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Abstract
BACKGROUND
Probiotics have shown promise in alleviating symptoms of diarrhea-predominant irritable bowel syndrome (IBS-D); however, the certainty of evidence is low. Well-powered randomized controlled dose-ranging trials are warranted on promising single-strain candidates.

AIM
To investigate the clinical efficacy of Lactiplantibacillus plantarum (L. plantarum) Lpla33 (DSM34428) in adults with IBS-D.

METHODS
This is a randomized, double-blind, placebo-controlled, multi-center, and dose-ranging study. Three hundred and seven adults, 18-70 years of age, with IBS-D, according to Rome IV criteria, were allocated (1:1:1) to receive placebo or L. plantarum Lpla33 at 1 × 109 (1B) or 1 × 1010 (10B) colony-forming units/d over an 8-wk intervention period. The primary outcome was the change in IBS severity scoring system (IBS-SSS) total score after 8 wk, while secondary and exploratory outcomes included abdominal pain severity, IBS related quality of life, stool and microbial profile, and perceived stress.

RESULTS
IBS-SSS was significantly reduced, after 8 wk, in participants receiving L. plantarum 1B (-128.45 ± 83.30; P < 0.001) and L. plantarum 10B (-156.77 ± 99.06; P < 0.001), compared to placebo (-58.82 ± 74.75). Further, a dose-ranging effect was observed, with a greater absolute reduction in the L. plantarum 10B group (P < 0.05). A reduction in sub-scores related to abdominal pain, abdominal distension, bowel habits, and quality of life was observed in both L. plantarum groups compared to placebo (P < 0.001). Further, 62.5% and 88.4% of participants administered L. plantarum 1B and 10B, respectively, were classified as stool consistency responders based on a reduction in diarrheal stool form, as compared to 26.3% in the placebo group (P < 0.001). In contrast, no significant shifts were observed in microbial diversity.

CONCLUSION
L. plantarum Lpla33 (DSM34428) is well tolerated and improves IBS symptom severity with a dose-ranging effect and a corresponding normalization of bowel habits in adults with IBS-D.
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Core Tip: The current study is unique in its dose-ranging assessment of a Lactiplantibacillus plantarum (L. plantarum) probiotic strain in a well-powered multi-center randomized controlled trial in adults with diarrhea-predominant irritable bowel syndrome (IBS-D). L. plantarum Lpla33 (DSM34428) was well tolerated and significantly improved global IBS symptom scores as compared to placebo, both at an absolute level and in the number of clinically relevant responders. Further, a dose-ranging effect was observed in global IBS symptom scores, abdominal pain severity, quality of life, and normalization of diarrheal stool type.

INTRODUCTION
Irritable bowel syndrome (IBS) is a chronic disorder of gut-brain interaction, characterized by abdominal pain in association with altered bowel habits[1]. Current estimates report a global prevalence of 4% to 9%, based on Rome IV or Rome III diagnostic criteria, respectively[2]. IBS is further classified according to the predominant stool pattern, with diarrhea predominant subtype (IBS-D) reported to be the most common, affecting approximately 40% of adults with IBS[3]. Pathophysiology is multi-factorial and may include altered gastrointestinal (GI) microbiota, motility or barrier function, immune activation, neurotransmitter imbalance, or visceral hypersensitivity[4,5]. In addition to GI symptoms, IBS significantly impacts quality of life (QoL) and is associated with work absenteeism and avoidance of daily activities[6].
IBS-D treatment options include United States Food and Drug Administration approved pharmacologic therapies such as rifaximin, eluxadoline, and alosetron[4]. However, clinical management is challenging due to chronic daily administration, safety concerns, and the heterogeneity of symptoms to address. Increasing evidence supports a link between psychological processes and IBS symptomology via altered gut-brain interaction, and there is a growing application of psychological interventions for IBS[7]. Within the gut, dysbiosis, including reduced abundance of lactobacilli and Bifidobacterium[8,9], has been reported and is linked to features of IBS-D such as intestinal permeability and low-grade inflammation[6,10]. There are conflicting reports regarding the efficacy of fecal microbiota transplantation in IBS, with enriched lactobacilli, Streptococcus, Dorea, and Ruminococcaceae reported as favorable bacterial profiles for donors[11].
Probiotics are defined as live microorganisms that, when administered in adequate amounts, confer a health benefit to the host[12]. Select strains are hypothesized to alleviate symptoms of IBS by promoting intestinal barrier function, modulating markers of inflammation, regulating immune cell balance, preventing pathogen adherence, or producing bioactive molecules such as short chain fatty acids (SCFAs), neurotransmitters, or their precursors[5]. A recent meta-analysis of probiotics for adults with IBS-D assessed ten randomized controlled trials evaluating 943 participants[13]. Probiotics were deemed safe and superior to placebo regarding global IBS-D symptoms, abdominal pain, and abdominal distension, but had no beneficial effect on QoL, stool frequency, or flatulence[13]. Additionally, the certainty of evidence was very low to low, due to heterogeneity between studies, and differences in study population, strain selection, dose, dosage form, and duration of intervention[13]. Another recent systematic review and meta-analysis accounted for probiotic strain-specific efficacy in IBS and included 42 randomized controlled trials evaluating 3856 participants[14]. The meta-analysis highlighted single-strains and combinations showing efficacy in at least one IBS outcome measure; however, most studies did not assess outcomes by IBS subtype[14]. As a result, there is a need for well-powered randomized controlled trials on promising single strain candidates with an IBS-D focus.
The present study investigated a Lactiplantibacillus plantarum (L. plantarum) strain with several relevant attributes, including GI persistence, maintenance of intestinal barrier function, and anti-pathogenic, anti-inflammatory, and bile salt hydrolase activity (Chr. Hansen internal data). The objective was to assess the efficacy and tolerability of L. plantarum Lpla33 (DSM34428), with respect to IBS symptomology in a randomized, double-blind, placebo-controlled, multi-center, dose-ranging study in adults with IBS-D.

MATERIALS AND METHODS
Study population and setting
Females and males, ages 18 to 70 years, meeting Rome IV diagnostic criteria for IBS-D were recruited from 12 gastroenterology specialized centers across India. As per Rome IV, included participants had recurrent abdominal pain, at least once a week for the last 3 mo, with onset of symptoms for at least 6 mo, and with at least two of the following criteria: Pain related to defecation or associated with change in stool frequency or stool form. Participants also had a history of abnormal bowel movements wherein diarrhea (type 6 or 7) was the predominant (> 25%) stool pattern on the Bristol stool scale (BSS). Further, an electronic diary was used during a 14-d placebo run-in period, wherein it was re-confirmed that predominant stool type was type 6 or 7 on the BSS. Additionally, participants had an abdominal pain severity-numeric rating score (APS-NRS) of ≥ 4 (on an 11-point scale) and an IBS severity scoring system (IBS-SSS) total score of > 175 (on a 500-point scale) prior to and after a 14-d placebo run-in period. Dietary preferences of all participants included non-vegetarian options.
The exclusion criteria included a history of organic gastrointestinal disease, including inflammatory bowel disease or ischemic colitis, a history of surgical resection of the GI tract, acute gastroenteritis or complications from infectious enteritis, a recent diagnosis of Helicobacter pylori infection, a history of gluten or lactose intolerance, a history of malignant tumors, or a history of neurological or psychiatric conditions. A current or recent history (i.e., past 2 years) of smoking as well as heavy drinking, defined as more than 14 or 7 units per week, for males and females, respectively, was also an exclusion criterion. Additionally, individuals with type I or II diabetes, or uncontrolled hypertension were excluded, as well as individuals with abnormal thyroid-stimulating hormone (< 0.35 mIU/L or > 4.94 mIU/L) or hemoglobin (< 6.21 mmol/L) at screening. The use of probiotic/prebiotic supplements or herbal medicines for gut health, was not permitted within 4 wk prior to screening or during the study. Prohibited medications during the study period included antibiotics, antidiarrheals, or other medications affecting gastric motility and anti-depressants, among others. Lastly, participants who were pregnant or intended to get pregnant or breastfeeding were excluded. All participants provided their voluntary, written, informed consent prior to their inclusion.

Study design and procedures
The study was conducted in accordance with the ethical principles that have their origins in the current version of the Declaration of Helsinki, the International Council on Harmonization E6 Good Clinical Practice, and all applicable local regulatory requirements. The study was approved and monitored by an independent ethics committee (Approval No: VED/P-20/22/JUL/2021; Address: ACEAS, Ahmedabad, Gujarat, India). The trial was prospectively registered on clinicaltrials.gov under study number NCT04950296.
This is a prospective, randomized, double-blind, placebo-controlled, multi-center, and parallel-arm study, including two doses of the probiotic product and one placebo arm. The study population was recruited from physician databases of individuals with IBS symptoms within the gastroenterology specialized centers. Participants visited the clinical sites for screening at least 14 d prior to planned randomization. At screening, the study was explained to participants in their local language, following which written informed consent was obtained. Participants were assessed for inclusion-exclusion criteria; a clinical examination was performed, and medical history, concomitant medication, demographic details, and vitals were recorded. Participants meeting the screening criteria underwent a 2-wk placebo run-in period to observe pre-study symptomology and to identify placebo responders, defined as a decrease of more than 25% in APS-NRS. Participants not meeting the placebo responder criteria were eligible for randomization (day 0) and subsequent visits at day 28 ± 2 and day 56 ± 2 over an 8-wk intervention period.
Participants were randomized (1:1:1), without stratification, to receive either placebo, L. plantarum (1B), or L. plantarum (10B). Block randomization (block size of six) was performed using Stats Direct software (Version 3.1.17), generating distinct alphanumeric codes, with every block containing two of each arm in random sequence. The study sites were allocated randomization codes in series, and the sites dispensed blinded product and corresponding randomization code, in sequential order of participant qualification. The randomization codes were concealed from site investigators, as well as site and study teams involved in study conduct and evaluation, with blinding codes secured in tamper-evident sealed envelopes.

Study products
Placebo and L. plantarum capsules were prepared in compliance with standard operating and quality control procedures at Chr. Hansen Inc. (Wausau, WI, United States). Microbiological analyses were confirmed following production. L. plantarum 1B and 10B capsules were formulated with the lyophilized strain and microcrystalline cellulose and contained a potency of not less than (NLT) 1 × 109 colony-forming units (CFU)/capsule or 1 × 1010 CFU/capsule, respectively. Placebo capsules were formulated with microcrystalline cellulose. All capsules were size 1 hypromellose, contained minimal but identical quantities of magnesium stearate and silica as flow aids, were identical in mass, appearance, and taste, and were bottled in identical sealed 112 mL CSP bottles (Aptar CSP Technologies Inc., Auburn, AL, United States) containing 35 capsules per bottle. Participants took the allotted study product orally, one capsule daily before lunch, with a glass of water. Compliance was assessed via participants’ investigational product diary and confirmed by examining unused study product at each visit.

Outcome measures
On days 0, 28, and 56 visits, study outcomes were assessed, a clinical examination was conducted, study product was dispensed or collected, and concomitant medication usage was recorded. Metronidazole (400 mg/d) was provided as a rescue medication in the case of severe pain and/or frequent loose stool, as it has been shown to provide symptom relief in IBS without affecting rectosigmoid motility[15]. Study product compliance was assessed via participants’ investigational product diary and confirmed by examining unused study product at each visit. A dietary diary was completed by participants over the 14 d prior to each study visit, recording dietary intake for two weekdays and one weekend day. Dietary information was processed via HealthifyMe software[16] for average daily intake of calories and macronutrients over the study period.
The pre-specified ranking of primary and secondary outcomes is listed in Supplementary Table 1. The primary outcome was the change in IBS symptom severity, assessed via the IBS-SSS total score[17] from baseline to day 56. Scores on the IBS-SSS range from 0 to 500, with five domains related to abdominal pain severity and frequency, abdominal distention, dissatisfaction with bowel habits, and interference with QoL. A decrease of 95 points has been associated with clinically meaningful improvement[18], and was used for classification of IBS-SSS responders.
Among secondary outcomes, abdominal pain severity was assessed via an 11-point numeric rating scale (APS-NRS)[18], with 10 representing most severe pain and 0 representing no pain. Post-screening APS-NRS scores were submitted using a digital diary on a weekly basis. An average of the prior weeks’ score was considered as the score for the corresponding visit.
Stool consistency was assessed via the BSS, a validated ordinal scale of stool types[19] ranging from 1 through 7, with types 6-7 being indicative of diarrhea. Stool consistency responders were defined as a decrease of 50% or more vs baseline in the number of days per week with at least one types 6-7 bowel movement[20].
IBS related QoL was assessed via the IBS-QoL, a 34-item questionnaire wherein the individual responses are summed and transformed to a 0-100 scale, with increasing scores indicating improved IBS specific QoL[21]. Lastly, mental stress was assessed using the perceived stress scale (PSS), consisting of 10 items and a total score ranging from 0-40, with higher scores indicating higher perceived stress[22].

Microbial profiling
Participants collected fecal samples, as close as possible but prior to the day 0 and day 56 visits, inside a biome collector device and ultimately a barcoded stool collection tube with preservation buffer. Stool collection tubes were stored at the individual sites, with regular shipments to a central laboratory, wherein they were shipped approximately every 8 wk to CosmosID (Germantown, MD, United States) for analysis. Cold chain (2-8 °C) was maintained during the entire process with data loggers used to confirm temperature variations during shipment.
Sample DNA isolation and quantification, library preparation, and shotgun sequencing of fecal samples were performed by CosmosID. DNA from samples was isolated using the QIAGEN DNeasy PowerSoil Pro Kit, according to the manufacturer’s protocol. DNA samples were quantified using the GloMax Plate Reader System (Promega) using the QuantiFluor® dsDNA System (Promega) chemistry. DNA libraries were prepared using the Nextera XT DNA Library Preparation Kit (Illumina) and IDT Unique Dual Indexes with total DNA input of 1 ng. Genomic DNA was fragmented using a proportional amount of Illumina Nextera XT fragmentation enzyme. Unique dual indexes were added to each sample followed by 12 cycles of PCR to construct libraries. DNA libraries were purified using AMpure magnetic beads (Beckman Coulter) and eluted in QIAGEN EB buffer. DNA libraries were quantified using Qubit 4 fluorometer and Qubit dsDNA HS Assay Kit. Libraries were then sequenced on an Illumina NextSeq 2000 platform (2 × 150 bp).

Statistical analysis
The sample size calculation was based on the primary outcome. A reduction in IBS-SSS score of at least 15% in the L. plantarum 1B group as compared to placebo, was considered a relevant treatment effect[23]. The standard deviation of the primary outcome was estimated at 30%. A placebo effect was estimated at 20%-25%. Assuming a 90% study power and a two-sided statistical significance level of 5%, the sample size was estimated to be approximately 86 participants per group. With an estimated 15% drop-out rate, 100 participants per group were planned to be randomized.
The primary and secondary outcomes (Supplementary Table 1) were assessed on the intention-to-treat (ITT) population. Descriptive statistics are presented as the mean (SD) for continuous variables or as a percentage for qualitative variables. Data normality was assessed using the Shapiro-Wilk test. Differences between groups for demographic and clinical characteristics at baseline were analyzed using one-way ANOVA for continuous variables or Pearson chi-square test for categorical variables. An analysis of covariance (ANCOVA) was assessed for continuous outcomes on the absolute change from baseline to subsequent visit. Dunnett’s test for multiple comparisons was applied to assess statistical significance for each L. plantarum dose group as compared to placebo. A two-sample t-test was used to compare the difference between the two L. plantarum dose groups. Categorical outcomes were assessed via a Pearson chi-square test. The associations between efficacy parameters were assessed via Pearson correlation coefficients. Descriptive and inferential statistics were performed using Statistical Package for the Social Sciences (SPSS, IBM®) Python 3.0 (Armonk, NY, United States).
Microbial profile stacked bar figures were generated using the R package ggpubr. Linear Discriminant Analysis Effect Size (LEfSe) was calculated with a Kruskal-Wallis alpha value of 0.05, a Wilcoxon alpha value of 0.05, and a logarithmic LDA score threshold of 2.0.

RESULTS
Study parameters
A total of 333 screened participants were assessed for eligibility and 314 participants were randomized in the study (Figure 1). Enrolment and intervention occurred continuously from September 2021 through May 2022. Seven participants were incorrectly enrolled, without meeting entry criteria, and were excluded. Three hundred and seven participants were randomized as part of the ITT population, with 104, 104, and 99 allocated to the placebo, L. plantarum 1B, and L. plantarum 10B groups, respectively. A total of 298 participants completed the first follow-up visit, while nine participants were lost to follow-up with no post-baseline efficacy data. Study attrition rates over the intervention period were 5 (4.8%), 2 (1.9%), and 4 (4.0%) for the placebo, L. plantarum 1B, and L. plantarum 10B groups, respectively. A total of 294 participants completed the study per protocol.

Baseline characteristics
The screening and baseline characteristics of the ITT population are presented in Table 1. The three groups had similar demographic and clinical characteristics with no differences between groups (P > 0.05). The mean ages of participants were 39.5, 38.7, and 40.5 years across the three groups with a nearly even distribution of females and males. Participants met Rome IV criteria for IBS-D and demonstrated similar baseline mean IBS-SSS scores of 308.7, 315.2, and 302.9 for the placebo, L. plantarum 1B, and L. plantarum 10B groups, respectively (P > 0.05). At baseline, 43.4%, 41.4%, and 47.4% of participants in the placebo, L. plantarum 1B, and L. plantarum 10B groups, respectively, had moderate (175-300) IBS-SSS profiles, while 56.6%, 58.7%, and 52.6% of participants in the placebo, L. plantarum 1B, and L. plantarum 10B groups, respectively, had severe (> 300) IBS-SSS profiles.

IBS symptom severity
A significant between-group difference was observed in the primary outcome, change in IBS-SSS total score after 56 d, for both L. plantarum groups when compared to placebo (Table 2). On day 56, a greater reduction in IBS-SSS total score was observed in the L. plantarum 1B (-128.45 ± 83.30) and L. plantarum 10B (-156.77 ± 99.06) groups, as compared to placebo (-58.82 ± 74.75) (P < 0.001). Similarly, a greater reduction in IBS-SSS total score was observed on day 28 in the L. plantarum 1B (-66.37 ± 72.27) and L. plantarum 10B (-85.80 ± 89.53) groups, as compared to placebo (-35.68 ± 60.81) (P < 0.01). Comparing the two dose groups, the L. plantarum 10B group demonstrated a significantly greater reduction in IBS-SSS total score at day 56 (P < 0.05). End-of-study IBS-SSS profiles were considered either in remission or mild (< 175) in 48.1% and 72.6% of participants in the L. plantarum 1B and L. plantarum 10B groups, respectively. as compared to 11.1% in the placebo group (P < 0.001).
Participants receiving L. plantarum 1B capsules reported significant reductions in the scores of IBS-SSS individual domains over the intervention period, as compared to placebo, including abdominal pain severity (-28.91 ± 20.36), abdominal pain duration (-15.29 ± 13.72), abdominal distension (-29.33 ± 21.64), bowel habits (-27.73 ± 19.54) and QoL (-27.19 ± 19.19) (P < 0.001). Similarly, participants receiving L. plantarum 10B capsules reported significant reductions in IBS-SSS domain specific scores, as compared to placebo, including abdominal pain severity (-36.52 ± 24.39), abdominal pain duration (-19.68 ± 14.91), abdominal distension (-35.45 ± 24.00), bowel habits (-32.31 ± 25.12), and QoL (-32.81 ± 23.66) (P < 0.001). Comparing the two dose groups, the L. plantarum 10B group demonstrated a greater reduction in abdominal pain severity and duration scores over the intervention period (P < 0.05).
After 56 d, 59.6% and 72.6% of participants met 95-point reduction thresholds[18] in the L. plantarum 1B and L. plantarum 10B groups, respectively, as compared to 26.3% in the placebo group (P < 0.001) (Figure 2A). A post-hoc assessment showed 83.7% and 87.4% of participants met 50-point IBS-SSS reduction thresholds[17] in the L. plantarum 1B and L. plantarum 10B groups, respectively, as compared to 46.5% in the placebo group (P < 0.001). Additionally, 2.9% and 2.1% of participants demonstrated an increase in IBS-SSS score in the L. plantarum 1B and L. plantarum 10B groups, respectively, as compared to 18.2% in the placebo group (P < 0.001).

Abdominal pain severity, quality of life, and perceived stress
Baseline APS-NRS scores were 7.14 ± 0.69, 7.14 ± 0.77, and 7.17 ± 0.86 for the placebo, L. plantarum 1B, and L. plantarum 10B groups, respectively (P > 0.05). On day 56, a greater reduction in APS-NRS score (Table 3) was observed in the L. plantarum 1B (-1.83 ± 1.38) and L. plantarum 10B (-2.39 ± 1.47) groups, as compared to placebo (-0.94 ± 1.36) (P < 0.001). The mean reduction in the L. plantarum 10B group exceeded a clinically meaningful threshold of 30%[20] over the intervention period.
On day 56, a significant increase in IBS-Qol score (Table 3) was observed in the L. plantarum 1B (17.47 ± 19.54) and L. plantarum 10B (28.78 ± 23.64) groups, as compared to placebo (4.90 ± 14.29) (P < 0.001). Similarly, a greater improvement in total IBS-QoL score was demonstrated on day 28 in the L. plantarum 1B (8.82 ± 17.38) and L. plantarum 10B (17.65 ± 19.47) groups, as compared to placebo (4.20 ± 14.19) (P < 0.01). Comparing the two dose groups, the L. plantarum 10B group demonstrated a greater improvement in IBS-QoL at both timepoints (P < 0.001).
Perceived stress, assessed via the PSS, was similarly improved in the L. plantarum 1B and L. plantarum 10B groups, as compared to placebo on both day 28 and day 56 (Table 3). On day 56, a significant reduction in PSS score was observed in the L. plantarum 1B (-4.33 ± 6.51) and L. plantarum 10B (-5.59 ± 6.43) groups, as compared to placebo (-0.46 ± 4.14) (P < 0.001). No significant differences were observed between the dose groups in PSS. Further, a post-hoc analysis showed PSS response to be moderately but significantly correlated to IBS-SSS (r = 0.326, P < 0.001) and APS-NRS scores (r = 0.355, P < 0.001) over the intervention period.

Stool consistency
Figure 2B shows the percent of participants considered IBS-D stool consistency responders, based on a decrease of 50% or more in the number of days per week with at least one types 6-7 bowel movement, as compared to baseline[20]. On day 56, 62.5% and 88.4% of study participants met the criteria of IBS-D stool consistency responders in the L. plantarum 1B and L. plantarum 10B groups, respectively, as compared to 26.3% in the placebo group. Additionally, a greater number of responders were observed in the L. plantarum 10B group as compared to the L. plantarum 1B group (P < 0.001). A significant number of responders were also observed in the L. plantarum 1B (30.8%; P < 0.05 vs placebo) and L. plantarum 10B (48.4%; P < 0.001 vs placebo) groups after day 28.

Microbial profiling
There were no significant differences in alpha (Shannon) diversity or beta diversity between groups over the study period, suggesting no major shifts in microbiome composition. Figure 3 shows the proportional family (A) and genus (B) level abundance in participants receiving placebo, L. plantarum 1B, and L. plantarum 10B, respectively. The most abundant taxa at the phylum level, Firmicutes, Bacteroidetes, and Actinobacteria, did not differ significantly over time in the three groups. Similarly, the most abundant taxa at the family level, Lachnospiraceae, Prevotellaceae, Ruminococcaceae, and Bifidobacteriaceae were stable within group over the intervention period, with the exception of a significant reduction in Ruminococcaceae and Bifidobacteriaceae within the placebo group (LEfSe logarithmic LDA score < -3.0) that was not observed in the L. plantarum groups. Similarly, the placebo group demonstrated a significant reduction in Bifidobacterium, Faecalibacterium, and F. prausnitzii (LEfSe logarithmic LDA score < -3.0) over the study period that was not observed in the L. plantarum groups. LEfSe identified more taxa enriched in the higher dose L. plantarum group at the end of study visit as compared to placebo, including both Lactiplantibacillus and L. plantarum abundance (LEfSe logarithmic LDA score > 2.0).

Safety, compliance, and dietary profile
A total of 37 adverse events (AEs) were reported during the study, with seven reported during the run-in phase and 30 reported during the intervention phase. Of the 30 AEs reported post-randomization, 12, 13, and 5 were in the placebo, L. plantarum 1B, and L. plantarum 10B groups, respectively. A total of four AEs were suspected to be related to the study product with one AE (nausea and vomiting) in the L. plantarum 1B group and three AEs (heartburn and hyperacidity) in the placebo group. All AEs reported in the study were considered mild and resolved without complications. Vital signs, including systolic and diastolic blood pressure and pulse rate, were within clinically acceptable ranges over the intervention period with no significant differences between groups (Supplementary Table 2). Overall mean compliance over the study period was 98.7%, 98.4%, and 98.5% for the placebo, L. plantarum 1B, and L. plantarum 10B groups, respectively, with no differences between groups (P > 0.05). Additionally, total caloric and macronutrient intake, including protein, carbohydrates, fat, and fiber, were stable over the intervention period with no significant differences between groups (P > 0.05) (Supplementary Table 3).

DISCUSSION
The present study was a randomized, double-blind, placebo-controlled trial to assess the efficacy of L. plantarum Lpla33 (DSM34428) in adults with IBS-D. The study is unique in its dose-ranging design in a well-powered study across 12 clinical sites. Enrolled participants were primarily 30 to 50 years of age, with a body mass index ranging from normal to borderline overweight and an IBS symptom score of at least moderate severity.
The study had a roughly equal allocation of females and males, which is in line with prevalence rates for the IBS-D subtype globally[24,25], as well as prior IBS studies in Asia[26-28], and in contrast with a significantly greater female prevalence among constipation-predominant (IBS-C) cohorts[2]. Within South Asia, chronic gut infections, gut microbial dysbiosis, altered intestinal permeability, and inflammation are suggested as contributing factors to IBS and IBS-D[26]. Dietary practices may also play a role, with a generally high consumption of short chain carbohydrates[29].
In the present study, L. plantarum Lpla33, at daily doses of 1 × 109 or 1 × 1010 CFU, reduced IBS-SSS by more than twice the magnitude of the placebo group after 56 d, thus achieving the primary outcome while surpassing a clinically meaningful response[18]. Further, the higher dose L. plantarum group demonstrated a greater effect size than the lower dose L. plantarum group. Previously, an L. acidophilus strain, administered at daily doses of 1 × 109 and 1 × 1010 CFU for 12 wk, exhibited a treatment effect in a post-hoc analysis of IBS participants with elevated abdominal pain levels[30]. However, no dose-response was observed. Similarly, a meta-analysis reported a similar improvement in IBS symptoms when comparing probiotic regimens greater than or less than 1 × 1010 CFU daily[30]. In contrast, a L. gasseri strain resulted in a reduction in abdominal pain severity vs placebo at a daily dose of 1 × 1010 CFU, but had no effect in groups receiving 2 × 108 or 2 × 109 CFU daily[31]. Another meta-analysis looked at 14 different probiotic products over a total of 45 intervention arms, of which 36%, 51%, and 11% used a daily dose of 106-109, 1010, and 1011 CFU, respectively[14]. Of these, a dose response was noted for a 4-strain probiotic combination at 1010 CFU daily[32,33], as well as a B. infantis strain, which demonstrated efficacy at a dose of 108 CFU daily but not at doses of 106 or 1010 CFU daily[34].
Both L. plantarum dose groups displayed a significant number of IBS-SSS responders using either 95-point[18] or 50-point[17] reduction thresholds, which have independently been correlated with clinically relevant responses. Further, the high responder rates across participants with heterogeneous baseline symptoms[35] may also be applicable to the general healthy population experiencing GI discomfort with less frequency or severity[36].
Abdominal pain severity, assessed via the APS-NRS, was also significantly reduced with L. plantarum supplementation, with the higher dose group achieving a clinically relevant reduction of over 30%[20]. It should be noted that the placebo response of approximately 20% in the current study was less than those in prior IBS-D studies, which ranged from 32% to 44%[37-39]. This may have been due, in part, to the placebo run-in period as well as geographic, cultural, or dietary differences. Additionally, the higher-dose L. plantarum group exhibited a mean increase in IBS related QoL of 28.8 points, above the clinically meaningful threshold of 10 points[40]. This is of note given the lower reported QoL in IBS-D as compared to IBS-C[41], in part due to unpredictable defecation habits that limit daily activity. In addition, perceived stress in the L. plantarum groups was reduced compared to placebo. Of note, moderate but significant correlations were observed between reduced IBS symptomology, abdominal pain, and stress levels, with effects possibly linked to a more normalized gut-brain signaling or barrier function.
Rome Foundation reports have supported the concept that the intestinal microbiota is perturbed in IBS[42,43], and both incidence and symptom severity have been inversely associated with microbiome diversity[44,45]. Further, reports have linked IBS pathogenesis to dysbiosis of the microbiota[9,46], which may in turn impact pathogen binding and mucosal barrier integrity. However, there remain no uniform characteristics of an IBS-related gut microbiota[47]. The current study demonstrated a significant reduction in type 6 or 7 stool form via stool consistency responder analysis[20], including a dose effect among the L. plantarum groups. In contrast, no significant shifts in fecal microbial diversity were observed, in line with systematic reviews of probiotic studies showing no effects on alpha diversity, richness, or evenness, as well as composition[48]. Lactiplantibacillus and L. plantarum abundances were enriched at the end of study visit in the higher dose group as compared to placebo. Further, Ruminococcaceae, Bifidobacterium, and F. prausnitzii significantly decreased over the study period in the placebo group. Multi-omics studies have implicated F. prausnitzii, Ruminococcus spp., and Bifidobacterium in IBS treatment response[47], but it is unclear if this played a role here. Overall, the most abundant taxa did not significantly change over time. However, the site of action of L. plantarum Lpla33 is postulated to be proximal to the colon, and fecal samples may not accurately reflect the small intestinal profile or corresponding changes in mucosal inflammation or epithelial function[6].
L. plantarum is a well-documented species, with several prior studies demonstrating efficacy in managing IBS symptomology, albeit with strain specific differences[49-53]. Recent studies with L. plantarum strains have also reported improved QoL and defecation frequency in IBS-D[50,52]. In rodent models, L. plantarum strains have been shown to relieve diarrhea through inflammation modulation and increased SCFAs[54], as well as upregulate the expression of brain-derived neurotrophic factor, serotonin transporter, and intestinal serotonin levels[55]. SCFAs play a critical role in gut homeostasis via mucus production, protection from inflammation, and immunomodulation[56]. Further, SCFA-producing microorganisms can also affect neurotransmitter levels and therefore gut-brain signaling, as well as activate and directly act on intestinal vagal terminals[57]. Additionally, SCFAs, particularly butyrate, may help promote intestinal barrier function[58], a feature of several L. plantarum strains[59]. Bile acid (BA) metabolism may also be implicated, as L. plantarum Lpla33 possesses significant bile salt hydrolase activity. Of note, diarrhea and visceral hypersensitivity have been associated with decreased 7α-dehydroxylation of primary BAs to secondary BAs[60]. Additionally, the ability of L. plantarum Lpla33 to modulate intestinal barrier function, inhibit key pathogens, and moderate inflammatory markers may have played a role in the observed effects.
Limitations of the study include the absence of biomarkers assessing immunity, inflammation, and intestinal barrier function, in part due to the large enrollment across several sites. Additionally, the study assessed fecal samples but not proximal sites of interest or corresponding changes in mucosal profile, inflammation, or epithelial function. Further, the study did not incorporate metabolite profiles in serum, feces, or urine to assess changes in immune or inflammation-related pathways[47]. Additionally, while macronutrient intake was shown to be stable over the study period, the association of diet with the microbial community or metabolite profiles would have been of interest to explore in more detail. Going forward, multi-omics studies should play an important role in further understanding therapeutic mechanisms of probiotic and diet-based interventions in IBS-D. Nevertheless, the study was well-powered to evaluate its primary outcome, incorporated 12 clinical sites and multiple doses, and integrated IBS trial design considerations[61].

CONCLUSION
The present randomized controlled trial demonstrates that L. plantarum Lpla33 (DSM34428) at a dose of 1 × 109 and 1 × 1010 CFU/day was well tolerated and met the primary outcome (reduction in IBS-SSS total score at day 56) in both dose groups compared to placebo. The study also met the first secondary outcome (reduction in IBS-SSS score at day 28) as well as outcomes related to abdominal pain severity, stool normalization, QoL, and perceived stress, when compared to placebo over the intervention period. Lastly, a L. plantarum Lpla33 dose response was observed in several key outcomes in females and males with IBS-D.

ARTICLE HIGHLIGHTS
Research background
Irritable bowel syndrome (IBS) is a disorder of gut-brain interaction characterized by abdominal pain in association with altered bowel habits and further classified by the predominant stool pattern. Global prevalence is high, with diarrhea predominant subtype (IBS-D) considered the most common. IBS-D has a significant impact on quality of life, and clinical management remains challenging due to the variety of symptoms to address.

Research motivation
A recent meta-analysis showed probiotics to be safe and superior to placebo for alleviating global IBS-D symptoms. However, the certainty of evidence is low, due in part to significant heterogeneity between studies. There is therefore a need for well-powered randomized controlled trials on promising probiotic candidates for IBS-D.

Research objectives
To assess the efficacy of a probiotic candidate strain, Lactiplantibacillus plantarum (L. plantarum) Lpla33 (DSM34428), in adults with IBS-D. The primary outcome was the change in the IBS severity scoring system (IBS-SSS) total score after 8 wk. Additional outcomes included the change in abdominal pain severity, IBS-related quality of life, stool and microbial profile, and perceived stress.

Research methods
Adults meeting Rome IV diagnostic criteria for IBS-D were recruited from 12 gastroenterology specialized centers across India. In this randomized, double-blind, placebo-controlled, multi-center, parallel-arm, and dose-ranging study, a total of 307 adults meeting the inclusion criteria were allocated (1:1:1) to receive placebo or L. plantarum Lpla33 at one of two doses [1 × 109 colony-forming units (CFU)/d (1B) or 1 × 1010 CFU/d (10B)] over 8 wk.

Research results
The primary outcome, IBS-SSS total score, was significantly reduced after 8 wk in participants receiving L. plantarum compared to placebo (P < 0.001), with a dose-ranging effect when comparing the two L. plantarum groups (P < 0.05). In total, 59.6% and 72.6% of participants in the L. plantarum 1B and L. plantarum 10B groups, respectively, were considered significant responders based on a 95-point reduction threshold, as compared to 26.3% in the placebo group (P < 0.001). Additionally, 62.5% and 88.4% of participants administered L. plantarum 1B and 10B, respectively, demonstrated a significant reduction in diarrheal stool form as compared to 26.3% in the placebo group (P < 0.001).

Research conclusions
L. plantarum Lpla33 is well tolerated and demonstrates dose-ranging efficacy in alleviating IBS symptom severity with a corresponding normalization of bowel habits in adults with IBS-D.

Research perspectives
Future research should incorporate multi-omics analyses and associated biomarkers to better understand the mechanisms of action involved.
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Figure Legends
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Figure 1 Participant flow chart. ITT: Intention-to-treat; PD: Protocol deviation; PP: Per protocol; L. plantarum: Lactiplantibacillus plantarum.
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Figure 2 Responder profile over the intervention period. A: Percentage of irritable bowel syndrome-severity scoring system (IBS-SSS) responders, as defined by a decrease of 95 points or more in the IBS-SSS total score from baseline, in participants receiving placebo or Lactiplantibacillus plantarum (L. plantarum) (1B or 10B CFU) capsules; B: Percentage of stool consistency responders, as defined by a decrease of at least 50% in the number of days per week with at least one stool that has a consistency of type 6 or 7 compared with baseline, in participants receiving placebo or L. plantarum (1B or 10B CFU) capsules. Between group comparison via Pearson chi-square test. aP < 0.05; bP < 0.01; cP < 0.001. L. plantarum: Lactiplantibacillus plantarum.
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Figure 3 Fecal microbial profile over the intervention period. A: Proportional family level abundance in participants receiving placebo or Lactiplantibacillus plantarum (L. plantarum) (1B or 10B CFU) capsules; B: Proportional genus level abundance in participants receiving placebo or L. plantarum (1B or 10B CFU) capsules.

[bookmark: _Hlk18010716]Table 1 Baseline demographics and clinical characteristics of the intention-to-treat population, n (%)
	[bookmark: _Hlk18010754]
	Placebo 1B (n = 104)
	L. plantarum 1B (n = 104)
	L. plantarum 10B (n = 99)
	P value

	
	Mean (SD) or n (%)
	Mean (SD) or n (%)
	Mean (SD) or n (%)
	

	Age (yr)
	39.50 (13.26)
	38.66 (11.25)
	40.46 (11.15)
	0.56191

	Female allocation
	46 (44.23)
	50 (48.08)
	44 (44.44)
	0.82322

	Height (m)
	1.60 (0.07)
	1.59 (0.08)
	1.61 (0.07)
	0.17751

	Weight (kg)
	63.57 (9.10)
	63.09 (9.01)
	63.25 (8.50)
	0.92561

	BMI (kg/m2)
	24.83 (3.15)
	25.01 (3.31)
	24.46 (2.92)
	0.45061

	Systolic BP (mmHG)
	119.68 (8.27)
	119.76 (8.68)
	118.88 (8.79)
	0.72231

	Diastolic BP (mmHG)
	79.29 (5.06)
	79.21 (6.30)
	78.75 (4.62)
	0.74291

	Fasting glucose (mmol/L)
	5.16 (0.66)
	5.01 (0.65)
	5.13 (0.62)
	0.19611

	IBS-SSS aggregate score
	308.70 (70.91)
	315.20 (62.79)
	302.85 (61.06)
	0.40901

	APS-NRS score
	7.14 (0.69)
	7.14 (0.77)
	7.17 (0.86)
	0.96481

	IBS-QoL aggregate score
	36.19 (17.97)
	37.83 (17.25)
	37.54 (17.02)
	0.77871

	PSS score
	22.06 (4.29)
	22.42 (4.12)
	21.93 (4.31)
	0.69121


1Between group comparison; one-way ANOVA.
2Between group comparison; Pearson chi-square test.
BMI: Body mass index; BP: Blood pressure; IBS-SSS: Irritable bowel syndrome-severity scoring system; APS-NRS: Abdominal pain severity-numeric rating scale; IBS-QoL: Irritable bowel syndrome-quality of life; PSS: Perceived stress scale; L. plantarum: Lactiplantibacillus plantarum.


Table 2 Irritable bowel syndrome symptom severity total and domain-specific scores over the intervention period
	
	Placebo (n = 104)
	L. plantarum 1B (n = 104)
	L. plantarum 10B (n = 99)

	
	Mean (SD)
	Mean (SD)
	P vs Placebo1
	Mean (SD)
	P vs Placebo1
	P vs 1B dose2

	IBS-SSS total score
	
	
	
	
	
	

	Day 0
	308.70 (70.91)
	315.95 (62.07)
	
	302.85 (61.06)
	
	

	AbsΔ (Day 28)
	-35.68 (60.81)
	-66.37 (72.27)
	0.0098
	-85.80 (89.53)
	< 0.0001
	0.0956

	AbsΔ (Day 56)
	-58.82 (74.75)
	-128.45 (83.30)
	< 0.0001
	-156.77 (99.06)
	< 0.0001
	0.0298

	Abdominal pain severity
	
	
	
	
	
	

	Day 0
	67.05 (17.11)
	68.80 (13.40)
	
	67.07 (13.77)
	
	

	AbsΔ (Day 28)
	-9.24 (19.67)
	-15.45 (18.36)
	0.0830
	-20.76 (22.76)
	< 0.0001
	0.0736

	AbsΔ (Day 56)
	-14.38 (21.18)
	-28.91 (20.36)
	< 0.0001
	-36.52 (24.39)
	< 0.0001
	0.0176

	Abdominal pain duration
	
	
	
	
	
	

	Day 0
	41.11 (14.13)
	42.60 (14.55)
	
	39.37 (13.75)
	
	

	AbsΔ (Day 28)
	-5.35 (13.50)
	-8.46 (12.05)
	0.1975
	-7.89 (12.62)
	0.0484
	0.7463

	AbsΔ (Day 56)
	-8.38 (13.75)
	-15.29 (13.72)
	0.0006
	-19.68 (14.91)
	< 0.0001
	0.0315

	Abdominal distension
	
	
	
	
	
	

	Day 0
	65.08 (18.11)
	66.31 (15.11)
	
	63.07 (14.34)
	
	

	AbsΔ (Day 28)
	-8.66 (18.19)
	-14.69 (17.68)
	0.0600
	-18.55 (22.62)
	< 0.0001
	0.1849

	AbsΔ (Day 56)
	-14.00 (20.76)
	-29.33 (21.64)
	< 0.0001
	-35.45 (24.00)
	< 0.0001
	0.0598

	Bowel habits
	
	
	
	
	
	

	Day 0
	68.32 (15.64)
	69.35 (13.70)
	
	66.72 (14.55)
	
	

	AbsΔ (Day 28)
	-6.45 (12.02)
	-14.36 (18.66)
	0.0020
	-19.52 (21.48)
	< 0.0001
	0.0714

	AbsΔ (Day 56)
	-11.19 (16.63)
	-27.73 (19.54)
	< 0.0001
	-32.31 (25.12)
	< 0.0001
	0.1561

	Effect on quality of life
	
	
	
	
	
	

	Day 0
	67.13 (15.85)
	68.90 (14.47)
	
	66.62 (12.85)
	
	

	AbsΔ (Day 28)
	-5.97 (12.03)
	-13.40 (17.48)
	0.0060
	-19.08 (21.13)
	< 0.0001
	0.0395

	AbsΔ (Day 56)
	-10.86 (15.74)
	-27.19 (19.19)
	< 0.0001
	-32.81 (23.66)
	< 0.0001
	0.0690


[bookmark: _Hlk18010738]1ANCOVA using Dunnett’s test adjustment with treatment as factor and baseline as covariate vs placebo.
2Two-sample t-test comparing dose groups.
IBS-SSS: Irritable bowel syndrome-severity scoring system; AbsΔ: Absolute change; L. plantarum: Lactiplantibacillus plantarum.

Table 3 Abdominal pain severity, quality of life, and perceived stress scores over the intervention period
	
	Placebo (n = 104)
	L. plantarum 1B (n = 104)
	L. plantarum 10B (n = 99)

	
	Mean (SD)
	Mean (SD)
	P vs Placebo1
	Mean (SD)
	P vs Placebo1
	P vs 1B dose2

	APS-NRS score
	
	
	
	
	
	

	Day 0
	7.14 (0.69)
	7.14 (0.77)
	
	7.17 (0.86)
	
	

	[bookmark: _Hlk17885966]AbsΔ (Day 28)
	-0.61 (1.12)
	-0.87 (1.06)
	0.1356
	-0.92 (0.90)
	0.0733
	0.7089

	AbsΔ (Day 56)
	-0.94 (1.36)
	-1.83 (1.38)
	< 0.0001
	-2.39 (1.47)
	< 0.0001
	0.0057

	IBS-QoL total score

	Day 0
	36.19 (17.97)
	37.83 (17.25)
	
	37.54 (17.02)
	
	

	[bookmark: _Hlk134084866]AbsΔ (Day 28)
	4.20 (14.19)
	8.82 (17.38)
	0.0208
	17.65 (19.47)
	< 0.0001
	0.0009

	AbsΔ (Day 56)
	4.90 (14.29)
	17.47 (19.54)
	< 0.0001
	28.78 (23.64)
	< 0.0001
	0.0003

	PSS score

	Day 0
	22.06 (4.29)
	22.42 (4.12)
	
	21.93 (4.31)
	
	

	AbsΔ (Day 28)
	-0.12 (3.92)
	-2.38 (4.54)
	< 0.0001
	-2.76 (4.69)
	< 0.0001
	0.5690

	AbsΔ (Day 56)
	-0.46 (4.14)
	-4.33 (6.51)
	< 0.0001
	-5.59 (6.43)
	< 0.0001
	0.1708


1ANCOVA using Dunnett’s test adjustment with treatment as factor and baseline as covariate vs placebo.
2Two-sample t-test comparing dose groups.
APS-NRS: Abdominal pain severity-numeric rating scale; IBS-QoL: Irritable bowel syndrome-quality of life; PSS: Perceived stress scale; AbsΔ: Absolute change; L. plantarum: Lactiplantibacillus plantarum.
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