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Article 
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Abstract: Background/Objectives: Emerging data support an essential role of glucagon for lipid 
metabolism. However, data on the role of dietary fat intake for glucagon secretion is limited. This 
analysis investigated whether altering nutritional fat intake affects glucagon levels in healthy 
subjects. Methods: 92 twins (age: 31±14 years, BMI: 23±3 kg/m2) consumed two 6-week diets: first a 
low fat, high carbohydrate diet (LFD) followed by an isocaloric high fat, low carbohydrate diet 
(HFD). 24 twins (age: 39±15 years, BMI: 24±2 kg/m2) continued with a high protein diet (HPD). 
Clinical investigation days were performed after 6 weeks of LFD, after 1 and 6 weeks of HFD and 
after 6 weeks of HPD. Results: The LFD caused a significant decrease of fasting glucagon (-27 %, 
p<0.001) compared to baseline. After 6 weeks of HFD glucagon increased (117 %, p<0.001 vs. LFD) 
while free fatty acids decreased. 6 weeks of HPD further increased glucagon levels (72 %, p=0.502 
vs. HFD) although fasting amino acid levels remained constant. Fasting insulin and HOMA-IR 
moderately increased after one week of HFD, while 6 weeks of HPD significantly decreased both. 
The fasting glucagon-to-insulin ratio decreased through LFD (p<0.001) but increased after HFD 
(p<0.001) and even further after HPD (p=0.018). Liver fat, triglycerides and blood glucose did not 
increase during the HFD. The heritability of glucagon levels was 45% with the LFD. Conclusions: 
A HFD increases glucagon levels and the glucagon-to-insulin ratio under isocaloric conditions 
compared to a LFD in healthy lean subjects. This rise in glucagon may represent a metabolic 
response to prevent hepatic steatosis, as glucagon increases have been shown previously to induce 
hepatic fat oxidation. 
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1. Introduction 

Glucagon (GCGN) levels are closely related to insulin levels in healthy subjects, which together 
control fasting and postprandial plasma glucose levels in an intra-islet interplay of alpha- and beta-
cells [1–3]. GCGN increases hepatic glucose production by glycogenolysis or gluconeogenesis in the 
fasting state to prevent hypoglycemia [4]. Insulin was shown to suppress GCGN postprandially as 
reflected by an inverse relationship of insulin to GCGN levels in humans [1,2] and experimental 
systems [3,4]. Nevertheless, alpha-cell GCGN was recently shown to stimulate insulin release from 
beta-cells through actions on beta-cell GCGN- and GLP1-receptors which was required for intact 
beta-cell function in mice [4,5].  

Glucose acutely suppresses GCGN levels in healthy subjects after oral intake or intravenous 
application [6], whereas amino acids (AA) are strong secretagogues for GCGN and were identified 
as powerful stimulators of alpha-cell proliferation [7,8]. In reverse, GCGN stimulates AA degradation 
by the urea cycle in the liver which plays a primary role to maintain physiological AA levels [9–11]. 
Inhibition of GCGN signaling by antagonists or GCGN-receptor deletion leads to 
hyperaminoacidemia which further induces the proliferation of alpha-cells [7] while GCGN excess 
due to glucagonomas reduces circulating AA levels. 

Emerging data indicates that GCGN is moreover involved in lipid metabolism since GCGN 
receptor antagonists were found to increase liver fat accumulation and LDL levels in early phase 
clinical trials [12,13]. GCGN was shown to increment hepatic lipolysis and hepatic ß-oxidation in 
mice, rats and humans via stimulation of the inositol trisphosphate receptor (INSP3R), thereby 
reversing hepatic steatosis in rodent models [14,15]. The question whether and how lipids conversely 
regulate the secretion of GCGN is still debated. Free fatty acids (FFA) were shown to stimulate GCGN 
secretion in isolated alpha-cells which may function directly via activation of FFA receptors such as 
the G protein-coupled receptor 40 (GPR40) and the GPR119, or indirectly via increased fatty acid 
oxidation in pancreatic islets [13,16,17]. Mice fed a high-fat diet show elevated GCGN levels and 
decreased secretion of somatostatin, a potent inhibitor of insulin and GCGN release, revealing that 
intra-islet somatostatin signaling may also play a role for FFA mediated GCGN increases [18,19]. 
Others observed that mice fed a high fat diet demonstrate increased alpha cell mass [20]. In rats, on 
the contrary, a high fat diet reduced GCGN levels or had no effect [21]. In healthy lean men neither 
oral nor intravenous administration of a lipid emulsion led to significant GCGN level alterations, 
although GCGN tended to increase during the first 30 min after oral intake [22]. In contrast, ingestion 
of oleic acid caused a modest acute stimulation of GCGN secretion [23]. A study comparing fatty 
acids of different chain length in meal challenge tests observed the greatest increases of GCGN in 
response to olive oil (containing long-chain fatty acids) followed by C-8 dietary oil (digested to 
medium-chain fatty acids), but no change in response to tributyrin (containing short-chain fatty 
acids) [24], thus confirming the acute glucagonotropic effect of lipids may depend on fat composition. 
Heparin-induced elevation of FFA decreased GCGN secretion while nicotinic acid-induced 
suppression of FFA elevated GCGN secretion in humans [25]. Despite some contrary findings, it 
appears that alongside the predominant roles of glucose and amino acids, lipids may also influence 
the physiological secretion of glucagon. To our knowledge, no long-term effects of high fat diets on 
GCGN levels have been reported in healthy subjects. 

Given the underexplored role of dietary fat intake on GCGN levels in humans, we investigated 
the response of GCGN in 92 lean, healthy adult twins to low and high fat intake for 6 weeks each. We 
moreover tested the further response to 6 weeks of high protein, low fat intake in 24 participants who 
agreed to continue the study. We assessed the interaction with insulin secretion, circulating free fatty 
acids and amino acids as well as hepatic fat content. 
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2. Materials and Methods 

2.1. Study Protocol and Participants 

The NutriGenomic Analysis in Twins (NUGAT) study protocol was approved by the ethics 
committee of the Charité-Universitätsmedizin Berlin and conducted in accordance with the 
principles of the Helsinki Declaration of 1975, as revised in 2000. Prior to the study all participants 
gave written informed consent. The NUGAT study was registered at ClinicalTrials.gov: 
NCT01631123. Details of recruitment and enrollment of study participants, the initial screening visit 
and exclusion criteria have been published elsewhere [26]. Since genetic variance analyses were the 
primary endpoint of this study, a randomized controlled design was deliberately avoided. 92 subjects 
(46 pairs of twins – 34 monozygotic and 12 dizygotic), 58 females and 34 males, age 18 to 70 years 
and body mass index (BMI) 18 to 29 kg/m2 with BMI difference <3 kg/m2 between twins completed 
the study between September 2009 and September 2012. To standardize food intakes, the study 
participants were first asked to consume a healthy diet for 6 weeks containing 30 %Energy (%E) fat, 
one third each saturated fatty acids (SFA), mono-unsaturated fatty acids (MUFA), and poly-
unsaturated fatty acids (PUFA). The protein content was 15 %E and carbohydrates were 55 %E, 
corresponding to the low fat recommendations of the German Society of Nutrition at that time. To 
increase compliance and ensure a standardized dietary pattern, approximately 70 % of food was 
supplied together with detailed meal plans for the last week before the first clinical investigation day 
(CID1). The participants were then switched to a high fat diet (HFD) for 6 weeks containing 45 %E 
fat (18% SFA, 17% MUFA and 10% PUFA), 40 %E carbohydrates and 15 %E protein. Clinical 
investigation days were performed after 1 week of the HFD (CID2), in which food was mainly 
supplied, and after another 5 weeks of HFD (CID3), again with supply of most foods eaten for the 
week before the CID3. Thereafter, 24 twins continued the study with the intake of a low fat (30 %E) 
but high protein (30 %E) and moderate carbohydrate (40%E) diet for 6 weeks until CID4 (Figure 1). 
At each CID, anthropometric measurements were performed. Additionally, magnetic resonance 
spectroscopy was performed on a Magnetom Avanto 1.5T whole-body scanner (Siemens Healthcare, 
Erlangen, Germany) for quantification of liver fat content (intrahepatic lipids, IHL) at CID1, CID2 
and CID3 [27]. All three diets were isocaloric to avoid significant changes of body weight which may 
affect GCGN levels independently from food composition. To obtain homogenous food intakes, all 
participants received detailed dietary advice and meal plans by an experienced dietician. The subjects 
completed 6 dietary records of 5-6 days at specified times during the study as published previously 
[26] and the HPD subgroup completed an additional food record during the high protein intervention 
period. 

 

Figure 1. Design of the study. Following an initial screening, the 92 subjects underwent two 6-week 
interventions: first, they consumed a low fat, high carbohydrate diet (LFD), which was carried out to 
standardize the diet of the subjects and second the participants consumed an isocaloric high fat diet 
(HFD). 24 of the subjects additionally participated in a third 6-week intervention, a high protein diet 
(HPD). Clinical investigation days (CID) took place at the end of each intervention and after one week 
of HFD, to examine possible short-term effects. A standardized diet was provided one week prior to 
each CID to increase participant’s compliance. 
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2.2. Blood Parameters 

At each CID, blood samples were drawn in the fasted state (>10 h since last food intake) in the 
morning from the forearm vein, centrifuged at 1.800 x g for 10 min at 4 °C and serum was stored at -
80 °C until analysis. Determination of routine serum parameters (e.g., total cholesterol, triglycerides, 
free fatty acids) was performed using an automated analyzer (ABX Pentra 4000; ABX, Montpellier, 
France). LDL cholesterol concentrations were calculated using the Friedewald equation. Fasting 
levels of the following amino acid were measured in EDTA plasma samples of CID1-4 via liquid 
chromatography-mass spectrometry (LC–MS): Alanine, Arginine, Asparagine, Aspartic acid, 
Citrulline, Cystine, Glutamine, Glutamic acid, Glycine, Histidine, Leucine, Lysine, Methionine, 
Ornithine, Phenylalanine,  Proline, Serine, Threonine, Tryptophan, Tyrosine, Valine. Isoleucine 
was not determined and is in consequence not reported here. GCGN and insulin were measured in 
the fasting serum of all participants at each CID with specific human ELISA kits (Mercodia, Uppsala, 
Sweden). In addition, at CID 1,2 and 3 a subgroup of 14 participants randomly taken from the entire 
study group consumed a test meal (Fresubin® Energy drink) at noon and we measured GCGN serum 
levels before and 240 min after the test meal consumption.  

The homeostasis model assessment-estimated insulin resistance (HOMA-IR) was calculated as 
fasting insulin [mU/L] multiplied with fasting glucose [mmol/L] divided by 22.5 [28]. 

2.3. Heritability 

Heritability was estimated by applying the “ACE structural equation model” for every CID. This 
model analyzes covariance based on comparing the degree of concordance in form of the correlation 
coefficient within and between monozygous versus dizygous twin pairs. The proportion of variance 
is partitioned into (A) additive genetic influences, (C) common environmental, and (E) individual 
environmental influences. 

2.4. Statistical Analysis 

Prior to data analysis a test of plausibility was performed and unusual values that were outside 
of 3-fold interquartile range were declared as extreme outliers and were not considered in further 
analysis. The Shapiro-Wilk test was used to assess variables for normal distribution. Mean values for 
continuous data were compared using repeated measures ANOVA followed by Bonferroni adjusted 
post hoc test. The requirements for the ANOVA were tested by the Shapiro-Wilk-test and Mauchly’s 
sphericity-test with ln- and/or Greenhouse-Geisser transformation if necessary. The Friedman test as 
nonparametric equivalent of the ANOVA was used to verify significant results for non-normally 
distributed data.  

To analyze whether the age of the subjects had an impact on high fat diet induced GCGN 
changes we split the cohort in 3 age subgroups (tertiles: 18-23 years, 24-30 years, 31-70 years) and 
conducted Friedman tests followed by Bonferroni adjusted post hoc test for each age group again. A 
nonparametric one-way ANOVA (Kruskal-Wallis-test) was applied for the comparison between the 
age tertiles. To test for sex differences, we split the cohort by sex and the Friedman test with 
Bonferroni adjusted post hoc test was applied for males and females separately. Mann-Whitney-U 
test was used to check for significant differences between GCGN levels in females and males.  

Pearson’s and Spearman’s rank correlation coefficients were used for correlation analysis of 
variables with normal and skewed distribution, respectively. In cases of missing data pairwise 
deletion was applied. Statistical analyses were processed using SPSS 28.0 (SPSS Inc., Chicago, IL, 
USA) and p<0.05 were considered significant. Values are expressed as mean ± SEM, unless otherwise 
stated. The graphs were generated with GraphPad Prism 9 (GraphPad, California, USA). 
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3. Results 

3.1. Participants’ Characteristics and Compliance 

We analyzed 92 healthy participants whose baseline anthropometric and clinical characteristics 
are shown in Table 1. The macronutrient intake, calculated from dietary records with the PRODI®4.5 
software (Nutri-Science GmbH, Freiburg, Germany), was 35 E% fat, 50 E% carbohydrates and 15 E% 
protein prior to the study, 29 E% fat, 55 E% carbohydrates and 16 E% protein during the LFD, 44 E% 
fat, 42 E% carbohydrates and 14 E% protein during the HFD and 29 E% fat, 40 E% carbohydrates and 
31 E% protein for the HPD, reflecting a high dietary compliance of the participants during all study 
phases (Table S1). Although the study followed an isocaloric approach, the bodyweight of our 
subjects slightly decreased in response to the LFD (-0.98 kg, p<0.001), and increased again after 6 
weeks of HFD (+0.40 kg, p=0.124 vs. LFD) and minutely again with the HPD (+0.12 kg, p=1.00 vs. 
HFD6). However, these weight changes where within a range of natural fluctuation and thus the 
effects of weight alterations were successfully reduced to a minimum in the present study.  

As expected, we observed a rise in total cholesterol as well as its LDL- and HDL-fraction in 
response to the HFD (Table S2), which again represents the good compliance of the participants to 
the dietary intervention. 

Table 1. Baseline clinical parameters of all subjects and the subgroup that additionally conducted. 
the high protein intervention.  

Baseline characteristics 
(mean ± SD) 

All participants 
 n=92 

HPD subgroup  
n=24  

Sex [female/male] 58/34 10/14 
Zygosity [mono/di] 68/24 20/4 

Age [y] 31 ± 14 39 ± 15 
BMI [kg/m²] 23 ± 3 24 ± 2 

WHR  0.81 ± 0.07 0.84 ± 0.06 
Systolic BP [mm Hg] 118 ± 13 117 ± 11 
Diastolic BP [mm Hg] 74 ± 9 76 ± 6 
Fasting insulin [mU/L] 5.21 ± 3.68 5.38 ± 4.00 

Fasting glucose [mmol/L] 4.78 ± 0.48 5.05 ± 0.46 
HbA1c [%] 5.0 ± 0.4 5.0 ± 0.4 

HbA1c [mmol/mol] 31 ± 5 31 ± 5 
Fasting glucagon [pmol/L] 3.97 ± 2.71  3.21 ± 2.75 

Fasting total cholesterol [mmol/L] 4.58 ± 0.93  4.69 ± 0.98 
Fasting HDL cholesterol [mmol/L] 1.38 ± 0.35  1.32 ± 0.34 
Fasting LDL cholesterol [mmol/L] 2.73 ± 0.77  2.89 ± 0.83 

Fasting triglycerides [mmol/L] 0.99 ± 0.44  0.94 ± 0.38 
Fasting FFA [mmol/L] 0.52 ± 0.26  0.47 ± 0.22 

Values are shown as mean ± SD. BP, Blood pressure; FFA, Free fatty acids; HPD, High protein diet; WHR, Waist-
to-hip-ratio. 

3.2. Changes of Serum GCGN and Metabolic Parameters in Response to High Dietary Fat Intake 

Fasting GCGN levels increased within 1 week after onset of the HFD and increased further over 
the 6 weeks of HFD to almost double of the values after the LFD (Figure 2). To identify factors 
involved in the increases of GCGN we first determined correlations with anthropometric parameters 
and insulin resistance measured as HOMA-IR. The HFD had remarkably modest effects on insulin 
resistance in this lean and healthy population. Insulin levels increased slightly after 1 week of HFD 
and diminished again to baseline levels after 6 weeks of HFD, while glucose levels remained 
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unchanged, resulting in a small but significant increase in HOMA-IR (Figure 2). However, the 
marginal increase in HOMA-IR did not correlate with the changes in GCGN levels (Table S4). 

We did not observe a significant correlation between IHL and GCGN neither before nor after 
the HFD (Table S3). It should be noted that the lean and healthy twins had low IHL at baseline which 
did not change in response to the dietary interventions (Table S2).  

The GCGN-to-insulin ratio decreased in response to the LFD and increased in response to the 
HFD without changes of glucose (Figure 2). Thus, the higher fasting GCGN after the HFD did not 
elevate fasting blood sugar levels as might be expected, particularly since changes of insulin and 
insulin resistance were rather small. 

The high fat diet significantly reduced circulating FFA in the fasted state over the 6 weeks of the 
study (Figure 2). Notably, the previous LFD significantly increased FFA as compared to screening 
values, which might be due to the slightly higher SFA intake (13 E%) of the twins on their habitual 
diet before the study. The HFD-induced decrease in FFA might be related to the increase in GCGN. 
However, we did not find a correlation between the absolute values or the changes of FFA and GCGN 
(Table S3 and S4).  

The sum of all measured circulating AA did not change in response to the HFD. Only Proline 
showed a significant increase after one week of high dietary fat intake but decreased again after 6 
weeks. None of the other plasma AA showed significant changes after 1 week of HFD. After 6 weeks 
of HFD asparagine slightly decreased, whereas tryptophan and valine increased compared to LFD 
levels (Table S5). Interestingly, the total level of measured circulating AA correlated with the GCGN 
levels after 6 weeks of HFD, however the changes of AA and GCGN in response to the HFD did not 
correlate (Table S6 and S7). 

 
Figure 2. Effects of varying dietary fat intake on glucose metabolism. All parameters are shown for 
screening (Scr, grey), after low fat diet for 6 weeks (LFD6, green), after high fat diet for 1 week (HFD1, 
red) and after high fat diet for 6 weeks (HFD6, orange). Values are shown as mean ± SEM. A: Fasting 
serum glucagon (GCGN) values. GCGN showed a pronounced decrease in response to 6 weeks of 
low fat intake and increased significantly after 1 week of high fat intake and even further after 6 
weeks. B: Fasting serum insulin. Fasting insulin levels increased slightly but significant after 1 week 
of high fat intake, however returned to baseline levels after 6 weeks. C: Fasting serum free fatty acids 
(FFA). FFAs changed opposite to GCGN levels and increased after the LFD but decreased again after 
HFD. D: Homeostasis model assessment-estimated insulin resistance. The HOMA-IR increased 
slightly due to high dietary fat intake, nevertheless the subjects remained very insulin sensitive at all 
time points. E: GCGN-to-insulin ratio. As insulin levels did not change extensively the GCGN-to-
insulin ratio acts similar to the fasting GCGN levels, thus decreased in response to the LFD and 
increased in response to the HFD. 
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3.3. Impact of Age and Sex on GCGN Levels 

To investigate whether age and sex play a role for GCGN responses to food intake, we conducted 
an age-stratified and sex-stratified analysis. A comparison of age tertiles showed a GCGN decline 
after 6 weeks of LFD and an increase in response to the HFD in all 3 groups independent of age and 
no significant differences between the age tertiles were found (Figure S1). Thus, in the present lean 
population, age appears to have no influence on diet-mediated GCGN changes. In contrast, sex seems 
to play a role for GCGN levels, as we observed significantly higher GCGN levels in males compared 
to females at baseline, after 6 weeks of LFD and after 6 weeks of HFD. Nevertheless, both sexes 
showed a significant increase of GCGN levels in response to 6 weeks of high dietary fat intake (Figure 
S2). 

3.4. Changes of Postprandial GCGN in Response to the HFD 

In a subgroup of 14 participants randomly taken from the entire study group, we further 
assessed whether GCGN levels changed in response to a test meal (Fresubin® Energy drink) that was 
administered at noon after 6 weeks of LFD, after 1 week of HFD and after 6 weeks of HFD. We 
measured serum GCGN before the test meal consumption (0 min) and 240 min after the meal. In this 
subgroup, GCGN showed a slight, but not significant increase before intake of the test meal at noon 
after 6 weeks of HFD. However, the levels after the meal increased significantly, suggesting that both, 
fasted and postprandial levels of GCGN, increase upon prolonged intake of a HFD in healthy people 
(Figure S3). 

3.5. Serum GCGN and Metabolic Parameter Changes in Response to High Dietary Protein Intake 

The further switch to a low fat, high protein diet was studied in a subgroup of 24 participants 
who agreed to another 6 weeks of controlled dietary intake. This subgroup was, on average, 8 years 
older and had a slightly higher BMI of 24 ± 2 kg/m², which is still in the range of normal weight (Table 
1). The responses of this subgroup to LFD and HFD were similar to those of the 92 twins (Figure 3) 
with a pronounced decrease of GCGN under the LFD compared to screening and an increase with 
the HFD. The HPD further increased GCGN values compared to the HFD despite of the lower fat 
content. The FFA profile (Figure 3) and HDL-cholesterol levels were similar to those under the low 
fat diet, confirming the adherence to lower fat intake (Table S8). This suggests that the HPD further 
increased fasting GCGN values independently from the effects of fat. 

Insulin levels were significantly reduced under the HPD, resulting in a pronounced increase 
(more than 2-fold compared to after LFD) of the GCGN-to-insulin ratio (Figure 3). Nevertheless, 
glucose levels remained unchanged, which resulted in an improvement of insulin sensitivity as 
calculated by HOMA-IR values. The high GCGN levels thus did not impair glucose metabolism 
during the 6 weeks of high protein intervention. 

The total concentration of AA that was measured in this study did not alter with the HPD. 
Nevertheless, significant changes in response to the HPD diet occurred in several AA, but as some 
decreased (alanine, glutamine, glycine, proline) and others increased (glutamic acid, leucine, lysine, 
methionine, phenylalanine, threonine, tryptophan, valine) no change in the overall level was 
observed. Except for glutamic acid, all AA that increased in response to the HPD were essential AA 
(Table S9). Surprisingly, we found less correlations between AA and GCGN with the HPD compared 
to the LFD and HFD, as only serine correlated with GCGN after the HPD (Table S6). Instead, the 
change of total AA in response to the HPD was negatively correlated with the change of GCGN (Table 
S7). 
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Figure 3. Effects of high protein intake on glucose metabolism. All parameters are shown for screening 
(Scr, grey), after low fat diet for 6 weeks (LFD6, green), after high fat diet for 1 week (HFD1, red), after 
high fat diet for 6 weeks (HFD6, orange) for the subgroup of 24 participants that additionally 
conducted 6 weeks of high protein diet (HPD6, blue). In general, the responses of this subgroup to 
LFD and HFD were similar to those of the total cohort (see Figure 2). Values are shown as mean ± 
SEM. A: Fasting serum Glucagon (GCGN) values. GCGN showed a pronounced increase after 6 
weeks of HPD. B: Fasting serum insulin. Fasting insulin levels decreased significantly after 6 weeks 
of high protein intake. C: Fasting serum free fatty acids (FFA). FFAs were highest in response to 6 
weeks of HPD. D: Homeostasis model assessment-estimated insulin resistance. The HOMA-IR 
decreased slightly but significantly through the HPD. E: GCGN-to-insulin ratio. The GCGN-to-insulin 
ratio increased most intensively with the HPD. 

3.6. Heritability of GCGN Levels 

The twin design allowed a calculation of the heritability of the GCGN levels at screening and in 
the presence of the different diets (Figure S4). The GCGN serum levels at screening were not heritable, 
despite a slight but significant correlation among monozygotic twin pairs (r=0.353, p=0.041). After 6 
weeks of low fat diet the significant correlation of GCGN levels (r=0.534, p=0.001) among the 
monozygotic twins was more pronounced, but no correlation was observed among the dizygotic 
twins (r=0.308, ns), resulting in an estimated heritability of 45%. Remarkably, this heritability and the 
significant correlation among monozygotic twin pairs was lost after 6 weeks of HFD suggesting that 
non-heritable factors play a pronounced role in this condition. In addition, the change of GCGN levels 
(delta GCGN) in response to altered nutrition was not heritable at any time of the study. The high 
protein diet included 10 monozygotic and 2 dizygotic pairs of twins and thus did not allow a 
calculation of heritability. Nevertheless, the GCGN levels showed a high correlation in the 
monozygotic pairs (r=0.733, p=0.025) after 6 weeks of high protein intake. 

4. Discussion 

We report extensive diet-dependent changes of serum GCGN in lean healthy young subjects. 
GCGN showed a pronounced decrease in response to the LFD. In contrast, GCGN progressively 
increased after 1 and 6 weeks of HFD, which has not been reported before. The increased fat intake 
was in exchange for carbohydrates which were reduced from 55 to 40 %E. This corresponds to a 
moderate restriction of carbohydrates which is unlikely to increase GCGN levels extensively. 
Previous studies showed low carbohydrate intake to significantly increase GCGN levels [29–31], 
however these trials used considerably lower carbohydrate portions than our present study. We 
hypothesize the here observed rise in GCGN in response to the HFD diet is not solely due to the 
moderate carbohydrate restriction, but to its combination with higher nutritional fat intake. The 
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ingestion of fat alone has previously been shown to modestly increase prandial GCGN release in 
healthy subjects and subjects with type 2 diabetes [32]. However, the ingestion of solely protein was 
found to increase GCGN to a higher extent than fat [23,32]. These results are in line with our data 
which show the highest fasting GCGN levels in response to 6 weeks of HPD, reflecting the potent 
stimulation of GCGN secretion through AA that has been reported since the 1960s [7,33]. Taken 
together, this supports the hypothesis that fat intake plays a role for GCGN secretion, even though it 
appears to be not as potent as protein/AA intake to stimulate GCGN release.  

The total fasting blood AA concentration did not alter with the high protein intake in our study, 
and we found a negative correlation between the change of GCGN and the change of the total AA in 
response to 6 weeks of HPD. This may appear contradictory at first, but appears reasonable under 
consideration of the liver-alpha-cell axis: postprandial AA function as glucagon secretagogues 
causing a rise of GCGN which in reverse leads to elevated AA degradation by the urea cycle in the 
liver, thereby normalizing the circulating AA concentrations [7]. A previous study in healthy men 
showed lower fasting blood AA in a high protein intake group compared to a normal protein intake 
group, except for leucine, methionine and tyrosine [34]. In line with these findings, leucine and 
methionine levels, among others, were significantly elevated after the HPD in our cohort, whereas 
alanine, glutamine, glycine, and proline concentrations diminished after the HPD. Fernstrom et al. 
have also reported lower fasting glycine and alanine plasma concentrations in subjects that consumed 
150 g egg protein/day compared to those consuming 75 or 0 g protein daily for 5 days [35]. In contrast 
to our findings Forslund et al. reported fasting lysine, phenylalanine, threonine, tryptophan, and 
valine to be lower in the high protein group [34], whereas the fasting levels of these essential AA 
increased significantly after the HPD in our study. Notably, the increase of branched chain amino 
acids may be explained by the lowered insulin levels which regulate branched chain amino acid 
degradation[36,37]. Several studies did not show an upregulation of branched chain amino acids by 
higher intakes [38,39]. These differences in the AA responses may be due to varying nutritional intake 
of the specific AA and different study duration. However, besides the amount and composition of 
AA supplied, several tissues and metabolic pathways impact the concentrations of circulating plasma 
AA, making it very difficult to identify the complete metabolic background of the observed AA 
alterations. A drop of fasting glucogenic AA in response to high nutritional protein consumption has 
been described in rats and related to their sustained catabolism [40]. In addition to increased amino 
acid catabolism and renal clearance, decreased de novo synthesis and restrained body protein 
breakdown have been postulated as responsible for the inverse response of glutamine and alanine 
concentrations to high protein intake in humans [41,42]. Interestingly, glutamine, alanine, glycine 
and proline have been described as potent glucagon secretagogues [7,43,44]. Moreover, alanine and 
proline were found to be involved in the acute regulation of the liver-alpha-cell axis in female mice 
[44], which may play a role in their significant decrease after 6 weeks of HPD. 

Studies comparing high fat vs. low fat meals confirmed a greater acute stimulation of GCGN by 
the high fat meal in healthy [45,46], and overweight subjects [47]. Raben and coworkers [48] 
submitted 10 healthy lean and 8 normal-weight postobese women to high fat, high starch or high 
sucrose diets for 2 weeks in a crossover design and did not find significant changes of fasting or 
postprandial GCGN levels, although fasting levels of GCGN increased by 33%. The participants 
consumed low fat diets for 2 weeks containing 28 %E of fat prior to the HFD with 46 %E fat. These 
results are compatible with our data which show a time-dependent further increase of GCGN levels 
over the 6 weeks. This suggests a delayed metabolic adaptation similar to the alterations of LDL- and 
HDL-cholesterol. The mechanisms involved are unclear.  

The role of GCGN in lipid metabolism has been established by the increases of liver fat induced 
by GCGN antagonists in human trials [12,13] which most likely relates to the induction of hepatic 
lipolysis and lipid oxidation by GCGN [14,15]. Thus, the elevation of GCGN in the present study 
might be interpreted as a metabolic response to prevent hepatic fat accumulation upon high dietary 
fat intake. This may explain the absence of increases of liver fat by the HFD in our healthy subjects 
which contrasts previous reports in obese subjects [49]. The diet-induced changes of GCGN found in 
the present study are also contrary to observations in diabetes patients who did not show decreases 
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of GCGN upon intake of a low fat diet containing 30 %E as fat compared to 42 %E before start of the 
intervention, or increases in response to a high protein diet for 6 weeks. Notably, plasma AA levels 
did not change in this study [39,50]. However, chronic hyperglycemia is associated with profound 
alterations of GCGN secretion which may account for the differences [51].  

GCGN levels were shown to be correlated with hepatic fat content in obese individuals with [50] 
and without type 2 diabetes [52]. This correlation was not observed in our healthy population who 
had low levels of liver fat content and included only 7 individuals with IHL above the threshold of 
5.56%, defining non-alcoholic fatty liver disease [53]. Moreover, the lean and healthy twins were 
resistant to high fat diet induced increases in liver fat over the 6 weeks of the isocaloric study. 

The GCGN-to-Insulin ratio increased in response to 6 weeks of HFD and even further after 6 
weeks of HPD. Remarkably these distinct increases occurred without changes in blood glucose levels. 
This indicates that healthy people may desensitize to the glucose producing effects of GCGN or 
counteract the hepatic glucose production via unclear mechanisms upon permanently elevated 
GCGN levels. Capozzi and Coworkers [54] have already reported that under prandial conditions 
GCGN functions more as an insulinotropic agent ensuring euglycemia rather than further elevating 
blood glucose levels via hepatic glucose production. 

Major strengths of the current study are the isocaloric approach, enabling results independent 
from presumably confounding body weight changes, and the high dietary compliance of the subjects. 
Limitations of the study include the moderate number of subjects analyzed and the restriction to 
Caucasian ethnicity, therefore its conclusions may not apply to other populations because of ethnic 
or genetic differences. Additionally, the study was not randomized and targeted similar dietary 
conditions for all twins using the differences in pair-wise responses to address the inheritance to 
dietary changes. Moreover, we only measured total serum FFA without further differentiation, 
though the ability of FFAs to stimulate GCGN secretion may depend on fatty acid length and degree 
of saturation [13,24]. 

5. Conclusions 

In conclusion, a high fat, low carbohydrate diet strongly raises GCGN levels and the GCGN-to-
insulin ratio in healthy lean subjects in comparison to an isocaloric low fat, high carbohydrate diet. 
Interestingly, blood glucose levels, liver fat and insulin resistance showed no clinically relevant 
increases. Thus, the observed rise in GCGN might be interpreted as metabolic response to high 
dietary fat intake to prevent hepatic fat accumulation, as increases in GCGN have been shown 
previously to induce hepatic lipolysis and fat oxidation [14,15]. This allows an alternative perspective 
to position elevated GCGN secretion observed in type 2 diabetes as a mechanism to compensate, 
rather than induce, dysregulated homeostasis.  
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