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Background: US military Veterans returned from Operation Enduring

Freedom/Operation Iraqi Freedom/Operation NewDawn (OEF/OIF/OND) with symptoms

associated with mild traumatic brain injury [mTBI; i.e., persistent post-concussive (PPC)

symptoms] and posttraumatic stress disorder (PTSD). Interventions aimed at addressing

symptoms associated with both physical and psychological stressors (e.g., PPC and

PTSD symptoms) are needed. This study was conducted to assess the feasibility,

acceptability, and safety of a probiotic intervention, as well as to begin the process of

evaluating potential biological outcomes.

Methods: A pilot randomized controlled trial was implemented among US military

Veterans from recent conflicts in Iraq and Afghanistan. Those enrolled had clinically

significant PPC and PTSD symptoms. Participants were randomized to intervention

(Lactobacillus reuteri DSM 17938) or placebo supplementation (daily for 8 weeks

+/- 2 weeks) at a 1:1 ratio, stratified by irritable bowel syndrome status. Thirty-one

Veterans were enrolled and randomized (15 to the placebo condition and 16 to the

probiotic condition).

Results: Thresholds for feasibility, acceptability, and safety were met. Probiotic

supplementation resulted in a decrease in plasma C-reactive protein (CRP)

concentrations relative to the placebo group that approached statistical significance

(p = 0.056). Although during the Trier Social Stress Test (TSST; administered post-

supplementation) no between-group differences were found on a subjective measure of

stress responsivity (Visual Analog Scale), there was a significantly larger increase in mean
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heart beats per minute between baseline and the math task for the placebo group

as compared with the probiotic group (estimated mean change, probiotic 5.3 [95%

Confidence Interval: −0.55, 11.0], placebo 16.9 [11.0, 22.7], p = 0.006).

Conclusions: Findings from this trial support the feasibility, acceptability, and safety of

supplementation with an anti-inflammatory/immunoregulatory probiotic, L. reuteri DSM

17938, among Veterans with PPC and PTSD symptoms. Moreover, results suggest that

CRP may be a viable inflammatory marker of interest. A larger randomized controlled trial

aimed at measuring both biological and clinical outcomes is indicated.

Clinical Trial Registration: ClinicalTrials.gov, identifier NCT02723344.

Keywords: traumatic brain injury, posttraumatic stress disorder (PTSD), probiotic, Veteran, gut-brain axis,

Lactobacillus reuteri DSM 17938, microbiome

INTRODUCTION

Many US Service Members who returned from Iraq and
Afghanistan did so with co-occurring physical and mental health
conditions, including mild traumatic brain injury (mTBI) and
posttraumatic stress disorder (PTSD). It has been estimated that
∼11–23% of those who served in Iraq or Afghanistan have
a history of mTBI, with around 8% reporting persistent post-
concussive (PPC) symptoms [e.g., sleep (insomnia), cognitive
(memory loss, poor concentration, and problem solving); (1),
emotional (depressed mood, irritability, and anxiety), and
physical (headache, dizziness, exercise intolerance, fatigue, noise,
and light sensitivity symptoms); (2)]. Among those with a history
of mTBI and PPC symptoms, co-occurring psychiatric disorders
(e.g., PTSD and depression) are common. According to work by
Bahraini et al. (3) among military and Veteran samples with a
history of TBI, “estimates of PTSD range from 12 to 89%” (p.
58). As such, there is ongoing discussion regarding the etiology of
the non-specific symptoms associated with PPC syndrome, with
a particular focus on whether such symptoms are more likely to
be associated with physical (TBI) or psychological (PTSD) injury.
For further discussion of the complicated relationship between
TBI and PTSD, see Loignon et al. (4).

Despite their frequent co-occurrence, there is a dearth

of evidence-based treatments that address symptoms of both
conditions (3, 5). According to Hoge and Jonas “[t]he critical

gap in clinical interventions will begin to get filled only when
clinicians and researchers turn their attention to developing and

validating interventions that respect the inherent non-specific
multietiological nature of these symptoms. . . ” (E2) (3, 5, 6). In
addition, persistent symptoms associated with mTBI and PTSD

are often resistant to traditional medical interventions (7). As
such, “complementary and alternative medicine (CAM) may
be sought by the patient. . . ” [p. 116; (7)]. Over the past two
decades, the use of CAM in the USA has seen a steady and
steep rise (8–10). Findings from Betthauser et al. suggest that
Veterans are open to, or are already using, CAM approaches (11).
Interestingly, results also suggest that Veterans with symptoms
associated with mTBI or PTSD may be more accepting of CAM
approaches than those without these conditions (11).

Identification of interventions aimed at symptoms associated
with both conditions would require addressing a common

mechanism. Excessive neurologic and systemic inflammation has
been found to play a role in the vulnerability to, and aggravation
and perpetuation of, adverse consequences associated with both
physical and psychological stressors (12–16). Following acute
TBI in humans, cerebral inflammatory responses begin within
minutes and include elevations of interleukin (IL)-1β, IL-6,
IL-8, and tumor necrosis factor alpha (TNFα) (15). Post-
injury (mild, moderate, and severe TBI) increases in cerebral
inflammatory responses, including microglial and astroglial
activation, can be prolonged, lasting months to years (15–
17). For example, Johnson et al. found that neuroinflammatory
processes in the corpus callosum can persist for many years
after a single moderate-to-severe TBI (17). Among military
personnel who sustained mTBIs during their last deployment,
those with mTBI plus loss of consciousness had significantly
elevated IL-6 concentrations compared to those with mTBI and
no loss of consciousness or no history of TBI (16). Moreover,
within both mTBI groups, increased TNFα was associated with
greater PTSD symptoms (16). The influence of inflammatory
responses on evolving symptomatology and pathology (17)
underscores inflammation as a potential target for treatment,
long after the acute physical or psychological trauma has taken
place (13, 14, 16).

In prospective studies, high baseline plasma concentrations of
the inflammatory marker, C-reactive protein (CRP), measured
pre-deployment among military personnel, were associated
with the increased likelihood of having PTSD symptoms post-
deployment, thereby suggesting that inflammation prior to
trauma exposure may predispose individuals to developing
PTSD (18). Similarly, elevated inflammation within hours
of a traumatic event may predict adverse psychological and
neurological outcomes. For example, increased circulating levels
of IL-6 are associated with increased trauma exposure and
associated diagnoses [i.e., PTSD; (19)]. These clinical findings
are supported by rodent studies demonstrating a causal role
for elevated baseline IL-6 in vulnerability to an anxiety- and
depression-like syndrome (20).

As noted above, pre-existing inflammation, as well as
associated background immunodysregulation, are risk factors
for the development of PPC and PTSD symptoms (15, 18).
Pretreatment with an immunoregulation-inducing agent may be
expected to attenuate development and persistence of symptoms.
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Bio-immunomodulatory probiotics, such as Lactobacillus reuteri
DSM 17938, have the potential to decrease stress-induced
inflammatory responses, while being highly accessible, low cost,
self-sustaining (e.g., portable), and, based on previous safety
and tolerability trials, without serious side effects. Due to their
proven ability to bind to the pattern recognition receptor
dendritic cell-specific intercellular adhesionmolecule-3-grabbing
non-integrin (DC-SIGN), to induce proliferation of regulatory
T cells (Treg), and to increase production of anti-inflammatory
cytokines, including IL-10 and transforming growth factor
β (TGFβ), probiotics are logical candidates for treatment of
co-occurring PPC and PTSD symptoms (21). Moreover, in
pre-clinical models, administration of the immunoregulatory
probiotic DSM 17938, L. reuteri, has been found to promote
homeostasis in the gut microbiota (22, 23), alleviating dysbiosis
and enhancing eradication of proinflammatory pathobionts,
including Helicobacter species (22–26). L. reuteri has also been
found to assist in restoring the intestinal mucosal barrier by
increasing enterocyte migration, proliferation, and crypt height
(22, 23, 27). Of note, restoration of the mucosal barrier reduces
bacterial translocation to mesenteric lymph nodes, thereby
further reducing systemic inflammation.

The following pilot trial of an immunomodulatory probiotic
supplementation, L. reuteri DSM 17938, was implemented
among Veterans from Operation Enduring Freedom/Operation
Iraqi Freedom/Operation New Dawn (OEF/OIF/OND) with
co-occurring PPC and PTSD symptoms using a longitudinal,
double-blind, randomized placebo-controlled design. Study aims
included evaluating the feasibility, acceptability, and safety of
supplementation. Feasibility refers to the ease of implementation,
and acceptability refers to the suitability of an intervention
from the perspectives of the stakeholders [e.g., participants, and
providers; (28)]. In addition, efforts were aimed at evaluating the
impact of supplementation on biological markers (i.e., systemic
inflammation, intestinal permeability, stress responsivity, and
microbial diversity and composition).

MATERIALS AND METHODS

Participants
This study was approved by the Colorado Multiple Institutional
Review Board (IRB) and the local VA Research and Development
Committee. Written informed consent was provided in
accordance with the Declaration of Helsinki. Participants
included US military Veterans between the ages of 18 and 50
with (1) at least one deployment in support of OEF/OIF/OND;
(2) a history of mTBI per the Ohio State University (OSU)
TBI-ID (29) with any endorsement of PPC symptoms associated
with an mTBI that occurred at least 6 months prior to the
baseline assessment; (3) current symptoms in three or more of
the following International Classification of Diseases (ICD)-10
post-concussive (PC) symptom categories (30) as measured
by the Rivermead Post-concussion Symptom Questionnaire
[RPQ; score of 2 or greater per symptom to qualify as (a)
headache, dizziness, malaise, fatigue, and noise intolerance;
(b) irritability, depression, anxiety, and emotional lability; (c)
subjective concentration, memory, or intellectual difficulties;

and/or (d) insomnia] (31); (4) a current diagnosis of PTSD per
the Clinician Administered PTSD Scale-5 (CAPS-5) (32); and
(5) medical clearance by study providers. Exclusion criteria
included: (1) history of moderate-to-severe TBI; (2) current
involvement in the criminal justice system as a prisoner or
ward of the state; (3) current (past month) alcohol or substance
abuse or dependence; (4) lifetime history of bipolar disorder
or psychosis or anxiety disorders; (5) consistent (e.g., 5×/week
or greater) probiotic supplementation within the last month,
including probiotic food products such as yogurt, as determined
by phone screen interview and Probiotic Food Check List;
(6) receiving antibiotics within the last month; (7) receiving
medications that interfere with gut motility (opiates, loperamide,
and stool softeners); (8) presence of central venous catheters
(CVCs); (9) gastrointestinal (GI) barriers as identified by the
2-week run-in period as determined by the study team (e.g., daily
GI discomfort with frequent diarrhea prior to supplementation);
(10) participation in conflicting interventional research protocol;
(11) vital signs outside of acceptable range, i.e., blood pressure
>160/100, oral temperature >100◦F, and pulse >100; (12)
use of any drugs within the last 6 months [viz., systemic
antibiotics, antifungals, antivirals, or antiparasitics (intravenous,
intramuscular, or oral); oral, intravenous, intramuscular, nasal
or inhaled corticosteroids; cytokines or cytokine inhibitors;
methotrexate or immunosuppressive cytotoxic agents]; (13)
acute disease at the time of enrollment; (14) chronic, clinically
significant (unresolved, requiring on-goingmedical management
or medication) pulmonary, cardiovascular, GI, hepatic, or renal
functional abnormality, as determined by medical history or
physical examination other than irritable bowel syndrome
(IBS); (15) history of cancer except for squamous or basal cell
carcinomas of the skin that have been medically managed by
local excision; (16) unstable dietary history as defined by major
changes in diet during the previous month, where the subject
has eliminated or significantly increased a major food group
in the diet; (17) positive test for human immunodeficiency
virus (HIV), hepatitis B virus, or hepatitis C virus; (18) major
surgery of the GI tract, with the exception of cholecystectomy
and appendectomy, in the past 5 years or any major bowel
resection at any time; (19) regular urinary incontinence
necessitating use of incontinence protection garments; (20)
female who is pregnant or lactating; (21) treatment for or
suspicion of ever having had toxic shock syndrome; or (22)
those receiving immunosuppressive drugs/medications (e.g.,
oral corticosteroids) or treatment including antineoplastic
therapy, post-transplantation immunosuppressive therapy,
and/or radiation therapy.

Participant demographics and clinical characteristics [e.g., IBS
status as measured by the Rome III Diagnostic Questionnaire
(33) and dietary diversity] are presented in Table 1. The average
age of the male Veterans included in the study was 37.4 years (SD
6.7). The sample was 68%Caucasian. No significant demographic
or military characteristic differences were noted. In terms of
most recent and worst mTBIs (lifetime), there were no significant
between-group differences in terms of the number of participants
in each group with alterations of consciousness (AOC) vs. losses
of consciousness (LOC) [most recent: AOC—placebo 8 (53%),
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TABLE 1 | Participant demographics and clinical characteristics.

Total (N = 31) Placebo (N = 15) Probiotic (N = 16) p-value

Demographics

Age (years)a 37.4 (6.7)

36 (26, 50)

36.7 (6.2)

36 (28, 50)

37.9 (38.5)

38.5 (26, 50)

0.65

Maleb 31 (100%) 15 (100%) 16 (100%) >0.99

Raceb

Caucasian 21 (68%) 10 (67%) 11 (69%) 0.56

African American 2 (6%) 1 (7%) 1 (6%)

Native American/Alaskan Native 2 (6%) 2 (13%) 0 (0%)

Multiracial 4 (13%) 2 (13%) 2 (12.5%)

Other 2 (6%) 0 (0%) 2 (12.5%)

Hispanicb 3 (10%) 2 (15%) 1 (6%) 0.59

Educationb

Some college 16 (52%) 5 (33%) 11 (69%) 0.06

Associate’s 7 (23%) 5 (33%) 2 (29%)

Bachelor’s 6 (19%) 5 (33%) 1 (6%)

Master’s 1 (3%) 0 (0%) 1 (6%)

Doctoral 1 (3%) 0 (0%) 1 (6%)

Marital Statusb

Married 21 (68%) 11 (73%) 10 (48%) 0.76

Single 4 (13%) 1 (7%) 3 (19%)

Cohabitating 3 (10%) 2 (13%) 1 (6%)

Divorced/Separated 3 (10%) 1 (7%) 2 (13%)

Sexual Orientationb

Heterosexual 28 (90%) 14 (93%) 14 (88%) >0.99

Gay/Lesbian/Queer 1 (3%) 1 (7%) 0 (0%)

Bisexual 1 (3%) 0 (0%) 1 (6%)

Other 1 (3%) 0 (0%) 1 (6%)

Employmentb

Full time 18 (58%) 9 (60%) 9 (56%) >0.99

Part time 3 (10%) 1 (7%) 2 (13%)

Unemployed/Not seeking 3 (10%) 1 (7%) 2 (13%)

Unemployed/Seeking 3 (10%) 2 (13%) 1 (6%)

Retired 4 (13%) 2 (13%) 2 (13%)

Studentb

Full time 10 (32%) 6 (40%) 4 (25%) 0.15

Part time 2 (6%) 2 (13%) 0 (0%)

No 19 (61%) 7 (47%) 12 (75%)

Homelessb 0 (0%) 0 (0%) 0 (0%) >0.99

Military Branchb

Army 27 (87%) 14 (93%) 13 (81%) 0.60

Air Force 1 (3%) 0 (0%) 1 (6%) >0.99

Navy 3 (10%) 1 (7%) 2 (13%) >0.99

Marines 2 (6%) 1 (7%) 1 (6%) >0.99

Erab

Post-Vietnam 2 (6%) 1 (7%) 1 (6%) >0.99

Desert Storm 6 (19%) 2 (13%) 4 (25%) 0.65

OEF/OIF/OND 31 (100%) 15 (100%) 16 (100%) >0.99

Months active dutya 108 (68)

95 (12, 264)

111 (68)

96 (18, 264)

106 (69)

83.5 (12, 224)

0.97

Number of deploymentsa 2.6 (1.5)

2 (1, 7)

2.4 (1.5)

2 (1, 6)

2.8 (1.6)

2.5 (1, 7)

0.38

(Continued)
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TABLE 1 | Continued

Total (N = 31) Placebo (N = 15) Probiotic (N = 16) p-value

Number of combat toursa 2 (1.4)

2 (0, 6)

2 (1.5)

2 (0, 6)

2 (1.4)

2 (0, 5)

0.90

Clinical characteristics

Irritable Bowel Syndrome (per Rome III

Diagnostic Questionnaireb )

7 (23%) 3 (20%) 4 (25%) >0.99

Ohio State University TBI-ID

Time since most recent mTBI (years)a 10.5 (7.1)

10 (1, 33)

8.3 (3.4)

9 (1, 12)

12.4 (9.1)

12 (1, 33)

0.14

Number of lifetime mTBIsa 2.7 (1.5)

2 (1, 6)

3.3 (1.7)

3 (1, 6)

2.1 (1.1)

2 (1, 4)

0.05

The Clinician Administered PTSD

Scale-5 (CAPS-5)a

Total severity 34.5 (10.2)

32 (16, 59)

34 (10.5)

38 (16, 49)

35.1 (10.1)

32 (22, 59)

0.72

Criterion B severity (Re-experiencing) 8.3 (3.0)

8 (3, 14)

8.6 (3.0)

8 (3, 14)

8.0 (3.0)

7.5 (4, 14)

0.47

Criterion C severity (Avoidance) 4.0 (1.6)

4 (2, 6)

4.0 (1.6)

4 (2, 6)

4.1 (1.7)

4.5 (2, 6)

0.90

Criterion D severity (Negative

alterations in cognitions and mood)

11.6 (4.9)

11 (4, 23)

10.6 (5.2)

9 (4, 20)

12.5 (4.7)

12 (6, 23)

0.23

Criterion E severity (Alterations in

arousal and reactivity)

10.6 (3.3)

10 (6, 17)

10.8 (3.4)

11 (6, 15)

10.5 (3.2)

10 (7, 17)

0.69

Neurobehavioral Symptom Inventory

(NSI)a

Cognitive 8.0 (4.6)

8 (0, 16)

8.4 (4.7)

9 (1, 16)

7.7 (4.6)

7.5 (0, 14)

0.72

Mood-behavioral 14.5 (6.5)

15 (4, 27)

13.7 (6.7)

15 (4, 26)

15.2 (6.5)

14.5 (5, 27)

0.63

Vestibular-sensory 12.6 (7.6)

13 (0, 27)

11.5 (7.6)

10 (0, 24)

13.6 (7.8)

14 (1, 27)

0.59

Pittsburgh Sleep Quality Index

(PSQI)a,c
Total (N = 28) Placebo (N = 14) Probiotic (N = 14) p-value

Duration (0–3) 1.61 (1.2)

2 (0, 3)

1.36 (0.3)

1 (0, 3)

1.86 (1.1)

2 (0, 3)

0.33

Sleep disturbance (0–3) 1.85 (0.66)d

2 (1, 3)

1.93 (0.73)

2 (1, 3)

1.77 (0.60)e

2 (1, 3)

0.69

Sleep latency (0–3) 2.14 (1.0)

2.5 (0, 3)

2.21 (0.89)

2 (0, 3)

2.07 (1.2)

3 (0, 3)

>0.99

Day dysfunction (0–3) 1.46 (0.64)

1 (0, 3)

1.43 (0.76)

1 (0, 3)

1.50 (0.52)

1.5 (1, 2)

0.74

Sleep efficiency (0–3) 0.96 (1.3)

0 (0, 3)

1.29 (1.4)

0.5 (0, 3)

0.64 (1.0)

0 (0, 3)

0.27

Overall sleep quality (0–3) 1.96 (0.74)

2 (1, 3)

1.86 (0.77)

2 (1, 3)

2.07 (0.73)

2 (1, 3)

0.51

Need meds to sleep (0–3) 1.36 (1.5)

0.5 (0, 3)

1.07 (1.5)

0 (0, 3)

1.64 (1.4)

2.0 (0, 3)

0.26

PSQI total (0–21) 11.4 (4.5)d

13 (4, 18)

11.1 (5.3)

10 (4, 18)

11.8 (3.5)e

13 (6, 16)

0.88

Dietary Diversity Score (DDS)a,f Total (N = 29) Placebo (N = 13) Probiotic (N = 16) p-value

Totalg 0.66 (0.12)

0.69 (0.30, 0.91)

0.68 (0.1)

0.69 (0.51, 0.80)

0.65 (0.14)

0.66 (0.30, 0.91)

0.48

Fruits and vegetablesh 0.7 (0.18)

0.74 (0.37, 0.94)

0.72 (0.18)

0.74 (0.37, 0.94)

0.68 (0.19)

0.71 (0.37, 0.91)

0.63

Complex carbohydratesi 0.56 (0.19)

0.54 (0.23, 1.0)

0.54 (0.2)

0.46 (0.23, 0.92)

0.57 (0.19)

0.54 (0.23, 1.0)

0.52

Animal foodsj 0.62 (0.18)

0.66 (0.09, 0.94)

0.66 (0.16)

0.69 (0.34, 0.94)

0.59 (0.19)

0.59 (0.09, 0.88)

0.22

(Continued)
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TABLE 1 | Continued

Dietary Diversity Score (DDS)a,f Total (N = 29) Placebo (N = 13) Probiotic (N = 16) p-value

Plant proteinsk 0.67 (0.18)

0.67 (0.22, 1.0)

0.67 (0.13)

0.67 (0.44, 0.89)

0.67 (0.22)

0.67 (0.22, 1.0)

0.89

aMean (SD) and Median (range).
bN (%) is presented.
cHigher PSQI scores indicate worse sleep quality.
dN = 27.
eN = 13.
fDDS is calculated as the number of foods eaten on a regular basis as a proportion of all possible foods.
gTotal DDS comprises regularly eaten foods as a proportion of 144 possible foods included on the Harvard Food Frequency Questionnaire.
hFruits and Vegetables comprises 35 possible foods, including a range of fruits and vegetables such as stone fruits, apples, berries, melons, citrus, avocado, cruciferous vegetables,

alliums, root vegetables, and tomatoes, among others.
iComplex Carbohydrates comprises 13 possible foods: oatmeal, cooked grain cereals, rye bread, dark bread, brown rice and other grains, corn, popcorn, oat bran, other bran, wheat

germ, potatoes, and sweet potatoes.
jAnimal Foods comprises 32 possible foods of animal origin, including milk, fermented dairy products, eggs, red meat, poultry, fish and seafood, and processed meat products (e.g.,

hot dogs).
kPlant Proteins comprises 9 foods that are commonly consumed as plant-based sources of protein: tofu, string beans, peas and lentils, beans, peanuts and peanut butter, walnuts,

other tree nuts, and soy milk.

probiotic 13 (81%), LOC—7 (47%), 3 (19%), p= 0.14; worst:
AOC—placebo 4 (27%), probiotic 9 (56%), LOC—placebo 11
(73%), probiotic 7 (44%), p = 0.10]. There were also no between
group differences in terms of reported specific lengths of LOC
(most recent/worst mTBI) reported among those with such a loss
(p = 0.53, p = 0.38). Though not significant, 69% of those in the
probiotic group had “some college” compared with 33% in the
placebo group. No significant differences were noted on clinical
interviews/participant reported outcomes at baseline regarding
PPC symptoms, PTSD symptoms, sleep, or diet.

Randomization
Processes were in place to randomize to intervention or placebo
at a 1:1 ratio, stratified by gender and IBS, as measured by the
Rome III Diagnostic Questionnaire (33). Despite efforts to recruit
both women and men, no female Veterans met inclusion criteria.
The decision to stratify by IBS was related to the findings by
Maguen et al. (34) regarding the association between GI disorders
(GIDs) and mental health conditions among OEF/OIF Veterans.
Moreover, in conceptualizing PTSD as a more holistic disorder,
there was concern that those with IBS may be more responsive to
a probiotic intervention than those without GIDs.

Study Procedures
Study data were acquired over multiple timepoints (see
Figure 1, CONSORT diagram). Fecal microbiome samples were
collected pre- (Time 2, Assessment and Randomization) and
post-supplementation (Time 3, Assessment) by self-sampling.
Participants were provided with kits that included one BBL R©

CultureSwab R© EZ Sterile double-tipped swab (BD, Franklin
Lakes, NJ, USA), a sealable tube, and one pair of latex gloves to
collect a stool sample. Blood samples were collected pre- (Time
2, Assessment and Randomization) and post-supplementation
(Time 3, Assessment) for quantification of plasma concentrations
of biomarkers of inflammation and gut permeability. The Trier
Social Stress Test (TSST) was administered during the Time
3 Assessment.

Intervention
All participants were randomized to receive either L. reuteri
DSM 17938 drops, 100 million colony-forming units (CFU)
in sunflower and medium chain triglyceride oils or placebo
(sunflower and medium chain triglyceride oils) daily for 8 ±

2 weeks. L. reuteri DSM 17938 [deposited in the Deutsche
Sammlung vonMikroorganismen und Zellkulturen (DSMZ) and
referenced as DSM 17938; Gerber Soothe Colic Drops, 100
million CFU/5 drops; derived from L. reuteri American Type
Culture Collection (ATCC) 55730] was used in the study.

Measures
Baseline Demographics and Mental/Physical Health

Characteristics
Multiple measures were used to assess participants’ baseline
mental and physical health. The CAPS-5 is a gold-standard
structured clinical interview used to determine PTSD diagnosis
(32). The Neurobehavioral Symptom Inventory (NSI) is a
measure of PPC symptoms that is widely used among military
personnel and Veterans and is recommended for screening
and evaluation (35). Finally, the OSU-TBI-ID is a structured
clinical interview to assess for history of TBI (29). Additional
baseline clinical information was collected from each participant.
The Harvard Food Frequency Questionnaire (FFQ) booklet is
a comprehensive 101-item semi-quantitative FFQ that includes
questions on the intake of specific foods and supplements and
on adherence to particular diet types (36). Analysis of the
questionnaire provides a wide range ofmacro- andmicronutrient
quantities. The Pittsburgh Sleep Quality Index (PSQI) was used
to measure a range of factors associated with sleep (e.g., duration,
frequency of disturbances, and overall sleep quality) (37, 38).
The Rome III Diagnostic Questionnaire for the Adult Functional
Gastrointestinal Disorders classifies disorders of the digestive
system (33). This comprehensive questionnaire takes 20–30min
to complete and has been used to identify inclusion criteria for
clinical research studies (33).
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FIGURE 1 | CONSORT diagram depicting the study design.
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Feasibility and Acceptability
Participants were provided with a probiotics usage log, one
of several assessment measures linked to feasibility (28). The
participants documented the date, time, and amount of each
probiotic dose taken, as well as any symptoms experienced and
their severity. The document was modeled after the Dana-Farber
Harvard Cancer Center (DF/HCC) Oral Chemotherapy Drug
Diary. In addition, section G of the Adult AIDS Clinical Trials
Group (AACTG) (39) is a 14-item self-report questionnaire
administered to query why one might not take a supplement
as directed. The Generic Assessment of Side Effects (GASE)—
Probiotics (GASE-P) is identical to GASE but assesses side
effects related to supplements (40). The GASE consists of
36 symptom descriptions organized by parts of the body.
Participants were asked to rate if these “symptoms” were “not
present,” “mild,” “moderate,” or “severe” in the past week related
to current medication. The Modified Morisky Medication-
Taking Adherence Scale (MMAS) is an eight-item self-report
questionnaire designed to test whether or not a subject adheres
to taking a particular medication or supplement and has
demonstrated concurrent and predictive validity, in regard
to the measurement of patient adherence in clinical studies
(41, 42). If a participant scores higher on the scale, they are
more adherent to the supplement. The Modified Treatment
Satisfaction Questionnaire (TSQM v1.4) is a nine-item valid
questionnaire that is designed to measure side effects associated
with the supplement itself and the ease of administration of the
supplement (43). Participant retention and adverse event records
were maintained by study staff.

Biomarkers of Inflammation
Converging lines of evidence have shown that inflammation
is associated with mTBI and the development of PTSD (12–
16). Therefore, we measured multiple systemic biomarkers of
inflammation from plasma. These consisted of CRP, measured
by high-sensitivity enzyme-linked immunosorbent assay (ELISA)
(Cat No. DCRP00, R&D Systems, Minneapolis, MN, USA), and a
panel of cytokines [IL-1α, IL-1β, IL-2, IL-6, IL-8, IL-10, IL-12p70,
TNFα (active trimer), and interferon gamma (IFNγ)] measured
by high-sensitivitymultiplex ELISA (Cat No. 85-0002, Quanterix,
Billerica, MA, USA).

Intestinal Permeability
Biomarkers of intestinal permeability consisted of intestinal fatty
acid binding protein (IFABP) (Cat No. DFBP20, R&D Systems)
and D-amino acid oxidase (DAO) (Cat No. SEJ298Hu, Cloud
Clone, Katy, TX, USA) measured by ELISA. All assays were run
according to the manufacturer’s instruction manuals.

Stress Responsivity
To evaluate stress responsivity, the TSST (44, 45) was
administered. The TSST is a standard laboratory assessment
that has been used in a variety of populations, including
military personnel and individuals with mental health conditions
(46). With the use of a remote heart rate monitor placed
around the base of the sternum, heart beats per minutes
(BPM) was continuously measured during the TSST. Signals

were recorded with an ADInstruments system. Timepoints of
interest for BPM were at baseline (20-min relaxation), pre-
speech, during the speech, during the math task, and after a
period of relaxation (10-min post-relaxation). In the speech task,
participants are asked to give a 5-min presentation on why
they are the best candidate for a job. During the presentation,
evaluators maintain neutral expressions. If the participant does
not present for the entire 5min, they are asked to continue
until time has expired. In the math task, participants are
asked to count backwards by 13s. If they make a mistake,
they have to start from the original number given. The Visual
Analog Scale (VAS; distress thermometer) is a psychometric
response scale for subjective characteristics or attitudes (47).
Participants responded to their subjective level of stress on a
0–10 Likert scale. The VAS was administered before the speech
task, immediately after the speech task, and immediately after the
math task.

Microbiome
Sample DNA was extracted using the PowerSoil DNA extraction
kit (Cat No. 12955-4, Qiagen, Valencia, CA, USA) according
to the manufacturer’s instructions. Marker genes in isolated
DNA were polymerase chain reaction (PCR) amplified using
GoTaq Master Mix (Cat No. M5133, Promega, Madison, WI,
USA); 515 F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806 R
(5

′
-GGACTACHVGGGTWTCTAAT-3′) primer pair (Integrated

DNA Technologies, Coralville, IA, USA) targeting the V4
hypervariable region of the 16S rRNA gene modified with a
unique 12-base sequence identifier for each sample; and the
Illumina adapter as previously described in Caporaso et al. (48)
The thermal cycling program consisted of an initial step at
94◦C for 3min followed by 35 cycles (94◦C for 45 s, 55◦C for
1min, and 72◦C for 1.5min), and a final extension at 72◦C for
10min. PCRs were run in duplicate, and the products from the
duplicate reactions were pooled and visualized on an agarose gel
to ensure successful amplification. PCR products were cleaned
and normalized using a SequalPrep Normalization Kit (Cat. No.
A1051001, ThermoFisher, Waltham, MA, USA) following the
manufacturer’s instructions. The normalized amplicon pool was
sequenced on an Illumina MiSeq run by using V3 chemistry
and 600 cycles, 2 × 300-bp paired-end sequencing. All library
preparation and sequencing were conducted at the University
of Colorado Boulder BioFrontiers Next-Gen Sequencing core
facility, https://bficores.colorado.edu/sequencing-lab.

Analyses
Baseline Demographics and Mental/Physical Health

Characteristics
Demographic and clinical characteristics were compared
between groups using Wilcoxon rank-sum and Fisher’s exact
tests, as appropriate.

Feasibility and Acceptability
Measures are reported as both means and standard deviations,
as well as medians and ranges, and were compared between
groups using Wilcoxon rank-sum tests. All analyses were run
in SAS v9.4 and R v3.5.3. In terms of feasibility, we used the
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criteria of Thabane et al. (49) who suggest classifying outcomes
as follows: “(i) Stop—main study not feasible; (ii) Continue,
but modify protocol—feasible with modifications; (iii) Continue
without modifications, but monitor closely—feasible with close
monitoring; and (iv) Continue without modifications—feasible
as is.” The a priori criterion for continuing without modifications
(feasible as is) was as follows: medium adherence with
supplementation in at least 50% of all participants on all
administrations of the MMAS and retention of 50% through at
least six such administrations.

Stress Responsivity
A mixed-effects model with a random intercept was used to
investigate heart BPM during the TSST (baseline, pre-speech,
speech, math, and post-relax), representing repeated measures
on a participant over time. Within this model, each group was
allowed to have its own trajectory, and a natural cubic B-spline
transformation was performed on the timepoints to allow for
smoothly varying trajectories. A search was performed to arrive
at the overall best model, using a range of 1–3 degrees of freedom
(df) for each group (all combinations were investigated for a
total of nine models). Akaike’s information criterion (AIC) was
used to select the final model. A contrast within the final model
was used to compare the change from baseline to math between
the groups. A similar analysis was used to investigate changes in
perceived stress (VAS), though these were collected at three TSST
timepoints; a smaller range of 1–2 df was allowed for each group,
and a total of four models were run for each outcome. AIC was
again used to select the final models. Estimates from the VAS
are reported, and the change from baseline to after math was
compared between groups for the VAS using a contrast within
the model.

Biomarkers of Inflammation and Intestinal

Permeability
Given small sample sizes, differences in 8-week changes
for plasma concentrations of CRP, plasma concentrations of
cytokines, and plasma concentrations of biomarkers of intestinal
permeability measures were compared using Wilcoxon rank-
sum tests.

Probiotic and Microbiome
Sequencing data were processed and analyzed using Quantitative
Insights Into Microbial Ecology (QIIME2 v. 2019.10) (50). The
DADA2 algorithm was used to denoise demultiplexed sequences
(51). Quality-filtered sequences were assigned taxonomic
classification based on the SILVA 132 database released on
December 2017 (52). Further analyses of α-diversity, β-diversity,
and taxonomic composition of microbiomes were performed
with QIIME2 v. 2019.10 and the open source statistical package R
v. 3.5.1 (https://www.R-project.org). For α-diversity, β-diversity,
and taxonomic composition of microbiomes, samples were
rarefied to 11,900 sequences per sample. α-Diversity metrics
included (1) observed operational taxonomic units (OTUs); (2)
Shannon diversity; and (3) Faith’s phylogenetic diversity (Faith’s
PD). Kruskal–Wallis test was used to examine for differences
among treatment group and timepoint. For β-diversity,

permutational multivariate analysis of variance (PERMANOVA)
was performed using the vegan package (53) with the following
distance metrics: unweighted UniFrac and weighted UniFrac.
Analysis of Composition of Microbiomes (ANCOM) (54) was
used to determine differentially abundant taxa at the phylum and
genus levels.

RESULTS

Overall, 75 individuals were screened, and 31 Veterans were
enrolled and randomized (15 to the placebo condition and 16 to
the probiotic condition).

Feasibility
Findings from theMMAS (range 0–8) suggested that both groups
were highly adherent across all study weeks (placebo median =

7.6; probiotic median = 7.3), thereby suggesting feasibility in
terms of supplementation adherence. This was further supported
by findings from the AACTG (39) adherence questionnaire. The
most frequent reason reported in both groups for not taking
supplementation was forgetting. Nonetheless, participants in
both groups reported “rarely” forgetting to take the supplement
(placebo mean= 0.11; probiotic mean= 0.16).

Acceptability
Based on scores from the TSQM, both groups (placebo and
probiotic) found the supplementation acceptable. No differences
were noted between groups in terms of side effects, convenience,
or global satisfaction. Time 3 global satisfaction scores were ∼70
(out of 100) for both groups, thereby suggesting the acceptability
of L. reuteri DSM 17938 supplementation for those with chronic
PPC and PTSD symptoms.

On the GASE-P, no differences were noted between groups
in terms of probiotic-specific side effects or the severity of
symptoms. Interestingly, when participants were asked to rate
if these “symptoms” were “not present,” “mild,” “moderate,” or
“severe” in the past week related to current medication, side
effects notably decreased for both groups over time (see Table 2).
In addition, no severe study-related adverse events were reported
throughout the trial.

Inflammatory Markers
Probiotic supplementation resulted in a decrease in plasma
CRP concentrations that approached statistical significance. See
Table 3 for results.

Intestinal Permeability
No differences in outcomes were noted between groups
(see Table 3).

Stress Responsivity
Both objective and subjective measures of stress were obtained.
Participants in both the placebo and supplement groups
experienced an increase in estimated perceived stress using the
VAS over the course of the TSST (estimated mean, probiotic [n
= 12]: baseline, 5.38 [95% CI: 3.85, 6.90], after speech 6.25 [95%
CI: 4.87, 7.63], after math 7.13 [95% CI: 5.60, 8.65]; placebo [n=
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TABLE 2 | Generic Assessment of Side Effects-Probiotics (GASE-P) scores by timepoint.

Full Sample Placebo Probiotic p-value

N Mean (SD) Median (range) N Mean (SD) Median (range) N Mean (SD) Median (range)

Time 1

Severity 31 26.9 (13.1) 25 (6, 48) 15 25.6 (13.9) 25 (6, 48) 16 28.1 (12.7) 25 (8, 47) 0.60

Symptom count 31 15.2 (5.9) 16 (5, 28) 15 14.4 (5.5) 16 (5, 22) 16 15.9 (6.4) 15 (5, 28) 0.65

Time 2

Severity 29 22.9 (11.1) 24 (6, 52) 15 22.1 (13.2) 24 (6, 52) 14 23.7 (8.8) 22.5 (11, 41) 0.58

Symptom count 29 13.9 (5.8) 15 (4, 24) 15 12.4 (6.4) 14 (4, 24) 14 15.6 (4.8) 15 (9, 24) 0.19

Time 3

Severity 27 12.9 (11.5) 8 (0, 39) 15 11.7 (11.3) 8 (0, 39) 12 14.3 (12.0) 12.5 (0, 33) 0.52

Symptom Count 27 8.0 (6.7) 7.0 (0, 29) 15 6.5 (4.5) 5 (0, 16) 12 9.8 (8.5) 7.5 (0, 29) 0.31

TABLE 3 | Mean change in plasma concentrations of C-reactive protein (CRP), plasma concentrations of cytokines and plasma concentrations of biomarkers of intestinal

permeability from Visit 2 to Visit 3.

Placebo Probiotic p-value

N Mean (SD) and Median (range)a N Mean (SD) and Median (range)a

Biomarkers of Inflammation

CRP (mg/L) 14 0.113 (1.2) 0.09 (−2.3, 2.4) 10 −0.625 (1.1) −0.565 (−2.3, 1.5) 0.056

IFNγ (pg/ml) 14 0.36 (1.2) 0.04 (−1.4, 3.9) 9 −0.33 (1.2) −0.04 (−3.1, 1.1) 0.22

IL1α (pg/ml) 14 0.98 (4.0) 0.28 (−4.4, 12.7) 9 −1.6 (11.2) 1.64 (−30.4, 9.6) 0.45

IL1β (pg/ml) 14 0.70 (2.7) 0.04 (−3.5, 9.1) 9 −0.25 (2.5) −0.03 (−6.1, 3.3) 0.37

IL2 (pg/ml) 14 0.02 (0.34) −0.02 (−0.60, 0.81) 9 −0.12 (1.3) 0 (−3.4, 1.3) 0.51

IL6 (pg/ml) 14 0.22 (2.4) −0.10 (−5.1, 4.0) 9 −0.07 (7.7) −0.24 (−13.5, 16.3) 0.64

IL8 (pg/ml) 14 −4.8 (11.2) −0.49 (−39.2, 3.6) 9 1.4 (5.9) 1.1 (−8.8, 11.4) 0.12

IL10 (pg/ml) 14 0.15 (0.85) 0.09 (−1.4, 2.2) 9 −0.23 (2.0) −0.23 (−3.0, 2.4) 0.72

IL12p70 (pg/ml) 14 −1.6 (9.3) −0.41 (−28.5, 11.2) 9 −10.1 (46.2) −0.61 (−129, 34.3) 0.89

IL-6:IL-10 ratio 14 −0.08 (1.0) −0.004 (−3.2, 1.6) 9 −0.003 (0.97) −0.12 (−0.7, 1.6) 0.52

TNFα (pg/ml) 14 −0.62 (1.4) −0.27 (−3.7, 1.3) 9 −2.1 (8.2) 0 (−23.7, 3.2) 0.26

Intestinal Permeability

DAO (ng/ml) 10 −0.11 (0.24) −0.08 (−0.55, 0.29) 8 0.03 (0.12) 0.08 (−0.12, 0.16) 0.17

IFABP (pg/ml) 12 −0.09 (0.45) −0.17 (−1.0, 0.72) 10 −0.04 (0.16) −0.03 (−0.35, 0.21) 0.54

aNegative numbers indicate a decrease from Visit 2 to Visit 3. Wilcoxon rank-sum test was used to compare the change from Visit 2 to Visit 3 between the Placebo and Probiotic groups.

CRP, C-reactive protein; DAO, D-amino acid oxidase; IFABP, intestinal fatty acid binding protein; IFNγ, interferon gamma; IL, interleukin; mg/L, milligrams/liter; ng/ml, nanograms/ milliliter;

pg/ml, picograms/ milliliter; TNFα, tumor necrosis factor alpha.

15]: baseline 4.13 [95% CI: 2.77, 5.50], after speech 5.29 [95% CI:
4.04, 6.54], after math 6.44 [95% CI: 5.06, 7.84]). Moreover, no
significant between-group differences were noted on estimated
changes in VAS scores from baseline to after math (estimated
change, probiotic 1.75 [95% CI: 0.49, 3.01]; placebo 2.31 [95% CI:
1.15, 3.47], p = 0.51). Nonetheless, during the TSST, there was a
significantly larger increase in mean BPM between baseline and
math for the placebo group as compared with the probiotic group
(estimated change, probiotic 5.3 [95% CI: −0.55, 11.0], placebo
16.9 [95%CI: 11.0, 22.7], p= 0.006). Of note, the groups were not
significantly different at baseline (estimated difference at baseline,
4.5 [95% CI:−7.66, 16.7], p= 0.46; see Figure 2).

Microbiome
Presence of L. reuteri DSM 17938 in the Supplement
The presence of L. reuteri DSM 17938 in the prepared
supplement was confirmed through amplification with species-
specific primers using SYBR Green master mix in a Bio-Rad
CFX qPCR machine. Positive placebo for the amplification

was measured with L. reuteri DSM 17938 DNA provided by
ATCC and compared with DNA extracted from three separate
probiotic oil samples. DNA for the positive placebo and three
samples was quantified for four dilution factors of 1, 1:10, 1:100,
and 1:1,000. Results showed that the positive placebo and all
three samples amplified at each of the four dilution factors.
All the melt curves indicated amplification of the same target
sequence, with no indication of non-specific amplification. The
highest dilution factor (1:1,000) had CT values still under 30 for
the probiotic samples. In addition, the three probiotic samples
had similar amplification in each of the four dilution factors,
indicating nearly uniform L. reuteri DSM 17938 concentrations
in the probiotic samples.

α-Diversity, β-Diversity, and Taxonomic Composition

of the Gut Microbiome
The mean α-diversity for the study population was 108.8
for observed OTUs and 3.23 for Shannon diversity. Relative
abundances of the most prevalent gut bacteria at the phylum
level were 41.2% Firmicutes, 34.9% Bacteroidetes, and 17.9%
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Proteobacteria. The mean Firmicutes to Bacteroidetes ratio
was 2.58 across the study, not significantly different across
timepoints or treatment groups. Bacteroides, Escherichia–
Shigella, Faecalibacterium, and Prevotella were the highest

FIGURE 2 | Beats per Minute (BPM) with Standard Error Bars by Trier Social

Stress Test.

relative abundance genera across all samples. Overall, there were
no differences between treatment group or timepoint in α-
diversity, β-diversity, or taxa at the phylum or genus level (see
Figures 3–6 for more details).

DISCUSSION

Findings from this trial support the feasibility,
acceptability, and safety of supplementation with an anti-
inflammatory/immunoregulatory probiotic, L. reuteri DSM
17938, among Veterans with PPC and PTSD symptoms. As
noted above, we were broadly unable to detect differences
between groups in biomarkers of inflammation (including IL-1α,
IL-1β, IL-2, IL-6, IL-8, IL-10, IL-12p70, TNFα (active trimer),
and IFNγ) or biomarkers of intestinal permeability. These
findings are consistent with a recent meta-analysis, which found
that probiotic administration among a wide-range of cohorts
(e.g., healthy, IBS, obese, and TBI) had no significant effect on
serum cytokines including IL-10 and TNFα (55).

Nonetheless, meta-analytic findings suggested that probiotic
administration resulted in a reduction in serum CRP, with a
weighted mean difference (WMD) of−1.35 mg/L [95% CI−2.15

FIGURE 3 | Relative abundances of phyla in the participant gut microbiome, before and after placebo or probiotic administration.
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FIGURE 4 | Principal coordinate plots with (A) weighted UniFrac and (B) unweighted UniFrac.

FIGURE 5 | Boxplots depicting α-diversity based on Faith’s phylogenetic

diversity measure between treatment groups before and after placebo or

probiotic administration.

to −0.55, I2 65.1% (55)]. One of the articles noted in the meta-
analysis was a randomized, single-blind study by Tan et al.
of those with severe TBI (56). Those in the probiotic group
received 0.5 × 108 Bifidobacterium longum (ATCC 15697), 0.5
× 107 Lactobacillus bulgaricus (ATCC 11842), and 0.5 × 107

Streptococcus thermophilus (ATCC 19987). CRP levels were lower
on days 15 and 21 among those who received the probiotic,
relative to those in the placebo group.

In the current study, notable between-group differences were
identified in terms of plasma concentrations of CRP, suggesting
that CRP may be a viable inflammatory marker of interest. This
may have been related to effects of L. reuteri DSM 17938 on
the gut–liver axis (i.e., physiological links among gut dysbiosis,

FIGURE 6 | Boxplots depicting α-diversity based on Shannon diversity

measure between treatment groups before and after placebo or probiotic

administration.

the integrity of the gut barrier and, via the hepatic portal
vein, the hepatic immune and acute phase responses to gut-
derived factors). This finding is also in line with previous
studies suggesting that probiotic administration can decrease
plasma CRP concentrations (55). Not all studies using L.
reuteri DSM 17938 have observed decreases in plasma CRP
concentrations, however (57, 58). Nonetheless, the potential for
L. reuteri DSM 17938 to decrease plasma CRP concentrations
may be of particular interest in the context of PTSD. In a
Marine Resiliency Study of ∼2,600 war zone-deployed soldiers,
elevated plasma CRP concentrations at baseline predicted
elevated PTSD risk 3 months post-deployment (18). To date,
it remains unclear if interventions that decrease plasma CRP
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concentrations ameliorate PTSD symptoms when administered
after the development of PTSD.

We also observed a significant impact of L. reuteri DSM
17938 on heart BPM during the TSST among Veterans with
PPC symptoms and PTSD. Increased heart BPM during the
TSST is a well-documented biomarker of the autonomic stress
response. In this study, the TSST induced increases in heart BPM
in participants who received placebo from ∼75 to 95 BPM, with
the peak response at the time of the math task. The results were
virtually identical to the response observed in a study of 260
healthy non-smoking males aged 16–60 years (59). Individuals
who had received daily supplementation with L. reuteri DSM
17938 responded with a significant reduction in the TSST-
induced increase in BPM, relative to individuals who received
placebo. Moreover, the observation that L. reuteri DSM 17938
had no effect on perceived stress suggests that the reduction in
the TSST-induced tachycardia was not secondary to a reduction
in perceived stress by the participants. Rather, L. reuteri DSM
17938 may alter autonomic output in a way that directly reduces
stress-induced sympathetic outflow.

In support of this hypothesis, a recent study found that
an 8-week administration of a fermented milk product with
probiotic (FMPP) among healthy women (60) reduced reactivity
in a widely distributed network of brain regions associated
with responses to a validated negatively valenced emotional face
attention task (60). Imaging data suggested a shift away from
an arousal-based resting-state network and toward a regulatory
network. The former network contained sensory regions
including thalamus and insula, limbic regions including cingulate
gyrus, amygdala, hippocampus, parahippocampal gyrus, the
basal ganglia, and attention-related regions (BA 40) consistent
with previous periaqueductal gray connectivity findings (61).
Functional studies have demonstrated that the periaqueductal
gray plays an important role in determining patterns of
autonomic activity associated with different forms of emotional
coping (62). Together, these data support the hypothesis that
anti-inflammatory/immunoregulatory probiotic interventions
alter patterns of autonomic activity responses during stress
exposure, potentially through a shift away from an arousal-based
resting-state network and toward a regulatory network.

Additionally, the use of L. reuteri DSM 17938 for 8 weeks did
not significantly alter the composition of the gut microbiome.
It is possible that alterations occurred in the participants’ gut
microbiomes that were not observed in the stool, as noted in
an 11-strain probiotic administration study of mice and humans
(63). Alternately, the use of L. reuteri DSM 17938 may have
induced a transient and individual-specific response that was
not detectable using the given sequencing technique (16S), or
findings could be confounded by the relatively small sample size.
In the present study, the probiotic was administered well after the
occurrence of the mTBI. In animal models, it has been observed
that the initial dysbiosis of the gut microbial community from
injury might be limited to days post-injury (64). Therefore, it is
possible that administration of a probiotic immediately following
injury could have a more dramatic observable and lasting
influence on gut microbiome composition. Findings associated
with the lack of changes observed in the gut microbiome

may also have been due to sampling procedures. Future trials
should include sampling mid-supplementation (e.g., 4 weeks) in
addition to post-supplementation.

LIMITATIONS

Like all other studies, this one had a number of limitations. Efforts
for this project were exploratory in nature, and one of the primary
goals was to evaluate feasibility, acceptability, and safety. By
intention, this initial study was not designed to evaluate changes
in symptoms associated with clinical conditions. As such, the
sample size was small, andmany physiological outcomemeasures
were obtained and analyzed. Funding was also limited, which
restricted the number of samples that could be analyzed. Ideally,
there would be at least one timepoint for all biological measures
while the participants were on the probiotic or placebo to assess
a longitudinal change.

CONCLUSIONS

Taken together, results support the submission of a large,
randomized, double blind, placebo-controlled trial focused
on mechanistic links between biological markers and clinical
outcomes, with the eventual goal of evaluating the efficacy of
L. reuteri DSM 17938 for decreasing PPC and PTSD symptoms.

DATA AVAILABILITY STATEMENT

Department of Veterans Affairs policies will dictate the sharing of
data. Interested parties should contact the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Colorado Multiple Institutional Review Board, as
well as the local VAR&DReview Board. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

LB, JF, AH, CL, TP, and KS-Y conceptualized the research. KS-Y
and CS provided data curation. JF, CS, and AH provided formal
analysis, while LB acquired funding, project administration, and
resources. KS-Y, MM, and HW conducted the investigations. LB,
AH, and CL provided the methodology and JF the visualization.
LB, DB, JF, AH, CL, MM, TP, CS, KS-Y, and HW wrote the
original draft, while LB, DB, JF, AH, CL, MM, TP, CS, KS-Y, and
HW reviewed and edited it. All of the authors contributed to
this article.

FUNDING

This material was based upon work supported (or
supported in part) by the Department of Veterans Affairs,

Frontiers in Neurology | www.frontiersin.org 13 October 2020 | Volume 11 | Article 1015

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


Brenner et al. Probiotic for mTBI and PTSD

Veterans Health Administration, Office of Research and
Development Rehabilitation Research and Development
Service (I21 RX002232, Biological Signature and Safety
of an Immunomodulatory Probiotic Intervention for
Veterans with Co-occurring Mild TBI and PTSD;
ClinicalTrials.gov Identifier: NCT02723344). The views,
opinions, and/or findings contained in this article are
those of the author(s) and should not be construed as
an official Department of Defense or Veterans Affairs

position, policy, or decision unless so designated by
other documentation.

ACKNOWLEDGMENTS

We gratefully acknowledge Jared D. Heinze for technical
assistance with DNA extractions, PCR amplification of 16S rRNA
genes, and preparation of the normalized amplicon pool for gut
microbiome analysis.

REFERENCES

1. Terrio H, Brenner LA, Ivins BJ, Cho JM, Helmick K, Schwab K,

et al. Traumatic brain injury screening: preliminary findings in a US

Army Brigade Combat Team. J Head Trauma Rehabil. (2009) 24:14–

23. doi: 10.1097/HTR.0b013e31819581d8

2. Harmon KG, Drezner JA, Gammons M, Guskiewicz KM, Halstead

M, Herring SA, et al. American Medical Society for Sports Medicine

position statement: concussion in sport. Br J Sports Med. (2013) 47:15–

26. doi: 10.1136/bjsports-2012-091941

3. Bahraini NH, Breshears RE, Hernandez TD, Schneider AL, Forster JE, Brenner

LA. Traumatic brain injury and posttraumatic stress disorder. Psychiatr Clin

North Am. (2014) 37:55–75. doi: 10.1016/j.psc.2013.11.002

4. Loignon A, Ouellet MC, Belleville G. A systematic review and

meta-analysis on PTSD following TBI among military/veteran

and civilian populations. J Head Trauma Rehabil. (2020)

35:E21–35. doi: 10.1097/HTR.0000000000000514

5. Lew HL, Otis JD, Tun C, Kerns RD, Clark ME, Cifu DX. Prevalence of chronic

pain, posttraumatic stress disorder, and persistent postconcussive symptoms

in OIF/OEF veterans: polytrauma clinical triad. J Rehabil Res Dev. (2009)

46:697–702. doi: 10.1682/jrrd.2009.01.0006

6. Hoge CW, Jonas WB. The ritual of hyperbaric oxygen and lessons for

the treatment of persistent postconcussion symptoms in military personnel.

JAMA Intern Med. (2015) 175:53–4. doi: 10.1001/jamainternmed.2014.3375

7. VA/DoD. Clinical Practice Guideline for the Management of Concussion-

Mild Traumatic Brain Injury. (2016). Available online at: https://www.

healthquality.va.gov/ (accessed August 14, 2020).

8. Barnes PM, Bloom B, Nahin RL. Complementary and alternative medicine

use among adults and children: United States, 2007. Natl Health Stat Rep.

(2008) 12:1–23.

9. Barnes PM, Powell-Griner E, McFann K, Nahin RL. Complementary and

alternative medicine use among adults: United States, 2002. Adv Data.

(2004) 343:1–19.

10. Eisenberg DM, Davis RB, Ettner SL, Appel S, Wilkey S, Van Rompay

M, et al. Trends in alternative medicine use in the United States, 1990-

1997: results of a follow-up national survey. JAMA. (1998) 280:1569–

75. doi: 10.1001/jama.280.18.1569

11. Betthauser LM, Brenner LA, Forster JE, Hostetter TA, Schneider AL,

Hernandez TD. A factor analysis and exploration of attitudes and beliefs

toward complementary and conventional medicine in veterans. Med Care.

(2014) 52(12 Suppl. 5):S50–6. doi: 10.1097/mlr.0000000000000219

12. Chodobski A, Zink BJ, Szmydynger-Chodobska J. Blood-brain barrier

pathophysiology in traumatic brain injury. Transl Stroke Res. (2011) 2:492–

516. doi: 10.1007/s12975-011-0125-x

13. Ghirnikar RS, Lee YL, Eng LF. Inflammation in traumatic brain injury:

role of cytokines and chemokines. Neurochem Res. (1998) 23:329–

40. doi: 10.1023/a:1022453332560

14. Kanefsky R, Motamedi V, Mithani S, Mysliwiec V, Gill JM, Pattinson CL.

Mild traumatic brain injuries with loss of consciousness are associated with

increased inflammation and pain in military personnel. Psychiatry Res. (2019)

279:34–9. doi: 10.1016/j.psychres.2019.07.001

15. Morganti-Kossmann MC, Satgunaseelan L, Bye N, Kossmann T.

Modulation of immune response by head injury. Injury. (2007)

38:1392–400. doi: 10.1016/j.injury.2007.10.005

16. Woodcock T, Morganti-Kossmann MC. The role of markers of

inflammation in traumatic brain injury. Front Neurol. (2013)

4:18. doi: 10.3389/fneur.2013.00018

17. Johnson VE, Stewart JE, Begbie FD, Trojanowski JQ, Smith DH,

Stewart W. Inflammation and white matter degeneration persist

for years after a single traumatic brain injury. Brain. (2013) 136(Pt

1):28–42. doi: 10.1093/brain/aws322

18. Eraly SA, Nievergelt CM, Maihofer AX, Barkauskas DA, Biswas N,

Agorastos A, et al. Assessment of plasma C-reactive protein as a biomarker

of posttraumatic stress disorder risk. JAMA Psychiatry. (2014) 71:423–

31. doi: 10.1001/jamapsychiatry.2013.4374

19. Michopoulos V, Powers A, Gillespie CF, Ressler KJ, Jovanovic T.

Inflammation in fear- and anxiety-based disorders: PTSD, GAD, and beyond.

Neuropsychopharmacology. (2017) 42:254–70. doi: 10.1038/npp.2016.146

20. Hodes GE, Pfau ML, Leboeuf M, Golden SA, Christoffel DJ, Bregman D, et al.

Individual differences in the peripheral immune system promote resilience

vs. susceptibility to social stress. Proc Natl Acad Sci USA. (2014) 111:16136–

41. doi: 10.1073/pnas.1415191111

21. Smits HH, Engering A, van der Kleij D, de Jong EC, Schipper K, van Capel

TM, et al. Selective probiotic bacteria induce IL-10-producing regulatory T

cells in vitro by modulating dendritic cell function through dendritic cell-

specific intercellular adhesion molecule 3-grabbing nonintegrin. J Allergy Clin

Immunol. (2005) 115:1260–7. doi: 10.1016/j.jaci.2005.03.036

22. Preidis GA, Saulnier DM, Blutt SE, Mistretta TA, Riehle KP, Major AM,

et al. Host response to probiotics determined by nutritional status of

rotavirus-infected neonatal mice. J Pediatr Gastroenterol Nutr. (2012) 55:299–

307. doi: 10.1097/MPG.0b013e31824d2548

23. Preidis GA, Saulnier DM, Blutt SE, Mistretta TA, Riehle KP, Major

AM, et al. Probiotics stimulate enterocyte migration and microbial

diversity in the neonatal mouse intestine. FASEB J. (2012) 26:1960–

9. doi: 10.1096/fj.10-177980

24. Francavilla R, Lionetti E, Castellaneta SP, Magista AM, Maurogiovanni G,

Bucci N, et al. Inhibition of Helicobacter pylori infection in humans by

Lactobacillus reuteri ATCC 55730 and effect on eradication therapy: a pilot

study. Helicobacter. (2008) 13:127–34. doi: 10.1111/j.1523-5378.2008.00593.x

25. Francavilla R, Polimeno L, Demichina A, Maurogiovanni G, Principi B,

Scaccianoce G, et al. Lactobacillus reuteri strain combination in Helicobacter

pylori infection: a randomized, double-blind, placebo-controlled study. J Clin

Gastroenterol. (2014) 48:407–13. doi: 10.1097/MCG.0000000000000007

26. Guo G, Jia KR, Shi Y, Liu XF, Liu KY, QiW, et al. Psychological stress enhances

the colonization of the stomach by Helicobacter pylori in the BALB/c mouse.

Stress. (2009) 12:478–85. doi: 10.3109/10253890802642188

27. Dicksved J, Schreiber O, Willing B, Petersson J, Rang S, Phillipson

M, et al. Lactobacillus reuteri maintains a functional mucosal barrier

during DSS treatment despite mucus layer dysfunction. PLoS ONE. (2012)

7:e46399. doi: 10.1371/journal.pone.0046399

28. Feeley N, Cossette S, Cote J, Heon M, Stremler R, Martorella G, et al. The

importance of piloting an RCT intervention. Can J Nurs Res. (2009) 41:85–99.

29. Corrigan JD, Bogner J. Initial reliability and validity of the Ohio State

University TBI IdentificationMethod. J Head Trauma Rehabil. (2007) 22:318–

29. doi: 10.1097/01.Htr.0000300227.67748.77

30. Ontario Neurotrauma Foundation. Guideline for Concussion/Mild Traumatic

Brain Injury & Persistent Symptoms. 3rd ed. Toronto, ON: Ontario

Neurotrauma Foundation (2018).

Frontiers in Neurology | www.frontiersin.org 14 October 2020 | Volume 11 | Article 1015

https://clinicaltrials.gov/
https://doi.org/10.1097/HTR.0b013e31819581d8
https://doi.org/10.1136/bjsports-2012-091941
https://doi.org/10.1016/j.psc.2013.11.002
https://doi.org/10.1097/HTR.0000000000000514
https://doi.org/10.1682/jrrd.2009.01.0006
https://doi.org/10.1001/jamainternmed.2014.3375
https://www.healthquality.va.gov/
https://www.healthquality.va.gov/
https://doi.org/10.1001/jama.280.18.1569
https://doi.org/10.1097/mlr.0000000000000219
https://doi.org/10.1007/s12975-011-0125-x
https://doi.org/10.1023/a:1022453332560
https://doi.org/10.1016/j.psychres.2019.07.001
https://doi.org/10.1016/j.injury.2007.10.005
https://doi.org/10.3389/fneur.2013.00018
https://doi.org/10.1093/brain/aws322
https://doi.org/10.1001/jamapsychiatry.2013.4374
https://doi.org/10.1038/npp.2016.146
https://doi.org/10.1073/pnas.1415191111
https://doi.org/10.1016/j.jaci.2005.03.036
https://doi.org/10.1097/MPG.0b013e31824d2548
https://doi.org/10.1096/fj.10-177980
https://doi.org/10.1111/j.1523-5378.2008.00593.x
https://doi.org/10.1097/MCG.0000000000000007
https://doi.org/10.3109/10253890802642188
https://doi.org/10.1371/journal.pone.0046399
https://doi.org/10.1097/01.Htr.0000300227.67748.77
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Brenner et al. Probiotic for mTBI and PTSD

31. King NS, Crawford S, Wenden FJ, Moss NE, Wade DT. The Rivermead Post

Concussion Symptoms Questionnaire: a measure of symptoms commonly

experienced after head injury and its reliability. J Neurol. (1995) 242:587–

92. doi: 10.1007/bf00868811

32. U.S. Department of Veterans Affairs. Clinician-Administered PTSD Scale for

DSM-5 (CAPS-5). (2014)]. Available online at: http://www.ptsd.va.gov/PTSD/

professional/assessment/adult-int/caps (accessed December 11, 2014).

33. Rome Foundation. Rome III Disorders and Criteria (2015).

34. Maguen S, Madden E, Cohen B, Bertenthal D, Seal K. Association of mental

health problems with gastrointestinal disorders in Iraq and Afghanistan

veterans. Depress Anxiety. (2014) 31:160–5. doi: 10.1002/da.22072

35. Cicerone K, Kalmar K. Persistent postconcussion syndrome: the structure

of subjective complaints after mild traumatic brain injury. J Head Trauma

Rehabil. (1995) 10:1–17. doi: 10.1097/00001199-199506000-00002

36. Willett WC, Reynolds RD, Cottrell-Hoehner S, Sampson L, Browne ML.

Validation of a semi-quantitative food frequency questionnaire: comparison

with a 1-year diet record. J Am Diet Assoc. (1987) 87:43–7.

37. Buysse DJ, Reynolds CF III, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh

Sleep Quality Index: a new instrument for psychiatric practice and research.

Psychiatry Res. (1989) 28:193–213. doi: 10.1016/0165-1781(89)90047-4

38. Johns MW. A new method for measuring daytime sleepiness: the Epworth

sleepiness scale. Sleep. (1991) 14:540–5. doi: 10.1093/sleep/14.6.540

39. Chesney MA, Ickovics JR, Chambers DB, Gifford AL, Neidig J, Zwickl B, et al.

Self-reported adherence to antiretroviral medications among participants

in HIV clinical trials: the AACTG adherence instruments. Patient Care

Committee & Adherence Working Group of the Outcomes Committee of

the Adult AIDS Clinical Trials Group (AACTG). AIDS Care. (2000) 12:255–

66. doi: 10.1080/09540120050042891

40. Rief W, Glombiewski JA, Barsky AJ. Generic Assessment of Side Effects. (2009).

Available online at: www.Gase-Scale.com (accessed August 14, 2020).

41. Morisky DE, Ang A, Krousel-Wood M, Ward HJ. Predictive validity of a

medication adherence measure in an outpatient setting. J Clin Hypertens.

(2008) 10:348–54. doi: 10.1111/j.1751-7176.2008.07572.x

42. Morisky DE, Green LW, Levine DM. Concurrent and predictive validity of

a self-reported measure of medication adherence. Med Care. (1986) 24:67–

74. doi: 10.1097/00005650-198601000-00007

43. Atkinson MJ, Sinha A, Hass SL, Colman SS, Kumar RN, Brod M,

et al. Validation of a general measure of treatment satisfaction, the

Treatment Satisfaction Questionnaire for Medication (TSQM), using a

national panel study of chronic disease. Health Qual Life Outcomes. (2004)

2:12. doi: 10.1186/1477-7525-2-12

44. Lemyre L, Tessier R. Mesure de Stress Psychologique (MSP): Se sentir stressé-

e. [Measurement of psychological stress: to feel stressed]. Can J Behav Sci.

(1988) 20:302–21. doi: 10.1037/h0079945

45. Lemyre L, Tessier R. Measuring psychological stress. Concept, model,

and measurement instrument in primary care research. Can Fam Phys.

(2003) 49:1159-60:66–8.

46. Gold SM, Zakowski SG, Valdimarsdottir HB, Bovbjerg DH. Higher

Beck depression scores predict delayed epinephrine recovery after

acute psychological stress independent of baseline levels of stress and

mood. Biol Psychol. (2004) 67:261–73. doi: 10.1016/j.biopsycho.2003.

12.001

47. Lesage FX, Berjot S, Deschamps F. Clinical stress assessment

using a visual analogue scale. Occup Med (Lond). (2012)

62:600–5. doi: 10.1093/occmed/kqs140

48. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J,

Fierer N, et al. Ultra-high-throughput microbial community analysis

on the Illumina HiSeq and MiSeq platforms. ISME J. (2012) 6:1621–

4. doi: 10.1038/ismej.2012.8

49. Thabane L, Ma J, Chu R, Cheng J, Ismaila A, Rios LP, et al. A tutorial

on pilot studies: the what, why and how. BMC Med Res Methodol. (2010)

10:1. doi: 10.1186/1471-2288-10-1

50. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-

Ghalith GA, et al. Reproducible, interactive, scalable and extensible

microbiome data science using QIIME 2. Nat Biotechnol. (2019) 37:852–

7. doi: 10.1038/s41587-019-0209-9

51. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP.

DADA2: high-resolution sample inference from Illumina amplicon data. Nat

Methods. (2016) 13:581–3. doi: 10.1038/nmeth.3869

52. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA

ribosomal RNA gene database project: improved data processing and web-

based tools. Nucleic Acids Res. (2013) 41:D590–6. doi: 10.1093/nar/gks1219

53. Oksanen JFGB, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR,

et al. Vegan: Community Ecology package. R Package version 2.5-5. (2019)

Available online at: https://CRAN.R-project.org/package=vegan (accessed

August 14, 2020).

54. Mandal S, Van Treuren W, White RA, Eggesbo M, Knight R, Peddada

SD. Analysis of composition of microbiomes: a novel method for

studying microbial composition. Microb Ecol Health Dis. (2015)

26:27663. doi: 10.3402/mehd.v26.27663

55. Mazidi M, Rezaie P, Ferns GA, Vatanparast H. Impact of probiotic

administration on serum C-reactive protein concentrations: systematic

review and meta-analysis of randomized control trials. Nutrients. (2017)

9:20. doi: 10.3390/nu9010020

56. Tan M, Zhu JC, Du J, Zhang LM, Yin HH. Effects of probiotics on serum

levels of Th1/Th2 cytokine and clinical outcomes in severe traumatic brain-

injured patients: a prospective randomized pilot study. Crit Care. (2011)

15:R290. doi: 10.1186/cc10579

57. Mangalat N, Liu Y, Fatheree NY, Ferris MJ, Van Arsdall MR, Chen Z, et al.

Safety and tolerability of Lactobacillus reuteri DSM 17938 and effects on

biomarkers in healthy adults: results from a randomized masked trial. PLoS

ONE. (2012) 7:e43910. doi: 10.1371/journal.pone.0043910

58. Mobini R, Tremaroli V, Ståhlman M, Karlsson F, Levin M, Ljungberg M,

et al. Metabolic effects of Lactobacillus reuteri DSM 17938 in people with

type 2 diabetes: a randomized controlled trial. Diabetes Obes Metab. (2017)

19:579–89. doi: 10.1111/dom.12861

59. Hellhammer J, Schubert M. The physiological response to Trier

Social Stress Test relates to subjective measures of stress during

but not before or after the test. Psychoneuroendocrinology. (2012)

37:119–24. doi: 10.1016/j.psyneuen.2011.05.012

60. Tillisch K, Labus J, Kilpatrick L, Jiang Z, Stains J, Ebrat B, et al. Consumption

of fermented milk product with probiotic modulates brain activity.

Gastroenterol. (2013) 144:1394–401.e1–4. doi: 10.1053/j.gastro.2013.02.043

61. Kong J, Tu PC, Zyloney C, Su TP. Intrinsic functional connectivity of the

periaqueductal gray, a resting fMRI study. Behav Brain Res. (2010) 211:215–

9. doi: 10.1016/j.bbr.2010.03.042

62. Bandler R, Keay KA, Floyd N, Price J. Central circuits mediating patterned

autonomic activity during active vs. passive emotional coping. Brain Res Bull.

(2000) 53:95–104. doi: 10.1016/s0361-9230(00)00313-0

63. Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori-Bachash M, Bashiardes

S, et al. Personalized gut mucosal colonization resistance to empiric probiotics

is associated with unique host and microbiome features. Cell. (2018)

174:1388–405.e21. doi: 10.1016/j.cell.2018.08.041

64. Nicholson SE, Watts LT, Burmeister DM, Merrill D, Scroggins

S, Zou Y, et al. Moderate traumatic brain injury alters the

gastrointestinal microbiome in a time-dependent manner. Shock. (2019)

52:240–8. doi: 10.1097/SHK.0000000000001211

Conflict of Interest: LB consults for sports leagues. CL serves on the Scientific

Advisory Board of Immodulon Therapeutics Ltd.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2020 Brenner, Forster, Stearns-Yoder, Stamper, Hoisington, Brostow,

Mealer, Wortzel, Postolache and Lowry. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

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

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 15 October 2020 | Volume 11 | Article 1015

https://doi.org/10.1007/bf00868811
http://www.ptsd.va.gov/PTSD/professional/assessment/adult-int/caps
http://www.ptsd.va.gov/PTSD/professional/assessment/adult-int/caps
https://doi.org/10.1002/da.22072
https://doi.org/10.1097/00001199-199506000-00002
https://doi.org/10.1016/0165-1781(89)90047-4
https://doi.org/10.1093/sleep/14.6.540
https://doi.org/10.1080/09540120050042891
https://www.Gase-Scale.com
https://doi.org/10.1111/j.1751-7176.2008.07572.x
https://doi.org/10.1097/00005650-198601000-00007
https://doi.org/10.1186/1477-7525-2-12
https://doi.org/10.1037/h0079945
https://doi.org/10.1016/j.biopsycho.2003.12.001
https://doi.org/10.1093/occmed/kqs140
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1186/1471-2288-10-1
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://CRAN.R-project.org/package=vegan
https://doi.org/10.3402/mehd.v26.27663
https://doi.org/10.3390/nu9010020
https://doi.org/10.1186/cc10579
https://doi.org/10.1371/journal.pone.0043910
https://doi.org/10.1111/dom.12861
https://doi.org/10.1016/j.psyneuen.2011.05.012
https://doi.org/10.1053/j.gastro.2013.02.043
https://doi.org/10.1016/j.bbr.2010.03.042
https://doi.org/10.1016/s0361-9230(00)00313-0
https://doi.org/10.1016/j.cell.2018.08.041
https://doi.org/10.1097/SHK.0000000000001211
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Evaluation of an Immunomodulatory Probiotic Intervention for Veterans with Co-occurring Mild Traumatic Brain Injury and Posttraumatic Stress Disorder: A Pilot Study
	Recommended Citation
	Authors

	Evaluation of an Immunomodulatory Probiotic Intervention for Veterans With Co-occurring Mild Traumatic Brain Injury and Posttraumatic Stress Disorder: A Pilot Study
	Introduction
	Materials and Methods
	Participants
	Randomization
	Study Procedures
	Intervention
	Measures
	Baseline Demographics and Mental/Physical Health Characteristics
	Feasibility and Acceptability
	Biomarkers of Inflammation
	Intestinal Permeability
	Stress Responsivity
	Microbiome

	Analyses
	Baseline Demographics and Mental/Physical Health Characteristics
	Feasibility and Acceptability
	Stress Responsivity
	Biomarkers of Inflammation and Intestinal Permeability
	Probiotic and Microbiome


	Results
	Feasibility
	Acceptability
	Inflammatory Markers
	Intestinal Permeability
	Stress Responsivity
	Microbiome
	Presence of L. reuteri DSM 17938 in the Supplement
	α-Diversity, β-Diversity, and Taxonomic Composition of the Gut Microbiome


	Discussion
	Limitations
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


