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Abstract

Diabetes mellitus (DM) is a rapidly growing global health burden and a major driver of infection-
related morbidity and mortality. Chronic hyperglycemia disrupts both innate and adaptive
immunity through impaired complement activity, dysfunctional dendritic cells and natural killer
cells, altered macrophage polarization and efferocytosis, and neutrophil defects including reduced
chemotaxis, impaired phagocytosis, and dysregulated NETosis. These immune abnormalities,
compounded by endothelial dysfunction and microvascular disease, increase susceptibility to severe
and recurrent infections such as urinary tract infections, tuberculosis, pneumonia, skin and soft tissue
infections, and invasive fungal diseases. Emerging evidence also supports a bidirectional relationship
in which infections may precipitate or aggravate DM via mechanisms including molecular mimicry,
p-cell injury, chronic inflammation, and gut microbiota dysbiosis, contributing to insulin resistance
and B-cell dysfunction. Recurrent infections and frequent exposure to broad-spectrum antibiotics,
together with altered pharmacokinetics, chronic wounds with biofilm formation, and prolonged
healthcare exposure, create strong selective pressure for antimicrobial resistance (AMR) in diabetic
populations. Using clinical and scientific based evidence, this review explores mechanisms linking
DM, infection risk, and AMR, highlighting implications for the diagnosis, therapy, stewardship, and
vaccination, as well as outlines key research gaps including improved AMR surveillances stratified
by diabetes status and integrated predictive models incorporating glycemic control, host factors, and
microbial genomics.

Keywords: diabetes mellitus (DM),hyperglycemia; infection/infectious diseases bacterial and viral
infections
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1. Literature Search Strategy

A comprehensive literature search was conducted to identify studies examining the relationship
between diabetes mellitus, infection susceptibility, and antimicrobial resistance. Electronic databases
including PubMed, Scopus, and Web of Science were systematically searched from database
inception until March 2026.

The search strategy combined Medical Subject Headings (MeSH) and free-text terms related to
diabetes, infections, immune dysfunction, and antimicrobial resistance. Key search terms included:
- “diabetes mellitus” OR “hyperglycemia”

- “infection susceptibility” OR “infectious diseases”
- “immune dysfunction” OR “immune dysregulation”
- “antimicrobial resistance” OR “antibiotic resistance” OR “multidrug-resistant organisms”

- “microbiome” OR “viral infections” OR “bacterial infections”

These terms were combined using Boolean operators (AND, OR) to identify relevant studies.
Reference lists of included articles and relevant review papers were also manually screened to
identify additional eligible studies.

Studies were considered eligible if they investigated the relationship between diabetes mellitus
and infection susceptibility, examined immunological or metabolic mechanisms linking diabetes and
infections, or explored associations between diabetes and antimicrobial resistance.

Priority was given to systematic reviews, meta-analyses, randomized controlled trials, and large
observational studies, while mechanistic and experimental studies were also included to provide
insights into underlying Immunometabolic pathways.

Only English-language articles involving human subjects or relevant experimental models were
included. Studies with insufficient methodological details, duplicate publications, or articles
unrelated to the interaction between diabetes and infectious diseases were excluded.

2. Introduction
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Diabetes mellitus (DM) is a group of metabolic disorders characterized by impaired cellular
glucose utilization and increased endogenous production, resulting in hyperglycemia [1]. It is
broadly classified into two main types: type 1 and type 2 DM. Type 1 DM is an autoimmune condition
characterized by the progressive destruction of insulin-producing B-cells in the pancreatic islets,
resulting in little to no insulin production. In contrast, type 2 DM arises from insulin resistance, which
impairs cellular responsiveness to insulin and leads to elevated blood glucose levels [2].

Given the rising risk factors currently, diabetes mellitus has become one of the most prevalent
chronic diseases globally. According to the WHO, the number of people with diabetes rose from 200
million in 1990 to 830 million in 2022 with a rapid increase observed in low- and middle-income
countries (LMICs) [3]. Regarding pathophysiology, hyperglycemia has been cited as one of the
foremost components of DM in promoting chronic diabetes complications. It induces long-term
epigenetic alterations that affect multiple physiological systems. These modifications contribute to
dysregulated inflammatory responses, impaired immune functions, and increased oxidative stresses
and ultimately leading to micro and macrovascular chronic complications [4].

Importantly, hyperglycemia-induced immune dysfunction is a key contributor to the increased
susceptibility of diabetic patients to various infections. Chronic high blood glucose levels impair both
innate and adaptive immunity through multiple interconnected mechanisms [5]. Within the innate
immune system, hyperglycemia compromises host defense by impairing the function of natural killer
cells, disrupting the complement cascade, increasing the generation of reactive oxygen species, and
promoting excessive release of pro-inflammatory cytokines. It also increases the risk of skin lesions
and ulcers, which serve as entry points for pathogens. In parallel, the adaptive immune system is
weakened through the impaired function of antigen-presenting cells, a reduction in T helper cell
populations, and further cytokine dysregulation—ultimately blunting the adaptive immune
response. Together, these disturbances create an immunocompromised environment that
significantly heightens the risk of infection in individuals with diabetes [6].

The increased susceptibility to infections amongst individuals with DM often necessitates more
frequent and prolonged courses of antimicrobial therapy. As a result, bacteria begin to develop the
ability to survive in the presence of these antimicrobial agents—a phenomenon widely known as
antimicrobial resistance (AMR). This occurs through various mechanisms, including modifying the
drug’s target, inactivating the antimicrobial agent, actively pumping the drug out of the cell, and
enhancing bacterial survival by reducing outer membrane permeability, altering porin activity, and
increasing the function of multidrug efflux pumps [7].

Accordingly, while diabetes mellitus may be associated with an increased risk AMR, the
relationship remains not fully established. For instance, a systemic review by Dai et al. reported a
higher prevalence of multidrug-resistant organism (MDRO) infections in patients with complications
of DM [8]. In contrast, findings by Jagadeesan et al. indicate no significant difference in AMR patterns
between patients with and without diabetes [9]. These inconsistencies may reflect differences in study
populations (hospital vs. community settings), variations in prior antibiotic exposure, and
heterogeneity in laboratory definitions and surveillance methods for resistant organisms [10].
However, the relationship between diabetes and antimicrobial resistance remains controversial, with
some studies demonstrating increased risk of multidrug-resistant infections in diabetic populations
while others report no significant differences compared with non-diabetic individuals. Therefore,
understanding the relationship between diabetes mellitus and the development of AMR in various
infections is crucial for identifying common pathogens and guiding clinicians in the appropriate use
of antibiotics in diabetic patients.

3. Diabetes Mellitus as a Risk Factor for Infections

Among the established complications of DV, is the increased susceptibility to infections, driven
mainly by the interplay of several mechanisms, including the chronic hyperglycemic state, impaired
immunity, and vascular insufficiency [11]. Chronic hyperglycemia, as the hallmark of DM, initiates
immune dysfunction and vascular damage, thereby heightening susceptibility to infections [12]. It
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exerts its effects on multiple components of the innate immune system, starting with the first line of
defense; the complement system [13]. Hyperglycemia has been shown to reduce the binding of
mannose-binding lectin (MBL) and other lectin pathway proteins to their targets in a dose-dependent
manner, impairing lectin complement pathway activity. Additionally, it decreases the activity of the
ficolin-3-mediated lectin and alternative pathways, while reducing levels of complement activation
markers such as C4d and soluble C5b-9 [14].

Beyond the complement system, hyperglycemia impairs the function of dendritic cell which is
the key antigen-presenting cells that bridge innate and adaptive immunity (Figure 1). Additionally,
in patients with DM, both the myeloid and plasmacytoid dendritic cell populations are reduced,
compromising antigen presentation and increasing susceptibility to opportunistic infections [14]. In
contrast, natural killer (NK) cells which detect and eliminate virus-infected and tumor cells displays
reduced functional activity in hyperglycemic states, including impaired degranulation and decreased
expression of activating receptors such as NKG2D and NKp46. While reports on NK cell counts in
diabetes vary, the most consistent finding is a marked reduction in cytotoxic function rather than
changes in cell number [15]. This leads to reduced degranulation and cytotoxic activity [16]. It also
triggers the unfolded protein response (UPR) in NK cells, inducing apoptosis and weakening their
immune function [17].

Effects of Diabetes Mellitus on Innate Immunity
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Figure 1. Chronic hyperglycemia disrupts key components of innate immunity, including dendritic cells, natural
killer cells, macrophages, and neutrophils. These alterations impair antigen presentation, reduce cytotoxic and
phagocyticactivity, promote dysfunctional inflammatory responses, and ultimately weaken host defense against
infections.

Another critical component of innate immunity affected by hyperglycemia is macrophages. In
hyperglycemic states, macrophages exhibit impaired activation, characterized by decreased
expression of key surface markers such as ICAM-1 and CD86, along with diminished production of
pro-inflammatory cytokines including TNF-a, IL-6, IL-1p, IFN-y, and IL-12 upon stimulation. These
cytokines are critical for pathogen clearance and adaptive immune activation. Meanwhile, the
production of nitric oxide is increased, which overall weakens pathogen clearance [18].

In addition, polarization of macrophages is altered referring to the shift from the M1 pro-
inflammatory phenotype to the M2 phenotype, which is tissue-repair oriented and marked by
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elevated levels of IL-10 and Arginase 1[19]. This imbalance in the M1/M2 ratio decreases the number
of macrophages actively involved in clearing pathogens and favors a less needed repair response at
this stage, leading to ineffective immune regulation and chronic inflammation [20]. This is
exacerbated by impaired efferocytosis, a specialized function of macrophages that involves the
phagocytosis of dead and damaged cells [21]. When efferocytosis is compromised, apoptotic and
secondary necrotic cells accumulate and release pro-inflammatory cytokines, triggering a cycle of
prolonged inflammation. This complex interaction between impaired efferocytosis and imbalanced
cytokine secretion creates a state of sustained inflammation and delayed tissue repair [22] (Figure 1).

Notably, inflammation normally triggers the rapid recruitment of neutrophils as the first cells to
be deplored at infection sites subsequently contributing to pathogen clearance through chemotaxis,
phagocytosis, and the generation of reactive oxygen radicals [23]. However, in patients with DM,
these functions are impaired at multiple levels. Starting with recruitment, DM impairs neutrophil
migration to infection sites due to endothelial cell damage caused by oxidative stress, dyslipidemia,
and impaired angiogenesis and vasodilation. Even when some neutrophils succeed in migrating
through the endothelial layer into infected tissue, their chemotactic ability is reduced [24].
Neutrophils circulating in hyperglycemic environments experience increased oxidative stress and
undergo spontaneous apoptosis and NETosis, a form of neutrophil cell death characterized by the
release of neutrophil extracellular traps (NET)—web-like structures composed of DNA and
antimicrobial proteins. While NETosis is normally protective, its overactivation disrupts immune
balance and contributes to vascular dysfunctions [25] (Figure 1).

Increased reactive oxygen species (ROS) in diabetic-related hyperglycemia arise through several
mechanisms, including increased polyol (sorbitol) pathway flux, advanced glycation end-product
(AGE) formation, activation of protein kinase C (PKC) isoforms, and increased hexosamine pathway
flux [26]. These elevated ROS levels, particularly hydrogen peroxide, trigger downstream processes.
In DM, AGEs bind to their receptor (RAGE), further amplifying oxidative stress and inducing
autophagy in neutrophils. This heightened autophagic activity in addition to the activation of other
pathways like PKC and PAD4 contributes to excessive NETosis [27]. These immune disruptions—
especially the release of ROS and persistent dysregulated NETosis —directly cause vascular injury by
promoting inflammation, endothelial damage, and impaired tissue repair, laying the foundation for
diabetic micro- and macrovascular complications[28]. In DM wounds, excessive NETs impair re-
epithelialization and delay healing. Similarly, in diabetic retinopathy, NETs promote leukocyte
adhesion to the endothelium, vascular occlusion, and retinal damage. Furthermore, in
atherosclerosis, NETs worsen endothelial dysfunction, activate macrophages, and drive pro-
inflammatory Th17 responses, accelerating plaque formation and contributing to vascular
insufficiency [29].

In addition to disrupting innate immunity and promoting vascular injury, DM also impairs the
adaptive immune response, affecting both its humoral and cellular branches summarized in figure
2. Humoral immunity is compromised primarily through non-enzymatic glycation, where elevated
glucose levels lead to the formation of covalent sugar adducts with various proteins, including
immunoglobulins. This modification alters the structure and function of IgG antibodies, increasing
their molecular mass and rendering them glycated and dysfunctional. Consequently, vaccine-
induced antibodies in patient with diabetes are less effective at neutralizing pathogens and fail to
adequately support phagocytosis, leading to reduced vaccine efficacy and increased susceptibility to
infections. Additionally, fewer IgG molecules has been observed, linked to impaired germinal center
formation and diminished T and B cell activity within these centers—ultimately hindering antibody
production and class-switch recombination [14].
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Figure 2. Hyperglycemia impairs adaptive immunity by reducing T-cell activation, cytokine production, and
cytotoxic function, while also disrupting B-cell responses. Non-enzymatic glycation of immunoglobulins
compromises antibody-mediated neutralization, opsonization, and complement activation, leading to increased

susceptibility to infections.

In addition to humoral immunity, the other integral cellular immunity represented by T cell
functions are similarly affected. It has been established that DM alters T cells development and
reduces T cell receptors (TCR) diversity, impairing the ability to recognize new antigens and mount
effective immune responses. Upon stimulation, T cells from diabetic individuals produce lower levels
of key cytokines such as IL-2, IL-6, IL-17, and TNF-a, and show reduced expansion of CD4+ Th17
cells. This weakens neutrophil recruitment and phagocytic responses. Cytotoxic CD8+ T cell function
is diminished as well, as evidenced by reduced expression of perforin, granzyme B, and CD107a,
along with lower production of IFN-y and other effector cytokines [6]. Diabetes may also induce
intrinsic lymphocyte dysfunction through mitochondrial DNA damage, further decreasing IFN-
producing cells against viruses like CMV, EBV, and influenza thereby compounding susceptibility to
infection [30].

The combined effects of chronic hyperglycemia, immune dysfunction, and vascular compromise
in DM substantially increase patients' susceptibility to infections. These infections are not only more
frequent but also tend to be more severe, prolonged, and often complicated by poor or delayed
healing. Among the leading observed infections in individuals with DM include tuberculosis (TB),
urinary tract infections (UTIs), sinopulmonary infections such as pneumonia, genital infections,
hepatobiliary infections, skin and soft tissue infections, and even possibly sepsis [31] (Figure 3). From
multiple studies it has been established that DM significantly increases the risk of both upper and
lower UTIs. A meta-analysis by Dai et al. reported that the prevalence of asymptomatic bacteriuria
in patients with type 2 diabetes is approximately 23.7% [32]. Similarly, another recent meta-analysis
by Tegegne et al. found a high prevalence of UTIs among diabetic patients, with significant
associations with female sex, illiteracy, and a prior history of UTIs [33]. Intriguingly, despite the
plausible notion that hyperglycemia is the main driver of UTIs in patients with DM, some studies
highlighted the diminished protective roles of urinary antimicrobial peptides which are directly
downregulated by DM (34,35). In contrast, despite the perceived association that sodium glucose
cotransporter -2 inhibitors (SGLT2 inhibitors) accentuate hyperglycosuria predisposing patients with
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DM to UTIs, multiple studies refuted that association citing other related genital infections as
opposed to UTIs while others upheld their benefits over highlighted risks (36,37). While, examining
that important pathophysiology, it is worth noting at one point that the FDA previously issued a
warning in 2018 of the use of SGLT-2 inhibitors following being associated with infections in the
genital area such as the notorious Fournier gangrene which is associated with significant morbidity
and mortality.

Infections Associated With Diabetes Mellitus
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Figure 3. Diabetes mellitus predisposes individuals to a wide range of infections involving multiple organ
systems, including respiratory, urinary, hepatobiliary, skin and soft tissue, and bloodstream infections. Impaired
immunity, vascular insufficiency, and hyperglycemia-related tissue changes contribute to increased

susceptibility, severity, and recurrence of these infections.

Examining pathogen factors, patients with DM are more likely to be infected with highly
virulent pathogens, such as Kiebsiella species and p-lactamase-producing Escherichia coli, which
contribute to increased severity and complexity of these infections. Several pathophysiological
mechanisms have been proposed to explain this increased susceptibility, including glucosuria, which
facilitates bacterial growth in the urinary tract; impaired immune function, which compromises
bacterial clearance; structural and functional changes in the urothelium that enhance bacterial
adhesion; and autonomic neuropathy leading to bladder dysfunction and urinary stasis [38].
Furthermore, multiple studies highlighted that DM enhances both virulence and pathogenicity of
Kiebsiella pneumoniae frequently shifting the pathogen from colonization to invasive state including
leading to invasive forms of infections such as gas-forming abscesses [39]. The highlighted association
and susceptibility are multifactorial with host factors underpinned by immune dysfunctions,
pathogen factors of specific clones such as K1/K2 serotypes with certain capsular polysaccharides as
well as environmental factors mainly associated metabolic hyperglycemia that facilitates virulence
[40].

Distinctively, DM has been strongly linked to the increased risk of TB infection spectrums. A
meta-analysis by Zhou et al. demonstrated a positive association between DM and latent TB infection
(LTBI), indicating that individuals with diabetes are at higher risk not only for developing active TB
but also for harboring LTBIs [41]. To support that observation, epidemiological data from South Asia
reported by Gautam et al. reveal that up to a quarter of TB patients have comorbid DM, with
prevalence rates ranging from 11% in Bangladesh to 24% in Sri Lanka. Notably, diabetic individuals
with TB consistently experience poorer treatment outcomes [42]. Diabetes significantly increases
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susceptibility to TB through multiple mechanisms, including impaired innate and adaptive immune
responses, chronic inflammation, and elevated bacterial loads, all of which contribute to more severe
disease manifestations and treatment challenges [43].

Another common respiratory infection to which patients with diabetes are particularly
susceptible is RTIs such as pneumonia. A meta-analysis by Brunetti et al., involving over 14 million
patients, demonstrated that type 2 diabetes is associated with a significantly increased risk of
developing community-acquired pneumonia (CAP), with a pooled relative risk of 1.64 compared to
non-diabetic individuals [44]. Similarly, a meta-analysis by Silverii et al. reported that diabetic
populations have markedly higher odds of invasive pneumococcal disease (OR 2.42), pneumococcal
pneumonia (OR 2.98), intensive care unit (ICU) admission (OR 2.09), and case-fatality (OR 1.61) [45].
The increased susceptibility to pneumonia in diabetes arises from multiple mechanisms, including
impaired lung dendritic cell function driven by metabolic and epigenetic alterations, as well as a
diminished antiviral immune response characterized by elevated viral loads and dysregulated
immunity [46].

4. Infectious Pathogens as Triggers or Aggravators of DM

Diabetes mellitus is known to increase susceptibility to various infections via inducing an
immunosuppressed state. However, recent evidence shows that the interaction between DM and
infections is rather more complex and bidirectional, as infectious agents seem to have correlations to
the induction and aggravation of both TIDM and T2DM. Numerous viral and bacterial infections
have been linked to triggering a hyperglycemic state. Notably, molecular mimicry appears to be one
of the key mechanisms by which this phenomenon occurs. For example, Dolton et al. [2024] reported
that bacterial proteins from Klebsiella oxytoca induce T cells to target preproinsulin (PPI)-expressing
p-cells in HLA-A*24:02 individuals [47]. Those lymphocytes cross-react with endogenous PPI on the
insulin producing cells, breaching the self-tolerance mechanisms due to microbial antigen mimicry.
Such example demonstrates the plausibility of infection-induced autoimmunity against the insulin
producing cells in TIDM. Additionally, other mechanisms by which infections induce a diabetic
phenotype are well reported in the literature. Vu et al. [2015] conducted a study on rabbit models and
isolated in vitro adipocytes probing the mechanisms by which exposure to Staphylococcus aureus
infection can precipitate features of T2DM [48]. Prolonged exposure to S. aureus superantigens in
rabbit models, primarily the toxic shock syndrome toxin-1 (TSST-1), prompted systemic
inflammation along with impaired glucose tolerance and hyperinsulinemia, which are hallmark
features of insulin resistance and metabolic dysfunction in T2DM. Similar findings where
corroborated in vitro where TSST-1 impaired insulin signaling in isolated adipocytes. This reveals
that persistent infection can trigger diabetic status via mechanisms of toxin exposure and systemic
inflammation acting as environmental stressors. Collectively, these examples and various others from
the body of literature pinpoint the involvement of infections in both autoimmune and metabolic
forms of diabetes. This highlights the potential disease prevention approaches grounded in
modulating microbial exposure and minimizing infection risk in high-risk populations.

Additionally, microbial involvement in disease state goes far beyond infections, imbalances in
the gut microbiota composition, otherwise called dysbiosis, has also been linked to T2DM (Figure 4).
According to Wen et al. [2025], patients with T2DM have altered gut microbiota with high abundance
of proteobacteria, firmicutes and ruminococcus, and a notable insufficiency of beneficial bacteria like
bifidobacteria and Bacteroides [49]. This microbial dysbiosis can trigger systemic inflammation by
disrupting the production of short-chain fatty acids (SCFAs) such as butyrate, impairing the integrity
of the intestinal barrier, and promoting toxin spread which can eventually manifest as {-cell
dysfunction and insulin resistance (49,50). Bacterial pathogens like Fusobacterium nucleatum and
Ruminococcus gnavus have been implicated in reduction in SCFAs, increased inflammation and
sugar absorption from the intestines, which culminate in metabolic disturbance and exacerbated
insulin resistance [49]. This prompted exploring therapeutic strategies to improve insulin sensitivity
by targeting gut microbiota. Fecal microbiota transplantation (FMT) has shown merit in improving
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insulin sensitivity and increasing SCFA-producing bacteria in both metabolic syndrome and T2DM
patients (51,52). A 6-week long clinical trial conducted in 2012 showed that healthy donor intestinal
microbiota FMT improved insulin sensitivity (median rate of glucose disappearance changed from
26.2 to 45.3 mol/kg/min; P <.05) [51]. Nevertheless, probiotics were also explored as an alternative
intervention to FMT. In a clinical trial by Khalili et al. [2019], daily supplementation with
Lactobacillus casei for eight weeks led to improved glycemic control in T2DM participants[53]. The
probiotic showed marked reductions in fasting blood glucose, insulin levels, and insulin resistance
compared to the placebo group. Additionally, the probiotic group exhibited increased serum levels
of sirtuin 1 (SIRT1) and decreased levels of fetuin-A —both of which are biomarkers linked to glucose
metabolism and insulin sensitivity. Also, palacios et al. [2020] showed that administering multi-strain
probiotics with metformin together for 12 weeks can reduce fasting plasma glucose, improve insulin
resistance, and reverse gut microbiota imbalances in prediabetics and T2DM patients[54].

Role of Dysbiosis in Diabetes Mellitus
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Figure 4. Alterations in gut microbiota composition (dysbiosis) reduce short-chain fatty acid production and
impair intestinal barrier integrity, leading to systemic inflammation and metabolic dysfunction. These changes
promote insulin resistance and (3-cell impairment, contributing to the development and progression of diabetes

mellitus.

5. Potential Infectious Agents Triggering DM

A variety of viral pathogens have been implicated in triggering or exacerbating DM through
mechanisms including direct (3-cell cytotoxicity, molecular mimicry, chronic inflammation, and
metabolic dysregulation. Table 1 summarizes commonly studied viruses and their proposed
mechanisms in relation to T1IDM and T2DM. (Rajsfus et al., 2023; Yoneda et al., 2017).

Table 1. Viral Pathogens Implicated in the Onset or Exacerbation of Diabetes Mellitus and Proposed

Mechanisms.
Virus / Virus Group  Associated Diabetes Type Proposed Mechanism
Coxsackievirus B TIDM Direct (3-cell infection & cyto.lysié; induces autoimmune T-cell
activation.
Enteroviruses (e.g., TIDM Trigger molecular mimicry leading to autoreactive T-cells

Echovirus) against (3-cell antigens.

T1DM & T2DM (1 Chronic infection ind istent infl tion i iri -

Cytomegalovirus (CMV) . (less ronic infection induces persistent inflammation impairing &

established) cell function.

Alters i tol 5 te autoi ity via B-cell
Epstein-Barr Virus (EBV) T1DM (associative) ers immune tolerance; may promote autoimmunity via B-ce

dysregulation.
Rubella (C ital
" e. a( 9ngen1 a T1DM Damages pancreatic islet development in utero.
infection)
Mumps Virus T1DM Infects pancreatic tissue and reduces insulin secretion.
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Rotavirus TIDM Shares peptide similarity w1.th .[:’7—ce11 autoantigens (molecular
mimicry).

Varicella-Zoster Virus . o . . . .
T1DM (rare/associative) ~ Viral inflammation may contribute to autoimmune activation.

(VZV)
Influenza A/B T2DM (acute dysglycemia) Triggers systemic cytokine surge — transient insulin resistance.
HBV / HCV T2DM Alter hepatic insulin mgnahng through hepatokine
dysregulation.
HIV ToDM Viral proteins impair glucose upfake; ar’ltlretrowrals further
worsen metabolic profiles.
SARS-CoV-2 TIDM & T2DM (new  Infects ACE2-expressing 3-cells & adipose tissue — impaired

onset cases reported) insulin secretion + increased insulin resistance.

These viral infections can predispose hyperglycemic states via their tropism to the insulin-
producing pancreatic -cells. Vuorinen et al. [1992], conducted a study using Islet-like cell clusters
(ICCs) prepared from human fetal pancreases[55]. The ICCs were infected with mumps or coxsackie
B3 virus and became dysfunctional and unable to produce insulin 7 days post-infection, which
demonstrates how viral infection can alter -cell function and precipitate diabetes. In addition, viral
proteins can share structural similarities with key (3-cell autoantigens like GAD65 and IA-2, thereby
triggering autoreactive T-cell responses in genetically susceptible individuals [56]. In T2DM, the role
of viral infections is less well established but is gaining attention. Chronic viral infections such as
hepatitis C virus (HCV), hepatitis B virus (HBV) and HIV have been linked to the development of
insulin resistance in T2DM [56]. Hepatitis C virus (HCV) has been shown to contribute to T2DM
development by disrupting glucose and lipid metabolism. Importantly, the metabolic and
immunologic effects of these viral infections can persist even after the acute infection has been
resolved, indicating that dysglycemia and diabetes risk can persist beyond viral clearance. This
occurs through altered secretion of hepatokines such as fetuin-A and selenoprotein P, which may
help explain the significantly higher prevalence of T2DM among HCV-infected individuals
compared to the general population (57,58). Notably, HIV infection also contributes to metabolic
dysregulation through the actions of viral proteins such as Vpr and Nef that can block the action of
insulin and impair glycemic metabolism [56]. Similarly, SARS-CoV-2 has been associated with the
onset of insulin resistance and hyperglycemia in both diabetic and non-diabetic individuals via
triggering adipose tissue disease [56]. The virus can infect adipocytes and alter the secretion of
adipokines like adiponectin, further disrupting lipid and glycemic metabolic process (59,60).
Unsworth et al. [2020] have also reported that following COVID-19 exposure or infection, the
prevalence of new-onset TIDM was notably increased [60]. Overall, the evidence underscores a
significant viral contribution to the pathogenesis of both type 1 and type 2 DM.

6. Role of Antimicrobial Resistance in DM Population

Diabetes mellitus (DM), and in particular type 2 diabetes mellitus (T2DM), constitutes a
substantial global health challenge, currently afflicting over 530 million individuals worldwide, with
this number anticipated to rise further by 2045 [61]. In addition to its well-documented metabolic
sequelae, DM markedly increases susceptibility to severe and recurrent infections. This heightened
vulnerability arises from a multifaceted constellation of immunological impairments, vascular
dysfunction, neuropathic changes, and various biochemical disturbances. The frequent necessity for
repeated courses of broad-spectrum antibiotics to manage these infections substantially contributes
to the emergence and propagation of antimicrobial resistance (AMR) [5]. The intersection of DM and
AMR thus engenders a perilous synergism, posing significant threats to individual clinical outcomes
and exerting considerable strain on global public health infrastructures (Figure 5).
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Figure 5. Multiple diabetes-related factors—including recurrent infections, frequent broad-spectrum antibiotic
use, impaired immunity, altered pharmacokinetics, and poor tissue perfusion— contribute to the development
of antimicrobial resistance. Chronic wounds and prolonged healthcare exposure further promote colonization

with multidrug-resistant organisms.

6.1. Increased Antibiotic Exposure Among Patients with DM

Individuals living with T2DM exhibit a disproportionately high burden of infections affecting
multiple organ systems, including skin and soft tissues, urinary tract, lower respiratory tract, and
gastrointestinal systems. This heightened susceptibility is principally attributable to the deleterious
effects of chronic hyperglycemia on both innate and adaptive immune functions. Hyperglycemia
induces non-enzymatic glycation of immunoglobulins, thereby impairing opsonization and
complement activation, while neutrophil dysfunction manifested as reduced chemotaxis,
phagocytosis, and intracellular microbial killing, constitutes a hallmark immunopathological feature
in this population. Additionally, diabetic vasculopathy and peripheral neuropathy contribute to
compromised tissue perfusion and impaired wound healing, further exacerbating infection risk,
particularly in the lower extremities [62].

From an epidemiological perspective, individuals with diabetes are approximately 1.5 to 3 times
more likely than counterparts with no diabetes to require hospitalization for infectious diseases[63].
Among the most prevalent infections in this group are diabetic foot infections (DFIs), which affect
roughly one-quarter of patients with diabetes during their lifetime, as well as recurrent urinary tract
infections (UTIs) frequently linked to autonomic neuropathy-related bladder dysfunction and
glycosuria [64]. The chronicity and recurrence of these infections often necessitate prolonged or
repeated courses of antibiotic therapy, driven in part by biofilm formation and impaired vascular
supply [65]. This clinical reality results in markedly increased antibiotic exposure among patients
with diabetes, who rank among the highest consumers of antibiotics globally. The empirical and often
extended use of broad-spectrum antibiotics, motivated by concerns over rapid clinical deterioration
and complications, exerts a potent selective pressure favoring the emergence and propagation of
antimicrobial resistance (AMR). This is evident by a comprehensive meta-analysis by Carrillo-Larco
and colleagues confirming that individuals with diabetes have significantly higher odds of infections
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caused by antibiotic-resistant pathogens, including methicillin-resistant Staphylococcus aureus
(MRSA) and extended-spectrum p-lactamase (ESBL)-producing Enterobacteriaceae [63].

This trend is particularly pronounced in LMICs where microbiological diagnostic capacity and
antibiotic stewardship programs may be limited, fostering widespread empirical antibiotic
administration and acceleration of resistance [66]. Furthermore, regional studies from Peru and India
have documented alarming resistance profiles in isolates from diabetic wounds and UTIs, with
resistance rates up to 80% against major antibiotic classes and a concerning rise in carbapenem
resistance, necessitating more aggressive and complex therapeutic regimens (67,68). Moreover, the
recurrent nature of infections in patients with diabetes establishes a vicious cycle whereby repeated
antibiotic use disrupts the commensal microbiota and promotes colonization with multidrug-
resistant organisms (MDROs). Consequently, patients with diabetes may serve as reservoirs
facilitating the transmission of resistant pathogens within healthcare settings and the community,
thereby amplifying the broader public health challenge posed by AMR [69]. Therefore, patients with
diabetes should be prioritized as a key target group in antimicrobial stewardship programs, with
strategies aimed at minimizing unnecessary antibiotic exposure and monitoring for resistant
infections.

6.2. Altered Pharmacokinetics and Dosing Challenges

Diabetes engenders profound pharmacokinetic and pharmacodynamic challenges that
substantially undermine the therapeutic effectiveness of antimicrobials and facilitate the emergence
of resistant microbial strains. From an anatomical perspective, microvascular and macrovascular
complications commonly observed in DM, particularly peripheral arterial disease and endothelial
dysfunction, markedly diminish tissue perfusion, especially in distal extremities. This compromised
vascular supply restricts antibiotic delivery to infected tissues, often resulting in subtherapeutic drug
concentrations, incomplete bacterial eradication, and the consequent propagation of persistent
infections and antimicrobial resistance [70]. For example, B-lactam antibiotics—which require
sustained time-dependent exposure above the minimum inhibitory concentration (MIC) to be
effective—may fail to reach therapeutic levels in poorly perfused diabetic tissues, increasing the risk
of treatment failure and resistance development. At the biochemical level, chronic hyperglycemia
promotes the formation of advanced glycation end products (AGEs), which alter plasma protein
binding dynamics and disrupt tissue structural integrity, thereby affecting the distribution and
bioavailability of antibiotics. Furthermore, hyperglycemia-induced perturbations in cellular
membrane permeability and the function of various efflux transporters, such as P-glycoprotein and
organic anion transporters, further modify drug absorption and elimination processes[5]. These
metabolic derangements underscore the necessity for individualized dosing strategies to adequately
address altered drug pharmacokinetics.

Renal impairment, a prevalent sequela in approximately 40% of patients with longstanding DM
due to diabetic nephropathy, critically affects the clearance of renally excreted antimicrobials,
including p-lactams, vancomycin, and aminoglycosides. Inadequate dose adjustments in the setting
of renal dysfunction can lead either to supratherapeutic drug levels, heightening the risk of
nephrotoxicity, or to subtherapeutic concentrations, thereby promoting the selection of resistant
pathogens [71]. Moreover, concomitant hepatic dysfunction, frequently arising from comorbid non-
alcoholic fatty liver disease (NAFLD) in individuals with diabetes, further complicates antimicrobial
metabolism, particularly for agents primarily processed via hepatic pathways, such as macrolides
and linezolid [72]. Additionally, obesity, a common comorbidity in type 2 DM, augments the volume
of distribution for lipophilic antibiotics (e.g., fluoroquinolones and macrolides), necessitating weight-
adjusted dosing regimens to attain appropriate therapeutic plasma concentrations (73,74)Failure to
adequately consider these complex physiological and metabolic alterations through precise,
individualized dosing strategies risks suboptimal drug exposure at infection sites. Such inadequacies
not only predispose patients to therapeutic failure but also contribute to the selective enrichment of
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resistant bacterial populations, thereby exacerbating the global challenge of AMR among individuals
with DM [74].

6.3. Hospital-Acquired Infections and AMR in DM

Individuals with DM are predisposed to prolonged hospitalizations, often necessitated by the
management of severe infections, chronic wounds, and the requirement for invasive surgical
interventions, including debridement procedures and limb amputations (5,62). Such extended
durations of inpatient care substantially increase their vulnerability to hospital-acquired infections
(HAISs), particularly those attributable to MDROs (74,75). For example, in a study of diabetic foot
infection patients with multidrug-resistant organisms, mean hospital stay was 19.15 + 12.95 days for
MDRO cases compared to17.65 + 8.05 days for non-MDRO cases (Chander et al., 2017). A
comprehensive systematic review and meta-analysis conducted by Carrillo-Larco et al. [2021]
revealed that individuals with DM possess markedly elevated odds of infection with methicillin-
resistant Staphylococcus aureus (MRSA), extended-spectrum (-lactamase (ESBL)-producing
Enterobacteriaceae, and carbapenem-resistant pathogens, relative to counterparts with no diabetes
[63]. This observation is further substantiated by region-specific studies; for instance, a cross-sectional
study in Peru documented carbapenem resistance rates as high as 78% among isolates from diabetic
foot infections (DFIs), thereby highlighting the global intensification of antimicrobial resistance
(AMR) [68]. In parallel, Hamdan et al. [2024] reported a high prevalence of resistant uropathogens,
notably Escherichia coli and Klebsiella pneumoniae, among women with diabetes in Qatar,
demonstrating significant resistance to third-generation cephalosporins and fluoroquinolones [66].
In the Indian context, Kande et al. [2021] identified a significantly higher incidence of ESBL-
producing and carbapenem-resistant uropathogens in individuals with diabetes compared to
controls with no diabetes [67]. Similarly, Coskun et al. [2024] observed that 90% of DFIs in Turkey
were polymicrobial in nature, predominantly comprising MDROs resistant to first-line antimicrobial
agents [65]. Polymicrobial communities in diabetic foot infections frequently form structured
biofilms, which limit antibiotic penetration and allow organisms to share resistance determinants,
making empiric therapy more difficult and increasing the likelihood of treatment failure.

The elevated susceptibility to HAIs among individuals with DM is further compounded by
frequent utilization of invasive medical devices, such as urinary catheters and central venous
catheters, as well as repeated administration of broad-spectrum antibiotics (41,76). These factors
collectively not only complicate clinical management but also promote nosocomial transmission and
environmental persistence of resistant pathogens, thereby positioning patients with diabetes as
potential reservoirs for the dissemination of antimicrobial resistance (5,74).

6.4. Chronic Wounds, Biofilm Formation, and Resistance

Diabetic foot ulcers (DFUs), alongside other chronic wounds, exemplify the intricate interplay
between DM and the escalating global challenge of AMR. The pathophysiological milieu
characteristic of diabetic patients, comprising neuropathy-induced sensory deficits, autonomic
dysfunction resulting in xerosis and cutaneous fissuring, and both macrovascular and microvascular
ischemic changes, collectively gives rise to a highly conducive environment for the development and
persistence of chronic wounds (62,70).

From a microbiological perspective, these chronic wounds are frequently colonized by complex
polymicrobial consortia, which include Staphylococcus aureus, Pseudomonas aeruginosa,
Enterococcus species, and various multidrug-resistant Gram-negative bacilli (65,74,75). Notably,
these microbial communities often exist within biofilms, highly organized aggregates of
microorganisms embedded within a self-produced extracellular polymeric matrix, which afford them
up to a 1,000-fold increase in antibiotic tolerance relative to their planktonic counterparts and enable
evasion of host immune mechanisms (5,77,78). The inherent heterogeneity of biofilms further
exacerbates treatment complexity, as metabolically quiescent subpopulations known as "persister”
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cells can withstand antimicrobial assaults and subsequently re-establish infection following the
cessation of therapy (74,79).

Moreover, the distinct microenvironment of diabetic wounds compounds therapeutic
difficulties. Factors such as localized hypoxia and tissue acidosis compromise phagocyte function
and diminish the efficacy of antimicrobial agents (62,70). Additionally, the frequent necessity for
extensive and often combinatorial antibiotic regimens to manage these infections fosters the
emergence and selection of resistant strains (41,63).

Consequently, diabetic patients with chronic wounds are increasingly recognized as significant
reservoirs for MDROs, thereby heightening the risk of AMR dissemination within both healthcare
facilities and community environments (66,68).

6.5. Poor Glycemic Control Complicating Infection Management

Chronic hyperglycemia profoundly disrupts host immune function, thereby heightening
vulnerability to infections and complicating clinical management strategies. At the molecular level,
persistent hyperglycemia impairs neutrophil oxidative burst activity, diminishes complement system
efficacy, and induces non-enzymatic glycation of immunoglobulins, collectively undermining
opsonization and phagocytic mechanisms (62,80). Simultaneously, sustained hyperglycemia fosters
a chronic pro-inflammatory milieu, characterized by elevated circulating concentrations of tumor
necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and various other cytokines. This persistent
inflammatory state paradoxically attenuates acute immune responses, consistent with the concept of
immune exhaustion (62,81).

Clinically, the literature robustly links inadequate glycemic control with increased infection
incidence, impaired wound healing, and elevated infection-related mortality rates. For instance,
Critchley et al. [2018] reported a dose-response association between elevated glycated hemoglobin
(HbAlIc) levels and higher risks of pneumonia, skin and soft tissue infections, sepsis, and infection-
related deaths [12]. Moreover, a bidirectional interplay between antibiotic use and dysglycemia
further exacerbates this clinical scenario. Extended antibiotic exposure has been shown to worsen
glycemic dysregulation, thereby accelerating diabetes progression and further increasing infection
susceptibility. Zhou et al. [2021], in a comprehensive meta-analysis, demonstrated that cumulative
antibiotic exposure is associated with a significantly elevated risk of developing type 2 diabetes,
implicating a vicious cycle involving gut dysbiosis, metabolic dysfunction, and selective pressure
favoring antimicrobial resistance [82]. This creates a self-reinforcing loop in which infections lead to
increased antibiotic use, antibiotics impair metabolic control, and worsening glycemia further
heightens vulnerability to infection. Recognizing and interrupting this cycle is essential for improving
outcomes in diabetic patients. Collectively, these interconnected mechanisms highlight the
paramount importance of rigorous glycemic control alongside prudent antibiotic stewardship in
diabetic populations, to mitigate the dual threat posed by infectious complications and the
propagation of antimicrobial resistance.

7. Discussion: Clinical and Public Health Implications

7.1. Diagnostic and Therapeutic Challenges

Patients with diabetes mellitus (DM) often present atypically when infected, leading to delayed
diagnosis and treatment. Hyperglycemia can impair leukocyte function, blunt inflammatory
responses, and alter clinical presentations — for instance, masking the classic signs of infection like
fever or leukocytosis [83]. Infections such as mucormycosis, emphysematous pyelonephritis, and
diabetic foot infections are particularly insidious in diabetic patients and may be advanced by the
time they are recognized.

Therapeutic challenges also arise due to altered pharmacokinetics and pharmacodynamics in
DM patients. For example, diabetic nephropathy may necessitate dose adjustments for renally-
excreted antimicrobials, while peripheral vascular disease may impair antibiotic delivery to infected
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tissues. Furthermore, glucose dysregulation itself can reduce treatment efficacy and prolong
recovery.

Since diabetes mellitus significantly alters the clinical presentation and management of
infectious diseases, introducing both diagnostic and therapeutic challenges that have broad
implications for patient outcomes and public health systems. One major issue is the atypical
presentation of infections in diabetic individuals, often characterized by a blunted inflammatory
response, absence of fever, and reduced perception of pain due to peripheral neuropathy [69]. These
atypical features may lead to delayed recognition of infections such as diabetic foot ulcers, urinary
tract infections, and even severe conditions like osteomyelitis or sepsis. In addition, overlapping
symptoms between infection and diabetes complications—such as fatigue, neuropathy, or
confusion—can obscure timely diagnosis. Laboratory parameters like white blood cell count and C-
reactive protein may also be less reliable in the context of immune dysfunction and chronic
inflammation [84].

Managing infections in individuals with diabetes mellitus presents numerous therapeutic
difficulties due to the interplay between metabolic dysregulation, immune compromise, and the
pharmacologic complexities of antimicrobial therapy. As previously discussed in Section 8.2, altered
pharmacokinetics and pharmacodynamics in diabetes further complicate antimicrobial therapy by
limiting drug penetration into infected tissues and disrupting optimal therapeutic exposure.
Infections in diabetic patients, particularly diabetic foot ulcers, urinary tract infections, and
respiratory infections, tend to be more persistent, polymicrobial, and recurrent, necessitating longer
treatment courses and broader-spectrum antimicrobial agents [85]. Recent systematic reviews (2021-
2023) confirm that diabetic foot infections are increasingly associated with multidrug-resistant
organisms, including MRSA and ESBL-producing Gram-negative bacteria, which complicates
empirical therapy and increases the risk of treatment failure and hospital readmissions [86].

Another major therapeutic concern is the alteration of antibiotic pharmacokinetics in diabetic
individuals. For example, studies have shown a delayed time to maximum plasma concentration
(Tmax) for rifampicin in diabetic patients with tuberculosis, which may necessitate therapeutic drug
monitoring or adjusted dosing strategies to achieve therapeutic levels [87]. Additionally, diabetic
nephropathy —common in long-standing diabetes—can impair renal clearance of antibiotics,
increasing the risk of toxicity if standard dosing is used (88,89). This underscores the importance of
individualized dosing regimens based on renal and hepatic function, especially in critically ill
diabetic patients who often require modified or continuous infusion dosing for time-dependent
antibiotics.

Drug-drug interactions between antidiabetic and antimicrobial agents further complicate
treatment. Sulfonylureas, such as glipizide and glyburide, are frequently implicated in severe
hypoglycemia when combined with certain antibiotics, including fluoroquinolones, sulfonamides,
tetracyclines, and macrolides. A Korean nationwide study found that these combinations were
associated with a significantly higher risk of hypoglycemia, with adjusted odds ratios exceeding 2.5
for fluoroquinolones and sulfonamides [90]. In the U.S., nearly 38% of sulfonylurea-antibiotic co-
prescriptions lacked clear indications, highlighting poor antimicrobial stewardship and the need for
better prescriber awareness [91]. Some antibiotics also directly affect glucose metabolism; for
instance, fluoroquinolones have been shown to induce both hypo- and hyperglycemia by stimulating
insulin release via ATP-sensitive potassium channels in pancreatic $-cells, a risk so serious that the
FDA issued safety warnings [92].

Moreover, antibiotics such as rifampicin act as enzyme inducers (e.g., CYP3A4 and CYP2C9),
leading to reduced plasma concentrations of sulfonylureas and meglitinides, which can result in loss
of glycemic control and new or worsening hyperglycemia (93,94). Conversely, CYP inhibitors such
as clarithromycin and fluconazole can reduce the metabolism of antidiabetic drugs, increasing the
risk of hypoglycemia. These bidirectional metabolic interactions demand vigilant monitoring of
blood glucose and often necessitate temporary adjustments of antidiabetic therapy when starting or
stopping antibiotic treatment.
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Taken together, these therapeutic challenges necessitate a personalized and multidisciplinary
approach to infection management in diabetic patients. Clinicians must not only select appropriate
empiric antibiotics based on local resistance patterns and comorbidities but also account for metabolic
status, organ function, and potential interactions with existing antidiabetic regimens. Routine
glycemic monitoring, renal dose adjustments, and coordinated care between infectious disease
specialists, endocrinologists, and pharmacists are essential to improving outcomes and minimizing
iatrogenic harm.

7.2. Need for Tailored Antibiotic Stewardship in Patients with DM

Patients with diabetes mellitus are disproportionately affected by recurrent and complicated
infections, such as diabetic foot infections (DFIs), which frequently lead to the overuse or misuse of
antibiotics. This population is particularly prone to infections caused by multidrug-resistant
organisms including MRSA, ESBL-producing Gram-negative bacilli, and carbapenem-resistant
strains [95]. Inappropriate empiric therapy without culture guidance is still common in many
healthcare settings [96], resulting in higher morbidity, longer hospital stays, and increased healthcare
costs.

To address these issues, antibiotic stewardship (ASP) efforts tailored to patients with DM are
promising. Interventions using syndrome-specific ASP protocols and electronic medical record-
guided prescribing have successfully reduced the use of broad-spectrum antibiotics, particularly anti-
pseudomonal agents, without compromising patient outcomes [97]. Studies also highlight the
importance of multidisciplinary care models, where infectious disease specialists collaborate with
endocrinologists and wound care teams to guide optimal antimicrobial strategies [98].

Of note, international guidelines, such as those from the IWGDF/IDSA, emphasize culture-
driven therapy, early de-escalation strategies, and integration of local antibiograms in treating DFIs
[99]. Moreover, diagnostic tools like nasal PCR for MRSA colonization have enabled clinicians to
avoid unnecessary vancomycin use when results are negative [100]. Distinctively, the WHO’s AWaRe
framework supports these principles by classifying antibiotics into Access, Watch, and Reserve
groups to encourage the use of narrower-spectrum agents whenever possible [101].

In summary, effective ASP in patients with DM requires a multifaceted approach—combining
diagnostics, multidisciplinary coordination, guideline adherence, and individualized glycemic
control. These measures collectively reduce the selection pressure for resistance and improve long-
term clinical outcomes [102].

7.3. Screening and Vaccination Strategies as Preventive Measures

People with diabetes are at notably higher risk of a range of severe, vaccine-preventable
infections—most notably influenza, pneumococcal disease, hepatitis B, COVID-19, shingles, and
RSV—due to chronic immune impairment and hyperglycemia-related inflammation. Seasonal
influenza vaccination has been shown to reduce hospitalizations for pneumonia and influenza by
approximately 43% and all-cause hospitalizations by 28% in working-age adults with diabetes (RR
reductions: PI 43%, ALL 28%) (103,104). CDC/ACIP guidelines recommend annual inactivated
influenza vaccination for everyone > 6 months, with particular emphasis on those with DM .

For Streptococcus pneumoniae, patients with DM are more susceptible to invasive disease and
pneumococcal pneumonia with increased morbidity, length of hospital stay as well as mortality [105].
Comprehensive immunization program (CIP ) advocates either one dose of PCV20 or a sequence of
PCV15 followed by PPSV23 vaccines for adults with DM > 19 years of age. This has been reflected on
the updated 2023 ACIP guidelines which provides clear schedules tailored to risk profiles
[106].Similarly, vaccination against hepatitis B virus (HBV) is warranted for adults with DM under
60 years of age and may be considered for older individuals with additional risk factors (AACE
guidelines). Conversely, COVID-19 vaccination, including updated booster doses, remains critical,
as individuals with DM face increased risk of severe outcomes and mortality. Additionally, adults
>50 years should receive the recombinant zoster vaccine, since diabetics are 1.6 times more likely to
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develop shingles compared to the general population (AACE) [107].Emerging approvals of RSV
vaccines for adults > 60 years also apply to those with diabetes, given their elevated risk of RSV
hospitalization.

Beyond vaccination, latent tuberculosis infection screening is advised for diabetic individuals in

high-endemic areas to prevent progression to active TB. Regular HBV/HCV serology is
recommended in those with shared medical-device use or originating from endemic regions. Routine
foot, skin, oral examinations, as well as screening for asymptomatic bacteriuria in women with
frequent UTIs, can support early detection and prevent serious infections.
To enhance implementation, integrating vaccine reminders and standing orders into electronic
medical records, combined with pharmacist- and nurse-led vaccine delivery programs, has
demonstrable success in increasing adult vaccination rates. Moreover, public health campaigns
aimed at healthcare providers and patients effectively address misinformation and access barriers,
thereby improving uptake. Collectively, these strategies—comprehensive immunization, targeted
infectious disease screening, and proactive monitoring—are essential to reducing both infection
burden and adverse outcomes in people with diabetes and bolstering prevention in the general
population.

8. Knowledge Gaps and Future Research Directions

8.1. Understanding the Mechanism and the Causative Pathogens:

Despite growing research on the intersection between diabetes, infection susceptibility, and
antimicrobial resistance, several key knowledge gaps remain. These gaps limit the development of
targeted prevention strategies and precision antimicrobial stewardship approaches for diabetic
populations. Recent studies have pointed out that hypoglycemia drives resistance mechanisms in the
AMR independently from the immune dysfunction [108]. DM patients may experience systemic
hyperglycemia with localized hypoglycemia in areas of infection due to vascular complications, as
microvascular impairment reduces perfusion and consequently restricts the delivery of glucose and
oxygen to infected tissues, creating a nutrient-limited environment accelerated by the nutritional
competition with the pathogen [109]. Such an environment will force the pathogen to shift from
glycolysis to purine metabolism, reducing the levels of guanosine and impairing the normal
homeostatic processes of the microorganisms targeted by traditional antibiotics[110]. The
mechanisms are based on rescue experiments where Edwardsiella tarda selected for ceftazidime
resistance, cultured in glucose-deficient environments, were re-sensitized after adding either glucose
or guanosine [111].

Deeper research should be conducted on how different pathogens develop resistance in patients
with or without DM. For example, groundbreaking research demonstrated that Staphylococcus
aureus was more likely to develop resistance in mice with DM [74], and a meta-analysis of 10,994
diabetic foot infection patients showed MRSA prevalence of 16.78% [112]. However, recent studies
revealed that MRSA reinfection was 20.1 times more likely in non-diabetic patients than not [113],
suggesting a complex dynamic beyond just immune suppression. Other studies demonstrated that
54.3% of Enterobacteriaceae isolates from urinary tract for diabetic patients were ESBL-producing [114].
Further genotypic characterization of E. coli from patients with DM demonstrated that 64.3% of ESBL-
producing isolates harbored blaCTX-M genes, proving that isolates with such genes had beta-lactam
antibiotics. This provides evidence for the correlation between genotypic and phenotypic trends and
being and potential target for diagnosis and therapy[115].

8.2. Vaccine Research in the Interface of DM, Infection and AMR:

The associated suppression in antibody production and hyperinflammatory neutrophil
recruitment in diabetic hosts could explain the consistent decrease in vaccine effectiveness [116]. For
example, vaccine effectiveness of COVID-19 disease ranged between 33-91% in those with DM
compared to 42-94% in the total population [117]. Therefore, recent studies have promised that
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tailored therapeutic strategies based on glycemic status, age, BMI, and kidney function could
improve vaccine efficacy[118]. In addition, bacterial vaccines can reduce the impact of AMR on
diabetic patients, by reducing the need and quantity of antibiotics [119]. Recent development in
mRNA vaccine granted the ability to rapidly develop vaccines and target heterogeneous pathogen
populations with multiple mutations [120].

8.3. Advanced Diagnostic Methods:

Current antimicrobial resistance surveillance methods rarely stratify by the status of DM or lack
the ability to track the development of AMR in such populations [120]. Furthermore, there is a lack
of integrating simultaneous glucose levels, infection, and resistance markers measurement in the
point of care to guide targeted therapy. Incorporating HbAlc—a key indicator of chronic glycemic
control—into AMR prediction models may be particularly valuable, as poor glycemic control is
strongly linked to both infection susceptibility and antibiotic treatment failure. Further research could
employ machine learning frameworks to integrate clinical variables (e.g., HbAlc and comorbidities),
metabolic indices, and microbial genomic profiles to better predict AMR development in diabetic
patients, by integrating clinical, metabolic and microbial variables [121].

8.4. Methodological Approaches:

Many research papers around the topic of AMR highlighted multiple methodological
limitations, including heterogeneity in the study methodology, sequencing, duration and timing of
the sampling [84]. The scarcity of high-quality assessments of research outcomes and lack of guideline
recommendations further hinders the value of such papers.

In addition, most of the current papers are retrospective, obstructing forming any conclusion.
Also, many temporal factors should be taken into consideration, such as extended follow-up times,
multiple time point sampling, and accounting for seasonal variations. Such factors call for more
comprehensive methods for monitoring diabetes and infection status, such as continuous glucose
monitoring[82], optimizing insulin treatment with resistance profiling of serial bacterial culture and
using biomarker kinetics to assess the host’s response[122].

Such a sophisticated issue requires multivariable modeling, however, the sheer number of
variables available to factor in have increased the methodological heterogeneity across papers.
Therefore, standardization of variable selection, outcome definition, and validation methods is
necessary to transform such a theory into clinical practice.

Furthermore, a recent systematic review revealed that most AMR studies are observational with
multiple confounders, making it difficult to substantiate causations[123]. These unaccounted
confounders often include key clinical factors such as duration of DM, level of glycemic control (e.g.,
HbAlc), presence of diabetic complications, and prior antibiotic exposure, all of which strongly
influence both infection severity and AMR risk. Thus, to establish causality, mediation analysis and
randomized controlled trials could be implemented. The fast advancement in omics technologies,
such as single cell and spatial transcriptome, tied with machine learning and advance time series
analysis, could further enhance the ability to deduce the relationship [124].

9. Conclusions

Diabetes mellitus and infection are linked through a complex, bidirectional interface leading to
major clinical and public health consequences. From numerous published research, there is
accumulating evidence that support, exposure to infectious pathogens and microbiome perturbations
contribute to the onset or worsening of both TIDM and T2DM through inflammatory and immune-
metabolic mechanisms. Following manifesting DM, immune dysfunction and vascular compromise
substantially increase the frequency, severity, and persistence of infections, while recurrent infection
and repeated antibiotic exposure amplify selective pressure for AMR. The driving force for that are
chronic wounds, biofilms formation, altered drug pharmacokinetics, and repeated and prolonged
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contact with healthcare. These interactions translate into diagnostic delays, higher complication rates,
and more difficult antimicrobial decision-making, underscoring the need for diabetes-focused ASP,
culture-guided de-escalation, individualized dosing strategies, as well as optimized preventive
measures such as vaccination and targeted screening in high-risk settings. Future research should
adopt latest development in genomics, and artificial intelligence using all available host clinical,
metabolic data as well as pathogens microbiological variables and the context of the surrounding
environment to decipher the interface between DM, infection and AMR.
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