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We observe APOA4, APOC1, SPP2, TTR changing in CR, which are proteins that have been proven sensitive to caloric restriction and refeeding and describe these transitions best (Extended Data Fig. 3). Also, there is APOC2 showing a negative correlation with leptin and insulin levels. A closer look at TSH reveals a correlation with GC and CR1, while for fT4 (free T4) we observe a strong positive correlation with SERPINF2 and a negative with IGHG1 (Figure 1H). It is plausible these changes represent the acute response of the hypothalamic-pituitary-thyoid axis to caloric restriction. Additionally, leptin, glucose and insulin correlate with the proteomic response (Figure 1H). SPP2, an insulin-sensitive, bone morphogenetic protein1,2, is found to correlate at most negative levels with glucose. Further, APOA4, APOC2 are in line with previous reports3,4. Additionally, SERPINA4 correlates with both insulin and leptin levels. TSH shows negative correlations with complement factors (CR1). For fT4 we see correlations for immunoglobulin heavy chains and SERPINF2 (alpha-2-antiplasmin)5.
Apart from the dominating proteins, the differential expression analysis pointed to further proteins that decrease under CR and increase under RF while others behave in reverse fashion. In fact, many differentially expressed proteins are responsive to both negative and positive energy balance (Extended Data Fig. 3). Among other apolipoproteins we detect APOB, which belongs to the TGR (triglyceride-rich lipoproteins)6,7 being increased under CR and decreased under RF while the HDL-related APOA16 decreases under CR. The above indicate a triglyceride-based metabolism during CR. The data obtained by shifting the diet to caloric restriction and refeeding extend our knowledge on physiological adaptation, complementing the insights that Harney et al.8 provided on the triglyceride regulation after intermittent fasting. APOC2 concentration increased during caloric restriction and decreased again after refeeding. Whereas, APOC1 and APOA4 changed in the reverse direction during those conditions (Fig. 1e, Extended Data Fig. 3).
Apolipoproteins’ role is to maintain and regulate the assembly, structure and metabolism of lipoprotein particles9. Through binding to membrane receptors, apolipoproteins regulate enzymatic activity. APOC1, APOC2 and APOE genes are located within the same gene cluster of chromosome 1910. APOC1 is part of the chylomicrons (CM), VLDLs and HDLs11 and has been extensively related to lipid metabolism in various ways. Its role on HDL metabolism is to inhibit CETP12,13 and activate LCAT12. Its main role though, is the direct or indirect inhibition of LPL (lipoprotein lipase)14,15 by preventing it from binding to the lipid/water interface of the lipoprotein particles16,17 and thus being involved mostly with VLDL-TG metabolic regulation. It is also involved in lipoprotein remnants (CM, VLDL) uptake by the possible inhibition and blockade of receptors involved in the clearance, such as LPR118, LDLR19 or VLDLR15. APOC2 is mainly expressed in the liver and the intestine16 and is important for LPL’s activity7,20. When present in intermediate concentrations, it binds to the lipoprotein membrane and activates LPL and, most importantly, competes with APOC1 and APOC3 and prevents their function21.
APOA4 is mainly synthesised in the liver and, at a smaller amount, in the intestine, where it plays an important role in intestinal lipid absorption22. It binds CMs and HDLs, maybe gets displaced by APOC2 and modulates LPL activity, but not when APOC2 is present23. Then, APOA4 rapidly dissociates from the chylomicrons when hydrolysis occurs22. Furthermore, it activates LCAT that converts cholesterol to cholesterol (more hydrophobic) and enables the easiest formation of HDL particles24. Additionally, it regulates the transport of long-chain fatty acids to chylomicrons25 suggesting another role in the formation of lipoproteins and not their lipolysis. APOA4 follows leptin, insulin and glucose in concentration fluctuations as we see it correlating with diagnostic measurements (Fig. 2e), which are in direct proportion to stored fat, something that is confirmed by the results of this study too. APOA4’s production in the small intestine when there is an active lipid absorption and the causing reduction of gastric motility26 suggest its role as a fat-induced signal of satiety in order to regulate food intake27.
Our results with APOC1, APOC2 and APOA4 suggest their interactions during the response with acute caloric restriction (Fig. 1e, Extended Data Fig. 6a). APOC2’s increase during caloric restriction might lead to the activation of LPL and the inhibition of APOC1 which is then detected at a decreased level. Instead, during refeeding an increase in the APOC1 concentration might lead to an inhibition of LPL and the prevention of the hydrolysis of the lipoprotein particles. APOA4 follows the same concentration trend and could be correlated with an antagonistic APOC2 role (Fig. 1e, Extended Data Fig. 6a). Additionally, APOA4 is required for the formation of lipoprotein particles, which has a specific role in regulating food intake. The above results are consistent with an increased fatty acid oxidation during caloric restriction and the decrease of triglycerides in circulation when refeeding. Contrary to our observations Harney et al.8 observed increased APOA4 after intermittent fasting, but other mass spectrometry based investigations by Geyer et al.3 and Bruderer et al.4 both report a decrease of APOA4 upon weight loss (negative energy balance) and a reinstatement with weight maintenance, in accordance with our results. Sphingolipids, which are building blocks of lipoproteins, are also increased during caloric restriction. The above suggest that healthy male individuals’ metabolism is regulated towards the hydrolysis of triglyceride rich lipoproteins (TGL-rich) in acute caloric restriction that may lead to the necessary usage of fatty acids to cover energetic demands of the organism.
ΤTR (transthyretin) has been reported for its role in transporting thyroid hormones in plasma and cerebrospinal fluid27. Also, it is associated with retinol transport via binding with RBP. Interestingly, it has been associated with malnutrition28,29 and our results suggest that TTR concentration is significantly decreasing during caloric restriction and increasing in refeeding. Additionally, TTR has been correlated with triglyceride levels and insulin resistance30,31. Our results confirm this relation with the triglyceride levels decreasing in caloric restriction to be used for covering energetic demands and increasing in refeeding for storage purposes, following the TTR concentration trend.
SPP2, a protein that emerges with many correlations with the metabolome and the physiome (Fig. 1g, 1h), is poorly characterised, with mostly known that it has a cystatin-like domain that could serve as a thiol protease inhibitor. It is also part of the fetuin mineral complex that serves the calcification process by carrying insoluble calcium and phosphate32. Via that complex it could inhibit BMP-2 and increase inflammation33. Its homology with fetuin-A, a free fatty acid carrier in the circulation34 and its responsiveness to caloric intake changes in this study, could support further examination of its role.
Recent literature highlights the role of APOM against insulin resistance by carrying S1P on HDL and activating insulin signalling pathways35,36. LPA is constantly higher (P<0.05) in diabetic compared to non-diabetic individuals of the cohort in an association with diabetes that has been reported37. This effect becomes slightly higher in T60 (P<0.001) and T120 (P<0.01). APOC1, APOM and LPA abundances are different in diseased conditions, proving the importance of apolipoproteins to describe metabolic homeostasis (Fig. 3d). 


































Extended Data Figures Legends

Extended Data Fig. 1. Data quality of the proteomic data acquisition in the CR study (a) and Ely (b) studies proteomic profiling, while the acquisition of GS data has been reported previously38. Coefficient of variation (CV) values in both studies demonstrate that the biological signal (samples) is much higher than the technical variability (QC - quality controls). The numbers of proteins and precursors that are detected in the CR study are higher than those detected in the Ely study, because of the different proteomic method used (Methods)

Extended Data Fig. 2. Partial least squares discriminant analysis (PLS-DA) of proteomes and metabolomes, respectively, in the CR study. At the metabolome, PLS-DA separates baseline (BS), caloric restriction (CR), and refeeding (RF), while at the proteome CR from BS and RF, respectively. 

Extended Data Fig. 3. Differentially abundant plasma proteins (Wilcoxon test, p<0.05) upon acute CR in a controlled environment. 22 proteins are decreased during CR and increased in RF, 13 proteins are increased in CR and decreased in RF, three proteins decrease in CR and remain decreased and ITIH3 increased and remained increased. Nomenclature baseline (BS), caloric restriction (CR), and refeeding (RF),

Extended Data Fig. 4. Individual-specific differential protein abundance. After a Wilcoxon test (p<0.01) we identified 192 commonly shared proteins that were differentially abundant between each individual and at least one of the other nine individuals. Examples include proteins of the complement cascade (i.e. C1R, C4, C8A, C7, C9, G8B, C8G), several coagulation factors and related proteins (i.e. F11, F2, F12, SERPINA10, SERPIND1, PLG, SERPING1) and numerous immunoglobulin regions.

Extended Data Fig. 5. Correlation map of proteins with metabolites in CR study. Coloured in the figure are shown the positive or negative correlation coefficients of |cor| > 0.4  (Spearman rank coefficient, |cor| > 0.4). 

Extended Data Fig. 6. Scheme: a) Suggested interactions of CR induced Apolipoproteins during CR and refeeding response, respectively. b) The functions of APOC1 in the CR and refeeding response

Extended Data Fig. 7. Metabolic and endocrine parameters measured as part of the Ely cohort. The subjects have been categorised to non-Diabetic, Diabetes, IFG (impaired fasting glucose), IGT (impaired glucose tolerance) according to the latest American Diabetes Association for the Classification and Diagnosis of Diabetes39. BMI kg/m2, plasma glucose mmol/L, insulin pmol/L, leptin ng/L, HDL mmol/L, LDL mmol/L, triglycerides mmol/L

Extended Data Fig. 8. Proteomic profiles are predictive about endocrine parameters important for metabolic health using a random forest regressor. a) Scheme; Samples are split in a training and prediction set; a machine learning model is trained on the training set, and its performance is evaluated to predict physiological parameters in the prediction set. b) A Random Forest regressor efficiently predicts a series of human physiological parameters related to human metabolic health from the proteome, such as cholesterol, HDL, LDL, triglycerides, parameters of energy regulation and weight control factors such as insulin, glucose, C-peptide, leptin, BMI. The cross validation of five random patient folds (splits) is depicted on the test set and the values observed vs predicted. c) Interpretation of machine learning models confirm the role of nutrient response proteins in linking proteome and physiome. Examples shown are Triglycerides, for which most weighted features in the prediction are apolipoproteins APOC3, and APOC2, while APOC1, APOF and SERPINC1 are the most weighted features in the prediction of insulin levels. BMI kg/m2, plasma glucose mmol/L, insulin pmol/L, leptin ng/L, HDL mmol/L, LDL mmol/L, triglycerides mmol/L, cholesterol mmol/L, C-peptide pmol/L. Part of the figure was created with BioRender.com.

Extended Data Fig. 9. Summary graph - Responses of nutrition. Differential abundance analysis (Wilcoxon test, p<0.05) in CR and Ely studies revealed responses. We observe proteins’ abundance increasing (Up - orange colour) or decreasing (Down - cyan colour) during caloric restriction, refeeding (response in Days or Hours), and when comparing diabetic or prediabetic (IGT) individuals with healthy ones, before and after the glucose consumption (oGTT challenge).

Extended Data Fig. 10. Correlation map of proteins with metabolic and endocrine parameters (Spearman correlation, p<0.05). Statistically significant correlations are coloured while dots indicate statistical significance after row-wise multiple-testing correction (fdr<0.05) and black rectangles – column-wise. BMI kg/m2, plasma glucose mmol/L, insulin pmol/L, leptin ng/L, HDL mmol/L, LDL mmol/L, triglycerides mmol/L, cholesterol mmol/L, C-peptide pmol/L, split - proinsulin pmol/L, proinsulin pmol/L
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