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climate change. Responsible solutions to the
problem of pervasive PFAS uses require ac-
knowledging both immediate and long-term
impacts through life cycle analysis frame-
works. A strategy that takes into account
both timescales ensures that PFAS-free al-
ternatives will avoid unintended issues while
meeting essential needs.

For alternatives to PFAS, setting realistic
expectations is important. Not all substitutes
may immediately match the performance of
well-established chemicals that have been
optimized over decades of use (14). However,
these differences do not outweigh the enor-
mity of risks posed by PFAS and the large
cost of remediating widespread contamina-
tion. Transitioning away from PFAS requires
some trade-offs, at least temporarily, until
alternative solutions can be further refined.
Giving appropriate weight to health, safety,
and environmental stewardship means
that such compromises are necessary. With
collaborative research and development,
performance gaps will narrow over time,
just as they have for many other regulated
chemicals. Meanwhile, uses where adequate
substitutes already exist should transition
rapidly. Remaining applications can buy
time through risk-reduction measures while
innovation occurs. Continuing the wide-
spread use of PFAS can no longer be justified
given the consequences. Moving forward
will take open-minded problem-solving and
willingness to accept a diversity of different
solutions (15).

REFERENCES AND NOTES

1. M.G.Evichetal., Science 375, eabg9065 (2022).
2. M.Ateia,J.V.Buren, W.Barrett, T. Martin, G. G. Back, ACS
Sustain. Chem. Eng. 11,7986 (2023).

3. A.Cordneretal., Environ. Sci. Technol. 55,9630 (2021).

4. C.Ngetal.,Environ. Sci. Technol. 55,12755 (2021).

5. I.T.Cousinsetal.,Environ. Sci. Process. Impacts 22,1444

(2020).
6. A.0.DeSilvaetal., Environ. Toxicol. Chem. 40,631
(2021).
7. K.Kammerer,J.H.Clark, V. G. Zuin, Science 367, 369
(2020).
. J.Glugeetal.,Environ. Sci. Technol. 56,6232 (2022).
. J.B.Zimmerman, P.T.Anastas, H. C. Erythropel, W.
Leitner, Science 367,397 (2020).

10. M.Ateiaetal.,One Earth 6,952 (2023).

11. S.A.Bélanetal.,Environ. Sci. Technol. 57,1568 (2023).

12. C.F.Kwiatkowskietal.,Environ. Sci. Technol. Lett. 7,532
(2020).

13. National Cancer Institute, “PFAS Exposure and Risk of
Cancer” (2023); https://dceg.cancer.gov/research/
what-we-study/pfas.

14. S.A.Bélan, T.A. Bruton, K. G. Hazard, Eds., Toward
aPFAS-free Future: Safer Alternatives to Forever
Chemicals, vol. 81 of Green Chemistry Series (Royal
Society of Chemistry, 2023).

15. A.Sudheshwar et al., Environ. Int.183,108305 (2024).

WO 0o

ACKNOWLEDGMENTS

The views expressed here are not intended to speak to policy,
are those of the authors, and do not necessarily represent the
views of the US EPA. Any mention of trade names, products, or
services does not imply an endorsement by the US EPA.

10.1126/science.ado5019

258 19 JULY 2024 - VOL 385 ISSUE 6706

MEDICINE

The benefits of GLP-1 drugs

beyond obesity

Glucagon-like peptide-1-based medicines
have weight loss-independent actions

By Daniel J. Drucker

lucagon-like peptide-1 (GLP-1) is se-
creted from gut endocrine cells in
response to food ingestion and acts
as an incretin hormone to potentiate
glucose-dependent insulin secretion.
Pharmacological GLP-1 receptor (GLP-
1R) activation reduced glucagon secretion
(which raises blood glucose) and gastric emp-
tying, leading to the development of GLP-1
therapies for the treatment of type 2 diabe-
tes (T2D). GLP-IR is expressed on several
pancreatic islet cell types and within mul-
tiple regions of the central nervous system.
Subsequent studies revealed that exogenous
GLP-1 administration inhibited food intake
through brain GLP-IR activation in animals
and humans, leading to weight loss. The
decades-long use of GLP-1 medicines, prin-
cipally acylated peptides such as liraglutide
and semaglutide, for the treatment of obesity
and T2D (Z) has revealed that they also ex-
ert pleiotropic actions beyond glucose and
weight control, such as reduction of heart
and kidney diseases. There are several poten-
tial mechanisms underlying these benefits,
such as reducing systemic inflammation (2),
which have implications for future clinical
applications and drug development.

The first approved GLP-1 medicines, such
as exenatide and liraglutide, required once-
or twice-daily administration and were fol-
lowed by longer-acting versions such as
dulaglutide, exenatide once weekly, semaglu-
tide, and tirzepatide [a glucose-dependent
insulinotropic polypeptide receptor (GIPR)
and GLP-1R coagonist] that are suitable for
once-weekly administration. A major non-
metabolic benefit of GLP-1 therapies became
evident in the cardiovascular system. A series
of preclinical studies demonstrated that GLP-
1R agonists protect ischemic myocardium
and preserve cardiac function after ischemic
cardiac injury, actions that are independent
of glucose control or weight loss (7). GLP-1
medicines were studied in eight distinct car-
diovascular outcome trials in people with
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T2D, and one trial in people with obesity.
Long-acting GLP-1 medicines that are con-
tinuously present in the circulation reduced
rates of nonfatal stroke, nonfatal myocar-
dial infarction, and cardiovascular death in
people with T2D and/or obesity. Subsequent
trials demonstrated a benefit for semaglutide
in people with heart failure with preserved
injection fraction, with or without T2D
(NCTO04/788511).

How might this happen? Indirect roles for
the cardiovascular benefit of GLP-1 drugs in-
clude reduction of blood pressure and atten-
uation of atherogenic lipoproteins secreted
from the gut, better control of blood glucose,
and weight loss. However, preclinical studies
demonstrate that GLP-1 protects the ischemic
heart in normotensive nondiabetic animals
to a greater extent than achieved with weight
loss. Furthermore, a long-acting GLP-1 ther-
apy, albiglutide, withdrawn from the market
owing to modest efficacy for reduction of
glucose and body weight in people with T2D,
reduced the rates of major adverse cardiovas-
cular events by 22% (NCT02465515).

Mechanistically, the distribution of GLP-
1R expression differs in the mouse versus
the human heart, challenging the utility of
preclinical studies for inferring underlying
mechanisms in humans. GLP-1 therapies also
reduce the development of atherosclerosis
in sensitized mouse models, and clinical tri-
als are underway in people with peripheral
artery disease (NCT04560998). The mecha-
nisms linking GLP-IR activation to the re-
duction of atherosclerosis and/or improved
blood flow are not well understood but may
be independent of weight loss and are in-
stead associated with reduced inflammation.
Interestingly, the cardioprotective effect of
semaglutide observed in people with obesity
developed within months of drug initiation,
well before meaningful weight loss had been
achieved in most trial participants. Further-
more, in the SELECT cardiovascular outcome
trial (NCT03574597) studying semaglutide in
people with obesity, the extent of weight loss
did not correlate with the effects of the drug
to reduce heart attacks, stroke, and cardio-
vascular death. Whether GLP-1 medicines
might be cardioprotective in people with
type 1 diabetes, or nondiabetic individuals at
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The actions of GLP-1 medicines

GLP-1exerts direct and indirect actions to reduce glucose and body weight. GLP-1 attenuates inflammation indirectly
through weight loss and neuronal GLP-IR activation and directly through GLP-1R activation on T cells, while reducing
complications by targeting GLP-1R in multiple organs. Originally shown to reduce blood glucose and body weight,
subsequent trials demonstrated that GLP-1 medicines reduce the cardiorenal complications of metabolic disease.
GLP-1 medicines are currently being explored in a wide range of neurological and psychiatric disorders.
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high risk for stroke or myocardial infarction,
has not been studied.

Clinical trials and animal studies also
support a role for GLP-1 medicines in the
treatment of people with metabolic liver
disease, and a phase 3 trial is underway
with semaglutide (NCT04822181). GLP-1R
is not expressed by hepatocytes, challenging
the understanding of how GLP-1 improves
liver health. Although weight loss is associ-
ated with a reduction of hepatic steatosis
and inflammation, preclinical experiments
implicate rare populations of intrahepatic
GLP-1R-expressing cells, largely endothelial
cells and T cells (3), as contributing to the
therapeutic benefits of GLP-1 in metabolic
liver disease. Intriguingly, semaglutide re-
duces the rate of kidney disease and cardio-
vascular death by 24% in people with T2D
(NCT03819153), and gain and loss of GLP-1R
signaling improves or deteriorates kidney
function, respectively, in animal models of
renal injury (4). The understanding of the
renal mechanisms of GLP-1 action is incom-
plete. Although sustained GLP-IR agonism
reverses diabetes-induced dysregulation of
gene expression in multiple renal cell types,
GLP-1R expression in the kidney is localized
to a subset of vascular smooth muscle cells,
but not glomerular epithelial or tubular cells,
in the rodent and human kidney (5). Hence,
whether the effects of GLP-1 medicines on
the kidney reflect direct renal effects or indi-

rect contributions from extrarenal GLP-IR*
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Potential mechanisms of action
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CNS, central nervous system;
GLP-1, glucagon-like peptide-1;
GLP-IR, GLP-1 receptor.

cell populations remains uncertain.

The heart, blood vessels, liver, and kidney
contain populations of GLP-IR* cells that
might contribute to organ protection (5).
Another potentially unifying mechanism of
action for GLP-1R agonism is the reduction
of inflammation (see the figure). The entero-
endocrine L cells within the mucosa of the
small and large intestine function as patho-
gen sensors, secreting GLP-1 in response to
infection or sterile tissue injury (6). GLP-1
in turn acutely reduces gut and systemic
inflammation in animals and humans. Pop-
ulations of intestinal intraepithelial lympho-
cytes (IELs) and some exhausted T cells are
the predominant cellular sites of GLP-1R ex-
pression in the immune system (7). The IEL
GLP-1R is required for transducing the lo-
cal and systemic anti-inflammatory actions
of GLP-1 when inflammation is induced
through activation of T cells, for example,
using antibodies targeting the T cell core-
ceptor CD3 (8). Nevertheless, the IEL GLP-
1R is dispensable for the anti-inflammatory
actions of GLP-1 when inflammation is in-
duced by multiple toll-like receptor (TLR)
ligands, exemplified by lipopolysaccharide
(LPS) (2, 8). Unexpectedly, the systemic
anti-inflammatory actions of GLP-1 that at-
tenuate TLR-activated inflammation require
GLP-1R signaling in the brain, within neu-
rons (2). Moreover, a;-adrenergic and 8-and
k-opioid receptor signaling are critical for
transduction of the systemic anti-inflamma-

tory actions of GLP-1 medicines. Brain GLP-
1R is also required for the actions of GLP-1
medicines to attenuate systemic inflamma-
tion in the lungs and myeloid cells of mice
with polymicrobial sepsis (2).

Gain and loss of GLP-1R signaling attenu-
ates or exacerbates, respectively, the extent
of neurodegeneration and neuroinflam-
mation in experimental mouse models of
brain injury, stroke, or neurodegeneration
(9, 10). Several clinical trials have examined
the therapeutic potential of exenatide in
people with Parkinson’s disease, with mixed
results. A larger phase 3 trial is examining
the potential efficacy of once-weekly exena-
tide in Parkinson’s disease (NCT04232969).
Interrogation of real-world health care da-
tabases and clinical trial data link the use
of GLP-1 medicines to reduced rates of cog-
nitive dysfunction in people with T2D, and
two phase 3 trials, EVOKE (NCT04777396)
and EVOKE Plus (NCT04777409), are as-
sessing the impact of oral semaglutide in
individuals at risk for progressive cognitive
dysfunction (10).

The expanding use of more potent GLP-1
medicines such as semaglutide and tirzepa-
tide that produce greater reductions in blood
glucose and more weight loss in people with
T2D or obesity has fostered scrutiny of
whether these medicines might modify the
outcomes of multiple central nervous system
disorders, including depression, compulsive
behaviors, excessive use of alcohol or narcot-
ics, and suicidal ideation. Reports of psychi-
atric disorders in the SELECT cardiovascular
outcome trial were not different over more
than 3 years of exposure in people with over-
weight or obesity and a history of cardio-
vascular disease randomized to semaglutide
(n = 8803) versus placebo (n = 8801) (II).
Analysis of rates of new or recurrent suicidal
ideation in two different real world cohorts
within large health care databases of people
with overweight or obesity, with or without
T2D, revealed lower rates of suicidal ideation
in those receiving semaglutide, compared to
users of other glucose-lowering or weight
loss agents. Hazard ratios (which quantify
the relative chance of an event occurring)
were 0.27 and 0.44 for new or recurrent re-
ports of suicidal ideation, reflecting reduced
rates in semaglutide-treated individuals (12).
Moreover, analysis of electronic health re-
cords in the TriNetx network revealed lower
rates of new or recurrent cannabinoid use
disorder, in people with T2D and or over-
weight or obesity, relative to use of non-
GLP-1 glucose-lowering or weight-reducing
medicines, respectively (13).

Although anecdotal reports of reduced
alcohol use with GLP-1 medicines are com-
mon, the results of randomized trials are
inconclusive. Individuals treated with du-
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laglutide for 12 weeks with the primary
goal to examine smoking cessation reported
reduced alcohol consumption (74), whereas
people with alcohol use disorder randomized
to exenatide once weekly for 26 weeks did not
reduce the overall number of heavy-drinking
days, despite exhibiting attenuated alcohol
cue reactivity in the septal and ventral stria-
tum regions of the brain, as determined by
functional magnetic resonance imaging (15).
Anecdotal reports of improvements in a wide
range of dependence-related behaviors have
prompted initiation of multiple randomized
controlled trials to determine whether GLP-1
medicines might have therapeutic utility in
these disorders.

The success of GLP-1 medicines for T2D
and obesity has fostered interest in develop-
ing next-generation therapies that are even
more effective and produce greater weight
loss than current GLP-1R agonists. Tirzepa-
tide simultaneously targets GIPR and GLP-
1R, resulting in unprecedented glycemic
control and weight loss (). Like GLP-1, GIP
is also a gut peptide that is important for
physiological control of blood glucose, and
pharmacological activation of GIPR with
a long-acting GIPR agonist also produces
weight loss in humans (NCT04586907). As
GIP and GLP-1 exert complementary actions
through distinct receptors, simultaneous
activation of both receptors provides an op-
portunity to maximize metabolic benefits be-
yond targeting only one receptor. Additional
GLP-1 medicines under clinical development
include those that are combined with GIPR
antagonists, glucagon receptor or GLP-2R
agonists, or amylin receptor agonists. The
goal is to achieve greater weight loss while
preserving or ideally enhancing the cardio-
renal and hepatic actions of current GLP-IR
agonists. These new medicines are most of-
ten designed as peptides for parenteral ad-
ministration, and in some cases, developed
as small molecules or peptides formulated
for oral administration.

How might these emerging combinations
improve outcomes in people with T2D or
obesity, at risk for developing cardiovascu-
lar, kidney, liver, or neurodegenerative dis-
ease? The receptors for glucagon, GIP, and
amylin are all expressed within the central
nervous system, but much less is known
about their potential for neuroprotection,
relative to GLP-1IR agonism. These recep-
tors are not highly expressed in the human
heart, and their likelihood of modifying
GLP-1-mediated cardioprotection has not
been carefully scrutinized. Glucagon recep-
tors are expressed in hepatocytes and kid-
ney cells, and the available data suggest that
glucagon receptor activation may confer
additional benefits, perhaps reducing rates
of metabolic liver disease and diabetic kid-
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ney disease beyond that possible with GLP-1
alone. Although a short-acting amylin ana-
log, pramlintide, has been approved for the
treatment of diabetes in the United States
for 19 years, amylin receptors are expressed
predominantly in the nervous system, and
there are no definitive studies examining
whether amylin receptor agonism improves
long-term health outcomes. A GLP-2 analog,
teduglutide, has been used for more than a
decade to treat intestinal failure, and GLP-2R
agonism may improve gut barrier function
and reduce liver inflammation. However,
clinical experience with GLP-2R agonists in
people with T2D or obesity, alone or in com-
bination with GLP-1R agonists, is limited.

The initial chapter of GLP-1 innovation
focused on glucose control, and later, weight
loss. Subsequent waves seem likely to im-
prove health outcomes in people with a range
of chronic disorders. Dozens of new mol-
ecules are being interrogated in the clinic,
with some likely to target new mechanisms
and achieve greater benefits in multiple dis-
orders beyond simply more effective glucose
control and weight loss. A wide range of clini-
cal trials is underway, with results likely to
support expansion of the range of clinical
indications benefiting from GLP-1 therapies.
Hence, after almost two decades of the clini-
cal use of GLP-1 for T2D and 10 years after
the first GLP-1 medicine, liraglutide, was ap-
proved for weight loss in people with obesity,
the next decade may bring even greater
progress, introducing more powerful GLP-1
medicines while expanding the utility of
GLP-1 therapeutics beyond currently estab-
lished cardiometabolic disorders.

REFERENCES AND NOTES

1. D.J.Drucker,J.J. Holst, Diabetologia 66,1765 (2023).

2. C.K.Wongetal., Cell Metab. 36,130 (2024).

3. B.A.McLean, C.K.Wong, K.D.Kaur,R.J. Seeley,D.J.
Drucker, JCl Insight 6,e153732 (2021).

. K.C.Sourrisetal.,Kidney Int. 105,132 (2024).

B.A.McLeanetal.,Endocr. Rev. 42,101 (2021).

L.J.Lebrunetal.,Cell Rep. 21,1160 (2017).

B.Yustaetal., Diabetes 64,2537 (2015).

C.K.Wongetal.,Cell Metab. 34,1514 (2022).

. M.J.Duringetal.,Nat. Med.9,1173 (2003).

. J.Nowell, E. Blunt, P.Edison, Mol. Psychiatry 28,217
(2023).

11. A.M.Lincoffetal.,N. Engl. J. Med. 389, 2221 (2023).

12. W.Wangetal.,Nat. Med. 30,168 (2024).

13. W.Wangetal.,Mol. Psychiatry 10.1038/s41380-024-

02498-5(2024).
14. L.Probstetal., JClInsight 8,e170419 (2023).
15. M.K.Klausenetal.,JCl Insight 7,e159863 (2022).

Sowuous

1

ACKNOWLEDGMENTS

D.J.D.is supported by operating grants from the Canadian
Institutes of Health Research, a Banting and Best Diabetes
Centre Chairin Incretin Biology, and a Sinai Health Novo
Nordisk Foundation Fund in Regulatory Peptides. D.J.D. has
served as a consultant or speaker within the past 12 months
to Altimmune, Amgen, AstraZeneca, Boehringer Ingelheim,
Kallyope, Merck Research Laboratories, Novo Nordisk Inc.,
and Pfizer Inc. Neither D.J.D. nor his family members hold
issued stock directly or indirectly in any of these companies.
DJD holds nonexercised options in Kallyope.

10.1126/science.adn4128

ECOLOGY

A hard fruit
to swallow

Foraging niches become
more specialized
toward bird range limits

By Anna L. Hargreaves! and
Jake M. Alexander?

hildren are often taught about the

natural world through facts about

species, such as what a toucan eats.

Yet species are not homogeneous, and

different populations within a species

vary in how they use their environ-
ment. Gaining a better understanding of
this variation is a key challenge in ecology.
One idea is that niche variation should be
particularly apparent toward the edges of
species’ geographic distributions, where the
amount or quality of habitat declines (I).
However, there is little theory that predicts
which niche components will vary toward
range edges and remarkably few compel-
ling examples from nature. On page 331
of this issue, Martins et al. (2) offer both,
combining optimal foraging theory and
observed foraging patterns to predict and
demonstrate that fruit-eating (frugivorous)
birds have narrower diet niches toward the
edges of their geographic ranges. Account-
ing for such heterogeneity in resource use
will be important for accurately predict-
ing species’ responses to environmental
change (3, 4).

Optimal foraging theory predicts that
for a given set of environmental con-
straints, a population will evolve a forag-
ing strategy (where, when, and what to eat)
that maximizes fitness (5, 6). Martins et al.
argued that under environmentally stress-
ful conditions, such as the edges of species’
ranges, birds face more stringent energetic
constraints and predicted that the opti-
mal foraging strategy for frugivorous birds
would be to eat the biggest fruits they can
fit in their beaks. Combining large data-
sets on species traits, interactions, and
geographic distributions, they showed that
frugivorous birds do indeed maximize the
match between fruit size and beak size
more closely at their range edges than in
their range center, resulting in a narrower
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