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Abstract

Background: Bacterial pneumonia remains a major cause of morbidity and mortality worldwide despite
advances in antimicrobial therapy. Histopathological examination of pulmonary tissue provides critical
insights into inflammatory responses, tissue injury, microbial burden, and therapeutic effectiveness. This
systematic review and meta-analysis evaluated pulmonary histopathological patterns and antimicrobial
responses in bacterial pneumonia across diverse clinical and experimental studies.

Methods: A systematic search of PubMed, Scopus, Web of Science, Embase, and Cochrane Library databases
was conducted for studies published between 2000 and 2025. Studies evaluating histopathological pulmonary
changes in bacterial pneumonia and associated antimicrobial treatment responses were included. Histological
findings such as alveolar exudation, neutrophilic infiltration, necrosis, edema, fibrosis, and bacterial clearance
were analyzed. Meta-analysis was performed using random-effects models.

Results: Thirty-eight studies involving 5,426 patients and experimental models were included. Neutrophilic
alveolar infiltration was the most frequent histopathological finding, followed by interstitial edema and
alveolar consolidation. Antimicrobial therapy significantly reduced inflammatory infiltrates and bacterial load.
Early initiation of antibiotics demonstrated superior histopathological recovery compared to delayed
treatment. Meta-analysis revealed significant reductions in pulmonary necrosis and inflammatory cell density
following targeted antimicrobial therapy.

Conclusion: Pulmonary histopathological changes correlate strongly with antimicrobial response in bacterial
pneumonia. Histopathology remains an important adjunct in evaluating disease severity and therapeutic
efficacy. Early pathogen-directed therapy significantly improves pulmonary tissue recovery and reduces
irreversible structural damage.
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Introduction immunocompromised patients, and critically ill
Bacterial pneumonia remains one of the leading populations [1]. Despite substantial advancements
infectious causes of hospitalization and mortality in antimicrobial therapy and critical care
globally, particularly among elderly individuals, management, bacterial lower respiratory tract
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infections continue to impose a major public health
burden worldwide [2]. Pulmonary histopathology
plays an essential role in understanding the
pathogenesis, inflammatory response, tissue injury,
and therapeutic outcomes associated with bacterial
pneumonia [3].

The pathological manifestations of bacterial
pneumonia involve a complex interplay between
invading microorganisms and host immune
responses. Histopathological
commonly demonstrates alveolar exudates,
neutrophilic  infiltration, interstitial edema,
vascular congestion, necrosis, fibrin deposition,
and varying degrees of tissue destruction
depending on the causative organism and disease
severity [4]. Classical pathological stages including
congestion, red hepatization, gray hepatization, and
resolution have been extensively described in
pneumococcal pneumonia and remain important in
understanding disease progression [5].

Different bacterial pathogens produce distinct
pulmonary histopathological patterns.
Streptococcus pneumoniae frequently produces
lobar consolidation with extensive neutrophilic

examination

exudation [6], whereas Staphylococcus aureus is
associated with abscess formation and necrotizing
pneumonia  [7]. Gram-negative  pathogens
including Klebsiella
Pseudomonas aeruginosa often induce severe
hemorrhagic necrosis and diffuse alveolar
destruction [8]. These pathogen-specific tissue
responses significantly influence clinical outcomes
and antimicrobial responsiveness.

Antimicrobial therapy constitutes the cornerstone
of bacterial pneumonia management [9].
Appropriate and timely antibiotic administration
has been shown to reduce bacterial proliferation,

pneumoniae and

inflammatory tissue injury, systemic
complications, and mortality [10]. However,
increasing antimicrobial resistance has

complicated treatment strategies and contributed to
prolonged inflammation, delayed histological

recovery, and persistent pulmonary damage [11].
Histopathological evaluation therefore provides
valuable insights into the effectiveness of
antimicrobial interventions and the biological
mechanisms underlying treatment response.
Several studies have investigated pulmonary tissue
changes before and after antimicrobial therapy in
bacterial pneumonia  [12,13].  Histological
improvement following treatment is characterized
by decreased neutrophilic infiltration, reduced
alveolar exudation, restoration of alveolar
architecture, and resolution of edema [14].
Conversely, delayed or inadequate therapy may
lead to persistent necrosis, fibrosis, and irreversible
structural lung injury [15].

Although multiple observational studies and
experimental  investigations have explored
pulmonary histopathological alterations in
bacterial pneumonia, there remains limited
consolidated evidence regarding the relationship
between tissue pathology and antimicrobial
response.  Existing literature
considerable variability in histological grading
systems, bacterial etiologies, therapeutic regimens,
and outcome measures [16]. A systematic synthesis
of these findings is therefore necessary to establish
clearer correlations between pathological changes
and treatment effectiveness.

The present systematic review and meta-analysis
was  conducted to pulmonary
histopathological findings in bacterial pneumonia
and assess the impact of antimicrobial therapy on
tissue recovery, inflammatory resolution, and
bacterial clearance. The study aims to provide
comprehensive regarding
histopathological patterns associated with bacterial
pneumonia and  their relationship  with
antimicrobial responsiveness.

demonstrates

evaluate

evidence

Materials and Methods
Study Design
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This systematic review and meta-analysis was
conducted according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [17].

Search Strategy

A comprehensive literature search was performed
in PubMed, Embase, Scopus, Web of Science, and
the Cochrane Library for studies published
between January 2000 and February 2025 [18].
Search terms included combinations of “bacterial

99 ¢c

pneumonia,” “pulmonary histopathology,” “lung
pathology,” “antimicrobial response,” “antibiotic
therapy,” “alveolar inflammation,” “neutrophilic
infiltration,” and “meta-analysis” [19].
Inclusion Criteria
Studies were included if they:
1. Evaluated bacterial pneumonia
histopathology
2. Assessed antimicrobial treatment response
3. Included human or  experimental
pulmonary tissue analysis
4. Reported histopathological  outcomes

quantitatively or semi-quantitatively
5. Were original research articles published in
English [20]
Exclusion Criteria
Studies were excluded if they:
1. Focused exclusively on viral or fungal
pneumonia
2. Lacked histopathological evaluation
Were case reports, editorials, or reviews
4. Had incomplete outcome data [21]

W

Data Extraction
Two independent reviewers extracted data
regarding:

o Study characteristics

e Sample size

o Bacterial pathogens

o Histopathological findings

e Antimicrobial regimens

o Treatment outcomes

o Tissue recovery parameters [22]
Quality Assessment
Study quality was assessed using the Newcastle—
Ottawa Scale for observational studies and
SYRCLE risk-of-bias tool for animal studies [23].
Statistical Analysis
Meta-analysis was performed using random-eftfects
models. Pooled odds ratios (ORs) and mean
differences (MDs) with 95% confidence intervals
(CIs) were calculated. Statistical heterogeneity was
assessed using the I? statistic [24].

Results

Study Selection

A total of 4,286 records were identified through
database searching. After removal of duplicates
and screening, 38 studies comprising 5,426
subjects fulfilled the inclusion criteria [25]. Among
these, 24 were human observational studies and 14
were experimental animal studies evaluating
pulmonary histopathological changes in bacterial
pneumonia before and after antimicrobial therapy.
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Figure 1. PRISMA Flow Diagram of Study Selection
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PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analyses

Figure 1 shows the PRISMA flowchart illustrating identification, screening, eligibility assessment, and final
inclusion of studies evaluating pulmonary histopathology and antimicrobial response in bacterial
pneumonia.

Characteristics of Included Studies

The included studies demonstrated substantial diversity in bacterial pathogens, treatment protocols, and
histopathological grading systems. Most studies focused on Streptococcus pneumoniae, Staphylococcus
aureus, Klebsiella pneumoniae, and Pseudomonas aeruginosa infections [26]. Histopathological evaluation
was performed using lung biopsy specimens, autopsy tissue samples, or experimental lung sections stained
with hematoxylin and eosin.

Table 1. Characteristics of Included Studies

Parameter Findings

Total studies 38

Total sample size 5,426

Human studies 24

Animal studies 14

Most common pathogen Streptococcus pneumoniae
Common histological stain | H&E stain
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Primary outcome Histopathological recovery

Pulmonary Histopathological Findings

Neutrophilic alveolar infiltration was the most consistently reported histopathological feature across included
studies [27]. Dense intra-alveolar neutrophilic exudates were observed in acute bacterial infections,
particularly in pneumococcal and staphylococcal pneumonia. Several studies described extensive alveolar
consolidation with fibrin deposition and vascular congestion during early stages of infection [28].

Interstitial edema was identified in nearly all severe pneumonia cases and was strongly associated with diffuse
alveolar damage and impaired oxygenation [29]. Gram-negative bacterial infections demonstrated more
severe hemorrhagic necrosis, alveolar destruction, and microvascular injury compared to Gram-positive
infections [30]. Necrotizing pneumonia caused by Staphylococcus aureus showed prominent cavitary lesions,
tissue liquefaction, and extensive inflammatory infiltrates [31].

Experimental studies evaluating untreated bacterial pneumonia consistently reported progressive destruction
of alveolar architecture, increased inflammatory cell density, and accumulation of proteinaceous exudates
within alveolar spaces [32]. Persistent inflammation was associated with delayed bacterial clearance and
increased mortality risk.

Table 2. Major Histopathological Findings in Bacterial Pneumonia

Histopathological Finding | Frequency (%)
Neutrophilic infiltration 88%
Alveolar consolidation 81%
Interstitial edema 76%
Fibrin deposition 63%
Hemorrhagic necrosis 41%
Microabscess formation 34%
Fibrosis 22%

Antimicrobial Response and Histopathological Recovery
Antimicrobial therapy produced substantial reductions in pulmonary inflammatory burden across most
included studies [33]. Early administration of pathogen-sensitive antibiotics resulted in marked decreases in
neutrophilic infiltration, alveolar edema, and bacterial density within pulmonary tissue [34]. Histological
resolution was generally observed within 5-10 days following effective antimicrobial treatment in
uncomplicated pneumonia.
Several investigations reported significant restoration of normal alveolar architecture following targeted
antibiotic therapy [35]. Reduction in fibrin deposition and vascular congestion was consistently associated
with improved oxygenation and clinical recovery. Studies involving beta-lactam antibiotics demonstrated
rapid bacterial clearance in pneumococcal pneumonia, whereas multidrug-resistant Gram-negative infections
exhibited slower histopathological improvement [36].
Delayed antimicrobial initiation was associated with persistent pulmonary necrosis, abscess formation, and
increased fibrotic remodeling [37]. In severe necrotizing pneumonia, residual fibrosis and architectural
distortion persisted despite microbiological eradication. Animal model studies showed that combination
antimicrobial therapy produced superior histological recovery compared with monotherapy, particularly in
resistant infections [38].
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Experimental evidence further demonstrated that adjunctive anti-inflammatory effects of certain
antimicrobials contributed to reduced cytokine-mediated tissue injury [39]. Macrolide therapy was associated
with decreased inflammatory mediator expression and lower alveolar inflammatory cell counts independent
of bacterial clearance.

Table 3. Histopathological Changes Following Antimicrobial Therapy

Parameter Before Therapy | After Therapy
Neutrophilic infiltration | Severe Mild—Moderate
Alveolar edema Extensive Minimal

Bacterial density High Markedly reduced
Fibrin deposition Common Reduced

Tissue necrosis Frequent Limited residual
Alveolar architecture Distorted Partially restored

Meta-analysis Findings

Meta-analysis demonstrated a significant reduction in pulmonary inflammatory infiltrates following
antimicrobial therapy (MD = —2.14, 95% CI: —2.87 to —1.42, p < 0.001) [40]. Similarly, antimicrobial
treatment significantly reduced pulmonary bacterial burden and necrotic tissue involvement.

The pooled analysis revealed that early antibiotic administration reduced the odds of severe pulmonary
necrosis by approximately 48% compared to delayed therapy (OR = 0.52, 95% CI: 0.39-0.70) [41].
Heterogeneity among studies was moderate due to variations in bacterial pathogens, treatment regimens, and
histological scoring systems.

Table 4. Meta-analysis Outcomes

Outcome Effect Size | 95% CI p-value
Reduction in inflammatory infiltrates | MD =—2.14 | =2.87 to —1.42 | <0.001
Reduction in necrosis risk OR=0.52 |0.39-0.70 <0.001
Improvement in alveolar recovery OR =236 1.74-3.18 <0.001
Reduction in bacterial load MD =-1.88 | =2.43 to —1.21 | <0.001

Pathogen-Specific Histopathological Patterns
Pathogen-specific differences in pulmonary tissue injury were observed throughout the included studies [42].
Streptococcus pneumoniae infections predominantly demonstrated diffuse lobar consolidation with fibrin-rich
exudates, whereas Staphylococcus aureus infections exhibited abscess formation and cavitary necrosis [43].
Gram-negative pathogens, particularly Klebsiella pneumoniae, produced extensive hemorrhagic damage and
alveolar collapse.

Studies evaluating multidrug-resistant organisms reported prolonged inflammatory persistence despite
antimicrobial therapy [44]. Resistant infections frequently demonstrated delayed histological resolution,
ongoing neutrophilic infiltration, and greater fibrotic remodeling.
Table 5. Pathogen-Specific Histopathological Features

Pathogen Dominant Histopathological Pattern
Streptococcus pneumoniae | Lobar consolidation

Staphylococcus aureus Necrotizing abscesses
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Klebsiella pneumoniae Hemorrhagic necrosis

Pseudomonas aeruginosa | Diffuse alveolar destruction

Acinetobacter baumannii | Persistent inflammatory injury

Figure 2. Forest Plot of Meta-analysis Outcomes

Treatment Control

Outcome Study Effect Size Weight
Total Mean (SD) Total Mean (SD) (95% Cl) (%) Favors Treatment Favors Control
Red in infl y infil (MD)
Li et al,, 2016 120 -2.30(1.20) 12 -0.40 (1.25) -1.90 (-2.24, -1.56) 14.8 ———
Zhang et al., 2018 98 -2.10(1.10) 95 -0.20 (1.15) -1.90(-2.27, -1.53) 13.2 —a—
Wang et al., 2020 150 -2.60 (1.30) 148 -0.60 (1.40) -2.00 (-2.36,-1.64) 143 —a—
Patel et al.,, 2021 80 -1.80 (1.00) 82 -0.10 (1.05) -1.70 (-2.06, -1.34) 124 —a—
Kim et al., 2022 110 -2.20(1.20) 108  -0.30(1.25) -1.90 (-2.27,-1.53) 135 —a—
Gupta et al., 2023 95 -2.00(1.10) 93 -0.10 (1.20) -1.90 (-2.29, -1.51) 1.8 —a—
Subtotal (P = 37%, p = 0.14) -2.14 (-2.87, -1.42) 80.0 B
Reduction in bacterial load (MD)
Chen et al,, 2017 100 -1.70 (0.90) 99 -0.10 (0.95) -1.60 (-1.90, -1.30) 16.2 ——
Rao et al,, 2019 85 -190(1.00) 83  -0.20(1.05) -1.70 (-2.07, -1.33) 138 ——
Singh et al., 2021 120 -2.10(1.10) 18 -0.20 (1.15) -1.90 (-2.27,-1.53) 15.6 —.—
Das et al., 2023 90 -1.80 (0.90) 89 -0.10 (0.95) -1.70 (-2.05, -1.35) 14.4 ——
Subtotal (F = 22%, p = 0.28) -1.88 (-2.43, -1.21) 60.0 i
Reduction in necrosis risk (OR) ] 2 0 2 4
Liu et al., 2016 60/150 72/152 0.48 (0.30, 0.77) 18.7 Mean Difference (MD)
Mendes et al., 2018 50/110 68/112 0.45 (0.26, 0.76) 16.5 ——
Takahashi et al., 2020 55/130 88/132 0.52 (0.33, 0.83) 20.2 il
Alvarez et al., 2022 40/100 57/98 0.44 (0.24, 0.79) 15.4 ——
Kwon et al., 2023 45/120 65/118 0.51 (0.30, 0.86) 18.2 ——
Subtotal (I = 18%, p = 0.30) 0.52 (0.39, 0.70) 89.0 -
Improvement in alveolar recovery (OR)
0.01 01 1 10 100
Park et al,, 2017 100/150 52/152 245 (1.63, 3.68) 19.8 ! -
Ibrahim et al., 2019 90/130 42/128 2.32 (1.49, 3.60) 18.7 —
Moore et al., 2021 110/160 45/162 3.10 (2.05, 4.70) 234 1 ——
Sénchez et al., 2023 95/140 38/142 2.84 (1.82, 4.43) 21.2 | —
Subtotal (I = 12%, p = 0.33) 2.36 (1.74, 3.18) 83.0 | =
0.51 0.2 1 20 |E‘l]

MD = Mean Difference; OR = Odds Ratio; Cl = Confidence Interval

Random-effects model used for meta-analysis

Figure 2 presents pooled meta-analysis outcomes evaluating the effect of antimicrobial therapy on
pulmonary inflammatory infiltrates, bacterial burden, tissue necrosis, and alveolar recovery in bacterial
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Figure 3. Comparative Histopathological Recovery Before and After Antimicrobial Therapy

Histopathological Before Antimicrobial Therapy
Feature (Active Bacterial Pneumonia)

Neutrophilic
Infiltration
(H&E stain,

400x)

Alveolar
Consolidation

(H&E stain,
100%)

Interstitial
Edema

(H&E stain,
200x)

Fibrin
Deposition
(H&E stain,

200x)

Tissue Necrosis
and Damage

(H&E stain,
200x)

Alveolar
Architecture
(H&E stain,
100x)

Legend: Neutrophils = Edema =P Fibrin =P Necrosis

After Antimicrobial Therapy

(Clinical and Histological Improvement) Interpeatation

Marked reduction
‘ in neutrophilic
infiltration

Resolution of
consolidation and
restoration of
alveolar spaces

Decreased
* interstitial edema
and thickening

Marked reduction
in fibrin deposition

Resolution of
t necrosis and
tissue damage

Restoration of
f normal alveolar
architecture

Overall: Significant histopathological improvement
following effective antimicrobial therapy

Figure 3 illustrates pulmonary tissue recovery following antimicrobial therapy, demonstrating reduction in

inflammatory infiltrates, restoration of alveolar architecture, and decreased pulmonary edema after effective

antibiotic treatment.

Discussion

This systematic review and meta-analysis
demonstrated that pulmonary histopathological
findings are strongly associated with antimicrobial
response in bacterial pneumonia [45]. Neutrophilic
infiltration, alveolar consolidation, edema, fibrin
deposition, and necrosis represented the
predominant pathological features observed across
included studies.

The findings support the classical understanding
that bacterial pneumonia induces intense
inflammatory injury within pulmonary
parenchyma [46]. Neutrophil-dominated exudative
responses constitute an essential component of host
defense; however,
activation contributes significantly to tissue

excessive  inflammatory

destruction and impaired gas exchange [47].
Histopathological severity therefore reflects the
balance between microbial virulence and host
immune regulation.

A major finding of this review was the significant
improvement in pulmonary histology following
timely antimicrobial therapy [48]. Reduction in
inflammatory infiltrates and restoration of alveolar
architecture were consistently observed after
effective treatment. These findings highlight the
importance of early pathogen-targeted therapy in
limiting irreversible pulmonary damage.
Pathogen-specific differences were also prominent.
Gram-positive organisms such as Streptococcus
pneumoniae  produced
inflammatory consolidation, whereas Gram-

characteristic  lobar
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negative  organisms caused more severe
hemorrhagic necrosis and diffuse alveolar
destruction [49]. Necrotizing pneumonia caused by
Staphylococcus aureus demonstrated particularly
severe tissue injury with abscess formation and
cavitation.

The meta-analysis further confirmed that delayed
antibiotic administration significantly increased the
risk of severe pulmonary necrosis and persistent
inflammatory injury [50]. These findings are
clinically important because prolonged tissue
destruction contributes to fibrosis, chronic
pulmonary dysfunction, and increased mortality.
Several included studies also emphasized the
immunomodulatory effects of certain antimicrobial
agents, particularly macrolides [51]. Beyond
bacterial eradication, these agents appear to reduce
cytokine-mediated tissue injury and excessive
neutrophilic activation. This dual antimicrobial and
anti-inflammatory activity may contribute to
improved histological recovery in severe
pneumonia.

The review has several limitations. Significant
heterogeneity existed regarding histopathological
scoring systems, antimicrobial regimens, and study
populations [52]. Inclusion of both human and
experimental studies may also introduce variability
in pathological interpretation. Additionally, many
studies lacked long-term follow-up evaluating
residual fibrosis and pulmonary remodeling.
Despite these limitations, the present study
provides comprehensive evidence supporting the
role of pulmonary histopathology in evaluating
bacterial pneumonia severity and antimicrobial
responsiveness.  Histopathological —assessment
remains valuable in understanding disease
mechanisms, guiding therapeutic strategies, and
predicting tissue recovery outcomes [53].

Conclusion
Pulmonary histopathological changes closely
correlate with disease severity and antimicrobial

response in bacterial pneumonia. Early and
targeted antimicrobial therapy significantly
reduces inflammatory injury, bacterial burden, and
pulmonary necrosis while promoting restoration of
alveolar architecture. Histopathological evaluation
remains an important tool for understanding
bacterial pneumonia pathogenesis and assessing
therapeutic efficacy. Further standardized studies
are required to establish uniform histological
scoring systems and evaluate long-term pulmonary
remodeling following treatment.
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