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ABSTRACT: The aging process is accompanied by a gradual decline in tissue function, in part due to chronic 

low-grade inflammation that contributes to cardiovascular, neurodegenerative, and metabolic disease 

development. In the endocrine pancreas, Langerhans islets exhibit age-related structural and functional 

changes, including immune cell infiltration and fibrotic remodeling, as we recently demonstrated. Macrophages, 

as key immune mediators in both diabetic and aged islets, play a central role in Toll-like receptor 4 (TLR4) 

signaling, a pathway activated by bacterial lipopolysaccharides and known to exacerbate inflammation and 

tissue damage in multiple organs. We therefore hypothesize that TLR4 signaling contributes to the 

inflammatory changes during islet aging. To investigate this, two complementary mouse studies were performed. 

Aged C57BL/6J mice were treated with the TLR4 inhibitor TAK-242 for four months, which reduced insulitis, 

macrophage infiltration, and fibrosis, while preserving insulin secretion. In contrast, mice with a lifelong 

myeloid-specific deletion of TLR4 showed altered islet cell composition in young age, potentially leading to 

dysregulated insulin secretion, and signs of insulin resistance in aging, despite unchanged islet inflammation. 

These results indicate that TLR4 inhibition attenuates inflammatory islet remodeling in aging, whereas lifelong 

loss of myeloid TLR4 signaling seems to disrupt immune-endocrine interactions and impairs insulin secretion. 

Thus, TLR4-driven immune activation emerges as a mechanism linking inflammation to pancreatic islet aging. 
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INTRODUCTION 

 

As the worldwide population age is steadily increasing, 

maintaining quality of life in the elderly is gaining 

increasing importance. The aging process is characterized 

by a decline in tissue function, influenced by various 

factors such as oxidative stress, inflammatory mediators 

or cellular senescence. These factors can lead to chronic 

low-grade inflammation, also referred to as 

“inflammaging” [1-3], promoting tissue dysfunction and 

contributing to the increased prevalence of 

cardiovascular, neurodegenerative or metabolic diseases, 

such as type-2-diabetes (T2D), a trend, that is expected to 

continue with demographic change [4, 5]. Various 

exogenous and endogenous factors such as obesity, 

physical inactivity and chronic inflammation are 

increasing the risk for T2D by promoting insulin 

resistance and β-cell dysfunction, ultimately leading to an 

inadequate response to glucose as a result of altered 

insulin secretion [6, 7].  

Langerhans islets are a complex endocrine network 

embedded in the exocrine pancreas and play a central role 

in regulating insulin secretion and glucose homeostasis 

[8]. While β-cells are the main producer of insulin and 

numerically dominant, they interact closely with other 

endocrine cell types such as α-, δ-, and γ-cells as well as 

immune cells, pancreatic stellate cells and endothelial 

cells. During aging and T2D this complex network 
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undergoes structural and functional changes, including an 

increased number of immune cells as well as shifts of 

immune cell subtypes [9-11]. Interestingly, a limited and 

moderate increase in certain immune cell populations may 

improve glucose tolerance whereas excessive 

accumulation is generally associated with enhanced 

inflammatory signaling [10, 12].  

Especially macrophages are known to accumulate in 

T2D islets and have been associated with elevated toll-

like receptor (TLR) activation in diabetic animal models 

[13-18]. TLRs are pattern recognition receptors that detect 

distinct pathogen-associated molecular patterns and 

danger-associated molecular patterns and are highly 

expressed on immune cells, especially in macrophages. In 

total, 11 TLRs have been described in humans and 13 in 

mice, each recognizing specific exogenous microbial 

ligands or endogenous molecules [19, 20]. One of the 

most well-characterized is TLR4, which acts as 

homodimer, and primarily recognizes lipopolysaccharide 

(LPS), a cell wall component of gram-negative bacteria. 

TLR4 activation, together with its co-receptors, initiates 

inflammatory signaling cascades, leading to nuclear 

factor kappa-B (NF-κB) activation and interferon-

regulatory factor (IRF)-mediated pathways. Indeed, 

elevated levels of bacterial toxins such as LPS and TLR4 

activation have been shown to enhance inflammation, 

fibrosis and organ dysfunction, with the liver being one of 

the affected organs [21-24].  Similar mechanisms may 

contribute to pancreatic dysfunction during aging. In our 

recent study, we observed marked immune cell 

accumulation and fibrotic remodeling within aged 

Langerhans islets, pointing toward local inflammatory 

changes [10]. Given the known role of macrophages and 

TLR4 signaling in mediating tissue inflammation and 

metabolic dysfunction, we hypothesize that TLR4-driven 

immune activation contributes to age-associated 

structural and functional deterioration of pancreatic islets.  

To address this, two complementary mouse studies were 

performed: one using pharmacological TLR4 inhibition in 

aged C57BL/6J mice, and another employing a myeloid-

specific TLR4 knockout model to assess the role of TLR4 

signaling in pancreatic islets during aging. 

 

MATERIAL AND METHODS 

 

Animal procedures and study design 

 

General animal care and ethics 

 

All experiments complied with the European Directive 

2010/63/EU, the National Institutes of Health guidelines 

for the care and use of laboratory animals, and site-

specific institutional regulations described below. Mice 

were maintained under specific pathogen-free conditions 

in a controlled environment (20 ± 2 °C, 12:12 h light/dark 

cycle). At the University of Vienna, lights were on from 

7:00 am to 7:00 pm; at the German Institute of Human 

Nutrition (DIfE), from 5:30 am to 5:30 pm. Animals had 

ad libitum access to standard chow (Ssniff, Soest, 

Germany) and water, unless otherwise specified.  

Studies were conducted at two sites. At the German 

Institute of Human Nutrition (DIfE), Potsdam-

Rehbruecke, Germany, all procedures were approved by 

the institutional animal welfare committee and the State 

Office for Environment, Health, and Consumer Protection 

of Brandenburg (approval no. 2347-46-2019). Animals 

used solely for tissue collection were euthanized in 

accordance with § 4(3) of the German Animal Welfare 

Act without additional authority approval. At the 

University of Vienna, Austria, all procedures were 

approved by the institutional ethics and animal welfare 

committee and the Federal Ministry of Education, Science 

and Research (BMBWF-2021-0.464.120, BMBWF-

66.006/0014-V/3b/2019). 

At the DIfE, animals were euthanized under 

anesthesia by acute isoflurane inhalation followed by 

cervical dislocation. At the University of Vienna, animals 

were euthanized under anesthesia by intraperitoneal (i.p.) 

ketamine (100 mg/kg) plus xylazine (16 mg/kg) followed 

by cervical dislocation and the collection of blood and 

tissue. Langerhans islets and quadriceps muscle tissue 

were isolated following cervical dislocation. 

 

Age-comparative cohort: islet analyses, plasma 

endotoxin and pancreatic TLR4 ligands 

 

Young (3-5 months) and old (19–26 months) C57BL/6J 

mice, bred in-house (Max Rubner Laboratory, DIfE), 

were used. Blood was collected by vena cava puncture for 

endotoxin quantification and pancreatic islets were 

isolated via liberase perfusion (see subsection Isolation of 

Langerhans islets) for gene expression analysis, single 

cell staining and in vitro LPS-stimulation experiments. In 

addition, whole pancreatic tissue was isolated and snap-

frozen for the analysis of TLR4 ligands. 

 

Pharmacological TLR4 inhibition in aged mice 

 

Seventeen-month-old male C57BL/6J mice, bred in-

house at the University of Vienna, received the TLR4 

inhibitor TAK-242 (Cayman Chemical, USA; 0.3 mg/kg 

body weight (BW), i.p., twice weekly, on Mondays and 

Thursdays) or vehicle (0.1 % DMSO in NaCl) for 4 

months. A glucose tolerance test (GTT) was conducted 

one week before sacrifice (see subsection Glucose 

tolerance test). At sacrifice, blood was collected from the 

portal vein, and pancreatic tissue was fixed in 4% 

formaldehyde and paraffin-embedded. 
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Myeloid-specific TLR4 knockout study 

 

Male myeloid-specific TLR4 knockout mice (Tlr4fl/LyzM-

cre), generated by crossbreeding B6(Cg)-

Tlr4^tm1.1Karp/J with B6.129P2-Lyz2^tm1(cre)Ifo/J, 

The Jackson Laboratory, USA) and age-matched wildtype 

(WT) TLR4fl+/+LyzM-cre+/+ controls were bred in-house 

(University of Vienna). Young (4 months) and old (20 

months) animals were included. One week before 

sacrifice, a GTT was performed (see subsection Glucose 

tolerance test). At sacrifice, blood was collected from the 

portal vein, pancreatic tissue was fixed in neutral-buffered 

formalin, and, in a subset, islets and quadriceps muscle 

were harvested for further analyses. 

 

Age-comparative histology cohort 

 

For additional immunohistochemical analyses, archived 

formalin-fixed pancreatic tissue from male C57BL/6J 

mice aged 3, 19, and 24 months was used. 

 

Glucose tolerance test 

 

To assess the metabolic response to glucose, a GTT was 

performed in TLR4 inhibitor treated mice as well as in 

young and old Tlr4fl/LyzM-cre and their respective controls. 

One week before sacrifice, mice were fasted for 6 hours. 

Body weight (BW) and fasting blood glucose were 

measured from blood collected via the lateral tail vein. 

Subsequently, glucose (2 g/kg BW, 20 % glucose 

solution) was injected intraperitoneally (i.p.), and blood 

glucose levels were measured from the lateral tail vein at 

15, 30, 60, 90, and 120 minutes post-injection. The area 

under the curve was calculated in GraphPad Prism 

(Version 10.5.0) and adjusted to each animal’s baseline 

fasting glucose levels. 

 

Isolation of Langerhans islets 

 

Langerhans islets were isolated from pancreatic tissue of 

young and old C57BL/6J mice as well as young and old 

WT and Tlr4fl/LyzM-cre mice following a previously 

described protocol with minor modifications [10, 25]. 

Directly after sacrifice, 3 ml of Liberase TL solution 

(Sigma-Aldrich, Germany) dissolved and diluted in 

HBSS (BIO&SELL, Germany) supplemented with 

25 mM HEPES (Thermo Fisher Scientific, Germany) and 

0.5 % bovine serum albumin (BSA) was injected into the 

common bile duct. Then the pancreas was digested in 2 

ml Liberase TL solution at 37°C for 18 minutes. 

Following enzymatic digestion, the tissue was 

mechanically dissociated, and islets were separated from 

exocrine tissue using a Histopaque-Percoll gradient. Then 

the islets were hand-picked under a stereomicroscope. 

Depending on downstream application, they were either 

washed three times with phosphate-buffered saline (PBS) 

for gene expression analysis or incubated in RPMI+ media 

(BIO&SELL, Germany, 2g/l glucose (11.1 mM), 

supplemented with L-glutamine, penicillin/Streptomycin, 

and 10% fetal bovine serum) at 37° C for functional 

assays.  

 

Glucose-stimulated insulin secretion 

 

To measure glucose-stimulated insulin secretion (GSIS) 

from young and old Tlr4fl/LyzM-cre mice and their respective 

controls, 40 islets per animal were recovered overnight 

after isolation in RPMI+ medium at 37°C, 5% CO2. The 

next day, islets were washed in Krebs-Ringer-bicarbonate 

HEPES buffer (KRBH) containing 0.1 % BSA. 

Subsequently, 15 islets (in duplicates) per animal were 

equilibrated for 1h in KRBH + BSA (without glucose) and 

then stimulated with different glucose concentration as 

previously described [10, 25]. Briefly, basal insulin 

secretion was assessed by low glucose stimulation (1 mM 

glucose), followed by high glucose stimulation (25 mM 

glucose) and finally depolarization with 40 mM 

potassium chloride in the presence of 1 mM glucose. 

Supernatants were collected for insulin measurement and 

normalized to the DNA content of islets.  

 

DNA measurement of Langerhans islets 

 

For normalization of insulin secretion to cellular DNA 

content, islets used in the GSIS assay were lysed and 

sonicated. DNA was quantified using the PicoGreen 

dsDNA Assay (Thermo Fisher Scientific, Germany) 

according to the manufacturer’s instructions. 

Fluorescence measurement at excitation wavelength of 

450 nm and emission wavelength of 520 nm was 

performed and the DNA content of the islets calculated by 

a standard curve.  

 

Determination of plasma insulin and pancreatic islet 

secreted insulin 

 

According to manufacturer’s manual an Ultrasensitive 

Mouse Insulin ELISA (ALPCO, USA) was used to 

determine insulin concentration in plasma samples and 

supernatants of Langerhans islets.  

 

Staining of isolated, dispersed Langerhans islets 

 

Isolated Langerhans islets were enzymatically dispersed 

to single cells by incubation with Accutase (Pan Biotech, 

Germany) for 18 min at room temperature (RT), followed 

by washing with PBS. After fixation with 4% 

formaldehyde at RT for 10 min, cells were washed and 
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blocked with 10 % normal goat serum in DAKO antibody 

diluent (Agilent, Germany). Primary antibodies against 

TLR4 (anti-mouse, 1:50, ab22048, Abcam, United 

Kingdom) and insulin (anti-rabbit, 1:1000, ab181547, 

Abcam, United Kingdom) were applied in DAKO 

antibody diluent (Agilent, Germany) and incubated for 

one hour at RT. This was followed by washing steps and 

secondary antibody incubation (anti-mouse Alexa Fluor 

594, A-11032, anti-rabbit Alexa Fluor 488, A-11008, 

Invitrogen, USA). Stained cells were mounted in 

Fluoromount-G with DAPI (Carl Roth, Germany) in 

glass-bottom dishes. Imaging was performed on a Zeiss 

LSM 780 confocal microscope (Zeiss, Germany) with a 

20x, 0.8 objective using four different z-stack levels, and 

maximum intensity projections were generated for 

representative images.   

 

In vitro culture of Langerhans islets and stimulation  

 

After isolation, islets from old mice were pooled and 

incubated overnight in RPMI+ media ((BIO&SELL, 

Germany), containing 2g/l glucose, supplemented with L-

glutamine, penicillin/streptomycin, and 10% fetal bovine 

serum). On the following day, islets were transferred into 

a 24-well plate (n = 3 biological replicates, 160 – 200 

islets per condition, three conditions). A control group 

receiving vehicle, a group stimulated with 1 µg/ml LPS 

(Escherichia coli O55:B5, Sigma Aldrich, Germany) 

dissolved in 0.9% NaCl (1 mg/ml stock solution, diluted 

1:1000) (Sigma Aldrich), and a group treated with 10 µM  

TAK-242 (Sigma Aldrich, Germany) dissolved in DMSO 

(10mM stock solution, diluted 1:1000) prior to 1 µg/ml 

LPS stimulation. All conditions contained equivalent 

amounts of DMSO (0.1%) and 0.9% NaCl as vehicle. For 

pre-treatment, TAK-242 or vehicle was applied 2 hours, 

followed by 6 hours of stimulation with LPS or NaCl, 

respectively.  After stimulation islets were hand-picked 

again, washed three times with PBS and snap-frozen for 

subsequent mRNA isolation and gene expression 

analysis.  

 

mRNA Isolation and quantitative real-time 

polymerase chain reaction (qPCR) 

 

Total mRNA was isolated from islets using the 

Dynabeads™ mRNA DIRECT™ Kit (Invitrogen, USA) 

according to the manufacturer's instructions and eluted in 

15 µl Tris-HCl buffer at 70°C and subsequent synthesized 

to cDNA. Therefore, the GoScript™ Reverse 

Transcriptase (Promega, Germany) was used according to 

the manufacturer. cDNA was then diluted 1:5 or 1:10 with 

nuclease free water. The qPCR analysis was performed 

using a MasterMix containing 1 μl DreamTaq™ buffer, 

0.05 μl DreamTaq™ Hot Start DNA-Polymerase 

(Thermo Fisher Scientific, Germany), 2 mM dNTPs 

(Bioline, United Kingdom), 1x SYBR™ Green (Sigma 

Aldrich, Germany), 1.25 μM forward and reverse primers 

(tumor necrosis factor alpha (TNFα), insulin 2 (Ins2), β-

Actin, ribosomal protein L13 a (RPL13a), hypoxanthine-

guanine phosphoribosyl transferase (HPRT), myeloid 
differentiation primary response 88 (MyD88), interleukin 

1 beta (IL-1ß), inducible nitric oxide synthase (iNOS), 

interleukin 6 (IL-6)). All primers were obtained from 

Sigma Aldrich, Germany. The polymerase chain reaction 

started with a heating cycle of 3 min at 95 °C, followed 

by 40 cycles of denaturation for 15 s at 95 °C, primer 

hybridization for 30 s at 60°C – 65°C (primer dependent, 

Supplementary Table 1) and elongation for 30 s at 72°C. 

The Bio-Rad CFX Maestro 2.3 Software was used to 

calculate the relative gene expression using the ΔΔCt 

method normalized to the three housekeeping genes 

(RPL13, HPRT, β-Actin). Primer sequences are found in 

Supplementary Table 1. For gene expression of 

CDKN2a/p16Ink4a a specific TaqMan® Gene Expression 

Assay (Mm00494449_m1, #4351370, Thermo Fisher 

Scientific, Germany,) was used. Reactions were 

performed according to the manufacturer’s protocol with 

an annealing temperature of 60°C. Expression levels were 

normalized to the three housekeeper genes using the ΔΔCt 

method.  

 

Immunohistochemical staining of paraffin embedded 

pancreatic sections  

 

Paraffin embedded pancreatic sections (2 µm thickness) 

were prepared and stained immunohistochemically (IHC) 

with DAB-Chromogen (Agilent, Germany) as previously 

described [10]. Insulin was detected with anti-insulin 

antibody (1:40 000, ab181547, Abcam, United Kingdom) 

on two to three independent sectional planes and analyzed 

as described below. To identify macrophages within the 

pancreatic islets, anti-CD68 antibody (1:100, ab125212, 

Abcam, United Kingdom) was used.  

Additional immunofluorescence staining in 2 µm 

sections was performed to identify further markers within 

insulin+ islets as previously described [10, 25, 26]. 

Briefly, paraffin embedded pancreatic sections were 

deparaffinized, antigen retrieval was performed (citrate 

buffer pH=6 or EDTA buffer pH=9) and, for intracellular 

located proteins, permeabilized (see Table 1). This was 

followed by 1 hour blocking at RT, primary antibody 

incubation overnight at 4°C and secondary antibody 

incubation including DAPI (1 hour at RT).  Primary 

antibodies and staining conditions are listed in Table 1. 

Alexa-Fluor conjugated antibodies (anti-mouse 488 A-

11029, anti-mouse 633 A-21052, anti-rabbit 633 A-

21071, anti-rabbit 488 A-11008, anti-rat 546 A-11081, 

anti-rat 633 A-21094, Invitrogen, USA) were used and all 
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sections were counterstained with DAPI and mounted for 

imaging. Immune cell accumulation was assessed by 

staining for CD45, CD3, and CD8a to detect leukocytes 

and T-cell subsets within and around the islets (peri-

insulitis). Proliferative potential in islet cells was assessed 

via proliferating cell nuclear antigen (PCNA) staining. 

Fibrotic remodeling and activated pancreatic stellate cells 

were visualized using α-smooth muscle actin (αSMA) 

staining. To assess the islet composition, tissue sections 

were stained with insulin (β-cells), glucagon (α-cells) and 

somatostatin (δ). All primary antibodies used are well 

established and were validated using secondary antibody-

only and isotype controls (rabbit IgG isotype control #02-

6102, mouse IgG isotype control #02-6502, rat IgG 

isotype control #02-9602, Invitrogen, USA). Unspecific 

staining artifacts in pancreatic tissue were mainly 

observed in blood vessels and did not affect the analyses. 

 

Table 1. Immunofluorescence staining list. 

 
Primary Antibody dilution Company Antigen Retrieval Permeabilization 

[0,2 % Triton-X-100] 

Insulin 1:1000 

CD45 1:50 

Abcam (ab181547) 

Bioscience (#559864) 

Citrat pH =6 No 

Insulin 1:1000 

PCNA 1:1000 

Abcam (ab181547) 

Cell Signaling (#2586) 

Citrat pH =6 Yes 

Insulin 1:200 

αSMA 1:500 

Cell Signaling (#8138)  

Cell Signaling (#19245) 

Citrat pH =6 Yes 

CD3 1:50 

CD8a 1:50 

Abcam (ab11089) 

Abcam (ab217344) 

EDTA pH = 9 No 

Glucagon 1:200 

Somatostatin 1:200 

Insulin 1:100 

Abcam (ab10988) 

Abcam (ab111912)  

Novus Bios (MAB1417)  

Citrat pH =6 Yes 

 

Image analysis and β-cell mass quantification 

 

All stained sections were scanned either with the MIRAX 

Scanner or AxioScan Z.1/ AxioScan 7 (Zeiss) using a 5x 

magnitude for the coarse focus and a 20x, 0.8 objective 

for the fine focus. Image analysis was performed in Zen 

version 2.6/3.5. For immune cell subtype accumulation 

within and around the islet, CD45+, CD68+, CD3+ and 

CD8a+ cells were counted per islet. For the analysis of the 

proliferation potential, PCNA+ nuclei in the islet were 

analyzed, using a threshold based automatic analysis. 

First, the islet region was identified via insulin+ staining, 

followed by a subclass marking all nuclei (DAPI+), and 

subsequently PCNA+ nuclei. The mean ratio of PCNA+ 

nuclei/ total islet nuclei of approximately 15 islets per 

animal was calculated. For the quantification of αSMA, 

the Insulin+ area followed by the αSMA+ area within islets 

(insulin+) were determined via automatic image analysis 

in Zen or ImageJ by setting thresholds for the different 

fluorescent channels. For the islet composition threshold-

based analysis of glucagon, insulin and somatostatin 

positive area was performed and ratios to total islet area 

calculated. For the calculation of the β-cell mass per 

animal, insulin was stained in three sectional planes and 

the area threshold based quantified. Then the ratio of 

Insulin+ area to total pancreas area was averaged from the 

three sections and multiplied by the pancreas weight (β-

cell mass = (Insulin+ area/total pancreas area) * pancreas 

weight). 

Histopathological scoring of insulitis and fibrosis  

 

To determine age-related pancreatic tissue degeneration, 

two established scoring systems, one for immune cell 

infiltration (insulitis) and one for fibrosis, were applied. 

Insulitis scoring was based on insulin-positive islets 

identified by immunohistochemical staining. Infiltration 

of immune cells into and around pancreatic islets was 

assessed according to previously published criteria [10, 

27-30]. Additionally, all pancreatic tissue samples were 

scored in two to three sectional planes and scoring was 

performed independently and blinded by two 

investigators. 

For fibrosis, fibrotic structures were visualized by 

staining collagen fibers using Masson's Trichrome. A 

previous published fibrosis score was used that 

distinguishes five different stages of fibrosis [10]. For 

each animal sample, 20-30 islets were scored by two 

blinded investigators.  

 

Measurement of TLR4 ligands in pancreatic tissue 

and endotoxin in mouse plasma  

 

To determine the presence of TLR4 ligands, a 

commercially available SEAP-reporter assay using 

transfected HEK293 cells (Invivogen, USA) was used as 

detailed before. Briefly, snap-frozen pancreatic tissue was 

homogenized in pyrogen-free water, sonicated for 1 min 

and supernatant was applied to the reporter cells as 
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previously described [31]. Data was presented normalized 

to total protein content of each sample. For the detection 

of plasma endotoxin levels in young and old mice, the 

Limulus amoebocyte lysate assay (Charles River, France) 

was used according to the manufacturer’s instructions 

with adaptions as previously described [32].  

 

Glycogen measurement in quadriceps muscle tissue 

 

Snap-frozen quadriceps tissue from young and old 

Tlr4fl/LyzM-cre mice and their respective WT was grounded 

under liquid nitrogen. After extraction in 0.1 mol/L 

sodium hydroxide, glycogen concentrations were 

determined (Starch Kit, R-Biopharm, Germany) and 

normalized to protein content (DC Protein Assay 

Reagents, Bio-Rad, USA).  

 

 

 

Statistical analysis  

 

All statistical analyses were performed with GraphPad 

Prism Version 10.5.0. For group sizes n>3 Outlier test 

based on Grubb’s was conducted. After testing for 

normalization, two groups were compared using unpaired 

Student’s t-test or Mann-Whitney U test for non-

parametrically distributed values. For comparison 

between three groups, an ordinary one-way ANOVA 

depending on data distribution (Tukey’s-, Dunn’s-, 

Šídák's - or Holm-Šídák's multiple comparisons test) was 

performed. For grouped analysis a two-way ANOVA with 

multiple comparisons and uncorrected Fisher’s LSD was 

performed. All values are presented as mean +/- standard 

deviation (SD) unless otherwise stated. For ordinal data 

(insulitis and fibrosis scores) only the mean value is 

reported. Results with a p value < 0.05 were considered as 

statistically significant. 
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Figure 1. Age-related structural and inflammatory changes in pancreatic islets. (A) Fibrosis of Langerhans islets, 

representative image (20x magnification) of a fibrotic islet and healthy islets (grade 0 fibrosis) in male C57BL/6J mice; n=7-8. 

(B) Activation of pancreatic stellate cells by αSMA-staining in Langerhans islets in male C57BL/6J mice; n= 7-8. (C) Insulitis, 

representative image of an insulitis islet and healthy islets (grade 0 insulitis) in male C57BL/6J mice; n=7-8. (D) Intra-islet 

macrophages (CD68+cells) in male C57BL/6J mice; n=7-9. (E) Representative image of macrophage (CD68+) staining in 

pancreatic tissue. (F) Gene expression results of young (3 months) and old (26 months) male and female mice in Langerhans 

islets for TNFα, CDKN2a/p16 Ink4a and Ins2; n= 6-10. Data are presented as mean +/- SD or mean; depending on normality, 

statistical analysis by unpaired Student’s t-test or Mann-Whitney U test for comparison between two groups or ordinary one-way 

ANOVA (Tukey’s multiple comparison test or Dunn’s multiple comparison test) for comparison between 3 groups. * p<0.05; ** 

p<0.01; *** p<0.001.  Ins2= Insulin 2, SD= standard deviation; TNFα= tumor necrosis factor α. 

RESULTS  

 

Aging increases inflammation and fibrosis in old islets  

 

We have previously demonstrated that aging in mice is 

associated with increased fibrosis and insulitis in 

pancreatic islets [10]. To further support this dataset, we 

analyzed now distinct aging stages in pancreatic tissue 

sections from mice aged 3, 19, and 24 months. The current 

dataset supports and extends previous findings by 

confirming both pathological features in independent 

cohorts covering distinct aging stages. In particular, the 

proportion of fibrotic islets, identified by morphology and 

αSMA staining, was significantly increased in 19-month-

old animals, with no further increase observed at 24 

months, suggesting a plateau in fibrotic remodeling (Fig. 

1A, B). In contrast, insulitis prevalence and the number of 

macrophages (CD68+ cells) were most pronounced at 24 

months, indicating a late-onset inflammatory response in 

pancreatic islets (Fig. 1C-E). In addition, analysis of 

intrapancreatic adipocyte infiltration, considered a 

potential contributor to inflammation, revealed greater 

variability in aged animals, but no significant increase was 

observed (see Supplementary Fig. 3A). To support the 

histological observations, gene expression analysis was 

performed in isolated islets from young (5 months) and 

old (26 months) mice, showing an increased expression of 

the cytokine TNF-α as well as higher expression of the 

senescence marker CDKN2a/p16Ink4a, while Ins2 

expression tended to decline in aged islets (Fig. 1F).  

 

 
 

Figure 2. Increased TLR4 ligands with age and cellular localization in islets. (A) Measurement of endotoxin in plasma 

from young and old male C57BL/6J mice; n= 9-10, mean +/- SD, unpaired Student‘s t-test. (B) Measurement of TLR4 ligands 

in pancreatic tissue lysate from young and old C57BL/6J mice via SEAP-reporter assay; n= 10, mean +/- SD, Mann-Whitney 

U Test, *p<0.05. (C) Representative image of TLR4 and Insulin co-staining in dispersed murine Langerhans islets from old 

C57BL/6J mice; orange arrow pointing at non-insulin, presumably immune cells while white arrows are showing TLR4 

expression in insulin-positive accordingly β-cells. SD = standard deviation, TLR4 = Toll-like receptor 4. 
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Figure 3. Ex vivo LPS stimulation of aged islets with and without TLR4 inhibition. (A) 

Experimental setup for the stimulation of Langerhans islet, Created in BioRender. Jelleschitz, J. (2025) 

https://BioRender.com/eb3k0lk. (B) Gene expression in Langerhans islets of MyD88, TNFα, IL-1ß, 

iNOS and IL-6. Data are mean +/- SD, n=3, ordinary one-way ANOVA between selective groups 

(Šídák's multiple comparisons test or Holm-Šídák's multiple comparisons test); *p<0.05, **p<0.01. IL 

= Interleukin, iNOS = inducible nitric oxide synthase, LPS = Lipopolysaccharide, SD = standard 

deviation, MyD88 = myeloid differentiation primary response 88, TNFα = tumor necrosis factor α. 

Age-related increase of TLR4 ligands and β-cell TLR4 

expression  

 

Bacterial toxins are known inducers of inflammation and 

may increase during aging, possibly due to increased 

intestinal permeability [33, 34]. Measurement of plasma 

endotoxin concentration in young and old mice revealed a 

trend (p = 0.0619) towards higher levels in aged mice 

(Fig. 2A). To assess whether such inflammatory stimuli 

might directly affect the pancreas, TLR4 ligands were 

quantified in pancreatic tissue lysates and were 

significantly elevated in aged mice compared to young 

controls (Fig. 2B). Furthermore, single-cell 

immunofluorescence staining of dissociated murine 

Langerhans islets demonstrated TLR4 expression in 

insulin-positive cells, suggesting that pancreatic β-cells 

may directly participate in TLR4 mediated signaling. 

However, TLR4 signal was also detected in insulin-

negative cells, likely including immune cells, which are 

known to be the predominant site of TLR4 expression 

(Fig. 2C).  

Effect of LPS stimulation and pre-treatment with 

TAK-242 on aged isolated Langerhans islets  

 

Given that, in addition to intra-islet immune cells, β-cells 

also express TLR4, we examined whether ligand-

mediated TLR4 activation and its pharmacological 

inhibition modulate islet inflammation. Ex vivo LPS 

stimulation did not reveal significant differences between 

young and old islets (Supplementary Fig. 2), possibly 

reflecting the absence of in vivo microenvironmental cues 

such as continuous cytokine exposure and immune-

stromal interactions. We therefore focused on aged islets, 

which are characterized by higher basal immune cell 

infiltration and TLR4 expression. 

Langerhans islets from old mice were isolated and 

recovered overnight, then pre-incubated with 10 µM 

TAK-242 or vehicle, followed by a 6 h stimulation with 1 

µg/ ml LPS (Fig. 3A). Gene expression analysis revealed 

an LPS-dependent increase in TLR-signaling pathways 

indicated by higher MyD88 expression and elevated levels 

of pro-inflammatory markers (TNFα, IL-1β, iNOS, IL-6) 

https://biorender.com/eb3k0lk
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compared to the untreated control. In addition, pre-

treatment with TAK-242 inhibited LPS-induced increase 

of MyD88 and cytokine and iNOS expression, reducing 

the LPS-dependent inflammatory signal (Fig. 3B).  

 

 

 
 
 

Figure 4. Pharmacological TLR4 inhibition ameliorates age-related islet alterations. (A) Study design of inhibitor 

treatment in aged, male C57BL/6J mice. Created in BioRender. Jelleschitz, J. (2025) https://BioRender.com/eb3k0lk. 

(B) Glucose tolerance and area under the curve. (C) β-cell mass of pancreatic tissue. (D) Random plasma insulin. (E) 

Random plasma insulin normalized to β-cell mass. (F) Islet Composition of α-, β- and δ-cells with representative 

immunofluorescence panel for the staining of old mice and old+TAK242 mice, showing α-cells (glucagon positive), 

β- cells (insulin positive) and δ-cells (somatostatin positive). (G) Proliferative nuclei in Langerhans islets. (H) Fibrosis 

Scoring and Grade 4 fibrotic islets. (I) αSMA staining to analyse activated pancreatic stellate cells. All data are mean 

+/- SD or mean; n= 8-9; Unpaired Student’s t-test or Mann-Whitney U test; *p<0.05. DMSO = dimethyl sulfoxide, 

i.p. = intraperitoneal, PCNA=proliferating cell nuclear antigen, SD = standard deviation. 

https://biorender.com/eb3k0lk
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TAK-242 treatment influences insulin secretion and 

reduces fibrosis of Langerhans islets  

 

To assess whether TLR4 inhibition can modulate age-

related structural, functional, and inflammatory changes 

in Langerhans islets in vivo, 17-month-old C57BL/6J 

mice, an age at which circulating TLR4 ligand levels are 

elevated [33], were treated with TAK-242 or vehicle for 

four months (Fig. 4A). No difference in body weight and 

weight gain were observed between the groups 

(Supplementary Table 2). Glucose metabolism was 

assessed by an intraperitoneal glucose tolerance test 

(GTT) prior to sacrifice. However, the response to glucose 

did not differ between both groups as shown by the 

calculation of the area under the curve (Fig. 4B). As β-cell 

mass may increase with age and might be an early first 

sign of β-cell compensation due to β-cell failure [35], 

embedded pancreatic tissue was stained for insulin. The 

calculated β-cell mass was not affected by TAK-242 

treatment (Fig. 4C). However, random plasma insulin was 

increased in TAK-242 treated mice compared to untreated 

controls, and insulin secretion normalized to β-cell mass 

was likewise increased. This suggests that TLR4 

inhibition may enhance the secretory capacity of β-cells 

without altering their overall mass (Fig. 4D, E). As aging 

may alter the relative proportions of α-, β-, and δ-cells 

within the islets and thereby influence β-cell function, 

pancreatic tissue was stained for these cell types and islet 

composition was quantified. However, no differences 

were observed between the groups (Fig. 4F).  

To assess the proliferative potential of β-cells, nuclei 

positive for the proliferation marker PCNA were 

quantified within islets of both groups. The proportion of 

PCNA-positive nuclei within the islet was significantly 

higher in TAK-242 treated mice (Fig. G). Further 

histopathological characterization of the pancreatic tissue 

sections included fibrosis scoring of Langerhans islets. 

Indeed, TAK-242 treated mice showed a significantly 

higher proportion of grade 0 (healthy) islets and less grade 

4 fibrotic islets (Fig. 4H). Consistently, αSMA positive 

staining within the islets was significantly reduced 

following TAK-242 treatment (Fig. 4I). 

 

 
Figure 5. Reduced insulitis and immune cell infiltration by TLR4 inhibition in aged islets. (A) Insulitis 

Scoring, healthy islets and grade 2 islets. (B) Intra-islet leukocyte (CD45+) accumulation. (C) Intra-islet 

macrophage (CD68+) accumulation. (D) Intra-islet T-lymphocyte (CD3+) accumulation. (E) Intra-islet 

cytotoxic T-lymphocyte (CD3+CD8a+) accumulation. All data are mean +/- SD or mean; n= 8-9; Unpaired 

Student’s t-test or Mann-Whitney U test; *p<0.05. DMSO= dimethyl sulfoxide; SD = standard deviation. 
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Figure 6. Myeloid-specific TLR4 deletion alters glucose metabolism and islet cell composition. (A) Glucose tolerance, area 

under the curve and fasting blood glucose levels in young and old Tlr4fl/LyzM-cre and WT mice. (B) Random plasma insulin. (C) 

Glucose-stimulated insulin secretion in isolated Langerhans islets under basal (1mM) and high (25 mM) glucose concentration. 

(D) β-cell mass in pancreatic tissue. (E) Random plasma insulin normalized to β-cell mass. (F) Glycogen measurement in 

quadriceps muscle tissue. G. Islet composition of α-, β-, and δ- cells. (H) Proliferative nuclei in Langerhans islets. All data are 

mean +/- SD or mean; n= 7-9; two-way ANOVA with uncorrected Fisher’s LSD; *p<0.05, ** p<0.01; *** p<0.001; 

****p<0.0001. SD = standard deviation, TLR4 =Toll-like receptor 4, WT= Wildtype.   

Insulitis, and particularly macrophage accumulation 

in Langerhans islets is reduced by TAK-242 treatment 

in aged mice 

 

A 4-month treatment in aged mice with TAK-242 

attenuated the immune cell accumulation in islets 

compared to the untreated control. This was reflected by 

a significantly higher proportion of healthy islets, mainly 

due to a reduction in grade 2 infiltrated islets in the 

inhibitor-treated group (Fig. 5A). Consistently, while 

peri-insulitis accumulation of total leukocytes (CD45+) 

remained unchanged, (Supplementary Fig. 1), a lower 

number of intra-islet leukocytes was observed (Fig. 5B). 

Analysis of immune cell subtypes revealed selectively 

reduced macrophage infiltration without affecting other 

immune cell populations due to the inhibitor treatment 

(Fig. 5C- E).  

 

Myeloid-specific TLR4 deficiency may alter 

Langerhans islet composition and insulin secretion in 

aging  

 

Since pharmacological TLR4 inhibition improved age-

related changes in Langerhans islets by reducing insulitis, 

fibrosis, and macrophage infiltration, we next asked 

whether the absence of TLR4 in myeloid cells could 

represent a preventive scenario. To address this, a 

myeloid-specific TLR4 knockout model was used and 

young (4 months) and old (20 months) knockout and WT 

mice were examined to assess islet composition, β-cell 

function, and systemic glucose metabolism.  
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Figure 7. Impact of myeloid TLR4 deletion on islet fibrosis, insulitis, and immune infiltration. (A. Fibrosis scoring and 

healthy, non-fibrotic islets. (B) αSMA staining to analyse activated pancreatic stellate cells. (C) Insulitis scoring and healthy 

islets. (D) Intra- and peri-islet leukocytes (CD45+). (E) Intra- and peri-islet macrophages. (F) Intra-islet T-lymphocytes. (G) 

Intra- and peri-islet cytotoxic T-lymphocytes.  All data are mean +/- SD or mean; n= 8-9; two-way ANOVA with uncorrected 

Fisher’s LSD; *p<0.05, ** p<0.01; *** p<0.001; ****p<0.0001. SD = standard deviation, TLR4 =Toll-like receptor 4, WT 

= Wildtype. 

Glucose tolerance tests performed one week prior to 

sacrifice showed no significant differences in glucose 

clearance between groups, although aged Tlr4fl/LyzM-cre 

mice tended (p = 0.0955) to have higher fasting blood 

glucose than aged WT (Fig. 6A). Interestingly, random 

plasma insulin was higher in aged Tlr4fl/LyzM-cre compared 

with both young Tlr4fl/LyzM-cre and aged WT (Fig. 6B). In 

GSIS assays, islets from aged Tlr4fl/LyzM-cre mice secreted 

more insulin under basal glucose (1 mM) but showed a 

blunted response to high-glucose stimulation (25 mM) 

compared with aged WT mice (Fig. 6C). Besides that, also 

β-cell mass increased significantly in aged Tlr4fl/LyzM-cre, 

and tends (p = 0.0626) to be higher than in aged WT mice. 

When random plasma insulin was normalized to β-cell 

mass, insulin output declined with age in WT mice, 

whereas this decline was already present in young 

Tlr4fl/LyzM-cre mice (Fig. 6E). Muscle glycogen levels were 

also affected by genotype and age: they were elevated in 

young Tlr4fl/LyzM-cre and declined with age, reaching levels 

significantly lower than those in aged WT mice (Fig. 6F). 

To asses, if the changed insulin secretion is linked to islet 

architecture, we performed triple staining for α-cells 

(glucagon positive), β-cells (insulin positive) and δ-cells 

(somatostatin positive). In young Tlr4fl/LyzM-cre mice, 

insulin-positive area was reduced, whereas glucagon-

positive area was increased (Fig. 6G). Finally, 

proliferative activity was evaluated using PCNA staining 

and analysis revealed a significant age-related decrease of 

PCNA+ nuclei within islets in Tlr4fl/LyzM-cre as well as in 

WT, indicating reduced proliferative capacity with aging 

regardless of genotype (Fig. 6H).  
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Myeloid TLR4 deficiency alters immune cell 

composition without affecting islet fibrosis or insulitis 

 

Building on the observed alterations in islet function and 

cellular composition in Tlr4fl/LyzM-cre mice, the analysis 

was extended to determine whether myeloid-specific 

TLR4 deficiency affects structural remodeling and 

immune cell infiltration that characterize aging islets. In 

contrast to previous findings, we did not observe a 

significant decrease in healthy, non-fibrotic islets in aged 

WT mice. However, aged Tlr4fl/LyzM-cre showed a marked 

reduction compared to young Tlr4fl/LyzM-cre animals (Fig. 

7A). Similarly, αSMA-positive area did not increase in 

WT controls of the current cohort, and αSMA staining 

remained unchanged across all groups, including aged 

Tlr4fl/LyzM-cre (Fig. 7B). Regarding insulitis, the proportion 

of non-infiltrated islets declined in aged WT mice, but not 

significantly in Tlr4fl/LyzM-cre mice (Fig. 7C). Despite this, 

intra-islet and peri-islet leukocyte accumulation increased 

in both genotypes (Fig. 7D), suggesting persistent 

immune cell activation in aging pancreas regardless of 

myeloid TLR4 signaling. Subtype-specific analysis 

revealed that macrophages (CD68+) were elevated in both 

aged groups, although peri-islet macrophage 

accumulation tended to be lower in aged Tlr4fl/LyzM-cre 

(p = 0.0836; Fig. 7E). T-lymphocytes (CD3+) were 

significantly elevated only in old WT mice (Fig. 7F). 

Despite that, further characterization of T-lymphocytes 

revealed an increase in intra-islet cytotoxic T-cells 

(CD3+CD8a+) in both aged genotypes, but significantly 

lower in the old Tlr4fl/LyzM-cre mice compared to the old 

WT mice. In contrast, peri-islet accumulation of cytotoxic 

T-cells revealed a significant increase in old Tlr4fl/LyzM-cre 

compared to their young counterparts and even exceeded 

levels observed in aged WT mice (Fig. 7G). Overall, these 

findings suggest that while myeloid-specific TLR4 

deletion does not attenuate fibrotic or inflammatory islet 

remodeling during aging, it alters the subtype composition 

and spatial distribution of immune cells within the islet 

microenvironment. 

 

DISCUSSION 

 

A progressive decline in β-cell function in aging 

contributes to the increased prevalence of T2D in the 

elderly [36, 37]. Among lifestyle factors and genetic 

predisposition, the role of chronic, low-grade 

inflammation partly driven by a higher intestinal 

permeability and increased bacterial toxins, in particular 

LPS, is increasingly recognized as contributor [38-40]. 

This inflammatory milieu can also precede overt T2D and 

directly impair β-cell function [41, 42]. In fact, in our 

aging cohort, plasma endotoxin levels tended to be higher 

in old mice, and pancreatic TLR4 ligands were 

significantly elevated (Fig. 2A, B). Single-cell 

immunostaining (Fig. 2C) confirmed TLR4 expression 

not only in immune, but also in insulin-positive cells, 

indicating that both resident immune cells and β-cells may 

directly respond to bacterial ligands and contribute there 

to local inflammation. These changes coincided with 

increased insulitis, macrophage infiltration, fibrosis, 

elevated TNFα, and induction of the senescence marker 

CDKN2a/p16Ink4a, suggesting that TLR4-mediated 

inflammation is a plausible driver of age-related islet 

dysfunction (Fig. 1). Interestingly, while fibrotic and 

immune cell accumulation were clearly pronounced in 

aging tissue, adipocyte depots, which are also known to 

promote inflammation [43], were not significantly 

elevated in aging pancreatic tissue. Also blocking TLR4 

resulted in no change of adipocyte depots (Supplementary 

Fig. 3).   Locally increased inflammation in aged islets 

may impair β-cell function potentially by changing insulin 

gene expression. In line with this, Maedler et al. 

demonstrated, that TLR4 activation by LPS can impair β-

cell function and accordingly insulin secretion, via 

induction of cytokine and chemokine expression [38, 44]. 

Therefore, targeting TLR4 to block downstream cytokine 

induction could reduce local islet inflammation and 

preserve β-cell function during aging.  

To determine whether pharmacological inhibition of 

this pathway could mitigate age-associated islet 

dysfunction and remodeling, aged mice were treated for 

four months with the selective TLR4 inhibitor TAK-242. 

TAK-242 disrupts the interaction of TLR4 with adaptor 

molecules by binding to the Cys747 residue in its 

intracellular domain [45, 46]. In previous studies, 

administration of TAK-242 in muscle tissue could prevent 

insulin resistance [47, 48], which is closely linked to 

proper β-cell function. However, its inhibitory effect in 

Langerhans islets remains largely unexplored. In vitro 

experiments in human Langerhans islets from Maedler et 

al. [38], as well as our studies in murine islets (Fig. 3), 

demonstrated that the inhibitor can directly suppress LPS-

induced cytokine expression in Langerhans islets by 

inhibiting the activation of MyD88 gene expression. After 

confirming this short-term inflammatory effect ex vivo, 

we performed in vivo experiments in aged animals, at a 

stage when circulating bacterial toxins are known to be 

elevated as seen in previous experiments [33]. From this 

time point, male C57BL/6J mice received a four-month 

treatment with TAK-242 or DMSO as vehicle (Fig. 4A). 

Fibrosis, one of the earliest signs of tissue aging, was 

reduced in islets from TAK-242–treated animals. This 

effect is likely mediated by successful reduction of 

TLR4/MyD88/NF-κB signaling, consistent with findings 

from Liu et al. in liver tissue [49]. Further, in preclinical 

fibrosis models TAK-242 attenuated fibrosis by reducing 

the production of pro-fibrotic mediators and accordingly 
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attenuated collagen synthesis and myofibroblast 

differentiation [50]. In line with this mechanism, we 

observed, that the inhibitor treatment reduced αSMA+ 

staining in islets (Fig. 4I). This is marker for activated 

pancreatic stellate cells (PSC), which, upon cytokine 

stimulation, transform into collagen-producing 

myofibroblasts that drive islet fibrosis. [51, 52]. Although 

β-cells are generally considered postmitotic with only 

minimal proliferation capacity in aging [26, 53], TAK-

242 treatment partly preserved this potential, as evidenced 

by an increased number of PCNA+ nuclei in islets (Fig. 

4G). Combined with the observed increase in random 

plasma insulin, even when normalized to β-cell mass (Fig. 

4D, E) and remaining below hyperinsulinemic levels, 

these findings support the maintenance of β-cell function 

in aging.  

Despite these local improvements, including reduced 

insulitis, fibrosis, and preserved β-cell proliferative 

potential, these effects did not translate into systemic 

metabolic benefits (Fig. 4B), possibly due to the relatively 

short intervention period. Moreover, circulating insulin 

reflects both β-cell secretion and systemic clearance, 

including enzymatic degradation by insulin-degrading 

enzyme ([54-56]. As insulin clearance was not assessed, 

interpretations of β-cell function from plasma insulin 

levels remain limited. Additionally, heterogeneity in 

insulin sensitivity among aged C57BL/6J mice [57] may 

further obscure links between local islet improvements 

and systemic glucose control. Nevertheless, clear 

histological improvements were observed, also regarding 

immune cell infiltration frequently accompanying fibrotic 

changes, as evident in our aging cohort (Fig. 1). 

Insulitis, originally described in diabetic conditions 

[58-60], was recently demonstrated by us in healthy aging 

mice [10], showing immune cell profiles similar to 

diabetic phenotypes. Treatment with TAK-242 reduced 

immune cell accumulation, especially islets scored grade 

2 (<50% immune cell infiltration). This reduction was 

driven by fewer intra-islet leukocytes (CD45+), whereas 

peri-islet leukocytes remained unchanged (Fig. 5, 

Supplementary Fig. 1). Subtype analysis revealed a 

selective decrease in macrophage accumulation (CD68+) 

but not in T-lymphocytes. Given that macrophages are 

among the first immune cells to initiate insulitis, increase 

in autoimmune diabetes before T-cell involvement [61, 

62], and express high levels of TLR-4, they are likely the 

primary mediators of the observed inhibitor effect [63]. 

These findings suggested a potentially critical role of 

myeloid TLR4 signaling in age-related islet inflammation 

and β-cell decline, which was further addressed using a 

myeloid-specific TLR4 knockout model.  

Contrary to the initial hypothesis, which predicted 

that myeloid-specific TLR4 deletion would attenuate 

inflammation and improve age-related β-cell dysfunction, 

old Tlr4fl/LyzM-cre mice instead showed disturbed glucose 

homeostasis and altered insulin dynamics compared to 

age-matched WT controls. While glucose tolerance was 

unaffected, fasting blood glucose tended to be elevated, 

and GSIS assays revealed increased basal insulin 

secretion in old Tlr4fl/LyzM-cre islets (Fig. 6 A, C) - a feature 

commonly associated with early insulin resistance and 

type 2 diabetes [64]. Further, random plasma insulin was 

solely elevated in aged Tlr4fl/LyzM-cre, but when normalized 

to β-cell mass, insulin output was already reduced in 

young Tlr4fl/LyzM-cre mice, suggesting an early defect in β-

cell secretory capacity (Fig. 6B, E). Additionally, β-cell 

mass was markedly increased in aged Tlr4fl/LyzM-cre mice, 

and together with age-associated reduced proliferation 

potential of β-cells shown by reduced PCNA+ nuclei (Fig. 

6D, G), resembles compensatory β-cell hypertrophy seen 

in diabetic models. Impaired insulin action was also 

observed in the quadriceps muscle tissue, as glycogen, 

initially elevated in young Tlr4fl/LyzM-cre mice, declined 

sharply with age in Tlr4fl/LyzM-cre mice (Fig. 6 F). Balanced 

immune cell signaling seems critical for β-cell function, 

since whole-body TLR4 knockout in non-obese mice used 

for autoimmune diabetes research even accelerated the 

diabetic phenotype by increasing β-cell mass, insulitis and 

insulin resistance [65]. In contrast, other studies showed 

an attenuation of the diabetic phenotype and β-cell 

dysfunction in TLR4 knockout models [66, 67], resulting 

in contradictory findings.  

Interestingly, the lifelong absence of TLR4 signaling 

in myeloid cells may disrupt developmental priming of β-

cell function. In young Tlr4fl/LyzM-cre mice, islet 

composition was altered, with reduced insulin-positive 

area alongside increased glucagon-positive area within 

pancreatic islets (Fig. 6G), pointing to an early imbalance 

in endocrine cell ratios. As macrophages are known to 

shape the islet microenvironment through cytokine 

production and tissue remodeling [68, 69], their inability 

to respond to TLR4 ligands could impair immune-

endocrine crosstalk essential for β-cell maintenance and 

maturation. In contrast to the TLR4 inhibitor treatment, 

insulitis and fibrosis were neither attenuated nor 

accelerated by a myeloid-specific TLR4 knockout (Fig. 

7A-C). But further immune cell subtype analysis in aged 

knockout mice revealed peri-islet cytotoxic T-cell 

accumulation (Fig. 7D-G), which are known to be a driver 

for β-cell destruction in diabetes-associated insulitis [60, 

70, 71], and which may therefore aggravate local 

inflammation and compromise β-cell function.  

To conclude, our findings highlight a critical 

difference between short-term pharmacological inhibition 

and lifelong genetic deletion. In aged mice short-term 

TLR4 blockade reduces fibrosis, insulitis, and 

macrophage infiltration while preserving β-cell function 

supporting healthy aging of the Langerhans islets. These 
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local structural improvements may, over a longer 

treatment period, also translate into measurable metabolic 

benefits.  

In contrast, constitutive loss of TLR4 in myeloid 

cells, initiated before the immune and endocrine systems 

fully mature, appears to remove necessary developmental 

cues, leading to altered islet architecture, dysfunctional 

insulin secretion, and features of early insulin resistance. 

Thus, while TLR4 inhibition may be beneficial in the 

context of established low-grade inflammation during 

aging, lifelong loss of myeloid TLR4 signaling can be 

detrimental, particularly when initiated during 

development. 
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