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39 Abstract DO 101030/ DSFO04456A
40  Background: Metabolic flexibility is characterized by a complex response in blood markers

41  rapidly returning to baseline after a high-saturated-fat, high-refined-carbohydrate meal, and

42  this adaptability is progressively lost as chronic metabolic dysfunction develops.

43 Objective: To comprehensively profile the postprandial response and identify novel potential
44  biomarkers related to defense, oxidative stress and other processes, to better define metabolic

45 flexibility.

46  Methods: Conventional methods as well as metabolomics and proteomics were used to profile
47  the response in 12 healthy men to a high-saturated-fat, high-refined-carbohydrate meal, at

48  hourly time points both before and after consumption.

49  Results: In addition to the expected changes in glucose, insulin, triglycerides, fatty acids and
50 myeloperoxidase, we observed multiple previously unreported changes in the plasma
51  proteome, including a compromised “cellular oxidant detoxification” pathway (55 proteins) at

52 4 and 5 hours after the meal. Between individuals, the magnitude of the decrease in Cu-Zn-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

53  superoxide dismutase protein was associated with plasma postprandial glucose area-under-the-

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

54  curve (r = -0.767, p = 0.004). In contrast, the peripheral blood mononuclear cell proteome

(cc)

55  showed minimal changes over 6 hours. Through plasma metabolomic analysis, we observed
56  many novel postprandial changes with potential use as biomarkers, most notably increases in
57  oxidative stress-related products such as myeloperoxidase putative products L-methionine S-
58 oxide, 3-(4-hydroxyphenyl)pyruvate, and L-homocitrulline and in gut microbiota metabolites
59  such as hydroxy-isocaproic acid, as well as a sustained elevation of phenylalanine, tyrosine,

60 and branched chain amino acids at 6 hours.

61  Conclusion: These data indicate a complex diminution of plasma defense proteins after a high-

62  saturated fat high-refined carbohydrate meal, and then a return to baseline reflecting metabolic
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flexibility in the cohort of healthy young men. However, the data also show that,someciisks;.ion
markers and stress products are still elevated 6 hours after the meal. The data provide a valuable
resource for future postprandial metabolomic studies assessing the protective effect of nutrients
and phytochemicals on postprandial stresses, and enabling comparisons between healthy and

compromised populations. Trial Registration: ACTRN12619000929101.

Keywords: postprandial, proteomics, metabolomics, oxidative stress, myeloperoxidase,

superoxide dismutase
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Abbreviation list O 101039 barO0A1aen
AAC, area above the curve

ANOVA, analysis of variance

AUC, area under the curve

BMI, body mass index

EDTA, ethylenediamine tetraacetic acid

ELISA, enzyme-linked immunosorbent assay

FDR, false discovery rate

GC, gas chromatography

HFHCM, high-saturated-fat, high-refined-carbohydrate meal
HPAEC-PAD, high-performance anion-exchange chromatography with pulsed amperometric
detection

IL, interleukin

MPO, myeloperoxidase

MUFA, monounsaturated fatty acid

PBMC, peripheral blood mononuclear cell

PBS, phosphate buffered saline

PUFA, polyunsaturated fatty acid

RCEF, relative centrifugal force

SD, standard deviation

SOD, superoxide dismutase

WBC, white blood cell
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Introduction
Habitual consumption of energy-dense, nutrient poor foods that are high in saturated fat and
refined carbohydrates, leads to increased risk of cardiovascular diseases, obesity, immune
dysfunction and type 2 diabetes (1-4). The metabolic response to a high-saturated-fat, high-
refined-carbohydrate meal (HFHCM) includes blood glucose spikes, increases in total plasma
triglycerides and increases in insulin. All are well characterized and the magnitudes of these
responses are clearly dependent on health status, and have been used to diagnose metabolic
inflexibility, with insulin sensitivity and the gut microbiota composition playing an important
role in differences between individuals (5, 6). However, it is becoming increasingly recognized
that the biological response to a HFHCM is much more complex than indicated from
measurement of postprandial glucose and lipid levels alone. Plasma metabolomics focusing on
changes in total fatty acids, triglycerides, amino acids and canonical pathway intermediates
have been reported in response to various meals and in various population groups (7-10), yet
comprehensive time-dependent global plasma protein changes using proteomics are

unexplored despite the importance of plasma proteins in cellular and whole body defenses.

One of the proposed biological responses to a HFHCM is oxidative stress, which ultimately
leads to chronic disease through inflammatory processes (11-14). Postprandial oxidative stress
is evidenced by transient increases in lipid hydroperoxides (15, 16), oxidized low density
lipoprotein (17, 18), malondialdehyde (19, 20), and myeloperoxidase (MPO) (21, 22). In
addition, a HFHCM induces an influx of macronutrients into tissues including skeletal muscle,
liver, adipose and vascular endothelial cells. Elevated cellular metabolism of glucose and fatty
acids can generate reactive oxygen species (ROS), which are reduced by endogenous
antioxidant enzymes such as mitochondrial and cytosolic superoxide dismutases (SOD) (23).

Hyperglycemia-induced superoxide over-production inhibits the glycolytic enzyme

Page 6 of 58

View Article Online
DOI: 10.1039/D5FO04456A


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo04456a

Pagiez of 5 Food & Function
nterna

rficle Online

117 glyceraldehyde-3-phosphate dehydrogenase in endothelial cells (24) resulting in diversidfiofs;. e
118 accumulated glycolytic intermediates through alternative pathways (25) including the polyol
119  pathway, activation of protein kinase-C, and formation of advanced glycation end products,
120  which are all known to mediate tissue damage (26). Proteins in the blood are secreted from,
121  and taken up by, various organs, including the liver and intestine, but also from peripheral
122 blood mononuclear cells (PBMC) and the vascular endothelium, and so transient changes are
123 expected in response to a meal. Indeed, several very low abundance proteins are classically
124  known to increase in response to food such as insulin and incretin hormones, and also some
125  specific proteins such as MPO as described above (21, 27-29).

126

127 We hypothesized that a HFHCM would induce multiple postprandial metabolites and protein
128  markers of stress in addition to classical markers. While conventional markers such as glucose
129  and insulin have been extensively measured in postprandial studies, markers of potential
130 damage after a HFHCM have not been addressed at the proteome level, nor associated changes

131  in the metabolome. We have addressed this gap by studying the effects of a well-characterized

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

132 HFHCM on multiple blood parameters in metabolically competent individuals and suggest

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

133 several biomarkers of postprandial metabolic stress. We have also provided a resource that can

(cc)

134  beused for future studies including a listing of multiple as yet unknown metabolites that change

135  after a meal.
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Trial design

This trial was a control and experimental two-phase single-arm study, registered with the
Australian and New Zealand Clinical Trials Register (ANZCTR) (Trial ID:
ACTRN12619000929101). The Monash University Human Research Ethics Committee
approved all experimental procedures (2019-18917-32133), which were in accordance with the
Declaration of Helsinki. All participants in this study gave their written informed consent to

participate.

Participants and study procedure

Healthy males aged 18 to 35 years were recruited via flyers on campus, social media
(Facebook, Twitter and Instagram) and university department websites; eligible applicants
were not taking medications or supplements with antioxidant activity, or anything that might
have affected metabolism or nutrient absorption; were not diagnosed with a medical condition;
did not consume more than 14 standard drinks of alcohol per week; had a body mass index
(BMI) from 18.5 to 29.9 kg/m? (> 25 kg/m?, n = 2); had blood pressure between 90/60 to 140/90
mmHg; did not smoke; did not have an implanted cardiac defibrillator; and did not have any
known dietary requirements that prevented them from consuming the study meals. Male
volunteers were selected to prevent variance in results that may arise from hormonal
fluctuations associated with the menstrual cycle (30). Participants completed an online
screening survey to determine initial eligibility, and eligible participants were invited to attend
a screening visit at the university research facility during which anthropometric measurements
(height, weight, waist circumference, BMI, body composition) were collected, and blood

pressure was measured to assess whether participants met the inclusion criteria.
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161  The night before the testing visit, volunteers consumed a standard, commercial dinner, #4155, 0
162  (McCain Man Size Chicken & Bacon Bake: 43.2 g protein, 33.6 g fat (21.6 g saturated), 74.9
163 g carbohydrate (3.4 g sugar), 1440 mg sodium, 3290 kJ (787 kcal)) between 7 and 9 pm then
164  fasted overnight. For 24-hours prior to testing, participants were asked to avoid strenuous
165  exercise.

166

167  Fasting control phase

168  Upon arrival at 8:00 am, participants had an intravenous cannula inserted and three fasting
169  venous blood samples taken, 1 hour apart (-120, -60, 0 min). This two-hour run-in period, prior
170  to the HFHCM, was to determine any changes in biomarkers before the meal and serve as a
171 control. A fasting capillary blood sample was taken via finger prick, one hour prior to the
172 HFHCM.

173

174  Postprandial experimental phase

175  After blood collection at 0 min, participants were given 15 min to consume the HFHCM,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

176  following which venous blood samples were taken every 15 min for the first hour, then every

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

177 30 min for the next two hours and then every 60 min for the remaining three hours, up to six

(cc)

178  hours (360 min) post-meal consumption. Finger prick capillary blood samples were taken at 60
179  and 120 min after the HFHCM. Following the HFHCM, participants did not consume any
180  additional food until the end of the study period, but were allowed water ad libitum. Capillary
181  blood samples were used to measure WBC counts, and the venous blood samples were used to

182  measure all other biomarkers.
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The HFHCM contained 40 g refined coconut oil (Pure, SSM Brand, International), 10 g animal
fat (Supafry, Goodman Fielder, Australia), 30 g castor sugar (sucrose) (Sugar Australia,
Australia), 25 g maltodextrin (100%, Bulk Foods, Tasmania, Australia), 170 g skim milk
powder (Devondale, Australia), 175 g full cream long life milk (Devondale, Australia), 52 g
thickened cream (Bulla, Victoria, Australia) and 15 g of water. The ingredients were adjusted
for each participant according to participant weight divided by 70 kg (the standard measures

were based on a 70 kg adult), with the exception of the volume of water that remained constant

(15 g).

Proximate analysis (ash (as is), fat by acid hydrolysis, fatty acid profile, oven moisture, and
Kjeldahl), and amino acid analyses were performed by Agrifood Technology Pty Ltd (Werribee
VIC, Australia). For amino acids, samples underwent hydrolysis in 6 M HCI at 110 °C, then
labelled using the AccQTag Ultra chemistry kit (Waters, Rydalmere NSW) according to the
supplier’s recommendations, and analyzed on a Waters Acquity UPLC. Using this method,
asparagine is hydrolyzed to aspartic acid, and glutamine to glutamic acid, therefore the reported
amounts are the sums of the respective components; and cysteine and tryptophan are not
analyzed by this method. All samples were analyzed in duplicate. Fatty acids were analyzed by
gas chromatography (GC). To each sample, ten drops of 2M KOH in methanol were added,
mixed, and then 1 ml of hexane added. The vial was sealed and placed in a water bath at 50 °C
with vigorous mixing every 10-20 seconds for 3 min. Sample was then removed from the bath
and allowed to stand for 1 min to separate the phases. The hexane phase (0.5 pL) was injected
into the GC. Analysis was performed on an Agilent 7820A GC with manual syringe injection
of 0.5 puL of sample, and the inlet split set to 10:1. The column was a Supelco Wax capillary

30 m x 320 um, with film thickness 0.25 um, with nitrogen as the carrier gas running at 1.1

10
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208  ml/min. The oven temperature program was held initially at 90 °C for 1 min, then ingreased By iaes
209 15 °C /min to 245 °C and held for 2.5 min. Detection was by flame ionization set at 300 °C.
210  Sugar analysis was performed using high-performance anion-exchange chromatography with
211 pulsed amperometric detection [HPAEC-PAD) ion chromatography (see method below).

212

213 Anthropometric and blood pressure measurements

214  Height was measured using a Harpenden Stadiometer (Holtain, Crymych) with participants’
215  shoes and socks removed. Weight, visceral fat and total body fat were measured by
216  Dbioelectrical impedance analysis using a medical body composition analyzer (Ecomed, Seven
217  Hills, NSW, Australia) with shoes and socks removed and participants in light clothing. Blood
218  pressure was measured in duplicate with the participant in a relaxed, seated position using a
219  portable sphygmomanometer (WelchAllyn, Skaneateles Falls, New York, USA) and the results
220  averaged.

221

222 Sample collection and preparation

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

223 Venous blood samples for serum were collected into BD Vacutainer® SSTTM II Advance

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

224  tubes (North Ryde, New South Wales, Australia), allowed to clot for 30 min, centrifuged at 2.0

(cc)

225  relative centrifugal force (RCF) for 5 min at 22-25°C and stored at -80°C until analysis. Venous
226 blood samples for plasma were collected into BD Vacutainer® K2EDTA Tubes (North Ryde,
227  New South Wales, Australia) and immediately centrifuged at 1.5 RCF for 10 min at 4°C and
228  stored at -80°C until analysis. Plasma aliquots had 20 pL of ethylenediamine tetraacetic acid
229 (EDTA) (0.1% w/v) and ascorbic acid (20% w/v) added per 500 pL, and then were stored at -
230  80°C. PBMC:s, for proteomic analysis, were collected in BD Vacutainer® CPT™ System
231 Tubes (North Ryde, New South Wales, Australia) at fasting, 180 and 360 min after the

232 HFHCM, and immediately centrifuged at 1.5 RCF for 25 minutes at 22°C with the brake off.

11
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The mononuclear and platelet cell layer was transferred to a 15 mL falcon tube ang topped

to 10 mL with phosphate-buffered saline (PBS), then centrifuged at 1.0 RCF for 15 minutes at
22°C with the brake on. After the excess supernatant was discarded, the cell pellet was
resuspended in the remaining amount of supernatant, transferred to a 1.7 mL Eppendorf tube
and centrifuged a final time at 1.0 RCF for 15 minutes at 22°C. Any remaining PBS was
removed, the residual cells were snap frozen in liquid nitrogen and stored at -80°C. All venous

blood samples were stored in cryogenic-safe Eppendorf tubes.

Measurement of serum myeloperoxidase (MPO)

We estimated MPO activity in vivo by measuring MPO-generated products in the blood
through metabolomic analysis and additionally measured MPO protein using the human
myeloperoxidase enzyme-linked immunosorbent assay (ELISA) kit (ab119605) from Abcam
(Cambridge, UK), following the manufacturer’s guidelines. Absorbance was measured at 450
nm using a PHERAstar FS plate reader. Intra- and inter-assay precision for the MPO ELISA

was 8.8% and 9.9%, respectively, close to the manufacturer’s guidelines.

Measurement of plasma superoxide dismutase 1 protein

SOD1 was quantified in plasma samples using the Invitrogen Human Cu/ZnSOD ELISA kit
from Thermo Fisher Scientific, following manufacturer’s guidelines. Plasma samples were
analyzed in triplicate, and the absorbance was measured at 450 nm using PHER Astar FS plate
reader. Intra- and inter-assay precision for the SOD1 ELISA were 4.7% and 5.5%, respectively,

both within the acceptable range (5.1% and 5.8%, respectively).

12
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256  Measurement of plasma white blood cells

257  Blood samples for WBC count were taken by capillary finger prick on the index, middle and
258  ring fingers of each hand using a new finger at each time point to eliminate measurement of
259  any inflammatory response from the previous injury. Samples were taken from one finger on
260  each hand (cannulated and non-cannulated arm) at each time point. After sterilization of the
261  fingertip, blood was drawn using a disposable lancet. The first 3 drops of blood were wiped
262  with a cotton ball and discarded. A micro cuvette was filled with the blood sample and inserted
263  into a HemoCue WBC DIFF analyzer (Radiometer, Pacific), which displayed the total count
264  for WBC, neutrophils, lymphocytes, monocytes, eosinophils and basophils (31). Cell counts
265 did not differ between the cannulated and non-cannulated arm samples, and results are
266  presented as an average of the replicate measurements.

267

268  Measurement of plasma glucose and serum triglycerides

269  Plasma triglyceride and glucose concentrations were measured on a Thermo Fisher Indiko

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

270  clinical chemistry analyzer (Thermo Fisher Scientific, Vantaa, Finland) by enzymatic

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

271  colorimetric methods using commercially available kits according to the manufacturer’s

(cc)

272  instructions (Thermo Fisher Scientific, Vantaa, Finland).

273

274  Measurement of plasma insulin

275  Serum insulin was measured using the Millipore ELISA Kits for human insulin (Cat. # EZHI-
276 14K, Merck Millipore, Bayswater, Australia), according to kit instructions. Each sample was
277  assessed in triplicate and absorbance was measured using the SPECTROstar Nano microplate
278  reader (450 nm wavelength, BMG Labtech, Mornington, Australia). The lowest level of insulin

279  (LOD, limit of detection) detectable by this assay is 1 uU/mL, and so all samples with

13
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undetectable insulin were assigned this value. The units were converted from pU/ml, to pra6l/
using the conversion factor of 6 (32) prior to statistical analysis. Intra- and inter-assay precision

for the insulin ELISA were 8.1% and 6.7%, respectively.

Plasma metabolomics analysis

Samples used for metabolomic analyses were all fasting time points (-120, -60, 0 min), and
postprandial time points 60, 120, and 360 min. Plasma was thawed on ice before adding 25 pLL
to 200 puL of ice-cold extraction solvent (1:1 acetonitrile:methanol v/v, internal standards: 2
uM CHAPS, CAPS, PIPES and TRIS), followed by vortex mixing for 30 minutes at 4°C before
centrifugation (20,000 xg, 4°C, 15 minutes). The supernatant was then immediately analyzed.
A Dionex RSLC3000 UHPLC coupled to a Q-Exactive Plus Orbitrap MS (Thermo) was used
for untargeted metabolomic analysis (33), using a ZIC-p(HILIC) column (5 um, 150 x 4.6 mm)
with a ZIC-pHILIC guard column (20 x 2.1 mm) (both Merck Millipore, Australia). A gradient
elution of 20 mM ammonium carbonate (A) and acetonitrile (B) (linear gradient time-%B: 0
min-80%, 15 min-50%, 18 min-5%, 21 min-5%, 24 min-80%, 32 min-80%) was utilized at 25
°C, with 300 uL./min flow rate. Samples were kept cooled at 6°C until 10 uL. was injected. MS
was performed at 35,000 resolution operating in rapid switching positive (4 kV) and negative
(3.5 kV) mode electrospray ionization (capillary temperature 300°C; sheath gas flow rate 50;
auxiliary gas flow rate 20; sweep gas 2; probe temp 120°C). A library of ~350 metabolite
standards were analyzed alongside the samples to facilitate metabolite identification and
formed the basis of a retention time prediction model used to provide putative identification of
metabolites not contained within the standard library (34). Acquired LC-MS/MS data were
processed in an untargeted fashion using the open source software IDEOM, which initially
used msConvert (ProteoWizard) (35) to convert raw LC-MS files to mzXML format, and

XCMS to select peaks to convert to .peakML files (36). Mzmatch was subsequently used for
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305  sample alignment and filtering (37), and IDEOM was utilized for further data presprogessitig,s s cen

306  organization and quality evaluation (36).

307

308  Using relative peak intensities, missing, or zero values were replaced by 20% of the minimum
309 positive values of their corresponding variables. Fold changes were calculated and log2
310 transformed. Peak intensities were then normalized using logl0-transformation for statistical
311  analysis. Pre-processing was performed in MetaboAnalyst (5.0: metaboanalyst.ca/home), and
312 ANOVA was performed in R statistical analysis software (version 4.2.2). To assess changes
313  over time, a one-way ANOVA was performed with FDR adjustment for multiple comparisons,
314  and for significant results, a Tukey post-hoc test was performed for comparisons of each time
315  point with 0 min. Metabolites that were significantly changed at one of the postprandial time
316  points (adjusted p-value < 0.01) and not changed during the control period were assessed. The
317  identified compounds were manually sorted into classes, and were considered as confirmed if
318 their mass and retention time matched standards from the in-house library.

319

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

320  Quantification of sugars in the meal and in plasma by HPAE-PAD ion chromatography

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

321  The Dionex Integrion High Performance Ion Chromatography system was used for HPAE-

(cc)

322 PAD (Thermo Fisher Scientific Inc., Waltham, MA, USA) for the separation and analysis of
323 sugars in plasma, and the HFHCM diluted in water, with prepared sugar standards and plasma
324  or meal samples undergoing the same relative treatment prior to injection (38). All were
325  deproteinated by mixing with an equal volume of acetonitrile, vortexed for 30 s and centrifuged
326 at 17,000 x g, 15 min at 4°C. The resulting supernatants were then diluted in water (maximum
327  final acetonitrile concentration 5% (v/v)) and kept at 8°C on the autosampler before injection
328 (2.5 pL, in duplicate). A CarboPac PA210 column at 30°C (2 x 150 mm), preceded by a

329  CarboPac PA210 Guard column at 20°C (2 x 30 mm), was used. Eluent was generated using
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a Dionex EGC 500 KOH eluent generator cartridge with continuously regenerated-aniontaps; . .ccx
column 600, as follows: 12 mM for 12 minutes, 100 mM for 8 minutes and 12 mM for 12
minutes, at a flow rate of 0.2 mL/min. Detection used a gold working electrode and AgCl
reference electrode at pH ~12.0, with a collection rate of 2.00 Hz using the “Gold, Carbo,
Quad” waveform. A wash injection of only water was performed after 14 samples. Dionex
Chromeleon 7 Chromatography Data System (Thermo Fisher Scientific) was used to process
the chromatograms. Standards of glucose, galactose, fructose, sucrose and lactose were run.

Selected samples were spiked with these sugars to confirm identity or absence of peaks.

Plasma and PBMC proteomics analysis

Samples were lysed (PBMC samples) or diluted (plasma samples) in SDS solubilization buffer
(5% SDS, 50 mM TEAB, pH 7.5), heated at 95°C for 10 min and probe-sonicated before
determining protein concentration using BCA (Thermo Scientific). The lysed samples were
denatured and alkylated by adding TCEP (Tris(2-carboxyethyl) phosphine hydrochloride,
Thermo Scientific) and CAA (2-chloroacetamide, Sigma) to a final concentration of 10 mM
and 40 mM, respectively, and the mixture was incubated at 55°C for 15 min. Sequencing grade
trypsin and Lys-C (Promega) was added (1:50 enzyme:protein ratio) and incubated overnight
at 37°C after the proteins were trapped using S-Trap mini columns (Profiti). Tryptic peptides
were eluted from the columns using (i) 50 mM TEAB (triethylammonium bicarbonate), (ii)
0.2% formic acid and (ii1) 50% acetonitrile, 0.2% formic acid. The fractions were pooled,
concentrated, and reconstituted in 200 mM HEPES, pH 8.5. Using a Pierce Quantitative
Colorimetric Peptide Assay Kit (Thermo Scientific), equal peptide amounts of each sample
were labelled with the TMTpro 16plex reagent set (Thermo Scientific) according to the
manufacturer’s instructions and considering a labelling strategy to minimize channel leakage.

Individual samples were pooled and high-pH RP-HPLC was used to fractionate each pool into
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355  fractions, then individually acquired by LC-MS/MS. Using a Dionex UltiMate, 30005550
356 RSLCnano system equipped with a Dionex UltiMate 3000 RS autosampler, an Acclaim
357  PepMap RSLC analytical column (75 pm x 50 cm, nanoViper, C18, 2 um, 100A; Thermo
358  Scientific) and an Acclaim PepMap 100 trap column (100 um x 2 cm, nanoViper, C18, 5 um,
359  100A; Thermo Scientific), the tryptic peptides were separated by increasing concentrations of
360  80% acetonitrile (ACN) / 0.1% formic acid at a flow of 250 nl/min for 158 min and analyzed
361  with an Orbitrap Fusion Tribrid (for PBMC samples) and an Orbitrap Eclipse Tribrid (for
362  plasma samples) mass spectrometer (both ThermoFisher Scientific). In brief, the instruments
363  were operated in data-dependent acquisition mode to automatically switch between full scan
364 msl (in Orbitrap), ms2 (in ion trap) and ms3 (in Orbitrap) acquisition using Synchronous

365  Precursor Selection.
366

367 All raw data files were analyzed with Sequest embedded in Proteome Discoverer (Thermo

368  Scientific) to obtain quantitative ms3 reporter ion intensities, which were further analyzed

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

369  using in-house generated R packages. Database searching was performed with the following

370  parameters: carbamidomethylation at cysteine residues as well as TMTpro at peptide N-termini

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

371  and lysine residues were selected as fixed modification, whilst oxidation of methionine and

(cc)

372 acetylation of protein N-termini were set as variable modifications. A false discovery rate
373  (FDR) of 1% was allowed for both protein and peptide identification, and a human protein
374  sequence database downloaded from Uniprot/SwissProt in June 2020 was underlying all
375  searches. For proteomics data, analyses were performed using R (version 4.2.2). First, the
376  dataset was filtered for high confidence and contaminant proteins, and proteins with missing
377  values were removed. The data were normalized using reference channels by Internal
378  Reference Standard (IRS) and Variance stabilizing normalization (vsn) methods. The protein
379 intensity data were converted to log2 scale. To assess changes over time, a one-way ANOVA
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was performed with FDR adjustment for multiple comparisons, and for significans, respts,.,
Tukey post-hoc test was performed for comparisons of each time point with 0-min. Proteins
with adjusted-p-value < 0.05 were used for gene ontology (GO) analyses using ClueGO with
CluePedia plugin (v 2.5.9) (39) within Cytoscape v.3.9.1 (40) to identify and visualize
biological processes that were impacted after consumption of the HFHCM. Biological
processes were considered significant with an adjusted-p-value < 0.01 after Bonferroni

correction.

Statistical analyses

The power calculation was based on the primary outcome of postprandial plasma MPO. A total
of 15 participants was originally calculated to be sufficient to determine statistically significant
differences in MPO activity before and after a challenge meal at 95% power, with an a value
0f 0.05, based on values previously reported (41). However, COVID restrictions at the time of
the study meant that we were only able to recruit and complete 12 subjects. Nevertheless, this
was sufficient to see a change in the primary outcome both as MPO protein measured by
ELISA, and in MPO products as measured by metabolomics. All statistical analyses were
performed using the Statistical Package for Social Sciences (SPSS) version 28 (SPSS Inc.,
Chicago, IL, USA) and GraphPad Prism 9.0.1 (GraphPad Software, Boston, MA, USA). The
Shapiro-Wilk test was used to assess data distribution. Where the majority of time-points were
not normally distributed (TGs, insulin), data were log-transformed for statistical analysis.
Differences over time for MPO, SOD1, glucose, insulin, and TGs were analyzed by repeated
measures ANOVA, with time as the within-subjects factor, with Dunnet’s multiple
comparisons post hoc test, and adjusted p-values are reported. White blood cell counts were
analyzed using a repeated measures ANOVA with time as the within-subjects factor. Tukey
multiple comparisons post hoc tests were applied, and adjusted p-values reported. Magnitude
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405  of change was calculated by deducting the fasting value (0 min) from the highest concentrafiohs;, i
406  for MPO, glucose, insulin, and TGs and lowest concentration for SOD1. Area under the curve
407 (AUC) and incremental AUC (IAUC) were calculated for the postprandial period (0 to 360
408 min) for glucose, TG, MPO, and SODI. The AUC, which is reflective of total blood
409  concentration levels over time, was calculated using the trapezoidal rule by adding together
410 measurements at adjacent time points, multiplying by the time between each measure, and
411  dividing by 2. The iAUC represents only the area above baseline, showing the impact of the
412  meal independent of fasting values. The iAUC was calculated using the trapezoidal rule by
413  subtracting the 0-min value from all measurements to get a baseline-adjusted measurement,
414  adding together measurements at adjacent time points, multiplying by the time between each
415  measure, and dividing by 2. Where baseline-adjusted values were below zero, only the area
416  above zero was calculated. The iAAC was calculated for SOD1 for the postprandial period (0
417  to 360 min) to indicate the decreased postprandial response, and was calculated using the same
418  method as iIAUC, but converting all negative values to positive and vice versa to get the area

419  “above” the curve. Based on the mechanisms linking MPO and SOD1 with glucose and lipid

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

420 levels, two-tailed Pearson correlations were used to determine whether there were associations

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

421  between the oxidative stress markers (fasting (0 min), postprandial AUC/iIAUC/iAAC, and

(cc)

422  magnitude of change) and glucose and triglyceride levels (fasting (0 min), postprandial iAUC,

423  and magnitude of change).
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Participant characteristics and composition of the HFHCM

Participant characteristics, recruitment summary and study design are summarized in Figure
1. The HFHCM (90 kJ/kg body weight) was analyzed for macronutrient content (Table 1). The
energy contribution was 16% from protein, 48% from carbohydrates (mostly mono- and di-
saccharides) and 36% from fat (of which 82% was saturated fatty acids). The predominant
amino acids were glutamic acid/glutamine and proline, and the most abundant fatty acids were
lauric acid (C12:0) and palmitic acid (C16:0). There were no adverse effects, although subjects
felt very full after consuming the meal, and one experienced mild nausea. Compliance was

100% as all subjects were observed to consume the meal.

Postprandial changes in glucose, insulin and triglycerides, and MPO

The study design facilitated measurement of any changes during a control period of 2 hours,
followed by a postprandial period of 6 hours. This design was used to minimize intra-individual
and day-to-day variation in volunteer responses. During the fasting control period of 120 min
in 12 healthy young men, blood levels of glucose, insulin, triglycerides, and MPO remained
stable. On subsequent consumption of a single HFHCM, postprandial glucose (p = 0.005) and
insulin (p < 0.0001) concentrations peaked at 30 min, whereas mean circulating triglyceride
levels were still increasing at 360 min (p < 0.0001) (Figure 2). The relatively low glucose
concentrations indicate good insulin sensitivity as expected in this cohort of young, healthy
males. Serum MPO protein concentration, as assessed by ELISA, transiently increased over

time (p = 0.018, ty.x = 180 min) (Figure 2) but showed substantial inter-individual variability.

Postprandial changes in the plasma metabolome showed multiple patterns of change for

amino acids, fatty acids and sugars
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449 A total of 1,234 metabolites were putatively identified in the plasma samples and the nuitibess;.oiis
450  of metabolites that changed at each experimental time point (defined as p < 0.01), with no
451  change in the control period, are shown in Figure 2. Various classes of metabolites showed a
452  time-dependent effect and details of all metabolites that changed during the experimental
453  period, grouped into compound class, are shown in Supplementary Tables 1-7. Potential
454  products of MPO action, namely L-methionine S-oxide, an oxidized metabolite of methionine
455 (42, 43), 3-(4-hydroxyphenyl)pyruvate, an oxidized metabolite of tyrosine (44), and L-
456  homocitrulline, an oxidized metabolite of lysine (45, 46), were increased after the HFHCM
457  (Figure 2).

458

459  Due to the high number of possible isomers and the nature of mass spectrometry, the
460 monosaccharides and disaccharides could not be unambiguously assigned from the
461  metabolomic analysis. We therefore assessed the sugars in plasma by (HPAEC-PAD) (Figure
462  2). A similar response pattern was observed for glucose measured chromatographically by

463 HPAEC-PAD and by the automated hexokinase-based assay. Galactose was not detected

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

464  during fasting, then rapidly increased after the HFHCM (t,,,x = 150 min). Fructose was present

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

465 in low concentrations during fasting and increased after the HFHCM (t.x = 120 min). The

(cc)

466  disaccharides, sucrose and lactose, despite a high concentration in the HFHCM, were not
467  detected in the plasma at any time point.

468

469  Plasma amino acids are shown in Figure 3. Despite glutamic acid/glutamine being the most
470  abundant amino acids measured in the HFHCM, they did not increase in plasma during the
471  postprandial period. Proline was high in the HFHCM, was highly abundant in plasma at fasting,
472  increased after consumption of the HFHCM, and remained elevated at 360 min. Valine,

473  leucine, phenylalanine, tyrosine, methionine, and isoleucine were also increased after
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consumption of the HFHCM, and remained elevated at 360 min. Alanine and thrggning Wet

increased at 60 and 120 minutes, but had returned to baseline by 360 min. Cysteine and glycine
were not measured by the metabolomics analysis. Additionally, two nitrogen-containing
organic acids, creatine and phenacetylglycine, increased after the meal and remained elevated

at 360 minutes (Figure 3).

Various free fatty acids in plasma were changed after the HFHCM, with the saturated fatty
acids C8:0, C10:0 and C12:0 all increasing with time after the meal. In fact, C12:0 was one of
the least abundant fatty acids in plasma during the control fasting phase, but at 360 min was
one of the most abundant, owing to the high concentration in the meal. Many of the other fatty
acids transiently decreased at 60 and 120 min followed by an increase back towards fasting
levels (C16:0, C18:0, C18:1, and C18:2),or exceeding fasting levels (C14:0) at 360 min
(Figure 4). Many less abundant fatty acids and putative oxo-fatty acids transiently decreased
and most returned to baseline at 360 min, whereas hydroxy-fatty acids decreased, except for
C18:2 derivatives (Supplementary Table 2). Several dicarboxylic acids, products of -

oxidation, showed a substantial increase (Supplementary Table 2).

Postprandial changes in other metabolites

Acetylcarnitine, and most other acylcarnitines that showed a change, decreased after the
HFHCM, whereas propionyl carnitine was one of the very few carnitine derivatives that
increased. The full profile of carnitines that changed are shown in Supplementary Table 3.
Most phosphatidylcholines that changed decreased at 60 and 120 min, and returned to baseline
at 360 min. Of the phosphatidylethanolamines, phosphatidylinositols and lysophospholipids
that showed a postprandial change, most showed an increase and were still elevated from the

baseline at 360 min (Supplementary Table 4). Plasma bilirubin showed an immediate
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499  decrease after the HFHCM, whereas bilirubin metabolites increased and were still high, at.3605:,050x
500 min (Figure 4). Cholate derivatives that changed showed a rapid increase and then a slow
501 decrease (Figure 4), whereas cholesterol sulfate showed an increase at 360 min
502  (Supplementary Table 2). Some di- and tripeptides changed after the HFHCM, with the most
503 abundant dipeptide, isoleucine-proline, decreasing at 360 min (Supplementary Table 5).
504  Putatively identified hydroxy-isocaproic acid is an obligate microbial metabolite and increased
505 at 6 hour (p<0.01) (Figure 4). Other metabolites including pyruvate, a product of glycolysis
506  which transiently increased, are shown in Supplementary Table 6. There were a substantial
507 number of unknown metabolites which could not be identified from the databases. Their exact
508 masses are shown in Supplementary Table 7. There were also many metabolites which were
509 tentatively identified but could not be found in the human metabolite database. Since the
510 database is mostly constructed from data derived from fasting samples, it is possible that some
511 metabolites could have been correctly identified but only present in postprandial blood
512  samples. All of the unknown metabolite data provides a resource for future discoveries

513  (Supplementary Table 7). Since the changes are complex and time-dependent, we constructed

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

514  a graphical representation of the metabolite changes, which we term a postcibalmetabolome,

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

515 allowing identification of patterns of changes in groups of metabolites (Figure 5).

(cc)

516

517  Postprandial changes in the plasma proteome were related to oxidative stress

518  There were 1,568 proteins identified in the plasma samples, of which 515 proteins had no
519  missing values across all participants and time points. During the fasting control phase, there
520  were very few significant changes in plasma proteins. After the HFHCM, some changes in the
521  abundance of certain proteins became apparent at 180 min, with increasing numbers at 240 and
522 300 min, before most proteins returned back to baseline at 360 min (Figure 6). The 12 most

523  abundant proteins in plasma (albumin, a-2-macroglobulin, apolipoprotein B, complement C3,
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transferrin, serpin family A member 1, apolipoprotein Al, haptoglobin, complegment CHA.S.iin

fibrinogen a-chain, immunoglobulin heavy constant a-1 and apolipoprotein A2) did not change
significantly at any time point (Figure 6), but otherwise, changes were observed in 219 proteins
(defined as ANOVA adjusted p-value < 0.05) present at a wide range of initial concentrations.
Ontology analysis of the proteins showed that they could be grouped into 17 biological
processes (Table 2). The largest group of proteins were clustered into the pathway termed
“cellular oxidant detoxification”, which is shown as a network with all first-degree proteins
and GO classes that were changed after the meal (Figure 6). Almost all of the proteins included
in this network were decreased at 240 and 300 min. Several well-known plasma antioxidants
decreased after consumption of the meal, including catalase (CAT), thioredoxin (TXN),
glutathione peroxidase 1 (GPX1), (Figure 7) and peroxiredoxins (PRDX)-1, PRDX-2, PRDX-
3, and PRDX-6 (Supplementary Table 8). One of the notable proteins was Cu/Zn-superoxide
dismutase (SOD)-1, which transiently decreased at both 240 (log, fold change = -0.11, p <
0.0001) and 300 (log, fold change = -0.10, p < 0.0001) minute time points (Figure 7). To
confirm this, we assessed SOD1 protein by quantitative ELISA and the results were in excellent
agreement with the proteomic analysis, but additionally showed decreased concentrations at
30, 90 and 150 min (time points not measured by proteomic analysis) compared with fasting
(» < 0.05) (Figure 7). From the proteomics data, we also observed that Mn-SOD2 decreased
at 240 and 300 min, but extracellular SOD3, which was at lower levels in plasma, did not

change at any time point (Figure 7).

Plasma SODI levels were associated with fasting and postprandial plasma glucose
Substantial inter-individual differences allowed correlations between biomarkers from
individual volunteers to be assessed. There were no associations between fasting or

postprandial MPO or SODI1 protein with circulating TG levels. Fasting and postprandial MPO
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549  protein also showed no association with fasting or postprandial glucose copcentraliGnsss . iten
550 (Supplementary Table 9). However, fasting glucose was negatively associated with SODI
551  protein fasting levels (r = -0.630, p = 0.028), iAAC (r = -0.600, p = 0.039), and magnitude of
552  change (r = -0.584, p = 0.046) (Figure 7). Glucose postprandial AUC also showed strong
553  negative associations with SOD1 protein fasting concentration (r = -0.774, p = 0.003), iAAC
554  (r=-0.723, p = 0.008) and magnitude of change (r = -0.767, p = 0.004) (Figure 7). Glucose
555 magnitude of change (peak concentration minus time zero concentration) showed no
556  associations with any measure of SODI1 protein. Details of the SOD1 associations are shown
557 in Supplementary Table 10.

558

559  White blood cell counts and the PBMC proteome were minimally affected by the HFHCM

560 There were no changes in total white blood cells, monocytes, or neutrophil cell counts.
561 Lymphocyte and eosinophil cell counts slightly decreased over time (p = 0.026, and p = 0.034,
562  respectively) during the postprandial period (Supplementary Table 11). Basophils were not

563  detected at any time point.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

564  We also assessed changes in the PBMCs by proteomic analysis of the intracellular proteins at
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565 0, 180 and 360 min. There were 6,698 proteins detected in the analysis, of which 4,105 proteins

(cc)

566  had no missing values across all participants and time points. However, the PBMC proteome
567 was quite robust and hardly affected by the HFHCM, since the ANOVA analysis only
568 identified 38 of the 4,105 proteins that were changed in response to the meal. After the meal,
569  changes were observed in levels of 17 proteins (7 increased), and 35 proteins (11 increased) at
570 180 min and 360 min, respectively. Fourteen of the proteins that changed at 180 min remained
571  changed at 360 min (Supplementary Table 12). Ontology analyses could not reveal any
572  biological processes owing to the small number of proteins that were changed in response to

573 the HFHCM. However, a handful of proteins were aligned with the biological processes that
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were enriched in the plasma proteome during the postprandial period. While ‘Cellular, Oxid4nts;. ot ex
Detoxification’ proteins were decreased in plasma, several proteins related to oxidative stress
and inflammation (CYB5B, DHRS4, NQO2, HMGBI1, and CFDP1) were all increased in
PBMC:s (p <0.05). Similarly, proteins associated with ‘generation of precursor metabolites and
energy’ were decreased in the plasma proteome at 240 and 300 min, yet RWDD1 (cellular
response to lipid), IDI1 (cholesterol synthesis), SLC2A3 (glucose transport) and ATPSEP2
(energy metabolism) were all increased in the PBMCs following consumption of the HFHCM

(» <0.05) (Supplementary Table 12).
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582  Discussion DO 101030/ DSFO04456A
583  This postprandial study is the first to use multi-omics in combination with several conventional
584  metabolic markers to examine in detail the acute response to a HFHCM, which we originally
585  considered would be an extreme example of an ultra-processed food with a well-defined
586  nutrient composition. Using multiple time-points across both fasting and post-meal periods
587  (from -2 to 6 hours) in healthy men, we identified 1,568 plasma proteins, 4,105 peripheral
588  blood mononuclear cell proteins and 1,234 plasma metabolites. After the HFHCM, processes
589  at multiple levels contributed to an increase in oxidative stress markers with lowered defenses.
590 Proteins in the plasma are predominantly secreted by solid tissues, which include the classical
591 plasma proteins from the liver and intestine, as well as “long distance” receptor ligands,
592 including peptide and protein hormones such as insulin and glucagon-like peptide-1 (47). After
593  the HFHCM, a substantial number of proteins (~5 % of total) normally present in the plasma,
594  decreased at 240 and 300 min, returning to baseline levels by 360 min. The predominant group

595  of proteins were classified as “cellular oxidant detoxification” and included Cu/Zn-SOD1 and

596  Mn-SOD2. While no studies have previously measured plasma SOD1 or SOD2 protein levels

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

597 as a biomarker of postprandial oxidative stress, patients with type 2 diabetes have lower

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

598 postprandial plasma SOD activity (SOD isoform not specified) (48) and lower fasting SOD

(cc)

599 activity (49-51) compared with healthy controls. Lowered SOD1 levels have been linked with
600 increased oxidative stress and increased risk of vascular diseases, while elevated SOD1
601  promotes vascular protection (52). Inter-individual differences allowed us to determine that the
602  magnitude of the decrease in SOD1 protein was negatively associated with both fasting and
603  total glucose, indicating that higher fasting glucose is associated with loss of antioxidant
604  defense capacity. This is further supported in a diabetic rat model, where direct administration

605 of SODI1 protein decreased fasting blood glucose (53). We propose that the oxidative defense
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proteins, especially SOD1, could be used as postprandial biomarkers to assess the,proteciiy,
effects of nutrients, micronutrients and phytochemicals when consumed with a meal.
Alongside the decreased antioxidant defense proteins, there were increases in stress-related
enzymes and products, which could potentially be used as biomarkers of protection against
postprandial stress. The increase in MPO and its products is a good example. Increased levels
of certain plasma lipids, such as after a meal, can stimulate the release of MPO from monocytes
(41, 54), which is readily absorbed by the vascular endothelium (41, 55) and impairs
endothelial function by interfering with nitric oxide signaling (56). It is most likely that the
high-fat component of the HFHCM led to the postprandial increase in MPO, since a decrease
in postprandial MPO levels has been observed following consumption of glucose alone (29).
High-fat feeding also increases production of MPO in the gut of rodents (57, 58). Other
potential biomarkers are the products of oxidative stress, such as hydroxy-fatty acids from lipid
peroxidation, dicarboxylic acids from w-oxidation, creatine, present in the milk component of
the HFHCM but also a marker of mitochondrial dysfunction (59), and phenacetylglycine, a
product of mitochondrial dysfunction (60).

We hypothesize that when food, especially fat, reaches the microbiota, the colon tissue may
become metabolically stressed. The appearance of microbiota-specific metabolites in plasma,
such as bilirubin metabolites (64), short chain fatty acids, and hydroxyisocaproic acid (65),
were seen at a similar time to the lowering of antioxidant and other proteins. One manifestation
of the increased nutrient content introduced to the colonic microbiota could be for the
colonocytes to temporarily secrete lower amounts of protective antioxidant enzymes into the
blood, since the proteins would be required for maintaining intracellular function and
protection from oxidative stress due to accelerated glycolysis and fatty acid B-oxidation.
Consumption of the HFHCM increased plasma levels of valine, leucine, phenylalanine,

tyrosine, isoleucine, proline and methionine, which all remained elevated at 360 min. These
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631  amino acids are also elevated in the fasting blood of a high diabetes-risk phenotype obsetVeds ;. tin
632  following a meta-analysis including 8,000 individuals (61). It is noteworthy that this profile of
633  plasma amino acids was not directly comparable with amino acid levels measured in the meal.
634  Postprandial free-carnitine remained constant, but serum acetylcarnitine, synthesized in
635 mitochondria, was decreased after the HFHCM, consistent with observations that
636  acetylcarnitine increases during exercise or starvation (62). Many phospholipids also changed
637 after the HFHCM, with some remaining elevated at 360 min, although the absolute
638 identification of isomers is tentative.

639 In our recent systematic review (63), we only found 2 papers that examined the postprandial
640 PBMC proteome, with major discrepancies between them. Circulating PBMCs exist in an
641  environment that fluctuates in nutrients, proteins, hormones, products of oxidative stress and
642 many other factors after a meal, and so some modulation of function might be expected,
643  especially since ex vivo experiments have shown changes in monocytes exposed, for example,
644  to certain fatty acids (41). Our review reported consistent postprandial transcriptomic changes

645  in PBMCs, where four major processes are affected by a high fat meal; inflammation/oxidative

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

646  stress, GTP metabolism, apoptosis, and lipid localization/transport (63). However, analysis of

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

647  the proteome of PBMCs showed that despite the high number of proteins that were identified,

(cc)

648  remarkably low numbers of proteins changed after the meal. The changes were too few to be
649  formally categorized into pathways, but notable gene functions were similar to changes in the
650 transcriptome of PBMCs, and were related to oxidative stress: CYB5B, involved in nitric oxide
651  biosynthesis, the redox active DHRS4, and the antioxidant enzyme NQO2; phosphorylation,
652 including IMPADI1, PPPICA, GIGYF2 and SHOC2; and energy metabolism, including the
653  glucose transporter SLC2A3 (GLUT3), an ATP synthase (ATPSEP2) and RWDDI1 involved

654  in cellular responses to lipids. The full list is shown in Supplementary Table 2.
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Strengths of the study are: a) incorporating both control and experimental perigds, ,wh
lowers the effects of intra-individual variation, b) the use of a well-characterized HFHCM, and
c¢) recruitment of healthy young male participants with good metabolic flexibility. The main
limitations are that the outcomes cannot be generalized to different population groups such as
females, older people, or metabolically dysfunctional individuals, and future studies are needed
to facilitate this. Although the sample size (n=12) is small, it provided enough power to detect
a change in the main outcome, and the cost of proteomic and metabolomic analyses at multiple
time points per person limited the number of volunteers we could use. Twelve people
completed instead of 15 owing to COVID lockdowns at the time, but this still proved sufficient
to observe a change in the primary outcome. Although we found statistically-significant
associations between some markers, the number of data points is low for this type of
correlation. Further, this acute postprandial study does not elucidate the effects of habitual
consumption of HFHCM, but instead provides the biomarkers necessary to estimate the effects
of multiple HFHCM on chronic metabolic dysfunction when using a stress meal.

Poor diets are typified by low micronutrient, dietary fiber and phytochemical contents, together
with high saturated fat, sodium and sugar content. The results of this study demonstrate that a
single HFHCM induces an acute, transient metabolic and oxidative stress response which is
apparent at protein and metabolite levels. In healthy volunteers, the ability to rapidly adapt to
postprandial nutrient overload and oxidative stress restores fasting homeostasis and prevents
undesirable side-effects. However, repeated consumption of such meals could lead to over-

burden of the systemic redox-system, and ultimately result in metabolic dysfunction.

The main limitation of the study is that the cohort were only healthy young men, and future
studies would need to examine a wider cohort. On the other hand, this report is by far the most

comprehensive multi-omics analysis of the postprandial response to a HFHCM, and uncovers
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multiple new responses of interlinked metabolic changes and adaptation that may, ledd 65 ten
chronic metabolic dysfunction with regular consumption of ultra-processed foods. We
previously introduced the concept of the postcibalome (63), which are all of the multi-level
complex changes that occur after a meal. We also here introduce the postcibalmetabolome
(Figure 5), which provides a visual way to assess all metabolite changes in a study. We identify
new tools for assessing the acute effects of nutrients and phytochemicals to protect metabolic
flexibility and reduce the stress induced by high saturated fat-high refined carbohydrate food

such as ultra-processed foods.
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Table 1. Macronutrient analysis of the high fat/high carbohydrate challenge meal

Component g per serving' % of total mass
Carbohydrate 193.2 37.4
Protein 62.0 12.0
Fat 61.5 11.9
Saturated fatty acids 50.5 9.77
Monounsaturated fatty acids 10.1 1.95
Polyunsaturated fatty acids 1.03 0.20
Trans fatty acids 0.31 0.06
Moisture 187.0 36.2
Ash 12.9 2.5
Amino acids Mole % Fatty acids Fat %
Histidine 24 C4:0 - Butyric acid 0.5
Serine 6.7 C6:0 - Caproic acid 0.8
Arginine 24 C8:0 - Octanoate 4.5
Glycine 33 C10:0 - Decanoate 4.6
Aspartic acid 7.4 C12:0 - Lauric acid 30.8
Glutamic acid 19.6 C14:0 - Myristic acid 15.7
Threonine 4.7 C16:0 - Palmitic acid 18.2
Alanine 4.9 C18:0 - Stearic acid 7.0
Proline 11.2 C16:1 - Palmitoleic acid (n-7) 0.9
Lysine 7.2 C18:1 - Oleic acid (n-9) 15.5
Tyrosine 2.2 C18:2 - Linoleic acid (n-6) 1.7
Methionine 2.0
Valine 7.2 Sugars Carbohydrate %
Isoleucine 54 Sucrose 19.5
Leucine 9.6 Lactose 70.1
Phenylalanine 3.8 Maltose 0.8
Histidine 2.4

1 Based on a 70 kg person. Total fat, protein, moisture and ash contents were established by
proximate analysis, with total carbohydrate content obtained by subtraction. Amino acids, fatty
acids, and sugars were analyzed separately as described in the methods section. Previously,
challenge meals that have been used to induce postprandial oxidative stress include
commercially available fast foods (20), nutritional supplements (19), and various combinations
of high fat or high refined carbohydrate foods (15, 16, 18, 66, 67), but these are difficult to give
on a per body weight basis. The response of postprandial oxidative stress markers can depend
on the exact meal and composition, making comparison across studies difficult (68).
Furthermore, some studies indicate that a HFHCM was given, but fail to provide any details
about the ingredients or nutrient composition (17, 69). The meal developed here can be easily
used by other labs, and is able to be administered on a per body weight basis.

34


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo04456a

Pagiﬁ t%S of

Open Access Article. Published on 31 March 2026. Downloaded on 4/2/2026 12:19:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

erna

741

742
743
744
745
746

Table 2. Biological processes that were affected after the HFHCM.

Food & Function

View Article Online
DOI: 10.1039/D5FO04456A

GOID Biological process name % Proteins per group
GO:0098869  cellular oxidant detoxification 17.25
GO:0030168  platelet activation 14.08
GO:0030036  actin cytoskeleton organization 11.62
GO:0006091  generation of precursor metabolites and energy 10.56
GO:0031589  cell-substrate adhesion 6.34
GO:0006749  glutathione metabolic process 5.63
GO:0044183  protein folding chaperone 4.23
GO:0010634  positive regulation of epithelial cell migration 3.52
GO:0007599  hemostasis 3.52
GO:0097581  lamellipodium organization 3.17
GO:0097193  intrinsic apoptotic signaling pathway 3.17
GO:0005200  structural constituent of cytoskeleton 3.17
GO:0010810  regulation of cell-substrate adhesion 2.82
GO:0010631  epithelial cell migration 2.11
GO:0007596  blood coagulation 2.11
GO:0001667  ameboidal-type cell migration 2.11
GO0:0034975  protein folding in endoplasmic reticulum 1.06

A one-way ANOVA was performed with FDR adjustment for multiple comparisons. Gene

ontology (GO) analyses were performed on proteins with adjusted-p-value < 0.05 using
ClueGO with CluePedia plugin (v 2.5.9) (39) in Cytoscape v.3.9.1 (40). Biological processes

Biological processes with < 1% proteins per group are not listed.
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Figure legends DOI: 10.1039/D5FO04456A

Figure 1. Key aspects of the study design. (A) Participant recruitment flow diagram, (B)

participant characteristics and (C) simplified study design summary.

Figure 2. Postprandial changes in metabolic markers, myeloperoxidase and metabolites,
and sugar analysis after a high-fat/high-carbohydrate meal.

Mean values (n = 12) for metabolic markers: plasma glucose (A), serum insulin (B), serum
triglyceride (C), for MPO and metabolites: serum myeloperoxidase (MPO) (D), tentatively
identified metabolites of MPO, L-homocitrulline (open black square); 3-(4-
hydroxyphenyl)pyruvate (grey circle), and L-methionine S-oxide (black triangle)
concentrations after a HFHCM. Panel (F) shows the total number (n) of changed metabolites
that were identified from metabolomics analysis. Sugar analysis: HPAE-PAD chromatogram
showing addition of internal standards (1 mg/L each) to enable positive peak identification:
Unspiked (black line), fructose-spiked (purple line), and sucrose-spiked (blue line) (G),
unspiked (black line) and lactose-spiked (orange line) (H). The relative peak areas after
consumption of the HFHCM obtained using HPAE-PAD are shown for glucose (I), and
sucrose (J). Plasma concentrations derived from HPAE-PAD relative peak areas are shown
for galactose (K), and fructose (L). Control and experimental periods are indicated, allowing
each participant to act as their own control. Values are mean + standard error of the mean.
Repeated measures ANOVA, and Dunnett, or Tukey (metabolomics) post-hoc analysis *p

<0.05 **p < 0.01, ***p < 0.001, #p<0.05 main effect of time only.

Figure 3. Changes in amino acids after consumption of HFHCM.
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Mean values (n = 12) for plasma glutamine and proline (A), histidine and valine (B), leuciie, 55 ,aen
alanine, threonine and glutamate (C), lysine, phenylalanine, arginine and tyrosine (D),

methionine, asparagine and isoleucine (E), tryptophan, serine and aspartate (F), creatine (G),

and phenacetylglycine (H) concentrations before (control) and after (experimental) a

HFHCM. Repeated measures ANOVA, and Tukey post-hoc analysis *p <0.05 **p < 0.01,

x50 < 0.001.

Figure 4. Changes in fatty acids, microbiome metabolites, cholate derivatives and
bilirubin/metabolites, after consumption of HFHCM.

Mean values (n = 12) for plasma C16:0, C18:1 and C18:2 (A), C8:0 and C12:0 (B), C10:0,
C14:0 and C18:0 (C), C16:1 and C18:3 (D), C:20 and C21:0 (E), cholate derivatives,
chenodeoxyglycholate (open black square), glycodeoxycholate (open grey circle), glycholate
(grey inverted triangle), taurodeoxycholate (black triangle) (F), bilirubin (G), microbial
derivatives of bilirubin, I-urobilinogen (black triangle), L-urobilin (open black square) (H),
microbial derivatives of bilirubin, D-urobilinogen (open black square), [-urobilin (black
triangle) (I), before (control) and after (experimental) a HFHCM. Repeated measures

ANOVA, and Tukey post-hoc analysis *p <0.05 **p < 0.01, ***p <0.001.

Figure 5: Postcibalmetabolome to visualize changes after a HFHCM.

Each metabolite within a group that changed after the HFHCM (p<0.01) is represented by a
thin bar. The log;o-fold change at the indicated times was calculated based on the peak area at
the indicated time point divided by the mean value of the 3 relevant control time points.
MPO, myeloperoxidase; sat, saturated; PC, phosphatidylcholine; PE,

phosphatidyethanolamine; PI, phosphatidylinositol; Mw, molecular weight; Me, methylated.
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Figure 6: Plasma proteomics and network analysis of plasma proteins that changed. 0. 55.050x
after the HFHCM: Cellular Oxidant Detoxification

Total proteins changing at each time point (A), -120 min (B), -60 min (C), 60 min (D), 120
min (E), 180 min (F), 240 min (G), 300 min (H), 360 min (I). Relative abundance of the
twelve most abundant proteins in plasma showing no significant changes in the control nor
experimental period (J). Panel (I) shows the biological process that was associated with the
most changed proteins, ‘Cellular Oxidant Detoxification’ (grey) is visualized as a network
containing links with all first-degree GO classes and plasma proteins that were changed after
the HFHCM. using ClueGO with CluePedia plugin (v 2.5.9) (39) in Cytoscape v.3.9.1 (40).
Proteins in the network are shown in the top four rows using their accepted gene names, and
all were decreased at 240 and 300 min after the meal. The size of the GO class nodes depicts
the percentage of associated proteins from that process. ALB, albumin; A2M, a-2-
macroglobulin; APOB, apolipoprotein B; C3, complement C3; TF, transferrin; SERPINAI,
serpin family A member 1; APOA1, apolipoprotein Al; HP, haptoglobin; C4A, complement
C4A; FGA, fibrinogen a-chain; GHA 1, immunoglobulin heavy constant a-1; APOA2,

apolipoprotein A2.

Figure 7. Changes in plasma ‘Cellular Oxidant Detoxification’ proteins after the
HFHCM, and correlations with plasma glucose.

Superoxide dismutase (SOD)-1, SOD2, and SOD3 (A), SOD1 protein levels measured by
ELISA (B), catalase (CAT), thioredoxin (TXN), and glutathione peroxidase 1 (GPX1) (C).
Repeated measures ANOVA, and Tukey or Dunnett’s (SOD1 ELISA) post-hoc analysis *p
<0.05 **p < 0.01, ***p < 0.001. Significant associations from Pearson two-tailed correlation
analyses. Fasting glucose levels were negatively associated with SOD1 (A) fasting levels (r =

-0.630, p = 0.028), (B) postprandial incremental area above the curve (1IAAC, r =-0.600, p =
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821  0.039), and (C) magnitude of change (r =-0.584, p = 0.046). Glucose postprandial area,ynders;. i
822  the curve (AUC) was negatively associated with SOD1 (D) fasting levels (r =-0.774, p =
823  0.003), (B) postprandial iAAC (r =-0.723, p = 0.008), and (C) magnitude of change (r = -

824  0.767,p = 0.004).
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