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Physiological Adaptations to Environmental Stressors and Challenging Conditions

Gut microbiota-targeted dietary supplementation with fermentable fibers and
polyphenols prevents hypobaric hypoxia-induced increases in intestinal
permeability
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Abstract

Interactions between the gut microbiota and intestinal barrier may contribute to the pathophysiology of high-altitude illnesses.
This study aimed to determine the effects of targeting the gut microbiota using dietary supplementation with a blend of ferment-
able fibers and polyphenol sources on gut microbiota composition, fecal short-chain fatty acids (SCFAs), and intestinal function
and permeability during hypobaric hypoxia exposure. Healthy adults participated in a randomized, placebo-controlled, crossover
study. Food products containing oligofructose-enriched inulin, galacto-oligosaccharide, high-amylose corn starch, cocoa, green
tea and cranberry extracts, and blueberry powder (FP) or maltodextrin (placebo; PL) were consumed daily during three 2-wk
phases separated by a >1-wk washout. During the final 36 h of each phase, participants resided in a hypobaric chamber simulat-
ing low (LA; 500 m) or high (HA; 4,300 m) altitude creating three experimental conditions: PL + LA, PL + HA, and FP + HA.
Twenty-six participants completed >1 study phase and 13 [12 male; 21 + 3 yr; body mass index (BMI) 25.4+2.4 kg/mz] completed
all three phases. Results demonstrated that FP mitigated hypoxia-induced increases in intestinal permeability within the small
intestine and proximal colon while increasing Bifidobacterium relative abundance and decreasing gut microbiota a-diversity and
colonic pH. Higher Bifidobacterium relative abundance and lower colonic pH were associated with greater reductions in intesti-
nal permeability. However, FP did not alter fecal SCFA concentrations and increased gastrointestinal symptoms and altitude sick-
ness during hypobaric hypoxia exposure. Findings suggest that targeting the gut microbiota with a combination of fermentable
fibers and polyphenols can prevent hypobaric hypoxia-induced increases in intestinal permeability but that benefit does translate
into a reduction in altitude illness symptoms.

NEW & NOTEWORTHY Dietary supplementation targeting the gut microbiota may provide novel approaches to improving physi-
ologic responses to environmental stressors such as those experienced during sojourn at high terrestrial altitudes. This study
demonstrated that gut microbiota-targeted dietary supplementation using a blend of fermentable fibers and polyphenol sources
can prevent hypobaric hypoxia-induced decrements in intestinal permeability. Findings support the emerging concept that the
gut microbiota may be a modifiable factor influencing physiologic responses in austere environments.

acute mountain sickness; gut health; inflammation; phenolic; prebiotic

INTRODUCTION altitude increases, the partial pressure of oxygen in the
atmosphere decreases, resulting in a hypobaric hypoxia that

The gut microbiota is increasingly considered a potential reduces transport and delivery of oxygen to body tissues. In
mediator of host responses to environmental stress (1-3). rodent models, exposure to real or simulated altitudes of
One such stress is sojourn at high terrestrial altitudes (4). As  3,800-4,700 m can cause oxidative stress, inflammation,
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cellular atrophy, and dysfunction within the intestinal bar-
rier (5-10). Similarly, human studies have reported endo-
scopic lesions and increases in markers of intestinal barrier
damage, intestinal permeability, and systemic inflammation
within hours-to-days of exposure to real or simulated alti-
tudes of 4,000-4,600 m, particularly when coupled with
exercise (11-15). Potential consequences of this hypoxia-
induced intestinal barrier damage include dysbiosis within
the gut microbiota (1), translocation of microbiota-derived
antigens such as lipopolysaccharide (LPS) from the gut
lumen into circulation, and subsequent systemic inflamma-
tory responses (16). Though speculative, such responses
may, in turn, contribute to the development of altitude ill-
nesses (17, 18), including acute mountain sickness (AMS),
which range in severity from nuisance to life-threatening
and are commonly characterized by a constellation of symp-
toms that include several gastrointestinal issues (19, 20).

The gut microbiota modulates intestinal barrier function
through various mechanisms including direct interactions
with immune cells and production of barrier-protecting
small molecules. Microbiota-derived short-chain fatty acids
(SCFAs) may be particularly important due to their influence
on immune responses, mucus secretion, inflammation, gene
expression, cellular metabolism, and oxidative state within
the gastrointestinal tract (21, 22). Notably, gut microbiota
depletion prevented hypoxia-induced intestinal barrier dys-
function in mice exposed to 4,000 m simulated altitude (10),
and fecal microbiota transplantation from mice exposed
to simulated altitudes of >4,000 m caused intestinal
damage and inflammation in recipient animals (8, 10).
Furthermore, targeting the murine gut microbiota using pro-
biotics and synbiotics has been shown to reduce damage
and immune dysregulation within the intestinal barrier at
simulated altitudes of 3,500-7,600 m (9, 23-25). Though
human studies are scarce, some have reported increased
abundances of LPS-producing gut bacteria and decreased
abundances of beneficial, intestinal barrier protecting gen-
era such as Bifidobacterium and Lactobacillus, concomitant
with increases in inflammation and intestinal permeability
in sojourners ascending to >4,300 m (14, 26). Furthermore,
inverse associations between fecal SCFA concentrations and
intestinal permeability have been reported during sojourn at
4,300 m (2), and SCFA treatment can temporarily enhance
intestinal barrier function in in vitro enteroid models of
hypoxia (27). Collectively, this evidence suggests that the gut
microbiota may contribute to hypoxia-induced intestinal
barrier damage and could be a novel intervention target for
reducing intestinal permeability and related sequelae during
high altitude sojourn.

Dietary supplementation with fermentable fibers and poly-
phenolic compounds provides one possible approach to favor-
ably modulating host-gut microbiota interactions impacting
intestinal barrier function. Fermentable fibers include certain
nondigestible poly- and oligosaccharides such as high amylose
maize starch, inulin, oligofructose, and galacto-oligosaccha-
rides (28). Collectively, these fibers promote the growth of ben-
eficial bacteria such as Bifidobacterium spp. and Lactobacillus
spp. (29) and are metabolized by cross-feeding consortia of gut
microbes into the SCFA acetate, propionate, and butyrate (30).
Beneficial health effects of these SCFA, butyrate in particular,
include reducing colonic pH and inflammation, providing an
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energy source for intestinal epithelial cells, and stimulating
epithelial cell growth and intestinal barrier integrity (31, 32).
Polyphenols are a diverse class of compounds ubiquitous in
plant foods that have poor bioavailability in the small intestine
(33). However, polyphenols are transformed into a variety of
bioavailable compounds by the gut microbiota (34), and some
may be considered candidate prebiotics (28). Those include
polyphenols derived from cocoa, green tea, blueberry, and
cranberry, which promote the growth of beneficial bacteria
(35), deter the growth of proinflammatory microbes, and have
anti-inflammatory, antioxidative, and antimicrobial proper-
ties (36) that benefit gut barrier function (37).

Consuming various fermentable fibers and polyphenolic
compounds has been shown to promote intestinal barrier
function in in vitro and animal models (37-39). Some, but
not all, human studies have reported similar effects particu-
larly when intestinal barrier dysfunction is induced experi-
mentally or associated with a disease state (37, 38). The
extent to which these gut microbiota-targeted dietary inter-
ventions attenuate intestinal barrier damage in healthy indi-
viduals exposed to hypoxic stress such as that experienced
during high altitude sojourn is unknown. To address that
gap, our team developed a dietary intervention containing a
blend of three fermentable fiber and four polyphenol sour-
ces: oligofructose-enriched inulin, galacto-oligosaccharide,
high-amylose corn starch, cocoa, green tea and cranberry
extracts, and blueberry powder. Using an in vitro large intes-
tine fermentation model, we demonstrated independent
beneficial effects of the blends on the gut microbiota that
were additive when combined and resulted in increased
Bifidobacterium and Lactobacillus growth, SCFA production,
and antioxidant potential (40). Herein, we report the results
of a randomized, placebo-controlled crossover trial designed
to determine the impact of the fermentable fiber and poly-
phenol blend on intestinal permeability during short-term
exposure to simulated 4,300 m altitude. Secondary out-
comes included gut microbiota composition, fecal SCFA,
intestinal transit time and pH, circulating markers of
intestinal barrier damage and inflammation, urinary meta-
bolic profiles, and subjective measures of AMS and gastroin-
testinal symptoms. We hypothesized that acute exposure to
simulated 4,300 m altitude would increase intestinal per-
meability and that fermentable fiber and polyphenol sup-
plementation would mitigate that response while favorably
modulating the gut microbiota and gastrointestinal envi-
ronment as indicated by increases in Bifidobacterium,
Lactobacillus, and fecal SCFA.

MATERIALS AND METHODS

Study Population

Generally healthy, physically active adults 18-39 yr of age
were recruited from the U.S. Army Research Institute of
Environmental Medicine, Natick, MA, and surrounding area
between June 2019 and November 2022. Active-duty military
personnel 17 yr of age were also allowed to participate in
accordance with U.S. Department of Defense Instruction
3216.02. All participants met U.S. Army standards for physi-
cal fitness and body composition. Exclusion criteria included
pregnancy, any use of oral antibiotics or colonoscopy within
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3 mo of study participation, a history of gastrointestinal
disease or gastrointestinal surgery, regular use of medica-
tions, metabolic or cardiovascular disease, swallowing dis-
order, sleeping disorder, musculoskeletal injury, anemia
or sickle cell trait, and history of high altitude pulmonary or
cerebral edema. Potential participants were also excluded if
following a vegetarian or vegan diet, if born at an altitude of
>2,100 m or if they had resided in or visited regions
>1,200 m elevation for five or more days within the previous
2 mo. Participants were instructed to discontinue use of any
probiotic, prebiotic, or other dietary supplement at least 2
wk before beginning study participation, to not consume
probiotic-supplemented foods throughout study participa-
tion, and to avoid alcohol, nicotine-containing products and
caffeine during controlled diet periods.

The study was reviewed and approved by the Headquarters
US Army Medical Research and Development Command
Institutional Review Board (approval number: M-10783).
Investigators adhered to the policies regarding the protection
of human subjects as prescribed in Army Regulation 70-25,
and the research was conducted in adherence with the provi-
sions of 32 CFR Part 219. All participants provided written
informed consent before participation and were instructed
that they could withdraw their consent at any time for any
reason. The trial was registered on www.clinicaltrials.gov as
NCTO04111263.

Study Design

The study followed a 3-phase, randomized, placebo-con-
trolled, crossover design (Fig. 1A). During baseline testing,
participants completed a peak oxygen uptake (VOzpeax) test, a
3-day food and activity record, and two steady-state exercise
familiarization sessions. Thereafter, each study phase con-
sisted of a 14-day diet supplementation period with snack
bars that were custom-made for the study, and a >1 wk wash-
out. During days 1-7 of each phase, participants met with
study staff each weekday to consume snack bars and com-
plete questionnaires. During days 8-12 of each phase, partici-
pants met with study staff daily to receive a provided diet
and completed body weight measurements and question-
naires. During days 13-14 of each phase, participants contin-
ued the provided diet while residing in a hypobaric chamber
for 36 h under environmental conditions (18°C-22°C, 20%—
50% relative humidity) mimicking either low altitude (500 m;
barometric pressure = 720 mmHg; LA) or high altitude
(4,300 m; 460 mmHg; HA). A 36-h chamber residence period
was selected to provide time for a 24-h urine collection, to
allow a brief adaptation phase before that urine collection
and to capture the peak time course of AMS severity (com-
monly within 24-48 h of ascent) while also balancing logisti-
cal feasibility and volunteer burden. The altitude was
selected to be consistent with our previous work demonstrat-
ing an increase in intestinal permeability 24 h after ascent to
4,300 m (14). During chamber residence, participants pro-
vided blood, urine, and stool samples; engaged in prescribed
exercise; completed gastrointestinal transit and pH testing;
and were administered several questionnaires (Fig. 1B).
Following chamber residence, the provided diet was contin-
ued for up to 2 days until a stool sample was collected on the
second day.

R380

Three different treatments were tested during the study:
dietary supplementation with fiber and polyphenols (FP) at
HA (FP + HA) and placebo supplementation at LA (PL + LA)
and HA (PL + HA). A fully balanced 2 x 2 design including a
FP + LA condition was not used due to logistical constraints
that limited duration of volunteer availability and the expec-
tation that detecting changes in markers of intestinal barrier
function in unstressed healthy adults with presumably nor-
mal barrier function would be unlikely. Participants were ran-
domly assigned in groups of 2—-4 participants to complete all
three treatments in one of three sequence orders using a ran-
dom number generator. Participants were blinded to the
treatment. Attempts were made to blind participants to the
altitude by not informing them of the environmental condi-
tion being tested, and having staff simulate high altitude test-
ing (e.g., wearing nasal cannulas, keeping chamber doors
locked) throughout all exposures. Study staff were aware of
the altitude but were blinded to treatment during the HA
conditions.

Diet and Intervention

Three separate snack bars, one intervention and two
placebo products, were custom-made for the study by the
US Army Combat Capabilities Command Soldier Center
Combat Feeding Division, Natick, MA (see Supplemental
Table S1 for ingredients list). The intervention snack bar
contained a blend of fermentable fiber and polyphenol
sources (per 50 g snack bar): 1.38 g Orafti Synergy1 (93.2%
oligofructose enriched inulin by dry wt.; Beneo GmbH,
Mannheim, Germany), 1.62 g Bimuno-galactooligosacchar-
ides (85% B-GOS wt/wt; Clasado Biosciences, Reading,
UK), 8.95 g Hi-Maize 260 (59% resistant starch wt/wt;
Ingredion, Inc., Bridgewater, New Jersey), 300 mg cocoa
seed extract (CocoActiv; 45.1% + 2.6% total phenolics dry
wt. catechin equivalents; Naturex; Avignon, France), 3.15 g
wild blueberry powder (4.0% * 0.1% total phenolics dry wt.
gallic acid equivalents [GAE]; Naturex), 220 mg cranberry
extract (Cystricran; 57.2% = 1.3% total phenolics dry wt.
GAE; Naturex), and 125 mg green tea leaf extract (100%
total phenolics dry wt. GAE; Naturex). Placebo products
substituted maltodextrin for the fiber and polyphenol
sources. The PL + LA product differed slightly in color
from the PL + HA and FP + HA products. However, taste,
energy, and macronutrient content were similar between
all products (Table 1).

During days 1-7 of each phase, participants consumed two
snack bars daily during breakfast. During days 8-14, par-
ticipants consumed four snack bars daily split between
breakfast and lunch (Fig. 1B). As such, participants were
consuming 5.0 g/day oligofructose enriched inulin, 5.5 g/day
Bimuno-GOS, 21.1 g/day resistant starch, and ~2.1 g/day total
phenolics from the intervention bars during the second
week of FP + HA. The types and doses of fibers provided
were intended to be consistent with those reported to favor-
ably alter gut microbiota composition and increase SCFA
production (29) while extending fermentation into more dis-
tal regions of the colon (41) and minimizing gastrointestinal
side effects (42). The polyphenol sources used were selected
to provide a broad representation of different polyphenol
families found in plant-based foods and at an intake level

AJP-Regul Integr Comp Physiol » doi:10.1152/ajpregu.00109.2025 - www.ajpregu.org

Downloaded from journals.physiology.org/journal/ajpregu (081.152.123.009) on October 31, 2025.


https://www.clinicaltrials.gov
http://www.ajpregu.org

Q) GUT MICROBIOTA-TARGETED DIET SUPPLEMENTATION DURING HYPOXIA

A Phase 1 Phase 2 Phase 3
g [Piiia ] wep [FPETHAT] ) -
:§§ m) [ PLIA | mp [[FPTHA | mm
S -) ) -
Washout Washout Washout
B Wefk 1 Wefk 2 Washotit >1wk

DayAhﬁﬁﬁﬁﬁd{lll,l*fDE]:i

L

Controlled diet

J

¥

Dietary supplementation (PL or FP)

c * Chamber residence
[ . |
Time (hr) 1 7 13 22 28 35
M M E M M M E M
A A A A A A A A A
B B G B B G

Stool collection

Intestinal permeability & urine metabolic profiling

HEEEN

Intestinal transit and pH

1)

Entry Q Y5 dose

B full dose

* Chamber residence
(LA or HA); full dose

A Stool sample

A, Acute Mountain Sickness questionnaire and O, saturation

Exit

B, Blood sample collection

E, Exercise (60min at 55-60% estimated high altitude VO, peak)
G, Gastrointestinal symptoms questionnaires

M, Meal + diet supplement

Figure 1. Study design. A: three-phase crossover trial wherein participants were randomly assigned to one of three condition orders. Each condition
included dietary supplementation with a fermentable fiber and polyphenol-rich intervention (FP) or matched placebo (PL) before and during 36-h resi-
dence in a hypobaric chamber under low-altitude (LA, 500 m) or high-altitude (HA, 4,300 m) conditions. B: timeline within each study phase. During
week 1, participant diets were supplemented with 2 snack bars daily. During week 2, participant diets were provided and included 4 supplemental snack

bars daily. C: timeline for the 36-h chamber residence periods.

consistent with the upper end of habitual dietary intakes
(43).

During days 8-14, participants consumed study-provided,
body weight-maintaining diets (Fig. 1B). Weight mainte-
nance energy needs were estimated using a combination of
3-day food and activity records administered during baseline
testing and prediction equations [Harris-Benedict (44) and
Mifflin-St. Jeor (45)]. All food record instruction and reviews
were conducted by research dietitians who used Food
Processor SQL v. 11.11 (ESHA Research; Salem, OR) to deter-
mine habitual intakes. Body weight was measured during
each laboratory visit and energy intakes adjusted during
Phase 1 if consistent increases or decreases were observed.
The diet provided during Phases 2 and 3 was then matched
to the final diet provided during Phase 1. Provided diets com-
prised primarily of products within the U.S. Armed Services
Meals, Ready-to-Eat ration, and were designed to provide
55+ 2%, 30 + 2%, and 15 = 2% total energy from carbohydrate,
fat, and protein, respectively, and 9 * 2 g total fiber/1,000
kcal. Consumption of breakfast, lunch, and the intervention
snack bars was monitored by study staff. For snacks and

AJP-Regul Integr Comp Physiol » doi:10.1152/ajpregu.00109.2025 - www.ajpregu.org

dinners consumed off-site, participants returned food wrap-
pers, containers, and any uneaten items. Foods and bever-
ages were weighed before and after consumption. Actual
energy and macronutrient intakes were then determined
using ESHA Food Processor SQL (RRID:SCR_022528) and a
database containing chemically analyzed energy and nutri-
ent values for the ration products.

Exercise Testing

Peak oxygen uptake (Vozpeak) was measured under normo-
baric normoxic conditions using a treadmill protocol in
which participants ran at a fixed pace while the incline was
progressively increased at 2-min intervals until volitional
exhaustion. High-altitude Vo2peak was then estimated as 70%
of measured normoxic Vozpeak (46). On both days of each
chamber residence period participants completed 60 min of
exercise on a treadmill at 55%-60% of estimated high
altitude Vozpeak (~38%-42% of measured normoxic
Vozpeak; Fig. 1C). The walking pace and incline needed to
elicit the prescribed intensity was determined during
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Table 1. Energy and macronutrient content of the
experimental products (per 100 g)

FP PL + HA PL + LA

Serving size per bar, g 50 42 42
Energy, kcal® 401 397 407
Carbohydrate, g° 75 73 75
Fat, g° 10 10 10
Protein, g° 3 4 4
Total fiber, g>¢ 19.6 +0.5 2.8 2.8
Insoluble fiber, g°¢ 1.7+£0.2 1.1 0.9

Resistant starch, g°¢ 73+0.2 <2.0 <2.0
Soluble fiber, g¢ 79+03 17 2.0

Fructan, g© 23+0.2 <0.5 <0.5
Total phenolic content’

CocoaActiv, mg CE 271

Green tea extract, mg GAE 263

Cystrican, mg GAE 250

Wild blueberry powder, mg GAE 251

Empty cells indiacte not measured. CE, catechin equivalents; FP,
fiber and polyphenol intervention; GAE, gallic acid equivalents; HA,
high altitude; LA, low altitude; PL, placebo. Data are results of the
chemical analysis of a composite of 3-4 bars for each product
type; PData are means * SD from chemical analysis of 3 bars for
the FP and the value from chemical analysis of a composite of 3-4
bars for PL products; “Determined by Association of Official
Agricultural Chemists (AOAC) method 2011.25; YDetermined by
AOAC method 2002.02. Detection limit is 2.00 g; “Determined by
AOAC method 999.03. Detection limit is 0.50 g; ‘Based on chemi-
cal analysis of raw ingredients measured in triplicate.

two familiarization sessions during baseline. That pace and
incline was then maintained during all exercise sessions
throughout the study. During all exercise testing, Vo, and
Vco, were measured by indirect calorimetry (TrueOne 2400;
Parvo Medics, Inc., Sandy, UT), and peripheral oxygen satura-
tion Sp,, was measured using finger pulse oximetry (PalmSat
2500; Nonin Medical, Plymouth, MN).

Gastrointestinal Transit Time and pH

Gastrointestinal transit time and pH were measured using
the SmartPill wireless motility testing system (Covidien LLC;
Indianapolis, IN). The system includes a SmartPill capsule
that is ingested and transits the digestive tract transmitting
pH (range 0.5-9.0, accuracy * 0.5 units), temperature, and
pressure readings every 20-40 s to a data receiver worn by
each participant. During each study phase, a single SmartPill
was ingested immediately following breakfast during the
first day of chamber residence (Fig. 1C). After each capsule
was passed, data from the receiver were downloaded and
analyzed using MotiliGI software v. 3.1 (Given Imaging
Buffalo, NY). Gastric emptying time was defined as the time
from pill ingestion until an abrupt increase in pH of >3 units
from a baseline gastric pH of <4 (47), corresponding with
transit from the acidic environment of the stomach to the
more alkaline environment of the duodenum. Transition of
the pill from the small intestine to the colon through the
ileocecal junction was determined by an abrupt drop in pH,
generally between 30 min and 6 h after gastric emptying,
reflecting the more acidic environment of the proximal
ascending colon relative to the distal ileum (47). Elimination
of the pill from the body was determined by a rapid drop in
temperature.

R382

Intestinal Permeability

Intestinal permeability was measured over 24 h during
each chamber residence period by quantifying the urinary
excretion of orally ingested sugar substitutes (Fig. 1C).
Participants consumed 2 g sucralose and 2 g erythritol dis-
solved in 180 mL water 6 h after beginning chamber resi-
dence and then collected all urine produced over the
subsequent 24 h. Aliquots of all urine collected from O to 5 h
and 5 to 24 h were collected, frozen immediately, and stored
at —80°C before being shipped on dry ice for analysis. Urine
sucralose and erythritol concentrations were then measured
using HPLC (Agilent 1100 HPLC, Santa Clara, CA) with a
refractive index detector according to methods adapted from
previous publications (48, 49). In brief, sucralose was meas-
ured using a Luna 5 pm C18(2) analytical column (250 mm x
4.6 mm; Phenomenex), a mobile phase consisting of 30%
methanol, and phenyl pB-d-glucopyranoside as an internal
standard. Erythritol was measured using a Rezex RCM-
Monosaccharide Ca™ column (Phenomenex), a mobile phase
consisting of HPLC-grade water and galactose as an internal
standard. Calibration standards were used for both analytes.
Fractional excretion of each probe was calculated by multi-
plying the measured concentration by the total volume of
urine collected during the appropriate time period and
dividing by the dose administered.

The ratio of fractional excretions of sucralose and erythri-
tol from O to 5 h and 5 to 24 h were intended to be inter-
preted as measures of small intestinal permeability and
colonic permeability, respectively. However, recent recom-
mendations suggest restricting measurements of small intes-
tinal and colonic permeability to 0-2 h and to 8-24 h after
probe ingestion, respectively, as probes may be present in
both the distal small intestine and proximal colon 2-8 h
postingestion (50). Therefore, the 0-5 h collection period in
this study likely reflected permeability within the small
intestine and proximal colon, whereas the 5-24 h collection
period likely reflected permeability in the distal small intes-
tine and colon.

Urine Metabolic Profiling

Aliquots of urine collected from O to 24 h were collected,
frozen immediately, and stored at —80°C before being
shipped on dry ice to the University of Reading for an explora-
tory analysis using 'H-nuclear magnetic resonance (‘H-NMR)
spectroscopy-based untargeted metabolic profiling. Urine
samples were prepared, and data were acquired using a ‘H-
NMR spectrometer (Bruker Biospin, Rheinstetten, Germany)
operating at 500 MHz, as previously described (51). Acquired
spectroscopic data were processed and imported into the
SIMCA software package (v. 13.0; Umetrics AB, Umej,
Sweden) for multivariate statistical analysis. Before analysis,
metabolites were normalized to urinary creatinine levels
measured using the NMR platform. Unsupervised modeling
of the untargeted urinary metabolic profiles was then con-
ducted using principal components analysis (PCA) to identify
inherent patterns in the data. Next, supervised modeling was
conducted using pairwise orthogonal projections to latent
structures discriminant analysis (O-PLS-DA) (52) to maximize
separation between the experimental conditions and identify
metabolites characteristic of the different experimental
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conditions. Models were calculated using one predictive
component and two orthogonal components and were
assessed based on variance explained (R?Y) and predictive
ability (Q?Y) metrics. Metabolites were assigned by refer-
encing against in-house chemical standard spectral data
and published literature assignments. From this chemo-
metric analysis, several metabolites were identified as
being of interest and quantified by area under the curve
from the 'H-NMR spectroscopic data using the NMR Suite
v10 Profiler (RRID:SCR_014682; Chenomx, Edmonton,
Canada).

Blood Biochemistries

Blood samples were collected via antecubital venipunc-
ture during each chamber residence period (Fig. 1C). Fasted
morning samples were collected immediately before enter-
ing the chamber and after ~24 h of residence, and postexer-
cise samples were collected immediately following steady-
state exercise after 10 h and 34 h of chamber residence.
Samples were separated into serum, frozen immediately,
and stored at —80°C until analysis. Serum lipopolysaccha-
ride-binding protein [LBP; Abonva, Taipei, Taiwan; intraas-
say coefficient of variation (CV) = 6.1%] and intestinal fatty
acid-binding protein (I-FABP; Hycult Biotech; Wayne, PA;
intraassay CV < 10%) and claudin-3 (MyBioSource; San
Diego, CA; intraassay CV < 10%) concentrations were meas-
ured by ELISA according to the manufacturer’s instructions.
Serum interferon-y, interleukin (IL)-1pB, IL-1 receptor antago-
nist (1RA), IL-6, IL-8, IL-10, IL-17, and tumor necrosis factor-o
concentrations were measured by multi-plex assay [Luminex
200 (RRID:SCR_018025); Luminex corporation, Austin TX;
intraassay CV < 5%]. Serum cortisol concentrations were
measured by immunoassay [intraassay CV = 2.8%; Beckman
Coulter Access 2 (RRID:SCR_019607), Indianapolis, IN].
Finally, whole blood from a subset of participants (n = 11)
was collected into EDTA tubes to measure hemoglobin and
hematocrit concentrations using an automated hematology
analyzer [CELL-DYN Emerald (RRID:SCR_026105); Abbott,
Chicago, IL]. Hemoglobin and hematocrit were used to esti-
mate percent change in plasma volume during chamber resi-
dence (53).

Stool Samples

Four stool samples were collected during each study phase
to determine microbiota community composition and SCFA
concentrations (Fig. 1B). Collection times were within 48 h of
beginning each phase, within 48 h of beginning each cham-
ber residence, after 24 h of chamber residence, and 24-48 h
after chamber residence ended. All samples were collected
into plastic collection containers with an anaerobic sachet
(GasPak; BD, Franklin Lakes, NJ) added by the participant.
Samples were transported at room temperature and then
refrigerated until processed and placed in storage at —80°C
within 4 h of collection. The median time between sample
collection and processing was 28 min (IQR = 20 min;
range = 0-240 min) across all conditions and time points
and did not differ between conditions (Piyeraction = 0.50,
Peondition = 0.17, Pgay = 0.61). Frozen aliquots for 16S ampli-
con sequencing were shipped overnight on dry ice to
EzBiome (Gaithersburg, MD) and stored at —80°C until
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analysis. Frozen aliquots for fluorescence in situ hybridiza-
tion (FISH) were shipped on dry ice to the University of
Reading and stored at —80°C until analysis.

Short-chain fatty acids.

Fecal concentrations of acetate, butyrate, propionate, valer-
ate, isovalerate, and isobutyrate were analyzed as described
elsewhere (54). In brief, frozen aliquots were thawed, homog-
enized in distilled water, centrifuged (5 min at 8,000 g and
4°C), and acidified. SCFAs were then extracted using diethyl
ether. The organic layer was removed after centrifugation
(5 min at 12,000 g and 4°C) and ethyl butyric acid added as
an internal standard before storing at —80°C until analysis.
SCFAs were quantified using an Agilent 7890 A GC system
with Flame Ionization Detection (60 m x 250 pm x 0.25 pm;
DB-FFAP, Agilent J&W). Calibration standards were included
for each fatty acid and used for peak identification and quan-
tification. Fecal water content was measured by freeze-dry-
ing samples to a constant weight and used to calculate fecal
SCFA concentrations on a dry weight basis.

DNA extraction and 16S rRNA amplicon sequencing.
Frozen samples were thawed at room temperature and then
spiked with an internal spike-in control (ZymoBIOMICS Spike-
in Control I; Zymo Research, Irvine, CA) at a final concentra-
tion of 0.1% to 10% (wt/vol). Samples were then thoroughly
mixed by vortexing to ensure homogeneity in the distribution
of the spike-in control within the fecal matrix. ZymoBIOMICS
TruMatrix fecal reference was utilized as a positive control
and nuclease-free water served as the negative control.
Genomic DNA of all samples was extracted using a standard
bead-based DNA extraction method (ZymoBIOMICS DNA
Miniprep) with prelysis through overnight enzymatic diges-
tions using the Metapolyzyme (Millipore Sigma, Burlington,
MA) enzyme cocktail to ensure lysis of all microbial cells.
DNA concentrations were quantified using the Qubit fluo-
rometer (RRID:SCR_018095; Thermo Fisher, Waltham, MA)
and Illumnina-based amplicon libraries of the 16S rRNA V3-V4
regions were then constructed with the primer pair Illumina-F:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGG-
GNGGCWGCAG and Illumina-R: GTCTCGTGGGCTCGGAGAT-
GTGTATAAGAGACAGGACTACHVGGGTATCTAATCC using
EzBiome’s in-house validated Illumina-based amplicon proto-
cols as described elsewhere (55). In brief, each 25 uL of PCR
contained 12.5 ng of sample DNA as input, 12.5 uL 2X KAPA
HiFi HotStart ReadyMix (Kapa Biosystems, Wilmington, MA),
and 5 L of each primer (1 uM). PCR products were cleaned up
from the reaction mix with Mag-Bind RxnPure Plus magnetic
beads (Omega Bio-tek, Norcross, GA). A second index PCR
amplification, used to incorporate barcodes and sequencing
adapters into the final PCR product, was performed in 25 pL
reactions, using the same master mix conditions as described
above. The libraries were then normalized and pooled. The
pooled library was checked using an Agilent 2200 TapeStation
(RRID:SCR_014994) and sequenced on the MiSeq (RRID:
SCR_016379; Illumina, San Diego, CA) on a 500 cycle (2 x 250
bp paired end) run.

Taxonomic profiling was conducted by directly uploading
the paired end reads to the EzBioCloud microbiome taxon-
omy profiling platform (www.ezbiocloud.net) as described
elsewhere (56). In brief, low quality sequences with read
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length <80 bp or >2,000 bp or average Q values < 25 were
discarded. Denoising and extraction of nonredundant reads
were conducted using DUDE-Seq (57). The UCHIME (RRID:
SCR_008057) v. 4.1 algorithm (58) was applied against the
EzBioCloud 16S chimera-free database to check and remove
chimera. Dereplicated sequences were then subjected to tax-
onomic assignment using VSEARCH (RRID:SCR_024494)
(59) to search and calculate sequence similarities of the
query NGS reads against the EzBioCloud 16S database using
97% 16S similarity as the cutoff for species-level identifica-
tion. All sequences that did not match any of reference
sequences with at least 97% similarity were clustered using
UPARSE (RRID:SCR_005020) (60) using 97% similarity as
the cutoff. The raw sequencing reads were computed using
the EzBioCloud 16S microbiome pipeline with default
parameters and discriminating reads that were encountered
in the reference database (PKSSU4.0).

Diversity metrics were calculated after rarefaction at
14,186 reads/sample. a-diversity was measured by the num-
ber of observed OTUs and the Shannon, Simpson, and
Faith’s Phyolgenetic Diversity (PD) indices. B-diversity was
calculated using Bray—Curtis dissimilarities.

Fluorescence in situ hybridization.

Select bacterial populations were enumerated using FISH
analyses using standard procedures (61). In brief, thawed
samples were diluted to a 1:10 ratio and labeled oligonu-
cleotide probes were used to hybridize genus-specific tar-
gets with fluorescent markers. Samples were screened
using the Accuri C6 flow cytometer (RRID:SCR_019591;
BD Biosciences, Franklin Lakes, NJ), measuring at 488
and 640 nm and analyzed using Accuri CFlow Sampler soft-
ware. Probes used were (see Supplemental Table S2 for sequen-
ces) Bif164 for Bifidobacterium spp., Lab158 for Lactobacillus/
Enterococcus, Bac303 for Bacteroides—Prevotella group,
Erec482 for Eubacterium rectale-Clostridium coccoides group,
Rrec584 for Roseburia-E. rectale group, Ato291 for Atopobium
cluster, Prop853 for clostridial cluster IX, Fprau 645 for
Faecalibacterium prausnitzii spp., Dsv687 for Desulfovibrio
genus, and Chis 150 for most of the Clostridium histolyticum
group (Clostridium clusters I and II). Total bacteria were
enumerated using the Eub338 probe mix (Eub338, Eub338II,
and Eub338I1I), and non-Eub was used as a negative control.

Gastrointestinal Symptoms

Gastrointestinal symptoms were assessed using modified
versions of the Irritable Bowel Syndrome-Symptom Severity
Scale (IBS-SSS) (62) and the Gastrointestinal Quality of Life
Index (GIQLI) Questionnaire (63) that were administered five
times weekly during the first week of each phase and daily
during the second week (Fig. 1C). The modified IBS-SSS was
scored out of 400 total points with a higher score indicating
greater severity. The modified GIQLI Questionnaire asked
participants to rate the frequency of several gastrointestinal-
related symptoms such as abdominal pain, bloating, flatu-
lence, constipation, nausea, loose stools, and uncontrolled
stools. Ratings were then used to compute an overall score in
which lower scores indicated worse symptomology (63).
Volunteers were also asked to recall and report their total
number of bowel movements each week.
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Acute Mountain Sickness

The incidence and severity of acute mountain sickness
(AMS) was determined using the shortened version of the
Environmental Symptoms Questionnaire (64). The question-
naire was administered eight times daily during chamber
residence: immediately before residence and then at 4,
6.5,10.5, 13, 23, 28, 30.5, and 34.5 h of chamber residence
(Fig. 1C). Cerebral factor scores (AMS-C) were calculated,
and any participant with a score >0.70 at one or more
timepoints was considered sick (65). After completing the
questionnaire, peripheral oxygen saturation Sp,, was
measured using finger pulse oximetry (PalmSat 2500;
Nonin Medical, Plymouth, MN).

Statistical Analysis

Sample size calculations were based on an expected 60%
increase in small intestinal permeability, which was previ-
ously reported within 36 h of ascent to 4,300 m in unacclim-
atized lowlanders (14). Using means and SD from that study,
n = 15 was determined to be sufficient to detect a medium
effect size for the main effect of the FP intervention on intes-
tinal permeability at o = 0.05 and power = 0.80.

All data were examined quantitively and graphically
before analysis. Outcomes were analyzed using general lin-
ear models with correlated errors. Experimental condition
(PL + LA, PL + HA, and FP + HA), study phase (first, sec-
ond, and third), and condition order were included as fixed
factors in all models. For outcomes measured at multiple
time points during each phase, time and a condition-by-time
interaction were included in the model as fixed factors.
Participant was included as a random intercept in the mod-
els (linear mixed model). Marginal models were used instead
of mixed models in cases where a mixed model could not be
fit. Post-hoc testing was conducted when a statistically sig-
nificant (P < 0.05) main effect or interaction was identified.
For all models, the distribution and homoscedasticity of
residuals were examined, and log;o-transformations were
applied if needed to meet model assumptions.

Analyses of 16S rRNA amplicon data focused on diversity
and differential abundance. Between-condition differences
in a-diversity were determined using linear mixed models as
described above. Between-condition differences in p-diver-
sity were determined using PERMANOVA using the adonis2
function in the vegan package (v. 2.6-4; R version 4.3.1). The
model included the condition-by-day interaction, study
phase, condition order, and subject as factors, and permuta-
tions were constrained within subject. Following a signifi-
cant interaction, post hoc testing was conducted for each
time point separately using models that substituted condi-
tion for the condition-by-day interaction. Differential abun-
dances of genus-level relative abundances were tested using
Linear model for Differential Abundance analysis (LinDA;
v.0.2.0; RRID:SCR_025966) (66). Genera detected in <33% of
samples were excluded. Models included condition, day and
their interaction, study phase and condition order as fixed
effects, and subject as a random intercept. Tests for main
effects and interactions were conducted using Wald tests
with P values adjusted by Benjamini—Hochberg correction
using a cutoff of g < 0.25. Finally, correlations among varia-
bles were assessed using repeated measures correlation (67).
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Restricted maximum likelihood estimation was used in all
linear models to account for any missing data. When analyz-
ing blood, urine, SmartPill, and questionnaire data for par-
ticipants who completed only 1 day of a chamber residence
period, all data collected through that day were included in
the analysis. When analyzing stool sample data for partici-
pants who completed only 1 day of a chamber residence
period, all available data from that phase were used if the
participant continued following the study diet until the end
of the phase. In cases where the participant did not continue
following the study diet, only data collected before stopping
the diet were included.

Analyses were conducted using SPSS v. 22.0 (RRID:
SCR_016479) or R v.4.3.1 (RRID:SCR_001905). Graphs were
created using GraphPad Prism v. 10.1.0 (RRID:SCR_002798).
Primary analyses included the participants who completed
all three study phases [completer cohort (CC)]. Secondary
analyses including any participant who completed one or
more study phases were also conducted for all outcomes
[intention-to-treat cohort (ITT)]. Results of the CC analyses
are presented in the main text and figures. Results for the
ITT analyses are provided in the Supplemental Material, and
any notable differences between the CC and ITT analyses are
described in the text.

RESULTS

Thirty-one males and two females were enrolled into the
study and randomized, and 26 completed at least one full
study phase (ITT cohort; Table 2). Twelve males and one
female completed all three study phases (completer cohort;
Table 2). Three CC participants did not complete the second
day of HA exposure during FP supplementation (FP + HA)
due to AMS-related symptoms but continued to consume
the provided diet throughout the intervention period and
were included in the CC analysis. An additional participant
completed the study but was unable to complete the sec-
ond chamber residence period due to illness and was not
included in the CC analysis. Of the 19 participants who attrit-
ted, 12 withdrew after not being available following institute-
wide shutdowns related to the coronavirus-19 pandemic dur-
ing their participation, two withdrew due to gastrointestinal
symptoms experienced while consuming the FP intervention

Table 2. Baseline volunteer characteristics

Intention-to-Treat Completer
Cohort Cohort
Male/female (n) 24/2 121
Race (n)
White 19 9
Black 6 3
Native Hawaiian/Pacific 1 1
Islander
Ethnicity (n)
Non-Hispanic 19 9
Hispanic 7 4
Age, yr 22+3 21+3
Body weight, kg 783+93 781+8.7
BMI, kg/m? 254+25 254+24
Vozpeak, L/min 3.90+0.51 3.87+0.39

Values are n or means * SD.
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and study diet before the chamber residence period, one
withdrew due to gastrointestinal symptoms during PL +
HA, and four withdrew for personal reasons or due to reloca-
tion from the study area (Fig. 2).

Dietary Intake and Body Weight

Adherence to the intervention was high, with a median
consumption of 100% of all bars provided (Supplemental
Table S3). As planned, total fiber intake was higher during
FP supplementation relative to the PL conditions (Table 3
and Supplemental Table S3). No between-condition differences
in energy, carbohydrate, fat, or protein intakes were observed
before chamber residence (Table 3 and Supplemental Table
S3). During chamber residence, energy, carbohydrate, fat, and
protein intakes were all reduced during HA exposure inde-
pendent of FP supplementation (Table 3 and Supplemental
Table S3). The reduction in intake during HA exposure was
attributed to AMS symptoms that prevented several partici-
pants from being willing to consume all provided food,
including the intervention bars.

Body weight increased by 1.5 kg [95% confidence interval
(CI): 1.0, 1.9; P < 0.001] during the prechamber residence
period before decreasing by 1.4 kg (95% CI: 0.9, 1.9; P <
0.001) during chamber residence (P4.y < 0.001) independent
of HA exposure or FP supplementation (Pinteraction = 0.64;
Supplemental Table S4).

Exercise

Exercise intensity during chamber residence was not affected
by HA exposure or FP supplementation (Supplemental Table
S5). However, heart rate (mean difference [95% CI]: 28
beats/min [22, 34]) and perceived exertion (3 [2, 4]) were
higher, and exercise Spo, was lower (26% [24, 28]) while exer-
cising at HA relative to LA independent of FP supplementa-
tion (Peongition < 0.001 for all; Supplemental Table S5).

Fecal Characteristics

Bristol Stool Scale scores were not affected by FP supple-
mentation or HA exposure (Pipgeraction = 0.70; Supplemental
Table S6). FP supplementation had no impact on fecal water
content before chamber residence (Supplemental Table S6).
In the ITT analysis (Pipteraction = 0.03), but not the CC analy-
SiS (Pipteraction = 0.12), a transient decrease in fecal water con-
tent was observed during LA but not HA exposure with fecal
water content measured during chamber residence being
lowest during PL. + LA, highest during PL + HA, and inter-
mediate during FP + HA (Supplemental Table S6).

Fecal Short-Chain Fatty Acids

In the CC analysis, fecal SCFA concentrations were not
affected by FP supplementation or HA exposure (Pipteraction =
0.07; Supplemental Table S6). In the ITT analysis, fecal
butyrate concentrations measured immediately before
chamber residence were lower during FP supplementation
compared with PL (PL + LA, P = 0.06; PL + HA, P=0.03).
In addition, HA exposure, independent of FP supplementa-
tion, attenuated reductions in butyrate (Pjyeraction = 0.05)
and valerate concentrations (Pipteraction = 0.02) observed dur-
ing LA exposure (Supplemental Table S6).
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Figure 2. Participants were randomized to
consume a fermentable fiber and poly-
phenol-rich intervention (FP) or matched
placebo (PL) before and during 36-h resi-
dence in a hypobaric chamber simulating
low-altitude (LA, 500 m) or high-altitude
(HA, 4,300 m) conditions. AE, adverse
event; ITT, intention-to-treat. *Unavailable
after institute shutdown due to coronavi-
rus (COVID)-19 pandemic; °gastrointesti-
nal symptoms during consumption of

stgdy diet and intervention; _partlapant Unrelated illness (n = 1)¢ COVID (n= 6y Wlthdrav&ialsa.
missed Phase 2 chamber residence due Study-related AE (n = 2)d | Personal reasons (n = 1) ] COVID (n=3)
Study-related AE (n=1)°

to illness but completed all of Phase 3;
9participants completed one full day of
chamber residence during the phase but
remained on study diet through interven-
tion period and were included in com-
pleter cohort; ®symptoms consistent with
acute mountain sickness.

Randomized
n=33

Phase 1: PL+LA
Phase 2: FP+HA
Phase 3: PL+HA

n=2_8

Phase 1: PL+HA
Phase 2: PL+LA
Phase 3: FP+HA

n=9

(

Completed Phase 1
ITT cohort; n = 8)

Completed Phase 1
(ITT cohort; n =9)

Phase 1: FP+HA
Phase 2: PL+HA
Phase 3: PL+LA

n=16

Withdrawals:
COVID (n =3)
Personal reasons (n = 2)
Study-related AE (n = 2)®

Completed Phase 1
(ITT cohort; n=9)

Withdrawals:

Relocation (n = 1)

Completed Phase 2
n="7

Completed Phase 2
n=1

Completed Phase 2
n=>5

4' Study-related AE (n = 1)°d

Completed Phase 3
n=3§

Completed Phase 3
n=1

Completer cohort
n=7

Completer cohort
n=1

Completed Phase 3
n=>5

Completer cohort
n=>5

and Supplemental Fig. S1). FP supplementation reduced
a-diversity throughout the supplementation period as meas-
ured by the Shannon, inverse Simpson, and Faith’s PD met-
rics (Pinteraction < 0.03; Fig. 3, B and C and Supplemental

Table S6). Those reductions persisted to some extent at the

Gut Microbiota Composition

PERMANOVA of Bray-Curtis dissimilarities revealed
between-condition differences in gut microbiota composition
at all time points except baseline (Pjneraction = 0.008; Fig. 3A

Table 3. Energy and macronutrient intakes while consuming provided diets before and during chamber residence
(completer cohort; n = 13)

PL + LA PL + HA FP + HA

Energy, kcal/day

Week 2, days 1-5 (preresidence) 2,778 £ 373 2,782 £ 400 2,922 + 454

Week 2, days 6—7 (chamber residence) 2,757 + 434° 2,198 + 503°* 2,341+ 679°*
Carbohydrate, g/day

Week 2, days 1-5 (preresidence) 393+ 50 390 + 57 415 + 66

Week 2, days 6—7 (chamber residence) 423 + 607 344 + 74 361+ 104+
Fat, g/day

Week 2, days 1-5 (preresidence) 94 +13 95 +13 100 £ 14

Week 2, days 6-7 (chamber residence) 76 + 16%* 61+ 16°* 67 + 215
Protein, g/day

Week 2, days 1-5 (preresidence) 103 £18 104 + 20 104 + 21

Week 2, days 6—7 (chamber residence) 105 + 21° 75 + 23 81+ 25°*
Total fiber, g/day

Week 2, days 1-5 (preresidence) 23+3° 24 +3° 58 + 4°

Week 2, days 6—7 (chamber residence) 25 + 3° 20 + 5P* 52 + 115

Data are means = SD. Analyzed by linear mixed model with post-hoc testing following significant condition-by-time interactions (P <
0.05). Within a row, values not sharing superscript letters a and b are significantly different (P < 0.05). Between- and within-condition
differences are the same for the intention-to-treat cohort (n = 26). FP, fiber and polyphenol intervention; HA, high altitude (4,300 m)
condition; LA, low altitude (500 m) condition; PL, placebo. *Significantly different from week 2, days 1-5 (P < 0.05).
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Figure 3. Consuming a fiber and polyphenol-rich intervention (FP) vs. matched placebo (PL) before and during 36-h residence in a hypobaric chamber sim-
ulating low altitude (LA, 500 m) or high altitude (HA, 4,300 m) alters gut microbiota composition (completer cohort, n = 13). A: principal coordinates analyses
of Bray—Curtis dissimilarities analyzed using PERMANOVA. Changes in a-diversity measured by Shannon’s index (B) and Faith’s phylogenetic diversity (PD)
(C). Analyzed by linear mixed model with post hoc testing following significant main effects and condition-by-day interactions (P < 0.05). Within a condition,
timepoints not sharing superscript letters a, b, and c are significantly different (P < 0.05). Data are means + SD. D: genera with relative abundances having
tmain effects of condition or fstatistically significant interactions (P < 0.05, g < 0.25). Analyzed by Linear model for Differential Abundance analysis

(LinDA). Heatmap shows median relative abundance. uc, unclassified. *Different from PL + LA; P < 0.05. " Different from PL + HA; P < 0.05.
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washout timepoint but were attenuated (Fig. 3, B and C and
Supplemental Table S6). HA exposure alone (PL + HA vs.
PL + LA) had little impact on a-diversity metrics though
increases in the Shannon index (CC analysis only), and
Faith’s PD observed during LA exposure were not observed
during HA exposure (Supplemental Table S6). Adjusting
diversity analyses for Bristol Stool Scores had little impact on
results for main effects or interactions (data not shown).

Differential abundance analyses identified several taxa
impacted by FP supplementation (Fig. 3D and Supplemental
Table S7). FP supplementation resulted in higher
Ruminococcus relative abundance (Pjpteraction = 0.002,
(interaction = 0.11) and lower Sellimonas and Mediterr-
aneibacter relative abundances (Pipteraction < 0.002,
(interaction < 0.11) relative to both PL conditions. In addi-
tion, main effects of condition were observed for several taxa
with mean relative abundances of Bifidobacterium, unclassi-
fied Bifidobacteriaceae, and Agathobacter all higher and
mean relative abundance of Negativibacillus lower (Peondition <
0.05, Gcondition < 0.25) throughout FP supplementation rela-
tive to both PL conditions. Results of the ITT analysis were
largely consistent with those of the CC analysis though
additional taxa were found to be affected by FP supple-
mentation (Supplemental Fig. S2 and Supplemental Table
S7). Most notably, FP supplementation increased relative
abundances of Bifidobacterium, unclassified Bifidobacte-
riaceae, Agathobacter, and Fecalibacterium relative to
both PL conditions (Pjateraction < 0.05, Ginteraction < 0.25).
HA exposure alone had no effect on the relative abun-
dance of any taxa during chamber residence (PL + LA vs.
PL + HA) and the only taxa found to differ between PL con-
ditions at the washout timepoint were Falcatimonas (CC anal-
ysis only; P = 0.01) and Paraprevotella (ITT analysis only; P =
0.01) (Fig. 3D and Supplemental Fig. S2).

Fluorescence in situ hybridization was used to comple-
ment the 16S rRNA amplicon sequencing by enumerating
specific bacterial groups of interest in a subset of partici-
pants (completer cohort: n = 9; ITT cohort: n = 22;
Supplemental Table S6). No clear effects of FP supplementa-
tion on any bacterial group were observed before chamber
residence. However, abundance of Clostridium clusters I and
II transiently decreased during chamber residence with FP
supplementation but not PL supplementation at HA or LA
(CC analysis only; Pjyeraction < 0.03; Supplemental Table S6).
Across all timepoints, abundances of Bifidobacterium spp.,
Clostridial cluster IX, and Atopium cluster (CC analysis only)
all demonstrated a similar pattern wherein mean cell counts
were higher throughout FP supplementation versus PL +
LA but not PL + HA (Pcondition < 0.03; Supplemental Table
S6). No effects of HA exposure alone were observed for any
bacterial group (PL + HAvs. PL + LA).

Gastrointestinal pH, Transit Time, and Pressure

Gastrointestinal transit time was not affected by HA
exposure or FP supplementation (Fig. 4, A and B and
Supplemental Table S8). HA exposure alone also did not
affect gastrointestinal pH (PL + HA vs. PL + LA). However,
FP supplementation during HA exposure reduced pH near
the ileocecal junction (FP + HA vs. PL + HA) and through-
out the colon (FP + HA vs. PL + LA) (Fig. 4, D and E and
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Supplemental Table S8). In the ITT analysis (Supplemental
Table S8), but not the CC analysis (Fig. 4C), pressure within
the large intestine was reduced during HA exposure (PL +
HAvs. PL + LA; P=0.001) and the magnitude of that reduc-
tion was attenuated by FP supplementation (Pcondition =
0.01).

Intestinal Permeability and Markers of Intestinal Barrier
Damage

No between-condition differences in urine volume
(Peondition => 0.38) or urine specific gravity (Peonaition > 0.25)
were observed during the 0-5 h or 5-24 h urine collection
periods (Supplemental Table S9).

HA exposure increased sucralose excretion during the 0-
5 h urine collection period (PL + HA vs. PL + LA) and that
effect was fully mitigated by FP supplementation (Fig. 5A and
Supplemental Table S9). Sucralose excretion during the 5-24
h urine collection period was not affected by HA exposure or
FP supplementation (Fig. 5B and Supplemental Table S9).

Results for erythritol excretion and sucralose:erythritol
ratios are shown in Supplemental Table S9 and Supplemental
Fig. S3. Total urine erythritol excretion over the entire 24 h
collection period was >100% of the administered dose (range:
30%—-277%) for 30% of all collections suggesting contamina-
tion from the diet or endogenous contributions. These data
were therefore considered unreliable and not considered
when interpreting intestinal permeability, which is consistent
with recent recommendations (50).

Circulating LBP and I-FABP concentrations were not
affected by HA exposure or FP supplementation (Fig. 5, C
and D and Supplemental Table S10). Mean serum claudin-3
concentrations were increased by HA exposure independent
of FP supplementation (Fig. SE and Supplemental Table
S10). However, the effect of HA exposure on claudin-3 con-
centrations was not observed following adjustment for
decreases in plasma volume experienced during HA expo-
sure (Pgondition = 0.79; Supplemental Table S10).

Repeated measures correlation revealed a positive associa-
tion between O and 5 h urine sucralose excretion and pH
near the ileocecal junction (r = 0.44, P = 0.02) and an
inverse association between 0 and 5 h urine sucralose excre-
tion and Bifidobacterium relative abundance measured dur-
ing chamber residence (» = —0.38, P = 0.05) (Fig. 5F). Urine
sucralose excretion (0-5 h) was also positively associated
with the inverse Simpson index (» = 0.40, P = 0.04) and rela-
tive abundances of Fusicatenibacter (r = 0.45, P = 0.02),
Mediterraneibacter (r = 0.49, P = 0.009), and Sellimonas
(r = 0.53, P = 0.0005) measured during chamber residence
(Fig. 5F).

Circulating Markers of Stress and Inflammation

Cortisol concentrations increased during HA exposure inde-
pendent of FP supplementation (Fig. 6A and Supplemental
Table S10). That effect was attenuated after adjusting for
plasma volume changes during HA exposure, though a tend-
ency toward a main effect of condition (Peondition = 0.06) was
observed with mean cortisol concentrations measured during
FP + HA (P = 0.02), but not PL + HA (P = 0.08), remaining
higher than those measured during PL + LA (Supplemental
Table S10).
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Mean serum IL-6 concentrations were higher during HA
exposure alone relative to LA (PL + HA vs. PL + LA) but
that difference was fully mitigated by FP supplementation
(Fig. 6B). Mean serum IL-1RA concentrations were also
higher during HA exposure alone relative to LA (PL + HA
vs. PL + LA). That difference was partially attenuated by FP
supplementation in the ITT analyses, but not the CC analysis
(Fig. 6C), and fully attenuated following plasma volume
adjustment (Supplemental Table S10). Mean plasma vol-
ume adjusted TNFa concentrations, but not unadjusted
concentrations, were lower during HA relative to LA
exposure independent of FP supplementation (Pcondition =
0.003; Supplemental Table S10). No effects of either HA
exposure or FP supplementation were observed for any
other cytokine (Supplemental Table S10).

Urine Metabolic Profiling

Data from a subset of participants (completer cohort: n =
9; ITT cohort: n = 22) were available for 'TH-NMR untargeted
metabolic profiling. PCA did not identify any distinct clus-
tering patterns across conditions (completer cohort: R*Y =
0.59, Q*Y = 0.43, ITT analysis R?> = 0.57, Q> = 0.47;
Supplemental Fig. S4). However, O-PLS-DA identified sev-
eral metabolites associated with either HA exposure or FP
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Figure 4. Effects of dietary supplementa-
tion with a blend of fermentable fibers and
polyphenol sources on intestinal transit
time, pressure, and pH during hypoxic
stress. Transit time through the small (4)
and large (B) intestines, mean pressure
during large intestine transit (C), mean pH
during transit through the ileocecal junc-
tion (D), and median pH during large intes-
tine transit (E) measured by SmartPill
during and after 36 h of residence in a
hypobaric chamber under low-altitude

(LA, 500 m) or high-altitude (HA, 4,300 m)
conditions at the end of 2 wk dietary
97 Peondiion=0.05 supplementation with a fermentable fiber
P=0.02 and polyphenol-rich intervention (FP) or
an 055 matched placebo (PL) (completer cohort;
o 84 . n = 13). Analyzed by linear mixed model
g P=0.10 with post hoc testing following significant
=] main effects and condition-by-time inter-
§ 74 actions (P < 0.05). Bars are mean values.
i Line graph shows means + SD.
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supplementation: hippurate, propylene glycol, glycine, tau-
rine, citrate, acetate, acetylcarnitine trimethylamine N-oxide
(TMAO), phenylacetylglutamine, a metabolite tentatively
identified as methylmalonate, and several metabolites
that could not be identified from spectral databases and
published literature assignments (Supplemental Fig. S5).
Univariate analyses of those metabolites revealed that
TMADO levels were significantly reduced during HA exposure
alone (PL + HA vs. PL + LA) and that difference was fully
mitigated by FP supplementation (Pcongition = 0.03). In addi-
tion, methylmalonate (tentative identification) levels were
increased during HA exposure independent of FP supple-
mentation (Peongition < 0.001). Hippurate levels were not
affected by HA exposure alone (PL + HA vs. PL + LA) but
demonstrated a tendency to be higher during FP supplemen-
tation (FP + HA) relative to PL + LA (P = 0.04) in the CC
analysis (Peondition = 0.10) and were increased by FP supple-
mentation relative to both PL conditions in the ITT analysis
(Peondition = 0.04). Hippurate was also the only identified
metabolite found to discriminate the two HA conditions
(FP + HA vs. PL + HA) based on Variable Importance in the
Projection scores >2.0. That observation is consistent with
the higher polyphenolic intake during FP supplementation
given that hippurate is a glycine-conjugate of benzoic acid, a
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Figure 5. Effects of dietary supplementation with a blend of fermentable fibers and polyphenol sources on intestinal barrier integrity during hypoxic
stress. Intestinal permeability markers measured during 36 h of residence in a hypobaric chamber under low-altitude (LA, 500 m) or high-altitude (HA,
4,300 m) conditions at the end of 2-wk dietary supplementation with a fermentable fiber and polyphenol-rich intervention (FP) or matched placebo (PL)
(completer cohort; n = 13). A: urine sucralose excretion during initial 5 h postconsumption reflecting permeability of the small intestine and proximal
colon. B: urine sucralose excretion from 5 to 24 h postconsumption reflecting permeability of the distal small intestine and colon. C: serum lipopolysac-
charide (LPS) binding protein. D: serum intestinal fatty acid-binding protein (I-FABP); bars show mean of all four timepoints. E: serum claudin-3; bars show
mean of all four timepoints. A—E: analyzed by linear mixed model with post-hoc comparisons conducted following statistically significant main effects
and condition-by-time interactions (P < 0.05). Bars show mean values. Boxplots show median and IQR, with whiskers extending to minimum and maxi-
mum values. Line graphs show geometric means + geometric SD. F: repeated measures correlations (r,,) between intestinal permeability, gut microbiota
features demonstrating between-condition differences and fecal short-chain fatty acid concentrations (n = 26). Gut microbiota features and short-chain
fatty acid concentrations measured during chamber residence. All genus relative abundances were arcsine-square root transformed for analysis. ICJ,
ileocecal junction; inv, inverse; OTUs, operational taxonomic units; PD, phylogenetic diversity; r, repeated measures correlation; Sucr., sucralose; uc,
unclassified. ***P < 0.001; **P < 0.01; *P < 0.05. °Log;o transformed for analysis.
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Figure 6. Effects of dietary supplementa-
tion with a blend of fermentable fibers
and polyphenol sources on circulating
markers of stress and inflammation dur-
ing hypoxic stress. Circulating cortisol
(A), interleukin (IL)-6 (B), and IL-1RA (C)
concentrations measured over 36 h of
residence in a hypobaric chamber under
low-altitude (LA, 500 m) or high-altitude
(HA, 4,300 m) conditions at the end of 2
wk of dietary supplementation with a
fiber and polyphenol intervention (FP) or
matched placebo (PL) (completer cohort,
n = 13). Morning fasted concentrations
measured at O h and 23 h, and postexer-
cise concentrations measured at 8 h and
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compound formed via gut microbiota-mediated metabolism
of certain polyphenolic compounds (68).

Gastrointestinal Symptoms and Acute Mountain
Sickness Severity

GIQLI and IBS-SSS scores were not affected by FP supple-
mentation before HA exposure or by HA exposure alone
(PL + HAvs.PL + LA) (Table 4). However, the combination
of FP supplementation and HA exposure (FP + HA) resulted
in a decrease in GIQLI scores, indicating an increase in gas-
trointestinal symptoms (Table 4 and Supplemental Table
S11). A similar effect of FP supplementation during HA expo-
sure on IBS-SSS scores was also observed though the inter-
action term was not statistically significant (Table 4 and
Supplemental Table S11).

AMS-C scores were increased after 4 h of HA exposure and
remained elevated throughout the exposure period (Fig. 7A).
During HA exposure, FP supplementation resulted in higher
mean AMS-C scores (FP + HA vs. PL + HA, P = 0.03) with
peak scores being more than double those measured during
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PL supplementation (Fig. 7B). AMS incidence (FP + HA: 77%
vs. PL + HA:54%, P = 0.02) and frequency of lightheaded-
ness, headache, dizziness, dim vision, nausea, anorexia,
and feeling sick during HA exposure were all increased
during FP supplementation relative to PL (P¢onqition < 0.01;
Supplemental Table S11).

Oxygen saturation measured concomitant with AMS
assessments was reduced throughout HA exposure (Fig. 7C).
During HA exposure, FP supplementation improved oxygen
saturation at 10.5 h and 28 h time points (P < 0.05) relative to
PL and mean oxygen saturation during HA exposure was
increased 1.8% [95% CI: 0.8, 2.8] during FP supplementation
relative to PL (Fig. 7D).

DISCUSSION

In this randomized, placebo-controlled, crossover study,
dietary supplementation with a blend of fermentable fibers
and polyphenol sources targeting the gut microbiota mitigated
hypobaric hypoxia-induced increases in intestinal permeability
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Table 4. Gastrointestinal symptoms measured before and during exposure to low altitude (LA, 500 m) and high
altitude (HA, 4,300 m) conditions while consuming PL and FP products (completer cohort; n = 13)

PL + LA PL + HA FP + HA Pc Py Pcxp

GIQLI Score <0.001 0.01 0.02

Week 1, days 1-7 37+3 38+2 36+3

Week 2, days 1-5 36+3 37+2 36+3

Week 2, days 6—7 (chamber residence) 37+3° 36 +2° 32+ 7%
IBS-SSS A A'B B 0.04 0.01 0.08

Week 1, days 1-7 36 [45] 39(77] 43 (78]

Week 2, days 1-5 36 [71] 54 [84] 56 [100]

Week 2, days 6—7 (chamber residence)* 41[79] 30([74] 82 [149]

Data are means * SD or median [IQR]. Analyzed by linear mixed model with post hoc testing following significant main effects and
condition-by-day interactions (P < 0.05). IBS-SSS was log;o-transformed for analysis. Within a row, values not sharing superscript letters
a and b are significantly different (P < 0.05). C, condition; D, day; FP, fiber and polyphenols; GIQLI, Gastrointestinal Quality of Life
Index (range: 0-40; lower values indicate worse symptoms); HA, high altitude; IBS-SSS, Irritable Bowel Syndrome-Symptom Severity
Score (range: 0-400; higher values indicate worse symptoms); LA, low altitude; PL, placebo. *Significantly different from week 1 and

week 2, days 1-5 (P < 0.05).

within the small intestine and proximal colon while increasing
Bifidobacterium relative abundance and decreasing gut
microbiota a-diversity and colonic pH. However, supplementa-
tion did not alter fecal SCFA concentrations and increased
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Figure 7. Effects of dietary supplementa-
tion with a blend of fermentable fibers and
polyphenol sources on acute mountain
sickness and peripheral oxygen saturation
(Spo,) during hypoxic stress. Acute moun-
tain sickness-cerebral factors (AMS-C; A
and B) scores and Spg, (C and D) meas-
ured over 36 h of residence in a hypobaric
chamber under low-altitude (LA, 500 m) or
high-altitude (HA, 4,300 m) conditions at 0 4 8 12

with a fermentable fiber and polyphenol
intervention (FP) or matched placebo (PL)
(completer cohort, n = 13). AMS-C data
were logjo-transformed for analysis. Data C
analyzed by linear mixed model with post

gastrointestinal symptoms and AMS during hypobaric hypoxia
exposure. Taken together, these findings demonstrate that tar-
geting beneficial gut microbes with fermentable fibers and pol-
yphenols can help preserve gut barrier function during
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hypobaric hypoxia-induced stress but that benefit does trans-
late into a reduction in gastrointestinal or altitude illness
symptoms.

The observed between-condition differences in several,
but not all, measures of intestinal barrier integrity during
the placebo treatments are consistent with localized hypoxia-
induced decrements in intestinal permeability but fail to pro-
vide clear insight into the underlying mechanisms. Orally
administered saccharide probes classically used to measure
intestinal permeability are detected within the colon within
2 h of administration and almost exclusively in the colon
within 8 h (69, 70). The method provides a functional mea-
sure of regional paracellular permeability impacted by both
regulation of tight junctions and damage to structural fea-
tures including tight junction complexes and epithelial cells
(38, 71). Claudin-3 is a tight junction protein though to reflect
paracellular barrier integrity loss throughout the gastrointes-
tinal tract, whereas I-FABP is a cytosolic protein measured to
assess epithelial cell damage, primarily within the jejunum
(71). Therefore, the increase in 0-5 h but not 5-24 h sucralose
excretion observed during hypobaric hypoxia exposure (i.e.,
PL + HAvs. PL + LA) likely reflects an increase in intestinal
permeability localized to the small intestine and proximal
colon. The parallel increase in claudin-3 but not I-FABP could
implicate paracellular permeability resulting from tight junc-
tion loss rather than epithelial cell damage as a potential
pathway. However, the claudin-3 results require cautious
interpretation given that the hypoxia-associated increase in
circulating concentrations appeared to be largely driven by
shifts in plasma volume. The absence of a concomitant
increase in LBP concentrations may further suggest relatively
modest and localized barrier integrity loss, given that LPS,
the antigen stimulating hepatic release of LBP, is a large com-
pound unlikely to pass through paracellular routes absent of
apoptosis or more severe epithelial cell damage (38). When
considered together, these results appear most consistent
with a modest hypobaric hypoxia-induced decrement in
intestinal barrier function without strong evidence of major
structural damage within the intestinal epithelium.

Previous studies of healthy adults have reported increased
permeability in the small intestine and proximal colon
within 24 h of sojourn at 4,300 m (14) and increases in circu-
lating I-FABP (11, 12, 72-74), claudin-3 (11), endotoxin (15),
and LBP (11) concentrations during 40-60 min of exercise at
4,000-4,600 m simulated altitude. Though blood biomarker
results of the present study differ from those studies, differ-
ences in study design may explain the inconsistencies.
Studies reporting hypoxia-induced increases in circulating
biomarkers of intestinal barrier damage during exercise all
used higher exercise intensities (50%-65% normoxic Vozpeak
or 65% hypoxic Vozpeak) and shorter hypoxic exposures (<3 h)
than this study and, unlike this study, conducted measure-
ments immediately before starting exercise (11, 12, 15, 73).
Most of those studies also conducted exercise testing in the
morning under fasted conditions rather than in the after-
noon under fed conditions as in this study. Higher exercise
intensities elicit more severe intestinal damage (75), and the
effects of exercise on I-FABP concentrations may be blunted
by feeding (76), likely due to greater splanchnic perfusion
under fed conditions. Though speculative, diurnal fluctua-
tions could also impact blood biomarker concentrations (77).
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The underpinning mechanisms and severity of hypoxia-
induced intestinal barrier damage may also vary during the
initial hours and days of hypoxia exposure. Our data add
some insight into that time course and the effects of hypo-
baric hypoxia on intestinal barrier function absent the
higher-intensity exercise investigated in previous trials.
When considered together, these studies collectively sug-
gest that acute (i.e., <36 h) exposure to hypobaric hypoxia
modestly increases intestinal permeability within the small
intestine and proximal colon and that effect may be exacer-
bated by moderate intensity exercise causing structural
damage within the intestinal epithelium, especially when
conducted under fasted conditions.

A novel finding of this study was that the hypobaric
hypoxia-induced increase in intestinal permeability appeared
to be preventable using dietary supplementation with fer-
mentable fibers and polyphenols. Consuming polyphenol-
rich foods (78, 79) and supplements (80) and fermentable
fibers including inulin (81) and GOS (82) has been shown to
reduce marKkers of intestinal permeability in generally healthy
populations in whom intestinal permeability is elevated or
experimentally increased. To our knowledge, similar supple-
mentation strategies have not previously been tested in
humans exposed to hypobaric hypoxia. However, rodent
studies have shown that certain gut microbiota-targeted inter-
ventions containing various bacteria strains (9, 24) or bacteria
strains combined with fermentable oligosaccharides such as
fructo-oligosaccharide (23) and stachyose (25) can mitigate
intestinal barrier damage in animals exposed to environmen-
tal hypoxia simulating 3,500-7,600 m. Findings of this study
extend that concept to a human model by demonstrating that
dietary interventions targeting the gut microbiota can main-
tain elements of gut barrier function in healthy adults
exposed to hypobaric hypoxic stress.

Whether the beneficial effects of dietary supplementation
on intestinal permeability were attributable to changes
in gut microbiota composition and metabolic activity is
unclear. Notably, fermentable fiber and polyphenol supple-
mentation transiently reduced gut microbiota community
richness and evenness. That response could be considered
undesirable given that lower a-diversity is associated with
community instability and certain disease states (83) and
has been associated with greater stress-induced increases in
intestinal permeability (84). However, multiple studies
using the same or similar fiber sources as used herein have
reported reductions in diversity (29, 85) despite recognized
health benefits of the fibers (28). Indeed, no changes or
reductions in community evenness are expected in fiber sup-
plementation studies when the fibers used target a limited
subset of higher abundant taxa (86) as is the case for inulin-
type fructans, GOS, and resistant starch (28). Our use of mul-
tiple polyphenol sources may have also contributed to
decreased a-diversity via anti-microbial effects of the com-
pounds (87). For example, high dose cocoa-derived flavanol
supplementation has been shown to reduce gut microbiota
a-diversity by depleting rare taxa (88), whereas lower doses
of polyphenols obtained from increasing intake of polyphe-
nol-rich foods (78) and cranberry powder supplementation
(89) did not effect a-diversity. Thus, the supplementation-
induced decrease in gut microbiota community diversity
likely reflects both a fermentable fiber-driven reduction in
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community evenness and a polyphenol-mediated depletion
of rare taxa.

Differential abundance analyses suggested that the fer-
mentable fibers and polyphenols also targeted beneficial
taxa that may promote gut barrier function. The supplemen-
tation-induced increase in Bifidobacterium is consistent
with the well-established bifidogenic effects of various inu-
lin-type fructans and GOS (29), with bifidogenic effects
reported for various polyphenols such as cocoa (90) and with
results of in vitro experiments using the same fiber and poly-
phenol blend (40). Bifidobacterium spp. are widely regarded
as health promoting with some species having been shown
to improve gut barrier function in various model systems
(91). Those effects align with the inverse association between
Bifidobacterium relative abundance and intestinal perme-
ability observed in this study. The increase in Ruminococcus
is consistent with our in vitro experiments (40) and with the
known role for some Ruminococcus spp. in degradation of
resistant starches, particularly maize-derived starches (92,
93). That role facilitates cross feeding by other gut commen-
sals and production of butyrate, a preferred energy source
for intestinal epithelial cells thought to promote gut barrier
function (94). Inulin, GOS (95), and resistant starch (96)
have also been shown to increase relative abundances of
Agathobacter, itself a butyrate-producing genus.

Despite increases in SCFA-producing taxa, between-con-
dition differences in fecal SCFA concentrations were not
observed. However, that incongruency is consistent with
other studies of fermentable fiber supplementation (85).
Potential explanations include parallel decreases in relative
abundance of SCFA-producing taxa such as Mediterra-
neibacter and Sellimonas and the rapid absorption and
metabolism of microbiota-derived SCFA in situ which com-
plicates interpretation of fecal concentrations (97). Of note,
the O-PLS-DA analysis did identify urine acetate as being
higher during fiber and polyphenol supplementation rela-
tive to both placebo conditions though the effect was weak
and not statistically significant in univariate analysis.

A novel aspect of this study was the inclusion of in situ
pH measurements throughout the gastrointestinal tract.
Intestinal pH may provide an indirect measure of saccharo-
lytic fermentation and SCFA production given that, as acidic
compounds, SCFAs along with other fermentation byprod-
ucts reduce intestinal pH. Saccharolytic fermentation pre-
dominates in the proximal colon and decreases thereafter as
carbohydrate sources are metabolized by the gut microbiota
(98). The lower pH measured near the ileocecal junction dur-
ing fermentable fiber and polyphenol supplementation
relative to placebo is therefore consistent with a higher
production of SCFA as would be expected following provi-
sion of rapidly fermentable oligofructose and GOS and
based on in vitro observations showing increased SCFA
production using the same compounds (40). Importantly,
the supplementation-induced reduction in pH was corre-
lated with lower intestinal permeability. Therefore, although
underpinning mechanisms are likely multifactorial (39),
increased fermentation and resulting SCFA production may
have contributed to the prevention of hypoxia-induced
intestinal permeability.

Increased fermentation and SCFA production could also
help explain the higher oxygen saturation observed during
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fiber and polyphenol supplementation. In support, consum-
ing fermentable substrate has been linked to improved
hypoxic ventilatory responses in both humans (99) and rats
(100). Most recently, a probiotic cocktail administered to
adults sojourning at 3,800 m for 4 days increased mean day-
time Spo, by 3.6% and substantially reduced AMS symp-
toms (101). The probiotic-mediated increase in Spy, in that
study was correlated with the hypoxic ventilatory response
and speculated to be related to an increase in SCFA pro-
duction, though SCFA were not measured. Thus, while
preliminary and requiring replication in large cohorts,
these studies support the intriguing concept that gut
microbiota modulation targeting beneficial microbes, and
perhaps SCFA production, may provide novel strategies
for improving host physiologic responses to hypobaric
hypoxia in organ systems beyond the gut.

Our study, however, highlights that improving physiologic
responses to hypobaric hypoxia by targeting the gut micro-
biota, and preventing increased intestinal permeability in
particular, does not necessarily translate into clinically
obvious benefits for subjective gastrointestinal symptoms or
AMS incidence and severity. Notably, McKenna et al. (11)
reported that increases in I-FABP, claudin-3, and LBP con-
centrations were positively associated with gastrointestinal
symptom severity during moderate-intensity exercise (65%
normoxic Vo,pear) conducted under hypobaric hypoxia sim-
ulating 4,300 m. However, in contrast to our results, the
hypoxia-induced increases in circulating concentrations of
all three biomarkers in that study demonstrated large effect
sizes. Considered together, these studies may suggest that
more severe intestinal barrier damage than is induced by
exposure to hypobaric hypoxia alone (up to 4300 m) may be
required to induce gastrointestinal symptoms. The apparent
disconnect between intestinal permeability and AMS symp-
toms in the present study is consistent with two studies that
have likewise failed to observe associations between AMS
and measures of intestinal barrier function during exposure
hypobaric hypoxia (4,300-4,600 m) (14, 74). In addition,
although upregulation of various cytokine pathways within
the gut including IL-6 have been implicated as mechanisms
by which the gut microbiota mediates hypoxia-induced
intestinal barrier damage and dysfunction (8) and higher
IL-6 concentrations have been associated with more severe
AMS symptomology (102, 103), the hypobaric hypoxia-
induced increases in circulating IL-6 and intestinal perme-
ability in this study were small. When interpreted within the
context of the multifactorial etiology of AMS (20), these
results collectively suggest that intestinal barrier dysfunc-
tion may not play a prominent role in AMS development at
altitudes up to 4,300 m.

That conclusion is somewhat complicated by the possibil-
ity that the increase in gastrointestinal symptoms due to fer-
mentable fiber and polyphenol supplementation observed
in this study masked any clinical benefit of maintaining
intestinal permeability and even contributed to the interven-
tion-mediated increase in AMS symptoms. Notably, gastro-
intestinal symptoms associated with fiber and polyphenol
supplementation were only observed during chamber resi-
dence, which may suggest that hypobaric hypoxia increases
sensitivity to byproducts of fermentation such as various
gases. Studies investigating the effects of gut-targeted and
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gut microbiota-targeted interventions expected to have min-
imal side effects therefore remain warranted, particularly in
populations likely to engage in moderate-intensity or more
vigorous physical activity at high altitudes such as military
personnel and adventure travelers. The design and testing of
those gut microbiota-targeted interventions should consider
the potential for increased gastrointestinal sensitivity to cer-
tain interventions at high altitudes and measure additional
outcomes that may be impaired by hypobaric hypoxia and
improved by modulation of the gut microbiota and intestinal
barrier such as immune or cognitive function.

Study strengths include the randomized, placebo-con-
trolled design that included blinding to both the interven-
tion and environmental conditions, tightly controlled diet,
inclusion of complementary measures of intestinal barrier
function, and integration of gut microbiota composition and
metabolic activity with physiologic and subjective measures
of responses to hypobaric hypoxia. The study also has sev-
eral limitations. Foremost is high participant attrition that
was not equally balanced across the condition orders. The
unbalanced attrition resulted in a completer cohort that was
underpowered for some outcomes and in whom the ferment-
able fiber and polyphenol intervention preceded the pla-
cebo-altitude condition for all but one volunteer. Both
factors could result in an underestimation of the effects of
hypobaric hypoxia and dietary supplementation on study
outcomes. However, that concern is somewhat reduced by
the general consistency of the ITT and CC analyses and
because significant differences in intestinal permeability,
microbiota composition and other measures suggest suffi-
cient power were achieved for many outcomes. Effects of
dietary supplementation could also be underestimated due
to the short washout period and resulting potential for carry-
over effects. Of note, baseline, presupplementation differen-
ces in gut microbiota composition were generally not
detected for any diversity metric, relative or absolute abun-
dance of any taxa or fecal concentrations of any SCFA with
the exceptions of fecal butyrate concentrations, Faith’s PD,
and Bifidobacterium absolute abundance, all of which dif-
fered between the PL + HA and PL + LA conditions.
Between-condition comparisons for outcomes measured
during chamber residence could also be impacted by differ-
ences in dietary intake during the placebo low-altitude con-
dition relative to the two high-altitude conditions. However,
comparisons between the two high-altitude conditions were
not affected as dietary intake did not differ. An additional
limitation is that plasma volume changes, urine meta-
bolic profiles, and absolute bacterial abundances were
only measured in a subset of participants. Furthermore,
bacterial abundances were consistently lowest in the
PL + LA condition independent of timepoint, which com-
plicated determining whether supplementation-induced
differences in gut microbiota reflected changes in abso-
lute bacterial load. Finally, the study cohort was predomi-
nantly healthy men which may limit generalizability.

The gut microbiota is increasingly implicated in host
responses to environmental stress. However, few studies
have investigated whether dietary interventions targeting
the human gut microbiota can improve how one responds to
environmental stress. Study results help address that gap by
demonstrating a dietary intervention containing a blend of
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fermentable fiber and polyphenol sources designed to target
the gut microbiota can prevent increases in intestinal perme-
ability during exposure to hypobaric hypoxia. Though the
practical benefits of this supplementation regimen for high-
altitude sojourners are unclear and perhaps limited, results
do support the continued exploration of novel intervention
strategies aiming to promote performance in austere envi-
ronments, including high terrestrial altitudes, by targeting
the gut microbiota.
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