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Abstract: Consuming excessive amounts of energy as dietary fat for several days or weeks can
impair glycemic control and reduce insulin sensitivity in healthy adults. However, individuals who
demonstrate binge eating behavior overconsume for much shorter periods of time; the metabolic
consequences of such behavior remain unknown. The aim of this study was to determine the effect of
a single day of high-fat overfeeding on whole-body insulin sensitivity. Fifteen young, healthy adults
underwent an oral glucose tolerance test before and after consuming a high-fat (68% of total energy),
high-energy (78% greater than daily requirements) diet for one day. Fasting and postprandial plasma
concentrations of glucose, insulin, non-esterified fatty acids, and triglyceride were measured and
the Matsuda insulin sensitivity index was calculated. One day of high-fat overfeeding increased
postprandial glucose area under the curve (AUC) by 17.1% (p < 0.0001) and insulin AUC by 16.4%
(p = 0.007). Whole-body insulin sensitivity decreased by 28% (p = 0.001). In conclusion, a single
day of high-fat, overfeeding impaired whole-body insulin sensitivity in young, healthy adults.
This highlights the rapidity with which excessive consumption of calories through high-fat food can
impair glucose metabolism, and suggests that acute binge eating may have immediate metabolic
health consequences for the individual.
Keywords: glucose; insulin; high-fat; overfeeding; glycemic control; type 2 diabetes mellitus

1. Introduction
Binge eating, which is defined as discreet periods of excessive food consumption that is not driven
by hunger or metabolic need [1,2], is strongly associated with overweight and obesity [3–5], which
are risk factors for developing insulin resistance and the metabolic syndrome [6]. Those who exhibit
binge eating behavior are known to eat until they are uncomfortably full and then may or may not
compensate for this increased energy intake, with the latter leading to a positive energy balance [1].
The etiology of binge eating and binge eating disorders (BED: the clinical manifestation of binge
eating behavior [7]) has been extensively studied from a psychological perspective, with findings
indicating that a number of stressors (e.g., interpersonal, ego-threatening, and work-related) are
associated with increased food intake and inter-meal snacking [8,9]. However, the metabolic response
to such behavior has received relatively little attention and, therefore, little is known regarding the
metabolic consequences.
Binge eating has been associated with a selective increase in the intake of palatable foods
(i.e., foods which are high in fat and/or sugar) [7]. This is important, as dietary composition appears
to be a key mediating feature in the pathogenesis of metabolic disease. For example, high-fat diets
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or the consumption of saturated fatty acid (SFA)-enriched diets have been associated with insulin
resistance [10,11]. Results from the Kuopio, Aarhus, Naples, Wollongong and Uppsala (KANWU)
study demonstrated that consumption of an SFA-rich diet for three months reduced insulin sensitivity
in healthy adults when compared to a diet enriched in monounsaturated fatty acids (MUFA) [12].
Furthermore, when stratified by habitual total fat intake (above and below median), individuals
with a higher fat intake (>37% total energy (TE)) exhibited reduced insulin sensitivity compared to
those with a low intake (<37% TE) [13]. The mechanism by which a high total fat or SFA-diet causes
insulin resistance remains unclear. One hypothesis is that adipose tissue dysfunction leads to an
overabundance of circulating non-esterified fatty acid (NEFA) and insulin resistance ensues due to
the accumulation of NEFA in non-adipose tissue organs, such as skeletal muscle and the liver [14].
Although work from the 1960s [15,16] supports the hypothesis as elevated NEFA concentrations
were observed in obesity; recent reports are not in agreement [17]. Experimentally elevating plasma
NEFA concentrations, via intravenous (iv) infusion of a lipid-heparin emulsion (Intralipid), rapidly
(within 6–8 h) reduces insulin-mediated glucose disposal in healthy, lean individuals [18–20]. This
is associated with a sequential pattern of events starting with an increase in circulating triglyceride
(TG) levels (<0.5 h), followed by a supraphysiological increase in circulating NEFA levels (~1–1.5 h),
a rise in intramyocellular lipid (IMCL) content (~2.5 h), and finally a reduction in insulin sensitivity;
this supports the concept that elevated NEFA levels are a key player in the development of insulin
resistance. However, during iv lipid infusions, plasma NEFA concentrations are typically elevated
to around 1500 µmol/L or higher [17], which is in excess of the fasting concentrations reported for
obese, insulin-resistant individuals (~400 µmol/L) [21], and individuals with poorly managed type 2
diabetes mellitus (T2DM) (~800 µmol/L) [22].
Results from short-term (4–14 days), high-fat overfeeding interventions report impaired glycemic
control [23–25] and decreased hepatic [26] and whole-body insulin sensitivity [27,28] despite
unchanged or reduced plasma NEFA concentrations. Although these studies demonstrate that
impairments in glycemic control occur after several days or weeks of consistent overconsumption, this
model may not reflect the dietary practices of those who binge eat and consume a severe energy excess
within a matter of hours. Although it remains unclear if episodes of binge eating have a negative
impact on glucose metabolism, there is some evidence, albeit limited, to suggest that diet-induced
impairments may occur very rapidly. Nowotny et al. [29] reported that oral administration of a single
dose of soybean oil (100 mL), which is enriched with polyunsaturated fat (61% polyunsaturated,
23% monounsaturated, and 16% saturated), reduced whole-body insulin sensitivity (assessed by
hyperinsulinemic-euglycemic clamp) to a comparable extent and within a similar time-frame (6 h
post ingestion/infusion) as an energy and composition-matched iv lipid-heparin infusion. This
occurred independent of plasma NEFA levels, which were elevated during the iv fat infusion but
were unchanged following oral fat ingestion [29]. Insulin sensitivity was assessed 6–8 h after fat
ingestion/infusion [29], and it is possible that the observed reduction in insulin sensitivity was a
transient response related to the ongoing metabolism of fat; it would be of interest to determine if
changes persist into the post-absorptive state and occur after the consumption of a diet more reflective
of Western style eating patterns (i.e., SFA rather than polyunsaturated fatty acid (PUFA)-enriched).
Therefore, in order to replicate excessive binge eating behavior, we undertook a pilot study in which
whole-body insulin sensitivity was assessed in young, healthy, non-obese individuals after a single
day of high-energy, high-fat, SFA-rich food intake.
2. Materials and Methods
2.1. Subjects
Fifteen healthy individuals were recruited for this study. All subjects were physically active
(exercising at least three times per week for more than 30 min at a time), non-smokers, free from
cardiovascular and metabolic disease, not taking any medication, and weight stable for at least
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six months. The study was conducted according to the Declaration of Helsinki and was approved by
the Loughborough University Ethical subcommittee for human participants (ethical approval number
R13-P171). All subjects gave written informed consent.
2.2. Pre-Testing
Prior to the start of the study, subjects attended the laboratory for an initial assessment of baseline
anthropometric characteristics (height, weight, and body mass index (BMI)) which were used to
estimate resting energy expenditure (REE) using the calculations described by Mifflin et al. [30].
A standard correction for physical activity level (1.6 and 1.7 times REE for females and males,
respectively) was applied in order to estimate total daily energy requirements. This information
was then used to determine individual energy intakes for the one-day overfeeding period.
2.3. Experimental Design
After the pre-testing visit, subjects attended the laboratory for an oral glucose tolerance test
(OGTT) and then continued their habitual food intake for six days. On the seventh day, subjects
consumed the experimental diet that was provided to them. The experimental diet was designed
to be high in fat (68% total energy) and provide an energy excess (+78% kJ). High-fat foods were
specifically chosen because individuals tend to overconsume more readily with high-fat foods due to
the greater palatability and the higher energy density of this macronutrient, and because individuals
who binge eat are known to selectively increase their intake of such foods [7]. Individual diet plans
were designed using NetWISP nutrition software (Tinuviel Software Ltd., Llanfechell, Anglesey, UK).
All foods were purchased and prepared by the research team. Subjects were instructed to consume all
food provided, and to avoid consuming additional food or nutritive beverages. Food intake followed a
normal daily feeding pattern (i.e., breakfast, lunch, dinner, and snacks) and water intake was allowed
ad libitum throughout the dietary intervention. An example diet plan for one subject can be viewed in
the supplementary material online. No subjects reported any issues with dietary adherence. The next
day (Day 8), subjects returned to the laboratory for a second OGTT.
2.4. Experimental Protocol
On the experimental days (before (Day 0) and after overfeeding (Day 8)), subjects reported to the
laboratory between 07.00 and 09.00 h after an overnight fast of at least 10 h and having refrained from
physical activity for 48 h. After being weighed, a 20-gauge Teflon catheter (Venflon, Becton, Dickinson,
Plymouth, UK) was inserted into an antecubital vein of an arm to allow for repeated blood sampling
during the 2 h OGTT. A baseline (fasted (Time 0)) blood sample was taken and then subjects consumed
a 25% glucose solution (75 g of glucose dissolved in 300 mL of water). Blood samples were then taken
at 15, 30, 45, 60, 90, and 120 min after glucose ingestion.
2.5. Blood Sampling
Whole blood was collected into pre-chilled, ethylenediaminetetraacetic acid (EDTA;
1.75 mg/mL)-treated tubes (Sarstedt, Leicester, UK) and immediately spun at 1750 g in a refrigerated
centrifuge (4 ◦ C) for 10 min to obtain plasma, which was then stored at −20 ◦ C until analysis. For the
collection of serum, whole-blood was collected into tubes containing a clotting catalyst (Sarstedt,
Leicester, UK) and left at room temperature until complete clotting had occurred. Samples were then
centrifuged at 1750 g in a refrigerated centrifuge (4 ◦ C) for 10 min and serum collected and stored at
−20 ◦ C until analysis.
2.6. Analytical Procedures
Plasma samples were analyzed using commercially available spectrophotometric assays for
glucose, TG (Glucose PAP CP A11A01668, Triglycerides CP A11A01640; Horiba Medical, Northampton,
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UK), and NEFA (FA115; Randox, County Antrim, UK) concentrations using a semi-automatic
analyzer (Pentra 400; Horiba Medical, Northampton, UK). Serum insulin concentrations were
determined using an enzyme-linked immuno-sorbent assay (ELISA: EIA-2935, DRG instruments
GmBH, Marburg, Germany).
2.7. Calculations
Plasma glucose and serum insulin concentrations obtained before and during the OGTT were
used to determine whole-body insulin sensitivity using the Matsuda insulin sensitivity index (ISI):
ISI = s

10, 000

(FPG × FSI) × (mean OGTT insulin concentration)
×(mean OGTT glucose concentration)

where FPG is the fasting plasma glucose concentration; FSI is the fasting serum insulin concentration;
and 10,000 represents a constant that allows numbers ranging between 1 and 12 to be obtained.
The square root conversion is used to correct the nonlinear distribution of values [31]. Area under the
curve (AUC) for glucose and insulin was calculated using the trapezoidal rule.
2.8. Statistics
Data are presented as means ± standard error of the mean (SEM). Statistical analysis was
performed using SPSS (V21.0) for windows (SPSS Inc., Chicago, IL, USA). Fasting concentrations of
glucose, insulin, NEFA, and TG before and after high-fat overfeeding were compared using a paired
t-test, whereas the dynamic hormonal and metabolic responses to the OGTT were compared using
a two-way (trial × time) repeated measures analysis of variance (ANOVA) and Bonferroni post hoc
analysis where appropriate. Statistical significance was set at p < 0.05.
3. Results
3.1. Diet Intervention
The estimated energy requirement, actual energy intake, macronutrient intake, and fatty acid
composition of the one-day high-fat overfeeding intervention are shown in Table 1. An example diet
plan for one of the subjects can be seen in the supplementary material available online.
Table 1. Energy and nutrient intakes.

Energy (kJ)
Carbohydrate (g)
Protein (g)
Fat (g)
Fatty acid composition (%)
SFA
MUFA
PUFA

Estimated Energy Requirement

Experimental Energy Intake

14,028 ± 433

24,949 ± 797 *
192 ± 6
278 ± 8
449 ± 15
42 ± 0.6
40 ± 0.4
10 ± 0.2

Data presented are means ± SEM. n = 15. * p < 0.05 significantly different from estimated energy requirements.
Abbreviations: SFA, total saturated fatty acids; MUFA, total monounsaturated fatty acids; PUFA, total
polyunsaturated fatty acids.

3.2. Subject Characteristics
Fifteen insulin-sensitive (5.0 ± 0.5 Matsuda ISI) individuals (13 males and 2 females), with a
mean BMI of 26.4 ± 1.1 kg/m2 were recruited (Table 2). Subjects gained on average 0.85 ± 0.20 kg
body mass following one-day of high-fat overfeeding (p = 0.001), resulting in a BMI increase of
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0.26 ± 0.06 kg/m2 (p < 0.0001) (Table 2). Whole-body insulin sensitivity (assessed by the Matsuda
ISI) was reduced by 28% (p = 0.001) after high-fat overfeeding (Table 2). There was no change in
fasting serum insulin or plasma TG concentrations following high-fat overfeeding (Table 2). Fasting
plasma glucose concentrations tended to increase after high-fat overfeeding, although this did not
reach significance (p = 0.058), whilst fasting plasma NEFA were significantly decreased (p = 0.009)
(Table 2).
Table 2. Subject characteristics before and after one day of high-fat overfeeding.
Before Overfeeding

After Overfeeding

Males/Females
13/2
Age (years)
22.1 ± 0.5
Weight (kg)
86.0 ± 3.2
86.8 ± 3.2 *
26.4 ± 1.1
26.6 ± 1.1 *
BMI (kg/m2 )
Fasting plasma biochemical parameters and Matsuda ISI
Glucose (mmol/L)
5.5 ± 0.1
5.7 ± 0.1
Insulin (pmol/L)
80 ± 9
98 ± 20
NEFA (mmol/L)
0.43 ± 0.06
0.24 ± 0.02 *
TG (mmol/L)
0.91 ± 0.08
0.78 ± 0.10
Matsuda ISI
5.0 ± 0.5
3.6 ± 0.4 *
Data presented are means ± SEM. n = 15. * p < 0.05 significantly different from before overfeeding. Abbreviations:
BMI, body mass index; TG, triglyceride; NEFA, non-esterified fatty acids; ISI, insulin sensitivity index.

3.3. Oral Glucose Tolerance Test
Plasma glucose and serum insulin concentrations increased in response to the OGTT, peaking
30–45 min after ingestion (Figure 1A,B). There was a significant trial × time interaction (p = 0.002) for
plasma glucose (Figure 1A) but not for serum insulin. Postprandial plasma glucose concentrations
increased by 17.1% after overfeeding (AUC, from 785 ± 35 mmol/L per 120 min before overfeeding to
920 ± 33 mmol/L per 120 min after overfeeding, p < 0.001). Postprandial serum insulin concentrations
increased by 16.4% after overfeeding (AUC, from 39,462 ± 2840 pmol/L per 120 min before overfeeding
to 45,947 ± 3396 pmol/L per 120 min after overfeeding, p = 0.007). A significant (p < 0.0001) time × trial
interaction was noted for plasma NEFA (Figure 1C) despite plasma the NEFA AUC not differing
between the two study days (22 ± 2 mmol/L per 120 min before overfeeding and 24 ± 2 mmol/L per
120 min after overfeeding, p = 0.468). A significant (p < 0.0001) time × trial interaction was also observed
for plasma TG concentrations (Figure 1D), although average TG concentrations over the course of the
postprandial period were not significantly different between study days (0.85 ± 0.06 mmol/L before
Nutrients 2017, 9, 818
6 of 12
overfeeding and 0.81 ± 0.07 mmol/L after overfeeding, p = 0.614).

Figure 1. Cont.
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of dietary fat reduces whole-body insulin sensitivity, rather than a positive energy balance alone.
Our finding that one day of high-fat overfeeding reduces whole-body insulin sensitivity was
associated with a significant (17.1%) increase in postprandial glucose AUC. Postprandial glucose
homeostasis is regulated by a number of factors, including the appearance of ingested glucose,
endogenous glucose production, and splanchnic and peripheral glucose uptake [35,36]. Studies
in type 2 diabetic subjects demonstrate that impairments in each of these regulatory factors contribute
to postprandial hyperglycemia [37–44]. As the present study was a pilot study, we measured insulin
sensitivity at the whole-body level using an OGTT in combination with a validated insulin sensitivity
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index (the Matsuda ISI [31]). Whilst this method is easy to perform, it does not allow us to determine
the contributions of each of the factors that may contribute to elevated postprandial glucose levels.
Furthermore, we did not measure additional factors that may influence data, including the neural and
incretin hormone response to nutrient ingestion [45,46]. It would be of interest to perform a high-fat
and/or high-carbohydrate overfeeding study where whole-body and tissue-specific insulin sensitivity
was assessed using clamp techniques and stable-isotope tracers [47–49]. Based on the observations
of Brons et al. [26], it is plausible that increased endogenous glucose production may underpin early
diet-induced impairments in whole-body insulin sensitivity, although others suggest skeletal muscle
(i.e., reduced glucose uptake) as the primary site of metabolic dysfunction [29,34,50].
In line with the discussion point above, the mechanisms underpinning the observed reduction in
insulin sensitivity are yet to be elucidated. Elevated plasma NEFA concentrations have previously
been implicated in the development of insulin resistance. In the present study, although fasting NEFA
concentrations were reduced following high-fat overfeeding, and NEFA AUC was not significantly
different between the two study days (which is in line with our previous observations following
seven days of high-fat overfeeding [24]), we observed a reduction in markers of whole-body insulin
sensitivity. When NEFA concentrations are elevated experimentally via Intralipid infusion, insulin
sensitivity is rapidly (within 6–8 h) reduced in healthy individuals [18–20]. Moreover, it has been
demonstrated that the ingestion of a single oral fat bolus reduced whole-body insulin sensitivity to
a comparable degree, and within a corresponding time-frame (6 h post ingestion/infusion), as that
seen with an energy- and composition-matched Intralipid infusion, despite divergent plasma NEFA
responses [29]. The observed reduction in insulin sensitivity following both Intralipid infusion and
oral fat ingestion appeared to be mediated by the increased activation of protein kinase C theta
(PKCθ), which is suggested to impair insulin signaling and reduce insulin-mediated glucose uptake by
inhibiting the normal tyrosine kinase cascade via phosphorylation of the counter-regulatory serine
residue of insulin receptor substrate-1 (IRS-1) [51]. The reason for this apparent divergence between
circulating NEFA concentrations and insulin resistance remains unclear. Whilst our findings are not
directly comparable, they highlight that the relationship between circulating NEFA levels and insulin
resistance is not yet fully understood.
Increased plasma TG concentrations are a characteristic feature of T2DM and the metabolic
syndrome [52]. Pramfalk et al. [53] recently demonstrated that hyperinsulinemic individuals exhibit
increased hepatic de novo lipogenesis and hypertriglyceridemia compared to those who were
normoinsulinemic [53], which has been hypothesized to be due to an increase in the production
and secretion of triglyceride-rich very low density lipoprotein (VLDL-TG) [54–56]. Taken together,
this suggests that increased plasma TG concentrations may represent an adaptive response to hepatic
insulin resistance. In the present study, we observed a reduction in insulin sensitivity but no change
in fasting TG. This finding is in line with previous short-term overfeeding studies, which have
observed impairments in glycemic control/reductions in insulin sensitivity alongside unchanged or
even reduced fasting TG concentrations [24,25,28]. We did, however, observe a significant trial × time
interaction for plasma TG across the 2-h OGTT, which appears to be due to a more dynamic/temporal
postprandial response to glucose ingestion after overfeeding. Previously, it has been shown that
there exists a TG storage pool within the enterocytes in which a proportion of meal-derived fatty
acids are stored [57]. The amount of TG stored in this pool is related to the amount of dietary fat
consumed [58]. These TGs are mobilized and secreted into the circulation following subsequent
feeding, a response which has been termed “the second meal effect” [59–61]. Therefore, the increase
in plasma TG concentration we observed following glucose ingestion after the single day of high-fat
overfeeding is likely to be attributable to the second meal effect due to a larger amount of dietary TG
being stored during the intervention period.
The cohort we studied were young, healthy, non-obese males and females who were recreationally
active; it is therefore likely that they were relatively metabolically flexible, and somewhat able to adapt
to the 1-day diet challenge. Indeed, while we saw significant increases in the postprandial glucose

Nutrients 2017, 9, 818

8 of 12

response after overfeeding, circulating glucose levels at 2 h post-glucose load were considerably lower
than the diagnostic values of impaired glucose tolerance (i.e., 7.7–11 mmol/L) [62]. It is plausible that
the dietary intervention used in the current study may produce a more dramatic effect in populations
at risk of developing T2DM (e.g., sedentary, overweight individuals).
5. Conclusions
In conclusion, our pilot data strongly suggest that replicating excessive binge eating behavior
through a single day of high-fat overfeeding is sufficient to impair whole-body insulin sensitivity in
young, healthy individuals. Further research is required to elucidate the mechanisms underpinning
this response and establish whether these effects persist after returning to normal eating behavior
and/or whether repeated periods of binge eating leads to a progressive worsening of glycemic control.
Based on our data, it is plausible to suggest that the metabolic effects of binge eating may have more
marked effects in individuals at risk of insulin resistance or the metabolic syndrome.
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Appendix A
Table A1. Example diet plan for one of the subjects.
Breakfast
Foods
Protein (g)
Carbohydrate (g)
Fat (g)
Energy (kJ)
% of the days intake

Pork sausages (230 g), streaky bacon (120 g), fried eggs (180 g), fried white bread
(36 g), whole milk (300 mL)
86
52
127
7045
26

Lunch
Foods
Protein (g)
Carbohydrate (g)
Fat (g)
Energy (kJ)
% of the days intake

White bread (72 g), butter (15 g), cheddar cheese (70 g), mayonnaise (20 g),
sausage roll (90 g)
31
65
86
4814
17

Snack
Foods
Protein (g)
Carbohydrate (g)
Fat (g)
Energy (kJ)
% of the days intake

Pork pie (200 g)
22
47
51
3060
11
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Table A1. Cont.
Dinner
Foods
Protein (g)
Carbohydrate (g)
Fat (g)
Energy (kJ)
% of the days intake

Beef burgers (300 g), streaky bacon (120 g), cheddar cheese (90 g), coleslaw (150 g)
95
7
173
8135
30

Dessert
Foods
Protein (g)
Carbohydrate (g)
Fat (g)
Energy (kJ)
% of the days intake

Chocolate chip muffin (70 g), double cream (150 mL)
6
37
98
4357
16

Total intake
Protein (g)
Carbohydrate (g)
Fat (g)
Energy (kJ)

240
209
535
27,411
Water intake was allowed ad libitum throughout the day.

References
1.
2.

3.

4.
5.
6.
7.
8.
9.
10.
11.
12.

Brownley, K.A.; Berkman, N.D.; Sedway, J.A.; Lohr, K.N.; Bulik, C.M. Binge eating disorder treatment: A
systematic review of randomized controlled trials. Int. J. Eat. Disord. 2007, 40, 337–348. [CrossRef] [PubMed]
Davis, C.; Levitan, R.D.; Carter, J.; Kaplan, A.S.; Reid, C.; Curtis, C.; Patte, K.; Kennedy, J.L. Personality
and eating behaviors: A case-control study of binge eating disorder. Int. J. Eat. Disord. 2008, 41, 243–250.
[CrossRef] [PubMed]
Abraham, T.M.; Massaro, J.M.; Hoffmann, U.; Yanovski, J.A.; Fox, C.S. Metabolic characterization of adults
with binge eating in the general population: The framingham heart study. Obesity 2014, 22, 2441–2449.
[CrossRef] [PubMed]
De Zwaan, M. Binge eating disorder and obesity. Int. J. Obes. Relat. Metab. Disord. 2001, 25, S51–S55.
[CrossRef] [PubMed]
Hudson, J.I.; Pope, H.G., Jr. Genetic epidemiology of eating disorders and co-occurring conditions: The role
of endophenotypes. Int. J. Eat. Disord. 2007, 40, S76–S78. [CrossRef]
Bray, G.A. Medical consequences of obesity. J. Clin. Endocrinol. Metab. 2004, 89, 2583–2589. [CrossRef]
[PubMed]
Mathes, W.F.; Brownley, K.A.; Mo, X.; Bulik, C.M. The biology of binge eating. Appetite 2009, 52, 545–553.
[CrossRef] [PubMed]
Heatherton, T.F.; Baumeister, R.F. Binge eating as escape from self-awareness. Psychol. Bull. 1991, 110, 86–108.
[CrossRef] [PubMed]
O’Connor, D.B.; Jones, F.; Conner, M.; McMillan, B.; Ferguson, E. Effects of daily hassles and eating style on
eating behavior. Health Psychol. 2008, 27, S20–S31. [CrossRef] [PubMed]
Deer, J.; Koska, J.; Ozias, M.; Reaven, P. Dietary models of insulin resistance. Metabolism 2015, 64, 163–171.
[CrossRef] [PubMed]
Yki-Jarvinen, H. Nutritional modulation of non-alcoholic fatty liver disease and insulin resistance. Nutrients
2015, 7, 9127–9138. [CrossRef] [PubMed]
Vessby, B.; Uusitupa, M.; Hermansen, K.; Riccardi, G.; Rivellese, A.A.; Tapsell, L.C.; Nalsen, C.; Berglund, L.;
Louheranta, A.; Rasmussen, B.M.; et al. Substituting dietary saturated for monounsaturated fat impairs
insulin sensitivity in healthy men and women: The kanwu study. Diabetologia 2001, 44, 312–319. [CrossRef]
[PubMed]

Nutrients 2017, 9, 818

13.
14.
15.
16.
17.
18.
19.

20.

21.
22.
23.

24.

25.

26.

27.

28.
29.

30.
31.
32.
33.
34.

10 of 12

Riccardi, G.; Giacco, R.; Rivellese, A.A. Dietary fat, insulin sensitivity and the metabolic syndrome. Clin. Nutr.
2004, 23, 447–456. [CrossRef] [PubMed]
Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z. The metabolic syndrome. Lancet 2005, 365, 1415–1428. [CrossRef]
Gordon, E.S. Non-esterified fatty acids in the blood of obese and lean subjects. Am. J. Clin. Nutr. 1960, 8,
740–747.
Opie, L.H.; Walfish, P.G. Plasma free fatty acid concentrations in obesity. N. Engl. J. Med. 1963, 268, 757–760.
[CrossRef] [PubMed]
Karpe, F.; Dickmann, J.R.; Frayn, K.N. Fatty acids, obesity, and insulin resistance: Time for a reevaluation.
Diabetes 2011, 60, 2441–2449. [CrossRef] [PubMed]
Boden, G.; Jadali, F. Effects of lipid on basal carbohydrate metabolism in normal men. Diabetes 1991, 40,
686–692. [CrossRef] [PubMed]
Boden, G.; Jadali, F.; White, J.; Liang, Y.; Mozzoli, M.; Chen, X.; Coleman, E.; Smith, C. Effects of fat on
insulin-stimulated carbohydrate metabolism in normal men. J. Clin. Investig. 1991, 88, 960–966. [CrossRef]
[PubMed]
Boden, G.; She, P.; Mozzoli, M.; Cheung, P.; Gumireddy, K.; Reddy, P.; Xiang, X.; Luo, Z.; Ruderman, N.
Free fatty acids produce insulin resistance and activate the proinflammatory nuclear factor-kappab pathway
in rat liver. Diabetes 2005, 54, 3458–3465. [CrossRef] [PubMed]
Reeds, D.N.; Stuart, C.A.; Perez, O.; Klein, S. Adipose tissue, hepatic, and skeletal muscle insulin sensitivity
in extremely obese subjects with acanthosis nigricans. Metabolism 2006, 55, 1658–1663. [CrossRef] [PubMed]
Reaven, G.M.; Hollenbeck, C.; Jeng, C.Y.; Wu, M.S.; Chen, Y.D. Measurement of plasma glucose, free fatty
acid, lactate, and insulin for 24 h in patients with niddm. Diabetes 1988, 37, 1020–1024. [CrossRef] [PubMed]
Lagerpusch, M.; Bosy-Westphal, A.; Kehden, B.; Peters, A.; Muller, M.J. Effects of brief perturbations in
energy balance on indices of glucose homeostasis in healthy lean men. Int. J. Obes. (Lond). 2012, 36, 1094–1101.
[CrossRef] [PubMed]
Parry, S.A.; Smith, J.R.; Corbett, T.R.; Woods, R.M.; Hulston, C.J. Short-term, high-fat overfeeding impairs
glycaemic control but does not alter gut hormone responses to a mixed meal tolerance test in healthy,
normal-weight individuals. Br. J. Nutr. 2017, 117, 48–55. [CrossRef] [PubMed]
Wulan, S.N.; Westerterp, K.R.; Plasqui, G. Metabolic profile before and after short-term overfeeding with a
high-fat diet: A comparison between south asian and white men. Br. J. Nutr. 2014, 111, 1853–1861. [CrossRef]
[PubMed]
Brons, C.; Jensen, C.B.; Storgaard, H.; Hiscock, N.J.; White, A.; Appel, J.S.; Jacobsen, S.; Nilsson, E.;
Larsen, C.M.; Astrup, A.; et al. Impact of short-term high-fat feeding on glucose and insulin metabolism in
young healthy men. J. Physiol. 2009, 587, 2387–2397. [CrossRef] [PubMed]
Cornford, A.S.; Hinko, A.; Nelson, R.K.; Barkan, A.L.; Horowitz, J.F. Rapid development of systemic insulin
resistance with overeating is not accompanied by robust changes in skeletal muscle glucose and lipid
metabolism. Appl. Physiol. Nutr. Metab. 2013, 38, 512–519. [CrossRef] [PubMed]
Hulston, C.J.; Churnside, A.A.; Venables, M.C. Probiotic supplementation prevents high-fat, overfeeding-induced
insulin resistance in human subjects. Br. J. Nutr. 2015, 113, 596–602. [CrossRef] [PubMed]
Nowotny, B.; Zahiragic, L.; Krog, D.; Nowotny, P.J.; Herder, C.; Carstensen, M.; Yoshimura, T.; Szendroedi, J.;
Phielix, E.; Schadewaldt, P.; et al. Mechanisms underlying the onset of oral lipid-induced skeletal muscle
insulin resistance in humans. Diabetes 2013, 62, 2240–2248. [CrossRef] [PubMed]
Mifflin, M.D.; St Jeor, S.T.; Hill, L.A.; Scott, B.J.; Daugherty, S.A.; Koh, Y.O. A new predictive equation for
resting energy expenditure in healthy individuals. Am. J. Clin. Nutr. 1990, 51, 241–247. [PubMed]
Matsuda, M.; DeFronzo, R.A. Insulin sensitivity indices obtained from oral glucose tolerance testing:
Comparison with the euglycemic insulin clamp. Diabetes Care 1999, 22, 1462–1470. [CrossRef] [PubMed]
Rogers, P.J.; Hill, A.J. Breakdown of dietary restraint following mere exposure to food stimuli: Interrelationships
between restraint, hunger, salivation, and food intake. Addict. Behav. 1989, 14, 387–397. [CrossRef]
Waters, A.; Hill, A.; Waller, G. Internal and external antecedents of binge eating episodes in a group of
women with bulimia nervosa. Int. J. Eat. Disord. 2001, 29, 17–22. [CrossRef]
Adochio, R.L.; Leitner, J.W.; Gray, K.; Draznin, B.; Cornier, M.A. Early responses of insulin signaling to
high-carbohydrate and high-fat overfeeding. Nutr. Metab. (Lond). 2009, 6, 37. [CrossRef] [PubMed]

Nutrients 2017, 9, 818

35.

36.

37.

38.

39.

40.
41.

42.
43.

44.

45.
46.

47.
48.

49.
50.

51.
52.
53.

11 of 12

Ferrannini, E.; Bjorkman, O.; Reichard, G.A., Jr.; Pilo, A.; Olsson, M.; Wahren, J.; DeFronzo, R.A. The disposal
of an oral glucose load in healthy subjects: A quantitative study. Diabetes 1985, 34, 580–588. [CrossRef]
[PubMed]
Woerle, H.J.; Meyer, C.; Dostou, J.M.; Gosmanov, N.R.; Islam, N.; Popa, E.; Wittlin, S.D.; Welle, S.L.; Gerich, J.E.
Pathways for glucose disposal after meal ingestion in humans. Am. J. Physiol. Endocrinol. Metab. 2003, 284,
E716–E725. [CrossRef] [PubMed]
Bell, P.M.; Firth, R.G.; Rizza, R.A. Assessment of the postprandial pattern of glucose metabolism in
nondiabetic subjects and patients with non-insulin-dependent diabetes mellitus using a simultaneous
infusion of [2(3)h] and [3(3)h] glucose. Metabolism 1989, 38, 38–45. [CrossRef]
Butler, P.C.; Rizza, R.A. Contribution to postprandial hyperglycemia and effect on initial splanchnic glucose
clearance of hepatic glucose cycling in glucose-intolerant or niddm patients. Diabetes 1991, 40, 73–81.
[CrossRef] [PubMed]
Ferrannini, E.; Simonson, D.C.; Katz, L.D.; Reichard, G., Jr.; Bevilacqua, S.; Barrett, E.J.; Olsson, M.;
DeFronzo, R.A. The disposal of an oral glucose load in patients with non-insulin-dependent diabetes.
Metabolism 1988, 37, 79–85. [CrossRef]
Ferrannini, E.; Wahren, J.; Felig, P.; DeFronzo, R.A. The role of fractional glucose extraction in the regulation
of splanchnic glucose metabolism in normal and diabetic man. Metabolism 1980, 29, 28–35. [CrossRef]
Firth, R.G.; Bell, P.M.; Marsh, H.M.; Hansen, I.; Rizza, R.A. Postprandial hyperglycemia in patients with
noninsulin-dependent diabetes mellitus. Role of hepatic and extrahepatic tissues. J. Clin. Investig. 1986, 77,
1525–1532. [CrossRef] [PubMed]
McMahon, M.; Marsh, H.M.; Rizza, R.A. Effects of basal insulin supplementation on disposition of mixed
meal in obese patients with niddm. Diabetes 1989, 38, 291–303. [CrossRef] [PubMed]
Meyer, C.; Woerle, H.J.; Dostou, J.M.; Welle, S.L.; Gerich, J.E. Abnormal renal, hepatic, and muscle glucose
metabolism following glucose ingestion in type 2 diabetes. Am. J. Physiol. Endocrinol. Metab. 2004, 287,
E1049–E1056. [CrossRef] [PubMed]
Woerle, H.J.; Szoke, E.; Meyer, C.; Dostou, J.M.; Wittlin, S.D.; Gosmanov, N.R.; Welle, S.L.; Gerich, J.E.
Mechanisms for abnormal postprandial glucose metabolism in type 2 diabetes. Am. J. Physiol.
Endocrinol. Metab. 2006, 290, E67–E77. [CrossRef] [PubMed]
Bartoli, E.; Fra, G.P.; Carnevale Schianca, G.P. The oral glucose tolerance test (ogtt) revisited. Eur. J.
Intern. Med. 2011, 22, 8–12. [CrossRef] [PubMed]
Stumvoll, M.; Van Haeften, T.; Fritsche, A.; Gerich, J. Oral glucose tolerance test indexes for insulin sensitivity
and secretion based on various availabilities of sampling times. Diabetes Care 2001, 24, 796–797. [CrossRef]
[PubMed]
DeFronzo, R.A.; Tobin, J.D.; Andres, R. Glucose clamp technique: A method for quantifying insulin secretion
and resistance. Am. J. Physiol. 1979, 237, E214–E223. [PubMed]
Finegood, D.T.; Bergman, R.N.; Vranic, M. Estimation of endogenous glucose production during
hyperinsulinemic-euglycemic glucose clamps: Comparison of unlabeled and labeled exogenous glucose
infusates. Diabetes 1987, 36, 914–924. [CrossRef] [PubMed]
Hother-Nielsen, O.; Henriksen, J.E.; Holst, J.J.; Beck-Nielsen, H. Effects of insulin on glucose turnover rates
in vivo: Isotope dilution versus constant specific activity technique. Metabolism 1996, 45, 82–91. [CrossRef]
Knudsen, S.H.; Hansen, L.S.; Pedersen, M.; Dejgaard, T.; Hansen, J.; Hall, G.V.; Thomsen, C.; Solomon, T.P.;
Pedersen, B.K.; Krogh-Madsen, R. Changes in insulin sensitivity precede changes in body composition
during 14 days of step reduction combined with overfeeding in healthy young men. J. Appl. Physiol. (1985)
2012, 113, 7–15. [CrossRef] [PubMed]
Zick, Y. Ser/Thr phosphorylation of IRS proteins: A molecular basis for insulin resistance. Sci STKE 2005,
2005, pe4. [CrossRef] [PubMed]
Ginsberg, H.N.; Zhang, Y.L.; Hernandez-Ono, A. Regulation of plasma triglycerides in insulin resistance and
diabetes. Arch. Med. Res. 2005, 36, 232–240. [CrossRef] [PubMed]
Pramfalk, C.; Pavlides, M.; Banerjee, R.; McNeil, C.A.; Neubauer, S.; Karpe, F.; Hodson, L. Fasting plasma
insulin concentrations are associated with changes in hepatic fatty acid synthesis and partitioning prior to
changes in liver fat content in healthy adults. Diabetes 2016, 65, 1858–1867. [CrossRef] [PubMed]

Nutrients 2017, 9, 818

54.

55.
56.

57.
58.

59.

60.

61.
62.

12 of 12

Hodson, L.; Banerjee, R.; Rial, B.; Arlt, W.; Adiels, M.; Boren, J.; Marinou, K.; Fisher, C.; Mostad, I.L.;
Stratton, I.M.; et al. Menopausal status and abdominal obesity are significant determinants of hepatic lipid
metabolism in women. J. Am. Heart Assoc. 2015, 4, e002258. [CrossRef] [PubMed]
Lambert, J.E.; Parks, E.J. Postprandial metabolism of meal triglyceride in humans. Biochim. Biophys. Acta
2012, 1821, 721–726. [CrossRef] [PubMed]
Matikainen, N.; Adiels, M.; Soderlund, S.; Stennabb, S.; Ahola, T.; Hakkarainen, A.; Boren, J.;
Taskinen, M.R. Hepatic lipogenesis and a marker of hepatic lipid oxidation, predict postprandial responses
of triglyceride-rich lipoproteins. Obesity 2014, 22, 1854–1859. [CrossRef] [PubMed]
Robertson, M.D.; Parkes, M.; Warren, B.F.; Ferguson, D.J.; Jackson, K.G.; Jewell, D.P.; Frayn, K.N. Mobilisation
of enterocyte fat stores by oral glucose in humans. Gut 2003, 52, 834–839. [CrossRef] [PubMed]
Zhu, J.; Lee, B.; Buhman, K.K.; Cheng, J.X. A dynamic, cytoplasmic triacylglycerol pool in enterocytes
revealed by ex vivo and in vivo coherent anti-stokes raman scattering imaging. J. Lipid Res. 2009, 50,
1080–1089. [CrossRef] [PubMed]
Fielding, B.A.; Callow, J.; Owen, R.M.; Samra, J.S.; Matthews, D.R.; Frayn, K.N. Postprandial lipemia:
The origin of an early peak studied by specific dietary fatty acid intake during sequential meals. Am. J.
Clin. Nutr. 1996, 63, 36–41. [PubMed]
Jackson, K.G.; Robertson, M.D.; Fielding, B.A.; Frayn, K.N.; Williams, C.M. Olive oil increases the number
of triacylglycerol-rich chylomicron particles compared with other oils: An effect retained when a second
standard meal is fed. Am. J. Clin. Nutr. 2002, 76, 942–949. [PubMed]
Robertson, M.D.; Henderson, R.A.; Vist, G.E.; Rumsey, R.D. Extended effects of evening meal carbohydrate-tofat ratio on fasting and postprandial substrate metabolism. Am. J. Clin. Nutr. 2002, 75, 505–510. [PubMed]
Nathan, D.M.; Davidson, M.B.; DeFronzo, R.A.; Heine, R.J.; Henry, R.R.; Pratley, R.; Zinman, B.;
American Diabetes, A. Impaired fasting glucose and impaired glucose tolerance: Implications for care.
Diabetes Care 2007, 30, 753–759. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

