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* Duodenal mucosal resurfacing elicits a metabolic
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benefit in patients with T2DM.

* At 6 months post-duodenal mucosal resurfacing,

HbA1c decreases by 1.0-1.5%.

* In patients with high ALT baseline levels, duodenal
mucosal resurfacing elicits an ALT reduction of ~40-50%.

* FIB-4 scores decrease significantly after duodenal

mucosal resurfacing.
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Hydrothermal ablation of the duodenum by DMR elicits a
metabolic benefit in patients with T2DM, manifesting as
improvements in both glycaemic and hepatic indices

| HbA1c
| Fasting plasma glucose
11,5-AG

Reduced
glycaemia

~O- Mean ALT

-0~ Upper baseline ALT
~@- Middle baseline ALT
—@- Lower baseline ALT

LALT ALT levels

Improved

hepatic <E LAST 28 .

indices

S 40 -
— 30 *
) 3:‘ 209—¢—e— o
Insulin 10
sensitizing 04

D S
0 1 3 6
| HOMA-IR Months post-DMR
| Lactate:Pyruvate ratio

| 2-Hydroxybutyrate

| Lipids (TAGs, DAGs, FFAs)
1 Anti-inflammatory (| leukotriene B4 & 5-HETE)
1 Antioxidant capacity (1 cysteine, glycine, glutathione)

Lay summary

Hydrothermal duodenal mucosal resurfacing (DMR) is
an endoscopic technique designed to treat metabolic
disease through ablation of the duodenal mucosa.
DMR is a safe procedure which improves glycaemia
and hepatic indices in patients with type 2 diabetes
mellitus. DMR is an insulin-sensitizing intervention
which can be complementary to lifestyle intervention
approaches and pharmacological treatments aimed at
preserving the pancreas and liver from failure. DMR is
a potential therapeutic solution for patients with type
2 diabetes and fatty liver disease.

* Duodenal mucosal resurfacing elicits insulin-sensitizing,
lipid-lowering, anti-inflammatory, and antioxidant effects
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Background & Aims: Insulin resistance is a core pathophysiological defect underscoring type 2 diabetes mellitus (T2DM) and
non-alcoholic fatty liver disease (NAFLD). Both conditions improve with duodenal exclusion surgery. Duodenal mucosal resur-
facing (DMR) is an endoscopic intervention developed to treat metabolic disease which has been shown to improve glycaemia
in patients with poorly controlled T2DM. Herein, we aimed to further analyse the effects of DMR on hepatic and metabolic
parameters in this patient cohort.

Methods: Eighty-five patients with T2DM who received endoscopic DMR treatment were enrolled from 5 centres and fol-
lowed up for 6 months. We assessed safety in all patients. Efficacy was evaluated in patients who received at least 9 cm of duo-
denal ablation (n = 67). Endpoints included HbA1c, fasting plasma glucose, weight and aminotransferase levels. Metabolomic
analysis was conducted in a subgroup (n = 14). Data were analysed using paired t test or ANOVA for repeated measures with
Bonferroni correction and correction for initial weight loss if applicable.

Results: The DMR procedure was completed with no intraprocedural complications in the entire cohort. HbA1c was lower 6 months
after DMR than at baseline (7.9 + 0.2% vs. 9.0 £ 0.2% [mean + SE], p <0.001). Fasting plasma glucose was also significantly lower
6 months after DMR compared to baseline (161 + 7 mg/dl vs. 189 + 6 mg/dl, p = 0.005). Body weight decreased slightly. At 6 months,
alanine aminotransferase had decreased from 41 + 3 IU/Lto 29 + 2 IU/L (p <0.001) and aspartate aminotransferase had decreased from
30+ 2 IU/Lto 23 + 1 IU/L (p <0.001). Metabolomic analysis demonstrated that DMR had key lipid-lowering, insulin-sensitizing and
anti-inflammatory effects, as well as increasing antioxidant capacity. Mean FIB-4 was also markedly decreased.

Conclusion: Hydrothermal ablation of the duodenum by DMR elicits a beneficial metabolic response in patients with T2DM. DMR
also improves hepatic indices, potentially through an insulin-sensitizing mechanism. These encouraging data deserve further evalua-
tion in randomized controlled trials.

© 2019 Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

resistance leading to pancreatic beta cell failure. Complications
may result from the primary effects of insulin resistance, as well
as from uncontrolled hyperglycaemia. Despite the availability of
over 50 different medicines approved for control of hyperglycae-
mia, nearly 50% of patients remain poorly controlled* due to pro-
gressive beta cell failure and poor treatment adherence. Insulin
resistance also leads to NAFLD, wherein hyperinsulinemia may
drive progressive fat accumulation, which in a proinflammatory

Introduction

Type 2 diabetes mellitus (T2DM) and non-alcoholic fatty liver dis-
ease (NAFLD) are both metabolic disorders'? of epidemic scale
with a significant overlap between affected populations.> T2DM
has a well understood pathophysiological foundation of insulin
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milieu may foster cell stress, inflammation, and fibrosis in the
liver, a condition known as non-alcoholic steatohepatitis
(NASH).> As a consequence of rising prevalence rates, NAFLD/
NASH is predicted to become the leading indication for liver
transplantation in the United States by 2020.° The co-existence
of T2DM and NAFLD/NASH is associated with a higher incidence
of complications of diabetes and liver disease than either alone.”
Recent studies have shown that 30% to 70% of patients with T2DM
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have NAFLD or NASH on biopsy, even in the presence of normal
plasma aminotransferase levels.>® In contrast to T2DM, there are
currently no generally approved pharmacological treatments for
NAFLD or NASH. Instead, the mainstay of treatment involves life-
style changes and weight loss (preferably at least 10% reduction
of total body weight) to improve inflammation and fibrosis.’
Although a liver biopsy is still the “gold standard” for the diagnosis
and assessment of liver fibrosis, non-invasive measures such as
serum markers or elastography are often utilized in clinical prac-
tice. Of these, the fibrosis 4 index (FIB-4) shows acceptable diagnos-
tic accuracy in predicting fibrosis stage and is sensitive to
improvement or worsening of fibrosis in patients with NAFLD.'°-!!

Invasive procedures, such as bariatric surgery, have emerged for
the treatment of severe dysmetabolic states. Gastric bypass surgery,
such as the Roux-en-Y gastric bypass, is the best characterized insulin
sensitizing intervention, leading to robust improvements in glycae-
mic state such that some patients achieve long term disease remis-
sion.'?"!* Striking improvement in NAFLD/NASH, including reversal
of fibrosis,'* has also been observed. Notably, these metabolic
improvements are not associated with post-surgery weight loss,
occurring independently of body mass index (BMI) and before
major weight loss has been obtained.'* However, because of its inva-
siveness, bariatric surgery is not suitable as a population-wide treat-
ment for metabolic disease.

Advances in bariatric science have demonstrated that the expo-
sure of the duodenum to nutrients is associated with systemic insu-
lin resistance in obese patients with T2DM.!° Bypass of the
duodenum after bariatric surgery leads to improvements in insulin
sensitivity.'®'!” Conversely, nutrient re-exposure to the bypassed
duodenal mucosa in rodents and humans rapidly restores hepatic
insulin resistance.'®-' Furthermore, excessive fat and hexose
ingestion has been shown to induce duodenal mucosa hypertrophy,
with unusually high densities of enteroendocrine cells in mice and
men.>?° Taken together, these observations suggest that the duo-
denal mucosa is an important metabolic regulator that determines
systemic insulin sensitivity and represents an interesting therapeu-
tic target as a means of modulating insulin resistance.

Hydrothermal duodenal mucosal resurfacing (DMR [Revita™
DMR], Fractyl Laboratories, Inc., Lexington, MA, USA) is an endo-
scopic technique that has been designed to treat metabolic dis-
ease through ablation of the duodenal mucosa. DMR is
performed using a trans-oral endoscopic catheter that allows
hydrothermal ablation of the duodenal mucosa, all under endo-
scopic visualization with fluoroscopic support. Clinical data suggest
that DMR is well tolerated and elicits a clinically significant
improvement in hyperglycaemia at 6 and 12 months in patients
with T2DM poorly controlled on oral antidiabetic medications.?!-*?
In this article, we report the effect of DMR on hepatic and metabolic
indices in patients with poorly controlled T2DM followed for
6 months after the procedure. Data were pooled from 2 single-
arm, open-label studies: a single-centre first-in human study?!
(NCT01927562) and a multicentre study?? (NCT02413567). We
also report the effect on glycaemia in this composite cohort.

Patients and methods

Patients

We report composite data extracted from 2 studies: an initial
single-centre study?! and a subsequent multicentre study?? con-
ducted in 5 centres (including the centre from the original study).
Patients with T2DM were eligible if they were treated with
at least 1 oral glucose-lowering drug (with no changes to
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medication for at least 3 months prior to screening in the multicen-
tre study) and had fasting C-peptide >1 ng/ml (indicative of sulffi-
cient beta cell reserve). They were adults (age 28-75 years) with
T2DM duration <10 years, BMI 24-40 kg/m?, and glycosylated hae-
moglobin 1Ac (HbA1c) of 7.5-12.0% in the single-centre study and
7.5-11.0% in the multicentre study (upper limit of normal: 6.0%).
The main exclusion criteria were: diagnosis of type 1 diabetes or
history of diabetic ketoacidosis, use of insulin or GLP-1RA, autoim-
mune disease, history of acute or chronic pancreatitis, known active
hepatitis or active liver disease, symptomatic kidney stones or gall-
stones, use of weight loss medication or anti-inflammatory drugs,
anticoagulation therapy, or gastrointestinal surgery or duodenal
abnormalities that would impede the DMR procedure.

Sites and study design

The single-centre study was conducted in South America (CCO Clini-
cal Center for Diabetes, Obesity and Reflux, Santiago, Chile). Patients
underwent DMR from August 2013 until November 2014. The multi-
centre study was conducted at 7 sites: The 7 study sites were the Aca-
demic Medical Center, Amsterdam, the Netherlands; Erasme
University Hospital, Brussels, Belgium; Policlinico Gemelli, Catholic
University of Rome, Rome, Italy; University College London Hospital,
London, United Kingdom; CCO Clinical Center for Diabetes, Obesity
and Reflux, Santiago, Chile; King’s College Hospital, London, United
Kingdom; and University Hospital Leuven, Leuven, Belgium. Patients
underwent DMR from April 2015 until November 2015. In the single-
centre study, patients were screened (including screening endoscopy
of the upper gastrointestinal tract) and eligible patients were
enrolled, treated with DMR, and seen for follow-up visits at day 7,
day 14 and 1, 3, and 6 months after DMR. Patients and study physi-
cians were advised to refrain from altering patients’ oral glucose-
lowering medication use except when clinically necessary. The multi-
centre study included 2 visits before DMR. 1) Screening visit to select
eligible patients based on the inclusion-exclusion criteria. Eligible
patients underwent a 4-week run-in period during which sulfonylur-
eas or meglitinides were discontinued. 2) Baseline visit after the run-
in. The DMR procedure was scheduled no more than 14 days after
baseline. Follow-up visits were scheduled at 1, 3, 4.5, and 6 months
after the procedure and glucose-lowering medication was kept stable
for at least 6 months after the procedure. At 3 (single-centre study) or
6 months (multicentre study) a follow-up endoscopy was performed
to assess the duodenum. Screening visits in both studies included
completion of informed consent, physical examination and medical
history. All patients provided written informed consent. Study proto-
cols were approved by the ethics committees of the respective sites
and complied with the recommendations of the Declaration of Hel-
sinki. The effects of DMR on glycaemia have already been reported
for the single-centre and multicentre study separately.’!*?? In this
paper, we additionally report the effect of DMR on hepatic para-
meters and carry out additional metabolomic analysis.

Study procedure

Hydrothermal DMR is an endoscopic, catheter-based procedure
performed under general anaesthesia or sedation with propofol.
The procedure is described in detail in previous publications.?!-**
Briefly, the procedure comprises catheter-based mucosal
lifting with saline, and circumferential mucosal ablation with a
hot fluid-filled balloon at the tip of the catheter. Ablation tempera-
ture and time are tightly controlled via a console specifically
designed for this procedure. The ablated duodenal length was cal-
culated by multiplying the number of duodenal ablations by the
length of the ablation balloon. Post-DMR, all patients were to follow
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a graduated diet for 2 weeks in which clear liquid beverages were
gradually expanded to solid food products.

Assessments
For this analysis, a complete DMR procedure was defined as
ablated duodenal length of >9 cm for both studies. This complete
DMR cohort was used for the efficacy analyses in this study. At all
study visits, medication use, adverse events, body weight, and
blood pressure were determined, and fasting venous blood sam-
ples were collected for blood analysis, including alanine amino-
transferase (ALT), aspartate aminotransferase (AST), fasting
plasma glucose (FPG) and HbA1c. Mean plasma glycaemic and
hepatic parameters and body weight were calculated at baseline
and 1, 3, and 6 months follow-up. The primary efficacy endpoint
was mean reduction in HbA1c from baseline to 6 months after the
procedure. Based on baseline ALT and AST levels, patients were
divided into 3 tertiles: the lower, middle, and upper tertile. The
ALT tertiles were <27 IU/L (lower), 28-41 IU/L (middle), and >42
IU/L (upper). The AST tertiles were AST <22 IU/L (lower), 23-30
[IU/L (middle), and 231 IU/L (upper). FIB-4 was calculated at baseline
and 6 months using the formula: [Age(years)xAST(IU/L)]/[ platelet
count (x10°/L) x ALT(IU/L)*/?]. A FIB-4 score <1.30 is associated
with a low probability of clinically significant fibrosis. %!

In a subgroup of patients from the initial single-centre study
(n = 14), a mixed meal tolerance test (MMTT) was performed at
baseline and 3 months. Patients ingested a standard liquid meal
(Fresubin® [200 ml, 2.0 kcal/ml] containing 15.6 g fat, 20 g pro-
tein and 45 g carbohydrates per meal). Glucose was measured
at fasting and at 15, 30, 45, 60, 90, 120, and 180 minutes post-
prandially. Metabolomic analysis (Metabolon, Inc., Durham, NC)
was conducted on fasting and 60 and 120 min MMTT plasma sam-
ples. A non-targeted relative quantitative liquid chromatography-
tandem mass spectrometry platform was applied to identify structu-
rally named and unknown molecules (Evans AM, 2009, Evans AM,
2014). All normalized relative ion counts were log-transformed,
and the remaining data were imputed with the minimum value on
a per metabolite basis. Complex lipids were extracted from samples
in the presence of internal standards using a modification of the
method of Bligh and Dyer. The extracts were concentrated, reconsti-
tuted and transferred to vials for infusion-mass spectrometry analy-
sis. The analysis was performed on a Shimadzu LC with nano PEEK
tubing and a Sciex Selexlon equipped-5500 QTRAP. The analysis
was performed in DMS-MRM mode with both positive and negative
ionization for a total of more than 1,100 MRMs. Individual lipid spe-
cies were quantified by comparing the intensity ratios of target com-
pounds and their assigned internal standards which were added at
known concentrations. Lipid class concentrations were calculated
from the sum of all molecular species within a class, and fatty acid
compositions were determined by calculating the proportion of
each class comprised of individual fatty acids. The false discovery
rate for a given set of compounds to correct for multiple testing
was estimated using the q-value.”* Repeated measures ANOVA
was performed with visit, time, and visit:time as fixed effects and
subject as a random effect. The contrasts were calculated as planned
contrasts for the ANOVA (Supplementary CTAT Table). During the
MMTT, glucose was measured at 0, 15, 30, 45, 60, 90, 120, and 180
min postprandially.

Statistical analysis

Statistical analysis was performed using IBM SPSS statistics ver-
sion 24.0 (SPSS Inc. Chicago, USA) (Supplementary CTAT Table).
p values <0.05 were considered statistically significant. Data
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Fig. 1. Patient flow in the single-centre and multicentre studies. DMR,
duodenal mucosal resurfacing.

distribution was assessed using histograms and eyeballing.
Depending on the data distribution, data are expressed as mean
+ SE or median with range. Paired Student’s t tests were used to
compare 2 data points before and after the procedure. Differences
between repeated measurements of HbAlc, FPG, ALT, and AST
during follow-up were tested using repeated measures ANOVA
with Bonferroni correction (3 tests, p values <0.05/3 were consid-
ered statistically significant). Where appropriate (when a linear
relationship was found), we corrected for early weight loss
(defined as weight loss at post-procedure week 4) or HbAlc
change during analysis of the efficacy parameters.

Results

Patients

Ninety-four patients (44 single-centre study, 50 multicentre study)
underwent the initial endoscopy (Fig. 1) and 85 (39 single-centre
study, 46 multicentre study) patients received actual DMR treat-
ment comprising the safety analysis cohort. Reasons to not perform
DMR were presence of esophagitis > grade 3 and abnormalities in
the gastrointestinal tract preventing endoscopic access to the duo-
denum or precluding completion of DMR. From the safety analysis
cohort, 67 patients (30 single-centre study, 37 multicentre study)
received a complete duodenal ablation (minimal duodenal ablation
length of 9 cm) comprising the efficacy analysis cohort. The mean
length of the ablated segment was 9.4 + 0.1 cm. Metabolomic ana-
lysis was conducted on MMTT plasma samples in a sub-cohort from
the single-centre study (n = 14). Table 1 itemizes baseline demo-
graphics from the 2 study sources, the efficacy cohort and the meta-
bolomic analysis sub-cohort.

Safety

The DMR procedure was completed without any intraprocedural
complications in the safety cohort (n = 85) or, as inferred, in the
67 patients in the efficacy cohort. There was no gastrointestinal
bleeding, perforation, pancreatitis, severe hypoglycaemia, or evi-
dence of malabsorption, either in the period immediately follow-
ing the procedure or during later follow-up. Three patients in the
single-centre study from the safety cohort experienced duodenal
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Table 1. Patient characteristics at baseline® for patients receiving complete DMR.

Single-centre study
complete DMR sub-cohort

Multicentre study
complete DMR sub-cohort

Metabolomic
analysis sub-cohort

Efficacy analysis cohort
(pooled complete DMR cohort)

N 30 37 67 14
Age, years 52+1 56+ 1 54 +1 51+2
Male, n (%) 22 (73) 23 (62) 45 (67) 12 (86)
Body weight, kg 87.5+21 89.5+22 88615 88.6+2.7
Duration of T2DM, years 5604 6.1+04 5903 64+ 0.6
HbA1c, % (mmol/mol) 9.7+0.3(83+3) 84+0.1(68+1) 9.0+£0.1(75%1) 102+03 (88 +4)
FPG, mg/dl 186 £ 11 192+7 189 +6 198 + 14
ALT, U/L 40+ 4 39+4 41+3 40+ 4
ALT, n (%)

<27, UJL 10 (33) 12 (32) 22 (33) 2 (14)

28-41, U/L 9 (30) 14 (38) 23 (33) 6 (43)

242, U/L 11 (37) 11 (30) 22 (34) 6 (43)
AST, U/L 32+3 27+2 30+£2 31+£3
FIB-4 1.13 £ 0.09 1.20+0.11 1.17 £ 0.07 1.10+0.14

Data are mean + SEM unless otherwise indicated. *Measured at the visit before the endoscopic screening, for single-centre study at screening visit, for multicentre study at base-
line visit. ALT, alanine aminotransferase; AST, aspartate aminotransferase; FIB-4, Fibrosis-4 index; FPG, fasting plasma glucose; HbA1c, glycated haemoglobin.

stenosis within 2-6 weeks of the procedure as previously
reported.?! These patients developed complaints (difficulties
with deglutition, epigastric pain, and/or intermittent vomiting)
shortly after DMR. These cases were treated successfully by bal-
loon dilation, following which patients did not develop new or
other symptoms indicative of duodenal stenosis during 12-36
months of follow-up (2 patients completed study follow-up, a
single patient was lost to follow-up at 12 months). In all other
patients, no abnormalities were observed during the follow-up
endoscopy after DMR, including no duodenal stenosis.

Efficacy

In the composite efficacy cohort, baseline HbA1c was 9.0 + 0.2%.
Single DMR treatment achieved significant HbA1c reductions at
1, 3, and 6 months (8.0 + 0.1%, 7.6 + 0.1%, and 7.9 * 0.2%, respec-
tively) compared with baseline (all p <0.001). This was observed
despite a net reduction in antidiabetic medication in treated
patients at 6 months in the single-centre study?', and withdrawal
of sulfonylureas (n = 6) and meglitinides (n = 2) at screening in
the multicentre study.?? Other glucose-lowering medication
was kept stable during 6 months follow-up in the multicentre
study. FPG also decreased significantly post DMR. At 1, 3, and 6
months FPG levels were: 147 £ 5, 151 = 5, and 161 £ 7 mg/dl,
respectively (p <0.001, p <0.001, and p = 0.005 relative to the
baseline of 189 + 6 mg/dl). Mixed meal challenge (n = 14) showed
a reduction in plasma glucose at 3 months (Fig. 2), with most of
the overall lowering explained by lower FPG. Body weight post-
DMR decreased from 89.4 + 1.5 kg at baseline to 86.3 + 1.5, 86.3
+1.5,and 87.0+ 1.4 kg at 1, 3, and 6 months (all p <0.001). Impor-
tantly, there was no linear relationship between early weight loss
and values of HbAlc (p = 0.292) and FPG (p = 0.646).

DMR led to a reduction in serum ALT and AST over 6 months
(Fig. 3A and 3B black lines) in the composite efficacy cohort.
There was a linear relationship between early weight loss and
values of ALT (p = 0.039) and AST (p = 0.007) but no linear rela-
tionship between HbAlc and values of ALT and AST. Serum
ALT decreased from 41 + 3 to 35 + 2 IU/L at 1 month post DMR
(p = 0.007), continued to decrease to 30 + 2 IU/L (p <0.001) at
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3 months, and remained significantly (p <0.001) lower at 6 months
with a mean value of 29 + 2 IU/L. A similar reduction was observed
in serum AST levels: AST decreased from 30 * 2 IU/L at baseline to
27 +1U/Lat 1 month (p =0.017), to 25 + 1 at 3 months after DMR
(p <0.001) and to 23 + 1 at 6 months (p <0.001). The significance
levels were corrected for early weight loss.

Tertile analysis (Fig. 3A and 3B coloured lines) of ALT and AST
showed that the overall fall in aminotransferase levels was
mostly driven by patients with higher baseline levels of ALT and
AST. Only in the tertile with the highest baseline ALT levels,
“high ALT” (63 £ 5 IU/L), was there a linear relationship between
values of ALT and early weight loss (p = 0.043). When corrected
for this effect, ALT at 6 months (34 + 3 IU/L) was still lower com-
pared to baseline (p <0.001). The “high AST” group (44 + 3 IU/L)
showed a reduction in AST plasma levels across the total follow-
up (p <0.001) to 26 = 1 IU/L at 6 months. There was no linear rela-
tionship between values of AST and early weight loss in all tertiles.

In the efficacy cohort, mean FIB-4 score decreased from 1.18 to
0.99(p=0.001). Eighteen patients (31%) had a baseline FIB-4 score

Glucose MMTT

3001 -O- Screening
-0— 3 months
250
S
> 200
€
150
100 )

0 15 30 45 60 90 120 180
Mixed meal tolerance test (min)

Fig. 2. Postprandial glucose levels measured during mixed meal tolerance

test. *Indicates a significant (p <0.05) change compared to the corresponding

time point at screening (paired Student’s t test). Metabolomics analysis sub-
cohort (n = 14).
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0+ T T

Months post-DMR

Fig. 3. Effect of single DMR procedure over 6 months on overall mean
hepatic transaminases and stratified by baseline levels. (A) Change from
baseline in ALT. (B) Change from baseline in AST. Data are mean # SE.
*Indicates a significant (p <0.05) change compared to the baseline value (ANOVA
repeated measurements with Bonferroni correction). Mean values represent the
complete DMR cohort of 67 patients. Upper baseline ALT n = 22; Middle baseline
ALT n = 23; Lower baseline ALT n = 22. Upper baseline AST n = 24; Middle
baseline AST n = 22; Lower baseline AST n = 21. ALT, alanine aminotransferase;
AST, aspartate aminotransferase; DMR, duodenal mucosal resurfacing.

>1.30. In 10 of these patients (56%), FIB-4 decreased to <1.30.1In 1
patient with a FIB-4 score <1.30 at baseline, FIB-4 increased to
>1.30. Nine patients (15%) had a 6-month FIB-4 score >1.30.

Metabolomic analysis showed combined changes in fasting
carbohydrate and lipid metabolism analytes (Fig. 4): (A) lowering
of diacylglycerides (DAGs), (B) triacylglycerides (TAGs) and (C)
free fatty acids (FFAs); (D) an increase in pyruvate; (E) lowering
of lactate; and (F) an increase of 1,5-anhydroglucitol (1,5-AG)
levels (overall q = 0.115). Mean fasting lactate to pyruvate (L:P)
ratio (of log-transformed lactate and pyruvate measurements)
decreased from 1.41 + 0.18 to 0.69 + 0.16 (p = 0.003) (Fig. 5). At
60 and 120 min postprandially, L:P ratio decreased from 1.53 +
0.17 to 0.59 + 0.09 (p <0.001) and from 1.85 + 0.22 to 0.73 *
0.15 (p <0.001), respectively. The broader metabolomic panel is
provided in Table 2 and highlights further significant changes in
key metabolites (overall q = 0.117).

Discussion

This report combines data from 2 open-label, single-arm studies
of the endoscopic DMR procedure that were primarily designed
to ascertain safety and efficacy of DMR as a procedure to improve
glycaemic endpoints in patients with T2DM. We found that DMR
is a safe procedure which improves glycaemia, hepatic amino-
transferases, and insulin sensitivity in patients with T2DM.
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Fig. 4. Change in fasting and postprandial metabolite levels. *Indicates a
significant (p <0.05) change at 3 months compared to the corresponding time
point at screening (paired Student’s t test). Metabolomics analysis sub-cohort
(n = 14). DAGs, diacylglycerides; TAGs, triacylglycerides.

The safety profile from this early clinical experience of endo-
scopic DMR is encouraging. Patients who underwent the proce-
dure experienced minimal intolerance and few gastrointestinal
symptoms after the procedure. During the initial development
of the procedure, isolated cases of duodenal stenosis were
observed and treated by endoscopic balloon dilation without

Fasting lactate:Pyruvate ratio

3.5 -8~ Mean (n = 14)

o -0 - Individual subjects
3.0 N

2.5 ~

L:P ratio

Screening 3 months post-DMR

Fig. 5. Per-patient change in lactate:pyruvate” ratio. *Lactate and pyruvate
measurements were log-transferred before calculating the lactate:pyruvate
ratio. Metabolomics analysis sub-cohort (n = 14). DMR, duodenal mucosal
resurfacing; L:P, lactate to pyruvate.
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Table 2. Additional metabolomics panel.
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Metabolite Marker Effect 3-month concentration relative to baseline

0 min 60 min 120 min
2-hydroxybutyrate Hepatic insulin resistance Reduction  0.79 (p <0.05) 0.85 (p <0.05) 0.86 (p <0.05)
13-HODE + 9-HODE  Oxidative stress and inflammation, involved in NAFLD linked pathways =~ Reduction =~ 0.48 (p <0.05)  0.51 (p <0.05)  0.49 (p <0.05)
4-hydroxynonenal Reduction 045 (p <0.05) 0.43 (p <0.05) 0.35 (p <0.05)
Leukotriene B4 Inflammation and correlation with NAFLD progression Reduction  0.68 (p <0.05) 0.61 (p <0.05) 0.79 (p <0.05)
5-HETE Reduction  0.58 (p <0.05) 0.67 (p <0.05) 0.61 (p <0.05)
Cysteine Antioxidant capacity Increase 1.20 (p <0.05) 1.43 (p <0.05) 1.47 (p <0.05)
Glycine Increase 105(p=ns.) 1.09(p<0.05) 1.07 (p <0.05)
5-oxoproline Degradation product of the antioxidant molecule glutathione Reduction 088 (p=ns.) 0.86(p<0.05) 0.82 (p <0.05)
y-glutamylglutamate Reduction  0.71 (p <0.05) 0.66 (p <0.05)  0.69 (p <0.05)

Metabolomics analysis sub-cohort (n = 14). 13-HODE, 13-hydroxyoctadecadienoic acid; 9-HODE, 9-hydroxyoctadecadienoic acid; 5-HETE, 5-hydroxyeicosatetraenoic acid.

further sequelae.”’ In the follow-up period of 12-36 months
(2 patients completed study follow-up, a single patient was lost
to follow-up at 12 months), no additional symptoms indicative
of duodenal stenosis were reported. It is unlikely that additional
sequelae would develop later than 6 months after successful bal-
loon dilatation since regeneration of gastrointestinal mucosa
occurs within 6-8 weeks. Following these 3 cases, this risk
appears to have been mitigated as overlapping ablation is
avoided and more extensive mucosal lifting is performed during
the subsequent DMR procedures. No further cases of duodenal
stenosis are reported in 48 additional cases in these 2 studies.

The data summarizes the improvement in glycaemia, and
points at an additional improvement in hepatic aminotrans-
ferases and FIB-4 scores, with a metabolomic signature that sug-
gests an insulin sensitizing mechanism. A broader array of
inflammatory changes, oxidative stress, and lipid changes suggest
that DMR has favourable effects on liver metabolic fitness. Nota-
bly, the L:P ratio in blood decreased substantially, indicating a
decreased NAD*/NADH ratio in the cytosol of hepatocytes and
decreased mitochondrial stress, which are in turn features of
improved glucose homeostasis.>* These improvements in hepatic
measures cannot be easily explained as either a consequence of
improved glycaemia or observed weight loss after the procedure.
This therefore implies that alternate independent mechanisms
could be responsible for this metabolic change and that DMR pos-
sibly alters local duodenal signalling in a manner favourably
affecting liver metabolic health.

DMR elicited an approximate 1.0-1.5% reduction in HbAlc 6
months post-DMR. This finding was coupled with a glycaemic
lowering effect observed in the patients who underwent a meal
challenge test. This effect on glycemia is impressive and compar-
able with most pharmacological interventions despite net medi-
cation reductions in the cohort. DMR also elicited a robust
lowering (~40-50%) of ALT and AST in the higher baseline
patients with no sign of erosion of effect through 6 months. Active
hepatitis, active liver disease and active alcoholism were exclusion
criteria for study participation. However, it cannot be ruled out
completely that these conditions were possible confounders in
this analysis. The metabolomic signature reported key lipid lower-
ing (TAGs, DAGs, FFAs),?® insulin sensitizing (lowering of lactate
and increase in pyruvate,?® reduction of 2-hydroxybutyrate?”),
and anti-inflammatory effects (reduction of leukotriene B4 and 5-
HETE),?® as well as increased antioxidant capacity (increase in
cysteine and glycine and reduction in degradation products indicate
increased availability of glutathione, although not directly mea-
sured).? Improved FIB-4 scores point at improvement of fibrosis
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in NAFLD. These effects suggest a likely beneficial effect of DMR in
fatty liver disease. An increase in 1,5-AG is indicative of an improve-
ment in hyperglycaemia, since it is markedly decreased by inhibi-
tion of tubular reabsorption during periods of hyperglycaemia,*®->!

A shortcoming of this report is the lack of an appropriate con-
trol which would have enabled us to better measure the magni-
tude of DMR’s effect and the pattern of change over time. That
said, the magnitude of change of both glycaemic and hepatic
indices and the intriguing metabolomic signature would suggest
that the procedure has indeed exerted favourable metabolic
change. All patients underwent a 2-week period of graduated
diet immediately after the procedure that was not intended to
be hypocaloric, but caloric restriction cannot be ruled out and a
small but significant reduction in body weight was observed
(~2-3%). This weight loss did have an interaction with the
decrease in aminotransferase levels, but aminotransferase levels
were still significantly lower post-DMR when this effect was
taken into account. Additional shortcomings include no account-
ing for other hepatic confounders (e.g. alcohol consumption), no
liver imaging or histological data, and no additional MMTT and
metabolomic data at 6 months follow-up. These factors will be
better addressed in future studies.

To conclude, hydrothermal ablation of the duodenum by DMR
elicits a metabolic benefit in patients with T2DM, manifesting
with improvement in both glycaemic and hepatic indices. Achieve-
ment of such metabolic benefit through a minimally invasive endo-
scopic treatment offers a potentially new therapeutic solution for
patients with T2DM and fatty liver disease. Given that adherence
and persistence to diets and medicines represent important and
unmet clinical challenges, a safe and scalable procedural interven-
tion that does not require daily behavioural change could provide
meaningful benefit to patients who otherwise struggle to achieve
adequate disease control. This effect appears to be elicited through
an insulin sensitizing mechanism, in keeping with evidence from
the bariatric literature in animal and human studies that highlight
the duodenum as a key metabolic signalling organ. Such an insulin
sensitizing intervention could be complementary to lifestyle inter-
vention approaches and pharmacological treatments aimed at pre-
serving the pancreas and liver from failure.

At this time, it is unclear what actual signals emanating from the
duodenum contribute to the apparent untreated insulin resistant
state, and how these are modulated by local DMR. Additional
research to elucidate this gut-borne mechanism is underway.
Further clinical study is also required to better understand and con-
firm the clinical utility of DMR as an actual disease intervention for
both T2DM and fatty liver disease and their significant overlap that

434



exists between these 2 metabolic conditions. Key clinical questions
will focus on establishing efficacy and the magnitude and durability
of effect for both conditions. Further clinical investigation will
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