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Background: Undernutrition is the main reason for the use of artificial nutrition in patients

with severe neurological diseases. However, the clinical and immunological outcomes

of enteral nutrition supplemented with immunomodulatory nutrients in these patients

remain unclear.

Methods: In this single-center, randomized controlled study, 57 patients with severe

neurological diseases were randomly divided into the following two groups according

to the type of enteral nutrition they would receive: immune-enhancing (IE) (n = 27) and

non-IE (NIE) (n = 30). The IE and NIE groups received enteral nutrition supplemented

with immunomodulatory nutrients and standard enteral nutrition, respectively. We

compared the nutritional status and the state of cellular immunity between the patients

of the two groups. Clinical and immunological variables were evaluated following

nutritional treatment.

Results: Feeding intolerance was lower in the IE than that in the NIE group (P = 0.04).

However, there were no significant differences between the results of the two groups in

terms of length of stay in the intensive care unit or hospital, extubation time, or body

mass index (P > 0.05). The CD4+ T-lymphocyte count and CD4+/CD8+ ratio in the

peripheral blood increased significantly in the IE group. The expression of CD28 activated

cell surface markers was higher in the IE than in the NIE group. In addition, increased

plasma interferon-γ levels were recorded in the IE group, whereas the levels of tumor

necrosis factor-α (TNF-α), interleukin (IL)-6, IL-8, and IL-10 decreased.

Conclusions: Immune-enhanced enteral nutrition could improve the immune status

and feeding tolerance in patients with severe neurological diseases.

Trial Registration: www.chictr.org.cn/index.aspx, identifier: ChiCTR-IPR-17013909.
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INTRODUCTION

Due to stress response, critically ill patients have a high metabolic
state, often accompanied by disturbances in consciousness and
swallowing dysfunction, which directly affect the intake and
utilization of nutrients, leading to malnutrition (1, 2). In patients
with critical illness, malnutrition is associated with increased
incidence of infection and longer hospital stay (3). When
the intestinal function is maintained, enteral nutrition is the
preferred feeding method (4).

Immune dysfunction, respiratory muscle weakness, and
decreased ventilation capacity and gastrointestinal tolerance are
common issues in patients hospitalized in the intensive care
unit (ICU) (5). Laboratory and clinical studies have shown that
the addition of immune-enhancing nutrients, such as arginine,
glutamine, nucleotides, omega-3 fatty acids, L-carnitine, and
taurine, modulate the pathophysiology of critical diseases, such as
inflammation, oxidative stress response, and impaired immune
function (6–8).

Several meta-analyses have reported that the addition of
immunomodulatory nutrients to the enteral nutrition could
significantly reduce the incidence of infectious diseases and
promote the recovery from critical illnesses compared with
the standard enteral nutrition (9). The Society of Critical
Care Medicine and the American Society for Parenteral
and Enteral Nutrition guidelines state that artificial nutrition
should be used for specific patients, including those critically
ill requiring respiratory assistance, those with severe sepsis,
those recommended to undergo surgical procedures, and those
hospitalized in the ICU (10).

In recent years, the influence of systemic immune status
on the prognosis of patients with severe neurological diseases,
such as cerebral hemorrhage, stroke, craniocerebral trauma,
and hypoxic-ischemic encephalopathy, has received increased
attention (11–13). Systemic immunosuppression of patients with
traumatic brain injury leads to an increased risk of nosocomial
infections, which is associated with an increased risk of death,
prolonged hospital stay, and neurological dysfunction (14–16).
Stroke-induced damage to the central nervous system leads to
secondary immunodeficiency and infection, with the latter being
the main cause of death in patients with stroke (17, 18).

Clinicians are increasingly paying attention to the issue
of artificial nutrition (19). Moreover, few researchers have
studied the clinical and immunological mechanisms of artificial
nutrition in patients with severe neurological diseases (20).
In the present trial, patients with severe neurological diseases,
such as cerebral hemorrhage, stroke, craniocerebral trauma, and
hypoxic-ischemic encephalopathy, were given enteral nutrition
supplemented with immunomodulatory nutrients or standard
enteral nutrition, and the effects of the two were compared to
determine the most effective type of nutrition for patients with
severe neurological diseases.

Abbreviations:APACHE, Acute Physiology and Chronic Health Evaluation; GCS,

Glasgow Comma Scale; IE, immune-enhancing; ICU, intensive care unit; IL,

interleukin; NIE, non-immune-enhancing; SICU, Surgical Intensive Care Unit;

TNF, tumor necrosis factor.

MATERIALS AND METHODS

Study Design
We initially evaluated 77 patients with severe neurological
diseases treated in the Surgical ICU of the First Affiliated
Hospital of Zhengzhou University, Henan Province, China,
between February and December 2018. The inclusion criteria
were as follows: (a) age ≥ 18 years, (b) Acute Physiology and
Chronic Health Evaluation II (APACHE II) score ≥ 10 points,
(c) estimated clinical enteral nutritional support required for≥ 5
days, (d) diagnosis of a neurological disease on first admission
(e.g., traumatic brain injury, cerebral hemorrhage, cerebral
infarction, hypoxic-ischemic encephalopathy), (e) Glasgow
Coma Scale score ≤ 12 points, and (f) neurological diseases
diagnosed during the ICU stay or admitted to the ICU within
24 h of onset. The research protocol was approved by the
Scientific and Clinical Ethics Committee of the First Affiliated
Hospital of Zhengzhou University (science-2017-LW-12). It has
been registered in the China Clinical Trial Center under the
registration number ChiCTR-IPR-17013909.

Eight patients did not meet the inclusion criteria and 12
refused to participate (Figure 1); therefore, 57 patients were
finally included. The included patients had severe neurological
diseases, including cerebral hemorrhage (33.3%), cerebral
infarction (5.3%), traumatic brain injury (59.6%), and ischemic
hypoxic encephalopathy (1.8%).

The study was conducted in accordance with the Declaration
of Helsinki and written informed consent was obtained from all
patients before the start of the study (Figure 1).

Nutrition Support
Before implementing enteral nutrition, computer-generated
random numbers were used to assign patients to the immune-
enhancing (IE) (n = 27) or the non-IE (NIE) (n = 30)
group. The IE and the NIE groups received artificial nutrition
supplemented with taurine and standard enteral nutrition,
respectively. The 57 patients in the Surgical ICU were randomly
assigned on a 1:1 basis. Researchers and clinicians were blinded
to treatment allocation.

Patients were administered the IE enteral nutrition formula
(TPF-FOS; Abbott Laboratories, Abbott Park, IL, USA),
which contains taurine, L-carnitine, and medium chain
triglycerides, or the standard enteral formula (TPF-TP;
Abbott Laboratories) (Supplementary Table 1) depending on
their group assignment within 24–48 h after admission. The
enteral nutrition formula was masked from the personnel
administering the feedings; similarly, they were blind to clinical
and laboratory results. Enteral nutrition was administered
through a nasogastric tube.

Specialized personnel calculated the caloric value required
by each patient according to their standard body weight [ideal
body weight (kg) = height (cm) - 105]. Dose and speed
were adjusted according to the simple gastrointestinal function
scoring method (Supplementary Table 2). Enteral nutrition was
initially evaluated every 4–6 h, and enteral nutrition infusion was
adjusted according to the score, as follows: (1) Total score 0–
2: continued enteral nutrition, increased or maintained original
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FIGURE 1 | Patients were approached and recruited according to the inclusion and exclusion criteria. 419 NIE, non-immune-enhancing; IE, immune-enhancing.

speed, symptomatic treatment; (2) Total score 3–4: continued
enteral nutrition, speed reduction, and re-evaluation after 2 h;
(3) Total score ≥ 5 points: pause of the enteral nutrition and
performance of the corresponding treatment (including the
use of prokinetic drugs, changing enteral nutrition infusion
route, etc.); re-evaluation every 4–6 h after adjustment; when the
infusion remained stable, there was no need for readjustment
and it could be evaluated once a day. The dosage was usually
increased with the starting dose as a gradient; when the starting
speed was 25 ml/h, it was increased by 25 ml/h each time. The
reduction was usually based on the initial dose as a gradient
decrease; when the initial speed was 10 ml/h, the reduction
was 10 ml/h. A minimal dose of enteral feeding (500mL) was
applied on day 1 and then continued on days 2–5. When
the patient developed feeding intolerance, enteral nutrition was
suspended and the patient was treated accordingly (including the
use of prokinetic drugs, replacement of enteral nutrition infusion
routes, etc.). Feeding intolerance was defined as discontinuation
due to gastrointestinal issues (e.g., severe bloating, diarrhea,
vomiting, residual gastric volume ≥ 300ml within 6 h, or
subjective discomfort).

Data Collection
We collected the baseline characteristics of population data,
clinical diagnosis, and disease severity indicators, such as the
APACHE II score and surgical status. We recorded the enteral
nutrition time (in days); feeding intolerance; drugs administered,
such as sedatives, vasoactive drugs, and gastrointestinal motility
drugs; day of ICU admission; study day 6; liver function
before discharge; blood levels of C-reactive protein and
procalcitonin; and clinical outcome indicators, such as the
mechanical ventilation time, ICU stay period, and hospitalization
period (in days).

Cytokines
On day 6, the peripheral blood of the patients was collected
in anti-coagulation tubes containing ethylenediaminetetraacetic
acid, and plasma was obtained by centrifugation of the blood
at 4◦C. The concentrations of tumor necrosis factor-α (TNF-α),
interleukin (IL)-8, IL-6, IL-1β, IL-10, and IFN-γ in the plasma
were determined using ELISA (R&D Systems Inc., Minneapolis,
MN, USA) assays.
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Flow Cytometry Analysis
Fresh human mononuclear cells were isolated from the
peripheral blood using density gradient centrifugation. To
identify the cell surface phenotype, the cells were incubated
with a primary antibody conjugated to a fluorescent dye. Viable
cells (1 × 105) were stained with anti-human CD3, CD8, CD4,
CD28, Tim3, and PD-1 antibodies. Dead cells were stained
using 7-AAD. Isotype controls were performed on each cell
type. The cells were analyzed using flow cytometry (CantoII, BD
Biosciences, San Jose, CA, USA) and Diva analysis software (BD
Biosciences). During the analysis, the percentage of positive cells
was calculated.

Statistical Analysis
Statistical analysis of the data was performed using SPSS 17.0
(SPSS, Inc., IBM, Chicago, IL, USA) and GraphPad Prism
5.0 (GraphPad Software, La Jolla, CA, USA). The data were
analyzed using normal tests for continuous variables. The
χ
2, rank sum, t-, and rank comparison tests were used for

qualitative data of disordered classification, qualitative data
of ordered classification, quantitative data that matched the
normal distribution, and comparison analyses, respectively. The
statistically significant level was set at P < 0.05.

RESULTS

General and Nutritional Status
The characteristics of patients included in the trial and the
data comparison between the NIE and IE groups are shown in
Table 1. There were no significant differences in age, sex, weight,
body mass index, surgical status, disease composition, and
disease severity (APACHE II score) between the two groups of
patients (P > 0.05).

Immunologic Responses After Nutrition
The CD4+ T-lymphocyte count and the CD4+/CD8+ ratio on
day 6 were higher in the IE than those in the NIE group,
whereas the ratio of CD8+ T-lymphocytes was not significantly
different. Similarly, the proportions of CD28 co-stimulatory
surface marker were higher in the IE than those in the NIE
group. There was no difference in the expression of the co-
inhibitory molecules, PD-1 and TIM-3, between the two groups.
The immune system function was significantly enhanced after IE
feeding (Table 2).

Cytokine Response
As shown inTable 3, the expression of IFN-γwas higher in the IE
than that in the NIE group (P < 0.05) on day 6 after admission.
In contrast, the levels of IL-6, IL-8, IL-10, IL-1β, and TNF-α
were lower in the IE than those in the NIE group (P < 0.05).
Moreover, higher ratios of IL-6/IL-10, TNF-α/IL-10, IL-8/IL-10,
and IL-1β/IL-10 were observed in the NIE group (P < 0.05).
These results indicated that the inflammatory state was lower in
the IE than that in the NIE group.

Clinical Outcome
The incidence of feeding intolerance and the use of sedative drugs
were lower in the IE than those in the NIE group, and there were
no significant differences between the two groups in terms of
mechanical ventilation time, ICU admission time, and length of
hospital stay (Table 4). Glutamyl transpeptidase was significantly
higher in the NIE feeding than that in the IE group (P < 0.05).
However, IE feeding did not affect the total protein, prealbumin,
and albumin levels (Supplementary Table 3). IE had a positive
effect on feeding tolerance.

DISCUSSION

This study shows that early IE is safe and well-tolerated, it
can improve the cellular immunity and reduce the serum levels
of proinflammatory cytokines. However, we found no evidence
regarding the effects of early immune nutrition on the short-term
outcomes of patients with severe neurological diseases. Although
this is the first trial (according to our PubMed search) to study
immune nutrition in patients with severe neurological diseases,
it was not surprising that the expected results were not obtained
because of the small size and short duration of the study.

Patients in ICUs usually experience excessivemental stress due
to pain and anxiety, which leads to a high catabolic and hyper-
metabolic state (21, 22). Most clinical studies have confirmed
that enteral nutrition is superior to parenteral nutrition (23,
24), and poor feeding tolerance is considered one of the main
disadvantages of enteral feeding in critically ill patients. Our
results were similar to those reported by Qiu et al. (25): IE
nutrition containing medium chain triglycerides, carnitine, and
taurine had a lower incidence of feeding intolerance than that
of NIE. However, because of the short observation time, we did
not observe whether IE had an advantage over NIE nutrition in
improving protein intake and the clinical outcomes in patients
with severe neurological diseases.

At present, the clinicians’ nutritional goals for critically ill
patients are to provide energy and meet the patients’ needs
to restore optimal metabolism and immune response (26,
27). IE nutrition can meet the needs for calorie and protein
intake, reduce the occurrence of gastrointestinal intolerance, and
regulate the immune effect of patients with severe neurological
diseases (3, 28). However, there are limited studies based on the
effect of IE nutrition on the immune function in patients with
severe neurological diseases after surgery.

In many studies, immune cells, such as T, B, and NK cells have
been reduced in patients after surgery or in those with severe
diseases, representing a state of suppressed immune function
(20, 29). There is increasing evidence that there is a positive
correlation between low immune function and high morbidity
and mortality (30, 31). Several meta-analyses have reported that
the addition of immunomodulatory nutrients to enteral nutrition
can significantly reduce the incidence of infectious diseases and
promote the recovery of critically ill patients compared with
standard enteral nutrition (9, 32). We found that the CD4+ T-
lymphocyte count and the CD4+/CD8+ ratio in the peripheral
blood were higher in the IE than those in the NIE group.
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TABLE 1 | Demographic data and parameters on admission.

Parameter IE group (n = 27) NIE group (n = 30) P-value

Sex Men 22 22 0.46

Women 5 8

Age (yr) 47.52 ± 16.24 52.57 ± 13.38 0.20

Weight (kg) 62.88 ± 7.32 64.01 ± 7.52 0.52

BMI (kg/m2 ) 22.23 ± 2.24 22.43 ± 2.58 0.72

Admission diagnosis Cerebral hemorrhage 6 13 0.24

Stroke 1 2

Craniocerebral trauma 19 15

Hypoxic-ischemic encephalopathy 1 0

Complications Hypertension 7 15 0.06

Coronary heart disease 0 3 0.09

Diabetes 2 0 0.13

Surgical operation 11 17 0.23

APACHE II 19.63 ± 4.87 19.47 ± 5.79 0.91

Enteral nutrition time (d) 17.44 ± 6.28 19.13 ± 9.69 0.44

Values are presented as mean ± standard deviation.

BMI, Body mass index; APACHE II, Acute physiology and chronic health evaluation II; NIE, non-immune-enhancing; IE, immune-enhancing.

TABLE 2 | Changes of immune indicators in the NIE and IE groups.

Parameter IE group NIE group P-value

CD4+,% 26.76 ± 2.24 20.36 ± 2.00 0.04

CD8+,% 15.66 ± 1.35 15.23 ± 1.35 0.82

CD4+/CD8+ 1.94 ± 0.20 1.32 ± 0.12 0.01

CD4+CD28+ 77.44 ± 2.82 69.57 ± 2.57 0.04

CD4+Tim3+ 21.1 ± 1.66 21.06 ± 2.31 0.98

CD4+PD-1+ 21.22 ± 2.633 15.75 ± 2.21 0.11

CD8+CD28+ 64.15 ± 4.03 51.05 ± 4.87 0.04

CD8+Tim3+ 15.96 ± 1.85 15.29 ± 2.08 0.80

CD8+PD-1+ 16.28 ± 1.77 16.17 ± 2.06 0.96

Values are presented as mean ± standard deviation.

NIE, non-immune-enhancing; IE, immune-enhancing.

The upregulation of CD4+/CD8+ can enhance the cellular
immune function and promote B-lymphocyte activation and
differentiation (33–35). After activation of B-lymphocytes, the
secretion of IgM, IgG, and IgA increases, which can enhance
humoral immunity (36). This is the theoretical basis for clinical
application of immunotherapy.

Costimulatory and co-suppressor molecules are required
to participate in the process of T-lymphocyte activation,
differentiation, and function (37). CD28 can promote the
activation of immune cells and then exert physiological functions,
which belong to costimulatory molecules (35). In contrast, TIM-
3 and PD-1 are co-suppressor molecules that inhibit effector cells
from functioning (38). As the co-suppressor molecules present
higher affinity for the ligand than the costimulatory molecules,
they have a stronger binding force to the ligand, leading to the
inhibition or exhaustion of T-lymphocyte function (39). The
surface of fully activated immune cells could also overexpress
the inhibitory receptors, such as PD-1 and TIM-3 (40, 41). Our

research showed that CD4+ and CD8+ T-lymphocytes have
high CD28 expression, indicating a tendency to induce immune
reconstitution and activation. However, there was no significant
change in the expression level of inhibitory receptors, probably
due to the short detection interval (35, 42).

The results of this study showed that serum IFN-γ levels were
higher and TNF-α, IL-6, IL-8, IL-β, and IL-10 levels were lower
in patients receiving the immunomodulatory nutrient enteral
nutrition than in those receiving standard enteral nutrition. In
addition, we observed a higher ratio of pro-inflammatory to
anti-inflammatory cytokines in the NIE group. In recent years,
the ratio of proinflammatory cytokine IL-6 to anti-inflammatory
cytokine IL-10 has been used as a reliable marker for measuring
inflammatory status (43, 44). IE nutrition has been shown to
reduce inflammatory cytokine levels (45). In systemic diseases
caused by inflammation, the expression levels of IFN-γ are
inversely related to IL-10 (46–48). Pro-inflammatory factors,
such as TNF-α, IL-6, and IL-8, mediate the progression of
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TABLE 3 | Changes of inflammatory cytokines in the NIE and IE groups.

Parameter (pg/ml) IE group NIE group P-value

IL-6 9.22 ± 2.06 18.08 ± 3.74 0.04

IL-8 74.81 ± 7.32 101.1 ± 6.00 0.01

IL-10 72.22 ± 5.03 107.7 ± 12.89 0.01

TNF-α 70.88 ± 3.50 96.22 ± 9.50 0.02

IL-1β 47.33 ± 14.47 751.9 ± 48.4 0.0001

IFN-γ 144.8 ± 5.27 112.5 ± 8.55 0.003

IL-6/IL-10 0.10 ± 0.02 0.19 ± 0.03 0.018

IL-8/IL-10 0.85 ± 0.10 1.15 ± 0.10 0.04

TNF-α/IL-10 0.83 ± 0.06 1.20 ± 0.14 0.03

IL-1β/IL-10 0.92 ± 0.38 8.05 ± 0.77 0.0001

Values are presented as mean ± standard deviation.

IL, Interleukin; IFN-γ, interferon-γ; TNF-α, tumor necrosis factor-α; NIE, non-immune-enhancing; IE, immune-enhancing.

TABLE 4 | Clinical outcome features after nutrition.

Parameter IE group NIE group P-value

Drug Gastrointestinal motility drugs 15 21 0.26

Gastrointestinal inhibitory drugs 2 4 0.47

Tranquilizer 18 11 0.02

Vasoactive drugs 6 5 0.60

Feeding intolerance Diarrhea 2 4 0.04

Flatulence 1 6

Gastric retention 1 2

ICU stay (days) 23.22 ± 9.67 23.30 ± 10.66 0.98

Mechanical Ventilation (days) 6.52 ± 7.58 5.23 ± 7.72 0.53

Hospital stay (days) 39.70 ± 17.81 43.70 ± 24.72 0.49

Values are presented as mean ± standard deviation.

NIE, non-immune-enhancing; IE, immune-enhancing.

various diseases and inflammatory responses following brain
injury, and are associated with poor prognosis in patients (49–
51). Our study found that the difference between the admission
and discharge scores on the Glasgow Coma Scale was higher
in the IE than that in the NIE group. IE nutrition may have
advantages in promoting the recovery of patients’ immune
function following brain injury. Due to the short observation
time in this study, we failed to observe a significant change in the
patients’ consciousness with the addition of immunomodulatory
nutrients to enteral nutrition.

In this study, no improvement was observed in the outcomes
of patients with severe neurological diseases, including the ICU
length of stay, hospital stay, and 28 days without mechanical
ventilation because of IE nutrition. A possible explanation is that
short-term enteral nutritionmay not be sufficient to affect patient
outcomes. Future researches may require larger sample sizes and
longer research duration to confirm whether IE has beneficial
effects on patients with severe neurological diseases.

In summary, enteral nutrition with taurine, L-carnitine, and
medium chain triglycerides is safe and well-tolerated, and it
can improve the cellular immunity and modulate inflammatory
reaction in patients with severe neurological diseases.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Materials, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Research and Clinical Trial Ethics Committee
of the First Affiliated Hospital of Zhengzhou University. The
patients/participants provided their written informed consent to
participate in this study. Written informed consent was obtained
from the individual(s) for the publication of any potentially
identifiable images or data included in this article.

AUTHOR CONTRIBUTIONS

DW and KC participated in the research design and coordination
and helped to draft the manuscript, and conducted the

Frontiers in Nutrition | www.frontiersin.org 6 August 2021 | Volume 8 | Article 685422

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Chao et al. IE Nutrition Improves Immune Function

experiments. NM and QL contributed the clinical sample
collection. XS, HY, and RS performed the data analysis. All
authors read and approved the final manuscript.

FUNDING

This study was supported by grants from the National Clinical
Key Specialty Construction Projects (No. 2011-873). Joint Co-
construction Project of Henan Medical Science and Technology
Research Plan (LHGJ20190746).

ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.cn) for English
language editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.
685422/full#supplementary-material

REFERENCES

1. Phillips SM. Current concepts and unresolved questions in dietary

protein requirements and supplements in adults. Front Nutr. (2017)

4:13. doi: 10.3389/fnut.2017.00013

2. Rattanachaiwong S, Zribi B, Kagan I, Theilla M, Heching M,

Singer P. Comparison of nutritional screening and diagnostic

tools in diagnosis of severe malnutrition in critically ill

patients. Clin Nutr. (2020) 39:3419–25. doi: 10.1016/j.clnu.2020.0

2.035

3. Heyland DK, Novak F, Drover JW, Jain M, Su X, Suchner U. Should

immunonutrition become routine in critically ill patients? A systematic review

of the evidence. JAMA. (2001) 286:944–53. doi: 10.1001/jama.286.8.944

4. Shankar B, Daphnee DK, Ramakrishnan N, Venkataraman R. Feasibility,

safety, and outcome of very early enteral nutrition in critically ill

patients: results of an observational study. J Crit Care. (2015) 30:473–

5. doi: 10.1016/j.jcrc.2015.02.009

5. Heyland DK, Dhaliwal R, Drover JW, Gramlich L, Dodek P, Canadian Critical

Care Clinical Practice Guidelines Committee. Canadian Critical Care Clinical

Practice Guidelines C: Canadian clinical practice guidelines for nutrition

support in mechanically ventilated, critically ill adult patients. J Parenter

Enteral Nutr. (2003) 27:355–73. doi: 10.1177/0148607103027005355

6. van Zanten AR, Sztark F, Kaisers UX, Zielmann S, Felbinger TW, Sablotzki

AR, et al. High-protein enteral nutrition enriched with immune-modulating

nutrients vs standard high-protein enteral nutrition and nosocomial

infections in the ICU: a randomized clinical trial. JAMA. (2014) 312:514–

24. doi: 10.1001/jama.2014.7698

7. Moghaddas A, Dashti-Khavidaki S. Potential protective effects of l-

carnitine against neuromuscular ischemia-reperfusion injury: from

experimental data to potential clinical applications. Clin Nutr. (2016)

35:783–90. doi: 10.1016/j.clnu.2015.07.001

8. Vermeulen MA, van Stijn MF, Visser M, Lemmens SM, Houdijk AP, van

Leeuwen PA, et al. Taurine concentrations decrease in critically ill patients

with shock given enteral nutrition. J Parenter Enteral Nutr. (2016) 40:264–

72. doi: 10.1177/0148607114567199

9. Montejo JC, Zarazaga A, López-Martínez J, Urrútia G, Roqué

M, Blesa AL, et al. Immunonutrition in the intensive care unit:

a systematic review and consensus statement. Clin Nutr. (2003)

22:221–33. doi: 10.1016/S0261-5614(03)00007-4

10. McClave SA, Taylor BE, Martindale RG, Warren MM, Johnson DR,

Braunschweig C, et al. Guidelines for the provision and assessment of

nutrition support therapy in the adult critically ill patient: society of

critical care medicine (SCCM) and American Society for Parenteral and

Enteral Nutrition (A.S.P.E.N.). J Parenter Enteral Nutr. (2016) 40:159–

211. doi: 10.1177/0148607115621863

11. Mao XY, Yin XX, Guan QW, Xia QX, Yang N, Zhou HH,

et al. Dietary nutrition for neurological disease therapy:

current status and future directions. Pharmacol Ther. (2021)

226:107861. doi: 10.1016/j.pharmthera.2021.107861

12. Kotlega D, Zembron-Lacny A, Morawin B, Golab-Janowska M,

Nowacki P, Szczuko M. Free fatty acids and their inflammatory

derivatives affect BDNF in stroke patients. Mediators Inflamm. (2020)

2020:6676247. doi: 10.1155/2020/6676247

13. Painter TJ, Rickerds J, Alban RF. Immune enhancing nutrition in

traumatic brain injury - a preliminary study. Int J Surg. (2015) 21:70–

4. doi: 10.1016/j.ijsu.2015.07.008

14. Doran SJ, Henry RJ, Shirey KA, Barrett JP, Ritzel RM, Lai W, et al. Early or

late bacterial lung infection increases mortality after traumatic brain injury in

male mice and chronically impairs monocyte innate immune function. Crit

Care Med. (2020) 48:e418–28. doi: 10.1097/CCM.0000000000004273

15. Ritzel RM, Doran SJ, Barrett JP, Henry RJ, Ma EL, Faden AI, et al.

Chronic alterations in systemic immune function after traumatic brain injury.

J Neurotrauma. (2018) 35:1419–36. doi: 10.1089/neu.2017.5399

16. Hazeldine J, Lord JM, Belli A. Traumatic brain injury and peripheral

immune suppression: primer and prospectus. Front Neurol. (2015)

6:235. doi: 10.3389/fneur.2015.00235

17. Dirnagl U, Klehmet J, Braun JS, Harms H, Meisel C, Ziemssen T, et al. Stroke-

induced immunodepression: experimental evidence and clinical relevance.

Stroke. (2007) 38(2 Suppl.):770–3. doi: 10.1161/01.STR.0000251441.89665.bc

18. Meisel C, Schwab JM, Prass K, Meisel A, Dirnagl U. Central nervous system

injury-induced immune deficiency syndrome. Nat Rev Neurosci. (2005)

6:775–86. doi: 10.1038/nrn1765

19. Mendivil CO. Dietary fish, fish nutrients, and immune function: a review.

Front Nutr. (2021) 7:617652. doi: 10.3389/fnut.2020.617652

20. Amantea D, Greco R, Micieli G, Bagetta G. Paradigm shift to

neuroimmunomodulation for translational neuroprotection in stroke.

Front Neurosci. (2018) 12:241. doi: 10.3389/fnins.2018.00241

21. Mentec H, Dupont H, Bocchetti M, Cani P, Ponche F, Bleichner G.

Upper digestive intolerance during enteral nutrition in critically ill patients:

frequency, risk factors, and complications. Crit Care Med. (2001) 29:1955–

61. doi: 10.1097/00003246-200110000-00018

22. Reintam A, Parm P, Kitus R, Kern H, Starkopf J. Gastrointestinal

symptoms in intensive care patients. Acta Anaesthesiol Scand. (2009) 53:318–

24. doi: 10.1111/j.1399-6576.2008.01860.x

23. Chen ZH, Lin SY, Dai QB, Hua J, Chen SQ. The effects of pre-operative enteral

nutrition from nasal feeding tubes on gastric outlet obstruction. Nutrients.

(2017) 9:373. doi: 10.3390/nu9040373

24. Yan X, Lan T, Xu H, Xu H, Yang XX, Xie CH, et al. Optimal

postoperative nutrition support for patients with gastrointestinal

malignancy: a systematic review and metaanalysis. Clin Nutr. (2017)

36:710–721. doi: 10.1016/j.clnu.2016.06.011

25. Qiu C, Chen C, Zhang W, Kou Q, Wu S, Zhou L, et al. Fat-modified enteral

formula improves feeding tolerance in critically ill patients: a multicenter,

single-blind, randomized controlled trial. J Parenter Enteral Nutr. (2017)

41:785–95. doi: 10.1177/0148607115601858

26. Sharma K, Mogensen KM, Robinson MK. Pathophysiology of critical illness

and role of nutrition.Nutr Clin Pract. (2019) 34:12–22. doi: 10.1002/ncp.10232

27. Singer P, Blaser AR, Berger MM, Alhazzani W, Calder PC, Casaer MP, et al.

ESPEN guideline on clinical nutrition in the intensive care unit. Clin Nutr.

(2019) 38:48–79. doi: 10.1016/j.clnu.2018.08.037

28. Radrizzani D, Bertolini G, Facchini R, Simini B, Bruzzone P, Zanforlin G, et al.

Early enteral immunonutrition vs. parenteral nutrition in critically ill patients

without severe sepsis: a randomized clinical trial. Intensive Care Med. (2006)

32:1191–8. doi: 10.1007/s00134-006-0238-y

29. Santos Samary C, Pelosi P, Leme Silva P, Rieken Macedo

Rocco P. Immunomodulation after ischemic stroke: potential

Frontiers in Nutrition | www.frontiersin.org 7 August 2021 | Volume 8 | Article 685422

http://www.editage.cn
https://www.frontiersin.org/articles/10.3389/fnut.2021.685422/full#supplementary-material
https://doi.org/10.3389/fnut.2017.00013
https://doi.org/10.1016/j.clnu.2020.02.035
https://doi.org/10.1001/jama.286.8.944
https://doi.org/10.1016/j.jcrc.2015.02.009
https://doi.org/10.1177/0148607103027005355
https://doi.org/10.1001/jama.2014.7698
https://doi.org/10.1016/j.clnu.2015.07.001
https://doi.org/10.1177/0148607114567199
https://doi.org/10.1016/S0261-5614(03)00007-4
https://doi.org/10.1177/0148607115621863
https://doi.org/10.1016/j.pharmthera.2021.107861
https://doi.org/10.1155/2020/6676247
https://doi.org/10.1016/j.ijsu.2015.07.008
https://doi.org/10.1097/CCM.0000000000004273
https://doi.org/10.1089/neu.2017.5399
https://doi.org/10.3389/fneur.2015.00235
https://doi.org/10.1161/01.STR.0000251441.89665.bc
https://doi.org/10.1038/nrn1765
https://doi.org/10.3389/fnut.2020.617652
https://doi.org/10.3389/fnins.2018.00241
https://doi.org/10.1097/00003246-200110000-00018
https://doi.org/10.1111/j.1399-6576.2008.01860.x
https://doi.org/10.3390/nu9040373
https://doi.org/10.1016/j.clnu.2016.06.011
https://doi.org/10.1177/0148607115601858
https://doi.org/10.1002/ncp.10232
https://doi.org/10.1016/j.clnu.2018.08.037
https://doi.org/10.1007/s00134-006-0238-y
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Chao et al. IE Nutrition Improves Immune Function

mechanisms and implications for therapy. Crit Care. (2016)

20:391. doi: 10.1186/s13054-016-1573-1

30. Biassoni R, Cantoni C, Pende D, Sivori S, Parolini S, Vitale M, et al. Human

natural killer cell receptors and co-receptors. Immunol Rev. (2001) 181:203–

14. doi: 10.1034/j.1600-065X.2001.1810117.x

31. Kirilovsky A,Marliot F, El Sissy C, HaicheurN, Galon J, Pagès F. Rational bases

for the use of the immunoscore in routine clinical settings as a prognostic

and predictive biomarker in cancer patients. Int Immunol. (2016) 28:373–

82. doi: 10.1093/intimm/dxw021

32. Beale RJ, Bryg DJ, Bihari DJ. Immunonutrition in the critically ill: a

systematic review of clinical outcome. Crit Care Med. (1999) 27:2799–

805. doi: 10.1097/00003246-199912000-00032

33. Walrand S, Moreau K, Caldefie F, Tridon A, Chassagne J, Portefaix G,

et al. Specific and nonspecific immune responses to fasting and refeeding

differ in healthy young adult and elderly persons. Am J Clin Nutr. (2001)

74:670–8. doi: 10.1093/ajcn/74.5.670

34. Marcos A, Nova E, Montero A. Changes in the immune system are

conditioned by nutrition. Eur J Clin Nutr. (2003) 57(Suppl. 1):S66–

9. doi: 10.1038/sj.ejcn.1601819

35. Luo Z, Wang J, Zhang Z, Li H, Huang L, Qiao Y, et al. Efficacy of early

enteral immunonutrition on immune function and clinical outcome for

postoperative patients with gastrointestinal cancer. J Parenter Enteral Nutr.

(2018) 42:758–65. doi: 10.1177/0148607117715439

36. Klek S, Szybinski P, Szczepanek K. Perioperative immunonutrition in surgical

cancer patients: a summary of a decade of research. World J Surg. (2014)

38:803–12. doi: 10.1007/s00268-013-2323-z

37. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-

inhibition. Nat Rev Immunol. (2013) 13:227–42. doi: 10.1038/nri3405

38. Sanmamed MF, Pastor F, Rodriguez A, Perez-Gracia JL, Rodriguez-Ruiz ME,

Jure-Kunkel M, et al. Agonists of co-stimulation in cancer immunotherapy

directed against CD137, OX40, GITR, CD27, CD28, and ICOS. Semin Oncol.

(2015) 42:640–55. doi: 10.1053/j.seminoncol.2015.05.014

39. Janakiram M, Shah UA, Liu W, Zhao A, Schoenberg MP, Zang X. The third

group of the B7-CD28 immune checkpoint family: HHLA2, TMIGD2, B7x,

and B7-H3. Immunol Rev. (2017) 276:26–39. doi: 10.1111/imr.12521

40. Han R, Luo J, Shi Y, Yao Y, Hao J. PD-L1 (programmed death ligand 1) protects

against experimental intracerebral hemorrhage-induced brain injury. Stroke.

(2017) 48:2255–62. doi: 10.1161/STROKEAHA.117.016705

41. Xu C,Wang T, Cheng S, Liu Y. Increased expression of T cell immunoglobulin

and mucin domain 3 aggravates brain inflammation via regulation of the

function of microglia/macrophages after intracerebral hemorrhage in mice.

J Neuroinflammation. (2013) 10:141. doi: 10.1186/1742-2094-10-141

42. Yamaura K, Ueno T, Vanguri V, Yang J, et al. Differential

requirement of CD27 costimulatory signaling for naïve versus

alloantigen-primed effector/memory CD8+T cells. Am J Transplant.

(2010) 10:1210–20. doi: 10.1111/j.1600-6143.2010.03089.x

43. Sun J, Su J, Xie Y, Yin MT, Huang Y, Xu L, et al. Plasma IL-6/IL-10 ratio

and IL-8, LDH, and HBDH level predict the severity and the risk of death

in AIDS patients with pneumocystis pneumonia. J Immunol Res. (2016)

2016:1583951. doi: 10.1155/2016/1583951

44. Rong YD, Bian AL, Hu HY, Ma Y, Zhou XZ. Study on relationship between

elderly sarcopenia and inflammatory cytokine IL-6, anti-inflammatory

cytokine IL-10. BMC Geriatr. (2018) 18:308. doi: 10.1186/s12877-018-1

007-9

45. Tao G, Min-Hua C, Feng-Chan X, Yan C, Ting S, Wei-Qin L,

et al. Changes of plasma acetylcholine and inflammatory markers

in critically ill patients during early enteral nutrition: a prospective

observational study. J Crit Care. (2019) 52:219–26. doi: 10.1016/j.jcrc.2019.0

5.008

46. Calder PC. Omega-3 polyunsaturated fatty acids and

inflammatory processes: nutrition or pharmacology? Br J Clin

Pharmacol. (2013) 75:645–62. doi: 10.1111/j.1365-2125.2012.04

374.x

47. Cai C, Zhang J, Li M, Wu ZJ, Song KH, Zhan TW, et al. Interleukin 10-

expressing B cells inhibit tumor-infiltrating T cell function and correlate

with T cell Tim-3 expression in renal cell carcinoma. Tumour Biol. (2016)

37:8209–18. doi: 10.1007/s13277-015-4687-1

48. Wang G, Wen J, Xu L, Zhou S, Gong M, Wen P, et al. Effect of enteral

nutrition and ecoimmunonutrition on bacterial translocation and cytokine

production in patients with severe acute pancreatitis. J Surg Res. (2013)

183:592–7. doi: 10.1016/j.jss.2012.12.010

49. Montgomery SL, Bowers WJ. Tumor necrosis factor-alpha and the

roles it plays in homeostatic and degenerative processes within

the central nervous system. J Neuroimmune Pharmacol. (2012)

7:42–59. doi: 10.1007/s11481-011-9287-2

50. Donegan JJ, Girotti M, Weinberg MS, Morilak DA. A novel role for brain

interleukin-6: facilitation of cognitive flexibility in rat orbitofrontal cortex.

J Neurosci. (2014) 34:953–62. doi: 10.1523/JNEUROSCI.3968-13.2014

51. Kushi H, Saito T, Makino K, Hayashi N. IL-8 is a key mediator of

neuroinflammation in severe traumatic brain injuries. Acta Neurochir Suppl.

(2003) 86:347–50. doi: 10.1007/978-3-7091-0651-8_74

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Chao, Wang, Yang, Ma, Liu, Sun and Sun. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Nutrition | www.frontiersin.org 8 August 2021 | Volume 8 | Article 685422

https://doi.org/10.1186/s13054-016-1573-1
https://doi.org/10.1034/j.1600-065X.2001.1810117.x
https://doi.org/10.1093/intimm/dxw021
https://doi.org/10.1097/00003246-199912000-00032
https://doi.org/10.1093/ajcn/74.5.670
https://doi.org/10.1038/sj.ejcn.1601819
https://doi.org/10.1177/0148607117715439
https://doi.org/10.1007/s00268-013-2323-z
https://doi.org/10.1038/nri3405
https://doi.org/10.1053/j.seminoncol.2015.05.014
https://doi.org/10.1111/imr.12521
https://doi.org/10.1161/STROKEAHA.117.016705
https://doi.org/10.1186/1742-2094-10-141
https://doi.org/10.1111/j.1600-6143.2010.03089.x
https://doi.org/10.1155/2016/1583951
https://doi.org/10.1186/s12877-018-1007-9
https://doi.org/10.1016/j.jcrc.2019.05.008
https://doi.org/10.1111/j.1365-2125.2012.04374.x
https://doi.org/10.1007/s13277-015-4687-1
https://doi.org/10.1016/j.jss.2012.12.010
https://doi.org/10.1007/s11481-011-9287-2
https://doi.org/10.1523/JNEUROSCI.3968-13.2014
https://doi.org/10.1007/978-3-7091-0651-8_74
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Beneficial Effect of Immune-Enhanced Enteral Nutrition on Immune Function in Patients With Severe Neurological Diseases: A Single-Center Randomized Controlled Trial
	Introduction
	Materials and Methods
	Study Design
	Nutrition Support
	Data Collection
	Cytokines
	Flow Cytometry Analysis
	Statistical Analysis

	Results
	General and Nutritional Status
	Immunologic Responses After Nutrition
	Cytokine Response
	Clinical Outcome

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


