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M I C R O B I O L O G Y

Microbial dipeptidyl peptidases of the S9B family as 
host-microbe isozymes
Mashael R. Aljumaah1,2,3, Jeffery Roach1, Yunan Hu1, John Gunstad4, M. Andrea Azcarate-Peril1*

Human dipeptidyl peptidase 4 (hDPP-4) has been a pharmacological target for metabolic diseases, particularly 
diabetes, since the early 2000s. As a ubiquitous enzyme found in both prokaryotic and eukaryotic organisms, 
hDPP-4 plays crucial roles in host homeostasis and disease progression. While many studies have explored hDPP-
4’s properties, research on gut microbially derived DPP-4 (mDPP-4) remains limited. This review discusses the 
significance of mDPP-4 and its health implications, analyzing crystal structures of mDPP-4 in comparison to hu-
man counterparts. We examine how hDPP-4 inhibitors could influence gut microbiome composition and mDPP-4 
activity. Additionally, this review connects ongoing discussions regarding DPP-4 substrate specificity and poten-
tial access routes for mDPP-4, emphasizing the urgent need for further research on mDPP-4’s role in health and 
improve the precision of DPP-4 inhibitor therapies.

INTRODUCTION
Gut microbes provide complementary functionality and supply en-
zymes and metabolites, which may be lacking in the host, to ensure 
gut homeostasis and systemic well-being. The idea that the host and 
microbes share enzymatic capabilities in this symbiotic relationship 
is not new. We have shown that lactose-sensitive individuals who 
have reduced expression of intestinal lactase can consume prebiotics 
that enhance functionally similar β-galactosidase–carrying benefi-
cial bacteria such as Bifidobacterium sp. As a result, they can digest 
lactose without experiencing adverse side effects (1,  2). A more 
structured notion of host-microbe isozymes (HMIs) arose recently 
when Wang et al. (3) set up a pipeline to detect functional similarities 
between bacterial and human activities and identified homologous 
protein of human dipeptidyl peptidase 4 (hDPP-4) with different 
amino acid sequences in bacteria and fungi. HMI can be defined 
broadly as enzymes with functions similar to those of the host; how-
ever, DNA sequence–based identification of isozymes may not be 
reliable due to the lack of sequence conservation in enzymes with 
similar functionality.

Dipeptidyl peptidase 4 (DPP-4) is a proline-specific serine protease 
that selectively cleaves dipeptides from peptides and proteins contain-
ing proline or alanine in the N terminus next to last (P1) position, re-
sulting in the altered functional activity of the cleaved substrates and 
further degradation of macromolecules by other peptidases. hDPP-4 
is a multifunctional enzyme proposed as a substantial modulator of 
metabolic and systematic functions and, potentially, of the gut-brain 
axis (4). hDPP-4 has been shown to modulate the functionality of 
more than 40 bioactive substrates, many of which are involved in gut 
homeostasis, glucose metabolism, cognition, and behavior (5, 6).

Although the general process involved in protein digestion and the 
most crucial host proteases have been well studied, the diversity and 
functionality of microbial proteolytic enzymes in the gut and their role 

in health and disease remain undefined. Protein digestion in the human 
gastrointestinal tract starts in the stomach. It involves breaking down 
complex protein molecules into peptides consisting of several amino 
acids and then into individual amino acids. The stomach secretes pep-
sins, responsible for ~10 to 15% of protein digestion, and is most active 
during the first hour of digestion. Their ability to break down protein is 
limited to an acidic environment with a pH between 1.8 and 3.5. The 
pancreas secretes trypsins, which are more potent than pepsins, and, as 
a result, most of the protein digestion occurs in the duodenum and up-
per jejunum. Inactive protease precursors are generated by the pancre-
as, which become active by interacting with enterokinases, enzymes 
secreted by the microvillous component of the enterocytes. Trypsino-
gen is activated by enterokinase in the intestine and then activates other 
pancreatic proteases like chymotrypsin and elastase. These endopepti-
dases break down protein chains into peptides. Carboxypeptidases, se-
creted by the pancreas, break down the peptides into smaller molecules 
and individual amino acids. Ultimately, this process reduces dietary 
proteins to small polypeptide chains of two to six amino acids and single 
amino acids. Dipeptides and tripeptides are transported into entero-
cytes by carrier proteins that require energy. Small peptides with few 
amino acids are directly absorbed, while the more substantial part of 
peptide breakdown occurs within the enterocyte. Small peptides are ab-
sorbed faster than amino acids; some amino acids have specific trans-
port systems while others share one.

The most accepted classification of peptidases is collected in the 
MEROPS database (Release 12.5) (7), a manually curated informa-
tion resource for proteolytic enzymes, their inhibitors, and sub-
strates. The classification scheme clusters homologous peptidase 
and protein inhibitor sequences into peptidase and inhibitor “spe-
cies.” The species with unique identifiers are then clustered into 
families, grouped into clans. A family contains related sequences 
based on common ancestry, and a clan contains related tertiary 
structures based on their catalytic mechanisms.

Peptidases are categorized into six types on the basis of the na-
ture of their catalytic site (aspartic, cysteine-type, metal, serine-type, 
threonine-type, and unassigned peptidases) (8). Within serine-type 
peptidases, we focused on peptidases that remove X-Pro dipeptides 
from the N terminus of peptides containing proline or alanine at the 
penultimate position, which are classified into S9B and S15 families 
according to structural and functional characteristics.
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This review aims to discuss the existent literature focused on mi-
crobial dipeptidyl peptidase 4 (mDPP-4) of the S9B and S15 fami-
lies, including DPP-4 and PepX (Xaa-Pro dipeptidyl peptidase), 
respectively, and their potential role as HMIs in the mammal gastro-
intestinal tract. The focus on the peptidase families S9 (B subfamily) 
and S15 within the current literature review is supported by critical 
biochemical and structural similarities that these enzymes share 
with hDPP-4, asserting their potential role as HMIs in the mamma-
lian gastrointestinal tract. The S9B and S15 peptidases not only mir-
ror the enzymatic specificity of hDPP-4 in their preference for X-Pro 
dipeptides but also showcase a nearly identical conservation of the 
catalytic triad, affirming their parallelism in enzymatic activity. Fur-
ther, the structural homology is evident in the crystallography and 
AlphaFold structures of the S9B family, which are similar to that of 
hDPP-4, a strong predictor of functional similarity, further support-
ing the rationale for their study in the context of HMIs.

GUT MICROBIAL SERINE PEPTIDASES
Proteases hold notable applications in physiological, biomedical, and 
commercial fields. Their diverse and versatile nature makes them 
crucial in numerous biological processes, including metabolism, cell 
signaling, and protein regulation. Furthermore, their potential ap-
plications in food processing, pharmaceuticals, and biotechnology 
make them attractive to researchers and the industry. Serine pepti-
dases, with 10 clans, more than 54 families, and 21 subfamilies, are 
the most prevalent class of proteolytic enzymes (7). While earlier 
studies primarily centered on human proteolytic activity in disorders 
such as inflammatory bowel disease (IBD) and irritable bowel syn-
drome (IBS), there is now an increasing recognition of the substan-
tial contributions made by microbial serine peptidases within the gut 
ecosystem (9, 10). For instance, increased serine proteolytic activity 
has been found in the stool supernatants of patients with IBD and 
IBS, compared to those of healthy individuals, which could originate 
from both the host and gut microbes (11, 12).

The best-characterized bacterial serine peptidases belong to the 
S1B, S1C, S6, S8A, S9B, S14, and S15 families. The S9 family, first 
described in 1991 by Rawlings et al. (13), includes protein sequences 
from the subfamily S9B and were determined to be homologous to 
those of DPP-4 of Homo sapiens, which was identified earlier in 
1966 (14). hDPP-4 has been the focus of extensive research across a 
range of eukaryotic biological functions, including cell adhesion, 
HIV infection, apoptosis, and the regulation of tumorigenicity in 
melanoma cells and T cell activation. One of the most critical 
functions of hDPP-4 is its role in the degradation of the incretin 
hormones such as glucagon-like peptide-1 (GLP-1). This activity is 
particularly notable in the context of diabetes research and treat-
ment (15–17). Like S9B, S15 peptidases specialize in cleaving Xaa-
Pro dipeptides from the N terminus of peptide chains, but with a 
strong preference for proline at position P1. This specificity is criti-
cal in the processing of peptides like glucagon and GLP-1, where 
proline and other amino acids such as alanine and glycine can be 
near the N terminus (18, 19). Traditionally, the family S15 has been 
studied within the proteolytic system of the lactic acid bacteria 
(LAB) group to hydrolyze peptides derived from β-casein in fer-
mented milk products sequentially (20,  21). However, recent ad-
vancements have led to exploring the potential of engineering S15 
peptidases for the specific cleavage of glucagon and GLP-1 from fu-
sion proteins (19).

The targeted investigation of particular serine peptidase families, 
especially S9B and S15, is gaining substantial attention in light of 
their similarity in structure and function to hDPP-4 (6, 22, 23). This 
suggests that these microbial enzymes could be analogous in func-
tion and possibly in therapeutic targeting. Experimental evidence 
has shown that both S9B and S15 peptidases cleave a wide range of 
the same substrates as hDPP-4 and are inhibited by gliptin-class 
DPP-4 inhibitors (DPP-4is) (3, 6).

BRIDGING THE GAP BETWEEN MICROBIAL AND hDPP-4: 
IMPLICATIONS IN HOST HOMEOSTASIS AND THE POTENTIAL 
CONTRIBUTION OF THE GUT MICROBIOME
Historically, hDPP-4 has been studied for its role in glucose homeo-
stasis and insulin regulation by degrading incretin hormones such 
as GLP-1 and gastric inhibitory polypeptide (GIP) (24). Further 
evidence suggests that hDPP-4 influences the gut-brain axis, modu-
lating other DPP-4 substrates integral to cognitive processes (24, 25), 
as demonstrated in clinical evidence and rodent models. For in-
stance, upon cleavage by hDPP-4, neuropeptide Y (NPY) undergoes 
a reduction in its affinity for Y1 and Y5 receptors, crucial for medi-
ating its effects on stress responses, learning, and memory regula-
tion (26,  27), reducing NPY’s anxiolytic effect. Similarly, hDPP-4 
(and potentially mDPP-4) cleaves peptide YY (PYY) to produce its 
shorter form, PYY3-36. While the longer form of PYY can activate 
both Y1 and Y2 receptors, PYY3-36 shows a preference for the Y2 
receptor, and the Y2 receptor has been reported to be linked to PYY 
appetite-suppressing properties (28). Last, hDPP-4 has been shown 
to cleave substance P (SP), a neuromodulator with neuroprotective 
properties (29), which promotes non-amyloidogenic amyloid-β pre-
cursor protein (APP) processing and inhibits the deposition of neu-
rotoxic amyloid-β (Aβ) peptides, possibly by regulating voltage-gated 
potassium channel currents implicated in Aβ-induced neuronal 
apoptosis (30). In a rat model, DPP-4 cleaved SP, producing the 
truncated forms SP3-11 and SP5-11 (31). SP plays a crucial role in pain 
transmission and its association with neuroinflammation could 
contribute to cognitive impairments (32).

mDPP-4, which belongs to the S9B subfamily, shares structural 
similarities with the S9A subfamily (33) yet shares closer functional 
similarities in substrate specificity with the S15 subfamily peptidases, 
despite structural differences. The S15 subfamily peptidase, PepX, 
has been suggested to function as a complement to mDPP-4. Al-
though, taxonomic assessment of the sequence-based phylogenetic 
relationship between the S9 and S15 peptidase families reveals that, 
beyond the catalytic triad, structural and localization differences are 
evident. Olivares et al. (34) showed that the two microbial protease 
families have distinct evolutionary origins, arising independently 
from separate bacterial lineages. The S9 family, characterized by the 
conserved GWSPGGF motif, shows closer alignment with eukary-
otic DPP-4 proteins than the S15 family. Moreover, differences in cel-
lular localization between the protease families have been observed 
as the mDPP-4 enzyme has a 23–amino acid N-terminal signal pep-
tide indicative of extracellular localization, whereas S15 peptidases 
are predominantly intracellular (34).

In a recent study, screening extracts for enzyme activity from 10 
mixed fecal cultures of healthy humans cultured in brain heart infu-
sion medium supplemented with fluorometholone identified mDPP-4 
as the enzyme with the most pronounced HMI activity, emphasizing a 
potential influence on host physiology and regulation (3). mDPP-4 
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role has been studied in peptide metabolism and lignocellulose digestion 
in ruminants (35) and implicated in periodontal disease and biofilm 
formation in the oral cavity (36) and, more recently, as an antidiabetic 
target (3). mDPP-4 has been reported in Gram-negative bacteria, spe-
cifically in species of Prevotella and Bacteroides (3, 23, 37). Coinciden-
tally, the gut microbiome composition in patients with type 2 diabetes 
mellitus (T2DM), compared to that in nondiabetic individuals, showed 
a significant positive correlation between the ratios of the Bacteroides-
Prevotella group and the Clostridium coccoides–Eubacterium rectale 
group with plasma glucose levels, independent of individual body 
mass index (BMI) (38). Additionally, another study on patients with 
obesity undergoing bariatric surgery found that the family Prevotellaceae 
was significantly more abundant in patients with obesity (39). Further, 
the microbiome composition of individuals newly diagnosed with un-
medicated Alzheimer’s disease (AD) and mild cognitive impairment 
(MCI) has been characterized by changes in the relative abundance of 
Bacteroides and Prevotella (40, 41). Moreover, these genera have been 
implicated in other neurocognitive disorders, including major depres-
sive disorder (42), cognitive impairment due to minimal hepatic en-
cephalopathy (43), and autism (44). Despite extensive documentation 
of shifts in taxa with mDPP-4 activity within the gut microbiome, in-
vestigations into its implications for human cognitive, metabolic, and 
systemic health still need to be conducted.

THE STRUCTURE AND CHARACTERISTICS OF THE hDPP-4
hDPP-4 (also known as lymphocyte cell surface protein CD26, EC 
3.4.14.5) is a multifunctional serine protease that plays a pivotal role 
in various activities of the human body. Eukaryotic DPP-4 was first 
identified in rat liver in the early 1960s by Hopsu-Havu and Glenner 
(14) and initially named glycyl proline naphthylamidase. The en-
zyme’s Gly-Pro sequence, reminiscent of sequences found in colla-
gens, prompted speculation regarding its potential role in collagen 
metabolism. Yet, DPP-4 does not cleave Pro-Pro or Pro-Hyp bonds, 
commonly associated with the Gly-Pro sequence in collagen. This dis-
tinction initially complicated the understanding of hDPP-4’s precise 
physiological role (45). Its physiological relevance in regulating incre-
tin hormones was not established until the late 20th century (46), and 
it is now well-established that hDPP-4 is involved in many enzymatic 
and nonenzymatic functions (47,  48). One of its main enzymatic 
functions is to cleave off N-terminal dipeptides with either l-proline 
or l-alanine at the penultimate position interacting with various bind-
ing partners, such as adenosine deaminase and caveolin-1 (48–52). 
hDPP-4 has multiple nonenzymatic functions, including involvement 
in nutrition, nociception, cell adhesion, psych-neuroendocrine reg-
ulation, immune response, and cardiovascular adaptation (48, 53, 54). 
A recent investigation into hDPP-4 nonenzymatic role in patients 
with T2DM and db/db mice model of diabetes revealed that increased 
nonenzymatic DPP-4 activity correlated with cognitive impairment, 
potentially by targeting PAR2 in the hippocampus, leading to mito-
chondrial dysfunction through a glycogen synthase kinase 3β–
mediated mechanism (47). In mammals, DPP-4 can be found in two 
primary forms: a membrane-anchored cell surface peptidase on an 
array of cells, including lymphocytes, endothelial, and epithelial cells, 
and in soluble form circulating in the blood (48, 55).

The hDPP-4 is a homodimer and a type II transmembrane glyco-
protein. It comprises a six–amino acid cytoplasmic tail, a 22–amino 
acid transmembrane domain, and a large 738–amino acid extracel-
lular domain (56, 57). The extracellular domain includes a flexible 

stalk, a glycosylation-rich region, a cysteine-rich region, and a cata-
lytic site responsible for cleaving dipeptides from the N terminus of 
target peptides (48, 58). The crystal structure of hDPP-4 reveals a 
unique α/β hydrolase fold featuring a central eight-stranded β sheet 
surrounded by α helices (59). This fold contributes to the enzyme’s 
stability and substrate recognition, with most monoclonal anti–
DPP-4 antibodies targeting the glycosylation-rich and cysteine-rich 
region domains. The active site, crucial for catalytic function, is 
formed by a catalytic triad composed of serine, aspartate, and histi-
dine residues (Ser630, Asp708, and His740). Two identified openings 
for the active site include a side opening and a propeller tunnel. 
Studies have shown that NPY is cleaved by hDPP-4 through the side 
opening. These residues in the catalytic triad work together to fa-
cilitate the nucleophilic cleavage of the peptide bond of substrates, 
enabling the cleavage of dipeptides from the N terminus (48, 59).

In addition to its unique fold and catalytic triad, hDPP-4 has 
an extensive substrate-binding pocket that recognizes various 
substrates. This feature, combined with its structural flexibility, con-
tributes to the enzyme’s broad substrate specificity and ability to 
process a wide range of substrates, including those involved in cog-
nitive and neural processes (60). Thus, understanding the structural 
and functional characteristics of DPP-4 originating from multiple 
organisms is critical for developing targeted therapeutic strategies 
and designing inhibitors that modulate its activity to influence host 
cognitive function.

THE mDPP-4
mDPP-4 is an S9B peptidase. According to the MEROPS database 
(www.ebi.ac.uk/merops/index.shtml), the S9 family contains vari-
ous serine-dependent peptidases. This family of peptidases was 
reported in 1991 (13) when Rawlings and collaborators realized 
that a newly determined prolyl oligopeptidase from the pig brain 
was homologous to those of hDPP-4 and acylamino acyl-peptidase. 
These examples represent a subfamily type (S9A, S9B, and S9C). 
Recently, a new subfamily (S9D) was added, which includes a glu-
tamyl endopeptidase.

Early studies showed that the DPP-4 enzyme was highly con-
served across eukaryotic and prokaryotic organisms, with their 
amino acid sequences displaying notable similarity in structure and 
function, leading to their classification under the same Enzyme 
Commission number (EC 3.4.14.5) (6,  22,  23). mDPP-4 was first 
reported in DPP-4 knockout (KO) mice, as residual DPP-4 activity 
was detected in their plasma (61), sparking speculations that it 
might stem from the gut microbiota and the possibility of mDPP-4 
translocating from the microbiota across the blood-brain barrier. A 
subsequent study by Olivares et al. (6) in germ-free and colonized 
gnotobiotic mice showed significantly increased DPP-4 activity in 
the cecal content of colonized mice, with no increased dpp-4 gene 
expression in the mouse cecal tissue. The observed increase was 
credited to mDPP-4 activity derived from the gut microbiome (6).

mDPP-4 has been reported in Gram-negative bacteria, including 
Prevotella ruminicola, Prevotella albensis, Prevotella pallens, Prevotella 
nigrescens, Prevotella intermedia, Prevotella aurantiaca, Bacteroides 
thetaiotaomicron, Bacteroides xylanisolvens, Bacteroides fragilis, Bacteroides 
eggerthii, Bacteroides vulgatus, and Bacteroides dorei (3, 23, 37, 62). 
mDPP-4 has also been studied in periodontopathic bacteria, such 
as Porphyromonas gingivalis and Tannerella forsythia (62). Further, 
studies have reported mDPP-4 activity in fungi, including its role in the 

http://www.ebi.ac.uk/merops/index.shtml
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opportunistic colonization of lung tissue by Blastomyces dermatitidis (63) 
and as a fungal virulence factor in dermatophytes such as Microsporum 
canis (64, 65) and Trichophyton rubrum (66). Like soluble hDPP-4, a 
recent study examining bacterial extracellular vesicles (BEVs) pro-
duced by B. thetaiotaomicron showed that these BEVs were enriched in 
113 proteins and enzymes, including mDPP-4 (67). This observation 
suggested that mDPP-4 in BEVs could be equivalent to soluble hDPP-4.

The structure of mDPP-4 has been studied in several bacterial spe-
cies, including P. gingivalis (68), Stenotrophomonas maltophilia (69), 
and Pseudoxanthomonas mexicana WO24 (70) and Hoylesella loescheii 
(formerly known as Prevotella loescheii) American Type Culture Collec-
tion 15930 (71) (listed in Table 1). mDPP-4, in conjunction with other 
peptidases, plays a crucial nutritional function in asaccharolytic bacteria, 
which relies on proteins or peptides for energy, transporting cleaved 

dipeptides across the plasma membrane using a proton-dependent 
oligopeptide transporter (70, 72, 73). The first ever reported mDPP-4 
crystal structure (from S. maltophilia) reported modifications around 
the active site compared to hDPP-4, specifically in the Arg125 residue, 
which is involved in the recognition of a substrate carbonyl group in 
hDPP-4 and is absent in S. maltophilia’s mDPP-4 (Fig. 1) (69). Con-
versely, the mDPP-4 crystal structure from P. gingivalis showed that 
the substrate-binding site of P. gingivalis was similar to the active site 
of hDPP-4 where the Arg125 residue was equivalent to Arg115 in 
P. gingivalis (68). Other dipeptides revealed high similarity to the 
S. maltophilia DPP-4, and the complexed structures demonstrated 
the presence of an acyl-enzyme intermediate in the active site instead 
of the tetrahedral intermediates reported in hDPP-4, indicating a 
novel substrate recognition mechanism of mDPP-4 s (70). Last, a 

Table 1. mDPP-4 from different strains and its similarity to hDPP-4. NCBI, National Center for Biotechnology Information; PDB, Protein Data Bank.

Species Isolate type hDPP-4 analog 
name

Structure type RMSD* Amino acid 
sequence  
similarity*

Catalytic triad 
residues†

Protein accession 
number 

﻿B. 
thetaiotaomicron﻿

Reference 
sequences

Dipeptidyl pepti-
dase IV

Crystal struc-
tures: dimer

7403 Atoms at 
2.335 Å

44.3% Ser606, Asp681, 
and His713

PDB: 7Y4F  
(1.92 Å)

Crystal struc-
tures: monomer

3580 Atoms at 
1.727 Å

﻿P. mexicana﻿ Reference 
sequences

Dipeptidyl pepti-
dase IV

Crystal struc-
tures: dimer

7705 Atoms at 
3.685 Å

38.7% Ser613, Asp689, 
and His721

PDB: 5YP1  
(2.47 Å)

Crystal struc-
tures: monomer

3606 Atoms at 
2.257 Å

﻿P. gingivalis﻿ Reference 
sequences

Dipeptidyl pepti-
dase IV

Crystal struc-
tures: dimer 

7106 Atoms at 
1.739 Å

43.6% Ser593, Asp668, 
and His700

PDB: 5OLJ  
(2.20 Å)

Crystal struc-
tures: monomer

3503 Atoms at 
1.740 Å

﻿S. maltophilia﻿ Reference 
sequences

Dipeptidyl amino-
peptidase IV

Crystal struc-
tures: dimer 

7322 Atoms at 
2.341 Å

37.3% Ser610, Asp685, 
and His717

PDB: 2ECF  
(2.80 Å)

Crystal struc-
tures: monomer

3615 Atoms at 
2.402 Å

﻿Bacteroides ovatus﻿ Reference 
sequences

Dipeptidyl amino-
peptidase IV

Crystal struc-
tures: dimer

6411 Atoms at 
2.271 Å

39.5% Ser603, Asp678, 
and His710

PDB: 4Q1V  
(2.48 Å)

﻿S. copri﻿ Metadata from 
(41)

Peptidase S9-2 Predicted struc-
tures: monomer 

(AlphaFold2)

3697 Atoms at 
2.048 Å

43.1% Ser583, Asp657, 
and His689

NCBI Reference 
Sequence: 

WP_153073221.1

Prolyl-tripeptidyl-
peptidase

3067 Atoms at 
1.795 Å

37.1% Ser645, Asp720, 
and His752

GenBank: 
MBW0040962.1

﻿H. loescheii﻿ Reference 
sequences

DPP IV N-terminal  
domain–containing 

protein

Predicted struc-
tures: monomer 

(AlphaFold2)

3192 Atoms at 
1.899 Å

37.4% Ser598, Asp673, 
and His705

NCBI Reference 
Sequence: 

WP_281643346.1

﻿P. albensis﻿ Reference 
sequences

Dipeptidyl pepti-
dase IV

Predicted struc-
tures: monomer 

(AlphaFold2)

3839 atoms at 
2.198 Å

43.5% Ser600, Asp674, 
and His706

GenBank: 
CAC42932.1

﻿Prevotella dentalis﻿ Reference 
sequences

DPP IV N-terminal 
domain–containing 

protein

Predicted struc-
tures: monomer 

(AlphaFold2)

3118 Atoms at 
1.866 Å

38.6% Ser609, Asp684, 
and His716

NCBI Reference 
Sequence: 

WP_005846480.1

﻿P. ruminicola﻿ Reference 
sequences

Prolyl tripeptidyl 
peptidase

Predicted struc-
tures: monomer 

(AlphaFold2)

3054 Atoms at 
2.009 Å

42.2% Ser576, Asp651, 
and His683

GenBank: 
GJG34220.1

*Aligned to H. sapiens (Hs DPP-4).    †Corresponding to Ser630, Asp708, and His740 in H. sapiens.
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study examining the crystal structure of mDPP-4 from P. mexicana 
WO24 complexed with several hDPP-4 inhibitors (hDPP-4is) showed 
significantly weaker inhibitory activities than hDPP-4 (70).

Recent research indicates that mDPP-4 enzymes play a crucial 
role in the physiology of gut-associated bacteria, affecting both the 
individual fitness of bacterial species and the dynamics of complex 
microbial communities. Keller et al. (74) showed that BtDPP-4 is 
critical for maintaining the integrity of the bacterial envelope and en-
hancing B. thetaiotaomicron resilience within diverse microbial com-
munities. They found that deletion of BtDPP-4 resulted in increased 
sensitivity to cell envelope stressors such as vancomycin, deoxycholic 
acid, and polymyxin B. They also demonstrated that the activity of 
BtDPP-4 is not solely dependent on its proteolytic function; using a 
catalytically inactive mutant of BtDPP-4 retained the ability to rescue 
phenotypes related to cell integrity compared to deletion mutants 
and restored its resistance to tested stressors. These results indicate 
that BtDPP-4 has an important noncatalytic role, likely contributing 
to the integrity of the periplasmic space through protein-protein in-
teractions or a scaffolding function. Furthermore, BtDPP-4 was ob-
served to enhance the competitive capabilities of B. thetaiotaomicron 
in vitro within a consortium of 14 stool-derived gut commensal spe-
cies, including B. fragilis, B. vulgatus, Faecalibacterium prausnitzii, 
and Escherichia coli. Notably, similar to its effects on cell integrity, this 
enhancement did not rely on proteolytic activity but rather likely en-
gaged in protein-protein interactions. These results underscore the 

importance of BtDPP-4 beyond its enzymatic activities, emphasizing 
its role in the maintenance of cellular stability and facilitation of com-
munity integration. These findings warrant further investigation into 
analogous functions in other microbial species to elucidate the mech-
anisms by which gut microbiota influence host health (74).

The potential impact of mDPP-4 on host health has been high-
lighted by a study that showed that a higher abundance of P. gingivalis 
in chronic periodontitis was associated with AD (75). P. gingivalis, 
known for its acid-resistant properties, has been shown to survive 
the harsh pH conditions of the stomach. This resilience allows it to 
persist where individuals with periodontitis swallow 108 to 1010 of 
these bacteria daily, introducing them into the gastrointestinal tract 
(76–80). The mDPP-4 encoded by P. gingivalis was able to degrade 
incretin peptides, similar to the mammalian DPP-4 in a mouse 
model, resulting in an increased and prolonged postprandial hyper-
glycemia leading to insulin resistance (IR) (62). Another P. gingivalis 
mDPP-4–like enzyme, DPP-7, had more potent hydrolyzing activity 
against incretin hormones and other gastrointestinal peptides (73). 
The intravenous administration of mDPP-7 with oral glucose de-
creased plasma insulin and GLP-1 levels in mice. Synthetic fluoro-
genic peptide analysis revealed that the reaction rate (kcat) was 
significantly elevated in the P1′ and P2′ residues for P. gingivalis 
mDPP-7 (73).

Similarly, compromised permeability, frequently witnessed with 
aging, obesity, and chronic illnesses, hints at the intestinal translocation 

Fig. 1. mDPP-4 structures from reported strains. (A) Superimposed dimer crystal structures. Inset close-up of the catalytic triad showing that the catalytic triad is 
largely conserved throughout all structures. Distances indicated: H. sapiens Ser630 gamma oxygen to P. mexicana Ser610 gamma oxygen, 2.4 Å; H. sapiens Asp708 delta 1 
oxygen to S. maltophilia Asp685 delta 2 oxygen, 4.3 Å; and H. sapiens His740 delta 2 carbon to S. maltophilia His717 delta 2 carbon, 2.65 Å. (B) Predicted AlphaFold2 monomer 
structures superimposed with close-up of the catalytic triad showing that the catalytic triad is again largely conserved throughout all structures. Distances indicated: 
H. sapiens Ser630 gamma oxygen to S. copri peptidase S9-2 Ser583 gamma oxygen, 1.0 Å; H. sapiens Asp708 delta 2 oxygen to P. ruminicola Asp651 delta 2 oxygen, 2.7 Å; 
H. sapiens Asp708 delta 2 oxygen to P. albensis Asp674 delta 2 oxygen, 3.4 Å; and H. sapiens His740 delta 2 carbon to S. copri peptidase S9-2 His689 delta 2 carbon, 0.9 Å. The 
color-coded catalytic triad, depicted in the close-ups, corresponds to the different species indicated below the catalytic triad close-up.
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of mDPP-4 (81, 82). A study evaluating the fasting serum levels of 
active GLP-1 and soluble hDPP-4 in patients with average weight 
(BMI ≤ 18.5 and ≥ 22.9 kg/m2), overweight (BMI ≤ 23 and ≥ 27.4 kg/
m2), and obesity (BMI ≥ 27.5 kg/m2) showed that levels of soluble 
DPP-4 were significantly elevated in patients with obesity, register-
ing at 13.5%, in comparison to the 2.7% observed in normal weight 
individuals. These were negatively correlated with active GLP-1 and 
positively associated with IR (83). Given that obesity is associated 
with low-grade inflammation and compromised intestinal permea-
bility (84), this could be a mechanism through which mDPP-4 influ-
ences the overall levels of active DPP-4 and GLP-1. This hypothesis 
is supported by a recent mouse study in which E. coli Nissle 1917 
(EcN) carrying the Bacteroides mDPP-4 gene was orally adminis-
tered to mice fed a high-fat diet (HFD) or treated with dextran sul-
fate sodium/indomethacin (as leaky gut models with compromised 
barrier functions) and control EcN group. mDPP-4 decreased active 
GLP-1 activity and disrupted glucose homeostasis, suggesting a 
compromised gut barrier, while GLP-1 activity was not affected in 
control mice (3).

A study aimed to investigate the impact of the human gut micro-
biome on the serum metabolome and its association with IR of 277 
nondiabetic individuals identified Prevotella copri and B. vulgatus as 
potentially inducing IR using the homeostatic model assessment 
(HOMA), a method used to quantify IR and β cell function based on 
fasting glucose and insulin levels where a higher HOMA score indi-
cates increased IR. Both species were positively correlated with 
HOMA-IR and were associated with aggravating glucose intolerance 
(85). To address a potential relation between S. copri and abnormal 
glucose metabolism, the authors administered S. copri (5  ×  108 
colony-forming units) twice weekly to C57BL/6J male mice fed a 
HFD for 2 weeks. The S. copri group had worse glucose tolerance and 
increased serum total branched-chain amino acid levels (85). Al-
though the authors did not assess GLP-1 or DPP-4 in the study, these 
findings aligned with the broader body of research on this topic. 
Highlighting the complexity of glucose homeostasis, mice fed a high-
fiber, low-fat diet reported contrasting outcomes regarding the rela-
tionship between glucose intolerance and the S. copri challenge (86).

Consistent with the study by Pedersen et al. (85), we reported 
that a random forest analysis of microbiomes at baseline showed 
that P. ruminicola, B. thetaiotaomicron, and B. xylanisolvens were as-
sociated with impaired cognitive status in middle-aged and older 
adults (41). The participants that received a probiotic supplementa-
tion for 12 weeks had a reduced abundance of Prevotella and more 
stable hemoglobin A1C (HbA1c) levels compared to an increase in 
placebo controls (41,  87). This microbial shift corresponded with 
cognitive improvements in individuals with MCI (88). P. ruminicola, 
B. thetaiotaomicron, and B. xylanisolvens have been reported recent-
ly to have high mDPP-4 activity (3, 35). These findings collectively 
suggest that mDPP-4 plays a significant role in the host’s physical 
and physiological health. However, further research is needed to di-
rectly distinguish the extent to which mDPP-4 activity influences 
host health.

DPP-4is AND THEIR METABOLIC IMPACT
DPP-4is are important therapeutic options for managing T2DM 
(25, 89). In the late 20th century, the discovery of the incretin effect 
revealed that gut-derived incretin hormones (GLP-1 and GIP) could 
stimulate insulin secretion in response to oral glucose (89). Incretin 

hormones have a short half-life due to the hDPP-4–mediated rapid 
degradation (90). This discovery spurred research into developing 
drugs that could inhibit DPP-4 to enhance the incretin effect and im-
prove glycemic control in patients with T2DM (16, 91). The first DPP-
4i, sitagliptin, was approved by the US Food and Drug Administration 
(FDA) in 2006 (92). Since then, other DPP-4i, including vildagliptin, 
saxagliptin, linagliptin, and alogliptin, have been introduced into clin-
ical practice (93). DPP-4is have demonstrated additional therapeutic 
potential beyond T2DM, affecting conditions such as cardiovascular 
diseases (94), chronic kidney diseases (95), intestinal injury (96), ath-
erosclerosis (97), inflammatory disorders (98), and neurodegenera-
tive disorders (99). hDPP-4is have been shown to stimulate intestinal 
epithelial growth through GLP-2 and modulate the immune response 
and intestinal inflammation via the interleukin-6/Janus kinase 2/
signal transducer and activator of transcription 3, HMG box 1/RAGE/
nuclear factor κB, and Nrf2/HO-1 pathways (100).

T2DM is a risk factor for cognitive dysfunction and progression 
to dementia (101). Studies have linked T2DM to neurodegenerative 
diseases and cognitive impairment, with a twofold higher risk of 
AD for patients with prediabetes and T2DM (102). Similar results 
have been found in patients with Parkinson’s disease (PD) (103), 
Huntington’s disease (104), and vascular dementia (25, 105). Given 
the increased risk of cognitive decline and dementia associated 
with diabetes, hDPP-4is have gained interest for their potential role 
in neurodegenerative diseases and cognitive functions, particularly 
with peptides such as NPY, PYY, and GLP-1 via peptide inactiva-
tion or modification in receptor preference (25,  28,  106). In the 
triple-transgenic mouse model of Alzheimer’s disease (3xTg-AD) 
mouse model, the hDPP-4i linagliptin reversed cognitive deficit, 
reduced neuroinflammation, and improved brain incretin levels of 
GLP-1 and GIP; notably, despite the influence of plasma incretins 
on glucose levels, these changes brain incretin levels did not affect 
plasma glucose levels (107). Additionally, experimental and clinical 
findings emphasized NPY’s significance in cerebral function, par-
ticularly in regulating anxiety, mood, and cognition via its unique 
receptor affinity to Y1, Y2, and Y5 receptors (27,  28,  108,  109). 
Borzì et al. (110) conducted a clinical study to evaluate a commer-
cially available hDPP-4i (sitagliptin) in older adults with diabetes, 
with or without MCI or AD. Patients receiving DPP-4i for 6 months 
had improved cognitive function, demonstrated by higher mini-
mental state examination (MMSE) scores compared to the metfor-
min group. Further, a retrospective study found that vildagliptin, a 
DPP-4i, may protect cognitive functioning in elderly patients with 
diabetes with MCI demonstrated by maintaining their MMSE 
score (110).

Recent studies suggested that specific classes of hDPP-4i can 
reverse cognitive dysfunction. In diabetic rats, saxagliptin allevi-
ated cognitive dysfunction through anti-inflammatory and anti-
tau phosphorylation mechanisms (111). Another study demonstrated 
that Gramcyclin A reversed cognitive decline, reduced Aβ plaques, 
decreased neuroinflammation, and enhanced brain glucose uptake 
in APP/PS1/tau-triple transgenic mice (112). Kosaraju et al. (107) 
showed that the administration of linagliptin in a mouse model of 
AD (3xTg-AD) improved cognitive impairment, decreased neuro-
inflammation, and increased levels of the brain incretin hormones 
GLP-1 and GIP while not affecting plasma glucose levels. The 
authors reported similar findings when using vildagliptin (107). 
hDPP-4i has shown evidence expanding beyond diabetes management 
to show potential in treating a broader spectrum of conditions, including 
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renal, inflammatory diseases, and neurological conditions, includ-
ing cognitive decline.

hDPP-4i impact on gut microbiome composition
There is a growing interest in the correlation between DPP-4i and 
gut microbiome dynamics (113,  114). A study of 70 Korean pa-
tients with T2DM revealed that an intervention with gemigliptin 
and metformin led to changes in the gut microbiome, character-
ized by an increased abundance of Bacteroides and a significant 
depletion of taxa belonging to Bacillota, including Lactobacillus, 
Ruminococcus torques, and Streptococcus (113). Conversely, in a 
12-week randomized, double-blind study of 51 adults with T2DM 
who received either sitagliptin (a DPP-4i), liraglutide [a GLP-1 re-
ceptor (GLP-1R) agonist], or placebo, there were no distinct altera-
tions to the gut microbiota, despite sitagliptin and liraglutide’s 
effects on glucose metabolism and bile acid profiles. The lack of 
changes in the gut microbiome might be explained by the fact that 
participants in this study had been on metformin and sulfonylurea 
(SU) derivatives for at least 3 months. Metformin has been shown 
to affect the composition of the gut microbiome either on mono-
therapy or combined with SU (115). In human studies, particularly 
in patients with T2DM and obesity, metformin increased the rela-
tive abundance of Akkermansia, specifically Akkermansia muciniphila, 
and Enterobacteriaceae, specifically of the genus Escherichia (116–
119). A metformin intervention in C57BL/6 mice resulted in a signifi-
cant increase in the relative abundance of phyla Bacteroidota and 
Verrucomicrobia, and genera Akkermansia and Bacteroides (120, 
121). Rat studies similarly noted a shift in the relative abundance of 
Akkermansia following metformin treatment (122–124).

There are no human studies on the effect of DPP-4i alone on the 
gut microbiome. In animal models, a study showed that C57BL/6 
mice colonized with stools from patients with T2DM and fed a HFD 
showed a significantly altered gut microbiota composition after DPP-
4i saxagliptin administration. Key findings included an increased 
abundance of beneficial bacteria like Akkermansia and Lactobacillus, 
known for maintaining the integrity of the gut barrier function and 
modulating inflammation (125–128). The compositional changes 
promoted a functional shift correlated with increased succinate 
production, improved glucose metabolism, lower levels of inflamma-
tion, and enhanced insulin sensitivity. Notably, such changes were 
not observed in the mice group receiving α-glucosidase inhibitor 
treatment, suggesting a distinctive mechanism involving the gut mi-
crobiome (114). In diabetic rats, sitagliptin altered the gut microbi-
ome composition at the phylum level, increasing Bacteroidota and 
Pseudomonadota while reducing Bacillota and specifically increasing 
the abundance of Roseburia and reducing Blautia at the genus level 
(129). The baseline microbiome of the animals was characterized by 
a reduced relative abundance of beneficial species like Lactobacillus 
and Bifidobacterium. However, following a sitagliptin intervention, 
the relative abundance of Bifidobacterium was increased. Likewise, in 
the streptozotocin-induced TSDM rat model, the administration of 
sitagliptin resulted in a significant decrease in the relative abundance 
of Bacteroidota and an increase in Bacillota. At the genus level, 
Clostridium, Fusobacterium, Lactobacillus, and Streptococcus were 
significantly higher in sitagliptin-treated rats. Further, these changes 
in rats were associated with less neuronal damage by ameliorating 
changes of pyramidal neurons in rats’ hippocampus (130). Last, mice 
fed an HFD and treated with saxagliptin had a decreased relative 
abundance of Bacteroides and Prevotella (131).

Do hDPP-4i affect mDPP-4?
While gliptins (hDPP-4i) have become fundamental to managing 
T2DM, emerging evidence suggests a reduced response in some pa-
tients (132, 133). A recent study reported significant variations in 
HbA1c levels in 57 patients newly diagnosed with T2DM after a 
3-month sitagliptin intervention. The low-response patients (pa-
tients who did not achieve an HbA1c reduction to ≤6.5% or a de-
crease of >1% during sitagliptin treatment) had significantly higher 
DPP-4 activity (3). The study showed through crystal structures of 
the mDPP-4 from Bacteroides sp. in complex with sitagliptin that 
the E342 side chain forced a significantly different conformation 
than what was observed in the hDPP-4 conformation. The trifluoro-
methyl triazolopyrazinyl group in sitagliptin was rotated ~40° from 
the hDPP-4 conformation, leading to the formation of a less stable 
interaction and providing a potential explanation for why the drug 
was ineffective in inhibiting mDPP-4 (Fig. 2). The authors identified 
a derivate of daurisoline (Dau-d4) as a novel, selective inhibitor of 
mDPP-4 and demonstrated that Dau-d4 decreased mDPP-4 activity 
in mouse feces and extraluminal intestinal tissue without influenc-
ing intestinal host DPP-4 levels. Dau-d4 also improved glucose ho-
meostasis and was associated with higher levels of active GLP-1 in 
plasma (3). Another animal study showed that vildagliptin de-
creased overall DPP-4 activity in feces and cecal content, positively 
influenced the gut microbiota composition, and maintained intesti-
nal homeostasis in mice fed a Western diet, primarily by reducing 
Oscillibacter while increasing Lactobacillus and propionate levels 
(134). Propionate and acetate have been shown to stimulate GLP-1 
secretion via the G protein–coupled free fatty acid receptor 2 
(FFAR2) and FFAR3 in primary murine colonic cultures (135).

While the mDPP-4 from periodontopathic bacterial strains was 
effectively inhibited by sitagliptin, vildagliptin, and P32/98 (62), si-
tagliptin, linagliptin, teneligliptin, gemigliptin, and trelagliptin did 
not inhibit B. thetaiotaomicron mDPP-4 activity (3). Furthermore, 
in animal model studies, sitagliptin increased the relative abun-
dance of Bacteroidetes, whereas saxagliptin decreased it (129, 131). 
Using in vitro stool-derived microbial communities, Keller et al. 
(74) evaluated the relative abundance and half maximal inhibitory 
concentration (IC50) of B. thetaiotaomicron and BtDPP-4 when 
treated with hDPP-4i including talabostat, saxagliptin, sitagliptin, 
and linagliptin. Results demonstrate that talabostat and saxagliptin 
effectively inhibited BtDPP-4 activity in B. thetaiotaomicron, with 
IC50 values comparable to that of hDPP-4. In addition, talabostat 
and saxagliptin can potentially affect bacterial fitness and the ability 
of B. thetaiotaomicron to thrive in a mixed bacterial community, 
thereby affecting its role in carbohydrate digestion, microbial bal-
ance, and the overall dynamics of the gut ecosystem (74).

A recent computational study using molecular dynamics simula-
tions, including mDPP-4 structures from Segatella copri, Phocaeicola 
vulgatus, Bacteroides uniformis, Parabacteroides merdae, and Alistipes 
sp., demonstrated that the predicted mDPP-4 structures exhibited 
binding scores to tested gliptins similar to those of hDPP-4, suggest-
ing a potential interaction between these drugs and the gut microbi-
ota. One potential concern, however, is that the molecular dynamics 
simulations were run for a relatively short duration of 200 ns, there-
fore extending the simulation time in future studies could provide a 
more comprehensive understanding of the efficacy of the tested 
hDPP-4is (136). Overall, these variations in reports might be attrib-
uted to the model organism, the specific DPP-4i, or the baseline 
microbiome composition differences. Table 2 summarizes available 
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Fig. 2. Interaction between DPP-4is, including sitagliptin, saxagliptin, and vildagliptin, and active site of mDPP-4 from B. thetaitotaomicron, S. copri peptidase 
S9-2, and S. copri prolyl-tripeptidyl-peptidase. DPP-4 surface colors are red for H. sapiens, medium blue for B. thetaitotaomicron DPP-4, green for S. copri peptidase S9-
2, and olive green for S. copri prolyl-tripeptidyl-peptidase. DPP-4i colors are bright red for H. sapiens confirmation, dark blue for B. thetaitotaomicron confirmation, bright 
green for S. copri peptidase S9-2 docking conformation, and orange for S. copri prolyl-tripeptidyl-peptidase docking conformation. (A) DPP-4i interactions with H. sapiens 
DPP-4: sitagliptin, saxagliptin, and vildagliptin (*) crystal structure conformations. (B) DPP-4i interactions with B. thetaitotaomicron DPP-4 (BtDPP-4); sitagliptin (*) crystal 
structure conformation. Saxagliptin and vildagliptin docked with estimated free energy of binding (EFEB) of −2.99 and −2.00 kcal/mol, respectively. (C) DPP-4i interac-
tions with S. copri peptidase S9-2 (PcDPP-4): sitagliptin, saxagliptin, and vildagliptin docked with EFEB of −0.49, −1.11, and −0.83 kcal/mol, respectively. (D) DPP-4i interac-
tions with S. copri prolyl-tripeptidyl-peptidase sitagliptin: saxagliptin, and vildagliptin docked with EFEB of −0.87, −1.45, and −1.54 kcal/mol, respectively.
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Table 2. Reports of hDPP-4i impact on mDPP-4 and PepX activities. No inhibition, 5 to 0% inhibition; low inhibition, less than 30%; moderate inhibition, 
between 40 and 70% inhibition; high inhibition, 71 to 94% inhibition; complete inhibition, more than 95% inhibition. ATCC, American Type Culture Collection; 
PMSF, phenylmethylsulfonyl fluoride.

Peptidase 
type

Bacterial 
species

Source Study Type Inhibitor/s Inhibitor/s class Enzymatic activity Reference

mDPP-4 P. gingivalis 
(ATCC 33277)

Type strain: 
periodontopathic 

bacteria

Monocultures: 
purified mDPP-4

Sitagliptin, vildagliptin, 
and isoleucyl thiazolidide 

(P32/98)

hDPP-4 inhibitors Complete inhibition (62)

PMSF Serine protease 
inhibitor

Moderate inhibition

Leupeptin Protease inhibitor Low inhibition

EDTA Chelating agent Low inhibition

T. forsythia 
(ATCC 43037)

Type strain: 
periodontopathic 

bacteria

Monocultures: 
purified mDPP-4

Sitagliptin, vildagliptin, 
and isoleucyl thiazolidide 

(P32/98)

hDPP-4 inhibitors Complete inhibition (62)

PMSF Serine protease 
inhibitor

Moderate inhibition

Leupeptin Protease inhibitor Low inhibition

EDTA Chelating agent Low inhibition

P. intermedia 
(ATCC 25611)

Type strain: 
periodontopathic 

bacteria

Monocultures: 
purified mDPP-4

Sitagliptin, vildagliptin, 
and isoleucyl thiazolidide 

(P32/98)

hDPP-4 inhibitors Complete inhibition (62)

PMSF Serine protease 
inhibitor

Moderate inhibition

Leupeptin Protease inhibitor Low inhibition

EDTA Chelating agent Low inhibition

B.  
thetaiotaomicron

Human stool Monocultures: 
purified mDPP-4

Sitagliptin, linagliptin, 
teneligliptin, gemigliptin, 

and trelagliptin

hDPP-4 inhibitors Low inhibition (3, 74)

Vildagliptin Complete inhibition

Talabostat and saxagliptin Complete inhibition.

Sitagliptin and linagliptin Low inhibition

Oscillibacter 
valericigenes 
(DSM18026)

Type strain Monocultures Vildagliptin hDPP-4 inhibitor Complete inhibition of 
activity and bacterial 

growth

(134)

P. ruminicola Sheep rumen Monocultures PMSF Serine protease 
inhibitor

Low inhibition (35)

3,4-Dichloroisocoumarin Moderate inhibition

Iodoacetate Glyceraldehyde-
3-phosphate 

dehydrogenase 
inhibitor

No inhibition

l-Trans-epoxysuccinyl-
leucylamido(4-guanidino)

butane (E-64)

Cysteine proteas-
es inhibitor

No inhibition

Pepstatin Aspartyl proteas-
es inhibitor

Low inhibition

1,10-Phenanthroline Metal chelating 
agent

No inhibition

Bestatin Aminopeptidase 
B and leucine 

aminopeptidase 
inhibitor

Moderate inhibition

Diprotin A hDPP-4 inhibitor Complete inhibition

EDTA Chelating agent Low inhibition

P. merdae 
(DSM19495)

Type strain Monocultures: 
purified mDPP-4

Sitagliptin and linagliptin hDPP-4 inhibitor Low inhibition (34)

Saxagliptin and vildaglip-
tin

Moderate inhibition

(Continued)
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reports on hDPP-4i impact on mDPP-4 activity. Last, an in vitro 
study showed that Lactobacillus isolates from human infant fecal 
samples, including Lactobacillus plantarum, Lactobacillus fermentum, 
and Lactobacillus acidophilus, heat-killed suspensions increased over-
all fluorometric DPP-4 activity (137). This body of research illus-
trates that hDPP-4is have variable to limited effects on mDPP-4; this 
variability could be attributed to the species or strains carrying the 
enzymatic activity within the host microbiome, suggesting the need 
for the development of mDPP-4 screening assays and personalized 
microbiome-targeted mDPP-4 inhibitors (mDPP-4is).

Microbially derived DPP-4is
As the prevalence of metabolic disorders like T2DM and obesity and 
neurological conditions like AD, PD, and MCI increase worldwide, 
the interest in exploring mDPP-4i has grown, especially given the 
reported side effects of some synthetic hDPP-4i, which include in-
fections, pancreatitis, musculoskeletal disorders, reduced fertility, 
headaches, and joint pain (24, 138).

Before the development of gliptins in 2006, the first DPP-4is, iden-
tified in 1984, were diprotin A (Ile-Pro-Ile) and diprotin B (Val-Pro-
Leu), which were isolated from bacteria (139). Early studies showed 
that microbial metabolites such as diprotin A from Bacillus cereus 
BMF673-RF1 and sulfostin S from Streptomyces sp. MK251-43F3 had 
mDPP-4i activity (140,  141). Subsequent studies demonstrated the 
presence of mDPP-4i in Lactobacillus (Table 3) (142–144), highlight-
ing their potential role in modulating gut peptide metabolism. An 
in vitro study examining the interaction between Caco-2 cells and 
L. plantarum YE4 showed that mRNA expression of hDPP-4 in the 
cell line was significantly suppressed when treated with L. plantarum 
YE4 cell-free extracts (CFEs) by altering the tumor necrosis factor and 
mitogen-activated protein kinase (MAPK) signaling pathways. The 
main potential active components identified in the CFE were adenine, 
acetylcholine, and l-phenylalanine (145). Likewise, administration of 
cell-free supernatants and CFE from L. acidophilus KLDS1.0901 de-
creased fasting blood glucose levels, glycosylated hemoglobin and in-
sulin in serum, and increased the level of GLP-1 in serum compared 
with diabetic untreated mice (143). In vitro studies of the impact of 
probiotic strains in combination with prebiotics on GLP-1 secretion 
revealed that Lactobacillus paracasei LC-37 and isomaltooligosaccha-
ride and Bifidobacterium animalis MN-Gup and GOS enhanced GLP-
1 secretion in NCI-H716 cells (146). Considering the evidence 

presented above, investigating strains with DPP-4 inhibitory effects 
may offer a potential avenue for addressing metabolic and neurologi-
cal disorders regulated by DPP-4 substrates, suggesting an area for 
future research.

DPP-4 SUBSTRATES AND THEIR ASSOCIATION WITH THE GUT 
MICROBIOTA, METABOLIC DISORDERS, AND BRAIN HEALTH
hDPP-4 has been shown to regulate the functionality of more than 
40 potential bioactive substrates, which are implicated in gut ho-
meostasis, inflammation, and metabolic balance and are thought to 
influence cognition and behavior (5, 6). Human and microbial DPP-
4 substrates encompass a wide range of peptides, including incretin 
hormones from the glucagon family peptides such as GLP-1, GLP-2, 
GIP, and pituitary adenylate cyclase-activating polypeptide; bioac-
tive pancreatic polypeptides (PPs) such as NPY and PYY; chemo-
kines such as stromal-derived factor-1α (also known as CXCL-12); 
and neuropeptides such as SP, brain natriuretic peptide, and gastrin-
releasing polypeptide (Table 4) (25, 58). When human or microbial 
DPP-4 truncates a substrate, it can modulate receptor selectivity or 
completely inactivate the peptide, resulting in variable physiological 
responses. For instance, when active GLP-19-37 and GLP-19-36NH2 are 
cleaved to their inactive metabolites, GLP-17-37 and GLP-17-36NH2, 
respectively, they are incapable of binding to the GLP-1R and in-
crease postprandial insulin production (147). However, cleaved 
GLP-1 is involved in other non-insulinotropic functions (148, 149). 
Generally, after being truncated by DPP-4, most substrates that lack 
the X-proline N-terminal dipeptide are rapidly degraded by other 
peptidases. This phenomenon has been observed in SP and GLP-1, 
further degraded by aminopeptidase N and neprilysin (150, 151).

It has not been confirmed whether DPP-4 substrates are present in 
the gut lumen, as some studies argue that they are mainly found in cir-
culation or on the intestinal capillary endothelium (152). Olivares et al. 
(6) proposed that DPP-4 substrates are not typically found in the gut 
lumen. Still, a possible translocation of mDPP-4 and PepX to host tis-
sues is possible (Fig. 3). The group led by Olivares, Hernández-Calderón, 
Cárdenas-Brito, Liébana-García, Sanz and Benítez-Páez (34) recently 
provided experimental evidence supporting the potential translocation 
of mDPP-4 from the gut lumen to host tissues. Their study used E. coli 
(BL21-DE) expressing the full-length P. merdae DPP-4 (pmDPP-4) to 
investigate the localization and potential movement of pmDPP-4. 

 (Continued)

Peptidase 
type

Bacterial 
species

Source Study Type Inhibitor/s Inhibitor/s class Enzymatic activity Reference

PepX L. lactis subsp. 
cremoris

– Monocultures: 
purified PepX

Valine-pyrrolidide hDPP-4 inhibitors Moderate inhibition (33)

Diprotin  A No inhibition

Diprotin  B No inhibition

Lactobacillus 
reuteri (100-23)

Type strain Monocultures Vildagliptin hDPP-4 inhibitor No inhibition and no 
effect of growth

(134)

S. mutans 
UA159 (ATCC 

700610)

Type strain Monocultures Saxagliptin, vildagliptin, 
and sitagliptin

hDPP-4 inhibitors Inhibition of biofilm 
formation

(193)
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Immunogold staining combined with transmission electron microsco-
py (TEM) revealed that pmDPP-4 localized both in the inner mem-
brane and within the extracellular polysaccharide capsule, suggesting 
that it may be accessible for interactions beyond the bacterial cell. Other 
studies showed that this could be achieved by BEVs, such as those gen-
erated by B. thetaiotaomicron, as they encompass multiple enzymatic 
activities, including m-DPP-4 (67). Using labeled B. thetaiotaomicron–
generated BEVs in mice and intestinal epithelial organoids, Jones, 
Booth, Fonseca, Parker, Cross, Miquel-Clopés, Hautefort, Mayer, Wileman 
and Stentz (153) elucidated several pathways for BEVs to access system-
ic organs. One identified route involved caveolin-mediated endocyto-
sis, leading to the transport of BEVs to the endoplasmic reticulum 

and Golgi network. Additionally, they revealed that BEVs can travel 
through endolysosomal vesicles positioned near the perinuclear mem-
brane. Moreover, BEVs can traverse paracellularly between epithelial 
cells, migrating through tight junctions (153). In alignment with these 
findings, gut microbiome-derived BEVs have been detected in the plas-
ma of healthy individuals and patients with IBD (154). This hypothesis 
is further supported by mammalian DDP-4 KO in conventional mice 
having ~10% DDP-4 activity detected in serum compared to WT mice 
(61) and by a recent study that showed that compromising the barrier 
function via HFD or DSS was essential to detect mDPP-4 in mice serum 
(3). Furthermore, Olivares et al. (34) demonstrated that administering 
E. coli–expressing pmDPP-4 to mice, combined with increased gut 

Table 3. Microbial strains with reported DPP-4i activity. ND, not determined.

Phylum Strain Source Type of study Active molecule Reference

﻿Bacillota 
(formerly 
﻿Firmicutes)

B. cereus BMF673-RF1 Type strain In vitro Diprotin A (140, 141)

L. plantarum YE4 Chinese Qula, yogurt, and 
preserved pickles

In vitro Adenine, acetylcholine, 
and l-phenylalanine

(145)

Lactobacillus rhamnosus KLDS1.0205/
KLDS1.0911/KLDS1.0912

Traditional fermented products In vitro/in vivo ND (143)

L. rhamnosus GG (ATCC 53103) Type strain In vitro/in vivo ND

L. plantarum 
KLDS1.0317/1.0318/1.0344/1.0386

Traditional fermented products In vitro ND

L. acidophilus KLDS1.1003/1.0901/1.0902 Traditional fermented products In vitro ND

L. paracasei KLDS1.0351 Traditional fermented products In vitro ND

Lactobacillus helveticus KLDS1.0903 Traditional fermented products In vitro ND

Lactobacillus bulgaricus KLDS1.0207 Traditional fermented products In vitro ND

L. plantarum (KC491380/KF678450/ Fecal isolate In vitro ND (137)

L. fermentum KC866340 Fecal isolate In vitro ND

Bacillus amyloliquefaciens Commercial strain In vitro γ-Glutamyl dipeptides (201)

L. rhamnosus MW049146 Infant feces In vitro ND (202)

Pediococcus acidilactici Fermented soybean (Bekang) In vitro ND

Levilactobacillus brevis MW051598 Infant feces In vitro ND

Lactiplantibacillus plantarum MW055659 Infant feces In vitro ND

Lactiplantibacillus plantarum MW055704 Beetroot In vitro ND

﻿Bacteroidota﻿ Chryseobacterium sp. kr6 Poultry processing waste In vitro Keratin hydrolysate (203)

Bacteroides acidifaciens (JCM10556) Type strain In vitro/in vivo ND (204)

﻿Actinomycetota﻿ Streptomyces sp. MK251-43F3 Soil In vitro Sulfostin S (140, 141, 
205)

Bifidobacterium bifidum NCIMB 702715 Type strain In vitro ND (137)

Bifidobacterium longum subspecies longum 
(CP002286)

Centenarian’s feces In vitro ND (205)

Bifidobacterium animalis subspecies lactis 
(GU116483.1)

Commercial probiotic In vitro ND

Bifidobacterium adolescentis (KP256212/
KP256213/KP256215/KP256214)

Infant feces In vitro ND

B. longum (KP256208/KP256209/
KP256207)

Infant feces In vitro ND

Bifidobacterium breve (KP256218/
KP256219)

Infant feces In vitro ND

Bifidobacterium catenulatum (KP256216/
KP256217/KP256211)

Infant feces In vitro ND

B. bifidum (KP256210) Infant feces In vitro ND

 Fungi Aspergillus oryzae strain AO-1 Fermented food In vitro Tetrahydroxyisoquinoline 
derivative

(207)
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Table 4. Example of DPP-4 substrates: Roles in brain health, neurodegeneration, and microbiome involvement. BBB, blood-brain barrier; BNP, brain 
natriuretic peptide; CNS, central nervous system; CSF, cerebrospinal fluid; GI, gastrointestinal; GIPR, GIP receptor; GLP-1R, GLP-1 receptor; GLP-2R, GLP-2 receptor; 
GRP, gastrin-releasing polypeptide; GRPR, GRP receptor; GSK-3β, glycogen synthase kinase 3β; HMGB1, HMG box 1; Kv, voltage-gated potassium; LPS, 
lipopolysaccharide; NAD+H, nicotinamide adenine dinucleotide (NAD) + hydrogen (H); OXM, oxyntomodulin; PACAP, pituitary adenylate cyclase-activating 
polypeptide; RAGE, receptor for advanced glycation endproducts; SCFAs, short-chain fatty acids; SDF-1, stromal-derived factor-1; TLR, Toll-like receptor; 5-HT, 
5-hydroxytryptamine receptor.

Peptide 
family

Peptide Biological 
structure

Recep-
tor

Receptor/
substrate 
locations

Cleaved 
peptide

DPP-4 effect Role in brain health Microbiome 
involvement

Microbial 
metabolites 
involvement

Refer-
ence

Incretin 
hormones

GLP-1 
(GLP-
17-37 and 
GLP-17-

36NH2)

30– 
Amino acid 
peptide 
hormone

GLP-1R Endocrine 
pancreas, 
central/pe-
ripheral nerv-
ous systems, 
GI tract (L 
cell of distal 
intestine), 
cardiovascu-
lar system, 
kidneys, and 
lungs

GLP-19-37 and 
GLP-19-36NH2

Metabolically 
inactive 
GLP-1, with 
circulating 
half-life of 1 
to 2 min

Protects against exci-
totoxic cell death and 
oxidative injury

Decrease in 
Bacillota and 
Bacteroidota and 
an increase in 
Pseudomonadota 
related to higher 
levels of GLP-1

﻿ (25, 
208–211)

Counters effects of  
amyloid-β (Aβ) 1-42, 
linked to AD

Overexpression of re-
ceptors improves spatial 
learning in mice.

Acetate, 
butyrate, and 
propionate

Induces neurite out-
growth

Indole

Promotes brain progeni-
tor cell proliferation

LPS

Neuronal tissue regen-
eration

﻿

Neuroprotective effects in 
AD and PD animal models

GIP 42– 
Amino acid 
peptide 
hormone

GIPR Small intes-
tine (K cell 
of proximal 
intestine), 
adipose 
tissue, adre-
nal cortex, 
heart, lung, 
testis, bone, 
pituitary, and 
brain

GIP3-42 Inactivation, 
with circulat-
ing half-life 
of 7 min

Neuroprotective effects in 
AD and PD animal models

An increase in 
the Bacillota/
Bacteroidota ratio 
is potentially 
related to higher 
levels of GIP.

﻿ (25, 172, 
175, 208, 
209, 
212–217)

Decreases Aβ plaque 
formation in the cortex

Stimulates neuronal 
proliferation

Protects synapse function 
and numbers

SCFAs, 
especially 
propionate

Reduces chronic neuroin-
flammation response

An increase in 
Akkermansia 
is negatively 
associated with 
GIP levels.

Indole propi-
onate

Reduces oxidative stress ﻿

Modulates neurotrans-
mitter release

Influences long-term 
potentiation formation 
for learning and memory 
protection

GLP-2 33–Amino 
acid pep-
tide

GLP-2R Stomach, 
small 
and large 
intestine 
(in enteric 
nerves and 
enteroendo-
crine cells), 
brain, and 
lungs

GLP-23-33 Inactivation, 
with circulat-
ing half-life 
of 7 min

Restores neurogenesis in 
AD mouse model

An increase in 
Bifidobacterium 
and supplemen-
tation with probi-
otic Bifidobac-
terium animalis 
are related to the 
higher levels of 
GLP-2.

SCFAs (218–222)

Improves spatial learning 
memory

Alleviates oxidative stress

Enhances insulin sensitivi-
ty via PI3K signaling

Inhibits apoptosis Intake of Lacto-
bacillus reuteri 
increases the 
release of GLP-2.

Reduces oxidative stress

Decreases neuroinflam-
mation

(Continued)
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 (Continued)

Peptide 
family

Peptide Biological 
structure

Recep-
tor

Receptor/
substrate 
locations

Cleaved 
peptide

DPP-4 effect Role in brain health Microbiome 
involvement

Microbial 
metabolites 
involvement

Refer-
ence

OXM 37–Amino 
acid pep-
tide

GLP-1R 
and the 
gluca-
gon 
receptor

Liver, brain, 
pancreas, 
kidney, adi-
pose tissue, 
and gut 
(especially L 
cells).

OXM3-39 Inactivation, 
with circulat-
ing half-life 
of 11 to 13 
min

An effective regulator of 
appetite

Bifidobacterium 
longum expresses 
OXM.

No evidence (223–226)

Enhances synaptic 
plasticity

Reduces Aβ levels and 
restores the PI3K/AKT/
GSK3β cell signaling path-
way in the hippocampus.

Potential treatment of AD

Pancreatic 
polypep-
tides

NPY 
(NPY1-36)

36–Amino 
acid neuro-
peptide

Y recep-
tors (Y1, 
Y2, Y4, 
Y5, and 
Y6)

Brain (hypo-
thalamus, 
hippocam-
pus, neo-
cortex, and 
thalamus), 
adipose 
tissue, kid-
ney, adrenal 
gland, heart, 
and placenta, 
GI tract (L 
cell of distal 
intestine 
“PYY”)

NPY3-36 Modified 
binding 
preference 
and inac-
tivation at 
Y1-receptor, 
with circulat-
ing half-life 
of 6 to 9 min

Promotes autophagy Increase in 
Lactobacillus spp. 
and Clostridium 
cocleatum and 
decrease in 
Burkholderiales 
correlate with 
increasing in NPY.

﻿ (227–229)

Reduces excitotoxicity SCFAs

Inhibits neuroinflam-
mation

Tryptophan

PYY 
(PYY1-36)

36–Amino 
acid neuro-
peptide

PYY3-36 Involves in depressive 
and anxiety

Supplementation 
of probiotics 
(Lactobacillus and 
Saccharomycetes 
strains) increases 
the levels of PYY.

Tyrosine (208, 228, 
230–234)

Affects behavior and 
cognition

Glutamine

Involves in satiety 
regulation and energy 
homeostasis

﻿

Tachykinin 
peptide 
family

SP (SP1-

11)
11–Amino 
acid neuro-
peptide

Neuro-
kinin 1 
receptor

Lympho-
cytes, neural 
tissue, brain, 
and GI (in 
the enteric 
efferent 
neurons)

SP3-11 and 
SP5-11

Inactivation Major mediator of neuro-
genic inflammation

Gut microbiota 
(e.g., Clostridium) 
promote synthe-
sis of 5-HT and 
up-regulates the 
release of SP.

Tryptophan (25, 30, 
235–238)

CNS function neurotrans-
mitter

Affects behavior and 
neurochemical responses 
to psychological and 
somatic stress

Neuroprotective against 
AD by promoting non-
amyloidogenic APP pro-
cessing and inhibiting Aβ 
deposition via Kv channel 
regulation

Chemok-
ines

RANTES 
(CCL-5)

68–Amino 
acid pep-
tide

G 
protein–
coupled 
receptor 
family 
(namely, 
CCR1, 
CCR3, 
CCR4, 
and 
CCR5)

Lymphoid or-
gans, surface 
of T cells and 
macrophag-
es, brain, 
endothelial 
cells.

RANTES3–68 Inactivation 
at CCR1 and 
CCR3 recep-
tors, but not 
at CCR5

Promotes leukocyte 
infiltration to sites of 
inflammation

Increase in 
Enterococcus, 
Streptococcus, 
and Vagococcus 
is associated with 
higher produc-
tion of CCL-5.

Propionate (239–244)

Pro-inflammatory mark-
ers in generalized anxiety 
disorder and personality 
disorders

Modulates calcium cur-
rents in central neurons

Slows the rate of apoptot-
ic death of hippocampal 
neurons

Supplementation 
with anti-
inflammatory 
Bifidobacterium 
strains decreased 
the expression of 
CCL-5.

Stimulates the expression 
of genes involved in 
neuronal survival, neurite 
outgrowth, and synapto-
genesis

(Continued)
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permeability induced by lipopolysaccharide (LPS) injection, resulted in 
a significant rise in DPP-4 activity in the mice portal vein.

Conversely, another potential route was shown by a recent study 
using an ex vivo gut model that provided evidence of the apical secre-
tion of PYY and GLP-1 at the gut lumen in unstimulated and entero-
endocrine stimulatory conditions (155). Additionally, Stevens et al. 
(156) demonstrated the luminal secretion of PYY and GLP-1 from 

human colon monolayers in response to the apical treatment with 
rebaudioside A or casein.

Glucagon-like peptide-1
GLP-1 is a 30–amino acid incretin hormone derived from the pro-
glucagon gene, first described in the 1980s (157, 158). The half-life 
of GLP-1 is notably short, ~1 to 2 min, as it is rapidly inactivated by 

 (Continued)

Peptide 
family

Peptide Biological 
structure

Recep-
tor

Receptor/
substrate 
locations

Cleaved 
peptide

DPP-4 effect Role in brain health Microbiome 
involvement

Microbial 
metabolites 
involvement

Refer-
ence

SDF-1 
(CXCL-12)

SDF-1ɑ (68 
amino ac-
ids) SDF-1β 
(72 amino 
acids)

CXCR4/
CXCR7

Liver, lung, 
brain, 
kidney, heart, 
colon, lymph 
nodes, skin 
and bone 
marrow, and 
endothelial 
cells

SDF-1ɑ3-67 
and SDF-
1β3-72

Changes 
in activity, 
inactivation 
at CXCR4 
receptor

Promotes neurite out-
growth

B. ovatus and B. 
xylanisolvens are 
potentially cor-
related with the 
levels of SDF-1

Butyrate (25, 245–
253)

Enhances neurogenesis

Facilitates migration of 
neural progenitor cells to 
brain lesion sites

Lower abundance 
of Firmicutes 
and higher 
abundance of 
Ruminococcaceae 
is associated with 
higher levels of 
SDF-1β.

Reduces Aβ accumulation

Involves in cognitive 
function

Damage-
associated 
molecular 
pattern

HMGB1 
(or am-
photerin

215– 
Amino acid 
peptide

RAGE, 
TLR9, 
and 
TLR5

Heart, 
brain, and 
lymphoid 
organs

HMGB117-215 Non 
effectively 
inactivation

Increases vascular perme-
ability and promotes BBB 
decomposition

Gram-negative 
bacteria stimu-
late the release of 
HMGB1.

LPS (254–257)

Promotes brain remode-
ling in the recovery phase 
of ischemic stroke

Promotes recovery of 
neurological function

Natriuretic 
peptides

BNP 32– 
Amino acid 
peptide

Natriu-
retic 
peptide 
recep-
tor-A

Heart, brain, 
and kidney

BNP3-32 and 
BNP5-32

Uncleared 
inhibition

Higher plasma levels of 
BNP are associated with 
lower CSF levels of Aβ42 
and total tau/Aβ42 ratios

No evidence No evidence (25, 258, 
259)

Bombesin-
like peptide

GRP 27–Amino 
acid neuro-
peptides

GRP re-
ceptor

Brain, gut, 
pancreas, 
prostate, and 
lung

GRP3-27 and 
GRP5-27

Uncleared 
inhibition

Neuroprotection by indi-
rectly stimulating GLP-1 
secretion

No evidence LPS (25, 225, 
260, 261)

GRPR signaling might 
integrate the processing 
of stress and fear with 
synaptic plasticity and 
memory.

Prevent Aβ-induced 
cognitive impairment

Vasoactive 
intestinal 
peptide

PACAP 38–Amino 
acid neuro-
peptides

G 
protein–
coupled 
PAC1 
receptor 
and 
VPAC1 
and 
VPAC2

Brain, 
endocrine or-
gans, heart, 
gut, and 
lymphoid 
organs

PACAP3-38 Inactivation Against Aβ-induced 
neuronal toxicity and 
increase in levels of the 
Aβ-degrading enzyme 
neprilysin

Bacteroides/Pre-
votella spp. levels 
are associated 
with PACAP ex-
pression.

SCFAs (25, 
262–264)

Antiapoptotic properties 
and are involved in 
learning and memory 
processes

Vasoactive 
intestinal peptide 
deficiency is 
associated with 
altered gut 
microbiota com-
munities.

NAD(P)H

LPS
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DPP-4 (46). GLP-1 has been extensively used as a drug target due to 
its diverse physiological roles, which include glucose-lowering ef-
fects by promoting insulin secretion and suppressing glucagon re-
lease (159, 160). GLP-1 is synthesized and secreted as two bioactive 
forms, GLP-17-36 and GLP-17-37, which result from the alternative 
posttranslational processing of the proglucagon gene (152). Both 
isoforms are equipotent and bind with equal affinity to the GLP-1R, 
a G protein–coupled receptor found on numerous cell types, includ-
ing pancreatic β cells and neurons (161). GLP-1R is expressed in 
various peripheral organs and brain regions, including areas essen-
tial for cognitive and motor functions and metabolic regulation, as 
well as in microglial cells involved in neuroinflammation regulation, 
with both GLP-1 and GLP-1R reported to being down-regulated in 
AD brains (99, 162, 163). GLP-1 is considered the most researched 
DPP-4 substrate, with substantial laboratory and clinical evidence 
supporting its potential role in treating neurodegenerative diseases 
by three main proposed pathways: the GLP-1R/phosphatidylinositol 
3-kinase (PI3K)/Akt, GLP-1R/PI3K/MAPK, and GLP-1R/cyclic 
adenosine 3′,5′-monophosphate (cAMP)/cAMP-dependent protein 
kinase [reviewed in (25)]. Recently, FDA-approved GLP-1 receptor 
agonists (GLP-1 RAs) medications, including liraglutide, dulaglu-
tide, and exenatide, have been associated with a reduced risk of 
anxiety and depression (164). Recent clinical trials on GLP-1 RAs 

have also shown promising results in lowering the prevalence of 
neurological complications of T2DM, such as stroke, cognitive im-
pairment, and peripheral neuropathy [reviewed in (165)].

Injecting mice intravenously with mDPP-4 cloned and purified 
from P. gingivalis, P. intermedia, and T. forsythia led to decreased plas-
ma active GLP-1 and insulin levels following oral glucose administra-
tion, illustrating that mDPP-4 can influence GLP-1 in a manner akin 
to mammalian DPP-4 (62). Further, the gut microbiota has been 
shown to modulate GLP-1 production through microbial metabolites 
such as short-chain fatty acids (SCFAs) by activating G protein–
coupled FFAR2-3 in L cells by elevating intracellular Ca2+ and 
tryptophan-derived metabolites like indole, which can stimulate GLP-
1 release from intestinal L cells by inhibiting voltage-gated K+ chan-
nels and rising Ca2+ influx (135,  155,  166). Additionally, LPS from 
Gram-negative gut bacteria can bind to Toll-like receptor 4 in L cells 
and increase GLP-1 production (167, 168). A randomized controlled 
trial assessed the effects of a 3-month almond-based low-carbohydrate 
diet on 45 patients with T2DM. The dietary intervention notably 
increased the relative abundance of SCFA-producing bacteria, namely, 
Roseburia, Ruminococcus, and Eubacterium. These changes in rela-
tive abundance were linked to higher GLP-1 concentrations, correlat-
ing with improved depression symptoms (169). Another example of 
the SCFA pathway is the use of phloretin, an inhibitor of glucose 

Fig. 3. Potential microbial DPP-4 and PepX pathways. (A) Direct apical secretion pathway; dietary proteins stimulate the production of DPP-4 substrates from L and K 
cells into both circulation and luminal spaces of the gut; these substrates are then cleaved by mDPP-4 and PepX activities. (B) Indirect apical secretion pathway; microbial 
metabolites (e.g., tryptophan metabolites) and the production of DPP-4 substrates from L cells both circulation and luminal spaces of the gut; these substrates are then 
cleaved by mDPP-4 and PepX activities. (C) Compromised permeability pathway; cleaved DPP-4 substrates by mDPP-4 and PepX activities cross the epithelial barrier into 
the blood-brain barrier (BBB), or mDPP-4 enzyme is translocated into the BBB where it acts on DPP-4 substrates there. (D) Bacterial extracellular vesicles (BEVs) pathway 
that contain mDPP-4 enzyme and can pass the epithelial barrier by caveolin-mediated endocytosis, endolysosomal vesicles, and transmigrating through tight junctions. 
(E) Cleaved DPP-4 substrates cross the epithelial barrier by passive diffusion or by leaky gut, and either the cleaved DPP-4 substrates are converted into metabolically inac-
tive substrate and cannot bind to its receptor or the cleaved substrates change receptor preference. This figure was made using BioRender.
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transporter type 2, which has been observed to suppress maltose/
miglitol-induced GLP-1 secretion in mice by inhibiting SCFAs pro-
duction by the microbiome (170, 171).

Gastric inhibitory polypeptide
GIP was discovered as an incretin hormone over a decade before 
GLP-1 (157). GIP is made of 42 amino acids and is mainly secreted 
by K cells in the duodenum and proximal jejunum (172). Like GLP-
1, the GIP receptor (GIPR) is present in various tissues, including 
the small intestine, adipose tissue, adrenal cortex, heart, lung, testis, 
bone, pituitary gland, and brain (25). GIP and protease-resistant 
GIP analogs exhibit neuroprotective cognitive effects in animal 
models of AD and PD (173), and, recently, GLP-1R/GIPR dual ago-
nists have been shown to improve cognitive functions, memory re-
tention, and motor function (174). Although initially developed for 
managing T2DM, these findings have broadened the potential ther-
apeutic applications of DPP-4 substrate agonists.

Microbiome changes induced by sleeve gastrectomy have been 
shown to contribute to reducing GIP signaling and confer resistance 
against diet-induced obesity (DIO) and nonalcoholic fatty liver dis-
ease (NAFLD). Bacteroides and Akkermansia were found to be nega-
tively associated with GIP levels and indole and propionate levels 
after bariatric surgery (175). Mice colonized with stools from pa-
tients after bariatric surgery were more resistant to DIO and NAFLD 
development, and this resistance was associated with a reduction 
in GIP levels. These findings indicated that the positive effect of bar-
iatric surgery on NAFLD was partly due to microbiome changes. 
Male Wistar rats fed dietary fiber oligofructose for 30 days had sig-
nificantly lower serum insulin levels. Additionally, serum and jeju-
nal GIP concentrations and cecal GLP-1 levels were significantly 
higher in the serum of oligofructose-fed rats (176). GIP has been 
less studied compared to GLP-1 in the context of the gut microbi-
ome. Further research could reveal novel insights and potential 
therapeutic applications related to GIP and its interactions with the 
gut microbiota.

NPY and PYY
NPY and PYY are highly conserved peptides that belong to the PP 
family, first identified in the 1980s (177). NPY is a 36–amino acid 
neuropeptide expressed in various central nervous system cell types, 
including enteric and sympathetic neurons. PYY is a 36–amino acid 
peptide exclusively produced by enteroendocrine cells in the gut 
(6,  28). Both peptides share a similar structure, which includes a 
feature known as the PP-fold, a hairpin-like conformation stabilized 
by a conserved disulfide bond formed between two cysteine residues 
that have been shown to be important for their interaction with spe-
cific receptors (178). The involvement of the NPY family of peptides 
in gut-brain communication is supported by the presence of five 
NPY receptor types, namely, Y1, Y2, Y4, Y5, and Y6 (a human pseu-
dogene), found along the gut-brain signaling pathways (179).

NPY and PYY are crucial in regulating energy balance, feeding 
behavior, and stress response and have been implicated in cognitive 
functions. In particular, NPY has been shown to have neuroprotec-
tive and anxiolytic effects and has been associated with learning and 
memory processes (25, 180, 181). In patients with AD, a reduction 
of NPY and decreased binding of PYY and NPY to their receptors 
have been shown in plasma, in cerebrospinal fluid, and in the tem-
poral cortex and hippocampus (182–184). SCFAs, particularly bu-
tyrate, can induce PYY secretion. Upon secretion, a portion of PYY 

is enzymatically cleaved by DPP-4 to PYY3-36, which is the predom-
inant circulating form of PYY, leading to increased gastric pressure 
via stimulation of Y2 receptors, eventually resulting in slower gas-
trointestinal movement and the secretion of electrolytes and water 
through both neural and nonneural pathways (28, 185). HFD mice 
exhibited depression-like behavior, decreased levels of NPY in the 
hypothalamus and hippocampus, and increased plasma NPY and 
DPP-4 activity. The depression-like behavior was induced by pro-
longed HFD and was associated with distinct alterations in the in-
testinal microbiome. The HFD-induced behavioral disturbance was 
not revisable by DPP-4i or antidepressant treatment, suggesting that 
these changes may be challenging to reverse (186). Recent evidence 
demonstrated the potential role of mDPP-4 in modulating host 
metabolic functions, as pmDPP-4 in both in vitro and in vivo assays 
showed its ability to cleave and inactivate GLP-1, GIP, PYY, and 
NPY peptides with efficiency comparable to that of hDPP-4 (34).

S15 PEPTIDASES IN THE MICROBIOME ENZYMATIC LANDSCAPE
The family of S15 peptidase enzymes, specifically PepX, cleaves the 
same peptide bonds as DPP-4 (Fig. 4) (6). PepX has been exten-
sively characterized in LAB, especially in dairy fermentations (33). 
The structural comparison between Lactococcus lactis PepX and 
hDPP-4 revealed that, despite their significantly different overall 
folds, the most crucial residues for hDPP-4 activity are conserved 
in both enzymes, occupying the same positions and orientations. 
Likewise, PepX from L. lactis has been reported to have comparable 
sensitivity to DPP-4i valine-pyrrolidine (33). The main difference 
between DPP-4 and PepX is that the latter is usually associated with 
an oligopeptide transporter encoded by the opp operon, which 
transports the substrate into the cell (187). PepX was initially con-
sidered to function exclusively as an intracellular enzyme; however, 
recent findings demonstrated that it also has extracellular peptidase 
activity. For instance, although located in the cytoplasm, PepX 
from Streptococcus thermophilus contributes to the extracellular 
degradation of proline-rich peptides without inducing cell lysis 
or releasing intracellular peptidases due to a particular membrane 
orientation (188).

PepX has been reported in species of the genera Lactobacillus, 
Lactococcus, and Streptococcus (18, 189). An in vitro study showed 
that monocultures of L. acidophilus, L. fermentum, Lactobacillus 
johnsonii, and L. plantarum carrying PepX resulted in enzymatic 
activity equivalent to DPP-4 when incubated with Gly-Pro-AMC 
(137). Conversely, one study reported that L. plantarum YE4 sup-
pressed DPP-4 activity in Caco-2 cells (145), hinting at specific 
regulatory mechanisms that could help maintain an equilibrium 
between mDPP-4 and PepX activities in the gut (137). In this con-
text, a recent study evaluated the potential use of probiotic-derived 
PepX to break down gluten peptides in wheat, which has been 
implicated in the regulation of autoimmune responses, as seen in 
conditions like celiac disease (6, 190). On the other hand, PepX 
has been involved in the pathogenicity of Streptococcus gordonii, 
Streptococcus agalactiae, Streptococcus pneumoniae, and Streptococcus 
pyogenes (190–192). DPP-4i inhibits Streptococcus mutans biofilm 
formation, indicating potential use as antibiofilm therapy for oral 
health benefits (193). Further, an in vitro inhibition assay revealed 
that DPP-4i valine pyrrolidide effectively inhibited PepX from 
L. lactis. However, the DPP-4i tripeptides, diprotin A and diprotin 
B, showed limited inhibitory effects (33).
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DISCUSSION
The symbiotic relationship between microorganisms and their host is a 
well-established phenomenon, evidenced by the state of homeostasis 
that contributes to overall health. A recent study in Drosophila melanogaster 
showed that the microbiome composition drives rapid host genomic 
adaptation and that specific manipulations (e.g., varying the relative 
proportion of acetic acid bacteria versus LAB) were sufficient to cause 
genomic divergence of host populations over only five generations 
(194). However, the bacterial genetic components affecting this bal-
ance have been mostly researched in infectious diseases (195, 196).

There is a growing interest in the impact of proteases and pepti-
dases released by commensal bacteria on gastrointestinal diseases 
(197). Specifically, it is now understood that HMIs play a substantial 
role in the development of disease and responses to interventions. 
Two bacterial families of peptidases, the S9B and S15 families, have 
been reported in gut and oral microbiomes. mDPP-4, from the S9B 
family of bacterial peptidases, has been described in species of 
Prevotella and Bacteroides and oral pathogens like P. gingivalis and 
T. forsythia. In contrast, the S15 family is widely distributed in 
LAB. Exploring a competing balance between these two families of 
peptidases and their bacterial hosts, which could be adjusted to main-
tain optimal health, is an intriguing possibility worth considering.

While hDPP-4 has been extensively researched and identified as 
a substantial contributor to various diseases, the contribution of 
mDPP-4 to these diseases remains largely underexplored, even 
when hDPP-4is, originally developed for the treatment of diabetes, 

have shown promising benefits for multiple health conditions due to 
their influence on a range of substrates associated with systemic dis-
eases, including inflammatory, obesity-related, cardiovascular, pul-
monary, and neurodegenerative conditions. These findings reinforce 
that DPP-4 can be a therapeutic target for multiple disorders. More-
over, research studies showed that DPP-4 activity is highly con-
served across eukaryotic and prokaryotic organisms (6,  22,  23). 
From our perspective, gut microbial peptidases as a natural means 
of gaining a competitive advantage can lead to identifying specific 
microbial inhibitors for mDPP-4 and generating individualized 
strategies for microbiome modulation.

METHODS
In silico structural prediction and ligand docking approaches
Enzyme structures where no crystal structure was available were 
predicted using AlphaFold2 (198). When no crystal structure of the 
enzyme-ligand complex was available, docking was performed us-
ing AutoDock 4 (199). PyMOL (200) was used to superimpose all 
structures to H. sapiens structure.
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