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Abstract

The human microbiome has emerged as a critical factor influencing surgical outcomes
across a broad number of specialties. This paper explores the evolving interactions between
the body’s microbiome and surgical practice, especially focusing on wound healing, post-
operative recovery, and infection risk. We analyze current evidence from multiple surgical
disciplines, including transplantation, reconstructive, bariatric, orthopedic, cardiothoracic,
and oral surgery. Recognizing different microbial communities and their influence on sur-
gical success opens doors to personalized medicine and targeted preventions. The studies
discussed in this review provide valuable interdisciplinary insights that could ultimately
uncover the microbiome’s fullest potential in optimizing future surgical protocols.

Keywords: plastic surgery; transplantation; cardiothoracic surgery; dentistry; bariatric;
orthopedic

1. Introduction
The human microbiome encompasses a dynamic community of microorganisms that

inhabit multiple organ systems and other mucosal tissues within the body, along with
their genomes, metabolites, and environmental conditions [1]. The microbial communities
(microbiota) within the microbiome include bacteria, fungi, viruses, and protozoa, with an
estimated 38 trillion bacteria alone, indicating the vastness of this ecosystem [1,2]. Due to
the complexity of the microbiome, any small disturbance can bring about catastrophic con-
sequences. For example, a decrease in gut Bacteroides, a mutualistic bacterium responsible
for digesting fibers into metabolites, can induce conditions such as Crohn’s Disease, and an
increase can cause diabetes type 1, cardiovascular disease, and even autism [3,4]. Surgeries
represent one of the most significant imbalances to these microbial networks by altering
pathways, exposing to foreign objects, and administering peri/post-operative antibiotics.
Radical distal gastrectomy, a treatment for gastric cancer, elevates the previously mentioned
Bacteroides and decreases important short-chain fatty acids, disrupting nutrient absorption
and causing greater mucosal permeability [5]. A recent genomic study based around spinal
surgery introduced the idea that surgical site infections (SSIs) can arise from a patient’s own
microbiota, with Escherichia coli (E. coli) being at low abundance preoperatively, then later
dominating the infected wound [6]. Similarly, E. coli found at higher levels correlated with
the incidence of post-pancreatectomy hemorrhage following pancreatic surgery [7]. A large
number of these bacterial species have developed resistance toward antibiotics, with about
40–50% of today’s SSIs becoming resistant to prophylactic agents [8]. An important factor
that influences this trend is the overprescription of antibiotics, unveiling a long-standing
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issue dominating the clinical world [8]. Anesthesia also has a measurable impact on micro-
bial stability, as the loss of biodiversity and beneficial taxa leads to further dysbiosis [9]. All
these examples combined display that surgical interventions have the capacity to influence
long-term health outcomes by altering microbial community composition.

This review aims to focus on microbiome changes across several surgical disciplines,
including reconstructive, transplantation, cardiothoracic, oral, bariatric, and orthopedic
surgery. Our goal is to highlight how operative interventions could reshape microbiomes
and how such patterns may guide future approaches in surgical care.

2. Materials and Methods
The process of creating this descriptive narrative literature review involved using the

search engines Google Scholar and PubMed to evaluate relevant peer-reviewed research
related to the topic at hand. The articles were selected based on relevance to microbiome
changes following surgery, and preference was given to those published within the date
range of January 2015 through December 2025 to emphasize studies published within
the past ten years. Search terms included surgical microbiome, post-operative biofilms,
and surgical site microbiota. Boolean operators (and/or) were used to refine the search
and ensure coverage across relevant disciplines. Studies were included if they were peer-
reviewed original articles or reviews, investigated microbiome composition or changes
in relation to surgical procedures, surgical sites, or post-operative outcomes, and were
published in English. Exclusion criteria included conference abstracts, editorials, non-peer-
reviewed articles, studies deemed too outdated (outside the date range), studies unrelated
to surgery, and publications lacking microbiome-related outcomes.

Article screening was conducted in a two-stage process, in which the titles and ab-
stracts were reviewed first for relevance. Next, the full text was assessed to confirm
eligibility based on the inclusion and exclusion criteria. Ultimately, analysis was performed
as a qualitative narrative synthesis rather than a meta-analysis. Figures incorporated into
this manuscript were created through Adobe Express and Canva.

3. Plastic, Reconstructive, and Cosmetic Surgery
As the body’s primary defense mechanism, the skin hosts a diverse microbiome that

acts as a barrier from pathogens and plays a crucial role in regulating immune responses [10].
It is immensely disrupted within the context of surgery, specifically in procedures involving
skin grafts, implants, and dermatological treatments. Such vulnerability can compromise
the skin’s integrity and cause complications, such as delayed wound healing or surgical
site infections [10]. Specifically, burn injuries cause continuous exposure to opportunistic
microorganisms, leading to a heightened immune response and susceptibility to infec-
tions [11]. In affected areas, increased amounts of Staphylococcus aureus cause the emergence
of host antimicrobial molecules and reduced levels of beneficial bacteria [11]. Propionibac-
terium acnes, normally responsible for suppressing pro-inflammatory cytokine expression,
becomes impaired, causing diminished immune regulation and overgrowth of infectious
species that can lead to pneumonia or sepsis [12]. The vulnerable skin also provides an
excellent environment for thermophile bacteria, such as Aeribacillus, Caldalkalibacilus, and
Nesterenkonia, which can delay wound healing [13]. Skin grafts, the primary technique
used to reconstruct damaged tissue, rely heavily on a balanced microbial environment
and epidermal homeostasis; therefore, the donor’s microbiome significantly influences
the success of graft integration and recovery [12]. Given the importance of microbes in
post-surgical healing, growing interest has emerged in using probiotics to support skin
recovery [12]. Preliminary human studies suggest the use of probiotic-infused creams,
such as those containing Streptococcus thermophilus, a facultative thermophile most known
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for its use in yogurt, can enhance the skin barrier by increasing ceramide levels in the
stratum corneum that maintain flexibility and microbial defense [14]. Another potential
solution that has been explored is a skin microbiome transplant, where the healthy skin
of another individual is transferred to a patient who requires improvement in their skin’s
microbiome [15].

Breast implant surgery, one of the most frequently performed reconstructive and
cosmetic procedures, involves placing either silicone or saline implants beneath breast
tissue and chest muscles. In the United States, around 450,000 breast implant operations are
performed each year [16]. However, a major challenge presented in breast augmentation
is the development of bacterial biofilms, specifically by bacteria such as Cutibacterium
acnes and Staphylococcus epidermidis (Figure 1) [17]. Once established, these biofilms are
difficult to eradicate and have been known to induce complications including capsular
contracture, subclinical infection, and, in rare cases, breast-implant-associated large cell
lymphoma (BIA-ALCL) (Figure 1) [17]. Around 48% of patients who undergo breast
implant removal surgeries develop a subclinical infection [17]. Additionally, a higher
level of biofilms could lead to breast implant illness and increased abundance of oxylipin
10-HOME [17]. Oxylipin 10-HOME, an immunogenic fatty-acid metabolite, is able to alter
immune activity through activation of inflammation and impairment of normal tissue
repair processes [18]. While the aforementioned Gram-positive organisms dominate the
biofilm, Gram-negative bacteria may also play a role in the pathogenesis of BIA-ALCL.
Through their lipopolysaccharides (LPS), they can activate toll-like receptor 4 (TLR-4),
a pathway linked to chronic inflammation and cancer progression in other lymphomas
(Figure 1) [19]. The signaling cascade leads to the release of IL-13 by mast cells, which has
also been detected in BIA-ALCL tumor specimens, suggesting bacterial stimulation drives
the immune environment for lymphoma development (Figure 1) [19].

Figure 1. Bacterial biofilms commonly form on breast implant surfaces, predominantly involving
Cutibacterium acnes and Staphylococcus epidermis. Such implant-associated bacteria contribute to
conditions including capsular contracture, tumor growth, and inflammation. Their capacity to
exacerbate post-surgical complications is linked to the promotion of immune dysregulation.

Considered a cosmetic procedure, blepharoplasty is the removal of excess skin around
the eyelids due to the weakening of the muscles with age [20]. Results from a study
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conducted noted that Proteobacteria were highly enriched in post-operative samples [20].
While not all Proteobacteria are pathogenic, they are most likely to cause diseases such
as conjunctivitis or dacryocystitis, as well as systemic effects through connective tissue
involvement [20]. Additionally, a decrease in Firmicutes and Bacteroidota exacerbates
symptoms of dry eye in surgical patients [20]. In order to prevent disruptions in the ocular
microbiome, certain measures should be adopted. For instance, in-depth patient histories
and full medical examinations should be performed to understand risk factors that may
predispose patients to postoperative diseases [21]. Proper surgical techniques are crucial,
including adequate lubrication to minimize corneal abrasion or ulcerations, decreasing the
inflammatory response by administration of dexamethasone or other topical steroids, and
precise resection during surgery to prevent ectropion, where the inner eyelid is exposed,
which can lead to excessive dryness [21].

Similarly, surgeries involving the sinuses introduce significant changes in microbial
communities, particularly in patients undergoing functional endoscopic sinus surgery
(FESS), an intervention for refractory chronic rhinosinusitis (CRS) to open nasal pas-
sages [22]. A study focusing on the response to FESS treatment highlighted the difference
between “responders”, or those who saw significant improvement in their symptoms,
versus “non-responders”, who gained little benefit [22]. It has been seen that elevated
intra-nasal IL-5 and nasal polyps in patients with CRS are associated with symptomatic
improvement after surgery [22]. This is due to the fact that their disease is IL-5 dependent,
meaning IL-5 is the primary driver of eosinophilic inflammation, and FESS is more effective
when the underlying inflammation is dominated by a targetable pathway [22,23]. Non-
responders also have a higher abundance of S. aureus, which plays a significant role in the
pathogenesis of CRS [22,24]. In CRS with nasal polyps, S. aureus exacerbates type 2 (Th2)
inflammation, and its enterotoxins increase IgE concentration, which is a central antibody
in allergic reactions [24]. Staphylococcus aureus has a major impact on the surgical outcome
of non-responder groups, contributing to higher rates of post-operative inflammation [22].
After surgery, there is an increased amount of Acinetobacter, which has been seen to provide
benefits as a commensal bacterium through its activation of IL-10, an anti-inflammatory
cytokine aimed at reducing excessive immune response [22,25,26].

Vaginoplasty is a procedure performed for genital reconstruction and vaginal restora-
tion due to congenital anomalies or trauma [27,28]. In gender-affirming vaginoplasty, a
“neovagina” is typically constructed from penile inversion or intestinal tissue, also used
in women with vaginal aplasia, to create a functional and aesthetically similar vaginal
canal [27,29]. The microbiome of a neovagina often differs significantly based on the tissue
source. Penile inversion vaginoplasty typically exhibits low amounts of Lactobacillus due
to a lack of glycogen production and retained cornification [28,30]. Lactobacillus plays a
crucial role in maintaining a healthy vaginal ecosystem, as it is responsible for lowering
the vaginal pH and combating potential opportunistic pathogens by creating an acidic
environment [31]. The neovagina constructed from a penile inversion has a greater resem-
blance to the foreskin fold of an uncircumcised penis rather than a cisgender vagina and
therefore supports microbiota composed predominantly of Prevotella, Porphyromonas, and
Peptoniphilus [30]. In a cisgender uncircumcised penis, these anaerobes are often linked to
increased susceptibility to sexually transmitted infections, which should encourage studies
to see if the same is true for a neovagina [30]. Similarly, an intestinal vaginoplasty presents
an interesting dilemma, as the neovagina adopts the bacterial populations existing in the
colon that are determined by diet [28]. Generally, the pH and original microbiota, with
more facultative anaerobes, are retained from the colon after surgery, but the slight differ-
ences in composition and decreased bacterial counts suggest that dietary patterns influence
microbial diversity [28]. Future research should be aimed at understanding long-term
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dietary habits and their effect on post-operative neovaginal microbial communities. Both
require extensive post-operative care, such as oral probiotic supplementation to improve
Lactobacillus levels and repeated rinsing to reduce the overgrowth of unwanted bacterial
communities [31,32].

4. Transplantations
Organ transplantation offers one of the clearest examples of how the microbiome

influences surgical success, since every graft triggers a complex interaction between donor
tissue, immune defenses, and resident microbes that governs inflammation, healing, and
immune tolerance [33]. Renal transplantation is the primary treatment for end-stage renal
disease (ESRD), and it introduces significant immune and microbial challenges. Following
surgery, the human microbiome undergoes rapid disruption due to immunosuppressive
drugs, antibiotic exposure, and reduced kidney function [33]. These alterations in the oral,
gut, and urinary microbiomes increase susceptibility to infection, inflammation, and graft
injury. Major changes include declines in beneficial genera, such as Bifidobacterium and
Lactobacillus, and expansion of pathogenic taxa, such as Enterobacteriaceae and Enterococcus
spp., which are associated with post-transplant diarrhea and immune activation [34].
Similar findings have been observed in other transplant models [35]. A large-scale liver
transplant study reported reductions in beneficial bacteria, such as Bifidobacterium spp.,
Lactobacillus spp., and Faecalibacterium prausnitzii, and increased levels of aforementioned
pathogenic taxa across patients receiving cyclosporine, tacrolimus, and mycophenolate
mofetil (Figure 2) [34,35]. Consistent trends across transplant studies include decreased
microbial diversity and increased relative abundance of Proteobacteria, indicating a decline
in microbial stability after transplantation [35]. Although immunosuppressive regimens
are indispensable for preventing rejection, they may compromise long-term microbiota
resilience and diversity [33].

Figure 2. Organ transplantation can have a significant impact on the microbiome, leading to dysbiosis
with an increase in potentially pathogenic species and a reduction of beneficial microbiota. Ultimately,
these changes yield an increase in immune activation, inflammation, and increased incidence of
rejection or organ dysfunction.

Restoring microbial balance after transplantation remains an evolving therapeutic chal-
lenge, as several studies report persistent dysbiosis, an imbalance of the body’s microbiota,
even after successful graft implantation [33]. Although fecal microbiota transplantation

https://doi.org/10.3390/hygiene6010010

https://doi.org/10.3390/hygiene6010010


Hygiene 2026, 6, 10 6 of 23

is well established for the treatment of Clostridioides difficile infection, its application in
transplant recipients is still not fully understood [34]. A study comparing the urinary micro-
biome of 21 kidney transplant recipients and 8 healthy controls revealed a marked decrease
in microbial diversity among transplant patients, along with a higher abundance of oppor-
tunistic pathogens, particularly Escherichia coli and Enterococcus faecalis (Figure 2) [36]. These
alterations are clinically significant because they are associated with increased risk of uri-
nary tract infections, which then lead to treatment practices that may result in species that
have increased antibiotic resistance [36]. Elevated urinary urea concentrations following
transplantation may also promote the growth of urealytic pathogens, further exacerbating
infection risk [36]. Consequently, longitudinal monitoring of the urinary microbiome has
been proposed as a potential non-invasive biomarker for early detection of graft dysfunction
or rejection [36].

Distinct microbial signatures also correlate with tolerance and rejection across specific
organ systems [33]. In liver transplant recipients, Bacteroides, Bifidobacterium, Streptococcus,
Lactococcus, and Blautia are present in higher abundance among patients experiencing
acute cellular rejection, whereas Enterococcus, Lactobacillus, and Clostridium are reduced
in non-rejecting recipients (Figure 2) [33]. These findings align with a growing body of
literature linking postoperative dysbiosis to graft outcomes [37,38]. Specifically, clinical
studies on liver transplant recipients report that shifts in gut-microbiota composition,
such as increased abundance of genera like Bacteroides, Streptococcus, Bifidobacterium, and
Blautia, are associated with episodes of acute cellular rejection, whereas maintenance of a
more stable and diverse community, often enriched in taxa like Lactobacillus or Clostridium,
correlates with graft tolerance and better long-term outcomes (Figure 2) [38]. This pattern
supports the hypothesis that microbiome disruption may promote alloimmune activation
through altered metabolite production and compromised barrier function, indicating the
gut microbiota as a potential biomarker and therapeutic target in transplant recipients [39].

Intestinal transplant recipients show elevated levels of Escherichia and Klebsiella in
pre-rejecting and actively rejecting patients, while kidney recipients with spontaneous
tolerance demonstrate enrichment of Janthinobacterium, Clostridia, Bacilli, and Lactobacillales
(Figure 2) [8]. Members of genera like Escherichia and Klebsiella (Proteobacteria) often ex-
pand when the normal gut microbiome is disrupted (Figure 2) [39]. In transplant patients,
the overgrowth of these potentially pathogenic bacteria is considered a hallmark of dysbio-
sis because it is associated with reduced microbial diversity and weakened colonization
resistance [39,40]. This shift increases the likelihood of inflammation and translocation of
bacterial components such as LPS, which can activate host immune pathways and con-
tribute to graft rejection. In contrast, enrichment of commensal groups, such as Clostridia,
Bacilli, and Lactobacillales, has been shown to support production of short-chain fatty acids,
promote epithelial barrier integrity, and regulate immune responses, which are features
associated with immune tolerance and improved graft outcomes [40].

Beneficial Lachnospiraceae correlate negatively with serum creatinine and blood urea
nitrogen, indicating improved renal function [40]. Commensal-derived metabolites, such
as short-chain fatty acids and inosine, have also been linked to prolonged graft survival in
experimental models [41]. Microbial composition and metabolite activity play key roles in
immune tolerance and post-transplant recovery across organ systems [41].

Further evidence of microbiome-mediated recovery is observed in liver transplan-
tation, where graft implantation restores hepatic function and improves gut microbial
balance [42]. Following surgery, reductions in pathogenic Enterobacteriaceae, such as
Escherichia, Shigella, and Salmonella, were accompanied by increased abundance of beneficial
Ruminococcaceae and Lachnospiraceae taxa [42]. These microbial shifts are associated with
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reduced endotoxin levels, higher bile acid activity, and lower venous ammonia concentra-
tion, reflecting restoration of gut–liver axis function following transplantation [42].

Microbiome disruption is also evident in pulmonary transplantation, a setting uniquely
vulnerable to environmental and immunosuppressive stress [43]. After lung transplan-
tation, reduced microbial diversity and expansion of opportunistic pathogens, including
Pseudomonas, Staphylococcus, and Enterobacteriaceae spp., are often accompanied by height-
ened inflammation and immune activation, which contribute to chronic lung allograft
dysfunction (CLAD), the leading cause of long-term graft failure (Figure 2) [43]. Conversely,
recipients who maintain higher proportions of oral commensals, such as Streptococcus and
Veillonella, tend to exhibit lower cytokine levels and improved graft stability, suggesting
that microbial resilience supports immune tolerance [43].

The influence of microbial and viral disturbances on graft outcomes extends beyond
allogeneic transplants, as shown in xenotransplantation studies, which involve transplant-
ing organs across species, such as from pigs to baboons [44]. Porcine cytomegalovirus
(PCMV) infection during pig-to-baboon cardiac xenotransplantation significantly shortened
graft survival by increasing inflammatory cytokines like IL-6 and TNF-α and inducing
coagulation dysfunction and endothelial injury [44,45]. In contrast, PCMV-free hearts
functioned for nearly 200 days, demonstrating that even undetected viral presence can
accelerate rejection [46]. These concerns closely translate to human clinical settings because
porcine endogenous retroviruses (PERVs) are integrated into the pig genome and would be
transplanted with the graft, raising the possibility of infection in recipients and potentially
household contacts. Although the risk appears low due to genetically engineered pigs
and pathogen-free breeding strategies, the potential for cross-species viral transmission
remains a central regulatory barrier to human use [45]. Multiple studies cited in this review
stress that careful monitoring and continued development of gene-editing tools such as
CRISPR-Cas9, which may eliminate PERV sequences, are necessary before wider clinical
adoption [46,47]. Additionally, research shows that systemic inflammation can precede
coagulation abnormalities and graft deterioration in primate recipients, even when ma-
jor immune barriers are genetically controlled, indicating that microbial or viral triggers
may still provoke damaging immune cascades [48]. Viral contamination and infection-
triggered inflammation continue to shape xenograft outcomes and highlight the critical
role of microbial control in improving long-term surgical success [49].

A comparable disruption of microbial–immune balance is evident in allogeneic
hematopoietic cell transplantation (HCT), one of the most established cellular therapies
for hematologic cancers. Intensive pre-transplant therapies, including chemotherapy, ra-
diation, and antibiotic use, have been shown to damage the intestinal barrier and disturb
microbial balance, creating a dysbiotic environment dominated by taxa such as Enterococcus,
Klebsiella, E. faecium, and Streptococcus [50]. This imbalance weakens colonization resis-
tance and allows bacterial translocation, leading to complications such as bacteremia and
graft-versus-host disease (GvHD), which manifests as injury to the skin, gastrointestinal
mucosa, and liver due to an exaggerated immune response from donor cells against host
tissues [50,51]. Patients with low intestinal diversity after transplantation have significantly
higher transplant-related mortality and greater susceptibility to GvHD, with three-year
survival rates of only 36% compared to 67% among those with higher diversity [52].

In contrast to pathogenic microbes, beneficial anaerobes such as Bacteroides, Clostridium,
Bifidobacterium, and Blautia produce short-chain fatty acids, such as butyrate and propionate,
which strengthen epithelial integrity, regulate immune signaling, and promote mucosal
repair [50]. These microbial metabolites are essential for restoring intestinal homeostasis
and reducing cytokine-mediated tissue injury caused by TNF-α, IL-1, and IL-6 [50,51].
Therapeutic strategies that preserve or restore microbiome stability, including selective
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antibiotic use, dietary interventions, prebiotic and probiotic supplementation, and fecal
microbiota transplantation, have been linked to re-establishing microbial diversity and
enhancing immune tolerance in experimental and clinical studies [50].

Across transplant disciplines, the microbiome functions as a key regulator of immune
balance. It influences both innate and adaptive immune pathways through interactions with
pattern-recognition receptors such as Toll-like receptors (TLRs) and NOD-like receptors
(NLRs), which modulate cytokine release and guide T-cell differentiation toward either
regulatory or effector responses [53]. Beneficial microbial metabolites, including short-
chain fatty acids like butyrate, promote T-regulatory cell activity and epithelial integrity,
fostering immune tolerance and recovery. In contrast, dysbiosis caused by antibiotics,
chemotherapy, or surgical stress drives inflammatory cascades mediated by TNF-α, IL-1β,
and IL-6, increasing the risk of graft rejection and delayed healing [53]. Collectively, the
microbiome is not merely altered as a consequence of surgery, but actively drives surgical
outcomes by shaping inflammation, immune tolerance, and long-term graft survival across
diverse transplant settings [53].

5. Cardiothoracic Surgery
Cardiovascular disease has been on the rise in recent years, resulting in the growing

demand for surgical intervention [54]. Approximately 11,000 cases were recorded in 2014,
with an anticipated 47% increase in the number of surgeries by the year 2040 [55]. The gut
microbiome plays a crucial role in determining the success of cardiothoracic surgery, as
the gut microbiome has been linked to postoperative complications and prognosis [56].
Major surgeries like these put greater stress on the physiology of the body, disrupting the
gut and immune systems and making them more susceptible to postoperative bacterial
infections [57]. The reduction in immune efficiency, or postoperative immune suppression,
can be caused by intraoperative factors, including anesthesia, ischemia, and cardiopul-
monary bypass, all of which have the capability of leading to a systemic inflammatory
response [56].

In cardiothoracic surgery, cardiopulmonary bypass (CPB), the respiratory support,
results in widespread inflammation of the body, known as systemic inflammatory response
syndrome (SIRS) [58]. Systemic inflammatory response syndrome is caused by trauma dur-
ing the operation, ischemia, and the interaction between blood and the surface of the bypass
machine [58]. Other factors that contribute to this syndrome include genetics, smoking, and
high stress levels [58]. This inflammatory response causes post-surgical complications to
arise, including respiratory failure, multi-organ failure, and even neurological debilitation.
It has also been observed that patients with SIRS require longer intensive care unit stays, a
greater need for extended ventilation, and inotropic support [58].

In a study involving 67 patients receiving cardiovascular surgery in Tongji Hospital in
China, systemic inflammatory responses were observed preoperatively on days one and
seven [56]. During postoperative day one, Bacteroidetes and Actinobacteria were prevalent,
and Lachospiraceae, Ruminococcaceae, and Lactobacilliaceae were present on both the
preoperative and postoperative day one [56]. A prevalence of Bacteroidetes and some
non-pathogenic Actinobacteria was observed, and these are considered generally beneficial
for the decomposition of food and for making vitamins for the body [59]. However, an
imbalance of these gut microbiota leads to infections, inflammation, and digestive issues,
including irritable bowel syndrome [60]. In addition, Enterococcus was increased after
surgery, up until week one [56]. Some species of Enterococcus can be used as probiotics;
however, too much of the gut microbiota can result in urinary tract infections and even
heart failure [61,62]. This trend correlates with gut dysbiosis and increased systemic
inflammation. It commonly exhibits antibiotic resistance and is frequently implicated in
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hospital-acquired infections [56]. Postoperative inflammatory responses are correlated to
respiratory failure, multiple organ failure, and myocardial dysfunction [56]. This study
demonstrated that cardiovascular surgery was accompanied by significant gut microbiome
dysregulation, contributing to heightened systemic inflammation [56].

While systemic inflammation plays a crucial role in postoperative complications,
localized surgical site infections (SSIs) result from microbiome-related influences in cardio-
thoracic surgeries [63]. Surgical site infection occurs 30 to 90 days following a cardiothoracic
operation [63]. The most common infection after cardiac surgery is mediastinitis, which is
diagnosed with a positive microbiological test of mediastinal tissue [64,65]. The microor-
ganisms found in affected patients are Gram-positive bacteria, such as coagulase-negative
Staphylococcus and S. aureus [63]. Pathogenic Staphylococci are present on the skin and can
severely affect a patient’s life expectancy, as they can enter the bloodstream and infect
the heart valves [63]. Symptoms of SSI include redness, chest pain, fever, and purulent
drainage. Several pre-existing comorbidities increase the risk of postoperative infection,
including obesity, chronic obstructive pulmonary disease, smoking, diabetes, larger breast
size, and female sex [63]. Preventive strategies focus on reducing these risk factors prior to
surgery through nutritional support in patients with hypoalbuminemia, smoking cessation,
and targeted weight management approaches [63].

Other postoperative cardiothoracic surgical infections are associated with medical
devices and environmental contamination, such as severe infections from Mycobacterium chi-
maera [66]. M. chimaera infections are associated with high infection and mortality rates due
to late diagnosis [66,67]. This pathogen is primarily associated with pulmonary infections
and is classified as a subspecies of Mycobacterium intracellulare [66]. Clinical manifestations
commonly include chorioretinitis, fatigue, fever, and night sweats, and the infection has
also been linked to auto-inflammatory disease. This infection has been linked to surgical
site infections from heater-cooler units (HCUs) manufactured by LivaNova 3T HCDS [66].
It was reported that infectious aerosols, particles containing pathogens in the air, contami-
nated operating rooms and violated sterile fields, exposing patients to infections [68]. To
combat this issue, HCUs were removed from operating rooms. M. chimaera is also present
in other medical devices, such as thermoregulatory devices, that are not associated with
HCUs [66]. Treating M. chimaera disease poses many challenges, as the bacteria form
biofilms on artificial materials used during surgery, which resist antibiotics [66,69]. In
response, the International Society of Cardiovascular Infectious Diseases (2020) issued
guidelines for diagnosing and preventing HCU infections, recommending combination
therapy with rifamycin and ethambutol and reoperation to remove prosthetic material
when indicated [66].

To understand the severity of M. chimaera infection, data were extracted from micro-
biological specimens, antimycobacterial therapy, observation time, mortality, and HCU-
intervened cardiac surgeries from the onset of first symptoms [66]. Among 180 patients
from 54 different publications, the majority underwent aortic valve replacement (67.0%),
aortic valve and root replacement (15.3%), and ascending aorta replacement (9.7%) [66].
Overall, 92.2% of patients received Nontuberculous Mycobacteria therapy consistent with
guidelines [66]. This study highlighted a fatality rate of 45.5% and a median survival time
of 24 months from the start of antimycobacterial therapy [66]. Reoperation also resulted
in higher survival rates. The delayed onset of infection and late initiation of intervention
and therapy also contributed to mortality. Therefore, this study emphasizes the need for
surgeons to be more aware of the infection and the timing of treatment [66].

Aside from localized M. chimaera infections, broader post-surgical complications in
cardiac surgeries, such as thoracic aortic dissections (TAAD), are very common [66]. There
are approximately 100,000 TAAD cases every year [66]. Studies have shown that this
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surgery correlates with a 70% increase in gastrointestinal complications, with high levels of
Oscillibacter, Anaerotruncus, Clostridium, and Alistipes [66]. These microorganisms are associ-
ated with cardiovascular disease and aging [66]. This also leads to systemic inflammation
through pathways like mTOR, the mechanistic target of rapamycin [70]. MTORs control
cell proliferation, survival, and metabolism, and can increase inflammation by increasing
the pro-inflammatory response of cytokines [71]. Simultaneously, Eubacterium impairs
immune regulation and intestinal barriers by increasing inflammatory markers, like white
blood cells, cytokines, and neutrophils [66,72], which also delay recovery and alter liver
function. Understanding the relationship between the gut microbiome and cardiac surgery
can help mitigate the risks of post-surgical complications and optimize patient recovery
and quality of life.

6. Oral Surgery
Oral surgery encompasses a variety of procedures aimed at treating diseases and

structural abnormalities affecting the mouth, jaw, and facial structures. Both functional
and aesthetic concerns are addressed, including correction of cleft palates or lips and
management of oral malignancies, such as cancer [73,74].

Orofacial cleft surgeries are responsible for repairing congenital facial anomalies
and are the cornerstone of oral and maxillofacial reconstruction [74]. An orofacial cleft
occurs when the tissues of the upper lip and/or palate fail to fuse properly during fetal
development, resulting in an opening that affects speech, dental health, hearing, and
more [75]. Preoperatively, children are more susceptible to opportunistic pathogens, as
a study presents 76.6% of infants exhibit colonization by Streptococcus mitis, Streptococcus
aureus, and Klebsiella pneumoniae, which are particularly harmful [76]. S. aureus is a strain
that is known for its antibiotic resistance, becoming difficult to eradicate [77]. S. mitis has
been associated with severe infections such as bacteremia and infective endocarditis while
also causing macrophage and epithelial cell death [76]. K. pneumoniae, the most recovered
bacterial species in surgical site infections, has also been detected in inflammatory responses
affecting the urinary tract, bloodstream, and respiratory tract [76,78]. Cleft palate surgery
has the ability to produce an oro-nasal fistula (ONF) after the procedure, which has been
seen to occur in 60% of pediatric cases [79]. An oro-nasal fistula is an abnormal opening that
forms between the nasal passage and oral cavity, often as a result of surgical infection, that
gives rise to the colonization of different pathogenic taxa, such as E. faecalis, Staphylococcus
lentus, and Staphylococcus xylosus [79,80]. These organisms are implicated in persistent
inflammation, periodontitis, and caries formation, bringing detrimental effects to the
delicate balance of the oral microbiome [79]. Specifically, E. faecalis is of particular concern,
as it creates biofilms that are highly resistant to antibiotics and has the capacity to withstand
harsh conditions [81]. Its persistence in the mouth induces adherence to extracellular
matrix proteins, enabling it to infiltrate deep mucosa and, in turn, makes E. faecalis hard
to eliminate [81]. Despite these challenges, patients have seen a decrease in harmful
bacteria 12 months after surgery, indicating that the restoration of normal anatomical
barriers has the capacity to improve oral function [74]. In addition to the oral microbiome,
the intestinal microbiome is also heavily altered by palatoplasty, as the use of cefazolin
disrupts gut microbial diversity [82]. Cefazolin is one of the most commonly prescribed
prophylactic antibiotics that is aimed at reducing the risk of post-surgical infection following
palatoplasty [82,83]. The reduction of the genera Bifidobacterium sp., Lactobacillus sp., and
Bacteroides sp. in fecal samples after cefazolin administration corresponds to a loss of
commensal gut bacteria that are essential in maintaining metabolism and preventing
pathogen colonization [82]. However, other factors following palatoplasty must also be
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considered, such as surgical stress and diet changes, in order to fully understand microbial
disturbances and their effect on gut homeostasis [82].

Similar shifts in microbiota can be observed in surgery for oral cancers, where the
removal of cancerous tissues has the potential to alter the environment [73]. In squamous
cell carcinomas, an aggressive malignant cancer, affected areas of the mouth require excision,
including part of the mandible [73,84]. In head and neck carcinomas, the trend of microbial
abundance shifts toward those that resemble healthy oral cavities, such as Streptococcus,
Rothia, and Gamella [85]. Certain species in these three genera are predominantly present
in a normal oral cavity and contribute to maintaining a balanced ecosystem through
colonization resistance from pathogens and mucosal stability [85,86]. Their return post-
treatment suggests partial restoration after the excision of diseased areas [85]. However,
complications following such a procedure can affect up to 60% of patients, and several
beneficial bacteria could decrease as a result [73]. Neiserria, Porphyromonas, and Haemophilus,
crucial nitrate-reducing bacteria, tend to reach levels lower than observed in normal
controls [85]. The bacteria are involved in the nitrate–nitrite–nitric oxide pathway that
produces NO2

− and NO, two molecules that play key roles in antimicrobial defense and
oral disease prevention [87]. With their decrease, the oral microbiome is compromised
and can introduce serious post-operative consequences. Alternatively, patients can also
receive therapeutic methods of cancer control; however, treatments such as chemotherapy
are often an additional challenge [86]. Chemotherapeutic agents can increase vulnerability
to opportunistic infections such as fungal overgrowth, bacterial invasion, and mucositis,
which is inflammation of the mucosal tissue [86]. An emerging area of interest is the use
of Lactobacillus brevis as a supportive therapy in the form of a lozenge to help promote
healing of the oral mucosa [88]. The clinical use of L. brevis CD2 lozenges shows promising
anti-inflammatory results and therefore opens doors for probiotic-based interventions in
the context of oral health [88].

Implant-based surgeries introduce their own microbiological problems, particularly in
the development of a condition known as peri-implantitis. Dental implants are intended to
replace missing teeth using a titanium (or titanium alloy) fixture that integrates with the
jawbone [89]. However, the successful placement of an implant depends heavily on the
stability of the surrounding microbiome. Peri-implantitis results from the accumulation
of biofilm, specifically a buildup of pathogenic species such as Fusobacterium nucleatum,
around the area of the implant and induces severe inflammation, leading to significant bone
loss [90,91]. F. nucleatum is of particular concern, as it acts as a “bridging organism”, using
proteins to adhere to early and late colonizers of tooth surfaces that organize multi-species
biofilms (Figure 3) [92]. F. nucleatum uses outer membrane protein RadD to bind to early
colonizers Actinomyces and Streptococci, which are known to contribute to dental plaque
and cause gingivitis [92,93]. Interestingly, RadD also allows F. nucleatum to become closely
associated with Clostridioides difficile, a common species responsible for colon infection,
through flagellal interaction (Figure 3) [94]. FomA and lectin, two groups of proteins, aid
F. nucleatum in attaching to late colonizers Porphyromonas gingivalis and Treponema denticola,
both implicated heavily as the masterminds behind periodontitis (Figure 3) [92,95]. Lastly,
an important coaggregation protein, CmpA, links F. nucleatum to Streptococcus gordonii, a
bacterium known to shape the initial biofilm community for later pathogen recruitment
(Figure 3) [92,96]. This interspecies attachment accelerates the transition from a stable
environment to a destructive inflammatory state. Unfortunately, peri-implantitis is difficult
to eradicate, as F. nucleatum deeply penetrates the mucosal tissue, making both surgical
and non-surgical methods only partially effective [97]. The most successful treatments
are the removal of affected peri-implant pockets, ozone therapy, and implantoplasty, all
of which showed some improvements by reducing inflammation but still fall short of
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fully eliminating tissue-invasive species [97]. Given these limitations, there is a clear need
for the development of new strategies to manage pathogens involved in peri-implantitis
more reliably.

Figure 3. Fusobacterium nucleatum as a central bridging organism using specific adhesive proteins
that promote various disease progression. The interspecies interaction promotes microbial dysbiosis,
driving the creation of a pro-inflammatory environment. Its central position within the biofilm
contributes to pathogen persistence and reduced treatment efficacy.

7. Bariatric Surgery
Bariatric surgery has become one of the most effective interventions for severe obesity,

producing outcomes far beyond what lifestyle treatment alone can achieve [98]. Large
clinical reviews report long-term excess-weight loss between 47% and 70%, along with
major reductions in obesity-related diseases and mortality [99]. These powerful benefits
stem not only from anatomical change, but also from profound biological shifts, one of the
most important being the transformation of the gut microbiome [100].

Bariatric surgery produces significant anatomical and metabolic changes that reshape
the intestinal environment [101]. Procedures such as Roux-en-Y gastric bypass and sleeve
gastrectomy alter stomach volume, gastric pH, bile acid flow, and nutrient exposure, all
of which drive measurable microbial shifts [102,103]. Post-operative patients often show
decreased Bacteroidetes, altered Firmicutes and Actinobacteria populations, and increases
in Proteobacteria and species such as Akkermansia muciniphila, a mucin-decomposing bac-
terium of the phylum Verrucomicrobia. Higher levels of these bacteria are associated with
a reduced likelihood of several disease conditions [103]. Akkermansia muciniphila resides
in the mucus layer of the large intestine, where it is involved in maintaining intestinal
integrity [104]. These shifts are further influenced by changes in bile acid metabolism
and higher intestinal pH [104]. These microbial shifts have important implications for
nutrient absorption, energy balance, inflammatory pathways, and the overall trajectory of
postoperative weight-loss outcomes [101].

Postoperative bariatric surgery leads to rapid and measurable shifts in gut bacteria
that appear to support weight loss and metabolic improvement [105]. For example, after
Roux-en-Y gastric bypass, microbial richness increases significantly within 3 months, and
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this effect remains stable for 12 months and even up to 9 years in some patients [105,106].
Specific patterns repeatedly appear across studies: Bacteroides and Proteobacteria rise
after surgery, while Firmicutes, which are elevated in obesity, consistently decrease [106].
These changes also link to patient outcomes (Figure 4) [106]. An increase in Faecalibacterium
prausnitzii was associated with a reduction in low-grade inflammation in individuals with
type 2 diabetes, while higher levels of Gammaproteobacteria correlated with greater weight
loss [107]. The review also notes that increases in Escherichia coli after surgery may help the
body harvest energy more efficiently during the “starvation-like” postoperative state [106].
Similarly, sleeve gastrectomy patients showed increases in Bacteroidetes and reductions in
Firmicutes, with some species like Bacteroides thetaiotaomicron linked to decreases in body
mass index and circulating glutamate levels [108]. Overall, these specific microbial changes
suggest that the gut microbiome plays an active role in the metabolic benefits observed
after bariatric surgery, beyond the mechanical effects of the procedure [108].

Figure 4. Roux-en-Y gastric bypass fundamentally reshapes the gastrointestinal environment, driving
physiological shifts and subsequent microbial reconfiguration. The new selective pressures favor taxa
that are better adapted to a new gastrointestinal environment and play an active role in the surgery’s
long-term outcomes. Arrows represent key anatomical changes and microbiome shifts.

In a human cohort and mouse transfer model, microbiome alterations produced by
sleeve gastrectomy reduced glucose-dependent insulinotropic polypeptide (GIP) release
and protected against weight gain and non-alcoholic fatty liver disease [109]. Post-surgery
microbial communities showed higher levels of Akkermansia, shifts in Bacteroides, and
changes in tryptophan-related metabolites such as indolepropionate, which was negatively
associated with GIP [110]. When stools collected after surgery were transplanted into
antibiotic-treated mice, these animals developed less fat mass, lower hepatic triglyceride
content, and reduced steatosis compared with mice colonized with pre-surgical microbiota,
despite similar caloric intake [109,110]. This provides direct causal evidence that post-
operative changes in specific microbes and their metabolites actively modify hormone
signaling and liver pathology, contributing to the metabolic improvements seen after sleeve
gastrectomy [110].

Bariatric surgery has also emerged as a therapeutic tool for improving non-alcoholic
fatty liver disease (NAFLD) through microbiome-dependent pathways [111]. Post-surgical
microbial patterns shift toward a healthier profile characterized by increased abundance of
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Fusobacteria, Veillonella, Streptococcus, Clostridium, Dorea, and Akkermansia, along with de-
creases in Blautia, Clostridiaceae, and Dorea, which are associated with dysbiosis in NAFLD
patients [112]. These shifts are associated with a reduction in hepatic steatosis and inflam-
mation and increasingly resemble the microbial signatures found in lean, metabolically
healthy individuals. Increased microbial diversity and altered metabolic outputs, such
as short-chain fatty acids and bile acids, play a critical role in restoring gut–liver axis
function [110,111]. These changes enhance intestinal barrier integrity, improve insulin
sensitivity, and promote favorable bile acid signaling, which together support NAFLD
remission independent of weight loss [113]. Hence, bariatric surgery extends its impact
beyond anatomical modification by transforming metabolic and hepatic signaling through
the microbiome [113].

Despite these metabolic advantages, the postoperative microbiome does not always
shift toward a uniformly beneficial state [114]. Post-operative microbial alterations can also
give rise to several detrimental outcomes. Disruption of normal digestive physiology may
lead to nutrient malabsorption, particularly of fats and micronutrients, and this shift in
substrate availability can promote colonization by bacteria that metabolize unabsorbed
nutrients, fostering intestinal inflammation and dysbiosis [115]. Clinical evidence shows
that the loss of key protective genera such as Bacteroides, Lactobacillus, Bifidobacterium, and
Akkermansia is associated with intestinal barrier dysfunction and increased susceptibility
to gastrointestinal disease and pathogen colonization, while elevated Firmicutes and other
opportunistic taxa contribute to inflammation and diarrheal infection [116]. Declines in
these protective taxa weaken gut barrier integrity, reduce microbial gene richness, and
promote the expansion of pro-inflammatory bacterial groups [116]. Destabilizing the gut
ecosystem can impair immune homeostasis and promote infection [115,116]. In some cases,
metabolic instability and weight regain can occur when surgery-induced microbial changes
alter fermentation pathways and energy extraction, creating an unfavorable metabolic
profile [114,115]. Microbial shifts have also been linked to reduced production of ben-
eficial metabolites, including key short-chain fatty acids, and an increase in proteolytic
fermentation that negatively affects gut health [116]. Although bariatric surgery improves
obesity-related disorders, microbiome recovery after surgery is not uniform. Some patients
experience only minimal or inconsistent increases in microbial diversity, and postoperative
microbial patterns may remain unstable over time, introducing risks that require continued
monitoring to maintain metabolic benefits [117].

8. Orthopedic Surgery
Orthopedic surgery entails the reconstruction of the musculoskeletal system after

traumatic injury [118]. Types of surgeries include hip and knee arthroplasties, joint re-
placements, shoulder surgeries, fracture repairs, and spinal surgeries. Despite orthopedic
surgeries focusing on diagnosis, treatment, and recovery, post-surgical complications can
arise due to surgical site infections [119]. Risk factors, including pre-existing comorbidities
such as poor nutrition, obesity, and diabetes, play a crucial role in the occurrence of SSIs.
Surgical site infections include an increased risk of death, longer hospital stays, and higher
healthcare costs [120]. More than 50% of patients with SSIs were five times more likely to
be readmitted to the hospital following discharge and were two times more prone to death
than those without post-surgical infections [121]. Other factors, including the duration of
the surgery and blood loss, impact the presence and severity of SSIs [121].

A retrospective study was conducted in a teaching hospital in China from 2010 to
2012 to assess the efficiency of preoperative antibiotic prophylaxis and SSI risk factors [122].
A total of 2061 patients who underwent orthopedic surgery were included in this study.
Forty-five patients developed a surgical site infection (2.18%) [122]. Additionally, 68.6%

https://doi.org/10.3390/hygiene6010010

https://doi.org/10.3390/hygiene6010010


Hygiene 2026, 6, 10 15 of 23

of the isolated bacteria showed resistance to cefuroxime, a drug used to treat bacterial
infections [122]. Other factors that lead to post-orthopedic surgery SSIs include smoking,
surgeries lasting over 3 h, and diabetes mellitus [121,123]. Studies reported that SSIs were
more common in tumor orthopedic surgeries [122]. Out of 2752 patients, 14 (0.5%) had
infections after oncologic surgeries, including soft-tissue and bone sarcoma. More SSIs
were present in this surgical population from Enterococci and Pseudomonas aeruginosa, which
are Gram-negative pathogens [122]. These are both opportunistic pathogens, as they resist
ample antibiotics and are prevalent in hospital environments [124]. It was found that 10%
of surgical patients develop Gram-negative SSIs from postoperative contaminations as well
as poor personal hygiene [125].

Beyond SSIs, fracture-related infections (FRIs) also pose significant treatment chal-
lenges. Fracture-related infections after orthopedic surgeries have led to an increase in
death rates and amputations, affecting up to 30% of all orthopedic surgical patients [125].
The most common microorganisms in SSIs include S. aureus (27.1%), Staphylococcus epi-
dermidis (20.6%), and E. faecalis (13.6%) [125]. Approximately 30% of these bacteria are
resistant to multiple drugs and beta-lactam antibiotic agents. The CDC notes that antibiotic
resistance is due to medications being overly prescribed to patients [125]. With the signifi-
cant rise in SSIs caused by S. aureus, great efforts have been made to find therapeutic and
preventative methods to fight against this bacterium [126]. Topical antiseptics and specific
systemic antibiotics have been used in an attempt to combat and decrease its severity [125].
However, the treatment of S. aureus remains challenging due to its rapid mutation rate and
evolving resistance mechanisms.

In addition to fracture-related infections, periprosthetic joint infections (PJIs) are preva-
lent after orthopedic procedures, resulting in decreased bone strength [127]. After a total
joint arthroplasty, PJI is the most common post-surgical infection, often leading to revision
total knee arthroplasty surgeries [127]. This infection is primarily caused by S. aureus, which
has prompted surgeons to adopt preventative measures, such as antibacterial strategies
and reducing toxic effects on local tissues, to minimize bacterial presence during surg-
eries [127,128]. Despite these precautionary measures, sterile techniques, robotic surgery,
and infection prevention protocols cannot fully eliminate microbiome contamination in the
operating room. Unidirectional airflow systems have been shown to reduce intraoperative
bacterial contamination [125]. Outside of the operative setting, several patient-related
comorbidities increase the risk of PJIs, including smoking, malnutrition, diabetes, obesity,
and hypertension [127]. A study performed on mice indicated that they were 50% more
susceptible to developing PJIs when they already had a disrupted gut microbiome [127],
resulting from a decreased host immune response to bacteria.

Microbiomes and infection rates have led to further studies in examining and un-
derstanding microbial populations after joint replacement surgeries. A study conducted
between 2017 and 2019 examined the microbiomes present in the body after total knee
arthroplasties [123]. A total of 113 patients were recruited for the study, and DNA sequenc-
ing technologies were utilized to examine the microbiomes in the joints of the osteoarthritis
patients [123]. The results of this study concluded that the synovial fluid and tissue con-
tained an array of different bacteria. Cutibacterium, Staphylococcus, Acinetobacter, Escherichia,
and Pseudomonas were among the most prominent bacteria [123]. The findings indicate
that prior administration of injections, as well as environmental cleanliness, influences the
microbiome presence in the joint post-surgery [123,129]. Additionally, preclinical studies
have highlighted how decreasing gut microbiomes has prevented bone loss after surgery
resulting from estrogen depletion and glucocorticoid treatment [127]. Both estrogen, the
hormone responsible for female reproductive and sexual function, and glucocorticoids,
steroid hormones that suppress the immune system and regulate metabolic processes, play
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a crucial role in osteoporosis [130,131]. Collectively, these findings suggest that microbiome
balance is crucial in enhancing outcomes after joint surgeries.

Disruption to microbial communities can result in the formation of opportunistic bac-
teria, forming biofilms and weakening the immune system [132]. Opportunistic pathogens,
including S. aureus, Pseudomonas aeruginosa, and C. acnes, are the most common bacterial
infections associated with orthopedic infections following implant replacements, like knee
arthroplasties [132]. Pseudomonas aeruginosa forms biofilms, which impede skin healing
by producing elastase and proteases at the surgical sites, delaying recovery and degrad-
ing tissue [133]. Additionally, S. aureus becomes pathogenic, impacting the skin barrier
and allowing for the persistence of infection, weakening the human immune system and
putting the patient at risk of serious infections [134]. Another factor that exposes patients
to these bacteria is prolonged hospital stays. Extended hospital stays increase exposure to
drug-resistant organisms, such as S. epidermidis and C. acnes [134]. Furthermore, overuse of
antibiotics reduces normal skin microbiota, enabling the presence of antibiotic-resistant
pathogens at infection sites. To help minimize bacterial contamination in orthopedic surg-
eries, metagenomics can assist in creating a personalized care plan to reduce a patient’s
risk for surgical site infections [135]. Opportunistic pathogens and microbial balance play a
major role in the risk for postoperative infections, highlighting the need for personalized
strategies to prevent them in orthopedic patients.

9. Conclusions
The relationship between surgical practices and microbial profiles is an essential in-

teraction worth exploring. Understanding the mechanisms in which these communities
respond to operative disturbance provides crucial insight into improving post-surgical
patient outcomes. The main sources of procedural infections are antibiotic-resistant strains,
such as S. aureus, which has been mentioned in several disciplines throughout this review,
that cause many issues related to surgical site infections [136]. As a Gram-positive bac-
terium, S. aureus forms dense biofilms and complicates treatment through resistance to
multiple drugs [137]. Interestingly, a host’s own genetics can influence S. aureus pathogenic-
ity, as toll-like receptors share the same domain as cytokine receptor IL-1RI, which, at low
levels, has shown greater susceptibility to S. aureus infection in mouse models [137]. Both
microbial adaptations and patient-specific factors shape infection risk, highlighting the
urgent need for better preventative methods.

Many treatments have been recently explored in order to combat the issues involving
surgical infections, such as targeted antimicrobial approaches, proper administration of
prophylactic agents, and the development of strategies to reduce pathogen colonization.
With regards to the gut microbiome, prebiotics, probiotics, and symbiotics are essential
to the maintenance of beneficial genera while also suppressing opportunistic bacteria by
strengthening the intestinal barrier, along with reducing overall inflammation through the
reduction of IL-6 and CRP, two key markers indicated in post-operative stress [138]. Other
methods involve optimal sterilization methods during surgery, such as minimizing opera-
tive time and adhering to aseptic techniques to limit microbial exposure [139]. Even the
smallest changes, such as the use of triclosan-impregnated sutures, can induce measurable
reductions in bacterial colonization [139]. Additional emerging studies have identified
the connection between genetic variation and susceptibility to infection, suggesting that
inherited differences in inflammatory pathways may influence individual risk [140]. New
diagnostic measures might be the next step in addressing this vulnerability, as synovial
fluid, for example, has been used as an indicator of periprosthetic joint infection (PJI)
through biomarker identification [140]. This type of genetic identification should be further
developed to assess genetic predispositions in surgical patients. Promising results can
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also be seen in phage therapies, where viruses infecting bacteria reduce bacterial load
and reduce multidrug-resistant infections through the inhibition of quorum sensing and
targeted bacterial lysis [141].

Ultimately, the human microbiome is an intricate network of many variables that
can have significant implications for health and well-being, especially when people are
vulnerable during and after surgical procedures. With the strategies explored in our review,
we have demonstrated that continued research at the intersection of surgery, microbiology,
and host genetics will be crucial for improving post-surgical recovery and limiting the
burden of pathogenic microbes in clinical settings.
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