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Clinical effects of high-fat meals and weight gain due to
high-fat feeding
N Gupta and MD Jensen

Overfeeding high-fat (HF) meals results in both short-term and long-term effects that vary depending upon adiposity status
(obese vs nonobese) and family history of type 2 diabetes. Although more than 4 weeks of overeating produces mild insulin
resistance, whether the same is true of a single, HF meal is not clear. We reviewed overfeeding studies of 4--8 weeks duration,
studies of single HF meals and our own (unpublished) plasma insulin and glucose concentration data from 59 nonobese and
15 overweight/obese volunteers who consumed either a normal-fat (NF) breakfast or a breakfast matched for carbohydrate and
protein, but with an additional 80 g of monounsaturated fat (HF). Four to eight weeks of overfeeding a HF diet causes an
B10% reduction in insulin sensitivity. Some authors report that a single HF meal is associated with greater postprandial insulin
concentrations, whereas other investigators have not confirmed such a response. We found that plasma glucose concentrations
peaked later following a HF breakfast than a NF breakfast in both obese and nonobese adults and that daytime plasma insulin
concentrations were not uniformly increased following a HF breakfast. We conclude that a single HF meal delays the
postprandial peak in glucose concentrations, likely due to delayed gastric emptying. This will confound attempts to use
insulinemia as a marker of insulin resistance. After 4--8 weeks of overeating a HF diet accompanied by 2--4 kg of fat gain,
insulin sensitivity decreases by B10%. Although we could not demonstrate that baseline insulin resistance predicts visceral fat
gain with overfeeding, normal-weight relatives of type 2 diabetes mellitus do tend to gain more weight and become more
insulin resistant than those without a positive family history of type 2 diabetes mellitus. In summary, short-term weight gain
from HF diets induces relatively mild metabolic disorders.
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INTRODUCTION
There is little debate that consuming high-fat (HF), high-calorie
foods over long periods of time can cause weight gain and
obesity, especially in the context of a sedentary lifestyle. Obesity
often results in insulin resistance, dyslipidemia, hypertension, type
2 diabetes and is associated with inflammation, both in adipose
tissue and systemically. However, the degree to which these
adverse outcomes develop with shorter-term overeating is not as
clear. As insulin resistance is the most commonly observed
phenomenon associated with these adverse consequences, we
will focus more so on this aspect of shorter-term overconsumption
of HF meals.

WHAT IS INSULIN RESISTANCE?
Whereas there are clear and generally accepted measures of
hypertension, adverse lipoprotein metabolism and liver fat
content (albeit with varying degrees of sophistication), there are
numerous inflammatory markers and insulin resistance measures
that may provide conflicting information. For example, inflamma-
tion is variably assessed using serum markers (C-reactive protein,
tumor necrosis factor-a and interleukin-6), circulating cell popula-
tions (inflammatory leukocytes) or tissue infiltration by macro-
phages, lymphocytes and eosinophils. Most of the approaches to
measure insulin sensitivity in humans are focused on insulin’s
ability to regulate glucose metabolism---suppress endogenous
glucose production and stimulate glucose uptake into cells for

oxidation and storage. An overview of the various approaches to
characterize insulin sensitivity, along with the advantages and
disadvantages of each method, are provided in Table 1. Insulin
resistance with respect to glucose metabolism can be inferred
using fasting glucose and insulin, either as ‘raw’ or derived
variables, oral glucose/meal tolerance tests, intravenous glucose
tolerance tests and euglycemic, hyperinsulinemic clamp techni-
ques. As insulin has effects on lipid and protein metabolism
(Table 2), indices of insulin-regulated FFA1 and amino-acid
metabolism2 have been proposed.

To the extent that carbohydrate intake temporarily decreases
below carbohydrate oxidation, fasting plasma insulin concentra-
tions will fall. This fall allows hepatic glucose release from
glycogenolysis to proceed, together with mobilization of FFA/
glycerol from adipose tissue and gluconeogenic amino acids from
lean tissue to support gluconeogenesis. As a result, if insulin
sensitivity is assessed using fasting plasma glucose/insulin
parameters under circumstances of short-term carbohydrate
imbalance, it is possible to be misled about whether insulin
sensitivity has changed. Similarly, oral and intravenous insulin/
glucose challenges may not completely reflect the complexity
of metabolic responses if the measured parameters are not
comprehensive.

For example, muscle and hepatic glycogen stores are not
infinitely expandable, and resting energy expenditure is only
modestly responsive to overconsumption of carbohydrate. Thus,
ingesting large amounts of carbohydrate will eventually ‘fill’
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glycogen storage capacity, resulting in negative feedback toward
insulin-mediated nonoxidative glucose disposal (a significant
component of insulin action). In contrast, ‘true’ insulin resistance
with regard to glucose metabolism can be induced by over-
feeding with fat. This may be due to alterations in mitochondrial
energy metabolism3 or unhealthy increases in intracellular
diacylglycerols4 and ceramides,5,6 molecules that impair insulin
signaling. Unfortunately, less is known about the cellular
mechanisms that lead to insulin resistance in adipose tissue
(reduced ability of insulin to suppress FFA release) or lean tissue
(reduced ability of insulin to suppress proteolysis/amino-acid
release).

We examined the studies that use shorter-term overfeeding/
weight gain paradigms to assess how readily ‘insulin resistance’
can be induced with fat gain. In addition, we reviewed the
literature to better understand whether and how single, HF meals
can alter the metabolic milieu. Finally, we reexamined unpub-
lished data from some of our HF meal studies7,8 to assess whether
we could detect significant adverse effects from a single high
monounsaturated fat (MUFA) meal on subsequent glycemia/
insulinemia.

EFFECTS OF HF FEEDING THAT RESULT IN WEIGHT GAIN
Two recent studies report that 4--8 weeks of overeating a HF diet,
accompanied by 1--4 kg of fat gain, can reduce insulin sensitivity
by B10%.9--11 Tam et al.9 and Samocha--Bonet et al.10 used the
euglycemic, hyperinsulinemic clamp technique to measure
changes in insulin action in 36 healthy adults overfed for 28
days. Votruba and Jensen11 used a 24-h insulin profile and an
intravenous glucose tolerance test to measure changes in insulin
action in 28 healthy, normal-weight volunteers overfed for 8
weeks. Similar findings of inducing mild insulin resistance have
been reported with shorter (3 days)12 and longer overfeeding
intervals (4.5 months).13 Although chronic low-level inflammation

has been implicated as a primary factor in the pathogenesis of
insulin resistance and type 2 diabetes,14 Tam et al.9 found that 28
days of overfeeding healthy adults with a HF diet resulted in
moderate weight gain (2--4 kg), significant increases in total and
abdominal fat mass, liver fat deposition, increases in fasting insulin
and an B10% decrease in insulin sensitivity by hyperinsulinemic
clamp. However, peripheral insulin resistance occurred without
substantial changes in circulating inflammatory markers or
increases in inflammatory cells within subcutaneous adipose
tissue.9 Greater reductions in insulin sensitivity and increases in
adipose tissue macrophage-specific markers (F4/80 or CD68) may
occur with 8 weeks of a HF diet in mice15 and 16 weeks of a HF
diet16 in humans. Combined, these findings indicate that mild,
weight gain-induced insulin resistance from short-term over-
feeding is an early metabolic defect that precedes immune
activation and macrophage recruitment into subcutaneous
adipose tissue in humans.

One potential explanation for the relatively mild impairment in
insulin action with fat gain is the ability of adipocytes to enlarge
(abdominal) or proliferate (leg) to safely accommodate extra fat.17

Provided adipose tissue fatty acid release is normally regulated,

Table 1. Insulin action measurements

Measure Advantage Disadvantage

Fasting insulin Simple, inexpensive May fall or rise with short-term changes in energy balance
that do not reflect true changes in insulin action
(for example, changes in glycemia); relatively weak
correlation with more robust measures of insulin action

QUICKI, HOMA-IR Simple, inexpensive, accounts for changes in fasting
glucose

Imperfect reflection of changes in energy balance;
relatively weak prediction (R2 B0.38) of insulin action as
measured by insulin clamp

AUC insulin responses
to single or multiple
meals

Better reflection of the insulin response needed to control
exogenous and endogenous nutrient metabolism in ‘real
life’ setting

Unknown correlation with other measures of insulin action;
can be influenced by factors such as gastric emptying

Insulin modified IVGTT
measure of insulin
sensitivity (Si)

Better correlation with insulin clamp measures than QUICKI
or HOMA-IR; can also gather insulin secretion data; simpler
to do that an insulin clamp; software for analysis readily
available

Cannot distinguish hepatic vs peripheral insulin resistance;
mainly a measure of insulin regulation of glucose
metabolism

Euglycemic,
hyperinsulinemic
clamp (one or multiple
steps)

More reproducible than other measures; considered gold
standard for measuring insulin-mediated glucose disposal
(mainly muscle) and suppression of endogenous glucose
production; can be modified to assess FFA and amino-acid
metabolism

Requires considerable training and experience; more
expensive; more time consuming than IVGTT; requires
expertise in isotopically labeled glucose infusions

Triple tracer meal
technique

Distinguishes insulin effects on both liver and muscle
under physiological conditions of changing glucose
concentrations; technically easier to perform than an
insulin clamp

Very expensive (multiple isotopes); time consuming
laboratory analysis; dependent upon mathematical
modeling that is not widely available

Abbreviations: AUC, area under the curve; HOMA-IR, homeostasis model assessment-insulin resistance; QUICKI, quantitative insulin sensitivity check index.

Table 2. Insulin effects on intermediary metabolism

Glucose Lipid Protein

Stimulate glucose
uptake

Inhibit adipose tissue
lipolysis (FFA and
glycerol release)

Inhibit protein
breakdown
(amino-acid
release)

Inhibit endogenous
glucose release

Inhibit VLDL-
triglyceride release

Stimulate glucose
oxidation/inhibit fatty
acid oxidation
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which appears to be the case with modest fat gain,10 lean tissue
may be protected to a point from overeating.

It is well known that first-degree relatives of individuals with a
family history of type 2 diabetes are at an increased risk of
developing type 2 diabetes.18 Following a 28-day HF overfeeding
protocol in which participants were free-living and self-selecting
their foods, normal-weight relatives with a family history of type 2
diabetes gained more weight and became more insulin resistant
than those without a positive family history of type 2 diabetes
mellitus.10 In addition, a trend toward greater fat and energy
consumption was observed in individuals with a family history of
type 2 diabetes as compared with those without a family history of
type 2 diabetes.10 We evaluated the possibility that those
individuals who were more insulin resistant before weight gain
would gain a greater portion of fat in the upper body/visceral
depots with overfeeding---there was no indication that variations
in insulin action in nonobese adults is related to the tendency to
gain visceral fat in the short term.11

EFFECTS OF SINGLE, HF MEALS ON INSULIN SENSITIVITY
Some authors report that consuming even a single HF meal may
result in insulin resistance,19 possibly related to the type of dietary
fatty acid.20 However, it has also been reported that the addition
of fat to a pure carbohydrate meal reduces total postprandial
glycemia in nondiabetic adults, presumably due to effects of fat
on gastric emptying.21 Less of an effect on glucose/insulin is seen
in persons with type 2 diabetes subjected to a similar
experimental paradigm.22

Not all glucose/insulin responses are able to be interpreted in
isolation. For example, Gannon et al.21 found a lesser plasma
glucose response to a meal consisting of carbohydrate and fat
(potato plus butter) than potato alone while the postprandial
insulin response was nearly identical. Although an easy inter-
pretation might be that dietary fat induced insulin resistance, their
finding that plasma glucagon concentrations were substantially
greater after the potato/butter meal offers an alternative
explanation. Glucose counter-regulatory responses likely pre-
served plasma glucose concentrations in the face of excess insulin
for the prevailing conditions.

Ercan et al.19 and Robertson et al.20 assessed the insulin response
to second meals (those consumed after the HF or normal-fat (NF)
meals), and only following the consumption of a meal high in
saturated fatty acids was there evidence of a greater insulin
requirement to maintain subsequent glucose homeostasis.20

Unfortunately, studies using insulin clamp techniques or meal triple
tracer approaches23 to assess the regulation of glucose, FFA and
protein metabolism following a HF meal have not been undertaken.

We have examined the effects of a high-MUFA load on meal
fatty acid metabolism (oxidation, storage in adipose tissue).7,8

Because we also measured the daytime plasma glucose and
insulin and glucose responses, we had the opportunity to examine
whether MUFA added to a mixed meal creates subsequent
hyperinsulinemia/hyperglycemia.

HIGH-MUFA MIXED MEAL VS NF MIXED MEAL
Volunteers
These results are from volunteers with complete data who
participated in two previously published studies conducted at
Mayo Clinic.7,8 The details of the protocol were included in those
publications. Volunteers were randomly assigned to receive either
a HF or NF breakfast. The glucose and insulin data presented
herein were collected as part of the study described in Votruba
and Jensen;8 we analyzed date from a subset of eight nonobese
(two with a HF meal) and seven obese (four with a HF meal)
volunteers with complete insulin and glucose data.

Protocol
Volunteers were fed at the Clinical Research Unit (CRU) of the Mayo
CTSA metabolic kitchen for 3 days before the study to ensure
weight stability and constant macronutrient (50% carbohydrate,
35% fat and 15% protein) intake as previously described.24,25

Following the dietary control period, volunteers were admitted
to CRU at 1700 hours, given a meal at 1800 hours and were not
allowed to eat again until the test meal next morning. An
intravenous catheter was placed into a dorsal hand vein in a
retrograde manner and used for blood sampling using the heated-
box technique. Baseline blood samples were obtained at 0745
hours the next morning, and at 0800 hours volunteers were given
the test meal. This liquid meal (Ensure Plus, Ross Laboratories,
Columbus, OH, USA) provided calories equaling either 40% of their
resting energy expenditure as determined by indirect calorimetry
(NF breakfast) or 40% of resting energy expenditure plus an
additional 80 g of triolein (Karlshams, Karlsham, Sweden) (HF
breakfast). Each volunteer received normal (solid food) meals at
1200 and 1800 hours that were consistent with their meal patterns
for the previous 3 days. Blood samples were taken hourly until
1600 hours and then less frequently until 0800 hours the following
morning.

ASSAYS
A Beckman glucose analyzer (Beckman Instruments, Fullerton, CA,
USA) was used to measure plasma glucose concentration. Plasma
insulin concentration was measured using a chemiluminescence
method with the Access Ultrasensitive Immunoenzymatic assay
system (Beckman, Chaska, MN, USA).

Statistical analysis
Plasma insulin concentrations were log-transformed to normalize
the data distribution before statistical testing. Nonpaired t-tests
were used to compare the groups consuming the HF vs NF
breakfasts. A P-valueo0.05 was considered statistically significant,
except for when comparing plasma insulin and glucose concen-
trations over the 24-h interval, in which case a P valuep0.01 was
used to partially account for multiple testing. JMP (version 7.0; SAS
Institute, Cary, NC, USA) was used for the analysis.

STATEMENT OF ETHICS
We certify that all applicable institutional and governmental
regulations concerning the ethical use of human volunteers were
followed during this research. Mayo Clinic Institutional Review
Board approved this study.

RESULTS
Volunteer characteristics
The mean age of the nonobese (31±9 years) and 20 obese
volunteers (35±7 years) was not significantly different. The body
mass index was 22.9±1.7 and 36.1±4.7 kg m�2 for the nonobese
and obese volunteers, respectively. Volunteers were randomly
assigned to the NF (34 nonobese, 8 obese) or HF (25 nonobese,
7 obese) breakfast groups. Baseline plasma insulin was fourfold
greater (Po0.005) in the obese groups than in nonobese groups,
but fasting plasma glucose concentrations were similar (data not
shown).

Plasma glucose concentration
Following NF breakfast, plasma glucose concentrations peaked at
60 min in both nonobese and obese volunteers. In contrast, after a
HF breakfast, peak glucose concentrations occurred at 120 min in
both groups (Figures 1a and c). The 60-min plasma glucose
concentration was less following the HF (5.6±0.8 mmol l�1) than NF
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(7.1±1.1 mmol l�1) breakfast in nonobese volunteers (Po0.0001).
For all volunteers given a NF breakfast, plasma glucose concentra-
tion peaked at 60 min in 68%, whereas following a HF breakfast,
peak plasma glucose was at 120 min in 75% subjects (Po0.001).

Plasma insulin concentration
Plasma insulin concentrations are depicted in Figures 1b and d. In
nonobese participants consuming HF breakfast, plasma insulin
concentrations at 1 h following breakfast were less (P¼ 0.01) than
those in the NF breakfast group, as might be expected given the
lower plasma glucose concentrations. However, the nonobese
volunteers given the NF breakfast then had lower (Po0.05) insulin
concentrations at 4 and 10 h after breakfast compared with those
given HF breakfast, coinciding with slightly greater plasma glucose
concentrations in those given the HF breakfast.

For obese volunteers, peak insulin was observed 1 h after a NF
breakfast and 2 h after a HF breakfast. Plasma insulin concentra-
tions were not statistically significantly different in the two obese
groups throughout the day. Thus, glycemic status was maintained
without a significant increase in daytime insulinemia.

DISCUSSION
Although there are potential short-term adverse effects of HF
meals, with the exception of exaggerated postprandial chylomi-
cronemia, such effects are not universally reported. We found that
a single, high-MUFA meal does not generate remarkable insulin
resistance in nonobese or obese adults as measured by the
insulinemia required to maintain glucose homeostasis throughout
the subsequent day.

We found that the daytime glucose and insulin response to a
breakfast meal with the same amount of carbohydrate and
protein, but much greater MUFA content, was a delay in the rise in
plasma glucose concentration in both nonobese and obese adults.
This is most likely because of the delay in gastric emptying caused
by dietary fat, which has been well documented.26 Differential
stimulation of gut hormones, such as gastric inhibitory polypep-
tide and cholecystokinin, by dietary fat may also influence insulin
secretion.27

In summary, careful consideration of the type of measures to
take to understand the short- and long-term effects of over-
feeding with a HF meal or diet are crucial. If insulin action with
respect to glucose metabolism is to be measured, is hepatic or
muscle of greatest interest? Is adipose tissue insulin resistance
(lipolysis) or protein metabolism (proteolysis) important? Surro-
gate measures may be useful if large numbers of subjects can be
studied, but more direct measures will be needed to detect small
changes or if only limited numbers of subjects can be studied. Up
to 8 weeks of overfeeding accompanied by 1--4 kg of fat gain
induces little in the way of inflammation or insulin resistance,
although relatives of those predisposed to type 2 diabetes
mellitus may be a special case.
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