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Abstract

Background: Postprandial rise of plasma essential amino acids (EAAs) determines the

anabolic effect of dietary protein. Disturbed gastrointestinal function could impair the

anabolic response in critically ill patients. Aimwas to investigate the postprandial EAA

response in critically ill patients and its relation to small-intestinal function.

Methods: Twenty-one mechanically ventilated patients and 9 healthy controls

received a bolus containing 100 ml of a formula feed (Ensure) and 2 g of 3-O-Methyl-

d-glucose (3-OMG) via postpyloric feeding tube. Fasting and postprandial plasma con-

centrations of EAAs, 3-OMG, total bile salts, and the gut-released hormone fibroblast

growth factor 19 (FGF19)weremeasured over a 4-hour period. Changes over time and

betweengroupswere assessedwith linearmixed-effects analysis. Early (0–60minutes)

and total postprandial responses are summarized as the incremental area under the

curve (iAUC).

Results: At baseline, fasting EAA levels were similar in both groups: 1181 (1055–

1276) vs 1150 (1065–1334) μmol⋅L−1, P= .87. The early postprandial rise in EAAwas

not apparent in critically ill patients compared with healthy controls (iAUC60, −4858

[−6859 to 2886] vs 5406 [3099–16,853] µmol⋅L−1⋅60 minutes; P = .039). Impaired

EAA response did not correlate with impaired 3-OMG response (Spearman ρ 0.32,

P= .09). Therewas a limited increase in total bile salts but no relevant FGF19 response

in either group.

Conclusion: Postprandial rise of EAA is blunted in critically ill patients and unrelated

to glucose absorption measured with 3-OMG. Future studies should aim to delineate

governingmechanisms of macronutrient malabsorption.
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CLINICAL RELEVANCY STATEMENT

Enteral nutrition is part of routine care formechanically ventilated crit-

ically ill patients in an effort to attenuate protein-energy deficits during

intensive care unit (ICU) stay. However, gastrointestinal dysfunction is

common among critically ill patients and can lead to impaired uptake of

protein and carbohydrate. There is a paucity of data on protein malab-

sorption and its governingmechanisms inparticular. As a result, protein

malabsorption often occurs occult and is not accounted for in dosing of

nutrition. This study demonstrated that postprandial rise of essential

amino acids as a marker of protein uptake is impaired in ICU patients

and that it is unrelated to intestinal function assessed by 3-O-Methyl-

d-glucose uptake. This highlights that governing mechanisms of mal-

absorption likely differ between macronutrients and should be fur-

ther delineated to optimize nutrition support of critically ill patients by

improving the systemic availability of enteral nutrition.

BACKGROUND

Critical illness is characterized by a protein catabolic state, resulting in

rapid loss of skeletal muscle mass.1 Although the detrimental impact

of skeletal muscle wasting on both short- and long-term outcomes of

critically ill patients is well established, effective strategies attenuat-

ingmuscle loss are currently lacking.2,3 Dietary protein is an important

driver of muscle anabolism in health and could potentially inhibit pro-

tein catabolism during critical illness.4 However, the anabolic poten-

tial of dietary protein appears limited in critically ill patients, a phe-

nomenon termed anabolic resistance.5

The anabolic effect of dietary protein on skeletal muscle is largely

determined by the postprandial rise of plasma essential amino acids

(EAAs).6,7 Postprandial changes in plasma EAA concentrations reflect

the uptake of dietary amino acids into blood.8 Gastrointestinal (GI)

dysfunction, which is common among critically ill patients, may dimin-

ish postprandial availability of diet-derived amino acids.9 The contri-

bution of intestinal dysfunction to carbohydrate absorption is well

established.10–13 Systemic availability of dietary protein also appears

to be limited in critically ill patients, but there is a paucity of studies

investigating the governing mechanisms of protein malabsorption.14

Small-intestinal absorptive function can be quantified by using 3-O-

Methyl-d-glucose (3-OMG), an analogue of glucose that uses the same

intestinal active transport mechanism but is not metabolized by the

liver and is renally cleared.15 It is unclear whether intestinal glucose

uptake is also a goodmarker for intestinal protein uptake.

As intestinal function is not routinely measured, protein-energy

malabsorption cannot be quantified and accounted for in dosing of

nutrition.16 Endogenous biomarkers that accurately reflect intestinal

function and malabsorption of nutrients could aid in improving ade-

quate nutrition dosing. Although citrulline, which is generated from

glutamine by the enterocyte, reflects intestinal absorption capacity

in patients with short-bowel syndrome, altered glutamine metabolism

during critical illness affects its accuracy in the intensive care unit

(ICU).17,18 Recent work from our group has established that the bile

salt–induced gut hormone fibroblast growth factor 19 (FGF19) is a

prognostic marker in chronic intestinal failure and that the postpran-

dial response of FGF19 to a lipid challenge is blunted in critically ill

patients.19,20 Preclinical studies demonstrated that FGF19 exerts sev-

eral metabolic actions, including stimulation of hepatic protein syn-

thesis and preservation of the trophic state in skeletal muscle.21,22

Because FGF19 is a gut-derived hormone and not a metabolite like cit-

rulline, it may prove a more stable endogenous biomarker of gut func-

tion during critical illness.

The aim of this study was to investigate the systemic EAA

response following an enteral meal and its relation to small-intestinal

absorptive function measured by 3-OMG uptake. In addition, we eval-

uated the potential of measuring postprandial FGF19 response as an

alternativemarker for small-intestinal function.

MATERIALS AND METHODS

Participants and data collection

Stored plasma samples collected from patients and healthy volun-

teers initially enrolled in a prospective comparison study investigat-

ing glucose absorption and intestinal transit time were analyzed.13

Critically ill patients were recruited if they were ≥18 years old,

mechanically ventilated, and able to receive enteral nutrition. Exclu-

sion criteria included pregnancy, preexisting diabetes, admission after

upper-GI surgery, receiving of erythromycin, or requirement for par-

enteral nutrition. Additional exclusion criteria for the healthy partici-

pantswere contraindication to naso-duodenal feeding tube placement,

GI motility–affecting drugs, previous GI surgery, or any history of GI

disease. Plasma samples of 21 critically ill patients and 9 healthy con-

trols were available for analysis.

The original study protocol was approved by the local ethics

committee and adhered to the national legislation regarding

medical research in incapacitated patients.The trial was reg-

istered in the Australian New Zealand Clinical Trials Registry

(ACTRN12608000579392). Written informed consent was obtained

from the next of kin.

Study design

In ICU patients, ongoing enteral nutrition was ceased at least 6 hours

prior to study commencement, and a naso-duodenal feeding tube was

placed using an electromagnetic guidance technique.23 Postpyloric

position of the tube was confirmed by abdominal x-ray. Arterial blood

samples were collected at timed intervals (fasting and then 5, 15, 30,

45, 60, 90, 120, 150, 180, 210, and 240 minutes following administra-

tion of the test meal).

Healthy participants arrived at the motility laboratory in the morn-

ing after an overnight fast. A silicone rubber catheter (Mui Scientific,

Mississauga, Ontario, Canada) was placed intragastrically and allowed

to migrate into the duodenum. The postpyloric position of all distal
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side holes of the feeding catheter was confirmed based on the antro-

duodenal transmucosal potential difference. Bloodwas sampledat sim-

ilar time points as in ICU patients via an intravenous cannula placed in

the antecubital vein.

After collection of a baseline sample in the fasted state, all par-

ticipants received 100 ml of the same test meal, which was infused

over a 5-minute period. The enteral test meal consisted of 100 ml of

a nutrient liquid (Ensure 1 kcal/ml: 54% carbohydrate; 15.9% protein;

30.1% fat; Abbott Australia, Botany, Australia) with an added 3 g of 3-

OMG (Sigma-Aldrich, Castle Hill, Australia) to assess glucose uptake.

The 100-ml bolus that participants received contained 4.0 g of protein

(84% casein and 16% soy protein), of which 1.64 g consisted of EAAs

(Table S1). Leucine was the most abundant EAA, representing 21% of

total EAA content in the test meal.

Sample processing and analysis

Blood samples were collected in 5-ml tubes, centrifuged (3200 rpm,

15 minutes, 4 ◦C), and stored at −70 ◦C until analysis. The 3-OMG

concentrations were assessed on-site using a liquid chromatography–

mass spectrometry method.13 For further analysis, plasma samples

were transported on dry ice to Maastricht University. For amino

acid analysis, aliquots of plasma samples were deproteinized using 5-

sulfosalicylic acid. Plasma amino acid concentrations were determined

using a high-performance liquid chromatography method.24 Total bile

salt concentrations were analyzed using an enzymatic cycling assay

(Diazyme Laboratories). Concentrations of FGF19 were determined

using a sandwich enzyme-linked immunosorbent assay developed in-

house.25

Statistical analysis

Results are expressed as median (interquartile range) (as shown in

tables) or mean ± SE (in figures and data derived from linear mixed-

effects [LME] analysis). Data were visualized and analyzed using R

v3.6.2. Baseline values were compared using Mann-Whitney U test or

Fisher exact test as appropriate.26

To analyze plasma concentrations over time, we used LME analysis,

using group, time, and their interaction as fixed effects and participants

as randomeffectswith a random intercept. To locatedifferences at spe-

cific time points, time was used as a categorical value with the baseline

(T=−5) time point as reference value.

To summarize plasma responses, incremental area under the

curve (iAUC) values were calculated using the trapezoidal rule

and by correcting plasma concentrations for the baseline (fasted)

value, as these values more accurately represent the response to a

dietary challenge.26,27 Because the postprandial response is peaked,

with a rapid peak during the first 60 minutes, iAUC values were

divided into an early (first 60 min) and total response (iAUC60

and iAUC240, respectively).
13 Summary values between the groups

were compared using Mann-Whitney U test, with significance set

TABLE 1 Baseline characteristics of the study population

Demographics ICU (n= 21) Healthy (n= 9) P

Age, years 47 (40–60) 37 (19–73) .304

BMI, kg/m2 24.2 (21.6–28.9) 23.9 (22.2–25.1) .625

Sex, n (%) 1.000

Male 15 (71) 6 (67)

Female 6 (29) 3 (33)

APACHE II score 20 (15–23) – NA

ICU length of stay, days 6 (4–9) – NA

Primary admission

diagnosis, n (%)

NA

Pneumonia/

respiratory failure

7 (33) –

Trauma 6 (28) –

Cerebral hemorrhage 3 (14) –

Septic shock 1 (5) –

Pancreatitis 1 (5)

ARDS 1 (5)

Burns 1 (5)

CABG 1 (5)

Sepsis, yes 10 (48) NA

Sedated, yes 17 (81)

Creatinine on study day,

μmoL/L

58 (46–86)

Note: Values are presented as median (first quartile to third quartile) or N

(%). Data were tested using Mann-Whitney U test or Fisher exact test as

appropriate.

Abbreviations: APACHE, Acute Physiologic and Chronic Health Evaluation;

ARDS, acute respiratory distress syndrome; BMI, body mass index; CABG,

coronary artery bypass graft; ICU, intensive care unit; NA, not applicable.

at P <.05. Correlations were tested using Spearman correlation

coefficient.

RESULTS

Participants

For novel biochemical analyses, plasma samples were available for 21

ICU patients (15 males) and 9 healthy controls (6 males). Only 4 sam-

ples weremissing (1.1%) for analysis andwere assumedmissing at ran-

dom.

Baseline characteristics of the population studied here are detailed

in Table 1. There were no significant differences between the groups

at baseline for age, sex, or BMI. ICU patients had a median APACHE II

score of 22 (15–23) and were admitted to the ICU for a median of 6

(4–9) days.
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TABLE 2 Fasted plasma amino acid, bile salts, and FGF19 concentrations at baseline

Fasted plasma concentrations ICU (N= 21) Healthy controls (N= 9) P

Total amino acids, µmol/L 3111 (2682–3378) 3390 (3278–3535) .07

Essential amino acids, µmol/L 1150 (1066–1335) 1181 (1055–1277) .87

Branched-chain amino acids, µmol/L 496 (437–610) 463 (430–506) .48

Nonessential amino acids, µmol/L 1847 (1582–2075) 2221 (2095–2344) .01

Total bile salts, µmol/L 2.85 (1.73–8.28) 3.00 (1.99–2.68) .38

FGF19, ng/ml 0.10 (0.07–0.18) 0.11 (0.11–0.34) .16

Note: Data are presented asmedian (first quartile–third quartile) and tested usingMann-WhitneyU test.

Abbreviations: FGF19, fibroblast growth factor 19; ICU, intensive care unit.

EAA concentrations

Fasted plasma concentrations of EAAs were not significantly different

between the healthy controls and ICU group (1181 [1055–1276] vs

1150 [1065–1334] µmol⋅L−1, P= .87) (Table 2). Postpyloric infusion of

the testmeal resulted in an early peak of EAA in the healthy controls at

15 and 30minutes, whichwas absent in the ICUgroup (Figure 1A). This

resulted in a significant difference in the early EAA response between

both groups (iAUC60: 5406 [3099–16,853] vs−4858 [−6859 to 2886]

µmol⋅L−1⋅60 minutes, P = .039, Figure 1B). After the initial 60 min-

utes, EAA concentrations gradually dropped belowbaseline levelswith

between-group differences in the total iAUC value (iAUC240 P = .48).

Individual EAA concentrations show a similar pattern of a more evi-

dent early peak response in healthy controls vs ICU patients (Figure

S1), with a more notable response in those amino acids that are more

abundant in the test meal (leucine, lysine, and valine).

Relationship between amino acid and 3-OMG
absorption

Overall, 3-OMG concentrations were greater in the healthy controls

when compared with those in the ICU group, especially in the early

postprandial period (Figure 1C). Consequently, both early (0–60 min-

utes) and total 3-OMG uptake were significantly impaired in the

critically ill patients (iAUC60: 24.5 [20.7–24.6] vs 16.6 [9.9 - 16.7]

µmol⋅L−1⋅60minutes, P= .02; iAUC240: 83.2 [81.5–89.9] vs 67.9 [45.5–

63.7] µmol⋅L−1⋅240 minutes, P = .03) (Figure 1D). There was no signif-

icant correlation between plasma concentrations of EAA and 3-OMG

(ρ= 0.35, P= .09) (Figure 2).

Total bile salts and FGF19 levels

Fasting plasma levels of total bile salts and FGF19 were similar

between ICU patients and healthy controls: 2.85 (1.74–8.28) vs 3.00

(1.99–3.58) µmol⋅L−1, P = .38; and 0.10 (0.07–0.13) vs 0.11 (0.11–

0.22) ng⋅mL−1, P = .15, respectively (Table 2). Following the postpy-

loric nutrient bolus, bile salt levels peaked at 15 and 30 minutes in

healthy controls and ICU patients, respectively, with similar absolute

elevations (Figure 3A). There were no between-group differences at

any time point.

FGF19 concentrations peaked at 90minutes to similar levels in both

groups, but the change from baseline was only significant for the ICU

group (Figure 3B). Although FGF19 levels reached statistically differ-

ent levels between the 2 groups at 150 and 180 minutes, this did not

represent a significant postprandial response from baseline for either

group (Figure 3B).

DISCUSSION

Disturbed GI function could impair the anabolic effect of enteral nutri-

tion in critically ill patients. In this context, we investigated the post-

prandial EAA, total bile salts, and FGF19 response following an enteral

nutrient infusion and its relation to small-intestinal absorptive func-

tion measured by 3-OMG uptake. We have shown that the postpran-

dial increase in EAA is blunted in critically ill patients and that plasma

uptake of protein and carbohydrate correlated poorly in critical illness.

In our study, we measured EAA concentrations to quantify the

diet-derived plasma response. In contrast to non-EAAs, which often

undergo major splanchnic metabolism, a rise in EAAs can only result

from protein breakdown or from dietary protein.28 Although minor

variations in individual EAA absorption exist, postprandial changes

in total EAA concentrations reflect uptake of diet-derived amino

acids.8,29 The discordance between amino acid and glucose absorp-

tion demonstrated in the current study suggests that malabsorption of

macronutrients during critical illness is governed by different mecha-

nisms. Absorption of glucose (a monosaccharide) and sucrose (a dis-

accharide) have been shown to be markedly impaired when infused

directly into the small intestine during critical illness.11,30 Whereas

mucosal architecture and luminal enzyme concentrations are relatively

preserved,11 down-regulation of glucose transporters in the apical

and basolateral membrane of small-intestinal enterocytes is likely the

dominantmechanism governing carbohydratemalabsorption.10 More-

over, whereas fasting small-intestinal blood flow appears to be greater

in hemodynamically stable critically ill patients than in healthy par-

ticipants, demand-mediated increase in small-intestinal blood flow in
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F IGURE 1 Postprandial essential amino acids (EAAs) (A) and incremantal under the curve (iAUC) values (B) and 3-O-methyl-d-glucose
(3-OMG) (C) concentrations over time and iAUC values (D). Data are presented asmean± SE. “H” or “I” marks significant changes from baseline for
the healthy group (H) or intensive care unit (ICU) group (I), respectively, derived from the linear mixed-effects model (not shown for 3-OMG, as all
concentrations were different from baseline). Significant differences between groups aremarkedwith *(P< .05), **(P< .01), or ***(P< .001)

response to luminal nutrient is attenuated and has been shown to cor-

relate with carbohydrate absorption.12

Although mechanisms underlying carbohydrate malabsorption in

the small intestine are well described, there is a paucity of stud-

ies assessing mechanisms for protein malabsorption. Similar to

carbohydrate, the absorption of protein-derived amino acids and

oligopeptides occurs by active transport through epithelial amino acid

transporters.31 Whether these transporters are comparably affected

during critical illness is currently unknown. Similarly, although there

is face validity that blood flow insufficiency may contribute to protein

malabsorption on the intestinal level, evidence to support this hypoth-

esis is lacking. Further studies are warranted to delineate architectural

andmolecularmechanismsgoverning intestinal proteinmalabsorption.

It is important to note that although 3-OMG is a relatively spe-

cific measure of intestinal absorption, the test meal in our study was

a polymeric formula, containing intact protein rather than free amino

acids or oligopeptides. Poor correlation between EAA and 3-OMG

uptake could therefore alsobe attributed tomaldigestion. Basedon the

high incidenceof exocrinepancreatic insufficiency among ICUpatients,

there are grounds to assume that protein maldigestion could affect

plasma amino acid appearance.32 Only 1 study thus far has exam-

ined systemic availability of protein-bound amino acids, showing lim-

ited plasma appearance in ICU patients.14 Other studies have assessed

plasma appearance of dietary amino acids using isotopically labeled

free amino acids.8,33 These studies appear to show higher rates of

appearance of diet-derived amino acids into the circulation, but the
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F IGURE 2 Correlation between early essential amino acid (EAA) response and 3-O-methyl-d-glucose (3-OMG) uptake. Filled circles represent
intensive care unit (ICU) patients, and empty circles represent the healthy controls. Correlation was tested using Spearman correlation coefficient.
iAUC, incremental area under the curve

use of free amino acid tracers precludes the contribution of digestion.

Future comparison between protein and amino acid uptake could aid in

delineating the relevance of maldigestion to protein malabsorption.

In the current study, we did not see a rise in EAA concentrations

during a short-term period following a single postpyloric bolus feed.

Increasing continuous provision of enteral protein for longer periods

during ICU stay is able to increase total amino acid concentrations.34

Similarly, increasing enteral protein supply appears to increase short-

term protein balance in ICU patients.33 Parenteral infusion of amino

acids, which directly bypasses gut and liver, results in a sustainable

increase of amino acid concentrations andwhole-body protein balance

within 3 hours.35 These data suggest that impaired protein uptake can

be partially overcome by increasing protein dose or altering the route

of protein provision. It is therefore all the more relevant to correctly

identify patients at risk for impaired protein uptake tomodify nutrition

therapy accordingly.

In addition to 3-OMG uptake and EAA response as a marker

of small-intestinal function, we investigated the postprandial FGF19

response as a potential alternative marker of small-intestinal func-

tion. FGF19 is an endocrine gut hormone that is released by the ter-

minal ileum after intestinal bile salt uptake in response to enteral but

not parenteral nutrition.36,37 We have recently shown that the nor-

mal postprandial response of FGF19 is blunted in critically ill patients

and hypothesized that the impaired response could be used as a novel

marker for small-intestinal function in this patient group.20 However,

we observed only a minimal postprandial elevation of bile salts, which

was much lower than previously reported.20,36 Consequently, no sig-

nificant or relevant FGF19 response was evident in either the ICU or

healthy control group. The postprandial sampling period in the cur-

rent study was longer than in our previous study, making it unlikely

that delayed intestinal transit time is the underlying cause of a blunted

FGF19 response. The lack of response in the healthy control group sug-

gests that the currently used mixed-meal bolus did not elicit sufficient

gallbladder contraction, as it had a much lower fat content that the

meal used in our previous study.20

There are both strengths and limitations to the current study. An

important strength is the standardized nutrient stimulus, including the

use of a postpyloric feeding tube, which negates possible confound-

ing effects of delayed gastric emptying.38 Although this also allowed

us to investigate the relation of postprandial FGF19 response to small-

intestinal function, the nutrient bolus in our study was insufficient to

induce a clear plasma elevation in either the healthy or ICU group. A

main limitation of the study is that we are unable to delineate the exact

mechanism of impaired uptake of EAA. Other limitations include the

limited sample size, especially for the healthy control group, and the

use of different sampling sites between the groups. ICU patients had

arterial samples taken from the radial artery, whereas venous samples

from the antecubital vein were collected in the healthy control group.

Wecannot exclude that thesedifferent sites could result in small differ-

ences in amino acid concentrations.39 However, it is unlikely that this

affected the individual responses as analyzedhere, and if it did, itwould

likely result in a less pronounced effect in the healthy control group.
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F IGURE 3 Postprandial total bile salt (TBS) (A) and fibroblast growth factor 19 (FGF19) (B) concentrations over time. Data are presented as
mean± SE. “H” or “I” marks significant changes from baseline for the healthy group (H) or intensive care unit (ICU) group (I), respectively, derived
from the linear mixed-effects model. Significant differences between groups aremarkedwith *(P< .05)

CONCLUSION

In conclusion, our study shows that the postprandial increase of EAA

is impaired during critical illness, which was not associated with small-

intestinal function assessed by 3-OMG uptake. These data suggest

that governing mechanisms are likely to differ between macronutri-

ents. Future studies should aim to delineate putative mechanisms of

protein malabsorption, including maldigestion of dietary protein into

free amino acids, reduced intestinal absorptionof digestedprotein, and

increased splanchnic metabolism by the gut and liver.

ACKNOWLEDGMENTS

The authors thankHans van Eijk and LouiseNijssen for their help in the

plasma amino acid analysis.

CONFLICT OF INTEREST

None declared.

FUNDING INFORMATION

None declared.

AUTHOR CONTRIBUTIONS

Rob J. J. van Gassel, Marcel C. G. van de Poll, Frank G. Schaap, Mark

Plummer, Adam Deane, and Steven W. M. Olde Damink equally con-

tributed to the conception and design of the research; Rob J. J. van

Gassel, Mark Plummer, and Adam Deane contributed to the acquisi-

tion and analysis of the data; Rob J. J. van Gassel, Marcel C. G. van

de Poll, Frank G. Schaap, Mark Plummer, Adam Deane, and Steven W.

M. Olde Damink contributed to the interpretation of the data; Rob J.

J. van Gassel drafted the manuscript. All authors critically revised the



JOURNAL OF PARENTERAL AND ENTERAL NUTRITION 121

manuscript, agree to be fully accountable for ensuring the integrity and

accuracy of the work, and read and approved the final manuscript.

ORCID

Rob J. J. vanGasselMD https://orcid.org/0000-0002-0780-2052

AdamDeaneMD,PhD https://orcid.org/0000-0002-7620-5577

REFERENCES

1. PuthuchearyZA, Rawal J,McPhailM, et al. Acute skeletalmusclewast-

ing in critical illness. JAMA. 2013;310(15):1591-1600.
2. Van Aerde N, Meersseman P, Debaveye Y, et al. Five-year impact of

ICU-acquired neuromuscular complications: a prospective, observa-

tional study. Intensive CareMed. 2020;46(6):1184-1193.
3. Latronico N, Herridge M, Hopkins RO, et al. The ICM research

agenda on intensive care unit-acquired weakness. Intensive Care Med.
2017;43(9):1270-1281.

4. Groen BBL, Horstman AM, Hamer HM, et al. Post-prandial protein

handling: you arewhat you just ate. PLoSOne. 2015;10(11):e0141582.
5. Morton RW, Traylor DA, Weijs PJM, Phillips SM. Defining anabolic

resistance: implications for delivery of clinical care nutrition.Curr Opin
Crit Care. 2018;24(2):124-130.

6. Volpi E, Kobayashi H, Sheffield-Moore M, Mittendorfer B, Wolfe RR.

Essential aminoacids areprimarily responsible for theaminoacid stim-

ulation of muscle protein anabolism in healthy elderly adults. Am J Clin
Nutr. 2003;78(2):250-258.

7. Fujita S,DreyerHC,DrummondMJ, et al.Nutrient signalling in the reg-

ulation of humanmuscle protein synthesis. J Physiol. 2007;582(2):813-
823.

8. Liebau F, Kiraly E, Olsson D, Wernerman J, Rooyackers O. Uptake

of dietary amino acids into arterial blood during continuous enteral

feeding in critically ill patients and healthy subjects. Clin Nutr.
2020;40(3):912-918.

9. Reintam Blaser A, Preiser JC, Fruhwald S, et al. Gastrointestinal dys-

function in the critically ill: a systematic scoping review and research

agenda proposed by the Section of Metabolism, Endocrinology and

Nutrition of the European Society of Intensive Care Medicine. Crit
Care. 2020;24(1):224.

10. DeaneAM,RaynerCK,KeeshanA, et al. Theeffects of critical illness on

intestinal glucose sensing, transporters, and absorption. Crit Care Med.
2014;42(1):57-65.

11. Burgstad CM, Besanko LK, Deane AM, et al. Sucrose malabsorp-

tion and impaired mucosal integrity in enterally fed critically ill

patients: a prospective cohort observational study. Crit Care Med.
2013;41(5):1221-1228.

12. Sim JA, Horowitz M, Summers MJ, et al. Mesenteric blood flow, glu-

cose absorption and blood pressure responses to small intestinal glu-

cose in critically ill patients older than 65 years. Intensive Care Med.
2013;39(2):258-266.

13. Deane AM, Summers MJ, Zaknic AV, et al. Glucose absorp-

tion and small intestinal transit in critical illness. Crit Care Med.
2011;39(6):1282-1288.

14. Liebau F,Wernerman J, van Loon LJ, Rooyackers O. Effect of initiating

enteral protein feeding on whole-body protein turnover in critically ill

patients. Am J Clin Nutr. 2015;101(3):549-557.
15. Fordtran JS, Clodi PH, Soergel KH, Ingelfinger FJ. Sugar absorption

tests, with special reference to 3-0-methyl-d-glucose and d-xylose.

Ann InternMed. 1962;57:883-891.
16. ChapmanMJ, Deane AM. Gastrointestinal dysfunction relating to the

provision of nutrition in the critically ill.Curr Opin Clin NutrMetab Care.
2015;18(2):207-212.

17. PitonG,ManzonC, Cypriani B, Carbonnel F, CapellierG. Acute intesti-

nal failure in critically ill patients: is plasma citrulline the right marker?

Intensive CareMed. 2011;37(6):911-917.
18. Poole A, Deane A, Summers M, Fletcher J, Chapman M. The relation-

ship between fasting plasma citrulline concentration and small intesti-

nal function in the critically ill. Crit Care. 2015;19(1):16.
19. Koelfat KVK, Huijbers A, Schaap FG, et al. Low circulating concentra-

tions of citrulline and FGF19 predict chronic cholestasis and poor sur-

vival in adult patients with chronic intestinal failure: development of

a Model for End-Stage Intestinal Failure (MESIF risk score). Am J Clin
Nutr. 2019;109(6):1620-1629.

20. Koelfat KVK, Plummer MP, Schaap FG, et al. Gallbladder dyskine-

sia is associated with an impaired postprandial fibroblast growth fac-

tor 19 response in critically ill patients. Hepatology. 2019;70(1):308-
318.

21. Kir S, Beddow SA, Samuel VT, et al. FGF19 as a postprandial, insulin-

independent activator of hepatic protein and glycogen synthesis. Sci-
ence. 2011;331(6024):1621-1624.

22. Benoit B,Meugnier E, CastelliM, et al. Fibroblast growth factor 19 reg-

ulates skeletal muscle mass and ameliorates muscle wasting in mice.

NatMed. 2017;23(8):990-996.
23. Deane AM, Fraser RJ, Young RJ, Foreman B, O’Conner SN, Chapman

MJ. Evaluation of a bedside technique for postpyloric placement of

feeding catheters. Crit Care Resusc. 2009;11(3):180-183.
24. van Eijk HM, van der Heijden MA, van Berlo CL, Soeters PB. Fully

automated liquid-chromatographic determination of amino acids. Clin
Chem. 1988;34(12):2510-2513.

25. Schaap FG, van der Gaag NA, Gouma DJ, Jansen PLM. High expres-

sion of the bile salt-homeostatic hormone fibroblast growth factor

19 in the liver of patients with extrahepatic cholestasis. Hepatology.
2009;49(4):1228-1235.

26. Matthews JN, Altman DG, Campbell MJ, Royston P. Analysis of serial

measurements in medical research. BMJ. 1990;300(6719):230-235.
27. Carstensen M, Thomsen C, Hermansen K. Incremental area under

response curve more accurately describes the triglyceride response

to an oral fat load in both healthy and type 2 diabetic subjects.

Metabolism. 2003;52(8):1034-1037.
28. van de Poll MC, Siroen MP, van Leeuwen PA, et al. Interorgan amino

acid exchange in humans: consequences for arginine and citrulline

metabolism. Am J Clin Nutr. 2007;85(1):167-172.
29. Adibi SA,Gray SJ. Intestinal absorptionof essential amino acids inman.

Gastroenterology. 1967;52(5):837-845.
30. Di Bartolomeo AE, Chapman MJ, A VZ, et al. Comparative effects on

glucose absorption of intragastric and post-pyloric nutrient delivery in

the critically ill. Crit Care. 2012;16(5):R167.
31. Broer S, Fairweather SJ. Amino acid transport across the mammalian

intestine. Compr Physiol. 2018;9(1):343-373.
32. Wang S,Ma L, ZhuangY, JiangB, ZhangX. Screening and risk factors of

exocrinepancreatic insufficiency in critically ill adult patients receiving

enteral nutrition. Crit Care. 2013;17(4):1-8.
33. Sundstrom Rehal M, Liebau F, Wernerman J, Rooyackers O. Whole-

body protein kinetics in critically ill patients during 50 or 100% energy

provision by enteral nutrition: a randomized cross-over study. PLoS
One. 2020;15(10):e0240045.

34. vanZantenARH, Petit L, DeWaele J, et al. Very high intact-protein for-

mula successfully provides protein intake according to nutritional rec-

ommendations in overweight critically ill patients: a double-blind ran-

domized trial. Crit Care. 2018;22(1):156.
35. Sundstrom Rehal M, Liebau F, Tjader I, Norberg A, Rooyackers O,

Wernerman J. A supplemental intravenous amino acid infusion sus-

tains a positive protein balance for 24hours in critically ill patients.Crit
Care. 2017;21(1):298.

https://orcid.org/0000-0002-0780-2052
https://orcid.org/0000-0002-0780-2052
https://orcid.org/0000-0002-7620-5577
https://orcid.org/0000-0002-7620-5577


122 VANGASSEL ET AL

36. Meessen ECE, Bakker GJ, Nieuwdorp M, et al. Parenteral nutrition

impairs plasma bile acid and gut hormone responses to mixed meal

testing in lean healthymen. Clin Nutr. 2021;40(3):1013-1021.
37. Inagaki T, ChoiM,MoschettaA, et al. Fibroblast growth factor 15 func-

tions as an enterohepatic signal to regulate bile acid homeostasis. Cell
Metab. 2005;2(4):217-225.

38. Chapman MJ, Fraser RJ, Matthews G, et al. Glucose absorption and

gastric emptying in critical illness. Crit Care. 2009;13(4):R140.
39. AbumradNN, RabinD,DiamondMP, LacyWW.Use of a heated super-

ficial hand vein as an alternative site for the measurement of amino

acid concentrations and for the study of glucose and alanine kinetics

in man.Metabolism. 1981;30(9):936-940.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher’s website.

How to cite this article: van Gassel RJJ, van de Poll MCG,

Schaap FG, PlummerM, Deane A, Olde Damink SWM.

Postprandial rise of essential amino acids is impaired during

critical illness and unrelated to small-intestinal function. J

Parenter Enteral Nutr. 2022;46:114–122.

https://doi.org/10.1002/jpen.2103

https://doi.org/10.1002/jpen.2103

	Postprandial rise of essential amino acids is impaired during critical illness and unrelated to small-intestinal function
	Abstract
	CLINICAL RELEVANCY STATEMENT
	BACKGROUND
	MATERIALS AND METHODS
	Participants and data collection
	Study design
	Sample processing and analysis
	Statistical analysis

	RESULTS
	Participants
	EAA concentrations
	Relationship between amino acid and 3-OMG absorption
	Total bile salts and FGF19 levels

	DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	FUNDING INFORMATION
	AUTHOR CONTRIBUTIONS
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


