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A B S T R A C T   

Dietary intake of processed meat is a risk factor for cardiovascular disease. However, the effects of processed 
meats on lipid metabolism in macrophages, a key regulator of cardiovascular risk, have remained largely 
unexplored. 

Extracts of processed meats, but not their fresh non-processed equivalents, were found to promote a significant 
increase in macrophage lipid accumulation in vitro. Calibrated receptor-dependent reporter assays revealed that 
pro-inflammatory stimulants of Toll-like receptor (TLR)-2 and TLR4 were low or undetectable in fresh meats, but 
rose dramatically following chopping and storage at 4 ◦C. Lipid accumulation in response to processed meats 
correlated well with TLR-stimulant content, was significantly reduced in TLR4-deficient macrophages, and was 
absent in response to meats stored frozen to prevent bacterial growth. TLR-stimulation significantly increased the 
incorporation of 14C-acetate into cellular lipids, and induced lipid accumulation in the absence of exogenous 
lipoproteins, suggesting a key role for de novo lipid synthesis in this process. Aortic atherosclerosis was also 
significantly accelerated in Apoe− /− mice receiving a diet supplemented with TLR-stimulants at concentrations 
relevant to those measured in processed meats, compared to normal chow. 

The findings reveal novel mechanisms which may be of relevance to the observed connections between 
processed meat consumption, inflammatory markers and cardiovascular risk.   

1. Introduction 

Atherosclerosis is a chronic inflammatory disease of the arteries that 
is responsible for the majority of heart attacks and strokes (Bäck, et al., 
2019). Population studies have shown that the consumption of pro-
cessed meats is associated with significantly increased risk of cardio-
vascular disease relative to the consumption of equivalent quantities of 
unprocessed meats, which are otherwise identical in macronutrient 
content (Micha, et al., 2010; Rohrmann et al., 2013). Positive correla-
tions between processed food consumption and elevated inflammatory 
markers have also been reported (Lopez-Garcia, et al., 2004; Fung et al., 
2001; Chrysohoou et al., 2004). However, the mechanisms underpin-
ning these associations, and in particular the nature of the stimuli pre-
sent within processed foods that are responsible for initiating or 
sustaining the inflammation and the accumulation of lipid in 

macrophages that together drive atherosclerotic plaque formation, 
remain to be fully established (Bäck, et al., 2019). 

We found recently that some forms of processed foods, defined as 
those which are physically or chemically altered from the fresh form of 
the same foods before storage, can contain pathogen-associated molec-
ular pattern (PAMPs), in the form of stimulants of Toll-like receptor 
(TLR)-2 and TLR4 derived from the food spoilage microbiota, at con-
centrations which greatly exceed those found in the commensal micro-
biota of the healthy small intestine (Erridge, 2010; Faraj et al., 2019). In 
particular, products containing processed meats, especially when stored 
at refrigeration temperature rather than frozen, were the category found 
to most frequently contain a high PAMP content. In human feeding 
studies, a high PAMP diet was shown to increase markers of inflam-
mation and LDL-cholesterol within one week compared to a low PAMP 
diet, and nutritionally identical meals differing in PAMP content had 
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opposing effects on leukocyte inflammatory markers (Herieka, et al., 
2016). Chronic consumption of high PAMP diets also triggered hepatic 
inflammation and impaired reverse cholesterol transport in wild-type 
C57BL/6 mice, compared to a control group receiving a low PAMP 
diet (Faraj, et al., 2019). 

These findings raise the question of whether dietary TLR-stimulants 
may contribute to the observed relationship between processed food 
intake and cardiovascular risk. We therefore explored the effects of 
processed meat extracts on lipid accumulation in macrophages, with a 
view to establishing candidate molecules and mechanisms responsible 
for regulation of macrophage foam cell formation. The effects of dietary 
intake of TLR-stimulants on aortic atherosclerosis were also examined in 
Apoe− /− mice. 

2. Methods 

2.1. Preparation of food extracts 

Since our earlier work identified processed foods containing minced 
meats as being at relatively high risk of containing elevated levels of 
PAMPs (Erridge, 2010), extracts were prepared from 9 unprocessed 
(fresh) meat samples (3 beef, 3 chicken, 3 pork), and 16 processed meat 
samples (8 sausage, 8 burger), all at or before the ‘Best before’ date 
stated on the packaging. Information on the species of origin and 
nutritional properties of each sample is presented in Table S1 of the 
online Data Supplement. In parallel, samples of fresh mince were stored 
at either − 20 ◦C (a control condition to prevent bacterial growth during 
storage) or at 4 ◦C, for 13 days prior to extraction by homogenising 10 g 
of each product in 100 ml phosphate buffered saline (PBS). The samples 
were then heat treated at 90 ◦C for 10 min to sterilise the sample and to 
simulate the effects of cooking. This protocol maintains the biological 
activity of TLR-stimulants contained in the samples (Erridge, 2010). 
Samples were then stored at − 20 ◦C before batch assay for 
TLR-stimulant content and capacity to stimulate foam cell formation. 

2.2. Quantification of TLR-stimulants and TLR transfection for lipid 
droplet assay 

A calibrated HEK-293 TLR-transfection assay was used to quantify 
food-borne TLR2 and TLR4 stimulants as described previously (Erridge, 
2010). Briefly, HEK-293 cells were transfected with plasmids coding for 
the following genes: human (h)TLR2 or hTLR4 (co-expressing hMD-2, 
Invivogen) and hCD14. The primary reporter construct was an 
NF-κB-sensitive luciferase-reporter (pGL3 containing the E-selectin 
promoter, Promega), and the internal transfection efficiency control was 
a thymidine-kinase promoter driven renilla reporter. Cells were trans-
fected in 96-well plates with 30 ng of each TLR, 30 ng CD14, and 10 ng 
of each reporter construct per well using Genejuice (Merck). After a 
further 72 h, cells were challenged with food extracts diluted ten-fold in 
DMEM containing 1% FCS. To permit quantification of the relative 
biological activities of TLR-stimulants contained within the samples, 
standard curves were prepared in the same plates using serial dilutions 
of the canonical TLR2-stimulant Pam3CSK4 or TLR4-stimulant E. coli 
LPS. NF-κB reporter activity was measured 18 h after challenge with 
standards and extracts. The relative biological activities of each type of 
TLR-stimulant in the samples were then calculated in comparison to the 
respective standard curve. The lower limit of detection of the assay was 
~10 ng LPS- or Pam3CSK4-equivalents per gramme of food. 

The same transfection protocol was also applied in some experiments 
to assess lipid droplet formation in TLR-expressing HEK-293 cells. 2 days 
post transfection, cells were stimulated with medium alone (control), 1 
μg/ml Pam3CSK4 or 1 μg/ml E. coli LPS for a further 72 h. Cytosolic 
accumulation of lipid droplets was then assessed by Oil-Red-O staining 
and light microscopy, as described for macrophages. Parallel experi-
ments with additional co-transfection of mCherry constructs confirmed 
70–80% transfection efficiency. 

2.3. Macrophage foam cell formation assays 

J774A.1 macrophages (ECACC 91051511) were plated at a density 
of 104 cells per well of 96-well plates for microscopy, or 4 x 104 cells per 
well of 24-well plates for flow cytometry, and incubated overnight prior 
to treatment with indicated concentrations of meat extracts, Pam3CSK4 
(Invivogen), or E. coli O111 LPS (Sigma Aldrich) in DMEM containing 
0% or 10% FCS for 72 h. To measure foam cell formation by microscopy, 
macrophages were stained with the lipophilic dye Oil-Red-O as previ-
ously described (Nicolaou, et al., 2012). Briefly, cells were washed with 
PBS, fixed with 4% paraformaldehyde for 10 min at 4 ◦C, washed twice 
again with PBS and then incubated for 30 min in the dark with Oil Red O 
(3 mg/mL in 60% isopropanol). The cells were then washed three times 
in PBS and examined by brightfield microscopy using a Zoe fluorescent 
imager (Bio-Rad). Foam cells were defined as those containing ≥5 Oil 
Red O-positive lipid droplets per cell, which appear black in the 
monochrome images shown. In some experiments, responses were 
measured in a Tlr4-deficient RAW macrophage cell-line (RAW TLR4 KO, 
Invivogen), and its parental clone which expresses functional Tlr4 (RAW 
DUAL, Invivogen). 

For quantification of foam cell formation by flow cytometry, mac-
rophages were fixed after challenge with 4% paraformaldehyde for 10 
min at 4 ◦C, washed twice again with PBS and then incubated with 10 
μg/mL of the neutral lipid staining fluorescent dye Nile Red in PBS for 
30 min in the dark. Cells were then washed twice in PBS, and gently 
resuspended using a cell scraper. Mean fluorescence intensity at 530 nm 
(a measure of total cellular neutral lipid content (Nicolaou, et al., 2012)) 
was then measured for each culture using an Accuri C6 flow cytometer 
(BD). At least 10,000 events were captured per sample from at least 3 
independent experiments. 

2.4. Mice and dietary PAMP supplementation 

Apoe− /− mice fully backcrossed onto the C57BL/6 line (n = 20 male, 
23 female, Charles River, UK) were acclimatised from 6 weeks of age at 
the University of Leicester specific pathogen free (SPF) animal housing 
facility. Mice were given ad libitum normal chow (low-fat, TestDiet 
5LF2) and drinking water which was unmodified (control group), or 
supplemented (treatment group) with 100 μg/ml E. coli O111:B4 LPS, 1 
μg/ml Pam3CSK4 and 1 μg/ml iEDAP (PAMP group), for 10 weeks from 8 
to 9 weeks of age. These concentrations are equivalent to those experi-
enced at the higher end of human dietary PAMP intake when accounting 
for the ~250-fold lower sensitivity of mice to endotoxin in comparison 
with humans (Copeland et al., 2005). Mice were randomly allocated to 
control or PAMP treatment by technicians blinded to experimental 
outcomes. Genotype was confirmed by tail clip PCR. All mouse experi-
ments were conducted according to Home Office guidelines and with 
institutional and Home Office approval (PPL60/4332). 

2.5. Aortic plaque quantification 

Aortic plaque development was measured by en face Oil-Red-O 
staining, as described previously (Watt, et al., 2011). Briefly, aortae 
were excised and fixed for 24 h in 4% paraformaldehyde. Adventitial fat 
was carefully removed, and longitudinally opened aortae were then 
stained with Oil-red O for 15 min, followed by destaining for 2 min in 
60% isopropanol. Pinned aortae were then imaged using a dissection 
microscope and Oil-red-O-positive area was quantified as a percentage 
of the aortic surface using Leica Application Suite 4.0 software. 

2.6. Statistical analyses 

One way ANOVA with Tukey’s or Dunnett’s post-test was used to 
compare the means of more than two groups, otherwise two-tailed 
Student’s T-tests were used for pairwise comparisons. Data normal-
isations were log10-transformation for food-borne PAMP concentrations 
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and square root for aortic plaque area. Statistical significance was 
assumed at P < 0.05. Individual points on scatter plots represent data 
from independent mice and means were calculated from biological 
rather than technical replicates. Error bars shown are SEM. Data analysis 
was performed using GraphPad Prism version 7.0 and Microsoft Excel. 

3. Results 

3.1. Processed meat extracts stimulate foam cell formation in vitro 

Because lipid accumulation in macrophages is a key driver of 
atherosclerosis (Moore, et al., 2013), we tested whether processed meats 
or their unprocessed equivalents may impact on this pathway using an in 
vitro assay of foam cell formation. Extracts of fresh meats (in the form of 
large unchopped pieces, at least 5 days before the “best before date”), 
did not stimulate significant foam cell formation in J774A.1 macro-
phages. However, after aliquots of the same fresh meats had been 
minced and then stored for 13 days at 4 ◦C, all of the samples triggered 
significant accumulation of lipid droplets, as did 8 of 16 shop-bought 
processed meats without further storage (Fig. 1A and B). A linear 
regression model indicated that while the species of origin of the pro-
cessed meats, or relative content of total fat, saturated fat, carbohydrate, 
protein, energy or salt, did not significantly predict the lipid accumu-
lation response, the format of original meat samples (i.e. burger or 
sausage), had a significant impact on this phenotype (p = 0.033, 
Table S2). 

Calibrated receptor-dependent HEK-293 cell reporter assays 
(Erridge, 2010) then revealed that while the content of TLR2-and 
TLR4-stimulants was undetectable in all but one of the fresh meat 
samples, they reached up to 6.5 μg/g for Pam3CSK4-equivalents and 3.6 
μg/g for LPS-equivalents in the processed meat samples, and even higher 
levels in the stored meat samples (Fig. 1C and D). While extracts of fresh 
meats did not stimulate IL-1β production from primary human mono-
cytes, extracts of the processed and stored meats did so (Fig. 1E). A 
sub-group analysis then revealed that extracts of sausage meat contained 
significantly higher quantites of TLR2-and TLR4-stimulants than burger 
meat, and also stimulated significantly greater foam cell formation and 
IL-1β secretion (Supplemental Fig. S1). 

3.2. TLR4-signalling contributes to stored meat induced foam cell 
formation in vitro 

Foam cell assays using Oil-Red-O staining then revealed that stored 
meat-induced foam cell formation was significantly lower in Tlr4− /−

RAW macrophages compared to parental cells expressing functional Tlr4 
(Fig. 2A). Microscopy and flow cytometry of Nile Red stained cells 
confirmed a significant reduction in neutral lipid accumulation in Tlr4− / 

− cells relative to Tlr4+/+ cells (Fig. 2C and D), and stored meat-induced 
secretion of TNF-α was also lower in the Tlr4− /− cells (Fig. 2E). Control 
meat samples stored for the same amount of time in the freezer to pre-
vent bacterial growth did not stimulate foam cell formation. Interest-
ingly, while transfection of HEK-293 cells with TLR2 or TLR4 and their 

1. TLR stimulant content of processed meats and their impact on macrophage foam cell formation (A,B) The capacity of 16 processed meat extracts (Proc), and 9 
meat samples that were either fresh or stored at 4 ◦C for 13 days before assay (4 ◦C), to stimulate foam cell formation in J774 macrophages was measured by Oil-Red- 
O staining (representative images are shown). Note that Oil-Red-O staining appears as black droplets in these monochrome images. (C,D) Relative biological activities 
of TLR2-and TLR4-stimulants in the same meat samples were measured using calibrated receptor-dependent HEK-293 cell reporter assays. (E) Capacity of the same 
meat extracts to stimulate IL1β release from primary human monocytes. Points indicate individual meat samples. **P < 0.01 vs extract of fresh meat. 
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co-receptors enabled functional NF-κB signalling downstream of these 
receptors (Fig. 1C and D), this was not sufficient to confer the ability to 
accumulate lipid in response to TLR-signalling in this cell-type (Fig. 2F). 

3.3. TLR-signalling promotes foam cell formation via stimulation of de 
novo lipogenesis 

Further mechanistic experiments then revealed that foam cell for-
mation induced by canonical TLR2 or TLR4 stimulants in macrophages 
was not blocked by the antioxidant butylated hydroxytoluene (BHT), or 
by the scavenger receptor inhibitor polyinosinic acid (PIA), suggesting 
that oxidative modification of LDL is not necessary for this pathway 
(Fig. 3A and B). Rate of efflux of cholesterol to HDL was lowered by 
Pam3CSK4 or LPS treatment in J774A.1 macrophages, but the rate of 
uptake of DiI-labelled LDL, or of pinocytosis, was not significantly 
altered (Fig. 3C–F). Interestingly, both stimulants were able to promote 
foam cell formation in serum free medium, which lacks exogenous fatty 

acids or lipoproteins, suggesting a potential involvement of de novo 
lipogenesis (Fig. 4). Pulsing cells with 14C-labelled acetate after 
Pam3CSK4 or LPS stimulation confirmed an increase in the rate of 
incorporation of acetate into the cellular total lipid fraction (Fig. 5A). 
Separation of these lipids by thin layer chromatography suggested that 
TLR-stimulation increased the rate of lipid synthesis in the polar lipid, 
free fatty acid and cholesterol fractions (Fig. 5B–E). As earlier work 
showed late phase (48 h) upregulation of genes involved in de novo lipid 
synthesis in murine macrophages treated with LPS (Nicolaou, et al., 
2012), the same stimulants were then examined in human primary 
monocyte-derived macrophages, revealing similar trends in gene 
expression (Fig. S2). 

3.4. Dietary PAMP intake promotes atherosclerosis in Apoe− /− mice 

Next, to explore the potential impact of dietary PAMP intake on 
atherosclerosis in vivo, Apoe− /− mice were fed a normal chow diet and 

Fig. 2. Contribution of TLR4 signalling to the induction of macrophage foam cell formation by stored meat extracts (A) Identical aliquots of fresh beef mince were 
stored at either − 20 ◦C (Frozen, to prevent bacterial growth) or at 4 ◦C, for 13 days. Extracts of these were then boiled and tested for their potential to promote foam 
cell formation in RAW macrophages expressing functional Tlr4 (Tlr4+/+) or not (TLR4 KO) after 72 h by Oil-Red-O staining (n = 4 exps). (B) Representative images of 
lipid droplet accumulation (green, arrows) in Tlr4+/+ and Tlr4− /− RAW macrophages stained with Nile Red. (C,D) Mean cellular fluorescence normalised to control, 
of Nile Red stained Tlr4+/+ and Tlr4− /− RAW macrophages treated as above (n = 3 exps). Representative histograms are shown. (E) TNF-α release from Tlr4+/+ and 
Tlr4− /− RAW macrophages treated with meat extracts for 18 h (n = 5 exps). (F) Representative Oil-Red-O staining of HEK-293 cells transfected with vector only, or 
TLR2 and CD14, or TLR4, MD2 and CD14, then challenged with 1 μg/ml Pam3CSK4 or LPS for 72 h **P < 0.01 vs Tlr4+/+ cells. Scale bars are 25 μm. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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water supplemented with or without Pam3CSK4, LPS and iEDAP for 10 
weeks. This approach was taken over supplementation with meat or 
meat extracts to enable direct testing of the hypothesis that dietary 
PAMP content, rather than other well-studied nutrient factors, may 
contribute to atherogenesis. A normal chow diet was also chosen for 
these experiments because high fat diets induce a profound dyslipidae-
mia on this genetic background which may obscure the potentially 
subtle effects of dietary PAMP intake (Zhang, et al., 1992). 

Aortic plaque development was significantly increased by dietary 
PAMP supplementation in female Apoe− /− mice compared to controls 
(4.5% of aortic surface vs 1.7%, p = 0.010). A similar trend was also 
observed in male Apoe− /− mice (2.7% vs 0.7%, p = 0.061) (Fig. 6A and 

B). The greater extent of atherosclerosis in female mice compared to 
males is consistent with the well-established effect of gender reported in 
many previous studies using Apoe− /− or Ldlr− /− mice (Man, et al., 2020). 
However, in contrast to results found earlier in wild-type (WT) mice 
(Faraj, et al., 2019), there was no significant effect of dietary PAMP 
supplementation on cholesterol levels in various lipoprotein fractions, or 
capacity to accept cholesterol effluxed from macrophages, in whole or 
ApoB depleted serum (Fig. 6C–F). Several markers of inflammation and 
the acute phase response, including IL-1β, IL-6 and SAA-1 mRNA, were 
significantly upregulated in livers of PAMP fed Apoe− /− mice compared 
to controls (Fig. S3A). However, there was no effect of diet on weight 
gain, organ weight, food or water intake, or serum triglycerides 

Fig. 3. Effects of antioxidants and scavenger receptor inhibitors on Pam3CSK4 and LPS induced foam cell formation (A,B) J774 macrophages were cultured for 72 h 
with 1 ng/ml of the TLR stimulants LPS or Pam3CSK4 in the presence or absence of the antioxidant butylated hydroxytoluene (BHT, 50 μM) or the scavenger receptor 
blocker polyinosinic acid (PIA, 20 μg/ml) and cellular neutral lipid content was measured by flow cytometry of Nile-red stained cells. (C) Cells were challenged with 
1 μg/ml Pam3CSK4 or LPS for 24 h, then incubated with 20 μg/ml of DiI-LDL for a further 4 h. DiI-LDL uptake was measured by flow cytometry. (D) Effects of 1 μg/ml 
Pam3CSK4 or LPS treatment on rate of efflux of 3H-labelled cholesterol to ApoB-depleted serum from J774 macrophages. (E,F) Effects of Pam3CSK4 or LPS treatment 
on rate of pinocytosis in J774 macrophages. Results are shown as mean ± SEM of at least 3 experiments. *P < 0.05, **P < 0.01 vs cells cultured in medium alone, ns 
= not significantly different from control condition. 
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(Fig. S4). 

4. Discussion 

Population studies have shown that dietary intake of processed 
meats is strongly associated with cardiovascular risk (Micha, et al., 
2010; Rohrmann et al., 2013). However, the mechanisms underpinning 
this association remain to be fully explained. 

Here we show that although extracts of fresh meats do not stimulate 
lipid accumulation in macrophages - a key driver of atherosclerosis - 
extracts of the same meat samples stored at 4 ◦C for some time after 
chopping, and many shop-bought processed meats, promote a marked 
increase in macrophage foam cell formation. 

Several lines of evidence suggest that the molecules responsible for 
this effect are bacterial lipopeptides and (particularly) lipopolysaccha-
rides, arising from the meat spoilage microbiota. For example, lipid 

accumulation was not induced by fresh meat (which has identical 
macronutrient content), or chopped meat stored frozen for the same 
amount of time to prevent bacterial growth. The capacity of extracts to 
stimulate lipid accumulation also correlated well with their content of 
TLR2-and TLR4-stimulants (r2 = 0.750 and 0.699, respectively, both P 
< 0.001), but not conventional nutritional indices (such as total or 
saturated fat content). Foam cell formation was also greatly reduced in 
Tlr4− /− RAW macrophages, and could be recapitulated with purified 
ligands of TLR2 or TLR4. Interestingly, sausage meat was found to be a 
more potent inducer of inflammatory signalling and foam cell formation 
than burger meat, most likely driven by the significantly higher content 
of both TLR2-and TLR4-stimulants observed in this type of processed 
meat (Fig. S1). 

Although earlier reports have shown that LPS is capable of stimu-
lating foam cell formation in macrophages (Funk, et al., 1993; Nicolaou 
et al., 2012), the mechanisms responsible for connecting TLR-signalling 

Fig. 4. Effects of availability of exogenous lipid sources on LPS and Pam3CSK4 induced foam cell formation (A,B) J774 macrophages were cultured in DMEM with or 
without 10% foetal calf serum, in the presence of indicated doses of Pam3CSK4 or LPS. Cellular neutral lipid content was measured by flow cytometry of Nile-red 
stained cells after 72 h. Results are shown as mean ± SEM of 4 exps. (C) Representative flow cytometry histograms indicating an increase in neutral lipid content in 
Pam3CSK4- or LPS-treated J774 macrophages in the presence or absence of serum. (D) Representative images showing accumulation of lipid droplets (green, arrows) 
in the cytosol of Nile-red stained J774 macrophages treated with Pam3CSK4 or LPS in the absence of serum for 72 h. Scale bar is 25 μm, nuclear counterstain (DAPI) is 
shown in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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to lipid accumulation remain poorly understood. To address this, further 
experiments then showed that inhibitors of LDL oxidation or uptake did 
not reduce TLR-induced foam cell formation, and there was no signifi-
cant effect of TLR-stimulation on rate of pinocytosis or uptake of LDL. 
Moreover, lipid accumulation was seen to occur even in serum-free 
medium lacking LDL, or other forms of exogenous lipid, suggesting a 
key role for de novo lipid synthesis in this process. This conclusion is 
further supported by the observation of increased incorporation of 
14C-acetate into various cellular lipid fractions after TLR-stimulation. 
Interestingly, we found that the mechanism connecting TLR-signalling 
to lipid accumulation requires mediators that are present in macro-
phages, but not all other cells, and cannot be explained by NF-κB sig-
nalling alone, as HEK-293 cells transfected to possess a fully functional 
TLR to NF-κB pathway did not accumulate lipid in response to TLR2 or 
TLR4 stimulation. 

A key question raised by these findings is what impact the ingestion 
of such molecules may have on atherosclerosis in vivo. The present 
findings suggest that chronic dietary intake of TLR-stimulants may 
significantly increase the rate of aortic atherosclerotic plaque formation 
in Apoe− /− mice. Although it is well established that administering TLR2 
or TLR4 ligands by injection accelerates plaque formation in rodents 
(Malik, et al., 2010; Mullick et al., 2005; Lehr et al., 2001), we believe 
this to be the first study to show that the same effect is observed when 
such molecules are given orally. This finding is somewhat unexpected, 

as it is generally thought that the PAMP content of foodstuffs should be 
insignificant in comparison with the PAMP content of the intestinal 
microbiota. However, this can be explained by earlier work showing that 
LPS from typical Gram-negative food spoilage bacteria has far greater 
capacity to stimulate TLR4 than LPS derived from commensal organisms 
of the human gut microbiota, the majority of which express lipid A with 
a TLR4 antagonist structure (d’Hennezel et al., 2017; Faraj et al., 2019). 
Moreover, commensal-derived TLR-stimulants are sequestered almost 
entirely within the large intestine, and are present only at very low levels 
in the small intestine, which is the main site for absorption of fat-soluble 
molecules, such as LPS (Ghoshal, et al., 2009; Faraj et al., 2019). Recent 
work has also shown that LPS is present within human atheroma sam-
ples, but not healthy arterial tissue, raising the question of the likely 
origin of this LPS (Carnevale, et al., 2018). The present work suggests 
that dietary sources, particularly meats processed and stored in such a 
way as to permit the growth of an extensive Gram-negative spoilage 
microbiota, could be a relevant source. 

The observations also raise the question of what impact dietary TLR- 
stimulants may have on human health? In a previous interventional 
study, we found that the consumption of a high PAMP diet rapidly in-
creases LDL-cholesterol and markers of inflammation in healthy human 
volunteers (Herieka, et al., 2016). However, although the intravenous 
injection of purified LPS is well established to induce systemic inflam-
mation, insulin resistance and dyslipidaemia in human subjects 

Fig. 5. Thin layer chromatography of lipids extracted from 14C acetate pulsed J774 macrophages (A,B) J774 macrophages were challenged with medium alone, 100 
ng/ml Pam3CSK4 or 100 ng/ml E. coli LPS for 21 h, then pulsed with 10 μCi/ml 14C acetate for a further 3 h. Total cellular lipids were then extracted in ethanol and 
scintillation assays were performed to quantify the rate of incorporation of 14C acetate into cellular lipids. (B) Lipids were separated by thin layer chromatography 
using a 6:1 petroleum ether 60–80 ◦C: ethyl acetate solvent mixture. Arrows indicate approximate locations of unlabelled standards run on parallel plates using the 
same solvent system. (C–E) As for B, but using lipid extracted from regions scraped from TLC plates according to the migration pattern of standards. Results are shown 
as mean counts per minute (±SEM) normalised first to cellular protein content and then to counts obtained from cells cultured in medium alone, from 3 independent 
experiments. 
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(Hudgins, et al., 2003), to our knowledge, no study has yet been per-
formed to test the effects of LPS challenge via the oral route in humans. If 
dietary TLR-stimulants are found to be of relevance to human health in 
future, an equally notable observation of the present study is that many 
of the processed meats examined did not stimulate foam cell formation, 
or contain high levels of PAMPs. This finding indicates that the manu-
facture of low PAMP meat products is readily achievable using existing 
supply chains and methods already practised by some producers in the 
industry today. 

In summary, the present findings offer a novel potential mechanism 
to help explain the observed associations between consumption of pro-
cessed meats, inflammatory markers and cardiovascular risk. Further 
studies are warranted to explore the mechanisms by which dietary TLR- 
stimulants may be absorbed to regulate atherogenesis and other meta-
bolic conditions. 
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Fig. 6. Chronic dietary PAMP intake increases aortic plaque burden in Apoe− /− mice (A,B) Aortic atherosclerosis measured by en face Oil-Red-O staining in Apoe− /−

mice after normal chow diet (Ctrl), or dietary PAMP supplementation with 100 μg/ml E. coli LPS, 1 μg/ml Pam3CSK4 and 1 μg/ml iEDAP in drinking water for 10 
weeks (n = 8, 12, 12 & 11 per group, respectively). Representative images of aortae from low and high PAMP treatment of female mice are shown. (C–F) Serum 
cholesterol levels and serum cholesterol efflux capacity in control and PAMP treated Apoe− /− male and female mice. Results are shown as means ± SEM, with points 
representing measurements from individual animals. *P < 0.05 vs control condition, unpaired two-tailed Student’s T-test. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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Non-standard abbreviations and acronyms 

LDL Low density lipoprotein 
PAMP Pathogen-associated molecular pattern 
TLR Toll-like receptor 
TNF Tumour necrosis factor 
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