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Abstract 

Background and aims: TP53-induced glycolysis and apoptosis regulator 

(TIGAR) is now characterized as a fructose-2,6-bisphosphatase to reduce 

glycolysis and protect against oxidative stress. Recent studies have 

demonstrated that TIGAR is associated with cardiovascular disease. However, 

little is known about its role in atherosclerogenesis. In this study, we aimed to 

investigate the effect of TIGAR on atherosclerosis and explore the underlying 

molecular mechanism. 

Methods: The Gene Expression Omnibus (GEO) datasets were used to 

analyze the differential expression of relative proteins. THP-1-derived 

macrophages were used as an in vitro model and apolipoprotein E-deficient 

(Apoe-/-) mice were used as an in vivo model. [3H] labeled cholesterol was 

used to assess the capacity of cholesterol efflux and reverse cholesterol 

transport (RCT). Both qPCR and Western blot were used to evaluate the 

mRNA and protein expression, respectively. Lentiviral vectors were used to 

disturb the expression of TIGAR in vitro and in vivo. Oil Red O, 

hematoxylin-eosin, and Masson staining were performed to evaluate 

atherosclerotic plaques in Apoe-/- mice fed a Western diet. Conventional assay 

kits were used to measure the levels of reactive oxygen species (ROS), 

plasma lipid profiles and 27-hydroxycholesterol (27-HC).  

Results: Our results showed that TIGAR is increased upon the formation of 

macrophage foam cells and atherosclerosis. TIGAR knockdown markedly 

promoted lipid accumulation in macrophages. Silencing of TIGAR impaired 

cholesterol efflux and down-regulated the expression of ATP-binding cassette 

transporter A1 (ABCA1) and ABCG1 by interfering with liver X receptor α 

(LXRα) expression and activity, but did not influence cholesterol uptake by 

macrophages. Additionally, this inhibitory effect of TIGAR deficiency on 

cholesterol metabolism was mediated through the ROS/CYP27A1 pathway. In 

vivo experiments revealed that TIGAR deficiency decreased the levels of 
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ABCA1 and ABCG1 in plaques and aorta and impaired the capacity of RCT, 

thereby leading to the progression of atherosclerosis in Apoe-/- mice.  

Conclusions: TIGAR mitigates the development of atherosclerosis by 

up-regulating ABCA1 and ABCG1 expression via the ROS/CYP27A1/LXRα 

pathway.  

 

KEY WORDS: Atherosclerosis; TIGAR; ROS; CYP27A1; ABCA1; ABCG1 
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1. Introduction 

Atherosclerosis (AS), a lipid-driven inflammatory disease, is the 

pathological basis of most cardiovascular disease including myocardial 

infarction and stroke [1]. Although the molecular mechanisms for atherogenesis 

are not fully understood, the transformation of macrophage into foam cell plays 

a central role in all stages of atherosclerotic lesions, from initial lesions to 

advanced plaques [2, 3]. This process is associated with impaired cholesterol 

efflux and/or uncontrolled uptake of oxidised low-density lipoprotein (ox-LDL) 

by scavenger receptors (SR), such as scavenger receptor-A (SR-A) and CD36 

[4, 5]. Cholesterol efflux from macrophages to apolipoprotein AI (apoA-I) or 

high-density lipoprotein (HDL), the first and rate-limiting step of reverse 

cholesterol transport (RCT), is predominantly mediated by ABC transporters, 

including ABCA1 and ABCG1[6-9]. Therefore, a better understanding of the 

molecular mechanisms underlying ABCA1 and ABCG1 transporter regulation 

is of critical importance to develop novel therapeutic strategies for 

atherosclerosis. 

TP53-induced glycolysis and apoptosis regulator (TIGAR), a novel 

p53-inducible protein, was first discovered in 2006 [10, 11]. TIGAR is now 

characterized as a fructose-2,6-bisphosphatase that reduces glycolysis and 

protects against oxidative stress [12-14]. TIGAR shares functional sequence 

similarities with the bis-phosphatase domain of the bifunctional enzyme 

PFK-2/fructose bisphosphatase-2, which reduces fructose 2,6-bisphosphate 

(Fru-2, 6-P2), and shifts glycolysis to the pentose phosphate pathway (PPP) to 

increase the reduced glutathione (GSH) and nicotinamide adenine 

dinucleotide phosphate (NADPH) [11]. Emerging evidence has proved that 

TIGAR curbs reactive oxygen species (ROS) levels and mitigates intracellular 

oxidative stress damage by increasing GSH and NADPH [15-17]. Furthermore, 

TIGAR can decrease the activities of phosphofructokinase-1 and glucose 
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6-phosphate dehydrogenase (G6PD), cause ATP depletion, and induce 

autophagy and apoptosis [18-20]. It has been reported that TIGAR is associated 

with heart failure [15] and myocardial infarction [21]. It is unclear, however, if 

TIGAR plays a role in the development of atherosclerosis. Therefore, further 

investigations to delineate the role and molecular mechanisms of TIGAR in 

atherosclerosis from the point of view of the cholesterol metabolism of 

macrophage foam cells are warranted.  

ROS, as an essential secondary messenger, plays a crucial role in 

regulating cellular functions and the progression of cardiovascular diseases [22]. 

Relative experimental studies have shown that clearance of ROS using 

antioxidants is a successful and potential therapeutic strategy for preventing 

oxidative stress-induced pro-atherogenic events [23, 24]. 27-hydroxylase 

(CYP27A1), a protein located in the membrane of mitochondria, inhibits 

harmful buildup of cholesterol from endogenous or exogenous sources to 

mitochondria and converts into 27-hydroxycholesterol (27-HC), an 

endogenous ligand of LXRα. It has been reported that 27-HC is able to 

promote ABCA1- and ABCG1-mediated cholesterol efflux from macrophages 

in an LXRα-dependent manner [25, 26]. Recently researchers reported that loss 

of CYP27A1 activity is attributed to redox damage either directly to the enzyme 

itself or indirectly to its inner membrane surroundings in macrophages [27]. 

Hoshino et al. also demonstrated that TIGAR attenuates mitophagy and 

damaged mitochondria accumulation by suppressing ROS signal to prevent 

redox damage [21]. Therefore, it suggests that CYP27A1 may act as a bridge 

linking ROS to LXRα to involve in TIGAR-regulated lipid metabolism in the 

development of atherosclerosis. 

In this study, the THP-1-derived macrophage and apolipoprotein 

E-deficient (Apoe-/-) mice were used to explore the roles and underlying 

molecular mechanisms of TIGAR on foam cell formation, RCT and 

atherosclerosis. We reported here the findings that TIGAR knockdown 
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increased the lipid accumulation of macrophage foam cells by decreasing ABC 

transporter-dependent cholesterol efflux. This detrimental effect of TIGAR 

deficiency was attributed to inhibition of the ROS/CYP27A1/LXRα pathway 

activation. The in vivo response to TIGAR deficiency may involve it in 

modulating hyperlipidemia and suppressing RCT, thus accelerating 

atherosclerosis progression. Taken together, our studies indicate the function 

and possible mechanism for the anti-atherogenic action of TIGAR and reveal a 

potential molecular target for the treatment or prevention of atherosclerosis in 

the future. 
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2. Materials and methods 

2.1. Reagents 

TIGAR rabbit polyclonal antibody, CD36 rabbit polyclonal antibody, SR-A 

rabbit polyclonal antibody, ABCA1 mouse monoclonal antibody, ABCG1 rabbit 

monoclonal antibody, LXRα rabbit monoclonal antibody, CYP27A1 rabbit 

monoclonal antibody, β-actin mouse monoclonal antibody and luciferase 

reporter assay kit were purchased from ABCAM (U.K.). The 

lentivirus-pENTR/U06-TIGAR shRNA and lentivirus-pENTR/U06-CONTROL 

shRNA were obtained from Invitrogen (U.S.A). The ox-LDL, dil-ox-LDL and 

high-density protein were purchased from Yiyuan Biotechnology (China). The 

apolipoprotein A-I was obtained from Sigma-Aldrich (U.S.A). Dihydroethidium 

(DHE) and 2′,7′-dichlorofluorescin diacetate (DCFH-DA) were purchased from 

Beyotime (China). N-Acetyl-L-cysteine (NAC), apocynin (APO) and 

T0901317 were obtained MedChemExpress (U.S.A). 27-hydroxycholesterol 

ELISA Kit was purchased from AbeBio (China). 

2.2 Bioinformatics analysis 

The gene expression profiles of human normal arterial intimae and 

advanced atherosclerotic plaques (GSE97210), THP-1 macrophages and 

THP-1 macrophage-derived foam cells (GSE54039) were obtained from Gene 

Expression Omnibus (GEO) datasets in the National Center for Biotechnology 

Information (NCBI) Database (http://www.ncbi.nlm.nih.gov/geo/). The 

differentially expressed genes were analyzed by using the limma package in R 

(3.6.1 version) [28]; the criteria for differentially expressed genes were a false 

discovery rate <0.05, as well the fold‐change >2 to select the genes to be 

further considered in the network construction. The heatmap and volcanos of 

the differentially expressed genes were generated through the pheatmap 

package and SangerBox Software (1.0.9 version).  
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2.3 Animal studies 

The male Apoe-/- mice (6-8 weeks of age) were purchased from Cavens 

lab animal (China). These mice were randomly divided into two groups with 20 

mice in each group. The mice were injected via the tail-vein with 

lentivirus-pENTR/U06 Control shRNA (shCon, 5 × 107 TU/mouse) or 

lentivirus-pENTR/U06 TIGAR shRNA (shTIGAR, 5 × 107 TU/mouse). The mice 

were then fed a Western diet (21% fat, 0.3% cholesterol; Research Diets) for 

16 weeks. At the end of the experiment, the mice were then anesthetized and 

euthanized for the collection of plasma, aortas, hearts and other tissues for 

analyses. All procedures were performed in accordance with the Institutional 

Animal Ethics Committee and the University of South China Animal Care 

Guidelines for the Use of Experimental Animals. shTigar: CACCGCGCGGAAA 

GGATTTCTTTGACGAATCAAAGAAATCCTTTCCGCGC; shCon: CACCGGA 

CAGTCATTGTTGAGGCTACGAATAGCCTCAACAATGACTGTC. 

2.4 Cell culture 

THP-1 monocytes were obtained from Cell Bank of the Chinese Academy 

of Sciences (Shanghai, China) and cultured in RPMI 1640 medium (Solarbio, 

China) containing 10% fetal bovine serum (FBS, Thermo, U.S.A.), 2ml 

L-Glutamine, 100 µg/ml streptomycin, 100 units/ml penicillin in humidified of 

5% CO2, 95% air at 37℃. 

2.5 Cell transfection 

THP-1 monocytes were differentiated into macrophages by incubating 

with 160 nM phorbol 12-myristate 13-acetate (PMA, Sigma, U.S.A) at 24h, and 

cultured with fresh 10% FBS/RPMI medium for 12h. The THP-1- derived 

macrophages then were transfected with TIGAR specific shRNA or control 

shRNA using the lentivirus-pENTR carrier at a multiplicity of infection of 100 in 

the presence of 8 μg/mL polybrene. The medium was replaced with the fresh  

FBS/RPMI medium 12 hours after transfection. Cells were cultured for 48h 
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before treatment with the indicated agents. shTIGAR: 

CATCCGCGGAAGGCAAGCCGCTAAGCCTCGAGGCTTAGCGGCTTGCCTT

CCGCTTTTTG; shCON: CATCCCGAAGGACGGGACATCCGACGCTCGAGC 

GTCGGATGTCCCGTCCTTCGTTTTTG. 

The GV219/CMC-CYP27A1 overexpression plasmid vectors (NM_000784) 

were constructed by the Genechem (Shanghai, China). The THP-1-derived 

macrophages were co-transfected with CYP27A1 overexpression plasmid 

vectors or control vectors and shTIGAR or shCon, the medium was then 

switched to the fresh FBS/RPMI, followed by various experiments. 

2.6 Foam cell formation evaluated by Oil Red O staining 

The THP-1-derived macrophages were incubated with 50 μg/ml ox-LDL 

for 48h to induce foam cell formation. The cells were then washed with PBS 

and fixed with 4% paraformaldehyde for 10 min. After that, cells were 

incubated with isopropanol for 5 min, stained with 0.5% Oil Red O for 30 min, 

washed with 85% isopropanol, followed by staining with hematoxylin for 

counterstaining. Lastly, the stained cells were photographed at ×400 

magnifications. 

2.7 Lipid content assay by high-performance liquid chromatography 

(HPLC) 

The THP-1-dervied macrophages treated with 50 μg/ml ox-LDL were 

broken in 1 ml 0.9% NaCl using the ultrasonic processor (SONICS, USA) with 

600W for 6 rounds of shaking 4s and pause 8s under ice bath. The samples 

were collected by centrifugation (12000g, 5min). The samples were divided 

into three parts. One part was measured the total protein concentrations using 

BCA Protein Assay Kit (Beyotime, China) for standardization. The other two 

parts of the sample were supplemented with isovolumetric 15% KOH, 6% 

trichloroacetic acid and vortex oscillation the intermixture to extract cholesterol 

by n-hexane- isopropanol (3:2, V/V) to measure the content of free cholesterol 
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and total cholesterol. Reaction mixture (500 mM MgCl2 500 mM TriS-HCl 

(PH=7.4), 10 mM dithiothreitol and 5% NaCl) was added into the sample or 

cholesterol standard calibration solution. Before measuring the total 

cholesterol in each sample, 0.4 U cholesterol esterase was added at 37 ℃ for 

30 min, and then stopped by methanol: ethanol (1:1, V/V). After placed on ice 

for 30 min, the supernatant was collected using centrifugation with 3500 rpm 

for 10 min at 4 ℃ and then tested by 2790 Chromatographer (Waters, U.S.A). 

The column was eluted with isopropanol: n-heptane: acetonitrile (35:12:53) at 

1 ml/min flow rate for 12 min. Absorbance at 226 nm was detected. The free 

cholesterol of samples was directly detected without adding cholesterol 

esterase. The value of cholesterol esters was estimated as the value of the 

total cholesterol minus free cholesterol. 

2.8 Dil-ox-LDL uptake assay 

THP-1-derived macrophages were transfected with TIGAR shRNA or 

CONTROL shRNA and then treated with 10 µg/ml Dil-ox-LDL for 4h at 37 °C. 

Fluorescence microscopy was used to examine the fluorescence intensity of 

the cells and the images were acquired at identical exposure time.  

2.9 Cholesterol efflux assay 

Cholesterol efflux assay was performed as previously described [8]. The 

apolipoprotein A-I was obtained from Sigma-Aldrich (U.S.A), and HDL isolated 

from human plasma purchased from Yiyuan Biotechnology (Guangzhou, 

China). Briefly, THP-1-derived macrophages were incubated with 50 μg/mL of 

ox-LDL and 5 μCi/mL of 3H-cholesterol for 24 h. After washed three times with 

phosphate-buffered saline, the cells were incubated with serum-free medium 

for 2h at 37°C. The RPMI medium containing 20 μg/mL apoA-I or 50 μg/mL 

HDL (referred to our previous researches) replaced the serum-free medium 

and incubated at 37 °C for 12 h. The RPMI medium was then collected to 

measure by liquid scintillation counting. The cells were also collected and 
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dissolved to determine the total protein and radioactivity. The efflux capacity 

was expressed as the percent between dpmmedium and dpmmedium+lysate. 

2.10 Luciferase reporter gene assay 

293T cells were seeded in 6-well plates and cultured in DMEM medium 

(Solarbio, China) containing 10% FBS and 1% penicillin-streptomycin in a 

humidified atmosphere with 5% CO2 at 37 ℃. Renilla luciferase vectors with 

the LXRE region were constructed by Genechem (Shanghai, China). 293T 

cells were co-transfected with 0.5 μg of the LXRE region reporter construct 

and 0.5 μg of the full-length human LXRα expression plasmid (Genechem) 

using Lipofectamine 2000 (Invitrogen, U.S.A). After 12h, the cells were washed 

with PBS and treated with shTIGAR or shCon for 24h. The cells were lysed in 

a reporter lysis buffer. Luciferase activity was measured using the Dual-Glo 

Luciferase Assay System (Promega, U.S.A), and then normalized to the 

corresponding luciferase activity and plotted as a percentage of the control. 

2.11 Quantitative polymerase chain reaction (qPCR) 

Total RNAs from cells or tissues were extracted using TRIzol reagent 

(Beyotime, China). The cDNA was synthesized using iScript cDNA Synthesis 

Kit (Bio-rad, U.S.A). Then, individual quantitative RT-PCR was measured 

using the iCycler IQ Real-Time Detection System (BioRad, U.S.A) with 

gene-specific primers (Sangon Biotech, China). Primers were shown in Sup 

Table 1. 

2.12 Western blotting assay 

The cells and tissues were lysed with the RIPA buffer (Beyotime, China) 

containing 0.1 mmol/L PMSF (Beyotime, China) on ice for 30 min. The 

supernatants were collected by centrifugation (12000rpm, 10min, 4°C) and 

then measured with the BCA assay. Aliquots of the samples were subjected to 

SDS-PAGE, and then transported on polyvinylidene difluoride (PVDF) 

membranes (Millipore Corporation, U.S.A.). With blocked with 5% skim milk for 
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2h, the PVDF membranes were incubated with primary antibodies and 

respective secondary antibodies. The protein bands were visualized with 

BeyoECL Plus Kit (Beyotime, China) and quantified using Gel-Pro software 

(version 4.0). 

2.13 Measurement of intracellular ROS levels 

The pre-treated THP-1 macrophages were washed with PBS and 

incubated with 10 μmol/L DHE or 10 μmol/L DCFH-DA in the medium for 

30min at 37°C. Subsequently, the medium was removed and replaced with 

fresh medium. Fluorescence intensity of the cells were examined by 

fluorescence microscopy and the images were acquired at identical exposure 

time. The mean florescence intensity (MFI) of DCF (green) and ETH (red) was 

measured to quantify the levels of ROS by Image Pro Plus.  

2.14 Reverse cholesterol transport (RCT) assay 

The Apoe-/- mice were treated with Tigar shRNA or Control shRNA and fed 

the Western diet. J774 macrophages were incubated with 50 μg/mL ox-LDL 

and 5 μCi/mL [3H] cholesterol for 48h, and then suspended in DMEM. The 

Apoe-/- mice were injected intraperitoneally with the labeled J774 suspension 

(4.5 × 108 cells/mouse, n = 5/group) and then fed in the metabolic cage for 48h. 

The plasma samples were collected at 6, 24, and 48 h after injection to 

determine the radioactivity of [3H] cholesterol. The liver was isolated from 

euthanized mice and then extract the lipids to detect the radioactivity in the end 

of the experiment. Feces of individually housed mice were collected 

continuously for 48 h, and then freeze-dried and soaked in ethanol for 

scintillation counting. The data were shown as the percentage of the counts. 

2.15 Plasma lipid profiles 

The blood samples were collected into EDTA-coated tubes from the 

experimental mice before euthanized. The plasma was gathered using a 

centrifugation (3500 rpm, 4 °C, 10 min). The plasma levels of total cholesterol 
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(TC), high-density lipoproteins cholesterol (HDL-c) and triglycerides (TG) were 

measured using enzymatic methods using specific kits (Biosino, China). The 

value of plasma low-density-lipoproteins cholesterol (LDL-c) was estimated as 

the value of TC minus HDL-c and 0.2×TG. 

2.16 Atherosclerosis analysis 

The heart and whole aorta were immediately isolated from the ascending 

aorta to the ileum bifurcation after the mice were euthanized and fixed using 

4% paraformaldehyde. Subsequently, the thoroughly clean aorta was split 

under a dissecting microscope, and then the en face of the whole aorta was 

staining in Oil Red O solution. After 30 min, the surface of Oil Red O–positive 

of the aorta was photographed with a digital camera to analyze the 

atherosclerotic burden of aorta. The data were showed as the percent of the 

positive area and the whole face area of the aorta. The heart was embedded in 

OCT compound (Sakura, U.S.A) and serial sectioned (8 μm thick) throughout 

the three aortic valves. The eight sections of each aortic root were collected for 

the analysis. Oil Red O, hematoxylin and eosin (H&E) and Masson's trichrome 

staining were performed to evaluate the lipidosis, plaque area and plaque 

stability of cross-sectional. Lesion areas and percentage were quantified with 

Image Pro Plus software (version 6.0). 

2.17 Statistical analysis 

Data were expressed as the means ± SD. Statistical differences were 

analyzed by Student’s t-test of two group comparisons or two-way ANOVA with 

Tukey's post hoc test of more than two group comparisons. Statistical analyses 

were performed using SPSS 24.0 and GraphPad Prism software (version 

8.00). p values < 0.05 (p <0.05) was considered statistically significant. 
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3. Results 

3.1 Increased TIGAR expression in macrophage-derived foam cells and 

atherosclerotic plaques 

To identify differentially expressed genes in human atherosclerotic 

plaques, we downloaded and analyzed the GSE97210 and GSE54039 from 

the GEO Datasets, which the public database stores curated gene expression 

datasets, original series and platform records. We found that TIGAR 

expression was higher in human advanced atherosclerotic plaques than 

normal arterial intima, as showed in the Heatmap and volcano (Fig 1A and B). 

TIGAR expression was also increased in macrophage-derived foam cells (Fig 

1C). In addition, we measured the expression of TIGAR in 

macrophage-derived foam cells by qPCR and Western blot, and the obtained 

data were consistent with the results of bioinformatics analyses (Fig 1D). 

These data suggest that TIGAR is related to foam cell formation and 

atherosclerosis progression. 

3.2 TIGAR knockdown promotes lipid accumulation in macrophages 

Here we determined whether TIGAR affects foam cell formation. We 

transduced THP-1-derived macrophages with lentiviral vector expressing 

TIGAR shRNA and found that TIGAR was effectively silenced (Fig. 1E). 

Knockdown of TIGAR markedly increased intracellular lipid droplets in 

THP-1-derived macrophages treated with ox-LDL, as evidenced by Oil Red O 

staining (Fig 1F and G). Similarly, the HPLC analysis showed that intracellular 

free cholesterol (FC), total cholesterol (TC), and cholesterol ester (CE) 

contents were significantly increased in response to TIGAR knockdown (Fig 

1H). In addition, we found that the intracellular triglyceride was also increased 

in TIGAR knockdown macrophages (Supplementary Fig 1). These results 

suggest that silencing of TIGAR contributes to lipid accumulation in 

macrophages. 
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3.3 TIGAR knockdown inhibits ABCA1- and ABCG1-dependent 

cholesterol efflux, but does not influence cholesterol uptake in 

macrophages. 

It is well known that cellular lipid accumulation is caused by increased 

cholesterol uptake and/or decreased cholesterol efflux [29]. To reveal the 

mechanisms by which TIGAR regulates lipid accumulation, THP-1-derived 

macrophages were treated with or without TIGAR shRNA. Our results showed 

that macrophage TIGAR knockdown had no effects on cholesterol uptake by 

measuring the Dil-ox-LDL signal in the cells (Fig 2A and B). Consistently, SR-A 

and CD36, two major receptors responsible for cholesterol uptake, were 

unchangeable in response to TIGAR knockdown (Fig 2C and D). In contrast, 

TIGAR knockdown significantly reduced cholesterol efflux to apoA- I and HDL 

(Fig 2E and F). ABCA1 and ABCG1, the ABC transporters, are the key 

proteins which promote cholesterol efflux to apoA-I or/and HDL [9]. As Figure 

2G and H shows, ABCA1 and ABCG1 expression was down-regulated in the 

TIGAR shRNA macrophages, indicating ABCA1 and ABCG1 played an 

important role in the regulation of cholesterol efflux in TIGAR knockdown 

macrophages. Therefore, these results suggest that silencing of TIGAR 

inhibits ABCA1 and ABCG1 expression to reduce cholesterol efflux and 

promotes lipid accumulation. 

3.4 The ROS-CYP27A1-LXRα pathway is involved in down-regulation of 

ABCA1 and ABCG1 expression induced by TIGAR knockdown.  

Next, we explored the underlying mechanisms by which TIGAR regulates 

ABCA1 and ABCG1 expression. As shown in Fig 3A and B, treatment of 

THP-1-derived macrophages with TIGAR shRNA markedly decreased the 

expression and activity of LXRα (Fig. 3A and B), a key transcription factor to 

stimulate gene transcription of ABCA1 and ABCG1 [30]. Importantly, 

pretreatment with T0901317, an LXRs agonist, restored LXRα activity (Fig 3C), 

and abrogated the effects of TIGAR knockdown on ABCA1 and ABCA1 
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expression (Fig 3D-E). In addition, ABCA1 and ABCG1 expression was 

unchangeable in TIGAR knockdown macrophages treated with LXRα siRNA 

(Supplementary Fig 2). These results indicate that silencing of TIGAR 

down-regulates both transporters expression in an LXRα dependent manner. 

CYP27A1 can catalyze cholesterol to generate 27-hydroxycholesterol 

(27-HC), an endogenous ligand of LXRs [31, 32]. We speculated whether 

CYP27A1 is involved in TIGAR-mediated regulation of ABCA1 and ABCG1 

expression. Indeed, TIGAR knockdown inhibited CYP27A1 expression and 

decreased 27-HC levels in THP-1-derived macrophages (Fig. 3F and G), but 

had no influence on the amounts of other oxysterols (Supplementary Fig 3). 

Importantly, the inhibitory effects of TIGAR knockdown on 27-HC production 

(Fig 3H) as well as the expression of LXRα, ABCA1 and ABCG1 were 

reversed by CYP27A1 overexpression (Fig 3I-K), suggesting the involvement 

of CYP27A1 in TIGAR knockdown-induced down-regulation of ABCA1 and 

ABCG1 expression.  

ROS is an essential secondary messenger and plays an important role in 

regulating cellular functions and the progression of cardiovascular disease [22]. 

Previous researches have shown that TIGAR can mitigate intracellular 

oxidative stress by decreasing ROS levels [16], and CYP27A1 activity and 

27-HC production were inhibited under the condition of oxidative stress [27]. 

Therefore, we inferred that ROS may be a potential mediator to connect 

TIGAR and CYP27A1. DCFH-DA and DHE were used to measure ROS levels. 

Our results showed that transfection with TIGAR shRNA dramatically 

promoted ROS production in THP-1-derived macrophages (Fig 4A-D). 

Subsequently, THP-1-derived macrophages were treated with NAC and APO 

to deplete ROS, followed by transduction with TIGAR shRNA. We found that 

the inhibitory effects of TIGAR knockdown on 27-HC production (Fig 4E and 

Supplementary Fig 4A), expression of CYP27A1, LXR, ABCA1 and ABCG1 

(Fig 4F-I and Supplementary Fig 4B-E), cholesterol efflux (Fig 4J-K and 
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Supplementary Fig 4F-G) were abrogated by NAC or APO pretreatment. In 

addition, specific inhibitors of major signaling pathways modulated by ROS 

were used to measure the cholesterol efflux from macrophages. The results 

showed that TIGAR knockdown did not alter the efficiency of cholesterol efflux 

in the presence or absence of these specific inhibitors (Supplementary Fig 5). 

This suggests that the signaling pathways modulated by ROS is not involved in 

the regulation of TIGAR on macrophage cholesterol efflux. Taken together, 

these data demonstrate that TIGAR knockdown down-regulates ABCA1 and 

ABCG1 expression through the ROS/CYP27A1/LXRα pathway. 

3.5 Tigar knockdown blocks RCT and accelerates the development of 

atherosclerosis in Apoe-/- mice 

Finally, to determine the role of Tigar in atherogenesis in vivo. Apoe-/- mice 

were treated with lentivirus-pENTR/U06 Control shRNA or Tigar shRNA and 

fed a Western diet for 16 weeks. Histological examinations revealed that the 

number and size of lipid-laden plaque areas in the entire en face aorta by Oil 

Red O staining of Tigar shRNA-treated Apoe-/- mice were significantly greater 

than those in vehicle-treated Apoe-/- mice (Fig 5A and B). Analysis of HE, Oil 

Red O and Masson's trichrome staining of cross-sections of the aortic root also 

showed a significant increase in the lesion area of Apoe-/- mice with Tigar 

knockdown (Fig 5C-F). We further characterized macrophage infiltration in the 

plaque using immunochemistry staining and found that knockdown of Tigar 

increased the amount of CD68 positive cells in the plaques (Fig 5G and H). 

These data suggest a protective role of Tigar in development of 

atherosclerosis. Given the critical roles of lipid metabolism disorder in the 

development of atherosclerosis, we detected the plasma lipid profiles in mice. 

Knockdown of Tigar significantly decreased plasma HDL-c levels, but 

increased plasma levels of TC and LDL-c without any effects on body weight 

and TG levels (Fig 5I and J). Furthermore, RCT efficiency was decreased in 

response to Tigar knockdown (Fig 5K-M). In addition, the expression of relative 
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proteins that play an important role in RCT was measured in vivo. The 

immunofluorescence confirmed that knockdown of Tigar reduced the 

expression of ABCA1 and ABCG1 in atherosclerotic plaques (Fig 5N-O). At the 

same time, decreased expression of Tigar, Cyp27a1, Lxrα, Abca1 and Abcg1 

was observed in the aorta from the Apoe-/- mice treated with Tigar shRNA (Fig 

5P-Q). Collectively, these findings suggest Tigar knockdown impairs the 

capacity of RCT and aggravates atherosclerosis in vivo.  
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4. Discussion 

The present study has revealed the essential role of TIGAR in 

suppressing the formation of foam cells and the development of 

atherosclerosis. Our data indicated that silencing of TIGAR impaired ABC 

transporter-dependent cholesterol efflux, as well as the expression of 

CYP27A1 and LXRα following ox-LDL treatment. Moreover, TIGAR 

knockdown markedly increased ROS levels but decreased 27-HC production. 

Furthermore, these detrimental effects of TIGAR knockdown on ABC 

transporter-dependent cholesterol efflux and lipid accumulation were blunted 

by treatment with the ROS scavenger NAC or ROS generation inhibitor APO, 

CYP27A1 overexpression or LXRα agonist. In addition, TIGAR knockdown 

worsened deregulation of cholesterol metabolism and ultimately resulted in the 

progression of atherosclerosis in Apoe-/- mice as an in vivo model. Collectively, 

we firstly provide evidence that TIGAR is protective against atherosclerosis.  

Although p53 is a well-characterized tumor suppressor, its roles in various 

aspects of cellular metabolism are beginning to be understood [11, 33]. Recent 

studies have found that p53 suppresses the mevalonate pathway and 

regulates ABCA1 expression [34]. TIGAR, the product of a p53 target gene, 

alters the pathway in which a cell uses glucose [10]. However, the role of TIGAR 

in lipid metabolism is still not known. Using bioinformatics analyses, we found 

that TIGAR expression was significantly increased in macrophage-derived 

foam cells, suggesting the involvement of TIGAR in the regulation of 

cholesterol metabolism. When the TIGAR was silenced, our experimental data 

surprisedly showed that lipid accumulation in the macrophage-derived foam 

cells and the progression atherosclerosis of Apoe-/- mice was obviously 

alleviated. Therefore, increased TIGAR expression in macrophage-derived 

foam cells and atherosclerotic plaques may result from the feedback 

regulatory mechanism or decompensation in vivo or cells. But we did not find 

the concrete mechanism of the TIGAR feedback or decompensation in this 
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research and we will focus on it in the future.  

Prevention of lipid accumulation is most likely a critical mechanism by 

which TIGAR mitigates atherosclerosis. The macrophage foam cells formation 

and deposition in the intima of the aorta are a key event in the initiation and 

development of atherosclerosis [29]. RCT is a crucial process of transporting 

cholesterol from atheromatous plaques to liver for clearance, and ABCA1 and 

ABCG-mediated cholesterol efflux are the key steps in this process [9]. In the 

previous studies, we have demonstrated that decreased expression of ABCA1 

or ABCG1 in macrophages inhibits cholesterol efflux and increases cholesterol 

accumulation in foam cells, leading to impaired RCT and the acceleration of 

atherosclerosis [7-8, 35-36]. Our current findings further confirmed this notion by 

providing evidence that TIGAR knockdown decreased ABCA1 and ABCG1 

expression and impaired cholesterol efflux, leading to a significant increase in 

intracellular cholesterol accumulation in macrophages following ox-LDL 

challenge in vitro. Consistently, the Apoe-/- mice treated with Tigar shRNA 

altered the lipoprotein cholesterol levels, impaired RCT and increased 

atherosclerotic plaque area in vivo. 

ROS-elicited oxidative stress deregulates intracellular signaling cascades 

and cellular functions in the initial stage of cardiovascular disease [37, 38]. 

Accumulating evidence suggests that TIGAR induces the pentose phosphate 

shunt and increases NADPH generation and GSH levels to promote the 

removal of ROS. Clearance of ROS might be required for the beneficial effects 

of TIGAR on cholesterol metabolism in macrophage foam cells. Indeed, our 

findings suggest that knockdown of TIGAR decreased ABCA1 and 

ABCG1-madited cholesterol efflux through ROS in macrophages, and 

treatment with NAC or APO abrogated the detrimental effects of TIGAR 

silencing. In addition, ROS can modulate the PI3K/AKT, Ras/MAPK and 

SRC/PKC signaling pathways to accelerate atherosclerosis [39]. Our results 

showed that blocking this signaling pathway did not affect the beneficial effect 
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of TIGAR on macrophage cholesterol efflux, suggesting that these signaling 

pathways are not implicated in the antiatherogenic action of TIGAR. 

LXRs, the cholesterol-sensing nuclear receptors, play a vital role in 

regulating cholesterol homeostasis in macrophages and the pathogenesis of 

atherosclerosis [39, 40]. Previous studies have shown that LXRα activation 

ameliorates lipid accumulation by promoting ABCA1- and ABCG1-dependent 

cholesterol efflux in macrophage foam cells and slows down the progression of 

atherosclerosis [41-43]. Here, our data showed that TIGAR knockdown 

down-regulated the expression of LXRα, ABCA1, and ABCG1, impaired 

cholesterol efflux, and promoted the progression of atherosclerosis. In addition, 

LXRβ expression was decreased in the TIGAR knockdown macrophages 

(Supplementary Fig 6). This suggests that LXRs may be the important 

transcription factors to participate in the TIGAR-inducing ABCA1 and ABCG1 

expression. Moreover, activation of ROS by TIGAR knockdown inhibited 

LXRs-induced up-regulation of ABCA1 and ABCG1 expression in 

macrophages. The observations are consistent with a previous study showing 

that the beneficial effects of LXRs on cholesterol efflux are repressed by 

triggering NOX-ROS signaling [44]. In addition, autophagy can contribute to 

cholesterol efflux by degradation of lipid drops [45] and TIGAR also can regulate 

autophagy by ROS [46]. Autophagy may be also involved in the beneficial effect 

of TIGAR on macrophage cholesterol efflux, but it is necessary to clarify this 

possibility in further studies. 

Our current findings further explained the underlying mechanism of ROS 

on LXRα inactivation, to which CYP27A1 may be a mediator. Consistently, our 

current findings showed that overexpression of CYP27A1 abrogated 

TIGAR-mediated LXRα, ABCA1 and ABCG1 expression and treatment with 

NAC or APO blocked TIGAR deficiency-induced deregulation of CYP27A1 in 

macrophages. It was reported that CYP27A1 activity and 27-HC production 

were inhibited by oxidative stress [27]. Thus, we think that increased ROS by 
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silencing TIGAR may be the major reason to inhibit CYP27A1 expression and 

activity, and 27-HC production. However, we do not have direct evidence to 

support the effect of ROS on CYP27A1 and the underlying mechanism. Thus, 

additional studies to delineate the effect of TIGAR-ROS signaling on 

CYP27A1-LXRα-ABC transporters mediated cardiovascular benefits are 

warranted. 

However, there are several limitations in our study. Firstly, our in vitro 

experiments employed the human THP-1 cell line without primary human 

monocyte-derived macrophages to confirm the implication of TIGAR in 

cholesterol metabolism in macrophages. Secondly, we did not establish 

specific-macrophage knockout Tigar animal models to explore the implications 

of macrophage-specific Tigar on atherosclerosis development. Thirdly, the 

implications of TIGAR on the liver were not investigated in this study. Fourthly, 

we only focused on the role of lipid transporters and not on other pathways. 

For instance, autophagy may also participate in the beneficial effect of TIGAR 

on macrophage cholesterol efflux and atherosclerosis.  

In summary, we provide the first evidence for the beneficial effects of 

TIGAR on atherosclerosis. Mechanistically, TIGAR decreases the levels of 

ROS and activates the CYP27A1/LXRα pathway, which up-regulates ABCA1 

and ABCG1 expression and promotes cholesterol efflux (Fig 6). Therefore, 

findings from our study shed light on the mechanisms by which TIGAR 

restrains the development of atherosclerosis and indicate that targeting TIGAR 

may be a potential approach to prevent and treat atherosclerotic 

cardiovascular disease. 
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Figure Legend. 

Fig 1. TIGAR is involved in the formation of macrophage foam cells and 

atherosclerosis.  

(A-C). The expression of TIGAR in atherosclerotic plaques (GSE97210) and 

macrophage-derived foam cells (GSE54039) was measured based on the 

microarray analysis (red is high expression, black is the middle and green 

mean low expression) and volcano plot (red is up and green is down) from 

GEO datasets. (D). The qPCR and Western blot analysis of TIGAR levels in 

THP-1 macrophages -derived foam cells. (E). The THP-1-derived 

macrophages were treated with TIGAR shRNA and then incubated with 

ox-LDL (50 μg/mL) for 24 h and the Western blot analysis of TIGAR levels in 

cells was performed. (F-G). The lipid accumulation of macrophages was 

analyzed by Oil red O staining (40×) and the Oil Red O–staining area was 

measured by Image Pro Plus. (H). The lipid content of macrophages-derived 

foam cells was measured by HPLC. Data represent mean ± SD of three 

experiments performed independently under the same conditions. * p <0.05, ** 

p <0.01 vs. shCon.   

Fig 2. TIGAR knockdown decreases ABC transporter-dependent cholesterol 

efflux.  
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(A and B). The THP-1-derived macrophages were treated as indicated and 

then with 10 µg/ml Dil-ox-LDL for 4h at 37 °C. The fluorescence microscopy 

was used to examine the fluorescence intensity of the cells. Scale bar = 20 

µm. (C-D). The qPCR and Western blot were used to measure the expression 

of SR-A and CD36 in macrophages. (E-F). THP-1-derived macrophages 

treated as indicated were incubated with ox-LDL and 3H-cholesterol, and then 

the cells were incubated with apoA-I (E) or HDL (F). Radioactivity in culture 

medium and cells were measured separately using liquid scintillation counting. 

Cholesterol efflux to apoA-I or HDL was calculated as the percentage of [3H] 

cholesterol in the medium to the total in the medium and cells. (G and H). The 

ABCA1 and ABCG1 expression was detected in THP-1-dervied macrophages 

by qPCR and Western blot. Data represent mean ± SD of three experiments t 

performed independently under the same conditions. ** p <0.01 vs. shCon. 

Fig 3. TIGAR knockdown reduces ABCA1 and ABCG1 expression by the 

CYP27A1/27-HC/LXRα pathway.  
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(A) THP-1-derived macrophages were treated with the indicated treatments 

and then the qPCR and Western blot were used to assess mRNA and protein 

levels of LXRα. (B and C). 293T cells were co-transfected with the plasmid 

encoding full-length human LXRα and the Renilla luciferase vectors with the 

LXRE region, and then reated with shTIGAR or shCON. The Dual-Glo 

Luciferase Assay System detected the luciferase activity of the cell lysis. (D 

and E). THP-1-derived macrophages were treated with TIGAR shRNA or 

CONTROL shRNA and incubated with LXRα agonist (T0901317, 100 nM) for 

24h to detect ABCA1 and ABCG1 expression through qPCR and Western blot. 

(F and G). The THP-1-derived macrophages were pre-treated and then the 

mRNA and protein levels of CYP27A1 were detected by qPCR and Western 

blot analysis. (H) The levels of 27-HC were measured using ELISA. (I-K). The 

THP-1-derived macrophages were co-transfected with TIGAR shRNA and 

CYP27A1 to detect LXRα, ABCA1 and ABCG1 expression using qPCR and 

Western blot. Data represent mean ± SD of three experiments performed 

independently under the same conditions. * p <0.05, ** p <0.01 vs. shCON; ## p 

<0.01 vs. shTIGAR. 

Fig 4. TIGAR knockdown decreases ABC transporter-dependent cholesterol 

efflux by the ROS-CYP27A1/27-HC-LXRα pathway.  Jo
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Pre-

pro
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The THP-1-derived macrophages were treated as indicated. (A) The intensity 

of green fluorescent DCF was analyzed to assess ROS. Representative 

fluorescent microscopy images of ROS. Scale bar = 20 µm. (B) The intensity of 

red fluorescent DHE were analyzed to detect the ROS levels. Scale bar = 150 

µm. (C-D) The mean florescence intensity (MFI) of DCF (green) and ETH (red) 

were measured by Image Pro Plus. The THP-1-derived macrophages were 

treated with TIGAR shRNA or CONTROL shRNA and incubated with ROS 

scavenger (NAC, 10 nM) for 6h. (E) The 27-HC levels were measured using 

ELISA. (F-I) qPCR and Western blot were performed to detect the expression 

of CYP27A1, LXRα, ABCA1 and ABCG1. (J and K) The cholesterol efflux to 

apoA-I or HDL was measured by liquid scintillation counter. Data represent 

mean ± SD of three experiments that were performed independently under the 

same conditions. ** p <0.01 vs. shCON; ## p <0.01 vs. shTIGAR. 

Fig 5. Tigar knockdown decreases the capacity for RCT and increases 

atherosclerotic area in Apoe-/- mice.  
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Male apoE-/- mice were injected via the tail vein with Control shRNA (shCon), 

or Tigar shRNA (shTigar), and fed a Western diet for 16 weeks (20 mice per 

group). (A and B). The whole aortas were stained with Oil Red O (A) and the 

atherosclerotic burden was quantified by measuring the surface area of Oil 

Red O–positive lesions on en face preparations (B). (n = 6 mice/group). (C-F). 

The sixth section of serial sections (8 μm thick) of the three aortic valves from 

each mouse was stained with H&E, Oil Red O, or Masson. Lesion areas (D), 

Oil Red O-staining areas (E) and collagen content (F) were quantified with 

Image Pro Plus software (n = 9-10 mice/group). Scale bar = 300 µm. (G and 

H). Immunochemistry of the section of the aortic valves was labeled with the 

macrophage marker Cd68 and the average optical density of Cd68 staining 

was measured by Image Pro Plus software  (n = 5 mice/group). (I) Enzymatic 

methods measured the levels of plasma lipids (mmol/L) including total 

cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C) 

and low-density lipoprotein cholesterol (LDL-C) from apoE-/- mice with different 

treatments (n = 10 mice/group). (J) Body weight gain of the mice throughout 

the process (n = 20 mice/group). (K-M) [3H]-cholesterol and ox-LDL-loaded 

J774 macrophages were injected into apoE-/- mice (n = 5 mice/group). The 

amounts of [3H]-tracer in plasma (K), liver (L) and feces (M) were determined 

by scintillation counting. (N and O) Immunofluorescence staining of Abca1 and 

Abcg1 in atherosclerotic plaques. Scale bar = 80 µm. (P and Q). Total RNAs 

were isolated from the aorta and then subjected to qPCR to quantify mRNA 

levels of Abca1 and Abcg1. The same amount of lysate isolated from aorta 

homogenate was subjected to Western blot to detect Abca1 and Abcg1 (n = 3 

mice/group). Data represent mean ± SD, * p <0.05, ** p <0.01 vs. shCon. 

Fig 6. Schematic illustration of the proposed mechanism underlying that 

TIGAR promotes cholesterol efflux and mitigates the development of 

atherosclerosis in macrophages.  
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As shown, TIGAR reduces ROS production, which in turn promotes CYP27A1 

activity and 27-HC production, increases LXRs activity and upregulates the 

expression of ABCA1 and ABCG1, leading to the facilitation of cholesterol 

efflux and decreasing lipid accumulation in macrophage, ultimately, 

acceleration RCT and mitigating the development of atherosclerosis. 
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Fig 6 
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Highlights 

1. TIGAR is involved in the macrophage foam cells formation and 

atherosclerosis development. 

2. TIGAR promotes ABCA1- and ABCG1-dependent cholesterol efflux, 

but does not influence cholesterol uptake in macrophages. 

3. TIGAR increases ABCA1 and ABCG1 expression by reducing ROS 

and activating CYP27A1/LXRα pathway. 

4. TIGAR facilitates RCT and mitigates the development of 

atherosclerosis in Apoe-/- mice. 
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