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Purpose of review

This review describes the relationship between nutritional therapies and the intestinal microbiome of

critically ill patients.

Recent findings

The intestinal microbiome of the critically ill displays a near complete loss of health-promoting microbiota
with overgrowth of virulent healthcare-associated pathogens. Early enteral nutrition within 24 h of
admission to the ICU has been advocated in medical and surgical patients to avoid derangements of the
infestinal epithelium and the microbiome associated with starvation. Contrary to previous dogma,
permissive enteral underfeeding has recently been shown to have similar outcomes to full feeding in the
critically ill, whereas overfeeding has been shown to be deleterious in those patients who are not
malnourished at baseline. Randomized clinical trials suggest that peripheral nutrition can be used safely
either as the sole or supplemental source of nutrition even during the early phases of critical care. The use
of probiotics has been associated with a significant reduction in infectious complications in the critically ill

without a notable mortality benefit.

Summary

Focus of research is shifting toward strategies that augment the intestinal environment to facilitate growth of
beneficial microorganisms, strengthen colonization resistance, and maintain immune homeostasis.
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With the recent explosion of interest in micro-
biome research and introduction of new analytic
technologies and culture-independent sequencing
methods, we have learned an immense amount of
information regarding the human intestinal micro-
biome. We are beginning to uncover the countless
loops of interaction that exist between the resident
microbes and their human host. We now know that
human health hinges on the community structure
and function of these microbes and the delicate
balance established through our co-evolution. In
the absence of physiologic stressors, the healthy
intestinal environment is rich in nutrients derived
from our diet and further processed by our microbial
counterparts, allowing both host and microbe to
flourish. Commensal bacteria are not only critical
to host metabolism but also to immune homeosta-
sis, strengthening the epithelial cell integrity, regu-
lating proinflammatory pathways, and providing
colonization resistance against invading pathogens
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[1%,2]. We now know that many disease processes
spanning all organ systems are associated with com-
positional and functional derangements of the gut
microbiome. The role of intestinal microbes in the
pathogenesis of critical illness progression is becom-
ing more evident. Although, the human gut has
been long considered the driver and perpetuator
of systemic inflammatory response, the specific role
of intestinal bacteria in the pathogenesis of critical
illness, sepsis, and multiple organ dysfunction
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Nutrition and the intensive care unit

KEY POINTS

e Diet has a profound impact on gut microbial
composition and function and the intestinal microbiome
plays a crucial role in host energy metabolism.

In the absence of physiologic stressors, the healthy
intestinal environment is rich in nutrients derived from
our diet and further processed by our microbial
counterparts, allowing both the host and its microbes
to flourish.

Physiologic changes associated with critical illness lead
to profound compositional and functional changes of
the intestinal microbiome, which in turn can be
associated with immune activation and progression to
organ failure.

Early enteral nutrition within 24 h of admission fo the
ICU has been advocated by recent guidelines;
however, parenteral nutrition can be used safely either
as the sole or supplemental source of nutrition even
during the early phases of critical care.

New therapeutic strategies are needed that restore
microbial ecology of the intestine and thwart microbial
virulence activation, rather than indiscriminately ridding
the intestine of microbes.

syndrome (MODS) has only recently been appreci-
ated [3,4""]. New avenues of critical care research are
prioritizing novel therapeutic strategies to restore
microbial ecology of the intestine and thwart
microbial virulence activation.

The human gut microbiome comprised a vast
number of microbes, containing 100-fold more
genes than the human genome. The countless meta-
bolic functions existing within this genetic reservoir
provide tremendous benefits to humans. For
example, the microbiome generates important
vitamins essential to our health [S]. Many studies
have reported on the importance of bacterial
fermentation of plant saccharides such as xylan-
containing and pectin-containing carbohydrates
to generate short-chain fatty acids (SCFAs) such as
butyrate, the primary energy source for colonocytes
[6%]. These byproducts of commensal bacterial
metabolism have been shown to be critical for main-
tenance of epithelial cell integrity and regulation of
intestinal and systemic immune responses [7,8].
Importantly, butyrate-producing microbes are often
depleted in the gut of the critically ill patients [9].

Recent studies highlight the crucial role of
the gut microbiome in host energy metabolism.
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Looking at surgically altered intestinal microbiome
following weight-loss surgery, Tremaroli et al. [10]
demonstrated that the composition of the micro-
biome directly affects the amount of energy
extracted from the diet. The authors showed that
fecal transplantation of stool from patients that
underwent weight-loss surgery into germ-free mice
resulted in the mice gaining less weight relative to
those receiving fecal transplantation from obese
controls. Furthermore, the authors observed stark
compositional and functional changes in the gut
microbiome following weight-loss surgery, charac-
terized by a shift away from SCFA production and
toward amino acid fermentation and bile acid
metabolism, indicating reduced energy harvest
from the diet.

The intestinal microbiome also plays an
essential role in bile acid and fat metabolism [11].
In a study evaluating this microbe—host relation-
ship, Joyce and Gahan show that gastrointestinal
microbial expression of bile salt hydrolase, an
enzyme responsible for bile acid deconjugation,
has the potential to dramatically alter plasma bile
acid profile resulting in weight loss and concomi-
tant reduction in cholesterol and triglyceride levels.

Numerous recent studies show the profound impact
of diet on the composition of the intestinal micro-
biome. In one such study, David et al. [12] show
that consumption of entirely animal-based or
plant-based diet significantly alters the microbial
community structure of the gut microbiome.
Bacteria with genetic capability to metabolize the
components of a given diet and survive within
that particular environment are able to proliferate.
For example, predominantly animal-based diet is
associated with bloom of bile-tolerant microbes
and decreased levels of bacteria proficient at plant
polysaccharide metabolism. Wu et al. [13] surveyed
long-term dietary habits from healthy volunteers
and found over 80 associations between particular
nutrients in the diet and microbiome configur-
ations. Phyla positively associated with a fatty diet
and negatively associated with fiber were predom-
inantly composed of Bacteroidetes and Actinobac-
teria, whereas Firmicutes and Proteobacteria showed
the opposite association.

A related consideration is that nutritional excess
is a potent determinant of gut microbial compo-
sition. A high-fat diet and obese phenotype have
both been repeatedly shown to associate with a
microbial shift toward increased Firmicutes and
Proteobacteria phyla and decreased Bacteroidete
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in the intestines of both mice and humans [14,15]. At
the same time, weight loss achieved through fat or
carbohydrate restriction reverts this compositional
ratio back to its original configuration.

Commonly used enteral formulas contain basic
ingredients such as corn syrup and triglycerides
alongside several synthetic ingredients including
dietary emulsifiers. Dietary emulsifiers, such as car-
boxymethylcellulose, soy lecithin, gum Arabic, soy
polysaccharide, and various glycerol derivatives are
added to these formulations to extend their shelf-
life and texture; however, they have been associated
with intestinal dysbiosis. Chassaing et al. [16"] found
that two common dietary emulsifiers, carboxyme-
thylcellulose and polysorbate-80, reduced the alpha
diversity and microbial stability of the intestinal
microflora. The authors specifically saw an increase
in the Verrucomicrobia and Proteobacteria phyla in
mouse intestine. This altered microbial composition
was directly associated with low-grade intestinal
inflammation, adiposity, and metabolic syndrome
in wild-type mice, as well as severe colitis in IL10~/~
and TLR5~/~ mice.

The human gut along with its resident microbes has
been considered by some to be the driver and per-
petuator of systemic inflammatory response in
critical illness, sepsis, and associated organ failure
[3,4™]. Physiologic changes associated with critical
illness in combination with medical interventions
such as restriction of oral intake, administration
of parenteral nutrition, broad spectrum antibiotics,
acid-reducing medications, vasoactive drugs, and
opioids impose selective pressures that lead to
changes in the composition and function of the
intestinal microbiome. These changes are further
associated with profound immune activation,
which may further predispose to the development
of systemic complications [1%,17"].

Research has shown that the intestinal
microbiome of the critically ill displays a near com-
plete loss of health-promoting microbiota with
overgrowth of healthcare-associated pathogenic
microorganisms with high-virulence potential
[18,19%%,20*%]. McDonald et al. [20*] characterized
the intestinal microbiome of 115 critically ill
patients at two separate time points following
admission to the ICU. The authors found that
regardless of the cause of critical illness, the gut
microbiome community structure is significantly
disrupted and this dysbiosis worsens over time
in the ICU. We have also recently characterized
the microbiota of critically ill patients and similarly
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showed a loss of diversity in addition to a loss of the
unique microbial signatures of different body sites,
which were more likely to be dominated by patho-
gens [21%]. Furthermore, the reduction of intestinal
microbial diversity has been shown to be predictive
of mortality in the critically ill [8]. Earley et al. [227]
show that following burn injury the diversity of the
microbiome undergoes significant changes, with
alterations of the intestinal microbiome as early as
the first day of postinjury, characterized by the
overgrowth of Gram-negative aerobic bacteria
and associated increase in intestinal permeability.
Hayakawa et al. [23] describe similar microbiome
derangements in otherwise healthy individuals that
occur as soon as within 6h following acute injury
such as trauma or cardiac arrest.

Changes in the intestinal microbiome of the
critically ill are not limited to the compositional
alterations described earlier. With the resulting
loss of colonization resistance, invasion of health-
care-associated pathogens and changing intestinal
milieu because of nutrient depletion and stress-
related host signals, it is not surprising that the
resulting ICU microbiome undergoes stark func-
tional changes through the process of virulence
activation [1%,24]. This compositional and pheno-
typic shift of the intestinal microbiota may be in
part responsible for the pathoadaptive immune
response of critical illness, sepsis, and MODS [25].

As plethora of evidence suggest that critical ill-
ness and associated medical interventions are
responsible for intestinal dysbiosis, the initial state
of one’s microbiome also plays a role in determining
the severity of systemic injury in critical illness [26].
Prescott et al. [27"] show that the degree of probable
microbiome perturbation (assessed by the reason
for hospitalization) is associated with greater risk
of developing subsequent severe sepsis. Whether the
critical illness-associated intestinal dysbiosis and the
breakdown of the homeostasis between the com-
mensal microorganisms, intestinal epithelium, and
the immune system are the cause or the result
of progression of critical illness remains to be deter-
mined [28]. Likely, components of each co-exist.

The catabolic state of a critically ill patient leads
to substantial losses of lean body mass that are
associated with poor clinical outcomes [29]. Lack
of enteral nutrition, not uncommon in the ICU,
has been shown to not only alter the intestinal
microbiome composition, but also to weaken
the epithelial barrier function and predispose to
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bacterial translocation and associated septic com-
plications [30*%,31™]. Early enteral nutrition within
24h of admission to the ICU has been advocated
by recent guidelines to avoid the above changes
associated with enteral starvation [32""]. Contrary
to previous dogma, permissive enteral underfeeding
was recently shown to have similar outcomes to full
teeding in the critically ill, whereas overfeeding
was shown to be deleterious in patients who are
not malnourished [33"*-35""].

Although the benefits of enteral nutrition are
undisputed, many critically ill patients are intoler-
ant to enteral nutrition. In these patients, parenteral
nutrition has been a life-saving supportive treat-
ment. Early research associated parenteral nutrition
with high rates of complications, specifically those
of infectious nature and current guidelines do not
recommend initiating parenteral nutrition earlier
than 7 days from onset of acute illness [36™"]. Paren-
teral nutrition has long been thought to be associ-
ated with dysbiosis of the intestinal microflora,
dysfunction of the intestinal innate immune sys-
tem, and decreased barrier function of the intestinal
mucosa [31%,37,38]. Wan et al. [39""] recently con-
firmed this notion in a mouse model of parenteral
nutrition compared with parenteral nutrition with
varied levels of supplemental enteral nutrition. The
authors noted that parenteral nutrition changes
the composition of intestinal microbiota with
increased percentage of Bacteroidetes and signi-
ficantly impairs the intestinal barrier function
and innate immunity as judged by the loss of lyso-
zyme, mucin 2 (MUC2), and intestinal alkaline
phosphatase (IAP). Interestingly, the authors
show that supplementation of 20% enteral nutrition
to the regimen has the ability to reverse these
untoward changes.

Nevertheless, the superiority of enteral nutrition
over parenteral nutrition in critical illness in terms
of outcomes has recently become a topic of contro-
versy. Contrary to previous beliefs, human trials
suggest that parenteral nutrition can be used safely
either as the sole or supplemental source of nutri-
tion even during the early phases of critical care
[29,40"%,41]. This is in part due to improved central
line infection control and more sophisticated total
parenteral nutrition (TPN) formulations, and also
due to our realization that caloric excess is actually
detrimental in critical illness. To this point, Harvey
et al. [42] demonstrated that patients randomized
to targeted nutrition delivery via parenteral nutri-
tion as compared with enteral nutrition within 36 h
of admission to the ICU have similar 30-day
mortality and adverse events, including infectious
complications. A recent systematic review with
meta-analysis looking at 18 randomized controlled
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trials (RCTs) revealed that enteral nutrition was
associated with significant reduction in infectious
complications only for the subgroup of RCTs
in which the parenteral nutrition group received
significantly more calories than enteral nutrition
group; no effect was seen in trials wherein enteral
nutrition and parenteral nutrition groups had a
similar caloric intake [43™]. Many of the earlier
studies indicating deleterious effects of parenteral
nutrition on the intestinal homeostasis have been
criticized for excess caloric delivery [36*]. Research
is urgently needed to reassess the effects of targeted
parenteral nutrition on the intestinal integrity and
intestinal microbiome ecology.

Given that intestinal microbes have the ability
to augment their behavior and virulence in response
to the local environment, more research is needed
to thwart microbial virulence activation and restore
microbial ecology of the intestine. Such an idea
is distinct from strategies to indiscriminately elim-
inate gut microbes that hold the potential to select
for multidrug resistant pathogens, for example,
gut decontamination or broad spectrum antibiotic
therapy [1%,4™]. The idea of supporting the growth
of beneficial microorganisms to maintain immune
homeostasis and strengthen colonization resistance
is logical. Attempts to repopulate the health-
promoting microbiota through the use of probiot-
ics, prebiotics, and synbiotics as well as to restore
the nutritional homeostasis of the intestinal milieu
have shown some promise. However, our knowl-
edge of the complex interactions of the gut micro-
biome with the epithelium and the immune system
during critical illness is still in its infancy. Given our
lack of complete understanding of these relation-
ships, it is not surprising that we have been unable
to fully harness the power of commensal microbes
to promote health.

A recent systematic review and meta-analysis
of 30 RCTs involving 2972 ICU patients indicated
that administration of probiotics was associated
with decreased rates of infection, specifically venti-
lator-associated pneumonia (VAP). However, there
was no effect on mortality, length of hospital stay, or
diarrhea [44""]. Interestingly, subgroup analysis
showed that the greatest improvement in infectious
outcomes was in the group receiving probiotics
alone and not synbiotic mixtures. Furthermore,
the authors noted a reduction in antibiotic use in
patients receiving probiotics. A recently published
RCT by Zeng et al. [45""] confirmed reduced rates
of microbiologically confirmed VAP in patients
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randomized to receive probiotics. Although
probiotics have been associated with reduction in
mortality in animal studies [46], this has not been
observed in human clinical trials. The available
studies are plagued by differences in the type and
dosages of probiotics studied and are, therefore, very
difficult to compare. Concerns exist regarding the
possible risks of adverse reactions and transfer of
antibiotic-resistance genes associated with probiotic
use. In fact, a large multicenter RCT (PROPATRIA)
published by Besselink et al. [47] showed that the use
of probiotics in critically ill patients with severe
acute pancreatitis was associated with increased
mortality when compared with placebo. However,
this study ought to be interpreted with caution as
problems with the design of the study (such as data
management and procedural issues) and ethical
concerns (such as no explanation for the unex-
pected deaths, issues with informed consent and
patient privacy) limit its validity. An extreme form
of a synbiotic treatment is fecal microbiota trans-
plant, which in limited case reports has shown
promise as a targeted microbial therapy in critical
care [48]. Finally, another strategy to rescue the
microbiome during critical illness is to alter the
intestinal environment itself in order to reduce
nutritional selective pressures on gut microbes. In
one promising example, nutrients such as inorganic
phosphate were embedded into the intestinal milieu
to decrease bacterial virulence in animal models
of critical illness [49,50].

This review highlights the complex interplay that
exists between nutrition, intestinal microbiome,
and the physiology of the human host in critical
illness. We are beginning to appreciate how diet
and the microbiome converge to impact host energy
metabolism. Physiologic changes associated with
critical illness impose selective pressures that lead
to profound changes to the composition and
function of the intestinal microbiome. These
changes can lead to further immune activation
and development of systemic complications.
Research has shown that the intestinal microbiome
of the critically ill displays a near complete loss of
health-promoting microbiota with overgrowth of
healthcare-associated pathogens. Lack of enteral
nutrition, not uncommon in the ICU, has been
shown to not only alter the intestinal microbiome
composition, but also to weaken epithelial barrier
function and predispose to bacterial translocation.
Contrary to previous dogma, permissive enteral
underfeeding has similar outcomes to full feeding
in the critically ill, whereas overfeeding is
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deleterious in those patients who are not malno-
urished at baseline. Although the benefits of
enteral nutrition are undisputed, many critically
ill patients intolerant to enteral nutrition benefit
substantially from parenteral nutrition. New human
trials suggest that parenteral nutrition can be used
safely either as the sole or supplemental source of
nutrition even during the early phases of critical care.
Ultimately, the goal of gut microbiome research in
critical illness should be to establish clear mecha-
nistic links between the microbiota and clinical out-
comes. If these patterns can be defined, interventions
such as probiotics and fecal microbiota transplan-
tation can be targeted to optimize outcomes. Real-
time microbiome monitoring will likely emerge in
the near future, making it possible to modity the
microbiome with precision [50]. Additionally, there
is a need to transition from small descriptive studies
of the ICU microbiome to well-powered studies
documenting the impact of rationally designed
interventions.

Acknowledgements
None.

Financial support and sponsorship

This work was supported by National Institutes of Health
award number R21HD087802 to M.M. The content is
solely the responsibility of the authors and does not
necessarily represent the official views of the National
Institutes of Health.

Conflicts of interest
There are no conflicts of interest.

Papers of particular interest, published within the annual period of review, have
been highlighted as:

m of special interest

mm  of outstanding interest

1. Krezalek MA, DeFazio J, Zaborina O, et al. The shift of an intestinal “micro-

m biome” to a “pathobiome” governs the course and outcome of sepsis
following surgical injury. Shock 2016; 45:475-482.

This article describes the shift that occurs in the intestinal microbiome of septic
patients following surgery. It describes how the resulting virulent intestinal
pathobiome is capable of subverting host immunity. The authors outline ther-
apeutic opportunities to constrain the rise of the pathobiome and its virulence
activation.

2. Magalhaes JG, Tattoli |, Girardin SE. The intestinal epithelial barrier: how to
distinguish between the microbial flora and pathogens. Semin Immunol 2007;
19:106-115.

3. Mittal R, Coopersmith CM. Redefining the gut as the motor of critical illness.
Trends Mol Med 2014; 20:214-223.

4. Klingensmith NJ, Coopersmith CM. The gut as the motor of multiple organ

mm dysfunction in critical illness. Crit Care Clin 2016; 32:203-212.

This article describes the impact of critical illness on the delicate homeostasis
achieved between the epithelium, the immune system, and the intestinal micro-
biome. It describes how intestinal bacteria are able to propagate a pathologic host
immune response to critical illness, leading to MODS.

5. Yatsunenko T, Rey FE, Manary MJ, et al. Human gut microbiome viewed
across age and geography. Nature 2012; 486:222-227.

www.co-clinicalnutrition.com 135



Nutrition and the intensive care unit

6. Doré J, Blottiere H. The influence of diet on the gut microbiota and its

m consequences for health. Curr Opin Biotechnol 2015; 32:195-199.

This article reviews the development of the human intestinal microbiome from birth

and how humans establish a delicate symbiotic relationship with their resident

microbes.

7. Furusawa Y, Obata Y, Fukuda S, et al. Commensal microbe-derived butyrate
induces the differentiation of colonic regulatory T cells. Nature 2013;
504:446-450.

8. Shimizu K, Ogura H, Hamasaki T, et al. Altered gut flora are associated with
septic complications and death in critically ill patients with systemic inflam-
matory response syndrome. Dig Dis Sci 2011; 56:1171-1177.

9. Dickson RP. The microbiome and critical iliness. Lancet Respir Med 2016;

am 4:59-72.

This review describes the microbial ecology of critically ill patients. It describes the

microbiome derangements and resulting bacterial influence in gut-derived sepsis.

10. Tremaroli V, Karlsson F, Werling M, et al. Roux-en-Y gastric bypass and
vertical banded gastroplasty induce long-term changes on the human gut
microbiome contributing to fat mass regulation. Cell Metab 2015; 22:228 -
238.

11. Joyce SA, Gahan CGM. Bile acid modifications at the microbe—-host inter-
face: potential for nutraceutical and pharmaceutical interventions in host
health. Annu Rev Food Sci Technol 2016; 7:313-333.

12. David LA, Maurice CF, Carmody RN, et al. Diet rapidly and reproducibly alters
the human gut microbiome. Nature 2014; 505:559-563.

13. Wu GD, Chen J, Hoffmann C, et al. Linking long-term dietary patterns with gut
microbial enterotypes. Science 2011; 334:105-108.

14. Hildebrandt MA, Hoffmann C, Sherrill-Mix SA, et al. High-fat diet determines
the composition of the murine gut microbiome independently of obesity.
Gastroenterology 2009; 137:1716-1724.

15. Barlow GM, Yu A, Mathur R. Role of the gut microbiome in obesity and
diabetes mellitus. Nutr Clin Pract 2015; 30:787-797.

16. Chassaing B, Koren O, Goodrich JK, et al. Dietary emulsifiers impact the

= mouse gut microbiota promoting colitis and metabolic syndrome. Nature
2015; 519:92-96.

This study details the effect of dietary emulsifiers on the composition of the murine

intestinal microbiome and their association with low-grade inflammation, adiposity,

metabolic syndrome, and colitis.

17. Kitsios GD, Morowitz MJ, Dickson RP, et al. Dysbiosis in the ICU: microbiome

m  science coming to the bedside. J Crit Care 2016. [Epub ahead of print]

A systematic review of the available data on the critical-illness microbiome in animal

models and pediatric and adult critically ill patient.

18. Zaborin A, Smith D, Garfield K, et al. Membership and behavior of ultra-low-
diversity pathogen communities present in the gut of humans during pro-
longed critical illness. mBio 2014; 5:e01361-e01314.

19. Ojima M, Motooka D, Shimizu K, et al. Metagenomic analysis reveals dynamic

mm changes of whole gut microbiota in the acute phase of intensive care unit
patients. Dig Dis Sci 2016; 61:1628-1634.

A study that evaluates the changes of intestinal microbiome during acute phase of

critical illness. It outlines the dynamic changes that occur in the gut microbiota at

the phylum level in critically ill patients’ gut using high-throughput DNA sequen-
cing.

20. McDonald D, Ackermann G, Khailova L, et al. Extreme dysbiosis of the

mm  microbiome in critical iliness. mSphere 2016; 1:¢00199-16.

This study characterizes the intestinal microbiome of 115 critically ill patients at

two separate time points following admission to the ICU. It demonstrates that

regardless of the cause of critical illness, the gut microbiome community structure
is significantly disrupted and this dysbiosis worsens with increased length of stay
in the ICU.

21. Yeh A, Rogers MB, Firek B, et al. Dysbiosis across multiple body sites in

m  critically ill adult surgical patients. Shock 2016; 46:649-654.

This study characterizes spatial and temporal variation in the microbiota of critically

ill patients and shows that the microbial diversity decreases in the critically ill

patients at multiple body sites.

22. Earley ZM, Akhtar S, Green SJ, et al. Burn injury alters the intestinal micro-

m  biome and increases gut permeability and bacterial translocation. PLoS One
2015; 10:e0129996.

This study demonstrates that burn injury induces a dramatic change in the intestinal

microbiome of both humans and mice with associated overgrowth of Gram-

negative bacteria.

23. Hayakawa M, Asahara T, Henzan N, et al. Dramatic changes of the gut flora
immediately after severe and sudden insults. Dig Dis Sci 2011; 56:2361 -
2365.

24. Alverdy J, Holbrook C, Rocha F, et al. Gut-derived sepsis occurs when the
right pathogen with the right virulence genes meets the right host: evidence
for in vivo virulence expression in Pseudomonas aeruginosa. Ann Surg 2000;
232:480-489.

25. Zhang D, Chen G, Manwani D, et al. Neutrophil ageing is regulated by the

mm  microbiome. Nature 2015; 525:528-532.

This study describes the regulation of neutrophil aging by intestinal microbiota. It

links intestinal microbiome to modulation of neutrophil aging process, which

controls their proinflammatory properties.

26. Raymond F, Ouameur AA, Déraspe M, et al. The initial state of the human
gut microbiome determines its reshaping by antibiotics. ISME J 2016;
10:707-720.

136 www.co-clinicalnutrition.com

27. Prescott HC, Dickson RP, Rogers MAM, et al. Hospitalization type and

m  subsequent severe sepsis. Am J Respir Crit Care Med 2015; 192:
581-588.

A study showing that hospitalizations associated with periods of microbiome

perturbation correlate with increased risk of severe sepsis.

28. Clark JA, Coopersmith CM. Intestinal crosstalk: a new paradigm for
understanding the gut as the “motor” of critical illness. Shock 2007;
28:384-393.

29. Wischmeyer PE, San-Millan I. Winning the war against ICU-acquired weak-
ness: new innovations in nutrition and exercise physiology. Crit Care 2015; 19
(Suppl 3):S6.

30. Levesque CL, Turner J, LiJ, et al. In a neonatal piglet model of intestinal failure,

mm  administration of antibiotics and lack of enteral nutrition have a greater impact
on intestinal microflora than surgical resection alone. JPEN J Parenter Enteral
Nutr 2016. [Epub ahead of print]

Study assessing the effect of intestinal resection, antibiotic treatment, and lack of

enteral nutrition on intestinal microbiome composition using a piglet model of

intestinal surgery. This study shows that lack of enteral nutrition along with
antibiotic treatment have a greater negative impact on microbial diversity than
intestinal resection alone.

31. Ralls MW, Demehri FR, Feng Y, et al. Enteral nutrient deprivation in patients

mm leads to a loss of intestinal epithelial barrier function. Surgery 2015;
157:732-742.

Single center study assessing the effects of lack of enteral nutrition on human

intestinal epithelial barrier function. This study shows that nutritionally deprived

bowel displays loss of epithelial barrier function in humans.

32. Preiser J-C, van Zanten ARH, Berger MM, et al. Metabolic and nutritional

mm support of critically ill patients: consensus and controversies. Crit Care 2015;
19:35.

This review presents an update on management of nutrition in the critically ill

detailing the up-to-date consensus and controversies in the field.

33. Arabi YM, Aldawood AS, Al-Dorzi HM, et al. Permissive underfeeding or

mm standard enteral feeding in high and low nutritional risk critically ill adults: post-
hoc analysis of the PermiT trial. Am J Respir Crit Care Med 2016. [Epub ahead
of print]

Study evaluating the effect of permissive underfeeding with full protein intake as

compared with standard feeding based on patients’ nutritional risk. This study

shows that permissive underfeeding with full protein intake is associated with
similar outcomes to standard feeding.

34. Choi EY, Park D-A, Park J. Calorie intake of enteral nutrition and

mm clinical outcomes in acutely critically ill patients: a meta-analysis of
randomized controlled trials. JPEN J Parenter Enteral Nutr 2015; 39:
291-300.

A meta-analysis of four RCTs showing no significant difference in overall mortality

between under-fed critically ill patients and those receiving full-feeding.

35. Tian F, Wang X, Gao X, et al. Effect of initial calorie intake via enteral nutrition

mm in critical illness: a meta-analysis of randomised controlled trials. Crit Care
2015; 19:180.

This meta-analysis of eight randomized controlled studies shows that high-energy

intake does not improve outcomes in critical illness and may in fact increase

complications in those patients that are not malnourished at baseline.

36. OshimaT, Singer P, Pichard C. Parenteral or enteral nutrition: do you have the

mm  choice? Curr Opin Crit Care 2016; 22:292-298.

This review looks at the role of enteral and parenteral nutrition in critical iliness. The

study shows that early initiation of parenteral nutrition initiation in the critically ill is

of benefit.

37. Ralls MW, Demehri FR, Feng Y, et al. Bacterial nutrient foraging in
a mouse model of enteral nutrient deprivation: insight into the gut origin
of sepsis. Am J Physiol Gastrointest Liver Physiol 2016; 311:
G734-G743.

38. Heneghan AF, Pierre JF, Tandee K, et al. Parenteral nutrition decreases
paneth cell function and intestinal bactericidal activity while increasing
susceptibility to bacterial enteroinvasion. JPEN J Parenter Enteral Nutr
2014, 38:817-824.

39. Wan X, BiJ, Gao X, et al. Partial enteral nutrition preserves elements of gut

mm barrier function, including innate immunity, intestinal alkaline phosphatase
(IAP) level, and intestinal microbiota in mice. Nutrients 2015; 7:
6294-6312.

An original research study showing that parenteral nutrition changes the composi-

tion of intestinal microbiota and significantly impairs the intestinal barrier function

and innate immunity. It is of importance as the authors show that supplementation
of 20% enteral nutrition to the regimen has the ability to reverse these untoward
microbiome changes.

40. Oshima T, Heidegger C-P, Pichard C. Supplemental parenteral nutrition is the

mm  key to prevent energy deficits in critically ill patients. Nutr Clin Pract 2016;
31:432-437.

This review looks at the role of parenteral nutrition in critical illness and challenges

the current guidelines regarding the timing of parenteral nutrition initiation in the

critically ill.

41. Doig GS, Simpson F; Early PN Trial Investigators Group. Early parenteral
nutrition in critically ill patients with short-term relative contraindications to
early enteral nutrition: a full economic analysis of a multicenter randomized
controlled trial based on US costs. Clinicoecon Outcomes Res 2013;
5:369-379.

Volume 20 o Number 2 o March 2017

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



42. Harvey SE, Parrott F, Harrison DA, et al. Trial of the route of early
nutritional support in critically ill adults. N Engl J Med 2014; 371:
1673-1684.

43. Elke G, van Zanten AR, Lemieux M, et al. Enteral versus parenteral

mm nutrition in critically ill patients: an updated systematic review
and meta-analysis of randomized controlled trials. Crit Care 20186;
20:117.

A systematic review and meta-analysis of 18 RCTs that compares the effect of
enteral and parenteral nutrition on clinical outcomes of critically ill patients. The
authors show that enteral nutrition is associated with significant reduction in
infectious complications, but only for the subgroup of studies where the par-
enteral nutrition group received significantly more calories than the enteral
nutrition group.

44. Manzanares W, Lemieux M, Langlois PL, Wischmeyer PE. Probiotic and

mm synbiotic therapy in critical illness: a systematic review and meta-analysis. Crit
Care 2016; 19:262.

A systematic review and meta-analysis of 30 RCTs of probiotic and synbiotic

therapy in critical illness. The study shows that probiotic use in critical care is

associated with reduction of infectious complications, including VAP with greatest
improvement in outcomes when probiotics are used alone as compared with
synbiotic mixtures.

1363-1950 Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.
Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Influence of nutrition therapy on microbiome Krezalek et al.

45. Zeng J, Wang C-T, Zhang F-S, et al. Effect of probiotics on the incidence of

mm ventilator-associated pneumonia in critically ill patients: a randomized con-
trolled multicenter trial. Intensive Care Med 2016; 42:1018-1028.

A randomized controlled multicenter trial involving 235 critically ill mechanically

ventilated patients randomized to receive probiotics and standard VAP preventive

strategies versus standard preventive strategies alone.

46. Khailova L, Frank DN, Dominguez JA, Wischmeyer PE. Probiotic administra-
tion reduces mortality and improves intestinal epithelial homeostasis in
experimental sepsis. Anesthesiology 2013; 119:166-177.

47. Besselink MG, van Santvoort HC, Renooij W, et al. Intestinal barrier dysfunc-
tion in a randomized trial of a specific probiotic composition in acute
pancreatitis. Ann Surg 2009; 250:712-719.

48. Li Q, Wang C, Tang C, et al. Successful treatment of severe sepsis and
diarrhea after vagotomy utilizing fecal microbiota transplantation: a case
report. Crit Care 2015; 19:37.

49. Zaborin A, Gerdes S, Holbrook C, et al. Pseudomonas aeruginosa overrides
the virulence inducing effect of opioids when it senses an abundance of
phosphate. PLoS One 2012; 7:e34883.

50. Romanowski K, Zaborin A, Valuckaite V, et al. Candida albicans isolates from
the gut of critically ill patients respond to phosphate limitation by expressing
filaments and a lethal phenotype. PLoS One 2012; 7:¢30119.

www.co-clinicalnutrition.com 137



