
Circulation Research is available at www.ahajournals.org/journal/res

Circulation Research

1236  October 23, 2020 Circulation Research. 2020;127:1236–1252. DOI: 10.1161/CIRCRESAHA.120.317362

 

Correspondence to: Connie W. Woo, PhD, Department of Pharmacology and Pharmacy, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Lab Block, 21 
Sassoon Rd, Hong Kong SAR, China. Email cwhwoo@hku.hk

The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317362.

For Sources of Funding and Disclosures, see page 1251.

© 2020 The Authors. Circulation Research is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access article 
under the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and reproduction in any medium, provided 
that the original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.

ORIGINAL RESEARCH

Gut Microbiota-Associated Activation of TLR5 
Induces Apolipoprotein A1 Production in the Liver
Jensen H.C. Yiu, Kam-Suen Chan, Jamie Cheung, Jin Li, Yan Liu, Yao Wang, William W.L. Fung, Jieling Cai,  
Samson W.M. Cheung, Bernhard Dorweiler, Eric Y.F. Wan , Patrick Tso, Aimin Xu, Connie W. Woo

RATIONALE: Dysbiosis of gut microbiota plays an important role in cardiovascular diseases but the molecular mechanisms are 
complex. An association between gut microbiome and the variance in HDL-C (high-density lipoprotein-cholesterol) level was 
suggested in a human study. Besides, dietary fat was shown to increase both HDL-C and LDL-C (low-density lipoprotein-
cholesterol) levels. We speculate that certain types of gut bacteria responding to dietary fat may help to regulate HDL-C level 
and potentially affect atherosclerotic development.

OBJECTIVE: We aimed to investigate whether and how high-fat diet (HFD)-associated gut microbiota regulated HDL-C level.

METHODS AND RESULTS: We found that HFD increased gut flagellated bacteria population in mice. The increase in HDL-C level 
was adopted by mice receiving fecal microbiome transplantation from HFD-fed mouse donors. HFD led to increased hepatic 
but not circulating flagellin, and deletion of TLR5 (Toll-like receptor 5), a receptor sensing flagellin, suppressed HFD-stimulated 
HDL-C and ApoA1 (apolipoprotein A1) levels. Overexpression of TLR5 in the liver of TLR5-knockout mice was able to partially 
restore the production of ApoA1 and HDL-C levels. Mechanistically, TLR5 activation by flagellin in primary hepatocytes stimulated 
ApoA1 production through the transcriptional activation responding to the binding of NF-κB (nuclear factor-κB) on  Apoa1 
promoter region. Furthermore, oral supplementation of flagellin was able to stimulate hepatic ApoA1 production and HDL-C level 
and decrease atherosclerotic lesion size in apolipoprotein E-deficient (Apoe−/−) mice without triggering hepatic and systemic 
inflammation. The stimulation of ApoA1 production was also seen in human ApoA1-transgenic mice treated with oral flagellin.

CONCLUSIONS: Our finding suggests that commensal flagellated bacteria in gut can facilitate ApoA1 and HDL-C productions 
in liver through activation of TLR5 in hepatocytes. Hepatic TLR5 may be a potential drug target to increase ApoA1.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: apolipoproteins ◼ atherosclerosis ◼ gastrointestinal microbiome ◼ hepatocytes ◼ lipoproteins ◼ pharmacology ◼ Toll-like receptors

In This Issue, see p 1217 | Meet the First Author, see p 1218

HDL (High-density lipoprotein) is strongly associ-
ated with reduced cardiovascular risk.1–3 The apo-
lipoprotein on HDL, ApoA1, facilitates reverse 

cholesterol transport by acquiring phospholipids and 
cholesterol through its interaction with ATP-binding 
cassette transporters on macrophages, thus preventing 
foam cell formation, a key etiological feature of athero-
genesis.4 Low-fat diet (LFD) aiming to decrease LDL-C 

(low-density lipoprotein-cholesterol) has been advo-
cated for decades to improve cardiovascular health, but 
several clinical studies fail to show any reduced risk.5–7 
One of the reasons is due to the parallel decrease in 
HDL-C (high-density lipoprotein-cholesterol) level by 
low fat intake.8,9 People with normolipidemia are not ben-
efited upon LFD compared with those with dyslipidemia 
owing to the unchanged LDL-C/HDL-C ratio.10 In mice, 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317362
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-6275-1147
https://orcid.org/0000-0002-9574-9828
http://dx.doi.org/10.1161/CIRCRESAHA.120.317362
https://circres.ahajournals.org/content/127/10/1217
https://circres.ahajournals.org/content/127/10/1218


ORIGINAL RESEARCH
Yiu et al Induction of ApoA1 in Hepatocytes by TLR5

Circulation Research. 2020;127:1236–1252. DOI: 10.1161/CIRCRESAHA.120.317362 October 23, 2020  1237

high-fat diet (HFD) treatment increases both HDL-C 
and LDL-C levels.11 How dietary fat leads to increased 
HDL-C remains unclear.

Gut microbiota refers to the trillions of bacteria resid-
ing in our gastrointestinal tract which exerts commen-
sal effects to us as host. Dysbiosis of gut microbiota is 
associated with various diseases, including metabolic and 
cardiovascular diseases. HFD can weaken gut integrity 

leading to metabolic endotoxemia, and such effect is 
partially due to the decrease in a particular strain of gut 
bacteria, Akkermansia muciniphila.12,13 Oral supplementa-
tion of A muciniphila by preserving gut integrity ameliorates 
systemic inflammation and subsequently protects against 
obesity and atherosclerosis.12,13 Bacteroides vulgatus 
and Bacteroides dorei are able to inhibit atherosclerosis 
through reducing gut microbial lipopolysaccharide produc-
tion.14 Conversely, a positive correlation between circulat-
ing trimethylamine N-oxide, a bacteria-derived metabolite 
from dietary choline, and cardiovascular risk is observed in 
human.15 These studies suggest that different types of gut 
microbiota can yield different medical outcomes.

Human gut microbiome is found to partially explain 
the variance in triglyceride and HDL-C, but not LDL-C 
and total cholesterol levels, independent of age, gender, 
and genetic risk factors.16 As gut microbiota is readily 
changed upon diet, the LFD-lowered HDL-C level may 
be associated with the alteration of gut bacteria. Here, 
we boldly hypothesized that the HFD-induced change 
of gut microbiota facilitates the increase in HDL-C level, 
possibly to counterbalance the metabolic adversity. In 
this study, we used various in vivo and in vitro models to 
unveil a unique mechanism of how HFD induces HDL-C 
level. HFD favors the growth of flagellated bacteria in 
mice, resulting in increased hepatic content of flagellin 
and HDL-C level, and the activation of TLR5 (Toll-like 
receptor 5) by flagellin in hepatocytes leads to ApoA1 
production. Hepatic TLR5 may serve as a therapeutic 
target to increase HDL-C level.

Nonstandard Abbreviations and Acronyms

Apo apolipoprotein
CCL2 C-C motif chemokine ligand 2
HDL-C high-density lipoprotein-cholesterol
HFD high-fat diet
IL interleukin
LDL-C low-density lipoprotein-cholesterol
LFD low-fat diet
NCD normal chow diet
NF-κB nuclear factor-κB
NLRC4  NLR family CARD domain-containing 

protein 4
SAA serum amyloid A protein
sTNFRII  soluble tumor necrosis factor receptor 

type II
T5KO TLR 5-knockout
TLR Toll-like receptor
VLDL very-low-density lipoprotein

Novelty and Significance

What Is Known?
• Diet high in saturated fat and cholesterol increases 

HDL-C (high-density lipoprotein-cholesterol) level in 
mice and humans.

• Gut microbiome explains ≤25.9% of HDL-C variance 
independent of age, sex, and host genetics in human.

What New Information Does This Article  
Contribute?
• Elevation of HDL-C level by high-fat diet is mediated by 

the change of gut microbiota, and dietary fat increases 
flagellated bacteria in feces.

• Activation of TLR5 (Toll-like receptor 5) by flagellin in 
hepatocytes leads to increased ApoA1 (apolipoprotein 
A1) and HDL-C productions.

• Treatment with flagellin can ameliorate lesion forma-
tion in atherogenic mice by stimulating ApoA1 produc-
tion in liver without triggering hepatic and systemic 
inflammation.

Previous studies have reported dietary fat and choles-
terol increase HDL-C level in human and mouse mod-
els. We found that flagellated bacteria in the gut was 
increased upon high-fat diet. These bacteria produced 
flagellin which is a TLR5 agonist. Genetic deletion of 
TLR5 suppressed ApoA1 production in hepatocytes and 
decreased HDL level in circulation, that was restored by 
specific reconstitution of TLR5 in the liver. Activation of 
TLR5 stimulated the production of ApoA1 in hepato-
cytes, leading to increased circulating HDL levels. TLR5 
agonist acted on the receptor and turned on the MyD88 
pathway in hepatocytes, resulting in the activation of a 
transcription factor, NF-κB (nuclear factor-κB), and sub-
sequently stimulation of the transcription of ApoA1, the 
key component of HDL. Oral administration of flagellin, 
a natural agonist of TLR5, increased ApoA1 levels in 
both liver and serum, as well as HDL, and ameliorated 
atherosclerosis. These data indicate the potential to use 
TLR5 agonists with specific action on hepatocytes to 
increase ApoA1 and HDL levels.
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METHODS
Data Availability
A detailed description of materials and methods is provided 
in the Materials and the Major Resource Table in the Data 
Supplement.17–28 The data that support the findings of this 
study are available from the corresponding authors upon rea-
sonable request.

Statistical Analysis
Statistical analyses were performed using Statistical Package 
for Social Sciences Version 23.00 (IL, United States) and R 
software Version 3.6.2. A power of 95% was achieved for this 
study, on the 2 independent group design, 5% significance, 
and the difference of 10% for HFD-induced HDL-C level with 
SD of 5 mg/dL. Data were presented as mean±SE of mean 
(SEM) or SD as appropriate. An independent Student t test 
was applied for 2 groups comparison with normal distribution, 
or Mann Whitney U test for nonparametric test. The difference 
in gut microbiota pattern was evaluated by the permutational 
ANOVA using the Adonis function from the vegan package 
in R programme. One-way ANOVA was applied for compari-
sons among different antibiotics treatment groups, followed by 
post hoc analysis using Tukey HSD for data with equal vari-
ance or Games-Howell for data with unequal variance. Two-way 
ANOVA followed by post hoc analysis using Tukey HSD was 
conducted for comparison in Figure 4. P values were adjusted 
by the Benjamini-Hochberg method when multiple comparison 
was applied for Figures 1C, 2G, and 5A. Normality was checked 
using the Shapiro-Wilk test. Partial Spearman correlation analy-
sis adjusted with age and body mass index was applied for 
human data. All significance tests were 2-tailed and the statisti-
cal significance level was defined as 0.05 presented by P value.

RESULTS
HFD-Induced HDL-C and Gut Flagellated 
Bacteria Population in Mice
Six-week-old wild-type C57BL/6J mice were fed a nor-
mal chow diet (NCD) or an HFD (45% kcal fat diet) for 
10 weeks. We observed an elevation of HDL-C level in 
the HFD group, along with higher body weight, fat mass, 
serum cholesterol, and LDL-C levels compared with the 
NCD group (Figure IA through ID in the Data Supple-
ment). Fecal DNA was isolated from both groups of 
mice and subjected to whole-genome shotgun metage-
nomic analysis. The nonmetric multidimensional scaling 
plot using the Bray-Curtis dissimilarity index indicated 
a distinct pattern of gut microbiota for each dietary 
group (Figure IE in the Data Supplement). Numerous 
strains were predominantly present in one diet but not 
the other (Figure 1A). Among these bacteria, the non-
flagellated bacteria dominated regardless of the diet, 
but HFD increased the population of flagellated bacteria 
(Figure 1B). The linear discriminant analysis effect size 
revealed that the abundances of 22 strains were signifi-
cantly different between NCD and HFD groups. Among 

those with higher abundance in NCD group, ≈33% of the 
species were flagellated, while for those higher in HFD 
group, it was ≈70% (Figure IF in the Data Supplement). 
The functional analysis of these bacterial DNAs using 
MEGAN6 and HUMAnN2 congruently demonstrated an 
increased abundance of genes representing flagellated 
bacteria upon HFD (Figure 1C; Figure IIA in the Data 
Supplement). Furthermore, a higher level of flagellin, a 
structural monomer of bacterial flagellum, in liver and a 
lower level in serum were detected in the HFD-treated 
mice than in the NCD group (Figure 1D). The levels of 
flagellin in spleen and intestine were undetectable (Fig-
ure IIB through IIC in the Data Supplement). By contrast, 
HFD increased circulating lipopolysaccharide levels but 
the hepatic level remained the same as that of NCD-fed 
mice, whereas lipoteichoic acid level was undetectable in 
both liver and serum (Figure 1E through 1F). Owing to 
the concern that the alteration of gut microbiota might be 
contributed by the different fiber contents between grain-
based NCD and purified HFD,29 we included another 
group of mice fed a purified LFD (10% kcal fat diet). The 
differences in body weight, fat mass, food intake, blood 
glucose, serum lipids, LDL-C, and HDL-C levels between 
LFD and HFD groups were similar to those between 
NCD and HFD groups (Figure 2A through 2F). The 
HFD-increased fecal flagellin level, flagellar genes in gut 
bacteria, hepatic flagellin (Fla) content, and circulating 
lipopolysaccharide level were still observed when com-
paring with LFD-fed mice (Figure 2G through 2J), while 
lipoteichoic acid level remained undetected (Figure 2K). 
These results implicate that dietary fat favors the growth 
of flagellated bacteria in gut and gut bacteria-derived fla-
gellin tends to distribute in liver instead of circulation.30

HFD-Induced HDL-C Mediated by TLR5 and Gut 
Flagellated Bacteria
To validate whether there was a cause-effect relationship 
between gut microbiota and HDL-C level through HFD, 
we adopted a previous protocol of fecal microbiome 
transplantation with modifications to repopulate the gut 
microbiome in recipients with feces from donor mice fed 
either HFD or NCD.31 The mice receiving fecal micro-
biome of HFD donor showed a higher flagellin content 
in feces and liver than those with microbiome of NCD 
donor, and the level in circulation remained unchanged 
(Figure 3A through 3C). The body weight, fat mass, and 
blood glucose of recipients were similar in both groups 
(Figure 3D through 3F). The HFD-induced HDL-C level 
but not triglyceride, total cholesterol, and LDL-C levels 
was adopted by the recipient mice (Figure 3G). Moreover, 
when HFD-fed wild-type mice were partially depleted 
of flagellated bacteria using a selective nonabsorb-
able antibiotic, aztreonam (Table I in the Data Supple-
ment), the HFD-induced HDL-C level was suppressed 
without affecting body weight, fat mass, blood glucose, 



ORIGINAL RESEARCH
Yiu et al Induction of ApoA1 in Hepatocytes by TLR5

Circulation Research. 2020;127:1236–1252. DOI: 10.1161/CIRCRESAHA.120.317362 October 23, 2020  1239

Figure 1. High-fat diet (HFD) increases flagellated bacteria in gut.
Six-week-old wild-type mice were fed a normal chow diet (NCD) or HFD for 10 wk. A, The heat map shows the relative abundance and strains 
of bacteria in feces commonly present in both dietary groups (permutational ANOVA; PERMANOVA: P=0.001, df=17). B, The abundances 
of flagellated and nonflagellated (PERMANOVA: R2=0.106, P=0.186, df=17) or Gram(−) and Gram(+) bacteria (PERMANOVA: R2=0.331, 
P=0.003, Df=17) were calculated. C, The relative abundances of various genes representing flagellated bacteria were determined by MEGAN6. 
P values were adjusted for multiple testing. D–F, The concentrations of (D) flagellin (Fla), (E) lipopolysaccharide (LPS) and (F) lipoteichoic acid 
(LTA) were measured in serum and liver. Purified LTA served as the positive control in F. Representative images are shown. Data are represented 
as mean±SEM (n=9 for each group).



OR
IG

IN
AL

 R
ES

EA
RC

H
Yiu et al Induction of ApoA1 in Hepatocytes by TLR5

1240  October 23, 2020 Circulation Research. 2020;127:1236–1252. DOI: 10.1161/CIRCRESAHA.120.317362

Figure 2. Dietary fat induces flagellar genes and hepatic flagellin (Fla).
 Six-week-old wild-type mice were fed a low-fat diet (LFD) or high-fat diet (HFD) for 10 wk. A, Body weight, (B) change in body weight, (C) 
fat mass percentage, (D) food intake, (E) 5-h fasting blood glucose, (F) serum total cholesterol, triglyceride, LDL-C (low-density lipoprotein-
cholesterol), and HDL-C (high-density lipoprotein-cholesterol) levels were measured. G, The relative expressions of various genes representing 
flagellated bacteria in feces were examined by real-time polymerase chain reaction with 16S rRNA gene as housekeeping gene. H, Fecal, (I) 
serum and Fla levels, (J) lipopolysaccharide (LPS), and (K) lipoteichoic acid (LTA) levels in serum and liver were determined. Purified LTA served as 
positive control in K. Representative images are shown. Data are represented as the mean±SEM (n=10 for each group).
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total serum lipids, and LDL-C levels (Figure IIIA through 
IIID in the Data Supplement). Aztreonam was able to 
decrease Fla but not lipopolysaccharide content (Figure 
IIIE and IIIF in the Data Supplement). Conversely, mice 
were treated with a 100% orally absorbable antibiotic, 

linezolid (Table I in the Data Supplement), and there was 
no inhibition of HDL-C level (Figure IIIA through IIIF in 
the Data Supplement). Given the fact that TLR5 is the 
plasma membrane-associated pattern recognition recep-
tor that recognizes flagellin in innate immunity,30,32 we 

Figure 3. HDL-C (High-density lipoprotein-cholesterol) level is elevated by the transplantation of fecal microbiome from high-
fat diet (HFD)-fed mice.
 Eight-week-old wild-type mice received fecal microbiome transplantation from normal chow diet (NCD)- or HFD-fed donor mice. Mice were 
euthanized 24 h after the last dose of fecal suspension. A, Fecal, (B) hepatic, and (C) serum flagellin (Fla) levels were examined. D, Body weight, 
(E) fat mass percentage, (F) 5-h fasting blood glucose, and (G) serum total cholesterol, triglyceride, LDL-C (low-density lipoprotein-cholesterol), 
and HDL-C levels were determined. Representative images are shown. Data are represented as mean±SEM (n=7 for each group).
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Figure 4. TLR5 (Toll-like receptor 5) deficiency decreases high-fat diet (HFD)-induced HDL-C (high-density lipoprotein-
cholesterol) level.
Six-week-old wild-type (WT) and T5KO (TLR 5-knockout) mice were cohoused and fed a normal chow diet (NCD) or HFD for 10 wk. A, Body 
weight, (B) fat mass percentage, (C) food intake, (D) 5-h fasting blood glucose, and (E) serum total cholesterol, triglyceride, LDL-C (low-density 
lipoprotein-cholesterol) and HDL-C levels were measured. F, Serum samples were pooled and separated by fast protein liquid chromatography, 
followed by cholesterol measurement for each fraction. G, Fecal and (H) hepatic flagellin (Fla) contents were determined. Representative images 
are shown. Data are represented as mean±SEM (n=9 for each group).
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then examined whether TLR5 participated in the HFD-
induced HDL-C level. Wild-type and Tlr5−/− mice were fed 
a NCD and HFD for 10 weeks. The Tlr5−/− mice showed 
a higher body weight, fat mass, food intake, and blood 
glucose compared with the wild-type littermates for both 
types of diet, which is congruent with a previous study,33 
but only food intake reached statistical difference (Fig-
ure 4A through 4D). Without altering the HFD-elevated 
triglyceride, total cholesterol, and LDL-C levels, deletion 
of TLR5 partially abolished the HFD-induced HDL-C 
level despite an increased level of Fla (Figure 4E through 
4H). The aztreonam-suppressed HDL-C level was also 
diminished in Tlr5−/− mice and LDL-C level remained 
unaltered. The increases in triglyceride and total cho-
lesterol levels were possibly owing to some off-target 
effects (Figure IIIG in the Data Supplement). These data 
suggest that both flagellated bacteria and host TLR5 are 
required to increase HDL-C level.

Stimulation of ApoA1 Production and HDL-C 
Level by Hepatic TLR5
To explore how flagellin/TLR5 affected HDL-C level, the 
key genes that regulate lipoprotein trafficking and reverse 
cholesterol transport in liver were examined in HFD-fed 
mice. The mRNA expressions of Apoa1 and Apoe were 
inhibited in the liver of Tlr5−/− mice (Figure 5A). These 2 
TLR5-associated genes were stimulated by dietary fat 
(Figure IV in the Data Supplement). Nonetheless, at the 
protein level, only ApoA1 but not ApoE was decreased 
in the liver of Tlr5−/− mice (Figure 5B), and the hepatic 
ApoA1 level projected to the decrease in circulation (Fig-
ure 5C). Increases in ApoA1 levels were also observed 
in the liver and circulation of mice receiving fecal micro-
biome from HFD-fed donors (Figure 5D and 5E). More-
over, aztreonam was able to suppress ApoA1 mRNA and 
protein expressions in liver of wild-type but not Tlr5−/− 
mice (Figure V in the Data Supplement). Next, to validate 
that the induction of ApoA1 by flagellin/TLR5 pathway 
took place in liver, we reconstituted TLR5 in the liver of 
Tlr5−/− mice using adenoviral gene delivery. Tlr5−/− mice 
received a single dose of either GFP (Ad-green fluores-
cent protein) or Ad-TLR5 at the fourth week of a 5-week 
HFD treatment. The positive GFP signal in the liver 
demonstrated the successful infection (Figure 5F). The 
hepatic and circulating ApoA1 expressions, and HDL-C 
level but not LDL-C or other serum lipids levels in Tlr5−/− 
mice were significantly increased by the reconstitution of 
TLR5 (Figure 5G and 5H; Figure VIA in the Data Supple-
ment). When the TLR5 overexpression was applied to 
wild-type mice, similar results including higher ApoA1 
and HDL-C levels were observed (Figure VIB through 
VIE in the Data Supplement). Altogether, our data sup-
port that gut bacteria-derived flagellin interacts with 
hepatic TLR5 and stimulates ApoA1 production.

Induction of ApoA1 Production in Hepatocytes 
by Flagellin-Activated TLR5/MyD88/NF-κB 
Pathway
Hepatocytes are the major cells that produce ApoA1 in 
liver. The treatment of flagellin (derived from Salmonella 
typhimurium) increased the protein and mRNA expres-
sions of ApoA1 in wild-type but not in Tlr5−/− hepato-
cytes, without stimulating the expressions of Il1b and 
Il18, 2 key flagellin-sensitive cytokines (Figure 6A; Figure 
VIIA in the Data Supplement).34 Suppression of MyD88, 
the cytosolic adaptor transducing TLR5 signal, by siRNA 
inhibited the flagellin-induced ApoA1 expression in wild-
type hepatocytes, and such inhibition was absent in 
Tlr5−/− cells (Figure 6B). MyD88/NF-κB (nuclear factor-
κB) pathway can also be induced by the interaction 
between lipopolysaccharide and TLR4 or lipoteichoic 
acid and TLR2, but neither treatment with lipopolysac-
charide nor lipoteichoic acid affected ApoA1 expression 
in both wild type and Tlr5−/− hepatocytes, indicating that 
the effect on ApoA1 was selective upon TLR5 activa-
tion (Figure VIIB and VIIC in the Data Supplement). Next, 
we constructed 3 reporter plasmids encoding different 
lengths of the promoter region of Apoa1 gene and trans-
fected into Hela cells followed by flagellin treatment. The 
reporter signal was induced by flagellin when cells were 
transfected with pGL3/-1600+327mApoA1 but not the 
other 2 plasmids (Figure VIII in the Data Supplement). 
Chromatin immunoprecipitation analysis further validated 
the binding of the active subunit of NF-κB, p65, to the 
promoter region of Apoa1 gene in wild-type hepatocytes 
(Figure 6C). As the expressions of TLRs vary among 
different species, we repeated the in vitro experiment 
using human hepatocytes. Human HepG2 cells did not 
express TLR5 (Figure 6D), which was likely owing to 
the structural abnormalities in chromosome 1, where 
the TLR5 locus is located.35 Flagellin failed to stimulate 
ApoA1 expressions in such TLR5-knockout-like HepG2 
cells (Figure 6E and 6F). Overexpression of TLR5 using 
pCMV-TLR5 was able to restore the flagellin-induced 
APOA1 mRNA and protein expressions (Figure 6E and 
6F). By contrast, in human primary hepatocytes in which 
TLR5 was highly expressed (Figure 6G), flagellin was 
able to stimulate APOA1 mRNA expression and secre-
tion in these cells (Figure 6H and 6I). Collectively, we 
showed that the flagellin-induced ApoA1 production was 
facilitated through the classical TLR5/MyD88/NF-κB 
pathway in hepatocytes.

Intestinal TLR5 Unable to Stimulate ApoA1 
Protein Expression
Despite that flagellin-induced ApoA1 expression in hepa-
tocytes (Figure 6A), we could not rule out that HFD might 
downregulate hepatic TLR5 and cause flagellin to act on 
other organs. Thus, we examined the TLR5 expression 
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Figure 5. The high-fat diet (HFD)-induced HDL-C (high-density lipoprotein-cholesterol) level is associated with ApoA1 
(apolipoprotein A1) expression in liver.
A–C, Six-week-old wild-type (WT) and T5KO (TLR 5-knockout) mice were cohoused and fed HFD for 10 wk. A, The mRNA expressions of key 
genes regulating lipoprotein trafficking and reverse cholesterol transport were determined. Actb was used as housekeeping gene. P values were 
adjusted for multiple testing. B, ApoA1 and ApoE proteins in liver, and (C) ApoA1 in serum were examined. D and E, Eight-week-old WT mice 
received fecal microbiome transplantation from normal chow diet (NCD)- or HFD-fed donor mice. The expressions of ApoA1 in (D) liver and 
(E) serum were examined. F–H, Six-week-old T5KO mice were fed HFD for 5 wk, and received one injection of Ad-GFP (Ad-green fluorescent 
protein) or Ad-TLR5 (5×109 viral particles) at the fourth week. F, Reconstitution was confirmed by the GFP signal in liver. Nuclei were stained 
with DAPI (blue). ApoA1 protein levels in (G) liver and (H) serum were determined. Representative images are shown. Data are represented as 
mean±SEM (A–C, n=10; D–E, n=7; F–H, n=5 for each group).
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Figure 6. Flagellin stimulates ApoA1 (apolipoprotein A1) production in primary hepatocytes through activation of TLR5 (Toll-like 
receptor 5).
A, Wild-type (WT) and T5KO (TLR 5-knockout) mouse hepatocytes were treated with or without flagellin (Fla, 100 ng/mL; Ctrl, control) for 8 h, and 
ApoA1 protein and mRNA expressions were examined. B, WT and T5KO hepatocytes were transfected with scrambled RNA (ScrRNA) or MyD88 
siRNA (siR) for 24 h followed by flagellin treatment (100 ng/mL) for 8 h. ApoA1 and MyD88 proteins were determined. C, Mouse hepatocytes 
were treated with flagellin for 3 h, and the abundance of promoter region of Apoa1 was determined after chromatin immunoprecipitation with 
antibody against p65 or IgG. D, The TLR5 expressions in Hela and HepG2 cells were shown. HepG2 cells were transfected with GFP (green 
fluorescent protein)  or TLR5 plasmid followed by treatment with or without flagellin, and (E) mRNA and (F) protein expressions of ApoA1 were 
determined. G, The TLR5 expression in human primary hepatocytes (HPH) was shown. HPH was treated with flagellin for 8 h and the (H) mRNA 
expression and (I) medium level of ApoA1 were determined. Actb was used as housekeeping gene. Representative images are shown. Data are 
represented as mean±SEM (A and B, n=4; C–F, n=3 independent experiments; G–I, n=3 individual donors).
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in liver, and no difference between NCD- and HFD-fed 
mice was found (Figure IX in the Data Supplement). 
ApoA1 is produced by both liver and intestine. We found 
that HFD conversely decreased ApoA1 level in intes-
tine, but there was no difference between wild-type and 
Tlr5−/− mice (Figure XA and XB in the Data Supplement). 
The intestinal and circulating expressions of an intestine-
specific and HDL-associated apolipoprotein A, ApoA4, 
was also unaffected by the deletion of TLR5 (Figure XC 
in the Data Supplement). In addition, we examined the 
effect of flagellin on ApoA1 expression ex vivo in mouse 
ileum and in vitro in human Caco-2 cell, which is an intes-
tinal epithelial cell line. We did not observe a consistent 
TLR5-dependent alteration of ApoA1 in flagellin-treated 
mouse ileum and Caco-2 cells. Flagellin treatment stimu-
lated only Apoa1 mRNA but not protein in both situa-
tions (Figure XD through XI in the Data Supplement). 
Although the HFD-suppressed intestinal ApoA1 expres-
sion requires further investigation, it indicates that the 
HFD-induced HDL-C was unlikely owing to the intestinal 
ApoA1 production or TLR5 expression.

Decreased Atherosclerotic Lesion by Oral 
Supplementation of Flagellin in Apoe−/− Mice
We next conducted a proof-of-concept study to examine 
whether flagellin could provide protection against athero-
sclerosis through stimulating ApoA1 using the classical 
atherosclerotic mouse model, Apoe−/− mice. In-house fla-
gellin was prepared by shearing Salmonella typhimurium, 
and its induction on ApoA1 expression was blocked by 
pretreatment with neutralizing antibody (Figure XIA in 
the Data Supplement). To ensure a fixed amount of fla-
gellin to be received and minimize its variation caused 
by diet, these mice were fed the NCD instead of HFD. 
To examine the tissue distribution of flagellin, mice were 
orally given fluorophore-labeled flagellin (0.2 mg/kg) or 
fluorophore alone and euthanized after 30 minutes, 90 
minutes, and 6 hours. We found that fluorescent signal 
was transiently present in intestine from 30 to 90 min-
utes and the location of signal was similar for both mice 
treated with flagellin and dye alone. Meanwhile, fluores-
cent signals appeared in liver starting from 30 minutes 
and persisted until 6 hours in both groups, but increasing 
intensity over time was detected in the flagellin-treated 
group only (Figure 7A). No fluorescent signal was found in 
spleen. These suggest that flagellin is absorbed through 
intestine without retention and accumulates in liver. 
Moreover, the dose-response curve of the in-house fla-
gellin demonstrated that 0.1 mg/kg (≈2.5 μg per mouse) 
and 0.2 mg/kg of flagellin were able to increase HDL-C 
level (Figure XIB in the Data Supplement). Higher dose 
might potentially trigger inflammation, so the dose of 0.1 
mg/kg was used in the following study. Since residue of 
lipopolysaccharide was present in the in-house flagellin, 
179 ng/kg of lipopolysaccharide (≈4.5 ng per mouse) 

was added into the vehicle group to match the amount in 
flagellin group. Supplementation of flagellin (≈2.5 μg per 
mouse) by oral gavage for 4 weeks to Apoe−/− mice was 
sufficient to increase HDL-C level (Figure 7B). No signif-
icant change in body weight, fat mass, serum triglyceride, 
total cholesterol levels was induced by flagellin in these 
Apoe−/− mice, except an increase in VLDL (very-low-den-
sity lipoprotein)/LDL-C level (Figure 7B; Figure XIC and 
XID in the Data Supplement). Such dose of in-house fla-
gellin only increased hepatic, but not circulating and fecal 
flagellin levels in these mice, and the intestinal flagellin 
level was undetectable (Figure XIE through XIH in the 
Data Supplement), which is in line with the biodistribution 
of fluorophore-conjugated flagellin. The expressions of 
ApoA1 in liver and circulation of Apoe−/− mice were aug-
mented by orally supplemented flagellin (Figure 7C and 
7D). Because of the increased VLDL/LDL-C level, we 
also measured both ApoB and ApoA1 levels in the VLDL 
fraction. A higher level of ApoA1 but not ApoB level in 
this fraction was observed in the treatment group (Figure 
XIIA in the Data Supplement). There was no difference 
in serum ApoB levels between control and experimen-
tal groups in the HFD, fecal microbiome transplantation 
and Apoe−/− models (Figure XIIB through XIID in the 
Data Supplement). Thus, unlike ApoA1, there is no evi-
dence to show a direct relationship between flagellin or 
TLR5 and ApoB level. With a higher level of ApoA1, the 
serum samples from mice treated with flagellin induced 
a higher efficiency in cholesterol efflux in macrophages, 
which was blocked by pretreatment of the serum with 
anti-ApoA1 antibody (Figure 7E). The lesion size and 
area were smaller in Apoe−/− mice treated with flagellin 
(Figure 7F), and fewer macrophages indicated by F4/80 
staining were found in the lesions (Figure 7G). At last, 
we examined the flagellin effect in human ApoA1-trans-
genic mice which were generated by infecting Apoe−/− 
mice with adenovirus encoding human ApoA1 along with 
its promoter, and oral flagellin treatment was also able to 
increase human ApoA1 production (Figure 7H). Taken 
together, flagellin-induced ApoA1 production in liver is 
sufficient to amelioriate lesion formation.

No Hepatic or Systemic Inflammation Elicited 
by Oral Supplementation of Flagellin in Apoe−/− 
Mice
The observation of NF-κB activation by flagellin in vitro 
raised a concern in the trigger of inflammation in the ath-
erogenic mice. In line with the increase in flagellin level in 
liver (Figure XIG in the Data Supplement), we observed 
a higher degree of NF-κB activation indicated by nuclear 
p65 subunit in liver but not intestine in the Apoe−/− mice 
treated with the oral flagellin (Figure 8A). Other than 
TLR5, flagellin may also interact with NLRC4 (NLR 
family CARD domain-containing protein 4) to stimulate 
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Figure 7. Oral supplementation of flagellin leads to smaller atherosclerotic lesions in ApoE-deficient mice.
A, Fluorophore-conjugated flagellin (Fl-Fla) and the fluorophore alone (Fl) were orally administrated in 20-week old Apoe−/− mice, and 
distributions of fluorescence in liver, spleen, and gastrointestinal tract following various time points were shown. B, Serum total cholesterol, 
triglycerides, LDL-C (low-density lipoprotein-cholesterol), and HDL-C (high-density lipoprotein-cholesterol) levels, and ApoA1 (apolipoprotein A1) 
expressions in (C) liver and (D) serum were determined in 18- to 20–week-old normal chow diet (NCD)-fed Apoe−/− mice treated with flagellin 
(0.1 mg/kg) or vehicle (Veh) every other day for 4 wk. Mice were euthanized 24 h after the last dose of flagellin. E, Mouse primary macrophages 
were loaded with radiolabeled cholesterol, followed by the treatment with serum samples of mice treated as in B. (Continued )



OR
IG

IN
AL

 R
ES

EA
RC

H
Yiu et al Induction of ApoA1 in Hepatocytes by TLR5

1248  October 23, 2020 Circulation Research. 2020;127:1236–1252. DOI: 10.1161/CIRCRESAHA.120.317362

inflammation.34 However, there was no expression of 
NLRC4 in the liver of flagellin-treated mice, and NLRC4 
expression in hepatocytes was negligible compared 
with macrophages (Figure 8B). Consistently, flagellin 
treatment did not induce caspase 1 activity in the liver 
of Apoe−/− mice (Figure 8C). Furthermore, the hepatic 
Il1b, Il18, and Ccl2 mRNA expressions and circulating IL 
(interleukin)-1β, sTNFRII (soluble tumor necrosis factor 
receptor type II), and CCL2 (C-C motif chemokine ligand 
2) and SAA (serum amyloid A protein) levels were not 
affected by flagellin treatment (Figure 8D and 8E). As 
HDL-C is considered as anti-inflammatory molecule, we 
examined whether there was a direct binding of ApoA1 
to flagellin resulting in inflammatory suppression. After 
the pull-down of ApoA1 with antibody, no detection of 
flagellin in the serum samples in these Apoe−/− mice 
was observed, suggesting the ApoA1 dose not bind to 
flagellin (Figure 8F). Altogether, these results suggest 
that activation of TLR5 in hepatocytes does not lead to 
hepatic and systemic inflammation.

Positive Correlations of HDL-C Level and 
Flagellin-Based Flagellum Genes in Human Gut 
Microbiota
To explore whether an association of HDL-C level with 
gut flagellated bacteria was present in human, we exam-
ined data derived from a previous study.18 Owing to the 
potential interference of estrogen, we chose a study with 
male participants.36 Among all 50 samples with complete 
lipid profile and shotgun metagenomics sequencing data, 
2 outliers with the relative abundance of flagellin-based 
flagellum genes exceeding 2 SD were excluded in further 
analysis. A trend of correlation was observed between 
flagellum genes and HDL-C and total cholesterol lev-
els (Figure XIII in the Data Supplement). Gut microbiota 
was expected to be one of the contributors to lipopro-
tein levels, so we separated out the cases with potential 
strong genetic interference by applying the clinical cut-
off of HDL-C level at 40 mg/dL (=1.0 mmol/L) based 
on the 2018 Guideline from American Heart Associa-
tion.37 The correlation between the abundance of genes 
representing the flagellin-based flagellum in feces and 
HDL-C level was stronger and statistically significant in 
individuals with HDL-C≥1 mmol/L but not for triglycer-
ide, total cholesterol and LDL-C levels, and no correlation 
was observed between HDL-C and serum flagellin levels 
(Table II in the Data Supplement). Next, we also com-
pared the correlations in the subgroup with HDL-C<1 

mmol/L, and the abovementioned positive correlation 
disappeared (Table II in the Data Supplement). Taken 
together, although the direct relationship between HFD 
and flagellated bacteria in human gut remains to be clari-
fied, our data suggest a positive correlation between gut 
flagellated bacteria and HDL-C level in human.

DISCUSSION
High fat intake decreases the diversity in gut microbiome 
and decrease in the variety of food source for omnivores 
possibly limits the types of gut bacteria. Nonetheless, it 
lacks evidence to support that decreased diversity leads 
to pathogenic effect. By contrast, a parallel decrease in 
HDL-C level by low fat intake, and a lower HDL-C level 
in germ-free mice than conventionally raised mice have 
been reported.9,38 These suggest that an unique change 
in gut microbiota induced by HFD prompts the increase 
in HDL-C level. Our findings reveal that TLR5 in host 
hepatocytes is the missing link between gut microbiota 
and HFD-induced HDL-C level.

In a previous study, HDL-C level was augmented after 
5 weeks of HFD.11 Here, we included a 10-week treat-
ment and such elevation was reproduced, suggesting the 
increase in HDL-C level was not a transient metabolic 
adaptation. In our microbiome transplantation and anti-
biotics models, the dosing frequency as every other day 
was estimated based on a study showing that gut micro-
biota reverted to original pattern 2 days after the termi-
nation of dietary change.39 Nonetheless, how long the 
elevation of flagellated bacteria lasts after quitting HFD 
and whether the host will develop resistance against 
such increase remains to be investigated. The HFD-
induced HDL-C level not only depends on the response 
of commensal bacteria but also the intrinsic factor of the 
host. The whole body genetic deletion of TLR5 resulted 
in elevation of flagellated bacteria in gut24 and Fla. How-
ever, owing to the loss of TLR5 in hepatocytes, HFD was 
unable to induce ApoA1 production and HDL-C eleva-
tion. A short-term reconstitution of hepatic TLR5 in the 
knockout mice restored the HFD-induced elevation of 
ApoA1 expression, manifesting the important counter-
part from the host.

Flagellin can be derived from both commensal and 
pathogenic bacteria. The flagellin we used as treatment 
was derived from Salmonella typhimurium, which is a type 
of flagellated bacteria in the phylum of γ-Proteobacteria. 
An investigational drug, CBLB502, which is a poly-
peptide drug derived from Salmonella flagellin has 

Figure 7 Continued. Serum was pretreated with or without anti-ApoA1 immunoprecipitation (IP) and the percentage of intracellular cholesterol 
effluxed to medium was determined. F, The atherosclerotic lesions along the thoracic aorta and at the root of aortic arch were visualized by Oil 
Red O and H&E staining. G, Macrophage content in the atherosclerotic lesions was evaluated with immunofluorescent staining of F4/80 (red 
color). The quantification of lesion area and size, and red fluorescent signal were shown. H, Human and mouse ApoA1 expressions in serum 
were determined in 22-week-old NCD-fed human ApoA1-transgenic Apoe−/− mice treated with or without flagellin for 2 wk. Serum samples from 
noninfected mouse and human served as the positive controls. Representative images are shown. Data are represented as mean±SEM (A, n=2; 
B–D and F, n=10; E, G–H, n=5 for each group).
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Figure 8. Oral supplementation of flagellin leads to hepatic activation of NF-κB (nuclear factor-κB) but not hepatic or systemic 
inflammation in ApoE-deficient mice.
Eighteen- to twenty-week-old Apoe−/− mice fed a normal chow diet (NCD) were orally gavaged with vehicle (Veh) or flagellin (Fla, 0.1 mg/kg) 
every other day for 4 wk. A, The p65 expressions in nuclear fraction of liver and ileum were examined. B, The expression of NLRC4 (NLR family 
CARD domain-containing protein 4) in liver of flagellin-treated mice was evaluated in relation to untreated spleen, macrophages, and hepatocytes. 
C, Caspase 1 activity was measured in liver. D, Hepatic mRNA expressions of Il1b, Il18, and Ccl2 were determined and Actb was used as 
housekeeping gene. E, The circulating levels of cytokines, including IL (interleukin)-1β, sTNFRII (soluble tumor necrosis factor receptor type II), 
CCL2 (C-C motif chemokine ligand 2), and SAA (serum amyloid A protein), were measured. F, Co-immunoprecipitation (IP) was performed using 
serum samples, and flagellin content and pull-down of ApoA1 (apolipoprotein A1) were examined. Representative images are shown. Data are 
represented as the mean±SEM (n=10 for each group).
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been invented as TLR5 agonist for cancer treatment 
(URL: https://www.clinicaltrials.gov. Unique identifiers: 
NCT02715882 and NCT01527136). Flagellin is com-
posed of 4 domains, where D0 and D1 are the conserved 
domains which interact with TLR5, and D2 and D3 are 
highly variable among bacteria. Glycosylation takes 
place at D2 and D3 domains and can affect inflamma-
tory potency of flagellin. For instance, the glycosylation 
of flagellin in Pseudomonas is required for full inflamma-
tory activity, whereas in Lactobacillus agilis contributes 
to the motility but attenuates the immunologic potency 
toward TLR5.40,41 However, some strains do not glycosyl-
ate their flagellin, such as Escherichia coli and Salmonella 
typhimurium.41,42 In our study, flagellin derived from other 
sources including E coli and Bacillus subtilis showed a 
similar degree of stimulation of ApoA1 expression in 
hepatocytes as from Salmonella typhimurium in a TLR5-
dependent manner (Figure XIV in the Data Supplement), 
suggesting a universal effect which is not strain-specific. 
However, whether and how host can distinguish the fla-
gellin produced by different bacteria are unclear.

The flagellin-induced ApoA1 production is mediated 
by the classical TLR5/MyD88/NF-κB pathway. A micro-
array analysis shows that Apoa1 is among the top 50 
downregulated genes in gastric tissue of MyD88-defi-
cient mice upon infection from Helicobacter pylori, a flagel-
lated bacterium.43 MyD88/NF-κB signaling is a common 
pathway shared among TLRs except TLR3. Activation of 
TLR4 by lipopolysaccharide in hepatocytes is also pos-
sible. A basal level of lipopolysaccharide was detected 
in the liver but such level was not altered by HFD, so 
the HFD-induced hepatic ApoA1 production and HDL-C 
level were unlikely because of the stimulation of TLR4. 
We compared various NF-κB-sensitive cytokine expres-
sions in hepatocytes and macrophages treated with fla-
gellin or lipopolysaccharide in vitro and found that the 
expressions of these cytokines responded more robustly 
in macrophages upon stimulation by lipopolysaccharide 
(Figure XVA through XVC in the Data Supplement). 
Comparing with macrophages, the mRNA expressions 
of these cytokines in hepatocytes were much lower, 
while the Apoa1 mRNA expression showed the opposite 
(Figure XVD in the Data Supplement). Although these 
cytokines and Apoa1 are NF-κB-responsive genes, it is 
possible that additional cell-specific transcription factors 
may be needed for activation of various genes, or TLR 
sensitivity is cell-type dependent.

In the atherogenic model of this study, when fluoro-
phore-conjugated flagellin was given orally, flagellin tran-
siently appeared in intestine and accumulated in liver 
(Figure 7A). Moreover, an increase in flagellin in liver but 
not serum upon high fat feeding led us to presume that 
gut bacteria-derived flagellin travels to the liver followed 
by elimination. Hepatocyte-specific, but not dendritic 
cell-specific, TLR5-deficient mice showed an impaired 
clearance of intravenously loaded E coli (MG1655, a 

commensal strain), leading to its accumulation in spleen 
and liver.30 Together with our data, activation of TLR5 and 
the breakdown of flagellin are suggested to take place 
in liver. However, we observed a significantly decrease 
of serum flagellin in HFD groups in the 10-week dietary 
models (Figures 1D and 2I). In the fecal microbiome 
transplantation and Apoe−/− models which involved 
shorter duration of treatment (4 weeks), such decrease 
was subdued (Figure 3C; Figure XIF in the Data Supple-
ment). The decrease in serum flagellin may be the result 
of time- or dose-dependent auto-induction of its elimina-
tion. Nonetheless, the elimination of flagellin may or may 
not be TLR5-dependent. The detailed pharmacokinetics 
of flagellin requires further study.

The oral dose of flagellin used in this study was deter-
mined based on the fecal content in the HFD-treated 
mice. Such dose of flagellin concurrently increased 
VLDL/LDL-C level despite an elevation of HDL-C level 
and a decrease in atherosclerotic lesion size. The reason 
why flagellin caused the increase in VLDL/LDL-C level 
is unclear. Such increased VLDL/LDL-C level may be 
due to the limitation of Apoe−/− model itself. In Apoe−/− 
mice overexpressing human ApoA1, ApoA1 shifted its 
distribution from HDL to ApoB-containing lipoproteins.44 
In fact, we also detected a much higher level of ApoA1 in 
the VLDL fraction of flagellin-treated Apoe−/− mice com-
pared with the vehicle group, without affecting ApoB level 
(Figure XIIA in the Data Supplement). As ApoA1 and 
ApoE are exchangeable apolipoproteins, the observed 
increase in ApoB-containing lipoproteins upon flagellin 
treatment might be a secondary effect upon stimulating 
ApoA1 production in the absence of ApoE. Nevertheless, 
the ApoA1-transgenic Apoe−/− mice with ≈30% higher 
HDL-C level have smaller atherosclerotic lesions,45 and 
here the oral treatment of flagellin also increased HDL-C 
level in a similar degree. It is possible that an increase 
in HDL-C level yields a more preferential outcome than 
altering LDL-C level. Whether fine-tuning the dose of fla-
gellin can avoid the undesired effect on VLDL/LDL-C 
level needs further examination.

In conclusion, the commensal flagellated bacteria 
in gut readily responds to dietary fat and triggers an 
increase of HDL-C level, which may serve as an adap-
tive mechanism to prevent high-fat induced dyslipidemia. 
TLR5 may serve as a potential therapeutic target to 
increase ApoA1/HDL level, and the search for synthetic 
TLR5 agonists with selective action on hepatocytes to 
stimulate ApoA1 production should be warranted.
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