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ABSTRACT
Background: During metabolic associated fatty liver disease (MAFLD), lipotoxicity induces toll-like 

receptor 9 (TLR9) upregulation and mitochondrial DNA-induced TLR9 activation in the liver, driving 
metabolic hepatic inflammation. We wondered whether there is augmented erythrocyte TLR9 in MAFLD 
and we explored the effect of erythrocyte TLR9 activation on cholesterol and sphingomyelin content, 
glutaminase activity and TLR9, ferroportin and monocyte chemoattractant protein 1 (MCP-1) levels. 

Methods: Twenty-four patients (15 men and nine women) with MAFLD and nine healthy controls 
(four men and five women) were enrolled. Erythrocytes were isolated from EDTA-containing blood. Protein 
levels were measured in erythrocyte lysates (Triton X-100 0.1% v/v), erythrocyte membranes (isolated by 
hypotonic lysis) with enzyme-linked immunosorbent assays, whereas lipids and enzyme activities were 
measured in erythrocyte hemoglobin-free membranes by a semi-quantitative thin layer chromatography and 
assay kits, respectively.

Address for correspondence:
Charalampos Papadopoulos
Mailing address: Laboratory of Biochemistry, Department of Medicine, 
Democritus University of Thrace, University campus, Dragana, 69100, Greece 
Email: chapapa@med.duth.gr
or
Konstantinos Anagnostopoulos
Mailing address: Laboratory of Biochemistry, Department of Medicine, 
Democritus University of Thrace, University campus, Dragana, 69100, Greece
Email: kanagnos@med.duth.gr

Article received on the 12th of March 2025 and accepted for publication on the 13th of June 2025



221Maedica
  

A Journal of Clinical Medicine, Volume 20, No. 2, 2025

Erythrocyte TLR9 in MAFLD

ABBREVIATIONS
ALT: alanine transaminase
AST: aspartate transaminase
MAFLD: metabolism associated fatty liver 
disease
MASH: metabolism associated steatohepatitis
MCP-1: monocyte chemoattractant protein 1
TLC: thin layer chromatography
TLR9: toll-like receptor 9

INTRODUCTION

The pandemic of obesity constantly pro-
gresses worldwide and impacts the 
quality of life and economy of millions 
of people (1). During obesity, excess 
fatty acids trigger a pro-inflammatory 

phenotype of adipose tissue and also lead to tri-
glyceride storage in non-adipose tissues, such as 
skeletal muscle, pancreas and liver. During meta-
bolic associated fatty liver disease (MAFLD), the 
inability of the liver to acylate fatty acids into tri-
glycerides drives the accumulation of other toxic 
lipids, such as cholesterol, lysophosphatidylcho-
line, sphingosine-1 phosphate, ceramide and 
other lysophospholipids. These metabolites lead 
to inflammation and form an immunometabolic 
network known as metaflammation (2). Lipotoxi
city upregulates the TLR9 (3). In the context of 
MAFLD, TLR9 has been found upregulated in 
hepatocytes, hepatic stellate cells and Kupffer 
cells (4). Next, lipotoxicity also drives the release 
of mitochondrial DNA, that activates TLR9 (5-9) 
and drives the development of metabolic inflam-
mation during MAFLD. Relatively, TLR9 on en-
dothelial cells, T cells, hepatocytes, Kupffer cells 
and hepatic stellate cells contribute to the deve
lopment of MASH (5-10). 

Importantly, erythrocytes also express TLR9 
(11) and its activation leads to erythrophagocyto-
sis and inflammation (12). In fact, CpG DNA in-

duced inflammation requires the existence of 
erythrocyte TLR9, while erythrophagocytosis is a 
major pathogenic mechanism in MAFLD (12). 
For these reasons, we explored if there are in-
creased TLR9 levels in erythrocytes of MAFLD 
patients. We also explored the surface TLR9 le
vels on erythrocytes. In addition, we examined if 
TLR9 activation induces increased total TLR9 
levels.

Recently, we reported elevated cholesterol 
levels in MAFLD (13). Since erythrocyte TLR9 
activation leads to altered structure and crena-
tion (12), we wondered if TLR9 activation drived 
cholesterol accumulation. Since the levels of 
erythrocyte cholesterol are regulated by gluta-
mine (14) and sphingomyelin metabolism 
(15-17), we also quantified the levels of sphingo-
myelin and glutaminase activity after erythrocyte 
TLR9 activation.

We previously reported increased MCP-1 re-
lease from erythrocytes of MAFLD patients (18). 
Because erythrocyte TLR9 activation leads to al-
tered protein distribution (12), we wondered 
whether this is accompanied by alterations on 
the levels of erythrocyte chemokine. Finally, be-
cause membrane lipids affect the ferroportin le
vels (19), we also quantified its levels after TLR9 
activation. q

MATERIALS AND METHODS

Subjects
Twenty-four patients (15 men and nine wom-

en) with MAFLD and nine healthy controls (four 
men and five women) were enrolled. All healthy 
controls were non-obese (BMI<25) and free of 
chronic diseases, with no signs of infection in the 
previous two months and normal AST and ALT 
levels. They were selected from the outpatient 
liver clinic of the First Department of Internal 
Medicine, School of Medicine, Democritus Uni-

Results: The total but not surface levels of TLR9 were increased (p=0.002) in erythrocytes of MAFLD 
patients. Erythrocyte TLR9 activation drove cholesterol and ferroportin-1 accumulation, but not 
glutaminase-1 upregulation. Toll-like receptor 9 activation did not induce a significant change on the 
levels of TLR9 and MCP-1.

Conclusions: Erythrocyte TLR9 is upregulated in MAFLD patients and drives cholesterol and 
ferroportin-1 accumulation in a glutaminase-independent manner. Augmented erythrocyte TLR9 could 
participate in metabolic inflammation during MAFLD. 

Keywords: erythrocyte, TLR9, immunometabolism, lipids, inflammation.
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versity of Thrace, Alexandroupolis, Greece. He-
patic steatosis was assessed by conventional ul-
trasound performed by a skilled radiologist 
according to the European guidelines for adults 
at risk for MAFLD. All patients had elevated AST 
and ALT levels at baseline. Viral hepatitis 
(A, B, C, D, E) was ruled out by ELISA and/or 
polymerase chain reaction test. Alcoholic and 
drug induced hepatitis was excluded by a ques-
tionnaire, and autoimmune hepatitis by anti-
body detection. Liver fibrosis stage was also eva
luated by non-invasive serum markers (Fibroscan, 
FIB-4, AST/ALT ratio). Table 1 shows their an-
thropometric and clinical characteristics. The 
Scientific Council of the University Hospital of 
Alexandroupolis and the Ethics Committee ap-
proved the study after obtaining each partici-
pant’s informed consent.

Results are reported as mean ± standard de-
viation (SD). The p-value is for the difference be-
tween means.

Erythrocyte isolation
From every patient or healthy volunteer three ml 
of blood in tubes containing 5.4 mg ethylenedia
minetetraacetic acid (EDTA) were isolated. To 
isolate erythrocytes, the tubes containing blood 
were centrifuged at 200×g for 10 minutes at 4°C 
in order to remove the buffy coat and plasma. 
Then, 1 mL of erythrocyte pellet was washed 
with cold saline solution and centrifuged at 
200×g for 10 minutes at 4°C. The last step was 

repeated four times, until a clear erythrocyte 
population was achieved.

Erythrocyte membrane isolation
After erythrocyte isolation, 500 μL of packed 
erythrocytes were incubated for 30 minutes at 
4°C with continuous shaking, diluted with cold 
hemolysis solution [Tris 1 mM–NaCl 10 mM-EDTA 
1 mM, pH 7.2, at a final concentration of 1:10 
(vol/vol)]. This was followed by centrifugation at 
10,000×g, at 4°C for 15 minutes. The pellet, 
corresponding to erythrocyte membranes, was 
collected. The last step was repeated as many 
times as needed, until the removal of hemoglo-
bin-free erythrocyte membranes. Samples were 
kept at −80°C until analysis.

Lipid extraction
For lipid extraction, we use a modified Folch 
method (20). Briefly, 500 μL of 2:1 chloro- 
form/methanol was added to 100 μL of erythro-
cyte membrane.  After a vortexing for 30 seconds 
and a centrifugation for 10 minutes at 5000×g, 
the organic phase was collected. The previous 
step was repeated for the aqueous phase. The 
two organic phases were washed with water to 
remove any remainders of polar molecules by 
centrifugation for 10 minutes at 5000×g and 
then evaporated at 70°C.

Lipid separation and visualization
Thin-layer chromatographic (TLC) analysis of li
pids was performed on chromatographic plates 

Erythrocyte TLR9 in MAFLD

TABLE 1. Anthropometric and 
clinical characteristics of MAFLD 
patients and healthy subjects.
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(TLC Silica gel 60 F254; Merck KGaA 64071, 
Darmstadt, Germany) according to our previ-
ously published protocol (21).

Cholesterol and sphingomyelin quantitation
The characteristics of the method (specificity, 
linearity, accuracy, precision, limit of detection, 
limit of quantification and sensitivity) can be 
found in our previous study (21).

Erythrocyte TLR9 activation
Erythrocytes from three healthy volunteers were 
incubated in PBS in final concentration of 40% 
vol/vol, with or without CpG DNA (100 ng/mL). 
After incubation, conditioned media were iso-
lated with centrifugation at 200 g for 10 minutes.

Lysis of erythrocytes
One milliliter of packed erythrocytes was lysed 
with Triton X-100 at a final concentration of 
0.1% vol/vol (13).

Determination of TLR9, ferroportin-1 and 
MCP-1 protein levels
The levels of TLR9 (OriGene, USA), ferropor-
tin-1 (assay genie) and monocyte chemoattrac-
tant protein 1 (OriGene, USA) were determined 
by ELISA in erythrocyte lysates, conditioned me-
dia or plasma according to the manufacturer’s 
instructions.

Determination of surface TLR9 levels 
Surface TLR9 was measured on erythrocyte 
membranes after permeabilization with Triton x 
100 (1% v/v). 

Determination of erythrocyte glutaminase-1 
activity
The activity of erythrocyte glutaminase-1 was 
determined in erythrocyte membrane prepara-
tions according to the manufacturer’s instruc-
tions (Abbexa. UK, respectively).

Statistical analysis
Results were expressed as mean ± SD and me-
dian, unless otherwise stated. Statistical analysis 
was performed with the R programming lan-
guage v. 4.0 (22) Welch’s independent samples 
t-test (23) was used for comparison of means be-
tween groups. This test is an adaptation of Stu-
dent’s t-test, and does not assume equal vari-
ances and/or sample sizes, being more reliable 

when these conditions occur. Glass’s Δ was used 
to quantitate the effect size (24) since it is more 
appropriate when the standard deviations be-
tween groups are significantly different. Accor
ding to the above, effect sizes with values Δ<0.2 
are considered very small, small for 0.2≤Δ<0.41, 
moderate for 0.41≤Δ<0.63 and large for 
Δ≥0.63.

The results are reported as t(degrees of free-
dom)= test statistic, the p-value, followed by 
Glass’s Δ [along with is 95% confidence interval 
(CI)], the statistical power 1-β for a significance 
level α=0.05 and the 95% CI for the difference 
between means of the healthy and MAFLD 
groups, as shown in Table 2.

Linear regression was performed using the 
base R lm command. All plots were created using 
the ggplot package. In all the boxplots, the box 
extends from the lower quartile to the upper 
quartile – that is the range corresponds to the in-
ter-quartile range (IQR). The vertical lines extend 
to ±1.5×IQR. Individual points shown corre-
spond to extreme values, outside the ±1.5×IQR.

For the measurements regarding the activation 
of TLR9, the sample size was small (three paired 
samples, that is three samples before and three 
samples after activation). Because of the small 
sample size, the traditional frequentist t-test gives 
unreliable results or no results at all. For this rea-
son, a Bayesian approach for statistical analysis 
was employed. Bayesian analysis is much more 
suited to provide meaningful results for small da-
tasets, since it does not assume large sample sizes. 
Thus, smaller datasets can be analyzed while re-
taining statistical power and precision (25).

The brms package was used for the analysis. 
The brms model used was: 
value ~ group + (0 + group | sample) + (1 | sample2). 
This model tests for the effect of group (that is 
before and after activation) on the values of each 
sample: value ~ group + (0 + group | sample). 
The next part of the model: (1 | sample2) dupli-
cates the sample variable. This essentially tells 
the model to estimate a separate intercept for 
each sample. This allows brms to estimate the 
correlation between the "Before" and "After" 
measurements within each sample. The priors 
used were wide, non-informative. Specifically, 
for the effect of the intervention a normal distri-
bution prior was used with a mean of 0 and an 
SD of 100. For the SD of the errors of the model, 
as well as the random effects) a Student t-distri-



224 Maedica
  

A Journal of Clinical Medicine, Volume 20, No. 2, 2025

Erythrocyte TLR9 in MAFLD

bution prior was used with three degrees of free-
dom, a location of 0 and a scale of 100. For the 
correlation between the random intercepts and 
slopes, an LKJ prior was used Eta of 2. For the 
Hamiltonian Monte Carlo sampling algorithm, 
an adaptDelta value near to 1 (0.99) was used, 
meaning smaller steps, leading to more accurate 
sampling. A maxTreeDepth value of 15 was used 
(compared to the default of 10). This allows the 
the No-U-Turn Sampler (NUTS) algorithm to im-
prove exploration of the posterior, especially for 
complex models.

Results were reported as the probability P of 
the difference between the means after activa-
tion being greater that the means before activa-
tion, P(After>Before). This is more intuitive than 
the more convoluted meaning of the frequently 
used p value, which is the probability of obser
ving the data, assuming the null hypothesis (no 
difference between means) is correct. Probabili-
ties above 90% were considered statistically sig-
nificant. q

RESULTS

Erythrocyte TLR9 levels
Erythrocytes express TLR9 (11). This receptor 

binds and carries mitochondrial DNA to macro-
phages after erythrophagocytosis, leading to in-
flammation (12). In addition, TLR9 ligation can 
lead to CD47 loss (12). For these reasons, we 
quantified TLR9 on erythrocytes. In MAFLD pa-

tients TLR9 levels were statistically significantly 
greater (mean=3.6 ng/mL) than in healthy sub-
jects (mean=1.0 ng/mL), with p=0.002 and a 
large effect size (Table 2). Surface TLR9 levels 
were unaltered. 

Erythrocyte TLR9 activation 
Previous studies have shown that erythrocyte 
TLR9 activation triggers crenation, resistance to 
hemoysis, altered protein distribution and sur-
face TLR9 upregulation (12). We show here that 
activation of erythrocyte TLR9 led to cholesterol 
and ferroportin-1 accumulation, but not to al-
terations on the levels of TLR9 and MCP-1 and 
glutaminase-1 activation (Table 3). q

DISCUSSION

Metabolic associated fatty liver disease con-
stitutes a metabolic hepatic disease, where 

metabolic perturbations precede inflammatory 
mechanisms (26). Otogawa et al (27) and Park 
et al (28) have reported that hepatic erythropha-
gocytosis resulted in inflammation during 
MAFLD. We have also reported extended eryth-
rocyte changes during MAFLD (13, 18, 21). In 
this study, we tried to elaborate on the role of 
erythrocytes in the metabolic inflammation of 
MAFLD.

Lipotoxicity induces TLR9 upregulation (3, 4) 
and activation in the liver through hepatocyte 
mitochondrial DNA release (4, 6). This step actu-

TABLE 2. Test for difference 
between means using  
Welch’s t-test

TABLE 3. Bayesian test for difference before and after 
TLR9 activation
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ally connects dysmetabolism with metabolic in-
flammation in the liver during MAFLD (4). Simi-
larly, reduced TLR9 levels on T-lymphocytes 
protect from the transition from hepatic steatosis 
to metabolic inflammation (10). Of note, a previ-
ous study reported that, in general, mitochon-
drial DNA-induced inflammation requires ery
throcyte TLR9 and erythrophagocytosis (12). 

We show that erythrocytes of MASH patients 
contain increased TLR9 levels and follow the 
trend of upregulated TLR9 in the liver of MASH 
animals and patients (3, 4). In this perspective, 
erythrocytes join hepatocytes (6), liver macro-
phages (6), endothelial cells (29), T-cells (10) and 
hepatic stellate cells (9) in sensing metabolism – in
duced liver damage through TLR9. Erythrocytes 
with high TLR9 levels could bind the increased 
cell-free mitochondrial DNA (37, 41), and deli
ver to the liver through their phagocytosis result-
ing in increased delivery of mitochondrial DNA 
to macrophages (30). Importantly, mitochon-  
drial DNA delivery through erythro- phagocytosis 
could drive the development of a pro-inflamma-
tory erythrophagocyte subset (31). 

Increased circulating mitochondrial DNA has 
been shown to be followed by augmented sur-
face TLR9 levels on erythrocytes (12). Since we 
observed increased total erythrocyte TLR9 levels, 
we wondered whether there were also increased 
surface TLR9 levels. We noticed that surface 
TLR9 were not statistically significantly different. 
Hence, TLR9 upregulation probably concerns 
TLR9 on intracellular vesicles of erythrocytes. 
This seems to be in contrast to the reported ef-
fect of augmented circulating mitochondrial 
DNA during sepsis on erythrocyte surface TLR9 
levels (12). We speculate that in MAFLD the le
vels of circulating mitochondrial DNA are not 
high enough to induce such detrimental chan
ges. 

We wondered if TLR9 activation explains the 
increase of erythrocyte TLR9 levels. We showed 
that, following TLR9 activation, the levels of TLR9 
were not altered. Hence, the increase in the sur-
face TLR9 levels that has previously been repor
ted (12) was possibly due to translocation of TLR9 
from the endocytic compartment to the plasma 
membrane. Erythrocyte cholesterol could be part 
of an extended membrane reorganization giving 
access to TLR9 to the plasma membrane.

Erythrocyte TLR9 activation leads to erythro-
cyte crenation and altered structure (12). These 

changes have previously been reported to be 
mediated by cholesterol accumulation (32). We 
previously reported erythrocyte cholesterol ac-
cumulation in MAFLD (13) and hypothesized 
that TLR9 activation would lead to altered mem-
brane cholesterol content. We show that ery
throcyte TLR9 activation leads to cholesterol ac-
cumulation. Cholesterol levels on erythrocytes 
are necessary for the tight linkage of the mem-
brane to the cytoskeleton (32). In fact, it has 
been shown that increasing erythrocyte chole
sterol made the cell more resistant to hemolysis 
due to the tighter linkage of BAND3 (32). Rela-
tively, TLR9 activation has been shown to make 
erythrocytes resistant to hemolysis (12). Hence, 
cholesterol accumulation due to TLR9 activation 
could be partly responsible for the TLR9-induced 
physicochemical alterations of erythrocytes. We 
hypothesize that augmented erythrocyte chole
sterol along with augmented erythrophagocyto-
sis could lead to increased cholesterol levels in 
the liver.

We wondered what was driving cholesterol 
accumulation after TLR9 activation. Since ery
throcytes are not able to synthesize cholesterol 
de novo, the only way to induce cholesterol ac-
cumulation is through reduced exchangeability. 
A previous study found that sphingomyelin im-
paired the efflux of cholesterol from red blood 
cells (16) and protected cholesterol from oxida-
tion (17). We show that erythrocyte TLR9 activa-
tion does not lead to sphingomyelin accumula-
tion. An effect of erythrocyte sphingomyelin on 
cholesterol content has also been reported previ-
ously for atherosclerosis (33, 34). In the past we 
found reduced erythrocyte sphingomyelin in 
erythrocytes of MAFLD patients (21), possibly 
due to increased serum sphingomyelinase ac-
tion. 

Apart from sphingomyelin metabolism, gluta-
mine metabolism also impacts the erythrocyte 
cholesterol levels, possibly through protection 
from oxidation and release through vesiculation 
(14). We show that the TLR9-induced choleste
rol accumulation is independent of glutaminase-1 
activity. 

In a previous study we found that erythro-
cytes of MASH patients release increased con-
tent of the chemokine MCP-1(18). We wondered 
whether TLR9-induced altered protein distribu-
tion (12) also mediated chemokine release. We 
showed that erythrocyte TLR9 activation did not 
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drive MCP-1 release. Since BAND3 exists in var-
ious complexes in the erythrocyte, it is possible 
that the junctional compartment where DARC is 
found along with BAND3 and other membrane 
proteins (but not TLR9 and CD47)(35) is not 
strongly affected by the altered distribution of 
BAND3. 

Cholesterol affects the distribution of ferro-
portin (19). We sought to investigate whether 
TLR9-induced cholesterol accumulation was fol-
lowed by ferroportin accumulation. We show 
that TLR9 activation leads to increased ferropor-
tin-1 levels on eryrhrocytes. We speculate that 
this difference is due to decreased degradation. 
This result could unravel a novel mechanism for 
inflammation related increase in serum iron. q

CONCLUSION

To conclude, we report here augmented 
erythrocyte TLR9 levels. Based on previous 

findings of increased circulating mitochondrial 
DNA in MAFLD patients (6), we explored the ef-
fect erythrocyte TLR9 activation. We show that 
TLR9 leads to cholesterol and ferroportin-1 ac-
cumulation, possibly in a sphingomyelin- and 
glutaminase-1-independent manner. Our results 
shed light on the role of erythrocytes in MAFLD 
(36) and physiology (37). q
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