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Abstract

Aims Dietary fats have been shown to promote the

translocation of bacterial endotoxins from the gut into

circulation, which may induce systemic inflammation and

modulate the inflammatory response of circulating immune

cells. The aim of this study was to determine the effect of

the postprandial milieu on inflammation and the inflam-

matory response of antigen presenting cells in the context

of type 1 diabetes (T1D).

Materials and methods Eleven patients with T1D and

eleven nondiabetic controls were recruited as part of the

FinnDiane study and given two fatty meals during 1 day.

Cytokine responses in monocytes and myeloid dendritic

cells (mDCs) as well as serum lipopolysaccharide activity

levels, triglyceride concentrations and cytokine concen-

trations were measured from fasting and postprandial blood

samples.

Results Postprandially, patients with T1D and controls

showed significant increases in eight inflammatory cyto-

kines (IL-6, TNF-a, IL-1b, IFN-a, IL-10, IFN-c, IL-12 and

MIP-1b) without concomitant increase in serum LPS

activity. Serum cytokine production was similar in both

groups. No postprandial change was seen in the IL-6, TNF-

a or IL-1b production of mDCs or monocytes. At fasting,

diabetic mDCs exhibited higher LPS-induced IL-6 and IL-

1b production than controls.

Conclusions Acute high-fat meals increase circulating

cytokines but have no effect on serum lipopolysaccharide

activity levels or cytokine production in circulating mDCs
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or monocytes. Our results suggest that postprandial increase

in serum cytokine levels is neither mediated by circulating

endotoxins nor the activation of circulating innate cells. The

production of high-fat meal-induced inflammatory markers is

most likely regulated at the tissue level.

Keywords Type 1 diabetes � High-fat diet �
Inflammation � Lipopolysaccharide � Endotoxin � Cytokines

Introduction

Dietary fat is known to increase circulating levels of bacterial

lipopolysaccharide (LPS) and proinflammatory cytokines in

healthy subjects [1–3]. Earlier studies have found increased

intestinal permeability in patients with type 1 diabetes (T1D),

suggesting that patients may display a more pronounced

increase in circulating endotoxins after the ingestion of a

high-fat meal [4]. LPS is a unique, evolutionarily conserved

component of the outer membrane of Gram-negative bacte-

ria, commonly used to model innate immune responses to

bacterial infection. In murine and cell culture models, fatty

acids have been shown to modulate LPS-induced proin-

flammatory cytokine secretion, notably IL-6 and tumor

necrosis factor (TNF)-a [5, 6]. While it has been hypothe-

sized that a postprandial surge of bacterial LPS in peripheral

blood elicits the commonly reported increases in inflamma-

tion, elevated concentrations of circulating fatty acids may

also play a role in postprandial inflammation [5, 7–10].

Indeed, a number of earlier studies have reported TLR4/NF-

jB-mediated inflammation in response to fatty acids; how-

ever, the precise sources and causes of postprandial inflam-

mation remain unclear [5, 10, 11].

The transmembrane signaling protein toll-like receptor 4

(TLR4) is found on monocyte lineage immune cells and

facilitates LPS-induced inflammation and cellular activa-

tion, primarily through the NF-jB signaling pathway [12].

One earlier study reported abnormally high TLR4 expres-

sion on the surface of monocytes isolated from patients

with T1D [13]. Similarly, in vitro studies have shown

isolated monocytes and myeloid dendritic cells (mDCs)

from T1D patients to be more sensitive to LPS than those

isolated from healthy controls [14]. Furthermore, we have

recently shown LPS activity levels to be strongly associ-

ated with the components of the metabolic syndrome,

concentrations of circulating inflammatory markers and the

development of diabetic nephropathy in patients with T1D

[15–17]. Increased TLR4 responsiveness together with

postprandially elevated circulating LPS and triglycerides

levels may thus play a key role in the promotion and

progression of inflammation, thereby increasing the risk of

developing diabetic complications [18].

The aim of the present study was to investigate the acute

effects of two sequential high-fat meals on circulating

cytokines and the LPS responsiveness of innate immune

cells in the context of T1D. We hypothesized that high-fat

diet-induced endotoxemia would modulate TLR4 respon-

siveness and increase cytokine release from peripheral

innate immune cells, contributing to postprandial systemic

inflammation, particularly in patients with T1D.

Materials and methods

Study subjects

Eleven patients with T1D and 11 nondiabetic controls

participated in an oral fat load test organized by the Finnish

Diabetic Nephropathy Study (FinnDiane; www.finndiane.

fi). The study subjects fulfilled the following selection

criteria: (1) age between 20 and 65 years, (2) nonsmokers,

(3) no use of antibiotics during the past month, (4) no gut

related illnesses, (5) no diarrhea during the past month and

(6) no traveling outside of the Nordic countries during the

past month. Type 1 diabetes was defined as diagnosis of

diabetes before the age of 40 and permanent insulin treat-

ment initiated within 1 year of diagnosis. None of the

patients were taking lipid lowering fibrates or omega-3

supplements. The study protocol was approved by the local

ethics committee and was in accordance with the Decla-

ration of Helsinki. All participants gave given written

informed consent to their participation in the study.

Oral fat load

During the examination day, the participants were given two

energy-rich, high-fat meals: breakfast at 8:00 (965 kcal, 65 g

fat) and lunch at 12:00 (870 kcal, 42 g fat). Energy (E%)

content of oral fat loads was as follows: breakfast (proteins

19 E%, carbohydrates 24 E%, fats 57 E%) and lunch (pro-

teins 11 E%, carbohydrates 39 E%, fats 50 E%).

Laboratory analyses

Blood samples were taken after an overnight fast at 8:00

and again at 14:00. Plasma insulin concentrations were
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analyzed with an immunofluorometric assay (AutoDelfia,

Wallac, Finland). C-reactive protein (hsCRP) was mea-

sured from serum using a high-sensitivity immunoprecip-

itation assay (Thermo Scientific, Vantaa, Finland). Serum

lipid and lipoprotein concentrations were determined with

a Konelab analyzer using automated enzymatic methods

(Thermo Scientific) in the hospital laboratory (Division of

Cardiology, Biomedicum, Helsinki). Serum LPS activity

was measured with the Limulus amoebocyte lysate (LAL)

chromogenic assay (Hycult Biotechnology, Uden, the

Netherlands; intra-assay coefficients of variation, 4.5 %).

Other laboratory tests including blood cell counts were

performed in the Helsinki University Central Hospital

Laboratory (HUSLAB; www.hus.fi).

Flow-cytometric analysis of circulating cytokines

Serum concentrations of 13 circulating cytokines and

chemokines (IL-6, TNF-a, IL-1b, IFN-a, IL-10, IFN-c, IL-

12p70, MIP-1b, IL-1a, IP-10, MIP-1a, IL-8 and MCP-1)

were assayed using the FlowCytomix Multiple Analyte

System (eBioscience, Vienna, Austria) according to the

manufacturer’s instructions. Data were analyzed using

FlowcytomixPro (eBioscience, Vienna, Austria) and Prism

(GraphPad Software, Inc., La Jolla, Ca, USA). Standard

curves were generated, and concentrations calculated using

Prism.

Intracellular cytokine staining and LPS stimulation

Immediately after collection, 200 ll of sodium heparin

blood was incubated with or without 100 ng/ml E. coli

LPS (Strain 0111:B4; DIFCO 3122-25-8 Detroit, MI) for

4 h at 37 �C and 5 % CO2. After the first hour, 1.2 ll of

1:10 diluted GolgiStop (BD Biosciences, San Jose, CA,

USA) was added. After the incubation, blood was mixed

with surface marker antibodies (CD14 PE-Cy5.5, CD19

PE-Cy5.5 and CD1c APC) and incubated for 20 min in

the dark at room temperature (RT). The red blood cells

were then lysed by incubating whole blood in 2 ml of

FACS Lysing Solution (BD Biosciences) for 10 min, RT.

The white blood cells were pelleted out of solution by

centrifugation (500 g for 5 min, RT) and washed twice

with a washing solution of 5 % heat-inactivated fetal calf

serum (0.22 lm sterile filtered) and 0.02 % NaN3 in

PBS. The washed cells were fixed with 4 % parafor-

maldehyde in PBS and permeabilized using BD Perm/

Wash according to the manufacturer’s instructions and

stained for intracellular cytokines IL-1b FITC, TNF-a-

PE, and IL-6 PE or isotype controls. Staining controls

were prepared in the same way using 100 ll of blood. A

full list of antibodies can be found in the supplementary

materials.

Data analysis and statistical methods

Cytokine expression was reported as percent expressing or

responding (for gating strategy, refer to Supplementary

Fig. 1). Percent expressing refers to the percentage of cells

expressing a particular cytokine. Percent responding is

calculated by taking the percent of cells expressing a par-

ticular cytokine after incubation with LPS and subtracting

the percent of cells expressing the same cytokine at the

same time point in the sample incubated without LPS.

Subtraction was performed to control for baseline expres-

sion and accurately determine the cytokine expression

specifically induced by exogenous LPS incubation. The

maximum number of events (300,000–500,000) was col-

lected for each sample. The raw flow cytometry data were

analyzed using FlowJo (Treestar, Inc., San Carlos, CA,

USA).

Statistical analyses were performed using SPSS (v.19;

IBM Armonk, NY, USA). The Shapiro–Wilk test was

performed to determine normality. The Mann–Whitney U

and Wilcoxon signed-rank tests were used to determine

group effect. Pearson’s and Spearman’s correlation coef-

ficients were used to determine the relationship between

measured variables. For all statistics, p values of \0.05

were considered statistically significant.

Results

Clinical characteristics of the study subjects

The clinical characteristics of 11 nondiabetic controls and

11 patients with T1D are shown in Table 1. Controls had

higher BMI and higher fasting plasma triglycerides than

patients with T1D. As expected, patients with T1D had

higher HbA1c and fasting serum HDL cholesterol con-

centrations than controls. At the postprandial state, differ-

ences between plasma triglycerides and HDL

concentrations remained significant between the groups

(Table 1). The controls showed a more pronounced

increase in postprandial triglycerides compared to patients

with T1D (120 ± 59 vs. 72 ± 42 %; p = 0.023).

Although only control subjects showed moderate increases

in the endotoxin activity levels during the day, the serum

LPS activity levels did not significantly differ between the

groups at either the fasting or postprandial state (Table 1).

No significant group differences were seen in fasting blood

cell counts (Table 2).

Patients with T1D showed a significant postprandial

increase in IL-6, TNF-a, IL-1b, IFN-a, IFN-c and macro-

phage inflammatory protein (MIP)-1a (Fig. 1, Supple-

mentary Table 1). Controls showed a significant increase in

IL-6, TNF-a, IL-1b, IFN-a, IL-10 and IL-12. No
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significant differences were found between the two groups

at either time point. When the groups were combined, we

observed significant postprandial increases in the concen-

trations of 8 out of the 13 innate immune-derived cyto-

kines: IL-6, TNF-a, IL-1b, IFN-a, IL-10, IFN-c, IL-12,

MIP-1b and IL-1a (Fig. 1, Supplementary Table 1). No

correlations were found between serum LPS activity levels

and circulating cytokine concentrations. At the postpran-

dial state, plasma triglycerides were positively associated

with circulating IL-12 (r = 0.574, p = 0.013) and IL-10

(r = 0.491, p = 0.028) concentrations. Postprandial HDL

cholesterol concentrations were inversely correlated with

circulating IL-10 (r = -0.449, p = 0.030) and IP-10

(r = -0.519, p = 0.016).

Flow-cytometric analysis of IL-6, TNF-a and IL-1b
cytokine production in unstimulated blood monocyte and

dendritic cells.

At the fasting state, baseline monocyte TNF-a, IL-6 and

IL-1b production was similar in patients with T1D and

nondiabetic controls (Fig. 2). Postprandially,

CD14 ? monocytes from patients with T1D showed lower

levels of spontaneous IL-6 expression compared to controls

(8 vs. 10 % expressing, p = 0.008). Compared to controls,

fasting CD1c ? mDCs from patients with T1D exhibited

higher levels of TNF-a (11 vs. 5 % expressing, p = 0.01)

and IL-1b (9 vs. 6 % expressing, p = 0.02). At the post-

prandial state, we observed no differences between patient

and control mDC cytokine production (Fig. 2).

Flow-cytometric analysis of IL-6, TNF-a and IL-1b
cytokine production in LPS-stimulated blood monocyte

and dendritic cells.

To investigate the effects of bacterial endotoxin-induced

inflammatory responses at the fasting and postprandial

states, we measured cytokine production (IL-6, TNF-a and

IL-1b) in monocytes and mDCs after stimulation with

E. coli LPS. Notably, there were no significant differences

between the T1D patients and healthy controls in the LPS-

induced monocyte cytokine production either at the fasting

or at the postprandial state. At the fasting state, the LPS-

stimulated mDCs from patients with T1D exhibited higher

IL-6 (p = 0.034) and IL-1b (p = 0.040) production than in

the control subjects (Fig. 2). Although there was no sig-

nificant difference between the groups, the LPS-stimulated

TNF-a production tended to be higher in the patients at

fasting. In contrast, in the un-subtracted LPS-stimulated

expression data, mDCs from fasting patients with T1D

showed a significantly higher TNF-a response than mDCs

from fasting controls (p = 0.031, data not shown). At the

postprandial state, no group differences in cytokine pro-

duction were observed in LPS-stimulated mDCs (Fig. 1,

Supplementary Table 2). In the LPS-stimulated mDCs,

fasting IL-6 and postprandial TNF-a production correlated

negatively with HbA1c (r = -0.620, p = 0.042; and

-0.644, p = 0.044, respectively) in patients with T1D.

Discussion

The results of the present study show that a high-fat diet

increases the concentrations of circulating inflammatory

markers similarly in patients with T1D and nondiabetic

controls. However, a high-fat diet had no effect on IL-6,

TNF-a or IL-1b production in circulating monocytes or

mDCs. Thus, contrary to expected, our data suggest that the

Table 1 Clinical characteristics of study subjects

Baseline Controls T1D

n (male/female) 11 (7/4) 11 (6/5)

Age (years) 48 ± 10 42 ± 10

Diabetes duration (years) – 26 ± 13

Body mass index (kg/m2) 28 ± 4 25 ± 2*

Systolic blood pressure (mmHg) 132 ± 18 139 ± 27

Diastolic blood pressure (mmHg) 79 ± 11 75 ± 8

Body fat (%) 31 ± 11 24 ± 6

HbA1c (%) 5.4 ± 0.4 7.9 ± 1.4*

HbA1c (mmol/mol) 35 62

Blood Glucose (mmol/L) 4.9 ± 0.4 9.8 ± 2.8*

Plasma triglycerides (mmol/L) 1.3 ± 0.4 0.9 ± 0.4*

Serum HDL cholesterol (mmol/L) 1.2 ± 0.3 1.6 ± 0.4*

Serum LDL cholesterol (mmol/L) 3.3 ± 1.0 2.7 ± 0.6

LPS (EU/mL) 0.24 ± 7 0.19 ± 9

Postprandial

Blood glucose (mmol/L) 5.8 ± 0.8 9.2 ± 6.0

Plasma triglycerides (mmol/L) 2.8 ± 0.7 1.6 ± 0.9*

Serum HDL cholesterol (mmol/L) 1.0 ± 0.2 1.4 ± 0.4*

Serum LDL cholesterol (mmol/L) 2.9 ± 1.1 2.5 ± 0.5

LPS (EU/mL) 0.29 ± 7 0.18 ± 15

Values are given as mean ± standard deviation

* represents a difference between T1D and control values (p \ 0.05)

Table 2 Fasting blood cell counts

Controls T1D

Leukocytes 5.0 ± 2.0 5.2 ± 1.0

Erythrocytes 4.7 ± 0.2 4.4 ± 0.4

Trombocytes 235 ± 70 243 ± 58

Neutrophils 2.5 ± 1.0 2.9 ± 1.0

Lymphocytes 1.8 ± 0.4 1.6 ± 1.0

Monocytes 0.5 ± 0.2 0.4 ± 0.1

Eosinophils 0.2 ± 0.2 0.3 ± 0.2

Basophils 0.03 ± 0.03 0.03 ± 0.02

Values are given as mean 9 103 cells/ll ± standard deviation
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inflammatory effects of an acute bout of postprandial

lipemia are conserved in patients with T1D and nondiabetic

controls. Furthermore, our results confirm that the post-

prandial milieu induces the release of circulating cytokines

and show that this systemic inflammation is not caused by

the activation of circulating mDCs or monocytes and may

thus be independent of postprandial endotoxin release.

Recent studies on postprandial increases in serum LPS

activity have suggested that dietary fat-induced metabolic

endotoxemia could be responsible for the commonly

observed postprandial inflammation [19]. In the present

study, an increase in the serum concentrations of 8 out of

13 inflammatory cytokines and chemokines was observed

in response to two sequential high-fat meals. This increase

in serum cytokine concentrations was not explained by a

postprandial increase in circulating LPS or ex vivo cyto-

kine production from circulating innate immune cells.

Similarly, no correlation was found between circulating

LPS activity and postprandial cytokine concentrations.

Hence, our data suggest that the observed postprandial

inflammation is not primarily induced by circulating LPS

but is likely mediated by other postprandially elevated

serum factors. Although the triglyceride concentrations

were only correlated with two of the circulating markers of

inflammation (IL-10 and IL-12), it is possible that lipemia

itself may be the culprit. This view is supported by the fact

that circulating fatty acids can bind to TLR4, thereby

inducing inflammation via the NF-jB pathway [5, 10].

Earlier reports showing postprandial increases in TLR4

ligands (i.e., LPS and triglycerides) in addition to reports

on TLR4 hyperresponsiveness in diabetic immune cells [5,

8, 9, 14, 20, 21] led us to hypothesize that patients with

T1D may exhibit a dysregulated proinflammatory response

to high-fat meals. We were indeed able to confirm the

disease-related TLR4 hyperresponsiveness in mDCs, but

not in monocytes. Furthermore, postprandial monocytes

and mDCs showed no postprandial increase in cytokine

production after an ex vivo incubation. Therefore, an early

report of postprandial increases in intracellular cytokine

production in monocytes could not be replicated [22]. This

discrepancy may be due to methodological differences. In

the earlier study, whole blood was diluted in a high glucose

media, which is known to increase in vitro cytokine

secretion [23]. Our results clearly demonstrate that acute

Fig. 1 Circulating cytokine concentrations at the fasting and post-

prandial states. Triangles and circles indicate median values for

nondiabetic controls and patients with T1D, respectively. Values are

pg/ml of cytokine. Bars represent the inter quartile range. Asterisks

indicate a significant difference between 8:00 (fasting) and 14:00 h

(postprandial) (p \ 0.05). Grouped p values represent the significance

of the difference between 8:00 and 14:00 when the patient and control

samples are grouped
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fat loads do not influence cytokine production in minimally

manipulated circulating monocytes or mDCs derived from

nondiabetic subjects or patients with T1D. Nevertheless,

postprandial cytokine production may become more rele-

vant in individuals who have long-term exposure to dietary

fats or suffer from underlying chronic diseases such as

obesity, type 2 diabetes, metabolic syndrome or kidney

disease.

Our data demonstrate that the inflammatory response to

high-fat meals is conserved in patients with T1D and

nondiabetic individuals. While there was a significant

postprandial surge in the circulating IL-6, TNF-a, IL-1b,

MIP-1a, IL-10, IFN-a, IFN-c and IL-12 concentrations, the

expected diabetes-related hypersensitivity to the fat load

was not seen in the serum or in the circulating innate

immune cells. However, it is of note that postprandial

inflammation may still contribute to an increased risk of

diabetic complications in a diabetes-associated metabolic

milieu. Indeed, there is evidence from murine models that

diabetic tissues are hyperresponsive to postprandially

upregulated cytokines such as TNF-a [24] and that pro-

longed, elevated triglyceride concentrations are able to

potentiate the release of such cytokines [5, 6]. However,

future research in humans is needed to determine the long-

term effects of postprandial inflammation on the risk of

diabetic complications.

Interestingly, only the nondiabetic controls displayed a

modest, nonsignificant postprandial increase in the endo-

toxin activity levels. Indeed, preliminary results from our

more extensive dietary intervention study suggest that

patients with T1D exhibit significantly lower serum LPS

activity response to the fat load when compared to nondi-

abetic controls [25]. Such a lower LPS response to the fat

challenge could be explained by either defective transport

mechanisms or increased concentrations of detoxifying

factors in patients. In addition to circulating HDL, one

other factor that may be differentially expressed in patients

with T1D is intestinal alkaline phosphatase (IAP), which

suppresses inflammation in the gut by detoxifying intesti-

nal LPS [26]. Of note, serum concentrations of IAP have

been shown to be increased in pathogenic conditions such

as diabetes, liver disease and chronic renal failure [27].

We found that fasting mDCs from patients were both

hyperresponsive to LPS and exhibited increased sponta-

neous TNF-a and IL-1b cytokine production when com-

pared with healthy controls. Notably, we also found that

mDCs from patients with higher HbA1c showed a trend

toward a lower IL-6 and TNF-a response to LPS. This

alteration suggests that the hyperresponsiveness of mDCs

may not be secondary to metabolic disturbances. Instead,

the data suggest that the mDC hyperreactivity could be a

disease-related functional defect that may be stable over

time and possibly under genetic control.

These changes in the function of mDCs may contribute

to an altered T cell function in disease pathogenesis. In

fact, Th-17 cells have recently been proposed to be a

potential mediator of the autoimmune destruction of pan-

creatic b-cells. Increased numbers of Th-17 cells have been

shown in the peripheral lymph nodes of adult patients with

T1D as well as in the peripheral blood of children recently

Fig. 2 Cytokine secretion at fasting and postprandial state. Triangles

and circles indicate median values for nondiabetic controls and

patients with T1D, respectively. Empty symbols represent samples

incubated ex vivo. Filled symbols represent samples incubated

ex vivo in the presence of LPS. Values are percent of cells expressing

the cytokine. Bars represent the interquartile range. Asterisks indicate

significant differences between the groups (p \ 0.05)
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diagnosed with T1D [28, 29]. Although the causes of this

increase in Th-17 cell numbers have yet to be elucidated, it

is known that the cytokines IL-6, IL-1b and TNF-a are all

involved in the proliferation and differentiation of Th-17

cells [30, 31].

In contrast to earlier studies that used isolated cells in

culture media [13, 14, 20], in whole blood we were unable

to the confirm reports of increased monocyte cytokine

secretion in response to LPS. However, although experi-

ments with whole blood more closely approximate the

reactivity of circulating cells in vivo, it cannot be ruled out

that the presence of autologous serum factors at physio-

logical concentrations may have masked some underlying

differences in the monocyte LPS response in patients with

T1D [32]. Moreover, it is possible that this discrepancy

could be due to elevated concentrations of LPS-binding

proteins or circulating compensatory factors such as serum

lipids in the peripheral blood of patients with T1D. Indeed,

compared to healthy controls, the patients showed higher

fasting serum HDL cholesterol, a factor known to buffer

LPS-induced inflammation [33].

Previous studies investigating postprandial inflammation

have primarily focused on circulating inflammatory mark-

ers rather than cell-specific inflammation [34]. This is

indeed the first study to focus on the effects of a high-fat

diet on circulating innate immune cells and in the context

of autoimmune diabetes. Our experimental design allowed

us to investigate systemic as well as intracellular inflam-

mation in order to help elucidate the mechanisms of post-

prandial inflammation. Altogether, our results clearly

demonstrate that high-fat meals increase circulating cyto-

kines and chemokines and that this increase is not mediated

by postprandial LPS nor circulating innate immune cells.

These results suggest that the commonly observed post-

prandial increase in inflammatory markers is not induced

by increased amounts of systemic LPS, but reflects high-fat

diet-induced tissue-specific inflammation. Evidence in

mice suggests that this inflammation may originate in the

intestine, liver or possibly in the adipose tissue [35, 36].

Thus, this represents a paradigm shift in our understanding

of early postprandial inflammation [7, 19]. Future studies

in order to confirm our results and to determine the source

and mechanisms of postprandial inflammation may help us

unravel the connection between the postprandial milieu,

inflammation and the risk of diabetic complications.
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