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A B S T R A C T

Tristetraprolin (TTP), an mRNA binding and decaying protein, plays a significant role in controlling in-
flammation by decaying mRNAs encoding inflammatory cytokines such as TNFalpha. We aimed to test a hy-
pothesis that TTP in bone marrow (BM) cells regulates atherogenesis by modulating inflammation and lipid
metabolism through the modulation of oxidative stress pathways by TTP target genes. In a BM transplantation
study, lethally irradiated atherogenic LDLR−/− mice were reconstituted with BM cells from either wild type
(TTP+/+) or TTP knockout (TTP−/−) mice, and fed a Western diet for 12 weeks. We made the following ob-
servations: (1) TTP−/− BM recipients display a significantly higher systemic and multi-organ inflammation than
TTP+/+ BM recipients; (2) BM TTP deficiency modulates hepatic expression of genes, detected by microarray,
involved in lipid metabolism, inflammatory responses, and oxidative stress; (3) TTP−/− BM derived macro-
phages increase production of mitochondrial reactive oxygen species (mtROS); (4) BM-TTP−/− mice display a
significant reduction in serum VLDL/LDL levels, and attenuated hepatic steatosis compared to controls; and (5)
Reduction of serum VLDL/LDL levels offsets the increased inflammation, resulting in no changes in athero-
sclerosis. These findings provide a novel mechanistic insight into the roles of TTP-mediated mRNA decay in bone
marrow-derived cells in regulating systemic inflammation, oxidative stress, and liver VLDL/LDL biogenesis.

1. Introduction

Tristetraprolin (TTP), also known as mammalian Cth2 ortholog,
Nup 475, TIS11, or G0S24, encoded by the Zinc Finger Protein-36
(ZFP36) gene, is an mRNA decaying protein containing tandem Cys-
Cys-Cys-His (CCCH) zinc finger domain [1–3]. TTP has been reported to
play important roles in the regulation of inflammation [4] and iron

metabolism [3] by binding to the adenosine-uridine (AU) rich elements
(AREs) in the 3’ untranslated regions of its target mRNAs and leading to
removal of their poly(A) tail and rapid degradation of the transcripts
[5]. The majority of ARE-binding proteins promote the recruitment of
ARE-containing mRNAs to the exosomes for eventual degradation, al-
though some, such as Hu antigen R (HuR) family members, act as
mRNA stabilizing factors [6]. In pathophysiological conditions, many
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targets of TTP have been identified including mRNAs encoding tumor
necrosis factor alpha (TNFalpha) [5,7,8], granulocyte macrophage-
colony stimulating factor (GM-CSF) [9], interleukin-2 (IL-2) [10], IL-3
[11], IL-10 [12], IL-12 [13], IL-33 [14], and interferon-γ (IFN-γ) [15].
Global TTP knockout mice display complex inflammatory phenotypes
characterized by growth retardation, myeloid hyperplasia, dermatitis,
conjunctivitis, and arthritis, due to excessive production of TNFalpha
[8,16]. These inflammatory phenotypes are attenuated by TNFalpha
antibody or TNFalpha-receptor deficiency [8,17]. Furthermore, TTP
deficiency results in endothelial dysfunction associated with increased
levels of reactive oxygen and nitrogen species, indicating an increased
oxidative stress in the TTP−/− mice [18]. However, it remains un-
known whether TTP in bone marrow (BM) cells plays any role in
modulating inflammation, lipid metabolism, and the expression of
oxidative regulators during atherogenesis.

Lipid metabolism dysregulation is involved in many pathologic
conditions such as atherosclerotic cardiovascular diseases, which are
the leading cause of morbidity and mortality worldwide [19]. Dyslipi-
demia and a chronic inflammatory state are key contributors to the
development of atherosclerotic cardiovascular diseases. Unlike other
chronic inflammatory diseases, the unique aspect of atherosclerosis is
the significant roles that lipids and lipoprotein metabolism play.
Atherosclerosis is characterized by the formation of atherosclerotic
plaques in the arterial wall initiated with endothelial activation and
dysfunction followed by sub-endothelial lipid accumulation, blood
monocyte migration and their differentiation into macrophages, and
foam cells formation [20–26]. There is accumulating evidence showing
that lipids can directly affect inflammatory responses and vice versa,
and the interactions between the inflammatory pathways and lipid
components that initiate atherosclerosis have been extensively studied
[27]. Current evidence supports the roles of inflammatory cells, a col-
lection of various danger associated molecular patterns (DAMPs),
especially lipid-derived DAMPs such as oxidized low density lipoprotein
(oxLDL), and their interactions with each other in all phases of ather-
osclerosis [28,29]. The recent success of the CANTOS trial revealed that
anti-human IL-1β antibody can reduce cardiovascular event rates and
validated the concept that targeting inflammation can reduce athero-
sclerosis without affecting lipid levels [30]. In addition to lipid low-
ering, the anti-inflammatory effects of statins also have been considered
responsible for their protective effects in patients with atherosclerotic
cardiovascular diseases. The JUPITER study demonstrated that statins
reduced cardiovascular risk in primary prevention, even in otherwise
healthy individuals with elevated CRP levels [31]. Determination of the
functional denominators that links lipid metabolism and immune/in-
flammation activation could facilitate the development of novel ther-
apeutic strategies for cardiovascular diseases.

In this study, we transplanted BM cells from either TTP−/− or
TTP+/+ mice into lethally-irradiated atherogenic low density lipopro-
tein receptor knockout (LDLR−/−) mice fed a Western-type diet. We
aimed to evaluate whether inflammatory response and lipid metabolism
are regulated by TTP−/− bone marrow-derived cells and can be a
dominator to drive atherosclerosis, and to determine the underlying
molecular mechanisms. Our results demonstrate that: 1) BM TTP defi-
ciency resulted in increased systemic and multi-organ inflammation; 2)
BM TTP deficiency significantly increased mitochondrial ROS produc-
tion; 3) BM TTP deficiency modulated lipid metabolism-, and in-
flammation-related genes in the liver; 4) BM TTP deficiency dramati-
cally reduced serum lipid levels, attenuated hepatic steatosis, and
decreased fecal cholesterol excretion; and 5) increased inflammation
and reduced lipids offset each other, resulting in unchanged athero-
sclerosis. Our results indicated for the first time that deficiency of a
master mRNA-decay protein TTP in bone marrow-derived cells reduces
VLDL/LDL levels, which offsets the enhanced inflammation in ather-
ogenesis.

2. Materials and methods

2.1. Human carotid atherosclerotic specimens

In accordance with a protocol approved by the Institutional Review
Board at the University of South Carolina, human carotid artery spe-
cimens were collected from de-identified carotid atherosclerotic pa-
tients undergoing carotid endarterectomy with patients' informed
consent at Greenville Memorial Hospital (Greenville health system,
Greenville, SC, USA) and Palmetto Hospital (Palmetto Health System,
Columbia, SC, USA), which confirmed the Declaration of Helsinki.
Specimens were sliced transversely into 7-mm segments. One segment
from each specimen was dissected into separate samples representing
atheromatous lesion and the surrounding normal media. Tissues were
sonicated and lysed in Qiazol for RNA extraction. Quantitative real-time
PCR (qRT-PCR) was used to measure the expression of human TTP.

2.2. Mice

Seven-week-old female LDLR−/− mice were obtained from Jackson
Laboratories (Bar Harbor, Maine). Female TTP KO mice [8,16] and
their wild-type littermates on a C57Bl/6 background at age of 8 weeks
were used as bone marrow donors. All mice were kept under specific
pathogen-free conditions in a temperature controlled environment at
the University of South Carolina according to National Institutes of
Health guidelines. Animal care and experiments were approved by the
Institutional Animal Care and Use Committee at the University of South
Carolina.

2.3. Bone marrow transplantation (BMT) and atherosclerosis induction in
mice

Bone marrow cells from wild type (TTP+/+) or TTP knockout
(TTP−/−) donor mice were harvested by flushing cleaned femurs and
tibias with sterile RPMI-1640 media (Invitrogen Life Technologies,
Grand Island, NY, USA). The cell suspension was centrifuged at 300×g
for 5 min and re-suspended in ice-cold phosphate buffer saline (PBS).
LDLR−/− mice received autoclaved water supplemented with 100 mg/
L neomycin and 500,000 U/L polymyxin B sulfate one week before till
two weeks after BMT. Recipient mice were lethally irradiated with a
single dose of 9 Gy using a cesium gamma source. Four hours (h) later,
5 × 106 BM cells (in 200 μl PBS) from donor mice were administered by
retro-orbital injection into the irradiated mice. To assess the irradiation
efficiency, two mice that did not receive BM cells after irradiation were
used as controls; they died within 2 weeks after irradiation while all the
BM transplanted mice survived. After 4 weeks of recovery, the chimeric
mice were fed a Western-type diet for 12 weeks to induce athero-
sclerosis. The Western-type diet contains 21% anhydrous milkfat, 34%
sucrose, and 0.2% cholesterol (Diet 3 TD.88137; Harlan Laboratories,
Indianapolis, IN). During the Western-type diet-feeding period, body
weight and food intake were assessed weekly. At the experimental
endpoint, chimeric mice were euthanized; and venous blood from the
retro-orbital venous plexus puncture was collected into heparinized
tubes for assessment of cell counts, blood glucose, and lipid profile.
Tissues including hearts, aortic roots, liver, spleen and lung were col-
lected and analyzed as described below.

2.4. Peritoneal macrophage isolation and culture

A standard procedure was used to isolate thioglycollate-elicited
peritoneal macrophages. Briefly, mice were injected intraperitoneally
(i.p.) with 3 mL of 3% (w/v) sterile thioglycollate (BD Biosciences
Clontech; Palo Alto CA). After three days, peritoneal macrophages were
collected by washing the peritoneal cavity twice with 10 ml cold PBS.
Cells were centrifuged at 300×g for 5 min, resuspended and cultured in
Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Grand Island,
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NY) supplemented with 10% fetal bovine serum (FBS) and a combi-
nation of 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO,
USA), and 50 μM of β-mercaptoethanol. Two hours later, cells were
washed with PBS to remove the non-adherent cells; the adherent
macrophages were cultured in serum free DMED media (SFM) over-
night at 37 °C and 5% CO2. Macrophages were then stimulated with
50 ng/ml lipopolysaccharide (LPS, Sigma-Aldrich) for 6 h under the
same conditions. Cells were then lysed with Trizol reagent (Invitrogen,
Grand Island, NY) for RNA extraction. Expression of pro-inflammatory
cytokines TNFalpha and IL-6 was detected by qRT-PCR.

2.5. Bone marrow-derived macrophage (BMDM) isolation and culture

BMDMs were isolated and cultured as previously described [32].
Briefly, femurs and tibias were isolated from BM-TTP deficient and
littermate control mice. BM cells were flushed out using 10 ml of RPMI
medium with a 27-gauge needle. Single-cell suspensions of bone
marrow precursors were centrifuged, resuspended in RPMI medium
containing 30% L929 cell-conditioned medium as a source of M-CSF
and cultured in 6-well plates for seven days for further experiments.

2.6. Total RNA extraction, cDNA synthesis, and quantitative real-time PCR

Total RNAs were isolated from cultured macrophages and liver
tissue using an RNeasy Mini kit (Qiagen, Germantown, MD) and fol-
lowing the manufacturer's instructions. One microgram of isolated RNA
of each sample was reverse transcribed into cDNA using an iScriptTM

cDNA synthesis kit (Bio-Rad, Hercules, CA). qRT-PCR was performed on
a Bio-Rad CFX96 system (Bio-Rad, Hercules, CA) using iQ™ SYBR®
Green Supermix (Bio-Rad) according to the manufacturer's instructions.
The relative expression of target mRNA was calculated using the
2(−ΔΔCt) method by normalizing target mRNA Ct values to those of the
housekeeping gene, 18s RNA. PCR thermal cycling conditions consisted
of 3 min at 95 °C, and 40 cycles of 15 s at 95 °C and 58 s at 60 °C.
Samples were run in triplicate. Primers used are listed in Supplemental
Table S1.

2.7. VetScan hematology analysis

Blood was drawn into heparinized tubes by retro-orbital puncture.
Blood samples were run on the VetScan HMT hematology analyzer
(Abaxis, Union City, CA). The following parameters were measured:
total red blood cells (RBC), hemoglobin, mean corpuscular hemoglobin
(MCH), mean corpuscular hemoglobin concentration (MCHC), hema-
tocrit (Hct), platelet number, mean platelet volume (MPV), platelet
distribution width (PDW), total white blood cells (WBC), lymphocytes,
mean cell volume (MCV), and red cell distribution width (RDW).

2.8. Blood glucose measurement

Blood glucose levels were detected using OneTouch Ultra Blood
Glucose Monitoring System (LifeScan, Inc., Milpitas, CA) following the
manufacturer's instructions.

2.9. Plasma lipid and lipoprotein analysis

Serum total cholesterol (TC) and triglyceride (TG) levels were de-
termined using enzymatic colorimetric assays with Cholesterol Reagent
and Triglycerides GPO reagent kits (Raichem; San Diego, CA) following
the manufacturer's instructions, and analyzed by Soft-Max Pro5 soft-
ware (Molecular Devices, Sunnyvale CA). In brief, mice were anesthe-
tized with isoflurane; blood was collected by retro-orbital venous
plexus puncture, and plasma was obtained via centrifugation at
4000×g for 20 min. Serum was diluted 1:100 in sterile water, 100 μL of
diluted serum and 100 μL of freshly prepared cholesterol and trigly-
ceride reagent were added to each microplate well. The plates were

incubated for 10 min at 37 °C and the absorbance was measured at
540 nm. Plasma lipoprotein profile was measured using a fast perfor-
mance liquid chromatography (FPLC) system (AKTA purifier, GE
Healthcare Biosciences, Pittsburgh, PA) equipped with a Superose 6 10/
300 GL column (GE Healthcare). Pooled mouse serum (100 μL) was
loaded onto the column, and eluted at a constant flow rate of 0.5 mL/
min with 1 mM sodium EDTA and 0.15 M NaCI. Fractions of 0.5 mL
were collected and the cholesterol concentration from each fraction was
measured.

2.10. Flow cytometry analysis

The spleen was removed from freshly euthanized mice and smashed
in 10 mL RPMI-1640 medium supplemented with 10% FBS using
Stomacher® 80 Biomaster (Seward Laboratory Systems Inc., Port St.
Lucie, FL). To obtain single cell suspensions, tissues were passed
through a 70-μm cell strainer. After red blood cell (RBC) lysis, cells
were stained with anti-CD19 mAb, anti-CD3 PE mAb, anti-CD4 FITC
mAb, anti-CD8a FITC mAb, anti-FOXP3 mAb, anti-ly6C FITC mAb, anti-
CD11b PE mAb, anti-ly6G FITC mAb, and/or anti F4/80 FITC mAb
(eBioscience, San Diego, CA) on ice for 30 min. For mitochondrial ROS
measurement, BMDM were cultured in 6-well plate. On day 7, cells
were stimulated with H2O2 (250 μM) for 4 h. After staining with
MitoSOX Red Mitochondrial Superoxide indicator (5 μM) (Life tech-
nologies, Carlsbad, CA), cells were incubated at 37 °C for 20 min and
washed with PBS twice. Cells were detached by adding 1 ml accutase
(Innovative Cell Technologies, Inc) for 30 min, collected by cen-
trifugation, and resuspended in 0.2 ml FACS buffer. Stained cells were
subjected to flow cytometry analysis using a Cytomics FC 500 flow
cytometer and CXP software version 2.2 (Beckman coulter, Brea, CA).
Data were collected for 10,000 live events per sample.

2.11. Enzyme-linked immunosorbent assay (ELISA)

ELISA assays were performed per the manufacturer's protocol
(eBiosciences). Briefly, blood was collected and centrifuged at 4000×g
for 20 min. The serum layer was removed and diluted 1:5. Each well in
96-well ELISA plates was coated with 100 μL of TNFalpha capture an-
tibody (2 μg/mL) and the plates were incubated overnight at 4 °C. The
cells were incubated with 300 μL of blocking solution (1% BSA, 5%
sucrose, and 0.05% NaN3) for 1 h at room temperature. Next, 100 μL of
each sample were loaded in each well and incubated for 2 h at room
temperature. After washing three times, the plates were incubated with
biotinylated anti-mouse TNFalpha (250 ng/mL), 1 μg/mL horseradish
peroxidase streptavidin and substrate solution. The reaction was
stopped by adding 50 μL of 1 M H2SO4 solution. Recombinant mouse
TNFalpha was used to generate a linear standard curve. Optical density
was determined with a SpectraMax M5 microplate reader at 450 nm
(Molecular Devices). All samples were tested in triplicate.

2.12. Atherosclerosis analysis

At the experimental endpoint, all mice were euthanized; and the
vasculature was perfused with cold 1x PBS. Aortic roots were isolated
and embedded in Optimal Cutting Temperature (OCT; Tissue-tek)
compound (Sakura Finetek, Inc., Torrance, CA) in a plastic mold and
stored at −20 °C. Cryosections (10-μm thick) were cut from the prox-
imal 1 mm of the aortic root. Aortic root sections were assessed for
atherosclerotic plaque size following Hematoxylin and Eosin staining.
To analyze the accumulation of macrophages in the atherosclerotic
plaque, Moma-2 (Abcam, Cambridge, MA) staining was performed.
Sections were fixed in acetone for 20 min at room temperature, rinsed
with PBS, followed by blocking in immunostain blocker solution, and
then rinsed with PBS again. The endogenous peroxidase activity was
blocked with 3% hydrogen peroxide. Sections were blocked for non-
specific staining with 5% normal goat serum for 30 min at room
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temperature followed by incubation with Moma-2 primary antibody at
4 °C overnight. After washing with PBS for three times, the biotinylated
goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA) was used as
the secondary antibody. Immunoreactivity was amplified using the
Vectastain ABC kit (Vector Laboratories), and the signal was enhanced
by peroxidase enhancer (GeneTex, Irvine, CA) and reacted with the
substrate from AEC Chromogen/FRP substrate kit (GeneTex Irvine, CA).
Nuclei and cytoplasm were counterstained with hematoxylin for 1 min.
Finally, sections were washed with deionized water and air-dried before
the addition of coverslips. Macrophage infiltration was analyzed via
microscope. Oil red-O staining was performed to detect lipid content in
atherosclerotic plaques. Slides were placed in oil red-O (Sigma‐Aldrich)
working solution (0.5% in 100% propylene glycol) for 4 h at room
temperature. Slides were then placed in 85% aqueous propylene glycol
for 1 min. This step was repeated 3 times. Slides were then rinsed with
deionized water for 2 min. Sections were stained with aqueous hema-
toxylin (GeneTex, Irvine, CA; USA) for 20 s. Slides were further washed
with deionized water and air-dried. Sections were covered with cover
glasses and analyzed under a microscope. Plaque collagen content was
analyzed using Masson's trichrome staining. Slides were fixed in Bouin's
fluid for 1 h at 60 °C, washed with distilled water, and then placed in
Working Weigert's Iron Hematoxylin Stain for 10 min. Sections were
stained with Biebrich Scarlet-acid Fuchsin solution for 15 min and
rinsed in distilled water. Next, sections were placed in Phosphotungstic-
Phosphomolybdic Acid solution for 10 min, and then placed in Aniline
blue for 5 min followed by 1% Acetic Acid solution for 3 min. Finally,
slides were dehydrated and cleared through 95% ethanol, 100%
ethanol, and xylenes, 2 changes each, mounted with permount, and
cover-slipped. All images were recorded with a Nikon E600 Wide field
Epifluorescence microscope and Micropublisher digital camera with Q-
imaging software. Plaque size, lipid content, collagen percentage, and
macrophage cell content were quantified by computerized image Pro-
Plus.

2.13. Histological analysis

Tissue samples including liver, lung, and spleen were fixed in 10%
neutral buffered formalin and processed according to standard proto-
cols before being stained with hematoxylin-eosin. All tissue sections
were visualized with a Nikon E 600 microscope.

2.14. Microarray analysis

Total RNA was extracted from liver tissue using RNeasy Mini kit
(Qiagen, Germantown, MD). RNA quality and quantity analysis were
determined using an Agilent 2100 Bioanalyzer. All RNA samples had an
RNA integrity number (RIN) of 9.2 or higher. The RNA was amplified
and labeled with the Agilent Low Input Quick Amp labeling kit ac-
cording to the manufacturer's instructions. Then, RNA was transcribed
into cDNA using a poly-dT primer that also contained the T7 RNA
polymerase promoter sequence. Subsequently, T7 RNA polymerase was
added to cDNA samples to amplify the original mRNA molecules and to
simultaneously incorporate cyanine-3 labeled CTP into the amplifica-
tion product (cRNA). Labeled cRNA molecules were purified using
Qiagen's RNeasy Mini Kit (Valencia, CA). After spectrophotometric as-
sessment of dye incorporation and cRNA yield, samples were hy-
bridized to Agilent whole mouse genome microarrays 8 × 60,000 using
a gene expression hybridization kit (Agilent) according to the manu-
facturer's recommendation. Microarray analysis was performed using
an Agilent DNA microarray scanner system. After washes, arrays were
scanned using a High Resolution Agilent DNA Microarray Scanner and
images saved in tagged image file format (TIFF). A heat map of genes
was generated using R function heatmap.2.

2.15. Statistical analyses

Statistical analysis was performed with GraphPad Prism 6.0 soft-
ware (GraphPad Software Inc, San Diego, CA). Data are presented as
mean ± standard error of the mean (SEM). Normal probability plot or
Kolmogorov–Smirnov test was performed for both groups of data to
ensure the validity of normality assumption. Statistical significance was
determined by two-tailed Student t-test for two-group comparison. Data
were considered statistically significant at p < 0.05.

3. Results

3.1. TTP is up-regulated in human carotid atherosclerotic lesions

TTP has been shown to be expressed at very low levels in un-
stimulated human aortic endothelial cells (HAECS); but after LPS sti-
mulation its expression levels are significantly increased [33]. More-
over, TTP expression levels are significantly increased in purified
monocytes and macrophages isolated from human carotid athero-
sclerotic lesions compared to the macrophages isolated from alveolar
lavage of healthy subjects [34]. However, TTP expression levels in
atherosclerotic lesions compared to non-lesion area for the same patient
have not been examined. We used qRT-PCR to measure human TTP
mRNA expression levels from 12 atherosclerotic patients. Athero-
sclerotic lesions and the surrounding normal tissue were isolated from
human carotid arteries from patients undergoing carotid en-
darterectomy (CEA). Our data show that delta Ct values were slightly,
but statistically significantly, reduced in the atheroma lesions. Since
delta Ct values are inversely related to the TTP gene expression levels,
reduced delta Ct values indicate upregulation of TTP expression in
carotid atherosclerotic lesions compared to the surrounding normal
carotid tissue from the same patient (Supplemental Fig. S1). These re-
sults suggest that TTP may play a regulatory role during the atherogenic
process.

3.2. Bone marrow TTP deficiency reduces body weight of BM recipient
LDLR−/− mice

Lethally irradiated LDLR−/− mice were transplanted with BM cells
from TTP−/− or TTP+/+ mice. After 4 weeks of recovery, the chimeric
mice were challenged with a Western diet for 12 weeks, after which
animals were euthanized for collection of tissues (Fig. 1A). During the
Western diet-feeding period, body weight and food intake were mea-
sured weekly. None of the mice showed any signs or symptoms of bone
marrow transplantation rejection. We did not observe a significant
difference in food intake between groups (Fig. 1B). There was, however,
a reduction in the body weight in BM-TTP−/− mice (Fig. 1C). Of note,
body weight reduction was reported to be the most important pheno-
typic feature of whole body TTP knockout mice [8], suggesting a reg-
ulatory role for TTP from bone marrow-derived cells in metabolic
processes.

3.3. Bone marrow TTP deficiency increases neutrophil granulocytes and
platelets in peripheral blood

Previous reports showed that TTP knockout mice develop a hema-
tological and immunological disturbance [8,35,36]. To detect the he-
matological effects of TTP deficiency in BM cells on atherogenic
LDLR−/− mice fed a Western diet; we performed a Vetscan HMT ana-
lysis of peripheral blood. Our results show that BM TTP deficiency
significantly increased numbers and percentages of neutrophils (Fig. 2A
and B). Additionally, total platelet numbers and platelet hematocrit
were significantly increased in BM-TTP−/− mice (Fig. 2C and D). On
the other hand, blood monocyte, lymphocyte (Supplemental Fig. S2A),
and red blood cell counts, hemoglobin concentration, hematocrit, mean
corpuscular volume, mean corpuscular hemoglobin, MCHC, and RDWC
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were not different between the groups (Supplemental Fig. S2B).
Flow cytometry analysis of the leukocyte populations in the spleen

showed a significant increase in CD11b+/GR1+ cells, CD11b+/Ly6G+

neutrophils, and CD11b+/Ly6Chigh inflammatory monocytes in the BM-
TTP−/− mice. The number and percentage of CD19+ B-lymphocytes,
CD3+/CD8a+ T-lymphocytes, CD4+/FoxP3+ T-cells, CD4+/IL17+

cells, CD11C+ cells, F4/80+ cells, and CD11b+/Ly6Clow cells were
comparable between the two groups (Fig. 2E and F). Even though the
spleens of BM-TTP−/− mice were slightly enlarged (Supplemental Fig.
S2C), the absolute cell numbers were comparable between the two
groups (Supplemental Fig. S2D). These data suggest that TTP deficiency
in bone marrow-derived cells results in select hematopoietic and im-
munological disturbances.

3.4. TTP deficiency macrophages express pro-inflammatory cytokines at
increased level

Stimulated macrophages produce a variety of pro-inflammatory
cytokines and chemokines such as TNFalpha and IL6. These cytokines/
chemokines play a crucial role in the macrophage response to lipopo-
lysaccharide (LPS) stimulation [37,38]. Macrophages isolated from
Rag2−/− mice transplanted with TTP-deficient BM cells over-secreted
TNFalpha upon LPS stimulation, which is associated with increased
TNFalpha mRNA levels in the cells [35]. The mechanism underlying
increased TNFalpha synthesis and secretion has been attributed to
stabilization of TNFalpha mRNA in the absence of TTP [7]. Thus, we
hypothesized that BM TTP deficiency of LDLR−/− mice will increase
TNFalpha production upon LPS stimulation. We isolated thioglycollate-
elicited peritoneal macrophages from BM-TTP−/− mice and control
mice. Macrophages were then cultured and stimulated with LPS (50 ng/
ml) for 6 h. The expressions of pro-inflammatory cytokine TNFalpha
and IL6 mRNA were measured. Our results show that TNFalpha mRNA
expression levels (Fig. 3A) were significantly increased in TTP−/−

macrophages after LPS stimulation, whereas, IL6 mRNA levels were
slightly but not significantly increased (Fig. 3B) compared to TTP+/+

macrophages. These data indicated that TTP deficient peritoneal mac-
rophages have a higher ability to produce TNFalpha after LPS stimu-
lation than controls, suggesting that TNFalpha is likely one of the pa-
thophysiological targets for TTP-mediated RNA degradation, consistent
with a previous report [8].

3.5. Bone marrow TTP deficiency increases inflammation

It has been reported that global TTP−/− mice develop severe in-
flammatory syndrome associated with cachexia, arthritis, con-
junctivitis, dermatitis, myeloid hyperplasia, splenomegaly, and auto-
immunity [8]. To examine if BM-TTP−/− mice have a comparable
inflammatory phenotype, we collected tissues from BM-TTP−/− mice
and stained with hematoxylin and eosin to examine inflammatory cell
infiltration. BM-TTP−/− mice showed more inflammatory cell in-
filtration than the control mice. LDLR−/− mice transplanted with
TTP−/− BM cells had a comparable liver weight to LDLR−/− mice
transplanted with wild type BM cells (Supplemental Fig. S3). However,
BM-TTP−/− mice had significantly increased inflammatory cell in-
filtration in the liver compared to BM-TTP+/+ mice (Fig. 3C). Simi-
larly, lungs of BM-TTP−/− mice had more inflammatory cell infiltration
surrounding the vasculature, indicating the increased movement and
migration of inflammatory cells. In addition, these mice exhibited more
inflammatory exudate in the alveolar space compared to the control
group (Fig. 3D). The spleen showed loss of normal organization with no
clear demarcation between the red and the white pulp due to in-
flammatory cell infiltration (Fig. 3E).

To further define the effects of BM TTP deficiency on systemic in-
flammation in LDLR−/− mice, we performed ELISA analyses to mea-
sure serum TNFalpha levels. Indeed, our data show that BM TTP defi-
ciency significantly increased serum TNFalpha concentration in

Fig. 1. Bone marrow TTP deficiency did
not affect food intake but reduced body
weight of BM recipient LDLR−/− mice.
(A) Schematic representation of TTP−/−

bone marrow transplantation (BMT). Eight
week-old female LDLR−/− mice were
transplanted with TTP−/− or TTP+/+ bone
marrow cells. Four weeks after BMT, mice
were fed a Western diet for 12 weeks.
During the Western diet period, mouse body
weight and food intake were measured
weekly. (B) Food intake and (C) Growth
curves of the mice. The average daily intake
of Western diet per mouse was calculated
(N = 9 mice per group). Data were pre-
sented as mean ± SEM.
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LDLR−/− mice (Fig. 3F). Taken together, our results indicate that BM
TTP deficiency significantly increases systemic and multi-organ in-
flammation in LDLR−/− mice.

3.6. Bone marrow TTP deficiency modulates the expression of liver genes
involved in inflammation and lipid metabolism

The liver plays a significant role in lipid and lipoprotein metabolism
including lipid biosynthesis and lipoprotein production and secretion.
Lipid accumulation in hepatocytes results in hepatic steatosis, which
may develop as a consequence of multiple dysfunctions such as al-
terations in very low density lipoprotein (VLDL) secretion and fatty acid
synthesis pathways. Impaired hepatic lipid metabolism is tightly cor-
related with obesity, diabetes, non-alcoholic fatty liver disease, and

atherosclerotic cardiovascular diseases [39–41]. Hyperlipidemia has
been shown to associate with systemic inflammation; and inflammatory
responses can affect lipid accumulation and vice versa [42,43]. Both
hyperlipidemia and chronic inflammation are recognized as major
driving forces in atherogenesis [20]. To access the expression levels of
hepatic genes related to lipid metabolism and inflammation in athero-
genic LDLR−/− mice transplanted with TTP−/− BM cells, a microarray
gene analysis was performed on mRNAs isolated from liver tissue of
BM-TTP−/− and BM-TTP+/+ mice. Using a corrected P-value cut-off of
0.05 and an absolute fold change of> 2.00 we found that BM TTP
deficiency in LDLR−/− mice significantly modulated 236 genes (Fig. 4A
and Supplemental Fig. S6). To identify the functional pathways in the
liver that were altered by BM TTP deficiency, we analyzed the 236
genes using Ingenuity Pathway Analysis (IPA) software. We then

Fig. 2. Bone marrow TTP deficiency increased neutrophil granulocytes, platelets in peripheral blood, and inflammatory monocytes in the spleen. At the
experimental endpoint, peripheral blood was drawn into heparinized tubes by retro-orbital puncture. Blood samples were run on the VetScan HMT hematology
analyzer to measure the following parameters: (A, B) Neutrophil granulocyte numbers and percentages; (C, D) Total platelet numbers and platelet hematocrit. (E, F)
Flow cytometry analysis of mouse splenocytes. A single cell suspension was made, and cells were stained with anti-CD19 mAb, anti-CD3 PE mAb, anti-CD4 FITC mAb,
anti-CD8a FITC mAb, anti-FOXP3 mAb, anti-ly6C FITC mAb, anti-CD11b PE mAb, anti-ly6G FITC mAb, and anti F4/80 FITC mAb to detect different mouse leukocyte
populations. Absolute numbers (A) and percentages (B) of various leukocyte subpopulations in the spleen. All data were presented as the mean ± SEM (N = 6 mice
each group). *P < 0.05; **P < 0.01, vs WT BM recipient group.
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examined top molecular pathways that were regulated by BM TTP de-
ficiency, “Inflammatory response” and “Fatty acid metabolism”. Of the
236 genes, 27 genes involved in lipid metabolism and inflammatory
response were identified as being significantly changed with BM TTP
deficiency (Fig. 4B). Interestingly, sterol regulatory element binding
transcription factor 1 (SREBF1), which controls the expression of en-
zymes involved in fatty acid and cholesterol biosynthesis, was sig-
nificantly downregulated; whereas serum amyloid A1 (SAA1) and C–C
chemokine receptor type 2 (CCR2), which are inflammatory response
related genes, were highly expressed in the liver of BM-TTP−/− mice
(Fig. 4C and D).

To confirm the gene expression patterns identified by the micro-
array analysis, we performed qRT-PCR analysis for select genes. The
results show that mRNA expression levels were in agreement with the
microarray data. Notably, SREBF1 expression level was significantly
reduced whereas the expression levels of the inflammatory genes CCR2

and SAA1 were significantly increased in the liver of LDLR−/− mice
transplanted with TTP−/− BM cells (Fig. 4E).

Taken together, our data indicated that multiple key genes related
to lipid metabolism and inflammation are influenced by BM TTP defi-
ciency, suggesting that TTP deficiency in BM cells could change the
hepatic expression of genes of lipid metabolism and inflammation.

3.7. Bone marrow TTP deficiency increases mitochondrial ROS production

Reactive oxygen species (ROS), by-products in various metabolic
pathways have the potential to damage cellular macromolecules in-
cluding DNA, proteins, and lipids [44]. The majority of ROS are pro-
duced by the mitochondrial respiratory reactions indicating that mi-
tochondrial respiratory proteins play pivotal roles in the regulation of
oxidative stress [45]. Mitochondrial ROS (mtROS) can increase pro-
inflammatory cytokines production and promote development of

Fig. 3. Bone marrow TTP deficiency increased macrophage response to LPS stimulation, and resulted in multi-organ damage and systemic inflammation.
(A–B) Residential peritoneal macrophages were obtained from mice at the experimental endpoint. The cells were treated with LPS (50 ng/ml) for 6 h. Total mRNA
was extracted for qRT-PCR to measure the expression of inflammatory cytokine TNFalpha (A) and IL6 (B). Data were expressed as mean ± SEM, (N = 3 mice for
each group). **p < 0.01. Representative photomicrographs showing H&E staining in the (C) liver (20x), (D) lung (20x), and (E) spleen (10x) in wild-type recipient
mice (right panels) and TTP−/− recipient mice (left panels). Scale bar 100 μm. (F) Serum TNFalpha concentrations were determined by ELISA. Data were analyzed by
Student's t-test. Data were presented as the mean ± SEM (N = 6 mice each group). ***p < 0.001.
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atherosclerotic cardiovascular diseases [46–48]. TTP has been shown to
regulate oxidative stress in yeast as TTP overexpression decreased ROS
production and mitochondrial membrane potential whereas deletion of
TTP significantly increased mitochondrial membrane potential [49].
However, whether TTP deficiency increased mitochondrial ROS pro-
duction in a murine model of atherosclerosis have not been studied.
Therefore, we compared our BM-TTP−/− differentially expressed genes
from our microarray data to the 1158 nuclear DNA–encoded mi-
tochondrial genes from Mouse MitoCarta website (https://www.
broadinstitute.org/files/shared/metabolism/mitocarta/mouse.
mitocarta2.0.html). We found that four out of 236 genes from BM
TTP−/− significantly changed genes were related to mitochondrial

biology function including Cox8b, Hao2, Abcd1, and Nt5dc2 (Fig. 5A).
Accumulative evidence showed that deficiency of Abcd1 was associated
with increased oxidative stress and mitochondrial ROS production
[50,51]. Our microarray data showed that Abcd1 was significantly
downregulated (fold change 2.2) with BM TTP deficiency. Therefore,
we examined the mitochondrial ROS production in bone marrow de-
rived macrophages isolated from TTP−/− and littermate control mice
after stimulation with hydrogen peroxide. Indeed, we found that TTP
deficiency dramatically increased macrophage mitochondrial ROS
production after stimulation with H2O2 (Fig. 5B). Collectively, these
data indicated that as an important mechanism, bone marrow TTP
deficiency not only modulates the expressions of oxidative stress genes

Fig. 4. Microarray analysis revealed that bone marrow TTP deficiency in LDLR−/− mice modulated the expression of inflammatory genes, oxidative stress
regulators, and lipid metabolism related genes. Mouse liver RNAs were isolated from LDLR−/− mice transplanted with WT or TTP−/− bone marrow cells and fed
Western diet for 12 weeks and subjected to Affymetrix microarray analysis. N = 4/group. (A) Heat maps of 236 genes that are significantly changed by more than 2
folds and corrected P-value cut-off:0.05. See Supplementary Fig. S6 for detailed gene list. (B) Heat maps of 27 hepatic genes involved in inflammation and lipid
metabolism. Color-coding indicates increased gene expressions in red and decreased gene expressions in green. The columns and rows in the heat maps represent
samples and genes, respectively. (C) The network in the ingenuity pathway analysis (IPA) from top regulated pathway “inflammatory response” were shown. Genes
that are significantly upregulated by bone marrow TTP deficiency are boxed. The color intensity indicates the fold change expression of genes (red representing
upregulation and green representing downregulation). (D) The network in the IPA from top regulated pathway “Fatty acid metabolism” were shown. Gene that is
significantly downregulated by bone marrow TTP deficiency is boxed. The color intensity indicates the fold change expression of genes (red representing upregu-
lation and green representing downregulation). (E) qPCR analysis of liver mRNA was used to verify the results of selected genes from microarray data. Data were
presented as the mean ± SEM. *p < 0.05. Microarray data was deposited at NIH-GEO dataset “GEO accession GSE126481”. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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and nuclear DNA-encoded mitochondrial genes (mitoCarta gene list),
but also increases mtROS production.

3.8. Bone marrow TTP deficiency reduces serum lipid levels, alleviates
hepatic steatosis, and reduces cholesterol excretion

To corroborate the microarray gene expression data, we analyzed
the lipid profile of LDLR−/− mice transplanted with TTP−/− or TTP+/

+ BM cells. Interestingly, LDLR−/− mice that received TTP−/− BM
cells showed a significant reduction in their serum total cholesterol and
triglyceride levels after 8 weeks (Supplemental Figs. S4A and S4B) and
12 weeks (Fig. 6A and B) of Western diet feeding, which is consistent
with the cachexia and metabolically unhealthy lean phenotype caused
by BM TTP deficiency. Fast Protein Liquid Chromatography (FPLC)
analyses of serum lipoproteins profile showed a difference in VLDL,
LDL, and HDL cholesterol peaks between BM-TTP−/−, and BM-TTP+/+

LDLR−/− mice. BM-TTP−/− mice exhibited a significant reduction in
VLDL/LDL cholesterol levels whereas no significant difference was
observed in HDL cholesterol levels (Fig. 6C). Therefore, the
VLDL + LDL to HDL cholesterol ratio was significantly reduced by BM
TTP deficiency (Fig. 6D), which is consistent with previous human data
that showed a significant lower LDL/HDL cholesterol ratio in non-

cardiovascular disease individuals than in cardiovascular disease pa-
tients [52] (Fig. 6E). We also measured blood glucose levels and body
temperature at the experimental end point. There were no differences
in blood glucose levels (Supplemental Fig. S5A) and body temperature
(Supplemental Fig. S5B) between the groups.

Given the critical role of the liver in lipoprotein and lipid metabo-
lism and the dramatic reduction in plasma lipids and VLDL/LDL cho-
lesterol fractions in BM-TTP−/− mice, we examined lipid accumulation
in the liver using Oil Red-O (ORO) staining of fixed liver tissues; and
showed that BM TTP deficiency dramatically reduced hepatocyte lipid
accumulation (Fig. 6F and G). We also measured cholesterol excretion
in the feces and found that cholesterol fecal excretion was significantly
reduced in BM-TTP−/− mice (Fig. 6H). Collectively, our data suggests
that BM TTP deficiency in atherogenic LDLR−/− mice fed a Western
diet not only modulates the expression of liver genes involved in in-
flammation and lipid metabolism but also results in significant reduc-
tion of hepatic lipid production, reduces serum VLDL/LDL cholesterol
levels, attenuates hepatic steatosis, and reduces cholesterol fecal ex-
cretion, which once again demonstrates the functional significance and
underlying mechanisms of BM TTP deficiency-induced downregulation
of master regulator SREBF1 in liver.

Fig. 5. Bone marrow TTP deficiency increased mitochondrial reactive oxygen species (mtROS) generation. (A) Venn diagram showed some of the mi-
tochondrial biology related genes from mouse mitocarta gene list which is significantly changed in BM TTP−/− mice based on the microarray data. The mitocarta
gene list was collected from the MIT Broad Institute website which includes all the nucleus and DNA encoded mitochondrial genes. (B) Mitochondrial ROS pro-
duction. BMDMs were generated from bone marrow cells isolated from femurs and tibias of TTP−/− mice and WT littermates. Then, cells were treated with H2O2

(250 μM) for 4 h, then loaded with 5 μM of MitoSOX Red Mitochondrial Superoxide indicator (Life technologies) for 20 min and flow cytometry analysis was
performed to quantify mtROS (n = 3). **P < 0.01; ***P < 0.001, vs. control. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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3.9. Bone marrow TTP deficiency has no effects on atherogenesis in
LDLR−/− mice fed a Western diet

To examine the effects of BM TTP deficiency on atherosclerosis, we
analyzed atherosclerosis development in the aortic roots of the BM-
TTP−/− LDLR−/− mice after 12 weeks of Western diet feeding. We
found that BM TTP deficiency in LDLR−/− mice did not significantly
modify the lesion size (Fig. 7A). Similarly, there were no differences in
lipid contents (Fig. 7B), macrophage content (Fig. 7C), or collagen

percentage (Fig. 7D) in the aortic root, compared with the control mice.
These data indicate that the atherogenic effects of BM TTP deficiency
on inflammation and the anti-atherogenic effects on liver lipoprotein
metabolism may offset each other, leading to unchanged atherosclerosis
in LDLR−/− mice fed a Western diet.

4. Discussion

There are two major pathogenic thrusts that drive the atherogenic

Fig. 6. Bone marrow TTP deficiency reduced serum lipid levels, alleviated hepatic steatosis, and reduced cholesterol excretion. (A) Mouse serum total
cholesterol and (B) triglyceride levels were measured after 12 weeks of Western diet. (C) Pooled serum samples from mice at the experimental endpoint were
analyzed for the lipoprotein profile using FPLC. Cholesterol content in each fraction was determined (n = 6 mice/group). Data represent the mean ± SEM. (D) Very
low density lipoprotein (VLDL) and low density lipoprotein (LDL)/high density lipoprotein (HDL) ratio in BM-TTP−/− mice compared to controls. (E) LDL cho-
lesterol/HDL cholesterol ration in cardiovascular disease (CVD) patient compared to non-CVD individuals. Representative Oil Red-O stained liver sections. Scale bar
100 μm. (F) Quantification of Oil Red-O staining. (G) Fecal cholesterol excretion. *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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process: 1) dyslipidemia affecting each of the lipoprotein fractions, and
2) inflammatory responses. These two components are not unrelated as
accumulating evidence indicates the cross talk between the immune
response and lipid metabolism in the context of atherosclerotic cardi-
ovascular diseases. These interactions have been widely studied and
data have shown that lipid accumulation induces macrophage in-
flammation within the atherosclerotic lesions [53,54]. In addition,
cholesterol accumulation in early atherosclerosis has been shown to
induce inflammasome/caspase-1 activation, increased IL-1β secretion,
and is thus considered as a novel initiator of inflammation [55].

TTP has been shown to be expressed in vascular endothelial cells
overlying atherosclerotic lesions in mice and humans and has been
reported to play a significant role in controlling vascular inflammation
through a direct binding to target cytokine/chemokine mRNAs [33].
TNFalpha is the best-known pathophysiological target of TTP [8].
TNFalpha is a key determinant for inflammation as it is usually one of
the first responders in the inflammatory pathway [56]. Mice with a
genetic disruption of TTP display severe inflammatory syndrome due to
overproduction of TNFalpha; and TNFalpha antibody treatment or
TNFalpha receptor deficiency could attenuate development of the

Fig. 7. Bone marrow TTP deficiency had no effects on atherosclerosis after 12 weeks of Western diet feeding in LDLR−/− mice. (A) The lesion area of the
frozen sections were detected by H&E staining and quantified by Image-ProPlus 6.0. The quantitative analysis and representative images are shown. (b) Lipid
contents in the aortic lesions were determined by ORO staining. Quantitative analysis and representative images are shown. (C) The areas of macrophages in the
aortic root lesions were determined by immunostaining for MOMA-2 (a macrophage marker). Quantitative analysis and representative images are shown. (D)
Collagen percentage in the aortic root lesions were determined by trichrome staining. Quantitative analysis and representative images are shown. Data were
presented as the mean ± SEM (N = 9 mice per group). Scale bar 100 μm.
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inflammatory phenotype associated with TTP deficiency [8,17]. More
importantly, TTP−/− mice crossed into apoE−/− mice and fed a normal
chow diet show more aortic atherosclerotic lesions than apoE−/− mice;
however, TTP−/−/apoE−/− mice showed a reduction in their total
cholesterol and triglyceride levels indicating that TTP may play a cri-
tical role in regulating lipid metabolism during atherogenesis [57].
However, the roles of TTP in bone marrow-derived cells on modulating
lipid metabolism and atherosclerosis have never been examined, which
we studied thoroughly using BM TTP deficiency in LDLR−/− mice fed a
Western diet.

Although both inflammation and dyslipidemia are key risk factors
for atherosclerotic cardiovascular diseases, it is still incompletely un-
derstood regarding to their relative contribution to atherosclerosis,
since in almost all atherogenic animal models, hyperlipidemia is ac-
companied with increased inflammation. We set out to address this
issue in this study. First, we measured TTP expression in human carotid
atherosclerotic lesions; and then we performed a bone marrow trans-
plantation study to determine how TTP deficiency in bone marrow-
derived cells impacts atherogenesis in LDLR−/− mice fed a Western
diet. By performing hematological, histological, flow cytometry, bio-
chemical, metabolic, and microarray analyses, we were able to de-
monstrate the following exciting findings: 1) TTP mRNA level was
slightly, but statistically significantly, up-regulated in human carotid
atherosclerotic lesions compared to the surrounding normal tissue of
the same CEA patients, suggesting that TTP may play a regulatory role
during the atherogenic process; 2) BM TTP deficiency in LDLR−/− mice
resulted in increased pro-inflammatory cytokine secretion from LPS
stimulated peritoneal macrophages, suggesting that deletion of TTP in
bone marrow cells increased responsiveness of macrophages to LPS
stimulation; 3) BM-TTP−/− mice displayed select hematopoietic and
immunological abnormalities including increased neutrophil granulo-
cytes, platelet count, and platelet hematocrit in the peripheral blood; 4)
BM TTP deficiency in LDLR−/− mice resulted in reduced body weight,
mirroring a metabolically unhealthy lean phenotype; 5) BM TTP defi-
ciency in LDLR−/− mice resulted in upregulation of inflammatory
TNFalpha and increased inflammatory cell infiltration in various or-
gans, suggesting that hematopoietic progenitors are responsible for the
development of the inflammatory syndrome; 6) BM TTP deficiency in
LDLR−/− mice resulted in altered expression of both inflammatory
genes and lipid related genes in the liver; of note, the expression
SREBF1, a key transcription factor regulating lipogenic enzymes, was
shown to be downregulated by BM TTP deficiency; 7) BM TTP defi-
ciency significantly increased mitochondrial ROS production in H2O2

stimulated BMDM;8) BM TTP deficiency dramatically reduced serum
total cholesterol and triglyceride levels in LDLR−/− mice after con-
sumption of a Western diet. Interestingly, VLDL cholesterol, which is
mostly produced by the liver, was most drastically reduced by BM TTP
deficiency, suggesting that reduced serum total cholesterol and trigly-
ceride levels result from reduced hepatic lipid production due to
downregulation of the SREBF1 gene; 9) BM TTP deficiency attenuated
hepatic steatosis and fecal cholesterol excretion; and 10) BM TTP de-
ficiency did not significantly affect Western diet-induced athero-
sclerotic lesion development in LDLR−/− mice, suggesting that reduced
lipoprotein production may offset the effects of the concomitant in-
crease in inflammation. These results suggest the followings: First, in a
normal situation, TTP promotes TNFalpha mRNA degradation; there-
fore, TTP deficiency will stabilize and increase TNFalpha secretion
leading to a pro-inflammatory status. Second, TTP can indirectly pro-
mote VLDL/LDL biosynthesis by its potential to cause destabilization
and degradation of the mRNA of the upstream negative regulators of
VLDL/LDL biosynthesis, such as insulin induced gene 1(INSIG1), which
blocks SREBF1 from acting as a transcription factor in the promoter
region of the HMG-CoA reductase gene and results in a decreased ex-
pression of HMG-CoA reductase [58]. Therefore, TTP deficiency results
in stabilization of the upstream negative regulators and consequently
inhibits VLDL/LDL biosynthesis enzymes and reduces VLDL/LDL levels.

Third, TTP can promote VLDL/LDL biosynthesis directly by potentially
stabilizing the mRNA of VLDL/LDL biosynthesis enzymes such as HMG-
CoA reductase or SREBF1 transcription factor; therefore, as our results
suggest, TTP deficiency leads to reduced SREBF1 and decreased VLDL/
LDL biosynthesis. By default, many AU-rich elements (AREs) destabilize
and repress mRNA translation; however, they also can respond to in-
flammatory stimuli, by stabilizing the mRNA and de-repressing its
translation [6,59].

The roles of inflammation and lipid metabolism in atherosclerosis
development have been extensively studied, but their relative con-
tribution remains elusive. A relationship exists between LDL cholesterol
levels in the circulation and inflammatory responses that promote
atherosclerosis. Increased LDL cholesterol levels are strongly correlated
with risk of atherosclerosis development in humans and with circu-
lating markers of inflammation [60]. However, despite these clear re-
lationships, how these two major components are intertwined in the
development of hyperlipidemic cardiovascular diseases and the un-
derlying molecular mechanisms remain incompletely understood.

BMT has been widely used to examine the role of leukocyte gene
expression in atherogenesis through modulating inflammation or lipid
metabolism [61–64]; however, none of these studies have shown that
BMT can influence both lipid metabolism and inflammation con-
comitantly. The effect of transplantation of TTP−/− bone marrow cells
into LDLR−/− mice fed a Western diet on inflammation and lipid me-
tabolism during atherogenic process were simultaneously examined in
our study. Previous reports showed that SREBF1 transcriptionally in-
creased lipogenic genes and regulated liver de novo lipogenesis [65].
Moreover, human data showed that increased SREBF1 levels correlated
with hepatic steatosis [66]; and that SREBF1 knockdown reduces he-
patic de novo lipogenesis and steatosis [67]. Another study showed that
hepatic SREBF1 overexpression in LDLR−/− mice results in increased
serum lipid, VLDL cholesterol, and accelerated atherosclerosis whereas
systemic SREBF1 deficiency dramatically reduces plasma lipid, VLDL
cholesterol, and reduces atherosclerotic lesion formation in LDLR−/−

mice fed a Western diet [68]. Furthermore, it has been reported that
increased oxidative stress and downregulated anti-oxidative pathways
accelerated inflammation and inhibited de novo lipogenesis with the
suppression of SREBF1 [69]. Our results show that BM TTP deficiency
significantly reduced hepatic SREBF1 expression and thus VLDL/LDL
cholesterol, leading to reduced plasma lipid levels and attenuated he-
patic steatosis. Also, BM TTP deficiency and TTP target gene SREBF1
modulated oxidative regulator expression. MicroRNA-27a (miR-27a) is
a pro-inflammatory miRNA expressed in the macrophages [70] and can
be circulated in exosomes [71]. MiRNAs can be secreted from cells
including macrophages into the extracellular space within the exosomes
[72]. These cell-derived exosomes contain numerous miRNAs, which
can be taken up into neighboring or distant cell types including hepa-
tocytes to modulate their function [73]. Moreover, previous studies
demonstrated that miR-27a can interacts with the HMG-CoA reductase
3′ untranslated region in murine and human hepatocytes and down-
regulate its expression [74]. Therefore, we believe that the miR-27a
within the exosomes presumably secreted from TTP deficient bone
marrow derived macrophages as the exosome dock on the hepatocyte
modulate the hepatocyte lipid metabolism and downregulate the HMG-
CoA reductase mRNA. Therefore, we believe this could be a potential
mechanism for TTP deficient bone marrow derived macrophage in
modulating hepatic cell lipid metabolism. Of note, the future studies are
warranted to determine the novel molecular mechanisms underlying
the regulation of TTP deficient bone marrow-derived cells on hepatic,
and other tissue expressions of SREBF1 and other lipid metabolism
regulators and inflammation regulators.

Based on our findings, we propose a working model for TTP as il-
lustrated in Fig. 8: 1) Under normal physiological conditions, TTP in-
hibits inflammation through the degradation of TNFalpha mRNA
transcripts and potentially other pro-inflammatory cytokine mRNAs,
leading to an anti-inflammatory status, which presumably suppress pro-
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inflammatory potential derived from lipid metabolism; 2) At the same
time, TTP can modulate pro-inflammatory lipid metabolism by pro-
moting VLDL/LDL biosynthesis indirectly via degradation of the nega-
tive upstream regulator of VLDL/LDL biosynthesis such as INSIG-1
mRNA or indirectly by stabilizing HMG‐CoA reductase or SREBF1
mRNAs; 3) BM TTP deficiency results in increased pro-inflammatory
status through stabilization of TNFalpha and potential other pro-in-
flammatory cytokine mRNAs and increase of ROS promoter expressions
and mitochondrial ROS; and 4) Concomitantly, TTP deficiency in bone

marrow decreases VLDL/LDL biosynthesis indirectly by stabilization of
INSIG-1 mRNA or indirectly by destabilizing the mRNA of HMG‐CoA
reductase or SREBF1. Increased inflammation and reduced VLDL/LDL
production offset each other, resulting in unchanged atherosclerosis.
While more detailed molecular mechanisms in these regards warrant
further investigation, our findings provide a novel insight into how
general mRNA decaying proteins can modulate multiple pathological
pathways in the context of atherogenesis. In summary, our study
identified the roles of TTP-mediated mRNA decay in bone marrow-

Fig. 8. Schematic representation of a working model. TTP modulates both inflammation and lipid metabolism. Left: During normal physiological condition, TTP
acts as an anti-inflammatory molecule by degrading pro-inflammatory TNFalpha mRNA and potentially other pro-inflammatory cytokine mRNAs. Concurrently, TTP
increases VLDL/LDL cholesterol indirectly by degrading negative up-regulator INSIG1 mRNA or indirectly by stabilizing HMG-CoA reductase/SREBF1 mRNAs. Right:
under pathological conditions, bone marrow TTP deficiency in LDLR−/− mice increased inflammation by stabilizing TNFalpha mRNA and potential other pro-
inflammatory cytokine mRNAs and increasing mtROS production. At the same, TTP deficiency indirectly decreases VLDL/LDL cholesterol by potentially stabilizing
the insulin induced gene 1 (INSIG1) mRNA or indirectly by destabilizing the mRNA of HMG‐CoA reductase or SREBF1 mRNAs. Increased inflammation, mtROS, and
reduced lipids offsets each other, resulting in unchanged atherosclerosis in BM TTP deficient mice.
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derived cells in regulating systemic inflammation and hepatic lipid
metabolism. Since lipid metabolism and inflammation play roles in
many diseases such as cardiovascular diseases, metabolic diseases and
cancers, TTP may serve as a molecular target in the treatment or pre-
vention of these diseases.
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