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OBJECTIVES: The intestinal microbiome can modulate immune func-
tion through production of microbial-derived short-chain fatty acids. We 
explored whether intestinal dysbiosis in children with sepsis leads to 
changes in microbial-derived short-chain fatty acids in plasma and stool 
that are associated with immunometabolic dysfunction in peripheral blood 
mononuclear cells.

DESIGN: Prospective observational pilot study.

SETTING: Single academic PICU.

PATIENTS: Forty-three children with sepsis/septic shock and 44 healthy 
controls.

MEASUREMENTS AND MAIN RESULTS: Stool and plasma samples 
were serially collected for sepsis patients; stool was collected once for 
controls. The intestinal microbiome was assessed using 16S ribosomal 
RNA sequencing and alpha- and beta-diversity were determined. We 
measured short-chain fatty acids using liquid chromatography, peripheral 
blood mononuclear cell mitochondrial respiration using high-resolution 
respirometry, and immune function using ex vivo lipopolysaccharide-
stimulated whole blood tumor necrosis factor-α. Sepsis patients exhib-
ited reduced microbial diversity compared with healthy controls, with 
lower alpha- and beta-diversity. Reduced microbial diversity among 
sepsis patients (mainly from lower abundance of commensal obligate 
anaerobes) was associated with increased acetic and propionic acid 
and decreased butyric, isobutyric, and caproic acid. Decreased levels of 
plasma butyric acid were further associated with lower peripheral blood 
mononuclear cell mitochondrial respiration, which in turn, was associ-
ated with lower lipopolysaccharide-stimulated tumor necrosis factor-α. 
However, neither intestinal dysbiosis nor specific patterns of short-chain 
fatty acids were associated with lipopolysaccharide-stimulated tumor 
necrosis factor-α.

CONCLUSIONS: Intestinal dysbiosis was associated with altered short-
chain fatty acid metabolites in children with sepsis, but these findings were 
not linked directly to mitochondrial or immunologic changes. More detailed 
mechanistic studies are needed to test the role of microbial-derived short-
chain fatty acids in the progression of sepsis.
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The intestinal microbiome has a broad impact 
on immune homeostasis. A normal commensal 
microbiota actively helps to balance pro- and 

anti-inflammatory signals, whereas germ-free animals 
exhibit an increased susceptibility to inflammatory 
diseases (1). Furthermore, different classes of intestinal 
bacterial have been shown to induce distinct immuno-
logical phenotypes (1, 2). Altered intestinal microbial 
diversity (termed “dysbiosis”) caused by illness, antibi-
otics, perturbed nutrition, and other factors has been 
linked to immune paralysis, inflammation, organ in-
jury, and death (1–4). However, how dysbiosis impairs 
immune function during sepsis is not known (5).

One mechanism through which the intestinal micro-
biome may modulate immune function is an alteration 
in microbial-derived short-chain fatty acids (SCFAs) 
(3, 6). Dietary carbohydrates that go undigested in the 
upper gastrointestinal tract transit to the colon where 
they can be degraded by the microbiota (7). SCFAs 
are products of microbial carbohydrate fermentation 
that distribute systemically via the blood and lymph. 
Prior studies demonstrate that SCFAs, such as ace-
tate, butyrate, and propionate, can alter immune cell 
responsiveness and affect mitochondrial respiration 
and cellular adenosine triphosphate (ATP) production 
(2, 3, 8, 9). For example, a reduction in butyrate that 
occurs when Bacteroides and Clostridia are lost from 
the intestinal microbiome can lower cellular bioener-
getic capacity by reducing mitochondrial biogenesis 
(8). Although several studies have shown mitochon-
drial dysfunction in immune cells in adult and pedi-
atric sepsis (10–16), there are few data investigating a 
potential link between intestinal dysbiosis, microbial-
derived SCFAs, and immunometabolic dysfunction in 
humans.

In this study, we sought to determine if changes 
within the intestinal microbiome are associated 
with specific stool and plasma SCFA patterns and 
whether intestinal dysbiosis or SCFAs are associated 
with immunometabolic changes in peripheral blood 
mononuclear cells (PBMCs) in pediatric sepsis. We 
hypothesized that 1) reduced microbial diversity 
(i.e., intestinal dysbiosis) relative to nonseptic con-
trols would be linked to distinct patterns of stool 
and plasma SCFA levels and 2) intestinal dysbiosis 
and/or distinct patterns of SCFAs would be associ-
ated with low PBMC mitochondrial respiration and 
immune paralysis.

MATERIALS AND METHODS

Study Design and Population

We performed a prospective observational pilot study 
in conjunction with a study of mitochondrial dysfunc-
tion in pediatric sepsis in a single academic PICU. 
For this analysis, patients 3 to less than 18 years old 
treated for severe sepsis/septic shock between January 
2017 and June 2018 were eligible. Sepsis and septic 
shock were defined using consensus pediatric crite-
ria (Supplemental Digital Content, http://links.lww.
com/CCX/A535) (17). Patients less than 3 years old 
were excluded because of previously reported age-
related differences in the microbiome from very young 
children (18). Additional exclusion criteria were sepsis 
for greater than 24 hours, WBC count less than 0.5 × 
103/μL, primary mitochondriopathy, and unrepaired 
cyanotic heart disease. This study was approved by 
the Children’s Hospital of Philadelphia Institutional 
Review Board (IRB Number 16-012691) and separate 
written informed consent for this study was obtained 
after consent was provided for the parent study. A con-
trol group of healthy children was enrolled through 
an unrelated study with separate IRB approval and in-
formed consent to share data.

Data Collection

Data were collected about patient characteristics, organ 
dysfunction, therapies, and vital status. Severity of ill-
ness was determined by the Pediatric Risk of Mortality 
III (19), Pediatric Logistic Organ Dysfunction (20), 
and inotrope (21) scores.

Sample Collection

For sepsis patients, stool samples were collected fol-
lowing a bowel movement as close to study enroll-
ment as available and then every 48 hours (±24 hr) for 
10 days or until hospital discharge. Immediately after 
collection, stool was stored on ice at 4°C, with subse-
quent transfer to –80°C within 48 hours, for batched 
analyses. A days 1–2 blood sample of 7–9 mL was col-
lected as soon as possible after enrollment, with addi-
tional blood collected between study days 3–6 (day 3 
preferred, but collected at least 2 d after first sample) 
and again between days 8–14. For healthy controls, a 
single stool sample was collected for sequencing of the 
intestinal microbiome. Stool and plasma SCFAs and 
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blood for mitochondrial and immune function mea-
surements were only available from sepsis patients.

Microbiome Sequencing

Patients stooled into a specimen collector, from which 
stool was collected using two separate nylon-flocked 
dry swabs (Copan Diagnostics, Murrieta, CA) while 
avoiding urine contamination to the extent pos-
sible. Microbial DNA was isolated from stool using 
the DNeasy PowerSoil Kit (Qiagen, Germantown, 
MD), followed by 16S ribosomal RNA (rRNA) gene 
sequencing by the Children's Hospital of Philadelphia 
Microbiome Center as detailed in the Supplemental 
Digital Content (http://links.lww.com/CCX/A535). 
The composition of the intestinal microbiome was 
described using alpha- and beta-diversity (4).

Short-Chain Fatty Acids

Approximately 50–150 mg of stool was aliquoted into 
two microcentrifuge tubes and stored at –80°C for 
batched analysis of stool SCFAs. One to 2 mL of blood 
was collected in an EDTA vacutainer and, within 30 
minutes of collection, was centrifuged at 3,000 g for 
15 minutes at 4°C. The supernatant was then stored at 
–80°C for batched analysis of plasma SCFAs. SCFAs 
were quantified as detailed in the Supplemental  
Digital Content (http://links.lww.com/CCX/A535). 
For measurements below the level of assay detection, 
we imputed a value of 1 μmol/g for stool SFCA and 5 
μM for plasma SCFA (the lower limit of detection) to 
facilitate inclusion of these low levels into the analyses.

Mitochondrial Respiration

Mitochondrial respiration was measured in fresh PBMCs 
isolated by density gradient centrifugation (13, 14). The 
rate of oxygen consumption was measured in 2–4 × 106 
intact PBMCs at 37°C using a high-resolution oxygraph 
(Oxygraph-2k; Oroboros Instruments, Innsbruck, 
Austria) as previously described (13, 14) (further details 
in Supplementary Digital Content, http://links.lww.
com/CCX/A535). We directly measured baseline (rou-
tine) respiration, proton leak after inhibition of ATP 
synthase (LEAK), and maximal uncoupled respiration 
through the electron transport system (ETSmax), with 
subtraction of non-mitochondrial respiration from all 
parameters. Respiration supporting mitochondrial ATP 

synthesis (ATP-linked respiration) was calculated as 
routine minus LEAK. Spare respiratory capacity (SRC), 
calculated as ETSmax minus routine respiration, is the 
mitochondrial bioenergetic reserve available for cells to 
produce ATP in response to a stress-induced increase in 
metabolic demand (22).

Immune Function

Ex vivo lipopolysaccharide (LPS)-stimulated whole 
blood tumor necrosis factor (TNF)-α was measured 
by mixing 50 μL heparinized whole blood with 500 
μL (250 pg) of phenol-extracted LPS from Salmonella 
enterica abortus equi (Sigma-Aldrich, St. Louis, MO, 
L5886) within 60–90 minutes of blood collection, as 
previously described (23). The sample was then incu-
bated for four hours at 37°C, following which the 
sample was centrifuged at 1,000 g for 5 minutes. The 
resulting supernatant was stored at –80°C for batched 
analysis. TNF-α was measured using a commercially 
available enzyme-linked immunosorbent assay kit 
(Invitrogen KHC3011C, Waltham, MA).

Statistical Analysis

Analyses were performed using R 3.6.2 (R Foundation, 
Vienna, Austria) and STATA (StataCorp Version 12.1, 
College Station, TX). Descriptive data were compared 
using Wilcoxon rank-sum or Fisher exact tests, respec-
tively. Taxa distribution for sepsis and control patients 
are presented as a heatmap with alpha-diversity shown 
as box plots and beta-diversity as 2D principal coor-
dinate analysis (PCoA) plots. We used linear mixed-
effects modeling, with patient as a random effect 
to account for repeated measurements, to compare 
alpha-diversity between sepsis patients and healthy 
controls and, separately, to determine the association 
of alpha-diversity with stool and plasma SCFA levels. 
We examined the association of beta-diversity with 
SCFA patterns on PCoA plots and quantified the as-
sociation using a permutational multivariate anal-
ysis of variance test as implemented by the function 
“adonis” in the vegan R package 2.5-6 (R Foundation).  
We then examined if the abundance of individual dom-
inant taxa was associated with SCFAs and tested the as-
sociation of both microbial diversity and SCFA levels 
with PBMC mitochondrial respiration and immune 
function using linear mixed modeling with patient as 
a random effect. Statistical significance was defined as 
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p value of less than 0.05 after correction for multiple 
comparisons using the Benjamini-Hochberg false dis-
covery rate method.

RESULTS

Patients

Forty-four patients with sepsis were enrolled. One 
enrolled patient was determined not to have met all 
eligibility criteria prior to study procedures, leaving 
43 patients with sepsis available for analysis (eFig. 1, 
http://links.lww.com/CCX/A536). Blood was collected 
from 41 (95%), including a days 1–2 sample from 41, 
days 3–6 from 35, and days 8–14 from 23 patients. Stool 
samples were collected from 32 (74%) of the sepsis 
patients, including at least one sample between days 
1–2 from 19, between days 3–6 from 18, and between 
days 8–14 from 14 patients (eTable 1, http://links.lww.
com/CCX/A544). Missing blood samples were due to 
clinical improvement with removal of blood-drawing 
access (no patients died prior to day 14), whereas lack 
of stool availability was the primary reason for missing 
stool samples. Stool samples from 44 healthy children 
were included in the analysis of the intestinal micro-
biome as a control group. Patient characteristics are 
shown in eTable 2 (http://links.lww.com/CCX/A545).

Intestinal Dysbiosis

The intestinal microbiota of pediatric sepsis patients 
differed substantially from the profile of healthy con-
trols, particularly after days 1–2 (eFig. 2a, http://
links.lww.com/CCX/A537). The microbiome of 
sepsis patients came to be dominated by taxa such 
as Enterobacteriaceae, Streptococcus, and Veillonella, 
while more typical taxa observed in healthy control 
samples, such as Bacteroides and Faecalibacterium, 
were depleted or missing in a number of pediatric 
sepsis patients, particularly after days 1–2. This pattern 
is characteristic of intestinal dysbiosis, which has been 
previously associated with inflammation or antibiotic 
exposure.

Because exposure to antibiotics might have lowered 
the total bacterial abundance in sepsis patients relative 
to healthy controls, we sought to estimate the bacterial 
load in our sample set. We used the post-polymerase 
chain reaction (PCR) concentration of 16S rRNA gene 
amplicons, measured during the sequencing protocol, 

as an approximate measure of total bacteria in each 
sample in order to identify large-scale differences be-
tween groups. The total concentration of PCR products 
was lower in samples from the sepsis group relative to 
healthy controls (p = 0.004; eFig. 2b, http://links.lww.
com/CCX/A537). Analysis with mixed-effects models 
indicated that prominent bacterial taxa differed in abun-
dance by several orders of magnitude after correction 
by post-PCR DNA concentration (eFig. 2c, http://links.
lww.com/CCX/A537). In particular, the mean abun-
dance of Klebsiella and Enterobacteriaceae was increased 
in sepsis (eFig. 3, http://links.lww.com/CCX/A538).

Overall, sepsis patients demonstrated significantly 
lower alpha-diversity compared with healthy controls 
that was evident among all stool samples from sepsis 
patients (Fig. 1, A and B) and when analyzed over 
time (Fig. 1, E and F). In addition, the dispersion or 
variation among bacterial communities was greatly 
increased in sepsis samples relative to healthy controls, 
as indicated by a change in unweighted and weighted 
beta-diversity (Fig.  1, C, D, G, and H). In addition, 
sepsis samples exhibited a longer distance from the 
healthy control centroid at all timepoints, indicating a 
persistent departure from a healthy microbiota config-
uration (eFig. 4, http://links.lww.com/CCX/A539).

Stool and Plasma SCFAs

Plasma SCFAs were available from 39 of 41 (95%) and 
stool SCFAs were available from 29 of 32 (91%) of 
sepsis patients with blood and stool collected, respec-
tively. Plasma and stool SCFA values in sepsis patients 
by study day are shown in eFigure 5 (http://links.lww.
com/CCX/A535). There was poor correlation between 
stool and plasma levels of all SCFAs (data not shown). 
Decreased alpha-diversity among sepsis patients was 
associated with increased stool acetic (Fig. 2A) and 
propionic acid (Fig. 2B) but not with plasma levels 
of these SCFAs (Fig. 2, C and D). Decreased alpha-
diversity was also associated with lower levels of both 
stool and plasma isobutyric acid, but the association 
was primarily driven by two sepsis patients with out-
lier values (data not shown). Beta-diversity, measured 
with UniFrac distance, was associated with plasma bu-
tyric acid and stool butyric, acetic, and propionic acid 
(eFig. 6, http://links.lww.com/CCX/A541). Although 
associations were estimated using methods robust to 
outliers, we noted a high level of variation in SCFA 
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levels with many SCFA concentrations near the min-
imum level of detection.

To determine if SCFA levels were associated with 
specific changes within the intestinal microbiome de-
spite a high degree of variation in overall bacterial com-
munity composition, we examined individual taxa. In 
particular, we found that loss of commensal anaerobes 
from the abundances observed among healthy controls, 
mainly from lower abundance of commensal obligate 
anaerobes among the Bacteroidetes and Clostridia, was 
associated with higher levels of stool acetic acid and 
lower levels of stool butyric, isobutyric, and caproic 
acids (eTable 3, http://links.lww.com/CCX/A546). 
However, we did not observe an association between 
post-PCR bacterial DNA abundance and stool or 
plasma SCFA concentrations (eFig. 7, http://links.lww.
com/CCX/A542).

Mitochondrial Respiration

Beta-diversity was weakly associated with PBMC mi-
tochondrial basal, ATP-linked, LEAK, and ETSmax res-
piration and SRC in sepsis patients (eTable 4, http://
links.lww.com/CCX/A547). However, alpha-diversity 
was not associated mitochondrial respiration (eTable 
4, http://links.lww.com/CCX/A547). Lower PBMC mi-
tochondrial respiration was associated with decreased 
levels of plasma butyric acid (Fig. 3A–E), but not with 
other microbial-derived SCFAs.

Immune Function

Reduced microbial diversity was not associated with ex 
vivo LPS-stimulated whole blood TNF-α on study days 
1–2 or 3–6, but there was an inverse correlation on study 
days 8–14 (eFig. 8, http://links.lww.com/CCX/A543).  

Figure 1. Alpha- and beta-diversity of the intestinal microbiome in sepsis and control patients. Alpha-diversity represented as the 
difference in the (A) operational taxonomic unit (OTU) count, or number of different species in a sample (“richness”) and (B) Shannon 
diversity that indicates both richness and relative abundance of difference species between healthy controls and all sepsis stool samples, 
irrespective of study day collected. For alpha-diversity, lower values reflect reduced microbial diversity indicative of intestinal dysbiosis. 
Data are presented in box plot analysis with the central line indicating the median and boxes indicating the interquartile range. Beta-
diversity presented as 2D principal coordinate analysis (PCoA) plots for (C) unweighted UniFrac accounting only for differences in 
species “richness” and (D) weighted UniFrac accounting for both richness and relative abundance of difference species with healthy 
controls (orange dots) tightly clustered and sepsis patients (blue dots) more diffusely spread. Only a portion of sepsis samples 
overlapped with healthy controls, whereas most were distant from the healthy controls along the first principal coordinate axis. Alpha-
diversity by (E) OTU count and (F) Shannon index and beta-diversity by (G) unweighted UniFrac and (H) weighted UniFrac are also 
shown with sepsis samples separated by time of collection (A, study days 1–2; B, days 3–4; C, days 5–6; D, days 7–8; and E, days 
9–10). A time-dependent decrease in richness (E) and Shannon diversity (F) in the gut microbiota of sepsis patients and a difference in 
the microbiota profile between timepoints based on analysis of unweighted (G) and weighted (H) UniFrac distance were evident.  
*p < 0.01 compared with controls, with all analyses corrected for repeated measures and multiple comparisons.
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There was no association of plasma or stool SCFAs 
with LPS-stimulated TNF-α on any study day (data 
not shown). However, PBMC mitochondrial respira-
tion was associated with LPS-stimulated TNF-α, such 
that patients with lower levels of mitochondrial respi-
ration also exhibited greater tolerance to ex vivo LPS 
stimulation as measured by lower TNF-α production 
(Fig. 3F–H).

DISCUSSION

In this pilot study, intestinal dysbiosis was evident 
early in sepsis in children, with a further reduction 
in microbial diversity over time. Intestinal dysbiosis, 
with loss of commensal anaerobes, was associated with 

increased acetic and propi-
onic acids and decreased 
butyric acid. In addition, 
lower levels of plasma bu-
tyric acid were associated 
with a decrease in PBMC 
mitochondrial respira-
tion. Finally, decreased 
mitochondrial respiration 
was associated with a re-
duction in ex vivo LPS-
stimulated whole blood 
TNF-α. Together, these 
preliminary findings led us 
to hypothesize a concep-
tual framework in which 
sepsis-induced intestinal 
dysbiosis may impact 
immunometabolic func-
tion through alterations in 
microbial-derived SCFAs 
in children with severe 
sepsis/septic shock (Fig. 4).  
However, the lack of asso-
ciations of reduced micro-
bial alpha-diversity with 
mitochondrial respiration 
and alpha-diversity or 
stool/plasma SCFAs with 
LPS-stimulated TNF-α 
argue against a direct effect 
of the intestinal microbi-
ome on the immunological 

response to sepsis in children through the effects of 
microbial-derived SCFAs on mitochondrial function 
within immune cells.

Since critical illness was shown to alter the ecosystem 
of the body’s microbiota (24), numerous studies have 
reported taxonomic changes in adults (25–27), neo-
nates (28–30), and children (4) with sepsis. Similarly, 
we found a decrease in microbial diversity in chil-
dren with sepsis compared with normal health that 
worsened over time, with a notable rise in the abun-
dance of common pathogens (e.g., Staphylococcus, 
Enterobacteriaceae, and Pseudomonas). In addition, 
we observed a depletion of anaerobes associated with 
intestinal health, such as Roseburia, Eubacterium, and 
Faecalibacterium. Although our study was not intended 

Figure 2. Alpha-diversity associated with short-chain fatty acids. Alpha-diversity indicated by 
operational taxonomic unit (OTU) count, or number of different species in a sample (“richness”), of 
the intestinal microbiome in sepsis patients was indirectly associated with stool acetic acid (A) and 
propionic acid (B). However, there was no association of alpha-diversity with plasma acetic acid (C) 
or propionic acid (D). Analyses are corrected for repeated measures and multiple comparisons.
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to distinguish between the impact of sepsis itself from 
antibiotics, altered nutrition, or changes in perfusion 
on the intestinal microbiome, it is likely that reduction 
in microbial diversity we observed in this study was 
multifactorial.

Despite emerging data that variation in the micro-
biome can modify the immunologic response to and 
clinical outcomes from sepsis (31), the mechanisms 

underlying this potential link are not clear. In this 
study, we investigated the possibility that changes in 
SCFAs would follow loss of microbial diversity. Within 
sepsis patients, more severe alterations in the intestinal 
microbiome and loss of commensal anaerobes were as-
sociated with a pattern of SCFAs that included increased 
acetic and propionic acids and decreased butyric acid. 
SCFA production by the intestinal microbiome is 

Figure 3. Association of peripheral blood mononuclear cell (PBMC) mitochondrial respiration with short-chain fatty acids and ex vivo 
lipopolysaccharide (LPS)-stimulated whole blood tumor necrosis factor (TNF)-α production. Lower levels of plasma butyric acid were 
associated with decreased basal (A) and adenosine triphosphate (ATP)-linked mitochondrial respiration (B) but not proton leak after 
inhibition of ATP synthase (LEAK) (C), maximal uncoupled respiration through the electron transport system (ETSmax) (D), or spare 
respiratory capacity (SRC) (E). Analyses are corrected for repeated measures and multiple comparisons. Basal (F), ATP-linked (G), and 
ETSmax (H) respiration were directly correlated with ex vivo LPS-stimulated whole blood TNF-α production in sepsis patients. All analyses 
are corrected for repeated measures and multiple comparisons.
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regulated by the bacterial species composition, as well 
as by diet, substrate availability, and intestinal transit 
time (32). Therefore, we cannot attribute changes in 
SCFAs solely to changes in the microbiome. However, 
the loss of commensal anaerobes and general low lev-
els of SCFAs in this study are consistent with a report 
from critically ill adults (25).

Butyric acid is especially interesting given its es-
tablished role in immune homeostasis (33). Prior 
studies of the microbiome in critical illness have 
similarly reported a loss of butyrate-producing ob-
ligate anaerobes, such as Roseburia, Eubacterium, 
and Faecalibacterium (4), with a decrease in detect-
able stool butyrate levels (25, 34). Furthermore, our 
observed association of low plasma butyrate with 
decreased PBMC mitochondrial respiration is con-
sistent with prior studies of the effect of butyrate on 
mitochondrial function (35). For example, Gao et al 
(8) demonstrated that mice fed a low-butyrate diet 
exhibited lower mitochondrial function in adipocytes 
and skeletal muscle. In contrast, butyrate supplemen-
tation augmented mitochondrial respiration in lym-
phoblastoid cell lines from children with autism (36). 
Furthermore, in a rat model of sepsis, treatment with 
butyrate decreased inflammation, alleviated mucosal 
injury, and decreased mortality (37). The consistency 
of these findings supports further investigation into 
whether loss of microbial-derived butyrate is mech-
anistically linked to the immuno-inflammatory-met-
abolic response characteristic of sepsis and could be 
useful as a therapy.

We also found an association of increased stool 
acetic and propionic acid with loss of microbial diver-
sity. Acetic acid is produced by select Gram-negative 
bacteria, and low levels have been associated with late-
onset sepsis in preterm neonates (30). Propionic acid 
is produced by obligate anaerobes found within the 
normal microbiome (38), and low levels have been as-
sociated with increased inflammation in humans (25). 
Propionic acid is also a normal intermediate of human 
metabolism and consumed in foods (as a preserva-
tive). High levels of acetic and propionic acids can also 
inhibit the tricarboxylic cycle and impair mitochon-
drial oxidative phosphorylation (39, 40). However, in 
our study, neither acetic nor propionic acid carried 
through to an association with PBMC mitochondrial 
respiration.

The last step in our theoretical conceptual frame-
work links mitochondrial dysfunction to immunopa-
ralysis. Although we did find that lower rates of PBMC 
mitochondrial respiration were associated with a de-
crease in ex vivo LPS-stimulated TNF-α, we did not 
identify a statistical continuum between intestinal 
dysbiosis or a specific pattern of SCFAs and immune 
function among sepsis patients (Fig. 4). We focused 
on LPS-stimulated TNF-α because prior studies have 
demonstrated that mitochondrial function is down-
regulated in immune cells rendered tolerant to TNF-α 
production (15, 41). However, LPS-stimulated TNF-α 
may not be a sensitive indicator of the effects of dys-
biosis or microbial-derived SCFAs on immunological 
function, as it is largely a feature monocyte (rather 

Figure 4. Conceptual model of the pathway from sepsis-induced intestinal dysbiosis to immune dysregulation in pediatric sepsis. 
In sepsis, the pathogen, host response, and therapies directly alter the composition of the intestinal microbiome. A loss of intestinal 
microbial diversity includes loss of commensal organisms and expansion of pathogenic species, which can influence the pathogen-
host interaction. We hypothesize the loss of intestinal microbial diversity will alter the microbial-derived short-chain fatty acid milieu 
and contribute to mitochondrial-induced immune dysregulation to further influence the septic response. In this study, we demonstrated 
associations of: sepsis with intestinal dysbiosis (A), intestinal dysbiosis with select SCFAs (stool acetic acid and stool propionic acid 
[B]), low butyric acid with low mitochondrial respiration (C), and low mitochondrial respiration with diminished tolerance to ex vivo 
lipopolysaccharide stimulation as measured by lower tumor necrosis factor-α production (D).
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than lymphocyte) activation. It would be important, 
therefore, to investigate the relationship between 
microbial-derived SCFAs in sepsis and immunometa-
bolic function within additional cell compartments.

There are several limitations to this study. First, as 
this was a small pilot study, statistical power was limited 
to reach definitive conclusions. Second, the available 
control group with microbiome data was comprised 
of healthy children with a higher median age than the 
sepsis group, and a comparator group of critically ill 
children without sepsis was not accessible for this pilot 
study. Third, because stool samples were not available at 
all timepoints from all patients, direct comparisons of 
serial changes across patients were not possible. Thus, 
we chose to analyze all data available, irrespective of 
timepoint collected. However, we did account for re-
peated measurements within each patient. Fourth, we 
were unable to account for potential confounders, in-
cluding differences in nutrition and antibiotic admin-
istration, due to the small sample size. It is likely that 
the alterations in intestinal microbiome and associated 
changes in SCFAs were related to the particular anti-
biotics used to treat these patients, such that general-
izability to patients treated with different antibiotics is 
not known. Fifth, we measured both stool and plasma 
SCFAs because we believed that stool concentrations 
would more closely reflect microbial fermentation and 
plasma concentrations would more likely to reflect mi-
tochondrial and immune function in PBMCs. Indeed, 
we did find that stool SCFAs (e.g., acetic and propionic 
acids) were more closely associated with dysbiosis, 
while plasma SCFAs (e.g., butyrate) were more closely 
associated with mitochondrial respiration. However, 
we cannot exclude the possibility that parenteral thera-
pies influenced plasma SCFA levels (e.g., dilution from 
transfusion, acetate in fluids). Finally, although micro-
biomes were sequenced from a control group of health 
children, other study measures, including SCFAs, mi-
tochondrial function, and immune function, were not 
collected from this comparison group.

CONCLUSIONS

We provide preliminary evidence that intestinal dys-
biosis is linked to alterations in SCFA metabolites, 
of which decreased butyric acid was associated with 
lower PBMC mitochondrial respiration. Although 
we did not identify a statistical continuum between 

intestinal dysbiosis or a specific pattern of SCFAs with 
a commonly used measure of immune function, these 
initial findings do support more detailed mechanistic 
studies to test a possible role of microbial-derived 
SCFAs in the progression of sepsis and whether thera-
pies targeting the microbiome can improve outcomes.

ACKNOWLEDGMENTS

We thank the staff of the Childrenʹs Hospital of 
Philadelphia (CHOP) Microbiome Center and 
the Microbial Culture and Metabolomics, High-
Throughput Sequencing, and Analytics Cores of the 
PennCHOP Microbiome Program for their contribu-
tions to study measurements and analysis.

	 1	 Department of Anesthesiology and Critical Care, Children’s 
Hospital of Philadelphia, University of Pennsylvania 
Perelman School of Medicine, Philadelphia, PA.

	 2	 Pediatric Sepsis Program at the Children’s Hospital of 
Philadelphia, Philadelphia, PA.

	 3	 Center for Mitochondrial and Epigenomic Medicine at the 
Children’s Hospital of Philadelphia, Philadelphia, PA.

	 4	 Division of Gastroenterology, Hepatology, and Nutrition, 
Children’s Hospital of Philadelphia, Philadelphia, PA.

	 5	 Division of Gastroenterology, Perelman School of Medicine, 
University of Pennsylvania, Philadelphia, PA.

	 6	 Department of Pediatrics, Children’s Hospital of Philadelphia, 
University of Pennsylvania Perelman School of Medicine, 
Philadelphia, PA.

	 7	 Department of Microbiology, Perelman School of Medicine, 
University of Pennsylvania, Philadelphia, PA.

	 8	 Department of Medicine, University of Pennsylvania 
Perelman School of Medicine, Philadelphia, PA.

Supplemental digital content is available for this article. Direct 
URL citations appear in the printed text and are provided in the 
HTML and PDF versions of this article on the journal’s website 
(http://journals.lww.com/ccejournal).

Supported, in part, by grant from Eunice Kennedy Shriver 
National Institute of Child Health and Human Development 
K12HD047349 (to Dr. Weiss), National Institute of General 
Medical Sciences K23GM110496 (to Dr. Weiss), the Society 
of Critical Care Medicine Weil Research Grant (to Dr. Weiss), 
and the Center for Mitochondrial and Epigenomic Medicine 
(although grants awarded to Dr. Wallace including National 
Institutes of Health NS021328, MH108592, OD010944, and 
U.S. Department of Defense grant W81XWH-16-1-0401) and 
Department of Anesthesiology and Critical Care at the Children’s 
Hospital of Philadelphia. The collection of healthy control subjects 
was funded by a Tobacco Formula grant from the Pennsylvania 
Department of Health. This Tobacco Formula grant is under the 

http://journals.lww.com/ccejournal


Weiss et al

10          www.ccejournal.org	 xxx 2021 • Volume 3 • Number 1

Commonwealth Universal Research Enhancement program with 
the grant number SAP # 4100068710.

The authors have disclosed that they do not have any potential 
conflicts of interest.

For information regarding this article, E-mail: WeissS@email.
chop.edu

This study was performed at the Children’s Hospital of 
Philadelphia.

REFERENCES
	 1.	 Round JL, Mazmanian SK: The gut microbiota shapes intes-

tinal immune responses during health and disease. Nat Rev 
Immunol 2009; 9:313–323

	 2.	 Littman DR, Pamer EG: Role of the commensal microbiota 
in normal and pathogenic host immune responses. Cell Host 
Microbe 2011; 10:311–323

	 3.	 Dickson RP: The microbiome and critical illness. Lancet Respir 
Med 2016; 4:59–72

	 4.	 Rogers MB, Firek B, Shi M, et al: Disruption of the microbiota 
across multiple body sites in critically ill children. Microbiome 
2016; 4:66

	 5.	 Alverdy JC, Krezalek MA: Collapse of the microbiome, emer-
gence of the pathobiome, and the immunopathology of sepsis. 
Crit Care Med 2017; 45:337–347

	 6.	 Caballero S, Pamer EG: Microbiota-mediated inflammation 
and antimicrobial defense in the intestine. Annu Rev Immunol 
2015; 33:227–256

	 7.	 O’Callaghan A, van Sinderen D: Bifidobacteria and their role as 
members of the human gut microbiota. Front Microbiol 2016; 
7:925

	 8.	 Gao Z, Yin J, Zhang J, et al: Butyrate improves insulin sen-
sitivity and increases energy expenditure in mice. Diabetes 
2009; 58:1509–1517

	 9.	 Hecker M, Sommer N, Voigtmann H, et al: Impact of short- 
and medium-chain fatty acids on mitochondrial function in 
severe inflammation. JPEN J Parenter Enteral Nutr 2014; 
38:587–594

	10.	 Belikova I, Lukaszewicz AC, Faivre V, et al: Oxygen consump-
tion of human peripheral blood mononuclear cells in severe 
human sepsis. Crit Care Med 2007; 35:2702–2708

	11.	 Garrabou G, Morén C, López S, et al: The effects of sepsis on 
mitochondria. J Infect Dis 2012; 205:392–400

	12.	 Japiassú AM, Santiago AP, d’Avila JC, et al: Bioenergetic failure 
of human peripheral blood monocytes in patients with septic 
shock is mediated by reduced F1Fo adenosine-5’-triphos-
phate synthase activity. Crit Care Med 2011; 39:1056–1063

	13.	 Weiss SL, Selak MA, Tuluc F, et al: Mitochondrial dysfunction 
in peripheral blood mononuclear cells in pediatric septic shock. 
Pediatr Crit Care Med 2015; 16:e4–e12

	14.	 Weiss SL, Zhang D, Bush J, et al: Persistent mitochondrial 
dysfunction linked to prolonged organ dysfunction in pediatric 
sepsis. Crit Care Med 2019; 47:1433–1441

	15.	 Cheng SC, Scicluna BP, Arts RJ, et al: Broad defects in the 
energy metabolism of leukocytes underlie immunoparalysis in 
sepsis. Nat Immunol 2016; 17:406–413

	16.	 Kraft BD, Chen L, Suliman HB, et al: Peripheral blood mon-
onuclear cells demonstrate mitochondrial damage clearance 
during sepsis. Crit Care Med 2019; 47:651–658

	17.	 Goldstein B, Giroir B, Randolph A; International Consensus 
Conference on Pediatric Sepsis: International Pediatric Sepsis 
Consensus Conference: Definitions for sepsis and organ dys-
function in pediatrics. Pediatr Crit Care Med 2005; 6:2–8

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

	19.	 Pollack MM, Patel KM, Ruttimann UE: PRISM III: An updated 
Pediatric Risk of Mortality score. Crit Care Med 1996; 
24:743–752

	20.	 Leteurtre S, Martinot A, Duhamel A, et al: Validation of the 
Paediatric Logistic Organ Dysfunction (PELOD) score: 
Prospective, observational, multicentre study. Lancet 2003; 
362:192–197

	21.	 Gaies MG, Gurney JG, Yen AH, et al: Vasoactive-inotropic score 
as a predictor of morbidity and mortality in infants after cardi-
opulmonary bypass. Pediatr Crit Care Med 2010; 11:234–238

	22.	 Brand MD, Nicholls DG: Assessing mitochondrial dysfunction 
in cells. Biochem J 2011; 435:297–312

	23.	 Hall MW, Knatz NL, Vetterly C, et al: Immunoparalysis and nos-
ocomial infection in children with multiple organ dysfunction 
syndrome. Intensive Care Med 2011; 37:525–532

	24.	 Johanson WG, Pierce AK, Sanford JP: Changing pharyn-
geal bacterial flora of hospitalized patients. Emergence of 
gram-negative bacilli. N Engl J Med 1969; 281:1137–1140

	25.	 Shimizu K, Ogura H, Goto M, et al: Altered gut flora and en-
vironment in patients with severe SIRS. J Trauma 2006; 
60:126–133

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

	27.	 Liu Z, Li N, Fang H, et al: Enteric dysbiosis is associated with 
sepsis in patients. FASEB J 2019; 33:12299–12310

	28.	 Baranowski JR, Claud EC: Necrotizing enterocolitis and 
the preterm infant microbiome. Adv Exp Med Biol 2019; 
1125:25–36

	29.	 Patel RM, Denning PW: Intestinal microbiota and its relationship 
with necrotizing enterocolitis. Pediatr Res 2015; 78:232–238

	30.	 Stewart CJ, Embleton ND, Marrs ECL, et al: Longitudinal de-
velopment of the gut microbiome and metabolome in pre-
term neonates with late onset sepsis and healthy controls. 
Microbiome 2017; 5:75

	31.	 Fay KT, Klingensmith NJ, Chen CW, et al: The gut microbiome 
alters immunophenotype and survival from sepsis. FASEB J 
2019; 33:11258–11269

	32.	 Macfarlane S, Macfarlane GT: Regulation of short-chain fatty 
acid production. Proc Nutr Soc 2003; 62:67–72

mailto:WeissS@email.chop.edu
mailto:WeissS@email.chop.edu


Original Clinical Report

Critical Care Explorations	 www.ccejournal.org          11

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

	34.	 Machiels K, Joossens M, Sabino J, et al: A decrease of 
the butyrate-producing species Roseburia hominis and 
Faecalibacterium prausnitzii defines dysbiosis in patients with 
ulcerative colitis. Gut 2014; 63:1275–1283

	35.	 Saint-Georges-Chaumet Y, Edeas M: Microbiota-mitochondria 
inter-talk: Consequence for microbiota-host interaction. Pathog 
Dis 2016; 74:ftv096

	36.	 Rose S, Bennuri SC, Davis JE, et al: Butyrate enhances mi-
tochondrial function during oxidative stress in cell lines from 
boys with autism. Transl Psychiatry 2018; 8:42

	37.	 Fu J, Li G, Wu X, et al: Sodium butyrate ameliorates intestinal 
injury and improves survival in a rat model of cecal ligation and 
puncture-induced sepsis. Inflammation 2019; 42:1276–1286

	38.	 Gonzalez-Garcia RA, McCubbin T, Wille A, et al: Awakening 
sleeping beauty: Production of propionic acid in Escherichia 
coli through the sbm operon requires the activity of a methyl-
malonyl-CoA epimerase. Microb Cell Fact 2017; 16:121

	39.	 MacFabe DF: Enteric short-chain fatty acids: Microbial mes-
sengers of metabolism, mitochondria, and mind: Implications 
in autism spectrum disorders. Microb Ecol Health Dis 2015; 
26:28177

	40.	 Frye RE, Rose S, Chacko J, et al: Modulation of mitochon-
drial function by the microbiome metabolite propionic acid 
in autism and control cell lines. Transl Psychiatry 2016; 
6:e927

	41.	 Villarroel JP, Guan Y, Werlin E, et al: Hemorrhagic shock and 
resuscitation are associated with peripheral blood mononu-
clear cell mitochondrial dysfunction and immunosuppression. 
J Trauma Acute Care Surg 2013; 75:24–31


