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- Review

Dual and context-dependent roles of blood viscosity in
cirrhotic portal hypertension

Caiyi He', Zhongjie Hu*

'Clinical Medical College of Qinghai University, Xining 810000, China.
“Beijing Youan Hospital, Capital Medical University, Beijing 100069, China.

Abstract

Portal hypertension is a major complication of cirrhosis characterized by increased intrahepatic resistance and hy-
perdynamic circulation. Emerging evidence suggests that hemorheological alterations may play a context-depen-
dent dual role in this process. Increased sinusoidal blood viscosity may aggravate intrahepatic resistance, whereas
decreased peripheral viscosity may facilitate splanchnic inflow and help sustain hyperdynamic circulation under
specific clinical conditions. However, current evidence primarily stems from theoretical models, experimental
studies, and a limited number of clinical observations, and it has not yet been established that blood viscosity is
an independent upstream determinant of portal vein pressure. Therefore, this review synthesizes the existing
evidence regarding the mechanistic link between blood viscosity and portal hypertension and proposes that blood
viscosity be interpreted as a context-dependent modulator and amplifier of portal hypertensive pathophysiology in
cirrhosis. We also discuss unresolved controversies, implications for different disease stages and specific clinical

contexts, and potential directions for translational research.

Keywords: liver cirrhosis, portal hypertension, blood viscosity, hemorheology, hemodynamics

Portal hypertension is a primary consequence of liver
cirrhosis and the main cause of complications such as
ascites, gastroesophageal variceal bleeding, and hyper-

" Its pathophysiological mechanisms are

splenism
complex, involving increased intrahepatic vascular re-
sistance and elevated portal vein blood flow caused by
hyperdynamic circulation, among other factors ™.
Currently, scoring systems that include the Child-
Pugh score and the Model for End-Stage Liver Dis-

ease score are commonly used to assist in prognostic

assessment . The primary treatment methods for
liver cirrhosis include eliminating the underlying
cause, surgical intervention, or using limited pharma-
cological strategies, mainly aimed at addressing the
complications of portal hypertension . Blood
rheological factors have received comparatively less
attention in prevailing frameworks of portal hyper-
tension. Yet accumulating data suggest that viscos-
ity-related changes may influence portal hyperten-

sive pathophysiology in more than one direction.

*Correspondence:
Zhongjie Hu; Email: yfcyt@139.com
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Increased sinusoidal viscosity may reinforce intrahe-
patic resistance, whereas reduced peripheral viscosity
in advanced disease or selected complication settings
may favor hyperdynamic circulation and increased
splanchnic inflow. These observations support the hy-
pothesis that blood viscosity may function as a con-
text-dependent modulator rather than a uniformly
harmful or uniformly protective factor. Accordingly,
this review summarizes the pathophysiological basis
of viscosity changes in cirrhosis, examines the path-
ways through which hemorheological alterations may
interact with portal hemodynamics, and discusses the
strengths, limitations, and translational implications
of the current evidence. The proposed dual and con-
text-dependent framework is summarized schemati-

cally in Figure 1.
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Literature search strategy

This review was informed by a structured literature
search of PubMed, Web of Science, Google Scholar,
and CNKI from database inception to March 2026, us-
ing combinations of the terms “cirrhosis”, “portal hy-
“blood  viscosity”,

pertension”, “hemorheolog*”,

EE N3

“whole blood viscosity”,

EE RT3

plasma viscosity”, “erythro-
cyte deformability”, “erythrocyte aggregation”, “hyper-
dynamic circulation”, “platelet activation” and “sinu-
soidal microcirculation”. Additional relevant studies
were identified through manual review of reference
lists. We prioritized experimental, mechanistic, and
clinical studies that directly informed the proposed
framework linking blood viscosity to portal hyperten-

sive pathophysiology. Given the narrative nature of this
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Dual Role of Blood Viscosity in Cirrhotic Portal Hypertension

Figure 1. Conceptual schematic of the dual and context-dependent roles of blood viscosity in cirrhotic portal

hypertension.

The left panel illustrates the local intrahepatic pathway, in which increased sinusoidal viscosity, together with structural re-

modeling, inflammation, fibrosis, endothelial dysfunction, and stellate cell activation, may reinforce intrahepatic resistance

and contribute to portal pressure elevation. The right panel illustrates the systemic/peripheral pathway, in which decreased pe-

ripheral viscosity, blood dilution, and visceral vasodilation may favor increased splanchnic blood flow and sustain hyperdy-

namic circulation. These pathways are not mutually exclusive and may coexist across different disease stages and clinical sce-

narios, jointly contributing to the maintenance and amplification of portal hypertensive hemodynamics.
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review, article selection was guided by relevance to
mechanism, disease stage, and clinical context rather

than by formal systematic-review methodology.

Blood viscosity and the pathophysi-
ological basis of cirrhotic portal
hypertension

Basic principles of blood rheology

The internal friction that impedes blood flow is re-
ferred to as the viscosity of blood, and the physical
quantity used to measure this property is blood viscos-
ity (). Blood viscosity is a key determinant of local
hemodynamic characteristics and exhibits shear thin-
ning behavior. As the shear rate increases, blood vis-
cosity decreases exponentially . This property is pri-
marily governed by the aggregation and deformability
of red blood cells (RBCs) . At high shear rates, the
laminar flow phenomenon becomes prominent, RBCs
are concentrated along the central axis of the blood-
stream, and both rotational motion and collisions
among RBCs are reduced, resulting in lower blood vis-
cosity. Conversely, at low shear rates, RBC aggrega-
tion occurs, leading to increased blood viscosity. In ad-
dition, as the shear rate increases, the deformation of
RBCs becomes more pronounced, causing the RBCs
to assume shapes such as spindle, bullet, and rod
forms. This reduces interference with blood flow and
decreases blood viscosity. According to Poiseuille’s
law(R=8 n L/ (n r*)), an increase in blood viscosity
leads to elevated vascular resistance. However, blood
viscosity, through its influence on vascular wall shear
stress, serves as a key regulatory factor to produce ni-
tric oxide (NO) by endothelial nitric oxide synthase
(eNOS). Therefore, in healthy individuals with intact
vascular function capable of adapting to hemorheo-
logical changes, an increase in blood viscosity can pro-

mote vasodilation, thereby reducing the vascular resis-

tance that would otherwise rise due to increased blood

viscosity °.
Hemodynamic basis of portal hypertension

According to the application of Ohm’s law (AP = Qx
R) in hemodynamics, an increase in the portal vein
pressure gradient (AP) can be attributed to an increase
in resistance (R), an increase in blood flow (Q), or a
combination of both "*. Chronic injury leads to a series
of structural and functional alterations in the liver, and
changes in hepatic microcirculation result in portal hy-
pertension . Dysfunction of liver sinusoidal endothe-
lial cells (LSECs), activation of hepatic stellate cells
(HSCs), and alterations in the structure and function of
hepatic sinusoids also trigger matrix deposition, sinusoi-
dal contraction, and increased vascular resistance Y.
As intrahepatic vascular resistance rises, blood pressure
in the splanchnic region increases, prompting visceral
endothelial cells to release vasodilators, which cause
mesenteric and systemic vasodilation. Ultimately, the
combined effects of elevated intrahepatic resistance and

hyperdynamic circulation lead to portal hypertension ™.

In summary, alterations in blood shear thinning, RBC
deformability, RBC aggregation, and so on may exac-
erbate hemodynamic disturbances and contribute to
disease progression in the pathogenesis of portal hy-

pertension in liver cirrhosis.

The role of blood viscosity in cirrhotic
portal hypertension

This section provides an overview of two complemen-
tary pathways: increased hepatic sinusoidal viscosity
potentially reinforcing intrahepatic resistance, and
decreased peripheral viscosity, together with hyperdy-
increased

namic circulation, potentially favoring

portal venous inflow (Figure 1).
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Structure-driven viscosity increase

This section discusses evidence supporting the possi-
bility that cirrhosis-associated structural remodeling
may create a pro-viscous sinusoidal microenviron-
ment, which in turn may reinforce intrahepatic resis-
tance. The available data support biological plausibil-
ity, although they do not yet establish sinusoidal vis-
cosity as an independent initiating determinant of por-
tal hypertension. The primary factor contributing to
the development of portal hypertension is a marked in-
crease in intrahepatic vascular resistance to portal ve-
nous blood flow. This occurs in the early stages of
chronic liver disease as a result of alterations in he-
patic sinusoidal endothelial cells "', According to Poi-
seuille’s law, an increase in blood viscosity leads to an
elevation in vascular resistance . The role of blood
viscosity in the elevation of intrahepatic vascular resis-

tance can be analyzed from several perspectives.

One important mechanism is the structural remodeling
of the sinusoidal wall. During cirrhosis, LSEC fenes-
trae are reduced or lost, and the endothelial surface be-
comes less smooth and more irregular, a process often
referred to as sinusoidal capillarization """ These
changes impair the exchange of substances between
blood and hepatocytes, promote sinusoidal congestion,
and increase frictional resistance to flow. As a conse-
quence, local blood velocity and shear rate decline, fa-
voring an increase in apparent blood viscosity within
the sinusoidal lumen. In this setting, viscosity is not
merely a passive blood property; rather, it is shaped by
the altered microenvironment created by cirrhotic
structural injury. Thus, sinusoidal remodeling and vis-
cosity elevation may act together to reinforce intrahe-

patic vascular resistance.

Structural injury also affects the mechanical behavior

of blood cells, particularly RBCs, thereby further am-

plifying local rheological abnormalities. Blood flow in
the microcirculation is highly dependent on the de-
formability of RBCs, and the loss of deformability
leads to an increase in blood viscosity *. Researchers
employed an ex vivo hepatic sinusoid model and used
the immersed boundary method coupled with the lat-
tice Boltzmann method to simulate blood flow and
RBC deformation "*. The endothelial permeability
component was set at levels (2.5x107°=2.5x107" m?).
When the endothelial permeability increased from
10" m® to 10"° m’, the RBC deformation index de-
creased by 26.7%, indicating a more circular shape.
This result reflected the characteristics of intrasinusoi-
dal microcirculation and suggested that a higher endo-
thelial permeability coefficient leads to more stable
RBC deformability. This finding holds significant bio-
logical implications in hepatic fibrosis, where endothe-
lial capillarization tends to markedly affect RBC defor-
mation within the sinusoidal lumen by altering endo-
thelial permeability. Concurrently, in liver cirrhosis,
hepatic sinusoids experience hypoxia due to microcir-
culatory disturbances. Under hypoxic conditions, cel-
lular swelling alters the surface area-to-volume ratio,
thereby reducing the deformability of cells. The de-
creased deformability of RBCs, meaning increased
RBC rigidity, may lead to elevated blood viscosity,
which in turn exacerbates portal vein pressure !,
At the microcirculatory level, the persistent presence
of RBC aggregates may increase precapillary resis-
tance . Similarly, in liver cirrhosis, reactive oxygen
species (ROS) released from damaged hepatocytes ac-
tivate Kupffer cells, initiating an inflammatory cas-

. 14
cade reaction "

. These cells secrete various cyto-
kines, including transforming growth factor-pB1, TNF-
o, monocyte chemotactic protein-1, chemokines such
as CCL3 and CCLS, and other soluble mediators,
thereby accelerating the progression of hepatic fibrosis
U319 Concurrently, oxygen free radicals can alter the

surface properties of red blood cells, changing their
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tendency to aggregate, which enhances RBCs aggrega-

. . . . . 17
tion and increases intrahepatic vascular resistance """,

Platelet (PLT) activation and micro-thrombosis pro-
vide another structural mechanism by which viscosity-
related resistance may be reinforced. Research find-
ings "*?" have shown that in patients with liver cirrho-
sis, plasma levels of thrombin, von Willebrand factor,
and soluble P-selectin are elevated. PLT become acti-
vated and release procoagulant substances, leading to
the formation of micro-thrombi. In addition, PLT in
patients with liver cirrhosis produce large amounts of
isoprostanes, which are chemically stable eicosanoids
derived from the interaction between arachidonic acid
and ROS generated by NADPH oxidase 2. These iso-
prostanes promote PLT aggregation by activating
platelet membrane glycoprotein IIb/Illa, thereby in-
creasing blood viscosity, obstructing hepatic sinu-
soids, and elevating blood flow resistance. Simultane-
ously, various bioactive molecules released by acti-
vated PLT recruit inflammatory cells to the liver, caus-
ing necrotizing inflammation and fibrosis. In addition
to inducing immune-mediated liver injuries, PLT also
reduce hepatic sinusoid microcirculation by secreting

. 22
serotonin . ].

Emerging mechanobiological evidence further sug-
gests that increased tissue stiffness and pressure trans-
mission within the fibrotic liver may create a self-rein-
forcing loop. As fibrosis progresses, hepatic compli-
ance decreases, sinusoidal pressure rises, and abnor-
mal mechanical stress is transmitted to neighboring en-

23
I Researchers

dothelial and non-parenchymal cells '
have used in vitro experiments and animal models to
measure portal vein pressure with a digital blood pres-
sure analyzer. The results showed that in congestive
liver disease, when endothelial cells are subjected to
tensile stress, the Piezol-Notchl receptor-Hes/Hey

signaling pathway is activated. This pathway can lead

to micro-thrombosis formation and an increase in hy-
drostatic pressure, which may ultimately create a posi-
tive feedback loop that exacerbates the progression of

portal hypertension **..

Taken together, currently available evidence supports
the possibility that cirrhosis-associated structural re-
modeling may create a pro-viscous sinusoidal micro-
environment characterized by capillarization, reduced
shear space, impaired RBC transit, PLT activation,
and micro-thrombotic obstruction. These factors may
jointly increase local blood viscosity and resistance,
suggesting that structural-driven viscosity increase
may represent an important contributor to the initia-

tion and progression of portal hypertension.

Hemodynamic-driven viscosity amplification

In addition to structural abnormalities, hemodynamic
disturbances can amplify the effects of altered blood
viscosity and help sustain portal hypertension once it
has developed. Portal hypertension is determined by
both resistance and blood flow, as illustrated by the he-
modynamic application of Ohm’s law (AP = QxR) *!
Although structural remodeling is central to the initial
rise in intrahepatic resistance, the subsequent changes
in blood flow velocity, shear conditions, and systemic
vascular tone may further magnify viscosity-related
abnormalities. In this sense, blood viscosity may not
only be structurally increased within the cirrhotic liver
but also functionally amplified by abnormal hemody-

namic conditions.

A key mechanism is the reduction in sinusoidal blood
flow velocity and shear rate. In cirrhosis, endothelial
dysfunction, reduced NO bioavailability, increased
release of vasoconstrictors, and hepatic stellate cell
contraction all contribute to heightened sinusoidal

resistance. As intrahepatic resistance rises, blood flow
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within the distorted sinusoidal network becomes
slower and more heterogeneous. Because blood is a
shear-thinning fluid, a reduction in shear rate itself
tends to increase blood viscosity . This may create a
vicious cycle in which elevated resistance slows blood
flow, lower flow increases apparent viscosity, and the
resulting viscosity increase may further augment resis-
tance. Therefore, under cirrhotic conditions,
hemorheological abnormalities are not static but dy-

namically intensified by low-shear intrahepatic flow.

At the systemic and splanchnic levels, hyperdynamic
circulation further contributes to this amplification
process. As resistance within the liver increases, up-
stream pressure rises and stimulates the release of va-
sodilators, particularly NO, from the splanchnic and
systemic endothelium . This leads to enhanced vaso-
dilation and increased cardiac output, resulting in hy-
perdynamic circulation that further augments blood

25,26 . .
]. Researchers investi-

flow to the viscera and liver '
gated the mechanism underlying the upregulation of
eNOS in a biliary cirrhosis rat model. Three types of
rat models were established: a biliary cirrhosis model
(36 rats), a portal vein stenosis model (32 rats), and a
sham-operated control group (30 rats). Three parallel
groups receiving propranolol treatment were also in-
cluded. Propranolol was administered to rats with
liver cirrhosis to reduce cardiac output and decrease
shear stress. The results showed that systemic vasodi-
lation primarily depended on shear stress-related up-
regulation of eNOS . Increased shear stress may
therefore enhance NO production and further aggra-
vate vasodilation, forming another positive feedback
loop **!. Although this pathway does not directly in-
crease blood viscosity, it amplifies the hemodynamic
consequences of viscosity-related resistance by in-

creasing portal venous inflow.

A further aspect of hemodynamic-driven amplification

is the reduction in peripheral blood viscosity, particu-
larly in advanced cirrhosis. According to Poiseuille’s
law, lower blood viscosity reduces vascular resistance.
Evidence primarily derives from small-sample clinical
or animal/theoretical studies. Peripheral cytopenia
caused by hypersplenism and inflammatory response
in patients with advanced liver cirrhosis can affect the
hyperdynamic circulatory state. In a cross-sectional
study including 42 patients with cirrhotic variceal
bleeding and 44 matched non-bleeding patients, the re-
sults showed that patients with advanced liver cirrho-
sis had reduced RBC hematocrit and PLT counts, as
well as decreased RBC aggregation *”. Another retro-
spective analysis of clinical data from 183 patients
with cirrhotic portal hypertensive splenomegaly com-
plicated by peripheral cytopenia demonstrated that
splenomegaly and hypersplenism were the main
causes of peripheral cytopenia. The larger the spleen
volume, the more blood cells were phagocytosed by
spleen macrophages, leading to lower peripheral blood
cell counts and consequently reduced peripheral vascu-
lar resistance. This hemodynamic change may exacer-
bate the hyperdynamic circulatory state P A random-
ized controlled trial (RCT) was conducted to investi-
gate the effects of rifaximin on endotoxemia and
thrombocytopenia in patients with alcoholic liver cir-
rhosis ", Thirteen patients with alcoholic liver cirrho-
sis received rifaximin treatment at a dose of 1,200 mg/
d for four weeks and were compared with ten patients
in the control group. The results showed that rifaximin
improved thrombocytopenia by reducing endotoxin
levels. These findings suggest that peripheral cytope-
nia is associated with inflammatory responses. During
anti-inflammatory treatment, the increase in blood cell
also elevates blood viscosity,

counts peripheral

thereby alleviating the hyperdynamic circulatory state.

In addition, the hemodilution effect during gastrointes-

tinal bleeding in liver cirrhosis may exacerbate the
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hyperdynamic circulatory state by reducing blood vis-
cosity, although this effect is likely to be context-de-
pendent and may coexist with compensatory vascular
responses. When esophageal and gastric variceal
bleeding in liver cirrhosis leads to anemia, a large
amount of tissue fluid shifts into the blood vessels, re-
sulting in hemodilution and a decrease in hematocrit,
which in turn reduces whole blood viscosity >, In par-
allel, plasma globulin levels increase, but fibrinogen
decreases significantly, and the combined effect leads
to a reduction in plasma viscosity "> In one study, ex
vivo blood or plasma substitutes were infused into nor-
mal rats and portal hypertension rat models (a total of
32 rats) that had experienced blood loss to investigate
the effects of reduced blood viscosity on the hyperdy-
namic circulation, portal vein pressure, and vascular
geometry. The results showed that although rapid infu-
sion of low-viscosity fluids could reduce peripheral re-
sistance, it aggravated the hyperdynamic circulation
and might lead to an increase in portal pressure.
Twenty-four hours after infusion, contraction of portal
collateral vessels was observed in the experimental
group, which might represent a compensatory reaction
of the body to the hyperdynamic circulation. There-
fore, during acute bleeding in portal hypertension,
slow volume resuscitation is more conducive to hemo-
dynamic adaptation and helps prevent the worsening

of hyperdynamic circulation %,

At the same time, reduced blood viscosity should not
be interpreted as uniformly deleterious in all clinical
settings. Experimental microcirculatory studies sug-
gest that tissue perfusion depends on a dynamic bal-
ance among viscosity, oxygen-carrying capacity, and
shear-dependent endothelial responses, implying that
both excessive hemoconcentration and excessive he-
modilution may be unfavorable “*. In cirrhosis, this
trade-off becomes particularly relevant during acute

variceal bleeding: although anemia and hemodilution

may transiently reduce flow resistance and support
systemic perfusion, excessive restoration of hemoglo-
bin may increase portal pressure and potentially favor

B3 Consistent with this view, current

rebleeding
guidance recommends conservative packed RBC trans-
fusion with a target hemoglobin of 7-8 g/dL, rather
than aggressive correction . These observations sup-
port the possibility that the clinical effects of hypovis-
cosity are biphasic and context-dependent rather than
uniformly harmful. However, no cirrhosis-specific
study has yet defined an optimal blood-viscosity “win-
dow”, and this concept should therefore be regarded

as a heuristic framework rather than a clinically action-

able target.

Overall, this framework suggests that once portal
hypertension is established, low-shear intrahepatic
flow, splanchnic vasodilation, increased cardiac
output, and reduced peripheral vascular resistance
may collectively magnify viscosity-related abnormali-
ties and thereby help sustain portal hypertensive

hemodynamics.

Time-course perspective

From a temporal perspective, changes in blood viscos-
ity are not linear but are regulated by multiple factors,
including hepatic functional reserve, portal venous he-
modynamics, systemic inflammation, and coagulation-
fibrinolysis imbalance "*'. In the pre-cirrhotic stage, al-
though hepatic dysfunction is relatively mild, blood
viscosity may already begin to show a mild hypervis-
cosity state. A retrospective study conducted by some
researchers demonstrated that whole blood viscosity
in the pre-cirrhotic stage was significantly higher than

. . . 39
that in advanced cirrhosis "

. This early alteration
may be associated with microcirculatory changes
occurring during hepatic inflammation and fibrosis.

As chronic liver disease progresses, hepatic impairment
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worsens, portal hypertension becomes more pro-
nounced, and the changes in blood viscosity become
increasingly complex. Rheological testing has shown
that patients with decompensated cirrhosis exhibit a
significant decrease in viscosity, approaching the
characteristics of a Newtonian fluid, along with a re-
duction in elastic modulus, indicating a loss of blood
elasticity ", In addition, patients with decompen-
sated liver disease often present with systemic in-
flammatory response and endotoxemia. These inflam-
matory responses lead to visceral vasodilation, such
as in the mesentery, and renal vasoconstriction,
which subsequently reduce the glomerular filtration
rate and result in regional microcirculatory distur-
bance ", Meanwhile, the imbalance of the coagula-
tion-fibrinolysis system caused by liver disease keeps
patients in a prethrombotic state, increasing the risk
of thrombosis “". Therefore, the decrease in blood
viscosity in patients with decompensated cirrhosis
does not indicate the disappearance of thrombotic
risk. However, most of the existing evidence is de-
rived from cross-sectional or retrospective studies
rather than from individual evolution trajectories that

have been fully validated by longitudinal studies.

Clinical implications

From a clinical perspective, the significance of
hemorheological alterations is best interpreted across
three partially overlapping contexts: disease stage,
complication state, and treatment intervention. In com-
pensated or earlier-stage disease, hemorheological ab-
normalities may remain more mechanistic than action-
able, because clinical decision-making is still driven
primarily by established portal hypertension assess-
ment tools. By contrast, in advanced or decompen-
sated cirrhosis, viscosity-related changes may become
more clinically relevant through their interaction with

anemia, inflammation, hyperdynamic circulation, and

thrombo-inflammatory imbalance. This context-based
framework may help identify where hemorheological
assessment is biologically informative, clinically rel-

evant, or still premature.

The emerging mechanistic role of blood viscosity in
portal hypertension raises an important translational
question: should hemorheological assessment be incor-
porated into clinical practice? At present, clinical path-
ways still rely primarily on validated tools such as he-
patic venous pressure gradient (HVPQ), liver stiffness,
platelet-based algorithms, spleen stiffness, endoscopy,
and Doppler-derived hemodynamic assessment,

whereas blood viscosity remains insufficiently stan-

dardized and clinically validated "".

A more realistic near-term role for hemorheological as-
sessment may therefore be selective rather than univer-
sal, and particularly relevant in high-risk settings. One
such scenario is the peri-splenectomy setting, where
postoperative increases in viscosity and platelet count
may contribute to portal vein system thrombosis
(PVST). In this setting, hemorheological assessment
may be explored as an adjunct to early PVST risk
stratification rather than as a routine monitoring tool
for all patients ", Another relevant setting is acute
variceal bleeding, where the key clinical issue is the
balance among anemia, portal pressure, and transfu-
sion strategy rather than normalization of viscosity per
se. Contemporary evidence supports a restrictive
packed RBC transfusion strategy in acute variceal
bleeding, which has been associated with lower rates
of rebleeding and mortality . This indicates that the
primary risk lies in excessive overcorrection at either

end, rather than in “low viscosity” alone.

Therapeutically, blood viscosity may be modifiable,
but the current evidence is still insufficient to support
treatment in

viscosity-targeted routine practice.
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Experimental cirrhosis studies showed that pentoxifyl-
line reduced portal pressure together with blood vis-
cosity and improved whole-blood filterability . Re-
cent meta-analytic evidence suggests that statins may
modestly reduce portal pressure in cirrhosis, but these
studies evaluated portal-pressure reduction rather than
viscosity-guided therapy itself . Region-specific ex-
ploratory evidence also suggests that certain anti-fi-
brotic traditional Chinese medicine formulations, such
as Fuzheng Huayu, may improve fibrosis-related pa-
rameters in chronic liver disease, and a multicenter
randomized trial has been designed to evaluate its ad-
junctive role in portal hypertension with HBV-related
cirrhosis ', However, direct evidence that such inter-
ventions confer a validated dual benefit on both
hemorheology and portal-pressure control in routine
clinical management remains limited. Thus, blood vis-
cosity is best viewed at present as a complementary
mechanistic biomarker that may refine risk interpreta-
tion in selected scenarios, rather than as a standalone
biomarker or validated intervention target. A cirrhosis-
specific optimal blood-viscosity “window” has not
been established, and no clinically validated viscosity

target is currently available for routine management.

Controversies and challenges

Despite its mechanistic plausibility, the blood-viscos-
ity hypothesis remains limited by unresolved questions

of causality, measurement, and clinical translation.
Causality dilemma

Whether blood viscosity is a driver of portal hyperten-
sion or merely a downstream epiphenomenon remains
unresolved. The core pathophysiology of portal hyper-
tension in liver cirrhosis lies in the increased intrahe-
patic vascular resistance and the hyperdynamic circu-

lation of the extrahepatic splanchnic system. Within

this framework, alterations in hemorheology are bio-
logically plausible, although they have not been con-
firmed as an independent upstream determinant of por-
tal vein pressure. The reverse direction is also plau-
sible: pathological pressure and altered shear condi-
tions may themselves remodel the phenotype of sinu-
soidal endothelial cells and microvascular behavior,
thereby secondarily modifying rheological characteris-
tics. For example, researchers obtained liver tissue
samples from patients with hepatitis B through hepatic
biopsy, and the results showed that these patients ex-
hibited hepatic microcirculatory disturbance, suggest-
ing that changes in blood viscosity within the microcir-
culation may precede the onset of liver cirrhosis .
Therefore, the existing literature supports an associa-

tion rather than causality.

Measurement bias

The second point of contention concerns the measure-
ment itself. Blood viscosity is highly dependent on he-
matocrit, the composition of plasma proteins, RBC ag-
gregation, RBC deformability, temperature, storage
conditions, sampling time, and the shear rate range
used in testing. Significant variations may occur
across different testing platforms and clinical condi-
tions. This methodological instability leads to two con-
sequences. First, data from different studies are diffi-
cult to compare, particularly when measurements at
low and high shear rates are not reported separately.
Second, whole blood viscosity estimated by formula
may underestimate the effects of RBC aggregation
and deformability . Therefore, some inconsistencies
in the literature may arise from measurement heteroge-

neity rather than true biological differences.

Translational gap

Intrasinusoidal viscosity cannot be directly measured
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in routine clinical practice. The central hypothesis of
this review concerns sinusoidal hemorheology, yet si-
nusoidal viscosity is not a clinical variable that can
currently be measured at the bedside. Contemporary
diagnostic pathways for portal hypertension rely on
HVPG and endoscopy as reference standards, with in-
creasing use of non-invasive tools such as liver stiff-
ness, platelet count, and spleen stiffness "**). By con-
trast, the most direct approaches to sinusoidal flow
behavior remain preclinical, including intravital im-
aging, liver-on-a-chip systems, and computational or
microfluidic models. These tools are mechanistically
informative, but they are not interchangeable with
clinical measurement *". The current generation of
models cannot simultaneously reproduce the spatial
heterogeneity, multicellular crosstalk, dynamic fibro-
sis, collateral circulation, inflammatory activation,
and stage-specific hemodynamics of clinical cirrho-
sis. Thus, the field currently faces a translational

problem.

Longitudinal HVPG studies have not yet validated the
hypothesis that viscosity is associated with portal vein
pressure. Even if viscosity is mechanistically relevant,
its clinical significance remains uncertain unless it cor-
relates with temporal changes in portal venous pres-
sure. To date, no human longitudinal study has demon-
strated, through serial HVPG measurements, the valid-
ity of blood viscosity as a causal or predictive bio-
marker. This represents a major evidence gap, indicat-
ing that without hemodynamic validation of temporal
association, viscosity cannot be translated from a
mechanistic concept into reliable

a clinically

biomarker.

There is a lack of direct RCT evidence for viscosity-
targeted therapy, and its treatment transformation re-
mains limited. Emerging randomized evidence sug-

gests that in patients with specific types of liver cirrho-
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sis complicated by severe portal hypertension, adjunc-
tive treatment with statins can reduce the HVPG and
improve endothelial dysfunction. Recent meta-analy-
ses have shown a modest short-term benefit in portal
venous pressure . However, these studies evaluated
strategies aimed at reducing portal venous pressure
rather than viscosity-targeted therapy itself. Although
some studies have indicated that statins may enhance
RBC deformability and decrease RBC aggregation,
thereby reducing blood viscosity and improving micro-
circulation, viscosity was neither the primary therapeu-
tic target nor an essential intermediate biomarker in

BL321 - Therefore, the assertion that

these investigations
“correction of viscosity can improve portal hyperten-
sion” still lies beyond the scope of current clinical

trial evidence.

Poiseuille’s law remains a useful teaching framework,
but it becomes insufficient when used as the dominant
explanatory model for cirrhotic portal hypertension.
Blood is a non-Newtonian, shear-thinning suspension
rather than an ideal Newtonian fluid, and low-shear
conditions are precisely the setting in which rheologi-
cal complexity becomes most relevant ‘. More impor-
tantly, the portal system in cirrhosis is not a rigid tube:
it is a dynamically remodeling vascular network
shaped by fibrosis, sinusoidal collapse, endothelial sig-
naling, hepatic stellate cell contraction, collateraliza-
tion, and extrahepatic circulatory adaptation ™. Under
these conditions, pressure cannot be understood as a
passive function of viscosity and radius alone. Recent
mechanobiology and computational studies reinforce
this point. Pathological hydrodynamic pressure can
directly alter sinusoidal endothelial phenotype and
generate circulating biomarkers associated with portal
hypertension, while computational models suggest
that patient-specific venous remodeling and collateral
sensitivity may substantially shape pressure-flow rela-

[54]

tionships and clinical trajectories ~ . These findings
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do not invalidate Poiseuille’s law; rather, they show
that an exclusive dependence on it risks oversimplify-
ing a biologically active, multiscale disease process.
For this reason, blood viscosity should be interpreted
as one component of a broader mechanobiological sys-
tem, not as a self-sufficient explanation for portal

hypertension.

Summary

Collectively, changes in both local and systemic blood
viscosity within the hepatic sinusoid may play dual
and interactive roles in the development of portal hy-
pertension. At the sinusoidal level, structural remodel-
ing and microenvironmental alterations may increase
local flow resistance by favoring a hyperviscous mi-
lieu. At the systemic level, hemodilution and vasodila-
tion under hyperdynamic conditions may reduce pe-
ripheral vascular resistance and facilitate portal ve-
nous inflow. Rather than establishing viscosity as a
proven primary cause of portal hypertension, these ob-
servations support its role as a context-dependent
hemorheological modulator that may amplify pressure-
generating mechanisms across different stages and

clinical settings.
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Abstract

SERPINEI encodes plasminogen activator inhibitor-1 (PAI-1), a central inhibitor of tissue-type and urokinase-type
plasminogen activators. By limiting plasmin generation, modulating extracellular-matrix turnover, and participating
in inflammatory, metabolic, vascular, and tumor-microenvironmental processes, SERPINEI is increasingly recog-
nized as a context-dependent mediator in liver disease. Earlier versions of the literature often presented SERPINE] as
a uniformly pathogenic factor. A more balanced synthesis indicates that its effects depend on disease stage, cellular
source, and biological context: hepatocyte- and adipose-associated PAI-1 may link metabolic stress to steatosis and in-
sulin resistance; activated hepatic stellate cell-derived PAI-1 appears more directly related to fibrogenesis; endothelial
and platelet-related PAI-1 may contribute to hypofibrinolysis and portal-vein thrombosis; and tumor- or stromal-
derived PAI-1 may shape invasion, epithelial-mesenchymal transition, angiogenesis, and immune-cell recruitment in
hepatocellular carcinoma. Clinical studies support an association between circulating PAI-1 and metabolic dysfunc-
tion-associated steatotic liver disease (MASLD), but most data are cross-sectional, heterogeneous, or derived from
biomarker-discovery cohorts rather than definitive prospective validation. Therapeutically, PAI-1 inhibition has
shown promise in cell, organoid, and animal models, particularly in steatosis and fibrotic remodeling; however, there
is insufficient evidence to regard SERPINE1-targeted therapy as clinically established for liver diseases. This review
critically summarizes the mechanistic, epidemiological, diagnostic, and therapeutic evidence for SERPINEL1 in liver

diseases, highlights unresolved controversies, and proposes a translational framework for future research.

Keywords: SERPINE1, PAI-1, MASLD, MASH, liver fibrosis, hepatocellular carcinoma, biomarker, targeted
therapy

Introduction tention in hepatology because it connects several pro-
cesses that are central to liver disease progression: fibri-

SERPINEI, the gene encoding PAI-1, has attracted at-  nolysis, extracellular-matrix remodeling, inflammation,
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metabolic dysfunction, vascular thrombosis, and tu-
mor progression . The liver is both a metabolic or-
gan and a hemostatic organ. Therefore, a molecule
such as PAI-1 cannot be interpreted only as a fibrosis
marker or only as a coagulation factor; its biological
meaning changes depending on whether the dominant
process is steatosis, inflammatory injury, fibrogenesis,
cirrhosis-associated hemostatic imbalance, or tumor

remodeling.

The terminology of steatotic liver disease has recently
changed. In accordance with the 2023 multisociety Del-
phi consensus, the term metabolic dysfunction-associ-
ated steatotic liver disease (MASLD) is used in this re-
view, and metabolic dysfunction-associated steatohepa-
titis (MASH) is used for the inflammatory and fibros-
ing phenotype previously referred to as NASH "
When describing older studies, NAFLD/NASH is re-
tained only when it appears in the original study de-
sign or title. This approach avoids both historical con-

fusion and unnecessary inconsistency.

The purpose of this revised review is not simply to list
studies. Instead, it organizes the evidence around three
questions. First, in which cells and disease stages is
SERPINE1 most likely to be mechanistically rel-
evant? Second, which clinical claims are supported by
human evidence, and which remain preclinical or ex-
ploratory? Third, how can SERPINEI be integrated
into biomarker panels, imaging strategies, and thera-
peutic development without overstating the current

evidence?

Biological Basis of SERPINE1/PAI-1in
Liver Disease

Core fibrinolytic and extracellular-matrix functions

PAI-1 is the major physiological inhibitor of tissue-

type plasminogen activator (tPA) and urokinase-type
plasminogen activator (uPA). By suppressing tPA/uPA
activity, PAI-1 reduces conversion of plasminogen to
plasmin, thereby limiting fibrinolysis and pericellular
proteolysis . In liver injury, this function has two
competing consequences. On one side, reduced plas-
min activity can impair extracellular-matrix degrada-
tion and favor fibrotic remodeling. On the other side,
in acute injury or advanced cirrhosis, excessive fibri-
nolysis can contribute to bleeding risk; in such set-
tings, PAI-1 may have a compensatory or protective

function.

This duality explains why SERPINE1 should not be
interpreted as a uniformly harmful gene. A practical
example is useful: in chronic MASH fibrosis, persis-
tently high PAI-1 from activated hepatic stellate cells
(HSCs) may act like a “brake” on matrix clearance, al-
lowing scar tissue to accumulate. In acute liver injury
with hemorrhagic tendency, the same brake may pre-
vent uncontrolled fibrinolysis and protect vascular in-
tegrity. The biological direction therefore depends on
the dominant pathological process rather than on SER-

PINEI expression alone.

Metabolic and hepatocellular axis

Metabolic stress can induce SERPINE1 expression
through insulin, glucose, free fatty acids, inflamma-
tory cytokines, and adipose-liver crosstalk "**. Ex-
perimental work indicates that PAI-1 is not merely as-
sociated with metabolic dysfunction but may also in-
fluence lipid-related transcriptional programs in the
liver ¥, In this context, SERPINE1 may link obesity,

insulin resistance, dyslipidemia, and hepatic steatosis.

Evidence from mouse models supports a relationship
between PAI-1 inhibition and reduced hepatic steatosis.

However, an important study of the PAI-1 inhibitor
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TM5441 showed attenuation of hepatic steatosis
without prevention of progressive MASH-related fi-
brosis . This distinction is critical. It suggests that
SERPINEI may contribute to lipid accumulation and
metabolic stress while not being sufficient, by itself, to

determine all downstream inflammatory and fibrotic

outcomes.

Hepatic stellate cell and fibrogenic axis

Activated HSCs are a major source of extracellular ma-
trix during liver fibrosis. Recent single-nucleus tran-
scriptomic and chromatin-accessibility analyses of hu-
man MASLD and MASH livers identified SERPINE!
among activated HSC-enriched genes with increased
expression and accessibility . Importantly, this work
linked activated HSC-derived PAI-1 to fibrogenic pro-
grams and tested genetic or pharmacological targeting
approaches in experimental systems. These data
strengthen the mechanistic argument that the HSC-spe-

cific source of SERPINE1 matters.

The TGF- p/Smad pathway provides a plausible mo-
lecular bridge between HSC activation and SER-
PINE1 expression. TGF-f can induce SERPINE] tran-
scription, and increased PAI-1 may reduce matrix deg-
radation by limiting plasmin-mediated proteolysis.
Nevertheless, this should be described as a disease-
promoting loop in experimental and fibrotic contexts,
not as an established universal mechanism across all

liver diseases.

Immunometabolism and coagulation-inflammation

crosstalk

SERPINEI also participates in the interface between
inflammation and coagulation. Inflammatory media-
tors such as TNF-q, IL-6, LPS, and NF-kB-related sig-

naling can increase PAI-1 expression !"”. In MASLD,

this creates a plausible link between adipose inflamma-
tion, hepatic steatosis, systemic insulin resistance, and
a prothrombotic state. In cirrhosis, however, hemosta-
sis is rebalanced rather than simply procoagulant or
anticoagulant, so single biomarkers must be inter-

preted cautiously.

Newer work has begun to connect SERPINE1 with
neutrophil extracellular traps, HSC-neutrophil commu-
nication, and early fibrosis prediction in MASLD ™.
These studies are valuable because they move beyond
the older “PAI-1 equals fibrosis” model and instead
position SERPINE1 within an immunothrombotic net-
work. However, most NET-related data remain discov-
ery-stage and require prospective validation before

routine clinical use (Figurel).

Tumor microenvironment in HCC

In hepatocellular carcinoma (HCC), SERPINEI
should be discussed as a tumor-microenvironment and
invasion-related molecule rather than as a simple diag-
nostic marker. Experimental and bioinformatic studies
suggest that PAI-1 may influence epithelial-mesenchy-
mal transition, migration, invasion, angiogenesis, and
immune-cell recruitment ®'”. For example, CAF-de-
rived miR-642a-3p has been reported to modulate
HCC cell migration, invasion, and EMT through SER-

PINE1-related mechanisms .

Because several SERPINEI studies are cancer-type
specific, citation accuracy is essential. Evidence from
gastric cancer, colorectal cancer, or pan-cancer analy-
ses cannot be used as direct proof for HCC unless it is
clearly labeled as indirect or hypothesis-generating. In
this revised manuscript, HCC statements are sup-
ported by HCC-specific literature or are explicitly de-

scribed as extrapolations requiring validation.
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Figure 1. Fundamental theoretical basis of SERPINE]1 in the field of liver diseases.

Evidence across major liver disease
categories

MASLD and MASH

Among liver diseases, MASLD/MASH provides the
strongest rationale for studying SERPINEI because
metabolic dysfunction, adipose inflammation, steato-
sis, fibrogenesis, and vascular risk converge in this
condition. Human studies generally show higher circu-
lating PAI-1 levels in individuals with steatotic liver
disease, particularly in populations with obesity or in-
sulin resistance ', However, the magnitude and in-
terpretation of this association vary by diagnostic
method, population characteristics, and adjustment for

adiposity and metabolic risk factors.

A recent FibroScan-based cross-sectional study in ap-
parently healthy individuals with overweight or obe-
sity found that circulating PAI-1 correlated with liver

. - 11
steatosis and, to a lesser extent, fibrosis "'". The au-
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thors emphasized the need for longitudinal trials to
clarify causality. This is a useful model for cautious
writing: PAI-1 may be associated with steatosis and
metabolic risk, but cross-sectional data cannot prove
that SERPINE1 independently drives disease progres-

sion in humans.

In MASH fibrosis, the strongest mechanistic evidence
now comes from multi-omics and single-cell ap-
proaches that localize SERPINEI to activated HSC
programs . This shifts the review from a descriptive
biomarker narrative to a source-specific model: circu-
lating PAI-1 may reflect combined hepatic, adipose,
endothelial, and inflammatory inputs, whereas HSC-
derived PAI-1 may be more directly relevant to

fibrogenesis.

Alcohol-related liver disease, viral hepatitis, and

cirrhosis

Alcohol-related liver disease shares several pathological
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features with MASLD, including steatosis, inflamma-
tion, oxidative stress, and fibrosis. Experimental
models and older mechanistic work suggest that PAI-
1 may participate in alcohol-induced steatosis and fi-
brin deposition "*'*. Nevertheless, the clinical evi-
dence base is less mature than in MASLD, and the
role of PAI-1 may differ across early steatosis, alco-
holic hepatitis, advanced cirrhosis, and hyperfibrino-

lytic states.

In viral hepatitis and cirrhosis, SERPINE1 should be
considered within a broader hemostatic and fibrotic
network. Studies of the PAI-1 4G/5G polymorphism
in HCV-related cirrhosis or HCC have produced incon-

sistent results "'

. Some populations show associa-
tions with thrombosis or disease risk, whereas others
show no significant relationship. Therefore, SER-
PINE1 polymorphisms should be described as candi-

date modifiers rather than validated clinical predictors.

Portal-vein thrombosis (PVT) is particularly relevant
because MASLD-related cirrhosis is associated with a
prothrombotic phenotype, and PAI-1 contributes to hy-

[16-18]

pofibrinolysis . However, PVT is multifactorial,

involving portal-flow reduction, endothelial dysfunc-

tion, inflammation, platelet activation, inherited throm-
bophilia, and cirrhosis severity. PAI-1 should therefore
be framed as one component of thromboinflammatory

risk, not as a standalone determinant.

HCC

In HCC, SERPINEI is relevant to tumor biology, but
the clinical role remains unsettled. HCC-specific stud-
ies suggest that PAI-1 can be linked with tumor grade,
immune microenvironment features, invasion, and

[9,10]

EMT-related programs . These observations sup-
port further investigation of SERPINEI as part of mo-

lecular or immunohistochemical panels (Table 1).

At the same time, HCC biomarker development is a
demanding clinical field. A marker must improve diag-
nosis, risk stratification, or treatment selection beyond
established clinical variables, imaging, alpha-fetopro-
tein, and current molecular models. Most SERPINEI-
HCC studies are retrospective, bioinformatic, or
mechanistic. Thus, the evidence supports hypothesis
generation and panel development, but not the conclu-
sion that SERPINEI alone is ready for routine HCC

diagnosis or therapeutic decision-making.

Table 1. Context-specific interpretation of SERPINE]1 in liver diseases.

Context Likely dominant source Major biological link Current evidence level Clinical caution
MASLD / Hepatocytes, adipose tis-  Lipid metabolism, insulin resis-  Human association plus Cross-sectional data do
early sue, endothelium tance, systemic inflammation animal models not prove causality
steatosis
MASH Activated hepatic stellate  TGF-B-related activation, ECM  Single-cell/multi-omics Needs prospective human
fibrosis cells deposition, reduced matrix plus experimental validation
degradation validation

Cirrhosis  Endothelium, platelets, in- Hypofibrinolysis and Clinical association and ~ PVT is multifactorial;
and PVT  jured liver, inflammatory  thromboinflammation mechanistic plausibility =~ PAI-1 alone is insufficient

cells
Acute Endothelium, inflamma-  Limitation of excessive fibrinoly- Experimental evidence Potential protective role

liver injury

HCC

tory and parenchymal
cells

Tumor cells, CAFs, stro-
mal and immune cells

sis and bleeding

EMT, invasion, angiogenesis, im-
mune crosstalk

HCC-specific studies plus
bioinformatic evidence

must be acknowledged

Not a standalone diagnos-
tic marker

19



O Infection Control 2026;3(2)

Diagnostic and risk-assessment
applications

Circulating PAI-1 as a biomarker

Circulating PAI-1 has potential value as a biomarker
because it captures information from several disease-
relevant compartments: adipose tissue, hepatocytes,
HSCs, endothelium, platelets, and inflammatory cells.
This broad origin is both an advantage and a limita-
tion. It may help detect systemic metabolic and throm-
boinflammatory stress, but it also reduces organ

specificity.

Meta-analytic and clinical studies indicate that serum
or plasma PAI-1 is often elevated in adult NAFLD/
MASLD, especially in biopsy-proven or imaging-

confirmed disease '

"2 However, diagnostic perfor-
mance varies across cohorts, and PAI-1 is influenced
by age, sex, obesity, diabetes, circadian rhythm, in-
flammation, and medications. Therefore, PAI-1
should be evaluated as part of multi-marker panels
rather than promoted as a single definitive diagnostic

test.

Biomarker claims should also distinguish diagnosis,
staging, prognosis, and monitoring. An association
with steatosis does not automatically imply reliable
staging of fibrosis; a correlation with fibrosis does
not prove prediction of future decompensation; and
a decrease after intervention does not necessarily
mean PAI-1 is a causal therapeutic target. Clear
separation of these endpoints improves scientific

rigor.
Integration with imaging and clinical scores

The most realistic clinical application is integration

20

with existing noninvasive tools such as FIB-4, tran-
sient elastography, controlled attenuation parameter,
magnetic resonance-based fat quantification, or in-
flammatory-metabolic  panels. ~SERPINEI-related
markers may improve performance when they add bio-
logical information not captured by aminotransferases,
platelet count, age, body mass index, glycemic indi-

ces, or imaging.

Recent biomarker-discovery studies combining tran-
scriptomics, single-cell analysis, serum validation, and
clinical variables suggest that SERPINE] may contrib-
ute to early fibrosis prediction in MASLD . Such
work is promising because it combines mechanism
with clinical measurement. Nonetheless, before clini-
cal adoption, external validation, calibration, decision-
curve analysis, cost-effectiveness, and threshold repro-

ducibility are required.

Genetic polymorphisms

The SERPINE1 promoter 4G/5G variant is biologi-
cally plausible because it can influence PAI-1 expres-
sion. However, liver-disease association studies have
produced inconsistent results across ethnic groups, dis-
ease etiologies, and control definitions ">'*'"”. These
inconsistencies likely reflect modest effect sizes, small
samples, population stratification, environmental
modification, and interaction with metabolic or viral

risk factors.

Accordingly, polymorphism data should not be over-
interpreted. It is appropriate to state that SERPINE1
genetic variants may modify susceptibility or throm-
botic phenotype in selected populations, but current
evidence does not support routine SERPINE1 genotyp-
ing for MASLD, fibrosis, cirrhosis, or HCC risk

assessment.
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Therapeutic implications

Preclinical PAI-1 inhibition

PAI-1 inhibitors such as TM5441, TM5275, TM5614,
and related compounds have been used to test whether
PAI-1 is a modifiable contributor to metabolic and fi-
brotic liver injury “**". In preclinical models, PAI-1
inhibition can improve steatosis, metabolic param-
eters, or fibrotic readouts. TM5275, for example, at-
tenuated hepatic fibrosis in rat models of metabolic
syndrome-associated fibrosis through suppression of

activated HSCs "

However, the evidence is not uniformly positive.
TM5441 attenuated hepatic steatosis but did not pre-
vent progressive MASH-related fibrosis in mice .
This finding should be highlighted rather than mini-
mized because it demonstrates that SERPINEI biol-
ogy is disease-stage and endpoint dependent. It also

prevents overstatement of therapeutic potential.
Translational gap and safety considerations

The current therapeutic literature should be described
as preclinical and translational, not as established clini-
cal therapy for liver diseases. Claims of phase II effi-
cacy or routine clinical benefit should be removed un-
less supported by a verified liver-disease trial. At pres-
ent, the most defensible conclusion is that PAI-1 inhi-
bition is a promising strategy requiring rigorous clini-

cal testing.

Safety is a central issue. Because PAI-1 regulates fibri-
nolysis, systemic inhibition could theoretically in-
crease bleeding risk, especially in patients with ad-
vanced cirrhosis, thrombocytopenia, portal hyperten-
sion, varices, or altered coagulation balance. Liver-di-

rected delivery, cell-specific targeting, partial inhibi-
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tion, or patient selection may be required to widen the

therapeutic window.

Combination and precision strategies

Combination therapy should be framed as a research
direction rather than a proven clinical strategy. In
MASLD/MASH, SERPINEIl-targeted approaches
could theoretically complement interventions that re-
duce metabolic stress, such as weight loss, incretin-
based therapies, lipid-lowering strategies, or anti-in-
flammatory approaches. In fibrosis, PAI-1 inhibition
may need to be paired with therapies targeting HSC
activation, TGF-p signaling, matrix cross-linking, or

immune-cell recruitment.

In HCC, SERPINEI may be more relevant as a tumor-
microenvironment marker than as a direct single-drug
target. Its association with EMT, CAF signaling, an-
giogenesis, and immune infiltration suggests potential
value in stratifying tumor biology or identifying com-
binations with anti-angiogenic therapy and immuno-
therapy. These possibilities remain exploratory and re-

quire HCC-specific validation.

Controversies and future directions

Reconciling pathogenic and protective roles

The most important controversy is the apparent contra-
diction between pathogenic and protective roles of
PAI-1. This contradiction can be resolved by using a
context model. In chronic metabolic injury, high SER-
PINE1 may amplify steatosis, HSC activation, and ma-
trix persistence. In acute injury or hyperfibrinolytic
states, PAI-1 may reduce bleeding and preserve tissue
integrity. In cancer, PAI-1 may support invasion and
immune remodeling, but effects can vary with tumor

stage and stromal composition.
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Future studies should therefore report not only PAI-
1 expression but also the disease stage, cellular
source, compartment measured, and endpoint. For
example, serum PAI-1 in an obese patient with early
MASLD is not biologically equivalent to HSC-spe-
cific SERPINEI in MASH fibrosis or stromal PAI-1
in HCC.

Multi-omics, single-cell technologies, and spatial

biology

Emerging technologies can address several weak-
nesses in the existing literature. Single-cell and single-
nucleus sequencing can identify which cell popula-
tions express SERPINEI in different disease stages.
Chromatin-accessibility data can reveal regulatory pro-
grams that activate SERPINEI1. Spatial transcrip-
tomics and multiplex immunohistochemistry can show
whether SERPINE1-expressing cells are located near
fibrotic septa, inflammatory aggregates, vascular struc-

tures, or invasive tumor fronts.

These methods are particularly important because cir-
culating PAI-1 is biologically nonspecific. A high
plasma level may reflect adipose inflammation, endo-
thelial activation, hepatic production, platelet release,

or tumor-associated stroma. Multi-omics approaches

can deconvolute these sources and help determine
when SERPINEI is a driver, a marker, or a compensa-

tory response.

Proposed research priorities

First, prospective cohorts should test whether PAI-1
improves prediction of fibrosis progression, decom-
pensation, PVT, or HCC beyond established clinical
and imaging models. Second, disease-stage-specific
studies should compare simple steatosis, MASH with-
out advanced fibrosis, advanced fibrosis, cirrhosis,
and HCC rather than pooling heterogeneous cases.
Third, therapeutic studies should use endpoints that
distinguish steatosis improvement from fibrosis regres-

sion and vascular safety.

Fourth, HCC studies should avoid borrowing conclu-
sions from non-liver cancers unless clearly labeled as
indirect evidence. Fifth, SERPINEl polymorphism
studies should be interpreted with attention to ances-
try, metabolic status, viral etiology, sample size, and
gene-environment interactions. Finally, clinical trial
design should consider bleeding risk, cirrhosis sever-
ity, portal-hypertension status, and the possibility that
partial or cell-specific inhibition may be safer than sys-

temic blockade (Table 2).

Table 2. Translational evidence and recommended wording.

Topic Supported statement Avoid overstating Recommended wording
MASLD  PAI-1 is often elevated and associ-  PAI-1 is a validated standalone PAI-1 may contribute to multi-marker risk
biomarker ated with steatosis/metabolic risk. diagnostic test. stratification after external validation.
MASH HSC-derived SERPINEI is impli- ~ SERPINEI alone determines fi- SERPINEI is a mechanistically plausible com-
fibrosis  cated in fibrogenic programs. brosis progression. ponent of fibrogenic HSC networks.
PVT/ PAI-1 contributes to hypofibrino- High PAI-1 alone predicts PVT. SERPINEI should be considered within
cirrhosis  lytic tendency. broader thromboinflammatory risk models.
HCC SERPINEI relates to EMT, stromal  Gastric-cancer evidence proves HCC-specific validation is required for diag-
signaling, and immune microenvi- ~ HCC prognosis. nostic or prognostic claims.
ronment in HCC studies.
Therapy  PAI-1 inhibitors show preclinical Clinical efficacy is established. PAI-1 inhibition remains experimental for liver

promise.

disease and requires safety-focused trials.
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Conclusion

SERPINE1/PAI-1 is best understood as a context-de-
pendent hub linking fibrinolysis, extracellular-matrix
remodeling, metabolic stress, inflammation, vascular
dysfunction, and tumor-microenvironmental remodel-
ing in liver diseases. The strongest current evidence
supports its association with MASLD/MASH biology,
particularly steatosis, metabolic inflammation, acti-
vated HSC programs, and fibrogenesis. In cirrhosis
and PVT, SERPINE1 belongs to a broader throm-
boinflammatory network rather than serving as a stand-
alone predictor. In HCC, SERPINE1 is a plausible
marker of stromal and invasive biology, but its clinical
use remains exploratory. Therapeutic targeting of PAI-1
is promising but remains largely preclinical; future stud-
ies must define patient selection, disease stage, cellular
source, treatment endpoint, and bleeding safety. A criti-
cal, source-specific, and evidence-graded approach will
be essential for translating SERPINEI research into clini-

cally useful biomarkers or therapies.
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Abstract

Hepatocellular carcinoma (HCC) develops predominantly on the background of chronic liver inflammation. This
revised review focuses on how different etiologies-metabolic dysfunction-associated steatotic liver disease
(MASLD, formerly non-alcoholic fatty liver disease), viral hepatitis, alcohol-related liver disease, and cholestatic
or autoimmune liver disorders-converge on common inflammatory programs while retaining distinct immuno-
metabolic and carcinogenic features. We summarize mechanistic evidence linking persistent hepatocyte injury to
activation of NF-«B, IL-6/JAK/STAT3, TLR4/MyD88, COX-2/PGE2, oxidative stress, endoplasmic reticulum
stress, ferroptosis, and stromal remodeling, and further discuss how these pathways reprogram macrophages, T
lymphocytes, liver sinusoidal endothelial cells, hepatic stellate cells, and hepatic progenitor cells within the tumor
microenvironment. Emphasis is placed on the translational bridge from mechanism to clinic, including inflamma-
tion-related serum markers, radiomics-clinical nomograms, model development methods, validation metrics, and
pathways for clinical implementation. We also critically discuss unresolved issues, including the dual role of regu-
latory T cells in MASLD/metabolic dysfunction-associated steatohepatitis (MASH), etiology-specific differences
in immunotherapy biomarkers, and the challenge of distinguishing causality from association in gut microbiome-
HCC studies. Finally, we outline therapeutic strategies that target inflammatory signaling and the immune microen-
vironment, from immune checkpoint inhibitors and rational local-systemic combinations to pathway-directed small
molecules, cell therapy, and nucleic acid delivery platforms. Together, these advances support a precision frame-

work for risk stratification, early detection, and individualized intervention in inflammation-associated HCC.
Keywords: hepatocellular carcinoma, chronic liver inflammation, tumor microenvironment, immunotherapy
Introduction causes of cancer-related death worldwide and typically

emerges through a long natural history of chronic liver

Hepatocellular carcinoma remains one of the leading  injury, fibrosis, cirrhosis, and malignant transformation.
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Inflammation is not merely an accompanying phenom-
enon; it is a biologically active driver of genomic insta-
bility, compensatory proliferation, angiogenesis, im-

. . 1,2
mune evasion, and treatment resistance .

Compared with prior narrative summaries that sepa-
rately discuss risk factors, signaling pathways, or
therapy, the present review is intended to integrate
three levels of evidence: (1) etiology-specific inflam-
matory mechanisms, (2) pathway- and cell-based mi-
croenvironmental reprogramming, and (3) transla-
tional advances in biomarkers, prediction models, and
mechanism-guided intervention. To improve concep-
tual clarity, we adopt the current consensus nomencla-
ture MASLD (formerly NAFLD) at first mention and
use MASLD/metabolic dysfunction-associated steato-
hepatitis (MASH), consistently throughout the manu-

script”.

A further aim of this revision is to place recent 2025
studies into the context of landmark mechanistic and
therapeutic literature that established the modern
framework of HCC biology and management, includ-
ing foundational work on cancer-related inflammation,
sorafenib, immune checkpoint inhibition, nomogram

construction, and LASSO-based modeling """,

Inflammatory microenvironmentin
chronic liver diseases: the soil for HCC
initiation and progression

Chronic liver disease provides the ecological soil for
HCC development. Across etiologies, repeated hepato-
cyte injury drives the release of damage-associated
molecular patterns, reactive oxygen species, and in-
flammatory mediators that perpetuate wound-healing
responses, fibrogenesis, and selection of transformed
clones. However, the composition of this inflamma-

tory soil differs by disease context, which has direct

25

implications for surveillance, biomarker discovery,

and treatment response.

Immune-inflammatory driving mechanisms in

MASLD/MASH

MASLD and its progressive inflammatory phenotype,
MASH, are rapidly becoming dominant etiologies of
HCC. Hepatic lipid overload induces lipotoxic stress,
organelle injury, hepatocyte death, and the release of
damage-associated molecular patterns that recruit and
activate monocyte-derived macrophages, neutrophils,

[3.12]

and adaptive immune cells . Recent work high-

lights substantial macrophage heterogeneity in
MASH, indicating that monocyte-derived populations
are not passive bystanders but active organizers of fi-
brogenic and pro-tumor niches "'

Dywicki et al. further emphasized that regulatory T
cells (Tregs) in MASLD/MASH may not be uniformly
protective; in some experimental contexts they acquire
inflammatory features, including IL-17-associated
programs, and correlate with more severe liver pathol-
ogy """, This observation is important because it chal-
lenges the simplistic assumption that Treg expansion
is necessarily anti-inflammatory in metabolic liver dis-
ease. Liver sinusoidal endothelial cells (LSECs) also
amplify MASH progression by responding to macro-
phage-derived IL-1B through IL-1R1 and producing
chemokines that reinforce inflammatory-cell recruit-

ment [14].

At the metabolic-signaling level, the ATG9A-PLA2G6
axis alters phospholipid homeostasis and links defec-
tive stress adaptation to inflammation, fibrosis, and he-
patocarcinogenesis''”'. These findings support a model
in which immunometabolic dysregulation, rather than
steatosis alone, drives the transition from fatty liver

disease to cancer.
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Persistent inflammation and carcinogenic processes

associated with viral hepatitis (HBV, HCV, and HDYV)

Chronic viral hepatitis remains a major global cause of
HCC. In HBV infection, hepatocarcinogenesis results
from both indirect inflammatory injury and direct on-
cogenic events, including viral DNA integration, inser-
tional mutagenesis, and sustained transcriptional per-
turbation. Recent data suggest that HBV integration
near the ORC1 locus may increase circulating ORCI1
and improve detection of alpha-fetoprotein-negative
HBV-related HCC"®. In parallel, preS/S single-
nucleotide variants can aggravate oxidative stress, mi-
tochondrial dysfunction, and calcium dyshomeostasis,
thereby linking viral genetic evolution to inflamma-

. - 17
tory carcinogenesis

HCV-associated HCC is driven predominantly through
chronic necroinflammation, oxidative stress, steato-
genic signaling, and cirrhosis rather than genomic inte-
gration. High-fitness HCV variants selectively en-
riched in immunosuppressed hosts have been associ-
ated with more severe disease and a higher likelihood
of HCC development'®. HDV coinfection with HBV
often produces the most aggressive inflammatory phe-
notype, with accelerated progression to cirrhosis and
HCC, although recent cohort data also underscore het-

. . .« e . 19
erogeneity in clinical expression'"”.

Importantly, antiviral therapy alters the inflammatory
field in which carcinogenesis occurs. Long-term nu-
cleos(t)ide analogues reduce HBV-related HCC
risk *”', while sustained virologic response after direct-
acting antivirals may improve liver reserve and onco-
logic outcomes in selected patients later treated with
systemic therapy ). These observations illustrate that
etiologic control is itself an anti-inflammatory anti-

cancer strategy.
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Inflammation and fibrosis induced by bile acid

dysregulation, alcohol, and other causes

Bile acid dysregulation is increasingly recognized as a
carcinogenic inflammatory driver. In cholestatic and
advanced tumor settings, glycochenodeoxycholic acid
may induce hepatic progenitor-cell differentiation to-
ward cancer-associated fibroblasts through sphingo-
sine-1-phosphate receptor 2 (S1PR2) signaling,
thereby coupling bile acid stress to fibrosis and tumor
expansion ™. The TBA-MLR score, which combines
total bile acid and monocyte-to-lymphocyte ratio, ex-
emplifies how metabolic and inflammatory dimen-

. . . 23
sions can be integrated for prognostic assessment .

Alcohol-related liver disease promotes hepatocarcino-

genesis through acetaldehyde toxicity, oxidative

stress, gut barrier disruption, endotoxemia, and
Kupffer-cell activation, with robust induction of TNF-
o, IL-1p, and IL-6"". Smoking can further intensify
inflammatory and angiogenic programs in cirrhosis .
Autoimmune and cholestatic disorders, including auto-
immune hepatitis and primary biliary cholangitis, also
create chronic injury-fibrosis milieus that increase
HCC risk, although absolute risk varies by fibrosis

stage and disease control .

Across etiologies, despite their distinct, MASLD/
MASH, viral hepatitis, alcohol-related liver disease,
and cholestatic/autoimmune disorders share several
convergent carcinogenic features: persistent hepato-
cyte injury, cytokine amplification, activation of fibro-
genic stromal cells, angiogenic remodeling, and pro-
gressive immune dysfunction. Their differences are
equally important. MASLD/MASH is characterized
by immunometabolic stress and altered lipid handling;
HBV uniquely adds direct insertional oncogenesis;
HCYV relies more heavily on chronic inflammatory-cir-
rhotic alcohol involves

remodeling; prominently
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gut-derived endotoxin signaling; and bile acid-related
disease accentuates metabolite-receptor crosstalk. Rec-
ognizing these shared and disease-specific programs
helps explain why biomarkers and therapeutic re-
sponse are often etiology dependent rather than univer-

sally transferable.

Key inflammatory signaling pathways
and cytokine networks in HCC
development

Inflammation-associated HCC is orchestrated by
interconnected signaling networks rather than isolated
pathways. A mechanistic framework is therefore neces-
sary not only to explain tumor initiation but also to
identify actionable nodes, biomarkers, and resistance

mechanisms.
NF-kB, TLR4/MyD88, and TNF-a signaling

NF-«B is a central signaling hub linking chronic in-
jury to carcinogenesis. Activation of TLR4/MyDS§S,
TNF receptors, and other inflammatory inputs con-
verges on the IKK complex, which phosphorylates
IxB and allows nuclear translocation of NF-«B di-
mers. In hepatocytes, macrophages, and stromal cells,
this program induces anti-apoptotic and proliferative
mediators including BCL2, BCL-XL, MYC, cyclin
D1, VEGF, matrix metalloproteinases, COX-2, and
multiple chemokines, thereby supporting cell survival,
and

angiogenesis, extracellular-matrix remodeling,

leukocyte recruitment " ?,

Recent experimental work suggests that colon-targeted

astragalus  polysaccharide nanoparticles  suppress
MASLD-driven hepatocarcinogenesis partly by reshap-
ing the gut microbiota, increasing acetate, and inhibit-
ing NF-kB through GPR43 signaling*”. Artemisia rup-

estris similarly attenuates TLR4/MyD88/NF-«B signal-
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ing and macrophage-mediated immune evasion in HCC

models ™

. TNF- o, a major upstream activator of
NF-kB, also interacts with sex-hormone pathways;
Groover et al. reported sex-specific relationships be-
tween estrogen receptor beta and TNF-a in HCV-re-
lated cirrhosis, suggesting that inflammatory signaling

may be modulated by biological sex ™.

COX-2/PGE2, IL-15/IL-1R1, and IL-6/JAK/STAT3

axes

COX-2/PGE2 signaling is a canonical inflammatory
amplifier in solid tumors, including HCC. PGE2 pro-
motes proliferation, angiogenesis, and immune es-
cape, in part through suppression of natural killer
(NK) cell function and modulation of myeloid cells.
After radiofrequency ablation, residual-tumor microen-
vironments may show increased COX-2 expression;
celecoxib can reverse PGE2-mediated NK-cell sup-
pression and enhance the efficacy of anti-PD-1

therapy in preclinical models ™.

The IL-1P/IL-1R1 axis is especially relevant in
MASH, where lipotoxic macrophages with defective
autophagy overproduce IL-1fB. LSECs receiving this
signal activate JNK and induce chemokines such as
CCL2 and CXCL10, thereby recruiting additional in-

flammatory cells and accelerating fibrosis'.

IL-6/JAK/STAT3 is another core hepatocarcinogenic
circuit. Persistent IL-6 signaling activates JAK kinases
and STAT3, which transactivates genes involved in pro-
liferation and survival, including MYC, cyclin D1, sur-
vivin, BCL-XL, and VEGF, while also promoting stem-
ness, angiogenesis, and resistance to apoptosis '
Negative regulation by SOCS proteins, particularly
SOCS3, is frequently inadequate in chronic inflamma-

tory states, allowing sustained STAT3 activity. Mecha-
nistically, NF-kB and STAT3 can cooperate at shared
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promoters and enhancers, creating feed-forward tran-
scriptional programs that intensify inflammatory tu-
mor promotion'”. Following tissue ablation, cytokine
panels incorporating IL-7, IL-6, IL-lalpha, and
CXCL1 may predict radiologic response, suggesting
that transient inflammatory surges can be mined for

clinically useful biomarkers "

Oxidative stress, endoplasmic reticulum stress,

autophagy, and ferroptosis cross-talk

Oxidative stress and endoplasmic reticulum stress are
integral to chronic liver injury and interact bidirection-
ally with inflammatory signaling. Mitochondrial dys-
function, lipid peroxidation, and reactive oxygen spe-
cies formation promote DNA damage and genomic in-
stability, while inflammatory cytokines further aggra-

2
vate organelle stress """,

Autophagy normally constrains these processes by
clearing damaged organelles and limiting inflamma-
some activation. Oroxyloside has been reported to re-
store autophagic flux through AMPK-ULKI1 signaling,
thereby reducing oxidative stress, DNA damage, 1L-6
production, stellate-cell activation, and fibrosis *”. Con-
versely, inhibition of the autophagy-repressive hormone
DBI/ACBP can enhance anti-tumor immunity and in-
crease the expression of ferroptosis-related genes, sensi-

tizing HCC cells to iron-dependent cell death ™.

The NOTCHI1-KEAP1-NRF2 axis adds another layer
of complexity. NOTCHI1 intracellular signaling may
destabilize KEAP1-NRF2 interactions, promoting oxi-
dative injury and ferroptosis-related vulnerability in
chronic liver disease and HCC ™", Together, these data
suggest that stress-adaptation pathways are not periph-
eral phenomena but central determinants of inflamma-

tion-driven malignant evolution.

Immune cell heterogeneity and func-
tional reprogramming in the tumor
microenvironment

The HCC microenvironment is a dynamic immune
ecosystem in which macrophages, lymphocytes, endo-
thelial cells, stellate cells, and progenitor populations
are reprogrammed by chronic inflammation. Single-
cell and spatial technologies increasingly show that
functional states in HCC cannot be reduced to simple

binary categories.

Tumor-associated macrophages: heterogeneity,
accumulation of TREM2-positive subsets, and

pro-carcinogenic functions

Tumor-associated macrophages (TAMs) are among
the dominant leukocyte populations in HCC and are

major mediators inflamma-

[35.36]

of tumor-promoting
tion . Single-cell studies have identified a con-
served FABP5-positive macrophage subset that per-
sists across advanced fibrosis and hepatocarcinogen-
esis, supporting both extracellular-matrix remodeling

and malignant progression "

The manuscript was revised to avoid conceptual im-
precision regarding TREM2. TREM?2 is best under-
stood as a marker of a distinct macrophage subset
rather than a classical polarization state. Accordingly,
it is more accurate to describe the accumulation or
of TREM2-expressing
TAMs than the “polarization of TREM2-positive

metabolic reprogramming
TAMs.” Metabolism-archetype HCC cells may in-
crease oxidized low-density lipoprotein through squa-
lene epoxidase upregulation, which in turn promotes
the accumulation and reprogramming of TREM2-posi-
tive TAMs via the TREM2-SYK-CEBPa axis'™.
These macrophages contribute to invasion, cytokine

resistance, CD8-positive T-cell dysfunction, and poor

28
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immunotherapy response.

Myeloid TGF-p signaling further shapes macrophage
composition in MASH-associated HCC; loss of my-
eloid TGF-p signaling reduces Trem2-positive macro-
phages while expanding Fcrl5-positive subsets and fa-

) Additional mecha-

voring effector T-cell exhaustion
nisms, such as RNASEH2C-driven impairment of anti-
gen presentation, demonstrate that TAMs regulate
both inflammatory tone and antigenic visibility of the

tumor (401 .

T lymphocytes, Treg plasticity, and the problem of

context-dependent immune suppression

CD4-positive and CDS8-positive T lymphocytes are
central effectors of anti-tumor immunity, yet chronic
inflammatory liver disease frequently drives them into
dysfunctional, exhausted, or skewed states. In MASH,
increased intrahepatic CD4-positive PD-1-positive
populations may help identify patients at future risk of
HCC, and integration with routine clinical parameters

. .o [41]
improves predictive performance " .

Ajith et al. reported striking Treg enrichment in a
DEN/CCI, mouse model of fibrosis-to-HCC progres-
sion, including approximately 125-fold and 80-fold
higher infiltration in the tumor margin and surround-

4
1 Because these

ing non-tumor liver, respectively
values appear to reflect relative cell-count enrichment
in defined tissue compartments rather than a direct per-
centage increase in total hepatic immune cells, they
should be interpreted cautiously to avoid overstate-
ment. This revision therefore preserves the biological

message—prominent Treg accumulation—while clarify

the likely quantitative meaning.

The role of Tregs in MASH remains controversial

rather than uniform. Dywicki et al. highlighted set-
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tings in which Tregs display pro-inflammatory fea-
tures and fail to protect against disease progression'",
whereas other conceptual frameworks still support an
immunosuppressive, tissue-protective role for Tregs
under specific metabolic and temporal conditions.
This apparent contradiction may reflect disease stage,
tissue compartment, antigenic context, and phenotypic
plasticity rather than true incompatibility. Such com-
plexity is clinically relevant because it may partly ex-
plain why immunotherapy biomarkers derived from vi-
ral HCC do not always transfer to MASH-related
HCC. In addition, checkpoint molecules such as PD-1
and CTLA-4 mark functionally constrained T-cell

states that may be altered by locoregional therapy .

Stromal and endothelial partners: hepatic stellate

cells, LSECs, and hepatic progenitor cells

Inflammation-associated HCC is not created by leuko-
cytes alone. Hepatic stellate cells, the principal fibro-
genic effectors of the liver, respond to inflammatory
cues and in turn regulate extracellular matrix, angio-
genesis, and tumor permissiveness. Hydroxysafflor
yellow A has been shown to upregulate miR-29a-3p in
stellate-cell-derived exosomes and suppress extracellu-
lar matrix-receptor and PI3K/AKT signaling, thereby

reducing angiogenesis in fibrosis-related HCC ™.

LSECs function as gatekeepers of hepatic immune
trafficking and become active inflammatory partici-
pants in MASH by responding to IL-1B and generat-
ing chemotactic gradients'*. Hepatic progenitor cells
also contribute to tumor-promoting stromal remodel-
ing; bile-acid stress can redirect these cells toward can-
cer-associated  fibroblast-like ~ phenotypes  via
S1PR2"™. Endothelial circadian-regulatory programs
have additionally been linked to adverse prognosis

. . . . 45
and altered immune interactions in HCC .
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Gut-liver axis: microbiota dysbiosis
and systemic/hepatic inflammation

The portal circulation makes the liver uniquely vulner-
able to intestinal barrier failure and microbial translo-
cation. As a result, the gut-liver axis is increasingly
viewed as an upstream regulator of chronic hepatic in-
flammation and a potential source of biomarkers and

therapeutic targets.

Gut microbiota dysbiosis, barrier disruption, and

pathogen-associated molecular pattern translocation

In chronic liver disease, loss of epithelial tight-junction
integrity permits bacterial products such as lipopolysac-
charide to enter the portal circulation, where they acti-
vate pattern-recognition receptors including TLR4 on
Kupffer cells and other myeloid populations. Microbi-
ome studies have identified recurring compositional
shifts across the spectrum of hepatitis, cirrhosis, and
HCC; for example, reduced Ruminococcaceae/Lachno-
spiraceae and enrichment of Enterococcaceae, Entero-
bacteriaceae, Streptococcus, and Veillonella have been
associated with HCC-related states ™. Pathobionts such
as Fusobacterium nucleatum, Helicobacter pylori, and
Enterococcus faecalis may contribute through barrier
disruption, genotoxicity, altered bile-acid signaling, and

inflammatory pathway activation .

Regulatory effects of microbial metabolites

Short-chain fatty acids generally support epithelial in-
tegrity and anti-inflammatory signaling, whereas tri-
methylamine N-oxide and dysregulated secondary
bile-acid pools have been linked to oxidative stress, in-

[27,48]

sulin resistance, and carcinogenic signaling

These metabolites provide plausible mechanistic
bridges between diet, microbiome configuration, and

liver cancer risk.

30

Potential strategies for targeting the gut microbiota

Preclinical strategies include probiotics, prebiotics, fe-
cal microbiota transplantation, bacterium-directed in-
terventions, and microbiota-remodeling nanocarri-
ers "7 Nevertheless, most approaches remain explor-
atory, and few have progressed to standardized clinical

protocols in HCC.

Translational perspective: from association to

clinically usable diagnostics

A major unresolved issue is causality versus associa-
tion. Many human microbiome studies in HCC are
cross-sectional and cannot easily distinguish whether
dysbiosis is a driver, a consequence of cirrhosis/HCC,
or simply a correlate of confounders such as proton-
pump inhibitors, antibiotics, diet, or portal hyperten-
sion. For translation, candidate microbiome biomarkers
must proceed through analytical validation, external co-
hort replication, and demonstration of incremental
value over existing clinical models. Standardized sam-
pling, prespecified classifier thresholds, and etiology-
aware study design will be essential before gut microbi-

ome signatures can become reliable diagnostic tools.

Inflammation-related biomarkers and
prognostic prediction models

Inflammation-related biomarkers are clinically mean-
ingful only when they move beyond biological plausi-
bility to reproducible prediction, calibration, and
implementation. This revised section therefore ex-
pands both the marker layer and the methodological

considerations underlying model development.
Traditional and novel serum inflammatory markers

C-reactive protein, IL-6, neutrophil-related indices,



Infection Control 2026;3(2) O

and albumin-based inflammation-nutrition markers
have long been associated with HCC risk and progno-
sis. More recent composite indicators show stronger
discrimination than single analytes alone. The CALLY
index integrates C-reactive protein, albumin, and lym-

phocyte count, thereby jointly reflecting systemic in-

. .. . . 49
flammation, nutritional reserve, and host 1mmun1ty[ |

The TBA-MLR score combines total bile acid with the
monocyte-to-lymphocyte ratio and may identify occult
high-risk patients after curative-intent resection, includ-
ing some individuals considered low risk by conven-

B Circulating

tional staging or alpha-fetoprotein
hPG80, a Wnt-related peptide secreted by malignant
cells, has shown promising diagnostic performance in
prospective studies™”. Cytokine signatures after tissue
ablation and serum proteomic panels linked to the TGF-
beta pathway likewise suggest that inflammatory biol-

ogy can be translated into blood-based risk tools ™",

Nomograms and prediction models based on ra-
diomics, clinical features, and inflammatory

parameters

Nomograms are graphical prediction tools that trans-
late multivariable regression models into individual-
ized probability estimates. Their appropriate use re-
quires rigorous methodology, including candidate-vari-
able selection, handling of collinearity, transparent
modeling assumptions, internal and external valida-
tion, and clinically interpretable end points". When
survival is the outcome, the correct terminology is usu-
ally LASSO Cox regression rather than generic
“LASSO regression” ",

Recent HCC nomograms illustrate the translational po-
tential of inflammation-informed modeling. Hu et al.
developed a large retrospective model for patients re-

ceiving PD-1/PD-L1 inhibitors by integrating tumor
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burden, nutritional indicators, and inflammatory vari-
ables selected through LASSO Cox procedures; the
model showed good discrimination in validation co-

52 .
. Xu et al. constructed a recurrence-oriented

horts'
nomogram for initially unresectable HCC after suc-
cessful conversion therapy, outperforming conven-
tional CNLC and BCLC staging in their dataset™. In
microvascular invasion-negative HCC, a model com-
bining Ki-67, AFP-L3, and neutrophil-to-lymphocyte
ratio improved postoperative recurrence stratification,

thereby addressing the lack of dedicated tools for this

ostensibly lower-risk subgroup .

From a methodological standpoint, model reporting
should include at least three domains. First, discrimi-
nation—commonly quantified by the concordance in-
dex time-dependent area under the curve, or receiver
operating characteristic analysis-indicates whether the
model can correctly rank patients by risk. Second, cali-
bration curves evaluate agreement between predicted
and observed outcomes across risk strata. Third, clini-
cal utility can be explored through decision-curve
analysis, risk reclassification, and comparison with ex-
isting staging systems. These components are essential
because a model with statistically significant predic-
tors may still be poorly calibrated or -clinically

unhelpful.

Radiomics-based models add another layer by extract-
ing quantitative texture and shape features from ultra-
sound, CT, or MRI, then integrating them with inflam-
matory and clinical variables. For real-world deploy-
ment, however, radiomics pipelines must contend with
scanner heterogeneity, segmentation reproducibility,
feature stability, and external-site transportability.
Therefore, future HCC nomograms should ideally com-
bine interpretable clinicobiological variables with ro-
bust imaging features, and they should undergo pro-

spective, multicenter validation before clinical adoption.
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Finally, implementation pathways deserve emphasis. A
clinically useful prediction model should define in-
tended use (screening, recurrence surveillance, treat-
ment selection, or toxicity prediction), specify cutoff-
based action thresholds, and be deliverable through
electronic calculators, radiology reporting systems, or
electronic health records. Without these practical steps,

even technically strong models rarely change care.

Integrated strategies for risk stratification and early

diagnosis

Integrated risk stratification increasingly combines se-
rum biomarkers, imaging, pathology, and clinical vari-
ables. The GALAD score, for example, merges sex,
age, alpha-fetoprotein, AFP-L3, and PIVKA-II and
continues to show utility for HCC detection in se-
lected populations ™. Artificial intelligence can fur-
ther support image-based phenotyping, automated le-
sion characterization, and multimodal fusion of ra-

diomics with laboratory and clinical data ®**”.

In high-risk disease contexts such as MASH, combin-
ing intrahepatic immune signatures with routine pa-

1 Yet inte-

rameters may refine surveillance strategies
gration should remain etiology aware: biomarkers pre-
dicting immunotherapy responsiveness or tumor emer-
gence in viral HCC may not perform equivalently in
metabolic HCC, where immune exhaustion, steatotic
stress, and T-cell dysfunction can differ qualitatively.
This variability should be acknowledged explicitly

when proposing generalized models.

Translational perspective: mechanism-based

biomarkers and development pipeline

Mechanism-based biomarker development in inflamma-
tion-associated HCC can be viewed as a staged pipe-

line: discovery in mechanistic or omics studies; analyti-

32

cal validation in blood, tissue, or imaging platforms;
clinical validation in retrospective and prospective co-
horts; and finally assessment of clinical utility. Serum
ORC1, hPG80, TGF-B-related proteomic signatures, cy-
tokine panels, and microbiome-derived classifiers are
currently positioned at different phases of this pipeline

rather than being equally mature """

Translational gaps remain substantial. Many biomark-
ers are derived from single-center datasets, use non-
standardized assays, or lack head-to-head comparison
against established tools such as alpha-fetoprotein,
GALAD, and staging systems. For therapeutic targets,
the preclinical-to-clinical pipeline is similarly uneven:
some pathways have clear druggable nodes and early
translational readouts (for example, COX-2/PGE2,
checkpoint signaling, and S1PR2), whereas others re-
main biologically intriguing but clinically immature
(for example, DBI/ACBP or niche-specific macro-
phage programs). Clarifying developmental phase pre-
vents overstatement and improves the scholarly rigor

of translational discussion.

Therapeutic strategies and challenges
targeting inflammation and the
immune microenvironment

Immune checkpoint inhibitors and management of

immune-related adverse events

The modern systemic-treatment era of HCC was estab-
lished by the SHARP trial, which demonstrated survival
benefit with sorafenib'”, and subsequently broadened by
immune checkpoint blockade, including nivolumab in
CheckMate 040" and pembrolizumab in KEYNOTE-
224" More recently, immunotherapy-based combina-

tions have reshaped first-line standards"*'".

Immune checkpoint inhibitors reactivate anti-tumor
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T-cell responses but also expose patients to immune-re-
lated adverse events (irAEs). Predictive nomograms in-
corporating tumor burden, nutritional status, and inflam-
matory variables may improve selection of patients for
PD-1/PD-L1-based therapy “”. However, predictive
biomarkers remain inconsistent across etiologies; viral-
inflammation-rich tumors may show different immune
responsiveness from MASH-driven tumors, an issue

that warrants continued prospective study.

Rare but clinically important irAEs have been described

in HCC™, Early identification, multidisciplinary
assessment, and guideline-based immunosuppression

remain central to safe immunotherapy delivery ™.

Immune regulatory effects of local therapies and

rationale for combination strategies

Locoregional therapies do more than debulk tumors;
they also reshape inflammatory and immune land-
scapes by releasing tumor antigens, damage-associ-
ated molecular patterns, and cytokines. Radioftre-
quency ablation can induce COX-2/PGE2-mediated
suppression of NK-cell function in residual disease, a
mechanism that may be counteracted by celecoxib
plus anti-PD-1 therapy "”. Transarterial chemoemboli-
zation induces dynamic changes in myeloid cells, NK
cells, CD8-positive T cells, and CTLA-4 expression,
indicating that post-treatment immune states may be

exploitable for sequencing or combination design .

Histotripsy and proton-beam therapy further illustrate
that local therapies can serve as immunologic primers
rather than purely local interventions*"*". The clinical
challenge is to identify the optimal timing, patient sub-
set, and immunologic window in which local-systemic
combinations are synergistic rather than merely

additive.
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Small-molecule inhibitors and natural products

targeting inflammatory circuits

Pathway-focused small molecules remain attractive be-
cause they can modulate defined inflammatory nodes.
Examples include SIPR2 inhibition to block bile-acid-

[22]

driven progenitor-to-fibroblast conversion ", direct

AMPK activation to attenuate steatosis and fibrosis ',
and COX-2 inhibition to reverse PGE2-mediated im-

: 30
mune Ssuppression : ].

Natural products are notable for multi-target effects
but should be interpreted carefully because mechanis-
tic richness does not automatically translate into clini-
cal efficacy. Pien Tze Huang, Artemisia rupestris, ali-
sol A 24-acetate, and butein all show anti-inflamma-

tory or anti-fibrotic activity in preclinical
o [28:63-65]

Sys-
tem . The next translational step is not addi-
tional descriptive network pharmacology alone, but
rigorous pharmacokinetic characterization, target en-
gagement, safety testing, and biomarker-linked early

clinical trials.

Cell therapy, gene therapy, and nanoparticle delivery
platforms

Next-generation cell therapies aim to overcome the im-
mune paralysis of HCC. NKG2D-directed CAR-mac-
rophages can directly phagocytose tumor cells, pro-
mote M1-like inflammatory activation, engage cGAS-
STING signaling, and augment T-cell recruitment in
preclinical models'®. Bacterial outer-membrane-
vesicle-based neoantigen mRNA delivery and nucleic-
acid strategies targeting genetic drivers such as
PNPLA3 variants likewise illustrate the breadth of

. . . . . . 67-69
emerging liver-directed immunogenetic therapies ™ *”.

Nevertheless, these approaches remain mostly preclini-

cal or early translational. Key barriers include liver-
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specific delivery, on-target/off-tumor toxicity, manufac-
turing complexity, immune-related toxicity, and the
need for biomarkers that identify patients most likely to
benefit. Their promise is substantial, but their current

developmental phase should be stated transparently.

Conclusion and outlook

Inflammation is the central biological thread linking
chronic liver injury to HCC across diverse etiologies.
This revised review emphasizes that the inflammatory
basis of hepatocarcinogenesis is both convergent and
context specific: multiple diseases activate overlap-
ping pathways such as NF-xB and IL-6/STAT3, yet
each etiology imprints a distinct immunometabolic mi-
croenvironment with implications for surveillance,

biomarker selection, and therapy.

Equally important, the field is moving from descrip-
tive inflammation biology toward clinically actionable
translation. Serum markers, cytokine panels, ra-
diomics-clinical nomograms, and microbiome-derived
signatures are expanding the toolbox for early detec-
tion and risk stratification, but only those supported by
rigorous validation, calibration, and implementation
pathways will influence practice. Therapeutically,
progress now spans established systemic agents,
checkpoint-based combinations, locoregional-immuno-

logic synergy, pathway-specific inhibitors, and next-

generation cellular and nucleic-acid interventions.

Future work should prioritize etiology-stratified bio-
marker validation, multicenter prospective model test-
ing, standardized translational pipelines, and explicit
integration of mechanistic insights with real-world
clinical workflows. Through this precision-oriented
approach, inflammation-associated HCC may increas-
ingly become a disease that is not only treatable but

also more predictable, preventable, and interceptable.
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Research progress on mosquito repellents and preven-
tion of mosquito-borne diseases
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Abstract

Mosquito-borne diseases remain a critical focus in global public health, with conditions such as malaria, dengue
fever, and chikungunya fever causing millions of infections and deaths worldwide annually, posing a persistent
threat to human health. Nearly half of the global population is at risk of mosquito-borne infections. Concurrently,
environmental factors including climate change and accelerated urbanization are expanding the geographic distri-
bution of these diseases, further complicating prevention and control efforts. This study systematically examines
two core strategies: insect repellent development and vector control. It details the current applications of chemical
repellents, natural plant-based repellents, and spatial repellents, while systematically analyzing implementation
priorities for integrated vector control, comprehensive vector management, disease diagnosis and vaccine devel-
opment, and public health education. The research identifies key challenges in vector control, including pesticide
resistance, climate change, and emerging pathogens. Based on existing findings, it outlines future directions for
innovative repellent development, biological control technologies, epidemic monitoring systems, and interdisci-
plinary collaboration. The study concludes that effective vector control requires a dynamic, multi-strategy inte-

grated system adaptable to evolving mosquito behaviors, environmental conditions, and pathogen characteristics.

Keywords: mosquito-borne diseases, insect repellents, vector control, public health, insecticide resistance, inte-

grated pest management

Mosquito control and prevention of mosquito-borne dis-  tion of bites require a combination of multiple strate-
eases are critical components of global public health, as  gies, which is of paramount importance .
vector-borne diseases such as malaria, dengue fever,

chikungunya, yellow fever, and Zika virus infection  Global overview and impact of

cause millions of cases and deaths annually "~ The Mosquito-borne diseases

continuous rise in these diseases has progressively be-

come a major threat to global public health **. Effec- Mosquitoes, as vectors of numerous pathogens, are

tive management of mosquito populations and preven-  among the most lethal animals on Earth ®. They

*Correspondence:
Taotao Wei; Email: 18921299573@163.com
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rank among the most dangerous organisms due to their
capacity to transmit various pathogenic microorgan-
isms. These insects transmit diseases including ma-
laria, dengue fever, yellow fever, chikungunya, Zika
virus, West Nile virus, and lymphatic filariasis "">"*.
Approximately 4 billion people worldwide, account-
ing for about 50% of the global population, are at risk
of infection from mosquito-borne diseases . For in-
stance, dengue fever is prevalent in over 100 coun-
tries, particularly in Africa, the Americas, Southeast
Asia, and the Western Pacific region el Mosquito-
borne diseases cause approximately 700,000 to 1 mil-
lion deaths annually, with malaria being the most le-
thal among them. According to the Global Burden of
Disease Study 2021, malaria resulted in approximately
608,000 deaths worldwide in 2021, of which about
76% were children under 5 years of age. Although
dengue fever has a relatively low case fatality rate, its
epidemiological impact is substantial, with an esti-
mated 100 to 400 million symptomatic cases annually.
In 2023 alone, over 5 million cases were reported
globally, leading to more than 3,000 deaths. Yellow fe-
ver can cause tens of thousands of annual deaths in un-
vaccinated regions. While Zika virus rarely causes di-
rect fatalities, congenital Zika syndrome (e.g., micro-
cephaly) has been reported in over 2,000 confirmed
cases during the 2015-2017 Brazilian outbreak. The
geographical spread of mosquito-borne diseases is ex-
panding, closely linked to environmental factors such
as climate change, urbanization, deforestation, and in-
adequate drainage systems >*”'. For example, climate
change can alter the geographic distribution of mosqui-
toes and the exogenous incubation period of patho-
gens within their bodies, thereby reshaping the global

. . . 6
risk profile of mosquito-borne diseases "

Mosquito repellent strategies

Mosquito repellent is one of the key methods of per-

sonal protection, which reduces the risk of infection

39

by preventing mosquitoes from approaching or biting
human hosts ""?!. Repellents work by interfering with

the host-secking behavior of mosquitoes "

Chemical repellents

Using high-efficiency chemical repellents is the key

method to protect oneself.

DEET: DEET (N, N-diethyl-3-methylbenzamide) is con-
sidered the gold standard for mosquito repellents and
has been used for decades . However, the emer-
gence of mosquito resistance to DEET has prompted

the development of novel repellents "'’

Picaridin and IR3535: In addition to DEET, picaridin
and IR3535 are also widely recommended synthetic

repellents.

Other synthetic repellents: Recent studies have fo-
cused on developing novel silicone-based mosquito re-
pellents to address the limitations of existing repel-
lents and prolong protection duration "', For instance,
one study synthesized and evaluated a series of novel
silicone compounds as potential mosquito repellents,

. . 13
aiming to enhance protective efficacy .

Sustained-release formulations: To prolong the effec-
tive duration of repellents, researchers are developing
sustained-release formulations, such as encapsulating
repellents in microcapsules to achieve more prolonged
protection "* ", The use of poly(e-caprolactone) mi-
crocapsules encapsulating citronella oil has been dem-

onstrated for mosquito repellent efficacy .
Natural plant-based repellents
With the increasing concern about the resistance to

synthetic pesticides and the potential harm to the envi-

ronment and human health, plant-based repellents
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. 1,16-21
have attracted more and more attention ' I

Essential oils: Essential oils such as lemongrass, euca-
lyptus, clove, and marigold have been evaluated for
their mosquito repellent efficacy and can be applied to
textiles to provide protection . Lemongrass oil is a
common natural plant product that has been used in re-

pellent formulations "'

Plant Extracts: Extracts from plants such as Azadi-
rachta indica and Vitex negundo are used to prepare
herbal mosquito repellents due to their repellent ef-
fects against vectors of various mosquito-borne dis-
eases (e.g., dengue fever, malaria, Zika virus infec-
tion) “**"". Studies have demonstrated that plant mono-
meric compounds exhibit significant potential as mos-
quito repellents in combating mosquito-borne dis-
eases, as they generally possess superior biodegrad-

ability and are less prone to resistance development .

Blended formulations: Studies have demonstrated that
the combination of B-caryophyllene oxide and vetiver
oil exhibits synergistic repellent and stimulant effects
against multiple mosquito species, including Aedes ae-
gypti, Aedes albopictus, Aedes microcephalus, and Cu-

lex trituberculatus .

Formulation: Natural repellents can be formulated

into various forms such as sprays, emulsions, roll-

12,17, 18
and scents | !

ons, . A study developed and
evaluated a herbal roll-on mosquito repellent formu-
lation aimed at providing safe and effective personal

protection '

Mosquito-repellent textiles: The application of mos-
quito-repellent ingredients (including synthetic chemi-
cals and natural extracts) to textiles can be used to pro-
duce mosquito nets, clothing, and uniforms, providing

. . . .o 2224
sustained protection for individuals ****.
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Spatial repellents

Spatial repellents repel mosquitoes by releasing volatile
compounds into the environment “”. Deltamethrin, a
volatile pyrethroid insecticide, achieves both pest con-
trol and repelling effects through widespread applica-
tion. Studies have demonstrated that low concentrations
of deltamethrin can effectively repel Aedes aegypti by

enhancing the response of olfactory receptors .

Prevention and control strategies for
Mosquito-borne diseases

The prevention and control of mosquito-borne dis-
eases require a multifaceted and comprehensive ap-
proach, including vector control, disease surveillance,

public education, and personal protection "),

Vector Control

Vector control is a key strategy to reduce the transmis-
sion of mosquito-borne diseases, aiming to decrease
mosquito population density or their ability to transmit

pathogens >,

Environmental management and fecundity site re-
moval: The elimination of mosquito breeding sites is
one of the most direct and effective methods for con-
trolling mosquito populations “**”. This involves mea-
sures such as removing standing water from tires,
flower pots, and discarded containers °”. Emerging
technologies, such as drones or automated patrol ve-
hicles, are being developed for the detection and re-

. . . 31
moval of mosquito breeding sites "*

Chemical control:
Larvicides: Used to kill mosquito larvae and can be

3% Mosquito control

applied in waterlogged areas
agents: including indoor residual spraying and ultra-

low volume spraying, which can rapidly reduce the
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density of adult mosquitoes "”. Pesticide resistance:
However, long-term use of synthetic insecticides has
led to widespread resistance in mosquitoes, severely
threatening the effectiveness of traditional vector con-
trol strategies "> For example, the increase in
dengue fever cases in India is consistent with the ris-
ing trend of resistance to insecticides in Aedes ae-

[35]

gypti

Biological control:

Mosquito-eating fish: Capturing mosquito larvae
through fish schools B9 The Israeli subspecies of Ba-
cillus thuringiensis is a bacterial insecticide specifi-
cally effective against mosquito larvae ", Wolbachia:
By infecting mosquitoes, Wolbachia bacteria can in-
hibit viral replication within mosquitoes and affect
mosquito reproduction, thereby reducing the transmis-

. . . 29
sion of mosquito-borne diseases .

As alternatives to chemical pesticides, entomopatho-
genic fungi such as Beauveria spp. and Metarhizium

spp. are being investigated for mosquito control "

Sterile Insect Technique is a method that releases ra-
diation-treated or genetically edited sterile male mos-
quitoes to mate with wild female mosquitoes, thereby

reducing mosquito populations .

Synthetic Biology and Gene Drive: Gene drive technol-
ogy utilizes gene-editing tools such as CRISPR to rap-
idly propagate specific genes (e.g., those causing ste-
rility or reduced viral transmission capacity) within
mosquito populations, thereby achieving suppression
or modification of mosquito populations to block dis-

.. 3
ease transmission : ].

Surfactants: Studies have demonstrated that surfac-
tants can alter the flight capacity and physiological sta-
tus of mosquitoes, potentially serving as a novel vec-

tor control strategy .
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Integrated Vector Management

The Integrated Vector Management (IVM) strategy
recommended by the World Health Organization em-
phasizes multisectoral collaboration and evidence-
based decision-making, integrating environmental,
biological, and chemical control methods to achieve
effective control of mosquito-borne diseases *”. TVM
aims to optimize the combination of various interven-
tions based on local conditions to achieve synergistic

effects 7.

Disease treatment and vaccines

Treatment methods: Currently, there are no specific
antiviral drugs or long-lasting vaccines widely used
for the treatment of diseases such as dengue fever .
Studies have explored the potential of drugs such as
loratadine in reducing the incidence of dengue hemor-
rhagic fever, as it can decrease endothelial dysfunc-
tion in vitro and reduce vascular leakage in mouse

38
models ¥,

Vaccine development: Although vaccines are available
for diseases such as malaria and yellow fever, the de-
velopment of effective vaccines for many mosquito-
borne diseases, including dengue fever, remains chal-

[19]

lenging
Public health and education

Public awareness: It is crucial to enhance public un-
derstanding of the risks of mosquito-borne diseases

. [11,27]
and personal protective measures .

Early diagnosis and surveillance: Rapid and accu-
rate diagnosis, along with an effective disease sur-
veillance system, contributes to controlling the out-

24
break ¥,
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Challenges and Future Directions

Prevention and control of Mosquito-borne diseases

face multiple challenges:

Pesticide resistance: The development of insect resis-
tance to multiple pesticides represents one of the most

significant challenges in contemporary pest con-

1,3,5,29, 32-35
trol 1> 23231

Climate change: Global warming leads to the expan-
sion of mosquito activity ranges, thereby increasing

the likelihood of disease transmission .

Emerging pathogens: The emergence of new mos-
quito-borne viruses (e.g., Zika virus) and mutations in
existing viruses have increased the complexity of pre-

vention and control efforts .
Future research directions include:

Development of novel repellents and insecticides: The
objective is to identify environmentally safer alterna-
tives that are less prone to resistance development and

[12,13,19]

exhibit prolonged efficacy

Innovations in biological control methods: Continued
development and refinement of biological control tech-
nologies based on Wolbachia, gene drive, and insect

pathogenic fungi ™).

Integrated monitoring and prediction: Utilizing math-
ematical models and data analysis to predict disease
outbreak risks and guide the deployment of interven-
tions " '"*). A study proposed a mathematical model
for dengue transmission incorporating the use of mos-
quito repellents, and analyzed its stability and optimal

. 4
control strategies *.

Multidisciplinary collaboration: Strengthen coopera-

42

tion in fields such as medicine, ecology, entomology,
engineering, and social sciences to jointly address the

. . 28
challenges of mosquito-borne diseases

The prevention of mosquito-borne diseases requires a
continuously evolving, multi-strategy integrated ap-
proach to adapt to the ever-changing mosquito behav-
iors, environmental conditions, and pathogen charac-

teristics ..
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Abstract

Objective To systematically evaluate the incidence of acute skin failure (ASF) and influencing factors among

patients in the intensive care unit (ICU).

Methods Cohort studies investigating the incidence and determinants of ASF in ICU patients were systemati-
cally searched in PubMed, Cochrane Library, Web of Science, Embase, China National Knowledge Infrastructure,
Wanfang Database, CQVIP, and China Biology Medicine from database inception to August 31, 2025. A meta-

analysis was performed using R software.

Results Ten studies involving 2,870 participants were included in the meta-analysis. The pooled incidence of ASF
among ICU patients was 38.4% (95% CI: 0.246—0.545). Subgroup analysis indicated significant regional differ-
ences in ASF incidence (P<0.001). Meta-regression analysis demonstrated that sample size (f=-0.001), study
design (=1.353), and publication year (f=-1.114) were significantly associated with the effect size. Furthermore,
pooled analyses identified sepsis (OR=2.72), renal failure (OR=2.88), use of vasoactive agents (OR=3.31), and use

of sedative and analgesic medications (OR=5.15) as significant factors associated with ASF occurrence.

Conclusion ASF is common among ICU patients. Sepsis, renal failure, and the use of vasoactive agents and
sedative-analgesic medications may be associated with an increased risk of ASF, providing a basis for early identi-
fication and targeted interventions in clinical practice. However, given the substantial heterogeneity among the

included studies, these findings require further validation.
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Introduction

Acute skin failure (ASF) is defined as a cutaneous and
subcutaneous tissue death event caused by inadequate
perfusion due to hemodynamic instability and reduced
tissue tolerance!’. Patients in the intensive care unit
(ICU) are particularly susceptible to ASF due to com-
plex medical conditions, frequent complications, and
common comorbidities, such as low tissue perfusion
status, malnutrition, infection, and prolonged bed
rest'”. At present, there is no universally accepted di-
agnostic standard for ASF. Considerable variation
among studies regarding diagnostic criteria and assess-
ment procedures has led to substantial discrepancies in
the reported incidence of ASF among ICU patients,
ranging from 14.46% to 83.7%, with limited consis-
tency and comparability”*. ASF can result in a sig-
nificantly prolonged hospital stay, increased mortality
risk, and worsened prognosis'”. In addition, because
the clinical manifestations of ASF are highly similar
to those of pressure injuries (PI), ASF is easily misdi-
agnosed as a nursing-related adverse event in clinical
practice, thereby imposing considerable psychological
burden and occupational stress on nursing staff ‘*”,
Despite increasing studies of the incidence and risk
factors for ASF in recent years, the inconsistencies in
diagnostic standards, heterogeneity in study popula-
tions, and variations in study design and methodology
have made it difficult to draw conclusions and estab-
lish strong clinical guidelines. Therefore, in this study,
a systematic review was conducted to synthesize the
current evidence and clarify the incidence and key de-
terminants of ASF in ICU patients, with the aim of
providing scientific evidence for the early identifica-
tion of high-risk populations, development of targeted
preventive strategies, and promotion of standardized
ASF assessment and risk management in clinical

practice.

46

Materials and Methods

Materials

Literature Search: A computerized literature search
was conducted using the English-language databases
PubMed, Cochrane Library, Web of Science, and Em-
base as well as the Chinese-language databases CNKI,
Wanfang Database, CQVIP, and CBM. Studies report-
ing the incidence of and risk factors for ASF were col-
lected. The search period covered the inception of
each database up to August 31, 2025 and the search
was limited to publications in Chinese or English. To
avoid missing potentially relevant studies that did not ex-
plicitly mention “ICU” in their titles or abstracts, “ICU”
was not used as a search restriction term. English search

LRI

terms included “acute skin failure,” “skin failure,” and

“terminal skin failure.” Chinese search terms included
“ 2Pk K7 k32 45> (acute skin failure) and “ F7 Jik 5 i
(skin failure).” Manual searches were performed as a
supplement. Because ASF-related MeSH terms or Em-
tree terms are currently unavailable, free-text terms were
used for the search. Using PubMed as an example, the
search strategy was as follows: (acute skin failure[Title/
Abstract]) OR (skin failure[Title/Abstract]) OR (terminal
skin failure[Title/Abstract]). The detailed search strategy
is presented in Table S1.

This study followed the PRISMA 2020 reporting
guideline for systematic reviews and has been prereg-
istered with PROSPERO
CRD420251038549). Further registration details can

(registration number:

be accessed at https://www.crd.york.ac.uk/prospero/.

Inclusion and Exclusion Criteria: The inclusion crite-
ria were as follows. (1) The study population con-
sisted of ICU patients aged =18 years. (2) The study
reported the incidence of ASF. If influencing factors

were investigated, multivariate analysis results (e.g.,
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the odds ratio [OR] and 95% confidence interval [95%
CI]) or raw data allowing for the calculation/conver-
sion of effect sizes were required. (3) A cohort study
design was used. (4) Clearly defined ASF diagnostic
criteria (including clinical definitions, characteristics
of skin lesions, and relevant hemodynamic indicators)
were included to facilitate the assessment of inter-
study heterogeneity. The exclusion criteria were as fol-
lows: (1) duplicate publications or studies with data
originating from the same patient population, (2) data
that could not be extracted, and (3) articles not pub-
lished in Chinese or English. The literature screening

flow diagram is shown in Figure 1.

Methods

Literature Screening: Two researchers independently
used NoteExpress software to deduplicate and prelimi-
narily screen the retrieved literature. They then inde-
pendently extracted data from the included studies, fol-

lowed by cross-verification. In the event of disagree-

Records identified through database
searching (n=827): CNKI (n=130), Wanfang
(n=36), VIP (n=135), CBM (n=31), Cochrane

Library (n=3), PubMed (n=121),Embase
(n=157), Web of Science (n=214)

ments, a third researcher was consulted to participate

in the discussion and make the final judgment.

Quality Assessment and Data Extraction: The New-
castle-Ottawa Scale (NOS) was used to assess the
quality of the included studies. The NOS contains
eight items covering three domains: selection of study
groups, comparability of the groups, and ascertain-
ment of the outcome. The maximum total score is 9
points, and scores of 0—3 indicate low quality, 4—6 in-
dicate moderate quality, and >7 indicate high quality.
Two researchers independently performed the quality
assessment and cross-verification. Disagreements
were resolved through discussion and consensus, with
the involvement of a third researcher as needed. The
extracted items included the first author, publication
year, study population, country where the study was
conducted, study design, sample size, ASF diagnostic

method, ASF incidence, and reported influencing

factors.

Additional records identified through
other sources (n=0)

Y

Duplicates removed (n=249)

Records screened (title/abstract) (n=578)

Records excluded after title/abstract

A

screening (n=541)

Full-text articles assessed for eligibility (n=37)

Full-text articles excluded (n=27):
| - Irrelevant study content (n=19)

Y

| - Ineligible study population (n=3)
- Ineligible study type (n=5)

Studies included in qualitative synthesis (n=10)

Figure 1. Flow diagram of the literature screening process.
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Statistical Methods

Statistical analyses were performed using R software
(version 4.2.2). For the pooled incidence of ASF, a
generalized linear mixed model (GLMM) with a logit
link function was applied using a one-step approach.
To identify influencing factors, risk factors reported in
at least two studies were included in the meta-analy-
sis. ORs and corresponding 95% ClIs reported in indi-
vidual studies were extracted. Standard errors were
calculated after logarithmic transformation, and
pooled effect sizes were estimated using the inverse
variance method under a random-effects model, with

between-study variance (7%) estimated using the re-

stricted maximum likelihood (REML) method.

Considering the potential differences in study popula-
tions, diagnostic criteria, and methodologies among stud-
ies, random-effects models were applied throughout the
analyses. Heterogeneity across studies was assessed us-
ing Cochran’s Q test (¢=0.10) and the I’ statistic. I* val-
ues of <25%, 25% —50%, 50% —75%, and >75% were
considered to indicate low, moderate, high, and consider-
able heterogeneity, respectively. When substantial hetero-
geneity was observed (>>50%), subgroup analyses and
meta-regression analyses were conducted to explore po-
tential sources of heterogeneity. A sensitivity analysis
was performed using a leave-one-out approach to assess
the robustness of the results. When at least 10 studies
were included, publication bias was initially assessed us-
ing funnel plots and further quantified using Egger’s re-
gression test. All statistical tests were two-sided, and a

value of P<0.05 was considered statistically significant.

Results

General Characteristics

In total, 827 records were identified through the data-

base search. After removing duplicates, 578 records re-
mained. Following the initial screening of titles and
abstracts, 37 articles were selected for full-text assess-

[3.4,8-15]

ment. Ultimately, 10 studies met the inclusion

criteria, including 7 identified as high quality »**'""*
and 3 identified as moderate quality ">">'*. The stud-
ies involved 2,870 patients, of whom 847 developed
ASF. All 10 studies "**"'reported the incidence of

[3.9,10,12,13]

ASF in ICU patients, and 5 studies provided
multivariate-adjusted ORs with 95% ClIs for factors in-
fluencing ASF in ICU patients. The basic characteris-
tics of the included studies are detailed in Table 1, and
methodological quality assessment results are shown

in Table S2.
Meta-analysis Results

Overall incidence of acute skin failure in ICU pa-
tients: A meta-analysis of the 10 studies meeting the
inclusion criteria showed that the pooled incidence of
ASF among ICU patients was 38.4% (95% CI: 0.246—
0.545). Considerable heterogeneity was observed
across studies ('=96.5%, P<0.001). The results are

presented in Figure 2.

Influencing factors for ASF in ICU patients

Concurrent sepsis and renal failure

Three studies ™"

reported the effect of concurrent
sepsis on ASF. The pooled analysis showed that concur-
rent sepsis was significantly associated with the occur-
rence of ASF [OR=2.72, (95% CI 1.69-4.36), P<
0.001], with no significant heterogeneity among studies
(12=0%, P=0.736). Two studies """ reported the effect
of concurrent renal failure on ASF. The pooled analysis
indicated that concurrent renal failure was significantly
associated with ASF occurrence [OR=2.88, (95% CI
1.59-5.22), P<0.001], and no significant heterogeneity

was detected across studies (I’=0%, P=0.996).
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Table 1. Basic characteristics and quality assessment of included studies.

Author (Year)  Country Study Sample Study population ASF diagnostic ASF inci- Influencing factors
design size criteria dence (%)
Liu"(2025) China A 150 ICU patients with (D, @, ® 2330% -
septic shock
Xu" (2025) China A 80 ICU patients aged > @ 41.00%  BMI, renal failure, sepsis,
80 years sedative/analgesic drugs,
NRS2002 score, Braden
score
Tang 09(2025) China A 254 ICU patients with At least one of @), 35.00%  Peripheral artery disease, me-
sepsis &> 2s,®, D plus chanical ventilation, vasoac-
concurrent (D and 2 tive agents, APACHE-II
score, mean arterial pressure,
lactate level
Zhang 8 (2025) China B 217 General ICU Any one of @, ®> 23.04% -
patients 3s, (8 plus concur-
rent )
Zhu "™ (2024) China B 204 General ICU @D, 28.43%  Age, sepsis, vasoactive
patients agents, peripheral perfusion
index, serum albumin level
Zhang " (2024) China B 1036 General ICU Anyone of @, @,  2432% -
patients &> 3s,
Xu (2024) China B 251 ICU patients aged > At least one of @), 41.83% Braden score, renal failure,
65 years & > 2s, @ plus con- heart failure, sepsis, lactate
current (D and @ level, sedative/analgesic
drugs
Wang ' (2024) China A 491 ICU patients with ~ Any one of @, ® > 14.46%  Body surface area, NEWS
septic shock 2s, ®, D, score, SOFA score, lactate
level, peripheral perfusion in-
dex, capillary refill time
Wang ¥ (2022) China A 123 ICU patients with ~ Any one of @, ®> 83.70% -
septic shock 2s,©, @,
Greenway ' USA A 64 ICU patients with - 79.70% -
(2021) COVID-19-positive

status

Notes: A: Retrospective cohort study; B: Prospective cohort study. (D Ischemia due to poor blood perfusion (e.g., cyanosis, gan-
grene of fingers or toes, or skin blister formation, typically purple, yellow, or black in color); @ Relatively rapid disease progres-
sion. Most lesions are not associated with bony prominences and often appear pear-shaped, butterfly-shaped, or horseshoe-shaped;
@ Skin perfusion pressure < 25 mmHg; @ Skin mottling score > 0; &) Capillary refill time; 6) After excluding non-circulatory fac-
tors, severe anemia, and other blood disorders, the patient’s fingertip transcutaneous oxygen saturation decreases by >5%; (D) De-
creased skin sensation; (8) Cold and clammy skin: ambient temperature 18—22 °C, humidity 55%—65%, body surface temperature
measured using an infrared thermometer of <33.5 °C in the absence of physical cooling, accompanied by moist skin. ASF: acute skin
failure; NRS2002 score: Nutritional Risk Screening 2002 score; Braden score: Braden Scale for Predicting Pressure Sore Risk score;
NEWS: National Early Warning Score; SOFA: Sequential Organ Failure Assessment score; APACHE 11 score: Acute Physiology and

Chronic Health Evaluation II score.

Use of vasoactive agents and sedative/analgesic drugs
Two studies "' reported the effect of vasoactive
agent use on ASF. The pooled results demonstrated
that the use of vasoactive agents was significantly as-
sociated with the occurrence of ASF [OR=3.31, 95%
CI (1.64—6.68), P=0.001], with moderate heterogene-

ity observed across studies (I’=36.9%, P=0.208). Two

49

studies " reported the effect of sedative/analgesic
drug use on ASF. The pooled analysis showed that
the use of sedative/analgesic drugs was signifi-
cantly associated with ASF occurrence [OR=5.15,
95% CI (1.35-19.64), P=0.016], with substantial
heterogeneity detected among studies (I’=58.7%, P=
0.120).
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Study Events Total Proportion [95%-CI|
Tang2025 89 254 —-—— 0.350[0.292; 0.413]
Liu2025 35 150 - 0.233[0.168; 0.309]
Xu2025 33 80 —+—- 0.412[0.304; 0.528]
Zhang2025 50 217 - 0.230[0.176; 0.292]
Zhu2024 58 204 - 0.284 [0.224; 0.352]
Zhang2024 252 1036 0.243 [0.217; 0.271]
Xu2024 105 251 = 0.418 [0.357; 0.482]
Wang2024 71 491 | § 0.145[0.115; 0.179]
Wang2022 103 123 —— 0.837[0.760; 0.898]
Greenway2021 51 64 — 0.797 [0.678; 0.887]
Random effects model 847 2870 ~=— 0.384 [0.246; 0.545]
Heterogeneity: ’=96.5%, ©=1.072, P<0.0001 I I T I I 1

0 02 04 06 08 1

Figure 2. Forest plot of the incidence of ASF in ICU patients.

Lactate level and peripheral perfusion index

. 3,10,13
Three studies ' I

reported the effect of lactate level
on ASF. In a meta-analysis, lactate levels were not sig-
nificantly associated with the risk of ASF occurrence
[OR=2.16, 95% CI (0.70-6.70), P=0.183], and there
was considerable heterogeneity among studies (I'=
93.3%, P<0.001). Two studies '*' reported the effect
of the peripheral perfusion index on ASF. The pooled
results indicated that the peripheral perfusion index
was not significantly associated with the risk of ASF
occurrence [OR=0.04, (95% CI. <0.01-4.80), P=

0.189], with considerable heterogeneity observed

across studies ('=91.8%, P<0.001).

Subgroup analysis and meta-regression analysis

Subgroup analyses of ASF incidence were conducted
according to study design, sepsis status, age group,
and geographic region. The pooled incidences of ASF
in retrospective cohort studies and prospective cohort
studies were 41.2% (95% CI: 0.195—-0.670) and 34.9%
(95% CI: 0.280—-0.427), respectively, with no signifi-
cant between-group heterogeneity (0=0.22, P=0.642).
The pooled incidences of ASF among patients with
and without sepsis were 38.7% (95% CI: 0.243—
0.554) and 37.8% (95% CI: 0.146-0.684), respec-
tively, with no significant between-group heterogene-

ity (0=0.00, P=0.959). The pooled incidences of ASF
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among patients aged >60 years and <60 years were
41.7% (95% CI: 0.365-0.471) and 37.8% (95% CI
0.212-0.579), respectively, with no significant be-
tween-group heterogeneity (0=0.14, P=0.706). The
pooled incidences of ASF in studies conducted in
China and the United States were 33.9% (95% CI
0.221-0.481) and 79.7% (95% CI: 0.681-0.878), re-
spectively, with significant between-group heterogene-

ity observed (0=22.7, P<0.001).

Meta-regression analysis was performed by including
publication year, sample size, study design, sepsis sta-
tus, age group, and geographic region as covariates.
Sample size (f=-0.001, P=0.024), study design (5=
1.353, P=0.013), and publication year (f=-1.114, P<
0.001) were significantly associated with the effect
size. Residual heterogeneity remained substantial after

meta-regression (I'=79.2%).

Sensitivity analysis and publication bias

The results of a sensitivity analysis showed that after
sequentially excluding each study, the pooled incidence
of ASF ranged from 0.329 to 0.420, with highly over-
lapping confidence intervals, indicating that the overall
results were stable and reliable. Visual inspection of the
funnel plot showed that most studies were distributed

on both sides of the central axis, although some
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asymmetry in the distribution of study estimates was
observed (Figure 3). Egger’s regression test yielded a
P-value of 0.066, suggesting a lack of significant pub-

lication bias.
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Figure 3. Funnel plot of the incidence of ASF in ICU patients.

Discussion

The present study demonstrated that ASF may repre-
sent a relatively common skin complication in criti-
cally ill patients, with a pooled incidence of 38.4%
among ICU patients. However, considerable heterogene-
ity was observed across studies (I'=96.5%); therefore,
these findings should be interpreted cautiously within the

context of study characteristics and clinical settings.

Meta-regression analysis indicated that sample size,
study design, and publication year were significantly
associated with effect size. The negative association
between sample size and effect size suggests that
smaller studies are more likely to report higher inci-
dence estimates. With respect to study design, it is pos-
sible that prospective studies allow continuous and dy-
namic patient monitoring, potentially improving ASF
detection rates, whereas retrospective studies rely pri-
marily on medical records and may therefore be more
susceptible to information bias. In addition, the nega-
tive association between publication year and effect

size may be related to the increasing awareness of
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ASF and ongoing improvements in critical care man-
agement strategies. Notably, a subgroup analysis dem-
onstrated significant regional differences in ASF inci-
dence; however, these findings should be interpreted
with caution. International data included in this study
were derived from a single study involving patients
with COVID-19 conducted during the pandemic pe-
riod "*. Critically ill patients with COVID-19 fre-
quently present with systemic inflammatory re-
sponses, microcirculatory dysfunction, and coagula-
tion abnormalities, all of which may increase the risk
of impaired skin perfusion """ Therefore, regional dif-

ferences observed in this study may have been influ-

enced by specific disease characteristics.

Substantial residual heterogeneity remained after meta-
regression (I’=79.2%), indicating that additional unex-
plained sources of heterogeneity may exist. This may
be attributable in part to the lack of a standardized di-
agnostic framework for ASF. As an emerging concept
introduced in recent years, universally accepted diag-
nostic criteria for ASF are lacking, resulting in incon-
sistencies in case identification across studies'”. Most
studies have relied on a combination of skin manifesta-
tions, tissue perfusion indicators, and relevant clinical
features for diagnosis. Variation in the criteria used to
identify ASF may influence incidence estimates and
reduce comparability across studies. Therefore, estab-
lishing standardized diagnostic criteria and risk assess-
ment tools for ASF may be necessary to improve con-
sistency across studies and facilitate early clinical

identification and targeted interventions.

In a pooled analysis, concurrent sepsis and renal failure
were significantly associated with ASF occurrence.
These findings are generally consistent with those
reported by Savage et al."”, who observed that 80.8%
of patients with ASF had sepsis and 76.9% experienced
acute kidney injury. Similarly, Curry et al."” reported
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that all patients with ASF had at least two organ dys-
functions or a single organ failure combined with sep-
sis at the time of diagnosis. One possible explanation
is that infection-induced systemic inflammatory re-
sponses substantially impair microcirculatory func-
tion, leading to inadequate tissue perfusion, imbalance
between oxygen supply and demand, and ultimately tis-
sue injury and organ dysfunction”. In addition, under
severe physiological stress, compensatory mechanisms
generally prioritize blood flow to vital organs, such as
the brain, heart, and kidneys, while perfusion to periph-
eral tissues including the skin may be further reduced,

thereby increasing susceptibility to ASF.

The use of vasoactive agents and sedative/analgesic
drugs was significantly associated with ASF occur-
rence. Mileski et al.”" identified several medications
associated with ASF development, including norepi-
nephrine, fentanyl, morphine, and propofol. There is
evidence that vasoactive agents may reduce tissue per-
fusion and restrict capillary blood flow through vaso-
constriction. Moreover, certain sedative and analgesic
agents may impair vasomotor regulation and attenuate
compensatory microcirculatory responses to ischemic
conditions. These mechanisms may collectively con-

tribute to the development and progression of ASF *”.

Distinguishing ASF from PI remains a major chal-
lenge in clinical practice. Previous studies have de-
scribed ASF as an “unavoidable PI” or “critical ill-

5y [23,24
ness-related P12

. However, increasing evidence
suggests that ASF and PI differ fundamentally in both
pathological mechanisms and clinical characteristics.
PI is primarily caused by external factors, including
prolonged pressure, shear forces, and friction, and
commonly occurs over bony prominences, such as the
sacrum and heels. In contrast, ASF typically occurs in

the context of critical illness and results from hemody-

namic instability and tissue hypoperfusion, represent-
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ing a cutaneous manifestation of systemic pathologi-
cal processes . Because of overlapping clinical pre-
sentations, ASF may be misdiagnosed as PI and conse-
quently regarded as a preventable nursing adverse
event, thereby increasing management burden and po-
tentially affecting accurate skin injury management.
Therefore, focusing on ASF incidence and associated
factors among ICU patients may contribute to improv-
ing differential diagnosis between ASF and PI and fa-
cilitating early identification and targeted interven-

tions for high-risk critically ill populations.

This study had several limitations. First, there was sub-
stantial differences among included studies in terms of
diagnostic criteria, study populations, and regional
characteristics. Although meta-regression was con-
ducted to explore potential sources of heterogeneity,
subgroup analyses based on diagnostic criteria could
not be performed owing to the limited number of stud-
ies; therefore, heterogeneity may not have been fully
explained. Second, most included studies were single-
center studies with relatively small sample sizes. The
lack of large multicenter prospective studies may limit
the representativeness and generalizability of the
pooled incidence estimate. Third, the number of in-
cluded studies was limited, and evidence regarding
several associated factors remained insufficient; there-
fore, the stability of these findings requires further

confirmation.

Conclusion

ASF appears to be relatively common among ICU
patients. Sepsis, renal failure, and the use of vasoac-
tive agents and sedative-analgesic medications may be
associated with ASF occurrence. Future studies should
focus on establishing standardized diagnostic criteria
and developing early warning tools to improve the

identification of high-risk populations.
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Abstract

Background: This meta-analysis aimed to determine the etiology, comorbidities, and clinical features of commu-

nity-acquired pneumonia (CAP) among adults in mainland China.

Methods: A systematic literature search was conducted in PubMed, Embase, and Cochrane Library to identify rel-
evant studies that reported the etiology, pathogen distribution, and clinical characteristics of CAP in Chinese
adults (aged >18 years) from 2004 to December 2024. Overall evidence from the included studies was quantita-
tively synthesized, and pooled estimates were expressed as weighted values with corresponding 95% confidence

intervals (CIs).

Results: Of 5770 studies, 49 studies were eligible for inclusion. Among these, 44 studies (89%) reported bacterial
agents; 21 studies (43%) and 33 studies (67%) reported viral and fungal pathogens, respectively. Furthermore,
atypical pathogens were reported in 30 studies (61.2%). The predominant bacterial agents among patients diag-
nosed with CAP were Methicillin-resistant Staphylococcus aureus (13%), and Streptococcus pneumoniae (9%).
Similarly, among viral and fungal pathogens, influenza virus (18%) and Candida albicans (17%) were most
frequently identified in patients with CAP. Moreover, Mycoplasma pneumoniae (9%) was identified as a predomi-

nant other pathogen in patients with CAP, whereas overall other pathogens accounted for 23% of CAP cases.

Conclusion: CAP has become a serious public health issue in the Chinese Mainland. This systematic review rep-
resents a comprehensive evaluation currently available on the factors leading to CAP within the Chinese adult

population. Among various etiological agents, bacteria continue to predominate and are the leading cause of CAP

*Correspondence:
Ming Guang; Email: 52025017@qgq.com
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in this population.

PROSPERO registration number: CRD42022323132.

Keywords: community-acquired pneumonia, comorbidities, clinical symptoms, etiology, pooled proportions,

pathogens

Introduction

Pneumonia is the most common respiratory infection
experienced in the emergency department, which has
caused significant morbidity and mortality in patients !,
Community-acquired pneumonia (CAP) is a serious
infectious inflammation of the lower respiratory tract
involving the alveoli acquired from non-hospital
pathogens “ . In adults, CAP is a leading cause of
morbidity and mortality in China and in the rest of the
world . In China, the annual incidence of CAP is ap-
proximately 7.13 cases per 1000 persons/year . How-
ever, in the United States, adults experienced a high in-
cidence of CAP, ranging from 1.76 to 7.03 per 1000
persons/year, whereas a few countries in Europe re-
ported a CAP hospitalization rate of 20.6 cases per 10,
000 adults/year and 4.7 per 1000 persons annually .
Furthermore, the mortality rate is reported to be
closely associated with increasing age, with 5%
among CAP patients aged =65 years, 8% in those pa-
tients aged from 65 to 79 years, and 14% in patients
aged >80 years "*.

In addition, CAP represents a heterogeneous condition
with diverse clinical manifestations and a wide range
of causative pathogens, which can vary depending
upon various factors, such as age, geography, and re-
cent exposures . Several respiratory pathogens are
known to cause CAP, including bacteria, fungi, and vi-
ruses, by invading the lung as a single pathogen or in

[9,10]

co-infection . Despite advancement in diagnosis
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and treatment modalities, CAP is still a common and
potentially lethal infectious disease where Spneu-
moniae, Haemophilus influenzae, and Moraxella ca-
tarrhalis remain the leading causes of CAP "',
whereas Influenza virus, human parainfluenza viruses,
respiratory syncytial virus (RSV), human rhinovirus
(HRVY
(HAdV), human coronavirus (HCoV), and human

human  enterovirus/, human adenovirus
metapneumovirus are reported to be the major viruses
causing CAP "’ However, the causative pathogen re-
mains unknown in 30% to 60% of cases despite vigor-
ous clinical investigation """, Furthermore, the grow-
ing number of causative agents associated with CAP,
along with the growing number of the at-risk popula-
tion, continues to pose challenges to existing diagnos-
tic and therapeutic approaches o, Streptococcus pneu-
moniae (S pneumoniae) is among the primary infec-
tious causes that lead to illness and death from CAP
globally among young children, persons with underly-
ing chronic systemic conditions, and the elderly "'
According to the global burden of disease study pub-
lished in 2017, S pneumoniae was the most commonly
identified lower respiratory tract infection (LRTI)
among all age groups, responsible for causing more
than 1.5 million LRTI-related deaths. Moreover, there
were 0.7 million deaths in patients >70 years and 0.4

million deaths among children <5 years of age """,

There have been several comprehensive meta-analy-
ses on the etiology of CAP in adult patients '"'*, Ex-

isting meta-analyses have focused on different
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perspectives of CAP, such as diagnostic strategies and
drug-resistant pathogens. There is a lack of integrated
analyses, which demonstrates the etiology of the dis-
ease across all major pathogens. This meta-analysis
will offer a combination of the bacterial, viral, fungal,
and other pathogenic causes of CAP while investigat-
ing the comorbidities by incorporating data till De-
cember 2024, which will guide clinicians in disease
management and selecting an appropriate treatment

strategy.

Methodology

The methodology of the present systematic review
and meta-analysis was developed in accordance
with the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) guidelines 13
(Figure 1). Protocol for this systematic review was

prospectively registered with the Prospective Register

of Systematic Reviews (PROSPERO; CRD42022323132)

website.

Data source

A comprehensive literature search was conducted using
the PubMed, Embase, Cochrane Library databases, and
ClinicalTrials. gov for the published literature from
2004 to December 2024, using a predetermined search
strategy developed previously. The search strategy in-
volved the use of predefined keywords along with data-
base indexing terms, which are listed as below: “Com-
munity-acquired  pneumonia,” “CAP,” “etiologic
agent,” “pathogen,” “Chinese,” China.” A manual
search was conducted to identify studies that met the se-
lection criteria from additional sources not covered in
the above database, including dissertations and confer-

ence papers. The full search strategy is provided in

Supplementary: Appendix 1.

Records identified through

Records excluded
(n=5,183)

Full-text articles excluded with
reasons (n=482)

Reason for Exclusion

-No full-text source: n=12

-Target population not included
(n=178)

-Target data not reported (n=95)
-Duplicate data (n=173)

-Specific disease/condition patient
group (n=24)

o database (PubMed+Embase+
% Cochrane) search
= (n=7,266)
8
=
A4
Records after removing duplicates
(n=5,770)
o0
i=]
2 I
3
(})‘3 Records screened
(n=5,770)
l
(TR
Full-text articles
z assessed for eligibility
) (n=587)
.80
2 ¥
Studies included in
qualitative synthesis
(n=105)
3 '
5 Studies included in
(=]
I quantitative synthesis
(meta-analysis)
(n=49)

Figure 1. PRISMA Flow Diagram.
Abbreviations: n: number; PRISMA: Preferred Reporting Items for Systematic reviews and Meta-Analyses
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Criteria for study selection

All eligible peer-reviewed full-text studies available
in English were included in the review. Studies were
considered for inclusion in this review when they ful-
filled all of the following inclusion criteria if they
were: prospective observational, cross-sectional and
retrospective; adult patient population in China
(aged >18 years) diagnosed with CAP; including both
immunocompetent and immunocompromised individu-
als (e.g., those with HIV infection or organ transplant
recipients), as well as patients with comorbidities such
as chronic obstructive pulmonary disease (COPD), dia-
betes, cardiovascular diseases, and others; published be-
tween 2004 and 2024; outcomes related to pathogen
distribution, including viral, bacterial, and fungal patho-
gens in CAP, etiology and clinical features of CAP in
Chinese adults and outcomes are stratified based on co-
morbidities and source of pathogen identification. The
articles were excluded if they were: randomized con-
trolled trials and focused on therapies, diagnostic meth-
ods, single pathogens, or complications of pneumonia;

(2) reviews, meta-analyses, case reports, and duplicate

publications (Supplementary: Appendix II).

Study selection

The titles and abstracts of publications retrieved by the
initial search were reviewed by two independent re-
viewers to identify potentially eligible articles. Dis-
crepancies were resolved by the third reviewer. All po-
tentially relevant citations were inspected in detail by
using the full-text version. Studies meeting the pre-
defined eligibility criteria were included in the review

and used for the subsequent analysis.
Data extraction

Data extraction protocol was developed, and the rel-
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evant information was extracted from each of the in-
cluded study including: (1) Study characteristics, such
as study design, title, first author, publication year, and
trial phase; (2) patient characteristics, including total
study population, age, and patient stratification; and
(3) outcomes: etiology of CAP, total number of cases
and the numbers with confirmed causative agents,
comorbid conditions, and clinical symptoms. Further-
more, there is no threshold for a fixed number of
studies. We did the qualitative assessment but did not
limit the studies based on the quality to improve statis-

tical power.

Assessment of study quality and risk of bias

The Newcastle-Ottawa Scale (NOS) assessment scale
was used to evaluate the quality of included observa-
tional studies based on 3 domains with a maximum

"9 The quality of each

possible score of 9 points
study was categorized using the following scoring al-
gorithms: scores>7 were considered “good,” scores of
2 to 6 were considered “fair,” and scores <1 was con-
sidered “poor” quality. Furthermore, the risk of bias
scale """ was applied to evaluate the included RCTs
based on random sequence generation, allocation con-
cealment, blinding of participants and personnel, blind-

ing of outcome assessment, incomplete outcome data, se-

lective reporting, and other sources of bias.

Statistical analyses

Statistical analysis was performed using MetaProp, a
package for meta-analysis of binomial data (R version
4.1.1) "¥. Heterogeneity among the studies was ex-
plored by calculation of I statistics proposed by Hig-
gins et al. "”*” Random-effect analysis was performed
when I* value was >50%; otherwise, a fixed-effect
model was used to quantify the effect size. For each out-

come, the individual effect size for each study and the
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summarized effect size with 95% confidence intervals
(CI) were calculated and represented as forest plots. The
pooled effect size is given as the “point estimate” with
lower and upper limits in the forest plot, and the values
were rounded off and represented with 2 decimals. The
study weighting was performed using the DerSimonian-
Laird method . Sensitivity analysis was conducted us-
ing the Egger method. Two-sided P<0.05 was consid-

ered indicative of statistical significance.

Results

Study selection

The literature search resulted in the retrieval of 7,266
articles from different databases. After removing dupli-
cates, a total of 5,770 articles underwent for screening.
Furthermore, based on title and abstract screening, 49 eli-

gible studies were included for final analysis (Figure 1).

Characteristics of included studies

Total of 48,918 patients were included across the eli-
gible studies. The studies were stratified into 5 differ-
ent groups based on etiologic agents of the CAP (bac-
teria, virus, fungi, other agents, and overall other).
Among these, bacterial agents were reported in 44
studies and viral and fungal agents were reported in 33
and 21 studies, respectively. The total number of stud-
ies reported from overall other and other agents was
30 and 11, respectively. The PRISMA flow diagram il-
lustrating the study selection process is presented in
Figure 1. The baseline characteristics of the included

studies are provided in Table S1.

Spectrum of various pathogens

Spectrum of bacterial agents causing CAP
Across the 49 studies included in the analysis, the pooled
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prevalence of major causative agents responsible for
CAP was classified into bacterial, fungal, viral, other,
and overall other pathogens. Among bacterial etiologies,
the most frequently identified etiologic agent in patients
with CAP was gram-negative bacilli. The pooled propor-
tion of patients with gram-negative bacilli was 51% of
patients (95% CI, 11-90; ’=92%; P<.01; Table s2) from
a cohort of 237 patients "
(7% 95% CI, 5-10), Haemophilus influenzae (6%;
95% CI, 4-9), Acinetobacter baumannii (6%; 95% CI,
3-13), Pseudomonas aeruginosa (4%; 95% CI, 2-7),
and Escherichia coli (2%; 95% CI, 1-4). Gram-posi-

, including K. pneumoniae

tive cocci were another common etiologic agent of
CAP, which were identified in a pooled proportion of
23% of patients (95% CI: 18.0—29.0; ’=0%; P=0.48;
Table s2) from a cohort of 237 patients involving 3
studies " **. Among gram-positive cocci, methicillin-
resistant staphylococcus aureus (MRSA) and S pneu-
moniae were identified in a pooled proportions of
13% (95% CI: 0-99.0; I’=94%; P<.01) " and 9%
(95% CI: 6-13; '=98%; P<.01) (Table S1) >

Spectrum of fungal agents

A total of 21 studies were reviewed for the CAP epi-
sodes caused by different fungal agents. The pooled pro-
portion of patients infected with Candida albicans (C. al-
bicans) was 17% of patients (95% CI: 4.0-49.0; I'=54%;
P=0.11; Table s2) from a cohort of 158 patients ****”"
Fungal infection and Aspergillus had a pooled preva-
lence of 9% (95% CI: 4.0~19.0; I’=97%; P<.01) and 7%
(95% CI: 0.0—70.0; '=91%; P<.01) from a cohort of 10,

933 and 452 patients, respectively *>*%*#%%1,

Spectrum of other pathogens

Among other pathogens, Mycoplasma pneumoniae
(M. pneumoniae) demonstrated the highest pooled
prevalence of 9% (95% CI: 5.0-17.0; ’=98%:;
P< . 0]) BRemsiaasasesl gllowed by atypical

pathogens at 4% (95% CI: 2.0—9.0; I’=86%; P<.0l)
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from a cohort of 16,268 and 2578 patients, respectively
(Table S2).

Spectrum of Overall Other Pathogens

Among overall other pathogens, a pooled prevalence of
23% (95% CI: 11.0—42.0; '=98%; P<.01) was demon-
[28,31,39,41,44,4548,52,55,60—-63]

strated in a cohort of 3280 patients
(Table S2).

Spectrum of viral agents

A total of 33 studies were reviewed for the CAP epi-
sodes caused by different viral agents. The most com-
monly identified etiologic viral agent was influenza
virus, which was detected in a pooled proportion of
18% of the patients (95% CI: 7.0-37.0; ’=99; P<.01;
Table S2) from a cohort of 10,658 patients involving
9 studies " ¥ followed by viral infection where
the pooled proportion was 15% of the patients (95% CI:
8.0-25.0; I’=98; P<.01) from a cohort of 18,431 patients

. . . 28,30,32-34,41,44,50-57,62-65
involving 19 studies ' !

Comorbidities and clinical characteristics associated

with various pathogens

Comorbidities and clinical characteristics associated
with bacterial agents

Major comorbidities associated with patients with
H influenzae-positive CAP were hypertension
(26%; 95% CI: 16.0-40.0; I'=60%; P=.08) ?**%],
chest pain (15%; 95% CI: 10.0-22.0; ’=83%:
P<. 01) P¥#8%,30d COPD (13%; 95% CI:
7.0-22.0; ’'=96%; P<.01) P***¥*#4258] The associ-
ated common clinical signs and symptoms are also

discussed in Table S3).

In the case of patients with “(K pneumoniae)” positive
CAP, hypertension (40%; 95% CI: 27.0-55.0; I’=94%;
P<.01) B304 corebrovascular disease (15%;
95% CI: 8.0-24.0; ’=98%; P<.01)**03230:4284865] g
diabetes mellitus (15%; 95% CI: 10.0-22.0; I2:95%;
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22-24.28,30,32,35,36,39,41,42,45,60,44,43,26
P<.01) ! ) were observed as
the major comorbidities. The most common clinical

signs and symptoms are also discussed in Table S3.

In the case of patients with S aureus-positive CAP, hyperten-
sion (38%; 95% CI: 23.0-55.0; ’=98%; P<.01) =4
diabetes mellitus (15%; 95% CI: 10.0 —22.0; I’=
96%; P<.01) (22724,30,35,36,39,41.42.48,00.4443.200 41 cerebro-
vascular disease (14%; 95% CI: 8.0-26.0; Iz=98%;
P<.01) BA20304L284] ware observed as the major co-
morbidities. The most common clinical signs and

symptoms are also discussed here in Table S3.

In the case of patients with S preumoniae-positive
CAP, hypertension (32%; 95% CI: 21.0-47.0; ’=98%:
P<.01) P08 diabetes mellitus (15%; 95% CI:
10.0 —21.0; I'=95%; P<.(]) 2#202300a8s8aaus
and cerebrovascular disease (14%; 95% CIL: 9.0-22.0; I'=
98%; P<.01) PHOZOHRBSBH wore observed as the major
comorbidities (Table s3). The most common clinical signs

and symptoms included are discussed here in Table S3.

In the case of patients with Escherichia coli-positive
CAP, hypertension (38%; 95% CI: 18.0-63.0; ’=96%;
P<.01) P2 diabetes mellitus (16%; 95% CIL: 11.0—
22.0; '=95%; P<.0]) PP0336482808820 nq chest pain
(15%; 95% CIL: 10.0-22.0; I’=83%; P<.(l) 2*#*
were observed as the major comorbidities. The most
common clinical signs and symptoms included are dis-

cussed here in Table S3.

In the case of patients with Pseudomonas-positive
CAP, hypertension (41%; 95% CI: 24.0-60.0; I'=
95%; P<.01) (222430441 cerebrovascular disease (16%;
95% CI: 7.0-31.0; I’=98%; P<.01) P****#44] and
diabetes mellitus (14%; 95% CI: 9.0—23.0; ’=96%;
P<.(]) BR0RINRBRE0] - were observed as the
major comorbidities. The most common clinical
signs and symptoms included are discussed here in

Table S3.
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Comorbidities and clinical symptoms associated with
viral agents

The major comorbidities associated with patients with
influenza A-positive CAP were diabetes mellitus (11%;
95% CL: 7.0—19.0; I'=92%; P<.01) P>*00L87 The
most common clinical symptoms included are dis-

cussed in Table S3.

Comorbidities and clinical symptoms associated with
other pathogens

The major comorbidities associated with patients with M
pneumoniae-positive  CAP were hypertension (37%;
95% CI. 14.0-69.0; I'=96%; P< . 01) ,
chest pain (12%; 95% CL 8.0-18.0; ’=90%:
P<.01) PRI and diabetes mellitus (11%; 95%
CL: 7.0—18.0; I'=94%; P<.(]) PA330048473065882667
The most common clinical symptoms included are dis-
cussed in Table S3.

[22,47,56,44,67]

Overview of studies reporting etiology of CAP

Overview of studies reporting bacterial etiology of
CAP

A total of 19 studies reported bacterial agents associ-
ated with CAP, with study populations ranging from
19 to 1420 patients. In a study with a larger cohort (n=
253), 1 case of Streptococcus pyogenes, 2 cases of
Chryseobacterium indole (n=488), 1 case of Citrobac-
ter spp, Flavobacterium and Klebsiella acidogens, re-
spectively, and 13 cases of another Streptococcus spp.
A separate study with a larger cohort (n=1420) re-
ported 2 cases of Aspergillus spp, 8 cases of K acido-
gens, and 23 cases of another Streptococcus spp. In an-
other study with n=909, 40 and 78 cases of Enterobac-
ter aerogenes and Legionella spp, respectively, were
reported. Another study with a large cohort (n=593) re-
ported 23 cases of other bacterial species (Table S4).

Overview of studies reporting fungal etiology of CAP
A total of 6 studies (n=593) reported fungal agents as-
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sociated with CAP with only 1 case reported Candida
parapsilosis from a study (n=52), whereas 24 cases re-
ported Candida spp (n=72). Another investigation (n=
19) reported only 2 cases of Candida tropicalis,
whereas 11 cases reported non-Preumocystis jirovecii

from a different study (n=81). (Table S5).

Overview of Studies Reporting Viral Etiology of CAP
Overall, 7 studies (n=871) reported viral agents associ-
ated with CAP, with n=43 to n=321. Cytomegalovirus
was reported in 2 studies, with 53 and 2 cases reported
in a population size of n=288 and n=43, respectively.
In addition, 72 cases of CAP reported no influenza vi-
rus (n=288). However, another study (n=124) reported
8 and 7 cases of CAP caused by HIN1 and H3N2 vi-
ruses, respectively. (Table S6).

Overview of studies reporting the etiology of CAP of
other organisms

A total of 9 studies (n=2341) reported cases of CAP
caused by different organisms. The highest number of
cases reported was 142, followed by 112, 109, 83, and
76 cases. In addition to this, 30 cases were undeter-
mined (Table S7).

Discussion

This systemic review demonstrated the etiologies of
several pathogens in the adult population with CAP (>
18 years) from different Chinese provinces. Previous
studies on adult patients with CAP in China reported
that bacterial etiology was significantly higher than vi-
ral causes, with rates ranging from 30.3% to 53.1%
compared with 10.6% to 19.0% "****. Several epide-
miological studies on the adult population in China
with CAP have reported S pneumoniae and M. pneu-
moniae as important causative pathogens """, Fur-
thermore, a prospective surveillance study conducted

by Cao et al. (2010) reported M. pneumoniae as the

most common pathogen responsible for causing CAP
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among adult Chinese patients "', Moreover, Tao et al.
(2012) conducted a prospective surveillance study on
the etiology of CAP involving adult patients across 36
centers in 22 cities in China and identified S pneu-
moniae, H influenzae, and K pneumoniae as the three
most common bacterial agents responsible for CAP in
the Chinese adult population ™. In consistent with the
previous studies, the current study revealed that gram-
negative bacilli were the predominant bacterial patho-
gens, followed by bacterial infection, gram-positive
cocci, MRSA, S pneumoniae, and other bacterial infec-
tions among patients with CAP in China. In the pres-
ent study, it was demonstrated that the pooled propor-
tion of S pneumoniae among patients with CAP was
reported at 9%, based on the results from multiple
studies. In the present analysis MRS4 demonstrated a
pooled proportion of 13% however, the estimate
showed a very wide CI (95% CI: 0-99%) with sub-
stantial heterogeneity (I’=94%; P<.01), due to the
small number of included studies and low event rates,
thereby indicating limited stability and interpretability.
In contrast, S pneumoniae continues to be the classical

and predominant cause of CAP.

In recent years, viral pathogens have been demon-
strated to cause CAP in both children and adults. In a
study, Zhou et al. (2019) conducted a national, prospec-
tive, multicenter study in China and reported that
among immunocompetent patients with pneumonia, the
most commonly found virus was influenza virus
(28.4%), followed by RSV (3.6%), HAdV (3.3%), and
HCoV (3.0%) ™. In addition to that, a recent meta-
analysis incorporating 31 observational studies exclud-
ing regional differences in study populations, reported
influenza A and B as the most frequently identified vi-
ruses in patients with CAP, followed by HRV, RSV, and
HCoV "™ These findings are in line with the results of
the present findings, where the most commonly identi-
fied etiologic viral agent was the influenza virus (18%),

followed by other viral infections (15%).
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In recent years, fungal pathogens have demonstrated
an upsurge in etiologies of CAP in both children and
adults, although they are less commonly reported
pathogens as compared with bacteria and viruses "
Among the studies, Candida species, that is, C. albi-
cans (8%), was identified as the most common fungal
pathogen causing CAP in adult Chinese patients. In
consistent with the previous studies, the present study
also demonstrated C. albicans (17%) as the most com-
mon fungal pathogen causing CAP in the Chinese
adult population. Several studies indicated the possibil-
ity of causing pneumonia by fungal pathogens in com-
bination with bacterial pathogens "*”". Airway fungal
colonization has been reported to compromise the host
immune system, thereby allowing the development of
bacterial pneumonia "*’". In addition, fungal patho-
gens such as Candida species have been implicated in
CAP infections among patients with underlying condi-
tions, including chronic aspiration and immunodefi-
ciency disorders "”*. The diagnosis of Candida pneu-
monia should be made with considerable caution. In
addition to this, confirmation also requires histopatho-
logical evidence from a lung biopsy, which will re-
main as the diagnostic gold standard. Apart from this,
clinical symptoms, microbiological results, and radio-
graphic reports should not be the only diagnostic pa-
rameters for a reliable diagnosis 80, Similarly, Asper-
gillus species detected in respiratory specimens may
also represent colonization rather than true CAP patho-
gens, and their clinical relevance should be interpreted
with caution in the absence of supporting clinical and

histopathological evidence.

Among other pathogens, M pneumoniae (9%) was
identified as the most common agent causing CAP in
Chinese adults, followed by atypical pathogens. More-
over, for a comprehensive understanding of the overall
prevalence of CAP in the Chinese Mainland, we have
also considered the studies that reported atypical

pathogens (4%) as causative agents of CAP. This
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might be a reason for the inclusion of Candida spe-
cies, as it is the most common fungal pathogen among

adults with CAP in this study.

Furthermore, the results of the current study revealed
that the most common comorbidities associated,
among patients with bacterial, viral, and other forms
of CAP, were hypertension and diabetes mellitus.
Similarly, a previous study by Mai et al. conducted a
retrospective cohort study to investigate associations
between comorbidities and in-hospital mortality
caused by CAP. The results from this study reported
that comorbid burden, such as congestive heart failure,
renal disease, diabetes with complications, and demen-
tia, was associated with an increased risk of in-hospi-
tal mortality ®". Therefore, these findings indicated the
importance of clinical management of CAP patients

with such comorbid conditions.

Despite the strengths, the present review also has cer-
tain limitations. First, comparing the etiologies of CAP
across published studies is challenging because of the
use of diverse laboratory tests to identify pathogens. In
addition, diagnostic testing in many patients with CAP
reveals >2 pathogens, including combinations of viral
and bacterial pathogens, which complicate the determi-
nation of the clinical significance of any individual
pathogen ***!. Second, some studies reported the fre-
quency of detected etiologic agents using different
sample types without reporting potential overlaps be-
tween the results. In addition, certain studies reported
the data based on the numbers of microbial isolates
rather than the numbers of individual patients, inflating
the prevalence of a specific etiologic agent. Third, this
review is limited by significant heterogeneity among in-
cluded studies, for which the possible reasons remain
unknown. Furthermore, it is important to note that het-
erogeneity cannot be avoided in a meta-analysis, par-
ticularly in etiologic-based data. Previous studies dem-

onstrating the etiology of CAP reported significant het-

63

erogeneity ™. This heterogeneity was largely due to
clinical diversity across the included studies, which
comprised immunocompetent and immunocompro-
mised patients as well as those with comorbidities. In
view of this clinical and methodological heterogeneity,
formal subgroup analyses based on immune status or
other clinical characteristics were not feasible. There-
fore, subtyping or serotyping of identified pathogens
was not performed or reviewed, which limits the level
of detail regarding the specific causes of CAP among
patients. Furthermore, for less frequently reported
pathogens such as MRSA, small sample size resulted in
low statistical power and wide CI, so the pooled esti-
mates should be interpreted cautiously and may reflect
potential detection and reporting bias rather than true

epidemiological differences.

Conclusions

In China, bacterial infections were reported to be the
primary cause of CAP the adult population, with §
pneumoniae being among the most identified bacterial
agents. Although viral and fungal pathogens also con-
tributed significantly across a range of severities in pa-
tients with CAP. The findings of the present review
will be helpful to estimate the disease burden associ-
ated with these pathogens among the adult population
with CAP and may support the development of more

effective and targeted therapeutic approaches.
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Abstract

Background Acute organophosphorus pesticide poisoning (AOPP) is one of the most common critical condi-
tions encountered in clinical practice, with an estimated annual incidence exceeding 3 million cases worldwide.
Most cases of AOPP result from accidental ingestion or deliberate self-poisoning. Owing to its high toxicity,
AOPP can lead to multi-organ dysfunction affecting the lungs, liver, and kidneys, and may be fatal in severe
cases. Although conventional emergency treatments have markedly improved survival rates, many patients
experience long-term complications such as neuromuscular deficits, respiratory dysfunction, and impaired abil-
ity to perform activities of daily living. Therefore, it is essential to develop effective post-acute rehabilitation

strategies.

Objective To describe the clinical course and review the effectiveness of traditional Chinese medicine (TCM)

rehabilitation strategies after severe AOPP.

Methods This paper presents the clinical course of a patient with severe AOPP who underwent comprehensive
rehabilitation using TCM comprising acupuncture, electrotherapy, pulmonary and swallowing function training,

and herbal adjuvant therapy.

Results Following the integration of TCM rehabilitation with conventional supportive care, the patient demon-
strated substantial improvements in muscle strength, respiratory function, swallowing ability, and overall

functional independence.
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Conclusion

TCM-based comprehensive rehabilitation may serve as a valuable adjunct to standard care in

patients recovering from AOPP. Early implementation of TCM-based rehabilitation may facilitate functional re-

covery and improve long-term outcomes. Further clinical studies are warranted to confirm the broader applicabil-

ity of TCM-based rehabilitation.

Keywords: organophosphorus pesticide poisoning, integrated traditional Chinese medicine rehabilitation, acu-

puncture, dysphagia

Introduction

Acute organophosphorus pesticide poisoning (AOPP)
is one of the leading causes of poisoning-related mor-
tality worldwide, particularly in developing countries.
According to epidemiological data, AOPP accounts
for approximately 20% —50% of all poisoning cases,
with a mortality rate ranging from 3%—40%'". AOPP
is mainly associated with accidental ingestion of pesti-
cides, occupational exposure, and deliberate self-poi-
soning. After entering the body through the skin, gas-
trointestinal tract, or respiratory tract, organophospho-
rus compounds rapidly inhibit cholinesterase activity,
resulting in dysfunction of the cholinergic system.
This subsequently leads to a series of toxic manifesta-
tions, including muscarinic symptoms (such as saliva-
tion, wheezing, nausea, and vomiting), nicotinic symp-
toms (such as muscle fasciculations, convulsions, and
respiratory distress), and central nervous system symp-
toms (such as anxiety, coma, and seizures)"”. In se-
vere cases, AOPP may result in acute pulmonary
edema, respiratory failure, cardiogenic shock, hepatic
and renal dysfunction, and multiple organ failure,

which may ultimately lead to death.

Although the acute mortality rate of AOPP has de-
creased with advances in modern emergency medical
care, current treatment strategies mainly focus on life
support and detoxification during the acute phase via

gastric lavage, administration of cholinesterase reacti-
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vators, atropine administration, hemoperfusion, and

Bl These therapeutic approaches

plasma exchange
play a crucial role in saving lives. However, after suc-
cessful rescue in the acute stage, a considerable pro-
portion of patients experience long-term functional im-
pairments. Some patients develop complications dur-
ing the recovery period, such as acute respiratory dis-
tress syndrome, pulmonary injury, delayed neuropa-
thy, and gastrointestinal dysfunction, which prevent
them from returning to normal daily activities and
markedly impair their quality of life'. Particularly
during the rehabilitation stage following emergency
treatment, the effective evaluation and management of
these sequelae present major challenges in clinical
practice”. At present, systematic and effective inter-
ventions for these long-term functional impairments
remain limited and are often overlooked in clinical
treatment, leading to delayed functional recovery and
even loss of independence in performing activities of

daily living ..

Traditional Chinese medicine (TCM) provides a theo-
retical framework for AOPP rehabilitation. In TCM
theory, the severe neuromuscular deficits and delayed
neuropathy caused by AOPP are primarily categorized
as “Wei syndrome” (flaccidity syndrome) or “Bi
syndrome” (impediment syndrome). By applying tar-
geted treatments based on this syndrome differentia-
tion, TCM has gradually opened a new avenue for pa-

tient recovery . TCM-based rehabilitation integrates
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multiple therapeutic approaches, including acupunc-
ture, electroacupuncture, tuina (therapeutic massage),
herbal medicine, and functional training. These inter-
ventions can enhance the body’s self-regulatory ca-
pacity, improve nervous system function, promote
blood circulation, and alleviate muscle atrophy. Nota-
bly, TCM rehabilitation has demonstrated unique
therapeutic advantages in the recovery of neurological
disorders, respiratory diseases, and post-poisoning re-
habilitation. In recent years, an increasing number of
clinical studies have supported the beneficial role of
TCM rehabilitation in functional recovery among pa-
tients with AOPP. In particular, acupuncture and elec-
troacupuncture have been shown to effectively im-
prove neuromuscular function, swallowing function,

and respiratory function in affected patients '

This study aimed to retrospectively review the compre-
hensive TCM rehabilitation performed in the success-
ful management of a patient with severe AOPP, and to
explore the potential mechanisms and clinical efficacy
of TCM rehabilitation in improving the sequelaec of
AOPP. Through this case report, we seek to provide
useful evidence for clinical practice and offer new in-
sights and strategies for the rehabilitation management

of patients with AOPP.

Materials and Methods

A 37-year-old woman ingested approximately 270 mL
of dichlorvos at home on 10 September 2024. Shortly
thereafter, she developed coma, was unresponsive to
verbal stimuli, and presented with frothing at the
mouth. No limb tremors or urinary and fecal inconti-
nence were observed. She was immediately trans-
ferred to the emergency intensive care unit of our hos-
pital. Upon admission, emergency treatments were
promptly initiated, including gastric lavage, cathartic

enema, endotracheal intubation with mechanical venti-
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lation, gastric mucosal protection, detoxification
therapy, plasma transfusion, and supportive treatments
to maintain the acid-base balance, fluid and electrolyte
balance, and nutritional support. Repeated hemoperfu-
sion and plasma exchange were also performed. The
patient experienced repeated failed attempts at wean-
ing from mechanical ventilation and extubation. There-
fore, a tracheostomy was performed on 1 October
2024. After clinical improvement, the patient was dis-
charged on 15 October 2024 and transferred to a local
hospital for continued treatment. However, on 16 Oc-
tober 2024, the patient suddenly developed dyspnea
accompanied by cyanosis of the lips and tachycardia,
and was again transferred to the emergency depart-
ment of our hospital for treatment. After her condition
stabilized, she was transferred to our department for
further management. Before the poisoning event, the
patient had no history of cardiovascular or cerebrovas-
cular diseases, pulmonary diseases, renal diseases, or

endocrine disorders. She denied any history of drug or

food allergies and had no history of surgery or trauma.

Physical examination on admission revealed a body
temperature of 36.7 °C, pulse rate of 121 beats/minute,
respiratory rate of 23 breaths/minute, blood pressure
of 112/91 mmHg, and oxygen saturation (SpO,) of
93%. The borderline hypoxemia (SpO, 93%) on ad-
mission was considered multifactorial, primarily re-
sulting from a pulmonary infection with copious spu-
tum retention, and exacerbated by compromised air-
way clearance owing to AOPP-induced respiratory
muscle weakness. The patient appeared lethargic and
weak, with a pale complexion. She had intermittent
coughing with the expectoration of large amounts of
white viscous sputum and had no control of urination
or defecation. A nasogastric tube and tracheostomy tube
were in place. The patient was in a passive position.
She could cooperate with the physical examination but

was unable to speak. Assessments of orientation,
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memory, judgment, comprehension, calculation abil-
ity, and cognitive function could not be completed ow-
ing to poor cooperation. The convergence reflex could
not be assessed. The patient was unable to perform fa-
cial movements, including closing the eyes, frowning,
wrinkling the forehead, puffing the cheeks, or whis-
tling. She exhibited dysarthria and severe dysphagia
(grade 5). Her muscle tone was slightly decreased.
The muscle strength was grade 3 in the proximal and
distal muscles of both upper limbs and grade 1 in the
proximal and distal muscles of both lower limbs. Both
superficial and deep sensations in the four limbs were
reduced to varying degrees. The abdominal reflex was
symmetrical. Tendon reflexes were present bilaterally,
including the biceps reflex, triceps reflex, radial peri-
osteal reflex, knee reflex, and Achilles tendon reflex.

Coordination tests, including rapid alternating move-

ments of the upper limbs, the finger-to-nose test, and
the heel-knee-shin test, could not be performed owing
to poor cooperation. No pathological reflexes were
elicited. The total Barthel Index score was 0, indicat-
ing complete dependence in performing activities of
daily living. Electrocardiography showed sinus tachy-

cardia with T-wave changes.

Western medical diagnoses comprised limb motor dys-
function, speech disorder, dysphagia, severe depen-
dence in performing activities of daily living, tracheos-
tomy placement, organophosphate-induced delayed
neuropathy, moderate anemia, hypoproteinemia, se-
vere malnutrition, and electrolyte metabolism disor-
der. The TCM diagnosis was pesticide poisoning re-
sulting in deficiency of both Qi and Yin. On the day of

admission, the patient received symptomatic and

Table 1. Laboratory examination findings.

Category Test item Result Reference Range
Complete Blood Count Red blood cell count (x10'%/L) 2.21 3.5-5.5
Hematocrit (%) 229 36.0-50.0
Hemoglobin (g/L) 66 110-160
Liver and Renal Function, Electrolytes Alkaline phosphatase (U/L) 135 35-100
Total protein (g/L) 50.8 60.0-85.0
Albumin (g/L) 22.6 35.0-55.0
Cholinesterase (U/L) 2516 3930-10800
Glucose (mmol/L) 3.74 3.89-6.11
Urea (mmol/L) 1.79 2.86-8.20
Creatinine (umol/L) 21 44-106
Potassium (mmol/L) 3.24 3.50-5.30
Sodium (mmol/L) 135 137-147
Chloride (mmol/L) 93.8 99.0-110.0
Calcium (mmol/L) 1.77 2.11-2.52
Inflammatory Markers C-reactive protein (mg/L) 32 0-8
ESR (mm/h) 49.0 2.0-25.7
Cardiac Enzymes Creatine kinase-MB (U/L) 28 0-24
Serum Myoglobin Myoglobin (ng/mL) 141.86 0-80.00
Coagulation Tests Prothrombin time (s) 12.7 10.0-14.0
Activated partial thromboplastin time (s) 29.6 22.0-38.0
Fibrinogen (g/L) 3.78 2.00-4.00
Urinalysis Urinary leukocytes (/uL) 3+ (500/uL) -)
Urinary leukocytes (HPF) 3-6 0-3
Occult blood (/uL) 2+ (80/uL) -)
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Figure 1. Chest CT scan showing bilateral scattered
patchy opacities in the lungs, suggesting infection in the

left lower lobe.

Figure 2. Fiberoptic bronchoscopy image showing granu-
lation tissue hyperplasia at the upper edge of the trache-
ostomy tube.
supportive treatments, including citicoline for neuro-
trophic support, correction of electrolyte imbalances,
albumin supplementation, nebulized acetylcysteine so-
lution, oxygen therapy, sputum suction, tracheostomy
care, and enteral nutritional support via nasogastric

feeding.

Physical examination on 17 October 2024 revealed that
the patient was conscious but appeared fatigued, with
copious sputum that was difficult to expectorate. The
limb motor dysfunction, speech disorder, and dysphagia
persisted (Kubota water swallowing test: grade 5).

An individualized, multidimensional rehabilitation
program was implemented. Scalp acupuncture was
performed at Sishencong (EX-HN1) with a needle re-

tention time of 30 minutes. Electroacupuncture was
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applied to Ding Sanzhen, Quchi (LI11), and Zusanli
(ST36) using a disperse-dense wave at a frequency of
2/100 Hz, with the intensity adjusted in accordance
with the patient’s tolerance for 30 minutes. For the
dysphagia, microneedle acupuncture at Jinjin (EX-
HN12) and Yuye (EX-HN13) was performed with the
swift pricking technique to induce minor bleeding.
Neuromuscular & functional training comprised com-
prehensive limb training including passive range-of-
motion exercises (30 minutes/session) and progressive
resistance training. Electric-assisted standing training
was conducted for 20 minutes daily to improve ortho-
static tolerance. Swallowing training consisted of ice
stimulation to the posterior pharyngeal wall (3 sets/
day), lingual resistance exercises, and the Mendelsohn
maneuver. Pulmonary interventions focused on dia-
phragmatic breathing exercises and manual chest wall

percussion for secretion clearance.

On 18 October 2024, the patient’s hemoglobin con-
centration was <60 g/L and the hematocrit was 20.6%.
A hematology consultation was requested, and 2 units

of suspended red blood cells were transfused.

On 27 October 2024, the anemia had improved. Labo-
ratory tests showed that the serum albumin concentra-
tion was 34.2 g/L. and serum potassium concentration
was 2.60 mmol/L. The patient had an intermittent
cough with copious sputum and recurrent abdominal
distension with marked bloating. Emergency whole-
abdomen CT showed no abnormalities in the liver,
spleen, bilateral kidneys, or bladder; however, there
was a small amount of fluid in the rectouterine pouch,
and infection in the left lower lung lobe. The abdomi-
nal distension was considered to be related to gastroin-
testinal injury caused by pesticide poisoning, resulting
in decreased gastrointestinal function and poor absorp-
tion. To address the persistent abdominal distension,

targeted TCM gastrointestinal interventions were
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implemented on 27 October 2024. Approximately 500 g
of crushed fennel seeds (Foeniculum vulgare) were
stir-fried until they were fragrant and warm (approxi-
mately 40—50 °C), wrapped in a cotton bag, and ap-
plied to the umbilical region (Shenque, RNS) for
20 minutes twice daily. Abdominal massage compris-
ing manual clockwise circular rubbing and kneading
(Mo-fa and Rou-fa techniques) was performed for
15 minutes daily. The massage focused on the specific
acupoints Zhongwan (RN12), bilateral Tianshu (ST25),
and Qihai (RN6) to promote intestinal peristalsis.

Following 9 days of integrated treatment, the abdomi-
nal distension had substantially improved and normal
defecation and flatus had resumed by 5 November
2024. The muscle strength of both upper limbs had
substantially increased, with proximal and distal
muscle strengths of grade 5 in both upper limbs and
grade 1+ in both the proximal and distal muscles of
the lower limbs. The superficial and deep sensations
of the limbs remained reduced to varying degrees.
Physical therapy for the upper limbs was suspended,
and rehabilitation focused on the lower limbs, swal-

lowing function training, and rectal control training.

On 11 November 2024, the patient still had dysphagia
(Kubota water swallowing test: grade 4). The muscle
bulk of the limbs was symmetrical, muscle tone was
slightly decreased, and muscle strength was grade 5 in
the proximal and distal muscles of both upper limbs,
grade 1 in the proximal and distal muscles of the left
lower limb, and grade 2 in the proximal and distal
muscles of the right lower limb. The limb function and
swallowing function had improved substantially, and

symptomatic treatment was continued.

On 22 November 2024, an overflow of intermittent
light-red blood from the tracheostomy site after sputum

expectoration led to the suspicion of airway mucosal in-
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jury. A respiratory medicine consultation was requested,
and pulmonary angiography showed scattered patchy
blurred opacities in both lungs, predominantly in the
left lower lobe (Figure 1). There were no abnormalities
in the major vessels, no pleural effusion bilaterally, and
the pulmonary arteries appeared normal. Hemostatic
treatment was initiated with hemocoagulase (1 ku

daily) and tranexamic acid injection (0.5 g daily).

On 26 November 2024, the patient still had an inter-
mittent cough with copious, thick sputum that was dif-
ficult to expectorate, and a small amount of light-red
blood continued to overflow from the tracheostomy
site. After multidisciplinary discussion, fiberoptic
bronchoscopy was performed and revealed granula-
tion tissue hyperplasia at the upper margin of the tra-
cheostomy tube (Figure 2), resulting in approximately
50% luminal stenosis. Mild mucosal erosion with
bleeding was observed in the lower trachea. Mucosal
swelling was noted in bronchi at various levels in both
lungs, and purulent secretions were observed in the
left lower lung lobe. Sputum suction combined with
bronchoalveolar lavage of the left lower lobe was per-
formed, and anti-infective therapy with ceftazidime

(2 g every 12 hours) was initiated.

On 2 December 2024, the sputum production de-
creased and became easier to expectorate and there
was no longer any blood overflow from the trachea.
Sputum culture showed Pseudomonas aeruginosa that
was not multidrug-resistant. The dysphagia persisted
but had improved (Kubota water swallowing test:
grade 3). The muscle strength was grade 5 in the proxi-
mal and distal muscles of both upper limbs and grade
4 in the proximal and distal muscles of both lower
limbs. The infection was effectively controlled, and
muscle strength had improved. Physical therapy for
the upper limbs was discontinued, while the remaining

treatment regimen remained unchanged.



O Infection Control 2026;3(2)

On 3 December 2024, the patient continued to pro-
duce a large amount of sputum. Hyperplastic granula-
tion tissue remained at the upper margin of the trache-
ostomy tube, with approximately 50% luminal steno-
sis leading to poor sputum drainage and preventing
decannulation, which resulted in dyspnea. The granu-
lation tissue was successfully removed via electrocau-
tery performed under general anesthesia with fiberop-
tic bronchoscopy. The airway mucosa showed mild hy-
peremia and edema. Nebulized dexamethasone (10 mg)
was administered to reduce the mucosal edema. Physi-
cal therapy, swallowing rehabilitation training, and

pharmacological treatment were continued.

On 9 December 2024, the patient showed marked dys-
pnea during intermittent tracheostomy tube occlusion
trials, with the SpO, fluctuating between 92% and
98%. No obvious cough was observed, and a small
amount of white viscous sputum was expectorated.
Electroacupuncture and exercise training were discon-
tinued, and treatment was mainly focused on pulmo-
nary rehabilitation and swallowing therapy to facilitate
the patient’s adaptation to the occlusion of the trache-

ostomy tube.

On 11 December 2024, the patient developed a cough
with copious sputum, expectorating yellow, thick sputum
that was difficult to clear, and a small amount of blood at
the tracheostomy site. This was considered to be related
to airway mucosal injury or the recent removal of airway
polyps. Ambroxol (15 mg every 12 hours) was injected
to promote sputum expectoration, and tranexamic acid
injection (0.5 g daily) was administered for hemostatic
therapy. Pulmonary rehabilitation, swallowing training,

and aerobic training were continued.

On 17 December 2024, the patient was producing less
sputum that was easily expectorated. The SpO, was

97%. The muscle strength was grade 5 in the proximal
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and distal muscles of both upper limbs and grade 5 in
the proximal and distal muscles of both lower limbs.
There was mild dysphagia (Kubota water swallowing
test: grade 2). An otorhinolaryngology consultation
was requested, and the tracheostomy tube was re-
placed with a metal tracheostomy tube. Physical
therapy was discontinued, while nebulization therapy,
expectorant treatment, intermittent tracheostomy tube
occlusion, swallowing rehabilitation training, and

speech training were continued.

On 23 December 2024, the SpO, was 98%. Sputum pro-
duction was minimal and could be spontaneously expec-
torated. No blood overflow was observed from the tra-
cheostomy site, and the patient reported no discomfort
such as chest tightness or dyspnea. The patient was able
to phonate. Removal of the tracheostomy tube did not re-
sult in dyspnea. The tracheostomy site healed well with-
out redness, swelling, or exudation. The patient was able
to walk independently, with normal swallowing and
speech function, and was discharged from the hospital.
At the 6-month follow-up after discharge, the pulmonary
function had returned to normal, and the patient was able

to perform routine physical activities.

Discussion

AOPP is a common and highly lethal form of poison-
ing characterized by sudden onset and rapid progres-
sion. Clinically, most cases of AOPP result from acci-
dental ingestion or deliberate self-poisoning. The toxic
compounds rapidly inhibit cholinesterase activity, in-
ducing severe muscarinic, nicotinic, and central ner-

3.4 . .
B4 While advances in

vous system manifestations
emergency medical treatments (e. g., gastric lavage,
antidotes, blood purification) have markedly decreased
acute-phase mortality, a considerable proportion of
survivors develop long-term complications such as de-

layed neuropathy, speech and swallowing disorders, and
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profound motor dysfunction ™. It is essential to address
these sequelae early and systematically to restore bodily

functions and improve long-term quality of life.

In the present paper, we retrospectively analyzed the
rescue and rehabilitation process of a patient with se-
vere AOPP. After the acute toxic progression was ef-
fectively controlled by conventional Western medi-
cine, the patient remained completely dependent (Bar-
thel Index: 0) with deep coma, tracheostomy place-
ment, and severe limb weakness. From the perspective
of TCM, the severe neuromuscular deficits caused by
AOPP are considered a systemic depletion of Qi and
Yin induced by profound toxic heat. Furthermore, the
prominent clinical manifestation-profound muscle
weakness and motor dysfunction is categorized as Wei
syndrome (flaccidity syndrome). According to the
foundational TCM text Huangdi Neijing (Yellow Em-
peror’s Inner Canon), the paramount guiding principle
for treating this condition is “treating flaccidity by
uniquely selecting the Yangming meridian” . The
Yangming meridian is regarded as the “sea of water
and grain” and the primary source of Qi and blood;
when its flow is abundant, the muscles and tendons

are properly nourished.

This classic TCM theory guided our highly targeted in-
tegrated TCM rehabilitation strategy. For motor dys-
function, the acupuncture protocol featured Yangming
acupoints, such as Quchi (LI11) and Zusanli (ST36).
Combined with electroacupuncture, this treatment
forcefully stimulated Qi circulation in the meridians to
nourish the malnourished muscles and promote neuro-
muscular junction recovery "*. To address the central
nervous system impairment and prolonged coma sta-
tus, scalp acupuncture at Sishencong (EX-HNI1) was
selected to regulate the Shen (spirit) and stimulate the
Du meridian, thereby promoting neuroplasticity and

cognitive awakening. For the severe dysphagia, we
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performed microneedle quick-pricking at the sublin-
gual points Jinjin (EX-HN12) and Yuye (EX-HN13).
TCM theory suggests that this technique clears local
heat, resolves blood stasis, and opens the sensory ori-
fices. From an integrated medical perspective, this lo-
cal pricking, combined with low-frequency electrical
stimulation and ice stimulation therapy, provides di-
rect physical excitation to the glossopharyngeal and

. 9,10
hypoglossal nerves to restore swallowing reflexes "'\

Closely tied to the recovery of the motor and bulbar
functions was the improvement of the patient’s respira-
tory status. Notably, the initial hypoxemia was not solely
driven by the localized pulmonary infection, but was ex-
acerbated by AOPP-induced respiratory muscle weak-
ness. The subsequent integrated rehabilitation training
specifically addressed this neuromuscular deficit. By pro-
gressively restoring overall and respiratory muscle
strength, the interventions effectively enhanced the air-
way clearance and cough efficacy, ultimately resolving

the underlying cause of the hypoxemia.

During the rehabilitation process, the patient also experi-
enced marked gastrointestinal dysfunction presenting as
severe abdominal distension. In TCM theory, this symp-
tom is attributed to “Qi stagnation in the Middle Jiao”
following toxic insult. To address this, we implemented
fennel warm compresses on the umbilical region
(Shenque, RN8) to warm the meridians and dispel cold,
as the volatile oils in fennel effectively relieve intestinal
vasospasm. This was synergistically combined with ab-
dominal massage targeting the Ren and Yangming merid-
ians (Zhongwan RN12, Tianshu ST25) to restore the de-
scending function of the gastrointestinal tract """’ These
targeted TCM external therapies rapidly alleviated the
abdominal distension within days, accelerating the over-

all functional recovery and nutritional absorption.

This case suggests that for patients with AOPP, early
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initiation of systematic TCM rehabilitation training af-
ter successful emergency treatment may substantially
shorten the time required for functional recovery and
reduce the disability rate ", TCM rehabilitation em-
phasizes a holistic perspective combined with precise
syndrome differentiation. By leveraging classical theo-
ries (such as treating Wei syndrome via the Yangming
meridian) and integrating them with modern physical
rehabilitation techniques, TCM effectively addresses
the limitations of conventional medicine in functional
reconstruction """, However, this study represents a
single-case experience. Prospective, multicenter stud-
ies with large sample sizes are required to verify these
therapeutic mechanisms and provide robust evidence-

based support for AOPP rehabilitation based on TCM.

Conclusion

Integrated TCM rehabilitation training plays a positive
role in the functional recovery of patients after
AOPP ", Systematic and individualized TCM reha-
bilitation interventions may achieve marked improve-
ments in neurological, respiratory, swallowing, and
motor functions, thereby enhancing the patient’s abil-
ity to perform activities of daily living and promoting
overall recovery "”. TCM rehabilitation emphasizes
syndrome differentiation and holistic regulation,
which forms an effective complement to modern West-
ern medical treatment strategies !'”. Particularly in the
rehabilitation of functional impairments resulting from
AOPP sequelae, TCM demonstrates favorable clinical
outcomes and considerable potential for broader clini-
cal application. Early implementation of TCM reha-
bilitation after successful emergency treatment may
improve the long-term quality of life and reduce dis-
ability rates. Future multicenter studies with large
sample sizes are needed to further validate the thera-
peutic efficacy and underlying mechanisms of TCM

rehabilitation after AOPP.
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Vaccinate Children on Time
Healthy Children, Fewer Worries

National Immunization Program — Childhood Immunization Schedule (2026 Edition)

Age at Vaccination
Disease Prevented Vaccine Route |  Dose Abbreviation [~ T T5 T3 (4 |5 6181918 |2]31|4l6!1
Birth| mo {mo |mo [mo [mo | mo [mo |mo mo | yr | yr | yr | yr|yr
Hepatitis B Hepatitis B Vaccine IM | 100r20pg HepB 112 3
Tuberculosis ' BCG Vaccine ID 0.1 mL BCG 1
Poliomyelitis Inactivated Polio Vaccine | IM 0.5 mL IPV 112
Poliomyelitis Bivalent Oral Polio Vaccine | Oral |1tabletor2drops| bOPV 3 4
Dptherg e DTaP Vaccine M | 05mL DTaP 1 2 3 4 5
Meases, Ritell> MMRVaccne | SC | 05mL MMR 1 2
umps
S0A Live Attenuated |
Japanese Encephalitis B JE Vaccine SC 0.5 mL JE-L 1 2
e D3 Inactivated o
Japanese Encephalitis B JE Vaccine M 0.5 mL JE-I 1,2 3 4
| T, A
: Epidemic Group A Meningococcal %
| Cerebrospinal Meningitis | Polysaccharide Vaccine S Lot MY ! 2
? Epidemic Groups A & C Meningococcal MPSV-
; Cerebrospinal Meningitis | Polysaccharide Vaccine 3 Uonlt AC © .
%o R Live Attenuated v
Hepatitis A Hepatitis A Vaccine SC | 050r1.0mL | HepA-L 1
e a4 Inactivated 8
Hepatitis A Hepatitis A Vaccine M 0.5 mL HepA-I 12
Humaln Pap'nllorsnawrus Bivalent HPV Vaccine | IM 0.5 mL 2vHPV 1,2
nfection
Notes:
1. Mainly prevents tuberculous meningitis and miliary tuberculosis.
2. The diphtheria—tetanus vaccine (DT) is for children aged 7—11 years.
3. For live attenuated JE vaccine, use a 2—dose schedule. For inactivated JE vaccine, use a 4—dose schedule;
the interval between doses 1 and 2 is 7—10 days.

4. For live attenuated hepatitis A vaccine, use a 1-dose schedule. For inactivated hepatitis A vaccine, use a 2—dose schedule.
5. The bivalent HPV vaccine uses a 2—dose schedule, with a 6—month interval between doses 1 and 2.

Abbreviations: IM, intramuscular; ID, intradermal; SC, subcutaneous; HepB, hepatitis B vaccine; BCG, Bacillus Calmette—Guérin
vaccine; IPV, inactivated poliovirus vaccine; bOPV, bivalent oral poliovirus vaccine; DTaP, diphtheria—tetanus—acellular
pertussis vaccine; MMR, measles—mumps—rubella vaccine; JE-L, live attenuated Japanese encephalitis vaccine; JE-I,
inactivated Japanese encephalitis vaccine; MPSV—A, group A meningococcal polysaccharide vaccine; MPSV—AC, groups
A and C meningococcal polysaccharide vaccine; HepA—L, live attenuated hepatitis A vaccine; HepA—I, inactivated hepatitis
A vaccine; 2vHPV, bivalent human papillomavirus vaccine.
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