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SUMMARY

Prolonged intervention studies investigating mo-
lecular metabolism are necessary for a deeper
understanding of dietary effects on health. Here
we provide mechanistic information about meta-
bolic adaptation to fat-rich diets. Healthy, slightly
overweight men ingested saturated or polyunsatu-
rated fat-rich diets for 6 weeks during weight
maintenance. Hyperinsulinemic clamps combined
with leg balance technique revealed unchanged
peripheral insulin sensitivity, independent of fatty
acid type. Both diets increased fat oxidation
potential in muscle. Hepatic insulin clearance
increased, while glucose production, de novo lipo-
genesis, and plasma triacylglycerol decreased.
High fat intake changed the plasma proteome in
the immune-supporting direction and the gut mi-
crobiome displayed changes at taxonomical and
functional level with polyunsaturated fatty acid
(PUFA). In mice, eucaloric feeding of human
PUFA and saturated fatty acid diets lowered
hepatic triacylglycerol content compared with
low-fat-fed control mice, and induced adapta-
tions in the liver supportive of decreased gluco-
neogenesis and lipogenesis. Intake of fat-rich diets
thus induces extensive metabolic adaptations
enabling disposition of dietary fat without meta-
bolic complications.
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INTRODUCTION

Dietary guidelines have for decades advocated to limit the die-

tary intake of total fat in order to preserve overall health. At the

same time, the level of available evidence on total fat intake

and the associated risk of diabetes and metabolic syndrome

components is still considered insufficient (FAO, 2010). Recent

cohort studies have actually shown that increased dietary fat

intake reduced mortality and was not linked to cardiovascular

disease (Dehghan et al., 2017) or type 2 diabetes incidence

(Schwab et al., 2014), and that intake of dietary saturated fatty

acids (SFAs), which has long been perceived as unhealthy,

was not associated with increased risk of insulin resistance or

cardiovascular disease (Astrup, 2014; Morio et al., 2016; Aune

et al., 2013).

The use of large epidemiological cohort studies is, however,

not expedient for identification of the optimal diet due to inherent

difficulty of getting mechanistic insight into molecular meta-

bolism of dietary components. Indeed, many intervention

studies have reported reduced insulin sensitivity following high

fatty acid (FA) exposure to different cell types in culture, ad

libitum high-fat feeding in rodents, and acute intravenous triacyl-

glycerol (TG) and heparin administration, elevating plasma FA

concentrations 5- to 6-fold compared with resting post-absorp-

tive levels, in healthy humans (Pehmoller et al., 2012; Hoeg et al.,

2011; Gormsen et al., 2007). However, when lipids are provided

in amore physiologic context by ingestion of a fat-rich diet, inter-

vention studies of up to 3weeks’ duration have indicated that the

ability of insulin to stimulate glucose disposal is not impaired in

healthy lean or overweight subjects after intake of weight-main-

taining diets with a total fat content of 49E%–83E% (percentage
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of total energy intake) (Cutler et al., 1995; Bisschop et al., 2001;

Skovbro et al., 2011; Yost et al., 1998; van Herpen et al., 2011;

Borkman et al., 1991). This is despite the fact that the daily fat

intake comprised up to 3-fold the amount administered in lipid

infusion studies. Thus, solid mechanistic intervention studies in

humans investigating how the human organism handles dietary

FAs at the molecular level are clearly warranted.

The purpose of the present study was, therefore, to investigate

insulin sensitivity, substrate metabolism, and molecular mecha-

nisms accompanying prolonged increased exposure to dietary

FAs, at the level of skeletal muscle and the liver, key organs

regulating whole-body metabolism. The hyperinsulinemic-eugly-

cemic clampwas combinedwith glucose tracer infusion for deter-

mination of hepatic glucose production, skeletal muscle biopsies,

and the femoral arteriovenous (a-v) balance technique, enabling

assessment of insulin sensitivity directly at the level of skeletal

muscle, themainsiteof insulin-stimulatedglucosedisposal (Orava

etal., 2013).Twoexperimental high-fatdiets, equally rich in total fat

but varying markedly in content of SFAs and polyunsaturated FAs

(PUFAs), were designed to assess whether the adaptive mecha-

nisms are FA-type specific. The study involved slightly overweight

and untrained subjects, a typical population group prone to

developmetabolic diseases. The intervention lengthwas 6weeks,

with energy provision set to match eucaloric requirements of the

volunteers and keep their body weights stable.

To gain insight into liver-specific molecular adaptations to high

fat intake, mice fed with the same saturated and polyunsaturated

high-fat diets for 6weekswere also investigated. Tomatch the eu-

caloric human design, both high-fat diets were provided in a pair-

feeding manner based on the energy intake of mice fed a low-fat

control diet. Thereby, the effect of increased fat intake per se, in-

dependent of potential diet-induced obesity, could be studied.

Feces samples from both humans and mice were obtained to

investigate the adaptation in gut microbiome composition and

its functionalpotential, and theplasmaproteomewas investigated

to give a global view of the integrated metabolic response.

RESULTS AND DISCUSSION

Eighteen healthy, young (33 ± 6 years), overweight (BMI 26.4 ±

2.4 kg m�2), and untrained (peak oxygen uptake [VO2peak]

39.1 ± 5.2 mL kg�1 min�1) men were included in the study, and

by a parallel intervention design randomized to 6 weeks on a

high-fat diet enriched in either PUFA (n = 9) or SFAs (n = 9) (Fig-

ure S1). Both diets comprised 64E% fat, 16E% protein, and

20E% carbohydrate, resulting in an increase in fat intake by

30E% and carbohydrate intake decrease by 26E% compared

with their habitual intake (TableS1). The interventionwasconduct-

ed in a highly controlledanddaily supervised free-living setting. All

foods and drinks were delivered to the subjects, after being

weighed and pre-packed. It was supervised that subjects did

not change their physical activity levels. Consistent with the

design, body weight remained stable during both interventions,

with no change in body composition (Table 1). The metabolism

of the subjects was then investigated before and after 6 weeks

of intervention.

Six weeks’ eucaloric intake of the 64E% high-fat diets did not

compromise insulin’s ability to stimulate whole-body glucose

disposal compared with pre intervention (Figure 1A), when as-
sessed by the hyperinsulinemic-euglycemic clamp (1 mU

insulin kg�1 min�1). These findings were obtained when 34E%

of the dietary fat was polyunsaturated, comprising in particular

C18:2n-6 and C18:3n-3 FAs from vegetable oils, fatty fish,

nuts, and seeds, but also when 39E% was saturated fat, in

particular C16:0 and C18:0 from high-fat dairy and fatty meat

(Table S1; Figure S1).

Thus, irrespective of FA type, when caloric intake is balanced,

insulin sensitivity was maintained. The insulin/glucose homeo-

stasis in the fasting state was actually changed in a non-diabetic

direction, as fasting plasma insulin concentration decreased af-

ter both high-fat diets (Table 1). Additionally, fasting plasma TG

concentrations were markedly reduced after both high-fat diets

(Table 1), which would be beneficial in terms of dyslipidemia

and cardiovascular risk. The plasma cholesterol profile remained

unchanged after the SFA diet, and was changed in a beneficial

direction after PUFA intake, as total cholesterol decreased and

low-density lipoprotein-cholesterol tended to decrease, while

high-density lipoprotein-cholesterol was unchanged (Table 1).

Together, these findings raise questions regarding the mech-

anisms enabling the organism to handle increased lipid availabil-

ity without metabolic deterioration.

Increased Contribution of Fat to Energy Utilization
A major metabolic shift occurs when a diet high in fat and low in

carbohydrates is consumed. In the overnight-fasted, resting

state, the basal metabolic rate remained unchanged while respi-

ratory exchange ratio (RER) values decreased markedly after

both high-fat diets, indicating an increased contribution of FA

combustion to energy utilization (Figures 1B and 1C). Skeletal

muscle represents a major site of energy utilization. Accordingly,

when challenged with increased dietary FA availability, the pro-

tein content of the lipid transporter cluster of differentiation 36/

SR-B2 (CD36) in muscle biopsies increased similarly after both

high-fat diets (Figure 1D), permitting an increased trans-mem-

brane uptake of plasma FAs. The upregulation of CD36 protein

was complemented by an increased capacity for intracellular

FA handling, as the protein content of fatty acid transport protein

1 (FATP1) and 4 (FATP4) in muscle also increased after the two

diets (Figures 1E and 1F). Irrespective of PUFA or SFA diet,

post-intervention high-fat (75E%) meal tests (Table S2) showed

markedly lower postprandial plasma TG concentrations (42%

and 45% lower area under the curve compared with pre inter-

vention) (Figures 1G and 1H). Concomitantly, the 5 hr postpran-

dial FA oxidation was higher and accounted for almost 100% of

energy utilization post intervention (Figure 1I).

Pyruvate dehydrogenase E1a (PDH-E1a) plays a key role con-

trolling the balance between glucose and FA oxidation. The

increased FA oxidation was observed concomitantly with

increased phosphorylation of basal muscle PDH-E1a at the

Ser300 site after both PUFA and SFA, and Ser293 after SFA (Fig-

ures 1J–1L), indicating covalent PDH inactivation and decreased

pyruvate conversion to acetyl coenzyme A (CoA), enabling

greater uptake of beta-oxidation-derived acetyl-CoA into the

TCA cycle. An allosteric inhibition of PDH activity by increased

acetyl-CoA and NADH content, or lower pyruvate, could poten-

tially also have contributed. Thus, when rat heart mitochondria

were exposed to increased FA availability, acetyl-CoA levels

increased and allosterically inactivated PDH (Kerbey et al.,
Cell Metabolism 29, 50–63, January 8, 2019 51



Table 1. Body Composition and Arterialized Plasma Parameters

PUFA SFA

Intervention Diet

Intervention

3 DietPre Post Pre Post

Body Composition

Body weight (kg) 87.5 ± 1.9 86.2 ± 2.4 91.9 ± 2.6 92.0 ± 2.4

Lean body mass (kg) 60.8 ± 1.4 60.2 ± 1.6 62.3 ± 1.9 62.4 ± 1.8

Fat mass (kg) 23.2 ± 1.4 22.6 ± 1.6 26.1 ± 1.7 26.0 ± 1.9

Visceral fat (g) 820 ± 164 758 ± 146 797 ± 95 770 ± 132

Plasma Parameters

Glucose (mmol L�1) 5.6 ± 0.1 5.4 ± 0.1 5.6 ± 0.1 5.5 ± 0.2

Insulin (mU mL�1) 4.6 ± 0.9 3.5 ± 0.5 4.7 ± 1.2 2.7 ± 0.7 **

C peptide (pmol L�1) 434 ± 108 399 ± 70 479 ± 68 410 ± 60

HOMA-IR index 1.2 ± 0.2 0.8 ± 0.1 1.1 ± 0.3 0.7 ± 0.2 **

Glucagon (pmol L�1) 6.7 ± 0.5 9.5 ± 1.0^^^ 6.4 ± 0.6 6.4 ± 0.7 **

Insulin clearance (mL$min�1) 14.3 ± 3.2 20.4 ± 7.2 16.9 ± 2.9 36.3 ± 11.4 **

hsCRP mg L�1 0.91 ± 0.29 0.40 ± 0.15 0.68 ± 0.15 0.62 ± 0.22 p = 0.076

ALAT (U L�1) 35.9 ± 4.0 37.3 ± 2.6 37.6 ± 2.4 39.8 ± 3.2

3-Hydroxybutyrate

(mmol$L�1)

67.8 ± 25.6 297.8 ± 67.4 32.2 ± 2.2 144.4 ± 37.5 *** *

FGF21 (pg$mL�1) 70.3 ± 14.5 75.9 ± 11.6 81.6 ± 11.7 90.1 ± 18.2

TG (mmol L�1) 1.2 ± 0.2 0.8 ± 0.1 1.2 ± 0.3 0.7 ± 0.1 **

FAs (mmol L�1) 380 ± 51 412 ± 22 270 ± 21 388 ± 39 *

HDL-cholesterol (mmol L�1) 1.13 ± 0.08 1.17 ± 0.07 1.33 ± 0.11 1.44 ± 0.09

LDL-cholesterol (mmol L�1) 3.20 ± 0.19 2.75 ± 0.15(^) 3.20 ± 0.19 3.59 ± 0.31 *

Total cholesterol (mmol L�1) 4.07 ± 0.17 3.58 ± 0.10^^ 4.17 ± 0.14 4.60 ± 0.27 **

GIP (pmol L�1) 9.0 ± 1.1 15.2 ± 4.2 9.6 ± 1.7 8.9 ± 1.2

GLP-1 (pmol L�1) 10.0 ± 1.1 15.3 ± 3.4 13.4 ± 2.2 13.3 ± 2.3

Body composition and arterial plasma parameters obtained in the overnight-fasted state at pre intervention and after 6 weeks PUFA and SFA diet.

Body composition parameters were determined using dual-energy X-ray absorptiometry (Lunar DPX-IQ dual energy X-ray absorptiometry scanner)

after 4 hr of fasting. Data are means ± SE. Two-way RM ANOVAs were applied to test for effect of intervention and diet. (^)p = 0.064, ^^p < 0.01,

^^^p< 0.001 pre versus post. *p < 0.05, **p < 0.01, ***p < 0.001 main effect of intervention or diet group, or interaction between diet type and effect

of intervention. ALAT, alanine aminotransferase; hsCRP, high-sensitivity C-reactive protein; FGF21, fibroblast growth factor 21; GIP, gastric inhibitory

polypeptide; GLP-1, glucagon-like peptide 1; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin resistance; LDL, low-

density lipoprotein. n = 9 in all groups.
1976). Muscle content of the Rab GTPase-activating protein

TBC1 domain family member 1 (TBC1D1) decreased after both

interventions (Figure 1M). This diet-induced downregulation of

TBC1D1 may have assisted in the substrate switching, as a

role for TBC1D1 in regulation of FA oxidation was shown in

TBC1D1-deficient mice (Dokas et al., 2013) and rats (Whitfield

et al., 2017), and C2C12 muscle cells (Chadt et al., 2008). How-

ever, the precise role of TBC1D1 remains to be uncovered.

The protein content of AMP-activated protein kinase a2

(AMPKa2) increasedafter both interventions (Figure 1N), an adap-

tation likely beneficial to regulation ofmuscle energy homeostasis

(Kjobsted et al., 2018). The intramyocellular TG (IMTG) content re-

mained unchanged with both high-fat diets compared with pre

intervention (Figure 1O). This could relate to the habitual sedentary

activity level of the subjects, as previous studies have reported

increased IMTG by 54%–57% in physically active men after one

or 4 weeks’ eucaloric intake of 54E%–60E% fat (Schrauwen-Hin-

derling et al., 2005; Kiens et al., 1987), and a remarkable ability

in athletes to upregulate IMTG storage after just a few days of eu-

caloric high fat (60E%–69E%) intake (Jansson and Kaijser, 1982;
52 Cell Metabolism 29, 50–63, January 8, 2019
Zderic et al., 2004). Thus, it appears that, in skeletal muscles of

the present sedentary subjects, several molecular adaptations

inducedbydiet contributed toan increasedcapacity forFAuptake

and oxidation rather than storage.

Maintained Insulin Sensitivity and Metabolic Flexibility
to Glucose
Despite a daily fat intake comprising�240 g for 6 weeks, insulin-

stimulated glucose uptake, measured directly at the level of skel-

etal muscle by the femoral a-v balance technique, revealed that

peripheral insulin sensitivity was unchanged after both high-fat

diets, consistent with the observations on the whole-body level

(Figures 1A and 2A). This extends previous short-term interven-

tions showing that whole-body insulin sensitivity remained un-

changed after 2.5–3 weeks of eucaloric intake of 49E%–75E%

fat (of mixed FA composition) in lean to overweight subjects

(Borkman et al., 1991; Cutler et al., 1995; van Herpen et al.,

2011), and reports of unchanged intravenous glucose tolerance

after 1 week of PUFA, SFA, and monounsaturated FA replace-

ment at 54E% total fat intake (Fasching et al., 1996).



(legend on next page)
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Figure 2. Peripheral Insulin Sensitivity,

Expression, and Phosphorylation of Skeletal

Muscle Proteins Involved in Glucose Meta-

bolism and Hepatic Glucoregulation

(A) Insulin-stimulated leg glucose uptake, calcu-

lated as the arterialized femoral venous blood

glucose difference multiplied by blood flow, and

expressed per kilogram of leg mass (LM) as

average values from the last 60 min of the clamp.

No changes were obtained in the femoral arterial

blood flow after the interventions.

(B and C) Muscle glucose transporter 4 (GLUT4)

protein content and Akt Ser473 phosphorylation at

basal andat end-clamp,expressedperAkt2protein.

(D) Basal muscle glycogen content, expressed per

kilogram dw.

(E) RER, obtained by indirect calorimetry in the

basal state and at the end of the clamp.

(F) Oxidative glucose disposal (OX) calculated from

indirect calorimetry during the last 60 min of the

clamp, and illustrated with total glucose disposal.

(G) Basal hepatic glucose rate of appearance (Ra).

(H) Hepatic glucose Ra during the last 20 min of the

clamp.

(I) Hepatic insulin resistance (IR) index.

Data are means ± SE. Western blot data are ex-

pressed as relative units, RU. Two-wayRMANOVAs

were applied to test for effect of intervention anddiet,

or intervention and insulin. (*)p = 0.096, *p < 0.05,

**p < 0.01, ***p < 0.001 effect of intervention. #p <

0.05, ###p < 0.001 effect of insulin. n = 9 in all groups.
The maintenance of glucose uptake in skeletal muscle in the

present study was consistent with the observation that muscle

GLUT4 protein content as well as basal and insulin-stimulated

Akt Ser473 phosphorylation remained unchanged (Figures 2B

and 2C). Hence, insulin signaling to glucose transport, as well

as the capacity for glucose uptake, remained intact after the
Figure 1. Whole-Body Insulin Sensitivity, Fasting and Postprandial Substrate Metabolism, an

Lipid Metabolism at Pre-intervention and after 6-Week PUFA and SFA Diet

(A) Glucose infusion rate during the hyperinsulinemic-euglycemic clamp, expressed per kilogram body ma

the clamp.

(B) Fasting respiratory exchange ratio, obtained by indirect calorimetry.

(C) Resting oxygen uptake (VO2).

(D–F) Muscle protein content of CD36 (D), FATP1 (E), and FATP4 (F).

(G and H) Plasma TG concentration before and after intake of a high-fat meal, providing 60 kJ/kg body mass

fat, 14E% carbohydrate, and 11E% protein, and were enriched in PUFA (G) or SFA (H) in accordance with

(I) Postprandial FA oxidation, calculated as the cumulative percentage of FA oxidation during 5 hr

every hour.

(J–N) Muscle pyruvate dehydrogenase E1a (PDH-E1a) protein (J), PDH-E1aSer293 phosphorylation (K), PDH-

member 1 (TBC1D1) protein (M), and AMP-activated protein kinase a2 (AMPKa2) protein (N).

(O) IMTG content, expressed per kilogram dry weight (dw).

Data are means ± SE. Western blot data are expressed as relative units (RU). Two-way repeated measur

intervention and diet. *p < 0.05, **p < 0.01, ***p < 0.001 effect of intervention. n = 9 in all groups.
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6-week dietary intervention. The muscle

glycogen content decreased in the

resting, fasting state following both high-

fat diets (Figure 2D). Themarked induction

of FA oxidation with both high-fat diets

thus did not compromise insulin action.

This is important and is furthermore sup-
ported by the maintained insulin-induced increase in RER during

the clamp in both trials (Figure 2E), in keeping with the described

relationship between metabolic flexibility and glucose disposal

rate (Galgani et al., 2008). However, the basal non-insulin-stimu-

lated RER values were markedly reduced after the high-fat inter-

ventions, and total oxidative glucose disposal during the clamp
d Skeletal Muscle Expression of Proteins in

ss (BM) as average values from the last 60 min of

(5.4 ± 0.4 MJ). The meals were composed of 75E%

the respective intervention group.

after the meal, with indirect calorimetry applied

E1aSer300 phosphorylation (L), TBC1 domain family

es (RM) ANOVAs were applied to test for effect of



Figure 3. Calorie Intake, Body Composition, Insulin Sensitivity, and Hepatic Molecular Metabolism Obtained in Mice Fed Either the PUFA or

SFA High-Fat Diet or a Low-Fat Reference Diet for 6 Weeks

(A) Weekly calorie intake, expressed as the weekly average per mouse. CON, control (reference diet).

(B) Body mass at week six.

(C) Fat mass, obtained from MRI scanning at the end of the intervention.

(D) Incremental area above the blood glucose curve (AOC) during an insulin tolerance test (ITT) (1 U/kg lean mass), calculated over 120 min.

(legend continued on next page)
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was lower post intervention (Figure 2F), likely related to the mod-

erate covalent inhibition of muscle PDH. Therefore, a larger

fraction of the leg glucose uptake was directed toward non-

oxidative glucose disposal, possibly facilitated by the lower

muscle glycogen content.

Eucaloric High-Fat Diets Improve Hepatic
Glucoregulation and Lipid Metabolism
The liver exerts a prominent role in regulation of systemic

glucose as well as insulin levels. Hepatic glucose production

was assessed by infusion of 6.6-2H2 glucose tracer for 2 hr

before and during the clamp. Glucose production (Ra) was

decreased in the fasting state after both the PUFA and SFA

high-fat diet, and tended to be lower during the clamp,

compared with pre intervention (Figures 2G and 2H). As the

lower fasting glucose production was obtained concomitant

with decreased fasting plasma insulin concentration (Table 1),

the hepatic insulin resistance index was lowered post interven-

tion (Figure 2I). Other dietary studies have also shown fasting

glucose production to be decreased (Bisschop et al., 2001) or

unchanged (Cutler et al., 1995; van Herpen et al., 2011; Chokka-

lingam et al., 2007) in healthy subjects after up to 3 weeks’ intake

of eucaloric diets with 41E%–83E% fat.

The hepatic insulin clearance, calculated from insulin and

C-peptide concentrations before and during the clamp,

increased after both high-fat diets (Table 1), reflected by

the lower fasting plasma insulin concentration. Fasting

plasma C-peptide concentration was not significantly changed.

Together with the improved glucoregulation, the increased insu-

lin clearance was indicative of hepatic insulin and glucose meta-

bolism being altered in a beneficial and non-diabetic direction by

eucaloric high fat and low carbohydrate intake. Of relevance to

the present findings, we have also previously shown that

3 days’ intake of a high-fat (79E%) and low-carbohydrate

(10E%) diet increased insulin clearance compared with a control

diet, despite 75% caloric excess (Lundsgaard et al., 2017b).

In our study, the fasting plasma TG concentrations were

reduced after the PUFA (�33%) and SFA (�42%) high-fat inter-

ventions (Table 1). In contrast, plasma TG content increased

>100% after 2 weeks of a eucaloric high-carbohydrate (75E%)

diet, due to increased very-low-density lipoprotein (VLDL)-TG

secretion (Mittendorfer and Sidossis, 2001). As fasting VLDL-

TG secretion rate has been shown to be positively associated

with hepatic TG content in healthy subjects (Fabbrini et al.,

2008), the present findings may reflect lower hepatic TG accu-

mulation after the diets. The assumption of lower hepatic TG

content after the diets is also supported by our finding of

increased hepatic insulin clearance after the diets since insulin

clearance has been shown to be inversely related to hepatic

TG content (Kotronen et al., 2007).

To evaluate possible diet-induced changes in de novo lipo-

genesis (DNL), plasma content of the FA marker C16:1n-7 pal-

mitoleate was measured. This moiety represents the desatu-

rated palmitate end product of DNL and its levels have been
(E–N) Hepatic variables: (E) TG content, (F) DAG content, (G) total cholesterol con

protein, (K) acetyl-CoA carboxylase 1 (ACC1) protein, (L) ACC2 protein, (M) FAS

Data are means ± SE. Western blot data are expressed as RU compared with C
yp < 0.05, yyp < 0.01, yyyp < 0.001 compared with CON. ^^^p < 0.001 compared w
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shown to correlate well with D2O-measured DNL (Lee et al.,

2015). The fasting plasma concentration of C16:1n-7

decreased after both high-fat diets, with a greater decrease af-

ter the PUFA (�62%) than after the SFA diet (�26%) (Table

S3), indicative of decreased DNL. Presumably this represents

an adaptive mechanism, protecting the liver from FA excess in

the context of the increased dietary lipid load. A decreased

DNL might be beneficial, considering the consistent observa-

tions of increased DNL in hepatic steatosis and liver insulin

resistance (Sanders and Griffin, 2016). Furthermore, the

plasma concentrations of the ketone body 3-hydroxybutyrate

increased after both high-fat diets (Table 1) but were still mark-

edly lower than levels of �1 mM reported during prolonged ex-

ercise or 24 hr fasting (Puchalska and Crawford, 2017). This

increased ketone production indicated an increased FA beta-

oxidation in the liver; another adaptive mechanism to mitigate

hepatic FA excess.

High-Fat Feeding Lowers TG Content and Capacity for
Gluconeogenesis and DNL in Mouse Liver
To gain more insight into the beneficial effects of high fat and

low carbohydrate intake on hepatic metabolism, two groups of

C57BL/6J male mice were pair-fed the homogenized, freeze-

dried, and pelleted human PUFA or SFA high-fat diets for

6 weeks, based on the caloric intake of a third group of

mice on a starch-rich control diet with 7% fat. All mice were

housed at 30�C thermoneutral conditions to better mimic hu-

man physiology (Ganeshan and Chawla, 2017). By feeding

design, caloric intake was equal between all three groups,

and body mass and fat mass were similar (Figures 3A–3C).

An insulin tolerance test (1 U insulin/kg lean mass) revealed

similar insulin-induced suppression of blood glucose (Fig-

ure 3D). Thus, similar to the human observations, insulin action

was not impaired upon high-fat feeding without diet-induced

obesity. This supports the notion that adverse effects of

high-fat feeding in rodents might be more related to over-

feeding than high fat intake per se. Thus, reduction in periph-

eral insulin sensitivity in rodents occurs with the onset of diet-

induced increased adiposity (Turner et al., 2013; Kim

et al., 2000).

After 6 weeks high-fat feeding, the hepatic TG content was

32% and 38% lower in PUFA- and SFA-fed mice, respectively,

compared with control (Figure 3E). Liver contents of diacylgly-

cerol (DAG) and total cholesterol were similar to control (Fig-

ures 3F and 3G). Molecular analyses at the protein level

revealed that both high-fat diets led to a marked suppression

of phosphoenolpyruvate carboxykinase (PEPCK), a key enzyme

in gluconeogenesis, compared with the control diet (Figure 3H),

congruent with the decreased glucose production in the human

subjects. The protein contents of Akt2 and forkhead box O1

(FOXO1), involved in insulin action in the liver, were unchanged

(Figures 3J and 3K).

One factor determining hepatic lipid accumulation is the rate

of DNL relative to FA oxidation. Here, acetyl-CoA carboxylase
tent, (H) PEPCK protein, (I) Akt2 protein, (J) forkhead box protein O1 (FOXO1)

protein, (N) stearoyl-CoA desaturase 1 (SCD1) protein. w.w., wet weight.

ON. One-way ANOVAs were applied to test for differences between groups.

ith SFA. n = 9 mice in CON, n = 10 mice in the PUFA and SFA groups.



Figure 4. Plasma Proteomics of Mouse Plasma Obtained after 6 Weeks of High-Fat or Control Diet Feeding

(A) Proteomic workflow.

(B–D) Volcano plot of the plasma proteome after feedingwith the PUFA high-fat diet (B), SFA high-fat diet (C), or both high-fat diets (D) comparedwith control, with

the x axis depicting the fold change in protein levels expressed as log2 values and the y axis the log p value. p values were calculated based on a paired t test with

s0 = 0.01 and 5% false discovery rate. iST, in-stage tip; LFQ, label-free quantification.
(ACC) is a key enzyme, regulating the production of malonyl-

CoA, a substrate for DNL and an inhibitor of carnitine palmi-

toyl-transferase 1 (CPT1) and thereby mitochondrial FA entry.

The indications of decreased DNL in the human study were

confirmed in mouse liver, as ACC1 and FA synthase (FAS) pro-

tein were suppressed by both PUFA and SFA high-fat feeding,

with additionally lowered ACC2 protein content in PUFA-fed

mice compared with control (Figures 3K–3M). Gene suppres-

sion studies in rodent liver revealed that both ACC1 and

ACC2 play a role in regulation of hepatic DNL and TG content

(Mao et al., 2006; Harada et al., 2007; Savage et al., 2006).

Expression of stearoyl-CoA desaturase 1 (SCD1), required for

desaturation of the saturated DNL FA products, was markedly

lower after PUFA compared with both control and SFA (Fig-

ure 3N). Together, these adaptations parallel the reduction of

C16:1n-7 palmitoleate content in the human subjects, repre-

senting mechanisms to suppress DNL after high fat, and partic-

ular by PUFA, intake. The lipogenic gene suppression could

result from inhibition of carbohydrate-responsive element-bind-

ing protein (ChREBP) nuclear translocation (Dentin et al., 2005)

or inhibition of sterol regulatory element-binding protein 1

(SREBP1) activity (Takeuchi et al., 2010), as shown for PUFAs

in vitro. These molecular findings nicely explain the beneficial

effects of PUFAs, and particularly n-3 PUFAs, on nonalcoholic

fatty liver disease revealed in clinical reports (Di Minno et al.,

2012). Of note, the present observations in both human and

mouse indicate that SFAs also have a suppressive effect

on DNL.
High Fat Intake Changes the Plasma Proteome in Anti-
inflammatory and Immune-Supporting Direction
To explore the quantitative changes in the plasma proteome in

response to high fat intake at a global level, post-intervention

mouse plasma and pre- and post-intervention human plasma

were subjected to liquid chromatography-tandem mass spec-

trometry (LC-MS/MS)-based proteomics analysis (Figures 4A

and S2). Lower variation in mouse compared with human plasma

protein abundance was observed, with a greater variation for hu-

man plasma proteomics (Geyer et al., 2016) ascribed to technical

challenges from the great dynamic protein range and high albu-

min abundance. Therefore, mouse proteomics data provided a

more favorable basis for statistical interpretations.

The changes in protein abundance with the PUFA and SFA

high-fat diets compared with the control diet or pre intervention

for mouse and human plasma are depicted in Figures 4B and 4C

and Figures S2A and S2B, respectively. In Figures 4D and S2C,

plasma obtained post PUFA and post SFA was compared with

control or pre intervention, to evaluate the effect of high-fat

diet, independent of FA type. In mouse plasma, high fat intake

per se increased plasma content of proteins related to lipopro-

tein metabolism and reverse cholesterol transport. Hence, the

abundance of several proteins, as the apolipoproteins ApoC2

(3.5-fold) and ApoE (1.7-fold), Ces1b (1.8-fold), hepatic lipase

(LipC) (1.7-fold), and LCAT (1.4-fold) were significantly upregu-

lated (Figure 4D). In human plasma, abundance of CETP

increased (1.3-fold), and ApoC3 decreased (�1.6-fold) with

high-fat diet, independent of FA type (Figure S2C). Lowering of
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ApoC3 would be indicative of increased lipid clearance, as

ApoC3 inhibits hepatic lipase and lipoprotein lipase.

A decreased abundance in mouse plasma was observed for

several proteins expressed in inflammation or immune re-

sponses after both high-fat diets; e.g., Saa1 (�8.3-fold), Orm1

(�1.9-fold), Itih4 (�1.3-fold), Pglyrp2 (�1.3-fold), and Apcs

(�2.4-fold) (Figure 4D). This metabolic regulation in an anti-in-

flammatory direction was supported in human plasma by find-

ings of reduced Saa4 (�1.1 fold) and the adipokine RBP4 after

both high-fat diets (�1.1 fold) (Figure S2C). Adiponectin, an

adipokine inversely associated with insulin resistance, increased

after PUFA (1.3-fold) (Figure S2B).

Interestingly, the protein that exhibited the most significant

change (i.e., increase) with both high-fat diets, and notably in

plasma from both mouse (2.2-fold; Figure 4D) and human (1.4-

fold; Figure S2C), was the apolipoprotein ApoA4. ApoA4 is pri-

marily secreted from the small intestine and has recently been

implicated in hepatic glucoregulation (Li et al., 2014). A regulato-

ry role for ApoA4 in plasma TGclearance has been suggested, as

individuals with an ApoA4 mutation have reduced postprandial

plasma TG clearance (Hockey et al., 2001), and ApoA4 has

been shown to increase the activity of plasma-derived lipopro-

tein lipase in vitro (Goldberg et al., 1990).

Incretin Hormones in Humans
The fasting plasma concentrations of the incretin hormones,

gastric inhibitory polypeptide (GIP) and glucagon-like peptide 1

(GLP-1), were not changed after the high-fat diet intervention in

humans (Table 1). Intake of a 75E% PUFA- or SFA-rich high-fat

meal increased GIP and GLP-1 plasma levels postprandially

with no differences between the PUFA and SFA meal, or pre-

and post-intervention (Figure S3).

The Gut Microbiome Response to High Fat Intake in
Humans and Mice
The human and mouse gut microbiomes were investigated

before and after the interventions to examine whether alterations

in community structures and/or functional potential could

contribute to the uniform metabolic adaptations observed be-

tween species. In the human cohort, bacterial diversity was not

affected by either time or diet (Figure S4A). In contrast, shifting

from a purified low-fat diet to a complex human diet strongly

boosted bacterial diversity in mouse fecal samples (Figure S4B),

in agreement with the impact of diet complexity on gut microbial

community structure (Dalby et al., 2017). However, in parallel

with the human observations, the two groups of high-fat-fed

mice did not differ in bacterial diversity (Figure S4B). At the level

of operational taxonomic units (OTUs), the two high-fat diets

distinctly affected gut microbiota composition in mice (ADONIS

permanova, p < 0.05; Figure 5A) (DESeq on rarefied data

[12,994 counts/sample], adjusted for individual and adjusted p

% 0.01 as cutoff). In humans, the PUFA diet changed gut micro-

biome composition (ADONIS permanova, p < 0.05), whereas the

SFA diet did not, despite SFA intake being elevated by 27E%

(Figure 5A). Intake of the PUFA diet elicited an increase in the

genera Bacteroides (log2FC: 1.66; p = 0.005) and Lachnospira

(log2FC: 1.82; p = 0.005), and a decrease in Bifidobacterium

(log2FC: �2.46; p = 0.008). Of note, Bacteroides has been impli-

cated in attenuation of obesity and metabolic impairments
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(Ridaura et al., 2013). Interestingly, human and mice fed the

same diet exhibited decreased similarity of the gut microbiome

composition, where the distance between UniFrac-based cen-

troids in the two host organisms increased after diet intervention

(weighted UniFrac: SFA increased from 0.490 to 0.514, PUFA

increased from 0.521 to 0.567; Figure 5A). However, as taxo-

nomically different bacteria may support similar functional capa-

bilities, we used PICRUSt to predict the functional potential of

the microbiomes based on Kyoto Encyclopedia of Genes and

Genomes (KEGGs). It is known that the human and mouse mi-

crobiomes share up to 95% of their functional potential, despite

exhibiting less than 4% overlap at the gene level (Xiao et al.,

2015). The high-fat diets, and especially the PUFA diet, led to a

decreased distance between centroids of KEGG module abun-

dances in humans and mice (Bray-Curtis dissimilarity: SFA

decreased from 0.090 to 0.078, PUFA decreased from 0.104 to

0.057; Figure 5B) indicating similarities in the functional adapta-

tion to the diets. Even though multiple KEGG modules showed

organism-specific changes, 19 of the 23 modules affected by

the PUFA diet in both humans and mice exhibited a similar

pattern (Figure 5C). Thus, despite different microbiome taxo-

nomical compositions, which is to be expected comparing

mice and humans (Zhang et al., 2017), the functional capacity

of the microbiome exhibited similar responses to the PUFA

diet, with one of the most notable uniform changes being

increased capacity for glycerol degradation. The modules that

were altered in opposite direction between humans and mice

most probably reflect differences between the human habitual

diets and the less complex low-fat diet fed to the mice.

The Integrated Response of the Organism to High Fat
Intake
Extensive metabolic adaptations enabled disposition of the

fat without metabolic deterioration. Independent of dietary FA

type, there was no induction of peripheral or hepatic insulin resis-

tance in the healthy subjects, despite being overweight and

inactive at baseline. In the present study, high fat and reduced

carbohydrate provision induced anti-diabetic adaptations in he-

patic glucoregulation and insulin clearance, as well as beneficial

changes in fasting plasma TG concentration and DNL.

The fasting plasma concentration of fibroblast growth factor

21 (FGF21), which is mainly secreted by the liver (Hansen

et al., 2015) and is proposed as a regulator of energy homeosta-

sis (Fisher and Maratos-Flier, 2016), was unchanged with the

high fat intake (Table 1). A similar lack of induction of circulating

FGF21 levels was observed in a recent study of excessive high-

fat overfeeding in healthy lean subjects (Lundsgaard et al.,

2017a) and further suggests that high fat intake did not induce

metabolic (i.e., mitochondrial and endoplasmic reticulum) stress

in the liver, which in other settings has been linked to FGF21 in-

duction (Salminen et al., 2017). The plasma concentration of the

inflammatory marker high-sensitive C-reactive protein (hsCRP),

an acute-phase protein of hepatic origin, tended (p = 0.076) to

be decreased after both high-fat diets, with no changes in

plasma alanine aminotransferase (ALAT) concentration (Table 1),

a marker of liver health.

The PUFAs linoleic acid and a-linoleic acid are essentials for

humans, and dietary provision is needed to ensure normal phys-

iologic function. The PUFA diet was enriched in both n-6 and n-3



Figure 5. Microbiome Analysis of Human and Mouse Feces Obtained Before and after 6 Weeks of Diet Interventions

(A) Principal coordinate analysis (PCoA) plots using weighted UniFrac distances at OTU level.

(B) PCoA plot using Bray-Curtis dissimilarity index on KEGGmodule abundance. Large dots represent the centroids of the samples, which are represented by the

smaller dots/triangles connected to the centroids. Week number is indicated in the centroids.

(C) Log2 fold change (start versus end) of the 23 KEGG modules significantly affected in both mice and humans on the PUFA diet, of which 19 modules show

similar patterns in humans and mice on the PUFA diet. Error bars indicate SE.
PUFAs, and both experimental diets were designed to have an

n-6/n-3 ratio close to 5.1 ± 0.8, characterizing the habitual diet

(Table S1). Analysis of the FA composition of red blood cells

(RBCs) (Table S4), reflecting long-term FA intake and meta-
bolism, revealed that the PUFA diet increased RBC content of

eicosapentaenoic acid and docosahexaenoic acid (DHA), and

thus the omega-3 index to >8%, a level associated with low

CVD risk (Harris et al., 2017). At the same time, RBC arachidonic
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acid content was decreased (Table S4), likely as a result of D6

desaturase competition, suggesting that an n-6/n-3 ratio <5

could prove more beneficial when PUFA intake is high. The

SFA in general induced fewer alterations in red cells but did lower

RBC DHA content (Table S4).

The present study provides mechanistic insight explaining

why a high fat intake, irrespective of FA saturation, is well toler-

ated when caloric balance is maintained. Overall, beneficial

metabolic effects of high fat intake were observed for fasting in-

sulin/glucose homeostasis and plasma TG levels, independent

of FA type. Both high-fat diets induced similar increases in FA

oxidation and molecular adaptations in skeletal muscle. Accord-

ingly, the present study revealed that an increase in SFA intake

by more than 200% was not associated with detrimental effects

on metabolism or the evaluated health parameters. For some

variables, PUFA intake was more potent to induce adaptations

than SFA intake, as for the plasma cholesterol profile and sup-

pression of DNL. Also, PUFA induced abundant changes in the

composition and functional profile of gut microbiota.

Limitations of Study
The design of this carefully controlled intervention study, with

numerous in-depth mechanistic analyses of molecular meta-

bolism, limited the number of study participants, and future

mechanistic studies are needed to explore whether the meta-

bolic response to ingestion of high fat is influenced by gender,

ethnicity, or age. Another relevant research question is whether

obese individuals with metabolic impairments such as insulin

resistance and/or dyslipidemia would adapt differently to high

fat intake. The present subjects were chosen for being sedentary

and overweight, representing a population group prone to

develop metabolic disorders. A reduction of 12% in whole-

body insulin sensitivity has been obtained with 4 weeks of

eucaloric high fat intake in obese subjects (BMI 34 ± 1) (von

Frankenberg et al., 2017). It is thus possible that a high dietary

fat content may be less well tolerated in obese subjects with

metabolic impairments rendering the switch to FA oxidation

insufficient (Battaglia et al., 2012).

The studywas designedwith the aim of testing the response to

a substantial dietary load of FAs. The FA availability was there-

fore by intention very high and not of a character likely to be im-

plemented in daily living. Based on our study and previous

shorter interventions, we speculate that extending the present

dietary intervention for several months would be unlikely to alter

the outcome significantly as long as the participants maintain a

eucaloric diet and thereby avoid obesity.

The study was performed in men, and a similar study with fe-

male subjects would be of great translational value in subse-

quent studies. In more prolonged dietary intervention studies

of pre-menopausal women, menstrual cycle phase and use of

oral contraceptive must be considered. In a 1-week dietary inter-

vention study, a 50E% high-fat diet actually increased whole-

body insulin sensitivity by 10% in pre-menopausal, overweight

women (Branis et al., 2015). Women may thus cope with a high

fat content in the diet better compared with men, which could

relate to their greater capacity for both muscle lipid storage

and FA oxidation (Lundsgaard and Kiens, 2014).

The gut microbiome analyses were performed on fecal sam-

ples. Uptake of FAs occurs predominantly in the small intestine,
60 Cell Metabolism 29, 50–63, January 8, 2019
and, hence, analysis of the fecal microbiome does not entirely

reflect diet-induced compositional changes in the microbiome

of the small intestine, which may affect uptake and impact on

whole-body metabolism. It is likely that changes in the micro-

biome of the small intestine also play a role in the observed

phenotypes. Sampling from the small intestine in humans is

not trivial, and, accordingly, the vast majority of human micro-

biome studies have been limited to analyses of fecal samples.

Still, compositional and functional analyses based on fecal

samples have indeed proven relevant for multiple host pheno-

types, including insulin action in humans and mice (Pedersen

et al., 2016).
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Plasma insulin ALPCO 80-INSHU-E01.1

Plasma c-peptide ALPCO 80-CPTHU-E01.1

Plasma fatty acids Trichem/Wako NEFA C ACS ACOD 999-75406

Plasma triacylglycerol Triolab ABX PENTRA TG A11A01640

Plasma total-, HDL- and LDL-cholesterol Triolab A11A01636/A11A01638/A11A01634

Plasma 3-hydroxybutyrate Randox Ranbut kit

Microbial DNA Macherey-Nagel NucleoSpin Soil (740780)

Deposited Data

Plasma proteomics data ProteomeXchange Consortium

via PRIDE

ProteomeXchange: PXD010516
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Experimental Models: Organisms/Strains

C57BL/6JBomTac male mice Taconic https://www.taconic.com/mouse-model/b6jbom

Software and Algorithms

Prism 7 GraphPad https://www.graphpad.com/scientific-software/prism/

SigmaPlot Systat Software https://systatsoftware.com/ products/sigmaplot/
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Bente

Kiens (bkiens@nexs.ku.dk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects
18 healthymenwith no family history of diabetes were recruited. Informedwritten consent was obtained, and the studywas approved

by the Copenhagen Ethics Committee (H-3-3012-129). The study was registered at https://clinicaltrials.gov/ (NCT03561363). The

primary end-point variable of the study was whole-body insulin sensitivity. Subjects were assigned to the intervention groups

by block randomization. The subjects in the PUFA and SFA groups were not different by age (32±6 and 33±6 yrs) (mean±SD),

BMI (25.8±2.0 and 27.0±2.7 kg$m-2), body fat (26.2±4.7% and 28.4±5.0%) and physical activity level (VO2peak 39±6 and

39±4 ml∙kg-1∙min-1).
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Mice
Wildtype C57BL/6J BomTac male mice (Taconic, USA), eight weeks of age, were single-housed one week before initiating the diet

interventions. All experiments followed the European convention for protection of vertebrate animals used for experiments and other

scientific purposes. The animal experiment was approved by the Norwegian Animal Research Authority (Norwegian Food Safety

Authority; FOTS id.nr 4878). Mice were kept at 30�C in 12 h light/dark cycle. The maintenance pre-intervention diet was a control

diet with 7% (by weight) fat (S8672-E050, Ssniff Spezialdi€aten, DE).

METHOD DETAILS

Diets
Habitual energy and macronutrient intake were evaluated from a three day weighed dietary registration and calculated (Dankost

Pro, DK). Before the pre-intervention hyperinsulinemic clamp, subjects consumed a controlled eucaloric diet for three days with

54E% carbohydrate, 15E% protein and 29E% fat (Table S1), reflecting their habitual diet. The purpose of the short period of dietary

control was to ensure that substrate metabolism was not acutely affected by abundant variations in food or energy intake in the days

prior to pre-experimental testing, as well as to align muscle glycogen content, as variations here could introduce changes to periph-

eral insulin sensitivity. After the pre-intervention clamp, the high-fat diet interventions were initiated and continued until 11 P.M the

evening before the post-intervention clamp. The main SFA sources were dairy products, fat-rich meat and palm oil, while the PUFA

sources were vegetable oils (e.g. sunflower, linseed, grapeseed), salmon, nuts (e.g. walnuts, pecans, Brazil nuts) and grinded seeds

(e.g. sesame and pine paste). The total protein intake was matched for the PUFA and SFA diets, and no major overall variation of the

amino acid composition was observed between the experimental diets, and compared to the habitual intake (Table S5). Body weight

maintenance was met by an energy intake of 14.1±0.3 and 14.0±0.3 MJ during the PUFA and SFA intervention, respectively.

Clamp Studies in Humans
On the clamp experimental day, the overnight fasted subjects arrived at 7.30 A.M., having abstained from vigorous physical activity

for 48 hours. After 30 min at rest in the supine position, the resting respiratory exchange ratio (RER) was determined by indirect calo-

rimetry. Catheters were inserted into an antecubital vein, a superficial dorsal hand vein, and the femoral vein in the groin. Arterialized

blood samples from the dorsal hand vein (heated using a heating pad resulting in oxygen saturation in the blood between 93-95%)

and samples from the femoral vein were obtained. Thereafter, a primed (priming dose 2.6mg$kg-1), constant [6,6-2H2]-glucose tracer

infusion (0.044 mg$kg-1∙min-1) was carried out for 120 min, followed by a hyperinsulinemic-euglycemic clamp. During the clamp,

glucosewas infused from a 20%glucose solution enrichedwith 1.9% [6,6-2H2]-glucose. The clampwas initiated with an insulin bolus

(9.0 mU$kg-1) (Actrapid, Novo Nordisk, DK) and continued for 120 min with an insulin infusion rate of 1 mU insulin$kg-1$min-1. The

steady state plasma insulin concentrations were not different at pre- and post-intervention and averaged 94±7 and 84±5 mU/ml,

and 91±8 and 90±5 mU/ml at pre- and post-intervention in PUFA and SFA, respectively. Plasma glucose was measured repeatedly

and glucose infusion rate adjusted to match euglycemia, defined as the overnight-fasting arterial glucose concentration on the first

experimental day. Every 20 min during the clamp, blood samples were simultaneously obtained from the femoral vein and the arte-

rialized hand vein. Femoral arterial blood flow was determined by a laser ultra-sound Doppler technique (Philips iU22, ViCare

Medical, DK). Indirect calorimetry was applied before, during and at the end of the clamp. Expired air was collected and analyzed,

breath by breath, using an automatic gas-analysis system (Masterscreen CPX SBX, CareFusion, Germany). Before and immediately

at the end of the clamp, biopsies were obtained from the vastus lateralis muscle under local anesthesia from different incisions. The

protocol was repeated after the diet interventions.

High-Fat Meal Test in Humans
Before the intervention and in week 6, the subjects in the PUFA and SFA group ingested a PUFA- or SFA-rich high-fat meal, respec-

tively. The two high-fat meals contained 75E% fat, 14E% carbohydrate, 11E% protein and provided 60 kJ/kg body mass, corre-

sponding to 5.4±0.4 MJ (Table S2). Subjects arrived after an overnight fast. After 45 min at rest, substrate oxidation was evaluated

by indirect calorimetry, and a catheter inserted in the antecubital vein. After a basal blood sample, the high-fatmeal was ingested over

10 min, together with 200 ml water. Postprandial venous blood samples were drawn at 30, 60, 90, 120, 180, 240 and 300 min, and

indirect calorimetry applied every hour.

Mouse Experiments
The human PUFA and SFA diets were homogenized, freeze-dried and pelleted with a final energy content of 6.3 and 5.9 kcal/g,

respectively. Nine mice were fed a Ssniff reference diet with 7% fat (mainly unsaturated), 53% starch, 11% sugar and 18% protein

(S8672-E050, Ssniff, DE) (% by weight. Ten mice were fed the PUFA high-fat diet and ten mice the SFA high-fat diet, with energy

provision adjusted to the caloric intake of mice fed the reference diet. Body composition was evaluated by MRI-scanning after

week 4. At week 5, an insulin tolerance test was conducted in non-fasting mice. Insulin (Novo Nordisk, DK) was injected intraperito-

neally (1 U/kg leanmass) and glucosewasmeasured in blood from the tail vein before and 15, 30, 45, 60 and 90min after the injection.

At week 6 mice were anesthetized using isoflurane (Schering-Plow, DK) and sacrificed by cardiac puncture. Immediately thereafter

the liver was collected and snap-frozen in liquid nitrogen.
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Blood and Plasma Analyses in Humans
Glucose concentration was measured on an ABL615 (Radiometer Medical A/S, DK). Plasma insulin and C-peptide concentrations

were measured by ELISA kits (ALPCO, USA). The concentration of FA (NEFA C kit, Wako Chemicals, DE), triacylglycerol (TG)

(GPO-PAP kit, Roche Diagnostics, DE) and total-, HDL- and LDL-cholesterol (Roche Diagnostics, DE) in plasma were measured us-

ing colorimetric methods on an autoanalyzer (Hitachi 912, Boehringer, Germany). Plasma 3-hydroxybutyrate concentration was

measured by a colorimetric method (Ranbut kit, Randox, UK) on a COBAS analyzer (Roche, DE). Plasma FGF21 concentration

was measured by ELISA (FGF21 Quantikine ELISA kit, R&D Systems, USA). Plasma ALAT and high-sensitive CRP concentrations

were measured by spectrophotometric and photometric methods (Vitros 5.1 FS, Ortho Clinical Diagnostics, USA). Plasma enrich-

ment of the glucose isotope were measured using liquid chromatography mass spectrometry (ThermoQuest Finnegan AQA, USA)

as described (Borno et al., 2014). For analyses of FA composition in plasma and red blood cells, lipids were extracted using chloro-

form/methanol, methylated using 12% BF3 in methanol and separated and identified as described (Lie and Lambertsen, 1991). For

analyses of GLP-1 and GIP, blood was treated with the DPP4 inhibitor valine-pyrrolidide (Novo Nordisk, DK) and the plasma concen-

trations of total GIP and GLP-1 were measured by RIA kits as described (Krarup and Holst, 1984).

Human Skeletal Muscle Analyses
Muscle samples were freeze-dried and dissected free of visible connective and adipose tissue under a microscope before analyses.

Muscle IMTG: Lipids were extracted in tetraethylammoniumhydroxid (E4NOH) and proteins precipitated in perchloric acid. After

centrifugation, the supernatant was neutralized in KHCO3 and glycerol units determined photometrically on a Pentra C400 analyser

(Horiba, JA).

Muscle glycogen was determined fluorometrically as glycosyl units after acid hydrolysis (Lowry and Passonneau, 1972).

Western blot analyses: Tissue samples were homogenized in ice-cold lysis buffer as previously described (Fritzen et al., 2015).

Lysate supernatants were collected after centrifugation for 20 min at 16.000 g at 4�C. For adipose tissue samples, the upper fat layer

was carefully removed before lysates were collected. Protein concentrations were determined (Pierce Biotechnology, USA) and sam-

ples were heated (96�C) in Laemmli buffer before subjected to SDS-PAGE and semidry blotting. The primary antibodies are listed in

Table S6. Immune complexes were visualized using Bio-Rad ChemiDoc MP Imaging System.

Mouse Liver Analyses
TG and cholesterol content: Liver tissue was homogenized 1 min in ice-cold extraction buffer (0.15 M natriumacetate in 25%

Triton-X 100), heated for 3 min at 97�C and then centrifuged for 10 min at 9000 g. Supernatants were collected, and TG and choles-

terol content measured photometrically on a Pentra C400 analyser (Horiba, JA).

DAG content was measured on freeze dried liver tissue by thin layer chromatography. Lipids were extracted in chloroform-meth-

anol (2:1) and dissolved in chloroform, before being separated (Serup et al., 2016). Lipid staining were developed by a 10% copper

sulfate pentahydrate and 8% phosphoric acid solution at 120�C for 15 min, and visualized and analyzed on a Kodak image station

(Kodak 2000MM, DK). The DAG standard was from Sigma-Aldrich, USA.

Microbiota Analysis in Humans and Mice
Faecal samples from mice and humans were collected and frozen immediately. Bacterial DNA extraction (NucleoSpin soil kit,

Macherey-Nagel), PCR-based library formation and sequencing (Illumina MiSeq) were performed as described previously (Holm

et al., 2015). Raw sequencing data were processed using QIIME (Caporaso et al., 2010) including de novo-OTU picking, chimera-

checking, and taxonomical assignment using the Greengenes database (DeSantis et al., 2006). Subsequent analyses were per-

formed in R using Vegan, PhyloSeq and DESeq2. For PICRUSt (Langille et al., 2013) analysis, data were preprocessed using the

pick_closed_reference_otus.py QIIME script against the Greengenes database. Using PICRUSt, the OTU table was normalized

by 16S rRNA gene copy number and the functional metagenome was predicted using default settings. HUMAnN2 (Abubucker

et al., 2012) was used to calculate the relative abundance of KEGG modules.

Plasma Proteome Analysis in Humans and Mice
Plasma samples were prepared according to the fast and highly reproducible workflow (Geyer et al., 2016) using an Agilent Bravo

liquid handling platform. 1 ml plasma was added to 24 ml of the reducing and alkylating sodium deoxycholate buffer (Kulak et al.,

2014) before protein denaturation at 100�C for 10 min. Proteins were then tryptic digested for four hours at 37�C and 1700 rpm. Pep-

tides were acidified to a final concentration of 0.1% trifluoroacetic acid (TFA) for SDB-RPS binding and desalted before LC-MS/MS

analysis. Samples were measured on a Q Exactive HF mass spectrometer (Kelstrup et al., 2014) coupled to an EASYnLC 1200 ultra-

high-pressure system (Thermo Fisher Scientific, US) via a nano-electrospray ion source. About 1 mg of peptides were loaded on an in-

house packed 40 cm HPLC-column (75 mm inner diameter; ReproSil-Pur C18-AQ 1.9 mm silica beads; Dr Maisch GmbH, Germany).

Peptides were separated using a linear gradient from 3% B to 35% B in 37 min and stepped up to 75% in 4:30 min followed by a

3:30 min wash at 98% B at 450 nl/min where solvent A was 0.1% formic acid in water and solvent B was 80% acetonitrile, and

0.1% formic acid in water. Column temperature was kept at 60�C and the mass spectrometer was operated in ‘top-15’ data-depen-

dent mode, collecting MS spectra in the orbitrap mass analyzer (60,000 resolution, 300-1,650m/z range) with an automatic gain con-

trol (AGC) target of 3E6 and a maximum ion injection time of 20 ms. The most intense ions from the full scan were isolated with an

isolation width of 1.4m/z.MS/MS spectra were collected in the orbitrap (15,000 resolution) with an AGC target of 1E5 and amaximum
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ion injection time of 25 ms. Precursor dynamic exclusion was enabled with a duration of 30 s. MS/MS spectra were searched against

the mouse Uniprot database using MaxQuant (Cox and Mann, 2008) version 1.5.3.23. Label-free quantification of the mice and hu-

man plasma data was performed with the MaxLFQ algorithm using a minimum ratio count of 1. Data were interpreted using the

Perseus software (Tyanova et al., 2016), version 1.5.5.0. We visualized the mean log2 ratios of biological replicates and the corre-

sponding p-values with volcano plots and used t-test for binary comparison with s0=0.1 and a 5% FDR. For the human data, the

proteins identified in the volcanoplots were the 15% with the lowest p-value and a log2 fold change R0.15 or %-0.15.

QUANTIFICATION AND STATISTICAL ANALYSIS

Calculations
Leg glucose uptake was calculated as the arterialized-femoral venous blood glucose concentration difference times the femoral

arterial blood flow. Glucose rate of appearance (Ra) was calculated from the last 20 min of the basal and clamp period using

steady-state equations (Steele, 1959). The hepatic IR index was calculated as glucose Rafasting x [insulinfasting], HOMA-IR index as

([glucosefasting] x [insulinfasting]) / 22.5, HOMA-b as 20 x [insulinfasting]/[glucosefasting] – 3.5 and basal hepatic insulin clearance as

[insulinfasting]/[C-peptidefasting].

Statistics
All data are expressed as mean±SE, except subject characteristics (mean±SD). A Shapiro-Wilkinson test was performed to test for

normal distribution. In few cases, where normal distribution was not obtained, this was achieved by log transforming data. The sta-

tistical parameters can be found in the figure legends. For variables dependent on time, a two-way RMANOVAwas performed to test

for intervention and diet effects. Main effects and significant interactions were evaluated by Tukey post hoc testing. A one-way

ANOVA was performed to test for differences between the groups of mice. A significance level of p<0.05 was chosen. Statistical

analyses were performed in SigmaPlot (Systat Software, IL). For microbiota and plasma proteomics data in Figures 4 and 5, the

statistics are described in the separate method sections.

DATA AND SOFTWARE AVAILABILITY

The accession number for the human and mouse mass spectrometry proteomics data reported in this paper is ProteomeXchange

Consortium via the PRIDE repository: PXD010516. The accession number for the human and mouse microbiome data is European

Nucleotide Archive: PRJEB27768.
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