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Abstract

Aim: To examine the real-world efficacy of glucagon-like peptide-1 receptor ago-
nists (GLP-1 RAs)
drome (ALMS).
Methods: We screened 72 UK adult patients with ALMS and offered treatment to

34 patients meeting one of the following criteria: body mass index of 25 kg/m? or

in monogenic obesity in patients with Alstrom syn-

higher, insulin resistance, suboptimal glycaemic control on antihyperglycaemic medi-
cations or non-alcoholic fatty liver disease.

Results: In total, 30 patients, with a mean age of 31 + 11 years and a male to-female
ratio of 2:1, completed 6 months of treatment with GLP-1 RAs either in the form of
semaglutide or exenatide. On average, treatment with GLP-1 RAs reduced body
weight by 5.4 + 1.7 (95% confidence interval [Cl] 3.6-7) kg and HbA1c by 12 + 3.3
(95% Cl 8.7-15.3) mmol/mol, equating to 6% weight loss (P < .01) and 1.1% absolute
reduction in HbA1c (P < .01). Significant improvements were also observed in serum
total cholesterol, triglycerides, low-density lipoprotein cholesterol, high-density lipo-
protein cholesterol and alanine aminotransferase. The improvement of metabolic var-
iables in our cohort of monogenic syndromic obesity was comparable with data for
polygenic obesity, irrespective of weight loss.

Conclusions: Data from our centre highlight the non-inferiority of GLP-1 RAs in
monogenic syndromic obesity to the available GLP-1 RA-use data in polygenic obe-
sity, therefore, these agents can be considered as a treatment option in patients with

ALMS, as well as other forms of monogenic obesity.
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1 | INTRODUCTION

Obesity is a global pandemic, with an estimated 650 million adults
affected worldwide.! It is a complex multisystem disorder leading
to type 2 diabetes (T2D), dyslipidaemia and hypertension with
associated increased cardiovascular morbidity and reduced life
expectancy.z'3

Obesity is considered a polygenic disease, with environmental
factors playing a key role.* However, in recent years, an increasing
number of genetically determined obesity disorders have been iden-
tified, which contribute up to 5% of global obesity.> One form of
monogenic obesity is Alstrom syndrome (ALMS), which is caused by
mutations in the ALMS1 gene and is characterized by childhood obe-
sity, extreme insulin resistance (IR), T2D, accelerated non-alcoholic
fatty liver disease (NAFLD) and premature cardiovascular events.>”
ALMS is rare with an estimated disease prevalence of 1:1 000 000
live births. Approximately 80%-90% of patients with ALMS develop
early onset obesity between 18 months and 4 years of age that pro-
gresses to hyperinsulinaemia and T2D in 80% of those older than
16 years.2? There is no disease-modifying therapy, and survival
beyond the age of 50 years is rare.’°

Glucagon-like-peptide 1 receptor agonist (GLP-1 RA) is a gut-
derived incretin-based hormone mainly produced by enteroendo-
crine L cells in the distal intestine, alpha cells in the pancreas, and
the central nervous system.'' GLP-1 RAs have been widely used in
the treatment of T2D.'? Among multiple mechanisms of improving
T2D, they stimulate insulin release from the pancreas in response to
a glucose challenge and inhibit glucagon secretion, thereby improv-
ing glycaemic control.?® In addition, they have been shown to be
effective for weight loss** and improvement in insulin sensitivity,
independent of their effects on beta cell function.® Recently, results
of weekly semaglutide in obese people without diabetes for
68 weeks were striking, with clinically significant and sustained
weight loss of 15 kg.'®

The precise mechanisms by which GLP-1 RAs cause weight loss
are still unclear, but current evidence suggests that a combination
of effects on the gastrointestinal system and the brain may contrib-
ute to overall weight loss.}” Emerging evidence of the efficacy of
GLP-1 RAs in weight reduction and the improvement of metabolic
variables in hypothalamic causes of obesity suggests that they may
have a role in the regulation of hypothalamic centres of satiety and
appetite regulation.’® Recent data suggest that melanocortin-4
receptor, which is an important regulator of energy homeostatic
pathways in the hypothalamus, resides in the primary cilium of
hypothalamic neurons.'? Because the ALMS1 protein is localized in
the primary cilium and is involved in microtubule organization, par-
ticularly in the formation of cilia, which are an important regulator

of energy homeostatic pathways in the hypothalamus,?°~22

we pos-
tulated that GLP-1 RAs may be a treatment option for monogenic
obesity in patients with ALMS. Here, we report the UK clinical
experience of using GLP-1 RA treatment in 30 adult patients

with ALMS.

2 | MATERIALS AND METHODS

2.1 | Patients and study setting
All adult patients with a clinically and genetically confirmed diagno-
sis of ALMS were screened for starting incretin-based therapy as a
part of standard clinical care. The UK adult Alstrém Syndrome
National Service is one of the largest centres in the world; it was
previously based at Torbay Hospital and then later moved to the
University Hospitals of Birmingham. The study was conducted at
both Torbay Hospital and the University Hospitals of Birmingham.
Patients who met at least one of the following criteria were offered
treatment: body mass index (BMI; > 25 kg/m?), IR, suboptimal gly-
caemic control on antihyperglycaemic medications (AHAs) or
NAFLD. We excluded patients under the age of 18 years, BMI less
than 25 kg/m? and no evidence of IR, known active malignancy,
end-stage renal failure or severe pulmonary and/or cardiovascular
disease. Incretin-based therapy was administered alongside educa-
tion on diet and lifestyle by a qualified specialist dietician in inher-
ited metabolic diseases as part of their standard care, and data were
gathered retrospectively. Of 34 patients who were offered treat-
ment, 30 completed 6 months of treatment. Patients were followed
up at 4-week intervals to report any adverse effects. Once the dose
was titrated to the maximum maintenance dose, the follow-up
intervals were reduced to 8-weekly and then 3-monthly. Treatment
adherence was checked at all follow-up appointments and was
reported to be optimal in all 30 patients who completed 24 weeks
of treatment.

This study was approved by the National Research Ethics com-
mittee and all patients provided informed consent to participate (REC
Reference 22/WM/0035).

2.2 | Clinical and biochemical assessment
Demographic and clinical variables were measured at baseline and
24 weeks following GLP-1 RA initiation. The clinical data were extracted
from electronic patient health records held on secure systems at Univer-
sity Hospitals Birmingham NHS Foundation Trust and Torbay Hospital.
These variables included age, sex and ethnicity, as well as co-morbidities
(i.e. T2D, hypertension, NAFLD and liver fibrosis). Weight was measured
using the same digital weighing scale at all study visits, height was mea-
sured using a stadiometer and BMI was calculated as weight in kg/height
in m2. Blood samples were taken for the measurement of HbA1c, insulin,
C-peptide, lipids, enhanced liver fibrosis score, renal and liver function. IR
was measured using the Homeostatic Model Assessment of Insulin
Resistance (HOMA-IR) with the formula [fasting insulin (uU/L) x fasting
glucose (mmol/L)]/22.5. Insulin sensitivity was measured using the quan-
titative insulin sensitivity check index (QUICKI) with the formula 1/[log
insulin (LU/mL) + log glucose (mg/dL)].

A medication list of all the patients was reviewed for the use of
AHAs and adjusted as required for GLP-1 RA initiation. Self-reported
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FIGURE 1  Study cohort flow diagram.
TABLE 1 Baseline characteristics of patients with Alstrém
syndrome treated with GLP-1 RAs for syndromic obesity.
Characteristics (n = 30) Mean + SD
Age (y) 31 +11(28)
Male, n (%) 19 (63)
Ethnicity, n (%) British White 20 (67)
British Asian 10 (33)
GLP-1,n (%) Exenatide 9 (30)
Semaglutide 21 (70)
Insulin (pmol/L) 4006 + 1095
HOMA-IR 344 + 1029
QUICKI 0.229 + 0.03
Diabetes, n (%) 23(77)
HTN, n (%) 21 (70)
NAFLD, n (%) 30 (100)
Other AHAs, n (%) Metformin 30 (100%)

SGLT-2i 8 (27%)

Insulin 8 (27%)

SU 2 (7%)

Pioglitazones 3 (10%)
Abbreviations: AHAs, antihyperglycaemic agents; GLP-1 RA, glucagon-like
peptide-1 receptor agonist; HOMA-IR, Homeostatic Model Assessment
for Insulin Resistance; HTN, hypertension; NAFLD, non-alcoholic fatty
liver disease; QUICKI, quantitative insulin-sensitivity check index; SD,

standard deviation; SGLT-2i, sodium-glucose co-transporter-2 inhibitor;
SU, sulphonylurea.

medication adverse effects were recorded at each follow-up. Satiety
was assessed by means of the visual analogue scale (VAS), a previ-
ously validated questionnaire.2>?* To account for visual and hearing
impairment in patients with ALMS, a modified version of the VAS was
used based on answering four satiety-related questions adapted from
Cazzo et al.2’> The main outcome measures in the observed group
were changes in weight and HbA1c from baseline at 6 months with
GLP-1 RA treatment.

2.3 | Statistical analysis

Descriptive statistics was used to summarize baseline characteristics
and percentage changes in weight, HbAlc and metabolic variables fol-
lowing 24 weeks of GLP-1 RA treatment. Normality was assessed
visually on histogram and using the Shapiro-Wilk test. Data are pre-
sented as mean * standard deviation when normally distributed or
otherwise median with interquartile range. Categorical variables are
reported as numbers and percentages. All results were analysed using
a two-sided 95% confidence interval. Using a paired t-test, statistical
significance was set at P of .05 or less. Statistical analyses were per-
formed using SPSS statistical software (version 24).

3 | RESULTS

3.1 | Study participants

All participants with ALMS had disease-causing pathogenic mutations
(Table S1) and met the clinical diagnostic criteria. In total, 72 patients
with ALMS were screened, 38 of whom were excluded because of
end-stage pulmonary, cardiac or liver disease, malignancy, or end-
stage renal failure requiring dialysis (Figure 1).

The baseline characteristics of our cohort are presented in
Table 1. The mean age was 31+ 11 years, and mean BMI was
34 + 5 kg/m?. Approximately 63% of the participants were male, 67%
were White and 77% had T2D.

All patients had NAFLD, hyperinsulinaemia with a mean insulin
concentration of 4006 + 1095 pmol/L (normal reference range
18-173 pmol/L), HOMA-IR of 344 + 1029 and QUICKI of 0.299
+ 0.03, reflecting extreme IR in ALMS.

All patients were on AHAs and GLP-1 RAs were used as an add-
on treatment. Twenty one of 30 patients (70%) were on semaglutide
and the remainder were on exenatide (immediate release). Exenatide
subcutaneous (SC) injection was initiated at a dose of 5 micrograms
(mcg) twice a day with an uptitration to 10 mcg 4 weeks later. For
patients on semaglutide, 14 of 21 (67%) were on once-daily oral
(PO) formulation and the reminder (33%) were on once-weekly SC
formulation at standard doses (14 mg once-daily for PO and 1 mg
once-weekly for SC preparation).

All patients were on AHAs, with the most common being metformin
(100%), followed by sodium-glucose co-transporter-2(SGLT-2) inhibitors
(27%), insulin (27%), sulphonylureas (7%) and pioglitazone (10%).

3.2 | Weight, HbA1lc and, metabolic variables

Changes observed in weight, HbAlc and other metabolic variables at
6 months following GLP-1 RA initiation are summarized in Table 2.
Study participants achieved an average weight loss of 5.4 + 1.7 (95%
confidence interval [Cl] 3.6-7) kg with a 6% mean weight change from
baseline (P < .01). Figure 2 shows the proportion of patients with per-

centage weight loss. In total, 87% of participants (26 of 30) lost
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TABLE 2 Changes in weight, HbAlc and metabolic variables over 6 months of treatment with GLP-1 RAs.

Variables measured Baseline (mean % SD) 6 months (mean + SD) Mean absolute change Mean % change P value
Weight (kg)® 87.7+15 823+ 144 5.4 6 <.01
BMI (kg/m?)° 33.5+5.2 31.6+52 2 6 <.01
Systolic BP (mmHg) 125+ 17 118+ 14 8 6 .03
Diastolic BP (mmHg) 75+ 8.7 76 £8.6 0.1 0 .96
Glucose (mmol/L)° 9.8+5 8+4.6 1.8 19 .08
HbA1c (mmol/mol)? 68.5+19.6 56.5 +17.9 12 18 <.01
C-peptide (pmol/I) 3203 + 2068 3618 + 1827 415 13 .28

TG (mmol/L)° 33+19 25+1.1 0.8 24 .01

TC (mmol/L)° 45+13 3.8+09 0.7 15 .03
LDL-C (mmol/L)* 23+0.6 1.9 +0.7 0.4 18 .03
HDL-C (mmol/L)° 09+02 1+£03 -0.1 8 .02
ALT (IU/L)° (median, IQR) 65, 104-33 53,87-30 12 18 .04
AST (IU/L)° 42+ 25 33+19 9 21 .08
ELF scoref 9.8+0.6 9.7 +0.7 0.1 .34
Urea (mmol/L)° 75+39 7+35 04 22
Creatinine (umol/L)® (Median, IQR) 89 125-69 93 141-74 4.0 4 12
eGFR (mL/min)° 742 +213 73.9 +23.1 0.3 0.4 .81

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular

filtration rate; ELF, enhanced liver fibrosis; GLP-1 RA, glucagon-like peptide-1 receptor agonist; HDL-C, high-density lipoprotein cholesterol; IQR,

interquartile range; LDL-C, low-density lipoprotein cholesterol; SD, standard deviation; TC, total cholesterol; TG, triglycerides.

“n = 30.

bn = 21/30.
‘h=17.

4n = 10.

®n = 18.
fn=8.
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FIGURE 2 Observed percentage weight change from baseline following 24 weeks of treatment with GLP-1 RAs. GLP-1 RA, glucagon-like

peptide-1 receptor agonist.
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weight following 6 months of treatment with GLP-1 RAs, of which
62% (16 of 26) lost 5% or more body weight.

As shown in Table 2, HbAlc decreased by 12 + 3.3 (95% ClI
8.7-15.3) mmol/mol with an absolute reduction of 1.1% from baseline
(P < .01). Similarly, statistically significant changes were observed in
systolic blood pressure (P <.03) and other metabolic variables,
including triglycerides (TG) (P < .01), total cholesterol (TC) (P < .03),
low-density lipoprotein cholesterol (LDL-C) (P < .03) and, alanine ami-
notransferase (ALT) (P < .04).

Modest increases in C-peptide levels were observed post-
treatment, with a mean change of 415 + 739 (95% Cl -324 - 1150)
pmol/L following 24 weeks of treatment with GLP-1 RAs.

Satiety assessment was carried out by VAS scoring based on
answering four questions. As shown in Table S2, post-treatment we
observed changes in participant responses to all four domains of VAS
scoring (P < 0.01), indicating satiety post-treatment.

Commonly reported side effects were transient and self-limiting
nausea, abdominal discomfort and diarrhoea during the dose titration
period in nine out of 21 patients.

4 | DISCUSSION

To the best of our knowledge, this is the first and largest reported
real-world study of the efficacy of GLP-1 RAs for the treatment of
monogenic obesity. In this observational study, we examined the role
of GLP-1 RAs in weight reduction and metabolic profile improvement
in a cohort of patients with ALMS, a type of monogenic obesity. We
present evidence that the GLP-1 RAs exenatide and semaglutide not
only effectively treat monogenic obesity, but also ameliorate the met-
abolic derangements seen as disease complications.

GLP-1 RAs have emerged as a promising option for the treatment
of obesity and its attendant complications such as diabetes, NAFLD
and dyslipidaemia.?® Whether it confers the same metabolic benefits
in monogenic obesity is unknown. It has been challenging to find
treatment options for monogenic obesity syndrome given the rarity of
conditions and difficulties in identifying targeted gene therapies. Pre-
vious evidence of treating monogenic syndromic obesity with GLP-1
RAs has come primarily from isolated case reports and limited case
series, with a lack of clinical trials and large cohort data,18:27-30

We and others have shown that obesity in ALMS is associated
with extreme IR and that it is disproportionate to body weight.3%2 IR
in ALMS precedes T2D with an unclear age of onset, but there is evi-
dence to suggest it may be as early as 18 months of age.”*2 We have
also shown that relative adipose tissue failure plays an important role
in IR.3* Observational reports in ALMS have strongly suggested that
diet and lifestyle can reduce obesity and T2D prevalence, in particular
the contrasting outcomes in Canadian and Italian adolescents.”2

In our own clinics, there have been striking examples of both
short-term control of severe diabetes with exercise and longer term
remission of diabetes, dyslipidaemia, hypertension and non-alcoholic
steatohepatitis.>> However, similar to the treatment of obesity in the

general population, many patients with ALMS are unable to undertake

lifestyle changes over the long term because of dual sensorineural defi-
cits of the syndrome.® Bariatric surgery is of proven long-term benefit,
although data are limited on its efficacy in syndromic obesity because
of the low number of cases and limited follow-up times.®*%° Hence,
there is a need for a pharmacological intervention to help tackle obesity
and difficult-to-control T2D in monogenic obesity syndrome of ALMS.
Pharmacological intervention with semaglutide has been shown to be a
promising treatment option for patients living with obesity and T2D.*¢

In our observational study of 30 adult patients with ALMS, GLP-1
RAs were shown to be effective for weight loss. More than one-half
of patients (62%) lost clinically meaningful weight (> 5%) within
6 months of treatment. Clinical trials on various GLP-1 RAs in patients
with T2D administered at standard doses have reported an average
weight loss of ~2-7 kg.123437 Recently, one of the largest published
studies of real-world efficacy of these agents in ~2400 patients with
obesity and T2D showed a mean weight loss of 1.1% to 2.2% from
week 8 to week 72, where one-third of patients lost at least 5% of
their body weight.®® Our observational cohort showed an average
weight loss of 5.4 + 1.7 (95% Cl 3.6-7) kg, with more than one-half of
participants (62%) losing 5% or more of their body weight at week 24.
This is superior to weight loss observed in the real-world study of effi-
cacy of these agents in T2D,%® given the short duration of treatment
in our cohort (24 vs. 72 weeks). On subgroup analysis between the
groups administered semaglutide and exenatide (Table S3), average
weight loss was comparable at —5.2+4.4 and — 5.79 + 5.38 kg,
respectively. In the exenatide group, this is more significant than an
average weight loss of ~1-3 kg observed with daily administration of
exenatide in patients with T2D.12%?

Now the question arises what causes the weight loss in ALMS.
There are anecdotal reports of hyperphagia leading to childhood obe-
sity in ALMS.*%*1 In a murine model of ALMS, hyperphagia was
observed to precede the development of obesity and T2D.*? There is
extensive evidence to suggest that reduced food intake promotes
weight loss with GLP-1 RAs**** and hence its attendant complica-
tions such as IR.*>*¢ In our cohort of patients, we used hunger and
the satiety VAS to quantify satiety.*” Significant improvement was
observed in VAS score post-treatment (Table S2). All our patients on
semaglutide (21/30) reported early satiety, reduced oral and caloric
intake pertaining to weight-loss effects of GLP-1 analogues.

The available evidence supports the role of endogenous GLP-1
signalling within both the hypothalamus and brainstem for physiologi-
cal control of appetite and food intake.*® This has been supported by
murine data showing increased food intake and body weight
by administration of a glucagon-like-peptide-1-receptor-antagonists
over 7 days in mice with diet-induced obesity.** With some evidence
suggesting the role of the ALMS1 gene in the regulation of food
intake and hypothalamic origin as a possible cause of hyperphagia,®*?
it is plausible that the enhanced weight-loss effects of GLP-1 RAs in
ALMS can be attributed to its synergistic effects on the gut, as well as
centrally and peripherally located receptors to cause satiety.

Significant reductions in HbA1c were also seen alongside weight
loss with an HbA1c reduction of 12 + 3.3 (95% Cl 8.7-15.3) mmol/
mol,1.1% Diabetes Control and Complications trial (DCCT) from
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baseline, which was statistically highly significant (P <.0001). The
SUSTAIN trials have shown semaglutide to be consistently efficacious
across the continuum of diabetes care in a broad spectrum of patient
subgroups with T2D, with an average HbA1c reduction of 1.5% from
baseline across the SUSTAIN 1-5 trials.°°=>* OQur real-world
observation of a cohort with difficult to control T2D showed HbAlc
reductions of 1.1%, highlighting non-inferiority to the available GLP-1
RA-use data across clinical trials. This small reduction in HbAlc com-
pared with the SUSTAIN trials may be attributable to the numerous
potent concomitant antidiabetic medication combinations that
patients with ALMS in the current study were receiving when a
GLP-1 RA was added to their treatment regime.

Although the number of patients on treatment with semaglutide
(n=21) and exenatide (n=9) was variable, the HbAlc-lowering
effects of both these agents were comparable, with HbA1c reductions
of 12 + 9.5 mmol/mol and 15 + 8 mmol/mol in the semaglutide and
exenatide groups, with no statistically significant superiority of one to
another. The SUSTAIN and PIONEER trials, assessing the efficacy of
SC and PO formulation of semaglutide for HbAlc reduction at doses
of 1 mg once weekly for SC and 14 mg once daily for PO, reported an
average HbA1c reduction of 1.5% - 1.8% for SC formulation and 1% -
1.4% for PO formulation during 30 - 56 weeks of treatment in
patients with T2D.>® Thus, our cohort of ALMS patients showed non-
inferiority in HbA1c improvement with 24 weeks of treatment in the
semaglutide treatment group.

The exact reason for such significant reductions in HbA1lc with
GLP-1 RAs in ALMS is not clear. Although GLP-1 RAs are known to
have beneficial effects on pancreatic beta cell function, potentially
contributing to appropriate insulin secretion, patients with ALMS
exhibit severe IR (Table 1), which would preclude insulin action to
lower blood glucose. We did not detect a significant difference in
C-peptide levels between baseline and at 6 months of treatment
(Table 2), indicating that this is probably not the main reason for the
improvement in HbA1lc. Clinical experience and our published data
suggest that IR is more severe in ALMS and yet their metabolic profile
change is exquisitely sensitive to caloric intake.®® It has previously
been shown that GLP-1 RAs can improve insulin sensitivity, indepen-
dently of their effects on beta cell function in patients with type 1 dia-
betes.'® Similarly, the GLP-1 RA response in ameliorating extreme IR
and improving insulin sensitivity with weight loss in ALMS is pro-
found, as depicted by our data. Furthermore, our unpublished data
suggest that ALMS may have higher glucagon levels, an angle we
intend to explore further as GLP-1 RAs have been shown to suppress
the secretion of glucagon from pancreatic alpha cells, thereby
decreasing hepatic glucose output.>®

Treatment with GLP-1 RAs also led to a reduction in the athero-
genic lipid levels in our observational cohort (Table 2). Dyslipidaemia
is a major risk factor for cardiovascular disease. ALMS showed modest
reductions in TG, TC and LDL-C and an improvement in high-density
lipoprotein cholesterol (HDL-C) following 6 months of treatment with
GLP-1 RAs that was statistically significant (P < .05). This correlates
with findings reported in clinical trials with the use of this class of
agents in T2D.>”

The main strength of the study is the comparatively large cohort
of ALMS patients with accurate genetic disease characterization.
Adherence to, and tolerance of treatment was excellent. The study
limitations include its short duration, the lack of a control arm and
being based on a single monogenic obese cohort.

In conclusion, GLP-1 RAs are effective for weight loss, glycaemic
control and the improvement of metabolic variables such as TG, TC,
LDL-C and HDL-C in a large cohort of patients with ALMS, which is a
monogenic form of obesity. The data we present indicate overall
improvement of metabolic health with this class of agents in ALMS,
which are comparable with data from polygenic obesity. Hence, in
ALMS with no disease-modifying treatment and focus of care mainly
on supportive care, GLP-1 RAs represent a possible treatment option
for weight loss and difficult-to-control diabetes. Because disease man-
ifestations with metabolic complications start at a young age, carefully
designed studies are required to assess the effects of these medica-

tions in a paediatric age group with ALMS.
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