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ARTICLE INFO ABSTRACT

Keywords: Sex differences may influence pathophysiology, treatment response, and outcomes of type 2 diabetes (T2D). We

Observational assessed whether sex affected clinical response to GLP-1 receptor agonists (GLP-1RA) in a large real-world

Sex and gender medicine cohort. Thus, we conducted a multicentre, retrospective, longitudinal study of 7847 individuals with T2D

22:;:56 tissue initiating GLP-1RA therapy across 18 Italian diabetes centres. Participants were stratified by self-reported sex.

Incretins The primary outcome was change in body weight over time; secondary outcomes included changes in HbAlc,
renal function, and lipid profile. Analyses were performed using a mixed model for repeated measures, adjusting
for baseline imbalances.

Participants were 60 % male, with similar age, diabetes duration, and HbAlc (mean 8.0 %). Females had
higher BMI but fewer micro- and macrovascular complications. Over a median 4-year follow-up, females
experienced significantly greater weight reduction than males (adjusted mean difference: —1.1 kg; p < 0.001),
with more females achieving a weight loss of > 5 % (66.5 % vs. 58.0 %, p < 0.001) or > 10 % (40.0 % vs 30.7 %,
p < 0.001). This sex difference in weight loss remained unchanged after progressive adjustment for variables that
differed between males and females, across GLP-1RA molecules, and after accounting for weight-adjusted drug
doses. Instead, HbA1lc reductions were comparable between men and women (mean difference 0.4 mmol/mol;
p=0.21).

In conclusion, in this real-world cohort, women achieved greater weight loss than men after GLP-1RA initi-
ation, independently of dosing. These findings highlight sex as a potential predictor of GLP-1RA response and
support individualized T2D management. Further investigation is needed to clarify the biological mechanisms
underlying this sex-specific response.

1. Introduction dimorphism of type 2 diabetes (T2D), with sex potentially influencing
pathophysiology, clinical course, and response to therapy.

Among the 537 million people living with diabetes worldwide in T2D is diagnosed in men at a lower age and body mass index (BMI)

2021, men exceeded women by 17.7 million [1]. Beyond the mere than in women. In turn, at diagnosis, females are reported to bear a

prevalence disparity, a large body of evidence points to sexual higher cardiometabolic risk factor burden, including greater weight gain
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[2-4]. Although females preferentially deposit fat subcutaneously [5],
up to 70 % of women with T2D have central obesity, compared to barely
40 % of males [6]. The disproportionated relevance of central adiposity
in T2D pathogenesis in females has been substantiated by a Mendelian
randomization study, which reported per 1 kg increase in visceral adi-
pose tissue a nearly threefold higher risk for T2D in women versus men
[7]. With these premises, it has been hypothesized that women need to
become more overweight than males to start storing visceral adipose
tissue and developing glucose abnormalities [8].

Beyond specific mechanisms, sex differences in T2D management
have come to light. Women are reported to more frequently experience
inadequate risk factor screening and control, receive suboptimal treat-
ment and display lower adherence to prescribed therapy compared to
men [9,10]. Furthermore, female sex has been associated with poorer
glycaemic control and a lower likelihood of achieving HbAlc targets on
the background of various T2D therapeutic regimens, from metformin
alone to insulin [11-13]. In such context, where the influence of sex
seems to permeate various aspects of the disease, potential differences in
the response to T2D medications should be considered.

Glucagon-like-peptide-1 receptor agonists (GLP-1RA) have gained
prominence for T2D management due to their effectiveness in
improving glycaemic control with a low risk of hypoglycaemia [14].
Beyond this, they display a variety of additional effects, including
weight loss promotion [15], cardio-renal protection [16], and pleio-
tropic anti-inflammatory and immunomodulating actions [17]. In view
of such wide range of glycaemic and extra-glycaemic benefits, they
constitute precious allies in addressing the multifaceted burden of T2D
complications.

Since pre-clinical evidence suggests that the endogenous GLP-1
system and sex hormones interact in regulating feeding behaviour and
glycaemic control [18], assessing whether sex affects the response to
GLP-1RA therapy is of clinical relevance.

Literature data on sex differences in clinical responses to GLP-1 an-
alogues are scarce and inconsistent. While a growing body of research
suggests that women experience a more pronounced weight loss with
GLP-1RA [19-22], no sex-specific benefit in terms of glycaemic control
[21,22] and cardiovascular protection [23] has clearly emerged from
available studies. Furthermore, although not consistently reported
across studies, some cues suggest that women more frequently experi-
ence gastrointestinal (GI) adverse events (AEs) with GLP1-RA than men
[21,22].

To date, there is still a lack of long-term studies specifically designed
to evaluate the impact of sex on the response to GLP-1RA therapy among
individuals with T2D.

To fill this knowledge gap, we herein present results of a multicentre
longitudinal study conducted on a broad T2D population of new-users of
GLP-1RA in a real-world setting, providing novel cues on the interplay
between sex and response to GLP-RA for the management of T2D.

2. Methods
2.1. Study design

The GLIMPLES study (GLp-1 for therapeutic sSIMPLification in type 2
diabe-tES) was a multicentre, retrospective, longitudinal analysis run by
the Italian Diabetes Society and conducted across 18 specialized dia-
betes care centres in Italy. The study protocol adhered to the principles
of the Declaration of Helsinki and received approval from the Ethics
Committee of the coordinating institution (University Hospital of Chieti-
Pescara, protocol no. 09, dated 19/05/2022), as well as from the Ethics
Committees of all participating centres. Patient data were systematically
extracted from the MetaClinic electronic medical record system (Me.Te.
Da, San Benedetto del Tronto, Italy) at each site.

All study data were anonymized at time of extraction using technical
standards. In agreement with the national regulation on retrospective
studies (Det. AIFA 20/03/2008) and the national and European (GDPR)
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privacy policy, the need for informed consent was waived.
2.2. Participants and cohorts

The study collected baseline and follow-up data on all new users of a
GLP-1RA (exenatide once weekly [OW], exenatide bis in die [BID], lir-
aglutide, dulaglutide, semaglutide OW, oral semaglutide, lixisenatide)
between 1 January 2010 and 31 December 2021. Data collection process
has been described in detail elsewhere [24].

For the purpose of this analysis, we defined two groups of individuals
based on their self-reported biological sex (male and female). In the
present study, we analysed only data on individuals initiating any GLP-
1RA available in Italy excluding exenatide BID no later than 01/01/
2021, with the aim of ensuring adequate time of observation after the
index date. The index date was the date of first prescription of the GLP-
1RA of interest.

Inclusion criteria were: age > 18 and < 75 years; diagnosis of T2D
made at least one year before the index date as recorded in the chart;
initiation of a GLP-1RA on the background of any non-insulin thera-
peutic regimen and including diet alone; no treatment with any other
GLP-1RA in the prior visit. Exclusion criteria were as follows: age < 18
or > 75 years; diabetes other than T2D; index date later than 01/01/
2021; initiation of exenatide BID as the index drug; having insulin
therapy on board at the index date; switching from a different GLP-1RA.

2.3. Variables

At baseline, the following information was collected: age, self-
reported sex, known duration of diabetes as reported in the e-chart,
smoking status, body weight (BW), height, body mass index, systolic and
diastolic blood pressure, fasting glucose, HbAlc, lipid profile (low-
density lipoprotein [LDL] cholesterol was calculated from total choles-
terol, high-density lipoprotein [HDL] cholesterol and triglycerides using
the Friedewald equation), estimated glomerular filtration rate (eGFR)
calculated from serum creatinine using the CKD-EPI equation, and uri-
nary albumin/creatinine ratio (UACR). We also reported the following
chronic complications of diabetes: stage III or higher chronic kidney
disease (CKD), defined as an eGFR of 60 ml/min/1.73 m? or less;
pathologic albuminuria (UACR>30 mg/g), retinopathy (any grade, ac-
cording to digital fundus examination scored by expert ophthalmolo-
gists); coronary heart disease (CHD) defined as either myocardial
infarction, angina, coronary revascularization or instrumental evidence
of cardiac ischemia; established cardiovascular [CVD], including CHD or
stroke or any site revascularization; diabetic foot disease (including
active or previous foot ulcer, minor or major amputation) any micro-
angiopathy (including diabetic kidney disease, retinopathy, or neurop-
athy), any macroangiopathy (including any grade of asymptomatic
atherosclerosis in the coronary, carotid or peripheral circulation).
Finally, we collected information on concomitant medications for the
management of diabetes and cardiovascular risk factors, as well as on
background therapy with oestroprogestative agents and 5-alpha reduc-
tase inhibitors. The molecule and dosage of the GLP-1RA on board at
each visit were recorded, along with information whether the pre-
scription was confirmed or not (which defined persistence). No infor-
mation was available on adherence or pharmacy refill rates.

2.4. Outcomes

The primary endpoint was the change in body weight between self-
reported male and female participants after the initiation of GLP-1RA
through follow-up visits. We also calculated the proportion of self-
reported male and female individuals achieving > 5 % and > 10 %
BW reduction at any time during follow-up (i.e. not necessarily at last
observation) compared to baseline. Secondary endpoints were: the
change over time in HbA1c, markers of renal function and damage, and
serum lipids (total, HDL and LDL cholesterol, and triglycerides).
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2.5. Statistical analysis

Continuous data are presented as mean (SD), while categorical data
as numbers and percentages. The comparison between two groups (men
and women) was analysed using 2-tail Student’s t test or chi square for
continuous or categorical variables, respectively. The standardized
mean difference (SMD) was also computed and considered to be clini-
cally relevant if > 0.1, which is the conventional threshold to evaluate
balance between groups. Due to large sample size, parametric tests were
used because the central limit theorem ensures that the sampling dis-
tribution of the mean is approximately normal, regardless of the original
distribution of the data. The change in body weight and other contin-
uous outcome variables over time was analysed using the mixed model

Table 1
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for repeated measures (MMRM). In model 1, fixed factors were sex, time
(at 6-month intervals), and the sex-by-time interaction while the base-
line value of the outcome variable was always entered as a covariate.
Model 2 also included, as covariates, variables that differed significantly
between men and women upon univariate analysis and were not deemed
to be biologically driven by sex according to prior knowledge. Model 3
included, as covariates, all variables that differed significantly between
men and women. However, to avoid co-linearity, variables that are
known to be highly correlated (e.g. weight and BMI; systolic and dia-
stolic blood pressure; albuminuria and microangiopathy) were not
entered together in the model, and only one variable representative of
the same pathway was entered. The first-order autoregressive variance
structure was used. With regards to the time variable, the observation

Baseline characteristics of study participants. Data are presented as mean (standard deviation) or percentage, as appropriate. For comparisons between males and
females, the p-value and standardized mean differences (SMD) are reported. eGFR, estimated glomerular filtration rate. UACR, urinary albumin creatinine ratio. RAS,

renin angiotensin system. TIA, transient ischemic attack.

All Males Females P SMD
Demographics
Age, years 59.8 (9.2) 59.8 (9.1) 59.7 (9.3) 0.486 0.016
Diabetes duration, years 8.6 (6.5) 8.8 (6.4) 8.4 (6.5) 0.014 0.057
Anthropometrics
Body weight, kg 93.4 (18.6) 97.2 (18.3) 87.7 (17.6) < 0.001 0.526
Height, cm 167.8 (9.6) 173.3(7.1) 159.6 (6.7) < 0.001 1.978
Body mass index, kg/m? 33.0(6.0) 32.2(5.5) 34.3(6.4) < 0.001 —0.355
Waist circumference, cm 110.6 (13.2) 111.5 (13.0) 109.4 (13.3) < 0.001 0.160
Laboratory and risk factors
Fasting glucose, mg/dl 165.3 (45.2) 168.3 (46.3) 160.8 (43.2) < 0.001 0.167
HbAlc, % 8.0 (1.2) 8.0 (1.2) 7.9 (1.1) < 0.001 0.094
Systolic blood pressure, mm Hg 136.9 (18.3) 137.6 (18.1) 135.8 (18.4) < 0.001 0.099
Diastolic blood pressure, mm Hg 80.1 (10.0) 80.8 (10.1) 79.2 (9.6) < 0.001 0.163
Total cholesterol, mg/dl 173.8 (39.8) 168.6 (39.7) 181.7 (38.5) < 0.001 —0.334
HDL cholesterol, mg/dl 46.1 (11.9) 43.3 (10.8) 50.2 (12.3) < 0.001 —0.606
LDL cholesterol, mg/dl 95.9 (33.6) 92.6 (33.4) 100.9 (33.3) < 0.001 —0.247
Triglycerides, mg/dl 166.1 (112) 171.8 (125.6) 157.3 (87.7) < 0.001 0.129
eGFR, ml/min/1.73 m? 85.1 (19.8) 84.9 (19.6) 85.4 (20.0) 0.395 —0.023
UACR, mg/g 69.6 (236.5) 81.2 (261.6) 52.2(191.3) < 0.001 0.123
Complications
eGFR < 60 ml/min/1.73 m?% 12.8 13.1 12.3 0.337 0.026
UACR > 30 mg/g % 29.4 34.4 21.9 < 0.001 0.281
Diabetic retinopathy, % 13.6 14.9 11.7 0.001 0.094
Diabetic neuropathy, % 15.7 17.1 135 0.028 0.100
Peripheral arterial disease, % 12.1 14.7 7.9 < 0.001 0.216
Stroke/TIA, % 2.5 2.9 2.0 0.113 0.061
Chronic heart disease, % 14.9 19.7 7.0 < 0.001 0.381
Heart failure, % 2.9 3.2 2.4 0.098 0.049
Diabetic foot disease, % 4.5 5.2 3.4 0.073 0.091
Any site revascularization, % 9.7 13.3 3.8 < 0.001 0.347
Any microangiopathy, % 31.8 34.9 27.2 < 0.001 0.169
Any macroangiopathy, % 44.2 49.8 35.1 < 0.001 0.301
Type of index GLP—1RA
Exenatide, % 9.7 9.4 10.3 0.160 —0.032
Liraglutide, % 31.0 29.2 33.6 < 0.001 —0.094
Dulaglutide, % 51.4 53.7 48.1 < 0.001 0.111
Semaglutide, % 6.2 6.2 6.1 0.863 0.004
Lixisenatide, % 1.7 1.5 1.8 0.283 —0.025
Other diabetes therapy
Metformin, % 93.1 94 91.7 < 0.001 0.091
Sulphonylurea, % 21.0 20.4 22.0 0.102 —0.038
DPP—4 inhibitors, % 0.2 0.2 0.1 0.381 0.021
SGLT-2 inhibitors, % 1.9 2.3 1.3 0.002 0.073
Pioglitazone, % 8.6 10.4 5.9 < 0.001 0.164
Acarbose, % 1.2 1.1 1.4 0.220 —0.028
Other therapies 83.1 82.7 83.8 0.193 —-0.030
Statins, % 62.6 65.0 59.0 < 0.001 0.124
Anti-platelet, % 39.7 46.6 29.5 < 0.001 0.358
RAS blockers, % 67.5 68.8 65.5 0.006 0.070
Beta-blockers, % 31.7 31.1 32.5 0.231 —0.030
Calcium channel blockers, % 24.0 26.8 19.9 < 0.001 0.164
Diuretics, % 35.8 33.7 38.8 < 0.001 —0.107
Anticoagulants, % 2.4 2.9 1.6 0.001 0.084
Oestroprogestative agents, % 0.4 0.0 1.1 / /
5-alpha reductase inhibitors, % 1.5 2.4 0.0 / /
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was closed at 10 years because the estimates were unstable after such
time point and the number of participants contributing with data at later
time points decreased substantially. The model output included the
mean estimate at each time point with the respective standard error, the
mean difference between the two groups (women vs men) with standard
error and p-value, and the p-value for the interaction term. Analyses
were performed with SPSS version 23.0 or higher. Statistical signifi-
cance was accepted at the conventional threshold p < 0.05 (without any
hierarchy of significance testing across primary and secondary
endpoints).

3. Results
3.1. Clinical characteristics of study participants

We included 7847 individuals who initiated treatment with a GLP-
1RA and had at least one available follow-up visit after baseline, of
whom 4705 (60.0 %) were self-reported males. The characteristics of the
study population are summarized in Table 1. The two groups were well-
balanced for age (mean 59.8 years), disease duration (8.6 years) and
glycaemic control (mean HbAlc: 63.8 mmol/mol [8.0 %]). Concomitant
glucose lowering medications were similar between males and females
except for pioglitazione and metformin. As expected, the use of
dipeptidyl-peptidase-4 inhibitors (DPP-4i) was reduced to almost zero
concomitantly to GLP-1RA initiation, and none of the participants had
insulin on board as per inclusion criteria.

Females had lower BW and waist circumference, but a higher mean
BMI than males (34.3 vs. 32.2 kg/m?) Males had higher systolic blood
pressure and triglycerides, but lower LDL cholesterol, and displayed a
greater prevalence of micro- (34.9 % vs. 27.2 %) and macro-vascular
complications (49.8 % vs. 35.1 %). Women were less likely to have a
history of coronary heart disease, revascularization and macro-
albuminuria, whereas the prevalence of stroke and heart failure was
similar in both sexes. The concomitant use of other medications was
consistent with a worse cardiovascular risk burden in male than in fe-
male participants.
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3.2. Type of GLP-1RA, dosages and persistence

Dulaglutide was the most frequent newly initiated GLP-1RA in both
sexes, although it was prescribed to a significantly greater proportion of
males than females (53.7 % vs 48.1 %). Almost 1 out of 3 individuals of
the study population was dispensed with liraglutide, whereas exenatide,
semaglutide and lixisenatide together accounted for less than 20 % of
initial prescriptions, with no significant sex-based differences observed
in their use (Table 1).

Fig. 1A-C illustrates the sex-specific distribution of individuals
reaching low, intermediate (when available) and maximal doses of the
index GLP-1RA during the observation period. Across individual GLP-
1RA molecules, the proportion of males and females who escalated to
the highest licensed dose was similar (Fig. 1A-C). Nearly 80 % of in-
dividuals treated with dulaglutide reached the maximal 1.5 mg dose,
irrespective of sex (Fig. 1C). For liraglutide and semaglutide, the
respective proportions were lower, reaching 60 % in both sexes.
Approximately 5 % of patients, irrespective of sex, prescribed either
liraglutide or semaglutide did not receive any escalation beyond the
starting dose, which is not intended as a maintenance dose (Fig. 1A-B).

When compared in the unadjusted Model 1, women were found to
have a 16 % higher relative risk of GLP-1RA discontinuation than men
over the study period (HR 1.16; 95% C.I. 1.08-1.25; p < 0.001.
Fig. 1D). This association persisted after adjusting for potential con-
founders in Model 2 (HR 1.13; 95 % C.I. 1.05-1.21; p < 0.002). How-
ever, when baseline BW and dulaglutide as index drug were entered into
the model, the sex difference was no longer significant (p = 0.33).

3.3. Sex differences in weight loss

Follow-up duration extended up to 10 years, with a median (inter-
quartile range [IQR]) of 4.0 (2.5-6.0) years, during which we recorded a
median (IQR) of 7 (4—12) weight measures / patient. Females showed a
greater reduction in BW from baseline than males by a mean (SE) of 1.0
(0.2) kg (sex-by-time interaction p < 0.001). This result was confirmed,
without meaningful differences, in models adjusting for additional
confounders (Fig. 2A-C). In the fully-adjusted model (i.e. adjusted for all
variables significantly different between sexes, Table S1), sex remained
significantly and independently associated with BW change from

A Liraglutide B Semaglutide C Dulaglutide
100+ 100+ 100+
W 1.8mg W 1.0mg
@ 80+ M 1.2mg @ 80+ B 0.5mg @ 80 M 1.5mg
é 60 0.6 mg é 60 0.25mg é 60 B 0.75mg
[ ® ®
o o o
‘5 404 %5 40+ %5 40+
® ES R
20 204 204
0-! 0-! 0-!
Women Men Women Men Women Men
D
.5 1.0
é 0.8
c
0.6
g &
T 0.4
S Model 1
E 0.2 HRwomen vs men
3 1.16 (1.08; 1.25); p<0.001
O 0.0 T T T T 1
0 2 4 6 8 10

Time (years)

Fig. 1. Dose escalation and persistence. Panels A-C show the maximal dose reached in women and men for GLP-1RA having different dosages: liraglutide (A),
semaglutide (B) and dulaglutide (C). Panel D shows the persistence over time, with the hazard ratio (HR) for discontinuation, along with 95 % C.I. and p-value.
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A B C
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Fig. 2. Change in body weight in females vs. males after initiation of GLP-1RA. A) Model 1: adjusted for baseline values of the outcome variable. B) Model 2:
further adjusted for diabetes duration, type of GLP-1RA and use of metformin and SGLT2 inhibitors at baseline. C) Model 3: further adjusted for baseline systolic
blood pressure, prevalence of micro- and macroangiopathy. For each model, the mean difference (SE) in weight loss is shown in the figure.

baseline, with an estimated treatment difference of 1.1 kg in favour of
the female group (p < 0.001).

A greater proportion of females than males achieved a weight loss of
5% or more of their baseline BW at least once during observation
(66.5 % vs. 58.0 %, p < 0.001). Similar results were observed for the
10 % BW loss threshold (40.0 % vs 30.7 %, p < 0.001).

The primary outcome was re-examined in strata of the study popu-
lation defined by the index GLP-1RA molecule (Fig. 3). A significant
greater BW reduction in females than in males was confirmed for sem-
aglutide, dulaglutide and liraglutide (all p-values of the sex-by-time
interaction <0.05; Fig. 3A-C). A similar trend was observed for exena-
tide and lixisenatide, although not significant (p = 0.24 and p = 0.71,
respectively; Fig. 3D-E). Despite a shorter observation time, the greatest
sex difference was recorded for semaglutide, with a 2.4 kg greater BW
loss in females.

For multiple-dosing GLP-1RA, we then evaluated whether the sex
difference in BW reduction was confirmed after adjusting for drug dose
by baseline weight. After entering weight-adjusted dose into Model 1,
the results were superimposable to the primary analysis, with females
still showing significant greater BW loss (data not shown).

3.4. Secondary outcomes

The estimated reduction in HbAlc was similar between the two sexes
(p = 0.21), with women displaying a marginal and non-significant mean

decrease that was 0.4 mmol/mol (<0.1 %) greater than in men
(Figure S1A).

Similarly, the eGFR decline over time was very similar in two groups
(p =0.78), with an annual eGFR reduction of 1.2 ml/min/1.73 m?
(Figure S1B).

Compared to females, males showed a greater reduction from base-
line in total cholesterol (mean difference 8.7 mg/dl), and LDL choles-
terol (mean difference 5.2 mg/dl; interaction p < 0.001 for both). HDL
cholesterol increased in females with a mean difference of 1.1 mg/dl
(p < 0.001). The change in serum triglycerides was similar in the two
groups (p = 0.98; Table 2; Figure S1C-F).

4. Discussion

In this multicentre longitudinal study, we show that the initiation of
a GLP-1RA in a broad T2D population under routine care resulted in a
significant greater BW loss in females compared to males, but similar
glycaemic improvements.

In the primary analysis, females exhibited a superior BW reduction
by 1.0 kg over a median observation period of 4 years. Notably, pro-
gressive adjustment for potential confounders did not modify the sex
differences, which are therefore extremely likely to reflect a real bio-
logical effect.

Women were also more likely to achieve the thresholds of at least
5% or 10 % reduction in BW, traditionally deemed to be clinically

A B C
2 ) 2
E £ E
2 2 2
(] (0] (]
= ) = ) = ) )
-8- Semaglutide -8 Dulaglutide -8 Liraglutide
2.4 (1.0)kg; p=0.015 1.0 (0.4) kg; p=0.014 0.9 (0.3) kg; p=0.001
-10 T T T T 1 -10 T T T T 1 -10 T T T T 1
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time (years) Time (years) Time (years)
1 T TS B 0o,
24
2 . g
5 5
@ 67 ©
= ) =
-8- Exenatide -8 Lixisenatide
0.7 (0.6) kg; p=0.24 0.4 (1.1) kg; p=0.71
-10 T T T T 1 -10 T T T T 1
0 2 4 6 8 10 0 2 4 6 8 10

Time (years)

Time (years)

Fig. 3. Sex differences in body weight change according to GLP-1RA molecules. Data are presented for model 1, separately for semaglutide (A), dulaglutide (B),
liraglutide (C), exenatide (D) and lixisenatide (E). For each drug, the mean difference (SE) and p-values are shown in the text in the figure.
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Table 2
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Sex differences in the change over time in lipid profile. For each model, mean difference (SE) are reported along with the respective p values. Negative values of the

mean difference indicate less reduction in women than in men.

Outcome Model 1 Model 2 Model 3

Mean difference P Mean difference P Mean difference P
TC, mg/dl -8.7(0.9) < 0.001 —8.5(0.9) < 0.001 -7.7 (1.0) < 0.001
HDL, mg/dl 1.1 (0.2) < 0.001 1.2(0.2) < 0.001 1.2 (0.3) < 0.001
LDL, mg/dl -5.2(0.9) < 0.001 —5.0(0.9) < 0.001 —4.4 (1.0) < 0.001
TG, mg/dl 0.1 (2.2) 0.98 0.8 (2.2) 0.73 0.6 (2.5) 0.82

Model 1: adjusted for baseline values of the outcome variable.

Model 2: further adjusted for diabetes duration, type of GLP-1RA and use of metformin and SGLT2 inhibitors at baseline.
Model 3: further adjusted for baseline systolic blood pressure, prevalence of micro- and macroangiopathy.

meaningful [25].

In the context of a growing recognition of sexual dimorphism in T2D,
we here provide relevant long-term real-world data on sex as a deter-
minant of GLP-1RA efficacy for weight management. Of note, our
analysis accounted for multiple potential confounders, ensuring that the
observed between-sex difference was not merely attributable to these
factors. Such findings are consistent with pharmacokinetic data indi-
cating that the female sex is an independent predictor of higher dose-
normalized GLP-1RA exposure [26]. However, additional mechanisms
other than sex-specific pharmacokinetics are likely to be involved, as
women demonstrate a weight reduction advantage that is not accom-
panied by a corresponding benefit in terms of glycaemic control, which
is a major effect of GLP-1RA. A biological perspective can be drawn from
animal models, which show a synergistic interaction between sex hor-
mones, namely oestrogens, and the endogenous GLP-1RA system in
regulating energy homeostasis, food-reward, and eating behaviour [18].
However, the average age of our female cohort at baseline was 60,
suggesting that most women were in postmenopausal state, and thus
oestrogen-deficient, at the time of GLP-1RA initiation. This raises
important questions about the underlying mechanisms driving the
greater weight loss response in females, underscoring the need for
further research.

Another relevant finding from our study is that a 16 % relative
higher rate of drug discontinuation was observed in the female cohort.
This may be driven by differences in baseline weight, as a lower BW has
been shown to correlate with higher drug exposure [26], potentially
impacting tolerability. In parallel, such finding may reflect disparities in
the proportion receiving dulaglutide, which has been associated with
better adherence [27]. We do not have information on the reasons for
treatment withdrawal, hence it remains unclear to what extent this
finding is due to higher incidence of drug-related AEs. Nevertheless,
previous studies reported an increased rate of gastrointestinal untoward
effects with GLP-1RA treatment in women [21,22]. However, whether
this tolerability issue results from higher drug exposure levels in females
or it reflects an intrinsically greater susceptibility to the drug action in
the gastrointestinal tract in women remains controversial.

The results of our study need to be contextualized within a growing
yet still limited body of evidence on sex dimorphism in the response to
GLP-1RA. In line with our analysis, the efficacy in terms of HbAlc
reduction with GLP-1RA dulaglutide, liraglutide, and exenatide seems to
be generally unaffected by sex [21,22,28-31]. However, a single study
including people with newly-diagnosed T2D and overweight/obesity
reported a numerically greater HbAlc reduction among females with a
combination therapy of metformin and exenatide [32]. On the other
hand, a greater BW reduction with GLP-1RA use in females with T2D has
been consistently substantiated by many analyses, mainly post-hoc and
not formally designed to address possible confounders. In a retrospective
study conducted with exenatide twice daily for the management of T2D,
women exhibited a trend towards greater BW loss than men (-7.0 kg vs
—3.3kg at 12 months, p = 0.06) [33]. In an Italian study, 33 % of
women versus 17 % of men achieved study-defined weight loss targets
after 12-month treatment with exenatide (p = 0.0009) [34]. Analyses

assessing the efficacy of other GLP-1RA, such as dulaglutide and lir-
aglutide, for T2D management have consistently reported a more pro-
nounced weight loss among women [21,22].

BW control is a pillar of the T2D therapeutic algorithm with well-
documented benefits on glycaemic outcomes [35], each kg of BW
reduction corresponding to a mean decrease in HbAlc of 0.1 percentage
points [28]. However, aligning with current literature, our analysis
failed to detect a sex-based difference in terms of HbAlc reduction. One
reasonable explanation may be that the GLP-1 system promotes weight
loss via pathways partly distinct from those regulating glycemia, with
sex hormones selectively modulating the former. It is possible that the
GLP-1RA molecules examined in available studies may have conferred a
modest female advantage in BW reduction, not sufficient to yield a
discernible influence on glycaemic endpoints. Notably, only a minority
of patients in our study received semaglutide — the most effective
weight-reducing GLP1-RA available during the study period - likely
because it was approved for T2D management in Italy in 2019 [36].
When the analysis was restricted to the semaglutide subgroup, the
between-sex difference was more pronounced (-2.4 kg). This result
aligns with a meta-analysis reporting that the sex difference in weight
reduction with GLP1-RA become more evident as the degree of weight
reduction increases [37]. Hence, it is tempting to hypothesize that the
development of novel incretin-based medications with improved weight
loss profiles would amplify the sex divergence in BW reduction to a
degree substantial enough to significantly impact HbAlc levels. In this
context, initial data confirming a female advantage with dual and triple
agonists, namely tirzepatide and retatrutide [38,39], are highly prom-
ising, given the possible disease-modifying effects associated with the
magnitude of BW reduction achievable with these medications. Never-
theless, in our study, nearly 40 % of females versus 30 % of males
experienced a > 10 % reduction in BW. This is of clinical relevance,
since such weight loss threshold has consistently been associated in prior
studies with substantial glycaemic benefits, including possible diabetes
remission [40,41].

An enhanced BW loss response in females has been also reported
when GLP-1RA treatment is given for obesity. For example, in a retro-
spective cohort analysis conducted among 483 individuals with obesity
initiating either subcutaneous liraglutide or semaglutide, female sex was
associated with a hyper-response to GLP-1 analogues compared with
non-response (OR for sex 1.92, p = 0.048) [20]. Likewise, in a post-hoc
analysis of the STEP-6 trial, women receiving subcutaneous semaglutide
at therapeutic doses for obesity experienced a numerically greater BW
reduction compared to men (mean change in BW at week 68: —16.07 %
vs —11.56 % with semaglutide 2.4 mg, respectively). In the same study,
the mean estimated treatment difference with semaglutide dosages
versus placebo was greater in females than in males (-15.8 % versus
—8.9 %) [19]. The clinical implications of these findings extend beyond
obesity treatment to the concept of diabetes prevention. Indeed, in light
of the key role of overweight/obesity in T2D development in females,
prioritizing the early use of a therapeutic option bringing about such
relevant BW reduction has the potential to significantly prevent or delay
the onset of T2D.
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It is tempting to anticipate that these sex-specific benefits may
translate into a better cardiovascular protection. This would be of great
interest in light of the evidence that T2D increases cardiovascular risk
more in women than in men [42]. Indeed, it has been estimated that the
excess risk conferred by T2D for a coronary event and stroke is 44 % and
27 % higher in females than males, respectively [43]. However,
meta-analyses of CVOTs do not seem to support the claim that women
may derive greater relative risk reduction with use of GLP-1RA than men
[23,44]. Although we found no between-group difference in renal
function decline, investigating potential sex differences in cardiovas-
cular and renal outcomes was beyond the scope of the present study.
Albeit a cutting-edge topic, whether sex is a predictor of GLP-1RA car-
dio-renal protective effects constitutes a current knowledge gap. Future
research is needed to generate sex-disaggregated data on clinically
relevant hard outcomes, such as hospitalization, cardiovascular adverse
events and mortality, and better clarify the implications of sexual
dimorphism in the response to GLP-1RA. Ideally, such investigations
should include subgroup analyses stratified by key clinical variables,
such as menopausal status and CVD history, to capture potential effect
modifiers.

Our study has remarkable strengths. The population was large and
recruited from diverse diabetes centres, making it highly representative
of individuals with T2D deemed to initiate GLP-1RA in Italy. It should be
noted that over most of the data collection period, GLP-1RA could only
be prescribed by diabetes specialists. Also, thanks to the large set of
laboratory and clinical information collected, we could extensively
characterize the two cohorts and assess their comparability, limiting
potential confounding due to neglected between-sexes differential var-
iables. Furthermore, with an observation time reaching 10 years, this is
the longest real-world study on sex differences in GLP-1RA response.
The finding of a female advantage persisting throughout such a long
observation reassures on a sustained and durable effect of sex on BW
reduction in response to GLP-1RA.

We acknowledge some limitations of the present study. First, we had
no follow-up information on waist circumference or other parameters of
adipose tissue distribution, hence we are unable to determine whether
the female advantage in weight loss was accompanied by favourable
changes in adipose tissue distribution. Moreover, data on diet and
physical exercise were not captured, limiting our ability to assess po-
tential confounding effects of these unmeasured factors on the observed
outcomes. Regarding unaccounted variables, we also had no data on the
female menopausal status. However, cohort age distribution suggests
that up to 85 % of females were post-menopausal. This supports the view
that the detected differences in GLP-1RA response may reflect a real
biological sex-dependent effect rather than differences in oestrogen
levels at the time of therapy initiation. Fourth, participants were clas-
sified according to self-reported sex, thus a limitation to the general-
isability of the study is that it did not consider gender/sex issues.
Additionally, we had no information on treatment adherence, medica-
tion refill patterns, and reasons for drug discontinuation. We acknowl-
edge that not all participants received the maximal maintenance GLP-
1RA dose. As previously discussed, sex-based differences in weight
reduction may become more evident with greater weight reduction
[37]. Thus, whether achieving full dose escalation in all patients would
have magnified the observed sex-differences remains an open question.
Finally, although multiple demographic and clinical factors were
assessed, no information on ethnicity was available. Although limited by
a striking paucity of data, current literature does not support ethnicity as
a predictor of GLP-1RA response. For example, a post-hoc analysis from
the SUSTAIN program reported that subcutaneous semaglutide yielded
comparable, clinically meaningful reductions in HbAlc and BW across
different race subgroups [45]. In line with this, pharmacokinetic data
have shown no differences in GLP-1RA exposure based on ethnicity
[26].

In conclusion, our study reveals that among a broad population of
people with T2D, females experienced a greater BW reduction compared
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to males after the initiation of GLP-1RA. These findings underscore the
potential role of sex as a baseline predictor of GLP-1RA outcomes and
provide valuable insights for guiding the selection of patients who may
benefit the most from this class of medications. Prioritizing the use of
GLP-1RA in women with T2D is an opportunity to target a core disease
mechanism - excess body weight — while simultaneously maximizing
their cardio-renal benefits. However, the biological underpinnings of the
enhanced female response remain incompletely understood. Further
research is warranted to elucidate the mechanisms driving sex-specific
responses to GLP-1RA and to explore whether similar patterns are
observed with newer incretin-based therapies. A deeper understanding
of how sex influences drug response will be critical for optimizing
individualized treatment strategies and reducing disparities in diabetes
outcomes.
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