G).

Collectively, deficiency of BCO2 led to the disruption of mitochondrial respiratory
supercomplex assembly, overproduction of mitochondrial superoxide radicals, mitochondrial
oxidative stress, protein carbonylation, immune cells activation, and systemic low-grade
inflammation in KO mice.

Deficiency of BCO2 elevates blood glucose through the promotion of gluconeogenesis
and diminishing of glucose uptake by peripheral tissues

We assessed whether BCO2 deficiency-linked mitochondrial dysfunction and systemic low-
grade inflammation are associated with metabolic disorders. First, we characterized glucose
metabolism in KO mice. Fasting blood glucose results revealed the elevation of blood
glucose levels in mice with BCO2 deficiency (Supplemental Figure S2A). These KO mice
developed glucose intolerance compared to those in WT mice, as tested by GTT
(Supplemental Figure S2B). Immunoblotting results from liver samples further showed the
enhanced expression of mMTOR1, FOXO1, PCK1, and PCK2 proteins in liver of KO mice,
compared to the WT (Supplemental Figure S2C), indicative of BCO2 deficiency-induced
metabolic stress and promotion of gluconeogenesis.

Further, decreases in glucose transporter 4 (GLUTA4) protein levels in gastrocnemius muscle
and WAT in KO mice (Supplemental Figure S2D), compared to WT, suggest the suppression
of glucose uptake by these peripheral tissues (Supplemental Figure S2D). Moreover, we
dissected the signaling cascades of GLUT4 trafficking to the plasma membrane in
gastrocnemius muscle by immunoblotting. As shown in Supplemental Figure S3, enhanced
phosphorylation occurred in insulin receptor substrate 1 (IRS1) on Ser636/639, AKT on
Thr308, Ca2*/calmodulin kinase 11 (CaMKII) on Thr286, and Akt substrate of 160 kDa
(AS160) on Ser588 in KO mice, compared to the WT. Phosphorylation of AS160 on Ser588
has been confirmed as an essential indicator of Glut4 translocation to the plasma membrane
[46]. Elevation of cAMP-dependent protein kinase catalytic subunit (PKA-C) protein levels
were also identified in BCO2 KO mice compared to the WT. These results indicated that the
trafficking of Glut4 from the Glut4 storage vesicle (GSV) to the plasma membrane was
enhanced.
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Deficiency of BCO2 is associated with dyslipidemia and impaired lipid metabolism in the
liver

We investigated the alteration in lipid metabolism in BCO2 deficient mice. Plasma contents
of total CHOL and HDL-C were decreased, but LDL-C and NEFA were elevated in KO
mice compared to the WT. However, there was no difference in plasma TG contents between
WT and KO mice (Figure 4A).

The liver is the primary organ for lipid synthesis, repackaging of lipoprotein particles, and
lipid export. In this study, the KO mice had greater liver weights compared to age-and sex-
matched WT mice (Figure 4B), though the liver TG levels were not significantly increased
(P=0.078, Figure 4C). Several regulators related to lipid metabolism were then assessed in
liver samples by immunoblotting. Hepatic levels of sterol regulatory element-binding protein
1c (SREBP1c), acetyl CoA carboxylase (ACC), and apolipoprotein B (ApoB) proteins were
elevated in KO mice, compared to the WT (Figure 4D), indicating potentiated lipid synthesis
and delivering capacity from the liver to the circulating system and peripheral tissues. Levels
of hepatic IRS1 phosphorylation at Ser636/639 were consistent between KO and WT
(Figure 4D). The global metabolomics results showed that hepatic contents of diacylglycerol
(DAG) (including 1,2-DPG and 1,3-DPG) and HMG were significantly higher, but squalene
was significantly lower in KO liver than in the WT (Figure 4E). Moreover, hepatic HMG
CoA reductase (HMGCR) protein levels were also suppressed (Figure 4F). According to
recent publications, deletion of BCO2 inhibits phosphorylation and activation of AMP-
activated protein kinase a (AMPKa) [26, 27, 34], which could further contribute to inhibit
the expression of HMGCR [47]. Taken together, deficiency of BCO2 potentiated fatty acid
synthesis and DAG production and inhibited CHOL synthesis via suppression of HMGCR
(Figure 4G).

Deficiency of BCO2 alters lipid metabolism and stimulates inflammation in WAT

In addition to the liver, adipose tissue is another major endocrine organ involved in lipid
metabolism. At the whole-body level, no significant difference in whole-body fat percent
was observed between WT and KO mice at 6 weeks of age (Figure 5A). However,
histological analysis of the WAT revealed that KO mice had a significant increase in the
number of larger (> 50 um in diameter) adipose cells compared to the WT (Figure 5B).
Immunoblotting results further revealed significant decreases in perilipin, peroxisome
proliferator-activated receptor y (PPARy), and fatty acid synthase (FASN) in the adipocytes
of KO mice, compared to the WT (Figure 5C). In addition, adipose adiponectin mRNA and
plasma adiponectin protein levels were declined in BCO2 KO mice compared to the WT
(Figure 5D and F), which is suggestive of suppression of lipid droplet mobilization and fatty
acid storage and significant hypertrophy in adipocytes. Moreover, BCO2 deficient adipose
tissues contained higher numbers of IL6Ra* NK cells and F4/80* cells (Figure 5E and G).
Real-time PCR results confirmed the enhanced mRNA expression of inflammatory markers,
such as 7TNF-a, F4/80, CD11c, MCP-1, MIP-1a, VCAMI, IL-1p, and /L-10in WAT of
BCO2 KO mice, compared to the WT, as determined by flow cytometry,
immunohistochemistry, and real-time PCR, respectively (Figure 5 E-G, Supplemental
Figure S4). Together, KO mice had adipocyte hypertrophy, immune cell infiltration, and
local inflammation in adipocytes.
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Deficiency of BCO2 increases the susceptibility to obesity and diabetes

As shown in Figure 6A and 6B, the HF diet induced the highest levels of fasting blood
glucose in KO mice than other groups, e.g., WT fed HF (WT-HF), KO fed LF (KO-LF), and
WT fed LF (WT-LF). KO fed HF (KO-HF) had the highest whole-body fat %, compared to
other groups.

Commonly, 129S6 mice are recognized as diet-induced obesity (D10)-resistant mouse
strain, while C57BL/6J (B6) is a DIO-sensitive strain [48,49]. Given that deficiency of
BCO2 in 129S6 mice (e.g., KO, homozygous) did not increase the whole-body fat % (Figure
5B, WT-LF vs KO-LF), we determined the effect of BCO2 deficiency on the change of
whole-body fat % in B6 background mice fed an LF diet (hamed as KO(B6), homozygous).
The results indicated that male KO(B6) mice had a significant increase in whole-body fat %,
compared to their genetic background strain, e.g., WT(B6) (Figure 6C).

Further, KO(B6) homozygous mice were crossed with LepR knockout (db/db) heterozygous
(Het). Various offsprings were genotyped and fasting blood glucose levels were monitored at
4 weeks of age. The results revealed that male mice with double knockout of BCOZ2and
LepR homozygous strain (KO(B6)/db/db) had the highest fasting blood glucose level
compared to other groups, e.g., WT(B6), KO(B6), db/db, and/or double knockout Het mice
(Figure 6D). Data suggested that deficiency of BCO2 made mice more susceptible to DIO
and diabetes.

Mito-TEMPO attenuates BCO2 deficiency-induced low-grade inflammation

Mito-TEMPO is a specific scavenger of mitochondrial ROS, including superoxide radicals
[50]. To determine whether BCO2 deficiency-induced mitochondrial oxidative stress and
inflammation can be rescued, Mito-TEMPO was applied to the primary MEFs in culture and
mice in vivo.

The results of 8-OHdG immunofluorescence indicated that 8-OHdG signals were stronger in
BCO2 KO MEFs, compared to the WT MEFs, which could be diminished by Mito-TEMPO
at 2 umol/L (Supplemental Figure S5A). A higher dose of Mito-TEMPO at 20 umol/L
induced stronger 8-OHdG signals in both types of MEFs, suggesting the toxicity of 8-OHdG
at 20 pumol/L. Therefore, we assessed MitoSOX signals in MEFs treated with 2 pmol/L
Mito-TEMPO for 1 h. The results showed that Mito-TEMPO quenched MitoSOX signals by
up to 55.8 % in primary BCO2 KO MEFs (KO-Tempo vs KO-PBS control, Supplemental
Figure S5 B and C).

Next, 6-week old male BCO2 KO were i.p. injected with Mito-TEMPO at 3.5 mg/kg
BW/day for 7 consecutive days, injection with PBS as vehicle control. Neither abnormal
behaviors nor health problems, such as shading, food intake, and water consumption, was
observed in KO mice caused by the administration of Mito-TEMPO, indicating that Mito-
TEMPO (for 7 days) was not toxic to mice. As shown in Figure 7, Mito-TEMPO injection
significantly decreased plasma inflammatory cytokines, such as TNF-a, IL-6, and IL-1p
(Figure 7A) in KO-Tempo mice, compared to the KO-PBS control. Compared to PBS
controls, Mito-TEMPO decreased the population of NK cells and the ratio of M1/M2
macrophages and increased both CD4* and CD8* T cells in the bone marrow of KO-Tempo
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mice (Figure 7B). In terms of glucose metabolism, Mito-TEMPO did not significantly lower
the fasting blood glucose level or glucose intolerance in KO-Tempo mice, compared to the
PBS groups (Figure 7C and D). Although the hepatic mTORL protein levels and AMPKa
activation were reversed, hepatic expression of PCK1 and PCK2 proteins was not altered by
Mito-TEMPO (Figure 7E and Supplemental Figure S5D). No difference was identified in
whole-body fat %, WAT NK cell populations, or plasma CHOL, HDL-C, LDL-C, TG, or
NEFA contents in KO-Tempo mice, compared to KO-PBS mice (Figure 7F-H).

Collectively, BCO2 deficiency-induced mitochondrial oxidative stress and inflammation
could be rescued by the application of mitochondrial specific antioxidants, such as Mito-
TEMPO.

Discussion

Recently, enzymatic roles and regulation of BCO2 in carotenoid metabolism in birds and
non-primate laboratory animals have been extensively reported in the literature [13-19]. Yet,
the functional regulation of BCO2 as a carotenoid metabolic enzyme in human subjects is
not well understood [20-22]. Gong et a/. reported that BCO2 status determines the activation
of nuclear factor kappa-light-chain-enhancer of activated B cells signaling pathway in cell
cultures [22]. Here, we demonstrated that BCO2, along with mitochondrial respiratory
complex proteins and SOD2 were decreased, in liver of type 2 diabetic individuals. Using
loss-of-function and rescue approaches, we further demonstrated that BCO2 was critical for
mitochondrial respiratory supercomplex assembly. The deficiency of BCO2 caused
mitochondrial oxidative stress, which in turn, resulted in low-grade inflammation and
impaired metabolic homeostasis.

The importance of BCO?2 in the development of metabolic disorders, such as obesity, type 2
diabetes and its complications, is significant but underinvestigated. In the current study, we
reported the suppression of BCO2mRNA and proteins in the diabetic liver of human
subjects. We also demonstrated this suppression is associated with impaired mitochondrial
respiration and mitochondrial oxidative stress as determined by decreases in NDUFBS,
NDUFB9, and SOD?2. In the current mouse models, deficiency of BCO2 caused mice to be
more susceptible to DIO and induced the early onset of hyperglycemia in the double
knockout mice of LepR and BCOZ, when mice were fed diets with non-detectable
carotenoids. It could be possibly predicted that a decrease in BCO2 expression is critical for
the alteration of mitochondrial respiration, oxidative stress, and lipid accumulation, the
phenotypes commonly identified in type 2 diabetes.

BCO2 can be essential for SC formation. Recent cryo-electron microscopy studies have
revealed the structures of SCs, such as lo+I11,+I1V5. It may or may not associated with
complex Il [51]. NADH: ubiquinone oxidoreductase subunit A11 (NDUFAL11) is a docking
protein essential for recruiting CllI and CIV to form SCs [51]. Cytochrome C oxidase
subunit 7A2 Like (COX7a2L) and cytochrome C oxidase assembly homolog 15 (COX15)
are proteins that have recently been identified as essential components in the formation of
I11,+1V and stabilize the supercomplexes [52, 53]. Association of BCO2 deficiency with
I11,+1V disassembly may suggest that BCO2 is a new protein critical for I11,+1V assembly

Free Radlic Biol Med. Author manuscript; available in PMC 2022 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 14

and SC stability, though the precise mechanism by which BCO?2 is involved in SC assembly
has not been well elucidated.

Mitochondria are highly dynamic organelles in response to stimuli, such as fasting or food
depletion. Fasted mice typically form mitochondrial respiratory supercomplexes to yield a
higher respiration efficiency, ATP generation, and an optimal ROS production rate [54-58].
SC I,+1V assembly was largely disrupted by the deficiency of BCO2. That, in turn, could
cause the escape of electrons from the electron transport chain and sequential
overproduction of superoxide radicals in mitochondria [35, 36]. The latter was confirmed by
measures of MitoSOX signals in primary MEFs. Increases in protein carbonylation,
mitochondrial HSP60 protein levels, and 8-OHdG signals were indirectly supportive
evidence of oxidative stress. Because other SCs with much higher molecular weights were
not well separated due to the limited size of BN-PAGE minigels used, there may be other
impairments in SC assembly that were not detected. We would expect that BCO2 deficiency-
impaired mitochondrial respiration and oxidative stress homeostasis could impact many
types of cells that have mitochondria, such as immune cells and hepatocytes.

Mitochondrial oxidative stress contributes to systemic low-grade inflammation by unspecific
activation of the host immune response, which is the main source of inflammatory mediators
[59]. KO mice had a greater population of NK cells and a higher ratio of M1/M2
macrophages in the bone marrow, though a portion of them could be homing immune cells.
On the other hand, animals can compensate for the lower level of CD8" T cells by increasing
the proliferation of NK cells [60, 61]. The increased population of NK cells might further
contribute to promoting the transition of M2 macrophages to M1 macrophages, which
eventually elevated the production of inflammatory cytokines [62].

Mitochondrial oxidative stress reflects an imbalance between the excessive production of
ROS and the ability to detoxify the ROS and/or to repair oxidative damage [60]. Mito-
TEMPO is a mitochondria-targeted antioxidant, consisting of the lipophilic cation
triphenylphosphonium (TPP) with the piperidine nitroxide [50, 63]. TPP functions to
penetrate lipid bilayers easily and deposit TEMPO in mitochondria selectively [50, 64]. It
has been confirmed both /n vivo and in vitro that Mito-TEMPO presents alkyl radical and
superoxide scavenging properties [50, 63, 65]. Interestingly, Mito-TEMPO administration
decreased the numbers of NK cells and the ratio of M1/M2 macrophages and increased both
CD4" and CD8™ T cells in the bone marrow of KO mice. Additionally, Mito-TEMPO
lowered the levels of systemic inflammatory cytokines in KO mice. These results supported
the concept that BCO2 deficiency-induced mitochondrial oxidative stress is a causal factor
for immune dysregulation and systemic low-grade inflammation in KO mice.

Systemic low-grade inflammation is linked to metabolic dysfunction in KO mice. In this
current study, KO mice had an elevated blood glucose level and impaired glucose and lipid
metabolism. Several possibilities may be responsible for the elevation of fasting blood
glucose levels in KO mice. For example, loss of BCO2 remodels the hypothalamic
mitochondrial function leading to an increase in the food intake [26]. Deficiency of BCO2
triggered mitochondrial oxidative stress, which might impair the insulin signaling pathway
and inhibit the uptake of glucose by peripheral tissues, such as skeletal muscle and WAT.
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Moreover, mitochondrial oxidative stress might stimulate gluconeogenesis in the liver of KO
mice.

In contrast, there could be a compensatory mechanism in terms of low Glut4 expression in
KO mice by stimulating the translocation of Glut4 from GSVs in the cytosol to the plasma
membrane [46], which can be accomplished by oxidative stress-enhanced phosphorylation
of AS160 (Supplemental Figure S2). However, the 7-day Mito-TEMPO administration could
not completely rescue KO mice from the elevation of fasting blood glucose and lipid
markers and insulin resistance. It may indicate that mitochondrial oxidative stress is not a
sole causal factor in the elevation of blood glucose. However, the reversal of mTOR1 and
AMPKa activation may also suggest that the current Mito-TEMPO treatment is not
adequate to recover the whole-body metabolism in KO mice. A longer period of the Mito-
TEMPO treatments, such as 4 weeks has been reported in mouse models [50].

The deficiency of BCO2 caused adipocyte inflammation and hypertrophy. It has recently
been reported that obese human subjects have a particular subpopulation of NK cells in
abdominal fat, defined as IL6Ra/CD126* NK cells [41]. In KO adipocytes, a higher
population of IL6Ra/CD126* NK cells indicated local inflammation and NK cell infiltration
into adipose tissues, compared to the WT. Perilipin is a major phosphoprotein found on the
surface of lipid droplets in adipocytes. It acts as a gatekeeper to prevent the release of NEFA
from hydrolyzing TG by lipases [66, 67]. Suppression of perilipins promotes the release of
NEFA into the circulation by increasing the basal rate of lipolysis [68, 69] and eventually
leads to fewer but larger lipid droplets in the adipocyte [70]. In the current study,
suppression of perilipin could account for adipocyte hypertrophy and elevation of circulatory
NEFA in KO mice. Adipocyte hypertrophy could also promote the infiltration of immune
cells, such as NK cells in KO mice.

In summary, our results demonstrate that BCO?2 is essential for mitochondrial respiration,
which is critical for immunity and whole-body metabolic homeostasis in mammals. This
study further may provide insights into potential therapeutic roles of BCO2 in the prevention
of chronic, low-grade inflammation and associated metabolic disorders, such as obesity and
diabetes. Although there were no detectable carotenoids in the diets and animals, we could
not exclude the possibility of trace levels of carotenoids and apo-carotenoids existing which
may act as confounding factors in the current study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1. BCOZmRNA and protein levels are decreased in liver of type 2 diabetic
human subjects

2. BCO2 deficient mice are more susceptible to diet-induced obesity and type 2
diabetes

3. Deficiency of BCO2 impairs mitochondrial respiratory supercomplex
assembly

4, Deficiency of BCO2 stimulates superoxide overproduction in mitochondria

5. Mito-TEMPO attenuates BCO2 deficiency-induced low-grade inflammation
in mice
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Figure 1. Expression of BCO?2 is decreased in human diabetic liver specimens
Total RNA and protein lysates were extracted from three type 2 diabetic human liver

specimens and healthy controls and subject to real-time PCR and immunoblotting. A, BCO2
mRNA expression. B, Relative BCO2 protein levels. C, Protein expression levels of
NDUFB6, NDUFA9, and SOD2. D, Representative images of immunoblotting. Values are
means + S.D., n=3 with 2 technical replicates. * Different from control (e.g., healthy liver
samples), P < 0.05. BCO2, p-carotene oxygenase 2; NDUFA9, NADH:ubiquinone
oxidoreductase subunit A9; NDUFB6, NADH:ubiquinone oxidoreductase subunit B6;
SOD2, superoxide dismutase 2, mitochondrial
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Figure 2. Deficiency of BCO2 disrupts mitochondrial respiratory supercomplex assembly and
stimulates mitochondrial superoxide production

Mitochondrial enriched fractions were isolated from the liver of 6-week old male p—carotene
oxygenase 2 (BCO2) knockout (KO) and the isogenic background 129S6 (WT) mice.
Respiratory supercomplex assembly was examined by blue native PAGE followed by
immunoblotting using antibodies against A, NDUFB6 of CI and/or I, complex I; B,
UQCRC2 of CIlI and/or 111, complex I11; C, MTCO2 of CIV and/or IV, complex 1V. 1115,
complex Il homodimers; 111, + 1V, supercomplex 11, + 1V; 1V, complex 1V homodimer;
Other supercomplexes (SCs), supercomplexes containing Cl, CIlI, and CIV, the exact
number of the I, I11, and/or 1V in the supercomplex unknown.?, non-identified in the
literature. 1B, immunoblotting. n=4. D, Primary mouse embryonic fibroblasts were stained
with MitoSOX (red) and Mito-Tracker (green). MitoSOX and Mito-Tracker signals were
quantified using ImageJ. Relative superoxide contents are expressed as MitoSOX/Mito-
Tracker. Values are means = S.D., n=6 with 2 technical replicates. ** Different from control
(WT MEFs), P < 0.01. Scale bar, 25 um

Free Radlic Biol Med. Author manuscript; available in PMC 2022 February 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

Page 26
A WAT B Muscle
DNPH Control DNPH Control
WT KO WT KO WT KO WT KO
B-actin [ —————
C WI_ KO Muscle
HSP60 “ }L 15 *k 20
5 2.0 %
) é 1.0 g EE T
£45 1 £ 3 S =
Hsm_so ' Jun 1 i 1.
B-actin g 2E s L EE
SZ &g s 2Z 05
HSP60 m— 60 - -
Muscle 0 . o8
GAPDH T 10 & O &8 & 8
D E
g
- E 8
a 2
@) o
L ] Wil
F 10.0 T cell - KO
2 80
: o] +
g 5 +M 6. S WRR
=l g 44 & %
o < 20
=
Q 0.0 T T
CD4* CD8*
G
CRP TNF-a IL-18 IL-6 MCP-1 IL-1p
0.06 _T_ 800.0 % 600.0 P=0.09 15.0 300.0 * 3000 *
0.04 f0e -|- L . 2 T T
a0 - . 400.0 z 10.0 T 5 2000 < 200
E 5 400.0 £ & E) B
= 002 ’J_‘ = = 2000 = 50 |-‘|'-| = 1000 |-T-| = 1000 ’l’
200.0 |—T—|
0. 0. 04 0. o & .0
& @ &P & @ &P & & €

Figure 3. Deficiency of BCO2 leads to oxidative damage and systemic low-grade inflammation
Plasma, bone marrow, liver, white adipose tissues (WAT), and gastrocnemius muscles

(Muscle) were collected from 6-week old male p—carotene oxygenase 2 (BCO2) knockout
(KO) and the isogenic background 129S6 (WT) mice. A-B, OxylBlot analysis of protein
oxidative damage in WAT (A) and Muscle (B). Left four lanes were DNPH-treated, and the
right four lanes were negative controls. C, Representative immunoblotting and quantification
results of HSP60 in the liver, WAT, and Muscle lysates. D, Representative flow cytometry
dot plots and quantitative results of NK cells derived from the bone marrow. E, The ratio of
M1 to M2 macrophages isolated from the bone marrow. F, Representative flow cytometry
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dot plots and quantitative results of CD4* and CD8* T cells derived from the bone marrow.
G, Plasma levels of CRP, TNFa,, MCP-1, IL-6, IL-1p, and IL-18. Data were analyzed by
Student’s #test. Values are means = S.D., n=6-8, with 2 technical replicates. * Significant
difference from WT, P < 0.05. *P < 0.05; **P <0.01; ***P < 0.001. CRP, C-reactive protein;
HSP60, heat shock protein 60, mitochondrial; IL-1p, interleukin 1pB; IL-6, interleukin 6,
IL-18, interleukin 18; MCP-1, monocyte chemoattractant protein-1; NK cell, natural Killer
cell; TNF-a, tumor necrosis factor a
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Figure 4. Deficiency of BCO2 is associated with dyslipidemia and impaired lipid metabolism in
liver

6-week old male B—carotene oxygenase 2 (BCO2) knockout (KO) and the isogenic
background 12956 (WT) mice were used. A, Plasma total cholesterol (CHOL), HDL-C,
LDL-C, NEFA, and TG levels. B, Percent of liver weight by body weight (BW). C, Liver
TG content. D, Representative immunoblotting and quantification of liver lysate for proteins
associated with lipid metabolism. E, Contents of hepatic DAG (e.g., 1,3-DPG and 1,2-DPG),
HMG, and squalene. F, Representative immunoblotting and quantification of HMGCR in
liver lysates. G, Brief scheme of altered cholesterol synthesis in BCO2 KO mice. Data were
analyzed by Student’s #test. Values are means £ S.D., n=6-8 with 2 technical replicates. *
Significant difference from WT, P < 0.05. *P < 0.05; **P <0.01***p< 0.001. 1,2-DPG, 1,2-
dipalmitoylglycerol; 1,3-DPG, 1,3-dipalmitoylglycerol; ACC, acetyl-CoA carboxylase;
AMPKa, AMP-activated protein kinase a.; ApoB, Apolipoprotein B; DAG, diacylglycerol;
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HDL-C, high-density lipoprotein cholesterol; HMG, 3-hydroxy-3-methylglutarate;
HMGCR, HMG-CoA reductase; HMGCS, HMG-CoA synthase; IRS1, insulin receptor
substrate 1; pSer636/639-1RS1, phosphorylation of IRS1 on Ser636/639; LDL-C, low-
density lipoprotein cholesterol; NEFA, non-esterified fatty acid; SREBP1c, sterol regulatory
element-binding protein 1 c; TG, triglyceride
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Figure 5. Deficiency of p—-carotene oxygenase 2 (BCO2) leads to adipocyte hypertrophy and
inflammation in white adipose tissues (WAT) of male mice at 6 weeks of age

A, Total body fat% (n =6-8). B, Representative histology images of WAT depots (2 left
panels) and quantification of adipocyte distribution (right) (n =6-8). Scale bar, 50 ym. C,
Representative immunoblotting and quantification of perilipin, PPARy, and FASN (n =6-8).
D, Plasma adiponectin levels (n=8-10). E, IL6Ra* NK cells in WAT (n =4-6). F, Real-time
PCR analyses of genes associated with inflammation in WAT (n =6-7). G,
immunohistochemistry of F4/80* cells in WAT. Representative images are shown on the left,
with quantification on the right (n =5). Scale bar, 50 um. Values are means = S.D., n various
with 2 technical replicates. * Significant difference from WT, P < 0.05. *P < 0.05; **P
<0.01***p< 0.001. CD11c, integrin alpha X; DAPI, 4’,6-diamidino-2-phenylindole; F4/80,
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F4/80, EGF-like module-containing mucin-like hormone receptor-like 1; FASN, fatty acid
synthase; IL-1p, interleukin 1 B; IL-10, interleukin 10; MCP-1, monocyte chemoattractant
protein-1; MIP-1a: macrophage inflammatory protein 1a; NK cells, natural killer cells;
PPAR-y, peroxisome proliferator-activated receptor -y; WT, wild type mice; TNF-a., tumor
necrosis factor a; VCAMLI.: vascular cell adhesion protein 1
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Figure 6. Deficiency of BCO2 increases the susceptibility to high-fat diet-induced obesity and
hyperglycemia

Six-week-old male p—carotene oxygenase 2 (BCO2) knockout (KO) and the isogenic
background 12956 (WT) mice were fed low-fat (LF, 10 kCal % fat and 17 kCal % sucrose)
or high-fat (HF, 45 kCal % fat and 17 kCal % sucrose) diets for 28 weeks. At the termination
of the study, fasting blood glucose (A) and whole-body fat % (B) were measured and shown.
Data were analyzed by two-way ANOVA. Values are means = S.D., n=12. Labeled means
without a common letter differ, P<0.05. Whole-body fat % in 6-week old male p—carotene
oxygenase 2 (BCO2) knockout in a C57BL/6J background (KO(B6)) and the isogenic
background C57BL/6J (WT(B6)) mice (C). Data were analyzed by Student’s t-test. Values
are means + S.D., n=8. * statistical significance compared to WT(B6), P<0.05. KO(B6) mice
were backcrossed with db/db. Male offsprings with BCO2 and leptin receptor depletion
(db/db) were subject to the fasting blood glucose test at 4 weeks of age (D). Data were
analyzed with one-way ANOVA. Values are means + S.D., n=6-8. Labeled means without a
common letter differ, P<0.05. db/db, leptin receptor knockout homozygous; db Het, leptin
receptor knockout heterozygous; KO-HF, KO fed HF diet; KO-LF, KO fed LF diet; KO(B6),
BCO2 knockout homozygous in a C57BL/6J background; KO(B6)/db/db, BCO2 and leptin
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receptor double knockout homozygous; KO(B6)Het, BCO2 knockout heterozygous in
C57BL/6J background; WT-HF, WT fed HF diet; WT-LF, WT fed LF diet

Free Radic Biol Med. Author manuscript; available in PMC 2022 February 20.

Page 33



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

Page 34
A B
TNF-a IL-6 IL-1B NK cell M1/M2 T cell
1000.0 300.0 20.0 T Q 25 B 4.0 5.0 KO-PBS *
80001 T T 150 n z 20 30 L0 KO-Tempo
_ 2000 Wk _ EA o T = % T
E 600.0 £ = v L5 ( 2 3.0
= = & 10.0 2 k% = 20 +,
Z 4000 2 ] £ q.0 = * 2204 ol
100.0 e @)
200.0 0 205 1.0 BT
@)
0.0 = 0.0 0.0 0.0 0.0 0.0 .
> N & N oy N & N & N S 3
B R ¥ & & 8 & -9‘? & \}\\Q\ .'\@ ‘@
& S & & o & O & O & x x
& Q O R A & Q N
N < < @ (@
C , D ‘ E _
Fasting blood GTT Liver
0SS WT-PBS KO-PBS KO-Tempo KkDa
200.0 - glucose 400.0 sde WT-PBS
b - corns TR [ — - 290
150.0 4 . 300.0 -9~ KO-Tempo PCK1 : zg
- ab —_
E : E e ===~ =
= a = bt P
£ 1000 o o S 22000 i Scccaaao. d) i - 63
. IFARL AR e ——————3&
50.0 - 100.0 @ a SEs e oS ab = 1
ab a %E b
Z =
£ 5
0.0 —T—T—T— 0.0 T 1 % 2 0.5 a
FE & S e & S o™
% S (=)
& o &% =
o Time (Minutes) :g E 0
¥ E WT-PBS KO-PBS KO-Tempo
F WAT NK G NEFA H Plasma lipids
cells KO-PBS
~ 4.0 - 1.0 ~ 80.0 1
E =3 KO-Tempo
s \\\ o
SR w 60.0 4 _
= & < 06 - | = T
2 20 _L = B 40.0 A T
= = 044 -
+
S 104 02 20.0
£ -
= -
0.0 +—p-p—o 0.0 +—qrp—o 0.0 : r oS T
& L >
& & v CHOL HDL-C LDL-C TG
~ *_0' & o
NL

Figure 7. Mito-TEMPO attenuates BCO2 deficiency-induced systemic low-grade inflammation
Six-week-old male KO mice received intraperitoneal (i.p.) injection of Mito-TEMPO (3.5

mg/kg BW/day, KO-Tempo) or sterile PBS (KO-PBS) for 7 consecutive days [32]. Age- and
gender-matched WT mice were injected intraperitoneally with sterile PBS as control (WT-
PBS). Glucose tolerance test (GTT) was performed in mice on day 6 of the Mito-TEMPO
administration. At the termination of the administration, mice were sacrificed for
biochemical assessments. A, Plasma levels of TNFa, IL-1pB, and IL-6. B, Quantification of
NK cell, CD4* T cell, CD8" T cell, and the ratio of M1 to M2 macrophages in the bone
marrow cells. C, Fasting blood glucose. D, Glucose tolerance test. E, Representative
immunoblotting images and quantification of mTOR1, PCK1, and PCK2. F, Quantification
of IL6Ra*™ NK cell populations in WAT by flow cytometry. G, Plasma NEFA levels. H,
Plasma levels of CHOL, HDL-C, LDL-C, and TG. Data were analyzed by Student’s #test (*
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Significant difference from WT, P < 0.05. *P < 0.05; **P <0.01***p< 0.001) or one-way
ANOVA (Labeled means without a common letter differ, P<0.05). Values are means = S.D.,
n=4-8, with 2 technical replicates. CHOL, cholesterol; HDL-C, high-density lipoprotein
cholesterol; IL-1p, interleukin 1 B; IL-6, interleukin 6; LDL-C, low-density lipoprotein
cholesterol; Mito-TEMPO, (2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)
triphenyl-phosphonium chloride, monohydrate; mTOR1, mammalian target of rapamycin 1;
NEFA, non-esterified fatty acids; NK cells, natural killer cells; PCK1, phosphoenolpyruvate
carboxykinase 1; PCK2, phosphoenolpyruvate carboxykinase 2; TG, triglyceride; TNF-a,
tumor necrosis factor a.; WAT, white adipose tissues
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