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Abstract
Background: Celiac disease pathogenesis involves increased permeability of intestinal epithelial tight junctions due to immunogenic 

mechanisms. Larazotide acetate is a tight junction regulator peptide that was recently described. 

Aims: To assess the efficacy and safety of larazotide acetate in celiac disease

Methods: Study Selection Criteria: Studies evaluating the efficacy and safety of larazotide acetate (LA group) in patients with celiac disease 
who were simultaneously challenged with gluten.

Data collection & extraction: Articles were searched in Medline, Pubmed, and Ovid journals. 

Statistical Method: Pooled proportions were calculated using fixed and random effects model. 

Results: Initial search identified 89 reference articles, of which 19 were selected. Three studies (N=136) met the inclusion criteria. In the pooled 
proportion of patients, the change in urinary lactulose to mannitol fractional excretion ratio (LAMA) scores from baseline after the intervention 
in LA group and placebo group was 1.34(95%CI=0.96 to 1.71) and 1.91(95%CI=1.50 to 2.32) respectively. Change in Gastrointestinal Symptom 
Rating scale (GSRS) scores after intervention was 0.04(95%CI=-0.32 to 0.40) and 0.46(95%CI=0.09 to 0.83) in LA and placebo group respectively. 
Change in Celiac disease GSRS (CeD-GSRS) scores after intervention was -0.11(95%CI=-0.48 to 0.26) and 0.35(95%CI=-0.29 to 0.99 in LA and 
placebo groups respectively. Odds ratio for overall adverse events (gastrointestinal symptoms, headache, urinary tract infection, fatigue) in LA 
group versus placebo group was 0.60(95%CI=0.28 to 1.28). 

Conclusions: Lower doses of Larazotide acetate seemed to control gastrointestinal symptom severity induced by the gluten challenge in celiac 
patients. It has a relatively safe side effect profile compared to placebo. 
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Introduction
Celiac disease is a chronic autoimmune disorder in genetically 

susceptible individuals that results in intestinal, and often extra-
intestinal, manifestations in response to the ingestion of gluten, 
a mixture of proteins found in barley, rye, or wheat-products [1, 
2, and 3].  Nearly 100% of affected individuals have HLA-DQ2 or 
HLA-DQ8 positivity.  The most common intestinal manifestations 

include symptoms of bloating, abdominal pain, and diarrhea [4, 
5].  Extra-intestinal manifestations occur on a spectrum and may 
range from iron-deficiency anemia, infertility, and osteoporosis 
to malignancy including intestinal adenocarcinoma and non-
Hodgkin’s lymphoma. These manifestations are likely result of 
chronic inflammation and stimulation of intestinal lymphocytes 
[6, 7]. When compared with healthy controls, patients with 
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celiac disease have increased intestinal permeability and 
altered tight junctions that contribute to pathogenesis [8, 9, 
and 10].  Exposure of intestinal epithelial cells to gluten results 
in a cytoskeletal rearrangement that allows the entry of gluten 
peptides into the lamina propria via transcellular and paracellular 
transport [11, 12, 13, and 14].  Once in the lamina propria, tissue 
transglutaminase modifies the gluten peptides and bolsters their 
immunogenicity via engaging with MHC class II molecules [15].  
The ensuing cytokine release then leads to a prolonged duration 
of tight-junction opening, resulting in increased permeability and 
greater influx of protein, thereby perpetuating the inflammatory 
response in a cyclic manner [16, 17].  

Presently, subjects with celiac disease are managed via 
dietary-restriction to maintain a gluten-free diet (GFD).  However, 
adherence to maintaining a GFD remains challenging as a result of 
the nearly ubiquitous nature of gluten and its presence in foods, 
often resulting in inadvertent exposure.  Inadvertent exposure 
may result in up to two grams of gluten ingestion daily [18, 19].   
Additionally, even small, seemingly inconsequential quantities of 
gluten can result in symptoms and ongoing, chronic inflammation 
and failure of mucosal healing.  Therefore, maintenance of a GFD 
alone is likely insufficient to manage a patient with celiac disease 
and the need for pharmacological intervention is needed. 

Larazotideacetate, also known as AT-1001, is a first-in-
class synthetic octapeptide that in vitro inhibits paracellular 
permeability by preventing the opening of tight junctions induced 
by various stimuli. These stimuli include cytokines, gluten 
peptides, and bacterial antigens [20, 21].  The immunological 
activity of Larazotide acetate is limited in location to the 
luminal surface of the small intestine [22] and its mechanism 
of action involves the inhibition of cytoskeleton rearrangement, 
disassembly of tight junction and peak F-actin increment [23, 
24, 25].  Larazotide acetate use resulted in sustained tight 
junction structure, decreased marker-protein transport across 
the intestinal epithelium, and a diminished macrophage count 
in the lamina propria in a transgenic mouse model of gluten-
sensitive enteropathy [20]. Three randomized controlled trials 
evaluated the efficacy and safety of Larazotide acetate, and have 
shown mixed outcomes. This is the first meta-analysis to pool the 
evidence for Larazotide acetate in patients with celiac disease.  

Methods
Aims

Primary outcome was to assess the efficacy of larazotide 
acetate in celiac disease patients. Surrogate marker for 
intestinal permeability, urinary lactulose to mannitol fractional 
excretion ratio (LAMA) was assessed. Gastrointestinal symptom 
rating scale (GSRS) and Celiac disease GSRS (CeD-GSRS) were 
monitored. Secondary outcome was to assess the overall safety 
profile of larazotide acetate. 

Study selection criteria:

Inclusion criteria:

• Subjects needed confirmation of the presence of celiac 
disease via biopsy and positive antibody screen. 

• Subjects needed to follow a gluten-free diet for at least 6 
months prior to enrollment in the study, and needed to 
have anti-tissue transglutaminase titers of less than 10EU 
at study entry.

• Randomized controlled trials comparing the efficacy 
and safety of larazotide acetate in treatment group ( 
received Larazotide acetate 1mg orally, three times daily) 
(LA group) versus placebo group in patients with celiac 
disease who were simultaneously challenged with 2.4 – 
2.7 gm gluten ingestion per day during the trial.  

• If women were enrolled in the studies, women must 
have been post-menopausal, surgically sterile, or must 
have had a negative pregnancy screening and agreed to 
acceptable forms of contraception.  

• Studies with patient age 18 to 72 years were included in 
this study. Individual studies included 18-65 years of age 
in Leffler et al [26], 18-72 years of age in Kelly et al [27], 
and 18-59 years of age in Paterson et al [22]. 

Exclusion criteria: Studies without a control / placebo 
arm were excluded. Studies that were done in patients without 
a simultaneous gluten challenge were excluded. Among the 
individual studies: Patients were excluded from the trials if 
they had other chronic active gastrointestinal diseases, food 
intolerances or food allergies (other than to gluten), had a 
history of diabetes mellitus, used nicotine-containing products 
within 6 months of study entry, a history of HIV, hepatitis B, 
hepatitis C, were pregnant or breast-feeding, had a history of 
alcohol or drug abuse, had a history of major active psychiatric or 
neurological disease, were taking medications known to result in 
immunosuppression or alter intestinal functioning, permeability, 
or pH, used were on antibiotics, laxatives, herbal supplements, 
probiotics, amphetamines, or pancreatic enzyme replacement 
therapy, or participated in a clinical trial within 30 days of 
randomization. 

Data collection & extraction: Articles were searched in 
Medline, PubMed, Ovid journals, EMABSE, Cumulative Index 
for Nursing & Allied Health Literature, ACP journal club, DARE, 
International Pharmaceutical Abstracts, old Medline, Medline 
non indexed citations, OVID Health star, and Cochrane Central 
Register of Controlled Trials (CENTRAL). The search was 
performed for the years 1966 to January 2016. Abstracts were 
manually searched in the major gastroenterology, internal 
medicine journals for the past three years. Study authors for 
the abstracts included in this analysis were contacted when the 
required data for the outcome measures could not be determined 
from the publications. The search terms used were Larazotide 
acetate, AT-1001, randomized controlled trial, celiac disease, 
coelic disease, gluten-free, and gluten challenge. Two authors 
(HM and VM) independently searched and extracted the data into 
an abstraction form. Any differences were resolved by mutual 
agreement. The agreement between reviewers for the collected 
data was quantified using the Cohen’s κ [28].
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Quality of Studies: Clinical trials designed with a control 
and treatment arms can be assessed for quality of the study. 
A number of criteria have been used to assess this quality of a 
study (e.g. randomization, selection bias of the arms in the study, 
concealment of allocation, and blinding of outcome) [29, 30].

Statistical methods: This meta-analysis was performed 
by calculating pooled proportions. First the individual study 
proportion of all the study variables was transformed into a 
quantity using Freeman-Tukey variant of the arcsine square root 
transformed proportion. The pooled proportion is calculated as 
the back-transform of the weighted mean of the transformed 
proportions, using inverse arcsine variance weights for the fixed 
effects model and DerSimonian-Laird weights for the random 
effects model [31, 32].  Forest plots were drawn to show the 
point estimates in each study in relation to the summary pooled 
estimate. The width of the point estimates in the Forest plots 
indicates the assigned weight to that study. The heterogeneity 
among studies was tested using Cochran’s Q test based upon 
inverse variance weights [33]. If p value is > 0.10, it rejects the 
null hypothesis that the studies are heterogeneous. The effect 
of publication and selection bias on the summary estimates was 
tested by both Harbord-Egger bias indicator [34] and Begg-
Mazumdar bias indicator [35]. Also, funnel plots were constructed 
to evaluate potential publication bias [36, 37]. Microsoft Excel 
2013 software and Revman were used to perform statistics for 
this meta-analysis.

Definitions: The primary efficacy outcome were measured via 
the urinary lactulose to mannitol ratio, questionnaires including 
the GSRS (38-40,42-44) and the Psychological General Well-Being 
Index (PGWBI) [41, 42, 45, 46] The lactulose to mannitol ratio 
served as a marker of intestinal permeability where mannitol 
absorption would be reduced as a result of mucosal injury and 

para-cellular absorption of lactulose would be increased. GSRS is 
a patient completed questionnaire that has 15 questions divided 
among five domains (reflux, constipation, diarrhea, indigestion 
and abdominal pain).Based on celiac disease symptoms, scores 
from three of these domains (indigestions, abdominal pain and 
diarrhea) were together referred as CeD-GSRS [26].

Results
Initial search identified 89 reference articles, in which 19 

articles were selected and reviewed. Data was extracted from 
three studies [22, 26, and 27] that evaluated the efficacy and 
safety of Larazotide acetate in celiac disease patients, which met 
the inclusion criterion. All the studies are published as full text 
articles. Figure 1 shows the flow diagram of search results. All 
the pooled estimates given are estimates calculated by the fixed 
effect model. All the three studies included in this meta-analysis 
were randomized controlled trials (RCT). 

The total number of patients included in this meta-analysis is 
136, with a female population (71%). Median age of the patients 
was 46 years. Patients in LA group were treated with larazotide 
acetate 1mg orally, three times daily for a range of one to six 
weeks, with a median of two weeks. Table 1 shows the baseline 
characteristics of the studies. The p for chi-squared heterogeneity 
for all the pooled accuracy estimates was > 0.10. The agreement 
between reviewers for the collected data gave a Cohen’s κ value 
of 1.0. 

Efficacy of Larazotide acetate

After the treatment interventions, in the pooled patient 
population, the change in LAMA scores from baseline after the 
intervention in LA group and placebo group was 1.34 (95% CI 
= 0.96 to 1.71) and 1.91 (95% CI = 1.50 to 2.32) respectively. 

Figure 1: Flow diagram: Search results.
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Table 1: Basic characteristics of the included studies.

No Study Type Gluten challenge Age in years-median N N-LA group N-Placebo Sex-Male

1 Kelly et al, 2013 RCT Yes; 2.7gm/day 50 89 45 44 24

2 Leffler et al, 2012 RCT Yes; 2.4gm/day 46 26 12 14 11

3 Paterson et al, 2007 RCT Yes; 2.5gm/day 36 21 14 7 4
RCT – Randomized controlled trial; N – Total number of patients in the study; N-LA group – Number of patients in LA group; N-Placebo – Number of 
patients in placebo

Figure 2: Forest plot - Individual study proportions and the pooled estimate for odds ratio of adverse events in LA group vs. placebo group (fixed 
effects).

Figure 3: Forest plot - Individual study proportions and the pooled estimate for risk ratio of adverse events in LA group vs placebo group (fixed ef-
fects).

Heterogeneity was assessed using I² (inconsistency) = 0% (95% 
CI = 0% to 72.9%).  

Change in GSRS scores after intervention was 0.04 (95% CI = 
-0.32 to 0.40) and 0.46 (95% CI = 0.09 to 0.83) in LA and placebo 
group respectively. Change in CeD-GSRS scores after intervention 
was -0.11 (95% CI = -0.48 to 0.26) and 0.35 (95% CI = -0.29 to 
0.99 in LA and placebo groups respectively. Heterogeneity was 
assessed using I² (inconsistency) = 0% (95% CI = 0% to 72.9%).  
Bias indicator was Horbold-Egger: bias = -0.13 (92.5% CI = -27.07 
to 26.79) P = 0.97. 

Adverse events with Larazotide acetate

In the pooled patient population, the odds ratio for overall 
adverse events (gastrointestinal symptoms, headache, urinary 
tract infection, fatigue) in LA group versus placebo group was 
0.60 (95% CI = 0.28 to 1.28). There were no fatal adverse events 
in both groups. Due to the limited data available from individual 
studies, we were not able to pool the results for individual adverse 
events separately, cost benefit analysis and hospitalizations. 
Figure 2 and 3 are forest plot representing the odds ratio and 

risk ratio for overall adverse events in LAgroup vs placebo group. 
Figure 4 and 5 are funnel plots assessing the publication bias for 
same variables respectively. Figures 2 and 3 have information 
regarding heterogeneity of studies. Bias indicator was Horbold-
Egger: bias = -0.13 (92.5% CI = -27.07 to 26.79) P = 0.97. 

Discussion
In each of the studies assessed, Larozotide acetate improved 

gastrointestinal symptoms in patients with Celiac disease.  
Kelly et al [27] conducted a randomized, double-blind, placebo-
controlled, exploratory study across 20 sites in the United States 
and Canada that lasted for six weeks,  involving 184 subjects 
aged 18-72 with celiac disease diagnosed via duodenal or jejunal 
biopsy at least 6 months prior to study entry.  All subjects in the 
study were Caucasian with the exception of 1 individual, who 
was Hispanic. Subjects were randomized to receive aplacebo, 
1mg, 4mg, or 8mg Larazotide acetate capsule three times daily 
15 minutes before meals for a 42 day treatment period after a 7 
day run-in period where all patients received placebo drug and 
placebo gluten capsules.  They also received 900mg of gluten 
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Figure 4: Funnel plot assessing for publication bias (odds ratio of adverse events in LA group vs placebo group).

Figure 5: Funnel plot assessing for publication bias (risk ratio for adverse events in LA group vs placebo group).

three times daily with meals to simulate the effect of inadvertent 
gluten ingestion.  The study found that Larazotide acetate led to 
a reduction of symptoms and gluten-induced immune reactivity 
in patients with celiac disease that underwent a gluten challenge.  
The primary endpoint, the lactulose to mannitol ratio at the last 
double-blind treatment period visit, was found to trend lower 
in the 1mg Larazotide acetate group than in the placebo group 
(approximately 1.7 vs 2.4).  In the placebo group, the GSRS 
scores increased during the first 3 weeks of the gluten challenge, 
whereas the GSRS scores remained near baseline in the 1mg 
Larazotide acetate group.  The GSRS revealed improvements 
in the indigestion, abdominal pain and diarrhea subgroups in 
the 1mg treatment group versus the placebo group with the 

most significant change being in the diarrhea sub-domain.  The 
PGWBI scores were also found to be lower in the placebo group 
during the last 2 weeks of the gluten challenge, in comparison 
to the treatment groups whose scores remained near or above 
baseline.  Other measures included measurement of anti-tissue 
transglutaminase IgA antibody levels that remained below 
10EU in the 1mg and 4mg treatment groups, whereas 30% of 
subjects in the placebo group seroconverted.  Larazotide acetate 
was well tolerated in the study with the most common adverse 
events involving gastrointestinal symptoms which were similar 
between the treatment and placebo groups, except for abdominal 
pain in the 8mg treatment group.  Analysis via EKG, urinalysis, 
hematology and serum chemistry showed no clinically significant 
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changes during the study, and antibodies to Larazotide acetate 
were not detected indicating lack of any significant systemic 
absorption.

Another study to assess the effect of Larazotide acetate in 
patients with celiac disease was conducted by Leffler et al [26].  
The study was a prospective, double-blind, multicenter, placebo-
controlled, randomized trial across ten clinical sites across the 
United States for a study period of 14 days.  The study consisted 
of 86 patients aged 18 to 65, of which, 53% were women and 
all were Caucasian except one patient.  In the study, patients 
were randomly assigned to one of seven treatment groups.  
Four groups received a gluten challenge with either doses of 
0.25, 1, 4, or 8 mg of Larazotide acetate three times daily while 
the other three groups were part of a safety-control arm.  Of 
the three safety control arm groups, one group received 8mg of 
Larazotideacetate without a gluten challenge (placebo gluten), 
the second group received placebo medication and placebo 
gluten, and the third group received placebo medication and a 
gluten challenge.  Medications were ingested in capsule form 
three times daily 15 minutes prior to meal intake.  For the 
gluten challenge, patients ingested two capsules of 400mg of 
gluten three times daily with meals, for a total of 2.4g of gluten 
consumption daily.  Placebo gluten consisted of 100% cornstarch 
and was also ingested three times daily with meals in the placebo-
gluten groups. There were five clinic visits used for assessment 
at screening, days 0, 7, 14, and 21.  The primary outcome 
measure was the change in lactulose to mannitol ratios from day 
0 to day 14. Of the patients who received the gluten challenge, 
statistically significant differences were absent in the lactulose 
to mannitol ratios between the Larazotide acetate groups and 
the placebo group.  Patients who received Larazotide acetate 
and gluten fared better than those who received gluten without 
Larazotide acetate.  Statistically significant symptom severity 
decreases were found in the gluten-free control group and those 
who received Larazotide acetate with gluten when compared 
with those inwho received gluten without Larazotide acetate.  
During the gluten-challenge period (days 0-14), the GSRS and 
CeD-GSRS indicated increased gastrointestinal symptoms which 
subsequently decreased after completion of the gluten-challenge 
(days 14-21).  Therefore, symptom severity was found to be 
increased in response to gluten but protection from exposure was 
provided by Larazotide acetate according to the questionnaires 
completed.  Statistically significant protection was found in the 
Larazotide acetate groups with respect to severity of abdominal 
pain, indigestion, and reflux, and near-statistical significance 
for diarrhea.  Interestingly, there was no statistically significant 
difference with respect to changes in the PGWBI between the 
Larazotide acetate groups and the gluten-challenge control 
group.  Anti-tissue transglutaminase antibodies were assessed at 
screening and at the conclusion of the study on day 21 and were 
found to have no significant differences.  Larazotide acetate was 
found to be well tolerated in the study with headache being the 
most common adverse event.  No serious adverse events were 
reported and assessments periodically via serum chemistries, 
hematology, vital sign assessment, EKG and physical exam 

showed no significant changes from baseline.  Five patients that 
received Larazotide acetate developed urinary tract infections in 
the course of the study, one of which was attempted for culture 
that eventually resulted negative.  Plasma levels of Larazotide 
acetate were obtained on days 0, 7, and 14 and were below 
the detectable level of 0.5ng/ml, again indicating that systemic 
absorption of Larazotide acetate was absent.  

Paterson et al [22] conducted an inpatient, randomized, 
double-blind, placebo-controlled, single center exploratory 
study also to assess the safety and tolerability of 12mg doses 
of Larazotide acetate.  Twenty one subjects, age 18-59, were 
enrolled and randomized in a 2:1 manner for drug: Placebo for 
a seven day assessment period.  Treatment days were on days 
1, 2, and 3 but gluten was only administered on day 2.  On day 
2, all subjects received a 2.5g oral gluten challenge in a blinded 
fashion.  End points were evaluated on study days 1, 2, 3, and 7.  
Subjects received either 12mg of Larazotide acetate via enteric-
coated capsule or a matching placebo once daily for 3 consecutive 
days and were admitted to the clinical research unit on day 1.  On 
day 1, subjects received Larazotide acetate or a placebo, followed 
by sham-gluten 30 minutes later.  Thirty minutes later, patients 
consumed the solution of sucrose, lactulose, and mannitol for 
assessment of intestinal permeability and then underwent an 
eight hour urine collection for assessment.  Day 2 followed the 
regimen of day 1, but all subjects received gluten instead of 
sham-gluten.  The regimen for day 3 was identical to that of day 
1.  Following evaluation on day 3, patients were discharged and 
followed up on day 7 for follow-up assessments. The primary 
outcome found a 70% increase in the lactulose-to-mannitol ratio 
from day 2 to day 1 in the placebo group and no increase in the 
treatment group indicating the protective effects of Larazotide 
acetate.  The findings in the difference in intestinal permeability 
between the 2 groups nearly achieved statistical significance on 
day 2.  Secondary outcomes of the study, fractional excretions of 
lactulose and mannitol, were similar but weaker.  Cytokine release 
(interferon gamma) was used as a marker of immune activity, and 
was found to trend lower in the treatment group in comparison 
to the placebo group but did not reach statistical significance.  
Subjects also maintained a GI symptom diary during their study 
for documentation of symptoms.  Both groups reported increased 
GI urgency on day 2, but only the placebo group reported ongoing 
increased severity of symptoms on day 3.An increased number 
of loose, instead of firm stools, was also reported in the placebo 
group but failed to reach statistical significance.  As with the 
previous two studies discussed, all plasma concentrations of 
Larazotide acetate were below quantifiable levels (less than 
0.05ng/ml).  The majority of the adverse events were involving 
gastrointestinal symptoms and the most commonly reported 
event was diarrhea. In fact, every celiac disease related symptoms 
was found to be greater in the placebo group versus the Larazotide 
group except vomiting.  For non-gastrointestinal adverse events, 
the most commonly reported event was headache.  For each of 
the three studies discussed, specific numerical data regarding 
the lactulose to mannitol ratios were not consistently provided, 
but rather, the trend was discussed along with their respective 
graphical representations.  
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When patients with celiac disease who were on a gluten 
free diet were challenged with dietary gluten, larazotide acetate 
seemed to control symptoms better than a placebo as evidenced 
by relatively smaller changes in LAMA scores from baseline 
compared to placebo group (1.34 vs 1.91).  The Patients ‘qualities 
of life also improved in the LA group as evidenced by relatively 
minimal increases on GSRS compared to the placebo group (0.04 
vs 0.46); reduction in CeD-GSRS scores compared to placebo 
group (-0.11 vs 0.35). There were no fatal adverse events in 
the LA group or the placebo group.  The side effect profile was 
comparable in both groups (odds ratio 0.60 with 95% CI = 0.28 
to 1.28).  

Strengths of this meta-analysis include the high quality 
methodology of statistical analysis, and high quality methodology 
used in individual studies. All the studies included in this 
meta-analysis were double-blinded, randomized, and placebo-
controlled. The studies by Kelly et al [27] and Leffler et al 
[26] were multi-center, outpatient studies whereas the study 
conducted by Paterson et al [22] was a single-center, inpatient 
study.  Each of the studies involved well matched subjects with 
essential inclusion and exclusion criteria.  

Limitations of this meta-analysis are: Due to the nature of data 
available from individual studies, we were not able to pool the 
evidence for individual adverse events separately, cost benefit 
analysis and hospitalizations. The number of studies included 
in this meta-analysis was small; three studies with relatively 
few test subjects. The follow up period used in the individual 
studies was not uniform. There is a need for large multi-centered 
prospective trials to further validate the current evidence about 
larazotide acetate. 

Studies with statistically significant positive results tend 
to be published and cited. Additionally, smaller studies may 
show larger treatment effects compared to larger studies. This 
publication and selection bias may affect the summary estimates. 
The bias can be estimated using Egger bias indicators and the 
construction of funnel plots, whose shape can be affected by 
bias. In the present meta-analysis and systematic review, bias 
calculations both Egger [34] and Begg-Mazumdar [35] bias 
indicators showed no statistically significant bias. Furthermore, 
analysis using funnel plots showed no significant publication bias 
among the studies included in the present analysis. 

Conclusions 
In conclusion, Larazotide acetate led to a reduction of 

gastrointestinal symptoms and improvement in gluten tolerance 
in the celiac disease patients.  The medication was well tolerated, 
had relatively few and minor adverse effects, and remained 
localized with respect to absorption within the small bowelas 
there were no detectable plasma levels found.  Although larger 
studies will likely be needed to further assess the safety and 
efficacy of Larazotide acetate, it appears at this time to be a 
potentially viable and effective treatment option. 
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