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REVIEW

The systems medicine view of semaglutide: from clinical trials to molecular 
mechanisms
Rui Vitorinoa,b

aDepartment of Medical Sciences, iBiMED, University of Aveiro, Aveiro, Portugal; bCardiovascular R&D Centre – UnIC@RISE, Department of Surgery 
and Physiology, Faculty of Medicine of the University of Porto, Porto, Portugal

ABSTRACT
Introduction: Semaglutide, a glucagon-like peptide-1 receptor agonist (GLP-1RA), is a key therapy in 
managing type 2 diabetes (T2D), offering significant improvements in glycemic control, weight loss, and 
cardiovascular protection. Beyond these clinical benefits, multi-omics research is clarifying the mole
cular mechanisms underlying its systemic metabolic effects.
Areas covered: This review synthesizes findings from major clinical trials and recent proteomic and 
metabolomic studies to explain how semaglutide affects inflammatory, lipid, and extracellular matrix 
(ECM) pathways in multiple organs. Key molecular mediators, including adiponectin, fibroblast growth 
factor 21 (FGF21), apolipoprotein C-III (ApoC-III), ceramides, and ECM-remodeling proteins (MMPs, CTGF, 
α-SMA), are linked to improved insulin sensitivity, reduced adipose inflammation, and restored meta
bolic flexibility. The review also discusses the use of artificial intelligence (AI) and machine learning (ML) 
to connect omics biomarkers with clinical outcomes.
Expert opinion: Semaglutide exemplifies a precision medicine approach for T2D by linking clinical 
efficacy to molecular adaptation. Longitudinal validation of omics biomarkers and their integration into 
AI-driven diagnostic platforms could enable personalized, mechanism-based therapy that goes beyond 
glucose control to deliver comprehensive cardiometabolic protection.
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1. Introduction

Type 2 diabetes (T2D) continues to be a major global health 
problem, with prevalence rising sharply in recent decades. In 
2021, an estimated 537 million adults between the ages of 
20and 79 were living with diabetes worldwide, a figure that is 
expected to rise to 643 million by 2030 and 783 million by 2045. 
The rate of increase is disproportionately high, particularly in low- 

and middle-income countries, due to rapid urbanization, aging 
populations, physical inactivity and the global rise in obesity [1,2].

In recent years, prescriptions for GLP-1 receptor agonists 
(GLP-1RAs) such as semaglutide and dual incretin-based thera
pies like tirzepatide have surged in Western countries. This 
growth marks a significant shift in the treatment of type 2 
diabetes and obesity, as these drugs can promote weight loss 
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and reduce long-term risks of heart disease and diabetes. 
Population projections suggest that widespread use of GLP- 
1RA therapy could substantially decrease obesity rates in the 
coming decade, leading to considerable benefits for cardio
vascular and metabolic health [3,4].

In this evolving medical landscape, GLP-1RAs have gained 
popularity for their ability to address hyperglycemia and car
diometabolic comorbidities. Semaglutide has shown strong 
efficacy in improving glycemic control, supporting sustained 
weight loss, and reducing major cardiovascular events [5,6]. 
Semaglutide pharmacologically mimics endogenous GLP-1 by 
increasing glucose-dependent insulin secretion, suppressing 
glucagon release, and delaying gastric emptying. While the 
clinical benefits of semaglutide are well established, its mole
cular mechanisms of action remain only partially understood. 
Clarifying how semaglutide influences molecular networks in 
metabolically active tissues such as the liver, adipose tissue, 
intestine, and pancreas is important for explaining its diverse 
effects [7]. Recent advances in high-throughput omics tech
nologies now allow for unprecedented study of these systemic 
effects at the proteomic, transcriptomic, and metabolomic 
levels.

Beyond controlled clinical trials, real-world studies have 
consistently confirmed the effectiveness of GLP-1RAs in 
improving glycemic control and achieving significant weight 
loss in routine practice. Several cohort and registry-based 
studies have reported additional benefits, including improve
ments in hepatic steatosis, reductions in liver enzyme levels, 
and even histological resolution of nonalcoholic fatty liver 
disease (SLD) [8,9] and nonalcoholic steatohepatitis (NASH). 
These findings underscore the broad metabolic and anti- 
inflammatory effects of GLP-1RA therapy, supporting its inte
gration into comprehensive strategies for managing metabolic 
and hepatic disorders [10,11]

Type 2 diabetes results from a complex interplay of genetic 
susceptibility, environmental factors, and lifestyle-related 
metabolic regulation, rather than a simple dichotomy between 
‘genes’ and ‘environment.’ This review adopts a systems med
icine framework, emphasizing the convergence of multiple 

dimensions that influence disease risk, progression, and ther
apeutic response. This integrative narrative review connects 
the clinical outcomes of semaglutide with its underlying mole
cular mechanisms by combining data from clinical trials with 
findings from multi-omics and translational studies. This 
approach enables a contextual, systems-level synthesis rather 
than a purely statistical meta-analysis. Thus, this review 
addresses three main questions:

(i) How does semaglutide alter molecular networks in 
metabolic, inflammatory, and extracellular matrix 
pathways?

(ii) Which omics-derived biomarkers are most closely asso
ciated with clinical endpoints across all therapy types?

(iii) How can these molecular signatures inform precision- 
guided treatments and future biomarker-driven studies 
in type 2 diabetes?

Chronic low-grade inflammation and oxidative stress are 
increasingly recognized as primary contributors to cardiome
tabolic decline and adverse clinical outcomes in the general 
population. Chronic over-inflammation disrupts vascular 
homeostasis, promotes endothelial dysfunction, and increases 
oxidative stress, creating a self-perpetuating cycle that accel
erates atherosclerosis and tissue damage. These mechanisms 
account for the poorer prognosis observed in individuals with 
both metabolic and behavioral risk factors, as thoroughly 
examined by Sardu et al. [12]. Integrating this evidence 
strengthens the systems-level perspective presented here, in 
which inflammatory and redox imbalances act as unifying 
mechanisms linking genetic predisposition, environmental 
influences, and therapeutic outcomes.

2. Materials and methods

2.1. Literature search strategy

A systematic search was conducted in the ClinicalTrials.gov 
registry to identify completed interventional trials with avail
able results evaluating semaglutide in adults with type 2 
diabetes, obesity, or related metabolic disorders. The search 
covered the period from January 2015 to April 2025 and 
included both phase II–IV randomized trials and pragmatic 
observational studies reporting efficacy and safety outcomes.

The Boolean search string applied was:
(semaglutide OR ‘GLP-1 receptor agonist’ OR GLP-1RA) AND 

(‘type 2 diabetes’ OR T2D OR obesity OR ‘metabolic syndrome’).
Trials were further filtered by the criteria ‘Study Type: 

Interventional,’ ‘Status: Completed,’ and ‘Results: With 
Results.’ And focused on those With Results. Reference screen
ing of associated peer-reviewed publications was performed 
to complement missing data.

Data were extracted from:

● ClinicalTrials.gov registry
● Associated peer-reviewed publications
● Public summary protocols and result disclosures

Article highlights

● Semaglutide provides systemic benefits beyond glycemic control, 
including clinically meaningful weight loss, cardiovascular protection 
and anti-inflammatory effects.

● Clinical-trial evidence supports semaglutide across first-line, add-on, 
comparative and high-risk cardiometabolic settings.

● Multi-omics studies identify adiponectin, FGF21, ApoC-III, ceramides, 
acylcarnitines and extracellular-matrix proteins as candidate molecu
lar mediators of response.

● Proteomic and metabolomic signatures link semaglutide treatment to 
improved insulin sensitivity, lipid metabolism, mitochondrial function 
and reduced inflammatory/fibrotic stress.

● Integration of omics biomarkers with artificial intelligence and 
machine learning may support patient stratification and mechanism- 
guided therapy in type 2 diabetes.

● Longitudinal validation of molecular biomarkers is required before 
omics-informed semaglutide monitoring can be implemented 
clinically.
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Trials were included if they:

● Involved adult participants (≥18 years)
● Evaluated semaglutide in any formulation (oral or 

subcutaneous)
● Reported outcomes such as HbA1c reduction, body 

weight change, cardiovascular or renal endpoints

Trials were categorized into the following four groups based 
on their primary aim and design:

● First-line use (e.g. drug-naïve patients, monotherapy)
● Add-on therapy (to metformin, insulin, or other OADs)
● Comparative trials (vs other GLP-1 RAs, DPP-4 or SGLT-2 

inhibitors, insulin)
● Real-world effectiveness (pragmatic or observational 

studies)

A master table (Table 1) was created summarizing for each 
trial: sample size, age, gender, interventions, inclusion/exclu
sion criteria, primary and secondary outcomes, and clinical 
relevance. A thematic synthesis approach was used to inter
pret trends across categories.

2.2. Data synthesis and statistical analysis

Due to the diversity of study designs and endpoints, no addi
tional meta-analytical pooling was performed. Instead, we 
conducted a qualitative synthesis using a standardized six- 
point evaluation framework that assessed (i) the presence of 
an effect, (ii) consistency of replication, (iii) methodological 
quality, (iv) direction and magnitude of the effect, (v) biologi
cal plausibility, and (vi) translational relevance. To provide 
quantitative context, summary statistics of reported effect 
sizes were extracted from the included clinical trials and pub
lished meta-analyses. We report the median and interquartile 
range (IQR) or range of effect sizes (e.g. ORs, HRs, or RRs) for 
each primary endpoint, including HbA1c reduction, weight 
loss, cardiovascular outcomes, renal protection, and others. 
For example, the median HR for reductions in major adverse 
cardiovascular events (MACE) was 0.74 [IQR 0.70–0.81], and 
the median improvement in HbA1c across studies was 
−1.2%, with a range of −0.9% to −1.6%. The reported odds 
ratios (ORs) for secondary endpoints such as body weight 
reduction or lipid normalization ranged from 1.8 to 3.2, indi
cating consistent benefits across all groups. Table 2 sum
marizes these descriptive statistics, providing a clearer 
picture of variability and cross-study consistency without re- 
estimating pooled effects. All statistical descriptors are directly 
derived from published data and were used solely for com
parative and interpretative purposes.

3. Results and discussion

3.1. Clinical evidence supporting the effectiveness and 
adaptability of semaglutide

Semaglutide has become a key treatment for T2D and related 
metabolic disorders due to its reliable effectiveness in various 

clinical settings, as add-on, comparative, and first-line ther
apy, and across different patient populations and formula
tions. Phase II–IV trials and real-world studies have shown 
strong and consistent effects on glycemic control, weight 
loss, and cardiometabolic outcomes, with a favorable safety 
and adherence profile. Semaglutide has consistently demon
strated superior metabolic outcomes as an adjunct to oral 
antidiabetic or insulin regimens. In major trials, the average 
HbA1c reduction ranged from 1.1% to 1.6%, average weight 
loss ranged from 9% to 15%, and hazard ratios for major 
cardiovascular and renal events were 0.74 and 0.72, respec
tively. Table 1 summarizes these key trials and presents the 
effect sizes for each. The trials are grouped by certainty of 
evidence (high = multiple phase III/meta-analytic sources; 
moderate = two or more consistent studies; low = exploratory 
or small-scale evidence).

The randomized study NCT02648204 compared semaglu
tide with dulaglutide as an adjunct to metformin in over 1,200 
patients, demonstrating significantly greater reductions in 
both HbA1c and body weight, confirming semaglutide’s 
superiority among GLP-1 receptor agonists [2]. A population- 
based Japanese study (NCT03015220) similarly showed 
improvements in glycemia and weight compared to dulaglu
tide across ethnic subgroups [13]. When used with SGLT-2 
inhibitors (with or without metformin or sulfonylurea), sema
glutide continued to provide additional benefits for HbA1c 
and metabolic parameters (NCT03086330) [14].

Further head-to-head comparisons confirmed its status as 
a preferred adjunct. In NCT03136484, semaglutide outperformed 
canagliflozin (an SGLT-2 inhibitor) in lowering HbA1c and weight 
while maintaining safety [15]. Once-weekly dosing also improved 
adherence compared to daily liraglutide (NCT03191396) [16]. In 
more complex cases, semaglutide effectively replaced or 
reduced the need for prandial insulin (NCT03689374) and main
tained control after switching from multiple daily injections to 
once-weekly therapy (NCT04538352), resulting in fewer hypogly
cemic events and better patient-reported outcomes [17,18].

Comparative studies have evaluated semaglutide against var
ious therapeutic agents and comorbidity profiles. In the pivotal 
NCT01720446 trial, semaglutide reduced major adverse cardio
vascular events (MACE) in over 3,200 high-risk patients, validat
ing its long-term cardioprotective effects [19]. In NCT01885208, it 
outperformed exenatide ER, and in the phase 2 study 
NCT01923181, it demonstrated efficacy in the oral formulation 
[19,20]. Trials NCT01930188 and NCT04017832 showed greater 
reductions in HbA1c and weight compared to sitagliptin, while 
NCT02128932 confirmed its efficacy and safety advantage over 
insulin glargine [21,22].

Semaglutide has shown efficacy as an adjunct to basal insulin 
(NCT02305381) and as an oral alternative to injectable agents 
(NCT02863419) [23,24]. Real-world evidence from NCT03596450 
confirmed higher success rates in achieving glycemic targets 
compared with standard oral therapy, while NCT03819153 
demonstrated renoprotective effects in more than 3,500 patients 
with T2D and CKD [25].

Mechanistic and dose-optimization studies, such as 
NCT03951753, NCT03987919, NCT03989232, and NCT04707469, 
examined responses to tirzepatide and various semaglutide 
doses, showing that higher doses (up to 2 mg) provide additional 
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metabolic benefits without new safety concerns [26,27]. High- 
dose and combination strategies (e.g. semaglutide plus cagrilin
tide, NCT04982575) further improved glycemic control and 
weight management [23]. Device-tolerability trials 
(NCT04007107, NCT04143945, NCT04189848) confirmed positive 
patient experiences, enhancing real-world applicability [28–30].

Semaglutide has also been evaluated as a first-line treat
ment in drug-naïve individuals. The NCT02054897 trial showed 
significant reductions in HbA1c and weight over 26 weeks 
compared to placebo [31]. Japanese studies (NCT02207374, 
NCT02254291) confirmed efficacy and safety across popula
tions, demonstrating superior glycemic outcomes compared 
to sitagliptin [32,33]. The oral formulation was validated in 
NCT04109547, showing dose-dependent improvements in 
HbA1c, fasting glucose, and body composition with doses 
ranging from 3 to 14 mg [34]. These findings support sema
glutide as an effective first-line treatment, especially for 
patients prioritizing weight control and cardiovascular risk 
reduction.

Initial dose-response studies (NCT00696657, NCT02461589) 
established the safety and efficacy range (0.1–1.6 mg) [35]. 
Oral semaglutide showed sustained glycemic and weight ben
efits in large cohorts (NCT02607865, NCT02692716) [22,36]. 
Renal impairment studies (NCT02827708) confirmed efficacy 
in moderate CKD [37], while flexible-dose trials (NCT02849080, 
NCT02863328) demonstrated real-world adaptability [38]. 
Additional evidence from early-stage diabetes studies 
(NCT02906930, NCT03018028) and cross-ethnic assessments 
supported persistent benefits [39]. High-dose weight manage
ment trials (NCT03552757) confirmed efficacy at ≥2.4 mg, 
while NCT03724981 and NCT05533632 focused on device pre
ference and post-marketing safety [21,40,41].

3.2. Linking clinical outcomes with molecular pathways

Semaglutide’s broad clinical efficacy reflects coordinated 
changes in interconnected metabolic, inflammatory, and fibro
tic pathways across multiple organs. Multi-omics studies have 
begun to clarify the molecular basis of these effects, providing 
mechanistic insights into its benefits in glycemic control, 
weight loss, cardiovascular protection, and liver function 
(Figure 1).

Semaglutide activates GLP-1 receptors on pancreatic β-cells, 
making insulin secretion glucose-dependent and suppressing 
glucagon release. Proteomic analyses show up-regulation of 
insulin-secretory proteins such as PCSK1 and SNAP25, and 
down-regulation of glucagon-processing enzymes, supporting 
improved islet function. Semaglutide also enhances AMPK and 
PI3K–AKT signaling in peripheral tissues, increasing insulin sen
sitivity in the liver and skeletal muscle. These molecular changes 
correspond to consistent reductions in HbA1c (approximately 
−1.1% to −1.6%) observed in clinical trials [3].

Weight loss occurs through both central and peripheral 
mechanisms. GLP-1 R activation in the hypothalamus inhibits 
orexigenic neuropeptides (NPY/AgRP) and enhances anorexi
genic POMC signaling, reducing appetite and caloric intake. 
Elevated FGF21 and adiponectin levels promote mitochondrial 
fatty acid oxidation and utilization, while decreased ApoC-III 
levels reduce triglyceride-rich lipoproteins. Metabolomic data 
show decreases in acylcarnitines and ceramides and increases 
in short-chain fatty acids, consistent with accelerated lipid 
turnover and reduced lipotoxic stress [42]. Together, these 
processes explain semaglutide’s durable effects on weight 
and energy balance.

Cardiovascular protection, demonstrated in outcome stu
dies such as SUSTAIN-6 (NCT01720446), is mechanistically 
linked to reduced vascular inflammation and oxidative stress. 
Proteomic profiles reveal down-regulation of CRP, IL-6, and 
TNF-α, activation of endothelial nitric oxide synthase, and 
normalization of extracellular matrix proteins including 
MMPs, CTGF, and α-SMA. These molecular changes improve 
vascular compliance and reduce fibrosis, consistent with the 
26% relative reduction in major adverse cardiovascular events 
(HR ≈ 0.74) [43].

The hepatic benefits in metabolic dysfunction-associated 
steatotic liver disease (MASLD) are increasingly recognized. 
Semaglutide activates AMPK and inhibits SREBP-1c and 
DGAT2, accelerating hepatic lipid oxidation and reducing 
de novo lipogenesis, which decreases triglyceride accumula
tion in hepatocytes. Clinically, these effects correspond to 
reductions in ALT, GGT, and hepatic fat content, as documen
ted in studies [44]. Concurrent decreases in circulating cera
mides and ApoC-III further support improved lipid metabolism 
and reduced hepatic inflammation.

Table 2. Clinical outcome biomarker.

Biomarker Biological role Clinical outcome correlation
Associated trial 

themes
Certainty of 

evidence

Adiponectin Insulin sensitization, anti- 
inflammatory

Improved insulin sensitivity, glycemic 
control

Add-on & first-line 
trials

High

FGF21 Energy expenditure, lipid oxidation Weight loss, reduced liver fat Obesity & dose- 
ranging

Moderate

ApoC-III Lipid metabolism regulation Improved triglycerides, reduced CV risk CVOTs High
ECM proteins (MMPs, CTGF, α- 

SMA)
Fibrosis & vascular remodeling Improved compliance, reduced fibrosis Translational studies Moderate

Acylcarnitines β-oxidation, mitochondrial function Enhanced lipid utilization Weight-loss trials Moderate
Ceramides Insulin resistance, inflammation Improved metabolic flexibility T2D + obesity High
Short-chain fatty acids (SCFA) Gut – metabolic signaling Reduced inflammation, satiety Exploratory 

microbiome
Low

Abbreviations and notes: Adipo = Adiponectin; FGF21 = Fibroblast Growth Factor 21; ApoC-III = Apolipoprotein C-III; ECM = Extracellular Matrix; MMP = Matrix 
Metalloproteinase; CTGF = Connective Tissue Growth Factor; α-SMA = Alpha-Smooth Muscle Actin; CVOT = Cardiovascular Outcome Trial; SCFA = Short-Chain 
Fatty Acid; T2D = Type 2 Diabetes; IQR = Interquartile Range. Certainty of evidence codes: High Moderate Low. 
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These findings demonstrate that semaglutide restores 
metabolic homeostasis by modulating organ crosstalk. 
Enhanced β-cell signaling supports glycemic control, adipo
kine and mitochondrial remodeling drive weight loss, 
endothelial and extracellular matrix normalization provide car
diovascular protection, and hepatic lipid reprogramming con
tributes to MASLD improvement. This integrative framework 
links clinical outcomes with multi-omics evidence, explaining 
semaglutide’s broad therapeutic effects and supporting its 
potential as a model for mechanism-guided precision therapy 
in metabolic disease [45].

3.3. Anti-inflammatory and adipose-modulating effects 
of semaglutide

Chronic low-grade inflammation is a hallmark of T2D and 
obesity and contributes to insulin resistance, β-cell dysfunc
tion and metabolic deterioration. Semaglutide has been 
shown to modulate inflammatory pathways at both systemic 
and tissue levels, which may explain many of its cardiometa
bolic benefits beyond glycemic control. Clinical and preclinical 
data show that semaglutide reduces circulating proinflamma
tory cytokines, including interleukin-6 (IL-6), tumor necrosis 
factor-alpha (TNF-α), and interleukin-15 (IL-15). These cyto
kines are known antagonists of insulin signaling, which are 
often elevated in visceral obesity and T2D. By reducing their 
expression, semaglutide helps to restore insulin sensitivity and 
reduce the chronic inflammatory burden.

Proteomic analyzes of adipose tissue from treated patients 
and animal models have shown a marked reduction in macro
phage recruitment and activation markers, including CD11c 
and CCL2. These changes indicate a phenotypic switch from 
pro-inflammatory M1 macrophages to metabolically beneficial 
M2 macrophages. In addition, semaglutide appears to remodel 
the ECM by downregulating pro-fibrotic proteins such as 

collagen I, CTGF and α-SMA. This remodeling improves adi
pose tissue elasticity, supports healthier expansion and miti
gates insulin resistance associated with fibrosis.

In muscle and liver tissue, semaglutide reduces oxidative 
stress markers (e.g. 4-HNE, MDA) while increasing antioxidant 
enzymes such as SOD2 and catalase. These shifts correlate 
with restored insulin receptor signaling and reduced lipid- 
induced mitochondrial stress, contributing to improved hepa
tic glucose production and glucose uptake in skeletal muscle. 
Taken together, these effects position semaglutide not only as 
a glucose-lowering drug, but as a systemic modulator of lipid 
and inflammatory networks, which has implications for the 
treatment of metabolic complications of T2D such as SLD, 
CKD and cardiovascular disease (Figure 2).

4. Multi-omics integration and clinical translation

The condensed clinical synthesis enables a more focused inves
tigation of the molecular landscape revealed by multi-omics 
analyses. Proteomic studies consistently show upregulation of 
adiponectin, FGF21, and mitochondrial β-oxidation enzymes, 
along with downregulation of ApoC-III and extracellular matrix 
(ECM) remodeling proteins, including MMPs, CTGF, and α-SMA. 
Complementary metabolomic data indicate decreases in circu
lating ceramides and acylcarnitines, as well as increased levels 
of short-chain fatty acids, collectively reflecting improved lipid 
metabolism and reduced inflammatory stress.

These combined molecular signatures support semaglu
tide’s ability to restore metabolic flexibility and vascular home
ostasis, linking molecular adaptation to its established clinical 
benefits. Beyond confirming efficacy, multi-omics approaches 
now pave the way for personalized therapy. Key biomarkers 
such as adiponectin, FGF21, ApoC-III, ceramides, and ECM- 
related proteins may serve as indicators of treatment response 
and disease progression. However, clinical translation remains 

Figure 1. Molecular targets and omics pathways of semaglutide in type 2 diabetes.
This diagram illustrates how semaglutide affects the whole body and specific organs by integrating clinical and multi-omics data. The arrows indicate the direction of the effect: ↑ =  
upregulation; ↓ = downregulation. Blue represents metabolic regulation, green indicates anti-inflammatory signaling, orange denotes fibrosis/ECM remodeling, and purple signifies lipid 
and mitochondrial metabolism. Semaglutide activates GLP-1 receptors in the pancreas, liver, adipose tissue, blood vessels, and gut. This action helps control blood glucose levels, promote 
weight loss, and protect cardiovascular health. Multi-omics data show increased adiponectin and FGF21 levels, decreased ApoC-III and extracellular matrix proteins (α-SMA, CTGF, collagen 
I), reduced long-chain acylcarnitines and ceramides, and increased short-chain fatty acids (SCFA). These coordinated molecular effects demonstrate improved mitochondrial oxidation, 
reduced systemic inflammation, and enhanced tissue remodeling. 
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limited by cohort diversity, assay variability, and lack of exter
nal validation. Integrating artificial intelligence (AI) and 
machine learning into omics analysis offers a promising path 
forward. Predictive algorithms that combine multidimensional 
datasets can stratify patients by expected benefit or risk of 
nonresponse. For example, they can identify metabolic sub
types with high ceramide or low adiponectin levels that may 
require earlier or more intensive GLP-1RA therapy. Combining 
omics data with real-world measurements such as continuous 
glucose monitoring (CGM), digital health tools, and wearable 
sensors could enable dynamic models of disease progression 
and treatment adaptation based on feedback. These frame
works support a proactive approach to diabetes management, 
identifying early indicators of therapeutic plateau before sig
nificant clinical decline. From a research perspective, omics- 
informed endpoints, including modulation of ECM proteins or 
ceramide profiles, may serve as mechanistic surrogates for 
long-term cardiovascular or renal outcomes, potentially short
ening study durations and enhancing mechanistic under
standing, especially in complex phenotypes such as T2D with 
SLD or CKD. Realizing this vision will require scalable, clinically 
validated omics tests that can be integrated into electronic 
health records and are user-friendly with visualization tools. It 
is equally important for clinicians to learn how to interpret 
molecular data and apply it in decision-making. Ultimately, 
incorporating semaglutide-responsive omics profiles into clin
ical workflows will transform precision endocrinology, 
enabling therapies tailored not only to the phenotype but 
also to the underlying molecular pathways. This encapsulates 
the goal of this review: to translate mechanistic knowledge 
‘from the pathways’ into actionable insights that improve care 
for people with T2D.

5. Future directions

As semaglutide redefines the therapeutic landscape for T2D, 
the next phase of research must go beyond clinical efficacy 
to include precision medicine, where treatment decisions 
are tailored to individual metabolic profiles. To fully realize 
this potential, several important research directions are 
emerging at the interface of clinical science and molecular 
medicine.

First, there is an urgent need for longitudinal validation of 
biomarkers that respond to semaglutide. While numerous 
omics-based studies have identified promising candidates, 
such as adiponectin, FGF21, ceramides and ECM remodeling 
proteins, these results often come from short-term interven
tions or small cohorts. Large, diverse and ethnically inclusive 
T2D populations need to be monitored over longer periods 
of time to confirm the predictive value and stability of these 
biomarkers across treatment durations, disease stages and 
comorbidities. Longitudinal studies will also help to clarify 
whether these biomarkers can serve as surrogate endpoints 
for long-term endpoints such as cardiovascular events or 
renal decline.

Second, it is important to expand the depth and resolution of 
tissue-specific omics profiling. While circulating biomarkers pro
vide accessible insights, the most physiologically relevant changes 
often occur in target tissues. The liver, pancreas and visceral 
adipose tissue are central to T2D pathogenesis and the mechan
isms of action of semaglutide. Advanced approaches, such as 
spatial transcriptomics, single-cell proteomics and lipidomics, 
could elucidate how semaglutide modulates cellular subpopula
tions, signaling cascades and microenvironmental interactions in 
these tissues. Such data would refine our understanding of how 

Figure 2. Anti-inflammatory and adipose-modulating effects of semaglutide.
This figure illustrates the main mechanisms by which semaglutide attenuates chronic inflammation and modulates adipose tissue function in type 2 diabetes. At the systemic level, 
semaglutide reduces circulating proinflammatory cytokines, including IL-6, TNF-α and IL-15, thereby improving insulin sensitivity and reducing immune-mediated metabolic stress. In 
adipose tissue, semaglutide reduces the recruitment and activation of pro-inflammatory M1 macrophages (CD11c+, CCL2) and simultaneously promotes a phenotypic shift toward anti- 
inflammatory M2 macrophages. At the same time, the drug downregulates extracellular matrix (ECM) remodeling proteins such as collagen I, CTGF and α-SMA, thereby alleviating adipose 
fibrosis and improving tissue flexibility. In skeletal muscle and liver, semaglutide lowers oxidative stress markers (e.g. 4-HNE, MDA) and regulates antioxidant defenses (e.g. SOD2, catalase), 
which helps restore insulin receptor signaling and mitochondrial function. These anti-inflammatory and anti-fibrotic effects extend the therapeutic profile of semaglutide beyond glycemic 
control to broader protection against metabolic comorbidities such as SLD, CKD and cardiovascular disease. 
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molecular changes translate into systemic improvements in gly
cemic control, inflammation and organ function.

Third, technological innovation is needed to bring omics 
out of the research labs and into clinical practice. The devel
opment of multiplex assays and point-of-care platforms cap
able of detecting key biomarkers (e.g. acylcarnitines, FGF21, 
ceramides) in blood or minimally invasive samples will be 
critical. These instruments must be scalable, cost-effective 
and robust enough for use in primary care or endocrinology 
clinics. Ideally, they will integrate seamlessly with electronic 
health records and support real-time clinical decisions. 
Standardization and regulatory validation efforts will also be 
critical to ensure consistency across labs and populations.

Fourth, as omics datasets become more complex, there is 
growing momentum to integrate them using AI and machine 
learning algorithms. Multimodal models that combine proteo
mic, metabolomic, genomic and clinical data, alongside real- 
world information such as continuous glucose monitoring, 
wearable biosensors and lifestyle metrics, could enable highly 
individualized therapy prediction. Such models could, for 
example, help to identify ‘metatypes’ most likely to benefit 
from semaglutide, predict suboptimal responders or recom
mend early dose escalation. In the longer term, these tools 
could also determine treatment sequencing or suggest new 
drug combinations based on systems-level modeling of dis
ease progression.

Interdisciplinary collaboration is essential to accelerate pro
gress in these areas. Endocrinologists contribute clinical 
insights and phenotypic specificity; bioinformaticians contri
bute analytical frameworks for high-dimensional data; systems 
biologists provide mechanistic modeling to link molecular 
signatures to network-level responses. Together, these disci
plines can develop translational pipelines that bridge the lab 
to the bedside, validate biomarkers, refine therapeutic algo
rithms, and ultimately reshape the way T2D is treated 
(Table 3).

6. Conclusion

Semaglutide has redefined therapeutic expectations in T2D by 
providing consistent efficacy in glycemic control, weight 
reduction and cardiovascular protection in various clinical set
tings. However, its importance goes beyond clinical outcomes, 
semaglutide provides a unique insight into the molecular 
architecture of metabolic diseases. Through integrative pro
teomic and metabolomic analyzes, we now better understand 

how this GLP-1 receptor agonist modulates metabolic path
ways related to lipid metabolism, mitochondrial function, 
inflammation and tissue remodeling. These mechanistic find
ings not only deepen our understanding of the systemic 
effects of semaglutide, but also lay the foundation for preci
sion medicine in T2D. Biomarkers such as adiponectin, FGF21, 
ceramides and ECM proteins show strong concordance with 
therapeutic outcomes and can serve as predictive tools for 
treatment response to enable individualized treatment. To 
bridge the gap between pathways and practice, validated 
biomarkers, scalable diagnostic platforms and AI-driven data 
integration are needed. As clinical trials evolve to integrate 
omics-driven design and real-world implementation, semaglu
tide is both a treatment and a model for how future metabolic 
therapies can be developed, personalized and optimized.

7. Expert opinion

Semaglutide is positioned by clinical and mechanistic evi
dence compiled in this review as a therapeutic model that 
demonstrates how molecularly targeted pharmacology can 
revolutionize chronic disease management, not just as 
a small improvement in T2D management. Semaglutide’s con
sistent benefits in weight loss, cardiovascular risk reduction, 
glycemic control, and organ protection demonstrate 
a spectrum of activity that is unusual for a single agent. The 
effect of semaglutide cannot be attributed exclusively to its 
incretin-mimetic effects, as the integration of proteome and 
metabolome signatures in clinical trial data increasingly 
shows. Rather, it coordinates a network-like realignment of 
metabolic, inflammatory, fibrosis and endocrine pathways, all 
of which contribute to systemic benefit. In addition to con
firming clinical efficacy, the discussion integrates mechanistic 
findings into established disease models, such as the dia
thesis–stress and developmental frameworks, to contextualize 
semaglutide’s systemic actions in relation to metabolic 
resilience.

The discovery of repeatable biomarker patterns that corre
late closely with clinical outcomes, such as increased adipo
nectin and FGF21 levels, decreased ApoC-III levels, ceramides, 
and ECM remodeling proteins, are among the most compel
ling findings of recent omics-based research. These biomarkers 
are potentially mechanistic nodes that could be used for 
patient stratification, predicting therapeutic response, and 
even developing new combination therapies. They are not 
just post hoc indicators of improvement. For example, 

Table 3. SWOT analysis: future directions for semaglutide research.

Strengths Weaknesses Opportunities Threats

Semaglutide’s proven clinical efficacy in 
glycemic control, weight loss, and 
cardioprotection.

Lack of large-scale, longitudinal 
validation of molecular 
biomarkers.

Development of precision medicine 
tools using multimodal omics and 
AI integration.

Regulatory and standardization hurdles 
for clinical implementation of omics- 
based assays.

Emerging omics-based evidence linking 
treatment response to molecular signatures 
(e.g. adiponectin, FGF21, ceramides).

Limited translation of tissue- 
specific omics findings into 
clinical diagnostics.

Innovation in point-of-care 
diagnostics for biomarker-guided 
treatment monitoring.

Ethnic and demographic disparities in 
current omics datasets may limit 
generalizability.

Established multi-organ action supporting 
systemic benefits beyond glucose control.

High complexity and cost of 
omics technologies limit 
routine clinical application.

Expansion of interdisciplinary 
collaborations for translational 
research and therapeutic 
modeling.

Data privacy and ethical concerns 
related to large-scale integration of 
multi-omics and real-world data.
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elevated baseline levels of ceramides, which are associated 
with lipotoxicity and insulin resistance, could indicate patients 
who benefit disproportionately from the lipid modulatory 
effects of semaglutide, while suppressed adiponectin could 
indicate patients in whom the insulin-sensitizing effects are 
most pronounced. Although these theories have yet to be 
confirmed, they already point to the possibility of targeting 
GLP-1 receptor agonists.

Semaglutide is an example of how a drug can interact with 
multiple organ systems simultaneously to achieve additive or 
synergistic effects from a systems medicine perspective. 
Semaglutide decreases fibrosis and inflammatory macrophage 
infiltration in adipose tissue; it increases fatty acid oxidation 
and decreases steatosis in the liver; it improves endothelial 
function and compliance in the vasculature; and it decreases 
oxidative stress and restores insulin signaling in skeletal mus
cle. By improving hepatic lipid metabolism, it lowers circulat
ing lipid intermediates, which in turn reduces lipotoxicity in 
the pancreas and muscles. These scattered effects probably 
reinforce each other. Although obvious to systems biologists, 
this type of cross-organ interaction has rarely been demon
strated to this extent in a cohesive therapeutic setting. The 
systemic advantages of semaglutide can also be understood 
through the lens of gene-environment interactions that influ
ence individual metabolic susceptibility. Genetic polymorph
isms affecting the expression of GLP-1 receptors, adipokine 
signaling, or lipid oxidation capacity may alter the strength of 
the response. Environmental factors such as diet, adipose 
inflammation, and oxidative stress can also impact drug effi
cacy. This convergence resembles the diathesis–stress model 
used in metabolic disease, in which genetic predisposition 
interacts with environmental factors to influence disease 
onset and progression. Semaglutide may act as a molecular 
buffer by reducing inflammatory and oxidative stress path
ways, thereby partially counteracting harmful environmental 
exposures and enhancing resilience in individuals with meta
bolic fragility. This holistic perspective supports semaglutide’s 
role as a systems-level therapeutic agent capable of recalibrat
ing both genetic and environmental aspects of metabolic 
stress.

The integration of these mechanistic findings into therapy 
planning and monitoring is the challenge for the future. 
Nowadays, body weight, fasting plasma glucose, and HbA1c 
are the main conventional markers used to guide semaglutide 
treatment; individual molecular profiles are not considered. 
This is comparable to the use of a stethoscope at a time 
when echocardiography is accessible. This paradigm could 
be changed by multi-omics tools, especially when combined 
with clinical and real-world data through artificial intelligence 
(AI). Predictive models could be created to find metabolic 
‘metatypes’ that are most likely to respond, detect early pla
teau or non-response, and initiate immediate escalation or 
combination therapy. This would lead to a more deterministic, 
biologically based approach to the treatment of type 2 dia
betes rather than a trial-and-error approach. However, there 
are a number of obstacles to putting this into practice. 
Regulatory acceptance continues to be hampered by inter- 
laboratory variability and the lack of universal test 

standardization for biomarker candidates such as acylcarnitine, 
FGF21, or ceramides. In addition, most omics studies for rare 
but clinically important outcomes such as cardiovascular 
events or renal failure were short and inconclusive. To validate 
the predictive power and generalizability of these signatures, 
longitudinal, multi-ethnic cohort studies are needed, ideally 
integrated into real-world clinical trials. Only then can they be 
effectively integrated into standard medical care. The creation 
of minimally invasive platforms for point-of-care biomarker 
measurement is another important way forward. Multiplex 
detection lab-on-a-chip devices, portable mass spectrometry, 
and microfluidic immunoassays have the potential to intro
duce omics-based monitoring into primary care. This would 
allow clinicians to change the dosing, regimen, or combina
tion of semaglutide based on a patient’s changing molecular 
response rather than just the quarterly HbA1c level.

The anti-inflammatory and anti-fibrotic properties of sema
glutide also open up possibilities outside of type 2 diabetes. 
Adipose tissue inflammation, lipid dysregulation, and extracellu
lar matrix remodeling are pathophysiological processes that 
overlap in nonalcoholic steatohepatitis (NASH), chronic kidney 
disease (CKD), heart failure with preserved ejection fraction 
(HFpEF), and even in some autoimmune diseases. Semaglutide 
should be tested in these situations, either alone or in mean
ingful combinations, using the same omics-driven methodology 
to determine and predict benefit. Its function as a ‘diabetes drug’ 
could be redefined by such an expansion, and instead become 
a platform therapy for metabolic-inflammatory diseases.

At the same time, competition in the field of incretins is 
becoming increasingly fierce. In terms of weight loss, dual 
and triple agonists targeting the GLP-1, GIP, and glucagon 
receptors are already showing remarkable efficacy, occasion
ally outperforming semaglutide. The future positioning of 
semaglutide will depend on striking a balance between 
safety, tolerability, accessibility, efficacy, and biomarker- 
driven personalization. Semaglutide may work as well, or 
even better, than more potent but less selective agents in 
some biomarker-defined subgroups, particularly where cost 
or tolerability is an issue. This underscores the importance of 
molecular phenotyping in treatment allocation. Finally, there 
are other implications for the healthcare system. It will be 
necessary to invest in infrastructure, clinician education, and 
patient engagement to integrate omics-based personaliza
tion into diabetes care. Building pipelines that can process 
high-dimensional data, interpret it in clinically relevant time
frames, and turn it into actionable recommendations will 
require close collaboration between interdisciplinary teams, 
endocrinologists, systems biologists, bioinformaticians, and 
data scientists. In order to avoid growing gaps in care, 
ethical issues of data protection, algorithm transparency, 
and fair access must also be clarified. Semaglutide is there
fore more than just a potent GLP-1 receptor agonist; it is an 
example of how systemic thinking and deep phenotyping 
can uncover new aspects of a drug’s action and suggest 
a more personalized approach to chronic disease manage
ment in the future. With the help of predictive modeling, 
real-time data integration, and validated biomarkers, sema
glutide is expected to evolve from a ‘one-size-fits-all’ 
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application to a precision tool over the next decade. If this 
transformation is successful, it will not only maximize the 
use of semaglutide, but also create a standard for the devel
opment, application, and improvement of other treatments 
in the era of systems medicine.

The mechanistic insights presented here have significant 
implications for preventive strategies and health policy. 
Demonstrating that semaglutide favorably modulates adipose 
inflammation, oxidative stress, and ECM remodeling highlights 
the value of early pharmacologic intervention in high-risk 
individuals, even before overt diabetes develops. At the popu
lation level, emphasizing lifestyle programs that address 
inflammation and redox balance through nutrition, exercise, 
and microbiome-friendly interventions could enhance phar
macological strategies and reduce long-term cardiometabolic 
burden. From a policy perspective, incorporating biomarker- 
based screening into primary care could enable earlier risk 
stratification and cost-effective targeting of GLP-1 therapies. 
These measures align with current precision-prevention frame
works that call for multi-level interventions, including beha
vioral, molecular, and pharmacologic components. 
Semaglutide provides a translational framework for how pre
cision medicine can guide large-scale health initiatives by 
linking omics-derived biomarkers to actionable preventive 
strategies.
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