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Mechanisms Underlying the Onset of Oral Lipid—Induced
Skeletal Muscle Insulin Resistance in Humans

Bettina Nowotny,! Lejla Zahiragic,'”> Dorothea Krog,! Peter J. Nowotny,' Christian Herder,!
Maren Carstensen,! Toru Yoshimura,? Julia Szendroedi,’”> Esther Phielix,! Peter Schadewaldt,*
Nanette C. Schloot,"? Gerald I. Shulman,>*% and Michael Roden'-?

Several mechanisms, such as innate immune responses via
Toll-like receptor-4, accumulation of diacylglycerols (DAG)/
ceramides, and activation of protein kinase C (PKC), are con-
sidered to underlie skeletal muscle insulin resistance. In this
study, we examined initial events occurring during the onset of
insulin resistance upon oral high-fat loading compared with lipid
and low-dose endotoxin infusion. Sixteen lean insulin-sensitive
volunteers received intravenous fat (iv fat), oral fat (po fat), in-
travenous endotoxin (lipopolysaccharide [LPS]), and intravenous
glycerol as control. After 6 h, whole-body insulin sensitivity was
reduced by iv fat, po fat, and LPS to 60, 67, and 48%, respectively
(all P < 0.01), which was due to decreased nonoxidative glucose
utilization, while hepatic insulin sensitivity was unaffected. Mus-
cle PKCH activation increased by 50% after iv and po fat, mem-
brane Di-C18:2 DAG species doubled after iv fat and correlated
with PKC6 activation after po fat, whereas ceramides were un-
changed. Only after LPS, circulating inflammatory markers (tumor
necrosis factor-a, interleukin-6, and interleukin-1 receptor antag-
onist), their mRNA expression in subcutaneous adipose tissue,
and circulating cortisol were elevated. Po fat ingestion rapidly
induces insulin resistance by reducing nonoxidative glucose dis-
posal, which associates with PKC6 activation and a rise in distinct
myocellular membrane DAG, while endotoxin-induced insulin re-
sistance is exclusively associated with stimulation of inflamma-
tory pathways. Diabetes 62:2240-2248, 2013

nsulin resistance is frequently associated with obe-

sity and precedes the onset of type 2 diabetes by
decades (1). Although the pathogenesis of common
insulin resistance is not yet clarified, activation of

the innate immune system and abnormal lipid and/or en-
ergy metabolism are considered as key mechanisms (2,3).
Particularly, circulating fatty acids (FA) and triglycer-
ides associate with obesity and insulin resistance and can
predict type 2 diabetes (3-5). Using intravenous lipid
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infusion in humans made it possible to detect that FA
elevation induces insulin resistance (6), which is due to a
reduction of insulin-stimulated muscle glucose transport
(6,7). While numerous studies, mainly in rodents, showed
that a long-term high-fat diet also results in insulin resis-
tance (3), data on the initiation of insulin resistance after a
single high-fat meal are scarce (8). Moreover, the mecha-
nisms underlying lipid-induced insulin resistance are also
under debate. Cellular accumulation of lipid metabolites
such as diacylglycerols (DAG) can activate novel protein
kinase C (PKC) isoforms, which cause serine phosphory-
lation of insulin receptor substrate-1 (3). Alternatively,
binding of FA to muscle Toll-like receptor 4 (TLR4) can
give rise to ceramides, which impair insulin-stimulated
AKT activation (9). FA, like the bacteria-derived lipopoly-
saccharide (LPS), may bind to TLR4 on macrophages and
adipocytes and thereby activate the innate immune system
and proinflammatory pathways (10). Indeed, deficiency of
TLR4 (11) or CD14 (12) largely protects mice from lipid-
induced insulin resistance, suggesting a causal role of the
CD14-TLRA4 receptor complex for high-fat diet and LPS-
induced insulin resistance. Of note, ingestion of high-fat
meals and infusion of low-dose LPS can raise circulating
cytokines (13,14), which in turn could activate different
cellular pathways and raise lipid metabolites (2,3,9). These
divergent and complex findings leave the primary mecha-
nism by which fat loading induces insulin resistance in
humans unresolved.

This study examined the initial events associated with
the onset of insulin resistance upon a high-fat load applied
either by the oral or the intravenous route compared with
induction of a similar degree of insulin resistance by low-
dose LPS infusion in healthy humans.

RESEARCH DESIGN AND METHODS

Volunteers. All participants gave their written informed consent before in-
clusion into the study (ClinicalTrials.gov identifier number NCT01054989),
which was performed according to the Declaration of Helsinki and approved by
the local institutional ethics board. Inclusion criteria were an age of 20-40 years
and a BMI of 20-25 kg/mz. Exclusion criteria were dysglycemia, menstrual
irregularities, family history of diabetes, a history of smoking, and other acute
or chronic diseases including cancer. Humans taking any medication affecting
insulin sensitivity, lipid metabolism, or immune system were also excluded.
Screening included a standardized 75-g oral glucose tolerance test, routine
laboratory tests, bioimpedance analysis to obtain lean body mass, and
a questionnaire on habitual physical activity. Females were studied between
days 5-9 of their menstrual cycle. All participants were assigned to 4 study
days at least 4 weeks apart in random order and were instructed to maintain
normal physical activity and a carbohydrate-rich diet for 3 days before all
study days.

Experimental design. Participants arrived at the Clinical Research Center in
the morning after 10-h overnight fasting (Fig. 1). Two intravenous catheters
were inserted to contralateral forearm veins. From —120 min, a continuous
infusion (0.036 mg - [kg body weight] ' - min~") of D-[6,6-H,]glucose (99%
enriched in 2H glucose; Cambridge Isotope Laboratories, Andover, MA) was
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FIG. 1. Study protocol. One out of four interventions was started at 0 min at each study day: 1) iv fat: infusion of intralipid (1.5 mL/min) over 360
min; 2) po fat: 100 mL of soy bean oil consumed within 10 min; 3) LPS: short-term infusion of LPS (0.5 ng/kg body weight [bw]); or 4) control (con):
infusion of 2.5% glycerol solution (1.5 mL/min) for 6 h. GINF, glucose infusion; s.c., subcutaneous; IC, indirect calorimetry.

given after a priming bolus (0.36 mg - [kg body weight] ! 1. (mg/dL
fasting plasma glucose]) for 5 min (15). At zero time, participants received
one of four interventions: 1) oral fat (po fat): 100 mL of soy bean oil (61%
polyunsaturated, 23% monounsaturated, and 16% saturated FA; Sojola;
Vandemoortele Deutschland GmbH, Dresden, Germany) consumed within 10
min; 2) LPS: 10-min infusion of LPS (0.5 ng/kg body weight; National Reference
Endotoxin, Escherichia coli O:113; USP, Rockville, MD); 3) intravenous fat (iv
fat): infusion of Intralipid (1.5 mL/min; Fresenius Kabi GmbH, Bad Homburg,
Germany) over 360 min; or 4) control: 2.5% glycerol infusion dissolved in 0.9%
saline (1.5 mL/min; Fresenius Kabi GmbH) for 6 h. Each intervention was followed
by a hyperinsulinemic-euglycemic clamp (10-min insulin bolus: 40 U/h; con-
tinuous insulin infusion: 40 mU - m 2 - min’l; Insuman Rapid; Sanofi,
Frankfurt, Germany). Plasma glucose was adjusted with 20% glucose
(B. Braun AG, Melsungen, Germany) enriched with 2% D-[6,6->H,]glucose
to 5.0 mmol/L according to previously established protocols (15). Vital function
(heart rate, blood pressure, and body temperature) was monitored every
30 min. Only endotoxin administration led to mild flulike symptoms with a
maximum after 3 h, while other interventions had no side effects.
Indirect calorimetry. Indirect calorimetry was performed in the canopy
mode using Vmax Encore 29n (CareFusion, Hochberg, Germany) during base-
line, end of intervention, and steady-state clamp conditions for 20 min after
10-min adaptation. Oxygen consumption (VO3) and carbon dioxide production
(VCO,) were measured and respiratory quotient and resting energy expendi-
ture (REE) calculated using abbreviated Weir equations. Substrate oxidation
was calculated with fixed estimated protein oxidation rate (Pox) of 156% of
REE: carbohydrate oxidation rate (mg - kg ' - min~ 1) = ([4.55 - VCO,] —
[3.21 - VO3] — 0.459 - Pox) - 1,000/kg body weight; lipid oxidation rate
(mg - kg~' - min!) = ([1.67 - VO,] — [1.67 - VCOy] — 0.307- Pox) - 1,000/kg
body weight (16). Nonoxidative glucose disposal was calculated from the dif-
ference between rate of glucose disappearance and carbohydrate oxidation.
Muscle biopsy. The biopsy was obtained at the end of intervention period from
the vastus lateralis muscle using a modified Bergstrom needle with suction
under local anesthesia as described (17). Samples were immediately blotted
free of blood, fat, and connective tissue, frozen in liquid nitrogen and stored
at —80°C. For DAG extraction, muscle tissue was homogenized in buffer A
(20 mmoV/L Tris-HCl, 1 mmoVL EDTA, 0.25 mmol/L EGTA, 250 mmol/L su-
crose, and 2 mmol/L phenylmethylsulfonyl fluoride) containing a protease and
phosphatase inhibitor mixture (Roche) in thickwall polycarbonate tubes and
centrifuged (40,000 X g, 4°C, 1 h). The supernatants containing the cytosolic
fraction were collected, the pellet was resuspended in 500 pl buffer A as
membrane fraction, and enrichment of membrane and cytosolic proteins was
checked by Western blotting (Fig. 6C). DAG and ceramide levels were mea-
sured using mass spectrometry as described (18). Total DAG content is
expressed as the sum of individual species. Measurement of membrane
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translocation of PKC6 was performed as described (19). Both membrane and
cytosolic proteins were detected on the same film with enhanced chemi-
luminescence at the same exposure time. PKC6 translocation was expressed
as the ratio of arbitrary units of membrane bands over cytosol bands (Fig. 6B).
Membrane band density was corrected by sodium potassium ATPase band
density (Abcam, Cambridge MA), and cytosolic band density was corrected by
glyceraldehyde-3-phosphate dehydrogenase band density (Cell Signaling
Technology, Danvers, MA).

Subcutaneous adipose tissue biopsy. The biopsy was obtained before and at
the end of the intervention period from abdominal subcutaneous adipose tissue
by needle suction technique under local anesthesia. Fat tissue was immediately
blotted free of blood, frozen in liquid nitrogen, and stored at —80°C. Total RNA
was isolated according to the protocol of the miRNeasy Mini Kit (Qiagen,
Hilden, Germany) including on-column DNase digestion. RNA quantity and
quality were determined by Nanodrop (Peqlab, Erlangen, Germany) and RNA
6000 Nano Kit (Agilent Technologies, Boblingen, Germany). For reverse
transcription, we used the miScript Reverse Transcription Kit (Qiagen) and for
RT-PCR, QuantiTect SYBR Green PCR Kit and QuantiTect Primer Assay
(Qiagen). Details are given in Supplementary Fig. 1. For relative quantification
of gene expression, we used the comparative threshold cycle method and
determined the threshold to be 0.4 and the baseline to be between cycle 3
and 15.

Metabolites and hormones. Blood samples were immediately chilled,
centrifuged, and supernatants stored at —20°C until analysis. Venous blood
glucose concentration was measured immediately using the glucose oxidase
method, which offers excellent performance (EKF biosen C-Line glucose an-
alyzer; EKF Diagnostic GmbH, Barleben, Germany) (20). Serum triglycerides,
liver enzymes, and cholesterol were analyzed enzymatically on a Hitachi an-
alyzer (Roche Diagnostics, Mannheim, Germany). Plasma chylomicron con-
tent was determined from the triglyceride concentration in the first fraction of
density gradient ultracentrifugation as described (21). FA were assayed
microfluorimetrically (intra-assay coefficient of variation [CV]; <1%, inter-
assay CV, 2.4%; Wako, Neuss, Germany) after prevention of in vitro lipolysis
using orlistat (22). Serum C-peptide, insulin, and plasma glucagon were
measured by radioimmunoassay (intra-assay CV for all, <1%; interassay CV,
6 to 7, 5-9, and 5-10%, respectively; Millipore, St. Charles, MO). Cortisol was
measured using fluorescence polarization immunoassay on the Axsym ana-
lyzer (intra-assay CV, 4.0%; interassay CV, 5.9%; Abbott, Abbott Park, IL).
Glucagon-like peptide 1 (GLP-1) and gastric inhibitor peptide (GIP) were
measured using ELISA (GLP-1: interassay CV, 10%; TECOmedical, Sissach,
Switzerland; GIP: interassay CV, 12%; Millipore). Serum inflammatory markers
were assayed using the Quantikine HS (tumor necrosis factor-a [TNF-a], in-
terleukin-6 [IL-6]) and Quantikine (interleukin-1 receptor antagonist [IL-1ra])
ELISA kits (R&D Systems, Wiesbaden, Germany) as described (23) with mean
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intra-assay and interassay CVs of 6.7, 5.2, and 3.9 and 8.8, 15.5, and 10.9%,
respectively, and limits of detection of 0.25, 0.08, and 14 pg/mL, respectively.
Fluorescence-activated cell sorting. The distribution of leukocyte sub-
fractions from heparinized blood samples was determined before and after
300 min. Upon lysis of erythrocytes using BD Lysing solution (BD Biosciences,
Heidelberg, Germany), granulocytes, monocytes, and lymphocytes were dif-
ferentiated by their characteristic forward light scatter/side scatter signals on
an FACSCalibur flow cytometer (BD Biosciences) using Cell Quest software
(BD Biosciences).

Gas chromatography-mass spectrometry. Determination of atom percent
enrichment (APE) of H was done as described (24) after deproteinization.
Briefly, 100 pnL KF-EDTA plasma was diluted with an equal amount of water
and deproteinized after adding 300 p.L of 0.3 N ZnSO, solution followed by 300
wL of 0.3 N Ba(0H), solution. After vortexing for 20 min, samples were
centrifuged (21,000 X g, room temperature). Then, 400 wL was evaporated
under a stream of nitrogen 5.0 at 37°C, and both endogenous and infused
[6,6-H,] glucose were derivatized with hydroxylamine hydrochloride (100 pL
of 2% solution in pyridine, 60 min at 90°C, cooling for 5 min) and acetic an-
hydride (200 pL, 60 min at 90°C, 5-min cooling) to the aldonitrile-pentaacetate.
The analyses were performed on a Hewlett-Packard 6890 gas chromatograph
equipped with a 25-m CPSil5CB capillary column (0.2-mm inner diameter,
0.12-pm film thickness; Chrompack/Varian, Middelburg, the Netherlands)
and interfaced to a Hewlett Packard 5975 mass selective detector (Hewlett
Packard). Selected ion monitoring was used to determine enrichments of the
fragments C3 to C6 with the average mass units 187 for the endogenous glucose
and 189 for the [6,6->Hy]glucose. Intra- and interassay CVs were 0.6 and 1.0%.
Calculation of whole-body glucose turnover and endogenous glucose
production. Rates of endogenous glucose production (EGP) were determined
from the tracer infusion rate of D—[6,6—2H2] glucose and its enrichment to the
hydrogens bound to carbon 6 divided by the mean percent enrichment of
plasma D-[6,6-2H]glucose. Because tracer-to-tracee ratios were constant after
300 min (Supplementary Fig. 1B), steady-state equations were appropriate for
calculation of basal EGP over the last hour of intervention (300-360 min) and
insulin-suppressed EGP during the last 30 min of clamp test. Whole-body
glucose disposal (M-value) was calculated from glucose infusion rates during
the last 30 min of the clamp.

Statistical analyses. Results are presented as means = SEM and were
compared using two-tailed Student ¢ test for paired analysis (comparisons
before and after intervention for circulating immune cells and adipose tissue
gene expression) or using repeated-measures ANOVA with the Dunnett post
hoc testing. Incremental area under the curve (AUC) was calculated using the
trapezoid method. Statistical significance of differences was defined at P <
0.05. Calculations were performed using GraphPad Prism version 4.03
(GraphPad, La Jolla, CA).

RESULTS

Metabolites and hormones. Sixteen lean, young insulin-
sensitive volunteers (Table 1) underwent four different
interventions (iv fat, po fat, endotoxin [LPS], and glycerol

TABLE 1

Volunteers’ characteristics

n (males/females) 16 (11/6)
Age (yearsg 24 £ 1
BMI (kg/m~) 22.7 = 0.3
Waist circumference (cm) 81 2
Lean body weight (kg) 59 £ 2
Body fat (%) 21 =1
Systolic blood pressure (mmHg) 127 = 3
Diastolic blood pressure (mmHg) 4+ 2
Triglycerides (mmol/L) 0.93 = 0.08
LDL cholesterol (mmol/L) 2.63 = 0.14
HDL cholesterol (mmol/L) 1.44 = 0.11
FA (mmol/L)* 0.49 = 0.05
Alanine aminotransferase (U/L) 22 + 2
Aspartate aminotransferase (U/L) 26 £ 1
Fasting blood glucose (mmol/L) 4.37 = 0.06
2-h blood glucose (mmol/L) 443 = 0.22

Data are means = SEM. “Value obtained during control intervention.
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i.v. serving as control) in random order at least 4 weeks
apart (Fig. 1). Plasma triglycerides rose continuously to
3.7 = 0.7 mmol/L. (AUC P < 0.01 vs. control) during iv fat
infusion and remained unchanged after po fat or LPS (Fig.
2A), while triglyceride content in chylomicrons increased
from 1.2 = 0.3 to 2.0 = 0.3 mmol/L after po fat (P < 0.05
vs. baseline). Plasma free FA increased after iv fat by 178%
to 0.79 £ 0.04 mmol/L at 360 min (AUC P < 0.01 vs. con-
trol), but not after po fat (Fig. 2B). Plasma FA started to
increase 90 min following endotoxin application to 0.84 =
0.04 mmol/L (AUC P < 0.01 vs. control). During the clamp,
plasma FA decreased rapidly but remained higher after iv
and po fat (0.23 = 0.02 and 0.10 = 0.02 mmol/L; both P <
0.01 vs. control). Plasma insulin concentrations were
constant during the intervention period and increased
during clamp after po fat in the presence of comparable
clamp-induced glycemia (P < 0.05; Fig. 3A and Supple-
mentary Fig. 14). In parallel, steady-state plasma C-peptide
levels were also greater after po fat compared with control
(4.7 = 0.6 vs. 2.3 = 0.3 ng/dL; P < 0.01). Only upon po fat,
GLP-1 and GIP rose immediately and remained elevated
until the end of intervention period (Fig. 3C and D).
Plasma glucagon rose after po fat and remained higher
until the clamp (Fig. 3B).
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FIG. 2. Time course of total and chylomicron triglycerides (A) and FA
(B) during iv fat (red), po fat (blue), LPS (green), control (black), and
triglyceride content in chylomicron fraction after po fat as broken line
(blue). **P < 0.01 for AUC during intervention vs. AUC during control;
##P < 0.01 vs. control at 480 min using repeated-measures ANOVA and
post hoc Dunnett testing.
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FIG. 3. Time course of plasma insulin (A), glucagon (B), GLP-1 (C), and GIP (D) during iv fat (red), po fat (blue), LPS (green), and control
(black). **P < 0.01 for AUC during po fat vs. AUC during control; #P < 0.05 po fat vs. control for mean of 450 and 480 min and P < 0.01 vs. fat iv
and LPS, respectively; §P < 0.05 po fat vs. control using repeated-measures ANOVA and post hoc Dunnett testing.

Tissue-specific insulin sensitivity. The iv and po fat as
well as endotoxin similarly reduced whole-body insulin
sensitivity compared with control to 60, 67, and 48%, re-
spectively (all P < 0.01; Fig. 4A). Hepatic insulin sensitiv-
ity, assessed from insulin-mediated suppression of EGP,
was not different among all studies (EGP suppression by
42 *= 8% [iv fat], 67 £ 13% [po fat], and 54 = 7% [LPS] vs.
69 = 156% after control).

Energy expenditure and substrate oxidation. REE was
1579 * 221 kcal/day, and respiratory quotient was 0.83 =
0.06%. At 6 h, lipid oxidation rates were 40% higher (P <
0.05) after iv but not after po fat compared with control
(Fig. 4B). During insulin stimulation, lipid oxidation rates
fell by 39 = 7,48 = 15, 94 + 18, and 106 = 22% during iv
fat, po fat, LPS, and control (all P < 0.001 vs. fasting), but
remained higher after iv fat (P < 0.01 vs. control). Oxi-
dative glucose use was not different among the studies, but
iv fat, po fat, and LPS decreased nonoxidative glucose use
by 30 (P < 0.05), 33 (P < 0.05), and 56% (P < 0.01)
compared with control (Fig. 4C).

Systemic and adipose tissue inflammation. After en-
dotoxin, the fractional contribution of granulocytes to
blood leukocytes rose by 44% (P < 0.0001), while that of
Ilymphocytes fell by 75% (P < 0.0001) (Table 2). Po fat
induced minor changes of the granulocyte and monocyte
fractions. After endotoxin, plasma TNF-a and IL-6 tran-
siently rose, with peaks at 120 and 180 min, respectively.
Plasma cortisol and IL-1ra peaked at 240 min (Fig. 5).
Neither fat, regardless of the route of administration, nor
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control conditions affected systemic concentrations of im-
mune markers. In subcutaneous adipose tissue, the mRNA
expression of the related genes showed similar behavior
and was increased only after endotoxin (Table 2).
Muscle DAG, ceramides, and PKC. In biopsies obtained
from vastus lateralis muscle at 5 h, the membrane/cytosol
PKC6 translocation reflecting its activation was 50%
greater after iv and po fat, but unchanged after endotoxin
when compared with control (P < 0.05 for differences
between groups; Fig. 6A and B). Total cytosolic and
membrane DAG as well as ceramides were unchanged
(Fig. 6C), while the membrane Di-C18:2 DAG species
doubled after iv fat (P < 0.01 vs. control; Fig. 6D). After po
fat, total membrane DAG and Di-C18:2 DAG species
exhibited a tight positive correlation with muscle PKC6
translocation (r = 0.77 and r = 0.86, respectively; both P <
0.05), while iv fat and LPS did not have any effect.

DISCUSSION
This study shows that one single po fat load decreases
whole-body insulin sensitivity to an extent comparable to
that induced by iv fat or low-dose endotoxin administra-
tion. This effect associates with reduced insulin-stimulated
nonoxidative glucose use by skeletal muscle and activa-
tion of PKC6O, whereas systemic or local adipose tissue
inflammation does not seem to be involved.

Previous studies on insulin action after po fat loading
found either no or only minor decrease of insulin sensitivity
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repeated-measures ANOVA and post hoc Dunnett testing.

in humans (25-27). This is most likely attributable to the
different study designs, which used lipid meals ingested
over the course of several hours or up to few weeks or
offered mixed meals also containing protein and/or car-
bohydrates. An hourly intake of oil enriched in poly-
unsaturated (78%), monosaturated (78%), or saturated FA
(60%) over 12 h increased plasma FA starting at 8 h after the
first dose and resulted in higher glucose infusion rates
during clamps after ingestion of polyunsaturated, but not

2244 DIABETES, VOL. 62, JULY 2013

Mean = SEMs are given. *P < 0.05, **P < 0.01 vs. control analyzed by

monosaturated or saturated, FA after 24 h (28). In contrast,
the current study demonstrates a profound reduction of
insulin sensitivity at 6-8 h after single ingestion of soybean
oil rich in polyunsaturated FA (61%), which was used in
order to match for the composition of the iv fat solution
known to rapidly induce insulin resistance in humans
(6,7). The seemingly contradictory findings probably result
from different time intervals between fat ingestion and
assessment of insulin sensitivity, differences in timing of
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TABLE 2
Parameters of systemic and tissue-specific inflammation
iv fat po fat LPS Control
Before After Before After Before After Before After
Percent contribution to circulating
leukocytesA
Granulocytes 62 = 3 59 = 3 60 = 2 63 *+ 2%* 60 = 3 86 + 1#% 57 = 3 56 + 3
Lymphocytes 31 £ 2 34 + 2 38 £ 2 30 = 2 33 +3 8§+ I+ 35 +3 37+ 3
Monocytes 7005 7310 74 *=05 6.1*x05%* 77x06 67=*x06 74=x05 6.6=x0.6%
Adipose tissue mRNA expression®
TNF-a 11 £ 2 14 £5 10 £1 8§ +2 15 £4 23 + 4% 14 =3 16 = 5
IL-6 08*+02 08*01 07x03 0.7=x01 19+09 63+x13* 07*x01 10=*=03
TLR2 21 £5 28 = 8 15 £ 3 12 = 2 23 £ 4 66 = 13%* 23 =6 25 = 8
TLR4 314 38 7 37+ 4 387 36 £ 7 75 = 12%% 34 =3 45+ 6

AData are means = SEM as percent of all leukocytes. EData are means = SEM as relative gene-expression units. *P < 0.05; ¥*P < 0.01; ¥¥P <

0.0001 after vs. before intervention using Student ¢ test.

fat application, its composition, and the absolute plasma
FA concentration achieved (26,29). Of note, the aim of the
current study was to analyze whether the mechanisms
proposed from the lipid infusion models are also involved
after ingestion of identically composed pure fat and to set
the stage for further studies analyzing mechanisms in-
volved in the interaction of po fat with other macronutri-
ents under real-life conditions.

The current study also found that neither intravenous
nor oral lipids immediately affect hepatic insulin sensitiv-
ity. Over a longer period of 5 days, a hypercaloric mixed
diet containing 60% fat equally composed of poly-, mono-,

and saturated FA combined with carbohydrates and pro-
teins affected hepatic glucose metabolism by increased
fasting EGP and decreasing hepatic insulin sensitivity (25),
but it does not allow conclusions on the effect of fat per se.
In contrast, the glycerol infusion used as a control to ac-
count for increased glycerol delivery during lipid applica-
tion may have stimulated gluconeogenesis and resulted in
the incomplete (~75%) insulin-induced suppression of
EGP (24). Thus, the design allowed assessing the net he-
patic effect of FA and endotoxin application per se at the
expense of underestimating total (i.e., glycerol-mediated,
hepatic insulin resistance). As this study was primarily

A 2s- B 3s-
20+ —_
E 154 ok T
3 2
= 104 =
3 2
|18 - -
z °1 5
Q
e —
Oty T T T T T T T T () ey T T T T T T T T
0 60 120 180 240 300 360 420 480 0 60 120 180 240 300 360 420 480
Time [min] Time [min]
C 100- D s0.0-
75+ o 40.0+ Li
e E 30.0+
£ 504 B
E £ 20.0+
© 2 £ 1001
| 1
= -4 o054
4 0.5
2 E é 5 g .|l :_Lbﬁ—ﬁﬂ
0]-I—l ¥ 0

0 60 120 180 240 300 360 420 480
Time [min]

0 60 120 180 240 300 360 420 480
Time [min]

FIG. 5. Time courses of systemic immune-regulating proteins and hormones. TNF-«a (A), cortisol (B), IL-6 (C), and IL-1ra (D). iv fat (red), po fat
(blue), LPS (green), and control (black). **P < 0.01 for AUC during intervention vs. AUC during control visit.

DIABETES, VOL. 62, JULY 2013 2245

diabetes.diabetesjournals.org



FAT, INFLAMMATION, AND INSULIN RESISTANCE

A

2.5+

p<0.05%

5

o

c

i=l

©

[&]

(=]

7

=

o

b

[==]

o

<

- iv fat po fat LPS con
c 300+ Cytosol Membrane

_ GAPDH

o e = e NaKATPase
Z 200+

B

=

K=y

£ 1004

K=

0
E =0 s EEQ s E&Q 5
> o A © > o A © > o A ©
- o - j=% - o
Total Total Total
cytosolic membrane ceramides
DAG DAG

con iv fat LPSpo fat
— — G = Cyt. PKCO

— —— S Mem. PKCO
. e a— . N KATPase

O

[nmol/g tissue]

Di-C18:2 Di-C18:2 c18
cytosolic membrane ceramides
DAG DAG

FIG. 6. Muscle PKC# translocation (A), total cytosolic (Cyt.) and membrane (Mem.) DAG, total ceramides (C), and C18 DAG and C18 ceramide
levels (D). Representative blot of cytosolic/membrane PKCO using enhanced chemiluminescence and respective control (con) proteins (sodium
potassium ATPase [NaKATPase] for membrane and glyceraldehyde-3-phosphate dehydrogenase [GAPDH] for cytosolic band density) for correc-
tion (B), and enrichment of cytosolic/membrane markers after DAG fractionation is depicted as inset in C. Biopsies were taken 5 h after in-
tervention: iv fat (red), po fat (blue), LPS (green), and control (con; black). #P < 0.05 for overall difference between groups analyzed by
repeated-measures ANOVA; **P < 0.01 vs. control using repeated-measures ANOVA. AU, arbitrary units.

designed to examine effects on muscle insulin sensitivity,
the use of higher insulin doses may have prevented to
detect differences in hepatic insulin sensitivity. In addition,
incretin-mediated changes in portal insulin and glucagon
concentrations may have masked effects of oral lipid in-
gestion on liver glucose metabolism, which is sensitive to
small changes in portal insulin and glucagon (30). Incretins
can also increase lipoprotein lipase activity in adipose
tissue (31), thereby further increasing the release and up-
take of FA from chylomicrons and reducing the spillover
(i.e., the release into the blood) (32), which is in line with
the observation of elevated chylomicrons, but not FA, in
the current study.

The reduction of insulin-stimulated muscle glucose dis-
posal upon fat or endotoxin application was accounted for by
lower nonoxidative glucose disposal without changes in glu-
cose oxidation. This extends the concept originally derived
from lipid infusion studies to po fat ingestion and endotoxin
exposure, in that diminished muscle glucose uptake is not
due to substrate (glucose-FA) competition for oxidation, but
results from impaired glucose transport/phosphorylation fol-
lowed by lower nonoxidative glucose storage (3,6,29).
Furthermore, membrane PKC8 was activated in skeletal
muscle at 5 h after oral lipid ingestion and lipid infusion.
While an increase in membrane PKC6 translocation has
been shown in animal models after a 3-week high-fat diet
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(33) and 3 h after lipid infusion (18,34), PKC6-knockout
mice are protected (35). In humans, PKC isoforms BII and
3, but not 6, were elevated in muscle 6 h after combined
insulin and lipid infusion (36), and this has not been
reported after high-fat meals in humans before. Thus, basal
muscle PKC6 activation may represent the key signaling
event in lipid-induced insulin resistance by serine phos-
phorylation of insulin receptor substrate-1 at residues
307/312 (18) or 1101 (37) or alternatively via serine phos-
phorylation of 3-phosphoinositide-dependent kinase-1,
which in turn inactivates Akt (38).

Although muscle PKCH is a target of DAG, total DAG
concentrations were not different between all inter-
ventions at 5 h, which is in line with one (39) but not with
other studies reporting increased total DAG at 5 to 6 h of
a parallel lipid and insulin—glucose infusion in humans (36)
and mice (18,40). Other studies associated PKC6 or other
PKC isoforms with increased DAG concentrations in cross-
sectional analyses (36,41) or after high-fat diet in mice
(42). Nevertheless, total DAG mass might be less relevant
for insulin sensitive pathways than its distribution in spe-
cific subcellular compartments (41,43,44). In this study, we
show that myocellular membrane Di-C18:2 DAG content
was increased at 5 h of lipid infusion, which reflects the
53% content of linoleic acid in the infusion. Of note,
desaturation of both FA moieties of total DAG was also
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found in muscles of obese insulin-resistant humans with-
out lipid infusion (43), whereas others hold Di-C18:0 sub-
species responsible (41). Nevertheless, soybean oil infusion
in rats exclusively raises myocellular 18:2-fatty acyl CoA
within 2 h prior to the transient increase in DAG between
2 and 4 h and ultimately followed by PKC8 translocation
in rats (18). This time sequence of events also holds true
for lipid infusion in humans (44) and is probably re-
sponsible for a peak in DAG species occurring earlier after
po fat ingestion than during continuous lipid infusion;
therefore, we may have missed the DAG peak in our po
fat study.

Total concentrations of ceramide species remained un-
changed not only after lipid, but also after endotoxin ap-
plication. This is similar to some studies in humans (36,39)
and mice (18), but not all studies (45,46). The relatively
low content of saturated FA (16%) in soybean oil, which
are key to de novo synthesis of ceramides also after TLR4
activation (9), could contribute to the divergent results,
but the current study cannot exclude a transient increase
in ceramides. In humans, high-fat diets generally contain
more saturated FA, which might affect the mechanisms
causing insulin resistance and could also involve ceram-
ides or inflammatory processes (2,9). Moreover, chronic
overnutrition usually leads to greater protein intake with
augmented availability of amino acids, which cause insulin
resistance via other pathways (17).

The po and iv fat did not result in detectable inflam-
matory processes, which are known to relate to insulin
resistance in humans (47). The minor changes in leukocyte
fractions upon po fat are in line with those found upon
endotoxin and could result from mild endotoxin spillover,
which cannot be confirmed by measuring plasma endo-
toxin levels, although recent studies suggested an increase
in LPS and cytokines after meals enriched in saturated
fat (12), indicating that insulin resistance by mainly un-
saturated FA occurs independently of TLR4 activation.
Application of LPS 0:113 induced an equal degree of pe-
ripheral insulin resistance in association with pronounced
proinflammatory response, including mild clinical signs of
increased body temperature (48). Nevertheless, application
of other LPS subtypes of Gram-negative bacteria might
have caused different effects. The observed rise in TNF-a
and IL-6 concentration and adipose tissue expression is
comparable to a recent study (14) using combined lipid
and endotoxin administration. In this study, we further
describe a subsequent rise in the anti-inflammatory cyto-
kine IL-1ra, which could have attenuated the endotoxin
effect on insulin sensitivity. Although plasma FA concen-
trations transiently rose after endotoxin infusion to similar
levels as during lipid infusion for about 2 h, this was neither
associated with elevation of myocellular lipid intermediates
nor with PKC6 translocation. Probably, FA contribute to
a more pronounced activation of inflammatory pathways
such as nuclear factor-xB p65 binding and c-Jun-N-terminal
kinase that mostly mediate endotoxin-induced insulin re-
sistance (47). Additional lipid-induced mechanisms such
as reduced blood flow, as reported in a mouse model (49),
are possible, but rather unlikely to occur in humans under
these conditions (50).

In conclusion, this study showed that: 1) po fat inges-
tion rapidly induces insulin resistance, which is pri-
marily accounted for by reduced muscle nonoxidative
glucose disposal; 2) lipid-induced insulin resistance is due
to PKCH translocation and likely mediated by distinct
myocellular membrane DAG, but neither by local nor

diabetes.diabetesjournals.org

systemic inflammation in humans; and 3) endotoxin-
induced insulin resistance also starts in skeletal muscle,
occurs independently of PKC6, and is exclusively associ-
ated with adipose tissue inflammation.
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